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Abstract 

 

This dissertation presents a novel method for generating the computational geometry of three spool 

aero engine for the Virtual Engine (VE) design environment, which is capable of carrying out full 

integration of preliminary and detailed design and analysis activities. The multi-fidelity and multi-

disciplinary analysis of complex gas-turbine assemblies is the prime requirement of industrial design. The 

present challenges for gas-turbine industry, namely excessive design times, lack of decisive information till 

the late design stages, mismatching of databases and high costs associated with testing etc. necessitate 

creation of an integrated design framework such as VE. This thesis presents the work on selected parts of 

VE design environment. 

 The present work initially focuses on the development of an integrated geometry modelling system 

for VE. The architecture of geometry module is derived from the requirements of VE design environment 

and Computer Aided Design (CAD) geometry systems. A dedicated geometry modeller is developed to 

represent gas turbine components. The building blocks of this modeller, known as features, are constructed 

as object-oriented data structures. A taxonomy of turbomachinery design features is defined to generate 2D 

axisymmetric geometry model of three-spool aero-engine. Such system supports intra-analysis information 

augmentation, data updating and automated data transformation for any kind of analysis. 

In the next phase, the Computer Aided Engineering (CAE) capabilities of VE are demonstrated by 

carrying out flow network analysis of Secondary Air System (SAS). Particular attention is devoted to the 

automated extraction of SAS network from the geometry. The generation of SAS network involves 

interrogation of component models, automatic identification of flow links and pre-processing of network 

elements. A library of physics-based linearized pressure loss models is prepared, validated and incorporated 

in VE. A new loss model for straight-through labyrinth seal is developed from numerical experiments and it 

is validated against those in the literature. A linearized flow solver for the whole engine SAS network model 

is also developed. Finally, low fidelity steady-state flow analysis is demonstrated on a limited domain of 

SAS network model. 

This work meets its objectives by showing a way of constructing important modules of VE design 

framework. It bridges the gap in current features technology by creating the design features that represent 

turbomachinery components. The work demonstrates quick generation of low-fidelity geometry model for 

whole aero-engine assembly, thus endorsing its utility for the analysis in early stages of design. A 

methodology for performing automated CAE analysis of secondary air system (SAS) of aero engine has also 

been developed. The development of new loss model for labyrinth seal and the demonstration of low-fidelity 

steady-state SAS analysis confirm the successful implementation of selected part of VE project. 
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Nomenclature 

Latin letters 

a Speed of sound, m/s 

A Area, m
2
 

aux Array of banded auxiliary flow variables 

 [ ],  ,   Jacobian matrix of system of linearized equations 

   Hodograph transformation 

Cc Coefficient of area contraction 

Cc-mul Multiplier to coefficient of area contraction 

Cd Coefficient of discharge 

   Vector of differential change in primary flow variables at node 

   Vector of differential change in primary flow variables at link-set loss station 

e Internal energy, J 

f real function with values in residuals, function of 

freevar Free variable in linearized system of simultaneous algebraic equations 

F Fluid force, N 

{
   

   
} Jacobian matrix of residuals of conservation quantities  

H, h Enthalpy, J 

i iteration index, counter 

j Flow branch index 

k node index, turbulent kinetic energy (J) 

Kloss Loss coefficient 

Kc Contraction loss coefficient 

Kvf Venturi pressure loss coefficient 

Ke Expansion loss coefficient 

      Component of velocity normal to the surface 

M, Ma Mach number 

 ̇, w mass flow rate, kg/s 

Mm Meridional momentum, N-s 

Mθ Tangential momentum, N-m 

N Number of nodes 

P, Ps Static pressure, Pa 

P
0
, Pt Total pressure, Pa 

  
  Static pressure based on sonic conditions, Pa 

Pr Pressure ratio 

Pin Inlet total pressure, Pa 
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Pout Outlet total pressure, Pa 

    Driving pressure difference at node, Pa 

    Total Pressure loss, Pa 

Q Array of the primary flow variables 

  Vector of flow quantities 

  Vector of conservation quantities 

 ̅ Mass mean averaged quantity 

qL
vect

 , dqL
vect

 Vectors of loss variables and their partial derivatives 

R radius m, 

Re Reynolds number 

R,    Gas constant J/kgK 

R, { },  ,   Vector of residuals in flow variables 

 ̇ Vector of time rate change of residuals in conservation quantities 

S, s Entropy, J 

Sx Axial scaling factor 

Sy Radial scaling factor 

Shx Axial shearing factor 

Shy Radial shearing factor 

T, Ts Static temperature, K 

T0, Tt Total temperature, K 

  
  Static temperature based on sonic conditions, K 

Tq Torque exerted by or on the fluid, N-m 

T Time, s 

      Component of velocity tangential to the surface 

um, u1 Meridional velocity 

uθ, u2 Tangential velocity 

  
  Sonic meridional velocity, m/s 

  
  Sonic tangential velocity, m/s 

V Cavity volume, m
3
 

{  } Vector of unknown incremental parameters 

X Axial coordinate, m 

y,r Radial coordinate, m 

y
+
 Dimensionless wall distance 
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Greek letters 

Φ Mass flow function, seal flow function, MRTPA, composition of mixture 

Ρ Fluid density, Kg/m
3
 

Α Flow jet expansion angle, deg 

Β Knife slant angle, deg 

  Depth of flow jet, Structural deflections, m 

Θ Angle of rotation, orientation, deg 

∆ Small change  

Γ adiabatic index, Carry-over factor 

Ε Turbulence dissipation rate 

Ω Specific dissipation  

  Operator of  partial derivatives 

   Small Time change, Flow residence time, s 

  Courant number, CFL number 

   Spectral radius 

 

Subscripts / Suffixes 

T Total flow quantities, throat area  

S Static flow quantities 

C Contraction 

Vp Venturi pressure 

E Expansion 

i, in, inlet Flow quantities at inlet station of loss region 

e, ex, exit, out Flow quantities at exit station of loss region 

i, ideal Ideal mass flow rate 

Cr Cross-section 

Sect Section in flow domain 

Ref Reference  

Mul Multiplier 

M Meridional direction 

Θ Tangential direction 

N Flow node 

L Flow link 

1,2 Final and initial states of transformation 
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Superscripts 

* Sonic flow quantities 

  
Coefficients not corrected for flow area ratio,  

Coordinate values after translation 

+ Dimensionless 

0 Total quantities 

̇  Time rate of change of flow variable 

Loss Loss quantity 

Exit Flow quantity at exit station 

 

Abbreviations 

1D, 2D, 3D One dimensional, two dimensional and three dimensional 

CAD Computer aided design 

CDP Compressor discharge pressure 

CFD Computational fluid dynamics 

CL Seal clearance 

COF Carry over factor 

DTC Distance to contact 

ESDU Engineering Sciences Data Unit 

ESS Engine structure strut 

FBH Front bearing housing 

FMG Fluent Multi-Grid  

FEA Finite Element Analysis 

FEM Finite Element Method 

GA General assembly  

GUI Graphical User Interface 

HPC High pressure compressor, High performance computing 

HPT High pressure turbine 

HPROTORS Rotor of high pressure spool 

HPSTATORS Stator of high pressure spool 

ICAS-GT Internal Cooling Air Systems for Gas Turbines 

ICC Intermediate casing (Intercase) 

IPC Intermediate pressure compressor 

IPT Intermediate pressure turbine 

IPROTORS Rotor of intermediate pressure spool 
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IPSTATORS Stator of intermediate pressure spool 

K2K Knife to Knife 

KH Knife height 

KT Knife tip thickness 

KP Knife pitch 

KR Knife tip radius 

Kθ Knife angle 

Kβ Knife slant angle 

LHS Left Hand Side (of equation) 

LPC The fan or low pressure compressor 

LPT Low pressure turbine 

LPROTORS Rotor of low pressure spool 

LPSTATORS Stator of low pressure spool 

RBH Rear bearing housing 

RHS Right Hand Side  (of equation) 

RKE Realizable k-ε turbulence model 

SAS Secondary air system, internal air system 

SA Spalart-Allamaras turbulence model 

SIMPLE Semi Implicit Method for Pressure Linked Equations 

SH Step height 

SKE Standard k-ε turbulence model 

TBH Turbine bearing housing 

URF Under relaxation factor 

VEGA Virtual Engine General Assembly 

 

Glossary 

Design class Design work spans over a vast domain of industrial activities. The design classes are 

made to categorise the design work for facilitating the preparation of design tools or 

environments. These express the exact requirements, methodologies and output of a 

design task. 

Design model Design model provides a methodical perspective to design process. The design 

process changes according to application and hence its uses the different design 

models. 

Design system / 

environment/ 

In wider perspective, the design environment is considered as a software, which 

facilitates the design task for a product considering its class, function, design method 
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framework and process. It is more flexible than expert systems, but is aimed to perform 

interrelated, concurrent design tasks quickly, unlike generalised analyses software. 

Legacy codes are commonly used for such systems. 

Objects and frames  The use of concept of frames for design objects is quite old. Frames have been 

proposed as knowledge units that are larger than constants, terms and logical 

expressions. Frames can represent a concept in its descriptive and behavioural form. 

Design objects and frames bring the properties of descriptive and behavioural 

features together thus called as object frames. 

Feature Feature can be defined in several different ways. In the present work, it is defined as 

an abstract geometry primitive that has predictable set of properties associating the 

geometric shape of a product to non-geometric information. 

Shape Shapes are the aerodynamic boundaries within engine’s primary and secondary air 

systems. 

Path Path represents a geometric entity, which is created in direction parallel to the 

direction of flow. It represents the axis of pipe or the axis of flow passages in 

manifolds or junctions. 

Feature modelling 

shells 

Shells are flexible product definition system as well as flexible interpretation system. 

Shells provide all the facilities to create a product database through features, which 

can be customised by individual organizations to suit their requirements. Once 

customisation is complete, the features can be used to define the actual product. 

Functional verse It is a text based entry in feature database which defines the exact function(s) of a 

featurized component. These entries can be linked with several design processes and 

analyses. 

Speed frame of 

reference 

It is a frame of reference in rotating or stationary coordinates that indicates the 

rotational speed of a featurized engine component. 

Circumferential 

vortex flows and 

axial vortices 

Free vortex flows commonly exist in axisymmetric cavities of engine, in which fluid 

core rotates about engine axis in circumferential direction. This flow is different than 

axial flow vortices in engine cavities and labyrinth seal chambers, in which fluid 

rotates about an imaginary axis in axial direction. The circumferential windage flow 

is induced by friction between non-rotating fluid and rotating walls of cavity. It is not 

free-vortex flow and thus is modelled separately. Circumferential swirling flows in 

primary flow annulus are used for designing free-vortex blading; however, those are 

not referred here. 
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 Chapter 1 Introduction 

 Preamble 1.1

In the present competitive gas turbine market, designers are required to accomplish the challenging 

task of aero engine design for minimum fuel consumption, highest reliability, lowest possible emission and 

noise levels in shortest possible time and at lowest possible cost. These requirements lead designers to 

evaluate a range of performance, integrity and compliance issues at very early stage in the design process. 

The multi-disciplinary nature of assessments required to ensure a successful design of aero engine represents 

both engineering and managerial challenges for gas turbine industry. 

The challenge of designing a gas turbine engine would be greatly simplified if the reliable 

predictions are available at a very early stage for all critical aspects of engine performance. Unfortunately, 

not enough information is available about the engine until its design is finalized. This may happen because 

the relevant data exist, but are sparse, insufficient and isolated, or because of the multi-fidelity, multi-

disciplinary and fragmented nature of design process itself. While the unavailability of fairly complete 

information about engine behaviour at an early development stage was tolerable in past decades, now-a-days 

it represents the risk in terms of increased time and costs due to later rework activities. The designers 

therefore must be vigilant during the preliminary stages of design. The extremely demanding design and 

certification requirements, the complex nature of design process along with the lack of integrated 

frameworks for multi-fidelity, multi-disciplinary analysis and inefficient data handling and management 

capabilities make the gas-turbine design a formidable engineering challenge. 

The problems and challenges posed by gas-turbine design provide further research opportunities and 

have in a way determined the direction of recent turbomachinery research programs. The fundamental and 

applied research on turbo-machines has provided excellent modelling tools, advanced techniques and 

performance prediction capabilities. The applicability, advantages and limitations of these modelling 

techniques are very well-known. The well-tested design capabilities are already available for developing the 

individual components of gas turbine. Modern techniques such as Computational Fluid Dynamics (CFD) 

and Finite Element Analysis (FEA) are sufficiently mature to produce reliable designs. However, problems 

have been experienced in the application of such capabilities to the system level design of gas turbine 

engine. Therefore, implementation of system-level architectures has emerged as one of the new and vibrant 

direction of turbomachinery research in the last decade. 

It is clear that an integrated design framework can resolve both problems of interactive, multi-

fidelity, multi-disciplinary analysis of new and existing engines and the associated design data management. 

The present work is the first step towards building such integrated framework that is being constructed at 

Vibration UTC in Imperial College London [1]. 
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 Background and Motivation 1.2

A holistic approach towards engine design is the fundamental concept behind the development of a 

large scale computing environment that can support a multitude of inter-related design tasks without much 

human interference. The need of modelling the whole engine, so called Virtual Engine (VE), under a single 

platform or design framework arises from the strong interactions between design variables of several 

different components. These interactions couple the design process in such a way that no component of an 

engine can be optimally designed in isolation. Evidently, the strongly coupled (equation level coupling) 

models of components are the most fundamental requirement of such numerical platforms. For the low 

fidelity modelling, a strong coupling between component models does not pose a serious computational 

requirement. These models form an important part of VE design platform. However, for a large scale high 

fidelity analyses, the price needs to be paid in the form of massively parallel computing facilities. 

Auspiciously, High Performance Computing (HPC) facilities have shown equally promising and remarkable 

growth during the last few decades. These facilities have a dominant impact on the ways of constructing 

engineering design tools. The VE design platform is also being constructed to utilize the HPC facilities for 

meeting large scale design challenges.  

It might be recognised that the complex computations and data exchange requirements of a design 

framework can be easily satisfied by advanced HPC facilities thus justifying research efforts in this 

direction. Substantial industrial and academic evidence [1,2,3,4,5] is available that proves the feasibility of 

undertaking the research in constructing an integrated design framework using HPC facility. This Research 

work at Imperial College London has been subdivided into smaller, relatively self-contained tasks. The 

present work takes inspiration from the requirements of gas turbine manufacturing industry and develops the 

selected work modules of Imperial College Virtual Engine system. In particular, the present work deals with 

the development of a computational geometry modeller for gas turbines and its application to the automated 

analysis of secondary air system network. The next few sections present similar systems described in open 

literature. Given the magnitude of task at hand, the need is felt to study these systems to help define the 

contents and scope of the work presented in this thesis. 

 A summary of co-existing numerical design platforms 1.3

Building a large scale numerical design platform is not completely a new concept and it had been on 

researchers’ mind at least for last two decades. As the computational facilities flourished, it started taking 

some shape in a few research oriented industrial organisations. This section provides a brief summary of 

some of the requirements of propulsion system performance models and the concurrent numerical design 

platforms, environments or frameworks. It should be noted that developing such design platform is not in 

the scope of this work and thus it is not intended to provide a comprehensive review of such platforms. But 

as an open research problem, it has been interesting to know the prior work on such platforms to learn from 

the experience and to decide the next course of action. This section therefore plays an important role in 

deciding the scope of current work. 
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 Requirements of propulsion system design platforms 1.3.1

Accurate performance prediction by the simulation of propulsion systems is a key challenge for aero 

engine designers. Though many performance models are available, the complexity of performance 

prediction varies with application, mission statement, current established technical knowhow, manufacturing 

details, use of optimisation techniques, availability of physics based computational models, field experience 

and so on. The industrial, academic and in-service requirements for such performance prediction models and 

their corresponding solutions are explained in a report by RTO [6] with some examples. According to the 

report, the aero engine design has seen major changes in its procedural steps and in its modelling strategies 

in the last two decades. It states that within the current framework of knowledge, use of sophisticated 

models for analysis of individual components can provide fairly accurate and reliable answers. This means 

that sufficient knowledge on the interactions between design variables within a component is now available, 

but this is still not true for the inter-component design variables. In reality, the challenge of accurate 

performance predictions under various operating conditions arises from the need of modelling of dynamic 

interactions between aero engine components. It is further necessary to overcome conventionally used 

component-wise or analyses-wise iteration methods to solve such problems. The concurrent analyses of 

multiple domains at multiple levels of fidelity would probably be a more realistic solution. In order to 

perform such inter-component designs, the design platforms need to be built on some basic foundations, 

some of which are listed below, 

1) Clear idea about the engine design and development phases / milestones 

2) Credible, robust, flexible and user friendly physics based models for each application 

3) Consistent data structures and interfaces for conducting various types of analysis 

4) Modelling techniques and model interfaces with platforms such as multi-threading and distributed 

computing 

5) Affordable HPC systems, software construction skills and knowledge about the recent trends in 

object–oriented languages such as C++, Java etc. 

6) Use of GUI (Graphical User Interface) to be able to work on workstations 

7) Adherence to recommended practices and standardized design procedures  

8) Modular construction and maintainability of codes etc. 

 Overview of Numerical Propulsion System Simulation (NPSS) 1.3.2

Numerical Propulsion System Simulation [7,8,2,9] is one of such systems that was designed and put 

into operation by NASA Glenn research centre in cooperation with US government agencies, industries and 

universities during 1990s. This research based work was focused on a technological breakthrough that 

would enable designers to carry out detailed simulation of major (aero and space) propulsion systems. An 

object oriented, modular and extensible framework for the integration of multi-component and 

multidisciplinary analysis tools using geographically distributed resources was considered as an ultimate 

goal for this work. It was aimed to create a virtual wind tunnel for aero engine developers that would reduce 
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the number of hardware builds and tests required during the development of propulsion system. According 

to the literature [10], NPSS consists of rapid and affordable computational facilities that can be used to 

understand stability, cost, life and certification requirements of a propulsion system under design. This 

simulation system uses validated models for aerodynamics, fluid mechanics, heat transfer, combustion, 

structural mechanics, materials, acoustics, controls, manufacturing and economics. It was estimated that 

such a simulation system can reduce design and development time and cost by 30-40 %.  

NPSS consists of three elements [7] viz. a) Engineering Application Models, b) System Platform 

Software and c) HPC Environment. These are illustrated in Figure 1.1. The first element, engineering 

component models and its integration, includes the simulations conducted at zero dimensional or parametric 

level. As the platform develops further, 2D or 3D models may also be included to compute complex multi-

disciplinary, multi-dimensional flows. Such integration is required to understand important interactions that 

exist within an engine. Multidisciplinary coupling capability is an inherent attribute of NPSS and this 

automated coupling between analyses at logical partitions is the key to supersede the conventional part-by-

part analysis. There are three types of database coupling based on their implementation viz. loosely coupled, 

process-coupled and tightly coupled. NPSS uses the tightly coupled approach. The tight coupling means 

analysis couples various disciplines at fundamental equation level and therefore the entire system matrix 

must be solved simultaneously using implicit methods. Each type has its specific advantages and 

disadvantages and hence must be selected carefully. The variable complexity analysis or numerical zooming 

[7] is another feature of NPSS that facilitates designers to vary the level of analysis throughout the 

simulation based on a particular physical process that is being studied. Lytle [7] has explained the strengths 

and limitations of using numerical zooming, which needs many advanced capabilities in codes to be of any 

practical use. 

 

Figure 1.1: Internal architecture of NPSS [10] 
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The system platform software or the simulation environment [10] is the second element of NPSS 

and it provides a common interface to a variety of users. This usually includes code modification, 

replacement of analysis tools, entering data from tests and various databases etc. It also supports NPSS in 

the integration of the aforementioned distributed and heterogeneous computing facilities. The overall 

architecture has been designed to follow a hybrid object oriented design philosophy, which provides 

complete freedom to users to build an engine from scratch, minimise commercial licensing and allow quick 

insertion of any innovative technology or software into the architecture. There are three basic layers in this 

architecture viz. Interface layer, Object layer and Computing layer. Interface layer is where command and 

graphical user interface (GUI) exists. Object layer is where all propulsion related objects that is the 

definitions of component sets are maintained. The geometry application program interface (API) is another 

feature of object layer that is used to access 3D geometries from commercial CAD software such as ProE, 

CATIA etc. using a common interface. The computing layer refers to massively parallel computers having 

high speed networking capability. 

The third and last element of NPSS is nothing but HPC environment. It is reported that NPSS may 

require 10
12

 floating point operations per second (teraflops) to run 3D simulations of only primary flow path 

of an engine. And to run other systems it would be necessary to have a capability of 10
15

 floating point 

operations per second (petaflops). Many other advanced computer technologies such as large clusters, high 

speed intra-processor communication and high speed gigabyte Ethernet networks and GPU programming 

etc. are the pre-requisites of NPSS.  

Currently, NPSS V1.0 is widely used in US government agencies, industries and academia. The 

capabilities of this analysis code were proved by industrial CFD analysis of GE90 engine at sea level take-

off condition, the details of which can be found elsewhere [11,12]. Steady-state analyses are vital for 

proving the capabilities but unsteady analyses are more important to capture the interactions between 

components. Some of these capabilities of NPSS have been presented by Lytle et al. [8], which includes 

CFD analysis of S-shaped inlet duct and a turbomachinery compressor for future transportation and combat 

vehicle concepts. Lastly, Lytle et al. [8] emphasize the importance of visualisation techniques, which are 

critical for understanding the simulation results and for effectively communicating the engineering 

conclusions they lead to. It was envisaged that the advancements in visualisation techniques can be 

exploited further to develop virtual reality environments by employing stereoscopic video, multiple wall 

screens and head tracking for realistic viewpoint control etc.  

 PRopulsion Object Oriented SImulation Software (PROOSIS) 1.3.3

The European collaborative endeavour for simulation of propulsion systems was planned within 

VIVACE (Value Improvement through a Virtual Aeronautical Collaborative Enterprise) project in the first 

decade of 21
st
 century. The VIVACE programme led to a general purpose, object-oriented simulation 

environment called PROOSIS. The tool is built on similar foundations as NPSS and can be defined as a 

standalone, multi-platform, object oriented simulation environment. The simulation system aims at building 
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a model from existing engine components, running steady state and transient calculations, accessing model 

from external application and using external legacy routines in engine model etc. [13,14].  

PROOSIS has also been developed to overcome the manual iterations in engine design process and 

the limitations of procedural nature of programming languages such as FORTRAN. PROOSIS has been 

written in higher level object-oriented programming language known as EL, which provides all the 

necessary resources. It uses the concepts of components (for real components), ports (set of exchange 

variables) and partitions (associated mathematical models) for the implementation of numerical algorithms 

[15]. PROOSIS has a library of components, which keeps evolving and is flexible and reusable. In this 

system, the methodology for creating a model of a physical system is to identify the components and ports 

correctly as shown in Figure 1.2. Two major components are connected by ports, which can have user 

specified direction, a behavioural pattern of communication and also restrictions on how their ports can be 

connected. The components exchange a valid set of variables (ports) after providing valid sets of initial 

conditions. Bala et al. [14] have tested their object oriented code for dynamic modelling, such as engine or 

shaft dynamics, frequency response in fuel schedule etc.  

 

Figure 1.2: PROOSIS: Graphical user interface (GUI) for constructing engine models [13] 

Advanced capabilities of PROOSIS [3] primarily include component zooming, which refers to 

variable complexity, multi-fidelity analysis that can execute one or more higher order analysis codes and 

integrate their results back into 0-D engine cycle computations. In PROOSIS, component zooming can be 

achieved through ‘de-coupled’, ‘semi-coupled’ or ‘fully-coupled’ approach, which depends on available 

resources and modelling philosophy. It offers other advanced facilities such as distributed working using 

web services technology. PROOSIS also includes multi-objective evolutionary [16] MAX optimisation 

algorithm (MOEA), which is based on the concept of Genetic Algorithm. MAX algorithm is built in object 

oriented C++ and has been included in PROOSIS as an API class to allow fast and efficient interaction. The 
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system can also access models from external applications and can use external codes such as codes made in 

FORTRAN, C or C++ etc. Bala et al. [14] have explained the capabilities of PROOSIS for simulating gas 

turbine engine components in isolated and coupled conditions. The details of creating an experiment using 

PROOSIS can be found in the publication by Bala et al. [14]. Similar procedures are used for both 

individual and coupled engine analyses. PROOSIS can also carry out test analysis, in which actual test 

results can be used to provide performance maps for numerical engine components, thereby improving the 

accuracy of performance predictions at various operating conditions. 

 Other propulsion system simulators 1.3.4

Several other propulsion system simulation programs may be found in open literature. Majority of 

these are limited to 0D or 1D calculations and only a few have tried to accomplish more than that. Those are 

referred here for the sake of completeness.  

GasTurb [17] is a well-known 0D engine simulation program. It is based on object-oriented language 

Borland Delphi. GasTurb consists of a compact performance model with user friendly interface and hence 

its mathematical complexity is hidden from users. However, users can select only a predefined type of gas 

turbine model and a new engine configuration cannot be built as per the requirement. New releases of 

GasTurb have some additional features for handling geometry, but these are generally limited to a few 

dimensional parameters that are sufficient for 0D or 1D calculations [18]. Similar features are available in 

NLR’s Gas turbine Simulation Program (GSP), which is also written in Borland Delphi [19].  

Onyx is a Java based object oriented simulation framework for the flexible modelling of gas turbines. 

Higher order analysis can also be integrated within the objects of Onyx and distributed computing facilities 

(CORBA) are also available. MATLAB based Matlab-Simulink [20] is another generic simulation tool 

which is popular for specific types of performance analysis such as real time modelling and analysis. This 

tool has component-oriented (modular blocks) architecture but lacks the stronger features of ordinary 

compiled object oriented programs.  

The obvious limitation of these tools is that they were never intended to support the high-fidelity 

simulations of whole engine assemblies. Therefore, these tools do not have enough flexibility to incorporate 

and support other types of analyses. Secondly, users cannot build new engine configurations other than 

those available in the existing code. Thirdly, these tools are not built for generating the actual engine 

databases and geometries, let alone carrying out comprehensive CFD or FEM analyses. It can be seen that 

these tools cannot be expected to provide further direction to the current work and thus are not referred in 

the following discussion. 
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 Discussion: Virtual Engine and other performance simulators 1.4

Despite similarity in fundamental concept, the performance simulators have been implemented by 

various organisations in variety of ways. The philosophies and strategies behind implementing a certain 

simulator in a particular way depend on its application, scope of project and expertise in simulation 

techniques. It is natural to compare these simulators and decide the implementation approach. Some points 

of comparison are discussed below. 

It is important to decide whether a performance simulator should be a conglomeration of 

independent software and legacy codes or it should stand as an inclusive software covering the variety of 

design related issues of aero engines. This decision certainly affects the issues related to data structure 

development. Literature on NPSS [7,10] reports that it uses legacy codes and thus its internal programs 

might provide only a limited access to its data structure or will have only limited access to external data. VE 

intends to generate a more generalised and abstract arrangement of data and codes [1], thus preserving the 

ability of its architecture to allow researchers to build new codes and incorporate them easily into the 

system. Figure 1.3 depicts the several different modules of VE design environment. 

 

Figure 1.3: Virtual Engine design environment (by courtesy of Rolls-Royce plc.) 

It may further be recognized that the capability of engine geometry generation is lacking in both 

NPSS and PROOSIS. NPSS literature review does not mention its geometry handling features clearly, but it 

gives a clue about receiving the required geometry parameters from commercial software such as 

UniGraphics, CATIA, ProEngineer etc. [10]. PROOSIS does not seem to have reached to the stage of 

handling geometry of 2D or 3D components. On the other hand, VE aspires to have these capabilities 
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integrated in its architecture since beginning. The geometry handling capability has a predominant impact 

on the way the design software are built and their internal data exchange mechanisms. It is also important 

for transforming a simple analysis program into design synthesis software. 

Lastly, it might be observed that the prime focus of both NPSS and PROOSIS is on the development 

of primary air flow path in aero engines. The other aspects such as air system, thermal systems, structural 

dynamics and their interfaces etc. are not covered in a comprehensive way. VE probably would not follow 

the same path considering the potential of system optimisation. 

 Research scope and objectives 1.5

As shown in Figure 1.4, the VE development work is subdivided into several packages for 

management purpose. The scope of the present work is limited to the development of a 2D computational 

geometry modeller for Virtual Engine and application of the whole engine geometry for automated analysis 

of secondary air system. The secondary air system in gas turbines is defined by the cavities within engine 

structures and the flow passages connecting them. The generation of SAS flow network, therefore, needs a 

reasonably detailed definition of components’ geometry before starting its analysis. Clearly, the generation 

of engine geometry and the extraction of flow network to carry out automated SAS analysis are 

complimentary tasks. Together these tasks can very well demonstrate the design and analysis capabilities of 

VE design environment. It might be realised that the current work stands as an explicit example of creation 

of geometry, extraction of computational domain for SAS analysis and implementation of embedded 

linearized solver. These different modules of VE design environment will be seamlessly integrated to form a 

design synthesis software. 

 

Figure 1.4: The scope of the present research and its interconnectivity 
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The scope of the current work has been illustrated in Figure 1.4. However, it does not state the 

exact task at hand and needs further breakdown into the list of objectives. The objectives are defined below 

to fulfil the following problem statement, 

To propose a methodology to generate the computational geometry of turbo- machines that suits the 

development of VE design environment. Additionally, establish an integrated process to transform the 

geometry into a computational domain of selected type of analysis. And, lastly, to develop a linearized flow 

solver, which can be directly linked to the network of interconnected cavities to compute SAS flow variables 

with minimal human intervention. The methodology and computations are expected to encompass the whole 

engine domain. 

In order to fulfil the problem statement many more additional work modules are necessary 

depending on the nature of problem. Such work modules had been recognised and were also added in the 

objectives. These are as below: 

1) Development of integrated computational geometry algorithm having an interface with the polyline 

and polygon library 

2) Generation of the 2D engine geometry, which is also known as general assembly (GA) 

3) Automatic creation of secondary air system (SAS) network from the geometry 

4) Linking the geometry to the network analysis through transformation process and data requests 

5) Preparation of the linearized library of 1D physics based loss models for engine components 

6) Reformulation of straight through labyrinth seal loss equations using numerical experiments 

7) Preparation of the linearized flow network solver having an interface with gas dynamics library 

8) Validation of the secondary air system solver 

9) Demonstration of the capability of VE design platform to carry out SAS analysis with minimal 

human intervention 

 Organisation of thesis 1.6

Within the present scope of research, the design environment development problem requires 

understanding of various interrelated knowledge domains having indistinguishable boundaries. This thesis is 

therefore divided into two parts for the sake of clarity in its presentation. First part includes the chapters 

(chapters 2 to 5) related to creation of computational geometry and network preparation and the second part 

consists of chapters (chapters 6 to 9) related to development of loss correlations, preparation of solver and 

their results. Figure 1.5 shows the thesis organisation at a glance. As the thesis unfolds, chapters present the 

topics based on their sequence of execution. Each topic has its own literature and hence the literature review 

is provided separately in the corresponding chapters.  

The second, third and fourth chapters deal with the generation of computational geometry of whole 

gas turbine. The second chapter is devoted partly to review the literature and partly to discuss the 
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architecture of geometry module. It lays a foundation for topics discussed in third and fourth chapters and 

also provides reasoning for the approaches selected in the remaining part of this work. The third and fourth 

chapters discuss the fundamental building blocks of feature based parametric computational geometry. The 

feature library and feature taxonomy for gas turbine application are discussed in third chapter, whereas the 

higher level assemblies in gas turbine engines are explained in fourth chapter. This chapter provides 

complete information on the generation of 2D computational geometry for a commercial aero engine. 

 

Figure 1.5: Organisation of thesis 
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In the second part of thesis, sixth, seventh and eighth chapters present the work related to air system 

modelling. The sixth chapter describes the generation of a linearized loss library comprising of various types 

of loss models for air system components. A brief review of existing models is also provided in this chapter. 

The chapter also demonstrates a way of integrating standard loss models into the air system modeller of 

complex design environment. The loss model for straight-through labyrinth seal exhibited a potential for 

improvement when coupled with linearized network solver. Hence this model is investigated separately. 

The seventh chapter provides a review of literature and a comprehensive study on pressure loss 

modelling for straight-through labyrinth seal using numerical experiments. A new methodology has been 

proposed to extract data from numerical experiments and devise requisite information for the generation of 

loss correlations. It proposes some new pressure loss correlations based on K2K
†
 methodology and presents 

the evidence of their validity. The chapter presents the loss correlations ready for integration into the loss 

library. 

The eighth chapter starts with a review of literature on flow network solvers. It introduces a new 

concept of link-set and presents a detailed mathematical formulation of its solver. This chapter describes 

types of links and link-sets, assembly of loss models, handling of sonic conditions and flow reversals in 

link-sets etc. It also explains the mathematical formulation of flow network solver and its iterative solution 

methodology. The internal interfaces and variables exchanged within solvers are also explained in detail. 

Finally, the post processing methods of network modeller are presented and the capabilities of VE are 

demonstrated by modelling the flow network for IPC rotor drum cavities. 

The conclusions of the current work are summarised in ninth chapter. Some suggestions for future 

work are also presented. 

 

                                                      
†
 A methodology to account seal flow losses from Knife to Knife 



 

 Chapter 2 Architecture of Geometry Module 

 Introduction 2.1

An integrated geometry handling capability is one of the most important aspects of a design 

environment. As identified in the first chapter this capability is lacking in a majority of propulsion system 

simulators documented in open literature. It has been decided from the outset that VE should maintain an 

integral geometry generation capabilities for the reasons summarised below. 

1) An integrated geometry generation capability provides means to envision, refine and develop the 

product with significant time and cost saving. 

2) A geometry handling capability decides to a significant extent the data storage and data transfer 

characteristics of a design environment. 

3) In Computer Aided Engineering (CAE) systems such capability can provide an up-to-date and 

perfectly consistent geometry to every kind of analysis simultaneously. Thus all design and analysis 

iterations can be run synchronously. 

4) A common geometry module provides a version control mechanism during design iterations and thus 

ensures the consistency of geometry at the end of design. 

5) Design changes are communicated to every analysis program and hence any conflicting issues can be 

resolved while generating the design details. 

6) An integral geometry module eliminates the dependency of a design environment on commercial 

software licensing and its internal capabilities. 

7) Most importantly, the consistent set of geometry parameters ensures the preservation of design intent 

at all stages of design and development. 

Multiple ways of generating the geometry are available. The choice of geometry generation 

methodology mainly depends on the kind of design process required for a specific application. The section 

below reviews open literature to know the types and models of design processes for gas turbines. This 

information is systematically categorised to find the nearest match for the VE design environment. Further, 

a brief review of available geometry generation methodologies is presented. The merits and limitations of 

different approaches for geometry generation are discussed with reference to the present work. An approach 

for geometry generation has been proposed after carefully considering the efficacy of implementation of 

various geometry modellers and the requirements and application of present design environment. 

Furthermore, the construction details of the proposed system are discussed. A detailed review of 

literature on the development of such systems has been presented. The generally recognised attributes of 

such system are explained. Its main advantages over other systems are highlighted. The chapter closes with 

the formal description of the architecture of geometry module, which has been elaborated in the next 

chapters. In essence, this chapter provides the reasoning for almost every important option selected for the 

present work on computational geometry of aero gas turbines. 
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 Review of design systems and geometry modellers 2.2

A vast body of literature is available on fundamental developments and applications of 

computational geometry. The classical computational geometry is a branch of computer science devoted to 

the development of algorithms for defining and manipulating geometric entities. Computational geometry 

encompasses several fields such as creation and operation on polygonal or polyhedral entities, fast 

algorithms for point, line and plane intersections, finding convex hull, triangulation and meshing, 

visualization tools, linear programming etc. [21]. For the present purpose of generating the geometry for 

axial flow turbomachines, we are mainly interested in the manipulation of polygonal and polyhedral objects, 

better-known as Computer Aided Design (CAD) or Computer Aided Design and Drafting (CADD). For 

computationally intensive applications such as multidisciplinary design optimisation, the geometry 

modelling and corresponding module of grid generation play a very important role. Together these modules 

are known as geometry modelling and grid generation (GMGG) [22] and are the backbone of present 

engineering analysis systems. 

It might be important to take a note of other systems such as Artificial Intelligence (AI) based 

system, [23] which can be used for the development of design environments. These systems are built on a 

different perspective that attempts to create knowledge based data structures rather than using data structures 

for merely storing information. Such systems, however, are not in the scope of the current work and hence 

are not discussed any further. The present work scope is limited to the development of geometry based 

modelling capabilities for aero engine design environment.  

 Geometry based design systems 2.2.1

The generation of product geometry is one of the most cerebrated aspects of engineering design. 

Many important engineering functions and product performance are dependent on product’s geometric 

shape. From computational perspective, product geometry may be considered as a fundamental data 

structure, which is communicated across industry to carry out various tasks. Thus the computational 

representation of geometry affects the whole structure of design environment. The construction of geometry 

data structures is generally based on the intended model of design system. These design system models have 

been reviewed in the following section. This review would be helpful for mapping the requirements of 

design environment and also for deciding the kind of architecture required for geometry module of VE 

design environment. 

 Classes of design processes 2.2.1.1

Shah [24] identified and proposed the basic classification of design processes. The class of design 

process depends on type of product, its application and the objectives of design development. The design 

systems can be classified as, 

i) Class I     – Novel Design 

ii) Class II   – Evolutionary Design 
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iii) Class III  – Matching Design 

iv) Class IV  – Synthesis  

These design categories are primarily based on perceived need, function, physical phenomena, 

product embodiment, product class, artefact type and instance etc. The classes of design systems are self-

explanatory and it is possible to categorize the design processes for several products into these classes. For 

the current work on developing a design environment for gas turbines, the definition of evolutionary design 

suits well. Although it is desirable to develop a design environment capable of modelling novel engine 

concepts, such framework is not considered at present. Matching design and design synthesis are not in the 

current scope of work. As shown in Figure 2.1, each of these design classes can be further divided into, 

1) System Design 

2) Assembly Design 

3) Kinematic Mechanism Design 

4) Part / Component Design 

In system design, the components are considered as black boxes and designers identify each 

component only by its function and input/output parameters [24]. Power, motion, flow and forces are the 

main interaction variables between any two components. The design proceeds by breaking the whole 

function into sub-functions and finding suitable components to accomplish each task. The product 

configuration is not fixed in this stage and designers synthesise the product by selecting, excluding and 

modifying its components iteratively. A CAD based geometry needs to provide support for drawing 

diagrams, shapes, sketches, flow charts and block diagrams etc. The geometry generation module has a 

major role to play in these preliminary stages of design. 

Design Processes

Class I

Novel Design

Class II

Evolutionary Design

Class III

Matching Design

Class IV

Synthesis

Systems Design Assembly Design Kinematic Design
Part / Component 

Design

Static Assemblies
Dynamic 

Assemblies

Figure 2.1: The classes of design processes and the closest match to VE 
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Assembly design class acts as an integrator for product design. It forms the basis for deciding 

assembly layouts, manufacturability and maintainability of product. Assembly design techniques, such as 

design for manufacture use product assembly algorithms, which are usually coupled with some kind of 

geometry modeller. Such design environment for assembly modelling has been demonstrated by Connacher 

et al. [25]. The assembly design can be further categorised into design for static assemblies and design for 

dynamic assemblies. For gas turbines, dynamic assemblies are more important as they contain parts in 

relative motion. Dynamic assemblies are hierarchical in nature and can be successively decomposed into 

smaller sub-assemblies containing fewer and fewer parts. The concepts of orientation of parts with respect to 

each other and degrees of freedom are essentially developed for such assemblies. A component in a dynamic 

assembly cannot have interference with the components in other frames of reference at any time. Therefore, 

while assembling components in sub-assemblies and sub-assemblies in modules, it is necessary to follow the 

rules of part orientation and component interference. The geometry generation module for assembly design 

is very important for gas turbines, which are complicated dynamic assemblies of many thousands of 

components.  

The designs of parts / components evolve with many kinds of engineering analyses that are 

supported by geometry generation module. The component’s compliance to assembly, tolerances, shape and 

size, material, optimisation etc. determine its final design. It is well known that all details of component 

shape are not available in the early stage of design and thus the component shape is partly decided by 

product assembly and partly by engineering analyses. For a geometry module to support such design 

process, it must have the capability to register forms, dimensions, tolerances, attributes and inter-

relationship between components. It may be necessary to have a catalogue listing process and a library of 

components and their specifications. Furthermore, the geometry module should be able to provide mass 

properties, section properties such as material, volumes, areas, section width, mass centre, moments of 

inertia etc. to support the analyses. 

The kinematic assembly is not much important for turbo-machineries as their kinematics is fairly 

simple. For the present design environment, assembly design and part design modules under evolutionary 

design class are more applicable and hence those would be considered for deciding the geometry modelling 

requirements. 

 Models of design  2.2.1.2

Many design models published by earlier researchers may be found in open literature. Dixon et al. 

[26,27] have provided a detailed taxonomy for the mechanical design of components. Salomons et al. [28] 

have mentioned the perspective based design model along with several other models. The types of 

perspective based model are described below and are illustrated in Figure 2.2. 

i) Prescriptive models of design 

ii) Descriptive models of design 

iii) Computer based models of design 
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The prescriptive design model suggested by Dixon et al. [26,27] follows the approach of segregating 

a design process into different phases and into the actions carried out in each phase. This model follows 

ideal top-down design process such as conceptual, structural, detailed and parametric etc. By far, such ideal 

processes are not used for the design of any complicated product and this also applies to gas turbines. The 

descriptive approach recognises that designers often tend to switch between several design phases before 

reaching any conclusive outcome. This approach requires a lot of sketching and empirical relations for 

design assessment. Designers eventually understand the design features of product to a requisite level and 

then start following ideal design process. Clearly the descriptive model of design process suits better to 

conceptual design work. 

The computer based design model is probably more suitable for the current work. Finger and Dixon 

[27] pointed out three major sub-classes that fall under this design model. Those are i) parametric design, ii) 

configuration or structural design and, iii) conceptual or preliminary design. The review of CAD geometry 

modellers shows that the present CAD systems cannot support these design models. Salomons et al. [28] 

have also observed the mismatch between CAD and CAE systems, indicating the necessity of further 

research in this area. The shortcomings of current CAD systems also substantiate the requirement of 

developing a specialised geometry module for particular applications such as turbomachineries. These issues 

have been discussed in more details in the later section. All three sub-categories are important for the VE 

design framework. 

  Role of function in design 2.2.1.3

The objective of any design process is to convert the functional requirements of a part into the 

physical realisation of its geometry. The functional specifications of a part are therefore considered as 

implicit or explicit description of its design intent. The ‘functional requirements’, ‘function’, ‘constraints’ 

etc. are often meant to be used as design objectives [29]. Clearly, functions are the central aspect of any 

design process. 
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Figure 2.2: Design Models and CAE analysis based on function 
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However, according to Libardi et al. [30], there is still no adequate definition of what is exactly 

meant by function and how designers use it in the design process. Freeman et al. [31] propose that “the 

choice of one of the structures providing a function is the central activity of qualitative design”. The 

researchers have proposed function-based models of design; in which every structure exist to perform a set 

of functions. And in order to perform those functions structure acquires certain shape and size that defines 

its geometry. Several sub-structures having individual tasks are combined together to form an assembly. The 

functional connections between these sub-structures decide the design and assembly process of a design-

object. Collins et al. [32] have provided a detailed taxonomy of functions in mechanical design, which are 

called as elemental mechanical functions. The functional actions of virtually every mechanical design object 

can be defined by these elemental functions. 

Certain design decisions are purely based on the function of a design-object. For example, in 

conceptual design phase, designers tend to think in terms of functionality of a part before preparing its 

geometry model [33]. Another meaning of functional aspect of design is related to the levels of abstraction. 

Functions can exist at several levels of abstraction, which are possibly connected to the assembly levels in 

product. At different levels of abstraction different functions are expected from a design-object. This means 

different design methods or models are applicable to each different level of abstraction. This is especially 

valid for large assemblies such as commercial gas turbines. Therefore, the geometry module in design 

environment should allow creation of several levels of abstraction and execution of different methods of 

design. Erens et al. [34] have exemplified the product modelling of car using multiple levels of abstraction. 

The concept of product family is implemented in their Leeds Product Data Editor software, which consists 

of databases for possible variants of products and the functional interrelationships of products / components. 

Much research work [28] has been carried out on the investigation of role of functions in design 

process. The functions of a component are further classified as i) general functions, ii) specialised functions 

and iii) working principle-dependent functions. For the current work, the last category of functions is more 

important as it materializes the interface between components. Despite many developments, the function- 

based design model and its relation to geometry data structures is still a debatable topic. It is not clear if 

there is 1:1, 1:n or m:n correspondence between the functions and the forms of design object. Furthermore, 

design alternatives are generated as different interpretations of design objectives or functions, but it is 

unclear whether such search process is strictly top-down or bottom-up or just opportunistic. From the 

perspective of design environment generation, it is also important to decide if the objects should be attached 

to functions or the functions should be attached to objects [35]. Finally, as the product geometry is expected 

to hold the definitions of design objects, it is certainly necessary to decide if the geometry data structures 

should contain the functional aspects of components / assemblies or the geometry models of components 

should be suitably constructed to create a meaningful and compatible combination of sub-functions, thus 

defining a functional structure of product. 
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 Design with objects 2.2.1.4

For complicated assemblies such as gas turbines, design system is required to possess the ability to 

manage complexity of its own implementation. The well-known principles of managing complexity [36,37] 

are abstraction, encapsulation, inheritance, association, communication, polymorphism, modularity and 

behavioural classification. Booch [37] has also mentioned other three minor elements which are typing, 

concurrency and persistence. These elements form the basis of object-oriented design system and are 

relevant to the current work due to complex product and its complicated design process.  

Objects can be considered as knowledge units [29], which are larger than constants, expressions and 

logic. Objects resemble the concept of frames, which can have both descriptive and behavioural features. 

Object may also be defined as a visible or tangible thing that may be apprehended intellectually. Many more 

definitions are available from various researchers, but those are not covered here. The object oriented design 

process can be divided into micro-development or macro-development process. It can also be described by 

classifying the design activities into various phases similar to those mentioned in design models. The object 

oriented process, however, is changing the classic distinction between design, analysis and implementation. 

Kusiak et al. [38] adapted the concept of object-oriented design for engineering applications. In the object-

oriented methodology, designs can be iteratively refined by progressive addition of more definitions of 

subsystems and lower level objects and their associated interfaces. As every subsystem or object adds little 

more information into the main system, it forms a component graph structure or tree structure, which can be 

managed well compared to the descriptive or the function-based design methods. 

Liang et al. [29] have proposed the concept of Design-with-Objects (DwO), in which the objects 

may not only represent physical entities of a product, but may also contain non-physical information such as 

design history or product’s manufacturing, maintenance outlines etc. These pieces of information are called 

as object features, which are listed below, 

 Methods – procedures to act on data or design objects 

 Data – Attributes of design object 

 Interfaces – Basic structure of design object to communicate with other objects 

Liang et al. [29] have also defined the ways to establish relationships between objects known as 

object operators. 

 Inheritance – Creation of instance B from instance A. Instance B thus inherits basic structure and 

methods of instance A, but can have own superseding methods and data. 

 Import – Instance B importing the methods of instance A 

 Message Passing – Allowing to pass messages within design objects 

These underlying concepts are incorporated in the design process model proposed by Liang et al. 

The potential issues in such frameworks are closely related to the present work. The main issues are 

associated with the selection and management of design objects such as object taxonomy, contents of object 
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libraries and user-defined design objects etc. The number of design objects to be incorporated in a library is 

still a research issue and it mostly depends on the application. Apart from this, other concerns are internal 

organisation of design objects for efficient implementation and allowing on-the-fly creation of designs 

objects, which offers more flexibility at the cost of object validation and linkage problems. These issues 

need to be comprehended thoroughly before implementing design-with-objects method.  

Despite a few implementation issues, the inherent advantages of this method are overwhelming. If 

the design-with-objects method is effectively implemented, it would improve the computability, reusability 

and exchangeability of design process [29]. The computability is probably the most desired outcome of 

design processes, which include multidisciplinary analyses. The object based design modeller could thus 

update the new designs using object operators. This method presents the most desirable way of generating 

design environment and its corresponding geometry module. 

 Discussion: Requirements of design environments 2.2.2

The above review of literature on design processes and environments [30] addresses some of the 

design models proposed by various researchers. It highlights that VE design environment requires a 

geometry module having following characteristics, 

1) The architecture of geometry module seems to be related to the class of design environment, which in 

turn depends on higher level objectives and the class of product. It is almost impossible to find exact 

match of design environment, but a closely related design process or model may be identified to decide 

the direction of geometry module development. 

2) The design of turbomachinery follows steps of evolutionary design. Its engineering complexity and 

design challenges necessitate designers to follow the steps such as system design, conceptual or 

preliminary design, configuration design, assembly design and also detailed or component design. The 

geometry module is expected to support all these phases. 

3) The anticipated design model for the current work may neither be completely prescriptive nor fully 

descriptive. The computer-based design model seems to offer more flexibility to the present design 

environment generation problem. Clearly, it is the first choice for building VE design environment. 

Though the prior models are not completely discarded, certain improvements are necessary to make 

those models suitable for preliminary design. 

4) The overall objectives of VE necessitate implementation of full-scale iterative CAE analysis and hence 

its geometry modeller should be able to provide data structures to support each kind of engineering 

analysis. The CAD based modeller can support majority of design phases and state-of-the-art CAE 

analysis. Thus a CAD-based geometry modeller is the most preferred option. 

5) The aforementioned design classes and design models are always embedded into the functional aspects 

of assembly or component. The selection of a design model for VE is therefore dependent on the 

functional aspects of gas turbines. The association of functional aspects of turbomachinery with the 

layers of design abstraction is very important for creating VE geometry modeller. The function of a 
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component or an assembly changes with the level of abstraction, which clearly requires a multi-level 

geometry modeller that can preserve the design information or design intent at each level of abstraction. 

6) Additionally, it is important to decide whether a geometry data structure should contain functional 

information of a component. Though some researchers advocate including functions into geometry / 

knowledge database, it also has certain disadvantages. The major disadvantage of adding functional 

information in such data structures is the loss of generality of their templates. Consequently, the 

template defined for a component may not be useful for another topologically similar component, 

simply because their functions are different. 

7) Most components in gas turbines have multiple functions. These functions can be added into geometry 

data structures using syntax of grammar or in the form of functional sentences as described by Lai et al. 

[39]. However, considering the problems in associating each function of a component to its specific 

geometric form, such task is left to users. 

8) The turbomachinery design inherently involves multiple layers of abstraction and is based on multi-

disciplinary, multi-fidelity analyses. Therefore, the geometry modeller must be able to provide relevant 

information to these analyses at each stage of design and at every level of abstraction. The top-down 

design approach mentioned earlier in design-with-objects method is quite applicable for the current 

work. 

9) Evidently, the object-based definition of components is crucial for generating the geometry of gas 

turbines. Thus, design-with-objects method seems to be a promising way to prepare the geometry 

modeller for VE design environment. 

 Approaches for geometry generation – An overview 2.2.3

The above section points out the characteristics of geometry modeller necessary for VE design 

environment. Considering the objectives of VE design environment, CAD is considered as the most suitable 

geometry modelling approach. Several CAD modellers are extensively used to capture product geometry 

and to utilize the information of its geometric shape [40] for downstream applications. Traditionally, 

wireframe models, boundary representation (b-rep) models, constructive solid geometry (CSG) models, 

parametric feature based models etc. are used for geometry modelling. This section intends to highlight and 

compare the salient characteristics of these geometry modelling approaches.  

 Wireframe modellers 2.2.3.1

The wireframe modellers are based on 2D or 3D representation of vertices in space. The wireframe 

models can use only two types of geometric entities i.e. points and straight lines. These do not contain any 

higher level information such as planes connecting vertices or surfaces combining to create volumes etc. 

Although extremely simple to use, wireframe models are unsuitable for anything, but drafting the simplest 

parts [41]. 
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 Boundary representation 2.2.3.2

Boundary representation (B-rep) and constructive solid geometry (CSG) are two commonly used 

approaches for 3D modelling. Both approaches are capable of providing complete mathematical definition 

of a solid object. The B-rep approach is known for its surface based modelling capabilities and mainly 

consists of vertices, edges and faces in geometry model. In B-rep models, edges are considered as bounded 

pieces of curves and faces as bounded portions of surfaces. These models represent a solid object by 

dividing its surface into a collection of faces in some suitable way. The volume is defined by identifying any 

point in space as an internal or external point. The underlying mathematical schemes for defining geometric 

entities such as splines, Bezier curves, B-splines, parametric polynomial curves, NURBS etc. are the 

foundations of boundary representation approach. B-Rep approach also supports powerful geometry 

modelling operations such as sweeping, extrusion, chamfer, blending, drafting etc. It is useful for modelling 

free form surfaces accurately and is flexible in representing solid components having high level of 

complexity. Complicated surface geometries encountered in aerospace vehicles, aerofoils, ships and 

hydrofoils etc. can be very well supported by B-rep geometry data structures. 

 Constructive Solid Geometry (CSG) modellers 2.2.3.3

The CSG approach uses geometric primitives such as points and edges to define a volume by 

combinatorial or constructive solid Boolean operations. CSG modeller keeps track of product topology and 

performs many internal operations while creating a part [22,21]. It defines solid bodies by evaluating inside / 

outside predicates. CSG modeller enables much faster creation and modification of geometric shapes than 

surface modeller. This kind of geometry representation maintains the complete set of information about a 

body in space such as its origin, orientation, dimensions, tolerances, volumetric data, surface finish etc. The 

CSG modelling technique definitely has a potential to develop into automated GMGG process. However, 

integrity and complexity management of product geometry are two major issues in CSG [22,41]. The 

integrity issue is related to ensuring correctness of a model, whereas complexity issue arises due to a large 

number of primitives and operations existing in a model. Baer et al. [41] provide a comprehensive review of 

CAD-based geometry systems, whereas Emmerik et al. [42] review the recent techniques for generating 

interactive product designs based on solid models. 

 Parametric Modellers 2.2.3.4

Further advancements in geometry modelling techniques led to the study of geometry models 

having in-built relations between their constituent geometric primitives [43,24]. In order to make quick 

changes in geometry and to reproduce the same geometry pattern at several locations, predefined sets of 

primitives are created in this approach. The product models are created using geometry primitives and 

geometry operations such as instancing, sweeping, Boolean operations etc. Their construction procedure is 

also retained. Thus the geometry of objects can be modified by changing the values of parameters already 

existing in model. This approach is efficient in generating known geometry patterns, however, it should be 

noted that the parametric relations within geometry objects cannot be modified. The unexpected values of 

parameters or their combinations can completely distort component geometry. Most importantly, parametric 
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approach cannot capture the engineering meaning of geometry i.e. data structures in such modellers cannot 

encapsulate the difference between distinct instances of same object. 

Parametric modelling is not a comprehensive method for defining product geometry, but it is an 

attractive approach for futuristic modellers. This approach has been implemented in commercial package – 

Mechanical Engineering CAD Series 10 by Hewlett-Packard. Dye et al. [44] have presented a parametric 

MDO designer for modelling the primary air flow path in gas turbines. It shows a good example of 

parameterisation of gas turbine blades for low-fidelity applications. Similarly, Rodriguez et al. [45] have 

demonstrated a rapid parametric geometry generator for aircraft design applications. It can generate a 3D 

model of complete aircraft using the least number of aerofoil parameters and using information about the 

locations of aerofoils within vehicle’s body. They could perform multi-fidelity aerodynamic analysis and 

shape optimisation using their parametric geometry model. However, it should be noted that this work is 

mainly useful during preliminary design stages. Certainly, the parametric modelling approach can be used in 

a more systemised form in the present work. 

 Variational Approach 2.2.3.5

The variational approach is based on the concept of geometric reasoning or creation of dimensional 

topologic sketches [24,46]. This technique is most useful when user does not have any idea about how the 

final design would be like. The design or sketch progresses as user adds new points, lines, curves or other 

geometric entities. The new entities may be added as a vertex in 3D space, a line parallel to other or a line 

oriented at angle θ with respect to other line etc. As all dimensions are not known, the implicit or explicit 

Constructive 

Solid Geometry 

(CSG)

Wireframe 

modellers

Variational

modellers

Expert Systems

Feature Based 

Systems

Boundary 

Representation 

(B-rep)

Parametric 

modellers
Computer 

Aided Design 

(CAD) 

Systems

Figure 2.3: The approaches to geometry generation and the selected approach 



Chapter 2 Architecture of Geometry Module 

52 

 

constraints specified in sketch are used to determine the final dimensions of product. It is, however, 

necessary to detect if model geometry is over-specified or under-specified.  

The unique feature of variational approach is that it considers component geometry as a set of N 

characteristic entities, which represent constraints on points, straight lines or curved lines etc. The explicit 

constraints are specified by users, whereas implicit constraints are specified as algebraic equations. The 

system of N equations and M geometric unknowns is solved iteratively in matrix form,        , where   

represents Jacobian matrix for a set of constraints and    is a vector for storing incremental changes in 

unknown geometric variables. Popular numerical schemes such as Newton-Raphson method are commonly 

used to obtain the solution. Once solution is available, component dimensions can be modified easily. 

Methodologies have been developed to determine if a system of equations is over-specified or under-

specified. 

This approach is based on pure computational techniques. Although, its implementation is feasible 

for smaller models, the cost of computations can be much higher for larger models. Moreover, the solution 

may not always be available for a system of equations for all desired configurations. Users may face 

difficulties in matching implicit and explicit constraints to get a unique and feasible solution. Trial and error 

methods are sometimes necessary as geometry parameter input process lacks feed-back. A commercial 

implementation of such approach is available from Cognition Inc. as Sketch Pad module and from SDRC in 

new releases of I-DEAS. It is noteworthy that this approach is suitable for preliminary design phases such as 

conceptual modelling etc., but can be inconvenient and unfriendly when a large and complicated geometry 

needs to be modelled. This approach is therefore not considered for generating the geometry modeller for 

VE. 

 Expert Systems 2.2.3.6

Expert systems are not classical geometry generation systems. In some publications [24], these are 

also referred as design systems. Expert design systems are created to generate a specific kind of 

standardized design. These are armed with a complete set of data, information and procedural knowledge. 

Their geometry modules can cater every requirement of such systems i.e. from primary calculations to 

generation of production drawings. 

Expert systems have been used for many engineering products. The V-belt expert system by Dixon 

[47], heat fins expert system by Kulkarni et al. [48], gear drives expert system by Zarefar et al. [49] and air 

cylinder design expert system by Brown et al. [50] are consulted to investigate if such system can be used as 

a geometry generation module of VE. However, it is found that this class of design systems and their 

corresponding geometry modeller may not be useful for generating the complex mechanical assembly of gas 

turbines. Furthermore, gas turbines have extremely large number of variations in configuration, which 

prohibits achieving the required level of expertise. The present design environment therefore requires a 

more generic way to support its product class. Consequently, expert systems are not considered for the 

current design environment. 
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 Discussion: Requirements of CAD systems 2.2.4

Despite being useful in supporting CAD based applications, the above modelling approaches share 

certain limitations, which make them unsuitable for the geometry generation for gas turbines. The 

limitations of conventional CAD systems [51,52,40] and the actual requirements of geometry modeller for 

VE are compiled below: 

1) The data generated by conventional geometry modellers is a low level, microscopic data, such as 

vertices, edges, faces, curves and may be a set of operations. This data are not useful for anything other 

than creating a component model and do not provide any information about the overall product. This is 

known as the problem of under-specification. 

In order to be of any practical use for down-stream design activities, the design models must maintain 

high level non-geometric information about component such as its material, tolerances, surface finish 

etc. 

2) Engineering meaning and functional requirements of a component cannot be captured by conventional 

modelling techniques. The conventional CAD model is nothing but a mathematical definition of solid 

object comprised of product’s microscopic data. Such models cannot provide design rationale due to the 

lack of information about reasoning of topology and hence they fail to capture the design intent. 

It is important that the geometry modelling system should be able to capture and preserve the design 

intent. Without the design intent, product models cannot be modified with simple inputs. The geometry 

modeller must also be able to support product redesign in multiple ways thereby allowing parallel 

refinements. 

3) The conventional geometry modellers have single level data structure i.e. the most basic level of 

abstraction. The operations carried out during component modelling are permanently lost after a model 

is prepared. Furthermore, these modellers also require all the product related information to be available 

in advance such as its co-ordinates, orientation, locations etc. Such modelling process merely documents 

the already available and finalised design. As a consequence, concurrent designs cannot be developed. 

The geometry modelling system should be able to work with CAE part of design environment and should 

be able to modify a component model while its design is in progress. A multilevel data structure is 

essential for holding the design data at various levels of abstraction. The geometry modeller should also 

be able to maintain the design data in soft format till final design iteration. The problem of design over-

specification hampers design interpretation at later stages and the system also tend to contain certain 

constraints that are probably not intended by designer. 

4) The inter-model communication is not possible in conventional modellers. Therefore, minor 

modifications in a few important components cannot be communicated to the models of all associated 
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components. This problem partly arises due to the single level data structure and partly due to the lack 

of communication protocols between geometry models. 

Clearly, multilevel organised data structure is an important requirement of such systems. Such data 

structures should have provisions to create interrelationships between component models. The system 

should be able to direct the flow of information through inter-model communication network or top-

down assembly structure. Furthermore, the system should be able to provide constraints for lower level 

designs thereby exhibiting the design commitment. 

5) Tedious methods of construction are another limitation of conventional modellers. The typical methods 

of geometry construction in conventional CAD modellers do not support the natural way of thinking. 

Designers tend to think of a part as a solid body having some functional aspects associated to it. 

Conventional modellers compel designers to think of a component in terms of low level primitives in 

the early design stage, whereas, in reality most of these primitives are relevant only in the last stage. 

These primitives and the operations related to them must be dealt by designers in tedious ways.  

A system that supports easier ways of constructing component models is clearly desirable. The real 

answer to designers’ requirements is to build a system that understands their vocabulary i.e. the system 

having embedded functional elements. The reuse of already constructed models and the application of 

scale factors to assembled models are other requirements of geometry modelling systems. 

6) One of the most disadvantageous attributes of conventional geometry modellers is their poor support for 

automated geometry generation. The modification of geometry model of each component is a highly 

laborious human interactive process in conventional CAD modellers. Such modelling environment is 

absolutely not conducive to creativity in design.  

On the other hand, design environments such as VE are being built for automating CAE analyses. 

Evidently, a parameterised geometry modeller having capabilities to provide all requisite data and to 

receive the CAE data back into geometry model is extremely desirable. 

 Review of feature based geometry modelling 2.3

The design methods and geometry modellers have been discussed before. The requirements of a 

futuristic design environment (section 2.2.1.4) and the limitations of conventional geometry modellers 

(section 2.2.4) point towards the feature-based geometry modeller, which is not discussed yet. This 

geometry modelling system seems to satisfy the automation requirements of current CAE analyses and the 

geometric reasoning requirements of post-design activities. The appropriateness of feature-based geometry 

modelling approach entails reviewing it thoroughly. This section provides the detailed review of features 

technology and explores its utility to define a feature taxonomy for gas turbines application. 
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The feature based geometry modelling system is one of the most intuitive approaches for geometry 

generation. It is at least two decades old and is still unconventional compared to other approaches. In this 

multilevel geometry modeller, the necessity of creating a macroscopic or abstract level is satisfied by a 

geometric entity called ‘feature’ [51]. Feature provides an additional layer of abstraction and allows the 

system to store much more information about a product than just the geometry. The concept of feature leads 

to the generation of a data structure that can encapsulate the engineering significance [52] of component’s 

geometry. Informally, it may also be defined as a recurring pattern of information [53] related to part’s 

description. It is important to note that feature itself do not represent any component in product, but it acts as 

a container to capture additional pieces of information at different levels of abstraction. It may be recognised 

that feature supports natural way of thinking about product design i.e. preservation of design reasoning / 

intents at every stage and at every level of assembly. 

 

 

 

 

 

 

 

 

Figure 2.4: Evolution of geometry modellers to feature based applications [53] 

The preservation of design rationale is the most important advantage of feature-based system over 

conventional CAD modellers. As depicted in Figure 2.4, this may be attributed to the natural evolution of 

geometry modellers over the years. The feature based system was actually originated for automating process 

planning, die design and product inspection work [54,55]. Many examples are available in literature 

showing the applicability and recent developments in features technology for various industrial activities. It 

was soon realised that features might also be used to integrate design processes, wherein every activity is 

based on reasoning. Additionally, the features employed for design process can also be useful for all 

downstream activities during product’s life-cycle. The examples of various applications of design features 

are covered in greater detail in a later section. Features technology may be classified into four major 

categories, which are known as feature spaces or viewpoints. 
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 Manufacturing 
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Although, the features technology is developed enough to be applicable in many fields of 

engineering, it is more interesting to find if this can be used for the products such as gas turbines. The 

following section presents the review of fundamental aspects of features such as definitions, terminologies 

and attributes etc. This is expected to provide the direction to form the general outline of architecture of 

geometry modeller. 

 Feature definitions 2.3.1

Features are used for many kinds of design and manufacturing activities, which have their own set 

of requirements. Every organisation customises features technology to suit its own applications and defines 

features according to its own perspective. Consequently, features have no widely accepted formal definition. 

Furthermore, in manufacturing or process planning applications, the special geometric forms on work pieces 

are also known as features and thus some feature definitions have meaning only in these areas. Such 

definitions are collected by Salomons et al. [28]. From design perspective, a few generic definitions have 

been compiled from literature. These are listed below, 

 A carrier of product information that may aid the design or the communication between design and 

manufacturing, or between other engineering tasks [28]. 

 A recurring patterns of information related to part description [52,53]. 

 Any geometric form or entity that is used for reasoning in one or more design and manufacturing 

activities [54]. 

 Semantically endowed objects that accompany the product development process from customer 

request through to product release [55]. 

 The generic shapes with which engineers associate the knowledge; A entity useful in reasoning 

about the product; an engineering primitive [56]. 

 Objects which may contain methods for manufacturing, analysis, documentations; methods for 

geometry creation and modification; pointers to geometry; geometric constraints; methods for 

geometric abstraction; methods for assembly; inherited properties; associated information and 

methods and instances for other features [57]. 

 Geometric entities formed into groups that can be assigned extra meanings [58]. 

 A knowledge chunk that defines (a) a set of entities that is needed to build up the skeleton of a part 

or subassembly, (b) a set of parameters needed to characterize a skeleton of component from 

morphological point of view, (c) a set of parameters and physical expressions that describe the 

possible operation and behaviour of skeletons [59]. 

 The entity describing a component having functional or manufacturing significance [60]. 

 A representation of geometric shape with a set of attributes [61]. 
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 By a more generic definition, feature is a geometric entity [51,56], 

(a) which is a physical constituent of a part 

(b) which is mappable to a generic shape 

(c) that has engineering significance 

(d) that has predictable properties 

The final definition consolidates the geometric definition of feature by recognising its multi-layered 

structure. Many definitions of feature commonly use terms such as knowledge chunk or higher level 

information. Such terms may be easily correlated to the concept of design object explained in section 

2.2.1.4. In fact, features are the most convenient objects to implement design-with-objects method. More 

details of such association are provided in the later section. Features are very convenient objects to connect 

non-geometric information to geometric information. Furthermore, features can associate several kinds of 

information to a geometric shape, thereby eliminating the general mismatch between design and 

manufacturing, design and analysis, design and database preparation etc.  

 Properties of feature 2.3.2

A compiled list [53,57,52] of information types that might be contained in a feature data structure is 

presented below. Some resources in literature divide this information into A-list and B-list for convenience, 

whereas a few others call this as a feature-properties list. 

 Feature Name / ID 

 Taxonomy code 

 Pointers to geometry 

 User defined parameter and derived parameters 

 Geometric constraints 

 Methods for geometry abstraction 

 List of expressions and attributes 

 Rules for interpretation and cognition 

 Methods of manufacturing, analysis and documentation 

 Methods for geometry creation and modification 

 Methods for assembly 

 Inherited properties 

 Instances of other features / List of parent or children 

 Other associated information and methods 

In some research publications, features are explicitly termed as an additional data layer for storing a 

large amount of information related to many parameters that are important for a product. As mentioned by 

Cunningham et al. [54], the heuristics of features originate from the deeper understanding of physics of 

design activities. Klein [62,63] represents feature as a multi-layered data structure, as shown in Figure 2.5. 
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Feature properties are discussed in more details in the following sections. However, it is rare to find all 

properties listed above in the same feature based system. 

 

Figure 2.5: Multi-layered structure of feature based geometry [62,63] 

 Feature types 2.3.3

The characteristics of features can be quite different depending on the purpose of their development 

and application. Features are classified into families according to the wide variety of physical 

characteristics, by which they represent a component in CAD environment. Feature classification can be 

useful to establish the mechanisms of object-orientation to support the families of features instead of 

individual features. Additionally, creation of feature families might be useful for the present work to 

develop a suitable feature taxonomy for gas turbines. A variety of feature classifications has been provided 

by various researchers depending on the field of application. In their Product Data Exchange Specifications 

(PDES) scheme, Pratt and Wilson [64] categorise features into, 
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1) Passages – Subtracted volumes intersecting pre-existing shapes at both ends 

2) Depressions – Subtracted volumes intersecting pre-existing shapes at one end 

3) Protrusions – Added volumes intersecting pre-existing shapes at one end 

4) Transitions – regions involved in smoothing of intersection regions 

5) Area features – 2D elements defined on faces of pre-existing shape 

6) Deformations – Shape changing operations such as bending, starching etc. 

It is clear from the above classification that Pratt et al. [64] were more concerned about the 

geometric shape of a product than its other non-geometric information. Nonetheless, their initial work on 

form features has been useful for many researchers. It is also worthwhile to note the feature types suggested 

by Cunningham et al. [54], 

1) Static – mainly the structural building blocks 

i) Primitives – structural blocks which can be combined using intersections 

ii) Add-ons – features having local functions and can be added to the primitives 

iii) Intersections – features specifying the way primitive and add-on features meet 

iv) Whole-form – features affecting the entire or part of object  

v) Macros – pre-specified combinations of primitives 

2) Kinetic – features entailing motion or energy transfer between the parts to satisfy their functional 

intent 

The aforementioned feature types are mainly useful for generating the geometric representation of a 

component. These feature types are used in design-by-features method, which is explained in section 

2.3.4.3. Cunningham et al. [54] have also provided an extensive list of features for process planning, 

assembly and cost analysis etc.  The following list enumerates the feature types suggested by Shah et al. [51] 

along with a short description, 

1) Form features – Portions of nominal geometry, recurring or stereotypical shapes 

2) Tolerance features – tolerable deviations from the nominal dimensions 

3) Assembly features – Grouping of features to define small assemblies, locations, fits and orientations 

4) Functional features – Set of features related to a specific function or a feature having non-geometric 

parameters related to a function 

5) Material features – Material selection, composition, manufacturing methods, heat treatments etc. 

In their other publication, Shah et al. [65] classify the features as, 

1) Form features – nominal geometry for functional, aesthetic and assembly aids 

2) Material features – material composition and condition, properties and specifications 

3) Precision features – tolerances and surface finish 

4) Technological features – information about the part performance and operations, performance 

parameters, operating variables and design constraints 
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The list of feature types shown above is not complete. Apart from these classifications, other feature 

types such as abstract features, container features, prismatic features, rotational features etc. can also be 

found in literature. But such feature types are usually limited to a certain application. The following section 

provides a literature review on feature types, which is helpful to decide the method to be used for feature 

creation and the types of features to be used for the present work. 

 Methods of feature creation 2.3.4

A feature is the collection of knowledge for a part or a component. Whenever a feature is instanced, 

a data structure inside CAD algorithm is activated to accept inputs for feature geometry, parameters, 

properties, rules etc. There are several methods to provide this data to a feature and usually the selection of 

method is based on the intended application of geometry modeller. The selection of feature creation method 

is also dependent on the internal arrangement of feature modeller. The geometry modellers based on features 

technology tend to employ advanced methods of feature creation. A feature handler and a geometry module 

are the two traditional subsystems of feature based geometry modeller. Although the geometry module is 

usually found concealed inside feature modeller, these two subsystems can still be identified as shown in 

Figure 2.6. 

 Interactive feature creation 2.3.4.1

In early feature-based systems, it was common to have a geometry model available before feature 

based modelling can be started. Accordingly, interactive feature creation methods were developed, which 

are largely dependent on human assistance. This method requires feature libraries containing generic 

definitions of feature objects. Users interactively pick the topological entities of component geometry from 

its prior data structure and add them into a feature. Naturally, this method is dependent on original data 

structure of geometry model, such as B-rep or CSG. The internal hierarchical topological graph of geometric 

entities in B-rep models is used to create features. Whereas in CSG data structure, the binary tree having 
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Shape definition / 
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Geometry constraints
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Figure 2.6: Interconnection between features and geometry 
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primitives and internal nodes representing regularised Boolean operators are used for creating features [52]. 

This information can be augmented by adding tolerances, finish, fits etc., if necessary. 

Interactive feature creation is a cumbersome method for creating large geometries of complex 

applications. Moreover, as the geometry model is already available, features just make a separate grouping 

of its geometric entities. The completeness and validity of these features is entirely user’s responsibility. 

Such methods are suitable for entering data into machine language programs, for process planning and NC 

tool path generation etc. Certainly, interactive method is not useful for automating design environments.  

 Automatic feature recognition 2.3.4.2

Automatic feature recognition is an advanced version of interactive feature recognition technique. 

After realising the limitations of interactive method, many methods were suggested to recognise the features 

automatically from a given geometry [51,52,57]. In this technique, features are usually recognised as 

machining volumes such as volume removed by milling cutter or by turning process. Two popular 

approaches are, 

 Machining-region recognition 2.3.4.2.1

Much of the work on this approach has been done for 2-1/2D milling processes. This method 

identifies the inner and outer boundaries of the object to be milled. These boundaries are 2D profiles curves, 

which are used to generate NC tool paths. The machining region recognition can be subdivided into 4 

categories, 

i. Sectioning technique 

ii. Convex-hull algorithm 

iii. Cell decomposition 

iv. Geometric reasoning 

 Predefined feature recognition 2.3.4.2.2

Predefined feature recognition is based on pattern matching process. In this method, feature 

database is searched to identify and match the geometric patterns. The recognised patterns are extracted 

from database and then the parameters of each feature are determined. The geometry model is completed by 

adding the relevant entities such as groups of edges, faces, vertices etc. Higher level features might be 

generated by combining simple shapes. The common identification approaches used in predefined feature 

recognition method are, 

i. Matching 

ii. Entity growing 

iii. Volume decomposition 

iv. Recognition from CSG tree 

v. Material conditions 

vi. Geometric conditions 

vii. Graph-based methods 

viii. Probabilistic methods 

Both machining region recognition and predefined feature recognition methods are very involved 

techniques. These are not covered here in detail. Although practically useful, both methods can be applied 

only after completing the design of a component and after creating its geometry using some geometry 

modeller. The major limitation of all recognition methods is that the design intent and design know-how is 
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already lost. Consequently, it is impossible to recognise the implicit meaning of features in geometry model 

[66]. The application of these methods is therefore limited to post-design activities, which is not suitable for 

the requirements of the present work.  

 Design-by-Features 2.3.4.3

The main deficiencies of feature recognition methods are overcome by design-by-features method, 

which can effectively capture design intents while adding the geometric details in component model. In this 

method, features are considered as building blocks or the fundamental elements of system [28,67], and are 

incorporated into part or assembly model since beginning. Features used in this method are roughly 

categorised into static and kinetic features [28]. The general procedure involves selecting a feature from an 

application specific library and then instancing it by specifying dimensions, location parameters and other 

attributes. Further, inter-feature communication and constraints are used to position a feature in features 

assembly. Geometric operations such as transformation, rotation, mirroring, Boolean etc. are performed on 

feature’s geometry model to represent the graphic image of a component. Design-by-features method can be 

implemented in variety of ways. Three subtypes of this method are mentioned in literature [51]. These are as 

below, 

i) One of the implementation approaches of this method is maintaining a feature database which is 

completely independent of in-built geometry modeller. It is useful for process selection and operation 

planning systems etc., but is not applicable to CAD–CAE coupled design environments. 

ii) A destructive approach of design-by-features method has also been proposed, which uses destructive 

solid geometry or deforming solid geometry techniques. In this approach, the geometry model of a 

component is constructed by performing Boolean subtraction operations on a feature representing base-

stock [52]. The raw material in base-stock is removed using machining operation features and thus 

manufacturability assessment, fixture design, tooling and other manufacturing plans for a component 

can be defined, while its design is in progress. Some commercial systems incorporate the destructive 

solid modelling method of design-by-features to construct component geometry. Although attractive for 

implementation, the major limitation of this approach is that only single component can be effectively 

modelled. Complex assemblies, such as gas turbines, are made of variety of components and their 

geometry models cannot be prepared using destructive technique. However, this technique is notably 

advantageous in certain cases and can be incorporated in the present work. 

iii) Synthesis by design-by-features is the most popular approach, in which geometry models are created 

using feature addition and Boolean operations. The general notion of feature synthesis was originally 

proposed by Pratt and Wilson [64]. It includes instancing a feature from a pre-defined feature library in 

terms of rules and procedures. Every feature has a set of methods to perform various kinds of 

operations. The methods usually comprise instancing, modifying, copying, deleting, orientating and 

many other operations related to geometric transformation. The rules are nothing but constraint-based 

declarative statements to carry out a consistent assembly of features. Features undergo geometric 

modifications in order to satisfy constraints [52]. A bi-level information system is commonly used in 
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this approach. The formats of upper level information are shared by all features, whereas the lower 

level information such as geometric primitives and their operations are handled for each feature 

separately. It is also a common practice to employ an integrated library for processing the geometric 

primitives such as orientation matrices, pointer handles for feature positioning and vector calculus etc. 

The features and geometric entities are validated at the end of features assembly process. 

Clearly, the synthesis method seems to be the most convenient approach for building a geometry 

modeller for the current design environment. The following discussion on design-by-features method is thus 

limited to synthesis approach. It might be recognised that a carefully designed design-by-features system 

satisfies some of the most important requirements of a design environment. These are compiled below [65], 

 The feature library of this method can be suitably defined to include all elements of engineering 

significance for a particular application. Such library can also include some dominant methods to 

support the designer’s vocabulary for a particular design model. 

 The CAE tasks can be automated by incorporating all the information needed for a product. The 

product’s feature database can be further augmented using the multiple levels of abstraction. The 

information contained in features can be easily modified while CAE analysis is in progress. 

 This method provides immense flexibility for defining features in any form, having any combination 

and at any level of abstraction, but still conforming to a common set of properties. 

 The method provides an attractive environment for feature operations such as creation, addition, 

modification, deletion etc. Some systems also allow defining inter-feature relationships between the 

different attributes of distinct features. For example, an inter-feature relation defined between the 

shape of a feature and the tolerance or manufacturing attribute of another feature. 

 Feature mapping and feature transformation systems can be easily implemented in this method, 

which allows system designers to incorporate a common set of features useful for multiple 

applications. This may also be considered as shared features library. Thus features can be readily 

transformed within applications. 

It has already been mentioned that the feature assembly process in design-by-features method is 

carried out by applying rules and constraints. This is also known as constraint-based modelling technique 

[68]. The handling of these constraints is a highly involved topic and this is covered in greater details in later 

sections. Depending on the handling of these rule and constraints, this method can be further classified as 

procedural design-by-features and declarative design-by-features [51]. In procedural method, features are 

implemented as a set of procedures, whereas in declarative approach, features are treated as a set of 

constraints. Procedural and declarative approaches are, so called, inherently pure approaches, but a majority 

of practical systems are neither purely procedural nor purely declarative. 

 Procedural design-by-features 2.3.4.3.1

It is now important to look into the internal structure of features. In a majority of feature modellers, 

features are considered as parametric in nature [69]. The feature parameters can be accessed for CAE 
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analyses and can also be modified during design alterations. The definition of each feature is based on 

multiple geometry parameters. Each feature has pre-defined procedures to evaluate these parameters and to 

provide instructions to an embedded geometry modeller. The geometry modeller then returns the required 

low level data for visualising a component model. Apart from these basic feature operations, certain 

procedures are also defined to derive the feature parameters and to validate the model construction. It may 

be realised that the procedural approach of design-by-features method is similar to parametric modellers 

(discussed in section 2.2.3.4), in which the relationships between parameters are defined a priory. In the 

procedural approach, an instanced feature typically carries, 

 A list of parameters 

 Inheritance rules 

 Validation rules 

The derived parameters are internally calculated by each feature using its own methods. These 

methods are governed by the rules of inheritance and those are either shared by many features or 

implemented separately for an individual feature, if necessary. The rules of validation are also implemented 

in a similar way, which enforce size, shape, location, orientation, translation and many other constraints. 

The typical characteristics of procedural approach are: 

a) The system allows designers to think in terms of relations between primitive entities of geometry model. 

The procedural implementation of constraints guarantees unique solution. 

b) The inheritance and validation rules create a unidirectional chain of change propagation. The system 

always operates in reference-to-target entity precedence [51]. In a majority of systems, common 

procedures are maintained to evaluate inheritance rules. Procedural design-by-feature works well when 

the hierarchy of entities is clearly defined. 

c) Procedural approach automatically defines parameter hierarchy, which can easily detect and avoid the 

conflicts in parameters. However, this approach is always dependent on the order of evaluation. 

d) The components modelled by different kinds of features have tedious interconnections. This is 

commonly known as combinatorial problem. 

e) Very complex models can be dealt with as the system does not form a set of simultaneous mathematical 

equations. 

The procedural approach or parametric approach is analogous to a posteriori approach mentioned 

by Salomons et al. [28] and by Roller [67]. The a posteriori approach is followed in many design 

applications and is useful for detail-design tasks. This approach is mainly applicable for modelling of single 

parts, although the assemblies of regular size can also be modelled. This approach is suitable for adding 

details to the product definition as design progresses. However, it requires a majority of details to be 

available from prior design activities. This approach is particularly effective for design documentation. 
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 Declarative design-by-features 2.3.4.3.2

In the declarative approach of design-by-features, constraints are applied to the geometric entities of 

a feature and are explicitly stated as spatial relationships between them. Constraints are generally specified 

between relatively upper level geometric primitives such as volumes, faces, edges etc. The important 

ingredients of feature constraints have been presented by Shah et al. [51] as, 

 Constraint definitions 

 Constraint representation 

 Constraint solvers, their validation methodologies 

 Dynamic interfacing with the geometry modeller

Qualitatively, the declarative approach of feature modelling is similar to the aforementioned 

variational CAD approach (discussed in section 2.2.3.5). However, variational approach applies constraints 

between geometric primitives, whereas declarative design-by-features approach applies constraints between 

features. This approach has been a prominent research topic due to the mathematical rigor in its 

implementation and the flexibility in its application. As this approach does not follow a simple set of rules 

or a specific order of parameter binding, geometric entities can be coupled together in variety of ways. The 

values of all unknown parameters are evaluated whenever a parameter changes in any constraint equation. 

Declarative approach maintains a transformation matrix between two features that are constrained by a 

relation. Due to this transformation matrix, the change in any parameter of any feature propagates through 

the geometry model towards both higher and lower levels of feature abstraction.  

For example, if a depression on a surface is to be modelled using declarative system, a 

transformation matrix is created to couple the depression feature to the surface of an upper level feature. 

Any changes made in the dimensions of depression would affect the size of surface through intermediate 

transformation matrix. The changes in dimensions of surface would subsequently affect other parameters of 

upper level feature. Similarly, the change in depth of depression will modify the geometric representation of 

depression and that of other lower level features that are attached on it. Such bidirectional coupling of 

parameters is very useful during conceptual design stages. The feasibility of coupling of features – 

especially their geometries – which are not related to each other by hierarchical relationship is another 

important aspect of this method. 

The system of simultaneous algebraic equations representing a set of constraints could be under- or 

over-specified and thus special techniques needs to be employed to assemble its Jacobian matrix. Solution 

methods for constraints equation are reported in [70,68]. Some of the typical characteristics of constraint 

based systems are, 

a) Designer’s intents can be captured extremely well as this system works purely on the basis of geometric 

constraints. 

b) Advancements in mathematical algorithms can provide unique solution to under or over constrained 

problems. 
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c) Any combination of geometric reasoning can be handled and is particularly useful for handling 

conceptual designs, tolerances and manufacturing variations etc. 

d) Constraint based methods can become inconvenient particularly if the size of geometry and number of 

features in it are very large. In such cases very large computational resources may be needed. 

e) Ali [68] contends that this approach is still in nascent stage and that its 2D implementations are 

available, but full 3D assembly design capabilities are still lacking. It should, however, be noted that 

Sturgill et al. [71] have successfully demonstrated 3D solid model development capabilities using 

feature based sketching techniques. 

Declarative design-by-features is analogous to a priori approach to design, wherein abstract features 

are used to develop the conceptual design of a product. In conceptual stage, several possible configurations 

of product are assessed and thus minimal information is available about its final configuration. The a priori 

approach assists in deciding the topology and higher level assembly of product, which is similar to the idea 

of design-by-least-commitment proposed by Mantyla et al. [72]. The a priori declarative design-by-features 

approach satisfies the requirements of multiple parts and supplies more accurate information for the design 

of lower level parts. The geometry is gradually enriched by adding more features carrying detailed 

geometric information [28]. 

To summarise, the design-by-features method is one of the most advanced feature based modelling 

techniques. Its academic and commercial implementations are now available. Feature modelling shells have 

been developed for many different applications. In some feature modelling shells, user organizations have 

added their own knowledge database to generate a complete product definition system. A few such 

implementations and applications of design-by-features are elaborated in section 2.3.12. The synthesis 

method of design-by-features is prevalent in feature-based geometry modellers and a majority of 

implementations tend to use procedural approach. The design-by-features method is particularly useful for 

quick geometry generation, if its features library is customised for a particular application. However, some 

limitations of this method should also be noted. 

 A poorly designed design-by-features method may fail to capture product’s design intents; especially if 

feature abstraction levels are not suitable for product.  

 All features need to be defined before constructing product model [66]. 

 Feature creation for a specific application makes design-by-features a strictly context-dependent 

method. [66]. Preparation of features library to cover all design and post-design activities is a 

formidable task [68]. 

 Before building features library for design-by-features method, it is necessary to decide the level of 

fidelity of product’s geometry. The preparation of features library that can support a wide variety of 

applications and design processes may pose the danger of feature explosion. 
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 Furthermore, it is also necessary to be aware of ever increasing requirements of complex assembly 

modellers. A system designed without this knowledge fails, as more features are added. Every added 

feature must follow the same basic set of rules and procedures to be compatible with all other features. 

 Multiple generic procedures in procedural approach can cause anarchy in system implementation.  

Considering the general requirements of the present design environment, it is possible to construct 

its geometry modeller using the procedural approach of design-by-features method. The methodical 

selection of this specific approach amongst several possible options is depicted in Figure 2.7. 

 Intermediate models 2.3.4.4

Some researchers [66,73] maintain that both feature recognition technique and design-by-features 

technique are inadequate for constructing design environments. They have proposed a detailed architecture 

for an integrated system, which consists of an intermediate feature modeller, a feature library and a solid 

geometry modeller. These feature-based design modellers also include feature recognizers. The central idea 

for creating such intermediate modelling system is to facilitate the integration of processes that convert the 

product information from user-defined features to those represented in the library. These conversion 

processes take place via geometry modeller and feature recognizer. However, the reverse transformation 

from lower level information in geometry models to the feature based representation is not so easy. This 

methodology cannot be used for the present work due to its severe limitations such as requirement of 

multilevel feature transformation, incorporation of feature recognition techniques in geometry representation 

and the inability to support CAE analyses. The overall model proposed by de Martino et al. [66] is quite 

complex and is also not time-tested. Therefore, this approach is not followed any further. 
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 Intrinsic attributes of feature 2.3.5

Feature properties or feature attributes are listed in section 2.3.2. The intrinsic properties of a feature 

denote its geometric shape, primitive entities and design intents. They also encapsulate design and 

manufacturing constraints and geometric reasoning. Features essentially represent a component or a 

subcomponent in larger assembly and hence the properties of every feature add to the properties of higher 

level features. The feature properties are presented here in tabulated format for the sake of brevity and this 

format is also used in the next chapter for proposing the feature taxonomy for gas turbines. Table 2.1 shows 

the intrinsic properties of features [51,74,56], which by definition mean intra-feature properties or the 

properties independent of other features. All these properties source and deliver data from the same feature 

to control its behaviour and geometric shape. 

Table 2.1: Intrinsic attributes of feature 

Sr. 

No. 

Feature attribute Details 

1 Feature identifier It is a taxonomy code assigned to a feature in features library 

2 Feature heading The features are given proper name to be able to identify them later. The 

naming convention is usually based on familiar names used for denoting 

purpose, geometry, generalised parts or special features etc. 

3 Textual attributes The textual information about a component such as materials, manufacturing 

processes, heat treatments, surface treatments, functional verses etc. are stored 

as textual attributes inside feature data structure. 

4 User defined 

parameters 

These are the feature parameters, which must be specified at the time of its 

instancing / creation. These parameters are usually identified by names or 

labels. Sometimes these parameters are referred to as explicitly defined 

parameters. 

5 Derived 

parameters/ 

elements 

The derived parameters or feature elements usually belong to the geometry 

model of a feature and these are derived from user defined parameters using 

derivation rules. Such parameters are necessary for the creation and validation 

of geometry. 

6 Skeletal structure The skeletal structure refers to the rough shape envelope of a feature or the 

spatial arrangement of its body. The skeletal structure may not be necessary for 

all features; alternatively, it may be the unique characteristic of some kind of 

features. When required, the skeletal structure of a feature should be described 

in parametric form. The skeletal structure also forms a baseline for locating 

lower level features. Simple skeletal structures are also convenient for analyses 

such as kinematic design of mechanisms etc. [59]. 
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7 Geometric shape The geometric shape is internally defined in design-by-features method. 

Features send the necessary instructions to an in-built geometry modeller 

through pre-defined procedures or by solving a set of constraints. The features 

hold necessary data or pointers to initiate and store the geometric primitives 

that generate the geometric shape of a component. 

8 Internal 

constraints / 

tolerances 

The constraint specification is mainly related to defining the topology and 

geometry of a feature. The feature topology determines the number and type of 

feature primitives such as vertices, edges and faces etc. and the way they are 

related to each other. The constraints also determine the actual shape and 

dimensions of object. The internal constraints are more relevant to geometric 

entities. Adjacency, parallelism, orthogonality, co-axiality etc. are some of the 

form tolerances that are used as internal constraints. Also the tolerances on 

individual dimensions i.e. size tolerances can also be categorised as internal 

constraints. 

9 Local flags / 

indicators 

Internal flags are necessary to indicate the options or choices of user. These 

usually do not take part in computation process, but direct the computations to 

get necessary output from generic methods of features. 

 Extrinsic attributes of feature 2.3.6

Extrinsic properties are also known as inter-feature properties and thus cannot be defined entirely 

within the scope of a feature. Some parameters from other feature object are necessary to complete the 

feature representation. Extrinsic attributes are specifically important to define the relations between features 

during feature assembly process such as inheritance, constraint rules or derived parameters etc. Extrinsic 

properties of features [56] are summarised in Table 2.2. 

Table 2.2: Extrinsic attributes of feature 

Sr. 

No. 

Feature attribute Details 

1 Feature location 

and orientation 

The features representing assembled components are positioned relative to 

each other to create a feature-based geometry model. While assembling 

features, it is necessary to identify the feature to which new feature needs to be 

attached and its exact location. Some kind of geometric reference is needed for 

locating the target feature on the reference feature. Various ways are available 

to provide such references. Some systems use the origin of feature or the 

feature coordinate system to specify feature location. Some other systems 

allow users to pick a geometric entity to be used as feature reference. If a 

feature is the first to be instanced, then it must be located in the global 
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coordinate system. The hierarchical arrangement of features makes geometry 

modeller extremely flexible and any number of logical connections can be 

made by defining positional and orientation constraints. The major advantage 

of such system is immediate propagation of change to lower and adjacent 

features. 

2 Feature hierarchy  Features are usually placed in the hierarchical structure of object oriented 

algorithm. This structure provides a rank to a feature in the features’ family 

designed for a specific application. The hierarchy levels provide the 

mechanism of inheritance for data structures, methods and rules etc., which can 

be overridden, if necessary. Such hierarchy is usually known as type hierarchy 

[75] or property inheritance. Feature hierarchy may or may not be linked to the 

corresponding assembly levels of a product. Correspondence between the 

feature hierarchy and that of CAD models is not very well addressed in 

literature. Chang et al. [75]  identify it as more complex problem than that for 

CAE features and have proposed the ancestor and descendent approach. 

3 Derived 

parameters 

The extrinsic derived parameters are dependent on other features. For example, 

a feature using local coordinate system derives its origin from another feature. 

Some constraints, dimensions or tolerances in a feature may also be fixed by 

other features depending on their own parameters. This is commonly known as 

parameter inheritance. 

4 Feature 

relationships 

The inter-relation between two features is specified as parent-child 

relationship, if they represent form components in product’s hierarchical 

assembly. This is also known as feature attachment. Two independent and 

different kinds of features can be associated to each other by the record of 

instancing and parameter inheritance. The feature which maintains the record 

and sources parameters is termed as instance parent feature and the feature 

which inherits parameters is called as instance child feature. The following 

types of generic dependencies may exist between two or more features: 

i) Direct parameter dependencies 

ii) Orientation dependencies 

iii) Position dependencies 

iv) Feature face dependencies 

All of these dependencies may not be required in the same system. In 

attachment relationship, a feature can have multiple child features, but it is not 

possible to have multiple parent features. In the systems allowing multiple 

parent features, it is necessary to provide well configured procedures to define 

which attributes and parameters should be inherited from each parent. 
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5 Extrinsic 

tolerances 

The extrinsic tolerances are dependent on reference or datum feature. A 

reference feature may not necessarily correspond to parent feature. The 

extrinsic tolerances include position, orientation and runouts etc. The constraint 

satisfaction algorithm uses extrinsic tolerances and derived parameters to check 

if all constraints are satisfied. It may also issue change requests to certain 

features in order to satisfy constraints. 

6 Constraints / 

Rules 

Constraints, rules and their parameters are important for defining the feature’s 

response to constraint evaluator. In a majority of feature based systems, 

extrinsic location constraints (such as orientation and position) are considered 

more important than other constraints [28,60]. These constraints can be applied 

between features’ geometric primitives and can be communicated within 

constrained features. After defining a significant portion of geometry model 

using multiple features, constraint enforcing algorithm may be executed to 

make final assembly. Several methods are available to enforce extrinsic 

constraints, which are discussed in the later section. 

6 Feature 

interactions 

The term feature interaction means intersection of feature geometries. These 

correspond to Boolean operations between geometric shapes of two or more 

features. Standard rules and procedures need to be created for generating valid 

assemblies from feature interaction. It might be observed in some cases that 

feature geometries are valid and they produce a sensible geometric shape, but 

the interaction of their geometries is invalid or does not produce an entity 

having engineering significance. Shah et al. [56] has provided many examples 

of such interactions. 

7 Global indicators Global indicators are used to communicate a global message to all features 

representing a product. It can also be used to enact some inter-feature 

procedures such as message passing, communicating materials, manufacturing 

procedures or design freezes etc. The global indicators assure uniformity in 

system and thus help designers to validate features. 

Although the aforementioned attributes are applicable to a wide variety of features, it is not 

necessary to implement them all in the current geometry modeller. Gas turbines certainly need a feature 

based CAD system tailored to suit their requirements and thus some of these properties have been modified 

and reengineered to make them suitable for the current design environment. The detailed description of 

feature properties for virtual gas turbines can be found in the next chapter. One of the most widespread 

templates for specification of feature attributes is illustrated in Figure 2.8. 
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Figure 2.8: A template for specifying the data and methods for a feature [56,76] 

 Features and object-orientation 2.3.7

While reviewing the various aspects of feature based geometry modellers, it is noticed that the 

concept of features closely resembles the concept of design-objects (described in section 2.2.1.4). Features 

certainly satisfy the notion of data encapsulation and creation of knowledge units [28]. Furthermore, their 

other aspects such as creation methods, concept of feature library, feature properties and property 

inheritance mechanisms, sematics-rich applications etc. [75,77] promote the use of object orientation 

techniques for features technology. Methods for organizing features as object classes are also helpful to 

create feature taxonomies by exploiting class inheritance mechanisms. In general, the discussion on features 

technology supports the idea of considering features as design-objects. 

Object orientation techniques provide a partial solution to the problem of developing algorithms to 

create large and complex geometry assemblies. The class models in object-orientation mechanism are the 

fundamental data encapsulation structures. These models are not expected to change very often. The objects 

of these class models are the instances, which record all information about a design-object in structured 

form. Class models also encapsulate the procedures used for processing a specific set of data parameters. It 

is thus possible to identify the similarities between data of physical components and a data structure of class 

model used for creating chunks of information. 
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Class models are organised in a hierarchical form, known as class hierarchy. This hierarchy is 

different than instance hierarchy. Class hierarchy is important for creating the library of features templates. 

Features can therefore inherit data structures, properties and procedures of all higher level features through 

the process of single inheritance. A specific feature can store its own information in its class model and can 

also override inherited procedures, if necessary. In the terminology of object-orientation, this is commonly 

known as polymorphism and it is a powerful mechanism for enhancing the representation of features in 

geometry modeller. Due to the object oriented structure, features can also pass on messages or import a 

specific method or data from other features. The requirements of feature’s extrinsic properties can be 

conveniently satisfied by methods of feature classes. 

The discussion on object oriented nature of features naturally leads to taking a decision about 

programming language to be used for the current work. Many object oriented programming languages are 

now available. C and C++ are the most common programming languages used for creating object-oriented 

programs and are known for their robust implementation rules and applicability for wider computational 

platforms. Other programming languages such as LISP and Smalltalk have also been used by some 

researchers. Shah et al. [51] contend that frames structure in LISP has the advantage of dynamic 

interpretation; thus, user-defined features can be easily incorporated into features library. This attribute is 

not supported in C++. Some researchers have also expressed the need of feature-definition languages 

instead of using the most basic languages. Express, ADDL, FDL, PDGL etc. are some of the feature 

programming languages that are used in various geometry research laboratories around the globe [28]. For 

the present application, C++ is considered as an obvious choice due to its proven capabilities. 

 Feature taxonomies 2.3.8

The resemblance between features and design-objects advocates the application of attributes of 

object-orientation to feature based geometry modeller. The feature taxonomy is one of such attributes. It is 

the classification of feature families, having identical properties or geometric shapes, into object-oriented 

data structures. The choice of creating feature taxonomy is dependent on many aspects, some of which are 

enumerated below, 

1) Viewpoints and applications: Features are usually developed to support multiple streams of applications. 

For example, distinct feature families are required to support design, manufacturing, process planning 

and assembly of same product [78]. Similarly, a complex product may require plethora of design 

features. The random arrangement of these features in a modeller does neither provide right options to 

users nor does take it the advantage of parameter and property inheritance. The features are thus sorted 

and categorised by identifying their types and properties to support their application in a better way. 

2) Feature inheritance: Inherited properties and parameters can significantly reduce the efforts required to 

implement and maintain the specific rules and procedures for each feature. The properties inherited from 

higher level features also help in creating uniform systems. Certainly, a well classified system of 

features is an indication of efficient and accurate implementation. 
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3) Extensible architectures: A nested structure of features is easily extensible due to its object-oriented 

nature. Addition of new rules and procedures for a feature overrides the procedures inherited from its 

parent feature. This helps avoiding redundancy in procedures and parameters and it becomes very easy 

to maintain a family of features than functions or subroutines in a typical code. 

4) Universal interfaces: The feature classification helps in understanding common terminologies used 

across various streams of application [51]. It is expected that such classifications may eventually evolve 

into the universal interfaces for features. The universality of interfaces would be useful for developing 

data exchange standards, thus creating universal feature taxonomy. 

It is important to note that feature taxonomy represents typical clustering of information and 

databases in a feature based system. Multiple feature-based models created for various development 

activities or viewpoints are commonly found in feature based geometry modellers. Shah et al. [56] designate 

such coexisting features as feature configurations, which are nothing but feature taxonomies created for 

various design processes. They have suggested three models of such configurations namely, i) primary-

secondary configuration, ii) neural configuration, and iii) unidirectional configuration. Primary 

configuration may be considered as a basic design-related feature taxonomy, in which features are collected 

and arranged only to support design viewpoint. The primary configuration does not contain complete 

information about all down-stream development activities. Transformation functions are used to convert a 

feature database from one dimension into another. The transformation activities need not occur in serial 

mode i.e. secondary configurations may collect their database from intermediate configurations. The neural 

configuration is very advanced feature taxonomy, but it is not very practical. In such systems, different 

dimensions of product development may communicate with each other to form a superset of database. 

Although very desirable, neural taxonomies are difficult to handle and might introduce self-contradictory 

sources of information. The unidirectional configuration is more practical for implementation, in which 

unidirectional flow of database from design to analysis to manufacturing and then to servicing is expected 

without any feedback. 

Some feature taxonomies have been designed to produce stereotypical geometric shapes. The 

taxonomy of form features by Pratt and Wilson [64] and the hierarchy of design-feature classes by 

Giacometti et al. [77] are the examples of such taxonomies. The process planning feature taxonomy by John 

Deere [79] and sheet metal feature taxonomy by Shah et al. [51] are also well-known examples. The present 

work intends to develop a taxonomy of design features for gas turbines. This taxonomy should also be able 

to support all aspects of CAD to CAE database transformation. The detailed discussion on this topic is 

postponed to the next chapter. 

 Feature validation 2.3.9

Before proceeding to review the feature assembly process, it is important to comprehend intra-

feature and inter-feature validation procedures. Validation is important for confirming the consistency of 

results whenever an individual feature or multiple features undergo any modification. The first kind of 
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validation is for the geometry model created by feature, whereas the second type of validation is for feature 

itself and its interaction with surrounding features. 

Geometry validations are based on mathematical rules and hence are easy to implement. For 

example, Euler-Poincare formula is commonly used in B-rep geometry modellers to check the validity of 

solid objects. In CSG method, the solidity of a geometric entity is tested by checking whether a point lies 

inside or outside of its enclosed volume. Boolean operations for 2D and 3D models can also be tested by 

checking their geometric topologies. However, there is no universally applicable method for validating of 

features. In many cases, the validation criteria for features are dependent on applications, which are not 

easily tractable [28]. Shah et al. [51] have proposed following validation checks for features: 

1) Dimension limits 

2) Location limits 

3) Attachment validation 

4) Interaction validation 

Dimension limits can be imposed on a feature to validate the size parameters of its geometry model 

to maintain its engineering meaning. Location limits are specified as restrictions on feature position and 

orientation to generate a meaningful feature assembly. These limits are purely dependent on feature 

application and hence cannot be decided beforehand. Feature attachment validation is related to 

compatibility of feature relations and their hierarchy. For a known application, hierarchical feature 

attachments can be validated by checking the attachment prospects of a specific feature. The other mode of 

attachment validation is checking of physical form of resultant body after completing feature interaction. 

The interaction validation is more complicated and is related to the validation of intersection of geometric 

shapes. Such validation is necessary to check that the resultant entity has engineering meaning. Interference 

checking is also a kind of interaction validation. A few other generalised findings [52] can also be used to 

check the validity of features, 

 Feature interaction that makes feature non-functional 

 Non-generic features obtained from two or more generic features 

 Feature parameters becoming obsolete 

 Features deleted due to addition or subtraction of larger features 

 Open features become close 

 Unpredictable interaction of features 

 Non-standard topology 

Case and Hounsell [58] have presented a different kind of validation method, which is related to the 

checking of feature-based designer’s intents (fbDIs). This method focuses on the process of reasoning used 

by designers. Designer’s intents comprise features, feature geometry, design intents and feature operations. 

Case and Hounsell maintain that it is designer’s intents, which must be checked throughout detailed design 

process to drive the decision making process for down-stream viewpoints. They have also suggested a 

taxonomy of design intents, but deriving such taxonomy even for small applications is a highly cumbersome 
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task. Tests of their validation process have been carried out on simple parts. It should be noted that although 

intent validation is more fundamental than checking algebraic or geometric relations, it needs to be 

investigated thoroughly before using for gas turbines application. 

Validation is also a viewpoint dependent process and hence is not limited to design features. Some 

other rules applicable to manufacturing features have been proposed by Requicha et al. [69] such as 

presence rules, non-intrusion rules, accessibility rules and dimensional rules etc., but those are not covered 

here. 

 Features and assembly modelling 2.3.10

The feature assembly process is based on the philosophy of design methods. In section 2.2.1, some 

basic design methodologies relevant to the current work have been discussed. The design methods and 

process of feature assembly are interrelated to each other by the way designers think about product 

modelling. In the research reviews by Libardi et al. [30] and Mantyla et al. [40,72] it is stated that most 

designers tend to follow top-down approach for product design. In this approach, the topmost level of 

assembly is represented by an abstract model, which only consists of topological information of 

subassemblies. The particular arrangement of subassemblies is intended to satisfy the overall functional 

requirements of topmost assembly. The overall function of product imposes constraints on its subassemblies 

or lower level components. These constraints are used in detailed design process. This process is followed as 

long as components can be subdivided into simpler forms. Eventually, it ends when no more logical 

subdivisions of a component or part can be made with advantage to satisfy functional constraints. This 

process progressively enriches complex product geometry model by adding modules, sub-assemblies, 

components and sub-components. It might be recognised that the feature assembly also need to follow the 

same top-down process to capture design intents and design history. 

 Assembly types and relations 2.3.10.1

Although many types of assemblies can be identified from standard mechanical designs, it is 

important for the present work to pick an assembly type applicable to gas turbines. From features 

perspective, common types of mechanical assemblies [51] are, 

 Assembly by component mobility 

1. Static / rigid – structural assemblies 

2. Rotational – Rotational motion between parts 

3. Articulated – Movements through the mechanical joints 

 Assembly by construction 

1. Chassis mounted – All components mounted on a single structure 

2. Modular – Combinations of independent modules arranged in particular sequence  

3. Stacked – Components mounted on top of one another. 
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It may be observed that the assembly of gas turbines can be categorised as rotational modular 

assembly. The assembly models can also be visualised as levels of abstraction. In decreasing order of 

abstraction the assembly models can be listed as, 

1) Component level assembly 

2) Feature level assembly 

3) Geometry level assembly 

The component level assembly is the assembly of physical components such as an assembly of 

gears in gear train or a flywheel mounted on shaft etc. Feature level assembly is the assembly relation 

between features that represent corresponding components, for example - in the assembly of a key and 

keyway, the key might be represented by a volumetric solid feature and the keyway is represented by 

volumetric slot feature. The features representing key and keyway are related by the mating condition on 

touching surfaces and a unidirectional sliding fit. The geometry level assembly is prevalent in CAD based 

modellers as it represents resultant geometry after merging volumes or polygons. Probably a good example 

of this kind of assembly is a shaft integral to turbine disc. Following Boolean operations, the geometry of 

turbine disc is merged with shaft geometry, thus creating the geometric representation of an integral disc-

stub shaft.  

Further, it is important to see how feature relations are implemented in a feature assembly modeller. 

The major relations specified in open literature are briefly discussed below. In their program, AUTOPASS, 

Wesley et al. [80] have specified the assembly relations between features as, 

1) Part of 

It means a part is either a sub-part of a component or a part of an assembly 

2) Attachment 

a. Rigid attachment – No relative motion between parts 

b. Non-rigid attachment – Objects cannot be separated but relative motion is allowed 

c. Conditional attachment – Attachment holds as long as certain conditions are met 

3) Constraint relationships 

It represents a physical constraint applied by a part on another part. Such constraint is usually 

prescribed by type, a direction vector and the force threshold. The types are, 

a. Translational – Object cannot move in linear direction unless a force threshold is exceeded 

b. Rotational - Object cannot rotate about a given vector unless a torque threshold is exceeded 

4) Assembly components 

This represents a set of individual objects, which is enclosed under an attachment type or an 

assembly. It combines a group of assembled parts under one name. 

Similar assembly relations were proposed by Shah et al. [81] and those are listed below. These 

relations are followed at every level of geometry abstraction and are applicable to both polygonal and 

polyhedral geometry representations. 
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1) Part-of – Subassembly belonging to a bigger assembly 

2) Structuring relations – Relation to locate two units with respect to each other 

3) Degree of freedom – The translational or rotational movements allowed after assembly. The degrees 

of freedom may or may not have limits. 

4) Motion limits – The unilateral or bilateral movement limits imposed by an obstruction or component 

interference on the degrees of freedom 

5) Fit – This is a constraint on size that maintains certain class of mechanical fit. 

These feature relations are widely used in complex assemblies depending on their type, intended 

level of abstraction and provisions available in feature data structures to support such relations. The part-of 

relation is commonly used in feature modellers to generate higher level assemblies from feature graphs or 

feature trees. Before considering higher level assemblies, it might be important to know how features are 

assembled to make geometric representation of a component. 

 Featurizing a part 2.3.10.2

Complex mechanical products are usually designed as assemblies of several components. 

Assembled products are necessary to accomplish functional requirements, cost effectiveness, 

manufacturability, maintainability etc. On the other hand, individual parts or components are generally 

considered as materially integral bodies [60]. The prime requirement of feature assemblies is to capture and 

represent these concepts of parts and sub-assemblies. It might also be realised that many components in 

product are designed to perform complex set of functions and thus their shape is defined by some specific 

geometric entities. Clearly, it is impractical to define features that represent every such component. The 

features are, therefore, defined in the form of taxonomy, so that those can capture as large set of information 

as possible without losing generality of their application and significance to assembly relations. For 

modelling purpose, a majority of physical components may be imagined to be made of several distinct 

constituent parts. The process of identifying and picking the right kind of design feature from feature library 

to represent the constituents of a physically integral component is termed as featurizing a part. This process 

is illustrated in Figure 2.9 for IP compressor disc. The simple and clearly distinguishable mechanical 

features of disc have been identified and are featurized. It is, however, important to note that “features are in 

the eye of beholder” [51] and thus every individual may not identify exactly same features from a 

component. 

It can be seen from Figure 2.9 that the features representing subparts of disc follow part-of assembly 

relation. It is not necessary that these features should always add positive volumes or areas into original 

geometry model. The features representing holes and slots may also remove volume or area from the 

original geometry model. It is easy to imagine that during featurization process positive entities are “glued-

together” [40] to form a complex shape of component, whereas negative entities are used as machine tools 

to cut parts of parent feature. The advantage of part featurization process is that it is not necessary to define 

vertices, edges and surfaces of complex shapes. Furthermore, all feature entities that add or remove material 
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have been parameterized, so that geometry models can be modified easily. The generic process of part 

featurization is [51], 

 

Figure 2.9: Featurization of IP compressor disc 

1) Examine the part drawings or CAD models that need to be featurized. Also note several versions and 

generations of the same part. 

2) Identify the regions of interest to designers and analysts. 

3) Identify the macro shapes of a component based on functional characteristics. 

4) Decompose each region into a lowest level unit that designer would treat as single engineering entity i.e. 

the simplest feature. This process is based on i) design function, ii) identification of recurring shape in 

several versions, iii) existence of a parameterizable and describable entity in terms of a predefined 

geometric procedure, iv) resemblance of an entity to designers vocabulary. 

5) Identified engineering entity should be mappable to a feature class. 

6) Decide if this is a composite feature, i.e. a simple feature arranged in specific geometric pattern or 

features having fixed inter-relations. 

7) Identify the geometry model of reference feature, its outline and the point of insertion of sub-part. 

8) Determine how the sub-part feature is located on parent feature. Note the base point of target feature and 

its coordinate system. 

9) Determine the target feature’s parameters, its orientation with respect to reference feature. 

10) Identify and apply constraints to the target feature with reference to parent feature. 

Featurization of physically integral components is an extremely important process for successful 

creation of parts and assemblies. Apt featurization of components also indicates correct understanding of 

Featurization

process
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design intents and requirements of post-design activities. The featurization process might vary for different 

stages in design. Chen et al. [82] have termed the featurization process as top-down component design 

(TDCD). The featurization process does not stop after instancing a feature. Designers may need to reconcile 

inter-feature issues by exchanging some extrinsic attributes of features. It may also be necessary to revisit a 

few more fundamental questions such as, 

 Why does a feature exist at a specific location? 

 Is there any alternative possibility of representation? 

 Is it possible to reduce the number of features for a component? 

 Can a more generalised or more specific kind of feature be selected? 

 Is the selected type of feature useful for satisfying the requirements of down-stream applications? 

The featurization process is not-so-obvious in many cases and depending on viewpoint careful 

selection of features is necessary. Feature validation follows this process and checks features according to 

the validation rules embedded in a system. 

 Feature coordinate system 2.3.10.3

Feature coordinate system has been referred before while describing part featurization process and 

feature assembly process. In a majority of feature based systems, local coordinate system is defined for each 

individual feature. This means that each feature has a pre-defined base-point or insertion-point and its other 

vertices are generated by referring to base-point. Also each feature has position referencing system through 

which parent feature records the exact location of its child feature.  

Both parent feature and child feature are located in 2D/3D spatial coordinates, which are known as 

world or global coordinate system. The first instanced feature, known as root feature, is always located in 

global coordinates. In some systems, it is possible to have more than one root feature. The features instanced 

as children or grand-children of root feature are located in relative frame of reference and they get their 

location, orientation and position from their respective parent features. The transformation matrix [80,83] 

between parent and child features is maintained by a method of feature data structure. This method is 

inherited by every feature class by inheritance mechanism. Every feature, however, may have a different 

definition of insertion point and local coordinate system. These systems have been used extensively for 

generating the assembly for gas turbine and are elaborated in Chapter 4 with examples. 

 Hierarchical assembly of a product 2.3.10.4

The feature-based mechanical assembly of product comprises i) its physical construction, ii) 

assembly relations between its components, iii) feature instances representing those components and iv) 

process of part featurization. The assembly relations between components are important not only for 

determining the type of assembly, but their inference or derivation also plays a key role for generating 

geometries of complex products. This section states the ways of inferring assembly relations and briefly 

discusses a few approaches, which are most relevant to the current work. 
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Assembly of a product can be visualised as a process of gathering geometry models of individual 

components or subassemblies and connecting them together. This is known as conventional bottom-up 

approach and is usually followed in a majority of non-feature-based CAD systems. In this approach, 

geometry models representing individual components are created and positioned or oriented with respect to 

each other with the help of reference points, edges or surfaces [81,76]. Consequently, assembly information 

is not explicitly available; hence the modification of geometry models of individual parts becomes difficult. 

Alternatively, the geometry model of product can be created by applying part-of assembly relation between 

its various parts and subassemblies [81]. This later approach is more recent and is known as top-down 

approach. The top-down approach is clearly more intuitive than bottom-up approach as it follows the natural 

way of thinking. It also unfolds the design process of most products. The top-down approach was initially 

discussed by Liberman et al. [84] and Wesley et al. [80] and has also been advocated by several other 

researchers working on feature-based design system. Considering the requirements and properties of object-

oriented feature-based geometry modellers, the top-down approach seems to be the most attractive approach 

to generate the geometry model of gas turbine assembly. 

Hierarchical data structure is an important characteristic of top-down feature assemblies [34]. The 

top-down feature assembly may be considered as hierarchical part-of graph of features that represents the 

relationships between physical components. The part-of graph is a way of representing breakdown of 

abstract entities into more primitive entities [40]. Part-of graph consists of nodes and edges, wherein each 

node represents a feature. Nodes are connected by edges, which represent the relations between features. 

Each feature can be recursively broken down into features having lower level of abstraction. This process is 

similar to assembly subdivision; explained in section 2.3.10. As new features are identified, new nodes are 

generated. These nodes are related to each other by some kind of assembly relation. Each further breakdown 

of assemblies or components may be interpreted as part-of graph. This process continues recursively till all 

features representing components and subassemblies are reduced to the lowest possible level of abstraction.  

The hierarchical assembly of features representing various components in a product is known as 

product hierarchy and it is different than feature hierarchy. A hierarchically assembled product data 

structure is illustrated in Figure 2.10. The salient aspects of hierarchical assembly of features are,  

 Due to strong hierarchical relations between features part-of graphs can be prepared from multiple 

viewpoints such as functional, topological or geometric reasoning perspective etc. The hierarchically 

assembled data structures can effectively store functional relations, assembly topologies and 

geometric reasoning for features [51]. 

 Hierarchical data structures can store assembly information for several levels of abstraction. This 

helps in preserving design intents or the reasons for existence of various entities in product 

geometry model [40]. 

 The known relationships between features can be used to enforce consistency rules amongst them. 

Strongly committed parts in overall design can be made frozen for any further modifications [40]. 
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Figure 2.10: The hierarchical part-of graph structure [85] 

 Multiple tree-like data structures can be developed to visualise and browse feature entities 

representing various components in product. Multiple copies of a feature can be generated easily by 

copy and edit operations. 

 Hierarchical part-of graphs are also useful for supporting feature based CAE systems. CAE 

applications can access the organised feature database of product and provide the requisite inputs to 

features. Thus the process of assembly modification or product redesign can be greatly simplified. 

Lee et al. [85,83] have proposed a modified hierarchical data structure, often called as Baumgart’s 

winged-edge data structure. In this data structure, the topology and geometry data are completely separated, 

so that a wide range of geometric entities can be handled just by modifying the corresponding side of data 

structure. It is also helpful to make small changes in data structure such as insertion or deletion of low level 

geometric entities without affecting the whole structure. The virtual links between features are also stored 

hierarchically and they carry the geometric mating information between features. It is, therefore, not 

necessary to generate a transformation matrix representing the relation between a component and 

subassembly. If the relation between features is mentioned in virtual link, the internal computational scheme 

finds the location and orientation of those features in assembled position [86]. The separated nature of data 

also helps in providing the geometric mating conditions in an interactive way. However, such automatically 

generated transformation matrices need to be evaluated before getting the final solution. 
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 Assembly and constraint modelling 2.3.10.5

In the early stages of design, feature assemblies cannot be generated exactly as intended in the final 

design or as supplied to the downstream production activities. The unknown values of various design 

parameters and iterative nature of design processes generally prevent the generation of a befitting geometry 

model. Many a time, some features in geometry model are completely removed and new features are 

introduced. Thus, it is almost impossible for designers to keep track of all modifications in dimensions and 

tolerances of a complex geometry model. In fact, this is also not expected in feature-based systems [51]. 

These modellers are prepared to evaluate the parameters, which are not or cannot be provided by designers. 

This lets users to concentrate on essential aspects of design, while in-built constraint satisfaction algorithm 

fills in the requisite details. Although many feature based systems are essentially procedural in nature, the 

incorporation of declarative techniques is almost inevitable for maintaining the flexibility and application-

specific interpretation [55] of geometry models. 

 Constraint specification  2.3.10.5.1

The declarative feature-based systems apply some kind of relations between two or more feature 

entities. These relations are known as rules or constraints. Constraints have been discussed before in section 

2.3.6 as extrinsic attributes of features. Those are usually specified in the form of dependencies [40] such as, 

i) Intra-feature dependency – dependency between instance variables of geometric features 

ii) Composite dependency – dependency between features forming a composite features 

iii) Inter-feature dependency – dependency between geometric attributes of features 

iv) Assembly dependency – Mating conditions between the feature geometries 

v) Degree of commitment – The frozen design indicators 

For assembly modelling purpose, inter-feature dependency and assembly dependency are more 

relevant and hence are elaborated here in detail. In assembly dependency, constraints are expressed as 

limitations on the position and orientation of a target feature with respect to a reference feature. Various sets 

of constraints have been proposed by researchers, which have been compiled by Ali [68] and Balakrishnan 

[70]. These constraints are illustrated in Figure 2.11. 

For the present work, mating condition or assembly dependency is probably more applicable than 

other dependencies for specifying constraints, because the low fidelity 2D geometry model of whole gas 

turbine engine is not expected to incorporate all manufacturing details. This geometry is primarily made to 

carry out CAE analysis in whole engine domain. 

 Constraint based feature definition 2.3.10.5.2

Constraints are specified as relations between feature entities. Thus, it is necessary for a feature 

based geometry modeller to have logical data structure to maintain these relations. The hierarchical data 

structure can support constraint-based feature definitions in the form of spatial relations between geometric 

entities of features. In some systems, hierarchical constraint graphs are prepared to represent the  
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Figure 2.11: A generic set of inter-feature constraints [70,68,51] 

combinations of constraints. The graph structure of constraints is similar to that of features. Both nodes and 

links can exist in compounded form i.e. a group of relevant constraints can be applied between block of 

features. Such constraint graphs can also be used for generating the interactive definitions of new feature 

classes as described by Salomons et al. [74].  

Ko et al. [87] have developed automatic assembling procedures for the features in product database.  

The assemblies are described in terms of mating conditions, which are, 

 Against 

 Fits 

 Tight-fits 

 Contact 

Ko et al. generate the assembly of features as a hierarchical tree. The main assembly is subdivided 

into several subassemblies and each subassembly is divided into several groupings, which contain several 

features representing components. The specification of mating conditions might be necessary between any 

two features that are in different groupings. In many cases, just one fit condition or against condition is 

sufficient. However, more specific mating conditions are necessary between the features, which are 

positioned or oriented with respect to each other in a certain manner. For example, if the centre lines of any 

two components are used for specifying a mating condition then the only other condition necessary is a 

rotational constraint. Lee’s [85,83] algorithm also checks interference and collision-free paths during feature 

assembly, which is possible due to the automated assembly sequences derived from assembly relations and 

constraint graphs. 
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  Constraint satisfaction 2.3.10.5.3

As mentioned before in section 2.3.4.3.2, the topics related to constraint satisfaction algorithm have 

been of interest to many researchers. Shah et al. [31,60,56] contend that the constraint satisfaction algorithm 

shall not be depdendent on features. Their feature-based system supplies a set of rules and values of 

parameters to their constraint satisfaction algorithm. The algorithm then computes unknown values either by 

issuing commands to respective features in a procedural way or by solving a set of simultaneous equations. 

Depending on over- or under-constrained nature of simultaneous equations either no or multiple solutions 

may be found. Procedural approach iterates on each constraint till all constraints are satisfied within a 

tolerance limit. For ill-conditioned systems, it may be possible that procedural approach may not find a 

unique solution. 

Krause et al. [55] have proposed the concept of parser and database. They consider database as a 

tree-like feature graph or a hierarchical data structure of features, as explained in section 2.3.10.4, whereas 

parser is a constraint satisfaction algorithm. Parser interprets values and rules received from database and 

issues commands necessary to satisfy them. Krause et al. have also proposed strategies to satisfy the 

constraints using procedural parsers, termed as “depth first” or “width first”. The system designer needs to 

decide, if parser should execute constraint satisfaction algorithm branch-by-branch or according to feature 

graph. Various implementations of constraint satisfaction algorithms have been summarised in Table 2.3 

[51]. 

Table 2.3: The solvers for satisfying inter-feature constraints 

Sr. 

No. 

Constraint solver Details 

1 Sequential or 

procedural solvers 

The procedural approach is built on the concept of parametric modelling, in 

which constraints or predefined relationships are stored as a set of facts. This 

approach of design-by-features method (Section 2.3.4.3.1) is a typical 

example of sequential solver. In this methodology, some parameters are 

initialised while instancing a feature, whereas remaining parameters are 

calculated using a set of equations. Clearly, the sequential solvers can 

evaluate constraints in a fixed order and therefore users can modify only a few 

parameters. This is also known as unidirectional dependency. However, in 

recent solvers, the order of equation evaluation can also be changed. Although 

this solver needs to evaluate all equations after every modification in 

parameters, its overall computational overheads are small.  

2 Numerical solvers The numerical solvers are incorporated in purely declarative systems. In these 

solvers, a complete set of constraints is represented by an algebraic system, 

which is solved using standard techniques such as Newton-Raphson method. 

Known problems of numerical solvers are the selection of initial guess values 
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and over- or under-determined underlying algebraic systems. Some solutions 

have been suggested such as optimisation methods for inequality constraints 

[51]. 

3 Symbolic solvers Symbolic constraint solvers are proposed by Buchanan et al. [88] to overcome 

the problems associated with Newton-Raphson iterations for solving over- or 

under-constrained nonlinear systems. Buchanan et al. contend that the least-

square method is unsatisfactory for over-determined systems as it may 

converge to a spurious solution. In their computer algebra method, the system 

of equations is transformed into Grobner basis using Buchberger’s algorithm. 

The Grobner basis of a system of n polynomials and n unknowns is a 

canonical form in which the resulting polynomials can be ordered according 

to their simplicity. This procedure is analogous to Gaussian elimination 

method for linear systems. The Grobner basis technique has many important 

advantages. It can handle over determined systems and is independent of any 

redundancy in the original system. No extra complexity is introduced by 

including the redundant equations or an inconsistent system of equations. This 

method, however, is time consuming and requires exact arithmetic. 

4 Truth Maintenance This is an artificial intelligence based system used for maintaining the 

knowledge or dependencies between various entities. Assumption Based 

Truth Maintenance (ATMS) is one of such systems, which keeps track of 

relationships between various types of assumptions that are believed to be true 

at the time of evaluation. The system sorts information available to it into true 

or false categories and labels information with justification of its truth status. 

Using these labels, ATMS can maintain or deduce the true or false values of 

pieces of information, if the assumption changes. Mutually inconsistent 

assumptions can also be diagnosed. The advantage of this system is that it can 

separate the relationship maintenance mechanism from relationship 

generation mechanism and hence it can be used as pre-processor for any other 

method. 

To the author’s knowledge, the modelling of whole gas turbine engine assembly using feature-based 

geometry modeller has not yet been pursued by any other researcher. For a large domain such as whole aero 

engine, the consequences of using a purely declarative feature based system are still unknown. Furthermore, 

the applicability of numerical algorithms and logic-based solvers needs to be checked thoroughly before 

those can be implemented effectively.  Hence a more reliable assembly modelling method and a sequential 

constraint solver is preferred at this stage. It might be concluded from the above review that the procedural 

approach to synthesis based design-by-features method can be used for the assembly modelling of gas 

turbines. 



Chapter 2 Architecture of Geometry Module 

87 

 

 Miscellaneous aspects 2.3.11

Developments in features technology are not limited to the topics discussed in this review. Many 

more issues have been explored by researchers, but those are not reported here to keep the discussion in 

context. Some miscellaneous aspects of feature-based modelling are touched upon in this section for the 

sake of completeness. 

The feature based geometry modelling for industrial activities other than design is a very active 

research area. A separate review would be necessary to report origin, organisation, development and 

implementation of features in these research areas. As discussed before, it is possible to have different 

perspectives for developing features for a same application, which is commonly known as multiple 

viewpoints. Several techniques have been proposed for interpreting features in different viewpoints, such as 

feature refinement, feature conversion, feature mapping, feature transformation and feature relaxation 

[51,53,28]. The fundamental concept behind developing these techniques is to prepare a system which can 

generate all the information necessary for downstream activities directly from design features. Some 

systems have been quite successful in accomplishing this for a single component, but not for complex 

assemblies. The major difficulty in processing assembled design features is that they all contribute in 

defining a single manufacturing or process planning feature and vice-a-versa. 

 Generalisation of feature library that is applicable to multiple product classes is another aspect that 

is under research. Feature mapping techniques are being developed for transforming features within feature 

spaces [52]. The main purpose of feature mapping is to develop an exchangeable library of generic features 

applicable in many fields of engineering. A large variety of features within design viewpoint is exemplified 

by the skeletal organ structure features or schematic layout features presented by Horvath et al. [59]. These 

features are intended to be useful for kinetic and kinematic analysis of engineering products and are very 

different than the usual form features discussed by others. The analysis at such level of abstraction is not 

uncommon, but utilization of its feature libraries to interpret detailed design data is a daunting task. Feature 

standardization is probably the next step towards generalisation of feature libraries. 

 Features technology is also advancing towards functionality improvements to support the feature-

based applications. The developments on unified representation of feature spaces in the form of multiple 

feature libraries, visualisation of features before instancing, graphical picking of feature entities and 

accommodating an array of feature geometry modellers etc. are of particular interest for the present work. 

Bliznakov et al. [89] and Geelink et al. [74] have reported the developments in user interface design by 

addressing several issues in CAD graphical user interface (GUIs) and customising such interfaces for 

features environment. They have presented distributed design automation tools utilizing client-server 

approach as one of the important concepts for futuristic feature modelling. A decent interface between 

features and users has also been proposed and it is claimed to improve work efficiency and flexibility of 

system. Due to such advancements in features technology, researchers can effectively concentrate on CAD 

research issues and it is possible to combine their work in an effortless manner. 
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 Applications of features  2.3.12

Geometry research groups around the globe have proposed their own feature based modelling 

systems that operate at various levels of abstraction, from a variety of viewpoints and for several different 

kinds of applications. Feature based design environments have also been developed by some researchers to a 

reasonable level. It might be intriguing to take a note of some feature based applications in order to conceive 

the concepts and notions used in them before developing the geometry modeller for gas turbines. These 

academic and commercially available design-by-features systems have been compiled in Table 2.4. The 

applications have been selected from variety of engineering fields to display the extensive use of features 

technology. 

Table 2.4: Applications of feature-based modellers 

Sr. 

No 

Research 

group 

System 

name 

Remarks 

1 Hoffman 

[90] 

Editable 

Representati

on  

(E-Rep) 

 One of the first retrofitted solid modellers in features technology. 

 Considers the features and underlying geometry modellers as two 

separate parts having strong inter-communication. 

 Features are used as parametric entities for interlinking the 

parametric rules in features to a geometry interpreter. 

2 Shah et 

al. [91] 

Synergetic 

design 

environment 

 An approach similar to VE design environment, but customised as 

a design engine for gearbox. 

 Intends to study interaction between specialised systems and 

representation and management of constraints. 

 The system consists of design rules, sequences, procedures, model 

associations etc. and other feature properties etc. can also be added. 

 Generates schematic layout, initial engineering design, 

part/assembly design and detailed design of gearbox. 

 Geometry Boolean operations create a solid model, which is 

checked by assembly modeller by its rules. 

 Amongst unidirectional and bidirectional data-flow approaches, the 

later approach is recommended. 

3 Blair et 

al. [92] 

Fully 

associative 

virtual 

design 

process 

 Propose the concept of executive controllers, which can  generate 

design flux with feed-forward and feed-back mechanisms for 

aircraft design. 

 A design environment, which allows experimenting with many 

design parameters to reach an optimised solution. 

 Presented a model of their virtual design process, which acquires 

micro, intermediate and macro level data from database. 
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 The geometry models are sent directly to functional modules for 

CAE analysis. 

 Although unrealistic at present, a part of vision is demonstrated 

through blended wing-body aircraft. 

4 Laakko et 

al. [93] 

EXT- 

Design 

 A system capable of modelling components by design-by-features 

and through a feature recognizer. 

 The definitions for both geometry and constraints can be specified 

and modified during design process. 

 The system prepares a top-down graph structure [40] by solving 

constraint equations using SkyBlue algorithm. 

 Introduces a unique concept of incremental feature modelling, 

which allows the creation of new feature family classes using 

existing classes. 

 A product family class can be generated using design history log. 

 Effectively overcomes the limitations of traditional feature classes. 

5 Popplesto

ne [94] 

Edinburgh 

Designers 

System 

(EDS) 

 Well-known for the application in robotics, although can handle 

much richer knowledge domains. 

 Consists of two types of modules, concrete/referents module and 

interface module. 

 Concrete modules contain procedural part of EDS along with its 

explicit parameters and variable. 

 Interface module consists of constraints between parameters of 

concrete modules. 

 System consists of special engines for specifying module 

taxonomy, evaluation of constraint, constraint solver, specification 

of spatial relationships between feature bodies and constructive 

solid geometry modeller. 

 Claimed to hold knowledge at multiple levels of abstraction for 

robotics. 

6 Zamanian 

et al. [95] 

-  Application to structural design of building and bridges. 

 Proposes the idea of feature abstraction hierarchy to capture 

structural design intents and to decompose higher level information 

to supply it lower level design entities. 

 Features are assembled in a top-down manner thereby converting 

conceptual designs into detailed design of every member. 

 Structural integrity is ensured by imposing type-specific constraints 

 A good example of top-down product architecture. 
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Features have also been used in widespread applications including sheet metal design [57], 

electronic assemblies design [29], metal casting and injection moulding technology [57,74], NC 

manufacturing [55] and kitchen cabinet design [61] etc. Many commercial feature based geometry modellers 

are now available. Pro/Engineer by Parametric Technology Inc., I-DEAS from SDRC etc. are well-known 

feature based systems amongst engineering community. Salomons et al. [28] have compiled a table of such 

design systems, which might be useful to gain further information on feature based implementations. A lot 

more applications can be found in literature, but to avoid the spread of text, this section is concluded with a 

review of an academic feature based system.  

ASU Features TestBed is a long-standing academic feature based design system developed in the 

computational geometry laboratory at Arizona State University, USA. Many open publications 

[51,96,53,65,52,76,68,70,89] on this system are available and these have been referred to extensively for 

reviewing the fundamental concepts, taxonomies and representation of features. This system has been 

designed to follow a posteriori design approach and hence uses the procedural design-by-features 

methodology. It has been made flexible by including multi viewpoint features libraries and feature 

assembling techniques. The system incorporates an exclusive form feature modelling shell, which allows 

performing multiple operations on features and it also encourages specifying user defined features. Large 

amount of information can be stored in features through form feature modellers, precision modellers and 

material modellers. Multiple constraint satisfaction algorithms have been included to incorporate rules and 

procedures for capturing design intents. The following discussion on the architecture of feature-based 

geometry modeller for virtual engine design environment is inspired from ASU Features TesBed. 

 Discussion: Architecture of geometry module for VE  2.4

A comprehensive review of all topics important for the development of a geometry module for VE 

design environment has been presented in this chapter. This review is essential for comprehending the 

previous work and for identifying the potential development issues for the present geometry module. The 

review of design systems (Section 2.2.2) points out that appropriate design model for gas turbine engines is 

the assembly model of evolutionary design system. The review of CAD based geometry modellers (Section 

2.2.4) shows that feature based geometry modelling system is most suitable for the current work. A detailed 

review on features technology has also been presented, which covers all relevant topics necessary for the 

development of a feature-based computational geometry modeller for gas turbines. This section collates all 

important details of geometry modelling systems and presents it in the form of an architectural framework 

for VE geometry module. The following architectural issues must be realized completely before generating 

the actual algorithms. The salient aspects of this architecture are enumerated below. Also the architecture of 

VE geometry module is depicted in Figure 2.12 showing the interconnections between various elements. 
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A. Context of application 

1. Gas turbine is an evolutionary dynamic assembly and hence its design process needs support from 

geometry module during conceptual (system level), detailed (part and sub-assemblies design) and 

assembly stages. 

2. Each part and subassembly of gas turbine is designed to perform multiple functions and it is 

extremely difficult to establish 1:1 correspondence between their geometry and functions. Thus, the 

geometry modeller shall not rely on functional verses of components. 

3. Gas turbine design work follows neither completely prescriptive nor purely descriptive design 

process. CAD based mixed approach shall be used for developing the current geometry module. 

4. In context of ensuing CAE analysis, the geometry module should be prepared according to design-

analysis viewpoint of features technology. 

5. The object-oriented C++ programming language could be used for facilitating information exchange 

between geometry module and all other modules of VE. 

 

B. Representation of feature definitions 

1. Features should be regarded as design-objects and hence shall be prepared as object-oriented data 

structures. Feature data structures should have provisions to associate non-geometric information to 

the geometry model in order to form a coherent database for CAE analysis of gas turbine engine. 

2. It is envisioned that the features in VE geometry modeller shall encapsulate component geometry 

models along with their dimensions, materials, manufacturing methods, surface finishes, global and 

local flags and all other attributes necessary for method inheritance, assembly inheritance, constraint 

satisfaction algorithm, geometry operations and the information specific to that component. 

3. The synthesis approach of design-by-features method should be followed for developing the feature 

based geometry system. Use of destructive or deforming approach might also be necessary for 

creating hollows. 

4. The procedural way of feature definition shall be selected for the present application, although the 

declarative technique might be useful for feature assembly process. 

5. Features generating geometric entities, having positive or negative areas, shall be casted as 

parameterised geometry objects. Those should have a limited number of modifiable geometry 

parameters. These parameters should be selected from the requirements of CAE analysis such as 

shape and size of slots, holes and other intricate geometry features. 

6. For the effective implementation of design-by-features method, a feature library shall be created to 

suit the requirements of gas turbine engine assembly.  

7. Features shall be placed in a hierarchical structure of object-oriented classes. In order to generate a 

top-down structured database of gas turbine engine, the feature classes at lower abstraction level 

shall inherit the procedures and methods of feature classes at higher abstraction level. Special 

information sharing methods also need to be created in order to control the flow of information. 



Chapter 2 Architecture of Geometry Module 

92 

 

8. Predefined feature definitions shall be used and all newly defined feature data structures must be 

compiled and linked before those can be used. Defining features in real-time is not recommended. 

9. User-defined features should not be permitted at present, although this might affect the extendibility 

of feature definition. 

 

C. Linkage with the geometry modelling system  

1. The link between a feature and its geometry model shall be a dynamic communication link in which 

the locus of control should be in feature. The geometry module should be designed as a closed-

architecture CAD system. 

2. The system shall follow one-way link i.e. from features to geometry models. Users must create 

features and not geometry models. Features shall send all the requisite data to geometry modeller 

and geometry modeller shall return the requisite geometry model.  

3. At present, the non-incremental approach to geometry generation should be followed. It means that 

the whole model of gas turbine engine must be regenerated, in case any of its part is modified. 

Incremental additions of geometry models shall not be permitted. 

4. All geometry related data structures and operations shall be hidden in the library of geometry 

modeller. Features should not know any geometry methods other than a few handles and some 

important parameters. 

5. Polygonal Boolean operations need to be performed on geometry models of assembled features. A 

collective implementation of whole geometry handling system would be beneficial for keeping the 

system size under control. 

 

D. Features and assembly 

1. The gas turbine engine may be appropriately categorised as a modular assembly of rotating 

components, which is convenient for generating hierarchical database. Due to this particular type of 

assembly, 2D axisymmetric geometry of engine could be used to carry out both low and high 

fidelity analysis. Consequently, the generation of entire 2D cross-section of engine (general 

assembly) is the prime necessity of the current work. 

2. Both global and local 2D coordinate systems should be employed for the implementation of features 

assembly. 

3. A multi-hierarchical top-down assembly of gas turbine is necessary for the present design 

environment. The top-most level of abstraction would be represented by the engine feature. The 

definition of engine feature would be augmented by other features representing engine 

substructures. This feature addition process would continue till the final sub-component is 

appropriately represented by a corresponding feature. 

4. Such hierarchical structure of database would necessitate the use of part-of graphs for generating the 

gas turbine assembly model. 
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5. In order to implement the declarative techniques in features assembly, inter-feature constraint 

relationships are required. The positional constraints specified using mating conditions can be 

effectively implemented in the present geometry modeller. The form of algebraic equations to be 

solved and the sequence of their evaluation need to be decided. 

6. The sequential constraint satisfaction algorithm shall be employed to enforce assembly constraints. 

The recursive evaluation of constraints might be acceptable for the present application. 

 

Figure 2.12: Architecture of VE geometry modeller 

E. Validation of features 

1. As the present system would have closed architecture and the locus of control would be in features, 

the geometry based validation seems unnecessary. 

2. The feature assembly needs to be validated by carrying out interference checks in the whole 

assembly. The orientation and position of each component shall be checked against interference 

criterion and unpermitted interferences must be reported. 

3. Mechanical integrity checks must be performed on gas turbine geometry model. The system should 

be able to indicate the interference between the geometry models of components located on different 

spools of engine. All assembly relations between the features representing those components shall 

be invalid. 

4. Furthermore, the construction of speed-based (spool-based) assembly dynasties is proposed as an 

important part of the present work. The dynasty based assembly would enforce speed-frame of 

reference on all the geometry models of features that are attached to a specific dynasty (spool). 
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This section provides a comprehensive summary of feature-based geometry modelling technique 

and the architectural guidelines for creating VE geometry module. It might now be possible to develop a 

geometry modeller for aero gas turbine engines based on this review and using some novel ideas in features 

technology. Recently, Chaudhary et al. [97] presented a system architecture similar to that of VE design 

environment. It has been prepared to carry out the integrated preliminary design of whole aero engine. 

Though the fundamental concept of their architecture is similar to that of the present work, its geometry 

handling capabilities are not mentioned explicitly. It appears that they have coupled commercial geometry 

development software - Uni-Graphics (UG) to their legacy analysis programs through the proposed 

integration scheme. It is claimed that their system is capable of producing high fidelity geometry of engine 

cross-section at preliminary design stage. Their system has been built to create new designs of aero gas 

turbines and analyse them at various stages such as cycle design, primary flow path design, nacelle design 

and mechanical architecture design etc. It has already been stated that external software will not be included 

in VE design environment and hence their methodology is not followed in the present work. 

 Closure 2.5

The review of literature presented in this chapter helps selecting a specific set of architectural 

characteristics for VE geometry modeller. These guidelines will be used to generate the feature-based 

geometry modeller for VE design environment. The next challenge is to implement such modeller for 

generating the geometry model of aero gas turbine engine assembly. The following chapters explain the 

methodology of implementation of geometry modeller for VE. 

 



 

 Chapter 3 The Feature-Based Geometry Modeller 

 Introduction 3.1

In the previous chapter, a set of architectural guidelines has been presented for generating the 

feature-based geometry modeller for gas turbines. This chapter documents the development of design 

objects that form the present system. In particular, it documents the conversion of architectural statements 

into the definition of every feature in VE geometry modeller. The discussion is limited to the construction of 

feature data structures, whereas the generation of actual whole engine geometry model is presented in the 

next chapter. 

This chapter opens with the definitions of important concepts in the present feature-based geometry 

modeller. Some of these definitions are borrowed from turbomachinery design vocabulary. The notions of 

features, shapes and paths for turbomachinery are expanded further in a way consistent to features 

technology. All important attributes of the present features are then explained using standard terminology of 

feature-based system. The most fundamental contribution of the present work is the classification of 

turbomachinery design features into systematic categories known as feature taxonomy. The present 

taxonomy has been developed specifically from design – analysis viewpoint. The chapter is closed by 

demonstrating the generation of a feature-based geometry model of high pressure turbine (HPT) disc. 

 Definitions 3.2

The feature-based geometry modeller proposed in this chapter is based on three basic entities: the 

feature, the shape and the path. As stated in the system architecture, these entities are conceived as design 

objects and are implemented as object-oriented C++ data structures [98,99,100]. Consequently, the 

characteristics of object oriented programming are automatically applied to all features, shapes and paths. 

These entities have completely independent sets of parameters, which need to be assigned by user. The data 

structure of these entities enables their instances to encapsulate chunks of knowledge, to inherit, to pass on 

and to morph the methods of object-orientation, and to perform operations on their data members. The 

entities in the proposed data structure are the most basic objects of geometry generation and are used as 

building blocks of the entire geometry model. The following section provides definitions and explanations 

of these objects, with a view of presenting underlying concepts prior to the further discussion. 
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 Feature 3.2.1

A feature is defined as an abstract entity that has a predictable set of properties representing both 

geometric and non-geometric information about a product or one of its subassemblies. Features are the 

fundamental building blocks of the present geometry modeller and are made identifiable by an instance ID 

and a taxonomy code (Sections 2.3.2 and section 2.3.5).  

The features in the present geometry modeller are required to cater for all geometry modelling 

requirements of gas turbine engine during its whole design process. The design process begins with 

conceptual design stage. The features instanced at the conceptual design stage are at the highest level of 

abstraction. These features contain less geometric information about engine, but are rich in information 

about engine’s mechanical architecture, system topology and overall function. They essentially represent 

design intents, which should be retained in the engine’s geometry model. The current feature based system 

can hold high abstraction level features due to its hierarchical database structure. The features instanced 

during conceptual design phase impose certain constraints on the lower abstraction level design features. 

These constraints help designing sub-assemblies and components. The design eventually evolves by adding 

more geometric information and thus the level of abstraction gradually reduces. The features at lower level 

of abstraction contain large number of geometry models, but they have lesser information about design 

rationale. This multi-level design process continues till all components in engine are designed and 

represented by corresponding features. This concept is schematically illustrated in Figure 3.1.  

Only certain levels of abstraction are truly important for engine designers and hence the features 

need to be crafted to satisfy designer’s vocabulary. As features are created and assembled, the data 

parameters and properties of every feature must be recorded into geometry modeller’s data structure. For the 

present system, such feature properties have been defined and those are presented in the next section. The 

way features are instanced and inserted into product database is described after discussing feature properties. 

From the above discussion, it might be noticed that the feature definition must be flexible. All features 

neither need all attributes declared in the system nor does it need to record all geometry parameters. 
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Figure 3.1: Features for the multi-level design process 



Chapter 3 The Feature-Based Geometry Modeller 

97 

 

 Shape 3.2.2

The concept of aerodynamic boundary is important for describing the main flow paths in gas 

turbines and in all fluid machineries. In this work, we introduce an abstraction of aerodynamic boundaries 

and we use the word shape to denote it. The origin of the term shape may be traced back to its frequent use 

by aerodynamicists for defining the aerodynamic contours of blades and flow paths. Shapes are 

implemented in the current system as interpolatable objects (Refer Appendix A). The exact geometry of 

each shape is determined by a set of control points, which can be provided by users. Shapes have been 

extensively used in the present work for generating flow paths where flow crosses a natural or an artificial 

aerodynamic boundary in approximately perpendicular direction. 

Some prominent examples of shape are worth noting. A cursory inspection of gas turbine general 

assembly (GA) shows that the aerodynamic lines of primary flow annulus are not realised by any single 

solid component, but a large number of disconnected components are made to follow such lines. Although 

not directly associated to any component, the annulus lines are extremely important design objects during 

the conceptual design stage of aero engine as well as during its detailed design stage. During the low fidelity 

preliminary design of gas turbines, these shapes are referred to extensively. It may be observed that air flow 

crosses annulus shapes in almost perpendicular direction while entering into or egressing from engine 

cavities. Figure 3.2 illustrates an example of shapes, which represent engine annulus lines, leading and 

trailing edges of turbomachinery blades and engine axis. 

 

Figure 3.2: Shapes representing the primary flow annulus, blade edges and engine axis 

Shapes are also useful for explicitly defining the artificial flow boundaries of a computational 

domain for low and high fidelity analysis. The continuous fluid cavities inside engine structures can be 

suitably divided into computational domains at convenient locations using shapes. For this reason, some 

features have been enabled to generate their own shapes at such suitable locations. The typical examples of 

such features are engine seals, orifices, annular orifices, measuring clearances etc. These are described in 

later sections. Again, it is worth noting that flow crosses these feature-generated shapes in perpendicular 

direction. 
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 Path 3.2.3

The definition of geometric entity path is not very different than that of shape. A path is also an 

interpolatable object. However, it does not represent aerodynamic boundaries. On the contrary, it indicates 

the direction parallel to flow stream. Path denotes the passages within engine such as pipes or wires in 

electric harnesses. The interpretation depends on the context of its use and the feature it is associated with. 

Paths have been extensively used in the current work for representing flow passages and plumbing pipes in 

engine dressing.  

 

Figure 3.3: External flow paths in gas turbines 

Flow passages can exist in several components of gas turbine. A good example is pipe plumbing 

within secondary air system (SAS). The passages in structural-service struts and cooled blades can also be 

represented by paths. A typical flow path layout in secondary air system is shown in Figure 3.3. 

In summary, features are more fundamental than other two geometric entities. Many features can 

create shapes and/or paths as their intrinsic data members, termed as own shapes / paths. Some features may 

also inherit shapes provided by higher level features, called as inherited shapes. Features have been enabled 

to employ standard procedures in geometry library to define their own shapes either based on their intrinsic 

data parameters or data provided by users. The shapes representing annulus lines, blades and combustor 

cavity are good examples of user specified shapes. The paths are usually not passed on to child features for 

storage or for processing purpose. Both shapes and paths are fundamental entities and thus their inheritance 

is not based on the mechanism of object-orientation. Those can be inherited within a few higher abstraction 

levels of features using pre-defined procedures. This arrangement is important to follow the need-to-know 

basis for passing on information. More details are revealed in the later sections. 

 Feature attributes 3.3

In the previous chapter, a detailed review on feature attributes has been presented (refer to section 

2.3.5 and section 2.3.6). With reference to the prior review, this section describes the intrinsic and extrinsic 

properties of the current features using standard terminology. To the author’s knowledge, some of the 

important attributes of current features have not been mentioned in open literature. Such attributes have been 

explained below. The attributes have been divided into non-geometric attributes and geometric attributes as 

well as intrinsic and extrinsic attributes. 
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 Audit trace 3.3.1

The audit trace provides an administrative record of the life-cycle of a feature. Each feature is 

identified by a system generated record. This record is used whenever a feature is retrieved from permanent 

storage (for example, a disk) and it is permanently associated to engendering feature. The trace also contains 

feature information such as taxonomy code, feature identifier, feature heading and other textual notes about 

the component being modelled. Taxonomy code and feature identifier are the non-modifiable feature 

attributes and those are specified in the algorithm of geometry modeller, whereas feature heading is a unique 

set of character data specified by user to identify featurized components. Feature heading is also used to 

identify feature instance in all user queries. The audit trace finally includes administrative data such as date, 

time, host and user id associated with the last modifications performed on a feature. These data are included 

to maintain the traceability of design changes. 

 Material assignment 3.3.2

Material assignment is included in the non-geometric information section of the present features. 

Materials can be explicitly assigned by users and are identified by short mnemonic labels. These labels are 

the access keys to material properties database. Alternatively, users can explicitly state that the material for a 

feature is same as that of its parent feature. This is achieved by material integrity flag. Whenever a feature is 

instanced as child feature and its material flag is activated, the system automatically assigns parent feature’s 

material to child feature. At present, it is user’s responsibility to check whether the geometry models of 

child feature and parent feature are physically attached to each other. 

Multiple materials can also be assigned to a feature depending on its nature and application. Some 

design features are assembly type features, in which the geometry models of their sub-parts always form a 

known type of construction. It might be noticed that all sub-parts of assembly feature need not share same 

material and thus multiple material assignment is a natural requirement of feature-based modelling system. 

However, all features do not need this privilege and hence material assignment provision is specific to each 

type of feature. 

 Manufacturing details 3.3.3

Manufacturing methods can also be assigned to the current features in the form of textual notes. 

Manufacturing notes provide the information about processes used for manufacturing of an engine 

component. These notes may also include the information about special strengthening, heat treatments, 

surface treatments etc. The information about surface finish or surface roughness is also handled through 

manufacturing notes, since this information is required in a large number of physics based computational 

models.  

At present, the specification of materials and manufacturing methods for the current features is not 

integrated i.e. the system cannot detect if a particular type of manufacturing method can be used for the 
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specified material. An internal validation method is desirable so that the system could, in principle, issue 

warnings to its users after checking whether the thickness of a particular section in a geometry model could 

be attained by the specified manufacturing process using the selected material. For example, as a thumb rule 

– iron casting below 5mm section thickness is not recommended. This, however, would require the 

implementation of manufacturing process models, and that falls outside the scope of the present work. 

 Intrinsic attributes of features 3.3.4

In the present feature based system, intra-feature or intrinsic properties are the properties related to 

the geometry model of a feature. Intrinsic properties decide the feature representation and hence play an 

important role in attaching engineering significance to the geometry model generated by feature. As stated 

in the review of features technology (Refer Chapter 2), all properties are not required for all features; 

especially when the geometry modeller is being developed to support multistage design process. The 

intrinsic feature properties used in the present modeller are explained below. 

 Feature coordinate system 3.3.4.1

Following the architectural guidelines, the present geometry modeller uses the two dimensional 

(2D) coordinate system for representing skeletal geometries. The coordinate system uses axial (x) and radial 

(r) coordinates and it is specialised for generating meridional cross section of rotating machines. In the 

present system, each feature is parameterised in local frame of reference and is assembled in global frame of 

reference. The root feature i.e. the first feature in feature tree is always instantiated in same frame. High 

abstraction level features, having no intrinsic parameters, are also instantiated in global frame. All their child 

features are thus located with reference to global frame. 

 

Figure 3.4: The local and global frames of reference and coordinate transformation 

The geometric entities in feature are generated using the origin of local frame as reference point and 

the actual dimensions of a component. The model of each feature is built following design-by-features 

methodology in its own local frame. Low abstraction level features usually receive their actual location in 

engine assembly from their parent feature. The actual location of attachment is also called as base point. 

Geometric transformations are then performed on a geometry model to transform it from local coordinates 
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into global coordinates. The original orientation of geometry model may also be modified to suit its actual 

position in assembly. In some cases, geometry models are also mirrored with respect to a reference entity or 

are scaled by certain factor to assemble them in required position. This process is illustrated in Figure 3.4 for 

HP turbine disc. The geometric transformations are explained in Appendix A. 

 Basic geometry representation  3.3.4.2

The obvious choice for representing a 2D engine cross-section in meridional plane is to generate the 

assembled conic frusta of its components. The conic frustum can be parameterised in terms of shape and 

thickness distribution in meridional plane. The featurized geometry models of axisymmetric components 

can be easily created in this way, but non-axisymmetric components need more special treatment. The 

desirable cross-sections of non-axisymmetric components can be added into engine assembly by locating 

them in circumferential coordinates at an angular position from the top-dead-centre (TDC) of engine and by 

specifying the number of repetitions around circumference. A conic frustum in its local coordinates is 

exemplified in Figure 3.5. 

 

Figure 3.5: The 2D representation of conic frusta in local coordinates 

In the present geometry modeller, conic frusta are represented by 2D closed polygons. Each feature 

has its own procedure to generate the polygons representing its 2D cross-section. Some features may 

generate multiple polygons, whereas some might generate none. The present features incorporate all the 

information needed for creation of their polygonal models. This information is passed on to the geometry 

modeller to create actual models. The algorithmic details of underlying geometry modeller and the vector 

calculations for polygon generation are explained in Appendix A. After creating the polygon, geometry 

modeller returns a polygon handle to the feature. The feature can then further transform its polygon entities, 

as necessary. Each feature has distinct parameters for generating its own geometry model and those are 

dependent on the kind of polygon it generates. The detailed explanation on features’ geometry parameters is 

provided in the section on feature taxonomy (Section 3.3.5.5.4). 

 Feature geometry parameterization 3.3.4.3

As mentioned in the architectural guidelines, the present features have full control over their 

geometry models. In other words, features act as a correspondent between components’ geometry models 

and their engineering meaning. The present features get dimensional parameters from users and those inputs 

are used to invoke the appropriate methods of geometry modeller, after adding a few more internal 

variables. The methods of geometry modeller then generate the 2D polygons representing components. 
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Figure 3.6: Parameterisation of a generalised feature 

In the present geometry modeller, different features contain different parameters. The geometry 

related parameters in a feature are defined depending on its nature i.e. as a generalised or as a specialised 

feature. A generalised feature can represent several engine components performing various functions, but 

having a similar cross-section. Whereas, a specialised feature represents only those engine components, 

which have unique function and a specific geometric shape. Typical examples of generalised features are the 

relatively thin cross-sections of axisymmetric castings, forgings, hot or cold rolled parts, fabricated and 

formed components etc. These featurized components form the main structure of engine carcass and rotor 

drums. One of such features is illustrated in Figure 3.6 along with its geometric parameters. Engine seals 

and bearings are the typical examples of axisymmetric specialised features. These components require a 

special set of parameters to generate their cross-sections. A feature representing straight-through labyrinth 

seals is displayed in Figure 3.7 along with its parameters. More details of generalised and specialised 

features are revealed in the section on feature taxonomy (Section 3.3.5.5.4). 

 

Figure 3.7: Parameterisation of a specialised feature 

 Geometric Shape 3.3.4.4

A majority of axi-symmetric components in gas-turbine engine have relatively thin cross section. 

Hence it is natural to identify the skeletal structure for such components. These features can be completely 

defined by supplementing the description of skeletal structure with thickness distribution. Examples of such 

features are given in Figure 3.8. 
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Figure 3.8: Skeletal structures or the geometric shapes of physical constructs 

The advantage of constructing skeletal structure before generating actual polygonal model is that 

skeletal structure provides some extra parameters to construct model variants. In the present geometry 

modeller, the skeletal structure or geometric shape is termed as generating line. The generating line is an 

open polyline (Refer Appendix A) and it represents the skeletal construct of components’ cross-section. The 

actual polygonal model can then be constructed by fleshing its generating line. Some features can have 

multiple generating lines. The generating line also performs some important functions related to 

transformation of geometry model and feature attachment. The salient aspects of generating lines are, 

 The number of parameters necessary to construct a generating line is relatively small and thus can be 

handled easily. 

 The generating line provides a local reference to deformation commands such as mirroring and rotation 

(Refer Appendix A). The self-mirroring transformation of geometry models is always performed by 

referring to their generating lines. 

 Whenever a child feature is mirrored with respect to its parent feature, the local normal vector to the 

generating line of its parent feature is used as mirroring axis.  

 In the present geometry modeller, generating line is constructed using curvilinear coordinates. These 

curvilinear coordinates are used for locating a child feature along the body of its parent feature. The 

base point for a child feature is provided by the generating line of parent feature. 

 The centreline of symmetric features is their generating line. The symmetry-line reduces a large 

number of parameters required for generating the geometry models of symmetric features. The 

symmetric and asymmetric geometry models are explained below. 

As stated before, the generating line is commonly used as a reference entity for distributing 

thickness in geometry models. The concept of symmetric and asymmetric geometry models is based on the 

location of generating line inside feature polygon. If the thickness parameter value is provided only at one 
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side of generating line, the resultant model is termed as asymmetric model. If the thickness is distributed 

equally on both sides of generating line, the model is called as symmetric model. 

 

Figure 3.9: Symmetric and asymmetric features in fan-hub components with generating lines 

Asymmetric geometry models are the special requirement of feature assembly. The design intents of 

many assembled features are mainly associated with a specific geometric shape rather than with variation of 

their thickness. The geometry models of such features are usually aligned with aerodynamic shapes. Such 

feature has at least one edge that closely follows a shape, and that edge is defined by the generating line of 

that feature. The feature thickness is distributed on the other side of generating line. Common examples are 

the features representing blade platforms and shrouds, blade roots and stator casings etc. The asymmetric 

geometry models are also used for modelling mating edges in 2D feature assembly. The features 

representing components such as bolt lugs and welding surfaces are intentionally created using asymmetric 

geometry models. These features are expected to maintain their relative positions after Boolean operations 

and hence the exact mating line needs to be defined. Generating lines can effectively represent mating 

edges. 

Symmetric models are preferred when either both sides of a geometry model are equally important 

or both sides have no special significance. Symmetric features have been extensively used for defining the 

shapes of compressor or turbines discs, wherein unintended dimensional offsets in transverse direction 

cannot be tolerated. If any offset in dimensions is necessary, it must be deliberately added by user. Examples 

of symmetric and asymmetric geometry models of features are depicted in Figure 3.9, in which fan disc and 

shaft assembly has been chosen to illustrate the concept. Fan discs and drive arm are modelled by symmetric 

features, whereas shafts, lugs and coupling are modelled by asymmetric features, where a specific geometric 

shape and mating conditions need to be maintained. 

 Inherited / derived parameters 3.3.4.5

The present features hold several types of parameters other than geometry parameters. This section 

presents the parameters that are inherited by features from parent feature. These parameters are applicable to 

every feature except root feature. However, all features may neither receive these parameters from their 

parent feature nor must they use them. The parameters are presented in Table 3.1. 
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Table 3.1: Inherited feature parameters 

Sr. 

No 

Parameter 

name 

Details 

1 Section 

thickness 

As explained before in Section 3.3.4.4, a child feature is attached on the body of 

parent feature along its generating line. A standard procedure evaluates section 

thickness at the location of attachment on parent feature’s geometry model. This local 

thickness is passed on to child feature to calculate its internal derived parameters. 

2 Mirroring 

axis 

The mirroring axis is a 2D vector, and it is the axis around which the geometry model 

of child feature is mirrored. The mirroring vector and its origin are used by mirroring 

transformation operation for mirroring the geometry model. Some examples are 

shown in Appendix A. 

3 Local slope  The local slope is a tangent vector to the generating line of parent feature computed at 

the location of attachment of child feature. On some occasions local slope and 

mirroring axis may coincide, but generally this is not the case. 

 User-defined parameters 3.3.4.6

The values of these parameters need to be provided by users. Both geometric and non-geometric 

aspects of features may be specified using user-defined parameters. Some features do not make use of user-

defined parameters. The parameters such as number of repetitions, polar position, fillet radii, and chamfer 

distance are used only by a limited number of features. These parameters are briefly explained in Table 3.2. 

Table 3.2: User defined feature parameters 

Sr. 

No 

Parameter 

name 

Details 

1 Number of 

child 

features 

The number of child features must be declared in order to generate the hierarchical 

assembly of features representing gas turbine engine. An intrinsic integer parameter is 

provided to declare the number of attached features. This parameter assists in 

processing child features.  

2 Number of 

repetitions 

This parameter specifies the number of non-axisymmetric features located along 

circumference. This parameter is important for calculating the total cross-section area 

of non-axisymmetric features, such as orifices. 

3 Tangential 

angle of 

inclination 

This parameter is used for specifying the inclination angle of geometry models of 

non-axisymmetric features. It is used for computing the tangential flow velocity in 

inclined holes, nozzles, vanes etc. This parameter, however, is not used for the 

construction of 2D geometry models. 

4 Local flags Flags have been mentioned before in the material assignment section (Section 3.3.2) 

Local flags have specific functions within the scope of features. These flags can be 

used to provide the direction to execute procedural algorithms or to select a distinct 
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style of a feature. For example, a local flag can be used to select whether the 

geometry model of bearing feature should be constructed to represent a roller bearing 

or a ball bearing. Another flag might be used to determine whether the inner race of a 

bearing should be made integral to the shaft on which it is mounted. A local flag can 

also be used to indicate if a part of geometry model should be generated. 

5 Internal 

fillets / 

chamfers  

The specification of fillet radii / chamfer distance at the edges of casted or forged 

product is important for creating a realistic feature based geometry model. The 

present features do keep a record of fillet and chamfer distance. These parameters are 

supplied for CAE analysis, if requested. However, fillets and chamfers are not 

represented on the present geometry models.  

6 Joining 

radii 

When the geometry model of child feature is merged with that of parent feature, their 

intersecting edges might cross each other at sharp angle. The merged geometry 

models of such features are not suitable for numerical modelling work. Therefore, 

two parameters specifying fillet radii at the locations of intersection (joints) have 

been included in the definition of present features. 

 Extrinsic attributes of features 3.3.5

The architectural guidelines for the present geometry modeller endorse using extrinsic parameters 

for defining the inter-feature relationships. Such parameters are also important for defining feature part-of 

graphs, inheritance based top-down structure of features and constraints for feature assembly. This section 

describes the parameters and the feature attachment relationships used for specifying the location and 

orientation of attached features. The parameters related to specification of speed frame-of-reference and 

inheritance of shapes and paths are also explained.  Another important inter-feature relationship, known as 

assembly constraint relationship, falls under the extrinsic attributes of features. This section also addresses 

data members used in constraint equations and the procedures employed in constraint satisfaction algorithm. 

 Feature attachment 3.3.5.1

The top-down architecture of product database inherently requires hierarchical arrangement of 

features representing its components. The hierarchical placement of features allows users to gather 

geometric details of any assembly or a component in block structured manner. Such an arrangement requires 

feature attachment or part-of graph or parent-child relationship. This is an important inter-feature 

relationship that has been consistently followed in the present assembly modeller. The parent-child feature 

relation is a powerful mechanism to transfer design intents, to assign design constraints and to refine the 

geometry model of a feature through the contributions from its child features. 

The geometry models of parent and child features share many parameters and constraints. In fact, a 

majority of extrinsic parameters in the present modeller are associated with parent-child feature relationship. 

As mentioned in the previous chapter, several kinds of dependencies may exist between a child feature and 

its parent feature. In the present work, position, orientation and direct parameter sharing dependencies have 
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been employed. The parameters required for specifying such dependencies are explained below. Single 

parent system has been used in the current design-by-features methodology in order to avoid ambiguity in 

parameter inheritance. The feature attachment algorithm is based on recursive processing. This is necessary 

for processing the long chains of assembly dynasties. The recursive algorithm starts from top-most feature 

and acquires data till the end of same feature grouping. Each parent feature directs the code to get data of its 

child features, which in turn direct it to acquire data of their child features. During this recursive assembly 

process, the first child feature and features attached to it are always processed prior to any other child 

feature of the original parent feature. This feature attachment process continues till the lowest abstraction 

level features are attached to a grouping. The process control is then returned back to the original high level 

parent feature to continue collecting features from other groupings. This assembly process allows attaching 

virtually infinite number of abstraction levels in feature part-of graph or feature tree. Such graph, also 

known as feature browsing window, has been shown in Figure 3.10 for the geometry model of HP rotor of a 

3 spool gas turbine engine. The arrows shown in Figure 10 indicate the assembly sequence as implied by 

recursion rules implemented in the present system. A down and right arrow denotes attachment of child 

feature to parent feature, whereas a left and top arrow denotes returning of execution control to higher level 

feature. 

An important extrinsic parameter in feature attachment process is a (C++) pointer to parent feature. 

Such pointer is provided to all features to evoke their parent features and to access their parameters and 

methods. A child feature can enquire many things to its parent feature and can also request to modify its 

own parameters. The change of attachment location or base point modification is one of the common 

examples of requests issued by child feature. More details of such requests are provided in the section on 

assembly modeller (Section 3.3.5.5). The parent-child relation strictly follows unidirectional flow of 

information, which also is an important characteristic of the present modeller. The example of such 

information transfer for material assignment has already been mentioned in Section 3.3.2. 

 Feature location and orientation 3.3.5.2

The concept of local and global frame-of-reference has been explained in section 3.3.4.1. In 

attachment relationship, the parent feature provides the base point or the coordinates of attachment location 

to its child feature. After completing the parent feature’s geometric transformations (Refer Appendix A), the 

location of attachment for its child feature is determined. This reference point is used to transform the child 

feature to global coordinates and to locate it in feature assembly. A transformation matrix is prepared by the 

present geometry modeller for every parent-child relationship and it is activated whenever necessary. This 

process continues till every feature receives its location of attachment. An orientation parameter has also 

been defined for each feature, but it is not communicated by the parent feature. This parameter is usually 

specified by user. Orientation parameter is frequently accessed by other parts of geometry modeller and 

hence it is also considered as an extrinsic parameter. The concept of feature attachment location is illustrated 

in Figure 3.11, wherein a geometry model of seal feature is located by a feature representing seal-arm and 

the geometry models of features representing knives are located by seal feature. 
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Figure 3.10: Recursive nature of feature attachment and the part-of graph for HP Rotor 

By virtue of feature attachment relationship, the generating line of parent feature is usually 

connected to that of child features, thus forming a skeleton of whole assembly. In some cases, the generating 

line of a child feature may not be connected to the generating line of its parent feature. Such child feature 

may have dimension offset from its specified base point. 
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Figure 3.11: Feature attachment and dynasties for IPC front seal assembly  

 Speed frame-of-reference / Dynasties 3.3.5.3

As discussed in architectural guidelines (Section 2.4), the present geometry modeller assembles 

features in the form of a hierarchical data structure, termed as dynasty. Dynasties are represented by the 

spool feature, which denotes spools in gas turbine engine. Spool feature is a high abstraction level feature 

and several other features representing various components mounted on spool are attached to it. Spool 

feature records its rotational speed, which needs to be communicated to the low abstraction level features in 

an unambiguous and automatic way. This requirement could be easily satisfied by determining the dynasty 

of each feature from inter-feature relationships. By knowing the dynasty of each feature, it is possible to 

know the spool feature it is attached to. And hence its rotational speed could be acquired quickly.  

It is possible that the distinct polygons in a feature may belong to distinct dynasties depending on 

number of physical joints. The concept of physical joints in an assembly is illustrated in Figure 3.11 using 

the example of labyrinth seal. It might be noticed that seal base and knives are located on rotor assembly, 

whereas seal stator is attached to a stationary part. Clearly distinct parts of seal geometry model belong to 

different speed frame of reference. 

 Feature shapes and paths 3.3.5.4

As mentioned in section 3.2, all features in the present geometry modeller hold a set of shapes and 

paths for the purpose of preserving design intents. In general, the shapes held by a feature are either created 

in context of feature definition or pre-exist it, but those are never created after instancing it. For example, a 

bladed feature holds two pairs of shapes – shapes representing annulus lines and shapes representing 

meridional projections of leading and trailing edges of blade. The shapes representing annulus lines exist 

before creation of bladed feature, whereas the shapes representing meridional projections of leading and 

trailing edges are the main token of geometric information describing the feature. Features can pass on 
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shapes known to them to their child features through selective methods. Such methods are employed to 

follow the need-to-know basis for information exchange. Consequently, all features can have just sufficient 

data, which is necessary to define their own geometry model. 

 Inter-feature dependencies: Negotiations 3.3.5.5

The inter-feature dependencies or the assembly constraint relations are essential attributes of the 

present geometry modeller. It is almost impossible to generate the complex model of turbomachinery 

without specifying assembly constraints. In context of generation of a 2D low fidelity geometry model, the 

following section describes the inter-feature dependencies that are implemented in the present assembly 

modeller. The corresponding extrinsic parameters are also explained. 

A type of inter-feature dependency known as mating condition or positional adjustment or position 

negotiation has been implemented in this feature based geometry modeller. The position negotiation 

attribute is provided to all features and the positional constraint relationship could be created between any 

two participating features. It allows a feature to change its geometric shape (spatial deformation of model) 

to adjust or correct its position to match with that of other feature. It means that if any of the features in 

assembly changes its geometric shape due to the change in user input or due to the modification of parent 

feature; that change in geometric shape would propagate to adjacent features through position negotiations. 

These changes are bidirectional in nature and hence if any feature is modified that would modify the whole 

assembly. Similarly, assembly modification would impose the modification of geometry model of a feature. 

The coupled nature of this declarative technique assures product integrity for all minor modifications. The 

automatic updating of product model is an attractive quality of the present feature based system. However, if 

the location or dimension of a feature is changed beyond specified tolerance the constraints between features 

can no longer be effective, thus causing dismantling of feature assembly.  

 Constraints - Rules and assignment  3.3.5.5.1

As revealed by literature review, the positional inter-feature dependency needs a well-defined form 

of assembly constraints. The present geometry modeller uses algebraic constraint equations to implement 

inter-feature dependency. Such constraints or rules are specified in the form of displacement limit between 

two vertex entities. The positional constraint is illustrated in Figure 3.12 and is defined as, 

           ,               ,       where x_offset and y_offset can be zero 

It might be observed that the positional constraint specifies the final position to be attained by the 

geometry models of participating features. The constraint evaluator in the present geometry modeller simply 

provides the coordinates of final position to the participating features. The participating features modify 

their own geometry models through the mechanism of minimisation of modifications. A special feature, 

termed as Match feature, encapsulates positional constraint in the form of a vertex entity. More details of 

Match feature are provided in feature taxonomy section (Appendix B, Table B.11). The salient aspects and 

advantages of converting the positional constraint into a feature entity are, 
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 Match feature provides the vertex entity to be used in constraint satisfaction algorithm. 

 The match feature is attached to the participating feature and thus it can be placed at the requisite 

position on geometry model of participating feature. This arrangement gets the advantage of robust 

feature attachment relationship. 

 Constraints can be specified directly between any two features. This avoids the inclusion of lower 

level geometric entities in constraint specification process thus simplifying it greatly. 

 Due to the implementation of constraints at feature level, the constraint satisfaction algorithm can 

issue negotiation commands directly to participating features. 

 The positional relation between constraining-feature (match feature) and participating feature 

cannot be changed by constraint satisfaction algorithm. 

 

Figure 3.12: Match features for specifying the positional constraints 

A match feature can be attached virtually to any feature, although its sensible use is expected from 

users. In order to specify the position constraint between two participating features, a pair of match features 

is necessary. This construction has been illustrated in Figure 3.12 showing the geometry models of two 

participating features and a match feature attached to each of them. The distance,    and   , between match 

features is modified as specified in constraint equation, while minimising the modifications in geometry 

models of participating features. 

 Extrinsic tolerances and methods 3.3.5.5.2

The parameters that decide the effectiveness of match feature may be considered as extrinsic 

tolerances of the present feature-based modeller. These are also termed as negotiation limits or effective area 

of action of match feature. Negotiation limits are specified by the dimension of a side of square, which is 

equally spaced on all sides of embedded vertex entity. The match feature also consists of an additional 

parameter called as identification tag, which is verified during the negotiation process. The extrinsic 

tolerances of match feature have been illustrated in Figure 3.12 as a square around the location of match 

feature vertex. Both dimension of a side of square and feature’s identification tag are user inputs. These 

parameters provide the full control over negotiation process. 

Every feature has its own procedure to respond to the negotiation request received from its child 

match feature. Two types of negotiation methods have been prepared for each feature. If such method is not 

available for a certain feature, it inherits the method of a higher level feature. The first kind of method is 
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prepared for responding to the modification request of feature’s own geometry model, whereas the second 

method is prepared to respond to the modification request from a child feature. Whenever a feature receives 

geometry modification request, it initially modifies its geometric shape through minimum orthogonal 

displacements of its segments. However, some kinds of geometry modifications are quite difficult to 

perform on a specific configuration of geometry model without changing its pre-specified dimensions or 

without breaking its basic geometry model. If a feature reaches its predefined deformation limits, it passes 

on the modification request to its parent feature. The parent feature may modify the attachment location of 

its participating child feature; however, various features implement this part of protocol in a different way. 

The parent feature never changes its own geometry model in response to the child feature’s negotiation 

request and it cannot forward such request to the high abstraction level feature in assembly. It is worth 

noting that the execution of negotiation protocol is sequential in nature. 

The execution of negotiation protocol is illustrated in Figure 3.13. In Figure 3.13, the participating 

feature on the left hand side and that on the right hand side are in process of negotiating their final position 

in assembled condition. After reaching limits of geometric deformation, the left hand side feature requests 

its parent feature to modify its attachment location. It, therefore, can maintain the user-defined 

configuration. On the other hand, the right hand side feature has more parameters that can be exploited to 

satisfy the position constraints and to attain a final position in assembly. Thus it successfully modifies its 

geometry model without changing its original location on parent feature. 

 The negotiation flag 3.3.5.5.3

Before the negotiation process can start the constraint satisfaction algorithm checks if all 

participating features can undergo geometry modification. A local indicator or a flag has been included in 

the definition of all features and it is used to indicate the readiness status of a feature for position 

negotiations. This is termed as negotiation flag in the present geometry modeller.  

A large number of match features have been used in the present geometry model to carry out 

position negotiations. Match features impose position constraints on other features to assist in assembling 

them. Therefore, a majority of features need to maintain ‘ready’ status for negotiation. However, the 
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features representing components such as blades, cooled blades, bearings, seals etc. never participate in 

negotiations. These features act as position locators in engine assembly and are termed as absolute location 

features. They maintain a permanent location in both axial and radial direction. Therefore, in order to satisfy 

assembly constraints, their mating features need to modify their geometric shapes that would match with the 

geometric shapes of non-negotiable features. If both participating features are not ready for negotiation i.e. 

they are non-negotiable, the requests for position modification and geometric deformation cannot be issued 

by constraint solver. Consequently, the feature assembly loses its geometric integrity, as shown in figure [a] 

of Figure 3.14. The figures [b] and [c] of Figure 3.14 show that one of the participating features in assembly 

is not ready for negotiation and thus other feature needs to modify its shape to satisfy the assembly 

constraint. If both participating features are ready for negotiation, they may find a suitable in-between 

position according to the aftermath of negotiation protocols as illustrated in figure [d] of Figure 3.14.  

 Constraint satisfaction 3.3.5.5.4

The constraint satisfaction algorithm implemented in the present geometry modeller is based on 

procedural or sequential method. It is similar to the concept of coupled parser and database methodology 

[55]. The negotiation protocol is described below. 

1) A match feature is attached to the geometry model of negotiating feature by following design-by-

features methodology. This is the specified location of position constraint. 

2) After specifying the constraints, the process of feature assembly is initiated. The negotiation 

algorithm parses all match features in database. It is important to note that although the present 

geometry modeller maintains a hierarchical structure of feature constraints, match features are 

processed in a block structured format. 

3) The algorithm then checks the negotiation readiness of all match features.  

4) Each active match feature is checked to find if its effective area overlaps that of other match 

features. If area overlap is found, then those features are shortlisted for the next round of evaluation. 

a) Both non-negotiable features

c) Feature-2 is negotiable

b) Feature-1 is negotiable

d) Both features negotiable

Feature-1
Feature-2

Feature-2 Feature-2

Feature-2

Feature-1

Feature-1

Feature-1

Constrained 

geometric entities

Figure 3.14: Negotiability of geometry features and the design freezes 
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5) In the next step, the identification tags of shortlisted match features are verified and the match 

feature having identical tag is selected as mating constraint feature. 

6) Negotiation requests are sent to the negotiating parent features in the form of an identified location 

that might satisfy the position constraint. It should, however, be noted that match features can never 

request their parent features to change their attachment locations.  

7) As mentioned before, each feature has a predefined method to respond to negotiation request. 

Depending on feature type and source of request, the negotiating parent feature uses its negotiation 

procedure to respond to negotiation request. 

8) The negotiating feature handles negotiation request by two routes, viz. 

i) modification of its own geometry model 

ii) by issuing a request to its parent feature to modify its attachment location. 

One of these or sometimes both methods decide the geometry modification required for a 

negotiating feature to acquire its new shape. 

9) After a negotiating feature acquires new shape, control returns back to negotiation algorithm to 

process the next pair of match features. The already processed match features are frozen temporarily 

to avoid any further modifications.  

Due to the sequential nature of constraint solver, it may not always be possible to satisfy all 

positional constraints in first iteration. Many times, the assembled position acquired by negotiating features 

may not be suitable for the assembly of subsequent negotiating features. The successive assembly 

constraints might enforce the negotiating features to acquire a position that results in breaking earlier 

assembly. This iterative process of geometry modifications continues for features having multiple 

constraints. Due to the segregated nature of constraint evaluation and its dependency on the order of 

evaluation, sequential solver performs multiple iterations to find final geometric shapes of all features in 

assembled condition. Due to the inherent limitation of this approach, it may not be possible to find an 

assembly configuration that satisfies all positional constraints.  This might also be attributed to poorly 

defined assembly constraints or to the limited number of possibilities of geometry modifications that can be 

defined for a feature. 

 The design freezes 3.3.5.5.5

Design freeze is a strategic decision in engine design process. This decision is closely related to the 

negotiation readiness parameter explained before. In general, it might be stated that the features, which are 

not ready to undergo geometry modifications through negotiations are frozen for all assembly modelling 

purposes. The negotiation readiness is user input and hence designers can control the automated assembly 

process. The negotiation readiness can be changed in multiple ways such as, 

 If a certain component in engine has passed all design criteria and must be not be modified during 

all further design activities, it can be made non-negotiable. This is termed as enforced design freeze. 

This decision can be reverted, if necessary. 
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 As mentioned before, some features act as reference entities and hence they are always non-

negotiable for modifying their geometry model. By default, such features carry non-negotiable flag 

and it cannot be changed. 

 The negotiation attribute of match features can be temporarily changed by constraint satisfaction 

algorithm during its iterations. As mentioned in section 3.3.5.5.4, the constraint satisfaction 

algorithm parses several pairs of match features and issues requisite negotiation requests. If a 

subsequent negotiation request causes disintegration of assembly made by an earlier pair of match 

features, then that pair needs to be revaluated. The earlier pair of match features is considered as 

frozen and it is not re-processed in the present iteration of constraint satisfaction algorithm. Thus, it 

is termed as temporary design freeze. 

The main consequence of design freeze is that the frozen feature ignores all negotiation requests and, in 

particular, does not forward any such requests to its parent feature. This property is useful to identify the 

branch of feature part-of graph that has reached its geometry modification limits. The remaining parts of 

assembly; however, can still negotiate and modify their locations and thus can satisfy the geometry integrity 

requirements. Although extremely useful, the design freeze facility should be exercised carefully as it might 

show unexpected results for the assembly of certain combinations of features. 

Feature Taxonomy Code

Feature identifier / name
Notes and general description

Materials and manufacturing processes

Intrinsic 

attributes of a 

feature

Local and global flags

Geometric transformation parameters for self mirroring, orientation angle and origin

Feature attachment 

relationship

Joining radii for a feature
Extra dimensional parameters

Parameters for non-axisymmetric definitions

Negotiation flag and surface finish

Number of child features

Name of component to be represented

Child feature input 

data file name

Parent feature’s 

curvilinear coordinate

parent mirroring option

Figure 3.15: Data input file showing the parameters and attributes of present features 
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 Discussion 3.3.6

All major attributes of the present features have been described in this section. Some of these 

attributes are not as sophisticated as defined in the classical literature on feature based geometry modelling; 

however, their present specification is sufficient for generating the virtual representation of general 

assembly of gas turbine engine (VEGA). Some of these feature properties, such as extrinsic tolerances and 

their methods, have been implemented and described in a very explicit manner.  

Figure 3.15 shows the data input file for a feature representing HP turbine disc of an engine. It 

highlights many intrinsic and extrinsic properties that are described before. The general format and sequence 

of data file is same for all features, although each feature has its own format for reading its user-parameters. 

The above discussion on intrinsic and extrinsic feature attributes and embedded methods of feature data 

structure is useful for defining the properties of each feature in feature library. Next section describes each 

type of feature according to its position in feature hierarchy. 

 Taxonomy of features for gas turbines 3.4

The features have been defined as object-oriented data structures and their implementations are 

collected in feature library. The present library contains just 20 features, which are sufficient to generate the 

whole low-fidelity 2D cross-section of a commercial aero engine. The library has been configured to take 

advantage of object-orientation mechanisms such as abstraction, data encapsulation, method inheritance and 

polymorphism etc. More features can be easily added into the present library without disturbing its original 

configuration; provided the new feature complies with the feature definition in section 3.2.1. A typical 

hierarchical construction has been used in this library, known as feature taxonomy. The goal of any feature 

taxonomy is to generate a structured library of features and to simplify its extension. The literature on 

feature taxonomies [51,56,64,77] provides some good examples of feature classification. However, such 

classifications are usually suitable for a specific application. The present feature library has been created 

according to the classifications suggested by Shah et al. [51]. The following sections explain the present 

feature categories and the actual feature definitions are presented in Appendix B in tabulated format. This 

format is deemed to provide all important information about a feature in most concise and consistent way. 

The hierarchical arrangement of present features is also presented at the end of this chapter. 

 Container feature 3.4.1

The container feature is designed to contain other features representing abstract assemblies. In the 

present system, this feature is situated at the highest rank of feature hierarchy. It is the most primitive data 

structure in feature library and it encapsulates the most generic definition of feature data structure. The 

container feature does not produce any geometric shape, but it simply collects the geometry models of its 

sub-features / child features. The child features of container feature inherit its generic methods and intrinsic 

data members. The feature data structure representing container feature is described in Appendix B, Table 

B.1. 
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 Abstract hierarchical features 3.4.2

Abstract hierarchical features play an important role in defining the application specific nature of 

the present geometry modelling system. These features are called as core features, which form the basic 

skeletal structure of featurized engine assembly. They contain high level information or design intents and 

are useful during conceptual design stage. Abstract features also provide product-oriented structure to the 

present feature taxonomy. The features representing high level assemblies such as engine, spools, modules 

and blades are classified as abstract hierarchical features. It may be noticed that the headings of these 

features have been borrowed from turbomachinery design vocabulary. These features and their attributes 

have been elaborated in Appendix B, Table B.2-Table B.8. 

 Form features 3.4.3

The concept of form feature has originated in manufacturing and process planning viewpoints of 

features technology and hence its classical definition might not be directly applicable to the current design 

features. In the present system, the features representing stereotypical shapes of cross-sections of sheet metal 

components in engine are categorised as form features. The geometry models of these features can be 

generated according to their application in assembly, but their construction method and identity does not 

change. The features falling under this category have been explained and illustrated in Appendix B, Table 

B.9-Table B.10.  

 Constraint features 3.4.4

Constraint features and their necessity have already been mentioned in the extrinsic attributes of the 

present feature modelling system. (Section 3.3.5.5.1) These features fall under non-traditional classification 

of feature library. This category is rarely found in literature. The main task of constraint features is to 

specify the location of positional constraint. In the present system, two features namely, match feature and 

pipe feature, have been classified as constraint features. The match feature is designed to apply positional 

constraints and it enforces mechanical continuity in assembly of features or specifies a gap of particular size 

between two features.  

The pipe feature also generates positional constraint. A pair of pipe features can specify a path, the 

ends of which can meet at a predetermined location in geometry model and represent the hydraulic 

continuity. In the hierarchical structure of feature library, the pipe feature is defined as sub-class of match 

feature. Thus, apart from specifying its hydraulic path, pipe feature can impose positional constraint similar 

to match feature. These features and their behavioural attributes are presented in Appendix B, Table B.11-

Table B.12. 

 Assembly features 3.4.5

An assembly feature is made of multiple form features, which are associated with each other by a 

predefined set of embedded positional constraints. It might be realised that the assembly feature is an 
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extension of the concept of form features and constraint features. This feature supports the notion of 

applying implicit constraints between two or more form features by virtue of their shape, dimensions, 

position and orientation etc. Assembly feature provides following benefits [51,101] for assembly modelling, 

 Assembly feature generates a high level entity, which is capable of storing all constraints within the 

geometry models in a single unit. 

 These constraints can be expressed directly in terms of dimensions, instead of applying them 

independently between vertices, edges or faces of geometry models. 

 The modification in any dimension of an assembly feature automatically propagates to the other 

models through dimensional relations or implicit constraints. 

 The assembly feature is designed for a specific purpose and hence its degrees of freedom, derived 

parameters and positional constraints etc. are also stored in it. These parameters are particularly 

useful for structural analysis. 

 Finally, assembly feature is very useful for quick generation of engine assembly than creating 

individual form features and then applying positional constraints between them. 

There are two different approaches of creating an assembly feature. The first approach is to hold the 

pointers to predefined form features in the assembly feature i.e. instancing contained form features through 

assembly feature. Such assembly feature also holds pre-defined constraints within its constituent geometry 

models in the form of intra-feature dependency. The geometry model of assembly feature is generated by 

collecting the geometry models of individual form features. The second approach is to directly generate an 

assembled geometry model instead of creating and holding pointers to constituent form features. This 

assembly feature works similar to form feature and creates the geometry model of components in assembled 

condition. The second approach has been used in the present geometry modeller. Some complicated 

assemblies such as blade-roots, two-sided restraints, one-sided restraints and engine couplings have been 

modelled as assembly features. These have been explained in Appendix B, Table B.13 to Table B.16. 

 Interface features 3.4.6

In all rotating machineries, it is natural to come across locations, where rotating components and 

stationary components locate each other. In the present geometry modeller, the components at such locations 

are represented by interface features. However, no such category exists in the conventional literature on 

feature based geometry modellers. The term ‘interface’ has been used here to recognise the specific location, 

function and geometry of these features in engine assembly. The components such as bearings and seals are 

located at the interface of rotating drums and stationary housings. Naturally, a part of their geometry is 

mounted on rotating structure and another part is connected to stationary structure, and a variable finite gap 

or point / line contact might exist between them. In order to represent such components in the present 

geometry modeller, some highly specialised features have been developed. These features provide 

engineering meaning to the geometry model of these components due to their specialised parameterisation. 

The geometry model of such features is expected to, 
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 Create multiple polygons representing an axisymmetric frustum mounted on rotating part and a 

frustum connected to stationary part. 

 Maintain positional constraints within itself. 

 Maintain finite gaps for fluids or rolling elements. 

 Be able to distribute the polygons of same feature to different assembly dynasties. 

It might be argued that the interface features are very similar to assembly features; however, there 

exists a major difference between them. Interface features can distribute their geometry polygons to distinct 

engine dynasties, whereas assembly features cannot perform such operation. Due to the capability of 

associating a part of its geometry model to different dynasties, it is possible to assign different rotational 

speeds to the different parts of same geometry model. Such attribute is very useful for quickly applying 

surface velocity boundary conditions in computational models. Appendix B explains the construction of 

bearing feature, seal feature and knife feature in Table B.17 to Table B.19. 

 Non-axisymmetric features 3.4.7

A majority of features described so far represent only axisymmetric engine components; however, 

many components in gas turbine engine are non-axisymmetric. In order to represent these components 

effectively in 2D assembly, non-axisymmetric features have been proposed. This category is also quite non-

conventional as there might exist only a few references indicating its prior availability. Non-axisymmetric 

features represent typical non-axisymmetric components in engine assembly in the form of their best 

identifiable cross-sections. These features can represent several air system components such as holes, bores, 

nozzles, slits, air bleeds, air scoops, valves, tee-junctions, Y-junctions, area reducer and expander etc. These 

features can be located by specifying circumferential angle with reference to TDC of engine and number of 

repetitions along circumference. Non-axisymmetric features are important for the present work for defining 

pressure loss mechanisms in low-fidelity SAS analysis. These features have been described in Appendix B, 

from Table B.20 to Table B.22. 

 Hierarchical structure of feature library 3.4.8

The above sections provide detailed information about the principal attributes of features. It might 

be noticed from the explanation on feature taxonomy that the present feature library has a well-built 

hierarchical structure. Every feature has been placed at a specific rank in hierarchy. Due to this attribute of 

library, merely 20 features can support the generation of whole 2D cross-section of engine. The internal 

structure of the present feature library is shown in Figure 3.16. The diagram for inheriting data members and 

procedural methods can be easily visualised from this figure. The major categories of features in the present 

library have already been discussed; however, some features do share the characteristics of other feature 

categories. For example, a feature representing blade-roots is primarily considered as an assembly feature, 

but it may also be classified as a non-axisymmetric feature or as an abstract hierarchical feature. 
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The feature termed relative in Figure 3.16 has not been mentioned before. This feature neither adds 

any geometry model in feature assembly nor can it represent any component of gas turbine engine. The 

relative feature has been created to facilitate the geometric transformation process for all features that inherit 

its data sharing method. This method of relative feature passes on the derived or inherited parameters, 

described in section 3.3.4.5, to child features. It might be observed that all generalised features, which tend 

to undergo modifications for satisfying positional constraints are the sub-classes of relative feature. 

On the other hand, a few specialised features, known as core features, form a separate group. These 

features have been classified as abstract hierarchical features in the present feature taxonomy (Section 3.4.2) 

and they generate the topological structure of feature-based engine assembly. Core features have been 

developed specifically for turbomachinery application and contain key information about design intents. 

These features are non-negotiable in nature, although the end-wall feature is an exception. Obviously, it is 

necessary to begin the construction of whole engine geometry model from these features. All other features 

can then be identified, arranged and constrained to complete the feature assembly. This process is explained 

in the next chapter. The skeletal construction of engine geometry model is shown in Figure 3.17. As might 

be noticed, core features are central to engine assembly generation process and other features are in 

supporting role. The core features actually add a very little geometric information. Those are fleshed by 

adding low abstraction level supporting features, which represent a majority of 2D axisymmetric and non-

axisymmetric components in gas turbine engine. 

Empty Feature

(Base class)

Engine Feature

(RB211 & BR700)

Combustor 

Feature

Spool Feature

Bladed Feature Clade Feature

Endwall

Feature

Bladeroot

Feature

Sheet Metal 

Feature

Match Feature

Two-sided 

Feature

One-sided 

Feature

Coupling 

Feature

Bearing 

Feature

Seal Feature

Knife Feature

Non-Axi

Feature

Pipe Feature

Junction 

Feature

Annular 

Feature
Relative 

Feature

CORE

Features

Figure 3.16: The hierarchical structure of the present feature library 



 

 

 

Figure 3.17: The core and supporting features for the gas turbine assembly 
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 Design-by-Features for turbomachinery 3.5

It has already been recognised that the synthesis approach of design-by-features method is most 

appropriate for generating the general assembly of gas turbine engine. Accordingly, all important features 

necessary for implementing design-by-features method have been developed and those are explained in this 

chapter. This feature-based geometry modeller is then assessed by constructing a featurized assembly model 

of a gas turbine engine component. This section explains the process of choosing features from the present 

feature library, process of component featurization and construction of feature assembly. 

The following example continues the explanation on construction of featurized HP turbine disc 

model. The product hierarchy structure and data input file for HP turbine disc have been shown in Figure 

3.15 and Figure 3.10, respectively. The part featurization process is used to determine distinct sub-

components of HPT disc. Further, the best suited features are selected from the present feature library to 

represent identified sub-components. As shown in Figure 3.18, the main body of HPT disc has six distinct 

features on the left side and five features on the right side. The left hand side features are drive arm, lower 

seal arm and upper seal arm. The lower and upper seal arms have corresponding seals and knives mounted 

on them. HPT stub shaft and seal support arm are located at the right hand side of disc. Air-to-air and air-to-

oil seals are mounted on HPT stub-shaft. It might be noted that the main HPT disc is in absolute coordinates, 

whereas all other features have been located relative to their parent features. All sub-features have been 

instanced and assembled together using attachment interdependency. The sub-features have been attached 

along the generating lines of their respective parent features. The sequence of feature instancing is quite 

straightforward and it has been presented in Figure 3.10 along with the part-of graph for HPT disc. After 

creating and locating all geometry models in their correct position by a recursive assembly process (Refer 

Figure 3.4) polygon Boolean operation is initiated. This operation combines all overlapping polygon models 

to generate a physically integral body of HPT disc. The outcome of this synthesis process has been shown in 

Figure 3.18. It is important to assign material integrity flag to each feature and local flags to individual 

features. It might be noted that this model does not have positional constraints. Constrained assembly 

models are explained in the next chapter. 
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Figure 3.18: Design-by-Features for HP turbine disc assembly 
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 Closure 3.6

The architectural guidelines for this geometry modeller have been stated at the end of previous 

chapter. These guidelines have been used to create an independent feature-based geometry modeller for VE 

design environment. This chapter explains the present geometry modelling system starting from the 

definitions of its fundamental elements. These design objects have been particularly developed for 

generating the complete 2D assembly model of an aero gas turbine. It further elaborates the feature 

attributes, the library of present features and the present feature taxonomy etc. The implementation of the 

synthesis method of design-by-feature approach has also been demonstrated at the end of this chapter. The 

demonstration of generation of HPT disc geometry model provides a good evidence of the capabilities of the 

present system. The next chapter elaborates the creation of geometry models of featurized engine 

components and the process of their assembly for generating the virtual representation of a three spool high 

bypass ratio turbofan engine. Some modules of the present geometry modeller, which have not been 

explained in this chapter, will also be presented in the next chapter. 

 

 



 

 

 Chapter 4 Design-by-Features for Aero Engine 

 Introduction 4.1

The previous chapter describes the attributes of the present features and the construction of their 

library tailored for turbomachinery application. The implementation of design-by-features methodology has 

also been demonstrated by featurizing a HP turbine disc. The present chapter explains the application of this 

feature-based geometry modeller to generate the virtual representation of entire cross-section of a three 

spool gas turbine engine. This has been denoted as Virtual Engine General Assembly (VEGA) in the present 

work. A stepwise procedure for generating the low-fidelity cross-sections of all major engine components is 

explained. This geometry model is intended to serve as a central database for subsequent CAE analyses and 

hence the featurization of all major engine components has been carried out accordingly. This geometry 

modeller can adequately capture small featurizable details of engine geometry; however, it has not been 

developed to capture the minute manufacturing details of every component. Having stated this, it is also 

important to note that the inability of capturing very minute details of engine components is neither the 

limitation of features technology nor is it the limitation of present features. Simply, the creation of a feature 

library to meet production requirements is not within the scope of the present work.  

The synthesis method of design-by-features is a posteriori approach for modelling the engine 

geometry. It is, thus, important for a geometry model developer to have all details of engine geometry 

available before the intended work can be started.  It is important to note that the present geometry model 

does not contain any real dimensions and this is merely a proportionate model of engine. The following 

section begins the detailed explanation of such feature-based assembly.  

 Commencing the assembly – Engine annulus lines 4.2

The process of generating feature-based assembly model of engine is exactly opposite to the engine 

assembly process carried out on shop-floor or by using conventional CAD modellers. The component 

assembly process is a bottom-up process, in which various components are manufactured before assembling 

them to form a high level sub-assembly or an engine module. The process of feature assembly, on the 

contrary, is a design driven, top-down and hierarchically structured process. It starts at a design stage when 

no details of engine design are available other than its modular topology and function. This is the highest 

level of abstraction. The further process of feature creation is very similar to that of generating HPT disc 

model, but it has been carried out on a very large scale. 

In the present system, root feature is at the highest level of abstraction and it originates the assembly 

process. The root feature is the engine feature, which represents two main variants of multi-spool engine 

architecture, namely, three spool engine and twin spool engine. The most important task of engine feature is 
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to contain the design-objects representing its primary air flow path. This flow path is described by engine 

annulus lines and is primarily determined during conceptual design phase.  

The definition of annulus lines is the starting point for aero engine design. Engine feature stores the 

representation of annulus lines in the form of its intrinsic shapes. All major aerodynamic features such as 

blades, vanes, structural struts and service struts are located within this flow path. The engine feature acts as 

database and supplies the definition of annulus lines to respective analyses programs. Furthermore, due to 

the topmost position of engine feature in product hierarchy, annulus lines are retained during the whole 

design and assembly process. If after a certain analysis, annulus lines are modified then such changes 

automatically propagate to low abstraction level features. At present, the engine annulus shapes are defined 

a priori and are provided as input to engine feature. Engine feature has provisions to retrieve and to 

distribute these shapes through its selective methods (Section 3.3.5.4). 

 Hierarchical features - Spools and Modules 4.2.1

Spool features are attached to engine feature. For a three spool engine assembly, three rotor spools 

and corresponding stator spools are attached as child features in a specific sequence. Each spool is 

represented by the combined construction of a multi-stage compressor and a single or multi-stage turbine 

coupled by shafts, curvic and spline couplings and drive arms etc. This construction is important for creating 

the dynasty-based feature assembly, which is based on speed-frame-of-reference. Spool features categorise 

the low abstraction level features in a systematic way. Apart from classifying them according to their 

rotational speeds, spool features also subdivide low abstraction level features into rotating and stationary 

parts. Typically, a three spool engine feature consists of following spool features; 

 HP Rotor Spool 

 IP Rotor Spool 

 LP Rotor Spool 

 HP Stator Spool 

 IP Stator Spool 

 LP Stator Spool 

 Combustor 

 Dressings 

The modular assembly of a three spool engine is generated by attaching child features to respective 

spool features. These features are container type features, which represent aero engine modules. For 

example, the HP Rotor spool feature consists of all features representing rotating parts in HP module of 

engine. Similarly, HP Stator spool feature consists of all features that represent the stationary parts in HP 

module of engine. Combustor feature and dressings feature are always stationary, but are not classified 

based on speed or pressure level. 
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It might be observed that the use of dynasty-based construction for feature-based engine assembly 

does not allow stage-wise construction of engine modules. For example, the features representing rotating 

blades and structural struts are attached to HP rotor and HP stator modules, respectively, and they get their 

speed dynasty from the corresponding module. Thus a rotating blade and a stationary blade cannot be placed 

in same group. Furthermore, it is essential to note that engine, spools and their modules are all abstract 

hierarchical features and their rank in engine’s feature based assembly cannot be changed. They play a key 

role in generating the basic framework of featurized assembly of engine. Figure 4.1 shows the hierarchical 

feature assembly construction for a three spool gas turbine engine. 

 

Figure 4.1: Hierarchical feature construction in engine assembly 

 

 Absolute location features – Blades and Bearings 4.2.2

Features representing blades and cooled blades are located at the 4
th
 level of hierarchy in the present 

feature-based engine assembly. All high level features above bladed feature are abstract in nature and hence 

they do not produce any geometry model that can be conceived as a starting point for geometry generation. 
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On the contrary, bladed features generate visible geometric shapes, which are used to originate the geometry 

model of entire engine assembly. Blades are non-axisymmetric components and in 2D they are represented 

by the projections of their leading and trailing edges. The shapes of bladed feature and the shapes of 

primary flow annulus are illustrated in Figure 4.2. Although the virtual representation of a blade is limited 

just to its shapes, the current modeller holds the full description of its 3D geometry, including the definitions 

of its aerofoil sections in       coordinates [102,103,104]. Design of blades is the outcome of 

sophisticated aerodynamic design process and hence it is considered as frozen for any further geometry 

modifications. 

 The features representing blades are always accompanied by engine annulus shapes because 

annulus radii and hade values are the integral part of blade’s aerodynamic design. Annulus radii and hade 

values are fairly stable during the design. Therefore, the present feature assembly process considers the 

locations of blades as their permanent positions. The radial and axial coordinates of each blade row are 

extremely important for deciding the location and size of other supporting components. For example, the 

locations of stationary blades and vanes decide the locations of structural supports. Also the locations of 

rotating blades decide the spacing between discs and the construction of rotor drum. The locations of 

supports and spacing between discs etc. are important to determine the locations of bearings, service pipe 

lines and many other components. Thus bladed features are used as absolute location features in 2D.  

In addition to bladed features, the module features in engine assembly contain a few more child 

features, which have absolute locations in 2D space. These features represent stub-shafts of engine rotors 

and the corresponding bearings mounted on them. The locations of these components are explicitly 

determined during the mechanical design process and hence same notion is followed during the generation 

of general assembly of engine. For example, the features representing a bearing and its stub-shaft cannot 

have a location independent of the location of a feature representing structural strut. The obvious need of 

transferring axial and radial loads prohibits a designer to select an arbitrary location for bearings. The 

locations of the features representing stub-shafts and bearings can be changed within the possible spatial 

extent of a bearing housing; however, it is not completely independent of the rest of assembly. Figure 4.2 

shows the locations of stub-shaft features and bearing features within the extent of corresponding bearing 

housings. These features are non-negotiable and are used as absolute location features. By creating such 

arrangement of absolute location features and by specifying their hierarchical rank in assembly, it is also 

possible to categorise their child features into speed-based dynasties. Figure 4.2 shows the locations of 

features represenging stub-shafts and bearings in the present feature-based assembly of three spool engine. 



 

 

 

 

Figure 4.2: Commencing locations of engine assembly  
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 Assembly of modules 4.3

Once the locations of blades and bearings are fixed, the process of collecting geometry models of 

features is carried out in a recursive manner. During the assembly process the level of abstraction gradually 

reduces. As stated before, this process is opposite to the assembly of a real engine, in which the features 

representing engine components are generated using top-down approach and then position constraints are 

specified to create featurized sub-assembly. This section explains the next step in generation of featurized 

engine assembly, namely the use of parent-child feature relationship or feature attachment interdependency. 

The generation of intermediate pressure compressor (IPC) module has been demonstrated below to 

exemplify the construction of a high abstraction level assembly.  

The featurized IPC module is one of the high level assemblies in whole engine geometry model. 

The features representing rotating parts and stationary parts of IP spool, denoted as IPROTOR and 

IPSTATOR, are attached to the feature representing IP spool of engine. Further, the features representing 

rotating parts in IP compressor and IP turbine are attached to IPROTOR feature. Similarly, the features 

representing stationary parts in IP compressor and IP turbine are attached to IPSTATOR feature. These 

features are denoted by the labels IPCSTATOR and IPTSTATOR, respectively. This sub-division is shown 

in Figure 4.1 and it is also displayed in Appendix C.  

 

Figure 4.3: Arrangement of spools and modules before IPC construction 

Figure 4.3 shows the initial configuration of module features IPCROTOR and IPCSTATOR along 

with engine annulus shapes. The bladed features representing compressor rotor blades are attached to 

IPCROTOR feature, whereas the bladed features representing compressor stator blades are attached to 

IPCSTATOR feature. The assembly process starts from the locations of features representing blades and 

bearings. Initially the end-wall features are attached to bladed features. Figure 4.4 shows the IPC assembly 

after attaching end-wall features. The end-wall features are attached both to hub and casing of stator blades, 
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and are also attached only to hub of rotor blades to represent integral blade platforms. The end-wall features 

representing casings of rotor blades are attached to the features representing end-walls of corresponding 

stator blade using position offsets. Positional constraints are applied at the ends of each casing end-wall 

feature to connect them together to form uniform compressor casing. Similarly, the constraints representing 

gaps between rotor blade platforms are applied at the ends of end-wall features representing platforms. The 

attachment positions and direction of thickness distribution for each end-wall feature may be noted from 

Figure 4.4. 

 

Figure 4.4: Attachment of end-wall features to IPC bladed features 

In the next step, the features representing blade roots are attached to the features representing rotor 

blades. Blade-root feature is an assembly feature and hence it can represent the assembly of root of rotor 

blade and dovetail slot on disc. A part of disc rim is already included in the geometry model of blade-root 

feature and hence a feature representing disc web and cob can be directly attached to blade-root feature. The 

sheet metal features representing IPC discs are then attached to the corresponding blade-root features at 

appropriate locations. Figure 4.5 shows the combined assembly of blade-root features and the features 

representing IPC discs. Further, the sheet metal features representing front and rear drive arms are attached 

to the features representing discs at appropriate locations and those are constrained by attaching match 

features at their ends. The geometry model of assembled discs and drive arms effectively represents the 

featurized IP rotor drum of engine. The match features attached to the features representing drive arms 

mimic friction welding joints for creating mechanical assembly of IPC rotor drum.  

The 1
st
 and 2

nd
 stage IPC stator blades are variable guide vanes (VGVs) and hence the distance 

between front stage IPC discs is large enough to be connected by disc arms. The features representing IP 

rotor rings are, therefore, attached as absolute location features to the feature representing IPCROTOR 

module. These are sheet metal features and are constrained to the features representing disc arms. 

Furthermore, the sheet metal features representing compressor drive arms are attached to the features 
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representing 1
st
 stage and 6

th
 IP disc. These features connect IP rotor drum assembly to coupling features, 

which represent both sides of mechanical coupling. The coupling features connect rotor drum assembly to 

the sheet metal features representing front and rear IP stub-shafts. The featurized stub-shafts are developed 

further by attaching the sheet metal features representing lugs and seal arms. Figure 4.6 shows the addition 

of features representing disc drive arms, drive shafts etc. 

 

Figure 4.5: IPC drum assembly after attaching the features representing blade roots and discs 

 

 

Figure 4.6:  Attachment of sheet metal features representing the drive arms, lugs and seal rings 

Simultaneously, the end-wall features representing casing of IPC stator blades are developed further 

to create the assembly of casing birdmouths and blade feet. The sheet metal features representing blade feet 

are attached to end-wall features representing casing of stator blades. The assembly of casing birdmouth and 
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the corresponding part of blade foot has been represented by a two-sided assembly feature. The female parts 

of two-sided features are connected to each other by a suitable sheet metal feature to generate the geometry 

model of compressor casing. At the hub of stator blades a similar construction has been created using one-

sided assembly features. These features are further connected to the stators of seal features that are mounted 

on IP rotor drum drive arms. Figure 4.7 illustrates the fine details of such construction. The distribution of 

seal polygons and bearing polygons to respective speed dynasties may also be observed. 

 

Figure 4.7: Assembly of casing birdmouths, stator well seals and IPC casing 

Next, the end-wall features representing hub of structural struts are developed to form the support 

structures for IPC bearings, termed as bearing housings. The main structural support at the front of IPC is 

known as front bearing housing (FBH) and the major structural support at the rear of IPC is well-known as 

intermediate casing structure (ICC). The robust triangular frames of bearing housing structures are generated 

using sheet metal features. Match features have been used in their construction to connect the structural 

members of housing. Figure 4.8 to Figure 4.11 illustrate the construction of IPC bearing housings. At the 

inner radius of both bearing housings, special sheet metal features are attached to create bearing casings. 

Bearing casing isolates the air cavity in rotor drum from that in bearing housing. The sheet metal features 

representing front and rear stub-shafts enter into bearing housings at their predetermined locations. The 

features representing stub-shafts and bearings together provide reference locations for connecting the outer 

race of bearing to the structural frame of FBH and ICC. In the other part of assembly, the features 

representing IPC stub-shafts are constrained with features representing rotor drive arms. Multiple pairs of 

match features representing drive bolts have been used to specify the position constraints. This complicated 

assembly of match features is explained separately in later sections. Seal features representing air-to-air and 

air-to-oil type straight through labyrinth seals are attached to the features representing stub-shafts at the 

locations of interface assembly. 
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Figure 4.8: Construction of the frames of FBH and ICC bearing housing 

 

Figure 4.9: Assembly of FBH and ICC bearing casings 

 

Figure 4.10: Assembly of the bearings and rotor drum 
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Figure 4.11: Assembly of the seal features at the interface of shafts and casings 

 

 

Figure 4.13: Final assembly of IPC with pipes, junctions and other non-axisymmetric features 
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Figure 4.12: IPC internal shaft assembly 
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In the last phase, the sheet metal features representing internal IP shafts are added into IPC feature 

assembly. (Refer Figure 4.12) The features representing these shafts are directly attached to the feature 

representing IPROTOR module in order to preserve their mechanical connections. This construction 

promotes the idea of using match features for constraining a feature assembly and also for preserving the 

logical mechanical joints. The features representing internal IP shafts close the cavity of IPC rotor drum 

from surrounding LP shaft cavities. Other components connected to IP shaft can also be featurized further 

into a number of low abstraction level features depending on their mechanical construction. 

After completing feature attachments and specifying assembly constraints at suitable locations, the 

whole geometry model of engine is assembled. The features important for secondary air system, such as 

holes and pipes, are attached to their respective parent features. Figure 4.13 shows the final assembly of IPC 

after carrying out position negotiations and polygon Boolean operations. 

  

Figure 4.14:  Final assembly of a featurized low pressure turbine (LPT) 

The geometry models of all other high level assemblies such as HP and LP spools, combustor and 

dressing is generated in a similar way. The assembly of LPT drum and its casing is shown in Figure 4.14.  
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 Constrained sub-assemblies  4.4

High level assemblies in the present engine assembly are generated by attaching numerous 

supporting features to the abstract core features. The geometry models of supporting features may not match 

with each other when those are created and hence after attaching the features position constraints need to be 

employed to ensure mechanical integrity in geometry model. This section exemplifies the generation of a 

constrained structural assembly of intermediate casing (ICC). 

 

Figure 4.15: Commencing locations for ICC assembly 

Intermediate casing structure is located between intermediate and high pressure compressors. The 

last row of structural struts in IP compressor (CI10S) locates the entire subassembly of ICC in three spool 

engine. It is one of the most robust components and houses three thrust bearings transferring dynamic loads 

in both radial and axial directions [103,105]. It also houses many other components such as ICC gearbox, 

shaft couplings and oil supply pipes etc. The HP and IP thrust bearings, which locate the shafts of 

corresponding spools, are mounted on ICC structure. The assembly of LP thrust bearing is more complex 

and it is mounted as an inter-shaft bearing. Figure 4.15 illustrates the commencing locations for the feature 

based assembly of ICC. The whole assembly process is enumerated below, 

1) In the first step, end-wall features are attached to CI10S bladed feature at its hub and casing. Then, sheet 

metal features are selected from feature library to generate the geometry models of structural members 

located at front and rear sides of ICC. These features are attached to the end-wall features representing 

hub and casing of ICC and are positioned to form the triangular frame of ICC. Figure 4.16 shows the 

attachment of end-wall and sheet metal features to the shapes of ICC structural strut. 
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2) The triangular frame of ICC is completed by attaching sheet metal features representing horizontal 

structural members to the features representing ICC front panel on hub side. A similar construction is 

made on casing side. In order to specify assembly constraints on frame, a match feature from pair is 

attached at the end of features representing horizontal structural members. The other match feature from 

the same pair is attached at the intended joining location on the feature representing rear structural 

members. Figure 4.17 shows the newly attached sheet metal features and match features. 

 

Figure 4.16: Sheet metal features attached to the end-wall features of ICC strut  

3) Next, the features representing front and rear structural members are developed further to generate their 

realistic geometry models. Structural bosses are attached to each casing panel in order to create the ICC 

bearing casing. These bosses are featurized by thick sheet metal features. The ICC front and rear panels 

have holes for distributing secondary air. Non-axisymmetric features are selected from the present 

feature library to represent ventilation holes and those are attached to sheet metal features representing 

both panels at appropriate locations. Figure 4.18 shows the addition of these new features.  

4) The bosses mounted on both panels also have holes. These holes are provided to allow the pressurised 

IP air to enter into buffer air cavity, which in-turn pressurises ICC bearing chamber. Non-axisymmetric 

features have been used to represent buffer air holes in structural bosses. Further, sheet metal features 

are used to construct ICC casings on front and rear sides of ICC. These features are attached to the thick 

sheet metal features representing structural bosses at respective side. Each side has two casings in order 

to separate the high pressure buffer air from low pressure IP sink air. Similarly, the sheet metal features 

representing casing panels at the front side HPC are attached to end-wall feature at hub of ICC structural 

strut. These panels are important for locating HPC front air seals. 
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Figure 4.17: Horizontal structural members of ICC and their constraint locations 

 

 

Figure 4.18: Attachment of the features representing structural bosses and ventilation holes 
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5) The rear stub-shaft of IP compressor and the front stub-shaft of HP compressor have straight-through 

labyrinth seals cut on them [105]. Seal features are used to represent them in the present ICC assembly. 

Several pairs of match feature are created and a match feature from a pair is attached at the end of 

features representing casings. Other match feature from the same pair is attached to the stators of 

respective seal features. These newly added features are illustrated in Figure 4.19. It may be observed 

that the ICC structure is now merged into the whole engine structure. 

 

Figure 4.19: Attachment of the featurized bearing casing panels and labyrinth seals 

6) It is further necessary to create the structural connections between outer races of bearings and triangular 

structural frame of ICC. The thrust bearing of IP compressor holds absolute location in assembly. This 

is used as a reference feature to create features representing structural members transferring thrust load 

from bearings to ICC frame. Sheet metal feature is used to model these structural members and those are 

attached to the outer race of bearing feature. Locating flanges are necessary where the bearing structural 

member connects to ICC frame. Again sheet metal feature is used to model both flanges (Refer Figure 

4.20). The features representing flanges are oriented vertically and are attached to the feature 

representing structural support member and to the feature representing ICC front panel. Suitable 

thicknesses are assigned to them to generate realistic geometry models. Similar features and procedure 

are employed to connect the outer race of HP thrust bearing feature to the feature representing ICC rear 

panel. This assembly forms a structural block that supports HP thrust bearing. 

7) The above assembly is performed by specifying the constraints between features that represent the 

structural parts of ICC. Several pairs of match features have been used. A match feature from pair is 
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attached to the feature representing flange on bearing structural member, whereas other match feature is 

attached to the feature representing flange on ICC front panel. Similarly, match features are used to 

assemble the features representing structural block and that representing structural member of HP thrust 

bearing as shown in Figure 4.20. 

 

Figure 4.20: Attachment of the featurized structural connections between ICC and thrust bearings 

 

Figure 4.21: Addition of the featurized SAS pipes and service paths through ICC strut 
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Figure 4.22: ICC part-of graph 

8) Finally, pipe features are attached to the features representing ICC structure to connect its air cavities to 

the plumbing network of secondary air system. The buffer air is supplied to pressurize the ICC bearing 

chamber and secondary air is used for cooling and balancing thrust loads. A pipe feature is attached to 

the feature representing horizontal middle panel of ICC at approximately central location. This pipe 

feature is attached to a non-junction type feature, thus it creates a notch in the body of its parent feature. 

In order to model the air pipe used for thrust load balancing, a pair of pipe features is created. One of the 

pipe features is attached to the feature representing ICC casing front panel and other is attached to the 

feature representing ICC casing rear panel. Their pipe paths are specified along the direction of flow. 

Pipe feature is equivalent to match feature and their assembly represents hydraulic connection at the 

location of position constraint.  

9) The present feature assembly is the aftermath of featurization process of integrally casted ICC structure. 

In many engines, titanium is used as intercase strut material [105] and hence same material may be 

assigned to all features representing physically integral parts of ICC. A global material flag is activated 
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to assign correct material to all features. It is not necessary that the structural member connected to outer 

race of thrust bearings should have same material as that of outer race. Certainly, a different material 

can be assigned to such features. Seal stators have been connected to ICC casing panels through match 

features and hence panel material is fetched and assigned to seal stators through match features. 

10) After generating the feature part-of graph for ICC, the constraint satisfaction solver is activated. The 

solver issues position constraint satisfaction requests to the respective features. The features modify 

their geometric shapes to satisfy the constraints and attain a final position to generate the assembly of 

ICC. This process is followed by Boolean operations, which create the integral model of ICC. The final 

feature-based low-fidelity model of ICC is shown in Figure 4.21. The corresponding part-of graph is 

shown in Figure 4.22. 

 

Figure 4.23: Complex construction of the Turbine Bearing Housing (TBH) 

The featurization process of ICC could be standardised. However, different users may come up with 

different sequence of ICC featurization. It might be noted that the overall process still needs to follow 



Chapter 4 Design-by-Features for Aero Engine  

143 

 

certain restrictions and one of those is the assignment of negotiation flags. The process selected for 

featurizing an assembly automatically sets design priorities, which are implied through feature negotiations. 

Turbine bearing housing (TBH) also has a very complex construction. It houses cylindrical roller 

type outrigger bearings on HP and IP shafts. It can be constructed in a way similar to that of ICC. The final 

construction of TBH in the present engine assembly is shown in Figure 4.23. 

 Virtual subdivisions of a component 4.5

The concept of virtual subdivision of a component has been broadly discussed in the previous 

chapter (Section 3.5). This section explains the part-featurization process for a major component. Clearly, 

several ways of featurizing a component can be discovered by users. However, by knowing the geometric 

shapes of virtual subdivisions of a component and the types and geometry models created by features in the 

present feature library, it is possible to derive the best possible way of representing a component. As a rule-

of-thumb, users should always avoid creating excessive number of sub-divisions and secondly, the feature 

selected from feature library should be able to preserve the engineering meaning of component. The process 

of component featurization has been exemplified for first stage IPC disc. This example also continues the 

discussion on assembly modelling of a three spool aero engine. 

The first stage disc of IP compressor is shown in Figure 4.24. It might be observed that the overall 

assembly of first stage IP compressor blade (CI01R) and its supporting disc cannot be represented by any 

single feature in the feature library. It is thus logical to represent such components by creating their virtual 

subdivisions. First stage rotor blade of IPC is assembled with the first stage disc and hence the bladed 

feature representing IP rotor blade may be used to start the featurization process. The steps for creating 

further sub-divisions are as follows, 

1) The end-wall feature and the blade-root feature are selected to represent the platform and axial 

insertion type blade root of IP blade, respectively. Both features are attached to the bladed feature. 

2) The first stage IPC disc is represented by the symmetric geometry model of sheet metal feature. 

3) A few more sheet metal features are generated to represent the disc drive arm and the seal arm at 

front of disc and the rear arm, which connects the disc with IP rotor drum. 

4) Asymmetric sheet metal feature is used to represent the drive arm lug. These sheet metal features 

are attached to their parent features at desired locations. 

5) A seal feature is created to represent the stepped labyrinth seal and it is attached to the feature 

representing seal arm at the front side of IPC.  

6) Three pairs of match features are necessary to constrain this component in engine assembly. One of 

the match features is attached to the sheet metal feature representing drive arm lug, whereas another 

match feature is attached to the sheet metal feature representing rear arm. The third match feature is 

placed on the stator of stepped labyrinth seal feature in order to constrain it to the sheet metal 

feature representing casing of front bearing housing (FBH). 
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7) Finally a non-axisymmetric feature is attached to the sheet metal feature that represents disc drive 

arm. The non-axisymmetric feature removes a part of its parent feature to represent holes in disc 

drive arm. Figure 4.25 shows the part-of graph for first stage IPC disc. 

 

Figure 4.24: Virtual subdivisions of IPC 1st stage disc 

 

Figure 4.25: Part-of graph for IPC first stage disc 
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Figure 4.26 shows yet another example of component featurization process. The IPC front stub-

shaft has been featurized demonstrating the utilization of features from the present feature library and the 

process of constraint specification. 

  

Figure 4.26: Virtual subdivisions of the IPC front stub shaft 

 Position negotiations for mechanical assemblies 4.6

While generating the feature-based assembly of engine, it is deemed to preserve all mechanical 

joints in it and hence some features are located in global or absolute coordinates. Some features, other than 

those representing stub-shafts and bearings, can also have absolute location. These features act as 

independent pivotal locations and thus the assembly modeller can effectively handle all mechanical 

assemblies. The following examples explain the use of position negotiation capabilities of the present 

geometry modeller to generate realistic mechanical assemblies. The prior examples of featurized IPC first 

stage disc (Figure 4.24) and featurized IPC front-stub-shaft (Figure 4.26) are used in this section to explain 

the position negotiation capabilities and mechanical assembly process for the features representing these 
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Possible options for feature selection

1) Empty       2) RB211          3) BR700         4) Spool              5)  Bladed      6) Clade      7) Bladeroot

8) Endwall 9) Two-sided   10) One-sided   11) Sheet metal  12) Bearing    13) Seal      14) Knife

15) Match   16) Non-Axi 17) Coupling     18) Pipe              19) Junction   20) Annular

Sheet 

Metal
Bearing

Match

Seal and 

Knife

Match



Chapter 4 Design-by-Features for Aero Engine  

146 

 

It has already been mentioned that one of the match features from their pair is attached to the sheet 

metal feature representing drive arm lug of IPC 1
st
 stage disc. Another match feature from the same pair is 

attached to the sheet metal feature representing upper lug of IPC front-stub shaft. Figure 4.27 clarifies the 

locations of attachment of these match features. The negotiation flags are activated for both match features 

and for the participating sheet metal features representing drive arm and its lug, whereas the negotiation 

flags are deactivated for the participating sheet metal features representing IPC stub-shaft and its lug. This 

implies that IPC stub-shaft and its lug are frozen for any possible geometry modifications and they would 

not change their geometric shape during the position constraint satisfaction process. When the geometry 

modeller assembles these features, all match features are processed by constraint satisfaction algorithm as 

explained in section 3.3.5.5.4. After checking the compatibility of match features, the constraint satisfaction 

algorithm issues negotiation requests to their parent features. In the present case, the sheet metal features 

representing disc drive arm and its lug receive such requests from the constraint evaluator. Disc drive arm 

and its lug follow the negotiation protocol created for sheet metal feature and acquire their new geometric 

shapes. Figure 4.27 shows the original and modified geometric shapes of disc drive arm and its lug. 

 

Figure 4.27: Mechanical assembly of IPC front stub-shaft and IPC disc 

The assembly of HPC support panels, shown in Figure 4.28, can be considered as another good 

example to substantiate the necessity of having absolute location features in feature assembly. The support 

panels of HPC have bolted joints on both sides and hence the features representing them are neither attached 

to the feature representing combustor casing nor to the features representing HPC casing assembly. It is not 

impossible to attach these features as child features of any adjacent feature, but such arrangement would not 
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about mechanical joints could be preserved. This information can be very useful for structural CAE analysis. 

Accordingly, the sheet metal features representing front, mid and rear support panels of HPC are created at 

their absolute locations and match features are attached to them at their both ends. After executing the 

constraint satisfaction algorithm, these features are included in general assembly of engine as shown in 

Figure 4.28.  

The feature based assembly of three spool engine requires absolute location features at some typical 

locations to generate a proper mechanical assembly. The construction of such assemblies is possible by 

following the similar procedure. 

 

Figure 4.28: Mechanical assembly of HPC casing support panels 

 Assembly of combustion chamber 4.7

The assembly process for a featurized combustor of engine is probably the simplest of all other 

engine assemblies. A separate feature has been created in the present feature modeller to represent the 

annular combustor of three spool engine. The combustor feature is directly attached to engine feature and it 

is always in stationary frame of reference. Due to its hierarchical position in engine assembly, combustor 

feature receives the shapes of turbine annulus lines from its parent feature. It also creates its own shape 

defining its size and geometry profile. Turbine shapes are used to decide the location of combustor in 

general assembly. Figure 4.29 illustrates location and shape of combustor feature. End-wall feature is 

attached to the combustor feature to represent combustor tiles. End-wall feature having variable thickness 

completely surrounds combustor shape as shown in Figure 4.30, but it can never intrude into combustion 

space. i.e. it can be attached only on the outer side of combustor shape. The non-axisymmetric features 

representing holes on combustor tiles are created and attached to the end-wall feature. These holes are 

oriented in both perpendicular and parallel to the direction of flame propagation. An annular feature is used 

to represent the combustor pre-swirlers and it is attached to the end-wall feature at the front end of 

combustor. The fuel injectors and other accessories are not represented in the present general assembly. 
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Figure 4.29: Combustor location and its shapes 

 

Figure 4.30:  Construction of combustor case and creation of casing holes 

 

Figure 4.31: Combustor connections with the engine stators 
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Finally, the two-sided constraint features representing axisymmetric birdmouths of combustor case 

are attached to the features representing HP nozzle ring. HP nozzle ring and combustor case support the 

combustor at its rear end. The final construction of combustor is illustrated in Figure 4.31. User should 

assign the correct type of material and physical integrity flag to each feature in combustor assembly. 

 Engine plumbing and assembly of hydraulic network features 4.8

The present geometry modeller includes pipe and junction features in its feature library to generate 

the secondary air flow circuit in general assembly of engine. Pipes are the hydraulic paths laid in the 

direction parallel to fluid flow. The present system does not allow the attachment of pipe features to each 

other since such attachment would not preserve the details of their hydraulic junction.  Junction features are 

thus necessary to specify the kind of connection between two pipes. Junction features represent air system 

components such as flow junctions, valves and sudden or gradual area change devices etc. A stepwise 

assembly process is exemplified below for a pipe, which sources cooling air from buffer air cavity of ICC 

and supplies it to the buffer air chamber of turbine bearing housing (TBH) and a large inter-stage cavity of 

LP turbine rotor drum. 

1) In order to generate the hydraulic connection between aforementioned pressure chambers, a pipe 

feature is attached to the sheet metal feature representing outer casing of ICC. The path of this pipe is 

defined such that air can be transferred from ICC casing to TBH and LPT cavities. The air inlet leg of a 

junction feature is then attached to the ICC pipe feature. This junction feature is defined as 90
0
 T-

junction and its other two legs have child pipe features attached to them. Figure 4.32 illustrates the 

initial layout of pipe network. In this figure, visualisation of other pipes and junctions in engine 

assembly are suppressed for the sake of clarity. 

2) One of the air exit legs of 90
0 

junction feature directs IPC source air to the air-blown seals of external 

gearbox, whereas other leg has a pipe feature attached to it representing pipe transferring IP source air. 

A new 90
0 

T-junction feature is attached to this pipe feature. A stub of pipe feature is automatically 

attached to the middle leg of T-junction feature. This pipe feature negotiates the location of hydraulic 

connection with the pipe feature originating from SAS valve type junction feature. Junction features 

and their small stub-pipe child features are non-negotiable features and hence the pipe feature attached 

to SAS valve feature must modify the position and orientation of its last segment to satisfy positional 

constraint. Figure 4.33 shows the assembly of second 90
0 
T-junction with SAS pipe network. 

3) The second leg of new T-junction feature has another pipe feature attached to it, which ends near 

combustor casing. Another junction feature is attached at the end of this pipe feature. The type of this 

new junction feature is Y-junction and it has two small stub-pipe features attached at its two exit legs. 

Figure 4.34 clarifies the addition of new hydraulic features in feature assembly. 

4) The other part of this hydraulic circuit starts from buffer air cavity of TBH and casing cavity of first 

stage LPT NGVs. Pipe features are attached to the sheet metal features representing top casing of TBH 

and outer casing of LPT, respectively. The TBH buffer air pipe passes through the cavities in TBH and 

then through the hollow IPT nozzle ring. The path of this pipe feature has been laid such that its  
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Figure 4.32: Initial layout of pipe paths for the hydraulic circuit generation 

 

Figure 4.33: Assembly of second T-junction in SAS pipes 

 

Figure 4.34: Addition of SAS pipe and the Y-junction 
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Figure 4.35: Pipe network for supplying the cooling air to LPT and the buffer air to TBH 

last segment ends near the middle leg of Y-junction feature. Similarly, the pipe feature originating from LPT 

cavity ends near the straight leg of Y-junction feature. Figure 4.35 shows the pipe network laid for 

supplying SAS cooling air. 

The stub-pipe features attached to both air-exit legs of Y-junction feature have position constraints 

specified at the end of their path. Similarly, the pipe features originating from TBH buffer air cavity and 

casing cavity of LPT nozzle ring have position constraints attached at the end of their paths. These pipe 

features have same identification parameters, which are used to check their compatibility during constraint 

evaluation process. The constraints on pipe features are then satisfied according to pipe feature’s negotiation 

method. Figure 4.36 shows the final assembly of this part of air system network.  

Pipe and junction features represent plumbing components in engine and hence those are attached to 

the features that are in stationary frame-of-reference. Their part-of graph is thus quite large. 

 

Figure 4.36:  Assembled network of SAS pipes 
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 Measuring clearances in assembly 4.9

Some of the prominent examples of feature-based engine assembly have been presented in above 

sections. The process of geometry generation is continued on same lines using the design-by-features 

technique for multi-spool, multi-modular assembly of aero engine. A large number of features and many 

positional constraints have been created for generating this assembly. After completing the assembly of all 

featurizable components in engine, a need is felt to add a few more features to support downstream analyses. 

It might have been observed that a majority of cavity openings in general assembly are closed by the 

features, which have their own shapes or paths. However, at some cavity openings a local shape defining 

the aerodynamic boundary of cavity is not available. It is important to know the location and size of such 

openings for several kinds of analyses. Therefore, the features creating their own shapes are attached at such 

openings to keep the record of their size. These shapes represent the boundaries of engine cavities, where air 

flow crosses them in almost perpendicular direction. Those can also be used for structural analysis, wherein 

the contact distances between critical components are important. 

A measuring clearance is defined as a local shape joining two distinct features. It is produced by a 

pair of non-negotiable match features. Measuring clearances are placed at locations where a cavity boundary 

needs to be defined and no feature already added in assembly can serve the purpose. The typical locations of 

open cavities are gaps between blade platforms, disc bores, annular orifices, brush seals etc., where it is 

desirable to divide a large air cavity. A few such locations are shown in Figure 4.37. 

 

Figure 4.37: Attachment of measuring clearances at the SAS loss locations 
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A pair of non-negotiable match features, which is used to create a measuring clearance, is attached 

to the features representing structural parts adjacent to the desirable location. As both match features are 

non-negotiable, the design is considered as frozen by constraint satisfaction solver. Consequently, the 

geometry models of parent features do change their shapes. One of the match features in that pair produces 

its own shape, which connects the geometry models of two parent features and also stores the exact distance 

between them. Its shape forms an aerodynamic boundary, which divides a large engine cavity into two 

distinct cavities. Air flow usually crosses this shape in approximately perpendicular direction. 

 Whole engine feature assembly and its attributes 4.10

The above sections describe some of the important aspects of feature based engine assembly by 

presenting selected examples. These examples can be used as guidelines for the construction of a featurized 

geometry model of engine. Figure 4.38 shows the virtual representation of general assembly (GA) of a 

three-spool aero engine generated using the present geometry modeller. The fine details of this assembly 

model have been illustrated in Appendix C. The present low-fidelity geometry model consists of all 

important parts of aero gas turbine. Although, minute manufacturing details are not included at present, it is 

possible to derive suitable feature taxonomy to incorporate them. In fact, it would be logical to generate the 

3D geometry model of engine for incorporating such fine details. However, the specification and 

implementation of position constraints in all three dimensions is not-so-easy for such huge assemblies. 

The creation of virtual engine general assembly (VEGA) is a straightforward process that preserves 

the salient attributes of aero engine construction for downstream CAE analyses. This geometry model and 

its attributes are the outcome of carefully selected architectural guidelines for this geometry modeller and 

the hierarchical construction of features. The attributes of the present geometry model are discussed in 

following sections. 

 Dynasty-based assembly 4.10.1

The dynasty based hierarchical structure of engine assembly has been referred to in previous 

chapters and in sections 4.2 and 4.3 of this chapter. The fundamental concept of dynasty-based engine 

assembly is related to the creation of separate groups of features representing components having same 

rotational speed. The dynasty is represented by spool feature, which holds a modifiable parameter that 

acquires speed boundary condition each time the analysis conditions are updated. The ancestor spool feature 

provides a consistent rotational speed to all sub-features belonging to its dynasty. This assembly structure 

inevitably follows the fundamental hierarchy in modular construction of engine. The expediency of this idea 

will be revealed in Chapter 8 in the discussion on set-up of SAS analysis. Figure 4.38 shows the dynasty 

based assembly of three spool aero engine. 

Further details of dynasty-based engine assembly have been presented in Appendix C. It shows the 

speed based dynasties in different colours. The division of geometry models of interface features into 

separate dynasties is worth noting. A majority of labyrinth seals have their base and knives mounted



 

 

 

Figure 4.38: The feature-based computational geometry of a three spool aero engine (VEGA) 
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on rotating parts and their stators connected to stationary parts. The feature-based engine assembly clearly 

shows that the geometry models representing base and knives of labyrinth seal belong to the rotor dynasty, 

whereas the geometry models representing abradable material and seal stator belong to the stator dynasty. A 

similar division of the geometry models of features representing bearings might also be observed. The 

assembly of features representing inter-shaft seals and bearings is probably more interesting. It might be 

seen that the geometry models of these features are distributed to corresponding rotor dynasties and thus 

they can represent correct speed boundary conditions. 

  Assembly dependency: Feature validation 4.10.2

Some feature validation methods have been suggested in the architectural guidelines for the present 

geometry modeller. (Chapter 2, Section 2.4 - E) It might be noted that the locus of control for generating 

geometry models lays in the features of this geometry modeller. Hence the traditional methods for feature 

validation such as intra-feature dimensional checks and other geometry-related dependencies are not 

implemented. However, the interdependencies implemented for assembly modelling such as feature 

attachment and inter-feature positional constraints need to be validated. These are briefly discussed below. 

Some features in the present feature library have provisions to check mutual compatibility. These 

methods have been implemented for features such as match, pipe etc. These features have their own 

validation methods for checking the type of mating feature, its identification tags and its dimensions at 

attachment location etc. Pipe and junction features also check the number of components specified along 

circumference in mating feature to avoid the calculation of incorrect flow areas at hydraulic connections. 

Similarly, the feature attachment interdependency is validated using certain predetermined rules. An 

engine feature can have only eight child features that are attached in a specific order. The order of 

attachment is important to avoid incorrect distribution of annulus shapes. The spool feature can have only 

two child features, which represent the compressor and turbine modules. Pipe feature checks the type of its 

parent feature before generating its path. If it is attached to a non-junction feature, it creates a notch in the 

body of its parent feature. Also a pipe feature cannot have non-junction type child features and its child 

features can be attached only at the end it its path. Moreover, a junction feature is restricted to have only 

pipe features as its child features and those can be attached to it only at the locations of their hydraulic 

connection. The parameters of these features are validated in real time for maintaining the consistency in 

engine assembly. The program can also identify the discrepancies in inputs for feature attachment or inter-

feature dependencies. 

 Mechanical integrity checks 4.10.3

The validation algorithm in geometry modeller should be able to identify the possibilities of 

incorrect assembly. In the present geometry modeller, mechanical integrity checks are carried out on entire 

geometry model after performing Boolean operations. These checks ensure that the merging of two adjacent 

geometry models results in a sensible mechanical assembly. It should, however, be noted that the algorithm 
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does not check the engine geometry model against actual assembly of engine. The present checks are carried 

out based on some generalised rules. Following rules have been considered for carrying out integrity checks, 

1) While generating feature assembly, it is possible that users might mistakenly attach a feature to 

incorrect dynasty. 

2) It may be possible that the geometry models of features belonging to different dynasties cause 

geometric interference after implementing constraint satisfaction algorithm. 

3) If incorrect input is provided for a dimensional parameter of feature, its geometry model may not fit 

properly into its predetermined space. Such geometry model may interfere with the geometry 

models of adjacent features.  

4) A disconnected part of geometry model of a feature might lose the track of its dynasty. 

Mechanical integrity checks are purely based on dynasty scrutiny algorithm. Due to the mechanical 

construction of engine, different spools or dynasties get their own rotational speed. If the rotational speed or 

speed-frame of reference is different, then by definition, distinct dynasties cannot share the same geometry 

model. The conditions stated in Table 4.1 are implemented in the validation algorithm, 

Table 4.1: Speed dynasties in three spool engine assembly 

Sr. No. Spool of Engine feature Speed dynasty Frame of reference 

1 HPROTOR HPROTOR HP rotor speed 

2 IPROTOR IPROTOR IP rotor speed 

3 LPROTOR LPROTOR LP rotor speed 

4 HPSTATOR ENGINE Stationary 

5 IPSTATOR ENGINE Stationary 

6 LPSTATOR ENGINE Stationary 

7 Combustor ENGINE Stationary 

8 Dressings ENGINE Stationary 

It might be seen that HPROTOR, IPROTOR, LPROTOR and ENGINE STATOR are the four main 

dynasties in three spool engine. During validation, the dynasty scrutiny algorithm checks each pair of match 

features and interrogates the dynasty of its both parent features. If, by user’s mistake or by intention, the 

participating parent features are found belonging to dissimilar dynasties, the algorithm indicates it as 

incorrect mechanical assembly of featurized engine components. It also voids the constraint satisfaction 

process for that pair of match features. 

The second integrity check is related to the inspection of locations, where the geometry models of 

features are merged. Each segment of a merged geometry model is interrogated to know its engendering 

feature and the dynasty of that feature. If any two segments in a geometry model are found belonging to 

dissimilar dynasties; the algorithm indicates that as a location of mechanically invalid assembly. The 

geometry models that do not belong to any dynasty can also be identified. It is user’s responsibility to 

establish proper assembly relations between featurized components and regenerate the feature assembly. 
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 Interference checks 4.10.4

The conditions used for checking the mechanical integrity of model are extended further to prepare 

the rules for checking model interference. These rules have been created to identify the locations, where 

geometry models might have a large unintended interference. In the present geometry modeller, users are 

expected to specify the dimensions and constraints for geometry models such that after merging they would 

share just edges. Figure 4.39[a] shows the example of ideal merging conditions. However, if the constraints 

and dimensions are not specified correctly, the geometry models may crash into each other thus creating 

large interference. Figure 4.39[b] shows the example of interference of geometry models. 

 

Figure 4.39: Conditions of geometry model interference 

The interference validation algorithm checks each segment of every geometry polygon and finds its 

engendering feature. If the features engendering two consecutive segments in an assembled geometry model 

are not same, then algorithm cross-examines these features to confirm if their coexistence is valid. The 

following relationships are considered as valid, 

1) The merged geometry models of two features having attachment relationship i.e. parent-child 

feature relation. 

2) The models of two features constrained by positional constraint inter-dependency. 

3) The geometry model of a child feature of a participating feature is merged with the geometry 

model of a child feature of another participating feature. (child-child relation) 

4) The geometry model of a child feature of a participating feature is merged with the geometry 

model of another participating feature (uncle-nephew feature relation) 

5) The geometry model of a grandchild feature of a participating feature is merged with the 
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The above sequence of feature relationships is followed by the algorithm to validate feature 

assemblies. If algorithm finds a valid relationship between two interfering geometry models, then the next 

relationship in above list is not checked. Obviously, the occurrences of later types of relationships between 

interfering features are rare, but provisions have been made to identify them. Although the interference 

validation algorithm can identify the locations of invalid interferences, it is not authorized to break 

assembly. Figure 4.39[b] shows the example of an identified interference location. 

 Engine geometry – A database for analysis 4.11

The requirement of generating a common geometry database has been stated in the objectives of 

Virtual Engine (VE) design environment (Section 1.5) and in the architectural guidelines for the present 

geometry modeller (Section 2.4). The feature-based construction of the present geometry modeller has also 

been selected to generate a geometry model that can serve as a database for all downstream analyses. It may 

be realised that the geometry model of general assembly of three spool aero engine satisfies these 

requirements by the virtue of its systematic and hierarchical construction. It can support the major CAE 

analyses by providing requisite geometry variables. The model can be extended easily due to its synthesis-

based design-by-features construction. This database can also be made available to other viewpoints such as 

process-planning, manufacturing etc. From design and CAE perspective, this geometry model would be very 

useful for both high and low fidelity fluid and structural dynamic analyses. Fluid-structure interaction 

problems may also be assessed. The following sections highlight some of the important applications, which 

use this geometry model as a database for CAE analysis. 

 Generation of cavities and SAS analysis 4.11.1

The demonstration of whole engine SAS analysis through VE design environment is one of the 

main objectives of the present work. A network of interconnected cavities would be created for 

demonstrating such analysis. The present geometry model of general assembly of engine is used for 

extracting the SAS network. The large air cavities in engine are represented by the geometry models of 

hollow spaces in the present feature assembly. The large geometry models of hollow spaces are slit into 

several small geometry models of cavities at various aerodynamic boundaries defined by shapes. The 

current features are then transformed into the elements of flow network model using feature transformation 

process. This process demonstrates the conversion of engine geometry model into computational domain for 

SAS analysis. VE design environment also maintains the association between elements of geometry model 

and those of flow network model, thus creating a bidirectional coupling.  

Due to both feature-based construction and implementation of feature transformation process, it is 

possible to transform the whole engine geometry model into flow network model for SAS analysis within a 

few seconds and at much earlier design stage. This methodology is still not available for industrial design 

tasks and hence it is one of the most desirable parts of the present work. The next part of this thesis 

elaborates each important aspect of this process; starting from the extraction of air cavities in next chapter. 
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 Geometry - Data exchange for other analysis 4.11.2

The structure of geometry model and its data exchange capabilities have been developed to support 

several CAE analyses. Ports or so called - plugins have been created for the generation of computational 

domains for various analyses. Some of the examples are enumerated below [106],  

1) The whole engine mesh generation process embarks from the whole engine geometry model. Multi-

dimensional and multi-fidelity grid can be generated from the present geometry model. 

2) Low fidelity shell-based structural analysis can be conducted for computing engine carcass deflections.  

3) Multiple computational domains could be set up for carrying out high fidelity CFD analysis within 

primary flow annulus and low fidelity network analysis within secondary flow field.  

4) This geometry model can support combined fluid-structure analysis using its edges as interfaces. 

5) It is also possible to carry out CFD analysis of combustor by extracting the flow domain between exit of 

HP compressor and inlet of HP turbine. 

6) Although not explored at present, the present geometry model is deemed to support complex air-oil mist 

flow analysis in bearing housings. 

7) Other structural analyses such as rotor dynamics, dynamic balancing of engine and optimisation of 

bearing locations etc. could be undertaken. 

8) Lastly, the present feature-based geometry model forms a powerful database for carry out whole engine 

optimisation studies. However, this stage seems to be distant from the present status of work.  

Although the present geometry model can support the generation of analysis domains encompassing 

whole engine, this is not always necessary. Limited analysis domains can also be generated based on feature 

headings or feature identifiers (Section 3.3.1), which are unique to each feature. The generation of a flow 

network domain for SAS analysis using feature headings is demonstrated in the next chapter. It might be 

observed that the aforementioned discussions on various topics do not refer to the graphical user interface 

(GUI) for the present geometry modeller. It is worth mentioning that such GUI has also been created for this 

modeller; however, it is not in the scope of the present work. The present geometry model can also be 

transferred to other geometry modellers in standard IGES format. However, the transferred geometry 

database does not maintain its feature-based construction and only low abstraction level geometry model 

could be transferred. Obviously, the new database format causes severe reduction in geometry handling 

capabilities. The geometry models can also be transferred to post-processing software such as Tecplot. 

 Discussion and closure 4.12

This chapter demonstrates the utilization of the present feature-based geometry modeller for 

generating the geometry model of three spool aero engine. The background for generating the whole engine 

geometry model is provided by the architectural guidelines stated in second chapter and the construction 

details of the present modeller explained in third chapter. The simplicity of geometry generation process is 

an important attribute of this geometry modeller; although, it is necessary to have some prior knowledge 

about engine’s architecture and its modular assembly. An expert user can easily generate the geometry 
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model of any other type of engine based on guidelines provided in this chapter. Amongst different aspects of 

geometry generation process, the effective use of core features is quite important. It might be possible to 

construct the engine geometry model without core features, but such model would not preserve the design 

intents and hence would not be able to support intended CAE analyses. 

Quick generation of whole engine model is the prime capability of the present geometry modeller. It 

is possible to generate the new engine model, if sufficient details are available. The geometry modules 

having fairly similar construction can also be copied from other modules of the same engine. Moreover, the 

geometry models marine or industrial derivatives of aero engine can be easily generated from its existing 

geometry model. 

Author recommends using dynasty based assembly and module based assembly for the systematic 

and hierarchical collection of featurized design objects. Such construction is extremely beneficial for all 

downstream analyses. This statement has been substantiated in later chapters. The position constraints form 

a large part of the present assembly construction. A sensible use of position constraints is recommended, 

which not only reduces model construction work but also avoids redundancies in their application. The 

present geometry model of engine consists of over 1600 features and more than 40% of those features 

represent positional constraints. This highlights the importance of their organised and consistent utilization. 

The feature assembly validation algorithms in the present geometry modeller are generally sufficient 

for the current scope of work; however, more comprehensive internal checks and real-time feature 

validation capabilities are highly desirable. These capabilities can be included at a later stage when this 

geometry modeller is properly established. The powerful data preservation and retrieval capabilities of the 

present geometry modeller have already been mentioned. This database is always loaded in the soft memory 

(RAM) of computers and hence is easily modifiable and it can be updated after every analysis iteration. 

Consequently, many CAE analyses can be performed simultaneously. 

The geometry generation work for VE design environment is completed with the end of this 

chapter; however, the discussion on feature technology is not yet finished. The computational geometry of a 

three spool aero engine is a functional pillar of the present work and it will be referred to in later chapters. 

The next chapter elaborates the feature transformation technique used in a plugin of VE design environment.  



 

 

 Chapter 5 The Air system Network Generation 

 Introduction 5.1

In the present work, low fidelity flow network analysis of secondary air system has been selected 

amongst several different CAE analyses that can be conducted on whole engine domain. This work also 

intends to demonstrate CAE capabilities of Virtual Engine design environment. Both computational 

geometry of engine and SAS flow network analysis domain have very similar topology and thus their 

models can be coupled easily. The automated generation of air system network model is the first step 

towards utilizing the computational geometry of engine for flow network analysis. 

The flow network analysis of secondary air system of engine is not a particularly novel technique. 

The loss models and solvers for flow network modeller are already available in open literature either in parts 

[107,108,105] or in roughly compiled condition [109,110,111]. The review of loss models shows that the 

development of some of these models has already been completed and no more research work is necessary, 

whereas some other models might require long term research work. The flow network analysis is a low 

fidelity simulation technique and it has already been superseded by high fidelity CFD simulations. 

Therefore, it might be contentious to undertake SAS network modelling as a part of the present work. 

However, the overview of air system modelling methodology highlights some of the important limitations of 

system-level assessment of SAS. The preparation of complex air system model for whole engine domain is 

an extremely laborious task in the present industrial design work, despite several advancements made in 

improving computational aspects. Furthermore, a consistent compilation of all loss models representing SAS 

components does not seem to be available in open literature. SAS loss models usually require diversified 

modelling techniques and their consistent unification for flow network solver is one of the challenging tasks. 

These significant problems have been identified as opportunities for systematising SAS modelling work and 

to explore its research potential. 

The following chapters, including this chapter, gradually elaborate the present SAS flow network 

modelling work. To begin with, a brief review of secondary air system of gas turbine engine has been 

presented in next section. The review points out limitations of prior flow network modellers and also 

presents problems in automatic creation of air system network model. Further, the fundamental elements of 

the present flow network modeller have been presented. The details of extraction, identification and 

transformation of features representing air system components in computational geometry model of engine 

into the elements of air system network modeller are revealed thereafter. The pre-processing methods for 

generating whole engine SAS network model are elaborated at the end of this chapter along with the 

explanation on feature enquiry methods. These methods have been designed to transfer data in engine 

geometry model to flow network model. 



 

 

 

 

 

 

Figure 5.1: Boundaries of the secondary air system of a three spool gas turbine engine
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 A review of literature - Air system modelling 5.2

The knowledge of construction and functions of secondary air system is important for generating its 

network model. A brief review of SAS network modelling has been presented here that describes the major 

elements of SAS and their functions. Furthermore, topological details of SAS such as air tapping locations 

and general plumbing layouts for air distribution etc. have been discussed in the following sections. The 

functions of secondary air system have also been addressed.  This is followed by a brief discussion on 

limitations of earlier modelling methods that guides the generation of SAS network model. 

 Air system - Location and boundaries 5.2.1

Figure 5.1 shows the general layout of secondary air system of a three spool aero engine. It can be 

seen from Figure 5.1 that internal air system encompasses the domain of entire engine [105]. Any flow path 

or fluid reservoir in air system has two types of flow boundaries namely, flow inlet(s) at high pressure zones 

and flow outlet(s) at relatively low pressure zones. Its solid wall boundaries are formed by metallic 

components of engine such as mechanical assemblies rotating parts – shafts, drums etc. and stationary 

structural parts – struts, casings, housings etc. Based on this abstract description, whole engine SAS can be 

partitioned into six fundamental flow zones that are mainly determined by engine configuration, air bleed 

locations and locations of air sources and sinks. For three-spool high bypass ratio turbofan engine these 

zones may be described as, 

1. LP air system, which contains fan delivery air within nose cone and LP shafts. 

2. IP air system delivers pressurised air into IPC rotor drum cavities. This air flows towards fan air 

delivery location. A part of IPC delivery air is provided to buffer air chambers of all bearing 

housings and to de-icing locations of engine structure strut (ESS) and splitter etc. IPC delivery air 

either sinks into various bearing chambers or to later stages of LP turbine. It is also provided to 

various accessory related bleeds and is discharged through IP bleed off valves depending on IPC’s 

operating schedule. 

3. Mid-stage HPC air system delivers cooling air into cavities between HP and IP turbine discs. This 

air mixes with IPC delivery air and flows into LP turbine cavities. HP air might also be discharged 

through HP bleed off valve or through nose cowl anti-icing valve depending on HPC’s operating 

schedule. 

4. The air system between HPC outlet guide vanes and HPT nozzle ring contains highly pressurised 

air, which passes through CDP seals, pre-swirl chambers, HPT blade cooling passages etc. and 

mixes with primary air flow at HP turbine stage. 

5. HPC delivery air is also used in combustor cooling system. A part of this air enters into combustor 

cavity and mixes with primary air flow, whereas a small part passes through HPT nozzle guide 

vanes’ (NGV) cooling passages. Combustor cavity is usually not included in flow network model of 

secondary air system. 

6. Localised stator-well or shroud-seal flows in compressors and turbines.  
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7. Apart from these main flow systems, some engine cavities are filled with mixed air from two 

distinct SAS zones, thus adjusting static pressure and temperature of air.  

The knowhow of SAS flow zones is quite helpful for understanding air system layout, air tapping 

locations in compression system, air re-entry locations in turbine blades, air flows in inter-disc cavities, 

bearing chambers, de-icing system and customer bleeds etc. However, the knowledge of flow zones cannot 

be used effectively for the design and analysis of SAS. Instead, it is much convenient to conceive it as a 

system of interconnected cavities. Based on this perspective, secondary air system may be sub-divided into 

following standard components [107], 

1. Rotating / non rotating cavities within compressor and turbine drums or structures 

2. Labyrinth seals at numerous locations in SAS 

3. Tappings for internal and external bleeds 

4. Ejectors, nozzles, orifices, holes and slots for flow transfer through solid walls 

5. Pipes, pipe junctions and other air transfer systems 

6. Pre-swirl chamber and cover plates near flow entry at HP turbine blade roots 

7. Diffusers and vortex tubes for radially inward flow transfer in rotating components 

8. Cooling air passages inside turbine blades 

9. Air-oil mist cavities 

The main advantage of having standard air system components or flow paths is that they always 

have known pressure loss characteristics, irrespective of their shape and size. This attribute is much 

convenient for their design and analysis. SAS components also control internal air flow in engine, which 

perform several different functions. These are discussed in the following section. 

 Functions and requirements 5.2.2

The above components are used in the internal air system of engine according to their applicability. 

It is important to design them carefully to maintain engine’s health and performance at all possible loading 

conditions. SAS components could get severely affected by any operational malfunction, which further 

degrades engine performance. SAS is responsible for [109,112], 

 Prevention of leakage of mainstream thermodynamic cycle air into engine cavities thus ensuring 

that a majority of air and combustion products pass over aerofoil surfaces. 

 Tapping and circulation of pressurised cooling air from primary airflow path. 

 Metering airflow supply to various engine components  

 Maintaining internal pressure in cavities to balance thrust loads on thrust bearings. 

 Pressurization of rotor drum cavities to prevent hot gas ingestion. 

 Cooling of rotor discs and HPT/IPT blades to regulate temperature variation, which controls thermal 

stresses and component deformations. Cooling function is critical for maintaining the integrity of 

engine during transient operations. 
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 Cooling and pressurization of bearing chambers to prevent oil leakage and possibility of oil fires. 

 Cooling of accessories such as electric generators and external gear boxes etc. 

 Supplying air to customer bleeds 

 De-icing of important surfaces in engine and aircraft  

 Satisfying all above functions under all operating conditions using optimum mass flow rate. 

 Accommodating SAS components within available space 

Proper functioning of air system may be assured only after performing several analyses, which, 

unfortunately, is not a straightforward process. As mentioned in early literature, the main difficulties for air 

system designers are unavailability of computing resources, limited databases and lack of general idea about 

the nature of air flows in SAS. Moore [109] has stated that air system designers are always compelled to 

work on component outlines that are designed by other component specialists and thus air system does not 

include any discrete engine component. As a result, there can be myriad of design variations and 

configurations of air system for any particular engine architecture [113]. It is a kind of design that is 

modified based on the requirements of other components and thus it evolves through a highly iterative 

process. 

Many problems associated with early designs of air systems (for turbojet and low bypass turbofan 

engine configurations) have been explained by Zimmermann [107] and Moore [109]. The articles published 

during 1970s clearly exhibit the knowledge about air system design principles, but those also show the lack 

of validated correlations for engine-like flow conditions. Several handbooks and other literature written and 

published during that period actually do not provide enough information for modelling real air flows in 

secondary air system. Consequently, earlier designs tend to rely on experimental methods.  

The 2
nd

 and 3
rd

 generation (usually twin spool mixed flow turbojet type) commercial aero engines 

had a different mechanical architecture than the recent 5
th
 generation (high bypass turbofan) engines. 

Obviously the requirements of air system design and problems faced by SAS designers were different. A 

remarkable change in SAS design philosophy may be observed during that period. It is worthwhile to review 

the problems and requirements of air system, which are largely dependent on thermodynamic cycle of 

modern gas turbine engines. The change in SAS design philosophy during early 1970s may be summarized 

as [109]: 

 Due to the advent of high pressure ratio compressors, internal pressure in air system increases. This 

generates high pressure ratio across seals, thus creating a difficult problem of bearing load 

distribution. To deal with these problems, designers usually need to create low pressure cavities by 

venting cooling air overboard. Both problems mentioned above require increased cooling air flow. 

Moreover, high pressure ratio compression system increases the temperature of cooling air (HP air) 

and thus reduces its cooling potential. Any extraneous heat input in this cooling air can disturb the 

balance of heat flow in engine. 
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 High bypass ratio engines mean smaller cores i.e. a high-speed gas generator spool coupled with a 

multistage LPT. As the size of spools decreases, it becomes increasingly difficult to reduce and 

maintain seal clearances in proportion. Also dimension tolerances, whirl deflections, mechanical 

and thermal strains, gyroscopic deflections etc. do not reduce in scale with reduction in geometric 

dimensions. High rotational speed implies higher bearing loads, but spool size reduction does not 

allow increasing bearing dimensions to maintain same life hours. It is thus necessary to reduce 

bearing loads by employing more complex pressure balancing system, which ensures safe bearing 

loads at all possible loading conditions. Moreover, multistage LPT increases the number of 

interfaces between primary and secondary air flow paths and thus the demand for internal airflow. 

 

 As HP turbine entry temperature increases, it is natural to expect increase in cooling requirements of 

blades, discs and casing. Often these requirements do not scale linearly and thus greater amount of 

cooling air flow rates are required. Additionally, smaller spools entail reduction in space available to 

accommodate all necessary SAS parts. Besides, advanced cooling techniques such as surface (film) 

cooling, impingement cooling etc. need high pressure air at lower temperature to cool turbine rotor 

blades. All the above requirements necessitate increasing cooling flow rates in internal air system 

and therefore the chances of coolant flow loss increase significantly. Any un-designed and 

uncontrolled leakages in system call for more flow requirement. 

It might be realised that the above design philosophy has been appropriately used by air system 

designers to develop a new generation of high bypass ratio turbofan engines. The internal air system 

maintains safe working conditions in engine; however, it is parasitic to its primary air flow system and 

penalizes engine performance, if not designed carefully. Uncontrolled loss of cooling air during prime flight 

mission directly increases specific fuel consumption (SFC) and reduces specific thrust of engine. On the 

other hand, the situations such as reduction in cooling mass flow rate or cooling flow direction reversal can 

cause disastrous failure of power plant under the most demanding engine operating condition. Based on 

years of experience and test database [109], it can be postulated that with the increase in air bleed by 1%, 

turbine entry temperature needs to be increased by 11 K. It might be noticed that the compelling 

requirements of advanced thermodynamic cycle make secondary air system design a formidable task. 

Though SAS represents a complex web of air flows performing variety of functions; previous 

researchers paid more attention to its cooling function. Therefore, rapid advancements may be found in 

literature about air tapping techniques, coolant transmission systems and coolant re-entry techniques etc. Air 

tap-off method from compressors and its scheduling, air pre-swirling techniques with pressure recovery at 

turbine blade roots and thermal matching of components etc. are some of the widely discussed topics in the 

classical articles on secondary air system.  
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 Status of air system modelling 5.2.3

In recent years, the methods for design and analysis of secondary air system have advanced in many 

respects. Many publications are available on flow and pressure loss modelling of air system components 

such as rotating and stationary discs, several kinds of orifices, bleeds and air scoops, various types of seals 

etc. A majority of these publications advocate 1D modelling of flow instead of complete 3D modelling. 

Some of these publications have been discussed in the next chapter. Certain past developments and the 

current status of flow, loss and heat transfer modelling of secondary air system of aero engines have been 

discussed below. 

Owen [110] has published several articles on experimental and computational methods for 

modelling the flow over rotating discs and rim seals. He contends that theoretical flow models can provide 

fundamental insight about flow structures. Although simplistic in nature, these models generally provide 

quick and reliable estimates of mass flow ingestion rates and cooling effectiveness. However, it is important 

to note that in actual flight missions secondary air flows in engine tend to be extremely unsteady and flow 

structures change quasi-randomly. This makes it very difficult for air system designers to predict transient 

variations of pressure and temperature in air system using 1D modelling techniques. 

CFD techniques can be used effectively for modelling transient flows in internal air system. Many 

earlier CFD models have provided much better understanding of quasi-steady flows and heat transfer in 

internal air system of aero engine. In a comprehensive review on application of CFD for SAS, Chew et al. 

[114] have mentioned about the advancements in CFD modelling techniques such as development of new 

solver algorithms and their parallelisation, new turbulence and thermal modelling techniques etc. They also 

mention that several industrial scale models of SAS components have already been prepared such as rotor-

stator disc cavities, rotor-rotor disc cavities, pre-swirl systems, rim seals etc. Automatic meshing and 

preparation of CFD cases for small domains of internal air system is also becoming a commonplace. 3D 

CFD models allow designers to include 3D geometry features in flow domain and such models have 

demonstrated the shortcomings of low fidelity models, which cannot capture complex flow physics. 

Naturally, CFD has gained widespread acceptance and has substantial impact on gas turbine industry. 

However, it is not true that CFD is a perfect solution for all problems. CFD technique still has some major 

shortcomings such as laborious task of meshing flow domains, inadequate post-processing methods and lack 

of automated system-level modelling capabilities. Clearly, more advancement is necessary before it can gain 

acceptance from all researchers in this field [110]. 

In the past two decades, the techniques for modelling secondary air systems have transformed 

significantly, which might be credited to the saturation in development of main gas flow path components. 

During this period, some researchers pursued whole engine modelling, although full-scale engine modelling 

as in NPSS (section 1.3.2), has not yet been encountered. Alexiou et al. [115,116] have also followed whole 

engine modelling approach in their work. They incorporated three 1D loss models of secondary air system 

components into 0D cycle computations [13,14,15,3] viz. generic, orifice and labyrinth seal. The generic 
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component in their system can have arbitrary geometry with multiple inlets and outlets. It has been created 

to model the flow mixing process in chamber and to transfer heat and work from surrounding surfaces. The 

equations of conservation of mass, axial and angular momentum and internal energy are applied to the fluid 

in generic cavity to balance mass flow rates, pressure, temperature and velocities. Apart from this, they have 

also considered pressure losses due to flow mixing, surface friction and convective heat transfer depending 

on the orientation of component surfaces. The orifice component computes through mass flow rate based on 

nozzle equation and momentum balance. It can be used in stationary or rotating frame of reference relative 

to incoming flow. The orifice equation includes flow discharge coefficient, Cd, to model the unknown flow 

losses. The value of Cd, depends on orientation, rotation and flow and geometry parameters of orifice. The 

model of labyrinth seal component is based on simplistic formula originally proposed by Hodkinson [117]. 

Alexiou et al. claim that engine performance can be simulated accurately using improved estimates of mass 

flow rates, temperature rise and pressure distribution provided by these models of secondary air system 

components. It should be noted that Alexiou et al. [115] have not prepared a secondary air system modeller, 

but they have incorporated SAS models directly into engine performance simulation model. 

Smout et al. [118] report the undertakings of ICAS-GT program, which was devoted to the 

development of experimental and computational models of internal air system for gas turbines. This 

program covered five discrete topics related to the modelling of internal air system viz. turbine rim seals, 

flow in rotating cavity, heat transfer in cavities, turbine pre-swirl system effectiveness and flow in drive 

cone cavity. Many experiments were conducted in engine-like flow conditions to extend the database of 

measurements of temperature, pressure and heat transfer. The program has been successful in terms of test 

data collection and validation of CFD simulations. This program helped to improve confidence in air system 

modelling techniques and to decide newer modelling strategies. It has also been helpful in unifying 

modelling practices used by different researchers across industry. 

In the later half of previous decade, research efforts were primarily focussed on the coupling of 

distinct disciplines to carry out multidisciplinary analysis of gas turbines. Such efforts were necessary to 

assess secondary air systems during take-off and cruise flight missions, in which engine components may 

deform severely under thermal and structural loads. Due to structural deformations, gaps and clearances in 

seals and other critical components may vary, which modify the existing cooling mass flow rates, cavity 

pressures and temperatures. Such variations of pressure and temperature in SAS cavities further affect 

component deformations. The interaction of structural deformations and SAS performance continues until 

engine attains a steady state operating condition. The coupled nature of these disciplines has been depicted 

in Figure 5.2. Traditionally, such analyses are carried out in a hierarchical sequence before finalizing engine 

design. This process is highly cumbersome, difficult to follow and shows large deviations between 

numerical predictions and test data. Such inadequacies, if found at a later stage of design process, naturally 

call for design rework, thus costing resources. The coupling of SAS, heat transfer and structural analyses at 

equation level (tightly coupled system) is one of the best possible ways to solve this problem. At present, 

this approach is being explored by many researchers. 
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Figure 5.2: Hierarchical iterative model for coupled system analysis [119,112] 

Some of the early attempts of such coupled analysis have been presented by Athavale et al. [120] 

and Prasad et al. [121], in which commercial software and in-house codes were combined. Athavale et al. 

and Prasad et al. knew that the overall accuracy of solution could never exceed the accuracy of SAS network 

model due to inherent limitations of existing 1D loss correlations in SAS solver. In order to improve the 

accuracy, Prasad et al. [121] suggested that CFD should be used to generate simple 1D loss correlations for 

the components for which data is either not available or is not based on realistic operating conditions. Their 

coupled analysis is limited to a few subassemblies of engine such as LPT drum and their results showed 

approx. 7.2% deviation from test data. 

A more unified and comprehensive approach has been presented by Roychoudhary et al. [122] and 

Muller [119]. Roychoudhary et al. coupled SAS solver developed by Kutz et al. [111] with structural and 

heat transfer analyses in conjugate fashion. Actual LPT geometry and its air system model were used to 

perform the intended analysis. This SAS model was coupled with heat transfer and structural deformation 

models of surrounding components. Flow boundary conditions for SAS model were linked to primary flow 

path variables and those were assumed to be constant for a selected engine operating condition. The heat 

transfer model was prepared using an existing FE model and thermal package PATRAN, whereas structural 

side was handled using ABAQUS software. The structural model was supplemented with component 

stiffness and component deformations were calculated using 2D global model. Internal data plumbing was 

created for seamless transfer of data between different software. This approach is an example of loosely 

coupled system, but it has provided excellent predictions for seal gap variation, hot gas ingestion and 

corresponding temperature distribution in air system. The results presented by Roychoudhary et al. closely 

match with experimental test results. They have concluded that such multidisciplinary analysis loses its 

sensitivity to domain coupling, if system is extremely under-designed or over-designed. This means that, for 

a poorly designed system, final results computed using coupled approach would not be much different than 

those computed by traditional single iteration approach. This conclusion has been useful for understanding 

the impact of coupled analysis on an optimally designed secondary air system. 
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Muller [119] has presented a more integrated approach for system level coupling. He used in-house 

SAS solver [112] for air system analysis and a free software CalculiX to carry out thermal and structural 

analysis. He selected a model of three stage compressor to couple the solvers of secondary air system, heat 

transfer and structural dynamics. He created flow network model from the points distributed on meshed 2D 

geometry models of surrounding components. SAS network model relates 2D component geometry to the 

links and nodes in SAS solver. Static pressure and temperature at nodes of SAS solver are communicated to 

thermal and structural solvers to update their boundary conditions. It is, however, important to note that the 

communication methods between solvers could neither alter geometry and mesh nor could they change the 

topology of network. Using these updated boundary conditions, SAS, thermal and structural solvers 

sequentially iterate on their internal computational schemes to find pressure, temperature and mass flow rate 

redistribution, which is provided as boundary condition to subsequent solver. It might be noted that flow 

boundary conditions for SAS solver do not change as the primary air flow path solver is not coupled to these 

analyses. The results of Muller’s integrated scheme matched well with those of Roychoudhary’s scheme and 

with test results. 

 Discussion: Coupling of geometry and air system 5.2.4

The above review on air system modelling is important to realise severe drawbacks of prior SAS 

modelling approaches. The review highlights past technological developments in SAS modelling and also 

shows some backlogs in both system-level design and SAS modeller integration. The prior modellers were 

clearly not advanced enough to be incorporated into a design environment. Following points may be 

considered, 

1) The above SAS flow network modellers have the capability to model whole engine air system. 

However, the generation of whole engine network model is a remarkably laborious task. Frequent 

human intervention is necessary to create network models in all major flow network modellers (both 

in-house and commercial). 

2) Human intervention causes delays in generation of flow network model. After receiving engine 

component definitions, sufficient time period is necessary to create large network models 

comprising several flow cavities and flow paths. Time burdens can cause blunders and this is an 

extremely serious problem for the high-risk design task for gas turbines. 

3) The number of components involved in SAS modelling may be noted from a fully prepared flow 

network model of engine SAS [123,124]. It might be realised that it is quite cumbersome to enter 

component data in such models and any further modifications in these data or model are prone to 

errors. 

4) Many CFD models for air system components are available in literature; however, it is not a normal 

industrial practice to use CFD for whole engine SAS modelling. Clearly, using CFD-based 

modellers is equally or more laborious and cumbersome than generating whole engine flow network 

model.  
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5) Despite having flow modelling concerns, CFD can provide better insight into air system design 

problem. However, it is still used as a validation tool for resolving problems, which cannot be 

solved by flow network model. This highlights that the problems associated with creation of CFD 

model of whole engine domain are severer than the cost associated with its running. 

6) Strong advocates of CFD [114] also mention about the care to be exercised while using its results 

with confidence. Some of the major limitations of CFD are lack of integration of CFD models with 

computational geometry models and automated mesh generation. 

7) The review of literature on coupling of SAS analysis with heat transfer and structural dynamic 

analyses shows that it is not impossible to create such models. But so far very crudely coupled, 

design-unfriendly schemes have been proposed. Also the expanse of demonstrated models is limited 

to a small part of engine. Evidently, significant progress is necessary to couple various analysis 

programs through a common data structure. Such fully-coupled whole engine models are not in 

scope of the current academic research programs, let alone in industrial practice.  

The review of literature and above discussion highlights the importance of automated generation of 

whole engine network model using feature-based computational geometry. Such approach towards air 

system modelling is a prime requirement of the current industrial design process and research work. 

Considering the architecture of the present geometry modeller, it is possible to devise a method to extract, 

pre-process and set up air system network model that can be integrated with embedded flow network solver. 

The following sections explain the methodology proposed for the generation of air system network model 

using the feature-based computational geometry model of aero gas turbine. The coupling of these two 

modellers is one of the important steps for further development of VE design environment. The strong 

interrelation between engine geometry and SAS topology is certainly helpful to explore this route. 

Before constructing the present SAS network modeller, it would be helpful to revisit the basic 

elements of secondary air system and derive a strategy to transform the feature-based engine geometry 

model into elements of flow network. It is a normal practice in features technology to use feature 

transformation techniques to convert the features developed for a viewpoint into the features required for 

another. In the present case, geometry features have been developed from the perspective of aero engine 

design process and those need to be transformed into the features or design-objects required for SAS 

analysis. Before elaborating the basic elements of SAS, a brief review of existing SAS analysis algorithms 

has been presented. 

Various well-known industrial codes are extensively used for analysing secondary air systems of 

aero engines. These codes have exclusive capabilities enriched by industrial experience and experimental 

data. They usually consist of various material and fluid databases, pressure loss libraries and control 

programs. These codes generate the elements of flow network, which are flow nodes and flow links. Nodes 

and links can take several different forms to represent various air system components in engine. Once 

network model is pre-processed, the flow solvers can be run in both steady and unsteady modes of 
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operation. In steady state condition, solvers compute pressures, temperatures, mass flow rates and heat flow 

rates throughout the network model. Whereas in transient mode, solvers can perform thermal analysis using 

models of oil, fuel and heat management systems. These analyses are very useful to monitor air system 

performance during complete flight cycle. The present work takes inspiration from the representation of 

nodes and links in these programs to prepare its own flow network elements. The data structure of the 

present SAS elements is entirely different than that in industrial codes. 

The descriptions of several SAS analysis programs are available in open literature. It is found that 

the basic construction of their elements is quite similar, although, internal topology and node connectivity 

schemes could be different. Rose [125] and Kutz et al. [111] had proposed traditional element topology, 

wherein each flow path is represented by a station. An industrial code, known to the author, uses single 

element topology, in which each element can be casted as a distinct type of SAS component. Muller 

[112,119] suggested three-station linear topology for flow network elements. This approach has been used 

by most engine manufacturers. The decision of creating a specific kind of element topology is primarily 

dependent on the kind of mathematical scheme used in underlying SAS solver. The following sections 

introduce the elements of the present air system modeller, and the discussion on their internal topology and 

mathematical schemes is postponed to Chapter 8. 

 Elements of air system modeller 5.3

In the present flow network modeller, the fundamental elements have been casted as hierarchical 

C++ classes, which can encapsulate all information necessary to describe them. These elements act as 

design-objects of the present flow network modeller and standard air system terminology has been used to 

identify them. The design-object representing a cavity in air system is termed as node, whereas the design-

object which represents a flow path is termed as link. Both node and link have their own data members and 

methods to exhibit their operational behaviour; however, they may inherit some properties and methods 

from their parent data structure based on their construction and hierarchical position in element library. They 

can also morph themselves to represent a particular type of flow element that is created for a specific 

purpose. 

It may be realised that node and link are the abstract data structures similar to design features 

defined in computational geometry modeller. The link data structure also maintains close relation to 

featurized air system components in computational geometry model. The constructional and executional 

similarity between them reveals that flow network elements are the transmutations of geometry design 

features. It may also be expressed as the transformation of a type of design-object into another. Both source 

object and resultant object are used for design viewpoint; however, their internal construction has been 

modified to support different kind of modellers. This is commonly known as the process of feature 

transformation, although the new entities are not called as features. The following sections unfold the 

internal construction, characteristics and connectivity between these elements. 
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 Node 5.3.1

The concept of node is originated from lumped system analysis. The data structure of node is 

defined as an abstract entity that represents flow cavities having finite volume. The node is located at the 

barycentre of cavity and it is assumed to represent fluid properties in entire cavity. This assumption signifies 

that nodes can represent the state of gas in small cavities very well; however, gas states might vary 

significantly in large cavities. Such intra-cavity variation of gas states is ignored in flow network 

formulation and hence it is termed as low-fidelity lumped-volume system. Node always represents fluid 

properties in flow cavities in well-mixed condition. The constructional features of a generic node are 

illustrated in Figure 5.3. The important variables associated with node entity are, 

1) Type of node – flow node or thermal node 

2) Global node number 

3) Total volume of cavity 

4) Number of connections – inflow + outflow 

5) Array of link-sets
‡
 attached to node 

6) Array of nodes attached through link-set connections 

7) Arrays for geometry variables in node and their perturbation values 

8) Arrays for recording the number of solid walls, rotational frames of reference etc. 

9) Definition of cavity polygon 

 

Figure 5.3: Important variables of a node entity and its connections 

In the above list, the variables denoting type of node and definition of cavity polygon are more 

fundamental than other. These variables are assigned by flow network generation algorithm or pre-

processor plugin. Before creating a node, it is necessary to know its type, which might be identified from 

the construction of its cavity polygon or from the geometry features that engender its cavity polyline. The 

node type can also be identified based on the feature headings of shapes that make cavity polygon. The 
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following sections elaborate the procedure for instancing and pre-processing a node entity. The node data 

structure is subdivided into several types. Figure 5.4 shows the classification of nodes in the present flow 

network modeller. 

 

Figure 5.4: Taxonomy of node data structure 

It might be observed from Figure 5.4 that each type of node has been created to model a specific 

flow condition in certain cavities. The axisymmetric node represents all axisymmetric cavities in network 

model. It can access windage model to compute flow losses. This type of node also has provisions to 

compute losses due to bolts protruding in cavity. A pre-swirl node represents pre-swirl cavity. The pre-swirl 

node data structure is a sub-class of axisymmetric node data structure. It holds a few more data members, 

which are used to identify the link-sets representing pre-swirl nozzles and turbine blade-root entry holes. 

This arrangement is necessary to activate pre-swirler flow loss model. Non-axisymmetric node type 

represents non-axisymmetric cavities in engine. This type of node suppresses tangential component of 

velocity in node solver computations. Junction node and its types inherit non-axisymmetric node data 

structure and those have their own loss models for computing flow variables in various configurations of 

junction node. Boundary node data structure has been created to receive and apply boundary conditions to 

flow network model. 

In the present network modeller, a free vortex model has also been incorporated in node 

formulation. This model simulates circumferential vortical flows in cavities, which modify certain flow 

properties due to change in radius. Also flow residence time scale is included in the present mathematical 

formulation to allow mixing of all incoming and outgoing flow streams. The state of gas in node cavity is 

represented by the properties of flow in mixed condition. More details of vortex model, flow mixing model 

are presented in Chapter 8. 
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It is important to note that the flow variables of network solver are not contained inside node data 

structure. These are encapsulated in network data structure and their arrays have been indexed by global 

numbers of flow nodes. This arrangement is advantageous for pre-processing, initialising and iterating on 

flow computations. This internal data structure is explained in Chapter 8. 

 Link 5.3.2

Link is a completely independent data structure in the present flow network modeller. It represents 

the flow paths connecting cavities. The link data structure contains the description of air system components 

in the form of their 1D flow loss model. The main link data structure consists of following variables, 

1) Name of link 

2) Number of stations in link 

3) The type of flow loss represented by link 

4) Areas of link 

5) Arrays for storing geometry variables in link and their perturbation values 

6) Shape or path of geometry feature associated with link 

7) Polygon of link, if available 

These variables are loaded into link data structure through the pre-processing method of link-set. 

The link-set data structure is designed to represent a set of links connected in series. It transfers flow 

variables from link to network flow solver and vice-a-versa. Consequently, link data structures are not 

directly connected to node data structures and hence they do not interact with them. In fact, link data 

structure does not hold any variable that indicates its connectivity with adjacent nodes. In the present 

network modeller, link data structure has been categorised into flow links and thermal links. The present 

discussion, however, is limited to flow links. 

Two types of loss models are conventionally used for predicting flow losses in links. These major 

subtypes are termed as mass-type links and loss-type links. Mass-type links predict mass flow rate passing 

through a flow link; whereas loss-type links predict total pressure drop in flow passing through a 

constriction. For example, the loss model of mass-type orifice link estimates coefficient of discharge, Cd, 

which is used to compute actual mass flow rate. On the other hand, loss-type models of labyrinth seals, 

pipes, junctions etc. estimate loss coefficient, Kloss, which is used to calculate total pressure drop across loss 

stations. It is well-known that the network model of air system needs both types of loss prediction methods. 

Hence, two separate sub-classes have been created to classify the several different types of links that belong 

to these sub-types. Their data structures inherit all properties, data members and methods of flow link data 

structure. Such arrangement is necessary to develop a flow solver that is capable of exchanging flow 

variables with links in a consistent manner. Moreover, such categorisation also helps in developing specific 

methods to compute flow variables in links, which may incorporate variety of loss models. Chapter 8 

explains the methods of incorporation of loss models into the present solvers. 
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Both mass-type and loss-type links encapsulate several types of loss models representing 

corresponding air system components. Figure 5.5 shows the taxonomy of the present flow links. The internal 

details of these flow links are explained in the next chapter. The following section explains the concept of 

link-set, which has been particularly developed for the present flow network solver. 

 

Figure 5.5: Link types in network modeller and their taxonomy 
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 Concept of link-set 5.3.3

The link-set data structure is the requirement of two-stage flow solver incorporated in the present 

network modeller. The first-stage or lower level flow solver operates on individual flow paths, whereas the 

second-stage or upper level flow solver operates on nodes to balance conservation equations. More details of 

these solvers are provided in Chapter 8. The link-set data-structure is primarily required for the first-stage or 

lower level flow solver. The first-stage solver is designed to solve flow equations in a flow path in order to 

find mass flow rate passing through that part of network model. These calculations would be easy, if flow 

path consists of only one loss link representing an air system component. For example, if flow path is short 

and can be completely described by the models of orifice link or seal link then it is trivial to calculate mass 

flow rate passing through that link. However, if a flow path consists of a set of links such as long pipe 

having multiple bends and internal constrictions etc., then it is necessary to solve the representative flow and 

loss equations in tightly coupled manner. In order to tackle such problems, a data structure is necessary 

which registers the nature of links in set, sequence of those links, loss model associated with each link and 

the boundary conditions for each link. The concept of link-set has been proposed to satisfy this particular 

requirement of link-set flow solver. An illustration of link-set for long pipe is shown in Figure 5.6. The air 

system components in this assembly have been converted into a set of links and station numbers have been 

assigned. 

A link-set has been defined as an independent data structure, which compiles all links in a flow path 

and assembles their loss models to create a system of tightly coupled simultaneous linear equations. It 

certainly is an important element of the present flow network modeller due to its association properties. It 

generates a unified description of flow paths. This data structure also consists of many variables, which 

relate the parameters of flow network modeller with the parameters of feature-based geometry model. The 

complete list of variables in link-set data structure is enumerated below, 

1) Link-set number 

2) Number of links in link-set 

3) Number of link-sets in circumferential direction 

4) Number of stations in link-set.  

5) Number of geometric shapes available from feature based geometry model 

6) Array of pointers to adjacent nodes 

7) Array of pointers to individual links 

8) Array of pointers to the shape of each link  

9) Array of pointers to the polygon of each link  

10) Radial coordinates of link-set openings in respective cavities 

11) Arrays representing sets of flow variables and their perturbation values  

12) Arrays representing sets of auxiliary variables and their perturbation values  
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It might be observed from the above list that the link-set data structure holds all important variables 

used by link-set flow solver. It holds pointers to flow links and pointers to adjacent nodes and thus acts as a 

liaison between them. This establishes connectivity in flow network model. The link-set flow solver needs 

number of flow stations and flow variables arrays etc. and hence those are also stored in link-set data 

structure. It might be realised that the preparation and pre-processing of link-sets are the most important 

tasks in generating flow network model.  

It is not necessary that link-set must contain multiple flow links. In reality, many links in flow 

network model exist as standalone links. It is quite inconvenient to couple standalone links with the solver 

and hence a common interface is desirable. This common interface is provided by link-set data structure and 

thus all links in the present network model are always contained inside link-set. Due to this property of link-

set, it has been possible to create a common link-set solver that can cater for requirements of all types of 

links. The link-set data structure can also acquire appropriate boundary conditions from adjacent nodes and 

update them whenever the upper level network solver begins its new iteration. Similarly, the flow solution in 

link-set can be returned to network solver through the methods of link-set data structure. More details on 

flow variables transfer between solvers are provided in Chapter 8. 

The link-set data structure also has certain limitations. The two distinct sub-types of link data 

structure viz. mass-type links and loss-type links cannot be included in the same link-set. For example, an 

orifice link cannot be tightly coupled with a link representing labyrinth seal, as they belong to different sub-

types of link data structure (See Figure 5.5). The formulation of link-set solver does not support this kind of 

assembly of links. The pre-processing method of link-set data structure ensures that such links cannot be 

assembled, by mistake or by intention. Strictly speaking, the inability of assembling two distinct subtypes of 

link data structure is not the limitation of link-set concept or its creation technique. This limitation originates 

from the basic formulation of loss mechanisms for these link types. The loss-type links and mass-type links 

have separate ways of associating entropy rise to the computation of mass flow rate. For a given pressure 

ratio, loss-type links explicitly state the amount of entropy rise (as total pressure drop) between two 

consecutive loss stations, whereas mass-type links implicitly state the rise in entropy through a coefficient 

that modifies through mass flow rate. This difference in predicting entropy rise through a link inhibits the 

generation of tightly coupled system of equations in flow network solver. Consequently, it is proposed that 

such inconsistencies should be handled by avoiding the assembly of these two sub-types of link-set. 
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Figure 5.6: Conversion of a pipe assembly into a link-set 
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 Connectivity in network 5.3.4

The connectivity in flow network model is maintained by both node and link-set data structures. The 

node data structure establishes connectivity with link-sets by recording number of link-set connections and 

the identity of each link-set. Figure 5.7 shows the example of node connectivity table for a simple network 

model. Similarly, link-set data structure records the global numbers of adjacent nodes. Both node and link-

set data structures retain the pointers to connected entities and hence it becomes easy to communicate their 

internal variables through shared methods. There is no separate connectivity table for link data structure as 

links are always contained inside link-set data structure.  

The interconnectivity pattern between the elements of flow network is also dependent on 

formulation of network solver and the methodology employed for assembling flow network model. Various 

approaches have been suggested by earlier researchers such as, flow-direction based assembly, branch-based 

network assembly, node-sequence based assembly etc. The flow-direction based assembly [125] is one of 

the preliminary methods of assembling flow network model, in which flow direction is assumed to be 

known a priory. The branch-based assembly method has been commonly used in earlier solvers [111], in 

which a flow-branch of network is assembled by consecutive connections of flow paths between two prime 

nodes. Different branches may join together or sub-branches might diverge from the parent branch. It is 

relatively tedious to prepare branch-based assembly of network model and it has no particular advantage in 

terms of flow direction control or for determining choked branch etc. Therefore, branch based network 

assembly is not followed in the present methodology for flow network generation. The present flow network 

solver has been designed to operate with any kind of node connectivity pattern. The following section 

elaborates the method of generating flow network model for the present network modeller. 

 

Figure 5.7: A node connectivity table for a simple network 
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 Methodology of network generation 5.4

The terminology and technique of flow network model generation are based on fundamental 

elements of air system. These elements have been introduced before to simplify the ensuing explanation on 

network model generation methodology. This section intends to provide a stepwise procedure for extracting 

air system network model from the feature-based geometry model of three-spool aero engine. The basic 

elements of feature-based geometry model such as shapes and paths have been used for creating a structured 

network of secondary air system.  

 Generation of cavity polygons 5.4.1

The identification and separation of 2D cavity polygons from geometry models of engine 

components is the first step in network generation. In the present network modeller, solid boundaries of a 

cavity are defined by the segments of 2D polygons in general assembly (GA) of engine. These polygon 

segments are produced by distinct features, which might be affiliated to different speed dynasties. The 

metallic boundaries belonging to different speed dynasties do not come in physical contact with each other. 

The air gaps between these solid boundaries are always open and hence the extracted engine cavities can be 

very large in size and awkward in shape. Such cavities are not suitable for flow network analysis and thus it 

is necessary to split them at appropriate locations. The features representing secondary air system 

components provide the most convenient locations to slit large cavities. These features produce their own 

shapes, which can be used in slitting process [126]. It might be realised that feature shapes connect the solid 

boundaries of a cavity and thus they form its flow boundaries. Figure 5.8 illustrates these concepts using 

IPC drum cavities as an example.  

 

Figure 5.8: IPC drum cavities defined by the air system shapes 

It might be observed from Figure 5.8 that the feature shapes created by air system components such 

as orifice, annular orifice, seals etc. have been used to split large IPC drum cavity into smaller and 

convenient IPC disc cavities. These feature shapes act as flow boundaries of those cavities. 
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Figure 5.9: List of input shapes for IPC polygon slitting 

The slitting of large engine cavities into smaller flow network cavities is possible due to the polygon 

slitting algorithm [126]. The headings of shapes, which form the boundaries of analysis domain, are 

supplied to this algorithm. The slitting algorithm finds the locations of intersection of these shapes with the 

segments of geometry polygons of surrounding features. These intersections are used to generate a cavity 

polygon, in which segments of surrounding geometry polygons and segments created from feature shapes 

are added sequentially. When the sequential segment addition process reaches back to its starting location, 

the cavity polygon is said to be closed and it is then separated from engine general assembly (GA) model. 

For example, in order to slit a cavity enclosed by three shapes, it is necessary to provide the headings of 

those three shapes to the slitting algorithm. The segments of enclosing polygons, which represent the solid 

surfaces of surrounding components, automatically form the solid boundary of that cavity. The segments 

representing all solid boundaries and the segments created from specified shapes together produce the 

closed polyline of separated cavity. Appendix A provides more information on polygon slitting algorithm. 

The orientation of segments in cavity polygon is opposite to that of segments in geometry polygon and 

hence all network cavities are characterised by negative area. Figure 5.9 shows the example of a list of 

features, which represent air system components. This list is supplied to polygon slitting algorithm to create 

IPC drum cavities. Similarly, a list containing the headings of all air system components in general assembly 

can be provided to polygon slitting algorithm in order to generate the whole engine network cavities. Figure 

5.10 shows the cavities extracted from whole engine GA to generate the air system network model. 
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 Identification of cavities 5.4.2

The identification of cavities is the next step in flow network model generation. While creating 

cavity polygons, the polygon slitting algorithm assigns a global number to each cavity. The algorithm also 

keeps track of global number of cavities that are adjacent to a specified shape. This record is maintained as 

the connectivity between two cavities, which share a feature shape as their flow boundary. As shown in 

Figure 5.12, such connectivity record is stored in the form of a table, which contains global numbers of 

feature shapes and global numbers of cavities adjacent to those shapes. This connectivity table is termed as 

initial link-table. It is further modified, amended and sorted as the flow network model generation process 

advances further. 

During the polygon slitting process, the present slitting algorithm creates an outermost polygon 

around the selected domain of flow network model. This polygon has positive area and hence it is not 

considered as a cavity. This polygon is the outer envelope of flow network domain. It is also added into the 

list of cavities by generic cataloguing procedure employed in slitting algorithm. Clearly, this polygon must 

be filtered out from the remaining negative area polygons, which represent the actual engine cavities. The 

outermost polygon is identified by its positive area and is removed from the link-table. Figure 5.11 depicts 

the outermost polygon identified from whole engine domain of network cavities. 

All cavities listed in link-table are not air cavities. Some cavities represent bearing chambers, which 

consists of bearings, gearboxes etc. These cavities are filled with air-oil mist flows. The analysis of such 

flows is not in scope of the present work. It is, therefore, necessary to identify such cavities and remove 

them from link-table. The bearing chamber cavities are identified by recognising the existence of a segment 

generated by bearing feature. A brute-force algorithm [99,100] has been employed in the present network 

modeller, which interrogates every segment in cavity polygons to find their engendering geometry feature. If 

a segment produced by bearing feature is found in cavity, the algorithm earmarks that cavity for removal. 

Figure 5.11 shows the bearing cavities identified from the general assembly of three spool aero engine. 

The link-table must be modified as a consequence of removal of unwanted cavities. Evidently, the 

flow paths connecting to removed cavities open into the outer world. According to the terminology of 

network model, the links connecting to outer world are the boundaries of air system network model. Hence 

the global numbers of removed cavities are replaced by a global number assigned to outer world, as shown 

in Figure 5.12. 



 

 

 

Figure 5.10: Whole engine cavities generated by the polygon slitting algorithm 

 

 

Figure 5.11: Identification of the outermost polygon and the bearing chamber cavities
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Figure 5.12: Assignment of the global number of outer world in initial link table 

  Processing of the cavities in air system components 5.4.3

A similar procedure is employed for identifying the cavities created by seal feature, two-sided 

feature, one-sided feature and coupling feature. The cavities created by these features are not required for 

SAS flow network analysis and therefore the network generation algorithm replaces them by flow paths. 

However, these cavities are not completely removed from network modeller. Those are maintained in the 

form of link polygons. Figure 5.14 shows the cavities within various air system components, which are not 

used for creating nodes. 

The link-table must be updated after removing these cavities. It might be noted from Figure 5.14 

that the polygons of unwanted cavities are always defined by two shapes created by the same geometry 

feature. It means that an unwanted cavity is always connected to adjacent cavities through inlet shape and 

exit shape. It is easy to find the global number of these shapes in link-table, which also hold the global 

number of adjacent cavities. The row in link table that holds the record corresponding to inlet shape is then 

modified by entering the global number of cavity adjacent to exit shape. Two more columns are added in 

link table to record the global number of inlet and exit shapes. The row in link-table holding the record 

corresponding to exit shape is deleted. Figure 5.13 exemplifies the modification of global number of 

unwanted cavities and addition of global number of shapes in additional columns. The deletion of row 

holding global number of exit shape is also shown. Such processing of shapes is a small but important step 

in network model generation. 

Table of shapes

Maximum Shapes: 349

Shape 

No. Heading of engendering feature Node 1 Node 2

Inlet shape 

no.

Exit shape 

no.

0 NOSECONE_HOLE 0 -99 0 0

1 FAN.REARHUB_FCLR2 -99 77 1 1

2 FBH_FCLR2 -99 76 2 2

3 FAN.CURVICCOUPLING 216 0 3 3

4 FAN.CURVICCOUPLING 77 216 4 4

5 FBH.FRONTSEAL 2 76 5 5

6 FBH.FRONTSEAL 46 2 6 6

7 FAN.STUBSHAFT_HOLE 1 46 7 7

8 FBH.FRONTAIRTOOILBRUSHSEAL 46 -99 8 8

9 LPC.SHAFT_OILSEAL1 1 -99 9 9

10 FBHFRONT_HOLE 115 46 10 10

11 FBHREAR_HOLE 16 115 11 11

12 FBH.REARAIRTOOILSEAL 114 -99 12 12
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Figure 5.13: Modification of initial link table for the discarded polygons 

 Addition of paths and junctions 5.4.4

In this step, pipe paths and flow junctions are added in flow network model. A separate list of paths 

and junctions is provided to the network generation algorithm. Paths are directly added into link-table, 

whereas polygons representing flow junctions are added into list of cavity polygons. A global number is 

assigned to each new link and junction polygon. These paths and junctions are then used for processing the 

flow network model. 

Initially, newly added paths are used for searching those cavities, which are not connected by 

shapes. Such cavities are ventilated through paths. A brute force algorithm searches for the trace of pipe 

connection in each unconnected cavity. The trace of pipe connection can be identified from the notch 

created by pipe feature in the body of its parent feature (Refer Appendix B, Table B.12). If such trace is 

found in an unconnected cavity, then that cavity is added into the list of cavity polygons. The link-table is 

also updated accordingly. If a pipe path opens to outer world, then the global number of outer world is 

added into the newly appended record of link-table. 

Cooled bladed (clade) feature also generates paths. If the headings of features representing cooled 

blades are provided to search algorithm, all paths within the geometry models of cooled blades can be 

found. Those paths are then added into link-table as new links. The record of new links is updated by 

assigning global number of connected cavity or that of outer world. 

Shape 

No

Feature heading Cavity 

number

Cavity 

number

Inlet shape 

no.

Exit Shape 

no.

5 FBH.FRONTSEAL 2 76 5 5

6 FBH.FRONTSEAL 46 2 6 6

Link 

no

Link name Node 1 Node 2 Number 

of shapes

Shape

numbers

Polyline stored

4 FBH.FRONTSEAL 46 76 2 5 POLY STORED

6 NOT STORED

Table of Shapes

Initial Link table:

New Link number Seal Polyline StoredNumber of shapes 

in the new link

New Link name

Node number of seal polygon



 

 

 

 

 

Figure 5.14: Cavity polygons removed from the whole engine cavities 
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 Connections by long links 5.4.5

In this step of network creation, the pipe paths in dressing module of engine are used for generating 

hydraulic connections. These links are usually longer than other internal flow links and are formed by 

assembling the loss models of several air system components in series. Such links are termed as long links in 

the present flow network modeller. The term flow junction also has a specific meaning in the present 

modeller. It is interpreted as an air system component in which two or more flow streams may combine or 

diverge. The three-legged T and Y shaped manifolds are modelled as flow junctions. The components 

passing just one stream, such as valves, sudden or gradual area expanders and contractors, nozzles or 

diffusers etc. are modelled as pressure loss links, although their geometry model is generated by the junction 

feature in geometry modeller. 

The pipe connections in dressing module generate very complex definition of links. Such links are 

usually composed from features, which generate their own shapes, polygons and inlet and exit paths. These 

links are weaved together by adding those paths or shapes one after the other. The inter-feature 

dependencies such as attachment dependency and position constraint dependency are used for identifying 

the connectivity between any two consecutive featurized components. The assembly modeller in geometry 

module ensures the validity of these inter-feature relationships and hence the network generation algorithm 

can systematically assemble flow paths as the combination of pipes and other air system components. These 

flow paths usually terminate into flow junctions or in a cavity or into the outer world. 

 

Figure 5.15: Initial layout of the air system components in a long link 
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Table 5.1: Description of a long link 

Sr. 

No 

Heading of path 

/ component 

Adds 

shape? 

Adds 

polygon? 

Adds 

path? 

Illustration 

1 SAS air pipe 

  

 

2 SAS air valve 

   

 

3 SAS valve pipe 

   

 

4 T-junction pipe 

   

Engine cavity 

polygon

T – Junction 

polygon

1) Pipe link

Engine cavity 

polygon

T – Junction 

polygon

2) Valve link

Engine cavity 

polygon

T – Junction 

polygon

3 - 4) Combined 

pipe links

Position constraint 

for pipes
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An example of long flow link creation has been presented in Table 5.1. It demonstrates the assembly 

of flow path between a cavity and a flow junction. The initial layout of pipe paths and shapes of air system 

components is shown in Figure 5.15. The process of long link creation usually starts from a pipe path 

connected to cavity. This pipe path is added into the definition of new link-set. Pipe feature does not 

produce any shapes or polygons and hence those are not added into the definition of new link-set. Next, an 

air system component – valve, is identified as child feature attached to former pipe feature. The geometry 

model representing valve has both shape and polygon and thus those are added into the definition of link-

set. A pipe feature has been attached to the feature representing valve and hence its path is also added into 

link-set definition. The valve pipe path is constrained with the path of stub-pipe attached to junction feature. 

Through position constraint interdependency, the next pipe path to be added into link-set definition is 

identified and is added into the definition of new link-set. Stub-pipe feature is attached to a junction feature, 

which postulates terminating condition for the definition of new link-set. Table 5.1 shows the illustrations of 

assembly of this long flow link. 

 Creation of nodes 5.4.6

Before creating nodes, all steps necessary for collecting cavity polygons, shapes and paths etc. are 

completed. The cavities in engine air system are now transformed into nodes of flow network modeller. 

Each cavity in air system needs to be identified correctly in order to model flow and pressure losses in it. 

The type of identified cavity is used to create appropriate type of node. Axisymmetric nodes are created to 

represent axisymmetric cavities, whereas non-axisymmetric nodes are created to represent non-

axisymmetric cavities. The global number of cavity is assigned to its representative node and the coordinates 

of cavity’s barycentre provide node location. The cavity’s polyline is stored as node polygon. 

The pre-swirl cavity is an axisymmetric cavity; however, it uses a specific loss model. Thus, it 

needs to be identified before creating pre-swirl node. Pre-swirl cavity is located between pre-swirl nozzles 

and HPT blade cooling air receiver holes. These air system components have been represented by non-

axisymmetric feature and their feature headings are used to find a cavity, the polyline of which contains the 

trace of shapes produced by these features. After identifying the cavity, pre-swirl node can be created. The 

procedure for assignment of its global number and location is same as that for axisymmetric cavities. 

Flow junctions also have independent loss models and hence their cavity polygons need to be 

identified before creating junction nodes. It is easy to recognise junction polygons as those are created by 

the junction feature in geometry modeller. However, it is not-so-trivial to identify their type as it is almost 

impossible to guess if flow would combine or diverge in them. Hence a global flag is provided through 

representative geometry feature indicating the expected type of junction. This flag assists network 

generation algorithm for further pre-processing of junction nodes. 

Lastly, boundary nodes are created at the location of shapes, which connect flow network model to 

outer world. Such shapes and their locations are already available in link-table. The network generation 
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algorithm also creates boundary node polygon, which is stored in node data structure. This polygon is used 

only to visualise flow network model. 

The node creation algorithm does not initialise every variable in node data structure. Some 

important variables such as number of link-set connections, pointers to connected link-sets and variables 

defining cavity polygon are not set at this stage. Each type of node is pre-processed to calculate its internal 

variables such as number of solid walls, number of speed-frames, description of protruding bolts etc. Pre-

swirl node and junction nodes need much more preparation to get ready for actual flow analysis. The pre-

processing of nodes is explained in section 5.7.1. 

 Creation of link-sets 5.4.7

In all earlier steps, flow paths in network model are assembled in the form of indexed arrays. In this 

step, link-set data structures are instanced to represent flow paths and the information contained in indexed 

arrays is loaded in them. A global number is assigned to each link-set. Link-set then gets the number of links 

contained in it and number of its repetitions along circumferential direction. Pointers to entities in each 

contained link such as shapes, paths and polygons are supplied to link-set. Finally, global numbers of 

connected nodes are provided to link-set. This information is important for establishing connectivity in flow 

network model. 

It might be noted that the data structures of flow links are not instanced at this stage. Many other 

variables of link-set such as number of flow stations, radial coordinate of flow path openings and 

dimensional description of contained flow links etc. are also not investigated yet. The flow variables in link-

set are also not initialised. Certainly, link-sets need to be pre-processed thoroughly in order to generate all 

parameters essential for starting flow network analysis. The pre-processing of link-set data structure is 

elaborated in section 5.7.2. 

 Flow network visualisation 5.5

The air system network modeller has a particular method for visualising flow network model. This 

method collects cavity polygons from all nodes and compiles them into a single visualisation array. It also 

collects flow path descriptions from link-sets in the form of their key points. Small link-sets containing just 

one flow link can easily provide their start and end key points, which are at the centre of boundary edges of 

cavity polygons. Figure 5.17 shows the expanded view of a link-set having single flow link. However, long 

link-sets are not defined by just two key points. Those are defined by successively connected paths and 

shapes representing air system components. It is, therefore, necessary to collect the key points of all paths 

and shapes and arrange them in a proper sequence.  

Boundary nodes contain their own representative polygons. But those polygons are not displayed at 

the exact locations of boundary edges. The exact location of boundary node is on the boundary edge of 

cavity polygon or at the last key point of an open path. Visualisation algorithm slightly offsets the actual 
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locations of boundary nodes for better visualisation. It also ensures that the new locations of boundary 

polygons are outside of network cavities. Figure 5.17 shows the expanded view of boundary node polygons 

and their offset locations. The visualisation method of flow network modeller assembles all these elements 

of air system and generates their graphic image. Figure 5.17 shows the transformed geometry of entire three 

spool turbofan engine into the network model of inter-connected cavities. 

 Boundary conditions 5.6

The application of boundary conditions is one of the important steps in preparing flow network 

model. The network solver needs the values of flow variables at the boundaries of a selected domain and 

these values are provided through a particular method. In the present network modeller, boundary conditions 

can be applied at boundary nodes in the form of seven flow variables. Apart from flow boundary conditions, 

rotating walls of cavities need tangential speed boundary condition. Following sections elaborate the 

application of these conditions. 

 Flow boundary conditions  5.6.1

The flow solvers in the present network modeller compute four primary variables and two 

secondary variables at each node and at each loss station. The four primary variables are namely, meridional 

velocity, tangential velocity, static pressure and static temperature, whereas secondary variables are total 

pressure and total temperature. More details of these embedded solvers and handling of flow variables are 

provided in Chapter 8.  

 

Figure 5.16: A boundary conditions input file 

. 

……..
……..

126

Heading of shapen Ux Ur Utheta Ts Ps Ttotal Ptotal
Mass 

Flow Rate

NOSECONE_HOLE 170.302 -3.5721 -0.04036 277.095 86763.7 291.846 104034 0

FAN.REARHUB_FCLR2 165.05 3.73177 157.571 301.491 114028 330.301 156940 0

FBH_FCLR2 0 0 0 0 0 0 0 1.784

CI10SCASING_FRONTHOLE 124.339 -27.0105 2.31761 618.365 1119600 626.695 1173280 0

CI10SHUB_FCLR2 124.339 -27.0105 2.31761 618.365 1119600 626.695 1173280 0

CI08RPLATFORM_RCLR2 176.261 -2.44021 179.733 282.706 89547.1 314.926 130651 0

Total boundary nodes 

in the network



 

 

 

Figure 5.17: Visualization of the flow network and its comparison with the engine geometry
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The flow boundary conditions can be applied at boundary nodes in the form of seven variables. In 

order to apply boundary conditions, boundary nodes are identified automatically based on the heading of a 

feature that engenders boundary shape or path. The first six variables in boundary condition specify flow 

conditions at boundary node, which are essential to start flow network computations. However, at some 

boundary nodes, mass flow rate condition needs to be specified and it can be provided through the seventh 

variable. If first six variables are not provided, the flow network modeller applies mass flow rate boundary 

condition at corresponding boundary node. An example of boundary conditions is shown in Figure 5.16. 

 Speed boundary conditions  5.6.2

It has already been mentioned that the cavity polygons in flow network model are constructed from 

polygon edges produced by distinct features. These features represent various rotating or stationary 

structures in engine and hence the edges of their polygons may have different rotational speeds. These 

polygon edges represent walls of cavities and the present network modeller requires rotational speed of their 

engendering features in order to compute wall surface velocities. 

However, speed boundary conditions for several walls cannot be provided in a way similar to flow 

boundary conditions. Instead, it is more convenient to acquire rotational speed of walls from their 

engendering geometry features. The engendering feature fetches the value of rotational speed from its 

dynasty or from the ancestral spool feature. The spool feature gets the value of its current rotational speed 

from universal chapters and verses data structure of VE design environment. This data structure is 

associated with every feature; however, it has not been covered in this text.  

It might be noted that the value of rotational speed provided by distinct features to their polygonal 

edges must be same in order to generate a homogeneous wall boundary condition. This condition highlights 

the importance of dynasty-based hierarchical structure of engine geometry model and the methodology for 

validating its mechanical assembly. 

 Pre-processing of network model 5.7

The pre-processing of nodes and link-sets is an advanced stage of preparing flow network model for 

network solver. After completing the process of network model generation, three important data structures 

are produced. The first two data structures namely, nodes and link-sets, have already been discussed. The 

third data structure comprises a list of global numbers of nodes and link-sets and further break-up of their 

types, numbers etc. This data is supplied to the pre-processing method of network modeller, wherein 

appropriate arrays of flow variables are created and initialised. The network pre-processor further instructs 

pre-processing methods of nodes and link-sets to begin their internal computations. Following sections 

briefly explain their pre-processing procedures. 
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 Node pre-processing 5.7.1

The pre-processing method may differ depending on types of nodes; however, its generic sequence 

is enumerated below, 

1) The data required for flow computations are hidden into the description of node’s cavity polygon. 

The node pre-processing algorithm processes cavity polygons and identifies the edges that are 

produced from shapes engendered by the features representing air system components. 

2) The segments of cavity polygon, which are created from feature shapes, provide global number, 

headings and locations of link-sets opening into that node cavity. 

3) Once the headings of link-set are known, it is possible to get the global number of another node 

connected by that link-set. The node connectivity table can be established once this information is 

known. A simple example is shown in Figure 5.7. 

4) The link-set opening separates two solid walls of cavity that are adjacent to it. Thus, the number of 

solid walls in cavity can be identified. 

5) The solid walls in node cavity could be associated with different engine dynasties. The dynasties of 

the engendering features of solid walls are investigated to acquire their rotational speeds. Once the 

rotational speed of walls is known, their surface velocities can be calculated. 

6) The number of speed-frames of reference in node cavity is also counted. 

7) If node cavity consists of protruding bolts or rivets, then the variables associated with them are 

accounted and stored in respective arrays. 

8) For pre-swirl node, it is further necessary to identify the link-set, which represents pre-swirl nozzles. 

This is important for applying corresponding loss equations in that node cavity. 

 Link-set pre-processing 5.7.2

The link-set data structure has an intricate pre-processing method for calculating and compiling its 

internal variables for link-set solver. The pre-processing methodology for link-sets can be briefly explained 

in following steps, 

1) In the first step, link-sets in flow network model are divided into three categories based on their 

engendering geometry features. Those three categories are based on shapes produced by match 

feature, pipe feature and other SAS features. Link-sets created from these features are processed in 

different manner mainly due to distinct ways of acquiring flow-link data from features. The process 

of data enquiry is a separate topic and it is discussed in section 5.8. 

 

2) In the next step, only long link-sets are pre-processed to check if some consecutive links contained 

in them are of same type. If two or more successive links have same link-type, then those are 

combined together by adding their longitudinal dimensions. Consecutive pipe paths are common 

example of such link-sets, in which pipe lengths are added together to make a single pipe link. 
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3) The locations where pipes connect to cavities, flow area suddenly contracts or enlarges causing total 

pressure loss. The link-set pre-processor identifies such pipe openings in network model and 

automatically inserts sudden contraction or enlargement type loss links at the start and/or at the end 

of such link-sets. Depending on the configuration of pipe connection, most suitable loss model is 

assigned to the inserted links. Obviously, such extra links are not added into link-set, if its pipe 

paths are connected to flow junctions, where no appreciable contraction or enlargement in flow area 

is observed. 

 

4) Certain components such as pipe bends, valves, sudden / gradual area enlargement and contractions, 

pipe orifices etc. are usually connected by pipes. Their loss models need upstream and downstream 

pipe lengths to decide the flow regime governing fluid flow. The link-set pre-processor scans all 

link-sets that are connected by pipe paths and calculates requisite pipe lengths for such links. 

 

5) Automatic identification of two consecutive pipe bends separated by a short pipe is one of the most 

useful attributes of the present link-set pre-processor. The pre-processor checks if two pipe bends 

are close enough to cause hydraulic interaction and then queries such pipe and pipe bends to acquire 

their data from engine geometry model. Some commonly available thumb-rules are used to identify 

and replace these three links by bend-bend interaction type link model. The bend-bend interaction 

link can effectively represent flow conditions in both bends and pipe. It is worth noting that these 

processes are carried out without any human interference. 

 

6) In the last step of link-set pre-processing, flow link data structures are instanced. Link-sets can 

therefore communicate with each link contained in them. Link-sets can now pass on enquired 

database and information stored in pre-processor arrays to individual links. They also receive the 

information about exact number of loss stations in each link, which is dependent on link type. 

 

7) The total number of loss stations in a link-set can be found after knowing the number of loss stations 

in each contained link. This is one of the most important variables in link-set data structure. Total 

number of loss stations is used for instancing and initialising flow variable arrays for link-set solver. 

It is also used for instructing individual links to pre-process their internal datasets. More explanation 

on pre-processing of individual links is provided in following section. 

 Link pre-processing 5.7.3

In the present network modeller, each type of loss link has its own pre-processing method. The pre-

processing of individual links is much simpler than that of link-set because pre-processing methods of links 

receive well-sorted database from link-set. Link pre-processors consistently assign this dataset to internal 

variables of links. Link pre-processing methods also calculate cross-section areas and flow areas at 
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important loss stations and they initialise perturbed values of these areas. These values are important for 

computing mass fluxes by link-set flow solver. 

Apart from database dispersal, link pre-processors also assign default values to internal variables. 

The default values are used to carry out functions such as selection of loss model or assignment of flow 

variables etc. These variables cannot be deduced by link pre-processor from data provided to it and hence 

user inputs are necessary.  

 Coupling the flow network with geometry 5.8

Before creating links inside a link-set, it is essential to know their types. The type of a link is 

identified from the feature, which engenders shape or path representing that link. Clearly, each link in a 

link-set is associated with corresponding geometry feature. However, there is no one-to-one correspondence 

between features in geometry modeller and links in flow network modeller. The features in geometry 

modeller have been built to generate geometry models of multiple types of links and this characteristic of 

features has been preserved deliberately to limit their number. Therefore, in order to associate the type of 

link with its engendering feature and to fetch its modelling parameters from engine geometry model an 

indication flag is used. This flag is provided to geometry features and it indicates the type of link produced 

by them. While pre-processing, link-set needs to provide this identification flag to enquiry method of SAS 

feature. Using this flag, features can investigate their own parameters or the parameters of their parent or 

child features. These parameters are collected and returned to the probing link model. This is termed as 

coupling of features of geometry modeller with elements of flow network modeller. Such coupling is one of 

the most important aspects of system automation. The following text provides a brief explanation of data 

enquiry process carried out by the present link-set pre-processor. 

In order to simplify the data enquiry process, a permanent number has been allocated to flow links 

in SAS network. This permanent link number can be specified as the identification flag of geometry feature 

that represents intended air system component. This global flag is termed as SAS flag and it has been 

mentioned in the taxonomy of the present geometry features (Chapter 3 – Section 3.4). The link-set pre-

processor can access this flag from geometry features, which engender shapes or paths used for constructing 

network model. This flag is then used for instancing a particular type of link and also for sending database 

query to engendering feature. Table 5.2 shows the correspondence between types of links and features in 

geometry modeller along with their global SAS flag. 

When a method handling database queries in geometry modeller receives a request from link model, 

it checks if that particular type of link can be generated by corresponding feature. After authenticating the 

request, feature starts collecting requisite link loss model parameters from its own geometry model and 

those from surrounding features. The nature of information collection process depends on type and 

construction of a specific link. This information is returned to link-set pre-processor. For example, if an 

orifice type link needs to be modelled, its permanent link number – 3 (Refer Table 5.2), should be provided 
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Table 5.2: Links engendered by the geometry features and their SAS flags 

Sr. 

No. 

Feature 

identifier 
Feature illustration SAS flag Type of Link 

1 Match  

 

4 Annular orifice 

19 Disc bore 

8 Rim seal 

1 No loss link 

2 Full loss link 

2 Non Axi 

 

3 
Orifice 

 

5 
Slots / Scoops 

 

15 Nozzle holes 

3 Junction 

 

14 Valves 

 

15 
Gradual contraction 

 

16 
Gradual expansion 

 

 

21 
Combining junction 

 

22 Dividing junction 

 

12 Sudden expansion 

13 Sudden contraction 

4 Seal 

 

6 Straight seal 

7 Stepped seal 

9 Combination seal 

Rc Thk / 

Length

Dh

D1 D2
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D1 D2
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L2

D1 D2
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Step height
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5 Clade 

 

18 Cooled blade pipe 

6 Pipe 

 

10 Pipe 

11 Bend 

20 
Bend-Bend 

interaction 

7 Coupling 

 

17 Coupling 

as global SAS flag of that featurized component. Orifices can be effectively modelled by non-axisymmetric 

feature in geometry modeller and it also produces shape at orifices’ locations. When link-set pre-processor 

comes across shape created by a particular orifice, it acquires global SAS flag assigned to its engendering 

feature. After getting SAS flag, link-set pre-processor can cast that featurized component as orifice type 

link. Further, the pre-processor sends data query to engendering non-axisymmetric feature to get all 

modelling parameters necessary to model orifice type link. 

Different types of link loss models require different type and amount of data from engine geometry 

model. Extremely intricate procedures are necessary to collect such data for complex links. For the orifice 

link in above example, non-axisymmetric feature needs to gather orifice diameter, thickness of its parent 

feature, orifice inclination angle, radii of upstream and downstream edges and the rotational speed of orifice. 

A dedicated procedure is incorporated in SAS enquiry methods to compute link modelling parameters from 

geometry model parameters. The non-axisymmetric feature returns these parameters to link-set pre-

processor in the form of a data package. More complicated and large number of parameters needs to be 

extracted for loss models of rim seals, straight through labyrinth seals, stepped seals, valves, pipes etc. The 

explanation on extracting these modelling parameters from corresponding features is not provided here for 

the sake of brevity. 
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 Discussion and Closure 5.9

This chapter provides details of converting aero engine geometry model into flow network model of 

interconnected cavities without any human intervention. This work is based on feature transformation 

process and is an important link between two different modules of Virtual Engine design environment. The 

coupling of engine geometry model with SAS flow network model substantiates the expediency of 

computational geometry to function as common database for VE. It might be revealed that the coupling of 

these two modellers is mutually compatible as their modelling parameters are just sufficient to describe their 

low fidelity constructions.  

The process of feature transformation is successfully accomplished by transferring data from 

geometry models of featurized components to loss models in flow network modeller. Such transformation is 

advantageous for maintaining direct correspondence between modelling parameters of geometry features 

and those of link loss models. As might be realised, this process can be made bidirectional, if necessary. If 

the parameters of a link loss model are modified for a valid reason, it should be possible to modify the 

parameters of its engendering feature using reverse transformation process. Such modifications would 

automatically update engine geometry model without any laborious remodelling work. This feed-back 

mechanism is highly desirable in automated design environments such as Virtual Engine; however, it is not 

in scope of the present work. 

The cavities extracted from engine geometry model and shapes and paths of featurized engine 

components can be explicitly used to identify and generate the fundamental elements of SAS flow network 

model. Therefore, it would not be necessary to refer to geometry features while carrying out SAS analysis. 

This chapter clearly forms an interface between two distinct fields of study and hence with the closure of 

this chapter the first part (Part I) of this text is completed. The next part of the present thesis is devoted to 

the work on flow network modelling and flow network analysis of secondary air system. The next chapter 

presents the methodology of incorporation of link loss models into flow network modeller and their 

validation process. 
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 Chapter 6 Linearized Library of Loss Models 

 Introduction 6.1

The development of an integrated flow network modeller is the prime requirement of VE design 

environment for simulating secondary air flows in engine. The connection between the computational 

geometry of engine and SAS flow network analysis has been elaborated in previous chapter. The previous 

chapter also explains the preparation of database enquiry methods, which assist in automated generation of 

flow network model. The present chapter opens the second part of this thesis and is devoted to the 

description of the present 1D flow network modeller and its formulation.  

It is well-known that any flow network modeller consists of physics-based loss models of air system 

components and an in-built flow solver. These constituents have been developed for the present network 

modeller during the second phase of this work. This chapter focuses on the generation and validation of 1D 

physics-based flow loss models. The preparation of loss models is not a novel work; however, it is important 

for understanding the requirements of interfaces between several types of loss models and flow network 

solver. As mentioned in the previous chapter, linearized gas dynamic equations have been used to construct 

the present flow network solver and thus it is necessary to implement flow loss models in a similar form. 

The following sections describe the general procedure for preparation of loss models and exemplify their 

validation. 

 Preparation of the library of loss models 6.2

The loss model generation process consists of three major steps, i) selection of a loss model(s) for 

an air system component, ii) checking of loss model to ensure its relevance to flow physics, and iii) 

linearization of loss model to incorporate it into the flow network modeller. The selection of loss model 

appears to be simple, but it requires reviewing a large number of publications and comparison of results of 

several candidate models. A loss model should not only represent the flow process in air system component, 

but it also needs to provide results in any flow conditions. It should have robust mathematical scheme and it 

should be numerically stable. Additionally, the selected loss model must support the process of linearization 

of loss correlations used in the present work. Simple loss models can be linearized easily; however, those 

may lead to inaccurate predictions. Evidently, the loss model selection process is a trade-off between 

model’s relevance to flow physics, its prediction accuracy, its mathematical robustness, its numerical 

stability and the range of variation of its parameters. For the sake of brevity, complete model selection 

process has not been discussed here. Such selection process has been used to identify, evaluate and 

implement the loss models for more than twenty air system components. Both compressible and 

incompressible versions of loss models have been incorporated in the present flow network modeller. A 



Chapter 6  Linearized Library of Loss Models 

203 

 

comprehensive library of these models is summarized in Table 6.1. The following sections present the 

verifications of some these loss models based on publications scrutinised for this work. 

Table 6.1: The library of loss models for the air system components  

Loss 

model 

No 

Type of link Subtype Air system components / 

locations 

Recommended 

method of loss 

modelling 

1 No loss link - 
At locations dividing large air 

cavity  
- 

2 Full loss link - Links having no mass flow rate  - 

3 Orifice 

Straight 
Holes in shafts, drums, discs, 

structures etc. 

(Not for blade cooling holes and 

holes in combustor liners) 

McGreehan et al. 

[127] / Parker et al. 

[128] 

Inclined 
Idris et al. 

[129,130,131] 

4 Annular orifice - All annular slits, seals, disc bores 
Bell and Bergelin 

[132] 

5 Slots and bleeds 
Un-baffled Slots and holes in IPC / HPC 

stator vanes 
Idelchik [133] 

Baffled 

6 
Straight-through 

labyrinth seal 
 

Air-to-air seals, air-to-oil seals and 

a majority of stator-well seals 

Author’s own loss 

model 

7 Stepped seal  
Fan rear and IPC front seals, HPC 

front seal, HPT seals 

Vermes [134], Seal 

leakage flow [135] 

8 Rim seal 

Rotationally 

induced All gaps between rotor and stator 

platforms 

Scanlon model [136] 

with Cd published by 

Chew et al. [137,138] 

Owen  [139,140] 

Externally 

induced 

9 
Combination 

seal 
 

Inter-turbine cavity seals, LPT 

stator well seals, a few IPC stator 

well seals 

Vermes [134] 

10 Pipe  
All external and internal air-

transfer pipes  
ESDU [141,142] 

11 Pipe bends 

Short 

All air-transfer pipe bends ESDU [143,142] Long 

Mitre 

12 
Sudden 

Enlargement 
 

All sudden expansion junctions 

and pipe exit into a cavity 

 

ESDU [144] 
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13 
Sudden 

Contraction 

Sharp All sudden contraction junctions 

and pipe entry into a cavity 
ESDU [145] 

Radiused 

14 Valve 

Butterfly  

All surge control valves and 

customer air-bleed valves 

Idelchik [133] 

ESDU [146,147,148] 

Miller [149] 

Poppet 

Idelchik [133] 

ESDU [146] 

Miller [149] 

15 Nozzle 
Straight walled Gradual contraction junction  Idelchik [133] 

Curved walled pre-swirler nozzles Benra et al. [150] 

16 Diffuser  
Combustion chamber dump 

diffuser 
Miller [149] 

17 Coupling Curvic All curvic couplings Flange leakage [151] 

18 
Cooled blades / 

Pipe 
 

Internal passages within HPT / 

IPT blades 
ESDU [142,141] 

19 
Bend-bend 

interaction 
 Pipe bends in series  

Miller [149],  

ESDU [152] 

20 Junction nodes  All pipe junctions ESDU [153,154] 

21 Cavity losses  All axisymmetric air cavities 

ESDU [155] 

Phadke and Owen 

[156,157,158] 

22 Windage  
Windage in seals and 

axisymmetric cavities 
Haaser et al. [159] 

23 Vortex  
Circumferential free vortex model 

in axisymmetric cavities 
Vanyo [160] 

The loss modelling for air system components is not the objective of the present work and hence a 

majority of loss models have been obtained from literature. Some of these loss models are quite well 

developed in terms of representation of flow physics and definition of losses. They consider a good number 

of flow and geometry parameters. Such models seem to have reached the limit of predicting flow losses 

accurately and hence no further research investments deemed necessary. Examples of such loss models are 

orifice model, pipe model, internal friction model, nozzle and diffuser models etc. These models have been 

directly incorporated into the present loss library. Some of the loss models shown in Table 6.1 may be 

categorised as not-so-well-developed loss models. They do not consider multiple gas dynamic processes 

within SAS components. These loss models might provide correct loss predictions in certain flow 

conditions, but fail to do so in off-design conditions indicting that proper considerations to flow physics 

have not been provided. The rim seal model, stepped and combination seal model and valve model need a 

better formulation. Some loss models are classified from open literature and hence are not easily available. 
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The loss model for straight-through labyrinth seal is one of such models. It is certainly worth considering the 

redevelopment of such models. The final category of loss models comprises relatively under-developed 

models. These loss models probably never received enough attention for doing further improvements or 

those are still under investigation. They use a small number of flow and geometry parameters, which do not 

reflect flow physics properly. The models for cavity flow loss, coupling loss, bend-bend interaction loss and 

losses in internal passages within blades may still be considered as underdeveloped models. These models 

would require a large amount of research investment to be useful for flow network modelling. 

The linearization of loss models is a fairly straight-forward process. In this step, the loss correlations 

in a model are partially differentiated [161,162] with respect to both flow and geometry parameters. This 

process is an additional step in loss model preparation; however, it is important for generating a 

mathematically robust and numerically stable formulation for flow network solver. The details of each step 

of linearization process are not provided in this text to avoid the spread. The linearization of each loss model 

has been verified thoroughly before incorporating it into the flow network modeller. The process of 

verification of loss model linearization is explained in Appendix D and the results are presented in Table 

D.1 to Table D.22. The linearization of loss correlations generates exact algebraic equations to compute the 

slope of a loss variable with respect to flow and geometry parameters. These slopes are used in the first 

order linear algebraic equations of flow network solver to evaluate the perturbations in all flow and 

geometry variables. The simultaneous linearized system of flow equations is mathematically robust and 

numerically stable and hence it usually does not fail to converge despite a large number of perturbations in 

flow variables. It, indeed, safeguards the solver from diverging in unfavourable flow conditions. The 

linearization of loss models is therefore regarded as an important objective of the present work. 

The selected, instigated and linearized loss models of various air system components form a 

complete loss library, which has been incorporated in the present flow network modeller. The methodology 

of its incorporation and interface generation are explained in Chapter 8. This loss library has been 

exhaustively tested for various flow and geometry conditions before its utilization. For the sake of brevity, 

all such tests are not included in the present chapter. The following sections demonstrate the verification and 

validation of test results obtained for a few important loss models. 

 Orifice loss model  6.3

Orifices are used for metering cooling air flow and for ventilating various air cavities within engine. 

A widely applicable orifice model is thus necessary for successful modelling of air system. Many 

formulations of orifice model have been proposed by earlier researchers, making it one of the well-

developed models in loss library. The orifice model predicts ideal through mass flow rate using a simple 

thermodynamic equation. It is then multiplied by a discharge coefficient (Cd) to estimate actual mass flow 

rate. All flow losses and prediction uncertainties are assumed to be accounted by Cd. The advanced models 

for flow through orifice still use the same methodology, but consist of modified formulations to compute Cd. 
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The Cd method, although appears to be simplistic, is advantageous for predicting the mass flow rate through 

orifice. This approach is quite useful for non-iterative flow computations.  

The flow and geometry parameters affecting Cd are known since early days of SAS modelling. 

These parameters are listed below along with the publications referred for their evaluation. 

 Flow Reynolds number [127,129,130,131,128]. 

 Compressibility of flow or the effect of pressure ratio [129,130,128]. 

 Length and geometric shape of orifice [127,129,163,164,165,166,133]. 

 Radius or chamfer at the inlet of orifice [127,129,128,167]. 

 Orifice inclination angle [130,131]. 

 Pumping effect [129]. 

 Rotating, axial and radial, orifices [131,168,169,170,165,171]. 

 cross-flow at inlet and exit of orifice [172,168,173,174]. 

The results of the present orifice model have been validated against those in open publications. The 

results of comparison are shown in Figure 6.1 to Figure 6.4. A good match between predicted and 

experimental results proves the credibility of incorporated orifice model for flow network computations. 

Figure 6.5 shows the results of linearization test for this model. These tests have been carried out by 

perturbing downstream static pressure of orifice. It might be seen that the infinitesimal drop in exit static 

pressure increases mass flow rate through orifice by a small amount. The orifice model accurately predicts 

increase in mass flow rate by computing the local slope of mass flow rate with respect to pressure ratio 

across orifice. These results have been enlarged in Figure 6.5 for visualisation purpose. The variation of 

local slope of mass flow rate with orifice pressure ratio indicates that the loss model is correctly linearized. 

 

Figure 6.1: Comparison of discharge coefficients with the experimental data by Idris et al. [129] 
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Figure 6.2: Comparison of discharge coefficients with the experimental data by Wittig et al. [169] 

 

 

Figure 6.3: Comparison of the discharge coefficients with the data by Parker et al. [128] 
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Figure 6.4: Comparison of discharge coefficients with the experimental data by Carlen [129] 

 

 

Figure 6.5: Effect of exit static pressure perturbation on the orifice through-flow rate 
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 Loss models for slots and bleed passages  6.4

The slots and bleed passages serve as suction and discharge paths for pressurised cooling air. These 

devices are located at air tapping and air re-entry locations in main flow annulus. Despite their important 

function, the loss models for slots and bleed passages are grossly underdeveloped. These air passages can 

have various forms and shapes and their locations in primary flow annulus are also dependent on the design 

of engine cooling system. Such myriad of design variety has probably discouraged researchers from 

developing more advanced models. The present model for slots and bleed passages has been selected from 

the models presented by Idelchik [133]. Figure 6.6 and Figure 6.7 show the variation of model loss 

coefficient with respect to velocity ratio and the computation of mass flow rate through a circular slot, 

respectively. Figure 6.7 also shows the effect of exit static pressure perturbation on the variation of local 

slope of mass flow rate passing through a circular discharge slot. These linearization results have been 

enlarged for proper visualisation. 

This loss model requires many improvements considering the complex construction of modern 

compressor casings. It is also necessary to consider some additional geometry parameters of these 

components while preparing their new loss model. Especially, the loss model for baffled slot or air scoop is 

quite deficient. It does neither consider variation of flow conditions at inlet and exit of slots nor does it 

consider the variation of geometry parameters of baffles. 

 

Figure 6.6: Loss coefficients for the slots of circular cross-section [133] 
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Figure 6.7: Effect of exit static pressure perturbation on the slot through-flow rate 

 

 Loss models for sudden area change 6.5

Flow losses are observed at many locations in secondary air system due to the sudden change in 

flow area. Sudden contraction joints and sudden expansion joints are the common examples of air system 

components that cause this type of flow loss. The flow inlet and exit locations in pipes are also characterised 

by such losses. The loss models for components having sudden area change are selected from well-known 

ESDU standards [144,145]. The network pre-processor identifies the probable locations of sudden area 

change and automatically assembles the loss equations in these models with link-set flow equations. For the 

sake of brevity, the variation of loss coefficients of sudden expansion type loss model has been presented in 

Figure 6.8 and Figure 6.9. Similar graphs are available for the loss model for sudden contraction. Figure 

6.10 shows the variation of local slopes of mass flow rate with respect to pressure ratio across a sudden 

expansion device. These slopes have been obtained by perturbing exit static pressure of sudden expansion 

joint. The variation of local slopes of mass flow rate with respect to pressure ratio confirms that the loss 

model has been linearized correctly.  
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Figure 6.8: Incompressible loss coefficient for the circular sudden area enlargement [144] 

 

 

Figure 6.9: Compressible loss coefficient for the circular sudden area enalargement [144] 
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Figure 6.10: Effect of pressure perturbation on the mass flow rate through sudden area enlargement 

 

 

Figure 6.11: Effect of exit static pressure perturbation on the mass flow rate through nozzle 
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 Loss model for nozzle 6.6

Nozzle represents an air system component, in which flow area changes gradually between inlet and 

outlet. These components are commonly employed in engine plumbing systems and in pre-swirl chambers. 

Due to the availability of abundant experimental data and reliable loss correlations, the loss model for 

nozzle is considered as a well-developed model. The model selected for the present work has two versions 

and those have been published by Idelchik [133] and by Benra et al. [150], respectively. Idelchik’s loss 

model is not advanced enough to represent flow losses in pre-swirl nozzles and hence the loss model 

developed by Benra et al. has been selected. Benra’s model considers several factors that might affect the 

flow losses and mass flow rate through pre-swirl nozzles such as jet deflection due to neighbouring nozzles, 

tangential velocity of core flow and jet impingement on rotating disc etc. 

Figure 6.11 shows the effect of exit static pressure perturbation on the variation of mass flow rate 

through nozzle. The correct computation of local slopes of mass flow rate with respect to pressure ratio 

across nozzle confirms the linearization of this model. 

 Loss model for stepped seal 6.7

The 1D loss models for labyrinth seal are available since early days of air system modelling. 

Amongst them the straight-through labyrinth seal model is more advanced than the models for stepped seals 

and other types of seals. Despite several investigations [134,175,176,177,178,179], multiple thermo-fluid 

dynamic effects are still not incorporated in stepped seal model. Therefore, a rudimentary stepped seal 

model, originally proposed by Vermes [134], is incorporated in the present loss library. This simplistic 

model is based on many assumptions and thus it has been augmented by incorporating other effects such 

seal windage, effect of inlet air pre-swirl and temperature variation across seal etc. Figure 6.12 shows the 

linearization test for stepped seal loss model. It demonstrates the effect of exit static pressure perturbation on 

variation of mass flow rate through seal. It might be observed from Figure 6.12 that, exit static pressure 

perturbations do not affect the leakage flow rate through seal. The mass flow rate predicted by this loss 

model is based on empirical relations and those do not include exit static pressure term.  And thus the local 

slopes of mass flow rate are not perfectly tangential to the predicted mass flow rate curve. 

Despite earlier efforts, 1D labyrinth seal loss models do not seem to have developed to a sufficient 

extent. They still do not incorporate the effects of some important flow and geometry parameters and thus 

have a large potential for improvement. The prior loss models for straight-through labyrinth seal can 

estimate leakage mass flow rate within ±5-10% of experimental results, whereas those for stepped seal can  

estimate leakage flow rate within 10-20% of experimental results [134]. It has also been noticed that good 

loss models for straight-through labyrinth seal are still classified, whereas those for stepped seal are 

deficient. Considering the strong requirement of having a good labyrinth seal loss model in the present flow 

network modeller, loss modelling work for straight-through labyrinth seal is undertaken. This work has been 

elaborated in the next chapter. The deficient loss model of stepped seal may also be improved in a similar 
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way; however, it would require a more rigorous understanding of seal flow. Several unconventional seal 

design parameters such as fluid pumping, flow area change, abradable and honeycomb stators etc. also need 

to be incorporated in stepped seal loss model. 

 

Figure 6.12: Effect of exit static pressure perturbation on the mass flow rate through stepped seal 

 Loss models for pipes and pipe-fittings 6.8

The loss models for pipes and pipe fittings are commonly employed in air system modellers. For the 

present work, their loss models have been selected from ESDU standards [141,142,143,152,149,153,154]. 

These loss models have been linearized and incorporated into the present loss library. Both compressible 

and incompressible versions of these models have been included along with a lot of supporting data such as 

compressibility factors, friction factors, interaction coefficients etc. This data has been digitised and 

recorded in the form of tables, equations and charts. Due to the well-known loss characteristics of pipes and 

pipe fittings, the results of their loss models are not demonstrated here. 

The loss models for plumbing components are quite simple and provide good estimates of flow 

losses and mass flow rates. Therefore, these models are considered as well-developed models. However, it 

has been observed that the models used for estimating flow losses in pipe bends and those used for 

predicting bend-bend interaction coefficients have a large potential for improvement. Relatively sparse data 

is available for unconventional plumbing of two or more pipe bends. This data is of particular interest for 
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modelling the flow network in engine as engine plumbing is not based on standard pipe fittings. Apart from 

this, suitable loss models for flexible high pressure pipes / hoses are not found in open literature.  

 Sources in cavities 6.9

The loss models representing interconnecting flow passages between large pressure reservoirs have 

been discussed in prior sections. The loss models are also available for predicting losses in engine cavities. 

The engine cavities are primarily categorised as rotor-rotor type cavities and rotor-stator type cavities. Such 

subdivision is useful for understanding the prospective flow structures in cavities and for modelling flow 

losses in them. Many research articles have been published so far [156,157,158,180,181,182], which seem 

to consider the cavity flow loss model as an evolving model. The cavity loss model in the present library has 

been selected from ESDU standards [155]. This model considers several flow regimes for estimating losses. 

The loss predictions are generally based on circumferential flow Reynolds number and frictional drag 

(windage) induced by walls of cavity. It also considers the effect of protruding parts such as bolt heads or 

rivets etc. 

The discussion on cavity flow modelling is probably incomplete without mentioning rim seal 

models. A majority of cavities in engine are connected to primary air flow path through rim seals. Rim seals 

play an important role in controlling the amount of hot air ingress into cavity and the amount of cooling air 

egress from cavity. Many modelling approaches have been proposed and experimental results 

[183,138,137,156,157,158,156,184,185,186,187] have been published on the flow losses through rim seal. 

Unfortunately, a majority of rim seal loss models are still underdeveloped. The model proposed by Scanlon 

et al. [136] is found to be more advanced than other models and thus it has been used in the present work. 

This model needs to be investigated further considering the interaction between primary air flow and air 

flow in cavity at the interface of primary and secondary air flow systems. 

 Discussion and closure 6.10

This chapter starts elaborating secondary air system modelling work for VE design environment. 

The first and foremost topic of flow loss modelling is addressed in this chapter. The chapter presents a 

comprehensive library of linearized loss models and also provides verification and validation results for a 

few loss models. Apart from flow network modelling, the linearized loss models can be coupled to various 

algorithms such as for sizing of air system components, for optimising components’ geometries, for 

generating tightly coupled analyses systems and also for studying wave propagation in secondary air system 

of engine. The present work thus forms a foundation for many advanced topics related to secondary air 

system modelling. 

It has been observed that the well-developed loss models can effectively simulate gas dynamic 

phenomena in air system components under various flow and geometry conditions. Such loss models can 

account for variation of both flow area (as in seals, entry / exit locations of pipe) and cross-section area (as 
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in control valves, pre-swirl nozzles etc.). These advanced loss models can be directly implemented into the 

loss library. The loss models, which are of main concern, are deficient and classified models. Some of these 

loss models are quite important for predicting cooling air flow rates accurately and for estimating pressure 

and temperature distribution in engine cavities. The loss model for straight-through labyrinth seal is 

definitely one of those models, which decide the accuracy of flow network predictions. It is noted from 

literature that the seal loss model based on Knife-to-Knife (K2K) methodology is quite accurate and it can 

very well represent thermo-fluid dynamic phenomena in seal. However, this loss model is classified and 

hence cannot be implemented without approval. On the other hand, non-classified loss models for straight-

through labyrinth seal are not accurate and their improvement potential is also limited. The efforts expended 

on implementing such deficient loss models may not be useful for flow network modelling work. It is, 

therefore, decided to create an independent loss model for straight-through labyrinth seal. The new loss 

model would be based on thermo-fluid dynamic phenomena in seal and is expected to provide better 

estimate of leakage flow rates over a wide range of variation of flow and geometry parameters. The next 

chapter provides the details of generation of independent loss correlations for straight-through labyrinth seal 

loss model. 

 



 

 

 Chapter 7 Loss Modelling of Aero Engine Seals 

 Introduction 7.1

The importance of labyrinth seals for design and modelling of secondary air systems is very well-

known to gas turbine industry. Labyrinth seals maintain functionality of aero engine by controlling air flow 

rates and static pressure within various cavities of air system. Seals also control bearing loads. A typical 

high bypass ratio three-spool gas turbine engine contains 50-60 seals at various internal locations 

performing various functions. Due to their importance in air system design, researchers have been trying to 

obtain a fast, accurate and universally applicable model of labyrinth seal. Unsurprisingly, this work is still 

evolving. New modelling parameters are being added and modelling methodologies are being improved. 

It has been observed that the labyrinth seal models available in literature can be improved further to 

match requirements of correlation linearization methodology employed in the present work. By linearizing a 

loss model, its non-linear equations can be coupled tightly to generate a system of linear algebraic equations. 

Such system can be solved conveniently using first order simultaneous equation solver. This scheme is more 

stable than usual iterative methods. Iterative methods do not lend themselves to linearization or to 

integration in large solvers. Consequently, it seemed necessary to provide special attention to the loss 

modelling of straight-through labyrinth seal. This opportunity has been utilized for constructing a 

comprehensive seal model, which can predict seal leakage mass flow rate with greater accuracy and can be 

linearized easily. The description of these efforts is provided in following sections, beginning from the 

introduction of seal design parameters followed by a brief review of relevant literature.  

 Review of literature 7.2

The non-contact type labyrinth seal is usually installed in a narrow opening between two pressure 

reservoirs. The narrow opening or flow path has rotating and stationary solid wall boundaries and labyrinth 

seal is installed to minimise leakage mass flow rate through that flow path by increasing resistance to fluid 

flow. High flow resistance is generated by making air pass through a torturous labyrinth characterized by a 

number of successive constrictions and expansion chambers that sequentially throttle and expand flow. 

Annular gaps between fins or knives of labyrinth seal and its stator create flow constrictions, whereas 

relatively large spaces between consecutive constrictions are the flow expansion chambers. Figure 7.1 

shows the basic construction of straight-through labyrinth seal. 

The leakage flow passing through knife tip gap of seal increases its velocity and drops local static 

pressure. Flow contraction also reduces effective flow area, which modifies flow velocity. In this process, a 

part of static pressure head is converted into kinetic energy. Flow expansion process in subsequent seal 

chamber dissipates this kinetic energy into heat due to fluid’s molecular viscosity. The accumulation of flow 

losses causes total pressure to drop, which also reduces flow density and static pressure. A steady stream of 
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leakage flow establishes through seal as its exit static pressure matches with static pressure in downstream 

cavity. The actual flow area in seal is dependent on many factors; hence, the actual flow rate passing 

through knife tip gap is not linearly proportional to its cross-sectional area. This total effect is taken into 

account through a factor known as coefficient of discharge (Cd). 

In order to assess seal performance, earlier researchers have used various terminologies such as 

isentropic ideal seal, non-isentropic ideal seal and real seal etc. The term isentropic ideal seal is used for 

thermodynamically ideal leakage flow process, in which flow losses are not considered. The term non-

isentropic ideal seal is used for fluid dynamically ideal leakage flow process. In this process, kinetic energy 

in throttled flow is assumed to be completely dissipated in succeeding expansion chamber. This process 

considers total pressure loss; however, static pressure in cavity is expected to be same as total pressure due 

to the lack of velocity head. This might be considered as the most effective design of seal. The term real 

seal represents practical flow process in seal, in which total pressure losses are always present and velocity 

head in cavities can never be recovered completely. Thus, the kinetic energy in flow is carried over to next 

knife tip gap. This is known as carry-over of kinetic energy and it is accounted by the factor known as carry 

over factor (COF).  

The recent seal models have been created to precisely predict the amount of energy dissipated or the 

amount of total pressure drop in flow through labyrinth seals. These models consist of correlations, which 

relate flow and geometry parameters of seal with flow losses. Such seal models tend to be more accurate and 

have broad range of application. Therefore, these models have been considered in the present work for 

further development. 

 
Figure 7.1: Seal geometry parameters 

 Seal design parameters 7.3

For flow network modelling, it is common to use 1D bulk [188,189,190,134] flow model of seal, 

which can estimate leakage flow rate within 5-10% of experimental results. Researchers have been trying to 

get the best possible estimates using such models and along the way, they have gathered several seal design 

parameters. The most commonly known seal design parameters are shown in Figure 7.1. 
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The important parameters included in 1D seal model are Seal Clearance (CL), Knife Height (KH), 

Knife Pitch (KP), Knife tip Thickness (KT), Knife tip Radius (KR), Step Height (SH), Distance to Contact 

(DTC), Knife Angle (Kθ) and Knife Slant Angle (Kβ) [135]. Step height and distance to contact are required 

to define only stepped seal geometry. These geometry modelling parameters are usually constant, but in 

some special seals, their values may change for each knife or for a set of knives. The models of seals 

mounted on blade shrouds or in stator wells of compressors and turbines and those located at other critical 

locations may need to include specific geometry modelling parameters. Also, the models of worn seals 

[191], seals having grooved stators [192], seals distorted by severe thermal deformations etc. may need to 

have provisions to consider significant variations in seal geometry modelling parameters for estimating 

leakage mass flow rate. Obviously, the flow and loss equations in seal model should be equipped to handle 

such cases. For the present work, straight through labyrinth seal has been assumed to be operating in normal 

circumstances.  

 The K2K model 7.3.1

Loss modelling of labyrinth seals is one of the most widely referred topics in open literature. 

Earliest reference to seal loss modelling is found in an article published by Martin [193] in 1908. After him, 

many researchers have proposed numerous seal loss models for various flow conditions and geometry 

configurations. Despite a century of work on seal loss modelling, many aspects of seal flow are still 

unknown. It is worth reviewing prior publications on seal loss modelling to know the approaches used by 

earlier researchers and to decide the direction of the present work. The publications on seal loss modelling 

can be roughly divided into three main sections viz. theoretical and analytical models, analysis by 

experimentation and numerical analysis of seals. For the sake of brevity, literature on theoretical, analytical 

and experimental models has been summarised in Appendix E, Table E.1 and a selected work on numerical 

modelling has been presented here.  

Based on literature review, it seemed that the methodology used for creating well-known Knife-to-

Knife (K2K) model could be used as the basis of the present work and hence it has been discussed below. 

Compared to other models, K2K model is quite recent and is formulated from fluid mechanics perspective. 

Although other approaches similar to K2K model have been reported by Hawas and Muneer [194] etc., K2K 

model was essentially developed as a part of LSAP (The Labyrinth Seal Analysis Program) research 

programme. The outcome of LSAP programme has been mainly reported by Tipton et al. [178] and Chupp 

et al. [179]. K2K model gets advantage of modern flow field calculation techniques, which helps in reducing 

its reliability on empirical correlations. K2K model was being developed while other effects such as wall 

rotation effects, flow windage, fluid pumping in stepped seals and pre-swirling flow at seal inlet etc. were 

also being investigated and thus these effects were not included in the original K2K model.  

Some researchers [134,195,196,197] have followed the approach of applying global correction 

factor to a reasonably well-formulated thermodynamic model to improve its prediction accuracy. Such 

models are referred to as second generation loss prediction models. However, these models can provide 
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accurate loss estimates only within a limited operational range of seals. Outside this range, the correlations 

in these models are physically irrelevant and hence cannot be used for estimating leakage mass flow rate. On 

the other hand, analytical models use constant area contraction coefficients and global carry-over factors, 

which are not very accurate. Also such models do not consider variations of flow and geometry parameters 

of seal to predict its performance. The K2K model provides more realistic formulation of flow physics at 

knife tip gap and in seal cavity. It also has the potential to incorporate additional seal modelling parameters 

and to extend the current range of parameters. Based on these advantages K2K modelling approach has been 

selected for further development. The key assumptions and salient features of this approach are: 

 The model formulation is based on 1D representation of adiabatic flow, but local heat addition is 

allowed.  

 K2K modelling approach splits pressure loss across each knife into 3 fundamental loss mechanisms 

viz. contraction loss, venturi pressure loss and expansion loss. The entire flow domain in seal is thus 

divided into successive regions of flow losses. The end of each region is marked by an internal 

station number. The formulation of each of these pressure loss mechanisms can be tailored to suit 

flow conditions in seal and it can also take advantage of available knowledge-base [145,133,198]. 

 The contraction loss region is located between beginning of flow contraction and vena-contracta 

section in knife tip gap. The venturi pressure loss region is located in knife tip gap between vena-

contracta and trailing edge of knife tip. The expansion loss region begins immediately after venturi 

pressure loss region and extends into successive seal chamber. This concept has been illustrated in 

Figure 7.2. The model therefore involves calculation of three individual loss coefficients for each 

knife.  

 In their K2K model, Tipton et al. and Chupp et al. [178,179] had assumed that upstream knife tip 

radius affects only contraction loss coefficient, whereas knife tip thickness affects only venturi 

pressure loss coefficient.  

 Additional corrections can be included to account for the effect of neighbouring knives, such as to 

differentiate between effects of first knife from those of middle knives. Such corrections are based 

on jet expansion angle [198,199]. 

 

Figure 7.2: Flow loss regions in K2K seal model 
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 The model accrues total pressure loss from each loss region in seal and computes the overall pressure 

loss, which is used to calculate leakage mass flow rate through seal.  

 K2K model is a design model and it can predict both leakage mass flow rate and inter-knife static 

pressure over a wide range of flow and geometry parameters. Optimisation programs can be coupled 

with K2K model to optimise seal geometry parameters without running CFD. 

 K2K model is more flexible than other models. It can use several flow and geometry parameters, 

which are difficult to incorporate in earlier models (Refer Appendix E) such as knife edge slant angle, 

knife angle, surface roughness, rotation, heat transfer, coolant flow injection etc. Furthermore, it is also 

applicable to several other configurations of labyrinth seal such as stepped seal, combination seal etc. 

It can also simulate the fluid dynamic effects of rotation, windage, pumping, inlet flow swirl etc. 

 The computational resources required for running K2K model are significantly less than that required 

for running CFD simulations, which makes it particularly suitable for industrial design work. 

 Extensive experimental tests were conducted during LSAP [179] programme. The main objectives 

of LSAP experimental campaign were i) to extend the range of available database for geometry parameters 

in seal model, ii) to provide verification capabilities to model, and iii) to substantiate the physical reality of 

flow structures predicted by numerical tools. A majority of these tests were conducted on 2D static test rig, 

whereas some tests were conducted on 3D rotating test rig. Several parameters of test seals such as 

clearance, chamber height, knife pitch etc. were varied using building block approach and their effect on 

seal performance was recorded. The actual engine operating conditions were simulated by varying pressure 

ratio across seal; however, air temperature was maintained same as that of ambient condition. The 

experimental measurements were condensed into non-dimensional form and multi-variate regression 

analysis was carried out on condensed data. The final database consisted 1839 data points of seal 

performance test including various test configurations of single knife seal, straight through and stepped 

seals. Based on this database and loss model parameters, Chupp et al. [179] developed following three 

equations (Eq. 7.1 to Eq. 7.3) to compute total pressure loss across each type of loss region: 

         
 

 ⁄      
          -      Contraction loss Eq. 7.1 

           
 

 ⁄      
              -      Venturi pressure loss Eq. 7.2 

                         -      Expansion loss Eq. 7.3 

In the next phase, LSAP researchers used building block approach to derive the correlations for loss 

coefficients; Kc, Kvf and Ke, respectively. The complete test database was scrutinised to extract and 

comprehend the trends of variation of loss coefficients. The loss coefficients were then corrected for 

individual seal parameters using multiple regression analysis and limit analysis in order to select only the 

physically relevant candidate equations. Finally, the capabilities of loss coefficient equations were tested 

and the model equations for each of three loss coefficients were segregated to produce the best overall 
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match. Eq. 7.4 to Eq. 7.6 have been reported as the resultant equations for predicting contraction pressure 

loss for single knife seal [179], 
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Figure 7.3: Variation of venturi pressure loss coefficient [178,179] 

Figure 7.3 shows the graph representing the equations to compute coefficient of venturi pressure 

loss for single knife seal. This data is based on experimental results published by Kearton and Keh [189]. 

The expansion loss coefficient for single knife seal has been considered as unity.  

A method, originally proposed by Abramovich [198] and Komotori and Miyake [199], has been 

used to consider the influence of neighbouring knives on the total pressure loss estimated for single knife 

seal. In this method, a correction factor is applied to the loss correlations to correct their original prediction. 

The correction factor is calculated based on increase in flow area after flow expansion. The flow area is 

computed from the depth of flow jet in seal chamber. The depth of jet is computed using Eq. 7.7 or Eq. 7.8, 

which require a guess value of jet expansion angle (α). 

           [             ⁄  ]⁄      for                Eq. 7.7 

           [           ]⁄               for                   Eq. 7.8 

Chupp et al. [179] have compiled a database of flow expansion angles (α) using flow visualisation 

techniques and from prior seal models. The flow expansion angle is expected to vary with pressure ratio 

across knife, but it was not modelled due to lack of sufficient data. An average value of 3
0
 is reported by 

Chupp et al., whereas a value as high as 6
0
 has been proposed by Komotori and Miyake [199]. The flow 

expansion angle can also be predicted by formula shown in Eq. 7.9, 
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      Eq. 7.9 

It might be noticed that jet expansion angle cannot be predicted for real flow conditions in seal 

using this approach and thus there is a large potential for improvement. The loss coefficients predicted for 

single knife seal are then modified using estimated flow areas at various loss stations in multi-knife seal as 

shown in Eq. 7.10, 
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 Eq. 7.10 

For stepped labyrinth seals, aforementioned basic formulation remains same; and alongside, LSAP 

researchers [179] have proposed a simplified approach that uses area correction factor (XMUL) for 

estimating flow expansion areas in seal chambers. This factor can be less than or greater than unity and it 

considers small carry-over of velocity, flow disturbances and additional pressure losses in flow through 

stepped seal. Further details of stepped seal formulation can be found in articles published by Chupp et al. 

[179]. The above methodology is embedded in SEALK2K algorithm prepared by Tipton and Chupp et al. 

[178,179] and it is used for the design and analysis of labyrinth seals in Allison Gas Turbine industry. 

 Numerical analysis of seals 7.3.2

After the evolution of numerical techniques, many researchers analysed labyrinth seals using CFD. 

The developments in this field are quite recent compared to theoretical and experimental analysis of seal. 

The earlier CFD-based studies were primarily aimed at validation of numerical results. Over the past two 

decades, numerical techniques gained wide-spread notion of reliability and thus many researchers began 

publishing their numerically predicted seal characteristics with greater confidence. This section intends to 

present the review of a few important publications that have been useful for numerical experimentation 

work presented in this chapter. 

A computer program prepared for solving governing equations of seal flow by Koenig et al. [200] 

might be considered as one of the earliest 1D numerical analysis of seal. It was based on pure theoretical 

considerations and was capable of carrying out parametric design of labyrinth seals using various 

approaches. The program contained several seal design parameters to optimise seal performance. Hawas et 

al. [194] had proposed a semi-empirical model, which could use distinct values of approach velocity ratios, 

discharge coefficients and pressure losses for each seal constriction. This model was useful for evaluating 

seal performance at both low and high pressure ratios and it could also cope with choking flow condition. 

Hawas et al. had used the data provided by Kearton et al. [189] to estimate individual discharge coefficients 

for each constriction. They had also considered the effect of increasing pressure ratio across downstream 

constrictions. Although, this model could provide fairly accurate estimates of seal leakage mass flow rate 

over a wide range of seal dimensions and pressure ratios; it contained too many model constants, which 

must be determined a priory using experimental data. The model proposed by Hawas et al. [194] might be 

considered as predecessor of K2K methodology. 
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The Labyrinth Seal Analysis Program (LSAP) (1980) has given a major contribution in development 

of numerical solutions for compressible flows in labyrinth seal. Buggeln et al. [201,202] have published 

many comprehensive reports summarising their numerical flow simulation studies. Their results have been 

used mainly for validation purpose. Another important series of articles was published by Rhode et al. 

[203,204] on numerical simulation of labyrinth seal flow. However, a majority of their publications are 

related to rotor dynamic application and thus those are not referred to. The salient features of computational 

schemes used by Buggeln et al. and Rhode et al. are compiled in Table 7.1. It might be noted that their 

numerical schemes are based on compressible Navier-Stokes equations integrated with standard k-ε 

turbulence model. The computational schemes employed by a few other researchers [205] have also been 

recorded in Table 7.1.  

Wittig et al. [206] conducted first comprehensive numerical experiments on labyrinth seals. The 

details of their numerical scheme are provided in Table 7.1. They compared experimentally obtained seal 

discharge coefficients with those predicted by numerical experiments. Despite using relatively coarse grid in 

knife tip gaps, they successfully obtained good agreement between numerical and experimental results for 

both straight-through and stepped seals. Their results show that for higher number of knives, numerically 

computed seal discharge coefficients fairly match with those obtained from experimental tests. Their method 

has been used in the present work for obtaining seal discharge coefficients from numerical results. 

Zimmermann and Wolff [108] took first major step towards determination of seal correlations using 

numerical experimentation. They proposed a method for reducing numerical data to prepare standard flow 

restrictor correlations. The method and the flow visualisation techniques used by Zimmermann et al. are 

similar to those used by Wittig et al. [206]. Based on their observations, Zimmermann et al. concluded that 

in high clearance seals, static pressure in first chamber might be lower than that in subsequent chamber 

during certain flow conditions. This flow phenomenon is known as re-diffusion and it has also been reported 

by Jerie [195] based on his experimental tests. This observation is important for the present work to explain 

a similar flow phenomenon observed in a few numerical test cases. 

In order to compute flow discharge coefficients at exit planes of seal knives, Zimmermann and 

Wolff [108] used mass-mean averaged flow velocities and mass flow rate ratios. Their significant 

observations clearly indicate the special role played by first seal knife. Zimmermann and Wolff knew that 

the discharge coefficient for first knife is always slightly less than that for other knives and hence a separate 

correlation is necessary to determine it. They reformulated the correlation equation for first knife to obtain 

its individual loss coefficient. The seal leakage mass flow rates computed using their 1D loss correlations 

match within ±5% with those computed from test data. It seems that the evolving ideas about loss divisions 

in labyrinth seal and unavailability of computing resources restricted them from generating seal loss 

correlations using extensive numerical experimentation. 

Based on the work carried out by Stocker [175,176] and Rhode et al. [204,203], Schramm et al. 

[207] conducted a detailed investigation of influence of honeycomb type stators on stepped seal 
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performance. The seals having honeycomb type stators are out of scope of the present work and thus only 

salient details of their numerical scheme have been reported in Table 7.1. After the advent of advanced 

computational schemes and with the availability of high speed computing resources, researchers began 

solving 3D CFD equations in labyrinth seal flow domain. Moore [208] carried out the first-of-its-kind 

analysis on gas labyrinth seal to understand its rotor-dynamic behaviour. The CFD scheme used by Moore 

[208] is summarised in Table 7.1. The important observations presented by him are, i) for leakage flow rate  

computations, 2D axi-symmetric CFD model of seal is sufficient and it can provide good results even on 

coarse grid, ii) details of flow streamlines can be clearly recognised from numerical results such as flow jet 

stagnation point on the wall of next knife, jet divergence angle, pressure drop across each knife etc., iii) seal 

performance predictions can be improved by attaching upstream and downstream flow domains to seal flow 

domain and, iv) in a CFD model of labyrinth seal, if high tangential velocities are assigned to solid walls, it 

is necessary to reduce seal clearance in order to improve the prediction accuracy of leakage mass flow rate.  

Wei-zhe et al. [209] and Soemarwoto et al. [210] have published the results of numerical testing 

carried out on various configurations of gas labyrinth seal. The numerical scheme employed by them is 

recorded in Table 7.1. The notable observations by Wei-zhe et al. are patterns of flow streamlines, velocity 

vector field, pressure distribution in seal chambers and analysis of sudden deflection of bulk flows in 

interlocking and stepped seals. Their observation regarding the variation of radially averaged static pressure 

along stream-wise direction clearly shows that static pressure remains almost constant in seal cavity, 

whereas it drops when flow passes through knife tip gap. Soemarwoto et al. [210] have presented the results 

of investigation on performance assessment of rotating honeycomb-stator seals. They have used sufficiently 

large computational domains at upstream and downstream side of seal flow domain in order to capture large 

vortices and to ensure correct application of boundary conditions. The seal streamlines, total pressure loss 

contours and 3D streamlines presented by them provide a good idea about flows in rotating honeycomb-

stator seal. These results are useful for comparing with the present results. 

In their article, Suryanarayanan et al. [211] have demonstrated the methods for CFD data reduction. 

They had conducted several numerical experiments in order to improve mass flow rate prediction capability 

of labyrinth seal model. They found that seal carry-over coefficient, γ, should not be constant for all 

constrictions in seal. After analysing the effects of flow and geometry parameters on seal performance, 

Suryanarayanan et al. noticed that seal carry over coefficient strongly depends on Reynolds number and 

clearance to pitch ratio (    ⁄ ). After conducting several numerical experiments on single cavity seal at 

various flow conditions, they extracted a correlation for predicting carry-over coefficient (γ) based on these 

modelling parameters. Their model equation is represented as, 
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It might be noted that Suryanarayanan et al. did not consider the effects of various other seal 

modelling parameters on seal leakage flow rate. Their research efforts were focussed on improving an old 

seal model, originally proposed by Hodkinson [117]. Hodkinson’s method of using carry-over factor for 

leakage mass flow rate prediction has severe limitations and thus their improved model could provide 

limited advantage. Nonetheless, their approach of using numerical experiments for extracting seal loss 

correlations is noteworthy for the present work. 

The solvers and schemes used by Dodds [212] for performance evaluation of stator well seals and 

those used by Wellborn et al. [213,214] are also included in Table 7.1. Their work is not directly related to 

the generation of seal loss correlations and therefore, only numerical schemes used by them have been 

noted. The guidelines provided in ESDU labyrinth seal standard [215] have been extensively used in the 

present work, however, the details of their numerical modelling work do not seem to be available in open 

literature. 

Table 7.1: Summary of the publications on numerical analysis of labyrinth seals 

Sr. 

No 

Author Scheme 

equations 

Method Turbulence 

Model 

Number of 

Nodes / Time 

To Predict 

1 Buggeln et 

al. [201,202] 

2D Averaged 

Time 

dependent N-

S 

Central FD 

with linearised 

block ADI 

(LBI) solver 

Both Mixing 

length and k-ε 

model 

Non 

orthogonal 

structured 

Max. 61 × 101 

grid for 3 teeth 

Seal leakage 

mass flow 

rate, 

demonstrate 

numerical 

ability 

2 Rhode et al. 

[204] 

Compressible 

Reynolds 

Averaged 

N-S 

2
nd

 order 

QUICK FD 

scheme  with 

SIMPLER 

solver 

Standard  

k-ε 

logarithmic 

wall function 

Orthogonal 

structured  

Max. 33 × 31 

grid for single 

cavity 

Seal leakage, 

flow details, 

rotor-dynamic 

stability 

 

3 Wittig et al. 

[206] 

2D time-

averaged 

N-S 

Upwind FD 

with SIMPLE 

 

Standard  

k-ε 

~10000 max. / 

0.5 – 4 Hrs. 

Discharge 

coefficient 

4 Zimmermann 

[108,216,191

] 

2D time-

averaged 

N-S 

Upwind FD 

with SIMPLE 

 

Standard  

k-ε 

~10000 max. / 

0.5 – 4 Hrs. 

Discharge 

coefficient 

5 Sturgess et 

al. [205] 

2D Reynolds 

averaged 

conservation 

equations 

Finite 

difference 

SIMPLE / 

PISO 

Standard  

k-ε  

no-slip at 

walls 

Non uniform 

76 x 36 grid 

for 4 knives 

Demonstration 

of suitability 

of CFD 
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6 Schramm et 

al. [207] 

3D 

compressible 

time 

averaged 

N-S 

FV – 2
nd

 order 

discretization 

with physical 

advection 

correction 

term 

Standard  

k-ε 

logarithmic 

wall function 

non-ortho 

structured grid 

– 92000 nodes 

Discharge 

coefficients 

and geometry 

parameter, ξ 

7 Moore J.  

[208] 

3D Reynolds 

Averaged  

N-S with 

energy and 

state eqns. 

UWDS for 

advection and  

conservative 

SIMPLE-C 

solver 

Standard  

k-ε 

logarithmic 

wall function 

non-ortho 

structured 

grid, 715836 

nodes for 8 

teeth/ 20 Hr 

Seal leakage 

and Rotor 

Dynamic 

Forces 

8 Denecke et 

al. [217] 

2D N-S 

solver in 

FLUENT 

6.2.1 with  

axisymmetric

, fully 

turbulent  

flow 

FV with 2
nd

 

order 

dissipation 

schemes and 

SIMPLE 

‘Realizable’ k-

ε with 

logarithmic 

wall function 

20000 - 42000 

triangular cells 

Analysis and 

comparison 

between the 

experimental 

and numerical 

data 

 

9 Dodds J. 

[212] 

3D N-S 

solver in RR-

Hydra 

3D sector 

model for a 

blade passage 

Spallart 

Allamaras 

Total 836,672 

nodes per 

sector 

Stator well 

seal 

performance  

10 Wei-zhe et 

al. [209] 

Continuity 

and 

momentum 

N-S 

equations 

CFX – 

standard FV 

solver with 

SIMPLE 

Standard  

k-ε 

8 × 10
4
 – 1.1 × 

10
5
 nodes for 6 

teeth 

Seal leakage 

flow rate 

11 Soemarwoto 

et al. [210] 

3D Reynolds 

Averaged 

N-S 

Cell centered 

pseudo-time 

integration FV 

scheme 

TNT variant of 

k-ω model 

with a 

correction 

scheme at 

cavity centre 

Structured 3 

layered multi-

grid with local 

time stepping. 

Max. ~10M 

nodes 

Flow 

characteristics 

of honeycomb 

seal with 

rotation 

12 Suryanaraya

nan et al. 

[211] 

2D N-S 

solver in 

FLUENT 

6.3.26 

FV Standard  

k-ε 

2D Structured 

Mesh ~60000 

node 

Kinetic energy 

carry over 

factor 
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 Discussion: Necessity of numerical experiments 7.3.3

The literature on labyrinth seal modelling reveals their importance for design and analysis of 

secondary air system of aero-engines. It also highlights the necessity of having an integral and accurate 1D 

seal model in the present flow network modeller. It might be noted from literature review that earlier seal 

models provide more emphases on thermodynamics of seal flow, whereas recent seal models provide more 

attention to its fluid-dynamics. Hawas et al. [194], Komotori et al. [218,199] and Vermes [134] etc. had 

proposed the models preceding K2K model and had also incorporated improved understanding of flow 

dynamics in their models.  

K2K model is an advanced 1D seal model, which correlates loss variables with flow and geometry 

parameters of seal. K2K model attempts to combine two seemingly different problems namely, computation 

of leakage mass flow rate and prediction of inter-knife static pressure. This model can thus be employed for 

flow network computations as well as for simulating seal’s rotor dynamic behaviour. K2K model also 

includes all major seal design parameters that are necessary to evaluate seal performance and thus it can be 

used effectively for optimising seal design. Due to several advantages of K2K model over other 1D models, 

it is most logical to select K2K modelling approach for further work. However, the K2K model available in 

literature also has a few limitations such as, 

 The loss coefficients used in literature K2K model are collected from experimental data. Also, many 

other model constants have been derived from test database, which is same as using empirical 

correlations. These model constants and indices are not dependent on seal flow conditions and thus 

those are applicable in a limited range of operation. This reduces overall generality of literature 

K2K model. 

 The loss correlations in literature K2K model are essentially derived for single knife seal. Some 

correction factors have been applied to these correlations for estimating leakage flow rate through 

multi-knife seals. However, these correlations and correction factors are not dependent on the 

13 Wellborn et 

al. [214]  

3D N-S 

APNASA 

code 

Cell-centred 

time marching 

Runge-Kutta  

scheme 

Algebraic 

Bladwin-

Lomax  

and  

Standard  

k-ε 

- Modelling of 

shrouded seal 

cavity flows 

14 ESDU [215] 2D N-S -  - - Seal model 

development, 

Analysis of 

effects of flow 

and geometry 

parameters 
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position of knife in seal. This necessitates considering effects of specific location of knives in multi-

knife seals.  

 In the prior K2K model, coefficients of contraction loss and venturi pressure loss are assumed to be 

dependent on single model parameter. In reality, those might be dependent on multiple parameters. 

The coefficient of expansion loss also seems to be oversimplified and thus it is necessary to check 

the dependence of these coefficients on various flow and geometry parameters. 

Additionally, a detailed description of pressure loss correlations employed in prior K2K model is 

not available in open literature. The indices and coefficients in its loss correlations are classified. Some of 

the oversimplified loss correlations do not provide accurate estimates of leakage flow rate over a wide range 

of operating conditions. Some correlations might provide correct results for a short range of variation of seal 

parameters; however, their applicability for flow network computations is quite limited. The new seal 

model, which would be constructed as a part of the present work, needs to overcome these limitations. 

Considering the improvements required in prior K2K model and the constraints of time and other resources, 

numerical experimentation is conceived as the most convenient approach for model development. 

During late 1990s, Zimmermann et al. [108,107] had suggested the general concept of numerical 

experimentation. Their method is based on extensive numerical testing of secondary air system components 

such as seals, metering holes etc. They promoted numerical testing over actual component testing due to 

some of the following reasons, 

 Experimental testing is a conventional way of preparing test database for generating pressure loss 

correlations. However, it has already been realised that experimental tests are quite expensive and 

can be very difficult to set up for certain components. 

 Experimental data makes sense to designers, if flow conditions and geometry parameters used in 

tests simulate those in actual engine operating condition. It is extremely difficult to achieve and 

maintain such conditions during certain experimental tests. 

 The test data collected using components having simplified geometry may have limited applicability 

for actual component design. Such data could not be used to correlate the variation of component’s 

performance to the variation of its particular design parameter. However, it can provide trends of 

variation. 

 The experimental evaluation of modifications in component’s geometry is prohibitively expensive. 

Many times random variations in test data prevent establishing any correlation between 

component’s performance and its geometry modifications. 

 The flow parameters such as tangential velocity, flow expansion angle etc. might play an important 

role in model preparation. Such parameters could not be measured accurately during the 

experimental testing of components having complex geometric shapes. The inaccurate or 

insufficient number of measurements of these parameters might underestimate their importance. 



Chapter 7 Loss Modelling of Aero Engine Seals 

230 

 

 Variations in experimental data, methodology of data collection, sensitivity of sensors used for data 

collection, possible number of sensors that can be used etc. are some of the other practical 

difficulties in experimental testing. 

It is well-known that as the number of design parameters increases, it becomes practically 

impossible to generate test database for preparing loss models using experimental techniques. The other 

sources of data such as design handbooks can hardly help in resolving such issues. Considering the severe 

limitations of experimental methods, numerical experimentation technique has been selected for the present 

work. The above discussion also emphasizes the necessity of adopting such techniques for collecting data 

and for reformulating physics based models of air system components.  

 Numerical Experiments: Tools and methodology 7.4

The concept of generating correlations through numerical experiments is at least two decades old, 

but it was not encouraged by researchers or industry due to the severe limitations of Computational Fluid 

Dynamics (CFD) at that time. The development of numerical experimentation technique was stalled by 

evolving CFD codes, slow computation speed and an associated factor of unreliability. In the past decade, 

CFD codes flourished quickly and many CFD based research articles were published, which helped in 

building trust on the concept of numerical experimentation. The concurrent developments in high speed 

computing facilities were also supportive to such advancements. 

For the present work on generating loss correlations for labyrinth seal, academic version of CFD 

code, Fluent 12.1[219,220] has been used. It is based on well-known SIMPLE [221] (Semi Implicit Method 

for Pressure Linked Equations) algorithm. This code has widespread recognition in the field of numerical 

research. Although primarily known for solving incompressible flows, Fluent is also recognised for the CFD 

analysis of compressible flows found in secondary air system. Earlier researchers have used Fluent for 

simulating seal flows and hence its suitability for the present work is confirmed. This code is also widely 

used by analysts for CAE assessment of various engine components. Due to its availability within academic 

environment and user friendliness, Fluent is selected as the tool for the present numerical experiments. The 

present work utilizes various numerical schemes and turbulence models incorporated in Fluent. Before 

conducting actual tests, a few pilot tests and validation studies have been carried out to check if Fluent 

satisfies all requirements of the present work. 

After confirming the tool to be used, the experimentation methodology for the present work is 

decided. For generating 1D seal loss correlations, it is sufficient to record axial variation of flow parameters 

with respect to variation of pressure ratio across seal and variation of seal geometry parameters. The flow 

parameters are static and total pressure, axial velocity, fluid density, static and total temperature and leakage 

mass flow rate. The variation of pressure ratio across seal changes flow conditions in seal, whereas variation 

of geometry parameters produces effect of modification in seal design parameters. This methodology 

necessitates the generation of sensitivity matrix, shown in Figure 7.4. The seal configurations specified in 
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the first column of this matrix are proposed to be tested at various pressure ratios shown in first row. The 

results of these numerical experiments would be recorded and post-processed to find loss correlations. 

The variation of total pressure drop across various flow regions in seal would be captured from the 

database generated from these numerical experiments. The aforementioned sensitivity matrix would help 

arranging the variation of total pressure loss with respect to flow and geometry parameters of seal. The seal 

flow losses are characterized by successive contraction, venturi pressure loss and expansion of flow across 

each knife tip gap. The boundaries of these loss regions are determined from the change in direction of 

through-flow stream tube in seal. The total pressure loss across seal is thus systematically segregated and 

assigned to each type of loss mechanism. The relationship between variation of total pressure loss across a 

loss region and corresponding variation of flow and geometry parameters is established to build loss 

correlation for that particular type of loss mechanism. The present work broadly follows this methodology to 

construct loss correlations. 

 

Figure 7.4: Test matrix for the development of seal model  

It is proposed that the present numerical experiments should be conducted on 2D seal geometry, 

which is known to provide sufficiently accurate predictions of leakage mass flow rate and axial variation of 

total pressure [208,204,205]. It is generally known that flow losses in labyrinth seal are mainly related to 

contraction and expansion of flow. However, other mechanisms such as windage, fluid pumping, 3D 

circumferential vortices in seal chambers etc. also contribute to total pressure loss across seal. These effects 

are usually small and thus are neglected in the present study. Solid walls in the present seal domains are 

maintained stationary and hence rotational effects are not considered in the present work. These assumptions 

have reduced the number of seal modelling parameters and hence the complexity of post-processing of test 

data. Furthermore, the addition of a large number of model parameters might prevent accurate segregation 

of total pressure loss and thus it would not be possible to identify strong correlation between total pressure 

loss and model parameters. Clearly, the inclusion of more modelling parameters means increased number of 

tests, which are difficult to conduct using available resources. In the present methodology, these limitations 

have already been assessed and only dominant model parameters have been retained for further evaluation. 
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 Correlation parameters 7.5

Labyrinth seals are used in variety of applications and hence they have a large number of design 

parameters. In the present study, only aero engine seal design parameters have been considered. Although 

limited in number, aero engine seal design parameters cannot be used directly for generating loss 

correlations. These parameters have a large range of dimensional variation and it is practically impossible to 

conduct numerical tests for all possible variations in seal size. It is thus common to use ratios of seal 

geometry parameters to correlate them with total pressure loss experienced by fluid. Several seal geometry 

parameters used in prior K2K model are already available in literature. Seal clearance (CL) is one of the 

most important geometry parameters that is controlled by designers to obtain requisite seal performance. 

This parameter defines annular cross-sectional area at each seal constriction and thus governs the amount of 

mass flow rate passing through seal. It is thus natural to use seal clearance in conjunction with other seal 

geometry parameters to generate their ratios. These ratios are the modelling parameters of the present seal 

loss correlations; such as chamber height (    ⁄ ), knife pitch (    ⁄ ), knife tip thickness (    ⁄ ), 

knife radius (    ⁄ ), chamber width (         ⁄ ) etc. These ratios or modelling parameters can have 

a specific range of variation for a particular application. Table 7.2 shows the general range of variation of 

ratios of seal geometry parameters for aero engine application. Such variation range has been devised after 

many years of academic research and industrial experience [178,179,177]. Based on Table 7.2, the range of 

variation of seal modelling parameters has been selected for the present numerical experiments. The 

baseline dimensions for typical aero engine seals have been provided by Rolls-Royce plc.  

The flow parameters in aero engine seals may also have a large range of variation. They are 

expressed in the form of ratios such as Mach number (Ma), Reynolds number (Re), coefficient of discharge 

(Cd), seal pressure ratio (Pinlet/Pex), seal flow function (ϕ) etc. The variation of flow modelling parameters is 

grossly dependent on pressure ratio (Pt-entry / Ps-exit) across seal. For a given cross-sectional area at knife tip 

gap, the variation of pressure ratio across seal produces different leakage mass flow rates and generates 

large variation of flow parameters. In a typical gas turbine engine, total-to-static pressure ratio across 

various seals is expected to vary between 1.05 and 10.0. However, as pressure ratio increases beyond ~3.0, 

flow through seal chokes owing to the compressible nature of air. As mass flow rate through seal remains 

constant, flow parameters at knife tip gap do not vary appreciably and thus seal performance is usually 

predictable after it chokes. It is, therefore, decided to conduct the present numerical experiments using the 

range of variation of pressure ratios between 1.02 and 3.0. This range of pressure ratio variation seems to be 

satisfactory for the present work. It also covers incompressible, subsonic and partly transonic range of 

variation of axial flow velocities. 
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Table 7.2: General range of variation of seal model parameters [179,177] 

Parameter Straight through seal Stepped seal 

Nomenclature Symbol Min Max Min Max 

Number of Knives KN 1 28 1 6 

Knife Angle Kθ 60 90 50 90 

Knife tip thickness/ Clearance     ⁄  0.2 5 0.21 2.65 

Knife height / Clearance     ⁄  2.7 31.3 5.1 29.4 

Knife Pitch / Clearance     ⁄  0.9 59 5.4 53 

Step height / Clearance     ⁄  - - 0.5 33 

Distance to Contact / Clearance      ⁄  - - 0.85 52 

 The CFD case setup 7.6

 Geometry of seal model 7.6.1

In order to obtain the variation of total pressure loss with variation of seal geometry parameters, 

four standard geometry configurations of labyrinth seal have been selected. Rolls-Royce plc. has provided 

the geometry parameters for these seal configurations. Company standard JDS641.01 [222] has been used to 

get the dimensions of these seals and those are termed as small seal, medium seal, large seal and very large 

seal, respectively. These four configurations represent the seals in various sections of engine and hence the 

results of the present work can be used for modelling seal flows in whole engine flow network model. In 

order to cover the complete range of variation of flow parameters, all geometry configurations consist of 

five knives. Figure 7.5 illustrates the comparison of sizes of these seal geometries. 

 

Figure 7.5: Seal geometries generated from the dimensions in JDS641.01 [222] 

In JDS standard, seal clearance is not specified as it varies depending on the location of seal in 

engine and engine’s operating condition. The radial clearance of seal is generally known to vary between 

0.05 mm to 1.0 mm during engine operation. Table 7.3 displays various seal configurations used in the 

present work and Table 7.4 shows the maximum range of variation of seal geometry parameters. 

Small Seal

Medium Seal

Large Seal

Very Large Seal



 

 

Table 7.3: The geometry parameters and model parameters for various seal configurations 

 

Case No. Cases

Clearance, mm KN KH, mm KP, mm KTh, mm Kθ, deg Kβ1, deg Kβ2, deg KT/CL KH/CL KP/CL (KP-KT)/CL KP-KT/KH

1 0.050 5 2 2 0.19 90 10 10 3.800 40.000 40.000 36.200 0.905

2 0.100 5 2 2 0.19 90 10 10 1.900 20.000 20.000 18.100 0.905

3 0.200 5 2 2 0.19 90 10 10 0.950 10.000 10.000 9.050 0.905

4 0.300 5 2 2 0.19 90 10 10 0.633 6.667 6.667 6.033 0.905

5 0.400 5 2 2 0.19 90 10 10 0.475 5.000 5.000 4.525 0.905

6 0.500 5 2 2 0.19 90 10 10 0.380 4.000 4.000 3.620 0.905

7 0.100 5 3.2 4.5 0.3 90 10 10 3.000 32.000 45.000 42.000 1.313

8 0.200 5 3.2 4.5 0.3 90 10 10 1.500 16.000 22.500 21.000 1.313

9 0.300 5 3.2 4.5 0.3 90 10 10 1.000 10.667 15.000 14.000 1.313

10 0.400 5 3.2 4.5 0.3 90 10 10 0.750 8.000 11.250 10.500 1.313

11 0.500 5 3.2 4.5 0.3 90 10 10 0.600 6.400 9.000 8.400 1.313

12 0.750 5 3.2 4.5 0.3 90 10 10 0.400 4.267 6.000 5.600 1.313

13 0.100 5 4.5 7 0.35 90 10 10 3.500 45.000 70.000 66.500 1.478

14 0.200 5 4.5 7 0.35 90 10 10 1.750 22.500 35.000 33.250 1.478

15 0.300 5 4.5 7 0.35 90 10 10 1.167 15.000 23.333 22.167 1.478

16 0.400 5 4.5 7 0.35 90 10 10 0.875 11.250 17.500 16.625 1.478

17 0.500 5 4.5 7 0.35 90 10 10 0.700 9.000 14.000 13.300 1.478

18 0.750 5 4.5 7 0.35 90 10 10 0.467 6.000 9.333 8.867 1.478

19 0.200 5 6.3 8.5 0.4 90 10 10 2.000 31.500 42.500 40.500 1.286

20 0.300 5 6.3 8.5 0.4 90 10 10 1.333 21.000 28.333 27.000 1.286

21 0.400 5 6.3 8.5 0.4 90 10 10 1.000 15.750 21.250 20.250 1.286

22 0.500 5 6.3 8.5 0.4 90 10 10 0.800 12.600 17.000 16.200 1.286

23 0.750 5 6.3 8.5 0.4 90 10 10 0.533 8.400 11.333 10.800 1.286

24 1.000 5 6.3 8.5 0.4 90 10 10 0.400 6.300 8.500 8.100 1.286

Seal Model parameters

Small Configuration

Medium Configuration

Large Configuration

Very Large Configuration

Seal geometry Parameters
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Table 7.4: Summary of the range of variation of correlation parameter  

Nomenclature Symbol Min Max In step of 

Clearance CL, mm 0.05 1.0 0.1 

Knife height / Clearance KH/CL 4 45 - 

Knife Pitch / Clearance KP/CL 4 70 - 

Chamber width ratio (KP-KT)/CL  3.62 66.5 - 

Chamber aspect ratio (KP-KT)/KH 0.905 1.478 - 

It may be observed that only a moderate number of seal geometry parameters have been selected for 

the present work, as it might become difficult to correlate the combined effect of their variation with the 

variation of total pressure loss. The geometry models of every aforementioned seal configurations are 

constructed in Gambit [223]. A representative seal geometry model showing entrance and exit flow regions 

has been displayed in Figure 7.6. These regions are attached to the flow boundaries of seal domain. Entrance 

and exit flow regions are important for minimising entry losses, for maintaining the profile of incoming 

axial velocity and to ensure that flow expands completely after throttling in last knife tip gap. If inlet and 

exit flow regions are not included, it would be necessary to separately account the total pressure losses 

incurred due to converging and swirling flow coming in from inlet and those due to the expansion of flow at 

seal exit. Entrance and exit flow regions help maintaining consistent flow conditions at inlet and exit of seal 

flow domain in all numerical tests [208,215] and thus reduce the uncertainties in loss accounting process. 

 

Figure 7.6: A typical seal geometry used for case setup 

Other seal geometry parameters and their variation are not considered in the present study, so that 

the total pressure loss across each loss region can be directly correlated to the variation of predetermined 

seal geometry parameters. For the same reason, the present seal knives do not have tip radii and root radii. 

The inclusion of these radii is essential for considering manufacturing aspects of seal and its operating 

conditions etc.; however, those could be considered in future studies. 

 Grid generation and refinement 7.6.2

The 2D seal geometry models are then meshed using Gambit [223]. Although it appears to be 

simple, it is quite challenging to generate good quality mesh in seal models. Before finalising the grid 

density for actual experiments, grid convergence study has been carried out. Pilot test cases are prepared by 

generating paved triangular grid in seal flow domains. The triangular grid is surrounded by non-uniform 

boundary layer (BL) grid attached to solid walls. Three different types of grids having distinct coarseness 

Rotor radius knife radius Stator radius

Entry length = ~15-20 X Knife height Exit length = ~15-20 X Knife heightSeal length
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levels have been generated. The number of nodes used in these 2D grids is 60480, 162200 and 237678, 

respectively, which are much larger than those mentioned in published articles on seal flow simulation 

studies [211,208,212,205]. The grid refinement study showed that the overall error in predicted mass flow 

rate is less than 0.5%. It is thus concluded that grid convergence is obtained for further work. Although, seal 

leakage mass flow rate can be predicted quite accurately using coarse grid, it also needs to satisfy a few 

other criteria. Therefore, it is decided that the highest grid density shall be used for further work. 

The dimension of seal clearance is of order 0.05 to 0.01 of seal’s overall dimensions. The flow 

passing through such narrow area has very high gradients of axial velocity, pressure and temperature. 

Intense turbulence is generated at such locations. Clearly, it is necessary to capture these flow features 

accurately to get the results that can be used for generating loss correlations. Therefore, the generation of 

good quality mesh in knife tip gaps is the prime requirement of the present work [215]. Good quality mesh 

can be generated in knife tip gaps by controlling its critical parameters such as number of seeding nodes on 

knife tip, increment ratio of non-uniform boundary layer and the growth rate in size function [223] etc. 

Further, it is necessary to consider the fluid dynamic requirements of numerical computations. 

Contrary to high Reynolds number (Re) flow over wings and blades, the flow through knife tip gap has 

relatively low Reynolds number; of order of 10
4
. For such low Reynolds number flow, it is necessary to 

generate dense boundary layer grid in order to capture the near-wall velocity profiles and turbulence 

quantities accurately. The distance between nodes adjacent to wall and those on solid walls is very small in 

dense boundary layer grids and it is known as y
+
 value in non-dimensional form. For low Re flows, it is 

necessary to maintain y
+
 value closer to unity [215] at all solid wall boundaries. The present mesh has been 

prepared to satisfy this requirement. The turbulence model for the present work is also selected to suit these 

requirements.  

During the initial phase of experimentation, the number of seeding nodes on knife tip is varied from 

20 to 150. Similarly, the ratio of increment of non-uniform boundary layer thickness is varied from 1.10 to 

1.15 and the size function growth rate is varied from 1.01 to 1.04. The results of these trials are, indeed, 

dependent on seal geometry configurations. The final values used for actual experiments are summarized in 

Table 7.5. 

Table 7.5: Summary of mesh creation parameters used for the numerical experiments 

Seal 

configuration 

Seeding 

nodes on 

knife tip 

Initial size 

of BL 

(mm) 

Increment 

factor for 

BL 

No. of 

BLs 

Growth factor 

in size 

function 

Total 

nodes 

(Millions) 

Small 80 0.0001 1.15 25 1.02–1.018 0.19-0.23 

Medium 100 0.0001 1.145–1.15 26 1.017–1.018 0.258-0.29 

Large 100-110 0.0001 1.145–1.15 25 / 28 1.02–1.017 0.237-0.32 

Very large 120-130 0.0001 1.139–1.137 29 1.019–1.0173 0.328-0.34 
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The prior study on mesh density and node distribution revealed that the height of triangular 

elements adjacent to outer layer of boundary layer grid should be roughly same as the height of elements in 

outer layer of boundary layer grid. Such node distribution is particularly important to avoid jump in flow 

variable values across the interface of structured and unstructured type of grids. The values of flow variables 

jump due to numerical smoothing switches used in CFD algorithms and modify variables’ radial profiles. 

Although, such jump does not change flow variable’s overall value, it can affect its mass mean average at 

certain axial sections. The axial variation of mass mean average of flow parameters is important for the 

present work and thus mesh must be generated to comply with these requirements. It is also necessary to 

take due care while seeding nodes in knife tip gap, which essentially controls the height of elements at the 

interface of triangular grid and boundary layer grid. Figure 7.7 shows the details of mesh in seal cavity and 

in knife tip gap.  

Gambit provides the facility to apply specific type of boundary condition to a set of nodes in mesh. 

This facility has been used to create two basic types of boundary conditions. The nodes at inlet and exit 

boundaries are declared as constant pressure boundary nodes, whereas no-slip boundary condition is applied 

to the nodes on solid walls of seal. This mesh is then exported to Fluent. 

 

Figure 7.7: 2D Mesh details in seal cavity 

 Selection of a turbulence model 7.6.3

The applicability of turbulence models for seal flow simulations is one of the most widely discussed 

aspects in literature. Some researchers are concerned about the theoretical correctness of turbulence model 

for seal flow simulation, whereas other researchers maintain that a turbulence model should be suitable for 

seal design work. The seal loss correlations are usually generated for evaluating seal designs and thus it is 

necessary that those correlations should be applicable in whole design space and maintain good overall 

accuracy. As might be expected, the selection of turbulence model for generating seal loss correlations is a 

trade-off between its prediction accuracy and applicability over a wide range of variation of flow and 

geometry parameters. The availability of turbulence models is another important issue, which also needs to 

be tackled. In the present work, seven different turbulence models available in Fluent have been assessed. 

Fine grid 

near knife tip

Coarser mesh 

in seal chamber

Boundary 

layer

a) 2D triangular mesh in seal cavity b) Mesh details and boundary layer
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These well-known turbulence models are Spalart-Allmaras (SA) model, standard version of k-ε model with 

standard and enhanced wall functions (SKε-stdwall and SKε-enhwall), realizable version of k-ε model with 

standard and enhanced wall functions (RKε-stdwall and RKε-enhwall), k-ω model with standard wall 

treatment (SKω-stdwall) and kω-SST model. Except Spalart-Allmaras (SA) model, all other turbulence 

models consist of two turbulence transport equations that characterize their turbulence prediction capability. 

The aforementioned turbulence models have been evaluated for a limited number of seal flow 

simulation cases during initial study. These simulation cases are selected from experimental data published 

by Stocker [176] and Wittig [206] and their test results have been used for comparison. Both Stocker and 

Wittig have provided the description of labyrinth seal geometry that was used for experimental work. Using 

these descriptions, seal models are constructed in Gambit and are meshed according to predetermined 

guidelines. After applying the boundary conditions same as those used in actual experiments, seal flow 

simulations are carried out. The results of these simulations are used to assess the capabilities of each of 

seven turbulence models to predict leakage mass flow rate, minimisation of continuity residual, required 

number of iterations and y
+
 values at solid walls etc. Figure 7.8 to Figure 7.10 show the comparison between 

experimental and computed values of mass flow rates and level of convergence that could be obtained by 

each turbulence model.  

 

 

Figure 7.8: Comparison with the experimental data - Stocker seal – clearance 0.25 mm and PR 1.2 
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Figure 7.9: Comparison with the experimental data - Stocker seal – clearance 0.51 mm and PR 2.19 

 

 

Figure 7.10: Comparison with the experimental data - Wittig seal – clearance 0.5 mm and PR 1.38 
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Figure 7.11: Comparison of non-dimensional pressures - Wittig seal – clr. 0.5 mm and PR 1.38 

The data gathered from several such trials showed that the standard version of k-ε turbulence model 

with enhanced wall function provides the most consistent results over the predetermined range of flow and 

geometry parameters. As might be observed from Figure 7.8 to Figure 7.10, leakage mass flow rate 

predicted by this model is closer to that obtained from experimental tests and the difference between them is 

less than 3%. Furthermore, it is observed that the selected model could generate precise radial profiles of 

flow variables near solid walls. This capability is particularly important for the present work as, in thin 

boundary layer, the realistic predictions of radial profiles of flow variables are necessary to accurately 

compute their mass-mean average. These characteristics of standard k-ε model with enhanced wall function 

have also been confirmed by Ansys-Fluent customer support [224]. Many previous researchers 

[201,202,206,108,216,205,211,209] have also used the same model for seal flow simulations (Refer to Table 

7.1), although the reasons for its use are not explicitly stated in their publications.  

It might appear from the graphs shown in Figure 7.8 to Figure 7.10 that realizable k-ε turbulence 

model with enhanced wall function also predicts leakage mass flow rate quite accurately; however, it has 

been observed that this turbulence model does not converge properly for some simulation cases (not shown 

here) and might produce broken or wavy through-flow streamline. A clear definition of through-flow 

streamline is extremely important for the present work and therefore realizable k-ε turbulence model is not 

selected. Standard k-ω and kω-SST models do converge well in many seal flow simulation cases and hence 

those are also not selected. Spalart-Allmaras model and standard k-ε model with standard wall function are 

good candidates; however, they do not satisfy the requirement of accurate wall treatment. Also, it has been 

observed that these two models may not converge well for same seal flow simulation cases, which 

compromises the accuracy of the present loss correlation work. Considering these criteria, standard k-ε 

model with enhanced wall function has been selected for actual numerical tests. 
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 Figure 7.11 shows an important evidence of accuracy of numerical predictions. The non-

dimensional pressure levels predicted by each turbulence model have been compared with those obtained 

from experimental tests by Wittig et al.[206]. It might be observed that all turbulence models predict 

generally good results for static pressures in seal cavities including the selected SKε-enhwall model. 

 Boundary conditions 7.6.4

The system of compressible gas dynamic equations in CFD flow solver requires two main types of 

boundary conditions viz. temperature and pressure. Temperature usually has weak effect on flow losses and 

hence, in the present work, constant air temperature has been used in all seal flow simulation cases. This 

also reduces the number of flow parameters in loss correlation work. Considering the flow conditions in a 

majority of engine seals, entire flow field in CFD models is initialised to 500 K.  

Free-stream pressure boundary conditions are specified in the form of total pressure at inlet and 

static pressure at exit. The selected values of inlet and exit pressure and corresponding pressure ratio are 

presented in Table 7.6. It might be observed that the range of variation of pressure ratio has been selected 

such that the maximum amount of pressure loss data could be generated from a limited number of numerical 

experiments. Finally, solid walls in CFD models are specified as impermeable viscous wall boundaries with 

no-slip condition. Turbulence parameters at flow boundaries are specified in the form of intensity of 

turbulence kinetic energy (k) and turbulence dissipation rate (ε). 

Table 7.6: Pressure ratio variation used for numerical experiments 

 

As mentioned before in section 7.4, tangential speed boundary condition is not applied to the rotor 

walls of these seal models. Consequently, circumferential flow and velocity are not computed in the present 

numerical simulations. Despite knowing that circumferential flow does exist in rotating labyrinth seals and 

that it affects their leakage flow characteristics, 2D flow computations have been carried out. The following 

reasons might be considered. 

1) Although, total pressure loss in seal is affected by several 3D flow phenomenon such as windage, 

pumping and circumferential pressure variation etc.; their effect is usually small.  

2) The present work is primarily focussed on accurate determination of leakage flow rate through seal, 

which is generally independent of circumferential mass flow rate. Also, it is well-known that 2D seal 

Pratio Pinlet (Pa) Pexit (Pa)

1.02 500000.00 490196.08

1.10 500000.00 454545.45

1.25 500000.00 400000.00

1.50 500000.00 333333.33

1.75 500000.00 285714.29

2.00 500000.00 250000.00

2.30 500000.00 217391.30

2.70 500000.00 185185.19

3.00 500000.00 166666.67

Pressure Ratio Variation - Pti/Pse
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flow simulations can accurately predict both leakage mass flow rate and axial variation of total pressure 

[208] and hence circumferential flow computations are not required. 

3) In the present work, the total pressure loss experienced by axial flow through seal would be accounted to 

generate loss correlations and thus the computation of circumferential flow quantities is deemed 

unnecessary. 

4) Furthermore, the pressure loss mechanisms based on circumferential flow in seal are not well-recognised 

and thus, it is quite difficult to identify, segregate and quantify total pressure losses generated due to 

circumferential flow. 

5) In the present work, the mass mean averaged axial variation of flow parameters forms the basis for 

generating loss correlations. The inclusion of other effects due to circumferential flow may invalidate the 

use of this averaging technique.  

6) It is deemed that the effects of circumferential flow and seal rotation should be included in the form of an 

additional correlation, which would modify the leakage mass flow rate predicted from pressure loss 

correlations. 

 Solution method 7.6.5

The seal flow simulation cases are ready to solve once mesh is created and boundary conditions are 

applied. Table 7.7 summarizes the important parameters of solution method for Fluent solver. 

Table 7.7: Selected solution method for Fluent solver 

Sr. 

No. 

Solution parameter Selected method / model / values 

1 Grid size ~0.3M nodes 

2 No. of CPUs 4 per simulation case 

3 Solution accuracy double precision 

4 Solver Pressure-based, axisymmetric, steady state flow solver 

5 Numerical scheme SIMPLE 

6 Material Compressible ideal gas, air 

7 Viscous effects SKε-enhwall turbulence model 

8 Equations Continuity, axial, radial and tangential momentum and energy 

9 Gradient evaluation Least square cell based method 

10 Solver stencil Second order upwind 

11 Solver facility Fluent Multi Grid (FMG) [219,220] 

12 Under-relaxation 

factors 

0.2 for pressure and density equations, and 0.4-0.5 for momentum, 

energy and turbulence equations 

13 Convergence criterion 1.e-8 for continuity  

14 No. of iterations No limit (usually 20000 – 60000 iterations for each case) 

15 Computational time 18-24 hours 



 

 

Table 7.8: Convergence report for all seal cases 

Case No. Cases Clearance, mm PR 1.05 PR 1.1 PR 1.25 PR 1.5 PR 1.75 PR 2.0 PR 2.3 PR 2.7 PR 3.0 Ncases

1 0.05 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

2 0.10 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

3 0.20 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

4 0.30 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 5.99E-08 9.99E-09 9

5 0.40 9.99E-09 1.15E-08 3.68E-08 4.82E-08 2.16E-08 6.96E-08 1.66E-08 1.67E-06 1.60E-08 9

6 0.50 9.99E-09 9.99E-09 3.44E-08 3.65E-08 1.29E-08 8.51E-07 1.05E-06 9.99E-09 9.99E-09 9

7 0.10 9.99E-09 9.99E-09 2.00E-08 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

8 0.20 5.00E-08 1.40E-08 1.25E-07 9.99E-09 4.46E-07 8.62E-07 7.20E-07 6.11E-07 5.51E-07 9

9 0.30 1.20E-07 1.40E-08 1.53E-07 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 4.56E-07 9

10 0.40 9.99E-09 4.60E-07 9.99E-09 2.10E-08 2.44E-08 2.72E-08 9.32E-08 2.81E-08 2.47E-08 9

11 0.50 9.99E-09 9.99E-09 1.43E-07 9.99E-09 2.52E-08 1.48E-08 9.87E-07 4.97E-07 6.69E-07 9

12 0.75 9.99E-09 9.99E-09 1.00E-08 9.09E-08 1.83E-07 2.84E-07 8.57E-07 3.00E-06 2.83E-06 9

13 0.10 9.99E-09 9.99E-09 3.71E-08 2.08E-08 3.75E-08 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

14 0.20 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

15 0.30 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

16 0.40 9.99E-09 3.48E-07 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

17 0.50 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

18 0.75 9.99E-09 9.99E-09 9.99E-09 9.99E-09 2.58E-08 8.70E-08 1.66E-07 6.16E-07 1.23E-06 9

19 0.20 9.99E-09 9.99E-09 2.73E-08 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9

20 0.30 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 7.87E-08 9.99E-09 9.99E-09 9.99E-09 9

21 0.40 9.99E-09 9.99E-09 1.12E-07 3.12E-08 4.58E-08 4.41E-08 4.45E-08 5.04E-08 4.79E-08 9

22 0.50 9.99E-09 9.99E-09 2.99E-08 9.78E-08 9.99E-09 9.99E-09 9.99E-09 2.35E-08 4.83E-08 9

23 0.75 9.99E-09 2.83E-07 7.43E-08 9.99E-09 9.99E-09 9.99E-09 9.99E-09 9.99E-09 7.05E-07 9

24 1.00 9.99E-09 5.29E-08 1.46E-07 9.76E-07 7.02E-07 1.08E-06 1.25E-06 2.10E-08 9.99E-09 9

Total cases 216

Very Large Configuration

Small Configuration

Medium Configuration

Large Configuration



Chapter 7 Loss Modelling of Aero Engine Seals 

244 

 

 Initial results 7.7

Before generating loss correlations, it is necessary to check the consistency of numerical data. Such 

checks are important to verify the implementation of methodologies and to cross-check the trends of 

variation of flow parameters against those published in literature. Figure 7.12 shows the plot of seal leakage 

mass flow rate versus seal pressure ratio for various geometry configurations. The leakage mass flow rate 

characteristics seem to be logical and consistent with given geometry parameters. 

A more fundamental method of validation is to compare the computed seal leakage mass flow rate 

with ideal leakage mass flow rate. Ideal/ isentropic mass flow rate is calculated by hypothesizing seal as 

nozzle and its well-known formula is shown in Eq. 7.12, 
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) Eq. 7.12 

In the above formula, annular area at knife tip gap is substituted as cross-sectional area, whereas 

total pressure and total temperature at inlet and static pressure at exit are taken from boundary conditions. 

Once ideal mass flow rate is computed, coefficient of discharge      can be computed using Eq. 7.13, 

 
    

 ̇      

 ̇     
 Eq. 7.13 

 

Figure 7.12: Seal leakage flow characteristics 
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Figure 7.13: Seal discharge coefficient characteristics 

 

 

Figure 7.14: Characteristics of seal flow function, ϕ 
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The discharge coefficients (  ) have been calculated for each seal geometry configuration and those 

have been plotted against seal pressure ratio, as shown in Figure 7.13. The magnitude and trend of variation 

of these flow variables indicate that those have a valid range. 

Another non-dimensional flow variable, known as flow function – ϕ or MRTPA, is a good indicator 

of validity of database. Flow function is calculated using formula presented in Eq. 7.14. 

 
   

 ̇        √   

       
 Eq. 7.14 

Figure 7.14 shows the plot of seal flow parameter against seal pressure ratio. Its correct trend also 

indicates the validity of database. 

 Post-processing of numerical results 7.8

After completing flow computations, numerical data is written in a suitable format. The following 

process of correlation development is entirely based on the concept and methodology of post-processing of 

numerical data. The present post-processing method follows knife-to-knife modelling approach. According 

to this approach, total pressure loss due to each of three loss mechanisms needs to be segregated, quantified 

and redistributed into logical pieces of information. This rearranged information is then used to relate the 

variation of total pressure loss with corresponding variation of flow and geometry parameters of seal. 

 Development of post-processing methodology 7.8.1

The nature of flow through a typical multi-knife straight-through labyrinth seal is shown in Figure 

7.15. The pressure difference across seal generates leakage mass flow, which passes through the torturous 

path in labyrinth seal. The incoming steady stream of fluid converges and throttles in first knife tip gap. The 

flow partially expands in succeeding seal chamber and drives flow vortex in it. This incompletely expanded 

flow stream converges again to enter into next knife tip gap, where it throttles and expands into succeeding 

seal chamber. This process continues till flow exits from last knife tip gap, where end vortex is formed.  

The incompletely expanded flow in seal chamber possesses high kinetic energy, which is carried 

over to next knife. Such carried over flow is known as through flow, which cannot be nullified in practical 

designs of straight-through labyrinth seal. The present post-processing methodology is based on the 

segregation and rearrangement of total pressure losses experienced by this through-flow. Clearly, it is first 

necessary to define the boundaries of through-flow before segregating pressure losses experienced by it. 

Such boundaries are defined by finding limiting streamlines of through-flow. 

The general idea behind finding limiting streamlines is based on the concept of dividing streamline, 

which was mentioned by Scharamm et al. [196]. As shown in Figure 7.15, the jet of expended fluid 

eventually comes to rest at a specific location on the front wall of next knife. This location is known as 

stagnation point. At stagnation point, flow jet bifurcates and one of its branches enters into flow vortex in 
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seal chamber. Another branch enters into flow contraction region at upstream of next knife. Thus, two 

distinct flow regions are formed namely, i) through-flow, ii) chamber vortex flow. The aerodynamic 

boundary between through-flow and vortex flow is known as dividing streamline. By definition, flow does 

not cross this streamline from either side. Thus, the mass flow rate passing within the boundaries of through-

flow stream tube always remains constant. 

 

Figure 7.15: Features of a typical stream tube in multi-knife seal 

As mentioned by earlier researchers [208], it is certainly possible to recognise stagnation point, 

shape of dividing streamline and jet divergence angle from numerical results. If mesh in knife tip gap is 

dense enough and is well-refined, it is also possible to find the precise location of vena-contracta. Hence it 

is possible to identify dividing streamline in seal flow. Figure 7.15 shows the important flow features 

characterized by dividing streamline. 

 Extraction of numerical test data 7.8.2

The stream tube of through-flow in a seal is defined by radially outer and radially inner streamlines. 

By definition, these streamlines never intersect each other; however, they may converge and diverge as flow 

passes through successive knife tip gaps and expansion chambers. These two limiting streamlines create 

through-flow stream tube, which passes constant leakage mass flow rate. For generating the exact 

definitions of these streamlines, it is necessary to extract relevant data from numerical test results. The 

process of such data extraction has been explained below. 

An existing program has been used to extract the computational data generated during the present 

numerical experiments. The program has been set to extract flow variables along radial direction at any 

given axial location. It linearly interpolates flow variables at the location of intersection of predefined radial 

line and the edge that connects adjacent grid nodes. Figure 7.16 illustrates the axial locations at which flow 

variables are interpolated by profile extraction program. At these locations, radial profiles of flow variables 
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namely, total and static pressure, total and static temperature, fluid density, flow velocities in all three 

directions and some variables associated with turbulence etc. are extracted. These profiles are used for 

further post-processing.  

 

Figure 7.16: The flow variable extraction process 

The accuracy of flow streamline is dependent on the number of radial profiles extracted from seal 

flow domain. For the present work, the generation of accurate definition of flow streamline is necessary and 

hence a large number of such profiles have been extracted from numerical test results. The profile extraction 

process has been automated by executing extraction program in scanning mode in direction of flow. Apart 

from numerical data and grid connectivity information, this program needs just five other variables to start 

scanning process. These variables are scanning start location, scanning end location, axial interval between 

two consecutive scan locations, locations where scanning density changes and factor for changing scanning 

density. The choice of scanning start/end locations and scanning interval is dependent on seal geometry 

configuration and size of grid elements. Table 7.9 shows the details of these inputs for various 

configurations of tested seals. 

Table 7.9: The inputs for scanning mode operation 

Seal 

Configuration 

Scan start 

location 

Scan end 

location 

Nominal 

interval 

Factor of 

scanning density 

Number of 

radial profiles 

Small 0.000008752 0.07888656 0.00002490 0.000005 4942 

Medium 0.000003880 0.12942465 0.00002998 0.000005 8578 

Large 0.000008781 0.17005483 0.00003498 0.000005 11728 

Very large 0.000005060 0.23661670 0.00003996 0.000005 14390 
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During further post-processing, it is observed that the number of axial sections necessary to produce 

accurate definition of flow streamline is much larger than anticipated. Therefore, a large number of such 

profiles have been extracted from the main flow domain of seal. The number of these uniformly-spaced 

profiles is four times higher than those extracted from inlet and exit flow regions. The typical number of 

radial profiles generated from various seal configurations is provided in Table 7.9. 

 Generation of through-flow stream tube 7.8.3

In the next step of post-processing, the streamlines defining through-flow stream tube are generated. 

The location and expanse of inner and outer streamlines are dependent on the magnitude of incoming 

leakage mass flow rate. In the present work, it has been assumed that the incoming through-flow rate 

remains constant at all axial locations in seal. This assumption is legitimatised by good convergence level 

obtained during numerical experiments. Furthermore, it is necessary to have a valid reference location to 

start flow flux computations along radial direction. For straight-through labyrinth seal, seal stator can be 

used as the reference location. At this location, flow is always attached to solid wall boundary, although 

flow reversal pockets might also exist. If reference mass flow rate is known and flow separation pockets are 

carefully avoided, it is possible to construct the boundaries of through-flow stream tube. 

The radial profiles of flow variables extracted in prior step are used for constructing seal flow 

streamlines. The flux computations begin at seal stator and thus radially outer streamline is usually attached 

to stator. If flow reversal pockets are encountered, program picks up correct radial location below stator, 

where direction of axial velocity changes to the direction of flow. Bisection method [225] is used to find its 

exact radial location. After checking for several other flow conditions such as sudden mass flow breakdown 

due to large vortices, flow fluctuations due to vortex shedding and flow reversal etc., program proceeds to 

search the location of radially inner streamline.  

Starting from the reference location, program accrues flow flux along radial direction between seal 

stator and rotor. A node based numerical scheme has been employed for flow flux computations. Figure 

7.17 illustrates the schematic details of flux computations and simple 1D formula used for that. The annular 

area is calculated using radial distance between mid–points of nodes. After computing flow flux at each 

radial location, accrued mass flow rate is compared with reference mass flow rate. If it equals or exceeds 

reference mass flow rate, flow flux computation is stopped. The radial nodes, between which flux 

computation is stopped, are used to determine radial coordinate of inner flow streamline using bisection 

method. It is quite common to find the location of inner flow streamline between two radial nodes due to the 

existence of flow vortices and other flow features. Figure 7.15 shows the outer and inner flow streamlines, 

which define through-flow stream tube in seal. In order to identify flow loss regions and to segregate flow 

losses, it is necessary to have smooth and stable streamlines. The smoothness and stability of streamlines 

depend on careful distribution of grid nodes, selection of a widely applicable turbulence model, well-

converged numerical solution and correct choice of axial spacing between radial profiles of flow variables. 

It might be observed that these factors have been properly accounted and furnished in the present work. 
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Figure 7.17: Flow flux computations in the radial direction at an axial section 

 Mass mean averaging of flow 7.8.4

For preparing loss correlations, it is necessary to reduce a large amount of numerical data into 

sensibly averaged flow quantities, which represent axisymmetric through-flow in seal. Various averaging 

methods are available [226,227,228] and those are selected according to requirement. In the present work, 

mass mean averaging method [226] has been used for numerical data reduction. Though not 

thermodynamically rigorous, the mass-based averaging method can provide satisfactory mean value set for 

non-uniform internal flow. It could also be used for averaging stagnation pressure, if variation of pressure is 

much smaller than its absolute value [227]. Furthermore, in the present work, mass mean averaging has been 

carried out strictly within the limits of through-flow stream tube. 

 
 ̅    

∑ {              }
      
     

    ̇   
 Eq. 7.15 

Eq. 7.15 is used to compute mass-mean averaged quantities of total and static pressure, total and 

static temperature, fluid density and flow velocities at each axial section in seal. The graphs showing 

variation of mass mean averaged flow quantities within seal stream tube are depicted in Figure 7.18. It 

might be seen that the mass mean averaged static pressure almost remains constant in seal chamber. The 

magnitude of chamber-averaged static pressure matches with mass mean averaged static pressure in 

through-flow. The mass mean averaged axial velocity rises steeply at vena-contracta section in knife tip 

gap, whereas mass mean averaged radial velocity rises sharply at the locations, where flow contracts to enter 

into knife tip gap. 
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Figure 7.18: Variation of the mass-mean averaged flow quantities within a seal stream tube 

Once the axial variation of all flow variables is known, it is possible to select locations, where these 

variables could be segregated to keep an account of their variation. This segregated information, especially 

mass mean averaged total pressure, is important for book-keeping of losses. 

 Identification of loss regions 7.8.5

Based on the definitions of loss regions mentioned in section 7.3.1, it is fairly easy to identify them 

in seal stream tube. The contraction loss region exists between the highest annular flow area before knife 

and the smallest annular flow area in knife tip gap. This smallest flow area is known as vena-contracta. It 

might be observed that flow stream tube does not expand immediately in knife tip gap (Refer Figure 7.15) 

and hence venturi pressure loss region is believed to exist between the location of vena-contracta and 

downstream tip of knife. The expansion loss region exists between downstream tip of knife and the highest 

annular flow area at the end of flow expansion. Figure 7.19 shows the locations for accounting total pressure 

loss in through-flow stream tube. 

The boundaries of loss regions are identified by examining the shape of radially inner streamline. 

This automated search process is based on identification of change of forward slope of inner streamline and 

seal geometry coordinates in the direction of flow. If forward slope of inner streamline is positive, it means 

that stream tube is converging, whereas if it changes to negative, stream tube is supposedly expanding. It is 

thus possible to distinguish the regions of contraction loss, venturi pressure loss and expansion loss at each 

seal knife. Figure 7.19 shows the identified locations of boundaries of loss regions. It might be observed that 

the starting location of contraction loss region for first knife is much upstream than that for other knives, 
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whereas the end location of expansion loss region for last knife is at far downstream. At some knives, the 

location of vena-contracta might appear further downstream of downstream tip of knife and hence venturi 

pressure loss region cannot be identified.  

 

Figure 7.19: Identification of loss boundaries and loss regions 

Once the boundaries of loss regions are identified, it is possible to extract mass-mean average of 

flow variables at those interfaces. The difference in total pressure (∆Ptot) between inlet and exit boundaries 

of a loss region is the most important output of this process and it is regarded as loss experienced by 

through-flow while passing through that region. This process is supported by precise and consistent results 

of numerical experiments and rational use of flow streamlines. Apart from computing mass mean average of 

flow variables, some other variables such as stream tube flow areas, flow expansion angles, chamber-

averaged static pressure etc. are also extracted. The non-dimensional flow variables such as Mach number 

(Ma), Reynolds number (Re), coefficient of discharge (Cd), carry-over factor (COF), isentropic mass flow 

rate (  ̇      ) and seal flow function (ϕ) etc. are computed at the interfaces of these loss regions. 

 The sealing criterion 7.8.6

The numerical test results of a few seal flow simulation cases exhibit ineffective sealing 

characteristics, which necessitate using sealing criterion in the present work. This criterion is used to 

identify the well-known flow re-diffusion phenomenon in seal, which has been reported by Jerie [195] and 

Zimmermann et al. [108]. Flow re-diffusion is known to occur if the ratio of dimensions of chamber width 

to seal clearance [          ] is less than ~10-15. Some of the seal geometry configurations employed 

in the present work do not satisfy this criterion and thus they generate re-diffused flow. It is necessary to 

filter the flow variable data, which represent re-diffused flow. Such data might lead to the generation of ill-

prepared loss correlations. 
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Jerie [195] and Zimmermann et al. [108] have explained the mechanism of flow re-diffusion. Flow 

re-diffusion causes static pressure in first chamber of seal to drop abruptly. This pressure usually drops 

below static pressure in successive seal chamber and thus causes flow reversal. Clearly, through-flow 

throttled in first knife tip gap of seal does not feel the existence of second knife and thus it is termed as 

ineffective knife. Figure 7.20 illustrates the variation of mass mean static pressure in one of the tested seal 

geometry configurations. Note the adverse static pressure gradient across second knife of high clearance 

seal, CL = 0.75 mm. 

 

Figure 7.20: Variation of static pressures in the chambers of low and high clearnce seals  

 The sealing criterion is based on a simple and logical rule. According to this rule, static pressure 

ratio across seal knives is monitored. If static pressure ratio across a knife is found below unity, a warning 

flag indicating ineffective sealing conditions is assigned to the flow records for loss regions near that knife. 

This flag invalidates the use of mass mean averaged flow quantities computed near ineffective knife for 

generating loss correlations. 

 Development of 1D loss correlations 7.9

The development of 1D loss correlations starts after extraction and segregation of mass mean 

averaged flow variables. By this stage, numerical data is reduced significantly and thus it is possible to 

identify the trends of variation of flow losses with variation of flow and geometry parameters of seal. The 

reduced CFD data needs to be sorted and arranged properly to understand their trends of variation. The 

generic steps for the development of loss correlations have been summarised below and then actual loss 

correlations are presented. 

In the first step, coefficients of total pressure loss are calculated for all types of flow loss mechanisms 

using Eq. 7.1 to Eq. 7.3. A generalised equation to compute loss coefficients is shown in Eq. 7.16, 

 
      

    

             
         

 Eq. 7.16 

In Eq. 7.16,       is the coefficient of respective type of pressure loss and      is the drop in total 

pressure across corresponding loss region.         is flow-area ratio, which has been defined in  Eq. 7.10 for 

each type of loss mechanisms. Ps and Ma are static pressure and flow Mach number, respectively. It might 

CL = 0.75 mm

CL = 0.10 mm

Mass mean Static Pressure

Mass mean Static Pressure

Average static pressure in chamber – CL = 0.10 mm

Average static pressure in chamber – CL = 0.75 mm

The ineffective knife

Low Static 
Pressure in 

chamber



Chapter 7 Loss Modelling of Aero Engine Seals 

254 

 

be noted that total pressure drop has been assumed to vary with square of Mach number. This Mach number 

is always computed at smaller annular area of flow loss region. Evidently, all flow and geometry variables at 

right-hand side of Eq. 7.16 are known. It is, therefore, possible to calculate       for each type of pressure 

loss mechanisms. All seal geometries used in the present work have five knives and thus five loss 

coefficients are generated for each type of loss mechanism from each seal configuration.  

Further, the sorted database of loss coefficients is plotted against Mach number. If loss coefficients 

do not seem to vary with Mach number, those are correlated with a geometry parameter of seal. On the other 

hand, if loss coefficients do seem to vary with Mach number, it becomes necessary to find a correlation that 

includes the effects of variation of both flow Mach number and selected seal geometry parameter. In order 

to find these correlation equations, 2D curve and/or 3D surface fitting process is employed, the details of 

which are provided in Appendix E. 

It is commonly seen that loss coefficients vary with more than one seal geometry parameters such as 

    ⁄ ,     ⁄ ,     ⁄ ,          ⁄  etc. If a loss coefficient varies consistently with a seal geometry 

parameter, that parameter is selected to build the loss correlation and other model parameters are neglected. 

The mathematical equation, which provides adequate data fit for such variation is quoted as loss correlation. 

It might be necessary to carry out a full-fledged multi-variant regression analysis to consider the effects of 

other model parameters; however, such study is deemed unnecessary. 

Furthermore, the data available from numerical experiments is used to find actual flow areas at the 

boundaries of flow loss regions and flow jet expansion angles in seal chambers etc. These quantities have 

also been correlated with flow and geometry parameters of seal. These include, 

a) Correlations for predicting coefficient of area contraction (Cc) using Mach number at vena-

contracta and geometry parameter     ⁄  for first and other knives. 

b) Correlations for predicting multiplication factor for Cc – (Cc-mul) using Mach number at vena-

contracta and geometry parameter     ⁄  for first knife, middle knives and last knife, respectively. 

This factor is used to consider slight expansion of flow while it passes through venturi pressure loss 

region. 

c) Correlations for predicting flow jet expansion angle (α) using inlet Mach number of expansion loss 

region and geometry parameter          ⁄  for first and middle knives in seal. These angles are 

used in the present seal loss model for finding flow expansion areas in seal chambers. Also a 

separate correlation is generated for predicting flow expansion angle in end loss region of seal. This 

flow expansion angle is correlated with seal geometry parameter,     ⁄ , as seal pitch is not 

expected to have any effect on the length of end vortex. 

The surface plots for all these correlations have been presented in Appendix E. Table 7.10 shows the 

total pressure loss correlations for different knives in straight-through labyrinth seal depending on their 

position.  
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 Validation and linearization of loss correlations 7.10

The non-linear loss correlations generated from the present numerical experiments are implemented 

in a standalone K2K algorithm. This code solves 1D gas dynamic equations that are linked with the present 

loss correlations to predict total pressure loss and flow areas and generates an estimate of leakage mass flow 

rate. Built on the principles of K2K methodology, the code virtually divides seal cavity into successive 

pressure loss regions depending on number of knives. Station numbers are assigned to the interfaces 

between flow loss regions and thus unified boundary conditions can be applied to them. Flow computations 

begin by guessing a value of leakage mass flow rate. Mass flow rate is used to determine all other flow 

parameters at various internal stations in seal. These flow and geometry parameters are provided to loss 

correlations of corresponding type of loss mechanisms to estimate total pressure loss. The summation of 

total pressure drop in all loss regions provides an estimate of static pressure in final expansion chamber. 

This static pressure is compared with that provided as exit boundary condition. The difference between 

predicted pressure and imposed boundary pressure is used to correct leakage mass flow rate in further 

iterations. These Newton iterations are performed until the difference between predicted and imposed exit 

static pressure reduces below a specified error limit. 

The standalone K2K code has been used to quickly assess the validity of all correlations. Initially, 

self-consistency checks have been carried out, in which flow parameters predicted by K2K algorithm are 

compared with those extracted from CFD computations.  

Figure 7.21 to Figure 7.24 show the comparison between results of K2K and CFD for flow variables 

namely, total pressure drop, static pressure, Mach number and flow area at all stations in large configuration 

of labyrinth seal having 0.1mm clearance. For the sake of clarity, results have been plotted only for four 

different pressure ratios, which are 1.02, 1.5, 2.0 and 3.0. 

As the present loss correlations have been derived from numerical experiments, the flow variable 

values predicted by standalone K2K code are expected to match with those extracted from CFD results. It 

might be observed from Figure 7.21 that the total pressure drop predicted by the present K2K code matches 

well with that estimated by CFD model at all loss stations in seal. Similarly, the magnitudes of static 

pressure and Mach number predicted by the present K2K code (Figure 7.22 and Figure 7.23) closely match 

with those estimated by CFD models at all seal loss stations. Figure 7.24 shows flow area variation at 

different loss stations in seal and it might be noted that the flow areas estimated by the present correlations 

match almost exactly to those predicted by CFD models. It is inevitable to get small differences in the 

values of flow parameters and other coefficients as 1D loss correlations cannot cater for small deviations in 

seal streamlines at all loss stations and in all flow conditions. 

 



 

 

Table 7.10: Combined chart of loss equations, area contraction coefficients and flow expansion angles 

(Refer Appendix E for the curve fit graphs. The section numbers are provided in the table below.) 
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(Refer section E.2.9, Figure E.17) 

                                
                   
       

 

(Refer section E.2.9, Figure E.18) 

                          
                  
              

 

(Refer section E.2.9, Figure E.19) 



Chapter 7 Loss Modelling of Aero Engine Seals 

257 

 

 

Figure 7.21: Total pressure drop in large seal configuration, clearance - 0.1mm 

 

Figure 7.22: Variation of static pressure in large seal configuration, clearance - 0.1mm 
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Figure 7.23: Variation of axial Mach number in large seal configuration, clearance - 0.1mm 

 

 

Figure 7.24: Flow area variation in large seal configuration, clearance - 0.1mm 
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In the next phase of validation, the leakage mass flow rates predicted by standalone K2K code are 

compared with those published in literature. Figure 7.25 shows the characteristics of seal leakage flow. One 

of those characteristics is taken from the publication of Wittig et al. [206] and other is generated from CFD 

computations for large seal configuration having 0.1mm clearance. It might be observed that, for same seal 

geometry, leakage mass flow rates predicted using the present loss correlations match fairly well with those 

published in literature. Leakage mass flow rates predicted using the present K2K correlations are always 

greater than those published by Wittig et al. [206] and those generated from the present CFD computations. 

Although the difference in mass flow rates seems to be increasing with increasing pressure ratio across seal, 

the percentage error is found reducing. In other words, the prediction of leakage mass flow rate using K2K 

correlations improves with increasing pressure ratio across seal. The close matching of results also show that 

the derived loss correlations are applicable to various types of seals having different number of knives. 

During the validation process, the static pressure in seal chambers predicted by the present seal loss 

model are compared with those published by Wittig et al. [206]. The non-dimensional static pressure values 

published by Wittig et al. [206] and those computed after mass mean averaging of CFD results and those 

predicted by K2K code are plotted in Figure 7.26. The non-dimensional static pressure values published by 

Wittig et al. have been used as the basis of comparison. It might be seen that the static pressure values 

predicted by standalone K2K code match quite well with those published by Wittig et al. and also with those 

extracted from CFD results. These results substantiate the generality of application of the present K2K loss 

correlations. 

Figure 7.27 shows a graph of percentage difference between leakage mass flow rates predicted by 

the present seal loss model and those estimated by CFD model and those measured from tests. Such 

comparison has been carried out for a large variety of seal geometry configurations and over a wide range of 

pressure ratio. This range essentially covers all different parts of Table 7.8 and hence provides the overall 

assessment of the present loss correlation work. The mass flow rates predicted by CFD models and those 

available from publications have been used as the basis of percentage difference calculation. It might be 

stated that the present K2K loss correlations can consistently predict leakage mass flow rates within ±8% 

over a wide range of variation of flow and geometry parameters of seal. The results, which are out of this 

per cent range, are also included in Figure 7.27 for presenting the data that might have some intrinsic errors. 

These errors could be associated with wiggles in CFD solution or with the generation of wavy flow 

streamlines, which reduce the accuracy of mass-mean average of flow variables. Furthermore, the curve-

fitting process employed for generating loss correlations smears acute changes in loss coefficients or area 

contraction coefficients and hence ±8% error in leakage mass flow rate prediction is not unexpected. It 

might be claimed that the present loss correlations can predict leakage mass flow rates and other flow 

parameters in straight-through labyrinth seals with a fair accuracy and precision. 
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Figure 7.25: Comparison of leakage mass flow rate predictions over a range of seal pressure ratio 

As shown in Figure 7.27, the seal leakage mass flow rates predicted using the present K2K loss 

correlations are generally greater than those computed using CFD models or those measured from 

experimental tests. The over-prediction of leakage mass flow rate is useful for pessimistic seal design 

approach and hence these loss correlations could be used for flow network computations. The present 

prediction accuracy can be improved up to ±5% by calibrating these loss correlations. 

The non-linear implementation of K2K model is not robust enough for incorporating into air system 

flow network modeller. Therefore, the equations of the present K2K loss correlations have been linearized. 

The table for linearization checks and a graph showing the effect of exit static pressure perturbation on seal 

leakage mass flow rate are provided in Appendix E, section E.3. This linearized K2K model has been 

directly incorporated into SAS flow network modeller. 

 Discussion and Closure 7.11

This chapter presents the methodology for preparing 1D seal loss model. Considering the 

availability of resources, numerical experimentation technique has been employed for the present work. The 

design space for aero-engine seals has been explored by systematic variation of flow and geometry 

parameters. A specific post-processing methodology has been developed for extracting through-flow stream-

tube in seal and mass-mean averaging technique has been used for reducing the large amount of numerical 

data. This condensed data is then used to understand the trends of variation of loss coefficients and those of 

other modelling parameters in various flow conditions and for several seal geometry configurations. Due to 

these post-processing capabilities, it has been possible to segregate pressure loss coefficients based on knife  
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Figure 7.26: The non-dimensional static pressure predictions in seal chambers 

 

 

Figure 7.27: Per-cent error in the leakage flow rate predictions by K2K correlations 
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location in seal. Such detailed loss correlations are necessary to support linearization techniques employed 

in SAS flow network modeller. Several other correlations have also been generated from the present work, 

such as equations for area contraction coefficients and flow expansions angles etc. To author’s knowledge, 

such detailed formulation of seal loss correlations based on K2K methodology is not available in prior 

models. The present model has been verified for self-consistency and is validated against external 

publications before linearization. 

Before closing this chapter, it might be important to discuss certain limitations of numerical 

experimentation technique. The entire exercise of developing 1D loss correlations is based on accurate 

determination of shape of radially inner flow streamline in seal. The accuracy of shape of inner streamline is 

highly dependent on the selection of a reference location, where mass flow rate computations could be 

started. The shape of inner streamline might be wavy; if numerical solution is not converged very well or if 

correct turbulence model is not applied. Such wavy streamlines cannot be used for determining boundaries 

of loss regions and hence loss correlations could not be generated from such data. Furthermore, for 

preparing loss correlations an appropriate seal geometry parameter needs to be selected. In the present work, 

it has been assumed that the overall effect of variation of seal geometry can be associated with single 

geometry parameter. In reality, such dependency may not be valid. However, it is believed that the 

traditionally used ratios of seal geometry parameters would be more trustworthy than generating a 

complicated equation based on several geometry parameter ratios. 

Despite a few limitations, the present work undoubtedly expands the definition of prior K2K model. 

It should be noted that although the present formulation is based on K2K methodology, the loss correlations 

have been derived independently. These loss correlations represent thermo-fluid dynamic phenomena at 

subsonic flow conditions and for all major variations in labyrinth seal geometry parameters. The range of 

the present loss correlations can be extended further by adding more trends of variations of total pressure 

loss. This 1D low fidelity seal model is now ready for incorporating into SAS flow network modeller. The 

next chapter demonstrates the incorporation of various loss models into main flow solver.  

 

 



 

 

 Chapter 8 The Air System Network Solver 

 Introduction 8.1

The generation of the present flow network solver and its demonstration for SAS flow network 

analysis are presented in this chapter. These are some of the main objectives of the present work. The 

geometry modeller, described in the first part of this text, is used for generating the geometric definitions of 

air cavities in engine. The methodology of extracting these cavities and their preparation for flow network 

analysis has been explained in Chapter 5. The linearized loss models representing flow paths in engine are 

explained in Chapter 6. Chapter 7 presents the development and linearization of loss correlations in a new 

K2K seal model that has been incorporated into the mathematical formulation of the present solver. These 

efforts have been congregated to construct the present air system modeller.  

The present air system network solver is based on the conservation equations of mass, momentum 

and energy. It is 1
 

 
D volume-based quasi-steady equation solver constructed in line with a CFD solver. 

Clearly, the generation of grid is not necessary for 1D approach. The polygonal geometry models of engine 

cavities act as elements of solver, whereas flow paths in engine act as interconnecting links between those 

elements. Each cavity is represented by a node and each flow path is represented by a link-set. The detailed 

explanation on data structures of nodes, link-sets and links has been presented in Chapter 5. The link data 

structure is coupled with linearized loss models of flow paths through a common interface. As a result, any 

loss model from the present loss library can be selected and assembled with the gas dynamic equations of 

solver. The present modeller performs automated assembly of these equations. The following sections in this 

chapter sequentially elaborate these details. 

The next section presents a short review of a few earlier flow network solvers summarizing various 

ways of assembling flow nodes, creation of internal stations in flow links and methods for coupling flow 

equations. This is followed by a section that describes network/node solver in the present modeller. The 

section also explains internal assembly of node equations, mathematical formulation of node solver and its 

interface with link-sets. A further section discourses the details of the present link-set solver and that of a 

common interface between link-set solver and embedded loss models. This interface maintains the seamless 

exchange of flow variables between solvers and underlying loss models. In the later section, the procedural 

steps for network pre-processing have been discussed. This section demonstrates the initialisation of flow 

variables and also provides the details of convergence criterion etc. In the end, two different flow network 

models and their analyses are demonstrated, one of which has multiple nodes connected by short links, 

whereas another consists of a series of multiple links connecting two nodes. 
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 Literature review - SAS Network solvers 8.2

Some of the major decisions about air system design and its design modification are still based on 

the prediction capabilities of flow networks. This section continues the discussion on SAS network solvers 

from Chapter 5, section 5.2; however, the present discussion is mainly focussed on internal mathematical 

schemes of solvers. Suntry (1963) had proposed one of the earliest flow network solvers, which was based 

on a few simple flow elements. His solver was useful for conservative engine design tasks during early 

periods; however, it lacked temperature prediction capability and thus it could not estimate heat flux in 

cavities. 

Rose [125] had proposed a mathematical scheme for secondary air system network solver - 

FLOWNET. This relatively simple flow solver considers only 3 major types of flow links, namely; face 

seals, narrow slots and pipes. Its fundamental assumptions are i) a node represents a pressure chamber, 

which can have several inlet and outlet connections, ii) no loss of mass flow exists and velocities in pressure 

chamber are negligible, iii)  a unique steady state solution exists, iv) fluid temperature at each node is known 

and there is no heat transfer in network. Rose’s algorithm [125] initialises a flow network using guessed 

values of pressure and those are used for calculating mass flow rate in each link. The mass flow rate has 

been considered as function of pressure and temperature [ ̇     (       )] at inlet and exit nodes. The 

residual value of mass flow rate is calculated by performing algebraic sum of influx and efflux at each node, 

k. The conservation equations at node are solved by least square method to minimise the sum of square of 

residuals. This iterative process of computing mass flow rates through links and correcting pressure values 

at nodes continues till it satisfies the convergence criterion shown in Eq. 8.1, 

 
   ∑   

 

         
 |

  
       

     

  
   

|            Eq. 8.1 

It is important to note that the aforementioned least square method requires partial derivatives of 

mass flow functions. However, the mass flow functions consists of complicated non-linear loss model 

correlations and thus their partial differentials are obtained by a numerical method that uses a simple model 

function based on pressure ratio. The model function is defined in Eq. 8.2, 

  ̇     
  

 
         ,                 where,     

  

  
 Eq. 8.2 

As a result, the partial derivatives of mass flow function can be written as ordinary derivatives of 

model function. The problem then reduces to solving a set of simultaneous linear equations. Rose [125] has 

demonstrated the flow solutions obtained using his solver. FLOWNET also includes a few additional 

features such as improvement in solution accuracy in the vicinity of converged solution, handling of flow 

reversal situations and plug-in facilities for user defined functions etc. This approach is fairly attractive for 

implementation, but it may fail in the events such as singular matrix or while obtaining the direction of 

steepest gradient etc. 



Chapter 8 The Air System Network Solver 

265 

 

Amongst recent SAS solvers, the solver proposed by Kutz et al. [111] is commended for its 

generality. It uses a description of nodes and links similar to that in other solvers. This solver has been built 

to solve a flow network from its downstream end. According to Kutz et al., this approach is suitable for 

choked links, in which downstream pressure remains same irrespective of mass flow rate set by upstream 

pressure. This solver is briefly discussed below. The other details might be referred to from his publication. 

 

Figure 8.1: Computational scheme in Kutz's flow network solver 

In their network solver, Kutz et al. [111] have considered variation of temperature at nodes and heat 

flux through walls of cavities. They contend that using a hierarchical solver may be more advantageous than 

a simultaneous equation solver, if heat fluxes are included in analysis. The schematic representation of their 

solver has been shown in Figure 8.1. According to Kutz et al., such construction of solver is valid as nodal 

temperatures have weak effect on nodal pressures and thus on the mass flow rates through flow links. Their 

computational scheme has four hierarchical iteration loops viz. i) nodal temperature loop, ii) nodal pressure 

loop, iii) branch / pipe flow loop and iv) a loop for computing losses in flow elements. The hierarchical 

construction of algorithm is useful for decoupling the temperature variation within network model from 

pressure variation. Nodal pressures can thus be computed using matrix-based simultaneous equation solver 

such as, 
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It should be noted that Eq. 8.3 is applicable to a single branch of flow network and their 

computational scheme iterates on all flow network branches. The mass flow rate is calculated in each loss 

element of each branch of network using earlier values of nodal pressures. The calculation of mass flow rate 

is based on loss correlations and its partial derivatives are calculated using numerical differentiation. After 

computing all mass flow rates and their partial derivatives, the matrix shown in Eq. 8.3 is solved for 

obtaining nodal pressures. The values of nodal pressure are updated after every matrix solution and this 

process is repeated till computations converge. This method requires two different forms of every loss 

model – one for computing mass flow rate based on inlet and exit pressures, and another for computing inlet 
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pressure from the guessed values of mass flow rate and exit pressure. The preparation and maintenance of 

these loss models is a laborious task. The major limitation of this computational scheme is the decoupling of 

equations of flow variables, which introduces another assumption in calculations. Their solver is used at 

Motoren und Turbinen- Union (MTU Aero Engines).  

Foley [113] had suggested a different technique to evaluate the performance of secondary air system 

by considering it as a separate component. The suggested method is not strictly related to the construction of 

network solver, but it uses SAS network solver to analyse the effects of air system modifications on 

performance of whole engine. The air system design usually gets retrospective treatment as it cannot be 

synthesized in a way similar to designs of other engine components. Therefore, a technique was proposed 

that can predict the effects of SAS modifications on engine performance without actually running whole 

engine performance computations. This method can provide quick and accurate estimate of performance 

variation and thus it is possible to accept or to discard air system modifications justifiably. The tool is 

particularly useful for analysing the effects of change in air-bleed locations in compressor and air re-entry 

locations in turbine. If the prediction accuracy changes by more than ±1% of experimental results, the air 

system modifications need justification. This quick evaluation capability of Foley’s method is truly desirable 

in the present network solver. 

The approach used by Alexiou et al. [13,14,15,115,3]  for modelling of whole engine air system has 

already been discussed in Chapter 5, section 5.2.3. Although, they claim that their models of secondary air 

system components can provide better estimates of flow variables; these component models have been 

invoked from whole engine simulation model. This means that Alexiou et al. have not prepared an 

independent secondary air system solver. This approach is not suitable for the present work as flow network 

computations may not always be linked to 0D cycle calculations. A more generalised approach is necessary 

to incorporate network modeller into VE design environment. 

Muller [112,119] had constructed secondary air system solver using slightly different approach. He 

prepared a network modeller, which can be coupled with finite element solver to carry out thermo-

mechanical analysis. He defined each flow element by a triplet of nodes, such as inflow node, middle or 

element node and outflow node. Based on this definition of flow elements, his solver evaluates conservation 

equations of mass, momentum and energy expressed in terms of total quantities of pressure and temperature 

and mass flow rate. The equations, particularly momentum equation, have been assumed to be continuous 

and differentiable with respect to solver variables over their entire range of variation. For steady state 

computations, time variation terms in these equations are neglected and average values of temperature 

dependent specific heat (Cp) are utilised. It is interesting to note that Muller’s solution scheme is different 

than that presented by his predecessor, Kutz [111]. Muller’s solver generates an inclusive set of governing 

equations, which is expressed in terms of partial derivatives of five basic flow variables mentioned before. 

The computation scheme is expressed as shown in Eq. 8.4 [119,112], 
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 Eq. 8.4 

The computation scheme shown in Eq. 8.4 consists of a system of non-linear equations. It is then 

transformed into a matrix of locally linearized equations. It can be stated as, 

 [ ]   
  {  }   

    { }   
  Eq. 8.5 

Eq. 8.5 is then solved using upper-lower factorization method. The guess values of unknown flow 

variables are generated using Newton-Raphson method. The residuals, { }   
 , have been assumed to be 

differentiable within the required range of variation of flow variables. Additionally, Muller has suggested a 

scheme for generating initial guess values of pressures and temperatures and also a criterion for 

convergence. Although this scheme is attractive for obtaining simultaneous solution for all flow variables in 

network model, it must be used with caution to avoid divergence or oscillations in solution. 

As claimed by Muller [119,112], the main advantage of his solver is its coupling capability with 

other analyses systems. It also provides commendably accurate results, which have been benchmarked 

against MTU’s prior network solver. The solution time for a moderately complex network model has been 

reported below 5s, and prediction accuracy is found to be within 0.01%. This approach is quite attractive for 

the present work, as all flow variables associated with a link or a node could be evaluated simultaneously. 

Such tightly-coupled system of equations is envisaged to be numerically stable and it would also converge 

quickly. However, a computational scheme based on total quantities of flow variables is not desirable in 

fluid dynamic solvers. 

 The network solver 8.3

The most desirable attributes for the present network solver have been identified from the review of 

literature. It is necessary to note that the present network solver would be integrated into a framework of 

codes and hence it needs to preserve certain characteristics of design environment. The network solver can 

have independent internal data structure; however, it should have common interfaces to exchange data with 

other algorithms. The present network solver has been defined as a device of VE design environment and 

thus it is based on C++ structure. The general structure of the present network solver, its primary and 

auxiliary variables and its variable sharing schemes are explained in the following sections. 

 Node solver structure 8.3.1

The present network solver is based on three fundamental C++ data structures namely, node, link-

set and link, which have been explained in Chapter 5. These data structures have been interlinked with 

network solver through special methods. Figure 8.2 shows the block diagram representing internal 

architecture of the present network solver. It might be noticed that the solver communicates only with node 
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data structure and link-set data structure. The methods of these data structures receive data and instructions 

from the main solver and they return flux variables calculated based on their internal schemes.  

 

Figure 8.2: The structure of present flow network modeller 

All variables in the present network modeller are not contained in its solver data structure. The 

solver data structure only consists of flow variables associated with nodes, whereas nodes’ geometry 

variables are contained in node data structure. The solver data structure does not have any direct connection 

with link data structure and thus it cannot access flow or geometry variables of network links. However, it 

monitors the flow flux passing through them through its methods shared with link-set data structure. This 

mechanism of object-orientation has been extremely useful for creating independent implementation of 

solver and that for nodes and links. 

The present 1D network solver can evaluate only a limited number of flow variables. These flow 

variables are termed as primary variables of solver. The four primary variables selected for the present 

network solver are, meridional velocity (um), tangential velocity (uθ), static temperature (T) and static 

pressure (P). The network solver iterates to satisfy the conservation equations of mass (w), meridional 

momentum     , tangential momentum      and internal energy (e) to find steady state values of primary 

flow variables at each node in network. The conservation quantities have been related to the primary flow 

variables through time rate change of residuals at interfaces of links, losses in cavities and volumetric forces 
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within cavities. In its most basic form, the balancing conservation equation for any node k can be written as 

shown in Eq. 8.6, 

      

  
     ̇ Eq. 8.6 

Where,   is the vector of conservation quantities and   ̇ is the vector of time rate change of 

residuals in conservation quantities. 

Apart from primary flow variables, the solver also computes several secondary and auxiliary flow 

variables. In the present modeller, six secondary variables are evaluated, namely total temperature (T
0
), total 

pressure (P
0
), meridional sonic velocity (  

 ), tangential sonic velocity (  
 ), static temperature at sonic 

condition (  ) and static pressure at sonic condition (  ). The auxiliary variables include fluid density (ρ), 

entropy (s and s
0
), enthalpy at static condition (h) and total condition (  ) and sonic velocity (a). The 

network data structure consists of allocable memory arrays for each of these variables and their size depends 

on number of nodes in network model. These variables are stored in two-dimensional arrays for convenience 

of data transfer. These arrays are represented as, 

           {      } 

         {  
   

     } 

              {      } 

    {      } 

             {    } 

           {       } 

                {        } 

  ̇   { ̇     ̇} 

The variable tags ‘q’ and ‘aux’ indicate primary and auxiliary quantities, respectively, whereas ‘n’ 

indicates node. This variable structuring methodology has been very useful for linking the VE gas dynamic 

library to the present modeller. The VE gas dynamic library consists of several hodograph transformations 

[229,230] required for the present flow network solver. The existing gas dynamic library of VE design 

environment [231,232] has been extensively used in the current work. Some of its major functions have 

been explained in Appendix F, section F.3.  

The flow network solver also incorporates several functions and methods for receiving the 

constructed datasets from plugins (Chapter 5), for instancing and initialising the derived datasets, for 

visualising network model (Chapter 5), for computing gas dynamic equations in solver and for post-

processing of results in out-plugins etc. Some of these methods have already been explained in earlier 

chapters, while the remaining methods would be covered in the following sections. The mathematical 

formulation of solver is the most important aspect of its implementation. The following section provides a 

comprehensive explanation on tightly coupled system employed in the present network solver. 
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 Mathematical formulation of node solver 8.3.2

The mathematical scheme of the present network solver has been designed to operate on all types of 

nodes, except boundary nodes. As mentioned in the previous section, this solver solves conservation 

equations in network cavities. The overall nature of its mathematical scheme is to minimise the residuals in 

conserved quantities [233]. The following explanation thus starts with the definition of these residuals. 

Let,    be the vector of time rate change of residuals in conservation quantities at network node, k. 

It consists of summation of all mass flow rates, fluid forces at link-set openings, torques applied by or on 

flow and rate of change of energy in fluid at node k. It is a vector of residuals of all simultaneous linear 

algebraic equations as shown in Eq. 8.7.  
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The residuals at k
th
 node are calculated using existing instantaneous values of primary flow variables 

at adjacent nodes and links in flow network. Eq. 8.8 shows the expanded definition of residual,   , which is 

equated to the partial derivative of conservation quantities with respect to time t. 
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The term at RHS, ∑       , represents summation of residuals in conservation quantities at the 

interfaces of node k and flow links that connect to it. The term    
      

 represents residual in volumetric 

forces applied by walls of cavity and    
     represents residuals in conservation quantities generated due to 

flow losses in cavity. These vector notations may be further expanded as shown in Eq. 8.9 [234], 
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 Eq. 8.9 

Flow links have negligible volume compared to that of nodes and thus flow variable perturbations 

can be transmitted through them without any delay. Consequently, the residuals computed at interfaces of 

links are always instantaneous in nature. If each of these quantities is identified separately owing to its 

origin, Eq. 8.9 might be stated in a more compact form as shown in Eq. 8.10, 

      

  
          Eq. 8.10 

where, A represents the vector of time rate change of conservation quantities at interfaces of connecting 

links, B represents the vector of time rate change of volumetric quantities in node and L represents the 
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vector of time rate change of conservation quantities due to losses in cavity. In finite difference form, the 

conservation equation at a node can be expressed as shown in Eq. 8.11, 

         

  
            Eq. 8.11 

For obtaining steady state solution, conservation quantities should not vary with time and hence 

RHS must diminish to zero. This means that the sum all residuals              . The aforementioned 

formulation thus represents a well-configured system of simultaneous equations. If the volume of all cavities 

is considered constant throughout computations, Eq. 8.11 might be written as, 

            

  
      Eq. 8.12 

This can be conveniently represented as shown in Eq. 8.13, where      represents the solution of 

Eq. 8.12 based on geometry parameters of node k and residuals of conservation quantities. 

 
       

    

 
    Eq. 8.13 

The term 
    

 
 is used for scaling the residuals of conservation quantities at node k having volume  . 

This factor also converts time rate change of conserved quantities into actual conservation quantities such as 

fluid mass, meridional momentum, tangential momentum and internal energy of fluid.   is Courant (CFL) 

number for flow network model, which scales speed of information propagation within the cavity of node k. 

    is the time required to form homogeneous flow mixture in cavity. This time period is important 

to fulfil the assumption that conservation quantities computed at the barycentre of cavity represent fully 

mixed flow conditions. This residence time is not known a priory and hence it needs to be computed 

considering the volume of each cavity and the time steps required to achieve steady state in complete 

network. The residence time would be shorter in nodes having smaller volumes, whereas it would much 

longer in nodes having larger volumes. The solver always uses shortest possible time step for time marching 

to ensure that perturbations coming from link are not transmitted through node before the end of time step. 

The nonlinear unsteady flow equation, shown in Eq. 8.13, states the conservation of flow quantities 

in node. In order to obtain incremental change in primary flow variables, the above equation (Eq. 8.13) is 

converted into locally linear simultaneous algebraic equation as shown in Eq. 8.14. The transformation 

Jacobian [235] has been defined as, 

 
[     ][  ]           

    

 
   Eq. 8.14 

The terms at LHS are Jacobian matrix of partial derivatives of conservation quantities [     ] with 

respect to primary flow variables and the vector of incremental change in primary flow variables [  ], 

respectively. RHS represents residuals of conservation quantities, expressed by symbol       and computed 

by term  
    

 
  . This equation represents the system of simultaneous equations as shown in Eq. 8.15, 
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   Eq. 8.15 

where,   is the Jacobian matrix comprising local slopes (partial derivatives) of conservation quantities with 

respect to primary flow variables.    is the vector comprising differential changes in primary flow variables. 

The flow mixing time scale,   , in Eq. 8.15 is calculated based on the maximum speed of information 

propagation through nodes. The speed of information propagation is the highest possible magnitude of 

velocity in the direction of flow in links. For simplicity, the highest eigenvalue of system of simultaneous 

equations for connecting link-sets has been chosen, which is well-known as spectral radius,   . In the 

present modeller, spectral radius is calculated by   |     |,  where A is area of opening of a link-set into 

cavity,    is the highest flow velocity in connecting link-set and   is speed of sound at existing static 

temperature in that link-set. This system of equations is better represented by conventional notation as 

shown in Eq. 8.16, 

           Eq. 8.16 

And thus, 

             Eq. 8.17 

For obtaining the solution of system of simultaneous equations, it is necessary to invert Jacobian 

matrix   assuming that it is not singular and its inverse does exist. If actual terms are substituted in Jacobian 

  and vector    in Eq. 8.17, the following equation (Eq. 8.18) can be obtained, 
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 Eq. 8.18 

Further, if conservation variables are converted into flux variables,   matrix may be represented as 

[234], 
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 Eq. 8.19 

The exact analytical form of partial derivatives of flow fluxes in Jacobian matrix   (Eq. 8.19) can 

be found in Appendix F, section F.7. The exact algebraic equations representing inverted   matrix are also 
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presented in Appendix F, section F.7. The advantage of using exact analytical form of equations is that 

computations of partial derivatives are greatly simplified and actual matrix inversion is also not necessary. 

Consequently, the number of computations is reduced by great amount. Besides, a matrix representing 

whole network model need not be constructed and thus it is also not necessary to assemble partial 

derivatives of flow variables at nodes into whole network matrix. After inverting Jacobian matrix and 

multiplying it by RHS, a vector containing differential change in primary flow variables is obtained. This 

vector is used to update the values of primary and auxiliary flow variables at node k as, 

  
      

        

  
      

        

             

             

             

             

             

             

These new values of flow variables at each node are used as instantaneous guess values in the next 

iteration of solver. The node / network solver continues its iterations to compute conservation quantities in 

nodes until convergence criterion is satisfied. 

 Interface with link-sets and nodes 8.3.3

The data exchange between various data structures of network solver is elaborated in this section. 

The node / network solver supplies global node numbers and flow variables at adjacent nodes to an 

interconnecting link-set. Using this information, link-set generates a vector of time rate change of residuals 

of conservation quantities,   . This vector consists of residuals of mass flow rate, fluid forces and fluid 

torques at area of opening of link-set and internal energy of flow at interface of link-set and node. This 

vector is returned to network solver to add it in solver’s numerical scheme. The network solver also needs 

spectral radius,   , of Jacobian of link-set flow variables to calculate flow residence time in cavity. 

The flow network solver also provides all flow variables in each node to node data structure. 

Depending on the type of node such as axisymmetric node, non-axisymmetric node, junction node etc., the 

method of corresponding type of node data structure calculates flow losses in node cavity. These losses are 

returned to network solver in the form of a vector that consists of time rate change of residuals of 

conservation quantities,   . This variable exchange has been illustrated in Figure 8.3. 
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Figure 8.3: Data exchange between the data structures of network modeller 

 The link-set solver 8.4

The fundamental mathematical scheme of link-set solver is similar to that of network solver. Unlike 

node cavities, flow paths in link-sets have much smaller volume and thus they are assumed to transmit flow 

perturbations instantaneously. In other words, it is not necessary to compute flow residence time in link-sets. 

Consequently, the present link-set solver uses simplified linearized gas dynamic equations, which are 

coupled to linearized loss correlations in flow loss models. These loss models represent flow physics in air 

system components. Those have been implemented independently within the link data structure as explained 

in Chapter 6. 

 Link-set solver structure 8.4.1

The link-set solver is coupled to the link-set data structure. As mentioned in section 8.3.3, it returns 

a vector of time rate change of residuals of conservation quantities. The link-set solver computes these 

residuals by solving flow and loss equations in a link-set to balance mass flow rate, tangential velocity, total 

pressure and total temperature across its flow boundaries. The flow variable values at the interfaces of 

connected nodes are used as boundary conditions. Link-set solver also computes spectral radius of its 

Jacobian matrix. 

 

Figure 8.4: The flux variables computed by link-set solver at the node interfaces 

A schematic representation of a link-set having multiple internal stations is shown in Figure 8.4. 

These stations are physically spaced in meridional plane. Their locations and number are determined during 
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the pre-processing stage of link-set based on number of stations in each contained link. Link-set solver 

computes flow variables at these internal stations. It uses four primary variables, which are same as that 

used in node / network solver. These variables are meridional velocity     , tangential velocity     , static 

temperature     and static pressure    . It also consists of two secondary variables and four sonic state 

variables, which are total temperature     , total pressure     , meridional sonic velocity    
  , tangential 

sonic velocity    
  , enthalpy in sonic condition      and entropy in sonic condition     , respectively. 

Apart from these, auxiliary variables are also included in link-set solver namely, fluid density    , enthalpy 

   , entropy     and speed of sound    . The auxiliary variables are also computed at total and sonic state 

conditions. All these flow variables are coupled through gas dynamic equations and geometry variables of 

link-set such as cross-section area    . The link-set solver computes common mass flow rate   ̇  passing 

through all links in a link-set based on total pressure loss (       ) between consecutive loss stations. These 

variables are contained in two dimensional arrays, which are useful for data transfer. These arrays are 

presented below, 

           {      } 

     {      } 

         {  
   

     } 

             {    } 

       {        } 

           {       } 

The tags ‘q’ and ‘aux’ indicate arrays of primary and auxiliary variables, respectively, whereas ‘l’ 

indicates link or link-set. This variable structuring methodology has been very useful to establish the 

common interface between link-set solver and the present library of loss models, which is explained in 

Chapter 6 and in Appendix D. Further information on interface between link-set solver and link loss models 

is presented in a later section. 

 Mathematical formulation of link-set solver 8.4.2

The link-set solver has been designed to solve a set of ten equations at each internal station in link-

set. These ten equations are included in vector    that represents residuals of flow quantities between any 

two stations. The ten difference equations for flow variables between any two stations, k and m, shown in 

Figure 8.5, may be written as shown in Eq. 8.20. 

 

Figure 8.5: A link-set having two internal stations and its flow parameters 

, 

Station k Station m
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      Eq. 8.20 

For getting steady state solution, the vector shown in Eq. 8.20 should diminish to zero. The 

difference in flow quantities can be minimised by solving a system of strongly coupled simultaneous linear 

algebraic equations. Such system of equations can be generated using a Jacobian matrix and a vector 

representing incremental changes in flow quantities. Eq. 8.21 shows the linearized form of the present link-

set solver [236]. 

          Eq. 8.21 

where,   is Jacobian matrix and    represents a vector containing incremental changes in flow variables. 

The solution is obtained by solving Eq. 8.22, 

           Eq. 8.22 

And, if i is the number of iteration then flow solution is updated using Eq. 8.23, 

               Eq. 8.23 

The methodology of constructing Jacobian matrix,  , and corresponding vector,   , decides the 

application of linearized system of equations. The proposed arrangement of   matrix at each station in link-

set is shown in Eq. 8.24. 

It might be observed that the Jacobian matrix shown in Eq. 8.24 is relatively sparse and it is not 

symmetric with respect to its diagonal. For a link-set having two stations, k and m, the proposed assembly of 

Jacobian matrix is shown in Figure 8.6. The vector containing incremental changes in flow variables and the 

vector containing flow residuals are prepared accordingly. This matrix construction methodology has been 

used in the present link-set solver to create the system of simultaneous equations. 

The construction of Jacobian matrix and its RHS, as shown in Figure 8.6, is still incomplete. The 

criterion to match exit static pressure and terms related to flow losses are still not included into the system of 

equations. In the present modeller, loss models have been implemented only to predict mass flow rate 

passing through link based on inlet and exit pressure conditions. Therefore, it is not possible to predict either 

inlet or exit pressure, if mass flow rate and other pressure are known. This implementation enforces exit 

static pressure condition on the system of linearized equations, which then leads to two further possibilities, 
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a) If inlet total pressure, exit static pressure and total rise in entropy (or drop in total pressure) are 

known, then the system can find an appropriate value of mass flow rate that satisfies these 

conditions,  

OR 

b) If total pressure at inlet, static pressure at exit and mass flow rate passing through link are known, 

then the corresponding rise in entropy (or drop in total pressure) can be computed. 

 

 

Eq. 8.24 

   

 

Figure 8.6: Assembly of Jacobian matrix and the vectors of flow variables in a link-set 
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Figure 8.7: Amended system of simultaneous linear equations for a two-station link 

In either case, the proposed system of equations needs one more variable that is free to acquire any 

value on which no constraints are imposed through either inlet or outlet boundary condition. This variable 

has been termed as free variable and it is included in final row of RHS vector. Consequently, the Jacobian 

matrix   and the vector containing incremental change in flow variables,   , also need an additional 

variable at diagonal location and in final row, respectively. The modified system of simultaneous equations 

is shown in Figure 8.7. The highlighted elements shown in Figure 8.7 enforce the condition of continuity 

and the condition of exit static pressure in the present system of equations. The locations of partial 

derivatives of loss terms with respect to flow variables have also been displayed. The flow losses neither 

vary with respect to sonic variables nor do they include terms directly related to enthalpy and entropy. Thus, 

those spaces are empty in the most generalised form of   matrix. 

The partial derivatives of loss variables couple flow conditions at two loss stations. The locations 

which they occupy in   matrix are dependent on the type of link and the approach selected for flow 

modelling. The two main sub-types of link data structure namely, loss-type link and mass-type link have 

been created based on the aforementioned types of loss modelling. The system of simultaneous equations 

representing these sub-types may not always include all loss variables mentioned earlier. These sub-types 

are explained in next section. 
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Figure 8.8: The generalised   matrix for a link-set having multiple loss stations 

A few loss models generate partial derivatives of conservation variables with respect to geometry 

variables. These derivatives occupy several diverse locations in   matrix. Due to such significant 

differences in its construction, it is decided that Jacobian matrix,  , should be actually assembled instead of 

creating analytical equations for its inversion and multiplying to RHS. Partial derivatives are assembled into 

  matrix in block column-wise manner. These blocks have been highlighted in Figure 8.6. During the 

matrix assembly, each conservation variable in RHS is partially differentiated with respect to a primary flow 

variable. This process is repeated for all four primary flow variables, two total flow variables and four sonic 

flow variables. The standard methods used for generating these partial derivatives are presented in Appendix 

F, section F.9 to F.11. The assembled Jacobian matrix is then inverted [236] and multiplied to RHS using 

standard routines of LAPACK library [237]. The methods of assembling such matrix for both sub-types of 

link data structure have been discussed in following sections. The locations of partial derivatives of loss 

variables in Jacobian matrix for a multi-station link-set are shown in Figure 8.8. 
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 Formulation of subtypes of link-set 8.4.3

Loss models generate four loss variables namely, mass flow rate difference (  ̇), total pressure drop 

(   ), total temperature rise (   ) and difference in tangential velocity (   ). These loss variables are 

banded into a vector, termed as loss vector, and it is returned to the link-set solver by link loss models. The 

vector of loss quantities and the vector containing their partial derivatives are represented as shown in Eq. 

8.25. 

 

        [

  ̇
   

   

   

]                                                           [

  ̇
   

   

   

] Eq. 8.25 

It might be noted that both total pressure loss and mass flow rate cannot be fixed during 

computations. The flow computations determine either of these two variables. The computations, in which 

total pressure drop is estimated, mass flow rate passing through link is determined, whereas the 

computations, in which mass flow rate is predicted, entropy rise (or total pressure drop) is determined. 

These variables act as free-variable of link-set solver. When total pressure drop is predicted by a link loss 

model, the mass flow rate passing through that link is considered as free variable. On the other hand, when 

mass flow rate is predicted by link loss model, the entropy rise (or total pressure drop) in that link is 

considered as free variable. This fundamental difference in predicting loss variables necessitates Jacobian 

matrix to have slightly different construction for the two major sub-types of loss link namely, loss-type 

approach and mass-type approach. The aforementioned vectors for loss variables are thus modified as 

shown in Eq. 8.26 and Eq. 8.27,  

For loss-type link-set: 
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]                                           [

        

   

   

   

] Eq. 8.26 

For mass-type link-set: 

 

        [

  ̇
       

   

   

]                                          [

  ̇
        

   

   

] Eq. 8.27 

It might be noted that, the loss based link-set computations need magnitude of total pressure drop (   ) and 

hence mass flow rate has been designated as a freevar as shown in Eq. 8.26, whereas the mass flow rate 

based approach requires   ̇ and hence total pressure drop has been designated as a freevar, as shown in Eq. 

8.27. The loss variables     and     may also be provided by both kinds of loss models to the solver. 

Further, these loss variables are added into RHS vector of simultaneous equations. The integration of loss 

quantities into difference vector,   , is shown in Eq. 8.28, 
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Eq. 8.28 

 

It might be noted from Eq. 8.28 that the mass flow rate difference has been subtracted from 

continuity equation at both stations. Tangential velocity, total pressure and total temperature at inlet of link-

set are equated to corresponding flow quantities at station, k. The equations for outlet flow quantities, at 

station m, have been balanced by subtracting the flow quantities at inlet and by adding corresponding loss 

variables. The difference vector shown in Eq. 8.28 is the most generalised form of residual vector and it can 

be used for both loss-type and mass-type link-sets. As mentioned in earlier section, the partial derivatives of 

loss quantities are then added into Jacobian matrix,  . As shown in Figure 8.8, these partial derivatives 

occupy lower diagonal locations in   matrix. Special methods have been prepared to automate the assembly 

of   matrix and that of vector of residuals for both approaches of link-set computation. 

During the assembly process, a large amount of information is exchanged between link-sets and link 

data structures. The following section elaborates the interface employed between link-set solver and 

corresponding link loss models. 

 Interface with links and loss models 8.4.4

The link-set solver has been coupled with link data structures through dedicated data exchange 

methods. The pre-processing method of link-set data structure determines the type of each contained link 

and data is exchanged with the loss model of that link in a consistent format. The solver provides banded 

arrays of flow variables to link loss models. These arrays consist of both components of velocity and static 

and total quantities of pressure and temperature (          and    ). The banded arrays of auxiliary 

variables (            and      ) are also provided to loss models for evaluating their internal variables. 

The loss models generate loss estimates based on provided flow variables. The supplied flow variables 
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cannot be modified by loss models as those are associated to each other through gas dynamic relations and 

hodograph transformations (Appendix F, section F.2 to section F.6).  

The linearization methods of respective loss models evaluate partial derivatives of loss variables 

with respect to flow and geometry parameters (Refer to Chapter 6). The loss variables and their partial 

derivatives are returned to link-set solver in the form of banded arrays,        and        , respectively. 

Figure 8.9 illustrates the variable exchange between link-set solver and loss models. 

 

Figure 8.9: Interface between link-set solver and the loss models for links 

 Handling flow reversal and choking condition 8.4.5

Flow reversal and choking are two commonly observed phenomena in air system network 

modelling. Flow reversal might be observed in air system network either due to poor SAS design or while 

analysing it in off-design conditions. The numerical scheme in network solver might also create artificial 

flow reversal conditions, but eventually those settle down to steady flow conditions. 

In either case, the present network solver needs to handle flow reversal conditions. Due to tightly-

coupled nature of equations in the present solver, it can handle multiple simultaneous flow reversal 

conditions in link-sets. Before starting computations, the link-set solver updates values of flow variables at 

interface stations. The new values of total and static pressures and temperatures are drawn from adjacent 

nodes, whereas the value of tangential flow velocity is updated through circumferential free vortex model. 

The link-set solver checks the magnitude of pressures and temperatures and estimates possibility of flow 

reversal. If static pressure at sink node is higher than that at source node, flow definitely reverses its 

direction. However, the magnitude of meridional velocity at source node also plays an important role in 

certain cases. If flow seems to be reversing its direction, the link-set solver swaps pointers to source and sink 
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nodes. The values of flow variables at link-set interfaces and those at its internal stations are thus updated. 

The solver also swaps both flow areas and opening radii of link-set. 

Flow choking is the most commonly observed phenomenon in SAS network. It is commonly 

employed by air system designers to control the distribution of cooling air to engine cavities. In fact, many 

link-sets in SAS network are designed to choke during certain engine operating conditions. Flow choking 

can be detected, if meridional flow velocity at any station in link-set equals local sonic velocity. In the 

present link-set solver, local sonic conditions are computed at each internal station of link-set and thus flow 

choking condition can be easily detected. The present loss models cannot predict flow losses at sonic or 

supersonic flow conditions and hence those do not change at sonic conditions. Consequently, the mass flow 

rate through link-set also remains constant. Despite detecting multiple choked conditions, both solvers in 

network modeller do not stop iterations. 

 Network processing 8.5

The design environment cannot be automated by borrowing solvers and other modules from existing 

software. It is, thus, necessary to have a framework that consists of an integrated computational geometry 

modeller and a network modeller. Earlier chapters explain the modules generated for VE design 

environment, which can now be combined to create the network model of engine SAS. A simple step-by-

step procedure for creating such network model is provided below, 

1) After generating the geometry model of engine, SAS analysis can be initiated using flow network 

modeller. User needs to provide a valid list of slit-shapes to the in-plugin of network modeller for 

defining the expanse of analysis domain. These slit-shapes are the key input to initialise flow 

network analysis. 

 

2) As explained in Chapter 5, the in-plugin of network modeller follows mechanised steps for network 

model creation. It scrutinises the computational geometry of engine and extracts engine cavities and 

flow paths. Nodes are created in cavities and link-sets are created to represent flow paths. The 

number of nodes, link-sets and links in network model are counted and arranged in a proper order. 

The in-plugin also establishes connectivity between created nodes and link-sets. This step of feature 

transformation has been completely automated. 

 

3) The boundary conditions for flow network model might be extracted from chapter and verses data 

structure. The facility to extract such information has been made available in the present network 

modeller. However, the generation of chapter and verses of boundary conditions for whole engine 

model is not in the scope of the current work. Hence flow boundary conditions are provided through 

input file as explained in Chapter 5. 
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4) The case set-up essentially completes after above step. The network modeller automatically pre-

processes nodes, link-sets and links and then applies necessary settings to them. 

 

5) After pre-processing data, the network modeller automatically initialises its flow variables. During 

this process, the node solver generates guess values of nodal velocities, pressures and temperatures 

using simple averaging technique. The auxiliary variables in node solver are also initialised using 

thermodynamic equations presented in Appendix F, section F.10.  

Next, link-sets in network model draw the values of primary flow variables from adjacent 

nodes. All primary flow variables are linearly interpolated at each internal station of link-set. All 

auxiliary variables are also computed at each station. By the end of this step, the link-set solver is 

ready to perform its internal iterations. 

 

6)  The analysis iterations start after flow initialisation. These have been enlisted below: 

i. The network solver initiates its Newton iterations (section 8.3.2) and begins preparing 

RHS vector,   , for each node. The RHS vector consists of residuals of conservation 

quantities. It requests link-set solver to supply the vector of residuals in connected link-

sets. 

 

ii. The link-set solver starts assembling local   matrix (section 8.4.2) and corresponding 

RHS vector for each link-set. It requests vectors,        and        , to loss model of 

each link in link-set. The RHS vector of link-set solver,   , is assembled after getting 

loss variables from link loss models, whereas local   matrix is constructed after getting 

partial derivatives of those loss variables.  

 

iii. Each link loss model estimates flow losses using primary and secondary flow variables 

supplied by link-set solver and it also computes partial derivatives of those losses. The 

vectors of loss variables and their partial derivatives are returned to link-set solver. 

 

iv. The estimated loss quantities are added into residual vector of link-set solver and their 

partial derivatives are added at the appropriate locations in   matrix. The link-set solver 

iteratively solves flow equations for each link-set. After achieving requisite level of 

convergence, it generates vector of residuals of conservation quantities,    and spectral 

radius,   , of   matrix. This vector and spectral radius are returned to the node solver. 

This process is repeated for each link-set in network model. 

 

v. The node solver scales acquired residual vector,   , by flow residence time and then 

updates the own residual vector. 
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vi. The node solver further requests to generate the residuals of conservation quantities due 

to flow losses and volumetric forces in cavities. Residual vector    is updated after 

adding residuals generated by cavity loss models. 

 

vii. The in-built matrix inversion method of node solver generates differential change in 

primary flow variables for each node. These small changes in flow variables are used to 

generate their new guess values. This process is repeated for all nodes in network model, 

except boundary nodes. A Newton iteration of network solver completes after this step. 

This process is repeated until convergence is achieved. 

 

viii. The flow computations are said to be converged completely when all primary flow 

variables at all nodes in network model do not vary significantly. A convergence 

criterion allowing maximum error of 1.e
-10

 has been set in the present network solver. 

 

7) In the final step, network solver delegates converged solution to out-plugin of network modeller. 

The out-plugin has post-processing methods, which convert numerical data in nodes and link-sets 

into a format suitable for visualisation. This data can also be extracted while computations are 

running and thus the convergence of flow variables can be monitored. The results of flow network 

can be visualised in both Gnuplot [238,239] and Tecplot [240]. This operation is completely 

automated and thus it does not require any human intervention. 

The above steps demonstrate the level of automation achieved in the present work. Apart from 

selecting network domain, almost all further steps have been seamlessly integrated and hence completely 

automated network analysis can be performed. This section completes the description of flow network 

modeller. The following sections demonstrate the results of network solver.  

 Flow network computations and Post-processing 8.6

This section demonstrates a few automated network analyses performed using geometry modeller 

and flow network modeller in VE design environment. The first network model represents cavities of IP 

compressor (IPC), whereas another model represents long pipes with multiple bends and other air system 

components. These cases exemplify network models of i) multiple nodes connected by links and ii) two 

nodes connected by a series of links, respectively. The cases also provide a good idea about generation of 

network models, their pre-processing methods and working of node and link-set solvers etc. It should be 

noted that a whole engine flow network model has also been created; however, flow computations could not 

be performed using such model unless correct dimensions and boundary conditions are provided to its loss 

models. The collection of actual engine data is thought to be unnecessary for the purpose of such 

demonstration. Thus the example cases presented below contain fictitious dimensions and boundary 

conditions. The results of these flow network computations have been post-processed automatically and the 

graphs and figures shown below have been directly generated by the present network modeller.  
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 Multiple nodes connected by short links 8.6.1

Figure 8.10 shows a pre-processed network model of cavities within the rotor drum of intermediate 

pressure compressor (IPC). These cavities are connected by short links such as orifices, annular orifices, 

seals and couplings etc. As shown in Figure 8.10, various slit-shapes representing these short links have 

been used for generating the network model. The model consists of 18 nodes (8 cavity nodes and 10 

boundary nodes) and 18 link-sets. Each link-set has two stations, except the link-set representing air-to-air 

seal. The boundary conditions have been applied at boundary nodes, which are shown in Table 8.1. The high 

pressure, high temperature air enters into network cavities through the link-sets representing eighth-stage 

IPC disc bore and air-to-air seal. Air exits through the link-sets representing holes on IP rotor drum and 

holes on drive arm of first stage IPC disc. Figure 8.10 also shows the expected direction of air flow in the 

flow network model. 

The present network solver is executed to compute flow variables in this network model. While 

performing computations, variations of pressure and temperature are monitored at all cavity nodes. The 

variation of static pressure and static temperature with respect to solver iterations is shown in Figure 8.11 

and Figure 8.12. Similarly, the variation of mass flow rate through each link-set and the variation of fluid 

forces at openings of each cavity are monitored. Their graphs are shown in Figure 8.13 and Figure 8.14. It 

might be observed that the mass flow rate through each link-set is not monotonously increasing or 

decreasing; but it is varying with pressure ratio across link-sets. Flow reversals might also be observed in 

certain link-sets allowing adjustment of static pressure levels in cavities. In the end, all flow fluctuations are 

subdued and flow variables in link-sets and nodes settle to a constant value. It might be observed that the 

flow solution is converged successfully within 2000 Newton iterations of network solver with a good level 

of accuracy, as depicted in Figure 8.15.  

 

 

Figure 8.10: Flow network of the cavities in IPC rotor drum  
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Table 8.1: Flow boundary conditions for the network of IPC cavities 

 

The final results of network computations are visualised in Tecplot. The network cavities have been 

triangulated, as shown in Figure 8.16, to display the results in Tecplot. Figure 8.17 to Figure 8.20 display the 

variation of meridional velocity, tangential velocity, static temperature and static pressure in all network 

cavities, respectively. The distribution of static pressure and temperature in network cavities seems to be 

correct as per boundary conditions. The flow direction in various link-sets is also correct. As shown in 

Figure 8.17, meridional velocity has a very small value in all cavities confirming that the meridional 

momentum is almost negligible in large pressure chambers. Figure 8.18 shows the increase in tangential 

velocity of air as it passes through IPC cavities from exit to inlet. Free circumferential vortex law has been 

used to generate the radial variation of tangential velocity referring to its magnitude at cavity barycentre. 

Figure 8.19 shows rise in nodal temperatures due to windage in cavities. Figure 8.20 shows variation of 

static pressure within the flow network model. 

 

 Multiple links in series connecting two nodes 8.6.2

The following examples demonstrate flow computations in series of links. These links form a link-

set, which has multiple internal stations. The first example refers to an assembly of long pipes that transfers 

high pressure air from HPC bleed cavity to HP-IP turbine cavity. Three such pipes are laid along 

circumferential direction. Figure 8.21 shows the network model for these long pipes, which have two bends 

between inlet and exit station. The link-set solver solves flow and loss equations for four different types of 

links, namely sudden contraction, pipe, bend and sudden expansion. The flow solution is obtained at all 

internal stations, which are shown in Figure 8.21. Figure 8.22 illustrates the variation of predicted air mass 

flow rate passing through these pipes at various pressure ratios. 

 

Heading of slit-shape Ux Ur Utheta Ts Ps Ttotal Ptotal

Mass 

Flow 

Rate

CI08RDISC_BORE1 32.37 16.43 64.40 639.39 559982.00 677.78 569982.00 0.00

CI07RDISCREARARM_HOLE 32.37 11.43 53.40 589.39 499982.00 607.78 502982.00 0.00

ICC.FRONTAIRTOAIRSEAL 32.37 12.43 55.40 630.39 544982.00 677.78 552982.00 0.00

CI07RDISCFRONTARM_HOLE 32.37 18.43 24.40 550.39 319982.00 577.78 409982.00 0.00

CI06RDISCFRONTARM_HOLE 85.85 31.48 48.17 482.72 249361.00 515.15 385708.00 0.00

CI05RDISCFRONTARM_HOLE 85.85 39.48 38.17 482.72 249361.00 515.15 345708.00 0.00

CI04RDISCFRONTARM_HOLE 85.85 11.48 58.17 439.72 249361.00 477.15 315708.00 0.00

CI03RDISCFRONTARM_HOLE 25.85 11.48 98.17 403.72 209361.00 455.15 255708.00 0.00

CI02RDISCFRONTARM_HOLE 15.85 20.48 48.17 361.72 219361.00 415.15 205708.00 0.00

CI01RDISCDRIVEARM_HOLE 20.04 15.48 38.17 330.72 200361.00 365.15 195708.00 0.00
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Figure 8.11: Static pressure variation in IPC cavities 

 

Figure 8.12: Static temperature variation in IPC cavities 
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Figure 8.13: Mass flow rate variation in connecting links 

 

Figure 8.14: Variation of fluid force at the link openings 
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Figure 8.15: Convergence history of the conservation quantities at nodes 

 

 

 

Figure 8.16: Triangulated cavities of IPC rotor drum 
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Figure 8.17: Variation of meridional velocity (um) in IPC cavities 

 

 

 

Figure 8.18: Variation of tangential velocity (uθ) in IPC cavities 
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Figure 8.19: Variation of static temperature (Ts) in IPC cavities 

 

 

Figure 8.20: Variation of static pressure (Ps) in IPC cavities 
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Figure 8.21: The network model of high pressure air pipe 

 

Figure 8.22: Variation of mass flow rate through the air transfer pipes 

The network model representing IP air bleed-off mechanism is displayed in Figure 8.23. The pipes 

in this device are short and it has a control valve fitted between inlet and exit stations. At present it has been 

assumed that only one of such assembly is fitted on IP compressor casing. The type of control valve is 

considered as butterfly valve and thus the valve link uses corresponding loss correlations. The opening area 

of butterfly valve is expressed in terms of valve open degrees and it is supplied to network model through 

the verse for valve-type non-axisymmetric feature in the computational geometry model. The link-set thus 

represents a compound model of pipes and valve. Flow network computations are carried out in this model 

at various pressure ratios and at several valve opening conditions. Figure 8.24 shows the results of variation 

of mass flow rate through the link-set.  
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This example case demonstrates the strong coupling between the computational geometry model 

and the present network modeller. It might be realised that the verse used for specifying opening of butterfly 

valve can be coupled to other analyses programs such as engine control algorithm.  

 

Figure 8.23: The network model of bleed-off air pipe with a valve 
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 Discussion and Closure 8.7

This chapter presents the final part of the present work, which is devoted to the preparation of flow 

network modeller and to the demonstration of air system network computations. The chapter presents the 

review of some network solvers that are available in open literature. The major limitations of prior network 

solvers such as their isolated implementation, lack of automated pre/post processing tools and lack of 

suitable interfaces with other analyses systems etc. are identified from the literature review. Considering 

these limitations, a completely afresh numerical scheme has been proposed for VE flow network modeller. 

Its mathematical formulation and implementation methodology have been discussed along with its internal 

interfaces. The later part of this chapter presents a step-by-step procedure to create and process air system 

network model. The results presented thereafter demonstrate the capabilities of the present air system 

network modeller. The major advantage of this work is claimed to be the generation of an integral, 

automated and generic flow network modeller, which can process the numerical data entered in the 

computational geometry model of engine. Moreover, the modeller also facilitates seamless exchange of 

numerical data, which can be controlled and monitored through plugins. 

The second part of this thesis completes with the end of this chapter. The work on the development 

of SAS flow network modeller for VE design environment has been elaborated in this part and it fulfils the 

list of objectives set in the beginning. The next chapter presents the summary and conclusions of the present 

work. The future developments that might be undertaken as an extension of the present work are also 

discussed. 

 

 



 

 

 Chapter 9 Conclusions and Future Work 

This thesis presents the interdisciplinary work carried out during the initial development stages of 

VE design environment. It is a part of larger VE project, which incorporates and integrates many major 

engineering analyses algorithms. The minimisation of number of engine tests is one of the primary motives 

for developing Virtual Gas Turbines. The VE project is thus expected to evolve into a numerical test bed or 

a numerical wind tunnel. Such research based developments are important for manufacturing industry to 

streamline the gas turbine design processes through their integration, automation, standardization and 

parallelization. 

In Chapter 1, the objectives of the present work have been mapped considering the early 

requirements of VE development. The chapters in this thesis follow the sequence of implementation of these 

objectives and finally present the complete set of work. In the beginning, contemporary developments in the 

field of construction of design frameworks have been reviewed to set the direction for the present work. This 

background highlights the immediate requirement of developing an integrated geometry modeller for VE, 

which has not been given serious considerations in prior design frameworks. Chapter 2, Chapter 3 and 

Chapter 4, unfold the methodology of construction of a geometry modeller that is incorporated in VE design 

environment. Third chapter and its supporting appendices elaborate the internal structure of the present 

geometry modeller. In the fourth chapter, a complete methodology for generation of low fidelity 2D cross-

section (general assembly) of entire three spool gas turbine engine has been presented. The generation of 

whole engine geometry clearly demonstrates the practical utility of feature-based geometry algorithms.  The 

geometry modeller serves as a keystone in VE design framework and can support several different types of 

analysis. The secondary air system analysis is selected in the present work to substantiate the utility of 

geometry modeller. This interdisciplinary nature of work necessitates the development of feature 

transformation techniques, which have been discussed in fifth chapter. The latter chapters, viz. Chapter 6, 

Chapter 7 and Chapter 8 focus on secondary air system modelling. The preparation of physics-based 

linearized loss models for air system components is discussed in sixth chapter.  This work is extended 

further to generate an independent loss model for straight-through labyrinth seal. The seventh chapter 

provides the details of numerical experiments and specific post-processing methodology developed for the 

generation of seal loss model. The new model has been validated against the models found in literature and 

is demonstrated to have good accuracy. It has been linearized for incorporating into the present network 

modeller. The eighth chapter describes linearized flow network solvers, including their mathematical 

formulations and their interfaces with other modules of VE. The present chapter concludes this work in 

perspective of its predetermined scope and objectives. It summarizes the main research findings and the 

contributions of the present work. The claims made based on this work have also been presented. The 

chapter closes by proposing further research work that may be carried out based on this thesis. 
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 Conclusions 9.1

 Development of computational geometry modeller 9.1.1

The creation and integration of computational geometry modeller is one of the most important 

objectives of the present work. The geometry modeller has been developed and incorporated into VE design 

environment based on the architectural guidelines drawn from literature review. A feature-based CAD 

modelling approach is selected for generating the modeller. Its building blocks – features, shapes and paths, 

are developed in object oriented C++. The salient attributes of features are defined in feature data structures 

and they determine the characteristics of geometry modeller. The feature library consisting more than 

twenty features is generated as a part of this work and its taxonomy has also been developed. The synthesis 

method of design-by-feature approach has been implemented.  

The work on geometry modeller might be claimed as an original contribution towards the 

development of an automated design system for turbomachineries. To the author’s knowledge and according 

to open literature, no other academic or commercial software can create the entire 2D cross-section (general 

assembly) of engine using features technology. Various feature-based commercial CAD systems are 

available; however, a completely integrated and automated feature-based turbomachinery geometry 

modeller has not been encountered. A few organisations are still working on different ways of creating such 

integrated geometry modeller to facilitate their analysis work.  

In perspective, this work is claimed as a unique way of generating the geometry of 

turbomachineries. Due to its feature-based construction, any modification made in component dimensions 

will reflect into guaranteed updating of whole geometry. This is deemed to be the most desirable way of 

synthesizing new engine geometry. Its major advantage may be claimed as the fast generation of low fidelity 

geometry during initial stages of engine design, when most crucial design decisions are taken. 

 Generation of whole engine geometry 9.1.2

The process for generating the entire 2D cross-section (general assembly) of a three spool turbofan 

engine has been explained in the fourth chapter. It also reveals the methodology of construction of top-down 

hierarchical assembly of aero engine. In the hierarchical assembly, abstract features are placed at the 

topmost level to hold design intents, component topology and functions of sub-assemblies. The features 

specifying geometric details are attached to abstract features to enrich the definition of engine geometry. 

Multiple levels of attached features form a complex product feature tree. This geometry generation work 

proceeds in line with design work, thus following the notion of concurrent engineering. These capabilities 

seem to be lacking in all major turbomachinery design environments. 

The generation of engine assembly also demonstrates two important extrinsic attributes of features 

namely, attachment interdependency and positional constraint interdependency. These feature relations are 

very well-known, but to the author’s knowledge, those have never been employed for the generation of aero 
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engine geometry. The application specific development of these interdependencies is one of the most crucial 

aspects of the present work. The reduction in time required for generating the low fidelity engine geometry 

is another attractive attribute of this geometry modeller. It may be claimed that an average user shall not 

need more than three months to generate the entire cross-section of engine, after the supporting modules are 

provided. The generation of whole engine geometry fulfils a major objective of the present work. 

 Geometry construction method 9.1.3

A specific construction method has been followed in the present work to assemble the featurized 

components of engine. This systematic and hierarchical feature collection process forms a dynasty based 

and module based assembly of engine. Such feature-based construction of engine geometry has never been 

encountered in prior literature. This construction method has been used to create a geometry database for all 

downstream numerical analyses and this is an important objective of the present work. 

The dynasty based engine assembly provides unique tangential speed boundary condition to each 

featurized component of engine. It completely eliminates the cumbersome task of applying speed boundary 

condition in all downstream analyses. In absence of any prior citation, this construction methodology is 

claimed as an original contribution to the feature-based geometry generation work. It is also recommended 

for generating the engine geometries through VE design environment. 

 Generation of air system (SAS) network 9.1.4

The low fidelity constructions of 2D engine geometry and secondary air system of aero engine are 

supportive for generating SAS network models and to perform 1D flow network analysis. Chapter 5 

describes the process of converting the computational geometry of engine into an air system network using a 

specialised feature transformation process. This process is important for the present work as it establishes a 

link between two independent modules of VE design environment. The process generates one-to-one 

correspondence between the features of geometry and the nodes and links of network modeller. Moreover, it 

seamlessly integrates SAS network model with the computational geometry through database enquiry 

methods. Due to the direct correspondence between the parameters of features and the elements of flow 

network, it may also be possible to update the engine geometry automatically. 

The generation of air system network fulfils an important objective set in the beginning. Amongst 

several publications reviewed for this work, no publication could be found on automatic generation of SAS 

network model from engine geometry. Interestingly, such facility is neither provided by any commercial 

software nor does it seem to be available in the in-house legacy codes of gas turbine manufacturers. This 

task is therefore, claimed as an original and unique work developed to generate the system level coupling in 

VE design framework. 
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 Preparation of linearized loss library 9.1.5

The present air system network modeller employs a linearized system of gas dynamic equations and 

pressure loss correlations. Such system is deemed to be mathematically robust and numerically stable; hence 

is preferable for the flow network analysis in large domains. Clearly, it is necessary to linearize the loss 

models of various air system components, which have been selected from earlier publications and 

international standards. The key issue in this task is to select a loss model that is accurate, precise, stable and 

valid over a wide range of variation of flow and geometry parameters. Various loss models of several air 

system components have been tested, selected and linearized with respect to both flow and geometry 

parameters. The linearization of all loss models has been validated against standard sources. The details of 

these efforts have been provided in Chapter 6 and its corresponding appendix. 

More than twenty loss models representing various air system components have been selected and 

linearized as a part of this work. This task has contributed in generating a comprehensive linearized loss 

library for the present air system modeller. It is noteworthy that the methods in this library can compute the 

partial derivatives of all loss correlations with respect to geometry parameters as well as flow parameters. 

Only a few network modellers are known to predict air system performance considering variation of 

geometry parameters. Such system offers more flexibility in supporting design related tasks. This library can 

also be integrated with optimisation programs to optimise the dimensions of air system components. This 

task fulfils an important objective of the present work. It might be claimed that this library forms a 

foundation for many advanced SAS analyses such as distortion transfer. 

 Development of straight-through labyrinth seal loss correlations 9.1.6

The work on developing the new loss correlations for straight-through labyrinth seal is undertaken 

after identifying the potential for improvements in the existing loss model. Several numerical experiments 

have been conducted on different seal configurations under various flow conditions. A specific post-

processing methodology based on K2K approach has been developed for extracting and condensing 

numerical data. The pressure losses are then segregated from identified loss regions and those are rearranged 

to obtain the variation of pressure loss coefficients with respect to flow and geometry parameters. The 2D / 

3D curve-fitting process is used to generate the equations of loss correlations. 

It might be claimed that this work contributes to several aspects of loss correlation generation 

process. The pilot tests conducted before carrying out numerical experiments establish a procedure for 

creating mesh in seal domains and for selecting a turbulence model for any future correlation work. The 

development of data post-processing methods helps generating substantial understanding of topography of 

seal loss regions. The work on post-processing methods is not included the objectives of the present work, 

but it is a natural extension of loss correlation development. The earlier publications do not seem to employ 

such comprehensive approach for formulating the seal loss correlations. Thus, it might be claimed that these 

methods are quite novel in terms of their application. 
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The seal loss correlations derived after curve fitting exercise represent the thermo-fluid dynamic 

phenomena in labyrinth seals. These correlations are applicable over a wide range of flow Mach numbers 

and geometry parameters of aero engine seals. They can also predict approximate flow areas based on flow 

conditions in seals. This attribute is lacking in prior seal loss models. After validation, these loss correlations 

are found to predict the seal leakage mass flow rate within ±8% of experimental results. Without any further 

calibration of the model, this accuracy may be regarded as fairly good for its improved robustness and 

extended range. It is thus claimed that the present seal loss correlations undoubtedly expand the definition of 

K2K model. 

 Generation of air system network modeller 9.1.7

The generation of flow network solvers is the prime objective of secondary air system modelling 

work. A few network solvers and their formulations are already available in literature. However, those 

solvers are designed to work in isolation and hence human intervention is necessary at almost every stage of 

analysis. The present network modeller eliminates these limitations by providing suitable interfaces, which 

are extremely useful for its integration into VE design environment. This network solver is based on 

comprehensive mathematical formulation of linearized gas dynamics and is also equipped with several loss 

models representing air system components. Several ingenious methods have been created as a part of this 

work, which are capable of assembling the gas dynamic equations for nodes and links with their respective 

loss correlations. These details are provided in Chapter 8. 

It might be claimed that the present work on air system network modeller has generated an integral, 

automated, generic and inclusive system of codes, which is coupled to the computational geometry of 

engine. Such a level of integration of separate modules is rarely found in open literature. Some publications 

refer to the integration of two or three analyses systems, which is limited to a particular section of engine. 

However, to the author’s knowledge, only a few algorithms might have the capability to model the complete 

air system network of engine starting from its geometry. In perspective, this work contributes to the 

enhancement of flow network modelling capabilities and its system level integration. 

 Demonstration of VE analysis  9.1.8

The demonstration of network analysis through VE design platform is the final objective of the 

present work. The aero-engine geometry generation and flow network modeller development are combined 

together to showcase the analysis capabilities of VE. A network model of IP compressor cavities is 

generated by following the procedural steps for network generation. The engine-like flow boundary 

conditions have been applied to this network model. The network solvers are then executed and are shown 

to converge flow computations successfully. The convergence history of the residuals of conservation 

quantities and the variations of flow parameters in IPC rotor drum cavities are presented. The successful 

demonstration of VE analysis capabilities fulfils all objectives of the present work. The next section presents 

the possibilities of conducting further research in the topics related to this thesis. 
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 Recommendations for future Work 9.2

The present work is believed to form a conceptual basis for some advanced research topics. Some of 

these topics are still in thought process at various organisations and probably are not implemented. The 

recommendations made below are from the perspective of turbomachinery design and development. 

i. The development of 3D feature-based computational geometry of whole gas turbine engine is one of 

the prime requirements of gas turbine manufacturing industry. Such geometry may be developed 

based on feature interdependencies discussed in this thesis. However, it is quite challenging to 

ensure the consistency of geometry model in all three dimensions under all circumstances. Author 

recommends the use of declarative method of design-by-features to satisfy geometry constraints in 

three dimensions. Such development may be considered as one of the main objectives of future 

work. 

ii. Feature transformations within design viewpoints are important for coupling the computational 

geometry of engine with downstream analyses. One of the applications of feature transformation 

process has been demonstrated in this thesis. This process may also be employed for coupling the 

engine geometry with other types of analyses such as fully automated engine meshing, structural 

analysis and CFD analysis etc. The transformation methods may also be developed to transform 

design features into the features for a different viewpoint such as process planning, NC machining, 

testing and quality control etc. It has already been emphasized that consistent bidirectional 

transformation of features would enable establishing a highly desirable feed-back mechanism in VE 

design environment. 

iii. According to the mathematical scheme of the present network modeller, node solver and link-set 

solver perform their individual Newton iterations and flow variables are exchanged only after 

attaining a sufficient level of convergence. This approach severely reduces the computational 

efficiency of scheme and therefore it is desirable to perform the global Newton iterations only in 

network solver. The link-set solver should perform single iteration after drawing the flow variables 

and their perturbed quantities from adjacent nodes. Thus it need not attain complete convergence for 

incorrect flow boundary conditions. The simultaneous updating of differential change in flow 

variables in all coupled equations would significantly reduce the number of global Newton 

iterations. This method also improves the stability of mathematical scheme. It is thus recommended 

for future implementation.  

iv. The coupling of solvers developed for primary air flow, secondary air system and FEA might be 

considered as further advancement towards system level automation. According to literature, such 

work is being carried out in various organisations in different ways. It might be recognised that the 

present work on design environment development is highly supportive for such endeavours. Of 

course, an integrated geometry modeller and various other modellers need to be developed before 

advancing the research in the direction of such tightly coupled system simulations. The work 
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presented in this thesis certainly forms a good foundation for developing tightly coupled analyses 

systems and hence it is recommended as a future work. 

v. A coupled thermo-mechanical analysis of whole aero engine could be launched using its 

computational geometry and a thermal modeller. Thermo-mechanical analysis of whole engine 

structure is important to determine the tip gaps of rotor blades. Rotor tip gaps vary based on the 

overall thermal deflection of engine carcass and thus those need to be determined before performing 

the CFD analysis of primary flow annulus. All these analyses could also be coupled to perform the 

system level simulations of aero engine at various operating conditions. This work may be 

considered as one of the objectives of future work. 

vi. The linearization of various loss models with respect to geometry parameters has already been 

carried out in the present work. The flow network modeller and the computational geometry of 

engine have also been coupled. This work may be extended further by coupling these to a design 

optimisation program. Highly sophisticated feature transformation methods will have to be 

employed for such coupled optimisation analysis. This work is recommended for rapid and realistic 

sizing of air system components as expected by gas turbine manufacturers. 

vii. Lastly, the established technique of numerical experimentation and the methodology developed for 

post-processing of numerical data can be utilized to refine the loss models of other air system 

components. This work is quite important for improving the deficient loss models, which do not 

serve the intended purpose of flow modelling. 

 Closing remarks 9.3

The overall objective of this work is to contribute to the development of Virtual Engine design 

environment. This research project intends to provide system level solutions to aero engine design problems. 

It is believed that the present work has provided a considerable contribution to VE project and thus its 

overall objective seems to be satisfied. Although, VE development work is still in its infancy and many 

important milestones are yet to be crossed; various aspects of its development work are already being 

tackled. It is believed that this futuristic project would be recognised as the design system for a leading aero 

engine manufacturer. 
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Appendix A The Polyline and Polygon Library 

A.1 Ingredients of 2D geometry 

A straight line segment is the most fundamental C++ class structure of the present 2D polygon 

geometry. The demonstrated 2D geometry of engine has been generated from straight line segments. Each 

segment holds two 2D points i.e. a starting point and an end point. These points are array of two variables – 

x and r Cartesian coordinates in meridional plane. A segment has been defined by vector notation, thus it 

also possesses a sense of direction. Accordingly, the starting point of segment is called as tail point and the 

end point is called as head point. All segments in a polyline always have the same direction i.e. all points are 

stored in a proper order. This also means that whenever a new segment is appended into a polyline, the head 

point of last segment in polyline becomes the tail point of the new segment. The orientation of segments is 

directly associated to the direction of a polyline and hence it plays an important role in calculating the total 

length of polyline and the area under it. The straight line segment data structure has been provided with 

powerful geometric transformation methods such as translation, rotation, mirroring, shearing, scaling etc. 

Whenever a polyline or a polygon is required to undergo any kind of deformation, the above methods are 

executed for each segment. At present, only straight line segments have been included in the polyline 

library; however, it is also possible to add curved segments and equation based segments etc. in its object-

oriented class structure. 

The shape objects in computational geometry have been generated from an interpolatable spline 

class structure. Spline is the most generalised form of geometric entities and it has been defined as an array 

of multiple points. This interpolatable C++ class has many methods to build a spline using a list of key 

points and conditions of slope at boundary points. The present methods of interpolatable spline class usually 

create natural splines. The spline class structure has been strengthened by special versions of interpolation, 

extrapolation and intersection methods. All operations that can be performed on a polyline segment can also 

be performed on a spline. Figure A.1 shows the shape generation process at glance. 

 

 

Figure A.1: Shape generation process 
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A.2 Polylines 

The geometry modeller in the present work is completely based on polyline data structure. A 

polyline is defined by a set of multiple straight line segments, which are the fundamental building blocks of 

computational geometry. The data structure of a polyline contains record of number of included line 

segments and their sequence and orientation. The algorithm in polyline library keeps a track of addition or 

removal of segments in the polyline, curvilinear interpolation along the polyline and intersection of two 

segments that belong to distinct polylines. The polyline data structure has multiple overloaded construction 

methods [99,100,98], which can be called through geometry generation methods of feature classes. 

Sometimes special polyline constructors are necessary for creating various geometry features. 

 

Figure A.2: Creation of points, segments, polylines and polysets 

A.2.1 Open polylines 

Polylines are mainly classified as open polylines or closed polylines. The polylines, which do not 

have their boundary segments joined together, are known as open polylines. These polylines are simple in 

construction and have a special function in geometry generation methods of feature classes. Open polylines 

can never create the geometric shapes of components; however, they play an important role in defining the 

shapes of those components by acting as their skeletal structure. Open polylines are commonly termed as 

centrelines of symmetric features, and as the generating lines of non-symmetric features. The significance 

of generating lines has been highlighted in the main text. Open polylines, which represent the generating 

lines of features, are never displayed on computational geometry. They have limited existence and are 

destroyed after generating the required closed polyline of a featurized component. 

A.2.2  Closed polylines or Polygons 

Closed polyline is defined as a non-self-crossing polyline, which has identical start and end points. 

Its fundamental construction is same as that of the open polyline. Many overloaded constructors have been 

prepared for generating the closed polyline class structure using variety of sets of inputs. Its segments are 
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oriented in anti-clockwise direction, and thus the area of a closed polyline is always positive. Features might 

generate one or multiple closed polylines depending on the engine component they represent. Usually all 

these closed polylines are bound together to create a set, which has been termed as polyset in the present 

geometry modeller. Details of polylset are explained in the later section. The polyline generation process has 

been illustrated in Figure A.2. 

A.2.3  Polysets 

Polylset is an object-oriented C++ data structure in polygon library, which holds multiple polygons 

created by various other entities. It keeps a track of number of closed polylines (or polygons) stored in it and 

the order in which they are stored. The pointers to these polygons are also maintained in the data structure of 

polyset. 

This data structure plays an important role in associating the feature data structures with the polyline 

library and other geometry algorithms. Each feature has its own polyset, in which its polygon(s) can be 

collected. This polyset is then passed on to the global polyset or root polyset through a chain of feature 

assembly process. Such arrangement is particularly useful for carrying out identical geometric 

transformations on a whole set of polygons. These geometric transformations, especially the Boolean 

operations for closed polygons, are explained in a later section. 

A.3  Geometric transformations 

Geometric transformations are the most fundamental operations in any computational geometry 

modeller. In the present algorithm, a limited number of important transformations have been incorporated. It 

might be observed that these transformations are primarily related to various intrinsic or extrinsic properties 

of features. Without these transformations, it is impossible to carry out the assembly of featurized geometry 

models. 

A.3.1  Basic operations 

Linear interpolation, intersection, crossing point identification, area calculation and many other 

fundamental geometric operations have been incorporated into the algorithm of polyline library. These 

commands represent the fundamental geometry manipulations.  

The interpolation operation is related to the calculation of curvilinear coordinates along a polyline. 

This operation has been immensely useful for finding the base point of child features and for locating them 

in global coordinate system. It is also useful to count the number of segments in a polyline and to find the 

crossing location of two segments etc.  

The intersection command has various implementations depending on its application such as 

segment-segment intersection, segment-vector intersection, vector-polyline intersection, polyline-spline 
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intersection etc. It uses interpolation operation and an algorithm that works iteratively to find the 

intersection location. 

Crossing point identification commands are particularly useful for polygon slitting operation, in 

which a polygon is slitted into two polygons. The crossing point identification operation helps in generating 

a new sequence of segments that are eventually included into the newly created polygons. Several versions 

of these operations have been prepared and are included into the polyline library. Their implementations are 

not same as available in open literature and involve complex computational schemes. 

A.3.2  Translation 

Amongst the geometric transformations in the present system, scalar translation is probably the most 

utilized operation. Its mathematical details are shown in Eq. A.1. It needs x and r coordinates of a target 

point, where geometric entity needs to be translated. The difference in coordinates of reference and target 

points, ∆x and ∆r, are added into the respective coordinates of points of a geometric entity to translate it to 

the required position. Such operations have been implemented in the present system in the form of cascaded 

methods. As a result, only segments in geometry are actually translated, whereas all higher level entities 

simply redirect the code to the translation methods of lower level data structures. 

 [
  

  ]   [
 
 
]   [

  
  

] 
Eq. A.1 

The translation operation has more applications than just movement of geometry entities. It is also 

useful for dimensional offsetting of featurized components and their positioning in engine assembly. 

A.3.3  Rotation 

The featurized parts in engine assembly can be oriented to fit into their location using rotation 

transformation. Its mathematical formula is shown in Eq. A.2 in a matrix format. This transformation needs 

the angle in radians (θ) by which the geometric entity needs to be rotated and a point in 2D coordinates 

about which it should be rotated [p(x,r)]. The positive direction of rotation is always anti-clockwise, whereas 

the components rotate in clockwise direction if negative rotation angle is provided. The cascading of 

methods is also used for rotation transformation. 

 [
  

  ]   [
      𝑖   
        

] [
 
 
] Eq. A.2 

 

Rotation transformation has not been used extensively in the present system; however, the 

orientation of some important geometry features is certainly dependent on it. 
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A.3.4  Mirroring 

Mirroring or reflection transformation has been used in the present geometry modeller in two 

different ways. The first method of mirroring is termed as self-mirroring, whereas the other has been termed 

as parent mirroring. The basic operation is same in both cases, but the difference lays in the specification of 

mirroring axis. Mirroring transformation requires a vector or an axis about which the geometry model is to 

be transformed. For self-mirroring operation, features provide a vector and its start point to the mirroring 

algorithm. This vector and its start point are calculated based on an internal geometric definition of a 

feature. On the other hand, parent mirroring is based on a vector and its starting point, which are determined 

from the generating line of a parent feature. This vector is sent to the mirroring algorithm along with its 

starting point. Figure A.3 demonstrates self-mirroring and parent mirroring. 

 [
  

  ]   [
    
    

] [
 
 
] Eq. A.3 

The mirroring operation is based on a well-known transformation matrix shown in Eq. A.3. It has 

been widely used for the assembly of featurized engine components. The results of self-mirroring operation 

are usually easy to visualize; however, it is important to comprehend the effects of parent mirroring 

transformation. If the parent mirroring operation is activated for a higher level assembly feature, the 

cascaded mirroring algorithm may completely transform a large part of assembly. 

 

Figure A.3: Mirroring operation on polygons 
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A.3.5  Scaling and shearing 

The scaling and shearing operations are included in polyline library; however, the scaling 

transformation is almost never used for geometry generation. The shearing transformation is mainly used by 

the knife feature to deform its geometric shape according to the provided shear factor. The mathematical 

formulations for scaling and shearing transformations are shown in Eq. A.4 and Eq. A.5, respectively. The 

inputs required for scaling transformation are the scaling factors in x and r coordinates, whereas the shearing 

transformation needs shearing factors in x and r coordinates.  

 
[
  

  ]   [
   
   

] [
 
 
] Eq. A.4 

 
[
  

  ]   [
    

    ] [
 
 
] Eq. A.5 

A.4 Boolean operation 

Boolean operation is an exquisite method of polyset class structure. These operations can be carried 

out whenever a new polyset is created by adding closed polylines into a polyset object or whenever two 

existing polysets are merged. These operations may unite two polygons or subtract a polygon from another. 

Figure A.4 illustrates the aforementioned operations. Boolean operations are based on the automatic 

identification of segment crossing. If any of the segments of two distinct polylines cross at a certain point, 

Boolean algorithm checks the possibility of their merging or their intersection. If the areas of participating 

polygons have same sign, meaning if those have the same orientation, then the overlapping polygons are 

combined to form a larger polygon. Alternatively, if any one of these polygons has inverted orientation, then 

the smaller (negative area) polygons are subtracted from larger (positive area) polygons to create slots, 

grooves, holes and other machining features. 

 

Figure A.4: Polygon union by Boolean operation 
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Whenever polygons are merged, the code maintains consistency in system by reconstructing them in 

such a way that the sign of area of newly formed polygon is same as that of original polygons. If the signs of 

areas of participating polygons are positive, then the sign of area of newly formed polygon is also positive, 

which means that the sequentially collected segments of new polygon are oriented in anticlockwise 

direction. In case of subtraction Boolean operation (refer Figure A.5), the new polyline has the same 

orientation as that of the first polyline participating in operation. Hence the inverted polylines of slot and 

hole features only modify anticlockwise orientated polyline of original component and restrain the 

occurrence of reverse process.  

 

Figure A.5: Polygon subtraction by Boolean operation 

Boolean operations are the backbone of the present geometry modeller. Those have been set to 

provide unified geometry definitions to the polylines of structural components and air cavities. Numerous 

such operations are carried out since the beginning of generation of closed feature polylines till their 

recursive addition into the higher level polygons. The number of assembled polygons created after 

generating whole engine assembly exemplifies the importance of these operations in the present work.  

A.5  Polygon slitting 

Slitting operation has been referred to in a few publications. It is used to divide a polygon into two 

distinct polygons or to generate an independent polygon from the two distinct polygonal entities. In the 

present system, polygon slitting operation [126] has been employed to generate the inverted polygons of 

engine cavities.  

The principle of slitting operation is simple and is illustrated in Figure A.6. The slitting process uses 

the shape generated by a pair of match features. This shape is termed as slit-shape and it connects two 

distinct positive area polygons. Slit-shapes may be created at multiple locations to limit the expanse of new 

polygon. As shown in Figure A.6, polygons A and B have positive areas and they represent solid 

components. Slit-shape 1 and slit-shape 2 close the gap between them at the locations defined by user. 

Slitting algorithm finds the locations of intersection between a slit-shape and the sides of polygons. These 

identified locations have been shown in Figure A.6 for both polygons, A and B.  

Further, two new polygon objects are created and the segments of original polygons are sequentially 

added into these new polygon entities. The slit-shapes are also added into the new polygon as its segments. 
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This segment addition process stops when it reaches the starting location. The final result is shown in Figure 

A.6. The two new polygons, called as inner polygon and outer polygon have been created. The inner 

polygon has inverted orientation and hence it is generated as a cavity polygon, whereas the outer polygon 

has normal anticlockwise orientation and in this example, it forms the outermost enclosing polygon. In the 

actual cavity slitting process, same procedure is carried out on the polylines of solid components of engine 

using the slit-shapes specified in assembly. The algorithm follows the direction of slit-shapes to decide the 

sequence of generation of new polygons. 

 

Figure A.6: Slitting operation on polygons 

 

Figure A.7: Slitting air cavities from the polylines of engine components 

The situation is more complicated when a slit-shape is defined as shown in Figure A.7. A 
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which constitute to the generation of inner and outer polygons. 
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Appendix B Design Features for Turbomachinery 

Table B.1: Empty feature 

Sr. 

No 

Feature 

properties 

Details 

1 Taxonomy code 0 

2 Feature identifier EMPTY 

3 Intrinsic data 

members 

N / A
§
 

4 Inheritance It essentially represents the canvas and can be used as a collector of 

subassemblies such as engine modules and engine dressing. It can be a child 

feature of any other feature and can inherit the shapes from its parent feature. 

5 Feature heading Any 

6 Materials & 

manufacturing 

N / A 

7 Frame of 

reference 

Global 

8 Basic component It does not create its own geometry polygons. 

9 Shapes / paths It does not create its own shapes or paths, but can pass on the shapes provided 

by parent feature to its child features. 

10 Generating lines N / A 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

Any  

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A 

15 Local flags N / A 

16 Illustration N / A 

 

 

 

                                                      
§
 Not Applicable 
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Table B.2: Tri-spool engine feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 1 

2 Feature identifier RB211 

3 Intrinsic data 

members 

N / A 

4 Inheritance This is the highest level feature for the three spool configuration of aero 

engine 

5 Feature heading This is generally used for naming the engine model. It may also be used for 

displaying the make and prototype number of modelled engine. 

6 Materials & 

Manufacturing 

N / A 

7 Frame of reference Global 

8 Basic component RB211 feature does not create its own polygon. 

9 Shapes / paths This feature holds the shapes of engine annulus lines and engine axis. For 

three spool engine construction, the first six shapes represent the annulus 

lines of casing and hub of fan, casing and hub of axial flow compressors and 

casing and hub of axial flow turbines, respectively. The shape of bypass duct 

is also contained in this feature as additional information. It passes on its 

shapes to its child features on need-to-know basis. 

10 Generating lines N / A  

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

At present, the attachment of only standard child features is allowed and thus 

hierarchical assembly of product is enforced. For three spool engine 

construction, three rotors and their respective stators can be attached to the 

engine feature along with combustor feature and dressing feature. 

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A 

15 Local flags N / A 

16 Illustration Refer to Appendix C 
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Table B.3: Twin-spool engine feature 

Sr. 

No. 

Feature 

Properties 

Details 

1 Taxonomy code 20 

2 Feature identifier BR700 

3 Intrinsic data 

members 

N / A 

4 Inheritance This is the highest level feature for two spool configuration of aero engine 

5 Feature heading This is generally used for naming the engine model. It may also be used for 

displaying the make and prototype number of modelled engine. 

6 Materials & 

Manufacturing 

N / A 

7 Frame of 

reference 

Global 

8 Basic component BR700 feature does not create its own polygon. 

9 Shapes / paths This feature holds the shapes of engine annulus lines and engine axis. For 

twin spool construction, the first six shapes represent the annulus lines of 

casing and hub of fan, casing and hub of booster + HP compressor and casing 

and hub of HP and LP turbines. The shape of bypass duct is also contained in 

this feature as additional information. It passes on these seven shapes to its 

child features on need-to-know basis. It should be noted that the distribution 

of shapes to child features is different than that for the three spool engine 

feature. 

10 Generating lines N / A  

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

At present, the attachment of only standard child features is allowed and thus 

hierarchical assembly of product is enforced. For twin-spool engine 

construction, two rotors and their respective stators can be attached to the 

engine feature along with combustor feature and dressing feature. 

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A 

15 Local flags N / A 

16 Illustration N / A 
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Table B.4: Spool feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 2 

2 Feature identifier SPOOL 

3 Intrinsic data 

members 

N / A 

4 Inheritance Spool feature is always attached to the engine feature. It inherits and holds 

two shapes representing engine annulus. These shapes are the annulus lines 

of casing and hub of fan or core compressor or turbines. 

5 Feature heading The feature heading usually consists of terms that describe the pressure levels 

contained within primary flow annulus or the rotational speed of represented 

component such as High Pressure (HP) spool or High Speed spool. 

6 Materials & 

Manufacturing 

N / A 

7 Frame of 

reference 

Global 

8 Basic component The spool feature cannot create own geometry polygons. 

9 Shapes / paths It also does not create own shapes. 

10 Generating lines N / A 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

Spool feature has standard child features, which represent the modules of 

aero engine. Only two features are attached to each spool feature; one on the 

compression side and other on the gas expansion (turbines) side. 

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A  

15 Local flags N / A 

16 Illustration 

 

Figure B.1: HP Spool and its modules for a three spool aero engine 
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Table B.5: Combustor feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 18 

2 Feature identifier COMBUSTOR 

3 Intrinsic data 

members 

N / A 

4 Inheritance Combustor feature is always attached to the engine feature. Combustor 

feature inherits the shapes of turbine hub and casing from engine feature. 

These shapes are used to decide the location of combustor between 

compressor and turbine. 

5 Feature heading The heading usually contains description of component function. 

6 Materials & 

Manufacturing 

N / A 

7 Frame of 

reference 

Global 

8 Basic component The combustor feature cannot create its own geometry polygon. 

9 Shapes / paths It generates own shape. 

10 Generating lines N / A 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

Combustor feature has an end-wall feature attached to it. Though not 

mandatory, the end-wall feature is necessary to define the variable thickness 

of combustor liners/tiles. 

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A  

15 Local flags N / A 

16 Illustration 

 

Figure B.2: Combustor feature and its attributes 
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Table B.6: Bladed feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 3 

2 Feature identifier BLADED 

3 Intrinsic data 

members 

Number of blade sections per blade and an array of blade section objects. 

4 Inheritance Bladed features are always attached to the features representing engine 

modules and thus these are the grand children of spool feature. They inherit 

the annulus lines of corresponding engine module from their parent feature. 

5 Feature heading Bladed feature always maintains a consistent name. The first two characters 

of its name are the abbreviation of its parent feature’s name. The next two 

numbers indicate the stage number of the respective module. The last 

character indicates whether it is a stator vane or a rotor blade. The typical 

examples are CI01R, indicating the first stage rotor blade of intermediate 

pressure compressor, whereas TL05S indicates the 5
th
 stage stator blade of 

low pressure turbine. 

6 Materials & 

Manufacturing 

Material assigned to a bladed feature varies depending on its location in 

primary flow annulus. Bladed feature cannot inherit material from its parent 

feature and it must be assigned by designer. The manufacturing method may 

also be different for blades at various locations. 

7 Frame of 

reference 

Global 

8 Basic component The blade is a 3D non-axisymmetric component and thus it cannot be 

represented effectively in 2D cross-section of engine assembly. Its geometry 

polygon is also not included in VEGA. It is read in the form of leading edge 

and trailing edge of existing blade geometry. 

9 Shapes / paths The blade has its own shapes representing its leading and trailing edges. 

(Refer Figure B.3) 

10 Generating lines N / A 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

Bladed feature holds the end-wall feature as its standard child feature. It 

passes on its own shapes and the shapes inherited from its parent feature to 

its child features. The shapes are passed on to child features on need-to-know 

basis. 

13 Negotiation rules Non-negotiable by-default 
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14 Global flags N / A 

15 Local flags N / A 

16 Illustration 

 

Figure B.3: Bladed features of an aero engine compression system 

Table B.7: Clade (Cooled blade) feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 16 

2 Feature identifier CLADE – stands for Cooled bLADE 

3 Intrinsic data 

members 

Number of blade sections per blade, an array of blade section objects, number 

of passages through a blade, the location of passage, passage tag and the 

description of passage location. 

4 Inheritance Clade is the subset of bladed feature. Clade feature is always attached to the 

feature representing engine module. It inherits the annulus lines of 

corresponding engine module from its parent feature. It also inherits some 

intrinsic data members from bladed feature. 

5 Feature heading Feature heading scheme is same as that for the bladed feature. Typical 

examples are, 

CI00S –Stator vane of the 0
th
 stage of IP compressor – Engine structure strut 

CI10S – IP compressor exit stator strut – Intercase strut 

TL01S – 1
st
 stage stator blade of LP turbine – Turbine bearing housing strut 

6 Materials & 

Manufacturing 

Materials and manufacturing method specification is similar to that for the 

bladed feature. 

7 Frame of 

reference 

Global 

8 Basic component Clade feature is represented in a way similar to the bladed feature. 

9 Shapes / paths The clade feature has its own shapes representing its leading and trailing 

edges (Refer Figure B.4). It also consists of definitions of internal flow / 

service passages, which are represented by paths.  
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10 Generating lines N / A 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

Clade feature also holds the end-wall feature as its standard child feature. It 

also passes on its own shapes and the shapes inherited from its parent feature 

to its child features.  

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A 

15 Local flags N / A 

16 Illustration 

 

Figure B.4: Cooled blades and their internal passages 

Table B.8: End-wall feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 4 

2 Feature identifier ENDWALL 

3 Intrinsic data 

members 

Intersection points between blade / clade leading and trailing edges and 

annulus shapes, extended length of end-wall feature beyond blade’s leading 

and trailing edge, number of segments in end-wall feature, description of 

change in thickness and cap radius at leading and trailing surfaces. 

4 Inheritance End-wall feature is always attached to bladed feature, clade feature and 

combustor feature. It inherits the shapes of annulus lines and blade leading 

and trailing edges from its parent feature. 

5 Feature heading End-wall feature carries standard names. For generating the heading of end-

wall feature, it is common to add a suffix to the heading of its parent feature. 

The addition of suffix CASING means that a blade has stationary end-wall 
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feature attached at its outer radius. The suffix SHROUD is used in the heading 

of end-wall feature attached at outer radius of rotating blade. Suffix HUB is 

used in the heading of end-wall feature attached at inner radius of stationary 

blade, whereas suffix PLATFORM is used in the heading of end-wall feature 

attached at inner radius of rotating blade. 

6 Materials & 

Manufacturing 

If end-wall feature is physically integral to bladed / clade feature such as 

shrouds and platforms of blades, it should carry the material integrity flag 

imposing the condition of material uniformity. 

7 Frame of 

reference 

Local 

8 Basic component End-wall feature creates a polygon having variable thickness, but its thickness 

can be assigned only in radial direction. The end-wall feature is automatically 

identified as the hub or the casing of a blade depending on the sign of its 

thickness, which is positive for the end-wall features attached at outer annulus 

line and negative for the end-wall features attached at inner annulus line. The 

point of intersection of the leading / trailing edge of a blade and the 

corresponding annulus line provides Cartesian coordinates to the end-wall 

feature to locate itself in engine assembly.  

9 Shapes / paths End-wall feature cannot make its own shapes. It also cannot pass on the 

available shapes to its child feature. 

10 Generating lines The generating line of end-wall feature closely follows the corresponding 

annulus line. Although it has same shape as that of annulus line, the 

generating line of end-wall feature and the actual annulus line are different. 

11 Symmetric / 

asymmetric 

It always exists as an asymmetric feature. No part of the geometry model of 

end-wall feature can intrude into engine’s primary flow annulus. 

12 Child feature 

attachment 

End-wall feature is probably the lowest hierarchical feature receiving shapes. 

Other features can be attached to the geometry model of end-wall feature 

through feature attachment mechanism. 

13 Negotiation rules End-wall feature can negotiate and extend / reduce its length to satisfy the 

constraints provided for other features. But it can never detach from the 

annulus line for satisfying the negotiation requirements. It also allows its child 

features to move along its length, if they request so. 

14 Global flags Usually the geometry model of end-wall feature is attached to the geometry 

model of bladed feature, but in some cases these may be detached. For 

example, fan fairings are not integral to the fan blades. A careful selection of 

material integrity flag is necessary in such cases. 

15 Local flags N / A 
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16 Illustration 

 

Figure B.5: End-walls of IP compressor of three spool aero engine 

Table B.9: Sheet metal feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 8 

2 Feature identifier VGENERIC – stands for Very GENERIC 

3 Intrinsic data 

members 

A pointer to the centre line or generating line, number of segments, intended 

topological distribution of key points (profile points), curvilinear coordinate 

of generating line at thickness change, thickness distribution along the 

generating line, corner chamfers or radii, end cap radii, symmetry flag 

4 Inheritance This feature does not need not to be attached to feature tree at a specific 

hierarchical level. It can be attached almost anywhere in feature family tree. 

It cannot inherit any shapes. 

5 Feature heading This is a highly generalised feature in features library and thus does not have 

any specific heading. Usually feature heading is assigned based on the 

function and location of represented component. 

6 Materials & 

Manufacturing 

If global material flag is activated, this feature automatically inherits material 

from its parent feature. 

7 Frame of 

reference 

Local 

8 Basic component The geometry model of this feature is prepared by connecting multiple profile 

points, which define the basic form / profile of the represented component. 

The number of profile points and component thickness at each of these 

profile points are input parameters. The line joining two consecutive profile 

points is called as segment and component thickness may vary along the 

length of each segment. For the multi-segment construction of this feature, 

user is expected to provide same thickness at a profile point common for two 

consecutive segments. The feature evaluates the location of intersection 

points of segments and prepares a polygonal conic frustum of represented 

component. (refer Figure B.6) 
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        Each segment of this form feature can also have intra-segmental change 

in thickness. This attribute is very useful to produce variable thickness 

components having continuous slope along one side. The distribution of 

thickness within a segment is controlled by curvilinear coordinate of feature’s 

generating line.  

9 Shapes / paths Sheet metal feature does not make its own shapes and also cannot pass on 

any shapes to its child features. 

10 Generating lines An open polyline joining its profile points is the generating line of this 

feature. The locations of inter-segmental or intra-segmental thickness 

variation refer to the curvilinear coordinates of feature’s generating line. 

11 Symmetric / 

asymmetric 

The sheet metal feature can be symmetric or asymmetric. A symmetry flag is 

included in feature definition to control its thickness distribution. 

Components such as discs etc. use symmetric construction, whereas 

components such as shafts, lugs etc. use asymmetric construction. 

12 Child feature 

attachment 

This feature can be the parent feature of any other feature in assembly. Its 

child features are located along curvilinear coordinate of its generating line. 

13 Negotiation rules         A majority of feature negotiations in engine assembly can take place due 

to the exquisite negotiation properties of sheet metal feature. This feature can 

always participate in negotiations and is equipped with multiple options to 

decide the course of action, in case it receives any negotiation request. 

        If a sheet metal feature has more than two segments, it always maintains 

slope and length of its first and last segments while transforming from 

original geometry model to negotiated geometry model. If necessary, this 

feature may also ask its parent feature to change its location along the parent 

feature’s generating line, thus involving parent feature in negotiations. The 

in-between segments, which are closer to its negotiating end, change their 

slope and length depending on constraint satisfaction requirements. The 

changes in segments closer to negotiation end are preferred to help 

maintaining the originally defined configuration. 

        If the user-specified configuration of sheet metal feature has only two 

segments then the last segment can change its length, but not slope. The 

feature may also ask its parent feature to change its location along parent 

feature’s generating line. If this feature has only one segment, then it can 

change both length and slope to negotiate position constraints. However, if 

not exercised carefully, single segment sheet metal feature may produce 

awkward assemblies. 

        It might be important to note that the sheet metal feature connecting two 
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non-negotiable features must always be negotiable. If match features are 

attached at both ends of this feature, it tries to maintain the original locations 

and orientations of its central segments. Thus, the effective dimensions of 

feature remain same while other pair of match features undergoes negotiation 

process. It also supports negotiation processes of its child features.  

14 Global flags Depending on material integrity flag, this feature inherits material from its 

parent feature. 

15 Local flags A local flag is provided to use this feature as a groove feature (Table B.10) 

16 Illustration 

 

Figure B.6: Sheet metal feature and its applications 

 

Table B.10: Groove feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 8 

2 Feature identifier VGENERIC – stands for Very GENERIC 

It may be recognised that this feature does not have separate existence and it 

has been described separately. 

3 Intrinsic data 

members 

Same as that for the sheet metal feature 

4 Inheritance Same as that for the sheet metal feature 

5 Feature heading Usually the names are assigned based on function and location. 

6 Materials & 

Manufacturing 

No material can be assigned, manufacturing process might be specified 

7 Frame of 

reference 

Local 

Symmetric thickness 

distribution

Asymmetric thickness 

distribution

Tapered 

Segment

IPT disc – Vertical 

arrangement of points
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Points arranged to suit geometry
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8 Basic component         The fundamental definition of groove feature’s geometry model is 

exactly same as that of the sheet metal feature (Table B.9) and hence it is not 

explained here. This feature is attached to parent feature to use its geometry 

model to remove a part of parent feature’s geometry model. The attachment 

of such ‘material cutting feature’ is in line with destructive or deforming 

approach of design-by-features method. (Section 2.3.4.3) The requirement of 

such feature has also been expressed in architectural guidelines of the present 

geometry modeller. 

        The main difference between this feature and other features is that the 

closed polyline of geometry model of this feature is oriented in a direction 

opposite to the direction of polylines of other features’ geometry models. As 

a result, when Boolean operation is performed on polygons of all features, 

geometry polygon of groove feature is subtracted from geometry polygons of 

other features.  

9 Shapes / paths Groove feature does not create its own shapes and also cannot pass on any 

shapes to its child features. 

10 Generating lines Same as that for the sheet metal feature 

11 Symmetric / 

asymmetric 

Same as that for the sheet metal feature; however, asymmetric geometry 

model of groove feature has more applications than symmetric model. 

12 Child feature 

attachment 

This feature can be parent feature of any other feature and child features can 

be attached in a way similar to that for sheet metal feature. However, the 

attachment of child features to groove feature would not create realistic 

assembly and hence it is not recommended. 

13 Negotiation rules The negotiation rules are same as that for the sheet metal feature and those 

work in a way similar to that explained in Table B.9. However, as the 

attachment of a child feature to the groove feature does not create feasible 

assembly, constraint features should not be attached to them. Consequently, 

negotiation rules are also not applicable. 

14 Global flags This feature cannot inherit material properties from its parent feature. 

15 Local flags A local flag is provided to switch to the sheet metal feature. 

16 Illustration 

 

Figure B.7: Material removal from parent feature by groove features 
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Table B.11: Match feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 13 

2 Feature identifier MATCH 

3 Intrinsic data 

members 

Offset from designated location, dimension of a side of square area, 

identification tag, match condition, a pointer to matched feature 

4 Inheritance Match feature can be attached to the geometry model of any feature. It does 

not inherit any shapes from its parent feature. 

5 Feature heading Match feature is named after its function or location in feature assembly. It 

might also be named after an engine component. Match feature generally 

represents mechanical joints such as bolts, weld, friction weld etc. However, 

it is not necessary that a match feature should always represent mechanical 

joint.  

6 Materials & 

Manufacturing 

N / A 

 

7 Frame of 

reference 

Local 

8 Basic component This feature is represented by a vertex entity and hence it does not create any 

polygon. It can be offset by user-defined radial and axial distance and also 

has an effective area of action.  

9 Shapes / paths It may create its own shape depending on application; however, it cannot 

pass on any shape to its child feature. 

10 Generating lines N / A 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

Match feature is usually placed at the end of feature-tree branch and hence 

does not have any child features attached to it.  

13 Negotiation rules A pair of match features is used to specify position constraints in feature 

assembly. It defines a simple point constraint, which cannot change its 

location on the geometry model of its parent feature. The negotiation process 

checks overlap of effective areas and identification tags of candidate match 

features. If all conditions are satisfied, the candidate match feature is 

considered as mating match feature. The parent feature of at least one of the 

mating match features (or participating feature) should be negotiable to 

initiate position constraint satisfaction process. The negotiation process stops 

after satisfying position constraint. 
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14 Global flags The flag for negotiation readiness is one of the important global flags for 

generating feature assembly. If both match features participating in 

negotiation process are non-negotiable, they can evaluate distance between 

them. This attribute has been effectively used in the present engine assembly 

in the form of measuring clearance. Figure B.9 illustrates the measuring 

clearances between blade platforms. 

15 Local flags A local flag is necessary to indicate intended pressure loss mechanism for 

secondary air system analysis. 

16 Illustration 

 

Figure B.8: Match features acting as bolted joints in LPT rotor drum 

 

Figure B.9: Shapes of non-negotiable match features used as measuring 

clearances 
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Table B.12: Pipe feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 14 

2 Feature identifier PIPE 

3 Intrinsic data 

members 

Number of pipes along circumference, pipe path description parameters such 

as key points of pipe path, pipe diameter and thickness, bend radii at turning 

locations etc., location of position constraint, pipe identification tag and 

dimension of a side of effective area. 

4 Inheritance Pipe feature is the child class of match feature and thus it inherits data 

members and methods of match feature. Pipe feature can be attached to any 

other feature. Stub-pipes are attached to its parent junction feature by-default 

and more inputs can be provided to specify their paths. Pipe feature does not 

inherit any shapes from its parent feature.  

5 Feature heading This feature is usually named after source and/or sink locations. Its heading 

may also be based on function of fluid carried through pipe. For example, 

TBH-BUFFERAIR.PIPE indicates pipe carrying buffer air to a specific 

location in turbine bearing housing.  

6 Materials & 

Manufacturing 

Pipes can have specific materials, manufacturing methods and surface 

treatments etc. 

7 Frame of 

reference 

Local 

8 Basic component Pipe is a non-axisymmetric feature and thus number of pipes laid along 

engine circumference needs to be specified. Pipe feature creates its geometry 

polygon, if it is attached to a non-junction type parent feature. Its geometry 

polygon creates a notch in the body of parent feature similar to that created 

by groove feature. Pipe notch is created in a direction opposite to its path as 

shown in Figure B.10. This notch is used to leave the mark of pipe feature on 

geometry polygon of parent feature. Such marks are useful for generating a 

network model of hydraulic pipe connections. The position constraint is 

placed at the tip of pipe path. Pipe feature does not allow specifying offset 

distance for its position constraint. Such offset actually indicates 

discontinuity in hydraulic circuit of engine. 

 

9 Shapes / paths Pipe feature creates its path parallel to the direction of fluid flow. Pipe path is 

a spline entity and it requires specification of key points. Key points need to 

be provided at locations, where pipe turns. Bend radius is also required at 
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each turning location; however, bend angle is automatically calculated by 

pipe feature. It cannot pass on any shape or path to its child features.  

10 Generating lines N / A 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

No feature other than junction feature can be attached to pipe feature. It 

cannot bear child features along its path. The child feature must be attached 

at the end of its path. 

13 Negotiation rules It is important to note that the pipe feature can negotiate position constraint 

only with another pipe feature. This feature also follows a separate procedure 

to cross-check its compatibility with candidate pipe feature. At least one pipe 

feature in their pair must be negotiable to initiate position constraint 

satisfaction process. If the ends of two negotiating pipe paths are sufficiently 

close to each other, constraint satisfaction process can start. Apart from 

checking the overlap of effective areas and matching identification tags, pipe 

feature also checks if both pipes have same diameter, same number of pipes 

along circumferential direction and same joining radius at the location of 

position constraint. If all these criteria are satisfied, the candidate pipe feature 

becomes the mating pipe feature. The negotiable pipe feature in pair modifies 

length and orientation of last segment of its path in order to satisfy position 

constraint. However, it should be noted that the pipe feature cannot involve 

its parent feature in the process of constraint satisfaction. When the paths of 

participating pipe features acquire same position, negotiation process ends. 

14 Global flags Pipe feature also uses negotiation readiness flag. This flag is used to specify 

which pipe in pair could be modified to satisfy position constraint.  

15 Local flags N / A 

16 Illustration 

 
Figure B.10: Pipe feature and its notch on the  

geometry model of parent feature  
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Table B.13: Blade-root feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 5 

2 Feature identifier BLADEROOT 

3 Intrinsic data 

members 

Flag for specifying type of root, height and axial width of root, chamfer 

dimensions at outer radius of disc. 

4 Inheritance The bladeroot feature is always attached at the inner radius of bladed feature 

representing rotor blade. It is a hierarchical feature and is ranked below the 

bladed feature. This feature inherits hub annulus shape from its parent bladed 

feature. 

5 Feature heading The suffix BLADEROOT is added into the heading of its parent feature to 

generate its heading. 

6 Materials & 

Manufacturing 

The material integrity flag is usually activated for this feature. It can inherit 

material from parent feature, if it is physically integrated with rotor blade. 

The blade root feature can hold two materials as it represents an assembly of 

blade root and disc dovetail. The second material is expected to be material of 

disc. 

7 Frame of 

reference 

Local 

8 Basic component The bladeroot feature can create two types of geometry polygons viz. blade 

root for axial insertion type blades and that for circumferential insertion type 

blades. The upper geometry model of bladeroot feature follows annulus line 

and merges with the geometry polygon of end-wall feature that represents 

blade platform. The geometry model of its lower portion consists of a radial 

and axial location joint, which represents the assembly of blade and disc. 

Bladeroot feature also holds geometry parameters necessary to design its 

internal parts, although their polygons are neither made nor displayed in 

actual engine assembly.  

9 Shapes / paths Bladeroot feature cannot generate its own shapes. It also cannot pass on any 

shapes to its child features. 

10 Generating lines The generating line is always created along the depth of blade root. (Refer 

Figure B.11) 

11 Symmetric / 

asymmetric 

This feature usually produces symmetric geometry model, but it can be 

generated in the form of non-symmetric (not asymmetric) geometry model by 

changing its internal parameters or by offsetting its attachment location on 

bladed feature. 
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12 Child feature 

attachment 

Bladeroot feature always bears sheet metal feature representing compressor 

or turbine disc at its inner radius. In some cases, it may also hold a feature 

representing blade locking mechanism. 

13 Negotiation rules Non-negotiable by-default 

14 Global flags Material flag is important to imply physical integrity of its parts with blade 

and disc.  

15 Local flags The local flag is necessary to create either axial insertion or circumferential 

insertion type blade-root. 

16 Illustration 

 

Figure B.11: Axial and circumferential insertion blade-roots for blade and 

disc assembly 

Table B.14: Two-sided assembly feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 6 

2 Feature identifier CLIP – named after two-sided position constraint in meridional plane 

3 Intrinsic data 

members 

Symmetry flag, number of segments in male part, thickness and definition of 

geometry model for male part, thickness of female part, insertion depth, 

meridional clearance between assembled parts 

4 Inheritance It is a non-hierarchical feature and hence can be attached to any feature. This 

feature cannot inherit any shapes from its parent feature. 

5 Feature heading The heading of two-sided feature usually originates from the name of 

component represented by its parent feature. Depending on its location in 

geometry model, it can have FRONT or REAR tag in its heading. 

6 Materials & 

Manufacturing 

Two-sided feature can hold two materials. The material integrity flag is 

usually activated and hence the material of base part (male part of feature) is 

same as that of its parent feature. The material of female part can either be 

assigned or can be retrieved through position constraint. 
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7 Frame of 

reference 

Local 

 

8 Basic component Two-sided feature is created as a logical connector to carry out fast assembly. 

As mentioned before, it has a male and a female part, which are represented 

by two separate polygons in assembled condition. The feature has been 

constructed such that the geometry model of its male part (or base part) can 

be defined through feature parameters. On the other hand, parameters of 

female part are derived from dimensions of male part. The female part is 

constrained to surround male part in transverse direction to generate 

transverse restrained joint. Such a joint does not allow movement of both 

parts in transverse direction; however, minor movement in longitudinal 

direction is permitted. (Refer Figure B.12). According to structural dynamics, 

force could thus be transferred in the direction of arrested movement. 

9 Shapes / paths Two-sided feature makes its own shapes. The gap between male and female 

part is closed by two shapes. These shapes are generated from the internal 

parameters of two-sided feature. (Refer Figure B.12) However, this feature 

cannot pass on any shapes to its child features. 

10 Generating lines The feature represents logical assembly of two distinct parts and hence it also 

has two generating lines, which are created using its internal parameters. 

11 Symmetric / 

asymmetric 

Both male and female parts are symmetric to their own generating lines.  

12 Child feature 

attachment 

Any feature can be attached to the two-sided feature. The child features can 

be attached to the generating line of female part. It cannot pass on any shapes 

to its child features. 

13 Negotiation rules It is a non-negotiable feature, but can modify the location for its child 

features along the generating line of its female part. 

14 Global flags If global material flag is activated, the first (male) part of the feature gets 

material from its parent feature. 

15 Local flags N / A 

16 Illustration 

 
Figure B.12: Two-sided assembly feature and its parts 
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Table B.15: One-sided assembly feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 7 

2 Feature identifier HOOK  – named after one-sided position constraint in meridional plane 

3 Intrinsic data 

members 

Same as that for the two-sided feature, but depth of insertion is identified as 

length of overlap, meridional clearance between two parts can have a user-

defined value. 

4 Inheritance The one-sided assembly feature is a child class of two-sided feature and 

hence it inherits all data members and methods of two-sided feature data 

structure. It is a non-hierarchical feature and hence can be attached to almost 

any feature in order to create a sensible mechanical assembly. This feature 

cannot inherit any shapes. 

5 Feature heading The heading for one-sided feature usually originates from the name of a 

component represented by its parent feature. Depending on its location in 

geometry model, it can have FRONT or REAR tag in its name. Sometimes 

UPPER or LOWER tags are also used. 

6 Materials & 

Manufacturing 

One-sided feature can hold two separate materials for its two distinct parts. 

Material assignment is same as that for the two-sided feature. 

7 Frame of 

reference 

Local 

8 Basic component One-sided feature is created as a logical connector. It has two mating parts, 

which are represented by two separate polygons in assembled condition. The 

geometry parameters of base part are user-defined, whereas those of other 

part are derived from the dimensions of base part. The geometry model of 

second part is located on the transverse side of base part, thus forming one-

sided restrained joint. The assembled joint does not allow transverse 

movement of parts; however, movement in longitudinal direction is allowed. 

(Refer Figure B.13). Force could thus be transmitted only in the direction of 

arrested movement.  

9 Shapes / paths One-sided feature generates shapes and distributes them in a way similar to 

that by two-sided feature; however, locations of shapes are different. It is 

important to note that shapes are generated by this feature only if the 

dimension of meridional clearance is greater than zero. 

10 Generating lines The one-sided feature represents logical assembly of two parts and hence it 

also has two generating lines. These lines are created using the internal 

parameters of this feature. 
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11 Symmetric / 

asymmetric 

Both mating parts are symmetric to their own generating lines. 

12 Child feature 

attachment 

Any feature can be attached to the one-sided feature. The child features can 

be attached only to the generating line of second part. It cannot pass on any 

shapes to its child features. 

13 Negotiation rules It is a non-negotiable feature, but can modify the location for its child 

features along the generating line of its second part. 

14 Global flags The global material flag assignment is same as that for the two-sided feature. 

15 Local flags N / A 

16 Illustration 

 

Figure B.13: One-sided assembly feature and its attributes 

Table B.16: Coupling feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 7 

2 Feature identifier COUPLING 

3 Intrinsic data 

members 

Same as that for the one-sided feature, but length of overlap is constrained to 

cover the full length of base part, dimensions of meridional clearance and 

tangential clearance 

4 Inheritance The coupling feature is a child class of one-sided feature and hence it inherits 

all data members and methods of one-sided feature data structure. It is a non-

hierarchical feature and is dedicated to generate assembled geometry model 

of coupling. This feature cannot inherit any shapes. 

5 Feature heading The heading of this feature is primarily based on its location in geometry 

model or the heading of its parent feature, which usually represents engine 

shaft. For example, the heading FAN.CURVICCOUPLING indicates the 

curvic coupling mounted on fan shaft and the name IPSHAFT.COUPLING 

indicates the curvic coupling mounted on IP shaft. 

6 Materials & 

Manufacturing 

The coupling feature holds two separate materials for its two parts, which 

represent flanges. This feature is not made physically integral to the feature 
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representing shaft and hence the material is not inherited from parent feature. 

However, some shaft assemblies may be designed to have an integrated 

coupling and hence appropriate material integrity flag must be specified. The 

specified material is applied to the base part, which is the first flange in 

assembly. Manufacturing method may also be specified. 

7 Frame of 

reference 

Local 

8 Basic component Clearly, the coupling feature is designed to represent logical assembly of 

bolted flanges. Its fundamental construction is same as that of the one-sided 

feature and it generates geometry model of assembled flanges. This model 

consists of two polygons and their lengths can be defined by user. These two 

polygons are separated by a small meridional clearance. The tangential 

clearance between the curvics on flanges cannot be represented in 2D 

assembly; however, this parameter is retained for design purpose. The 

specification of position constraint is also same as that for the one-sided 

feature, in which transverse movement of both parts is arrested against each 

other. In coupling feature, transverse movement of both flanges is also 

arrested in the direction opposite to each other by an additional constraint of 

bolted joint. The constraint type against has been used to generate this 

assembly model, thus enabling it to transmit torque and transverse force in 

both directions.  

9 Shapes / paths This feature generates shapes and distributes them in a way similar to that by 

the one-sided assembly feature. The dimensions of meridional clearance are 

necessary for practical design purpose and hence it always creates shapes. 

10 Generating lines The creation of generating lines is same as that for the one-sided feature. 

11 Symmetric / 

asymmetric 

Both flanges are symmetric to their own generating lines. 

12 Child feature 

attachment 

Coupling feature is a non-hierarchical feature and hence any feature can be 

attached to the generating line of its second flange. Considering its 

application, a feature representing shaft or disc drive-arm is generally 

attached to the coupling feature. It cannot pass on any shapes to its child 

features. 

13 Negotiation rules Same as that for the one-sided feature. 

14 Global flags The global material flag assignment is same as that for the two-sided feature. 

15 Local flags N / A 
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16 Illustration 

 

Figure B.14: Coupling feature – the assembled model of flanges 

Table B.17: Bearing feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 9 

2 Feature identifier BEARING 

3 Intrinsic data 

members 

Type of bearing, number of rolling elements, number of rows of rolling 

elements, flag for split-casing construction, diameters of rolling element, 

shaft, housing, inner race, outer race etc., length of roller, inner track 

diameter, outer track diameter, track width, roller clearance and fillet radius 

and offsets. 

4 Inheritance Bearings are important for locating rotor drums with respect to stationary 

housings. Therefore, in product hierarchy, this feature is always acts as an 

absolute location defining feature. It is always attached to the features 

representing stub shafts (the short shafts supporting rotor drum). Bearing 

feature cannot inherit any shapes. 

5 Feature heading Usually the bearing feature is named after engine spool it supports. The type 

of bearing is also included in its heading. In order to indicate its location in 

engine assembly, tags such as FRONT, REAR etc. are also used. 

6 Materials & 

Manufacturing 

Bearings are always mounted on shaft and they are not physically integral to 

it. Consequently, the bearing feature does not inherit any material from its 

parent feature. It has a provision to hold three materials. The first and the last 

material are for inner and outer races of bearing feature, respectively, whereas 

the second material is assigned to rolling elements. 

7 Frame of 

reference 

Local 
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8 Basic component         The bearing feature produces two geometry polygons representing its 

meridional cross-section. All standard dimensions from bearing catalogues 

have been incorporated in the bearing feature to generate its geometry model. 

The dimensions which are not available in these catalogues are derived from 

user-defined parameters. The reference point of bearing geometry model is in 

the polygon representing its inner race. This reference point is used to locate 

the geometry model of bearing on the feature representing shaft.  

        Bearing feature can create polygons for both deep-groove (DG) ball 

bearings and cylindrical roller (CR) bearings. The polygon construction for 

each type of bearing is different and thus DG ball bearing can represent 

grooves on both races, whereas CR bearing can represent deep undercut at 

the inner radius of its outer race.  Rolling elements are not represented in 

engine assembly. 

9 Shapes / paths Bearing feature creates two shapes as shown in Figure B.15. 

10 Generating lines The generating line of bearing feature is located in the polygon representing 

its outer race. It should, however, be noted that this generating line does not 

contribute to the construction of its geometry model. 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

Bearing feature locates its child features along the width of its outer race, 

using its generating line. It does not pass on any shapes to its child features. 

13 Negotiation rules This is a non-negotiable feature. It holds fixed position on stub shaft and 

hence locates other features in engine assembly. 

14 Global flags Specification of material integrity flag is not necessary. 

15 Local flags It requires a local flag to know the type of geometry model to be constructed. 

A local flag might also be necessary to determine whether split casing 

construction should be generated. 

16 Illustration 

 

Figure B.15: Parameterized bearing feature 
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Table B.18: Seal feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 10 

2 Feature identifier SEAL 

3 Intrinsic data 

members 

Number of seal sets, number of knives, base flag, base height, base length, 

seal length, seal slope, step height, stator thickness, abradable thickness, 

stator length, curvilinear coordinates for locating knives, knife pitch, knife tip 

thickness, knife tip radius, knife angle, distance to contact, seal clearance, 

slant angles, slant width, half base length, arrays for holding the vertex 

distribution to generate geometry models of base, stator, abradable material 

etc., pointers to intrinsic knife child features, a pointer to its generating line, 

seal end lengths 

4 Inheritance Seal feature can be attached to any other feature in engine assembly, but it 

should always be located on the interface of rotor-stator assembly. Seal 

feature cannot inherit any shapes. 

5 Feature heading Usually its heading is provided based on seal’s function, its construction, 

location in assembly and fluids it handles. For example, IPC.FRONTSEAL 

indicates a seal that is located at the front side of IPC and 

FBHREAR.AIRTOOILSEAL indicates a seal that handles air-oil mixture and 

located at the rear side of front bearing housing. 

6 Materials & 

Manufacturing 

The seal feature can hold 3 materials. The geometry models of its base and 

knives are usually made physically integral to the geometry model of its 

parent feature, whereas geometry model of seal stator is always made 

physically integral to the geometry model of a feature in other dynasty. Thus 

the first material is inherited from parent feature, whereas the last material is 

retrieved from the constrained feature. The first material is assigned to seal 

base and knives and the last material is assigned to seal stator. The second 

material is assigned to seal abradable material. 

7 Frame of 

reference 

Local 

8 Basic component Seal is a specialised assembly feature that creates multiple polygons for 

generating geometry model of labyrinth seal. The reference point of its 

geometry model is located in the polygon representing seal base. It holds 

many parameters to generate various architectures of labyrinth seal and 

several orientations of its knives. (Refer Figure B.16) It creates the polygons 

of constituent parts before integrating them. Seal feature can also make 
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combined polygons of different types of seals which are called as seal sets. 

Each seal set holds all parameters necessary for generating its own knives. 

Seal feature sends all these parameters to the knife feature to generate knife 

polygons. These polygons are retrieved from knife feature and are located in 

seal geometry model using its derived parameters. Seal feature also creates 

the polygon for abradable material using user-defined parameters. Finally, it 

generates the polygon for its base in such a way that seal chamber dimensions 

are always as large as possible. The polygons representing seal stator and 

abradable material are merged, whereas the polygons representing seal base 

and knives are merged before combing them to form seal geometry model. It 

might be noted that the seal feature always maintains constant clearance in 

assembled condition. 

9 Shapes / paths Seal feature creates its shapes as shown in Figure B.16. These shapes help 

recognising seal location in whole engine geometry model and also for 

dividing large engine cavities into small cavities. 

10 Generating lines The geometry model of seal feature is constructed based on vertex 

distribution and not according to profile of generating line. However, it holds 

its generating line in its stator polygon. 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

The generating line in seal stator holds child features along its length. A 

match feature is usually located on generating line to specify position 

constraint between seal stator and other feature in engine assembly. It does 

not pass on any shapes to its child features. 

13 Negotiation rules This is a non-negotiable feature and holds a fixed position at certain radial 

location on rotor drum or engine shaft. It allows its child features to move 

their attachment location along its generating line. 

14 Global flags It carries material integrity flag in order to acquire the first material from its 

parent feature. 

15 Local flags Local flags are necessary to create either simple or complex configuration of 

seal and to specify whether the geometry model of seal base needs to be 

created. They are also necessary to define pressure loss mechanism for SAS 

analysis. 
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16 Illustration 

 

Figure B.16: Seal feature – Types and parameters 

Table B.19: Knife feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 11 

2 Feature identifier KNIFE 

3 Intrinsic data 

members 

Knife height, knife thickness, slant angle, knife angle, seal slope 

4 Inheritance Knife is a specialised feature that creates straight seal knives and inclined seal 

knives. Normally, knife feature is attached to the seal feature as its intrinsic 

child feature. It cannot inherit any shapes. 

5 Feature heading Usually feature heading is not user-defined and is automatically provided by 

parent seal feature.  

6 Materials & 

Manufacturing 

The material integrity flag for knife feature is activated depending on its 

location in engine assembly. When it is attached to the seal feature, seal 

feature provides its first material to the knife feature. 

7 Frame of 

reference 

Local 

8 Basic component The geometry model created by the knife feature is similar to that created by 

sheet metal feature (Table B.9); however, the knife feature creates its 

geometry model using extrinsic parameters such as knife base width, knife tip 

width, knife angle, knife height etc. Its polygon is constructed from 

distribution pattern of four vertices. 

9 Shapes / paths The knife feature cannot create its own shapes and also cannot pass on any 

shapes to its child features. 

10 Generating lines Its vertical centre line is used as its generating line.  
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11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

It can hold child features on its generating line. 

13 Negotiation rules Non-negotiable  

14 Global flags Knife feature is always made physically integral to its parent feature or to the 

base of seal feature. Hence activation of global material integrity flag is 

necessary. 

15 Local flags N / A 

16 Illustration 

 

Figure B.17: Knife feature - Types and parameters 

Table B.20: Non-axi feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 12 

2 Feature identifier NONAXI 

3 Intrinsic data 

members 

Number of non-axi features along circumference, user-defined orientation 

vector, total area of cross-section, aspect ratio, length of polygons in 

transverse direction, description of variation of its thickness along length, a 

pointer to generating line, orientation angle in circumferential direction, angle 

from TDC of engine 

4 Inheritance Non-axisymmetric feature can be attached to any feature in engine assembly. 

It cannot inherit any shapes from its parent feature. 

5 Feature heading The feature heading is determined from its function and location in engine 

assembly. For example, the heading IPC.SHAFT_HOLE1 indicates the first 

row of holes at the front end of IP compressor shaft. 

6 Materials & 

Manufacturing 

Materials are never assigned to the non-axi feature. 
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7 Frame of 

reference 

Local 

8 Basic component The non-axisymmetric feature has been created to represent holes, slots, 

bleeds etc. in engine assembly and hence its geometry model removes a part 

of existing geometry model to generate hollows and voids. The shape and 

size of geometry model of non-axi feature are controlled by its internal 

parameters. Its geometry polygon is oriented in the direction opposite to that 

of geometry polygons of other features. Therefore, its polygon is subtracted 

from larger geometry polygons during Boolean operation; as explained in 

groove feature. (Table B.10)    

9 Shapes / paths The locations of non-axisymmetric features are the most suitable places for 

dividing large air cavities in rotor drums and support structures into smaller 

cavities. Therefore, the non-axi feature creates its own shape at the location 

of its minimum cross-section area. This has been illustrated in Figure B.18. 

10 Generating lines The generating line of non-axi feature is always oriented in the direction of 

local thickness of its parent feature. 

11 Symmetric / 

asymmetric 

Symmetric 

12 Child feature 

attachment 

Normally the non-axi feature does not bear child features as it is highly 

unlikely that a void in a component is connected to another solid component. 

However, theoretically, it can have child features attached to its generating 

line. The feature cannot pass on any shapes to its child features. 

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A 

15 Local flags Local flag is necessary for defining pressure loss mechanism for Secondary 

air system analysis. 

16 Illustration 

 

Figure B.18: Non-axisymmetric features for front bearing housing (FBH) 
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Table B.21: Junction feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 15 

2 Feature identifier JUNCTION 

3 Intrinsic data 

members 

Number of hydraulic connections, (optional) global location coordinates, 

slope of generating line of parent feature at the location of attachment, pipe 

diameters and their identification tags, description of pipe paths, half angle 

for 3-legged junctions, internal radii at joints, junction offset, number of 

junctions along circumference, orientation angle in circumferential direction, 

angle from TDC of engine. 

4 Inheritance Junction features cannot be attached to any feature other than pipe feature. It 

cannot inherit any shapes from its parent feature. 

5 Feature heading The heading is provided based on function and shape of junction feature. For 

example, the heading HP.BLEEDAIRVALVE indicates the bleed air valve 

mounted on outer casing of HP compressor. 

6 Materials & 

Manufacturing 

Material and manufacturing method may be provided by user. 

7 Frame of 

reference 

Local / global depending on the location in engine assembly 

8 Basic component Junction feature creates its representative polygon only to help locating it in 

featurised engine assembly; however, its actual external appearance is not 

illustrated. Depending on its type, junction feature may have two or three 

openings for hydraulic connections. It creates vectors in the direction of 

hydraulic openings from axially central location of its polygon. These vectors 

are used in combination with its leg lengths to generate its representative 

polygon. Figure B.19 shows the polygons for several types of junctions that 

can be created by the junction feature. 

9 Shapes / paths Junction feature does not create shapes; however, it does create stub-pipe 

paths at the location of each hydraulic connection. It cannot pass on any 

shapes or paths to its child features. 

10 Generating lines The vectors created by junction feature are its generating lines; however, 

those are not used to locate its child features. 

11 Symmetric / 

asymmetric 

N / A 

12 Child feature 

attachment 

The junction feature cannot have explicit list of child features. The pipes / 

pipe-stubs attached at the location of hydraulic connections are its intrinsic 
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child features. Obviously, the pipe features are always located at the 

predetermined curvilinear coordinates of junction feature’s generating line. 

The feature cannot pass on any shapes or paths to its child features. 

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A 

15 Local flags A local flag is necessary to specify the type of geometry model to be 

generated by junction feature. For example, gradual area expander or reducer, 

sudden area contraction or enlargement, Tee-junction, Y-junction, butterfly 

or poppet valve etc. This local flag is also used to define pressure loss 

mechanism across junction. 

16 Illustration 

 

Figure B.19: Types and parameters of junction feature 

Table B.22: Annular feature 

Sr. 

No 

Feature 

Properties 

Details 

1 Taxonomy code 19 

2 Feature identifier ANNULAR -  stands for localised annular arrangement of distinct flow 

passages 

3 Intrinsic data 

members 

Number of passages, pitch diameter, total cross-section area of passages, 

length in transverse direction, pointers to generating lines, number of annular 

passages along circumference, orientation angle in circumferential direction, 

angle from TDC of engine 

4 Inheritance Annular feature can be attached to any feature in engine assembly; however, 

it is generally used to represent low-fidelity geometry model of air-fuel 

injector assembly at combustor head.  It cannot inherit any shapes from its 

parent feature. 
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5 Feature heading The feature heading usually denotes its location in engine assembly. 

6 Materials & 

Manufacturing 

Same as that for the non-axisymmetric feature 

7 Frame of 

reference 

Local 

8 Basic component The annular feature is used in a way similar to non-axisymmetric feature and 

hence their polygon construction is also similar. Annular feature creates two 

polygons, which represent the annular gap between hub and casing portions 

of an annular hole (Refer Figure B.20). These polygons have negative areas 

and hence they remove a part of existing geometry model and create voids in 

the body of parent feature. The intrinsic parameters of annular feature are 

used to control the shape and size of voids created by its geometry model. 

9 Shapes / paths The annular feature creates shapes that are necessary to divide the large air 

cavity between combustor and engine casing. This has been illustrated in 

Figure B.20. It cannot pass on any shapes or paths to its child features. 

10 Generating lines Same as that for the non- axisymmetric feature 

11 Symmetric / 

asymmetric 

Symmetric 

12 Child feature 

attachment 

Same as that for the non- axisymmetric feature 

13 Negotiation rules Non-negotiable by-default 

14 Global flags N / A 

 

15 Local flags Local flag is necessary to define pressure loss mechanism for secondary air 

system analysis. 

16 Illustration 

 

Figure B.20: Annular feature and its parameters 
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Appendix C Aero Engine Computational Geometry  

Please refer to the A0 size drawing sheet attached to the end cover of thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix D Linearization of Loss Correlations 

D.1 Checking of the loss model linearization 

In the linearization process, the loss model correlations are partially differentiated with respect to 

flow and geometry variables. This process generates a set of algebraic equations for each loss model. These 

equations provide local slope of variation of a loss variable with respect to perturbed flow and geometry 

variables. The evaluation of local slope is based on multidimensional variation of loss variable. The partially 

differentiated correlations provide the collective effect of perturbations in multiple variables on local slope 

of a loss variable. The system of linearized equations becomes very complicated if the loss correlations 

involve a large number of flow and geometry variables. If linearization of these equations is not confirmed, 

they do not guarantee accurate results. The solver might even fail to obtain a solution even for simple 

problems. It is thus necessary to check the results of linearization before utilizing these equations for 

network modelling. 

In the present work, all linearized loss equations have been thoroughly checked by comparing their 

predictions with those of finite difference scheme. An independent method of link-set solver has been used 

to perturb the primary flow variables by setting their partial derivatives to unity. These perturbations are of 

the order of 10
-5

. After perturbing a primary flow variable, loss model and its linearized version are 

evaluated sequentially. This evaluation process is conducted at each loss station in a link-set for each of the 

six primary flow variables namely, meridional velocity, tangential velocity, static and total temperature and 

static and total pressure. The system of linearized equations responds to these perturbations by producing 

corresponding perturbations in loss quantities and generates their local slopes. 

The flow variable under evaluation is also perturbed numerically. This numerical perturbation is of 

the similar magnitude as that produced by setting the primary flow variable’s partial derivative to unity. 

Using this perturbed value of flow variable, the loss model of a link is re-evaluated. The difference between 

the magnitude of loss variable generated by original inputs and those by perturbed inputs is computed. This 

finite difference is then divided by the magnitude of perturbation in the corresponding flow variable, known 

as finite difference method of local slope evaluation. In the end, perturbation results generated by both 

methods are compared. Clearly, if partial differentiation of loss equations is performed accurately, the 

results of these two methods must be identical. Table D.1to Table D.22 show the results of such tests for 

each model in the present loss library. It may be observed that the loss library has been linearized correctly. 

D.2  Reading the linearization results 

The results of linearization check (Table D.1 to Table D.22) are fairly easy to understand. A table 

for linearization checks has been exemplified in Figure D.1. The top three rows in table indicate the name of 
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loss model under evaluation, followed by the global number of loss model in loss library and then number of 

internal loss stations in loss model, respectively. A majority of link models have only two internal stations; 

although straight-through labyrinth seal model is an exception.  

 

Figure D.1: The table of linearization checks for a link loss model 

The subsequent rows in the table show initial values of various flow parameters. These rows consist 

of station number, station radii, cross-section area at a station and values of flow parameters, which are used 

to evaluate loss model. The subsequent rows also show flow Mach number at inlet and total to static 

pressure ratio. The regime of flow computations is usually decided by flow velocity at the smallest cross-

section in a link; however, in a majority of loss models it is based on the magnitude of velocity at inlet 

station. These rows indicate the flow regime in which a loss model is being evaluated. Both compressible 

and incompressible versions of loss models have been evaluated in this checking process. 

In the final part of the table, local slopes of loss variables computed by finite difference method and 

those computed by linearization method are compiled. The loss variables have been used to label the 

columns, whereas the rows are identified by station numbers. Figure D.2 shows the columns in the table of 

partially differentiated loss variables that should be compared to determine the correctness of loss 

linearization process.  

 

Figure D.2: Comparison between the columns of partially differentiated loss variables 

The following tables (Table D.1 to Table D.22) do not contain the results of linearized loss models 

of no-loss link (model#1) and full-loss link (model#2). Their results are too obvious. The results for the 

linearized loss model of axisymmetric node have been provided in the end. 
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Table D.1: Linearization check for the orifice model 
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Table D.2: Linearization check for the annular orifice model 
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Table D.3: Linearization check for the slot model 
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Table D.4: Linearization check for the stepped and combination seal models 
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Table D.5: Linearization check for the rim seal model 
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Table D.6: Linearization check for the pipe model 
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Table D.7: Linearization check for the short pipe-bend model 
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Table D.8: Linearization check for the long pipe-bend model 
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Table D.9: Linearization check for the mitre pipe-bend model 
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Table D.10: Linearization check for the sudden expansion model 
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Table D.11: Linearization check for the sharp sudden contraction model 

 

 



 

380 

 

Table D.12: Linearization check for the radiused sudden contraction model 
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Table D.13: Linearization check for the butterfly valve model based on Idelchik method 
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Table D.14: Linearization check for the butterfly valve model based on ESDU method 
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Table D.15: Linearization check for the butterfly valve model based on Miller method 
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Table D.16: Linearization check for the poppet valve model based on Idelchik method 

 

 



 

385 

 

Table D.17: Linearization check for the poppet valve model based on ESDU method 
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Table D.18: Linearization check for the poppet valve model based on Miller method 
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Table D.19: Linearization check for the nozzle model 
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Table D.20: Linearization check for the coupling model 
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Table D.21: Linearization check for the bend-bend interaction model 
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Table D.22: Linearization check for the axisymmetric node model 

 

 



 

 

Appendix E Loss Correlations for Labyrinth Seal 

E.1 Summary of seal models  

Table E.1 shows the compiled references to theoretical, analytical and experimental models of 

straight-through labyrinth seals. These references have been arranged in a rough chronological order. The 

analysis type and remarks on contribution of researchers’ work are clearly indicated. 
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Table E.1: Compilation of the literature on theoretical, analytical and experimental models of labyrinth seal 

Sr. No. Author Analysis / Type Remarks 

1 Parsons (1892)   Origination of mechanical labyrinth seal 

2 Matin (1908)  

[193] 

Theoretical 

formula 

 First known model for the design of seals based on thermodynamic processes 

 Applicable for non-critical pressure ratio 

 Neglected the carryover of flow in seals 

3 Stodola  (1927) Theoretical 

formula 

 Ideal labyrinth seal flow equation with several assumptions 

4 Gercke (1934) 

[241] 

Analytical 

formula 

 Extensive classical thermodynamic treatment  

 Derivation of the flow rate equation considering the change in flow area at each knife 

 Did not consider the practical design issue of carry-over factor 

5 Egli (1935)  

[188] 

Theoretical 

formula using 

performance 

maps 

 First rational formula for leakage mass flow rate from sharp edged orifice 

 Considered the carry over factor and are contraction factor 

 Used the flow coefficient, φ, for multiple orifice in series 

 Formula considers the reduction in number of knives to account the flow carry over 

6 Hodkinson 

(1939) [117] 

Analytical 

formula 

 Formulated the model based on thermodynamics of expansion process 

 Improved the prediction capability using concept proposed by Egli for carry-over factor 

 Used the database and charts made by Callender for his model 

7 Jerie (1948) 

[195] 

Analysis by 

experimentation 

and  theoretical 

model 

 Published experimental results to give comprehensive contribution in the labyrinth seal knowhow 

 Effects of knife sharpness     ⁄   relationship between chamber dimensions     ⁄  and number of knives 

etc. were identified by author 

 Showed that seals having unsuitably small pitch would allow more leakage than seal with higher pitch 

 Proposed a theoretical model based on efficiency factor having many simplifying assumptions 
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 Added valuable information by publishing the flow visualisation patterns  

8 Kearton et al. 

(1952)  

[189,242] 

Theoretical model 

and experimental 

analysis 

 Suggested the theory for leakage flow through staggered labyrinth glands 

 Applied extensive thermodynamic treatment for the labyrinth seals 

 Employed the separate treatment for the seals having critical and subcritical pressure ratios 

 Provided excellent information on discharge coefficient (Cd) of annular constrictions in concentric and 

eccentric conditions 

9 Zabrieski et al. 

(1959)  [243] 

Theoretical 

friction factor 

based model 

 Used the complete separate philosophy of considering the seal flow as the flow through rough pipe 

 Followed the flow prediction method proposed by Trutnovsky based on Fanno line analysis and friction 

factor 

 Used the coefficient of discharge applicable for the complete seal 

 Provided more attention to the seal parameters i.e. shape and size of seal knife, effect of chamber 

dimensions, ratio of depth of chamber to the clearance and optimisation of number knives with pitch 

 This approach has failed to convince the researchers due to the basic assumptions such as considering the 

non-isentropic processes in seal equivalent to the friction in rough pipe etc. 

10 Vermes (1961) 

[134] 

Theoretical 

formula 

 Formulated fluid mechanics based formula after summarizing the previous theoretical formulations 

 Adopted the model for industry based needs 

 Derived the analytical expression for carry over factor and used the clearance factors 

 Also provided the rational formula for stepped seals based on ‘virtual number of knives’ 

11 Yeh  (1970) 

[244] 

Analysis by 

experimentation 

 Published the experimental data on very small pressure ratio across seal, which has limited application 

 Used Egli’s formula on leakage flow rate prediction and used the experimental data to find the combined 

factor (αγ)expt. 

 Provided information on seal performance in case of flow reversal and eccentricity for straight-through and 

stepped seal 
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12 Sneck (1974) 

[245] 

Review of models  Provides extensive reference to several model published in other languages 

 Clearly mentions the need to understand and apply basic fluid mechanics of labyrinth seals 

13 Meyer and 

Lowrie (1975) 

[190] 

Theoretical model 

using 

performance 

maps 

 Provided the experimentally substantiated variation of seal coefficient (Cd) with respect to many geometry 

and flow parameters 

 First to mention that discharge coefficients should be different for each constriction in seal 

 Observed the sudden jump in Cd with increased number of knives 

 Beginning of providing the attention to upstream and downstream disturbances and its effect on Cd. 

14 Stocker et al. 

(1975) 

[175,176] 

Analysis by 

experimentation 

 Conducted extensive testing of seals under various conditions and geometry conditions 

 Evaluated the straight-through and stepped seal performance with solid and smooth stators, honeycomb 

stators, abradable lands, porous stators, rub grooves and rotation etc. other than conventional parameters. 

 Very unconventional studies like uneven pitch seals, eccentric seals, energy consumption due to friction and 

pumping of flow were also carried out 

 Noticeable contribution for the design and evaluation of advanced designs of seals 

15 Komotori and 

Miyake (1977) 

[218,199] 

Fluid mechanics 

based formulation 

 Presented several fundamental concepts which were not considered seriously before 

 Proposed the theoretical method for calculating leakage flow rate considering carry over factor in terms of 

flow stream variation 

 Used coefficient of area contraction (Cc) for each constriction, flow expansion angle (θ) in each chamber 

 Modified Bolda’s formula to estimate the pressure loss and station based method to calculate the approach 

velocity for next constriction, which set the foundations of K2K approach 

 Provided extensive experimental data on leakage flow rates affected by rotation effects  

16 Scharrer (1987) 

[196] 

Analysis by 

experimentation 

 Use of the important concept of ‘dividing streamline’ for modelling of loss calculations in seals, which has 

been used in the current work as the natural boundary between through and vortex flow in chambers 

 Determined the location of streamline based on jet spreading parameter 

 Leakage flow model development based on control volumes to assess the rotor dynamic stability 
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 Analysed the test data for effect of rotation on heat transfer considering ratio of Taylor no./Reynolds no. 

17 McGreehan and 

Ko (1989) [246] 

Theoretical model 

for seal windage 

 Efforts to predict the leakage flow under rotational condition causing temperature rise due to windage 

 Used the experimental work by Stocker [175,176] and Daily and Nece [182] on the flow between the discs 

 Provided the simple equation based on angular momentum balance assuming adiabatic seal walls and 

generation of heat only in the chambers 

 Observations on temperature rise pattern in seal and effect of preswirl on windage are important  

 Also studied the effects of surface roughness on the windage power 

18 Miyake and 

Duh (1990) 

Rotation effects  Equations for leakage flow reduction due to rotation  

19 Waschka et al. 

(1992) [247] 

Rotation effects  Acknowledged the effect of high rotational speeds of engine on leakage flow rates of seals 

 Published the formula as a ratio of discharge coefficient with rotation to that without rotation,       ⁄  

20 Millward and 

Edward (1996) 

[248] 

Analysis by 

experimentation 

 Studied the effects of windage heating to analyze effects of seal design parameters and boundary conditions 

on overall heat pickup by the air 

 Compared their results with results predicted by McGreehan and Ko’s model and numerical results of CFD 

code to establish the strong relation between windage power and leakage mass flow rate 

 Results support the results and conclusions of McGreehan and Ko; thus establishing the trust on model 

21 Yucel et al. 

(2001) [249] 

Shear stress 

formula for 

windage 

 Proposed the shear stress formula based on Blasius’s correlation for turbulent flow in pipe. 

22 Dereli et al. 

(2004) [250] 

Windage model  Proposed friction factor based on Moody’s pipe friction factor model in Blasius formula to find shear 

stresses 

23 Dececke et al. 

(2004) 

[251,217] 

Rotation effects 

and Analysis by 

experimentation 

 Analyzed the effects of rotation on various factors such as clearance changes, friction, field changes, fluid 

pumping and preswirl etc. using experimental and computational techniques. 

 Proposed that increased friction would need the consideration of Reyleigh line effect on seal leakage instead 
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of classical Fanno line analysis 

 Effect of preswirl was considered as reduction in effective pressure ratio suggested by the formula 

 Experimental results are important to understand the flow structures in inter-stage seals and effect of swirl in 

seals affecting outlet air angle, air temperatures and rotor dynamic instabilities 

 Experimental results support McGreehan and Ko’s model, but suggests that Blasius or Jenney’s method of 

calculating the coefficient of wall shear stress should be used 

24 Paolillo et al. 

(2006) 

[252,253] 

Analysis by 

experimentation 

 Experimentation in more engine-like conditions i.e. at high pressure, temperature and rotational speed  

 Showed that if ratio of rotational velocity to axial flow velocity > 1, rotation effects are important 

 Used the ratio proposed by Waschka et al,       ⁄ , where in Cd might reduce by 25% at high speeds 

 Their results substantiate the results by Waschka’s [254] formula, which can be incorporated in code 
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E.2  2D curve and 3D surface fitting of K2K model coefficients 

E.2.1  Contraction loss at first knife 

 

Figure E.1: Variation of the contraction coefficient with exit Mach number of contraction loss region 

 

Figure E.2: Variation of the contraction loss coefficient with geometry parameter KH/CL 
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E.2.2 Contraction loss at other knives 

 

Figure E.3: Variation of the contraction coefficient with exit Mach number of contraction loss region 

 

Figure E.4: Variation of the coefficient of contraction loss with geometry parameter (KP-KT)/CL 
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E.2.3 3D surface fitting for the coefficient of area contraction (Cc) 

 

Figure E.5: 3D surface graph for the area contraction coefficient (Cc) for first knife of seal 

 

 

Figure E.6: 3D surface graph for the area contraction coefficient (Cc) for other knives of seal 
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E.2.4 Venturi pressure loss at last knife 

 

Figure E.7: Variation of venturi pressure loss coefficient with inlet Mach number of venturi loss region 

 

Figure E.8: Variation of venturi pressure loss coefficient with geometry parameter KT / CL 
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E.2.5  3D surface fitting for the multiplication factor to Cc 

 

Figure E.9: Variation of the multiplier to area contraction coefficient (Cc-mul) for first knife of seal 

 

Figure E.10: Variation of the multiplier to area contraction coefficient (Cc-mul) for middle knives of seal 
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Figure E.11: Variation of the multiplier to area contraction coefficient (Cc-mul) for last knife of seal 

E.2.6 Expansion loss in first chamber 

 

Figure E.12: Variation of the expansion loss coefficient with inlet Mach number of expansion loss region 
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Figure E.13: Variation of the expansion loss coefficient with geometry parameter (KP-KT)/CL 

E.2.7 Expansion loss in middle chambers 

 

Figure E.14: Variation of the expansion loss coefficient with inlet Mach number of expansion loss region 
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Figure E.15: Variation of the expansion loss coefficient with geometry parameter (KP-KT)/CL 

E.2.8 3D surface fit for the expansion loss in end chamber 

 

Figure E.16: Variation of the expansion loss coefficient in end chamber of seal 
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E.2.9 3D surface fitting for the flow expansion angles  

 

Figure E.17: Variation of the flow expansion angle in first chamber of seal 

 

 

Figure E.18: Variation of the flow expansion angle in middle chambers of seal 
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Figure E.19: Variation of the flow expansion angle in end chamber of seal 

E.3 Verification of seal model linearization 

The loss model for straight-through labyrinth seal has been linearized in a way similar to those for 

other air system components. Figure E.20 shows the verification of linearization of seal loss model. It 

demonstrates the effect of infinitesimal perturbation in exit static pressure on the variation of local slope of 

leakage mass flow rate through seal. The results have been enlarged for better visualization. The nature of 

graph substantiates the correctness of linearization of seal loss model. 

The table of linearization checks for K2K seal loss model (Table E.2) has been included below. The 

arrangement of linearized loss quantities in table is self-explanatory. It could be read in a way similar to 

that explained in Appendix D. A straight-through labyrinth seal has many internal loss stations and thus 

Table E.2 consists of linearization checks for each primary and secondary variable at each internal station 

of seal.  
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Figure E.20: Effect of exit static pressure perturbation on the leakage flow rate through seal 

 

 

 

 

 

5 knife straight-through Seal:

clearance = 0.0001 m

pitch = 0.007 m

knife tip thickness = 0.00035 m

knife height = 0.0045 m

knife angle = 900

knife taper angle = 100

RPM = 0
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Table E.2: Linearization checks for the new loss model of straight-through labyrinth seal 
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Appendix F The Gas Dynamic Library 

F.1 Introduction 

The gas dynamic library is an exquisite capability of VE design environment. It consists of a well 

compiled set of standard gas dynamic functions [231,232]. These functions have been arranged in several 

methods of library according to their utility and computational efficacy. The purpose of such library is to 

build a basic set of relations which allow simplified models for flutter, stability, forced response and 

distortion transfer to be assembled quickly and systematically. This appendix describes a set of linearized 

flow elements used only in the network flow solvers in VE. The linearized flow elements are used in the 

Newton iterations of steady state and time-domain unsteady versions of the code as well as in its linearized 

counterparts. 

The linearized flow elements are based on a set of elementary relations, and their inverse 

counterparts, which describe equilibrium transformations in the hodograph plane and the Mollier plane. The 

only relations required are those corresponding to known changes in velocity (or Mach number, for sake of 

convenience) enthalpy and entropy, continuity constraints and Rankine-Hugoniot relations. The necessary 

linearized relations are derived for the case of a mixture of ideal gases. Static outlet pressure and geometric 

variations are represented using Schur complements. The case of equilibrium compositions can be easily 

derived, but the jacobian of the equilibrium relations needs to be inverted numerically. 

F.2 Approach 

An equilibrium transformation is represented by a set of algebraic relations which relate the states of 

the gas, usually in terms of primitive variables, at the beginning and at the end of a physical process to 

known changes in momentum, enthalpy and entropy.  More precisely, a transformation   is represented by a 

set of algebraic relations as shown in Eq. F.1, 

                 Eq. F.1 

Where,   [       ]  and the subscripts   and   denote the final and initial states of the 

transformation. For flow network solver the change in composition of gas, , is not included as a  primitive 

variable. 

For an ideal gas with constant properties such relations can usually be inverted directly to obtain, for 

example, the relations between the state of gas upstream and downstream of a normal shock, but this 

approach is not suitable to a gas with varying properties or compositions. In this case a numerical solution is 

required, but it is still possible to write the linearized versions of algebraic relations representing the 

transformation at hand, shown in Eq. F.2: 
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          Eq. F.2 

The inverse forms of such algebraic relations have a precise physical meaning: they represent the 

changes in the state of the gas, corresponding to changes in all other conditions, which preserve the nature of 

transformation. More precisely, changes in the state of gas which preserve the nature of transformation are 

given by Eq. F.3, 

       
      Eq. F.3 

As an example, if one writes inverse linearized Rankine-Hugoniot relations, one can compute the 

changes in the state of the gas downstream of a shock corresponding to small changes in the state of the gas 

upstream of the shock while still satisfying the normal shock relations. 

F.3 Linearized hodograph relations 

The transformations listed below describe algebraic relations between the states of a gas along a 

streamtube.  It is therefore natural to represent known velocity changes referred to the directions defined by 

control surfaces immersed in the streamtube. More precisely, the velocity changes of the gas are described 

in terms of a component normal to the control surface, denoted by  , and a component tangent to it, denoted 

by   . In two space dimensions the orthogonality condition might be exploited as (Eq. F.4 and Eq. F.5), 

 
[
  
  

]  [
   

  
] Eq. F.4 

Since   has unit norm,    must satisfy, 

               Eq. F.5 

For later use, differential relations may be written between the components of the vector and its 

angle   with respect to the geometric direction 1 (Refer f6), 

 
 [

  

  
]  [

   

  
]    Eq. F.6 

It might be noted that the state of gas changes following the change in stream-tube geometry – area 

and direction. In the following relations for known changes in stream-tube geometry have been written, and 

the solutions to the homogeneous cases (no geometry changes) are used to compute sensitivities to flow 

areas, flow angles etc. 

F.3.1 Thermodynamic relations 

For a mixture of ideal gases,    denotes the number of moles of species 𝑖 in a unit mass of mixture, 

  
 , denotes the standard formation enthalpy of species, per molar unit, at the temperature of the mixture and 

  
  denotes the standard formation entropy of species, per molar unit, at the temperature of the mixture and 

reference pressure. The entropy of the species 𝑖 at the pressure of the mixture is given by Eq. F.7, 
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 Eq. F.7 

The total enthalpy   and entropy   of the mixture are, 

      
  

 

 
     

       

Differential relations for of the mixture therefore read, 

        
    

                  
           

                 
  

 
  

  

 
       

Where use has been made of the ideal gas relations, 

   
   

  
 

   
     

   

   
  

   
 

 
 

and the mixture specific heat and gas constant are, 

        
 

     

   
  

 
  

In the following algebraic dependence of the composition of the mixture has been assumed on a 

scalar variable    It is therefore convenient to define the differentials of entropy and enthalpy of the mixture 

exclusively due to changes in  , as shown in Eq. F.8 and Eq. F.9.  

 
   

   

  
  

  Eq. F.8 

 
   

   

  
   Eq. F.9 
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F.3.2 Hodograph transformation  

A transformation in the hodograph plane is described by changes in velocity components. This 

information is supplemented by changes in entropy and enthalpy of gas and composition variables. 
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   is a product of rotations and unitary transformations (or products thereof for sake of brevity): 
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The factored form of   
   is especially convenient for the numerical implementation because each 

unitary transformation can be computed in no more than three floating point operations, so that the products 

  
    , which is what one is really interested in, can be computed at a fraction of the cost needed to form 

  
  . 
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F.3.3 Hodograph transformation (Mach-number based) 

Mach-number based hodograph transformations are useful when the velocities are stated through 

Mach numbers. In this case 
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The factored form of   
   is 
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In the equations above the following differential for the speed of sound has been used 
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F.3.4 Determination of sonic conditions 

Sonic conditions can be determined using the relations, 

               

Where, 
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and   is the desired flow direction relative to the control surface. 

F.4 Continuity constraint 

A continuity constraint represents relations between mass flow rate, transversal momentum, 

composition, enthalpy and entropy for flow across a surface of known normal direction   and area   
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F.5 Application to a polytropic flow link 

A polytropic flow link is defined by the continuity relation between its inlet and outlet stations, and 

by the changes in transversal momentum, enthalpy and entropy across the link itself. 

[
             

             
]    

 [
   

   
]      

The linearized system has (block) lower bidiagonal form 

  [
       

             
] 

As before,     can be written conveniently in factored form 
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F.6 Imposed outlet pressure 

In the case of imposed outlet pressure, Schur’s complement has been used as mentioned before. In 

this case, the mass flow rate through the link needs to be coupled to the outlet pressure. This can be achieved 

by building an augmented system 

[   

   
] [

  
  ̇

 ]  [
  
  

] 

Where, 

    [
 
 
 
] 

and  ̇ is the mass flow rate passed by the link. The factored augmented system is found to be 

[
  
  ̇

 ]  [       

  
] [

  
    ] [

  
   

] [ 
   
  

] [
  
  

] 

In this case, 

          

is the sensitivity of the outlet static pressure to the gas velocity component normal to the inlet surface. 

It may be observed that the above factorization becomes ill-conditioned when the mass flow rate 

across the link approaches 0. In that case, for the purpose of numerical implementation, it has been found 

advantageous to regularize   by adding a small constant, 

          sign         

The regularization above ensures smooth flow reversals across the flow links and removes 

convergence problems (when used in conjunction with Newton iterations) for conditions where no flow 

should go through the link. 

F.7 The analytical form of Jacobian in node solver 

The   matrix for node solver is represented as shown in Eq. F.10. Its exact analytical form has been 

derived below. This form of matrix has been implemented in a standard method of gas dynamic library. 
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It is possible to find the analytical partial derivatives in Jacobian matrix   based on the 

thermodynamic equations of ideal gas. Such matrix is constructed for each node k to get the incremental 

change in primary variables at that node. The analytical partial derivatives in Jacobian   for mass flux are, 
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 Eq. F.11 

For the flux of meridional momentum, 
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 Eq. F.12 

For the flux of tangential momentum, 
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 Eq. F.13 

For the flux of internal energy, 
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But, kinetic energy,       (  
     

 )   thus 
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 Eq. F.14 

The back substitution of Eq. F.11, Eq. F.12, Eq. F.13 and Eq. F.14 into the Jacobian in Eq. F.10 

would result into Eq. F.15, 
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The Jacobian presented in the Eq. F.15 is an exact analytical form of   matrix. This matrix is then 

inverted to find primary variables of node solver at node k as shown in Eq. F.16. 

 

[
 
 
 
 
 
 
   

 
   

 
  
 
  ]

 
 
 
 
 
 

     

[
 
 
 
 
 
 
    

 

    

 

  

   
    

    

  

  

    
     

    

   

  
   

  

   

  
 

   

    

[      ]

  ]
 
 
 
 
 
 
 

 

  

[
 
 
 
 
 
 

     
 

      
 

       
 

     ]
 
 
 
 
 
 

 

 

 Eq. F.16 

The incremental changes in primary flow variables such as    ,    ,    and    are derived as 

below. The procedure to find incremental changes in auxiliary variables, such as,   ,     and    has also 

been presented. The quantity    is available directly from the first term in RHS. The second term in RHS 

vector can be simplified by rules of differentiation as, 

                       

 

 
      

             

 
 Eq. F.17 

The third term in RHS provides the equation for     by assuming that the radius of link connection 

is constant, 

       

 
               

 

Finally, the last term in RHS is used for finding the incremental changes in other terms such as, 
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 Eq. F.19 

Further applying the ideal gas law, 
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Eq. F.18 
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Then, 

                 

 
       

  

 
     

  

 
 Eq. F.20 

And, 
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The equations from Eq. F.17 to Eq. F.20 have been incorporated into a matrix inversion method that 

forms an important part of the present gas dynamic library. 

F.8 Sutherland model for dynamic viscosity 

In the present work, the dynamic viscosity at any particular static temperature has been evaluated 

using the Sutherland’s model. Its equation and linearized version has been presented in Eq. F.21 to Eq. F.22. 
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Eq. F.22 

F.9 Generation of auxiliary variables and their linearization 

The thermodynamic variables used in the present work have been mentioned before. The following 

equations have been used for evaluation and linearization of auxiliary variables in network solver. This 

standard method of gas library receives banded arrays of primary flow variables and their partial derivatives. 

The method returns computed values of auxiliary variables, whereas its linearized version (linearized form 

of equations) returns partial derivatives of auxiliary variables. 

Thermodynamic equations: 
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Linearized thermodynamic quantities 
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F.10 Evaluation of flow quantities in link-sets 

A method in gas library has been used to evaluate standard flow quantities at RHS of linearized 

system of simultaneous equations. These quantities are denoted by a vector,    { ̇     }  and 

each of these quantities can be evaluated by standard form of 1D equations. The method receives primary 

and auxiliary variables in the form of banded arrays and returns the vector  . The linearized version of this 

method computes partial derivatives of   vector with respect to an indicated primary variable. This 

linearized method receives banded arrays of primary and auxiliary flow variables along with banded arrays 

of their partial derivatives. It returns the vector of partial derivatives of  . The equations incorporated in this 

method are presented below, 

Link-set flow quantities: 

 ̇          

   

  

  

Linearized link-set flow quantities: 

  ̇                    

    

   

   

F.11 Evaluation of sonic quantities in link-sets 

This method is similar to that described in the earlier section. It deals with Mach number ( ) and 

flow angle ( ) with respect to a control surface instead of meridional and tangential velocities. The 

computations of entropy and enthalpy at sonic state of gas are similar to those for nominal flow conditions. 

The method receives banded arrays to store sonic flow conditions and corresponding auxiliary variables at 

each station in link-set. It returns banded array of vector   , which consists of Mach number, flow angle, 

entropy and enthalpy computed at sonic flow conditions. The equations are presented below, 

Link-set sonic condition flow quantities: 
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Linearized sonic condition flow quantities: 
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