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Abstract 

This study deals with a mathematical model and numerical procedure for simulation 
of diesel spray processes, excluding ignition and combustion, on unstructured moving 
meshes. Two important aspects to achieve plausible predictions are the quality of 
mathematical modelling of all relevant physical phenomena, and the strategy used 
for solving the governing equations. The former includes the modelling of two- 
phase turbulent flow, spray processes, and inter-phase transport, and the latter is 
determined by the accuracy of the numerical approximations and solution procedure. 

The study is restricted to the simulation of single- component diesel sprays. The 
gas flow is described by a set of mutually coupled, density-weighted ensemble- 
averaged conservation (transport) equations in which, as a result of the gas-spray 
interactions, additional coupling source terms appear. The turbulence phenomena 
are modelled via the k-e turbulence model. 

The diesel spray, which in reality comprises a large number of droplets, is not 
represented directly, but modelled by a changing Monte-Carlo population of sample droplets. This allows each droplet's behaviour to be described separately by a set 
of ordinary differential equations for the conservation of mass, energy and momen- tum. The following detailed spray processes are modelled: atomisation, turbulence 
dispersion and modulation, drop breakup and collision, spray-wall interactions, and inter-phase transfer of mass, momentum and energy. 

The solution strategy for the continuous phase is based on the finite volume 
method. Unstructured meshes of the finite-element type are used, together with a 
collocated variable arrangement. The governing integro- differential equations are discretised into sets of simultaneous algebraic equations, which after linearisation 
and decoupling by the PISO predictor-corrector sequence, are solved by the conju- 
gate gradient methods. The spray equations are completely embedded in the PISO 
predictor-corrector solution procedure, and are solved in an Eulerian implicit fashion 
by a temporal subcycling technique. 

The overall method is assessed by reference to experimental data for sprays 
injected into a quiescent pressure chamber and for two forms of DI diesel engine. 
Sensitivity studies on mesh density, droplet drag and breakup correlations, and 
turbulence modulation are performed. A novel model for spray-wall interaction is 
implemented, and the predictions of two recently developed atomisation models are 
compared against the experimental results. The results are found to be very sensitive 
to the mesh density, breakup correlations and turbulence modulation modelling, 
and are less sensitive to the drag coefficient correlations. Both atomisation models 
show acceptable agreement for the spray penetration prediction, and less satisfactory 
agreement in the prediction of the fuel vapour concentration. 
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Nomenclature 

Latin characters 

A area 
A matrix coefficient 

B bore diameter; mass transfer number 

b, source term of vector equation 

b source term of scalar equation 

C convective flux 

C coefficient 

C specific heat capacity; coefficient 

D diameter; diffusion flux 

d diffusion flux vector 
V mass diffusivity, diffusion flux coefficient 

D rate-of-strain tensor 

d differential 

E collision efficiency 

e internal energy 

e unit vector 
F function; wall function 

f cell face; local direction in cell; correction function 

tensor unit 
imaginary unit 

k kinetic energy of turbulence 

L injector hole length; length scale 
N discretised V operator 

P thermodynamic pressure 

q heat flux vector 

r normalised residual 

r position vector 
R residual 
S boundary of control volume 
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S surface vector 

S specific source term; per unit volume or unit mass and time 

T absolute temperature 

T stress tensor 

t time 

U injection velocity 

U velocity vector 
V volume 

W weighting factor 

x spatial coordinate; x, y, z 
Y mass fraction; random number 

Greek characters 

gas component; angle 

azimuthal angle 
r diffusivitY coefficient 

7 ratio of specific heats, clcý, 
6 Dirak function 

f turbulence dissipation rate 
0 void fraction 

1% von Karman constant; wavenumber 
A integral length scale 
A interpolation factor 

9 dynamic viscosity 

V kinematic viscosity; collision frequency 

7r Ludolf's number 

P density 

0 general flaid field 

a Prandtl/Schmidt number; surface tension coefficient 

7 time scale; relaxation time 

W complex wave celarity 
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Subscripts 

a average 

b boundary 

cyl bulk cylinder value 

d droplet 

eff effective 

f local direction; cell face; value at the cell face 

ft total fuel 

h injection hole 

I liquid 

M molecular 

N neighbouring cell 

n nozzle 

norm normalisation factor 

P central cell 

P SP-part of source term 

P computational parcel; piston 

r relative 

ref reference 

t turbulence 

U SU-part of source term 

V fuel vapour; valve 
TV wall 

W wave 

Superscripts 

a available value ý 
C cross-diffusion (non-orthogonal) part 
d drop; spray 

4 
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subcychng step 

algebraic corrector step 

k corrector step 

nor direct (orthogonal) part 

0 old-time value 

P related to cell P 

fluctuation about Reynolds mean value; 

relative pressure; intermediate value 
fluctuation about density-weighted (Favre) mean value 

Symbols 

partial derivative 

Reynolds mean value; average; normalised 
A instantaneous value 

density-weighted (Favre) mean value 
V gradient operator 

scalar product 

Abbreviations 

ATDC after top dead center 
BCG bi-conjugate, gradient 
BDC bottom dead center; also used as subscript 
CFD computational fluid dynamics 

CIO droplet Courant number 
CG conjugate gradient 
DI direct injection 

DIO duration of injection 

EOI time at end of injection; also used as subscript 
FEM finite element method 
IV inlet valve 
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LHS left hand side 
AIPI Max Planck Institute 

Nu Nusselt number 
0V Outlet valve 
On Ohnesorge number 
Pe Peclet number 
Re Reynolds number 
RHS right hand side 

rms root mean square 

SC Schmidt number 

A Sherwood number 

SOI time at start of injection; also used as subscript 

TDC top dead center; used as subscript too 

We Weber number 
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Chapter 1 

Introduction 
f, 

1.1 Background 

Internal combustion (IC) engines date back to the late 19th century when the first 

spark-ignition and compression-ignition (diesel) engines were developed. Since then, 

they have experienced a rapid development which has ensured their dominant role 
in the transportation (land, sea, air) of the 20th century. Throughout this period, 

the design, performance and efficiency of the engines have been improved mainly as 

a result of continuous research driven by the competition between manufacturers. 
Especially rapid progress took place after World War II, when the new materials 

and technologies were invented, and when the passenger car became accessible in 

the developed countries to 'ordinary' people. 

As is the case with many of man's activities, the wide-spread usage of IC engines 

in, transportation creates negative effects. The first well-known one. was the air pol- 
lution problem in the 1940s in Los Angeles, resulted from reactions of the nitrogen 

oxides and hydrocarbon compounds from the automobile exhaust gases [100]. It 

has been realised since then that automobiles in urban areas are a major cause of 
high concentrations of nitrogen oxides, hydrocarbons, carbon monoxide and soot. 
Taking into account that these compounds can cause a variety of health problems to 

the population, many countries have decided to introduce stringent emission stan- 
dards for automobiles. A similar response has developed towards noise pollution, 

since IC engines are important noise sources in towns. While this practice of leg- 

25 
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islative restrictions on the pollutant and noise emission levels was limited at the 

early stage to the developed countries, it seems the same path will be followed by 

others. Moreover, there is a persistent pressure from different 'green' movements for 

the further reduction of permissible emission levels. Due to this development, the 

engine manufacturers are faced with problems of building the engines which fulfiU 

these demands. 

A later blow to the automobile manufacturers was the oil crisis in the 1970s, when 

the oil prices become so high that the development of low-fuel-consumption engines 

was seen by companies as the way to survive. The oil crisis not only emphasized the 

importance of engine efficiency, but also caused the extensive utilisation of diesel 

engines in passenger cars, due to their known beneficial fuel consumption efficiency. 

This trend has been much more visible in Europe than in the USA, since Europe 

has traditionally higher fuel prices, and is more sensitive to the fuel costs. Fig. 1.1 

(taken from [144]), where the percentage of diesel registrations in the EEC countries 

vs. years is shown, illustrates the trend. Also, port-injection spark-ignition e. ngines 

have become much more common. Iý-': I 

The oil crisis also initiated consideration that fossil fuels'are non-iegenerative 

energy sources, and that their exploitation need more rational management. This is 

the background for demands on engines to be able to use fuels of different ignition 

qualities, which again was in favour of diesel engines. 

All the aforementioned developments, together with the similar demands on gas 

turbines, intensified research on sprays and mathematical models thereof', because 

spray behaviour has a key role in mixing and combustion processes in diesel . engines, 

port-injection, spark-ignition engines and gas turbine combusters. It became dear 

that the old design tools used in automobile industry, mainly consisting of empirical 

correlations of the engine processes based on measurement, sometimes used in con- 
junction with zero- dimensional analysis were not sufficient. New approaches, both 

experimental and computational, required to be developed, which could offer de- 

tailed insight into the in-cylinder phenomena, to enable designers proper assessment 

and selection between different variants of engine. Hence, new experimental meth- 

'Sprays have many other applications, but they are beyond the scope of this work. 
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ods and numerical simulation approaches have been and are still being developed. 

They are complementary and benefit each other. 
In the following two sections, (1.1.1) and (1.1.2), general computational and ex- 

perimental methods for engine analysis will be briefly described. In section (1.2)? 

the overall processes in diesel engines are described, followed by the review of ap- 

proaches to the spray modelling. Efforts made in this thesis to build a consistent 

mathematical model of spray-gas behaviour and computational procedure for its 

solving, and to investigate effects of various spray submodels, empirical correlations 

and numerical procedures, are summarised in §(1.3). §(1.4) deals with the outline 

of the thesis. 

1.1.1 Computational methods 

The starting step of all computational methods is a mathematical model of the phys- 
ical/chernical processes to be predicted or simulated. However, this mathematical 
description necessarily neglects some less important or less influential phenomena 
in order to reduce the complexity of the final mathematical model. Generally, such 

models can be categorised into phenomenological and multi-dimensional categories 
(MDMs), [78]. The former consists of zero- dimensional and one-dimensional mod- 

els. The zero-dimensional models ignore spatial variations of flow parameters, and 
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are capable of predicting only their temporal variations. In the one-dimensional ap- 

proach, the full three-dimensional forms of the governing equations are reduced to 

one-dimensional by ignoring or making assumptions about variations in two other 

spatial directions. The MDMs are much more complex, but they offer prediction of 

the spatial and temporal distribution of flow parameters. In this sense, the mathe- 

matical model can be seen as an approximation of the real processes to the required 

or acceptable level of accuracy, generally given as a set of coupled differential equa- 

tions. 

The second step comprises a solution procedure of this set of equations, which 

can be analytical or numerical. Unfortunately, only few problems, usually very sim- 

ple and of a minor practical interest, have analytical solutions. Therefore, various 

numerical methods have been developed and used. In general, these methods con- 

sist of discretisation of the solution domain into a finite number of subdornains, 

and approximation of the original equations by a system of simultaneous algebraic 

equations, linking the variables in these subdomains. Solution of this system by a 

solution algorithm provides a set of numerical values at these subdomains, which 

represents the approximate solution. Intuitively, one expects better accuracy if a 
large number of subdomains is used, but then corresponding large number of si- 

multaneous equations must be solved. This has became practically possible by the 

appearance of digital computers. 

The appearance of the first digital computers in the 1940's, and their rapid de- 

velopment since then, as well as a rapid improvement and development of a various 
numerical methods, especially in the last 15 to 20 years, have boosted wide ap- 
plication of, firstly, codes based on the finite element method (FEM) in the fields 

of structural analysis, and then various FEM or finite volume (FV) CFD codes in 

analysing complex fluid flows, in all types of application. 

The FEM originated from the field of structural analysis by the pioneering works 
of Argyris and Kelsey [15], Turner et al. [214], and Clough [45], and found its 

successful application in the continuous field problems by works of Zienkiewicz and 
Cheung, [229) and others. For fluid flow problems, the general approach by the FEM 

was developed by Chung [42], and recently by Baker [191 and Hirsch [103]. 
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The FV method has its roots in the field of fluid mechanics. The first works 
date back in the late 1960's and early 1970's; Gosman et al. [87], MacDonald [1331 

and others. From then on a number of general and special-purpose CFD codes 

were developed, including: TEACH-TJ811, the two-dimensional TONCHAS' code 
[37] and its improved three-dimensional counterparts TIVA' [111, 'STAR-CD' [194], 

'SPEED' [88], [86) and others; see also the review in [1611. 

However, it is difficult to generally assess the potential possibilities of all these 

codes in predicting complex flows because, in contrast to the well-developed and 

a ccurate mathematical models available in the field of structural analysis (at least 

for practical engineering calculations), in fluid mechanics there are still a number of 
incomplete or non-universal mathematical models. The main problem is in the mod- 
elling of turbulence; the existing simpler models fail in some circumstances, while 
the application of the more complex models of turbulence in engineering problems 

are, beyond the acceptable financial and/or computational resources. There are also 

a number of other processes in fluid mechanics which are incompletely understood 
and which do not have satisfactory models, including for example sprays, as will be 

pointed out in this study. It must also not be forgotten that the numerical method 
introduces additional potential errors, mentioned above, and that only solutions on 
different mesh densities enable these to be evaluated. 

All the aforementioned -give'reasons for the cautious conclusion that CFD can 
in principle, offer a powerful tool in predicting flows if used in a proper manner and 
by experienced users. This is one of the reasons why the CFD became so attractive. 
The second reason is the greater ease and lower cost of investigating the effects of 

variations, in engine geometry and/or flow parameters than the experimental ap- 

proach can offer. In these cases the CFD gives quicker and more detailed answers 
to designers of the trends of solution - the information of real importance. However, 

it would be wrong to claim that the stage where the engine designing can rely only 

on the CFD methods has yet been reached. ý 

The efforts made in this thesis should be seen in a light of further assessment of 
proposed models of spray processes, and investigation of their particular affects on 

the overall gas-spray behaviour. 
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There is a large number of experimental methods used for flow measurement. They 

can be classified as a local, global and visualisation. The latter involves photograph. 

ing of flow with or without seeding (tracing) particles. The global methods give, only 

overall information on flow. The methods of real interest for providing detailed flow 

parameters at different sites in the flow are the local methods. They will be briefly 

reviewed here. 

Classical measuring techniques for velocity measurements are hot-wire and laser- 

Doppler anemometry (LDV). The former is older and despite its limitations (prob- 

lems with calibration, restricted application due to limitations on the diameters of 

wire, etc. ) is still used and capable of providing useful information, [1021., 
, 

The LDV technique dates back to the early 1970's, and from then on its appli- 

cations have seen a rapid increase. It requires optical access to the measuring sites 

(expensive modifications and reconstruction of apparatus are often unavoidable), 

and usually seeding of the flow. Although laser measurement equipment is expen- 

sive and demands expertise, this technique today represents the main research and 

development tool in flow measurements. 

Various laser-based techniques have been developed for measuring scalar pa- 

rameters of the flow; concentration can be measured by laser-induced fluorescence, 

Rayleigh and Raman scattering techniques, and temperature by the coherent anti- 

Stokes Raman scattering (CARS) method. 

Particle velocities in dispersed two-phase flows can also be measured by LDV. 

Phase-Doppler anemometry (PDA), another laser-based technique, is used for par- 

ticle size measurements. These techniques have important applications in spray 

measurements, providing data for better understanding of spray processes and their 

modelling. However, they can be used only in regions of low droplet number density 

(dilute regions), at the periphery of spray and far from the injector, because the 

dense-spray region is non-transparent to the laser beams. 

Reviews of the measuring methods can be found in Arcoumanis and Wldtelaw 
[14] and in a recent book by Taylor [201]. 
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1.2 Previous and related studies 

Processes in diesel engines 

Internal combustion engines can be grouped, with respect to ignition, into two cat- 

egories, namely, spark-ignition (SI) or Otto, and compression-ignition (CI) or diesel 

engines, and with respect to the number of strokes, into two-stroke and four-stroke 

engines. There are two main types of diesel engines; direct-injection type (DI), 

where the injection of fuel takes place in a chamber directly above the piston or in 

the bowl-in'piston' chamber, and indirect*-injection type (IDI) where the injection 

occurs in a separate chamber connected to the main chamber by a nozzle-type pas- 

sage, Fig. L2. Diesels can be further classified into two groups; naturally aspirated 

engines, where atmospheric air is induced into the cylinders, and charged engines 

where the inlet air is compressed, either by an exhaust-driven compressors (tur- 

bocharged engines), or by the mechanically driven blower (supercharged engines), 

[100]. 
Although there are substantial differences between processes in Sl and Cl engines 

(preparation of the fuel-air mixture, ignition and combustion processes), their in- 

cylinder flows share the following common features: 

* it is three-dimensional and unsteady with a rapid velocity changes, 

9 it is turbulent at all engine speeds, with a time-varying range of length scales, 

from the smallest dictated by the gas viscosity, to the largest limited by the 

cylinder dimension, and 

* it is compressible, due to the time-varying cylinder volume. 

In four-stroke engines, the engine cycle starts with the induction stroke in which 

a premixed charge, 'in the case of SI engineS2, or air, in the CI engines, is sucked 
into the cylinder. On its the fluid goes through the intake system consisting of 

the air filter, inlet manifold, intake ports and inlet valve openings (valve curtains). 
The main role of the inlet manifold is to uniformlY'distribute the flow to the intake 

2In. the case of port-injection SI engines, the intake air at the c'ylinder entrance, contains liquid 

- fuel in the form of a spray. 
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ports with minimum pressure losses. The intake port's task is to distribute the 

fluid at the valve curtain, or in the case of swirl-producing ports (pre-valve swirl 

generation), to form a flow pattern at the valve curtain which has a substantial 

net, angular momentum about the cylinder axis. The inletyalve opens and closes 

the inlet passage, and in the post-valve swirl generation designs, the inlet valve is 

specially shaped to discharge the flow tangentially toward the cylinder wall where 

it is deflected sideway forming a swirl motion. The valve cross section area and 

discharge coefficient vary with the valve movement. The swirl motion is used, in 

SI engines, to speed up the combustion process, and in diesels to promote mixing 

between the air and injected fuel. (In two-stroke engines it is alos used to improve 

scavenging). For a review of the various designs of intake ports and intake valves 

see for instance Heywood [1001, and Arcoumanis and Whitelaw [14]. 

Outict Injector Inlet 
valve 

valve 

l 
_-Bow 

Piston 
fings 

ý 11 11 11 ; 

a) b) 

Prechambcr 

Figure 1.2: Types of diesel engines; a) Direct-injection, b) Indirect-injection 

In order to maximise the engine volumetric efficiency (defined as 'tlýe intake 

volume flow rate of the fluid divided by the rate at which volume is displaced by 

the piston, [100]), special care is paid to the design of manifold and intake ports to 

avoid any unnecessary restrictions to the flow and flow separations. 

The f6flowing stage of the engine cycle is the compression stroke, during which 

the piston moves up, reducing the cylinder volume, and increasing gas density and 

temperature. The in-cylinder flow is subjected to substantial changes. In DI engines, 
the tangential (swirl) component of velocity in the bowl increases (according to the 
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law of conservation of angular momentum, since more gas mass is concentrated in 

the bowl, closer to the cylinder axis), and in IDI engines, a swirl in the prechamber 

starts, induced by the flow through a narrow connecting passage, Fig. 1.2b. 

At some instant, usually a few CA degrees BTDC, injection of fuel takes place. 

The liquid fuel, usually injected at high velocity through one (IDI engines) or more 
injector holes (DI engines), interacts with the surrounding, high-pressure and high- 

temperature air and penetrates into the combustion chamber. The fuel vapourises 
and mixes with the air, and after a few crank angle degrees ignition delay, the 
fuel-air mixture spontaneously ignites and starts burning. 'The heat released by 

combustion increases the''pressure and temperature in the cylinder, which pushes 
the piston toward the BDC producing a mechanical work (expansion stroke). Before 
the piston reaches BDC, the outlet valves starts opening. Burned gases exit the 
cylinder, firstly, due to the higher pressure in the cylinder than in the outlet port, 
and then by the piston displacement towards the TDC (exhaust stroke). With the 

exhaust stroke, the engine cycle is completed. 
Even from this simplified description of the engine cycle, it can be seen that the 

diesel-engine processes are extremely complex; they are dependent on the cylinder 
geometry, in-cylinder gas parameters, injection system and fuel characteristics. The 
flow which begins as single-phase, but after the start of injection becomes two-phase, 

with a heterogeneous chemical composition, due to the local fuel evaporation, and 
steep gradients of all flow properties as a result of combustion. On addition, there is 
heat transfer between the in-cylinder gases and the chamber walls, as well as losses 

of the gas mass between the piston rings and cyfinder liner. 

Since this thesis deals with the multi- dimensional diesel spray predictions, in 
this section, only works related to the multi-dimensional engine calculations will be 

considered 3. In the following section, a detailed review of approaches to the spray 

-gas modeUing will be given. 

The first multf- dimensional prediction method was developed by Watkins [217] 

who calculated laminar-flow in an axisymmetric engine without valves. It was fol- 

'' , 'A review of the phenomenological models can be found in Dlumberg et al. (30], Watkins [217] 

and Heywood [100]. ' 
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lowed by the works of Diwakar et al. [561, which made numerical predictions of 

the two-dimensional inviscid flow and temperature fields in engine with intake and 

outlet ports. Later Watkins [217] performed calculation of three-dimensional tur- 

bulent flow, and the group at the Los Alamos National Laboratory, [371 and [111, 

included a combustion calculations for the first time. Significant contributions to 

the modelling of turbulence in engines were made by El Tahry [601., A number of 

further studies have been made; no attempt will be made to report them-here since 

they are comprehensively reviewed in the works of Ahmadi-Befrui [6], Gosman [78] 

and Begleris [24]., However, reference will be to research at Imperial College; by 

Ahmadi-Befrui [6), Begleris [24] and Tsui [210], as well as that of Theodoropoulos 

[2041, who deals with methodology employing unstructured meshes., The last men- 

tioned is particularly relevant because in the present thesis the same numerical basis 

has been used and extended. 

1.2.2 Approaches to the spray modelling 

The gas-spray interactions comprise a number of processes such as atomisation, drop 

breakup, droplet collision and transfer of mass, momentum and energy between 

phases. Also, there are other phenomena which do not involve direct interaction 

with the gas phase, but influence or are affected by these interactions. The flow 

in injector nozzles and spray-wa, 11 interactions are examples of these. All of these 

processes have to be included in a complete model to properly simulate sprays in 

diesel engine chambers. This is achieved by assembling a number of submodels which 
describe particular processes. In this section, a summary of general approaches to the 

gas-spray modelling will be given. Detailed reviews of approaches to each particular 

phenomenon will be given in the introductory part of its description in the following 

chapters. 

There are several theoretical methods of treating sprays and several ways to 

group these methods. One of the divisions, extracted from Faeth [681 and [691, 

applied to general dispersed flows (spray, particles and bubbles) is shown in Fig. 1.3. 
According to this, approaches to the multiphase flow description can be grouped into 

two main categories depending on the manner of treatment of the phases. The first 
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is the locally homogeneous treatment (LH) in which the multiphase flow is treated 

as a variable-property single phase flow. The LH treatment implies local kmematic 

and thermodynamic equilibrium (and this requires infinite interphase transfer rates) 

with density variations due to the variation of dispersed phase concentration. This 

approach was introduced by Thring and Newby, [205] and Newman and Brzustowski, 

[149]; the following later works made contributions: Shearer and Faeth [1871, Khalil 

and Whitelaw [117], and Mao et al. [134]. This approach is limited to sprays with 

very small droplets, since only in this case the interphase transport rates are very 
high and almost assure the local kinematic and thermodynamic equilibrium. When 

applied to practical spray flows, the results obtained show significant discrepancies 

with measurements. 
The second category comprises separated-flow methods, which model the phases 

separately and take into account the finite interphase transfer rates. The carrier 

phase is treated as a continuum, while the dispersed phase is described by either 
discrete or continuum formulations, Fig. 1.3. The continuum formulations can 
be further sub-divided into two branches depending on how the dispersed phase 
is treated. In one group the dispersed phase is treated as a second, co-existing, 
interpenetrating continuum (Harlow and Amsden [90], Bracco [33], Travis et al. 
[208] and others); and in the other, the dispersed phase is described by a multi- 
dimensional distribution function, Williams [223]. In the latter, a transport equatioll 

of the spray distribution function must be solved , which, since the distribution 

function is defined in a multi-dimensional space, requires large computer storage 

space and computational time (Haselman and Westbrook (93]). 

The discrete formulations, often called discrete droplet'methods (DDM) in the 

spray literature, are most widely used for the calculation of liquid sprays in diesel 

engines. The approach dates back to the mid-1950s in the aerospace industry (see 

Crowe [49] and Crowe et al. [51]), but the real breakthrough in its application was 

made in the early 1980s by the works of Dukowicz [58] and O'Rourke [162). 

In discrete formulations, the spray is represented by a finite number of computa- 
'The Williams statistical spray model, [223], defines a general spray distribution function in 

eight-dimensional space of droplet size, 'location, velocity and time. In [11] the domain is extended 
by the droplet temperature and fluctuating gas velocity. 
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Figure 1.3: Approaches to multiphase flow modelling (from Faeth [68]) 

tional samples, each containing droplets possessing the same characteristics such as 

size, velocity, temperature etc. The motion and interactions of the sampled droplets 

with the surrounding gas are governed by ordinary differential equations using a 

Lagrangian formulation. The interphase transfer rates of mass, momentum and 

energy, which play major roles in these equations, are based on empirical correla- 

tions, so, their accuracy affects the accuracy of the complete spray model. Therefore, 

special attention is paid to these correlations, in both theoretical and experimental 

investigations. 

An important aspect of any spray model is the manner of its representation of 

turbulence effects on the droplet behaviour (turbulent diffusion of particles). In 

many early studies this effect was completely ignored (Gosman et al. [841), or 
introduced in a deterministic way (Abbas et al. [1]). Later a more appropriate 

stochastic approach was proposed by Yuu et al. [226] and Dukowicz [58], and further 

developed by O'Rourke and Bracco, [163], Amsden et al. [11], Gosman and Ioannides 

[83] and others. These methods require an estimate of the mean. and turbulent 

properties of the continuous phase, and relevant length and time scales for particle 

trajectory calculations. 

In the past 15 years substantial progress has been made in the development 

of models of other spray phenomena. Of particular. note are the model of droplet 

collision by O'Rourke and Bracco [163], the model of droplet breakup by Reitz and 
Diwakar [1781 and [1791, of turbulence modulation by Mostafa. and Mongia [146], 
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and Chen and Wood [40], and of spray-wall interactions by Naber and Reitz [1481 

and Watkins and Wang [2181. 

There are continual discussions among researchers regarding the advantages and 

disadvantages of the continuum and discrete formulations of spray. Comparisons 

of the performances of the two approaches are reviewed and discussed by many 

authors: Crowe [50], Gosman and Ioannides [83), Beshay et al. [281, Mostafa and 

Mongia [145] and others. Their conclusions can be summarised as follows. The 

disadvantages of the continuum approach are that it requires very fine spatial dis- 

cretisation in the near-injector zone to resolve steep gradients of the spray properties 

and to avoid numerical diffusion, and that the spray equations must be solved in the 

whole solution domain, Numerical diffusion causes unrealistic distributions of the 

fuel vapour concentration and gas temperature which, in combustion simulations 

may lead to the wrong ignition location with consequences on the prediction of all 

other fields. These methods demand also large computer storage space. The discrete 

droplet formulation does not suffer from numerical diffusion and its calculation of 

the turbulent dispersion is more accurate ([50]). This is offset by the expensive trac- 

ing (in computational terms) of the large number of computational parcels needed 

to represent the spray. Nevertheless, the discrete droplet method is regarded as the 

most accurate for diesel spray calculations and is adopted in this study. 

1.3 Present contributions 

This study is concerned with the simulation of gas-spray behaviour in diesel engine 

conditions, excluding the ignition and combustion processes. It presents the author's 

contribution, which is only a part of the efforts made by a group of researchers at 
Imperial College during past decade to develop a comprehensive computational tool 

for the prediction of flow, spray-gas behaviour and combustion in diesel engines. It 

is also a continuation of a work done my predecessors et Imperial College in the 

spray area, Beshay, [271, Tabrizi, [200] and Zhang, [228]. Their contributions mainly 

relate to spray calculations on structured meshes; Tabrizi, [2001 and Zhang, [228] 

have embedded spray calculation methodology in the EPISO solution procedure, 
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[24] and have introduced spray temporal subcycling procedure, while Zhang has 

developed the first version of a spray methodology for unstructured meshes. 

The following specific contributions to diesel spray simulation have been made 

in this study: 

e Application of two recently developed atomisation m6dels, namely Huh's model 

[108], and a model developed at the Max Planck Institut in G6ttingen (MPI), 

[1581. The first model assumes that the initial perturbations on the surface of 

liquid jet issuing from a nozzle have their origin in nozzle turbulence, and that 

their subsequent growth is caused by the aerodynamic forces at the gas-liquid 

interface. The second model combines the detailed representation of the noz- 

zle, flow and detachment of drops from the liquid jet emerging'from. the nozzle 

by aerodynamic forces, and collision between the large structures in the liquid 

core caused by differences in their velocities. 

* Inclusion of a spray-wall interaction model developed at the Max Planck Insti- 

tut, [1561. This model, based on a number of measurements, simulates three 

possible outcomes of droplet collision with a wall: drop sticking on the wall, 
drop breakup, and drop reflection from the wall. 

9 Simulation of turbulence modulation phenomena by inclusion of additional 

previously-devoid source terms in the k-e turbulence model, extension of the 

predictor-corrector solution procedure to allow for these terms, and examina- 
tion of the effects of modulation on spray and gas behaviour. 

* Investigation of effects of different correlations proposed for the drop drag 

coefficient and coefficients in the drop breakup submodel. 

9 Restructuring of the EPISO solution procedure to incorporate the energy and 
fuel vapour continuity equations, and rearrangement of the solution sequence 
for its application to combustion calculations. 

9 Assessment of the overall method by reference to experimental data for spray 

injected into a quiescent pressure chamber and for two forms of DI diesel 

engine, and investigation of effects of mesh density on the predictions. 
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In Chapter 2, the mathematical model of the gas phase is assembled, taking into ac- 

count the presence of the dispersed phase (i. e. droplets). The derivation starts from 

the instantaneous transport equation for a general conserved property in coordinate- 

free integral form, for an arbitrary moving control volume. Then, this equation is 

density-weighted (Favre) ensemble-averaged, and the resulting additional terms are 

modelled via the k-e turbulence model. Finally, the complete set of governing equa- 

tions for gas are summarised, together with boundary and initial conditions. 
In Chapter 3, a model of the discrete phase, i. e. the spray is presented. The 

discrete-droplet approach is used, in which each computational droplet represents 

a parcel of droplets of the same properties. The model comprises conservation 

Lagrangian equations in ordinary differential form for drop mass, momentum and 

energy, and submodels for atomisation, drop breakup, collision, and spray-wall in- 

teractions. Finally, the coupling source terms arising from the interactions between 

the droplets and gas are assembled. 
Chapter 4 deals with the discretisation of the governing equations. It starts with 

a description of the basis of finite volume method employed for the discretisation of 

the gas transport equations, on general unstructured meshes and with a collocated 

variable arrangement, §(4.2). The discretised form of the general transport equation 
is given in §(4.3), and the full set of discretised gas governing equations is assembled 
in §(4.4). The Lagrangian spray equations are discretised in the first-order Euler- 

implicit fashion in §(4.5). As a result of this discretisation sets of simultaneous 

non-linear algebraic equations are obtained. 

In Chapter 5, the solution procedure for solving the sets of discretised equations 

for the gas and spray is described. The solution procedure is split into two stages, the 

average thermodynamics calculation and the predictor- corrector calculation. The 

equations, apart from the turbulence model set, are temporarily decoupled by the 

EPISO algorithm, enabling sequential solution The equations are then linearised 

and solved by conjugate gradient methods. The turbulence equations are solved in 

their own predictor- corrector sequence, after the other flow equations. 

Chapter 6 deals with the assessment of applied models and calculation proce- 
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dure. The calculated results are compared against experiments' for 'three situations: 

axisymmetric sprays injected into a pressure chamber and injection two types of DI 

optical engine. A comparison of the performance of the two atomisation models 

is given, and the effects of turbulence modulation and spray-wall interactions are 

examined. 

Finally, in Chapter 7, the findings and conclusions are summarised, and sugges- 
tions for future research are given. 



Chapter 2 

Model of the gas phase 

2.1 Introduction 

The aim of this chapter is to set out a mathematical description of the in-cylinder 

behaviour of the gas phase in diesel engines, and provide a framework suitable for 

numerical solution. The mathematical description is based on the assumption that 

the fluid is a continuum, despite the presence of a liquid'phase in the form of droplets, 

so that all the well-dev6loped equations arising from the fundamental principles of 

conservation of mass, momentum and energy can be applied, Truesdell [209] and 

Bird et al. [29]. These equations are presented in an Eulerian frame, where the 

characteristic fluid properties are considered as continuous functions of space and 

time in an absolute frame of reference. An alternative description is provided by 

the Lagrangian formulation, in which the dependent variables are the characteristic 

properties of material particles that are followed in their motion; this description win 
be later used for the dispersed phase. Further assumptions are that the fluid obeys 

the Newtonian law of viscosity, Fourier law of conductivity, Fick law of diffusivity 

and an equation of state. I 

The mathematical model of the gas phase takes into account the foIlowing, fea- 

tures of in-cylinder diesel processes: 

* presence of liquid phase, 

* momentum, heat and mass transfer between phases and at waUs, 

41 
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* multi-component composition of gas mixture, and 

* time changing boundary of the solution domain. 

All of these processes take place in a turbulent environment, where the field 

variables fluctuate about some average values with a wide range -of length and time 

scales. To obtain a solution in these circumstances, the spatial and temporal dis- 

cretisation of domain should be finer then the smallest scales'. This would result 
in an enormous number of discretised equations, whose solution would require com- 

putational and storage performances which exceed the limits of existing computers. 
The application of these methods is therefore restricted to provide new insight in 

turbulence, and data for development of turbulence models. A summary of these 

methods can be found in Reynolds [181]. 

In this study an alternative, widely-used statistical approach will be used, where 

the field variables are resolved into mean (average) and fluctuating components. The 

governing equations are then averaged in order to filter out small scale fluctuations 

and to obtain equations which describe, behaviour of the mean field variables. The 

averaging procedure corresponds to the typical laboratory situation, in which mea- 
surements are taken at fixed locations in a statistically steady flow field, from which 
some mean, representative values are then extracted.. However, because the overall 
features of in-cylinder flows repeat during each engine cycle, the only appropriate av- 
eraging technique is ensemble or phase averaging, defined as an -average of a number 
of identically performed experiments; see Hinze [102] and Heywood [100]. Since the 

original equations are non-linear, the averaging of their non-linear terms generates 
additional (non-zero) statistical correlations, which have the form of the average 
of products of the fluctuating components of dependent variables. However, there 
is no direct way of knowing their magnitudes, therefore they must be modeUed in 

terms of known quantities, or additional (transport) equations for these terms must 
I The smallest length and time scales of a turbulent flow are the Kolmogoroff scales, q and7it , 

respectively, Hinze [102]. Cosman [78] has shown that in an engine environment, their order of 
magnitudes are q= 0(10-'Db) and 171 = 0(10-"rc); Db and Tc stand for the bore diameter and 
engine cycle period, respectively. See also measurements of turbulence scales by Fraser and Bracco, 
[73] and [74] . 
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be derived. In the latter approach, because of the inherited non-linearity of these 

new equations, higher order correlations will appear, which again need modelling 

or further equations. This problem of providing additional turbulence parameter 

equations, which when solved with the averaged flow equations simulates the flow 

behaviour, is known in the literature as a closure problem, [122]. 

Generally, the closure problem can be approached by: 

* models based on the Boussinesq hypothesis, [321, often referred to as or 'eddy' 

viscosity models, and 

e Reynolds stress models (RSM). 

The methods of the first group range from algebraic models to different variations 

of two-equation differential models; see Launder and Spalding [122). These models 

have been widely used in the calculation of turbulent flows. The models of the 

second group are of much higher complexity. They require solution of seven or more 

differential equations, and have been less frequently used in engineering calculations. 

In the present study, the two-equation k-e turbulence model is applied. With 

these additional 'turbulence' equations the total number of equations is equal to 

the number of unknowns, and with the given initial and boundary conditions, the 

system is completely determined. 

Because all the equations of conservation (transport) of mass, momentum, energy 

and chemical species are of similar form, the presentation in the following section 
begins with a general transport equation for a general variable 0, for single-phase 
flow., This equation will be given in an integral form, for an arbitrary moving control 

volume. Then, the presence of liquid phase will be taken into account, and averaging 

will be performed, yielding the final form of the general transport equation. This 

will provider basis for all averaged equations needed for the flow description. In 

section §(2.3) these equations, along with the required constitutive relations, will be 

assembled. 
The initial and boundary conditions are considered in §(2.4). Four types of 

boundary conditions are examined: inflow/outflow boundaries, symmetry planes, 

cyclic boundaries, and walls. Since the presence of walls causes steep gradients in 



44 CHAPTER 2. MODEL OF THE GAS PHASE 

the nearby flow properties, special treatment is needed at these boundaries, In this 

study, the 'wall function' approach (Jones and Launder [1151) is used, in which the 

flow conditions at the walls are linked with those in the interior of the, solution 

- doniain via algebraic expressions. 
Transfers of mass, momentum and energy between the gas and spray are repre- 

sented in transport equations by additional source terms:. Their complete expressions 

will be given in the foHowing chapter. 

2.2 General transport equation 

2.2.1 Instantaneous transport equation 

In an Eulerian description of a single-phase flow, the conservation of a transferable 

property ý, defined per unit mass, in an arbitrary moving spatial region of volume 
V bounded by a closed surface S, Fig. 2.1 reads, [209],: 

d 
Ttj^,, 

ýW +fdS-&#i-Ub)ý =-fdS-A,,, 40 P0 dV 
s rn 

I IV 

where p,,,, represents the microscopic fluid density, u is the fluid velocity, ub is the 

velocity of the boundary of the volume V; 41,,, is the molecular diffusivity flux vector 
(or if 0 is a vector, 41' stands for a second-order tensor, a case which will be addressed rn 
later on), and so stands for the volumetric source of the property ý, per unit time. 

The hat sign, ̂ , over symbols denotes the instantaneous values of these quantities. 
The four terms in this equation are the transient term (I), the convection term (II), 

the diffusion term (III), and the source term (IV), respectively. 
To simplify notation, from now on, the relative velocity fi, defined as: 

Ur "U- Ub (2.2) 

will be introduced. It is important to note that the considered control volume must 
obey the so-called 'space conservation law', Demirdzic [551, which reads: 

dI 
dV, = 

f dS. Ub (2-3) Tt s 
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Figure 2.1: Control volume. 
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Eqs. (ýA)'and (2.3) represent the general conservation law of a property 0 in an 

arbitrary moving control volume. In Eq. (2.1), 0 can stand for a tensor quantity of 

an arbitrary order. In that case, so is the tensor of the same order as ý. It has to be 

emphasized again that above equations are strictly valid only for single-phase flow. 

With further assumptions, and by introducing a new field variable, their application 

can be extended to the two-phase flows. This is the subject of the following section. 

2.2.2 Effects of the dispersed phase 

The presence of a dispersed liquid phase affects the gas phase in two primary ways. 

The first is the transfer'of property 0 between the phases; this could be the transfer 

of mass, momentum or energy. This contribution to the gas phase wiU be represented 
by an additional source term, A in Eq. (2.1), which represents the rate of exchange 0 
of property 0 between phases per unit volume. The second effect is the reduction 

of space available to the gas phase due to the presence of spray. In other words, 

the liquid phase occupies space which would otherwise be occupied by the gas, thus 

displacing it. This phenomenon is handled by the introduction of the void fraction 

V, Travis et al. [2081, -defined as: 

e(x, t) = um 
. 

bv(x, t) - bvl (X, t) (2.4) 
6v--66v bv(x, t) 
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where 6V(x, t) is the volume enclosing a point x at time t, bVI(x, t) is the volume of 

liquid phase inside 6V and bV* represents the smallest volume for which the ratio, 

Eq. (2.4), approaches a definite limit asymptotically. When this concept is applied 

to the general transport equation, Eq. (2.1), it takes the following form, Soo [191]: 

d 
rn 

+ 
1po 

+ ýd 

ss 
=-f dS- P40" 

Tt dV +fs) dV (2.5) P dS- Pfi, -ý 

in which A, usually called the apparent or macroscopic density, is defined by: 

19 (2.6) 

In the next section, the averaging of Eq. (2.5) wUl be considered. 

2.2.3 Ensemble averaging 

The selection of averaging methods depends on the characteristics of, turbulent flow, 

and according to Hinze [102], the following three averaging method can be distin- 

guished: 

1. Time averaging for a stationary turbulence, 

2. Space averaging for a homogeneous turbulence, 

3. Ensemble averaging for a series of identical experiments. 

All these methods can appear in two versions, unweighted (Reynolds) and weighted. 

(Conditional averaging, [130] and [57], can be considered as the -special case of 

weighted averaging). Among the latter methods, the density-weighted - averaging 

suggested by Favre, [711, and later on named after him, has some features which 

favour its application to compressible flows and flows with combustion, i. e.: 

e It keeps the number of additional terms to a minimum in the way that all 
first-order correlations between the Favre fluctuating components and instan- 

taneous density are equal to zero; and 

9 The physical interpretation of particular terms in averaged transport equations 
is dearer and the resulting (final) form of the equations is similar to the original 
form. 
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As was mentioned in the introduction, the only appropriate averaging technique 

for transforming instantaneous equations into the averaged ones, in the context 

of unsteady sprays, is ensemble-averaging. Taking into account the aforementioned 

features of the density-weighted averaging, in this study, density-weighted ensemble- 

averaging technique is used. 

However, the density-weighted averaging technique presents a problem in the 

extraction of unweighted quantities from the weighted predictions or measurements, 

when corresponding unweighted data are available for comparison (for instance, 

velocities measured with LDA are regarded as the Reynolds averages, as opposed 
to those measured by a hot-wire technique, [102]). In these cases, the unweighted 

values are calculated from Eqs. (A. 5)2, and, as can be seen from these relations, an 

additional correlation has to be known. 

As originally proposed, the Reynolds and Favre ensemble- averaging techniques 

operate as follows. Let A,. (x, t) and ý(x, t) represent the instantaneous values of 

microscopic density and any other variable at the location x and time t, respectively. 

Then ý(x, t) can be decomposed into two components: 

for Reynolds averaging by: 

A 

O(x, 0= 7(x, 0+ 0'(x, t) (2.7) 

and for Favre averaging by: 

ý(X, t) = ý(X, t) + 0"(X, t) (2.8) 

Here, 'O'(x, t) and ý"(x, t) denote the fluctuations about the Reynolds, 7(x, t), and 
Fivre, ý(x, t) mean values, defined as: 

f 
i 

7(X, t)-= UM-7E0(X9t+i7C) N--*oo i=l 
(2.9) 

N 

X, t) 
lim 7E^.. (X, t+ irc) O(x, t+ irc) O(x, t) p 

m(XI 
t) 

2 Given in Appendix A. 1 



48 CHAPTER 2., MODEL OF THE GAS PHASE 

The last equation can be expressed, via Eq. (2.9), ýby: - 

O(x, t) =-p. (X, t) 0(X, t) 
T. (XI t) 

In Eqs. (2.9) and (2.11) rc is the time period of an engine cycle, (X*, t) is the 

Reynolds mean of density, and N is the number of identically performed experiments 

(equivalent, in the engine case, to the number of engine cycles). The above formula 

can be applied directly to the equations which describe single-phase flow, see for 

example Begleris [24]. 

In gas-spray flows, the situation is more complex since both microscopic density 

and void fraction fluctuate about their mean values. Therefore, it is necessary to 

consider how to accommodate this during averaging procedure. This can either be 

done by treating 0 as any other field variable, i. e. by calculating its Favre mean 

or by taking the previously introduced apparent density, as 

a new weighting quantity. The latter is our present choice, because it gives simpler 

averaged equations, and, apart from few terms, V does not (explicitly) appear in 

these equations. However, this requires redefinition of the Favre mean value, as 
fouows: 

(2.12) 

where 
(2.13) 

In Eqs. (2.12) and (2.13), the symbols x and t are omitted. Other useful relations 

which link Reynolds and Favre averaged quantities can be found in Appendix A. 1. 

During averaging of the transport equations, there will be terms where the void 
J fraction multiplies some field variable (for instance a term VVP in the instantaneous 

gas momentum conservation equation). In these cases, averaging win produce new 

unknown correlations like VIVp', involving fluctuating components of the void frac- 

tion and this variable. These correlations need to be expressed in terms of known 

quantities, so further modelling would be required. Since there is no general ap- 

proach to the modelling of these terms, at least to the knowledge of this author, and 
following the practice in [200], these correlations will be omitted. 
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2.2.4 Favre-averaged transport equation 

When the instantaneous equation, Eq. (2.5), is subjected to density-weighted ensem- 

ble averaging, the result is: 

v VTýdV 
+I 

d 
dSqiiirý Tt s 

++ -sdýo) dV (2.14) 

As is the case with all non-linear terms, their averaging produces additional unknown 

correlations, in this case AýIlull. This term represents the turbulent diffusion flux of 
0, and must be known in order to dose the set of equations. 

At this point a distinction will be made depending on the scalar/vector nature of 
because the diffusion terms ; 5411 and ýýu" then have essentially different forms. 

M 
Firstly, the case when 0 is a scalar will be considered. 

2.2.5 Scalar transport equation 

In this case, with respect to our assumption mentioned in §2.1 that the fluid obeys 
Fourier/Fick's law of diffusivity, the instantaneous diffusion term can be expressed 

as, [291: 

PI= -0,0W 4-m (2.15) 

where fj is the coefficient of molecular (kinematic) diffusivity. After averaging, and 

neglecting fluctuations of fo, which is justifiable on the ground that the fluctuations 
A of IPO for non-reacting flows are small, (220], this term reads: 

A40M = -Tr6vý 
(2.16) 

The term which represents the turbulent diffusion, is modelled by assuming an 
analogy between molecular and turbulent motion (the Boussinesq turbulent viscosity 
hypothesis, [32]), as: 

- 
Wulf 

= Tro, tv (2.17) 

where r,,, is the turbulence or eddy (kinematic) diffusion coefficient which, in con- 
trast to the molecular ý coefficient, is not a fluid property but depends on the local 

state of turbulence. - 

77i\ 
. 4,. L) 
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The sum of these two diffusion fluxes yields: 

+ 

where 
ro,, ff ý r. + r., (2.19) 

Here, r,,,, f stands for the effective diffusivity, which allows for the combined molec- 

ular and turbulence transport of property 
By substituting Eq. (2.17) into Eq. (2.14) the averaged general transport equation 

reads: 

dI 
TýX+f dS-7@, ý= f ds-; 5r,,,,, vý+j(ýTo+-sd, )dV (2.20) 

s Tt s 
The diffusivity coefficient r,,,,, is usuaIly expressed in terms of the effective 

viscosity (see §(2.2.6)) and Prandtl/Schmidt number (regarded as constant), de- 

termined from experiments. Values of Prandtl/Sdhmidt numbers for all the scalar 

variables are given in Table 2.1, [241. 

For convenience, the symbols - and - in Eq. (2.20) will be omitted from now on, 

so its final form reads: 

dI 
po dV + dS. puO dS- p r,,, vo + I(so 

+ Sd 0) dV (2.21) 
Tt s 

I= 
0 1 Yft 

ao 

Table 2.1: Prandtl-Schmidt numbers 

2.2.6 Vector transport equation 

In the present mathematical model of the continuous phase, only one conservation 

equation of a vector variable will be considered, namely the momentum conservation 
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equation. Then 0 stands for the velocity field, u, and in Eq. (2.5) (or its 

averaged counterpart in Eq. (2.14), T 4u ) represents the molecular stress tensor. 
M 

For Newtonian (single-phase) fluids the instantaneous molecular stress tensor is 

defined as, [29]: 

I+ Tn (2.22) 
rn 

where p is the thermodynamic pressure, I is the tensor unit, and T,, is the molecular 

shear stress tensor given by: 

2 (2.23) 
3 

In this equation v,, is the molecular kinematic viscosity, and D is the rate-of-strain 

(deformation) tensor: 
Vil + (Vfi)T (2.24) 

In the presence of the second phase, the void fraction multiplies the stress tensor 

(Eq. (2.5)), so the complete force exerted on a fluid in the control volume due to 

the stress tensor, obtained by the integration over the entire control volume and by 

applying the Gauss divergence theorem on the pressure term, becomes: 

IdS. ý(-pl+'k )=-I V(ý P) dV + dS- (2.25) 

The integrand of the first term on the RHS of Eq. (2.25), V(ý P) can be resolved as: 

19vp + ývo (2.26) 

and the'last term in the above equation is discarded on a reasoning that its presence 

would violate equilibrium for an inhomogeneous droplet distribution in the absence 

of gravity, see Harlow and Amsden [9013. 

Substituting Eqs. (2.23) and (2.24) into Eq. (2.25), taking into account the above, 

and its averaging, the foRowing final form is obtained: 

dS4(-P I+ T,. ) = -1: ýVpdV+ is dS- im (2.27) 

3 This is well-known problem of transforming a surface or volume integrals over a single phase 

to integrals over the entire control volume. In the cited paper (and in the paper by Travis et al. 

[208]) the authors, by employing a statistical distribution function for the dispersed phase, argue 

that the term pVd does not exist if the dimensions of particles are small compared to the scale of 

pressure variations in the continuous phase. 
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where in is defined as: 

(2v,,, b 
-2 VmV - ii 1 (2.28) 

Vii + (Vii)T (2.29) 
2 

In the above expressions, the fluctuation of v,. is neglected on the same grounds as 

was neglected fluctuation of the scalar diffusivity in the previous section. 

The turbulent diffusion term, Fuýýuý' (the momentum counterpart to ý011u", 

which appears as a result of the averaging of instantaneous convective term, see 

Appendix A. 2.2), is a tensor, usually called the Reynolds stress tensor. In analogy 

with the molecular stress tensor, this tensor, which now includes the normal and 

shear components, is modelled according to: 

22 
Tt =T(2vtD- -vtV-ii I) -Pk I 

33 
(2.30) 

Here vg is the turbulent or eddy (kinematic) viscosity, which will be given in §(2.3.4) 

by Eq. (2.46), while k denotes the kinetic energy of turbulence, defined as: 
1- 
i Ulf. Ulf (2.31) 

The sum of the molecular shear stresses and Reynolds stresses yields: 

vff (2D -2V- fa- 1) -2 
11 (2.32) T,.,, + Tt =T1331 

where vff is the effective viscosity, which combines molecular and turbulence trans- 

port, defined as: 

Vqf = vm + vt (2.33) 

The momentum transport equation, i. e. the case when 0=u, wiH be given in 

(2.3.2). 

2.2.7 Favre-averaged constitutive relations 

The working fluid is assumed to behave as an ideal gas, thus the gas state parameters 

- pressure, density and temperature (p, p,,,, and T) obey the ideal gas law: 

AA b,,,, RT (2.34) 
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where R is the individual gas constant which depends on the gas composition. As- 

suming that the gas constant fluctuations due to the fluctuating gas composition are 

small and can be neglected, favre-ensemble averaging of the above equation yields: 

PPm1T (2.35) 

The caloric equation links the gas internal energy with the gas temperature via 

the specific heat capacity cý. In the present case c, depends on the gas temperature 

and composition, represented by the mass fractions (Y,,, ) of the a gas components 

Y, i. e. cý = c, (Y., T), so the instantaneous gas internal energy is as foilows: 

8=ý. (t - T"f) (2.36) 

where c, (Y., T), and T,., f is the reference temperature. Favre-ensemble aver- 

aging of Eq. (2.36) gives: 

E=ý, (T - T"f) (2.37) 

where: 

c. = cv (Y, T) (2.38) 

In Eq. (2.37), it is taken that the correlation T-e. T" is small and can be neglected. 
The other constitutive relations - Fourier's law of heat conduction, Fick's law 

of diffusion, and Newton's law of viscosity, were described in the previous section 
(§(2.2.5) and §(2.2.5)) and wiU not be repeated here. 

2.3 Governing equations 

2.3.1 Mass conservation equation 

The gas phase in diesel engines is a mixture of various components. Since the 

total mass of gas in the cylinder, despite chemical reactions, can not be created or 
destroyed, it can only be changed by some external source or sink. In the present 

case, the vapourisation (or condensation) of the fuel, represents this 'source'. Thus, 
the mass conservation equation of the mixture is given by: 

dd 
TI pdV+ dS-pu, S dV (2.39) 

t 



54 CHAPTER 2. MODEL OF THE GAS PHASE 

where al is the rate of change in vapour mass by evaporation (or condensation) per 

unit control volume. 
Since the evaporation and chemical reactions change the composition of mixture, 

the mass conservation equations of individual components must also be considered. 
Generally, the mass-conservation equation of the component a, where sy. stands for 

its mass consumption/production rate per unit volume, reads Q2241 and [1911): 

d 
pY,,, dV + dS - pu, Y,, dS . pr, vy,, +I sy. dV (2.40) Tt sv 

Here Y,,, is the mass fraction of a defined as the ratio of the mass of that'component 

per unit mass of mixture, i. e. : 

(2.41) 

where q, is the partial density of considered component. 
In describing the composition of a non-reacting mixture, composed of air and a 

single-component fuel, just one additional field variable is required, here taken as 
the fuel vapour mass fraction, Yft. Its conservation equation is: 

d LpYft dV+ I dS-puYft =I dS. pryl,,., ffvyft +Lsy,, dV 
ss 

(2.42) Tt ss 
where sy,, = sd is the spray evaporation rate per unit volume. 

2.3.2 Momentum conservation equation 

FoUowing from Eqs. (2.14), (2.27) and (2-30), the momentum conservation equation 

can be expressed as foRows, [208] and [90]: 

d IpudV+IdS. 
pu, u t9VpdV+ Tt s 

+I dS. (T,, + Tt) + 
s s 

+1 Sd u 
dV (2.43) 

In this equation Sd U is the rate of momentum exchange between the droplets and 
the gas phase per unit volume, while p, T.. and Tt have already been defined in 
§(2.2.4). Note here that gravity is neglected, since its effect is negligible compared 
to inertia and viscous forces, White [220]. 
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The molecular shear stress and Reynolds stress tensors were defined in §(2.2.4) 

by Eqs. (2.28) and (2.30). With these relations, Eq. (2.43) can be recast into: 

d 
s ý, -jpudV+jdS-pu, u = -IOVpdV+ s 22 

+IdS. p[v, ff (2D-iV-ul)- -kI]+ 
-sq 

3 

+I Sd u dV (2.44) 

2.3.3 Energy conservation equation 

The energy conservation equation is given here in term of the internal specific energy, 

e. In the absence of body forces it reads, [191]: 

d 
Tlpe'dV+ dS-pue= ds-pr,,, ffve tiL 

+I (-, dpV -u+s, + sd.. ) dV (2.45) 

Here, the term t? pV -u represents the rate of work done on gas by pressure forces 
d 

per unit ýolume; s, 'is the rate of heat generation by chemical reactions, and S. is 

the rate of heat exchange between the gas and spray. Both quantities are expressed 

per unit volume. 

In the above equation terms representing molecular shear work and the work of 

Reynolds stresses are neglected due to their small contribution to the overall energy 

balance, see Appendix A. M. Also, the heat transferred by radiation is neglected on 

the ground that the droplets are very small and, in the cases where combustion is not 

present (the only cases which will be considered here, i. e. s, = 0), the temperature 

differences between the droplets and surrounding air are not so high as in the case 

with combustion. Even then, i. e. in combustion case, according to [25] and [67], 

radiation can be neglected since gaseous spectral radiation bands are generally not 

coincident with absorption bands of most liquid fuels'. 

I- 4There are casei when the radiation must be considered; when some absorbing particles are 

present in the fuel, or when the soot is present in the flow, [67]. 



56 CHAPTER 2. MODEL OF THE GAS PHASE 

2.3.4 Turbulence model 

The main classes of turbulence 'modelling approaches were mentioned in §(2.1), 

where it was concluded that k- c model still provides the optimum solution ý for prac- 

tical engineering calculations. Some 'arbitrariness' in disregarding particular terms 

in the k-e equations, and different values of model coefficients, result in a num- 

ber of 'versions' of the model; see Ahmadi-Befrui [7]. The model was first used 

in predictions of in-cylinder flows by Watkins [2171, and from then on by. a num- 

ber of researchers; Syed and Bracco [1991, Moler and Mansour [143], El Tahry [60], 

Ahmadi-Befrui [61, and others. 

The model adopted in this study is a Favre-averaged version of that presented 

by Ahmadi-Befrui [6] (which takes into account effects of compression reported by 

El Tahry [60]) extended to two-phase flows. Also, the model is expanded with 

additional source terms to allow for turbulence modulation, i. e. for so-called direct 

, effects the spray creates on turbulence properties of the gas,, [69]. The turbulence 

modulation excludes effects created by the spray modifying the mean gas, velocity 

, 
(often called an 'indirect' effect) with consequences on the processes of generation 

and dissipation in turbulence, comprising phenomena such as turbulence in a wake 

of drops and modified local shear stresses in the gas by the interaction between drops 

and turbulent eddies [1011. Although current understanding of these phenomena is 

incomplete, they are included in the turbulence model to investigate their effects on 

the total gas-spray behaviour. 

This section is divided into four parts. The first part deals with the basis of the 

k-e model. In the second part, a review of efforts to understand processes involved 

in the turbulence modulation and to include them in turbulence models is presented; 
it is concluded with a discussion of how these works relate to diesel sprays. The 

last two parts comprise the transport equations for turbulence kinetic energy and 
its dissipation, extended with additional spray-related terms which accounts for the 

turbulence modulation; the derivation is given in Appendix A. 2.4. 
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A form of k-c model was first proposed by Harlow and Nakayama [911, and later 

versions were proposed by Jones and Launder ([114], [1151), and Hanjali6 [89] among 

others. The present 'standard' form was given by Launder and Spalding [1231, and 

the particular version employed here is that of El Tahry [601 and Ahmadi-Befrui [6]. 

The model is based on the Boussinesq turbulent viscosity hypothesis (see §(2.2.5) 

and (2.2.6)), which assumes that the turbulent scalar fluxes and turbulent stresses 

can be expressed by Eqs. (2.17) and (2.30), where r,,, is the turbulent diffusivity 

and vt is the kinematic eddy viscosity. The latter is evaluated from: 

Vt (2.46) 

where k stands for the turbulence kinetic energy (defined by Eq. (2.31)), and e rep- 

resents its dissipation rate, defined as: 

1 
T' : Vull 

pm 
(2.47) 

where T' stands for the fluct ' stress tensor, 
M uating component of molecular shear 

Eq. (2.23). The values of k and e are calculated from their own transport equations 

which wiR be given at the end of this section. 
A turbulent diffusivity ro,, is expressed in terms of the turbulent Prandtl/Schmidt 

number, ao, t and eddy viscosity as: 

Vt 
a, o, t 

(2.48) 

The Prandtl/Schmidt numbers are determined from experiments and assumed con- 

stant (see §(2.2.5)); their values for all the scalar variables used in this study can be 

found in Table 2.1. 

, 
Spray contributions to turbulence 

The nature of interactions between the continuous phase and the dispersed phase 

are rather complex and not well understood at present. It is well known that even 

relatively small amounts of dispersed particles can cause a significant change in 

the turbulence, structure of the continuous phase; Goldschmidt and Eskinazi [751, 
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Hest, roni and Sokolov [991, Tsuji and Morikawa [2111, Tsuji et al. [212]. A number of 

reasons, as will be summerised below, have been postulated for this behaviour. They 

are: the inability of the particles to follow the fluid motion due to their inertia; the 

resistance of particles to continuos deformatýon experienced by the surrounding fluid; 

and the effects of different initial velocity between phases so the additional shear 

forces appear with the impact on the turbulence structure. Some experiments have 

shown a reduction in turbulence intensity with increased dispersed phase fraction; 

others enhancement or even negligible effects; see Faeth [691. These changes of gas 

turbulence intensity can be explained by considering whether the dispersed phase 
is moving faster or slower than the continuous phase, and whether the ratio of a 

particle size to a characteristic turbulent length scale is smaller or greater than some 

critical value; details will be provided below. 

Firstly, studies which investigate modifications in turbulence spectrum, and those 

which search for correlations from experimental data caused by turbulence modula- 
tions, are given. This is followed by a review of works which deal with mathematical 

models of these phenomena and their implementation in a complete description of 
turbulence. 

Hinze [101] proposes the following mechanisms to explain phenomena of turbu- 
lence modulation: (1) effect due to the locally increased shear rates at the phase 
interfaces; this affects the turbulent energy-spectrum of continuous phase in the 

wave number range corresponding to the distances between the particles (the latter 

are linked to the particle number density), (2) effect due to the vortex shedding and 
flow in the wakes downstream of the particles; here, the turbulent energy spectrum 
in the wave number range corresponding to the size of particles is affected. 

The analysis of Al Tawell and Landau [9] considers the response of an isolated 

spherical particle to sinusoidal oscillations of its surrounding fluid. Applying Kol- 

mogorov's concepts of spectral energy transfer and taking into account the additional 
energy dissipation arising from the inability of the dispersed particles to completely 
follow turbulent eddy fluctuations due to their inertia, they have found relations for 
the amplitude ratio and phase lag of a particle as a function of the dimensionless 
frequency of oscillation. The comparison with the experiments for the oil drop- 
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laden jet of Hestroni and Sokolov [99] was reasonably good. They concluded that 

the presence of dispersed phase attenuates the turbulence intensity and results in 

additional dissipation of turbulence energy. The study has several severe limitations 

with respect to the practical flows; the most important of them is a restriction to 

the linear Stokes regime (very small particle Reynolds number). 

The analysis by Gore and Crowe [76] of the available experimental data on the 

turbulence modulation in particle-laden jet and pipe flows shows that there is a 

critical parameter, namely, the ratio of particle diameter to the integral turbulent 
length scale, Ddlle (4 is the integral length scale of the most energetic eddy in 

the corresponding particle-free flow). They argue that the ratio Ddlle ; zt: 0.1 is the 
level determining whether the turbulence intensity of the gas will be increased or 
decreased by the presence of the dispersed phase. Their conclusion was that those 

particles for which Ddll, < 0.1 will follow the eddy flow for a part of eddy's lifetime, 
during which the energy of the eddy will be transferred to the particles through 

the drag force. This causes a reduction of the gas turbulence intensity. In the case 

when Ddlle > 0.1 and if the particle Reynolds number is large enough, the particles 
cause vortex shedding, producing the turbulence in their wakes and increasing the 

turbulence kinetic energy of the flow; here the energy of the mean flow is transferred 
to the turbulence energy. In their later work [77], the authors tried to correlate 
the changes in turbulence intensity to the particle Reynolds number and velocity 
scale ratio, but got unsatisfactory results. Also, they noticed that the results for the 

particle-laden pipe flows become less correlated for the Ddll, ratio in the near-wall 
region due to the increased anisotropy of turbulence there (i. e. rapid change of the 

turbulence. length scale 1, as the pipe wall is approached). 

He'stroni'[98] proposed two parameters to characterise the effects of turbulence 

modulation on the gas turbulence. The first is a redefined particle Reynolds number 

which*accounts for a difference in the densities between the particles and gas, and 
the second is the ratio of the particle momentum relaxation time (see Eq. (3.71)) to 

the characteristic time of eddies. He analysed some experimental measurements of 

partide-laden flows for which the data on both gas and particle velocity were known 
(such data are sparse), and proposed that particles with a low particle Reynolds 
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number (less than 400) tend to suppress the turbulence intensity of the carrier fluid, 

while the particles with a Reynolds number larger than 400 enhance the turbulence. 

This limiting value 400 for the particle Reynolds number corresponds to the value 

when the vortex shedding from a sphere commences, [3]. 

Elghobashi and Truesdell [64] studied turbulence modulation in the homogeneous 

grid turbulence using direct numerical simulation to solve the flow equations which 

include all the forces exerted by the solid particles on the fluid; the particle diameters 

are less than the Kolmogorov length scale. They found that the presence of the 

dispersed phase causes an increase of turbulence kinetic energy at high wave numbers 

(small length scales), accompanied by an increase of its dissipation rate. This results 

in the enhanced transfer of turbulence kinetic energy from larger length scales toward 

these small scales, reducing the overall level of turbulence intensity compared to the 

particle-free flow. 

The majority of the present turbulence models which attempt to account for 

turbulence modulation are based on an Eulerian approach for both phases. They are 

restricted to well-dispersed (dilute) steady flows where particle-particle interaction 

is negligible, with small mean relative velocities between the phases. Also, they 

usually assume isothermal, non-reacting flows with no vapourisation. Below, a brief 

review of the most important works are given. 

Two-equation k-e turbulence models are used by Elghobashi and Abou-Arab [62], 

Elghobashi et al, [63], and Chen and Wood [40] for gas-particle flow calculations. 

Their studies are limited to the small relative velocities between phases (Stoke's 

regime) for both mean and fluctuating velocities. In [62], the exact derivation of the 

turbulence kinetic energy and its dissipation rate equations is given. ' Fourth-order 

correlations, together with the diffusion terms due to pressure fluctuation, were 

neglected, and the remaining terms were modelled. The turbulence modulation 

terms were modelled based on the linearised Lagrangian equation of motion of a 

spherical particle in a turbulent flow, [38]. This model is then used in [63] for 

the prediction of axisYmmetric gas-particle jet. The results obtained match the 

experimental results well. 

Chen and Wood [40] simplified the governing flow equations used in [631 by 
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completely neglecting displacement effects, (see §(2.2.2)), thereby limiting their ap- 

plication to the dilute flows. The correlations between particle and carrier phase 

fluctuating velocity components were modelled as an exponential dependence on the 

ratio of the particle momentum relaxation time and eddy lifetime, and the mean 

velocities of the gas and dispersed phase were assumed equal, restricting the appli- 

cation of model to particles much smaller than the Taylor microscale, [102]. This 

model was applied to the wdsymmetric, isothermal, mono-dispersed particle-laden 

jet, and gave good predictions of the jet spreading and velocity decay rates as com- 

pared with experiments. 

A k-e model based on an Eulerian approach for the gas and a stochastic (La- 

grangian) approach for the dispersed phase, has been successfully used to predict a 

turbulent round gaseous jet laden with solid particles by Mostafa and Mongia [146]. 

They modelled turbulence modulation contribution terms to the k-e equations based 

on the linearised Lagrangian equation of motion of a spherical particle in a homo- 

geneous turbulent flow. These terms depend on the carrier phase Lagrangian time 

scale and particle momentum relaxation time, and a coefficient of the additional 

term in the e equation was tuned to fix experimental data. 

Reitz and Diwakar [1791, in their predictions of dense high-pressure sprays, in- 

cluded extra terms which represent the turbulence modulation effects in the k and 

e equations in the KIVA code, [11]. They used a different value of the coefficient 

which multiplies the turbulence. modulation term in the e equation than in [146), rea- 

soning that 'the turbulence length scale should be uneffected by an interaction with 
drops'. They used the stochastic Lagrangian approach for the spray description, 

and the overall model of the spray also accounts for the processes of atomisation, 
drop breakup and inter-drop collision. They compared the predictions of gas cen- 
terline velocity, with and without these extra terms, with measurements, and found 

that their inclusion produce a significant increase in gas velocity in the near-injector 

region dose to the spray/injector axis. Effects on the prediction of Sauter mean 
diameter were negligible. 

Berlemont et al. [26] investigated effects of evaporation on the gas mean proper- 
ties in a round jet laden with liquid droplets. They used a Lagrangian approach for 
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the liquid phase (excluding the droplet breakup and collision processes), and they 

included the turbulence modulation terms in the k-e model of turbulence. They 

found significant differences in the gas axial mean velocity and turbulence intensity 

between-the droplet-free and droplet-laden flows. However, they did not investigate 

the particular effect of the inclusion of the turbulence modulation terms, so their 

influence could not be separated from the effects of droplet evaporation. 

We have seen from the above summary that several proposals have been made 

to include turbulence modulation in turbulence models, but unfortunately, the un- 

certainties of present experimental data on the one hand, and a lack of knowledge 

of real droplet- turbulence interaction processes, on the other hand, prevent defini- 

tive assessment of the quality of these approaches. All of the proposals, apart from 

[1791 and [26], consider dilute (which means that possible inter-particle collision 

is neglected), mono-dispersed, isothermal, particle-laden flows where the relative 

velocities, both mean and fluctuating, between particles and gas are small. 

The situation in the case of diesel sprays is much more complex and in many 

aspects it deviates from the aforementioned assumptions. Here, the droplets have 

large initial velocities relative to the gas, and they undergo through a number of 

processes mostly not included in the above models; droplet breakup, inter-droplet 

collision and coalescence, and droplet vapourisation (see §(3)). These processes give, 

as a result, a wide ranges of droplet sizes (from the order of lym to hundreds of 

pm), and relative velocities (from the order of lm/s for the very small droplets, up 

to the order of 100m/s for the largest droplets). Also, two distinct regions in diesel 

sprays with respect to the droplet number density can be distinguished; one close to 

the injector exit and spray axis (up to the order of hundred nozzle diameters down- 

stream) where the spray comprises irregularly-shaped liquid elements and a large 

number of droplets, and another beyond this region or/and at the spray periphery 

where the droplet number density is low. This droplet size distribution is linked (viaý 

the vapourisation rate which depends on the droplet size, droplet and local gas tem- 

perature and the gas chemical composition) to the inhomogeneous gas temperature 

and gas composition distributions, again in contrast to the assumptions made in the 

above models. However, despite these differences, turbulence modulation modelling 
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has been included in the present turbulence model in order to investigate its effects 

on the gas-spray behaviour. 

The present approach mainly follows those of Alostafa and Mongia [146], and 

Reitz and Diwakar [179]. An additional source term is included in the k equation, 

arising from the presence of dispersed phase, which is calculated directly from the 

instantaneous droplet and gas velocities, available from the applied random walk 

technique (see [83] and §(3.3)). An additional term in the e equation representing 

turbulence modulation is modelled in the same way as in [146]. 

Turbulence energy equation 

The conservation equation of turbulence kinetic energy reads (the full derivation is 

given in Appendix A. 2.4): 

d 
PC + Sd) dV (2.49) 1 

pk dV + dS. puk ds. pr,,,,,, Vk +I (G 
-k 

Sd where G is the production rate (generation) of turbulence energy, k represents the 

spray contribution, and rk, eff is the diffusivity of the turbulence energy alternatively 

expressed by the Prandtl/Schmidt number as: r, ff = vff lak, see table 2.2. The 

generation term represents the rate of transfer of kinetic energy from the mean to 

the turbulent motions, defined as: 

Tt: Vu (2.50) 

One way of obtaining Eq. (2.49) is by contraction of the transport equation for 

the Reynolds stresses and then' averaging. If this procedure is performed keeping 

track of the spiay contribution term in the gas momentum conservation equation, 
Eq. (2.43), one cýn get the foUowing expression for Sd k (see Appendix A. 2.4): 

d id - Ull . fi id +1 ý71 -. U" Td sk ""ý U" *u2 

where gu' is the instantaneous rate of momentum transfer from the spray to the gas 

phase, S" is the local evaporation rate, and u" is the fluctuating velocity component 
(see §§(3.4) and (3.5), and Appendix B-1). 

'It is worth mentioning here that this term (which is always positive) appears in the kinetic 

energy conservation equation of the mean motion with opposite sign as a sink term. 
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In the above expression the first term on the RHS represents the rate of exchange 

of kinetic energy between the droplets and eddies due to the droplet drag forces (see 

§(3.4)). The remaining two terms on the RHS allow for the effects on k of the mass 
transfer between the droplets and surrounding eddies due to evaporation (see §(C3- 

mass-section)). In diesel sprays, in the early stage of injection when the temperature 

of droplets, and therefore evaporation are low, the contributions of these terms to 
k are small. In isothermal (non-evaporating) sprays their contributions completely 
disappear. 

Turbulence energy dissipation equation 

The transport equation of the turbulence dissipation rate e is as follows (the deriva- 

tion is given in Appendix A. 2.4): 

d 
pe dV + dS. pue ds. pr,,,, f ve Tt ss 

IE2 + Sd +L 
(Qj 

Gf - Q2P + Qe3PfV *U ie 

) 
dV (2.52) TT 

where r, = v, 111a, stands for the diffusivity of E, andCbC2 andC. 3 are the 

model coefficients; see Table 2.2. 

The spray contribution term, Sd is modelled according to [146] as: C 

dd 
se ý C4 Sk (2-53) 

where Q4is the coefficient given in Table 2.2, and Sd kstands for the spray contribution 
to the turbulence kinetic energy (previous section). The value of this coefficient was 
chosen by Mostafa, and Mongia [1461 to match the experimental data of Shuen et al. 
(189], and is close to that reported in [62] and [63]. 

Ck Cie 
1 Cc 

2 Ce 
3 CA 

1.0 1.44 1.92 -0.373 1.0 

Table 2.2: The coefficients in the k-e model 
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2.4 Boundary and initial conditions 

The mathematical description of the gas flow is completed by specification of the 
initial and boundary conditions. They must be provided for all dependent variables. 

One can distinguish the following types of boundaries: 

o walls, 

9 inflow and outflow surfaces, 

* planes of symmetry, and 

e cyclic (periodic) boundaries. 

They will now be explained in turn. 

2.4.1 Wall boundaries 

The near-wall region has important features that distinguish flow in this region from 

other parts. The presence of the wall causes steep gradients in the flow properties, 
due to the no-slip condition and the damping of the turbulence. These effects can 
be allowed for by employing a 'low Reynolds number' k-e model, see eg. Jones and 
Launder [115]. However, such calculations require a very fine grid near the walls, 

and consequently very large computer storage and time. So, this approach can be 

only used when it is feasible, which is not the case in the present study. 
An alternative approach, called the 'wall function method' avoids the above 

problems by employing submodels of the boundary layers, see Launder and Spalding 
[123]. The wall functions link the wall shear stress and heat flux to the conditions 
at or beyond the edge of boundary layer. This requires the near-wall grid points to 
be sufficiently remote from the wall. 

Strictly speaking, the conventionally-employed wall functions are only valid for 

the steady, one-dimensional turbulent Couette flow; see Hinze [102] and Tennekes 

and Lumley [2031. But, because of the simplicity and economy of computation 
they offer, they are widely used in practical calculations. Following the successful 

application of wall functions for engine calculations by Ahmadi-Befrui [6] 
, Begleris 
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[241 and Tsui [2101, they are adopted in the present study. Similar functions,, using 

the '1/7 -law', are used by Amsden et al. [111 in the well-known KIVA code. 

Basis of the wall functions 

The wall functions are derived from the analysis of the turbulent Couette flow under 

the foRowing assumptions: 

1. The flow is steady state and one dimensional. 

2. The three-layer model of a turbulent boundary layer, (a viscous layer, a buffer 

zone, and an inertial layer, see [102] and [203]), is replaced by a two-layer model. 

In this, the viscous and inertial sublayers are extended at the expense of the 

buffer zone. 

3. The shear stress and heat flux are taken to be constant in the boundary layer. 

4. The production and dissipation of the turbulence kinetic energy in the inertial 

layer are assumed to be in equilibrium. 

5. The turbulence length scale in the inertial sublayer is taken to be proportional 

to the distance from the walL 

More details can be found in Spalding and Patankar [1681, Gosman and Ideriah [82] 

and Begleris [24]. 

Shear stress and heat flux 

The velocity boundary condition is no slip, while the temperature boundary condi- 

tions can be adiabatic wall (no heat transfer) or fixed temperature at the wall. All 

these types of boundary conditions are treated by the wall functions. Here, the latter 

are expressed in terms of dimensionless distance, y+, velocity, u+, and temperature, 

T+, defined as: 

+p U*y 
Pm 

uI U+ =p (2.54) 
U* 

T+ = 
C', p u*(TW - TP) 

qw 
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where y, Tp, Tiv, c,, qw, and u* are respectively the normal distance of a point P 

in the fluid from the wall TV, the temperatures of the fluid at the point P and TV, 

the specific heat capacity, the heat flux to the wall, and the friction velocity; see 

Fig. 2.2. 

The symbol u' stands for the tangential velocity of the fluid at the point P P 

relative to the wall, calculated from: 

I up = lu'PI (2.55) 

1 up = up-uw-[(up-uw). n]n (2.56) 

where n is the normal unit vector to the wall, and up and uw are the gas and wall 

velocities, respectively (Fig. 2.2). 

The friction velocity is defined as: 

us = 

where rw is the wall shear stress. 

u. 

Figure 2.2: Wall boundary 

(2.57) 

The expressions for non-dimensional velocity and temperature profiles are: 
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U+, = Y+ 

y+< Y+ c 

T+ = au+ 

u+ . 11n(E Y+) 

y+> Y+ c 
T+ ae, t [u+ + P( O'e 

(2-58) 

(2.59) 

where y+ is the critical value of y+ and represents the interface of the two layers, 
C 

te is the von Karman constant, E is an empirical constant, that depends on a wall 

roughness, P( "e ) is the viscous sublayer resistance factor expressing'the resistance 04.1 
of the laminar sublayer to the momentum and heat transfer, and a, and a,, t are the 

laminar and turbulent Prandtl numbers; see Table 2.3. The function P( "'s ) used ffe't 

in this study follows JayatiUaka-[112]s: 

p( Ue )=9 (_Le _ 1)(. ý! e )-1/4 (2.60) 
O'e't O'e't O'e't 

From the above formulae the wall shear stress and the wall heat flux can be 

explicitly expressed in terms of the velocity and temperature (internal energy) at 
the point P as follows: 

, rw up (2.61) 

qw = F, ' 
� c� (Tp - Tw) = F. ' (ep - ew) (2.62) 

where F. ' and Fe,, are the waH functions defined, in the viscous sublayer, by: 

FU 
wy 

y+< Y+ => -c (2.63) 

F. e 
Y 

and in the inertial sublayer by: 

p C114 kl/2 r Fu - -t - w In (E y+) 

y+> Y+ 
c (2.64) 

F. e 
, 7e, t Y In (E y+)+P( "s 
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where y+ is calculated from: 
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C114 /2 y 
iu 

V 
(2.65) 

lim 

E + YC ac 
0.4187 9.793 11.63 0.7 0.9 

Table 2.3: Coefficients of the wall functions 

ý In the above formulae, qW and 7-W represent components of the heat flux density 

vector in a direction normal to the wall, and component of the shear stress tensor 

in the direction of the projection of u' on the wall, t, see Fig. 2.3. The vector P 

expressions of Eqs. (2.61) and (2.62) read: 

, rw t= (n - T)w = F. u u'p (2.66) 

qw =nF, � 
(ew - ep) (2.67) 

where T is the shear stress tensor. In expanded form rw t becomes (see Eg. (2.56)): 

nv t=F. u [up - uw - (up - uw) -n n) (2.68) 

Figure 2.3: Heat flux and shear force vectors at the wall boundary 
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Turbulence energy and its dissipation 

In the near-wall region, the production and dissipation terms in the k and e equa- 

tions must be appropriately modified in order to account for their assumed local 

equilibrium there. 

In the k equation, this is done by setting the zero-diffusion condition at the wall 
and using the local, spatially- averaged generation and dissipation rates. (It will 
be show in §(4.4.4) that the former is accomplished by setting the corresponding 

coefficient in a discretised equation to zero, and the latter by modifying the source 
term). 

ý In the e equation, this modification is done by forcing the near-wall value of e to 

its, local equilibrium value: 

e= 
3/4 k 3/2 

xy 
(2.69) 

More details about this practice can be found in Jones and Launder [114], Laun- 

der and Spalding [123] and Launder [1211. 

2.4.2 Inflows and outflows 

During the engine cycle, the gas flow to and from cylinder is controlled by the inlet 

and outlet valves which periodically open and close flow passages, Fig. 2.4, determin- 

ing in this way amount of gas in the cylinder and influencing all other gas parameters. 
Since these quantities (flow rate, gas pressure, temperature, velocities and turbu- 
lence parameters) represent initial and boundary conditions for our mathematical 

model, knowledge of their values is of a crucial importance for a good prediction. 
For this purpose, one has to select regions on the control surface of the computa- 

tional domain which will represent inlet/outlet boundaries. Any of a number of flow 

cross-section surfaces can be chosen if all necessary flow parameters to characterise 
the flow are available there. However, selection of, for example, a surface S, in 
the inlet port, demands also the modelling of the inlet port geometry between the 
cylinder and SI, which entail additional computing overheads which it was decided 
to avoid in the present study. 

The control surfaces chosen here, are the so-called valve curtains S,,,, and S, 2 
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SI,, 

S'. 1 
P'. 1 T'. 1 pq, 

Figure 2.4: Sketch of valve flow 

shown in Fig. 2.4. The necessary input data for the complete specification of the 

valve flow are: 

9 valve-lift profile, L, vs. time (crank angle), see (Fig. 2.5), 

o gas pressure, temperature, and turbulence parameters (k and e) at the valve 

curtains, 

9 mass flow rate vs. time, or the valve discharge coefficient vs. the valve-lift and 
the pressures in the inlet and outlet manifolds and in the cylinder, 

* directions of the velocities at the valve curtains vs. time. - 

These quantities are usually given in terms of experimental data, or in the absence 

of these, as is often the case with the turbulence parameters, they are based on 

physical reasoning, see Begleris [24]. 

More details about the valve flows can be found in the works by Heywood [100), 

Watkins [217], Begleris [24], and Theodoropoulos [204]. 
1, 
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s 

Figure 2.5: Valve-lift profile for an 4-stroke engine 

2.4.3 Symmetry plane I 

When a problem is symmetric with respect to a plane, as is the case in some engine 

geometries, it is possible to exploit this symmetry to reduce the size of the com- 

putational domain by employing the symmetry boundary condition. At symmetry 

planes the normal velocity component and the normal component of the gradient of 

all other variables are equal to zero. 

2.4.4 Cyclic boundaries 

This type of boundary condition can be used when the solution domain has pair 

of geometrically identical boundaries at which flow repeats itself. In this case, the 

magnitude of fluxes and the scalar quantities at the corresponding locations of cyclic 
boundaries are equal, provided the vectors are rotated to ensure the same relative 

orientation to the boundary. This property is exploited, similar to the symmetry 
boundary condition, to reduce the size of the computational domain. 

A simple example of a cyclic boundary pair, with the 0-profiles at the boundaries 

and the velocities at two corresponding points at the boundaries, is the axisymmetric 

geometry shown in Fig. 2.6. The convective fluxes of a general scalar property ý at 

two opposite elementary surfaces dS, and dS2 are respectively: dS, - (p Ou)p, and 

dS2 - (p ýu)p, Since 

(p O)P, = (p O)Pý 
UP2 ý- W* UPI (2.70) 

0 180 360 540 720 CA[deg] 
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dS2 =- R" - dS, 

73 

where Rc' is a rotation matrix which rotates vectors for an angle a around the axis, 

the sum of the convective fluxes of 0 through dS, and dS2 is zero, i. e.: 

dS, - (p Ou)p, + dS2 * (p Ou)p2 ý 

U2 =R ul 

P2 
dS2 

P2 
%U 

pt 

dS, 

Figure 2.6: Cyclic boundaries 

(2.71) 

The same is valid for the diffusive fluxes at P, and P2, represented here by their 

flux vectors (rvo)p, and (rvo), 'respectively, i. e.: 

(r, vo), - ds, + (rvo),, - ds, =o (2.72) 

2.4.5 Initial conditions 

In an unsteady problem, due to the parabolic nature of governing equations with 

respect to time, the initial conditions for all dependent variables in a solution domain 

must be known. They are usually based on experimental data, physical reasoning 

and experience. Attention must be payed that the initial conditions are physicaly 

consistent. 
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2.5 Closure 

In this chapter the mathematical model of the gas phase has been provided. In 

§(2.2.1), the conservation equation of an instantaneous general property in a single- 

phase flow, in an arbitrary moving control volume, has been described. Then, in 

§(2.2.2) the effects of a dispersed phase have been allowed for via introduction of 

the void fraction and additional spray source terms. 

In §(2.2.3), the available averaging techniques have been briefly described, and 

the modified definition, needed because of the spray presence, of the chosen density- 

weighted (Favre) ensemble averaging has been given. Then, the Favre-averaged 

general transport equation has been developed in §(2.2.4), and the nature of the 

resulting additional turbulence diffusion terms for the scalar and vector quantities, 

has been described in §(2.2.5) and §(2.2.6), respectively. The Favre-averaged con- 

stitutive relations have been given in §(2.2.7). 

The averaged conservation equations of mass, momentum and energy have been 

given respectively in §§(2.3.1), (2.3.2) and (2.3.3). Turbulence has been modelled 

with the engine-version of k-e model which takes into account the compressibility 

of flow during the compression and expansion strokes, §(2.3-4). The turbulence 

modulation, i. e., the direct effects of the spray presence in the flow on the gas 

turbulence, has been introduced through additional source terms in the k and e 

equations. 
Finally, in §(2.4), the boundary and initial conditions have been given. Wall 

functions have been employed for the wall boundary conditions, §(2.4.1). The other 
boundary conditions have been explained: inflows and outflows in §(2.4.2), and 

symmetry planes and cyclic boundaries in §(2.4.3) and §(2.4.4), respectively. 
- 

The 

initial conditions have been given in §(2.4.5). 

With the last section (the boundary and initial conditions), the description of 

the gas phase behaviour, apart from the spray source terms, has been completed. It 

comprises a set of mutually coupled, non-linear integro- differential equations. In the 

following chapter, the mathematical model of spray and expressions for the coupling 

spray source terms will be given. 



Chapter 3 

Model of dispersed phase 

3.1 Introduction 

The primary problem in analysing and modelling the spray behaviour lies in the 

incomplete understanding of all the important physical processes and the lack of 

relevant experimental data. These processes comprise cavitation in the nozzle, atom- 
isation, drop breakup, inter-droplet collision and coalescence, interphase transfer of 

mass, momentum and energy, and spray interaction with the chamber and/or pis- 

ton walls. Experimental measurement of these phenomena, which is based mainly 

on -laser techniques, is difficult since the spray is optically dense, except near its 

edge. In addition such experiments, especially in the real diesel engine conditions, 

require expensive modifications to provide optical access and also substantial time 

and effort. For these reasons a limited number of engine measurements of gas-spray 

characteristics are available. These are the reasons why early spray modelling was 

founded on measurements at atmospheric conditions or in quiescent pressure cham- 
bers. A comprehensive review of the available spray measurements can be found 

in Tabrizi [200],, and no attempt will be made to repeat them here. Details of the 

experimental data used in the present study for validation purposes are given in 

§(6)o 

On the modelling side, two closely-related approaches are currently employed, 

namely, the Williams statistical model [223] and the 'discrete droplet' model, as 

noted in §(1). 

75 
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The discrete droplet model employed in this study has been used by Crowe [49], 

Gosman and Johns [851, Dukowicz [58] and others; for more information see §(1.2). 

It represents spray by a number of 'computational parcels', each of which represents 

a large number of droplets of the particular size, veJocity and temperature. The 

motion, mass and temperature changes of each parcel are computed by solving the 

ordinary differential equations governing the momentum, mass and energy conser- 

vation for a representative member of the parcel. The effects on and by the gas 

phase are simulated with the aid of calculations of the local exchange rates of mass, 

momentum and energy, which appear in the gas conservation equations as 'source' 

terms. 

All the spray processes mentioned above have their own submodels whose de- 

scriptions, accompanyed by a brief literature review, are described in the following 

sections. The following general assumptions are adopted: 

9 single-component fuel, 

the droplets are spherical with infinitely fast mbdng within them, such that 

the interior temperature and density are always uniform, 

the interphase transport of mass, momentum and energy are quasisteady, i. e. 

their rates are equal to the steady-state rates under the same boundary con. 

ditions, 

the transfer coefficients for mass, momentum and energy to and from the 

droplets are independent of the proximity of neighbouring droplets, and can 
be represented by empirical correlations. 

It has to be noted that these assumptions represent significant idealisation of real 
diesel spray processes, made in ýorder to simplify the mathematical modelling and 

enable affordable numerical treatments. Diesel fuels are always mixture of different 

hydrocarbon compounds, accompanied also by a number of other desirable or unde- 

sirable additives (see [100)), which have strong impact on all the fuel properties, and 
to some degree the droplet history. Moreover, the calculation of evaporation, taking 
into account the multicomponent features of real diesel fuel, demands calculation of 
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the unsteady diffusion processes inside droplets, the selective vapourisation due to 

the different volatility of the fuel components, and solution of additional mass con- 

servation equations for each of the fuel components. Also, there is one phenomenon 

which is only present in multicomponent droplets, namely, microexplosion due to the 

trapped vapour bubbles of the most volatile component, [124] and [4]. The surface 

tension coefficient is especially sensitive to even very small amounts of impurities 

and this affects drop breakup because the surface tension forces are important in 

breakup. Therehave however been studies which analysed the evaporation of a 

single multicomponent droplet, considering the finite diffusion and transient effects 
in the liquid phase (see for instance [137] and [4]). The numerical effort required to 

allow for these effects in the whole spray, i. e. to solve for governing equations for 

all representative parcels is very large, and therefore they are not included in this 

study. Fortunately, experiments performed for spray model validations usually use 

single-component fuels. The other assumptions adopted in particular submodels are 

noted when they are described. 

In section §(3.2.2) two atomisation models are presented, namely, Huh's model 
in §(3.2.1) and the 'MPF model developed in the Max Planck Institut in §(3.2.2). 

Section §(3.3) deals with the droplet trajectory calculation (including the inclusion 

ýof turbulence effects by the random walk approach). Then sections §(3.4), §(3.5), 

', §(3.6) respectively present the droplet conservation equations for momentum, mass 

- and energy. The introductory parts of these sections contain brief literature re- 

views on empirical correlations for the corresponding droplet transfer coefficients 
'and conclude with expressions for the source terms in the gas transport fquations 
(ensemble-'averaging of the genera1spray source term is given in Appendix B. 1). In 

section §(3-7) two droplet breakup models are given; the Reitz-Diwakar model in 
§(3.7.1), and the, Pilch-Erdman, version in §(3.7.2)., The O'Rourke collision model is 
described in §(3.8), and the model of spray-wall impingement developed in the Max 
Planck Institut ispresented in §(3.9), Finally, the spray initial conditions and the 

closure of this chapter are given respectively in §(3.10) and §(3.11). 
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3.2 Atomization models 
.1,1ý1 -i ý', 

The basic task of diesel injectors is to atomise and disperse the liquid. fuel to achieve 

high rates of mixing and evaporation. This enables the desired ignition delay- and 

completion of combustion in the crank angle range close to the. TDC to be, achieved. 

Also, rapid mixing of the injected fuell and air reduces, or prevents formation of 

various pollutants which usually accompany diesel combustion. 

One of the main difficulties in spray modelling is the specification of the droplet 

initial conditions as they are produced at or near the nozzle. This has been the 

subject of research over many years, centered on. the idea that the liquid issues 

from the nozzle as a jet, which subsequentially breaks up. An understanding of 

controlling processes for the breakup of low-speed jets has been well developed; see 

review of McCarty [1361. However, for the high-speed jets characteristic of diesel 

injection, a number of conflicting theories have been propose, d,,, ascribing the jet 

breakup to aerodynamic effects, liquid turbulence, jet velocity rearrangement e, ffects 

and cavitation phenomena in the nozzle; Reitz and Bracco [177], Sirignano [190], 

Bracco [341 and [351, Faeth [68], Lefebvre [1251, [126] and [127], Clift [44], Reitz 

[176]. None of these theories alone can explain the jet breakup characteristics and 

their dependence on the nozzle geometry, injection velocity and ambient gas density. 

Several breakup regimes have been identified (Faeth [70]), namely - in order of 
increasing flow rate (injection velocity): Rayleigh breakup, first and second ý wind- 

induced breakup, and atomisation breakup. In the Rayleigh breakup reg'ime,, [174], 

,- the surface tension forces induce the instability of the axisymmetrical jet surface 

perturbations whose wavelengths are greater than the jet perimeter (the smaller 

wavelengths are damped). The amplitudes of these unstable perturbations grow, re- 

sulting, many nozzle diameters downstream from the nozzle exit, in the jet breakup. 

The average size of the drops formed is nearly twice the diameter of the nozzle. 

The first wind-induced breakup is induced by the stildominant surface tension 

forces, accompanied and augmented by the effects of aerodynamic forces due to 

the relative motion between the jet and surrounding air. This produces a liquid 

twisting motion and unstable wave growth at the jet surface. The perturbations 

with a smaller wavelengths than in the Reyleigh regime become unstable, yielding 
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the jet breakup into drops with diameters comparable to the injector hole diameter. 

In the second wind-induced breakup regime, the importance of the forces due 

to the relative motion between the jet and gas becomes higher, causing surface 

perturbations with the yet smaller wavelengths than in the previous regime to be 

the most unstable. The surface tension forces in this regime oppose the growth of 

these perturbations, which are supported by the aerodynamic forces. This results, 

at some distance downstream from the injector exit, in detachment of parts of the 

jet Surface, producing droplets in a wide range of sizes. The average drop diameter 

is now less than the nozzle diameter. 

In all the above regimes, the breakup starts at some finite distance from the 

nozzle eidt. 'With a fýrther increase of a flow rate (injection velocity), the start 

of breakup is believed to take place very close to or immediately at the nozzle 

exit, although the evidence is not conclusive. This regime is usually referred to as 

the atomisation regime. The average drop diameter is much less than the nozzle 

diameter. 

The above description of the breakup regimes is a simplified picture of the com- 

plex processes which lead to jet breakup. There are other influential parameters 

which affect breakup, namely, the liquid and gas viscosity, characteristics of turbu- 

lence in the jet and surrounding air, as well as the conditions of flow in the nozzle 

(pressure pulsations, velocity distribution and occurrence of cavitation). Some of 

these will be discussed in what follows. 

At the present there is no model of the jet breakup which gives satisfactory pre- 

dictions in diesel circumstances. The reasons lie, on the one hand, partly in the 

incomplete theoretical understanding of all the processes involved, and on the other 
in the lack (impossibility) of measurement of relevant quantities for the validation 

of models. Therefore, modellers rely on a combination of theoretical hypothesis, 

outcomes of order of magnitude and dimensional analyses, and tuning of unknown 

model Coefficients to match the experimental data. However, this restricts the gen- 

erality of models to the limited number of cases. 

To date, the most successful theoretical models are based on the unstable wave 

growth mechanism (also called the Kelvin-Helmholtz instability theory). According 
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to this, initial perturbations at the jet surface results in unstable wave growth due 

to pressure variations provoked by the relative motion with the surrounding gas; the 

droplets are formed by the detachment of these waves. 
In the present study, two recently- developed'atomisation models for"round-hole 

diesel injectors are employed: Huh's atomisation model, [108], and the model de- 

veloped at the Max Planck Institute (MPI model) by Obermeier and Chaves, [160]. 

They can be briefly described as follows. The former assumes two atomisation phe- 

nomena: the development of turbulence in the nozzle causes initial perturbations on 
the jet surface, and the growth of these perturbations and their detachment from 

the jet surface occurs by the action of aerodynamic forces. The later MPI model 

allows for the cavitation in the injector nozzle, stripping of drops from the jet surface 
(by the aerodynamic forces), and collision between large lumps of liquid and their 
further disintegration. More detailed descriptions of these models are given in the 
following sections. 

3.2.1 Huh's model 

This model couples effects of two phenomena relevant in spray atomisation, namely, 
the turbulent fluctuations in the liquid jet, and the unstable wave growth at the 
jet surface by aerodynamic effects between the jet and surrounding gas at their 
interface. The conceptual picture of the atornisation process takes it to proceed in 

two stages: 

1. Turbulence developed in the nozzle hole induces initial perturbations on the 
jet surface when it leaves the hole, 

2. Once the perturbations have reached a certain level, they grow by the action 
of aerodynamic forces until they become detached from the jet surface as 
droplets; these droplets will, from now on, be called secondary droplets. 

In the model, firstly the length and time scales of atornisation are identified, and 
then they are used to determine the breakup rate, droplet size distribution and spray 
cone angle. 
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An one-dimensional analysis of the single-phase flow in the nozzle (the cavitation 

phenomenon is at this stage neglected) gives the initial values of turbulence length 

and time scales in the jet at the nozzle exit. However, both scales are subjected 

to changes since the jet turbulence decays with time as the jet travels downstream. 

This is because there are no mechanisms in the jet which can generate turbulence 

once it has left a nozzle. (In the nozzle hole, due to the no-slip condition at the hole 

wall, the liquid experiences tangential stresses from the wall, leading to turbulence 

generation. ) 

It is postulated that the turbulence causes perturbations at the jet surface with 
wavelengths proportional to the turbulence length scales. Under the action of sur- 

rounding gas, i. e. its normal (pressure) stresses at the jet surface, the amplitude of 

these perturbations starts to rise. The rate of this amplitude amplification is char- 

acterised by a corresponding time scale, called a wave growth time. This time scale, 

together with the aforementioned turbulence time scale, determine the atomisation 

time scale. Both atomisation scales, time and length, together with the average 
injection velocity, are used to estimate a spray cone angle. 

The sizes of secondary droplets are determined by a random choice from an 
assumed probability distribution function (pdf). It is taken that the pdf for the 

droplet sizes is proportional to the spectrum of the turbulence kinetic energy in the 

jet, and inversely proportional to the atomisation time scale. The initial velocities 

of secondary droplets are taken to be equal to their parent drops. 

Under normal diesel conditions cavitation usually occurs within the nozzle, in- 

validating the assumed single-phase flow assumption. In order to allow for this effect 
to some extent, simple overall mass, momentum and energy balances are used to 

estimate the exit jet characteristics. Also, the determination of a number of model 

coefficients by reference to measurements for the real diesel conditions, implicitly 

accounts for cavitation. 

Nozzle turbulence and its decay 

The relations which link characteristics of turbulence in the nozzle hole to the nozzle 
geometry and flow conditions are given below. The pressure drop APh in the nozzle 
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hole between section i and o, Fig. 3.1, obtained from the Bernoulli equation, is: 

Pd U2 1 [ 

Td Jý - (1 - S2)] APh 
21c 

. where-Pd is the liquid density, and Ifci Cd and s are the form loss coefficient, the 

discharge coefficient and the inlet: outlet area ratio, respectively; see Fig. 3.1. The 

average injection velocity, U, is calculated from: 

T 

t 
4r 12 

21 
ý(t) dt 

tj 
(3.2) 

where tl and t2 denote the times at the start and the end of injection, ý is the 

volumetric flow rate, and D is the nozzle hole diameter. 

The force balance for the liquid in the nozzle hole yields for fuRy-developed flow: 

rDL -r.. Il = 
rD 2 

APh 
4 

(3.3) 

where 7.. Il is the average tangential stress at the hole wall, and L is the hole length. 

Combination of Eqs. (3.1) and (3.3) gives: 

Twall 
PdU2 1_ 
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Figure 3.1: Nozzle geometry 

(3.4) 

The average turbulence kinetic energy, k,, and its dissipation rate, e,, are esti- 

mated from one-dimensional force and energy balances in the nozzle hole between 

cross-sections i and o, giving, when combined with Eq. (3.4), the following relations: 
U2 1_ 

Jýc S2 (3.5) - 
[ýd 

TDL y 

Jý 
c 
U3 1_ 

Jýc S2) (a =-- (3-6) 
2L 2 

[Cd 
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The coefficient K, is tuned to 0.5 from the comparison of the one-dimensional model 

with multidimensional flow field calculations, [801. The turbulence length and time 

scales at the nozzle exit are linked to k. and c, by: 

L C3/4 
k3/2 

(3.7) 
Ju C, 

, ro C3/4 k. 
t /A 

(3.8) 

where C. is a coefficient of the k-c model (see §(2.3.4)). 

Once the liquid leaves the nozzle, the jet velocity is assumed to become uniform, 

since the gas can not retard the liquid surface as effectively as the nozzle walls. This 

suppresses turbulence production in the liquid, causing the turbulence to decay with 

time. The following relations describe this time dependence: 

Lt(t) Mt (1 + C,,, 
t 

)CG2 (3.9) 
Ir, o 

+ cli t (3.10) 
Tt" 

where C,,, and Q, 2 are the empirical coefficients given in Table 3.1. 

Surface wave growth 

The second stage of atomisation process is the interaction between the liquid jet 

- with these initial perturbations on its surface - and surrounding gas field. The 

interaction results in increasing of the amplitudes of the perturbations, until they 
become detached from the jet surface as droplets. This amplification of the per- 
turbations obeys the dispersion equation, Taylor [202]. Detailed derivation of this 

equation can be found in Reitz [177], and will not be given here. 
The dispersion equation relates the grow rate of amplitudes of surface waves to 

its wavelength, and reads: 

2)2 + 
0"' 3 

OC3(X2 + 21 2 4 vd2 
W 

)2 M=0 (w. + 2vdr, + (W + jUN) L 
(3.11) 

I, Pd Vd Pd 

In this equation' the symbols denote: a- coefficient of surface tension, vd - liquid 

kinematic viscosity, ic - wavenumber, K= 27r/L,,,; L,. is the wavelength of pertur- 
bation, p,. - gas density, j- imaginary unit, w -, complex wave celerity; reciprocal 

values of its real part is the wave growth time, 
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C, I iiý Ca2 Cl C4 

0.09 1 0.45 0.4565 2.0 1.5 

Table 3.1: Coefficients of Huh's atomization model 

Atomization scales 

The atornisation scales are estimated based on the foIlowing two hypothesis: 

e The dominant length scale of atornisation, LA, is proportional to the turbulent 

length scale, Lt, i. e.: 
LA = C, Li 

where C1 is an empirical coefficient. The corresponding wavelength of pertur- 

bations, L., is: 
Lw = 

LA 

C2 

where C2 is the another empirical coefficient. 

9 The time scale of atomisation, rA is taken to be a linear combination of, the 

turbulent time scale, -rj and the wave growth time scale, r., i. e.: 

TA " C3 Tt + C4rw (3.14) 

Here, C3 andC4 are further empirical coefficients. The above form of the 

atomisation time scale guarantees the limiting behaviour of rA, i. e. that the 

atornisation does not occur in vacuum (r. --+ oo), or with the laminar flow in 

the jet (, rt --+ oo). 

The values of coefficients C1,... C4 are chosen based on the following reasoning. 

The value of C, is set to 2.0 on the assumption that an atomisation length scale LA is 

equal to the eddy diameter which is twice the turbulence length scale Lt. The value 

of C2 is chosen to be 0.5, from the conceptual picture that the half of the jet surface 

wave, when detached from the jet, forms the secondary droplet. The remaining two 

coefficients, C3 and C4, are chosen to match experimental data reported iii'[108]. 

The values of all the coefficients are given in Table 
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When these two atomisation scales are known, the spray semi-cone angle is 

calculated from: 

tan 
0- LAITA 

2U 

Droplet size 
I 

(3.15) 

It is assumed that when the jet, issues from the nozzle, it immediately breaks up 
into large drops, called parent drops, with the initial diameter equal to the nozzle 
hole diameter, D, and that these subsequently break up at a rate governed by: 

dDd 
-2 

L4 (3.16) 
dt TA 

It is taken that during its breakup the parent drop maintains its injection velocity. 

The probability density function (pdf) of the sizes of the secondary droplets is 

based on the assumption of isotropic turbulence in the liquid phase and the following 

four hypotheses: 

the number of droplets of size x is inversely proportional to the atomisation 

time scale rA, 

the number of droplets of size x is proportional to the jet-droplet surface area 

ratio, D 2/X27 

9 the number of droplets with size x is proportional to the turbulence energy 

spectrum -, P(x), and 

* the number of droplets in the range (x, x+ dx) is proportional to the unit size 

-interval, dxlx. 
, 

The pdf is defined as the volume fraction of the droplets with size x per interval 
dx, per total volume'of secondary droplets, Vd, i. e.: 

P(X) -1 
dVd 

(3-17) 
Vd dx 

and its value is evaluated from: 

P(X) C 
TAX) 

(3.18) 
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where C and (ý are a normalisation constant and the dimensionless turbulence energy 

spectrum, respectively. The latter is estimated according to [1021 by: 

e (x) =ý 
[ic(x)/n, ]' 

[l + (K(X)IKý)ll'116 

where the peak wavenumber x, = 2r/L, , and L, = Lt/0.75. The length scale L, 

can be interpreted as the average sizeý of the energy-cont a-ining, eddies., 
The cumulative distribution function, F(xý; is calculated from- 

x 
F(x) = 

Irmin 

p(x)dx (3.20) 

The integration of the above starts from the minimum droplet size7 xmin 7 Calculated 
from the Kelvin-Helmholtz instability theory by the expression: 

Xmin = 2r 
(Pd + Pm) 0' (3.21) 

Pd Pm U2 

The sizes of the secondary droplets, x,,,, and their number, N,, are determined from 

the distribution function F and a randondy chosen value, Y,. in the range (0,1), and 
the mass balance of liquid. The following expressions are used: , 

-1(Y x�� F (3.22) 

N, 
(Dd)3- (Ddn)3 

x3 
(3.23) 

sec 

where a superscript n denotes the condition after breakup. 

Droplet velocity 

The initial velocity of parent droplets is determined based on the injection rate 
history and the spray cone angle as will be described in §(3.10). The secondary 
droplets at the time of their creation inherit the velocity of their parent drops. 

3.2.2 MPI model 

This atomisation model was developed at the Max Planck Institut (MPI) by Ober. 

mcier and Chaves, [160]. It comprises two submodels; one deals with the flow in the 
injector nozzle, and the other considers disintegration processes of the liquid jet. 
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The main task of the nozzle flow model is to predict the liquid exit velocity 
from the nozzle, because this is one of the most important parameters for spray 

atomisation. The model takes into account the geometry of injector nozzle (the 

nozzle hole diameter, its length, and the-roughness of the hole wall), pressures in 

the nozzle and engine chamber and the fuel flow rate. Also, one empirical or assumed 

coefficient which characterises the flow contraction at the entrance of the nozzle hole 

must be known (the entrance area contraction ratio). The model considers the nozzle 

flow as axi-symmetrical, and calculates the thickness of the boundary layer and the 

onset and extent of the cavitation region along the nozzle. Based on these data, it 

determines the exit area contraction ratio and liquid exit velocity. 

The model of atornisation processes considers -the jet breakup into a number 

of large structures (primary drops) and their further disintegration into smaller 

secondary droplets by the stripping action of the aerodynamic forces, and by collision 
between the primary drops. The liquid exit velocity from the nozzle is the input to 

this "Model. It also' requires input data about the nozzle hole diameter, spray cone 

angle, gas density and fuel properties. The model determines the sizes of droplets 

and their initial conditions. 

Details of the derivation of mathematical models for nozzle flow and atomisation 
processes can be found in [159] and [158], respectively, while here, only summaries 

will be given. We will start with the nozzle flow model. 

,, 
t- 

Nozile flow model 

The model arises as a result of observations of the flow in a transparent injector in 

the Max Planck Instiiut. "The experiments were performed with water and diesel 
fuels in stationary and unstationary flow conditions, under atmospheric and high 

ambient pressure. The results, reported in [140], [141], [139], and [151], show the 

appearance of a irregular cavitation region which starts at the entrance of nozzle 
(plane i in Fig. 3.2) and propagates downstream. Depending on the supply pressure 
in the nozzle and the flow rate, this cavitation region either collapses inside the 

nozzle or reaches the'e3dt. It shows inherent instability, i. e., parts of the cavitation 

region break off from the rest and are convected downstream, during which they 
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further break up into smaller cavities (bubbles) or collapse, [1571. 'Cavitation causes 

the reduction of the available cross section area for a liquid flow, affecting the liquid 

velocity profile in the nozzle and at its exit. It was also'noticed that the presence 

of cavitation in the flow improves spray atomisation, especially when th6 cavitation 

region reaches the nozzle exit. Then, the creation -and collapsing of the cavitation 

bubbles cause strong perturbations at the eyit jet surface, which are then stripped 

away by the aerodynamic forces provoked in the the surrounding gas (details of this 

process will be presented in the following section). According to these measurements, 

the liquid exit velocity is in general not equal to its 'effective' value u, ff, given by the 

volume flow rate divided by the cross section area of the nozzle hole. This difference 

'in velocities is attributed to cavitation, and the nozzle model attempts to account 

for this. 

The model simplifies the picture of in-nozzle flow, assuming quasi-steady ax- 

isymmetric flow and formation of two characteristic regions; one at the, entrance 

portion of the nozzle hole, called separation/cavitation 'bubble', b in Fig-3.2, and 

the other downstream of this bubble, 1, where the turbulent boundary layer and 

cavitation region develop. The length of the entry bubble is taken to be equal to 

the hole diameter (x,, = D), and its height (i. e., the site of the maximum flow area 

contraction) is linked to the entrance area contraction ratio, explained later. 

The following additional assumptions are made: 

1. The cross-section of the flow between c and x. is constant and with no frictional 

losses, Fig. 3.2. 

2. The turbulent boundary layer starts at x, and the velocity profile obeys a 
'1/7 power law'; outside the layer a 'plug' velocity profile is assumed, Fig. 3.3. 

3. The cavitation region is approximated by a quasi-cylindrical cavity of variable 

cross section, located along the nozzle axis. It starts from x,, with a thickness 

determined from the continuity equation. 

4. The pressure inside the cavitation cavity is equal to the saturation fuel vapour 

pressure for a known temperature of fuel. 
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5. At the nozzle e. Nit, the flow is subjected to a pressure jump from the pressure 

inside the nozzle to the chamber pressure (the authors called this 'a Carnot 

shock'). The mass and momentum of the flow across the pressure jump are 

conserved, and based on these balances, the exit injection velocitY and exit 

contraction area ratio are determined. 

There are two cross-sectional areas available to the liquid which are considered 
in the model; one at the entrance part of the nozzle hole at the site of maximum area 

contraction, c in Fig. 3.2, characterised by the entrance area contraction coefficient 
C,, defined at the figure, and the other at the nozzle hole exit, characterised by an 

another contraction ratio, called the e)dt area contraction ratio Ch, defined as: 

Ach 
Cch 

- 
(3.24) 

where Ah is the available eidt cross-sectional area for the liquid, and A is the 

geometrical section area; see Fig. 3.2. Depending on the pressure in the chamber 

Ac 

C, =A, IA 

b/A 
Clb=A 

0 
Ub P. b 

A =xO/4 

Figure 3.2: Nozzle geometry 

(cylinder), Nh and the length of the cavitation region, the model distinguishes three 

flow regimes: 

1. Non-cavitating flOW, Ph > Pch, crit; 
C, h = li 

2. Cavitating flOWi Pch :5 Pch, crif ; 

cavitation region reaches the nozzle exit, Cch < 11 

b 
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3. Cavitating flow, Nh :5 Pch, crit 

cavitation region collapses inside the nozzle, Cch 

The critical pressure, Pch, crit at which cavitation occurs is derived from simplified, 

one-dimensional mass and momentum conservation equations between cross-sections 
A, and A, h- It is evaluated with Cch '-- 1, which represents the threshold value of 
Cch when the cavitation region reaches the nozzle exit, by the following expression: 

2_1L. 2- Pch, crit = Pd 
ICUc [Cch 

+- A(-5 - 2) ueff (3.25) 2 

where C, is the assumed (or known from experiment) entrance area contraction 

ratio (its value is in the range 0.6-0.8), u, is the velocity at the site of maximum 

contraction (i. e. site c in Fig. 3.3, ueff the effective velocity, and A is the friction 

factor. 

plug profile 

law'profile 

Figure 3-3: Boundary layer and cavitation region in the nozzle 

The velocities u, and u, if at time t are calculated from the specified volumetric 
flow rate ý(t) by: 

Ueff 
Q (3.26) A 

Uc 
Ueff (3.27) cc 

The friction factor, which depends on the nozzle hole wall roughness, k, and a nozzle 
Reynolds number, Re,,, is determined from the following formula: 

-2 log 2.51 
+ 

k, 
(3.28) VA- 3.71 D] 

where 

RI Pd uff 
e,, = 

Ild 
(3.29) 

bib, 

------------------------------- 
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If cavitation takes place, i. e. Pch < Pch, crit? the development of the boundary layer 

along the nozzle hole wall, the cavitation region around the nozzle axis and the ve- 

IOCitY Ucen7 Fig. 3.3, are calculated from the following governing ordinary differential 

equations: 

o 7i6'> W.. : 
R6 

- cl 
1 (3.30) &x- 

-L + -LR6 90 60 

_ 
ý49 7- 1 -2 Rcav R6 + TRb - C, (3.31) - ý-o + ý-o 5 

Ucen ý Uc (3.32) 

0 w6 
= 77..: 

49 7-7 -9ýý2 R6 2-40 + 7,,, R6 
30 6 (3.33) 

d-x 
Cf -49 j7 + _L9 

49 '3 
Y8-0 36074 - 120776 

2 

Ucen ucc. 
- (3.34) 

49 + 1_7? 
_ 

L4-2 
ýu 60 6 is 

R6 

In these formulae, W6,71,.,, and T are the distances of the boundary and cavi- 
tation regions from the nozzle a3ds and coordinate along the a3ds, respectively, all 

normalised by the nozzle radius; cf is the skin friction coefficient defined as: 

C1 
u,. ff Y 

(3.35) 
4 

where A' is calculated from Eqs. (3.29) if W6 =0 (fully developed turbulent flow) or, 

when R6 >0 from the following relations: 

1= 
-2 log 2.51 

+ 
kr 

v/A- 

[Re,,, 
rA- 7.4261 

(3.36) 

Re,, 1.633 Pd Uco! nb 
Ild 

(3.37) 

The initial value of boundary layer thickness is taken to be b=0 -at x,, = D, 

while the initial thickness of the cavitation region, b,.. at x,, =D is calculated from 
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the continuity equation, assun-dng a 'plug' velocity profile. Integration of Eqs. (3.30) 

and (3.33) give the thickness of boundary layer along the'nozzle, and Eqs. (3.31) 

and (3.34) determine the thickness of the cavitation region, when W6 > or a 

velocity u,,,, when W,.,, respectively. 

The e)dt area contraction ratio is obtained from the combined mass and momen- 
turn conservation equations at the nozzle e)dt as (see item 5 at the beginning of the 

section): 
2C2 

Cch 
UC C22 (3.38) 

U2(L) 1-9 + -L"R6(L) + 1-W6(L) 
- 

Rc.,, (L)l 
- C 72 36 8 

If Cch ý: 1, cavitation region does not reach the nozzle exit, and the actual e)dt 

velocity is equal to the effective velocity, (Uch : -- Ueff)- Otherwise, the actual velocity 

is obtained from: 
ucn - C, 

, hA 
(3.39) 

This velocity is taken to be the magnitude of initial velocity of drop/parcel injected 

at considered time period. 

Model of atomisation processes 

The model of atomisation processes assumes the following phenomena: 

* The jet breaks up into a number of large structures (primary drops) forming 

the so-called liquid core. 

Further atomisation occurs via two mechanisms: (i) stripping of droplets from 

the liquid core by aerodynamic forces provoked in the surrounding gas, and 
(ii) collision between the primary drops in the liquid core due to their different 

velocities. 

Essential to the model is the assumed presence of a high shear-rate region in the gas 
in the vicinity of a highly perturbed liquid core surface caused by cavitation [157], 

Fig. 3.4. The stripping of these perturbations from the liquid surface in a form of 
secondary droplets, is attributed to the overcoming by a Saffman lifting forces over 

adhesive surface tension forces. The balance between these forces determines the 

size of secondary droplets. 

The further assumptions made in the model are, [157]: 
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1. The diameter of the primary drops changes along their path and is equal to 

the diameter of the liquid core. 

2. The diameter of the tip of liquid core is equal to the size of secondary droplets 

formed there. 

3. The ejection aiigle of secondary droplets randomly varies between 0 andCfmax; 

amax is the input value to the model, and must be know from experiment. 

4. The collision between the primary drops due to their different velocities, leads 

to the creation of secondary droplets; the size of these droplets is one-tenth of 
their initial size. 

The liquid core is, represented by a chain of primary (parent) drops which leave 

the nozzle with velocity uch, and whose initial diameter is taken to be equal to the 

nozzle diameter, D; see Fig. 3.4. The e3dt nozzle velocity, U, h is Calculated from the 

previously described nozzle model. On its way, the primary drop loses a part of its 

mass by the stripping action mentioned above. It is assumed that the change of 

primary drop diameter along the core is given by: 

x Dd ý-- 
V(D, 

2 - D2)1- + D2 (3.40) 

where Dc is the diameter at the tip of the core (set equal to the diameter of the 

,, secondary droplet formed'at the tip of the core, see assumption 2), and x is the 

current position of the drop along the core. The steady core length Lc is calculated 

according to the empirical expression of Cheroudi, [41]: 
FPmd 

Lc = 7.0 D7 Tm (3.41) 

The diameter of the secondary drops, D., is calculated from an assumed equi- 
librium between a disruptive lift force, F., provoked in the gas due to a velocity 
gradient in the near-core region, and a opposing surface tension force, F,. The 

former is described by the following relations; see Mei [138] and Dandy [52]: 
[(l 

- 0.3314 a'/2)e(-RenlIO) + 0.3314 a'/'] Fs ; Re,, :5 40 

F,, (3.42) 

0.0524 (aRe,, )1/2 FS ; Re,, > 40 
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Dr- 

Figure 3.4: Stripping mechanism of atomisation ,7 

where a is the droplet ejection angle, Fig. 3.4, and Fs is the Saffman force 

FS = 1.62 p.. u,. l (Ld 
du ), /2 D 2. 

Pd dy 

The surface tension force is given by: 

iro- D, (3.44) 

It is taken that the ejection angle is randomly distributed in the range (0, 

where is the specified spray semi-cone angle. 

In order to determine the Saffman force, Eq. (3.43), a relative velocity, u,.,, i, and 

a radial velocity gradient, duldy at the liquid jet surface are needed, and they are 

estimated according to [158] as: 

Urel Uch 
3x 

(3.45) I T, 
) 

du 2Urcl 
(3.46) ý-y D- At 

Re,, p. u, aD, (3.47) 
Prn 

The second mechanism responsible for atomisation is collision between the pri- 

mary drops. This mechanism considered only for the two drops nearest to the tip 

of the liquid core, see Fig. 3.5. If collision takes place, the leading primary drop, 

(subscript 1), disintegrates into two clouds of secondary droplets; the diameter of 

secondary droplets, D, and the droplet velocities in the clouds, Ud, al and Ud, s2 are 



3.2. ATOMIZATION MODELS 95 

evaluated by: 

Ds = 0.1 Ddl (3.48) 

Udol = Ud, s 
+ jUdI 

- Ud2l r (3.49) 

Ud, s2 = Ud, s - 
jUdi 

- Ud2l r (3.50) 
UdIMdI + Ud2Md2 

(3.51) 
MdI + Md2 

where r is the randomly chosen unit vector in the plane perpendicular to the injection 

direction, Fig. 3.6. 

All properties of the second drop involved in collision remain the same, except 
the drop velocity which is changed to: 

n Ud2 = Uds (3.52) 

This model of the collision process satisfies the overall mass and momentum conser- 

vation equations. 

Before collision After collision 
Ud. st 

un mdl 

di Dd 
I 

d, 62 

Figure 3.5: Collision in the liquid core 
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Irl =1 

ction 
-ction 

Injector 
location 

Figure 3.6: Random radial directions of droplets after collision 

3.3 Droplet trajectory 

Two main methods have been employed in the past to compute particle trajectories 

in turbulents flows: the gradient diffusion method and the stochastic method; -see 
Faeth [681. As the gradient diffusion method is less accurate for diesel sprays, and 
is not particularly convenient for implementation in a Lagrangian description of the 

droplet motion, in this study the stochastic approach is used. In this, a turbulence 

model provides the instantaneous properties of the gas environment of a droplet by 

random sampling. 

The model employed here follows that of Gosman and Ioannides [831. In this 

it is assumed that the turbulence is isotropic, and that the gas fluctuating velocity 

components obey a Gaussian probability density distribution with the zero mean 

value and standard deviation a,,,, = (2 k/3)1/'. Hence, the jth component of the 

fluctuating velocity, 0 is selected randomly from a distribution function according 
to: 

u,! = au,, sign(2 Y,, j - 1) erf-1(12 Y,., j - 11) (3.53) 

where Y,, j is random variable having uniform distribution in the range (0,1), and 

erf is the error function. The arguments of the sign and erf functions are chosen 
in the way that their sign and magnitude determine the sign and magnitude of 0. 

.7 
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Thus, the instantaneous gas velocity, fi is calculated as: 

fi =u+ U" (3.54) 

The fluctuating velocity is taken to act on the droplet during a interaction time, 

Ti,, t. This is evaluated as the minimum of the eddy life time, 'r'ddy and the transit 

time, ri, required for the droplet to cross the eddy. Assuming that the characteristic 

size of eddy is the dissipation length scale, given by: 
Z. 3/2 

Le = CI/2 (3.55) 

these times are calculated from: 

Ti"t = min('reddyi Ttr) (3.56) 

Teddy =, 
L. (3.57) 
iufll 

To = 
L. (3.58) 

Ift - Udl 

where Ud iS the droplet velocity. 
There is a different way to estimate the eddy life time. Shuen et al. [188] 

calculate Teddy from the turbulence kinetic energy as r,, idl, = L, /(2k/3)'I'. Both 

approaches yield the same results for heavier particles (diesel sprays belong to this 

group), since the interaction times in this case are mainly controlled by the transit 

times, which are computed in. the same way; differences are bigger with the fighter 

particles, when the Cosman-Ioannides model tends to underpredict radial spreading 

of particles, [188]. 

The droplet trajectory equation, written in terms of the droplet position vector, 

Xd and velocity Ud reads: 
dXd 

(3.59) 
dt 

As a result of our assumption that each computational parcel p is composed of a 

number of droplets Np having the same location (xp = xI), and velocity (Up = Ud), 

the parcel trajectory equation is given by: 

dxp 
= up (3.60) 

dt 

The droplet/parcel velocity is calculated from the momentum conservation equa- 

tion described in the following section. 



98 CHAPTER 3. ýAIODEL OF'DISPERSED PHASE 

3.4 Momentum conservation equation 

The droplet momentum conservation equation used here neglects the gravitational, 

virtual, Bassett, Magnus and Saffman forces, and allows only for the drag forces, 

[681. This simplification is justifiable due to the small influence of the'other Iorces 

on the droplet motion in the diesel environment. 

The gravitational forces are several orders of magnitude smalIer than the drag 

forces; the virtual mass forces, which are proportional to the gas density (they 

measure the inertia of the fluid displaced by the drop motion), can be neglected on 

the basis of high liquid-gas density ratio (in diesel conditions PdIP ; Z: ý 40), [681. The 

Saffman forces depend on the velocity gradient in the gas, and are at least one order 

of magnitude smaller than the drag forces beyond 'a potential core' length, which is 

about ten nozzle diameters, [68]. In the near-injector region and regions close to the 

walls these forces could be important' (note that the MPI atomisation model allows 

for they effects, §(3.2.2)). The Bassett forces measure effects of unsteadiness in the 

relative velocity between drops and gas, and they are significant in hight turbulence 

ambient. Due to the complexity involved in the evaluation of these forces and the 

lack of their efficient numerical treatment they are neglected, [68) and [127]. The 

lack of evidence about drop rotating motion (spin) is the ground for neglecting the 

Magnus forces. It will be shown in the following section that evaluation of the 

dominant drag forces is not simple and suffer from uncertainties. 

According to Newton's second law, the momentum conservation equation for an 
individual droplet, in the present framework, reads: 

dUd 1 

Md Tt ý PCdAdlfi - Udl(fi - Ud) (3.61) 

where Md, Ad and Cd are the mass, the cross-sectional area perpendicular to the 

relative velocity (il - Ud), and the drag coefficient for the droplet, respectively. 

IBai [11 found that the inclusion of Saffman forces gives better predictions of the droplet 

velocities in the near-wall region when compared with experimental results for both: normal and 
oblique spray-wall impingement. 
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Drag coefficient 

99 

Determination of the droplet drag coefficient in a so complex environment as a diesel 

engine cylinder, where the droplets experience high temperatures (and hence high 

evaporation rates), pressures, and deformations, is very difficult and mainly founded 

on experimental studies. On top of this, the proximity of neighbouring droplets, 

especially in the dense-spray region close to the injector, and high turbulence level 

in the surrounding gas, additionally affect the droplet drag coefficient. The last two 

effects have been almost invariably ignored in past spray models, mainly due to the 

lack of understanding of their mechanisms and lack of comprehensive experimental 
data. The works of Tsuji et al. [213] and Pei and Hayward [170] illustrate the 

effects of two adjacent spheres on the flow fields and transfer rates between the 

spheres and the surrounding gas. The numerical and experimental study of Liu 

et al. [131] on the droplet drag coefficient in monodispersed infinite droplet chain, 

showed a significant decrease of Cd compared to the value for a single droplet. In 

spray calculations, this effect was, approximately taken into account by O'Rourke 

and Bracco [163], where Cd, obtained from fluidised bed results, was a function of 

the void fraction. They found that the influence of neighbouring droplets on the 

spray behaviour- is already small ý when. the inter-drop distance is not much larger 

than the drop diameter (inter-drop distances less than the drop diameter can be 

expected only in a region very close to injector). However, the motion of drops 

with different velocities and possible collision between drops, as well as formation 

of vortex wakes behind them, make the situation much more complex and beyond 

affordable. mathematical treatment at least at present., , 
The influence of the gas turbulence on Cd has been the subject of intensive 

research, but unfortunately, at the present there are no conclusive results which can 
be easily implemented into mathematical models. Some studies suggest that Cd 

depends on the ratio between the drop diameter and turbulence length scale, see 
[44], and that the influence is negligible when the ratio is less than 1; others argue 

, 
'I wish to express my appreciation to Dr. I. G6kalp, of Laboratoire de Combustion et Systimes; 

R6actifs, Centre National de la Recherche Scientifique - OrMans, for his valuable assistance in the 

matter of drop transfer coefficient correlations. I 
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that the scale has only a secondary effect, [2061 and [431. The studies of Torobin and 

Clamen, [206] and [431, and those reported in them, have shown that with increasing 

turbulence intensity in gas, the critical Reynolds number (Re, ) above which the 

drag coefficient drops significantly (to 0.3), is reduced due to earlier transition from 

laminar to turbulent flow in the boundary layer around drop. At low turbulence 

intensity'this transition occurs at Re.. ' z: ý 105, which is well above the range of interest 

in diesel sprays; at high turbulence intensities, Re,, can drop to 400, [2061. Torobin 

and Gauvin, 1206] found the following relation which links the critical Reynolds 

number and turbulence intensity: 

Re, (u,.., /U,., 1)2= 45 

where u'rms and U., j are the rms value of gas velocity fluctuations, and magnitude of 

relative velocity between droplet and gas. In the regime Re < Re,, Cý is generally 

found to increase with turbulence intensity. 

The fact that there are no conclusive results and opinions about both effects, led 

us to ignore them in this study and 'adopt the broadly-accepted practice in spray 

calculations of using the drag coefficient for a single sphere and disregarding the 

influence'of turbulence. Certainly, the effect of evaporation on the drag coefficient 

must be taken into account; below a number of'proposed correlations are reviewed. 

It is conventional to equate the drag coefficients of evaporating droplets with 

those of a smooth solid sphere moving in steady-state conditions. In this case Cd 

is a function of the approaching Reynolds number, i. e. the 'standard drag curve', 

[2151 and [67]. Comparison of experimental results with the 'standard drag curve' 
have shown significant scattering. There are two main reasons for this 4ifference: 

* Evaporation changes the composition and temperature field of gas near the 

droplet surface; (in general, the viscosities of various fuel vapours are lower 

than air at the same temperature). 

* Fuel vapour efflux from the droplet surface affects the velocity field around the 

droplet, causing the changes in friction and pressure (form) drag. 

The discrepancies may also be due to the arbitrariness of the choice of mean condi- 
tions of the droplet surroundings (the temperature and gas composition). 
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Early drag measurements by Ingebo [109] on evaporating ethanol droplets in the 

Reynolds number range of 6 to 400 resulted in correlation: 

Cd = Me -0.84 (3.62) 

which lies below the 'standard curve'. The measurements of Eisenklam et al. [59] 

of free-falling, evaporating and burning droplets of various liquids in hot air have 

shown a reduction of the drag coefficient due to the mass transfer from the droplet 

Ysurface. They have correlated the-drag coefficient to the 'standard' drag based on 
the free stream conditions, and to the mass transfer number B, defined later on by 

Eq. (3.69). Hubbard et al. [107] have found for the case of evaporating droplets in a 

stagnant environment that the best agreement with measurements can be obtained 

when the viscosity is evaluated using the so-called '1/3 rule', described below. Yuen 

and Chen, [225], in an experimental study in the Reynolds number range of 1 to 

1000, confirmed Hubbard's findings. They found that the drag coefficient obtained 
from: 

Cd 24 
11 Re2/3) ; Rer < 1000 Re, 6r 

(3.63) 

Cd = 0. '44' ; Re, > 1000 

correlates well with the experimental results if the Reynolds number, Re, is evalu- 

ated from 

Re, = 
PIC1 - UdIDd (3.64) 

Pr 

where p is the free stream gas density, and p,, is the gas viscosity based on the '1/3 

rule' reference state, defined below as: 

Tr'ý Td + (Too - 
Td) (3.65) 

yr " Yd + -(yoo - Yd) (3.66) 
3 

In these expressions T and Y denote the temperature and fuel vapour mass fraction, 

while the subscripts d and oo stand for, the droplet and free stream conditions, 
respectively; see Fig-3.7. In the Reynolds number-range of 10 to 260, they also 
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0 

0 

Figure 3.7: Temperature and fuel vapour mass fraction distributions arround an 

evaporating droplet 

proposed the following correlation for the drag coefficient, [1801: 

0224 0.63) Cd = (1 + B)- - (1 + O-2Re (3.67) 

where Re and B are evaluated from: 

Pift - UdIDd 
Re = 11 

(3.68) 

B- cp(T' - Td) 
(3.69) 

L(Td) 

Here, it is the gas viscosity based on the film condition, i. e., at the arithmetic mean 

temperature and fuel vapour mass fraction. The disadvantage of this correlation is 

that it is only valid for values of the mass transfer number B in the narrow range 
from 0 to 3, which together with the limitation on the Reynolds number, makes 

this correlation unsuitable for diesel spray applications. (The ma3dmum Reynolds 

number in diesel sprays is usually greater than 1000, and the mass transfer number 
for the droplets whose temperature approaches the critical fuel temperature, which 
is alway lower than the gas temperature in a cylinder, becomes large because the 

fuel latent heat, L(Td) then tends to zero; see Eq. (3.69). ) 

There have been many numerical studies of the drag coefficient of evaporat- 

ing and burning droplets. Two recent ones which found the correlation given by 

Eq. (3.63) to be valid we will be mentioned here. Renksizbulut and Yuen, [1801 in 

an analysis of variable-property flow past solid and liquid droplets,, in the Reynolds 

number range from 1 to 100, have found a good agreement with experimental re- 
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sults. The same correlation is successfully used by Abramzon and Sirignano, [21 in 

their numerical studies of the vapourisation of a moving fuel droplet. 

In spray calculations, Beshay [27] and Tabrizi, [200] have used the drag coefficient 

evaluated at the arithmetic mean temperature and composition, according to: 

Cd = 
24 

rO. 687) 
-(l + 0.15R_ Re <- 1000 
Re 

Cd = 0.44 ; Re > 1000 

(3.70) 

In this study, the correlations given by Eqs. (3.63) and (3.70) will both be used 

to assess the influence of different drag coefficients on the overall spray behaviour. 

Momentum relaxation time 

The drop momentum cons-ervation equation (3.61) can be recast by introducing the 

momentum relaxation time, Tu defined as: 

2 Ind 4 PdDd 
PCdAdlÜ - Udl 3 AIÜ - Udl 

into the working version of the drop momentum conservation equation: 

dUd 

-1 
(fi 

- Ud) (3.72) 
dt TU 

or in the term of computational parcels: 

Lup 
=iuu (3.73) 

dt Iru 
(^ 

The magnitude of the momentum relaxation time measures the mutual momen- 
turn interaction between the droplets and surrounding gas. High values of 7,, mean 

practically undisturbed droplet motion (this is the case with the bigger droplets), 

while very low values denote a state when droplets almost completely follow the gas 

motion (typical of small droplets). 

Momentum contribution to the gas phase 

An additional source term, sd, in the gas momentum conservation equation (see U 
Eq. (2.44)) originates from the momentum exchange between the drops and gas 
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via the drag force. A computational parcel contains Nd droplets, so its mass is 

Mp = ArdMd. The ensemble- averaged value of the total momentum exchange rate at 

location x is therefore given by the following formula; see Appendix B. 1: 

p=Np t+At 

U(X) = s lim b(x 
- xp) (mp up) dt dV (3.74) 

, ý,:: Oo At6v 
it 

dt 
6V-0 

v( 
P=l 

where 8 denotes the Dirac delta function in the 3-D space, and the summation is 

performed over all Np parcels. 

3.5 Mass conservation equation 

The droplet mass change due to evaporation is calculated from the mass conservation 

equation [311 given below: 

dMd 

= -rDdVSh p,, In p- P"'Oo 
(3.75) dt p- P", s 

where *D is the mass diffusivity, A the Sherwood number, P the total pressure of gas 

mixture, and P,,,. and P stand for the partial fuel vapour pressure at the droplet 

surface and far from it, respectively. The fuel vapour density, p,, is evaluated from 

the ideal gas law for the fuel vapour as: 

p 
PV ýý W-I-T. (3.76) 

where T,,, denotes the mean temperature (T. = il (Td + T) ), and R,, stands for the 

fuel vapour gas constant. 

The Sherwood number is calculated from the following correlation, [1731: 

2.0 + 0.6 Re 1/2 SC113 (3.77) 

where Sc is Schmidt number, defined below and calculated at the mean temperature 
T ..: 

sc 
= -1, p'D 

(3.78) 

It should be noted that Eq. (3.75) assumes that the mass diffusion results only 
from the fuel vapour concentration gradient, neglecting thermal diffusion. Error's 
incurred by this assumption and by neglecting the Dufour effect in the drop energy 
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equation are of the order of 10%, [67]. Therefore, complicating the model by in- 

cluding these effects, with respect to all uncertainties of empirical correlations and 

mI aterial properties involved in the model, is not justifiable within the context of the 

current study. 

Evaporation relaxation time 

An evaporation relaxation time r can be defined by the following expression: 

2 Md PdDd 
(3.79) 

rDdVSh p, In p- 6 VSh i In P-P-0 
P-PV" I- P-p". 

''Then, Eq. (3.75) can be cast into its operational form for the individual droplet and 

parcel resýectively: 

dMd Tnd (3.80) 
dt 7 dmp mp 

dt 7- 
(3.81) 

,, Mass contribution to the gas phase 

The ensemble-averaged evaporation rate with which the spray locally contributes to 

the gas phase, changing the total mass and composition of the mixture is given by 
(see Appendix B. 1): 

8 

lp=Np 
t+&t d 

mp dt dV (3.82) "M fim IýEI b(x - XP) At-0 Etbv 
f6v 

6V-0 P=j 

3.6 Energy conservation equation 

During droplet evaporation, heat Irom the surrounding gas is transferred to the 

liquid surface. Part 'of this heat is spent heating 'up the liquid fuel, and the rest to 

overcome the latent heat of vapourisation. 

j '"he droplet temperature, Tý, is calculated from the drop energy conservation 

equation [311 given below: 

d 
Md Tt [ CI(Td -Tref)] = ýd+ drndh,, (Td) (3.83) dt 
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where cl is the specific heat capacity of liquid fuel, the subscript ref denotes the 

reference state, and hv. is the latent heat of vapourisation. 

The rate of heat transfer between the gas and the droplet, ýd is calculated from: 

ýd 
= 7rDd kh Nu f (T - Td) (3.84) 

Z (3.85) 
d-d 

Z 
CP, v dt (3.86) 

irDd kh NU 

where f is a factor [61] which corrects the amount of heat exchange due to the pres- 

ence of mass transfer, cp,,, is the fuel vapour specific heat at constant pressure, kh the 

mixture thermal conductivity, Nu the Nusselt number, and T the gas temperature. 

The Nusselt number is evaluated according to the Ranz-Marshall correlation, 

[173] as: 
Nu = 2.0 + 0.6 Re 1/2 Prl/3 (3.87) 

where Pr is the Prandtl number, defined below and calculated at the mean temper- 

ature Tm: 

Pr = 
CP'lrn (3.88) kh 

Here, cp denotes the specific heat capacity of the surrounding gas at constant pres- 

sure. 

Heat transfer relaxation time 

In order to simplify Eq. (3.83) the heat transfer relaxation time is introduced, defined 

as: 
radC1 Pd D2 Ci 

re =--d (3.89) 
7rDd kh Nu 6 kh Nu 

By using Eqs. (3.79) and (3.89) and after some rearrangement the drop energy con- 

servation equations Eq. (3.83) can be recast into the foUowing form: 

dTd 
= -L (T - Td) -1h,, 

(Td) Tt 
T. Cl or 

(3.90) 

In this equation, the argument of the correction function f is calculated from: 

Cp, v Te 

cl 7 
(3.91) 
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Because all droplets which belong to the same parcel p have equal properties, 

Eq. (3.90), written with the subscript p instead of d, is valid for the whole com- 

putational parcel, i. e.: 

dT,, f-1 
= (T - Tp) - -h,, (Tp) (3.92) 

dt T, Cl 7' 

Energy contribution to the gas phase 

The ensemble-averaged rate of the spray contribution to the gas energy at location 

x is calculated from the following expression: 
lp=N +at 

lim 
1 1: b(x - xp) i,, p dt dV (3.93) 

At-0 Yt-bv 
f6v ý"1, t 

6V-0 P=l 

where 
d (3.94) 

C, p ý Tt IMP CAP - T, -Al 

or in terms of the mass and energy relaxation times: 

ie, 
p =MpI 

[cl(Tp - Tf) + h,, (Tp)] 
+ cif (T - Tp) (3.95) 

Ir Te 

I 

3.7 Breakup model 

Liquid drops detached from the jet liquid core, continuing their motion through 

the gas may, under certain conditions, be disintegrated into smaller droplets. This 

phenomenon is know in literature as the drop breakup or secondary atomisation. 
The exact mechanisms behind the drop breakup, despite numerous experimental 

and theoretical works, are still not completely understood. As a result of this, there 

are many uncertainties in the quantitative description of the process. 
A simplified picture of the drop breakup process for the purpose of addressing 

relevant forces involved, can be summarised as follows. Relative motion between 

the drop and the surrounding gas causes a non-uniform pressure and shear stress 
distribution on the drop surface. These external forces, opposed by the internal 

(normal and shear) forces and surface tension forces, deform the drop causing further 

changes in the external stress distribution. At the moment when these external forces 

can not be balanced by the opposing forces, the drop breaks up into smaller droplets, 
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, which, are much more efficient in resisting the external stress variations because 

of their smaller diameters (e. i. the surface tension forces are relatively stronger). 

However, it is possible that these droplets will also undergo further breakup, until 

a stable condition is reached when further breakup cannot occur. 

From the picture above, it is dear that pressure and shearing forces at the droplet 

surface represent forces of disruption, while the surface tension and liquid viscous 

forces are the stabilising forces. The ratios of these forces, expressed in the form of 

Weber and Ohnesorge numbers' (the Weber and Ohnesorge numbers are the ratios 

of drag and liquid viscous forces to surface tension forces; ther definitions are given 

later), are usually used as the independent variables in correlations for distinguishing 

the various observed breakup modes. 

According to Pilch and Erdman [171], there are five distinct breakup modes, but 

the two most important for the diesel spray are bag breakup and stripping breakup. 

While the cause of the bag-type breakup is attributed to the liquid deflection at the 

forward stagnation point due to the pressure distribution, followed by a creation 

of a bag-shape shell and its disintegration, the views regarding the mechanisms of 

stripping breakup point to the boundary layer separation process, and the formation 

and growth of the surface waves on the droplet surface; see [1191, [221] and'[2221. 

Many experiments have shown the existence of a critical Weber number below 

which drop breakup does not occur. From collected data from a -wide literature 

search for a variety of fluids and both gas-liquid and liquid-liquid systems, Pilch and 

Erdman [171] obtained a correlation for the critical Weber number; see Fig. 3.8. It is 

given as a function of the Ohnesorge number, which accounts for the liquid properties 

only, assuming that the viscosity of the gas phase is small compared to the liquid 

phase. When the Ohnesorge number is small (On < 0.1), the critical Weber number 
has an almost constant value of 6. The breakup of droplets under the diesel engine 

conditions belongs to this region. Drop breakup at higher Ohnesorge numbers, 

which mean a relatively stronger effect of the liquid viscosity, is progressively more 
difficult (Hsiang and Faeth [106] observed no breakup beyond On ý-, 4). 

'The Ohnesorge number is sometimes referred to as the viscosity number, the Laplace number 

or Z number. 
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Figure 3.8: Critical Weber'number versus Ohnesorge number; the curve is given by 
1/2 WeC = 6(1 + 1.0770n'-'); On - Ohnesorge number: On = 1Id1(PdDd0') 

For the purpose of modelling, it is desired to determine the rate of the droplet 

diameter change, the breakup time, and the properties of the created droplets. As 

a complete theoretical study of this problem, which would include the details of the 

drop deformation and the liquid motion inside the drop, has never been made, it was 

necessary to resort to the experiment and dimensional analysis. The result of this 

are empirical correlations which determine criteria for the breakup modes and other 

relevant parameters. In this study, two drop breakup models are implemented, the 

Reitz-Diwakar model and the model of Pilch and Erdman. Their descriptions are 

given below. 

3.7.1 The Reitz-Diwakar model 

The model adopted in this study is based on the correlations given in Nicholls [1501, 

and reported by Reitz and Diwakar [178], [179], and Reitz [176]. The following two 

regimes are considered: 

1. Bag breakup, when the'Weber number is: 

we pmu, ',, Dd 
> Cbg (3.96) 

2a 

and 
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2. Stripping breakup, when 
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Ive 
> Catrip 

Rel/2 
(3.97) 

Here Cb,, g, Ct,. ip are the model coefficients, given in Table 3.2, and Re is the Reynolds 

number defined by Eq. (3.64). 

The above criteria are used for the calculation of the stable diameters, below 

which breakup does not occur: 

Ds, bag ý2 Cbg a2 (3.98) 
Pmurel 

D, = 4C2 a2 (3.99) 
, strip strip 3 PmUrej /Im 

If either of the two breakup criteria is satisfied, the droplet diameter changes ac- 

cording to the following diameter rate equation: 

dDd Ai - D. 
(3.100) Tt 

Tb 

where D, and Tb are the corresponding stable diameter and breakup time. The latter 

is estimated from: 
VL-dDd 

'7 
Tb,, g = CbDd (3.101) 

or 
C, Dd FPmd 

7 (3.102) 
Urel TM 

Here, Cb and C. are the breakup time coefficients given in Table 3.2. 

cb. 
g 

C. 
tip 

Cb C, 

6.0 0.5 0.785 10.0 

Table 3.2: Coefficients of the droplet breakup model - 

There is uncertainty about the values of the above coefficients. Reitz and Diwakar 

[1791 used C. = 10, NichoUs [150] gave C. =4 and O'Rourke and Amsden [164] have 

suggested that C. = \ýJ/2. Also, in [164] the authors criticise the use of the breakup 

criterion of Eq. (3.97) because the viscosity was not varied in an adequate range in 

the experiments from which it was derived. It has been observed in [1641 and [176] 
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that if only breakup criterion Eq. (3.99) is used for the determination of the stable 
drop size, instead of both (3.98 and 3.99), the resulting drop sizes in spray are very 

similar. Despite this simplification, in this study both criteria are used. 
During the breakup process droplet mass and total mechanical energy - composed 

of the kinetic and surface energy - are conserved. The redistribution between the 

kinetic energy and the surface energy is calculated by the reduction of the droplet's 

three velocity components by the factor bu, evaluated from the following expression, 
[178]: 

bu =1- 
Dd 

_1 
3a (3.103) 

( 
DI 

)2 
pd Dd (Ud)2 

Here the superscript n denotes conditions after breakup. For consistency, the droplet 

momentum loss is added to the gas momentum. 

3.7.2 Pilch-Erdman' correlations 

This drop breakup model is based on correlations obtained from measurement data 

collected by an exhaustive literature survey by Pilch and Erdman [171]. They found 

correlations for the critical Weber number, shown in Fig. 3.8, and breakup time. 

, 
Their analysis included also data on the drop velocity history and drop sizes, which 

enabled them to propose a concept of the maximum stable diameter below which 
breakup does not take place. This concept challenges the conventional estimate of a 

stable drop diameter based on a critical Weber number, and allows for the effect of 
drop acceleration. They assume that the stable diameter is affected in two ways; (i) 

the decrease of droplet Weber 
' number because of the new smaller droplet diameter, 

and (ii) the decrease in relative velocity between the droplets and the flow field, due 

to the changes in droplet acceleration (as a result of the decreased droplet diameter). 
They showed that this modified estimate produces larger droplets, which is in better 

agreement with the experimental results than the conventional practice. 
The drop breakup occurs if the drop Weber number, Me is greater than the 

critical Weber number, We,. This critical Weber number, which allows for the 

viscous effects via the Ohensorge number On, is given by: 

Wee =6 (1 + 1.077 Oh'. 6) (3.104) 
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Yd Oh = (PdDd0'd)1'i 
(1105) 

In the model five breakup regimes are distinguished, Fig. 3.9. They are charac- 

terised by dimensionless total breakup times Tb given by the following formulae: 

1. Vibrational breakup, 

Tb =6 (2 We - 12) -0,25 ;6< We <9 

2. Bag breakup, 

Tb 2.45 (2 We - 12)0.25 9'; < We 5 22 

3. Bag-and-stamen breakup, 

-0.2,5 'rb ý-- 14.1 (2 We - 12) ; 22 < We <- 175 

4. Sheet stripping, 

76 " 0.766 (2 We - 
12)0.25 175 < We < 1335 

5. Wave crest stripping, 

Tb ---: 5-5 ; 1335 < We 

Here We and fb are defined as: 

PM JU 
- Udj2Dd 

2o- 

7b Tb 
pm )1/2 

Dd Pd 

The stable diameter is evaluated from: 

V Do =2 Wee 
pMjU 

or 

UdJ2 
1-d 

)-2 

IU 
- Udl 

where Vd is given by: 

(3.106) 

(3.107) 

(3.108) 

(3.109) 

(3.110) 

(3.111) 

(3.112) 

(3.113) 

(ýM )1/2 
- 2) Vd ----: IU - Udl 

Pd 
(Bi-; Fb + B2fg (3.114) 

Coefficients B, and B2 are chosen to fit experimental data; Their values are given 
in Table 3.3. The droplet diameter changes according to the Eq. (3.100). 
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Figure 3.9: Dimensionless breakup time vs. Weber number 
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Table 3.3: Coefficients of Pilch-Erdman' breakup correlations 
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3.8 Droplet-droplet collision 

It was shown by Bracco and co-workers [35], [1631 that collision processes are im- 

portant in sprays, especially in regions with high droplet number density. Collision 

is responsible for the growth of the droplets, due to the coalescence, and to the 

exchange of momentum between droplets. In this sense, the collision and breakup 

processes can be seen as a two competing mechanisms whose outcomes determine the 

local droplet size distribution. The results of collision can lead to the formation of 

a many new droplets (parcels) with different properties. Their numerical treatment 

could quickly fill computer storage, so some 'approach, satisfying the conservation 

principles, and avoiding this problem, must be adopted. 
The model of droplet-droplet collisions used in this study follows that of O'Rourke, 

[162]. It is based on the proposals for computing collision processes in rain clouds 
by Brazier-Smith et al. [36], by the statistical discretem-particle method. 

The model distinguishes three types of collision outcome: permanent coalescence, 

separation, and bouncing; see Fig. 3.10. During collision droplets can exchange mass, 

momentum and energy. However, droplets which belong to the same computational 

parcel cannot collide mutually. This is the result of assumption that all the drops 

from the considered parcel behave 
' 
exactly the same; i. e. they have not only the 

same sizes, velocities, temperatures, etc., but they also interact in the same way 

with the same turbulence eddy. 

A statistical approach is used to avoid increasing the total number of parcels. In 

some cases during a coalescence the smaller diameter droplets are all absorbed, in 

which case the number of parcels is reduced by one. Once the type of collision has 
been resolved, then all the droplets in the parcel with larger diameter, called the 

collector, undergo collisions with the droplets from other parcel. 

Probability of collision 

It is assumed that for each pair of parcels, collisions only occur if they lie in the 

same computational cell. This assumption is a bit dubious because collision between 

two spatially very close parcels which reside in different computational cells is a 
priori excluded, in contrast to a pair of possibly more distant parcels in the same 
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Figure 3.10: Types ofcollision; a) Permanent coalescence, b) Separation, c) Bounc- 

ing 

computational cell. This feature of the collision model is one of the reasons for the 

strong mesh dependency of spray simulations 4. 

The droplets in parcels are considered to be uniformly distributed through the 

cell where they currently reside. The collision frequency v of the collector droplets, 

(these being the droplets with the bigger diameter), with all droplets in the other 

parcel is given by: 

7 )2 
Nd, 2 

v- (Dd, 
l + Dd, 2 

I Ud, l - Ud, 21 
EI, 2 (3.115) 

4 bv 

where the subscripts 1 and 2 refer to the collector and the droplet, respectively, Nd, 2 
is the number of droplets in the parcel, and 6V is the cell volume. The term Nd, 216V 

evidently represents the droplet number density. Eq. (3.115) is 'borrowed' from the 

kinetic theory' of gases, but because of the differences between droplet and molecular 

coRisions5, the coUision efficiency, EI, 2 is introduced to allow for these effects. 

4An alternative approach which could exclude this assumption, would be to introduce a dimen- 

sion to the parcel cloud, to enable calculation of a parcel number density, needed for a probability 

calculation. However, this will require new assumptions, and the model will be very complex. 
'There are two main differences. Firstly, the droplet motion is influenced by the gas, so the 

collision cross-section will differ from that calculated assuming straight-line trajectories. Secondly, 

collisions between droplets can result in a greater number of outcomes, (i. e. coalescence and sepa- 

ration), than collisions between molecules. 
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The collision efficiency is defined as the ratio of the effective collision cross- 

section to that obtained by assuming the straight-line trajectories of droplets, and 

is evaluated from [120] as: 

E1,2 1+3 In 
2 TV )-2 

IV > 1.214 
4W-1.214 

(3.116) 

E1,2 `-- 0-0 ;W<1.214 

where W is the dimensionless stopping distance given by: 
2 Pd, 2 

lUd, 
l - Ud, 2lDd, 2 (3.117) 

9 It,,, Dd, l 

Langmuir [120] found that when TV < 1.0 then E1,2 ;: tý 9.0 because the small droplet 

is carried around the larger one by the gas flow, and collision will not occur. In tI he 

other extreme when W>1.0, he found that E1,2 
ý 

The probability that the collector droplet undergoes n collisions w: ith th6 droplets 

during a time interval bt, follows a Poisson. distribution with the mean value v6t: 
Nn 

P" e- (3.118) 

The case n=0 gives probability of no collisions A= e-ý7., To detern-dne whether 

collisions take place between the droplets in considered parcels, a random number 

Y,,, in the interval (0,1) is chosen. If Y,.,, < Po, no collision occurs. 

It should be noted that there is a characteristic time scale associated with col- 
lision, namely the collision time 11v, and the computational time step At must 

therefore be small compared to this. However, with the statistical approach em- 

ployed here, as long as only a few collisions are so affected, this time step limit may 

be exceeded without either instability occurring, or the accuracy of the results being 

compromised, [162]. 

The outcomes of collision are illustrated in flow-chart in Fig. 3.11, while the 
descriptions of the particular collision modes are given in the next section. 

Separation 

The experimental and theoretical study of Brazier-Smith et al. [361 was devoted 

to finding the criterion for distinguishing the separation type of collisions from the 
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Figure 3.11: Droplet-droplet interactions 
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coalescence type. Their experiments have shown that when the collision involves 

the droplets of nearly equal size and the impact parameter exceeds some critical 

value, the droplets will separate. Often two or three smaller satellite droplets will 
be produced in the process. 

In the theoretical part of their study they have found 'that in order for separation 
to occur the rotational energy must exceed the additional surface energy required 
to form the initial drops from the coalescence drop-pair. In mathematical terms, 

this condition reads: 

> E,,,. l (3.119) 

where E and E,,,. l are the coalescence efficiency and its critical value, respectively, 
defined as: 

E= 2X )2 

(3.120) 
(Dd, 

l+ 
Dd, 2 

= min 
[ 

TVCL Ill 
(3.121) 

f= -Y3 -2.4 _, 2+2.7 
-y (3.122) 

-Y = 
Dd, 

1 (3.123) Dd, 
2 
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In the above expressions, X is the distance between the centres of the droplets 

perpendicular to the relative velocity vector, see Fig. 3.12, and WeL is the droplet 

Weber number, which measures the relation between the droplet inertial and surface 

tension forces, defined by: 

WeL ": 
Pd, 2 

JUd, 
l - Ud, 2 

12 Dd, 2 (3.124) 2172 

where a is the surface tension coefficient. 
11 

Figure 3.12: Collision; 1- collector, 2- droplet 

To decide about the type of collision, i. e. whether it results in the coalescence 

or separation, a random value of E in the range (01 1), Y,, 2 is chosen. If 

Yr, 
2 ý! Ecoal (3.125) 

separation occurs. Note that this condition is equivalent to: 

x>X, (3.126) 

where X, is the critical inter-drop distance when the separation is still possiblev 
derived from Eqs. (3.120) and (3.121) as follows: 

Dd, I + Dd, 2. El /2 

2 coal (3.127) 

and X is the randomly chosen droplet distance given by: 

Dd, l + Dd, 2 1/2 

2 
yr, 

2 (3.128) 
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As Brazier-Smith et al. did not measure the drop velocities after separation, 
O'Rourke [162] derived their values from the conservation of the linear and angular 

momentum and energy under assumption that the drops retain their original size. 

He obtained the following expressions for the droplet velocities after separation, 
denoted by the superscript n: 

11 Urd, 1 
[(MU)d, 

1 + (MU)d, 
2 + Md, 2(Ud, 1 - Ud, 2) ful 

Md, 1 + Md, 2 

(3.129) 

Ud, 2 
Md, 1 + Md, 2 

[(MU)d, 
1 + (MU)d, 

2 - Md, 2(Ud, 1 - Ud, 2) 
ful 

where 
Y'12 

- El 
/2 

fu 
x-X, 

- 
coal (3.130) Dd. I+Dd, 2 

_ 
1/2 

2 
X, 1- ELI', 

Coalescence 

In the case that condition Eq. (3.125) is not satisfied, i. e.: 

Yr, 2 <Ecoal (3.131) 

two different outcomes of collision are possible: permanent coalescence and bounc- 

I ng. If the drops' kinetiC'energy is high enough to overcome the resistance of the air 
film trapped between them, the outcome of the collision will be coalescence. Then, 

the following condition will be satisfied: 

Yr. 2 <Eboun (3.132) 

where Eb,,,, is the bouncing efficiency, defined, according to Jayaratne [111] as: 

Eb 
... n=( 

WeL )1/3 
(3.133) 

2.4 f (-y) 

The number of droplets Af which take part in the coalescence with each collector 
droplet is determined by: 

i=M-I i=M 
E Pi < Yr, 2 <E Pi (3.134) 
i=O i=O 

and they are removed from their associated parcel until the complete depletion of 
the parcel, when M is recomputed so that all droplets take part in coalescence. The 
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remaining number of droplets in parcel 2, Nd", 2 is calculated from: 

Nn 
d", 2ý 

Nd, 2 - 
AINd., 

1 (3.135) 

where IVd, j is the number of collector droplets, and superscripts n denotes the value 
after coalescence. The other droplet properties in parcel 2, (velocity and tempera- 

ture) stay the same. 

The new properties of the collector droplet are estimated from the conservation 
of mass, Md momentum, (MU)d and energy, (mqT)d according to: 

Mdn, l Md, l + Md, 2M 

(rnu)n d, l 
(MU)d, l + (MU)d, 2M (3.136) 

(mc, T)",, (mcIT)d, l + (mcT)d, 
2M d 

However, the number of droplets in the collector remains unchanged; Nn d, j = Ndj 

and the new drop diameter is calculated based on the new drop mass. 

Bouncing 

The bouncing type of collision occurs at low drop velocities and is accompanied 
by the deformation of each of the approaching droplet pair approximately into, the 

shape of an oblate spheroid due to the air film trapped between them. A threshold 

condition for bouncing is given by: 

Yr, 2 ý: Eboun (3.137) 

where Eb,,.,, is determined by Eq. (3.133). As the drops involved in bouncing do 

not touch each other, they retain their size and internal energy, and exchange only 
momentum. 

The drop velocities after bouncing are determined in the same manner as in 
the case of separation, and the same expressions (3.129) are used. However, the 
coefficient fu has now different value given by the following formula: 

1/2 ' /2 Yr, 
2- Eboun 

fu 
2 (3.138) 

1- Eb 
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3.9 Droplet-wall interactions 
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Spray-wall interactions in diesel engines have become the subject of intensive re- 

search in the past twenty years, from the time that DI diesel engines began to find 

wider application to passenger cars, Until then, little attention was paid to the phe- 

nomenon of spray-wall interaction, although earlier research was done in the fields 

of. cloud physics, soil erosion and aerospace industry, where they mainly considered 

water drop splashing. The works of Engel, [651 and [66] deal with splashing of wa- 
ter drops on dry and wet surfaces. In these studies, the outcome of splashing is 

correlated to the impact velocity, drop size and the surface roughness. Hobbs and 
Alkezweeny, [1041 and Hobbs and Osheroff [105) investigated drop splashing on deep 

and shallow liquid layers, and the dependence of the number of newly-created drops 

on the layer thickness. The size distribution of droplets produced by water drop 

impact has been measured by Levin [128] and Levin and Hobbs [129], who found 

it to be approximately lognormal. 
- 
Very detailed measurements of the products of 

water drop splashing with respect to the impact velocity, drop size, surface tension, 

roughness and curvature of target surface, and depth of liquid film, were done by 

Stow and Stainer [195]. They also correlated the number of splash products in terms 

of impact conditions. 
The need for studying the spray-wall impingement in engine field comes from the 

fact that some engine designs exploit spray-wall interaction to control fuel evapora- 
tion and combustion, as the M. A. N. injection system [100], or because the impinge- 

ment is blamed for the high unburned hydrocarbon emission level, especially in a 

small DI engine, [135). The latter become important after many governments intro- 

duced legislative restriction on the permitted level of engine emissions, see §(1.1), 

forcing engine manufacturers to find answers to emission reduction. 
One of the first models of ýpray-wall impingement implemented in a multidimen- 

sional numerical code, was developed by Naber and Reitz, [148]. In their model, 
drops striking the walls are assigned a velocity parallel to the wall in a manner of a 
jet-wall impingement. Smaller drops approaching the wall are deflected away, while 

-the larger drops stick to the wall and form there a liquid film. The drop shatter- 
ing process and the model of liquid film were not considered. The model showed 
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qualitatively good predictions compared to photographs from engine'and bomb mea- 

surements, in respect to various swirl flow conditions, chamber pressures (densities) 

and spray impact angle relative to the wall. Watkins and Wang [218] developed a 

spray-wM impingement model based on an extension of the drop collision model of 

O'Rourke and Bracco [163], accompanied by an empirical correlation for the mo- 

mentum change of the impacting drops. When attachment between drop and wall 

occurs, the drop retains its tangential velocity relative to the wall, while its normal 

velocity is set to zero. To simulate the shattering process, the drop size after impact 

is reduced by an empirical factor of 4. The model gives reasonable good predictions 

for normal spray impactions for walls near injector, but failed for angled injection 

and injector far from the wal 
The recent extensive measurements of drop- and spray-wall interaction at the 

Max Planck Institut reported in [391, [1521, [1531, [154] and [1551, resulted in a model 

of this phenomenon developed by Obermeier and Chaves [1561. The measurements 

were performed in a number of pressure and temperature conditions, varying fuels, 

incidence angle, wall temperature and wall roughness. They measured the velocity 

of the droplets, their sizes and reflection angles, as well as the volume of ejected 
drops and then correlated these quantities to the incidence Weber number and a 

newly-introduced dimensionless quantity. The model also allows for the multiple 

droplet impact. This model is implemented in this study and its description is given 

below. 

3.9.1 MPI model 

All mechanisms involved in the spray-wall processes are not known, and knowledge 

about them is mainly based on observation, dimensional analysis and intuition. The 

picture of the dynamics of these processes, given below, comes from photographs of 

single droplet impact on a wall. 

When a drop hits the wall, it will experience deformation, firstly spreading and 

then flowing along the wall. The final result of impact depends on the drop kinetic 

energy before collision with the wall, and drop internal forces which, oppose -defor- 

mation - viscous and surface tension forces, as weU as on the wall conditions such 



3.9. DROPLET-WALL INTERACTIONS 123 

as wall temperature, wall roughness, and on whether the wall is dry or wet. If the 
drop kinetic energy is high enough, part of the drop will. be ejected from the wall, 
forming an irregular shape similar to a crown. In a further phase, due to surface 
tension forces, this shape disintegrates into a number of small (secondary) droplets, 

which continue traveling from the wall. For the purpose of modelling, it is impor- 

tant to know the criteria determining when this transition takes place, and the sizes, 

velocities and the total volume of secondary droplets. However, if instead of one 

single droplet, there is a chain of drops which hits the wall (which roughly mimics 

spray-wall impingement), the situation will be changed and should be allowed for in 

a model. 
Experiments have shown that the wall temperature is, together with the drop 

velocity, one of the most influential factor, since it affects heat transfer between the 
drops and wall, causing, if the wall temperature is high enough, boiling and evapo- 
ration of drop. Two characteristic wall temperatures are observed, the Leidenfrost 

temperature, when the drop levitates above a cushion of its own vapour and does 

not make direct contact with the wall (the drop then has a relatively large life time), 

and the Nukiyama temperature, when the drop life time reaches its minimum value. 
Since both temperatures are beyond the boiling point of liquid, the above regimes 
are not of interest for diesel engines because the temperature of chamber walls is 

normally lower than the boiling temperature of fuel. 

The model presented here, developed by Obermeier and Chaves, [156], accounts 
for the multiple drop impacts (i. e. for a drop chain), and neglects the effects of 

roughness and curvature of the target surface, possible formation of a liquid film, 

and heat transfer between the wall'and the droplets on the wall. Three different 

regimes are distinguished: 

1. Splashing. The incident drop breaks up into smaller droplets which are re- 
flected with characteristic velocity magnitude and direction. 

2. Fragmentation. The drop is fragmented into smaller droplets which adhere 
to the wall. 

3. Sticking on the wall. The incidence drop remains unbroken and adheres to 
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the wall where it subsequently evaporates. 

During the above processes a liquid film will be formed, but this is not considered 
in the model, and is beyond the scope of the present thesis. 

It follows from the above physical picture that 
' 
the relevant forces governing drop 

impingement are the inertial, surface tension and viscosity forces, so the dimension- 

less criteria for the onset of the regimes are given in terms of the drop incidence 

Weber number, Wed and the dimensionless drop diameter, d*, defined as: 
2 

Wed Pd Dd Ud, n (3-139) 
a 

d* PdDda 
2 (3.140) 

I-ld 

Here Ud, n is the normal component of drop velocity relative to the wall; see Fig. 3.13. 
It should be noted that the Weber number in Eq. (3.139) is based on the drop density 
(not on the gas density) since the drop inertia (kinetic energy) plays the important 

role; also, only the normal component of drop incidence velocity is of importance 
for the impact, therefore it is present in the equation. In Eq. (3-140), d* represents 
ratio of the surface tension and viscous forces (note that d* = 1/00; Eq. (3.105)). 

uw 

Figure 3.13: Drop-wadl interactions 

Since it is assumed that all drops in the incidence parcel share the same 'fate', 
the descriptions of the impingement regimes will be given for one member of the 
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considered computational parcel. In the case of the splashing regime, two new 

computational parcels are assumed to be created, while for other two regimes the 

number of parcels remains the same. The parcel mass is conserved, and the drop 

temperatures before and after impingement are assumed equal (a consequence of the 

neglected heat transfer between drop and wall). However, as a result of impingement, 

the drop size, the number of drops in the parcel and the drop velocity can be changed. 

Splashing 

Splashing occurs when Wed > We. pl, where IVe, p, is evaluated from the empirical 

relation [216] : 

We'Pi 

2.5- 103 (d*)-0-2 ; Tw :5 TLid 
(3.141) 

7.9 - 10' (d* ; TW > TLcid 

where TL,, id is the Leidenfrost temperature, and TW is the temperature of the target 

wall. 
A drop which hits the wall and satisfies above conditions wiH be broken into two 

parts; one which stays on the wall, and another which reflects from the wall as a 
'cloud' of droplets ('splash droplets'). The total volume of the latter droplets, V. is 

given by the foRowing expression: 

0 

V, 
5.3.1074 Ch - 1.06 Td 

0.8 

; Ch < 2000 

; 2000 :5a< 3500 

; Ch > 3500 

(3.142) 

where Vd is the volume of incoming drop, a is a dimensionless characteristic number 
defined as: 

Ch = We 2/3 Re 1/3 -1 dd St (3.143) 

and Rej and St are the drop Reynolds and Strouhal numbers: 

Red Pd Ud,,, Dd 
(3.144) 

Pd 

St f : 
2d 

- 
Dd 

(3.145) 
Ud,,, a 
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In Eq. (3.145), f is the frequency of impingement, and a is the average distance nor- 

mal to the wall between incoming drops, Fig. 3.13. This distance is calculated under 

assumption of homogeneous distribution of drops in. the computational cell adjacent 

to the wall, where the incident parcel resides and where the splashing occurs6, as: 

a= 2y Ný113 (3. . 146) 

where y is the normal distance of cell centre from the wall, and Nd is the number of 

drops in the parcel. 

The diameter of the droplets in the splash doud, D, and their number, N. are 

calculated from the correlation given below, and from the conservation of drop mass: 

Ds 0.12 Dd (3.147) 
6 V. 

r D. 3 
(3.148) 

The remainder of the drop mass, Pd (Vd - V. ) is assumed to remain on the wall in 

a shape of a droplet with the new diameter, D" calculated from mass conservation d 

as: r6- 
V6 (v D" 'd - 

V, (1149) d 

and later evaporates there. This assumption about the shape and diameter of the 

remaining drop has no justification, but since the formation of liquid film is not 

considered in the model, and in the order to preserve the individuality of droplet, 

this practice arose 'naturally'. 

The velocity of the splashed droplets is composed of two components; the first is 

parallel to the wall and assumed to be equal to the tangential component of incoming 

drop relative to the wall, and the second is taken to be in the randomly sampled 

direction determined by the reflection angle a, Fig. 3.14. The magnitude of the 

latter component is taken to be u. ---: Ud, n- 
The reflection angle of the splashed droplet a is assumed to be uniformly dis- 

tributed in the range (0, a. ), and is randomly sampled from this range as: 

Y, a. (3.150) 

'This assumption is made without justification, but is consistent with the same assumption 

adopted in the collision model, see S(3.8) 
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where Y,. is a random number in the range (0,1), and a, is the maximum reflection 

angle calculated from the following empirical correlation: 

, 5(: -o 60' 2000 < Ch < 3500 9! j: -2 1500 

a, =- (3.151) 

60* Ch > 3500 

All splashed droplets from the considered parcels are divided into two compu- 

tational parcels each containing half the total number of splashed droplets'. These 

droplets have equal diameters, but different velocities determined from the assumed 

conservation of tangential velocity component (Fig. 3.14), from: 

U+ UW = Ud, ttl + Ud, nt2 + UW 

I Us, 2 ý-- Us, 2 + UW : -- Ud, ttl + Ud, ntl2 + UW 

Here, tl, t2 andt'2 are unit vectors. 

Fragmentation 

, 
T, his regime happens if the drop Weber number is in the range: 

Wefrg < Wed < Wespi 

(3.152) 

(3.153) 

and the temperature of the target wall is greater than the Leidenfrost temperature, 

i. e.: 

Tw > TL, id (3.154) 

This regime does not occur in diesel conditions, but is modelled for the sake of 

completeness. The threshold Weber number for onset of fragmentation is taken to 

be IVef,. g = 80. The result is breakup into a number of smaller droplets, whose 
diameter is given by: 

Df, g = DA (3.155) 

All these droplets are assumed to adhere to the wall and evaporate there. 
'The splashed droplets eject from the wall forming an irregular cone cloud. Here, this cone 

shape is simulated with two directions (to limit the number of newly-formed parcels because of the 

demands on computer memory and computational time; see also discussion on the parcel injection 

rate in §(3.10)), t2 and V2 in Fig. 3.14, and two corresponding computational parcels. 
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i 

Sticking on the wall 

Figure 3.14: Droplet splashing 

If the above criteria for splashing and/or fragmentation are not satisfied, the drop 

sticks to the wall and adopts the wall velocity. It is assumed that this 'drop keeps 

its spherical shape and that there is no heat transfer between the wall and the drop. 

However, the drop evaporates and exchanges mass and energy with the surrounding 

air, in a manner of an ordinary 'freely-flying' drops. This assumption is taken 

without justification. 

In the treatment of the sticking droplets the drop Reynolds number in the cor- 

relations for the heat and mass transfer, Eqs. (3.77) and (3.87), is evaluated with 

a velocity 1UR - Udl, where UR is the gas velocity adjacent to the wall. However, 

it is taken that the sticking drops do not participate in the collision and breakup 

processes. In the case of collision calculation, the droplet number density is needed 

which is not defined for the droplets on the wall since they lie in the wall surface 

and cannot participate in collision with free-flying drops; on the other hand, these 

droplets are inside a wall boundary layer, and taking into account their sizes (which 

can be in the range 1- 100, um), it is clear that the gas velocity relative to the wall in 

this region is very small, and any breakup due to aerodynamic forces is impossible. 
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In order to fix the spray injection conditions, the following quantities must be known: 

1. The injection rate history, given as a volumetric (or mass) flow rate versus 

time, ý(t), 

2. The type of fuel and its temperature, 

3. The, nozzle geometry, including its characteristic dimensions L and D, and 
discharge coefficient cd (see Fig3.1). In the case of the MPI atomisation model 

Cd is not needed, but the nozzle hole wall roughness, k-, and entrance area 

contraction coefficient Q, must be known. 

4. The spray cone angle, for the MPI model must be specified; for Huh's 

model this angle, 0, is calculated from Eq. (3.15). 

The injection rate history may be estimated, in the absence of direct measurement, 
from the measurements of the fuel supply pressure, pressure at the nozzle exit, 

and the needle lift, using the known fuel properties. The values of the discharge 

coefficient, cd 'used in this calculation are sometimes based on the measured values 

at the steady-state conditions at the different nozzle openings varying the needle 
lift, which is the most accurate procedure. The spray cone angle is determined by 

the atornisation model in the case of Huh's model, or empirically specified in the 

case of the MPI model. 
The total fuel mass injected in the time interval (t, t+ At) is distributed over Np 

parcels, so the mass of each parcel and the number of droplets, Nd in it is given by 

following expressions: 

1- 
MP Pd ]v: Q(t)At (3.156) 

p 
Nd 6 mp (3.157) 

r pdDd 

where the initial drop diameter is equal to the injector diameter. The specified num- 
ber of parcels injected per time step affects the spray predictions and computational 
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time. Its value of about 1 parcel/ps represents optimum value -when the -predic- 

tion independence is almost reached at the reasonable computational cost, [227] and 
[200]. 

The initial location of the parent droplets corresponds to the injector location, 

and the magnitude of their initial velocity is detern-dned from ý(t) as: 

Ud(t) 
4Q (t) 

(3.158) D' Cch 

In the case of Huh's atomisation model, the coefficient C. h in the above expression 
is equal to 1. The direction of velocity is randomly sampled 'inside 'the spray cone, 
se e Fig. 3.15. It is assumed that the probability of the directions inside the cone are 

I equal, i. e. that there are no preferential directions. 

The initial velocity of the secondary droplets is determined as described, for the 
Huh' model in § (3.2.1), and for the MPI model in § (3.2.2). 

". Injector 

Figure 3.15: Initial drop velocity 

lftbý 
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In this chapter, a model of the spray has been presented. The spray is represented by 

a discrete-particle model, in which each computational parcel represents a number 

of droplets of the same properties. 

The model of spray includes the submodels of the following spray processes: 

atomisation, drop breakup, drop coUision, interphase transfer of mass, momentum 

and energy, and spray-wall interactions. 

Two atomisation models for round-hole diesel injectors have been described; 

Huh's atomisation model in §(3.2.1) and the model developed at the Max Planck 
Institut in §(3.2.2). 

The drop breakup has been modelled by the Reitz-Diwakar model, §(3.7.1), and 
by the Pilch-Erdman correlations, §(3.7.2). The latter distinguishes five regimes 

which in diesel engine conditions lessen to the same two regimes modelled by the 

Reitz-Diwakar model. The most important difference between the models is the 

practice how they estimate drop stable diameter. 

The droplet collision has been modelled according to O'Rourke [1621, §(3-8). It 

distinguishes three coUlsion modes: coalescence, separation and bouncing. 
The interphase transfer of mass, momentum and energy for individual drop/parcel 

has been described by a set of ordinary differential equations in §(3.5), §(3-4), and 
§(3.6), respectively. They express the general conservation laws in the Lagrangian 
frame of reference. The transfer coefficients used in these equations have been exten- 
sively reviewed in the corresponding sections. The coupling source terms associated 
with the interactions between the spray and the gas have been given at the end 
of each of the above sections. The effect of turbulence on the trajectories of the 
droplets has been modelled by a random walk technique in §(3.3). 

The correlations obtained from the extensive measurements at the Max Planck 
Institut has been used for the modelling of the spray-wall impingement, §(3.9). The 

model allows for the multiple droplet impact, and distinguishes the following three 

regimes: splashing, fragmentation and sticking on the wall. Finally, the spray initial 

conditions have been explained in §(3.10). 

With this chapter the mathematical description of the gas and the spray has been 
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completed. The following chapter will deal with the discretisation'of the governing 

equations. 



Chapter 4 

Discretisation 

, 4.1 Introduction 

In the previous chapters, the equations expressing the conservation laws for the in- 

cylinder flow of gas and spray have been given. In chapter 2, the following transport 

equations of the gas phase have been assembled: § (2.3.1) - continuity equation for the 

gas and fuel vapour, §(2.3.2) - momentum equation, and §(2.3.3) - energy equation. 
The turbulence model equations were given in §(2.3.4). 

The spray process models have been gathered in chapter 3: two atomisation mod- 

els in §(3.2.1) and §(3.2.2), parcel trajectory calculation in §(3.3), parcel momentum 

equation in §(3.4), and mass and energy conservation equations in §(3.5) and §(3.6), 

respectively. Breakup models were given in § (3.7), droplet collision model in § (3.8), 

and model of spray-wall interactions in §(3.9). 

All these equations, together with the initial and boundary conditions (for the 

gas phase given in §(2-4), and for the spray in §(3.10)), define a closed system 

of mutually-coupled non-linear equations. As this system can not be solved by 

analytical methods, a numerical procedure must be deviced. 

The equations describing the gas flow were given in the integro-differential form, 

where the dependent variables are considered as continuous functions of time and 
3D geometrical space in an Eulerian frame of reference. Various numerical meth- 

ods are available to solve these equations. They can be grouped into the following 

three main categories: finite element, finite difference, and finite volume. All these 

133 
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methods are based on replacement of the exact, unknown, continuous solution with 

the numerical values at the finite number of points in the solution domain. The 

derivation of the relations between these values, a procedure usually called discreti- 

sation, must employ some assumptions about the spatial and temporal variation of 

the variables, and must 'map' features of the original-, equations. In this way, the 

original equations are transformed into a set of simultaneous algebraic equations, 

whose solution approximates the exact solution to a required order of accuracy. 
The first part of this chapter is devoted to the discretisation of the gas governing 

equations. In this study, the finite-volume method is used, and its basis is presented 
in §(4.2). The discretisation of the general conservation equation, Eq. (2.21), and 
formation of its algebraic counterpart will first be given in detail in §(4.3). The pro- 

cedure presented, oriented to general unstructured meshes, 'mainly follows Theodor- 

opoulos [204]. Then, in §(4.4), the discretised forms of the particular equations win 
be assembled. 

The second part of the chapter deals with the discreiisation of the spray'governing 

equations (§(4.5)). As these equations belong to the grou IP of I ordinary differential 

equations, their discretisation is much simplei'and the standard Eulerian implicit 

method is adopted. 

4.2 Basis of the finite volume method 

The finite volume method was made popular in the field of computational fluid 
dynamics by the works of Gosman et A [87], McDonald [1331 'and MacCormac and 
Pauulay [132], among others. The main characteristics of the method which make 
it attractive and widely used are: 

local and global conservation of physically-conserved properties can be en- 
sured, 

9 applicable to complex geometries, with stationary and/or moving boundaries, 

* easy implementation of boundary conditions, 

o clear physical meaning, 
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* efficient methods of solution of the resulting simultaneous algebraic equations. 

Other equa. Uy-important features of the method are the control it offers over 
boundness, accuracy and the stability of the solution procedure, which can be re- 

alised by appropriate measures during the discretisation. 

4.2.1 Spatial and temporal discretisation 

In order to form an algebraic set of equations which will properly represent the orig- 

inal governing integro-differential equations, the following steps must be performed: 

1. Discretisation of computational domain 

The computational domain is defined by the space and time coordinates. The 

geometrical domain has to be divided into a finite number of non-overlapping 

control volumes or cells. There must be no gaps between cells, and each 

cell face can only be shared by the two neighbouring cells'. There are no 

requirements on the resulting mesh or grid concerning its topological structure, 
i. e. both structured and unstructured meshes can be used. 

The time domain must be divided into a finite number of time intervals; the 

time steps between intervals have to be small enough to assure the required 
time resolution. 

2. Selection of interpolating functions I 

The spatial and temporal interpolation functions by which the mid-values of 
dependent variables in the discretised space-time computational domain can 
be evaluated, must be selected. 

3. Discretisation of the transport equation 
The governing transport equation has to be applied to each control volume in 

the geometrical domain. The result of that is a set of simultaneous algebraic 

equations, where the number of unknowns are the values of the dependent 

variables in the cells. The number of these simultaneous equations is equal to 

the number of cells. 
'This restriction can be avoided by adopting some interpolation scheme for the fluxes between 

the cells at that face. 
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It is intuitively obvious that the final accuracy of the numerical solution directly 

depends on the fineness of the mesh and temporal resolution. Although the cell 

shape, Le the number of cell faces, is arbitrary, in this study only six-sided cells 

(i. e. hexahedra) are used. This results in a computational molecule with seven points: 

one central point and six neighbours. It is taken that representative values of all the 

variables are located in the cell centres, i. e. the collocated arrangement is used. 

In unsteady flow problems, the discretisation of time derivatives necessarily leads 

to an algebraic system of equations which links the unknowns at a given time to 

the values at current and previous times. There are three families of methods to 

approach this problem, namely, explicit and implicit methods, which can be regarded 

as two extremes, and their combination, usually called a semi-implicit method; see 
Patankar t1651. 

Explicit methods lead to a simple diagonal system of equations with a trivial 

matrix inversion. However, this advantage is paid for by a severe restriction on the 

permissible time step size required to satisfy stability and convergence conditions; 

the Courant-Friedrich-Lewy condition Q471 and [1031). In engine calculations, ap- 

plication of this method will, according to [241, impose restriction on the time step 

of the order of 10's (10-3 crank angles degrees). 

In implicit methods, the resulting coefficient matrix is not diagonal and its inver- 

sion requires more complex algorithms. This disadvantage is compensated for by an 

absence of stability and convergence limitations on the time step size. However, the 

time step restriction due to time scales of the physical/chemical processes remains. 

Among semi-implicit methods the best known is the Crank-Nicolson scheme, 
[481. Although it is unconditionally stable (in the mathematical sense), this does not 

ensure solutions without oscillations or physically plausible solutions; see Patankar 

and Baliga [167]. More information on the methods can be found in Patankar [1651 

and Begleris [241. 

As the implicit method is simple to implement, gives physically desirable be- 

haviour, and does not suffer from the severe time step size restrictions, it is generally 

preferred in the fluid flow class of problems.. Therefore, this method is adopted in 

this study. 
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4.2.2 Notation 

A typical cell arrangement with the notation used here is shown in Fig. 4.1. The 

considered cell is denoted by the capital letter P, and its faces by SP, where fE f 
1±1, ±2, ±3}, represents the six directions in the local ceIl coordinate system centred 

at P. The ± sign denotes the two opposite directions, so SP and SP represent two I -f 
opposite faces of the ceH P. In this sense, we wiH talk about the ceH face f and 

-f. The neighbouring cells to the ceU P are denoted by N, where N= N(f) links 

neighbouring ceR to the considered direction; N(f) is the f neighbour of P. NN 

represents the neighbouring ceUs of N. 

The values of variables in the cell centre and at the cell faces are denoted by the 

corresponding subscript, Op and of respectively. 

p sf 
N S; 

I; r 

Directions: 
f =+j 
j=1.2,3 

Cell vertices: 
i=1.2.... 8 

Figure 4.1: Cell notation 

Each cell is defined by its eight vertices whose locations are given by the position 
vectors ri (i = 1.... 8) in the global Cartesian coordinate system. For the cell P, its 

cell centre rp and the centre of the face f, rf, are defined as the arithmetic average 
of the position vectors of all cell vertices, {i)p and all vertices filf which belong to 
the considered face f, respectively: 

rp =E ri 8 (i)p 
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rf 4E ri (4.2) 
(Of 

The face vector SfP is calculated via the vector product of the two face diagonals, 

and it points outwards 2. When there cannot be confusion, the superscript P will be 

omitted. 
The cell volume Vp is calculated from the volumes of the six pyramids whose 

bases are the cell faces, and apexes are the cell centre P, giving the following ex- 

pression: 

VP =3E Sf - (rf - rp) (4.3) 
U)p 

where E{f}p stands for the summation over'all six directions in the cell P. 
The values of the dependent variables at the cell faces are estimated by, the 

following spatial interpolation scheme: 

Of = AP Op + (I - AP) ON (4.4) ff 

where Apf represents the interpolation (weighting) factor of the cell P in the direction 
defined in Fig-4.2. The same interpolation scheme is used for the evaluation of 

N df 
dp +d N 

ff 

Figure 4.2: Definition of interpolation function 

the other gas properties, such as viscosity, at the cell face. 

A quick look at the governing transport equations shows the frequent appear- 
ances of the nabla operator V, so this is the reason why we now introduce its 

'See in Theodoropoulos [204] on the problem of faces which are not plane, so-called 4warped' 
faces, and their treatment. 



4.3. DISCRETISATION OF THE GENERAL TRANSPORT EQUATION 139 

finite-volume counterpart, N defined by: 

11 
(NO)p = -ýT- E Sj Of = -7- E S1 (1 f pp 

ANON - OP) (4.5) 
pp Mp Mp 

This formula results from the Gauss theorem: 

L VOdV= is dS 0 (4.6) 

and the mean-value theorem: 

VO = lim 11 VO dV = lim,, Vl; 
f dS (4.7) 

V-+O V's- s Ts 

In Eg. (4.5), 0 can be a tensor of arbitrary order. Then, the gradient of an 

arbitrary scalar field 0, the divergence and gradient of a vector field u, and the 

divergence of a tensor field T, are given respectively by the following formulae: 

4-*3 

(V? k)p (NO)p 

p Sf (1 - Af )(ON - OP) (4.8) 
VP ff)p 

(V - U)p ; ýl (N - u)p 

p 'ESf'(l-Af)(UN-UP) (4.9) 
VP Mp 

(Vu)p (Nu)p 
1p 

v 
ESI(l-Af)(UN-up) (4.10) 

P Mp 
(V - T)p (N - T)p 

Sf - (1 - Afp)(TN - Tp) (4.11) 
p Mp 

Discretisation of the general transport equa- 

tion, 
, 

The conservation'of the g'enerai gas property 0 in the arbitrary control volume was 

given by Eq. (2.21). This equation, when the convection and diffusion terms are 
collected together, reads: 

TlpOdV+f (S'O + 9d) dV (4.12) 
d 

ds. (Pu, o -p rvo) t 
When this equation is applied to the hexahedral control volume P, the individual 

terms are approximated as follows. 
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4.3.1 The unsteady term ;, k, 1 11 

In order to discretise the unsteady term, the foRowing assumptions are made: 

* The content of the property 0 in the control volume can be- expressed by the 

product of the mass content in this ceIl and the representative value Op at the 

cell centre: 

pO dV -ý (pOV)p (pV)P OP (4.13) 
P 

The local rate of change of can be approximated by an average change during 

the finite time step At. 

The discretised unsteady term is then: 

d ýp 
pO dV -ý 

(POV)p - (Pov)op 
At 

(pv)p op - (pv)op oop (4.14) 
At 

where the superscript o denotes the 'old' time values. 

4.3.2 The convect ion- diffusion terms 

These two terms are considered together because their proper discretisation is essen- 

tial for the preservation of the conservation, bounding and transportive properties of 

the original transport equation. The total flux of 0 through the entire cell boundary 

Sp is equal to the sum of the fluxes over all the cell faces: 

dS- (puo -p rvo) dS. '('puO'- p r, vo), 
SP Mp, sl 

Assuming that the convective and diffusive fluxes of 0 at the cell face can be ex- 

pressed in terms of mms flux and diffusion counterparts, at the face, and some 
II 

average, representative values and Vý at the face, the flux. of 0 through the cell 
face f is: 

is, ds. (puo -pr,, v F, (4.16) 

where Ff is the flux of 0 through cell face f, given by: 

Ff = Sf -[ (pu,. O)f - (p riVO)f 1 (4.17) 
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The convective flux of 0 through the face f is evaluated as: 

sf - (PU, - 0)f = sf - (PU, )f Of 
= ef [ Wf OP + Wf)ON 

ef = Sf - (PU, )f 

where Cj is the mass flux, and wf is a weighting factor whose specification will be 

given later on. 
In the case of the diffusion flux, its vector (p r, vo), is resolved into two com- 

ponents. One, in the direction f, is called the 'normal diffusion' component, d7'; 

and the other is called the 'cross diffusion' component, dcj: 

(p d7or(O) + df (0) (4.20) 

The components are defined as: 

nor (0) 
Vý'), 

E siot+ df P (P ' 

(1=: kf lp 

+ (1 - A'P) (L'-±) E si 01 (4.21) 
v y=IAV 

d' (0) = AP 
(P re 

f 
v) E si 0, + O*f)p 

+ (1 - Afp) (P r"), 
si 01 (4.22) 

v (10±f)N 

where the summation is performed over the faces in the +f and -f directions for 

d'I'Or, and over all faces excluding +f and -f in the case of the cross diffusion 

component dý, 

In the above splitting, the gradient of 0 at the cell face is interpolated from the 

gradients at the two adjacent cell centres as: 

(VO)f = Af (VO)p + (i - Af (4.23) p P) (VO)N 

while the cell-centre gradients are appro)dmated according to Eq. (4.8) by: 

(70)p ; -ý (NO)p (4.24) 

(VO)N ; ý! (NO)N (4.25) 
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I After some manipulation (see Apendix VC-1)), the normal diffusion component 

can be recast into the following compact form: 

nor (0) (4.26) 
f 

Yf P (ON - OP) 

f 
[(SP L6 

fI _)p + (SN _ SN 3f-P AP(l - AP) SP )(L f 
)(P 

r4)NI 
(4.27) f -f V -f v 

which involves only the 0 values at P and its neighbour N. This allows a completely 
implicit treatment of the normal diffusion term. 

The discretisation of the cross-diffusion part necessarily involves the values of 0 

at the 'next-nearest' neighbouring cells, and its implicit treatment would therefore, 

not only expand the computational molecule beyond the'present six nearest neigh- 

bours, but could deteriorate the boundness of the solution (for very non-orthogonal 

meshes)'. The resulting set of equations is much more difficult to solve, and so the 

alternative procedure is adopted of evaluating the cross-diffusion term at the old 

time level (or with the currently available values); i. e. this term is treated explicitly. 

Expressed in terms of the old time ý values, the cross diffusion component at the 

face f is: 

d'(O') =fVs f 
P(p r,, )P .I AIMN - OPP) + 

{10±f)p 

ro), v S, (l - AIMO (4.28) 
4)(Pv 

(lA±f)N 
NN N) 

After substitution of Eqs. (4.18), (4-20), (4.26), and (4.28) into Eq. (4.17), the total 
11 flux through the face f is: 

Ff = (Clwf + Vf)op - 

- 
(cf (Wf - 1) + 9f ]ON - 

- J_/I 

I where 

D= SP -P 
If- sf 

Dc = Sfp , dc ff 

(4.29) 

(4.30) 

(4.31) 

3The latter is affected by the numerical values of the coefficients of 
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4.3.3 The source terms 

In general, the source terms are non-linear functions of the dependent variables, 

and in their discretisation linearisation is employed; see [165]. Thus, the discretised 

source term reads: 
I 

so dV = (Su'ý)p + (SO)p Op 
pp 

(4.32) 

where SU and Sp are the coefficients which depend on the particular source expres- 

Sion. 

The same approach is taken for the spray source contribution, hence: 

(SUO, d)p + (Slq5, d)p Op 
lp 

s" dV = (4.33) 

The linearisation. must be done in a manner that assures that the linear coeffi- 
cients Sop and SM are always negative or equal to zero, to avoid instabilities and p 

physically unrealistic solution. 
It is important to emphasize an essential difference between the Su and Sr terms. 

While Sp is always a scalar, Suý must be a tensor of the same order as 0. 

4.3.4 Discretised form of the transport equation 

Substitution of all the above terms into Eq. (4.12) yields: 

AopOp E AONON + Op (4.34) 
N 

Aop Cf W" + 7); I]+ 
f At - (sr, )p - (sp"")p 

Mp 
( EAO+ N At 
S! )p 90, d)p + (Sd)p 

-(S, (4.35) 
N 

A" N [ Cf (WO - 1) + f (4.36) 

b-6 p 
(pv)op 

00 +E Do f At p "+ (Su'o)p, + (SUO, d) p (4.37) 
If lp 

where the additional superscript 0 on 1-0 7Yý. w" and D", ' is used to emphasize their "PI fIff 
dependence on the dependent variable, and the summation over directions E(f), is 

replaced with the equivalent summation over the neighbours, EN- 

, 
The final form of Eq. (4.35) was obtained by the usage of the discretised mass 

conservation equation Eq. (4.55) by replacing (pV)plAt in terms of the 'old' time 
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P 
i. e. -'- value, (pV)I /At, and the spray evaporation rate Sd' 

(pv)p (PV)P 
Cf + (Sd)p (4.38) 

At At Mp 

When Eqs. (4.34-4.37) are written for all N, cells in the solution domain, the 

result is a system of N, non-linear algebraic equations: 

AO Op= 1: AONON + eP P Ne tp N 
(4.39) 

A-ý 
where Ap and are the diagonal and off-diagonal coefficients of the system, N 

respectively, and blpý is the source term. 

In a matrix form Eq. (4.39) reads: 

A150 = h5 (4.40) 

where'A'O is the N, X N, (N, is the total number of cells) coefficient matrix, and 0 

and hO are the column vectors of the unknowns and the source, respectively. 

4.3.5 Differeneing schemes 

The coefficients of Op and ON in Eq. (4.29) have crucial affects on the boundness 

and transportive properties of the original equation, [165]. In order to preserve 

these properties, these coefficients must be non-negative. Therefore, the assumed 

variation of 0 between neighbouring nodes P and N, dictated by the weighting 

factor wf, Eq. (4.18), plays such important role. 

There are many different schemes (see for example Patankar [165] and a review in 

'Collins [46]), but here, two schemes used in this study, namely, a hybrid differencing 

scheme and self-filtered central differencing scheme (SFCD), will only be described. 

Ilybrid differencing 

This scheme which always preserves those aforementioned desirable features, was 

proposed by Spalding [192]. It combines the upwind differencing and central dif- 

ferencing schemes. The value of the weighting factor wl is given by-the following 
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formulae, [1651: 
1, PC f 

Pef <--I AT, 

145 

[ AfP, -'< Pef < :' AT f 

where Pef is the cell-face Peclet number, representing the ratio of the strength of 

convection and the diffusion: 

Pei = 
Cf (4.41) 

f 
From the above expressions, it can be seen that the fluxes are uniquely defined at 

the cell face. This assures local conservation of fluxes between the neighbouring 

cells, and as a consequence, global conservation as well. 

Self-filtered central differencing 

This scheme of Ziman [230], is a conservative higher order discretisation scheme 

that switches, depending on the local ý-profile, between central differencing (CD) 

and blended upwind (UD) and linear upwind differencing (LUD). In this way, the 

scheme reduces the amount of numerical diffusion present in the scheme as -UD, and 

switches to UD only when a local extremurn exists. In regions where very steep 

gradients are present, a special parameter limits the CD usage, and the scheme then 

blends UD and LUD. A brief description of the scheme is presented below. 

In the SFCD, the value of ý at a face f, of, Fig. 4.3a, is evaluated by: 

0 if Cl > 0: 
p Of 

': -- 
OP + (OP - ON(-f))(1 - Af Pf (4.42) 

where #I is given by: 

Of= max 0, rain 
ON - OP 

flMax (4.43) 
(OP 

- ON(-I) 

if Cl < 0: 

Of Ap Pf (4.44) ON + (ON 
- ONN(f) 

f 

where Of is: 

Pf =rnax 0, rain 
ON - OP 

#max (4.45) 
1 (ONN(f) 

- ON- 
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0 

a) 

I (ý, " > 
oCD 

f 

LUD Of Cf < 
f 

C, >0 
r4>0, 

N(-O P f, N NN N(-f) PN NN 

I C, >0 

d) 

I, "C, >0 

NO PN NN N(-f) P0N NN 

Figure 4.3: SFCD scheme 

There are basically three different operating modes of this scheme, which win 

now be explained, for the case Cf >- 0: 

(ON - OPWOP - ON(-f)); SFCD is equivalent io'CD. This occurs if 

0< (ON - OPMOP - ON(-f)) Figs. 4.3b and-(4.3c). 

2. Pf = 0; SFCD is equal to UD. This happens if either P .. a., = 0, or (ON - 
OP)I(OP - ON(-J)) 5 0, i. e. when 0 has a local extremum, Figs. 4.3d and 4.3e, 

3. flf = SFCD operates as a blend between UD and LUD. This ýhappens if 

(ON - OPMOP - ON(-f)) > then, 0,.,, can be interpreted as a weighting 

factor between UD and LUD . 

The parameter has the task to put the upper limit on the usage of the CD 

scheme; beyond this value SFCD blends UD and LUD. It is recommended that 

be set to unity. A schematic presentation of the functioning of the scheme is shown 

CHAPTER 4. DISCRETISATION 

in Fig. 4.4. 

N(-f) P f, N NN(f) 
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Figure 4.4: Functioning of the SFCD scheme 

Implementation of SFCD 

As can be seen, the SFCD in the general case uses O-values at the next-nearest neigh- 

bours (NN), where implicit treatment would expand the computational molecule. 

In order to avoid this, an partially-explicit method is implemented, in which the 

upwind part is treated implicitly, while the rest is evaluated with the currently 

available O-values and added to the source as an explicit term. Expressed in term 

of the weighting factor, wi, Eq. (4.18), the implementation comprises the following 

two actions: 

1. 'Evaluation of the A6 coefficients in Eq. (4.36), according to the UD scheme, N 

with the Mowing weighting factor: 

wf =1+ min[ 0, sign(Cf)] (4.46) 

2. Calculation of the explicit part by: 

(SUO) SFVD'= E ýf Cf (4.47) pf 
Mp 

where O'f is defined by: 

(OP Ap f Pf ; cf >0 

Of (4.48) 

p (ON ONN(f)) Af Of ; cf <0 

and addition to the overall source term. 

4. - el 
el - e.. 

n 
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4.3.6 The boundary conditions 

CHAPTER 4. ý DISCRETISATION 

The expressions for the evaluation of the convective and diffusive fluxes given in 
§(4.3.2) are valid for all interior cell faces. On these ceU faces which lie on the 

boundary of the solution domain a modified treatment is imposed to account for the 
boundary conditions there. It consists of the introduction of additional boundary 

source term and setting the corresponding AO coefficient to zero. In this respect, N 

two kinds of boundary conditions are distinguished: (1) the fluxes at the boundary 

are known, in which case they are added to the source term of the adjacent cells7 or 
(2) the boundary values of the dependent variables are known; then, the fluxes are 

calculated based on the boundary values and the values in the cells adjacent to the 

boundary. 

The general form of the linearised boundary source term of the cell P adjacent 
to the boundary is: 

(Sb9o)P 
-'ý 

(SýOb)P + (S*PwP OP (4.49) 

Q-A and the terins S" and Sp, are added to the 'real' source terms SU'5 and So respec- b rl 

tively. 
In this section, the boundary conditions for the inflow/outflow boundaries, sym- 

metry planes and cyclic boundaries are described. The wall boundary conditions7 

since they are more complex and specific to the particular property ý, are given at 
the end of the description of the corresponding discretised transport equation. 

Inflows and outflows 

Here it is assumed that the boundary mass inflow or outflow rate is known. In the 

cells adjacent to the such boundaries, the boundary source term, split in the S. P' 
OP 

and U14 (' OP 
parts, reads: 

(S'ýPb)P rhb rhb <0 

(4.50) 
0 Thb >0 

u, e, Yf t, k, c 
rhb Ob' ; rhb (4 S14b)P 

; rýb 
(4.5i) 
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where rhb is the mass flow rate (Yhb <0 means inflow) at a ceU face b, and Ob is the 

value of 0 at this face. 

Symmetry plane 

At a symmetry plane, since the fluxes are zero (§2.4.3), the boundary source term 

is set to zero: 

(Sb")p=O ; O=u, e, Yft, k, e (4.52) 

Cyclic boundaries 

Cyclic boundary conditions and the relations which will be used here, were defined 

earlier in §(2.4.4). Suppose we have a situation shown in Fig. 4.5, where two cells, 
P and S, adjacent to corresponding locations at the cyclic boundary pair are iRus- 

trated. If cell, P is considered, a fictitious ceU N, which is cell. S rotated through 

the angle a, is positioned as a b-neighbour of P. Values of all the scalar quantities 
in cell N are equal to those of cell S, while the gas velocity in N is equal to the 

rotated velocity in S for the angle a, i. e.: 

0N `4 0 ; Oou (4.53) 

UN : -- W* US (4.54) 

where RO' is the rotation matrix. Now cell P can be treated as an ordinary internal 

cell, and all fluxes at b are accordingly calculated, see §(4.3.2) and §(4.3.4). Cell S 

is treated in the same way, i. e., its 'cyclic' neighbour T is the rotated cell P through 

-a, with the equal scalar values to those of P, and the velocity vector equal to the 

rotated velocity of P for the same angle. 
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UN 

TI 

Figure 4.5: Cells at the cyclic boundaries 
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4.4 Discretised gas equations 
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In the previous section, the discretised form of the general transport equation and 
boundary conditions, apart from wall boundary conditions, were presented. Here, 

the discretised counterparts of all the governing equations of the gas field assembled 

in §(2.3) and the corresponding wall boundary conditions will be given in turn. 

4.4.1 Mass conservation equations 

The discretised form of the mass conservation equation, Eq. (2.39) is: 

(pv)p 
At 

(pv)'E' 
+ýC, = (SIP (4.55) 

Mr 

where Cl and (S")p are the convective flux at the cell face f and the spray evapo- 

ration rate in the cell P, respectively. The latter is calculated from the discretised 

form of Eq. (3.82) as: 

P=Np i=N, 
i) (S )p x (m' dV b(x ppp 

(4.56) 
J. P=l i=l 

where the summation is performed over all spray computational parcels N, and over 
N. subcycling time steps. Integration of 6(x - x') over the control volume Vp assures P 
that only parcels which are in Vp during the time step At make contribution to this 

cell. More details about the discretisation of the spray source terms are given in 

Appendix B. 1 and in §(4.5.1) and §(4.5.2). 

The discretised version of the fuel vapour mass conservation equation Eq. (2.42) 

reads: 

A 11(y lt(yft)N + by" ,P=1.... N, (4.57) 
YPf 

, 
ft)P -= 

EAYNI 
p 

N 

1: A, Yf k(PPV')J'P' + (Sd) p A PYI 
N 

JV At 
(4.58) 

-'4YNf ICAW Yfl-l)+D YI t (4.59) ff 
yy (Sd)p bpf" (Yjt)" + 1: D f"' + (4.60) At p 

(f)p f 
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4.4.2 Momentum conservation equation 

Although the gas momenturn conservation, Eq. (2.44) is a special case of the general 

transport equation, the presence of the unknowiL pressure gradient in this equa- 

tion differentiates it from the other, scalar equations. In anticipation, of the later 

derivation of a pressure equation, the pressure gradient and spray source terms are 

separated from the rest of the source term. 

The discretised momentum equation reads: 

+ (SU, d)p 
PUP = 

EAUNUN + b" (VVNp)p P1.... Ný (4.61) pU 
N 

(PV)ý 
_ 

(S!, d)p + (Sd)p Aup E Au. + 
At 

(4.62) 
N 

A N [Cf (WY - 1) + VfU (4.63) 

bu (PV)4' 
+E Du" U)p p- -Et- -P 

(f lp 
I+ (SU (4.64) 

The notation in Eq. (4.61) stands for: 
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Apui(ui)p E ANUON + (biu')p 
N 

+ (S j, d)p 
_ (VONP)p ý, 

$ i, i=1,2,3 (4.65) 

In the above discretisation, the contribution of the remaining part of stress ten- 

sor, i. e. the part without the pressure gradient term (see Eqs. (2.23) and (2.30)), 

which, after substitution of Eq. (2.24) reads: 

T,,, + Tt p vff Vu + 

I 

(4.66) 

P V! ff (VU)T 2pV. Uj_ ei Veff 2p kI 

ii 
is split into two parts. 

The first part (1), is resolved into its normal and cross-diffusive parts according 
to Eq. (4.20). The normal diffusion at f, Sf - dnor(U) forms the diffusion part of the f 
coefficient (see Eq. (4.30)): 

Sf - df-- (u) = Vfu (uN -up) ff (4.67) 

'Du -P f= Sf - il (4.68) 

hk 
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The cross diffusion contribution of I for the whole cell forms the cross-diffusion 

vector D'f" (Eq. (4.64)). It is given according to Eq. (4.31) by: 

D, u" =Z Sf - dj (u*i) ei 
i=l 

(4.69) 

where ei stands for the unit base vector in the global Cartesian coordinate system. 

The second part (II) is treated explicitly, as follows: 

(SUU) pfVNp vff N (Uo)T] lp 

2 
j [V N(p vffN uo)]p - 
2[V 

N(pk*)]p (4.70) 
3 

The spray contribution term to the gas momentum conservation equation is 

obtained from Eq. (3.74). After its discretisation (see §(4.5.1), §(4.5.2) and Appendix 

B. 1), this term is linearised and split into (Su, d) 
p and (Su, d)p as: uP 

SU, d)p lp p--Np i=N, 

UEE 
b(x 

- xi) 
At 

P=l i=l 
p 

i 
(ruu, + Attu it (xp))i-I 

mp 
TU + At, 

(MPUP) 
I 

dV (4.71) 

(SPU, d) 
p=_1 

p=Np i=Ns 
i) mp At' i 

Z-t 
lp EE S(X - XP 

ru + At' 
dV (4.72) 

P=l i=l 
In the above equations, the summation is performed over all spray particles N,, and 

over N. subcycling time steps. 
Concerning Eg. (4.71), it should be recall that the fluctuating gas velocity U"(p) 

belongs to the eddy where the parcel p temporarily resides. 
In the cells adjacent to the wall boundaries, the boundary source term Su, ac- b 

cording to Eqs. (2.61) and (2.68), is: 

(S')p = (F. )p Up _ UW _ (Up 
_ UW). _.! 

ýb 
Sb] I Sb (4.73) bI IS b12 

where uW is the wall velocity and Sb- is the cell face vector at the wall boundary 

pointing out of the domain. Its SAb term, given here in component form, and S'Pub 

term are: 

(Sýb)P 
--": - (F. ")p 

I 
ISbI 

- ISbI ui, IV - 
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' (Sb - ej)' (F. ' (Uj, P - Uj, W) Sb 
, ej )l 

I- 
(4.74) 

jSbj 

(Sb - e, )21 
(F,,, )p IsbI - (4.75) (S;, 

b) P ý-- 

I 

isf II 

where e is a unit base vector in the global coordinate system, and i and j denote 

coordinate directions (ij = 1,2,3). 

4.4.3 Energy conservation equa ion 

The discretised form of the energy conservation equation, Eq. (2.39) is: 

A' (e)p XN(e)N + VP P=1,... Nc (4.76) 
p 

N 

Aee, 
(pv)op 

(S; d)p + (Sd)p 
p =EAN + 

At 
(4.77) 

N 
(4.78) AeN =I cl (Wei +f 

Mp = 
(pV)'E'(e)ý+ 

1: D'j'+ (SU, )p + (Sýd)p + (Sd)p (4.79) 
At pU 

lp 
f 

The source terms are as foHows: 

M) 
ýp + (P)O]p 

(0 VN- u)p (4.80) 
2 

(S'e, d)p ýp p=Np i=Ns 

pEE b(x - Xpi p T(xP')At'dV (4.81) TP t) 
mp 

Te-) 
P=l i=l 

(Sýd)p 
p=Np i=N. 

b(x - xi) p t 
lp 

P=l i-I(Ti 
- Tr 

p miI 
[Cl + h,, (Tp 

+ Tp' At'dV (4.82) 
p Te 

In the case of heat transfer at a wall, the boundary source term'in a cell adjacent 

to the wall, expressed via the wall function (see Eq. (2.62)), reads: 

(Sbe)p =- Sb - qw 

=- ISbI (F. )p (ew 
- ep) (4.83) 

where qjV stands for the vector of the heat flux at the wall, and Sb and Tiv are 

the cell face vector at the waU (pointing out of the domain), and waU temperature, 
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respectively. The (SAb) and (S;, b) terms of Eq. (4.83) are then given by: 

(Sýb)P 
--ý - ISbI (F. )p e; v 

(S, ep, b)p = ISbI (Fw)p 

4.4.4 Turbulence equations 

Turbulence energy 
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(4.84) 

(4.85) 

The turbulence energy conservation equation Eq. (2.49) is discretised as shown below: 

bk 
,p= 19 ... N Ak kp AkkN+ 

c (4.86) pNp 
N 

. 
4k =E Ak + 

(W)ý 
_ 

(Spk)p 
_ 

(Spkd)p + (Sd)p (4.87) 
pNN At 

. 
4k = [C (wk + (4.88) N 

k, c + (Sk)p + (Sk. d)p (4.89) bkp = 
LP-V)ý 

(k)' +Duu 2ý-t 
Mp 

The gas-related Sp and Su terms are: 

21 11p 
(SV')p = -C�(Vp k')p - (N - u)2 +- 

60 vt 
2 

ý+3 (Vp)p min[ 0, (N - u)p] (4.90) 

(SUk)p = G, +2 (Vp V), - max[ 0, (N - u)p] (4.91) j 

(Vpvt)p{[Nu+(Nu)T 1: Nul, (4.92) 

where the term linearly dependent on the divergence of velocity (N - u) is treated 

implicitly or explicitly according to its sign. This is accomplished by the max and 

n functions in the above expressions. 
The same approach is used with S-p and SU terms which represent the direct 

spray contribution (see Eqs. (2.51) and (A. 46)): 

(Spk, d)p 
=11 min[ 0, (ýflpj (4.93) 

Tpo- 
(Sk, d)p d 

u max[ 0, (§k)p] (4.94) 

P=Np i-N, 

xi) (MP 
t 

16 

v b(x p P=l i=l 
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1 ITI i- i-I)l 

., (MPUP)i - (MPUP)i [ai -2 (u (MP mp 

(u")'At'dV (4.95) 

The ceRs adjacent to the wall boundaries are specially tr6ated. In these cells the 

average energy dissipation rate over the control volume, [123], is calculated using 

the wall functions (§(2.4)). This is accomplished by evaluating the (Sp)p term in 

Eq. (4.90) using the following expression of vt: 

+ <y+ vm yc 

Vt = (4.96) 
C, 114 kl/2 r .y+>y+ 

ln(E y+) 
yc 

and by modifying that part of the generation term in Eq. (4.92) caused by the work 

of the wall shear stress, TW. In the case of the turbulent Couette flow, the generation 

rate in the cell adjacent to the wall, (G,,, )p, is given by the following formula ([203]): 

(G. )p =I Tw (- 
ou) 

dV 
v vp Tn (4.97) 

where u is the velocity parallel to the wall and na normal vector shown in Fig. 2.2. 

After substituting Eq. (2.61) into the above formula, and discretisation, the result 
obtained is: 

(G. )p F,, ',, u' 
u'p dV p- -, (4.98) 

p yp 

;: e 
F. u 

u, v 
yp P. up p (4.99) 

where F" is the waIl function given in §(2.4.1) by Eqs. (2.63) and (2.64), YP is the W 
normal distance from the cell centre to the wall, and u' is the component of the P 

, relative velocity parallel to the wall; see Fig. 2.2. 

Since there is no diffusion of k at the wall boundary, §(2.4.1), the boundary 
k 

source term, Sb' Eg. (4.49)), is set to zero, i. e.: 

S k)p A 
--o b (4.100) 

Ilk 
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Turbulence dissipation 
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The system of algebraic equations which represents the conservation of the turbu- 

lence dissipation, obtained by discretisation of Eq. (2.52), is given by: 

A'p ep =f (4.101) EXNCN+bp 
iP=l .... Ne 

N 
(pv), p (4.102) Aep =E A' + (S-P p- (S; ") p+ (S') p N 

N 
At (4.103) N=I Cf (W'f' - 1) + 17f 

b' = 
(PV)ý (f)* +E D" + (SU,, )p + (SU,, d)p (4.104) p At p 

(f)p 
f 

The gas and spray source terms are respectively: 

12 (S; )p = -(Vp I,; , 
)p ý Q, vt (N * U)2 + C2 f 

+ (ce3 -2 CI) (Vp)p min[ 0, (N - u)p] (4.103) 
3 

(Sý)p = QIGI Yp 

2 
+ (ct3 -5 Ccl) (VP C*)P max[ 0, (N - u)p] (4.106) 

d)p=C d)p] 
C4 kPO ln"11 01 (ýkd (4.107) 

(SUe, d)p Cc0 d)p] 
ä't c max[ 0, (jk (4.108) 

(4.109) 

The above mentioned spray source term is derived from Eqs. (2.53), (A. 52) and 
(A. 46). 

In the cells adjacent to the walls, the dissipation rate is calculated from the wall 
function, Eq. (2.69), as: 

1.3/2 
EP = C3/4 'P (4.110) 

P KYP 

This is accomphshed by setting the boundary source term, Eq. (4.49), to: 
3/2 

C314kp (Sýb) 
p=L 1A 

ICYP 
(4.111) 

(SPEb) P= -L (4.112) 

where L is a very large number. 
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00 4.5 Discretised spray equations., 

As already noted in §(3) the equations which describe spray behaviour are the ordi- 

nary differential equations. All of them are'discretised in first-order implicit Euler 

,,, 
form, apart from the parcel trajectory equation and the equation of boundary layer 

development in the nozzle model which are treated explicitly, and the diameter rate 

equation in the breakup model which is exactly solved. 

4.5.1 Temporal subeyeling 

In order to distinguish the time step used in the integration of the spray equations 
from that used in the integration of the gas conservation equations, here the former 

will be denoted by At'. This is usually called the subcycling time step and is set at 

the minimum of the relevant spray time scales; ie: 

At' =m in (r, 7-.,, r,,, rb, -rý) (4.113) 

where all the time scales have already been defined in §(3), apart fromr.. The latter 

is the parcel residence time, i. e. the time parcel spends in the current cell. It is 

calculated from the characteristic cell length (Lc= VI/3; V is the cell volume) and 
parcel velocity as: 

Lc 
IUPI (4.114) 

This practice, when the time step used in the integration of the gas transport 

equation is divided into N, (N, = At/At') subcycling time steps for the integration 

of spray equations, will be called temporal subcychng4. The subsequent 'values of 

variables at times t and t+ At' will be denoted by the superscript i-1 and i? 

respectively. 

4.5.2 Spatial interpolation 

Since the spray governing equations need gas properties along the drop/parcel tra- 
jectory (u, T, etc. ) the following linear interpolation scheme for the estimation of 

4 Since N, in the general case is not an integer, it is evaluated from N, = int(At/At') and one 
additional subcycling step with the time step equal to At - int(At/At')At' is performed. 
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these values is used. In term of general property 0, its value at parcel location xp, 

O(xp), is evaluated from: 

O(xp) = Op + (NO)p - (rp - xp) 

where rp is the position vector of cell center in which the parcel temporarily resides. 

4.5.3 Spray governing equations 

The equations which describe spray behaviour, (3.60) for trajectory, (3.81) for mass 

conservation, '(3.73) and (192) for momentum and energy conservation, (3.30) and 
(3.33) for nozzle flow, and (3.16) and (3.100) for atomisation and breakup processes, 

are discretised as follows. 

Parcel trajectory 

Explicit discretisation of Eq. (3.60) yields: 

xi = Xi-I + ui-I Att ppp 

Parcel mass conservation equation 

,- The parcel mass conservation equation (3.81) is discretised in the implicit way as: 

mi-m i-I 
pp 

At, 

I 
which results in the following final form: 

rnp' M ri-I + Atf P 

Parcel momentum conservation equation 

The, discretisation of Eq. (3.73), after the instantaneous gas velocity is expressed via 
Eq. (3.54), gives the following: 

i Atl[u(xi-1) + ull up 
(xi-, )], + (Tuup)i-I 

pp At, + ril- I 
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Parcel energy conservation equation 

Implicit discretisation of Eq. (3.92) yields: 

11-r. 
h,, (T, ) '-'At'T(x')'+ (r, Tp)'-' - At' (4.120) TP 

+ fi-iAtf P Tcj 

Atomisation and breakup equations 

The diameter rate equation in the atomisation. model, Eq. (3.16), is discretised as: 

D' = D'-' - 
(LA ) S-I 

At// (4.121) dd TA 

The above equations is integrated by a separate subscycling time step, At", TA/107 

because atomisation is calculated at the beginning of each time, step, prior to, the 

calculation of the gas transport equations and the rest of spray equations. 

In the breakup model, under assumption that the stable diameter D, and the 

breakup time Th are constant during At', the exact integration of equation (3.100) 

which describes droplet diameter change during At', yields: 
At 

Dd' = D' -' - (Dd - D. )'- exP(- -1) TZ-1 (4.122) 
T6 

Nozzle flow equations 

Equations (3.30) and (3.33), which describe nozzle flow, are V6th of thý form: 

dy 

X T= F(y) 
x 

The equation is discretised explicitly as: 

(4.123) 

y'-' + F(y'-')Ax 
. 

(4.124) 

and integrated with Ax of the order ofJO-4, which assures that the total error is of 
the order of 10-', [147]. 

4.5.4 Initial conditions- 4 1,.,, 1, .. ý; 

The initial drop diameter is set to the inj I ector . hole diameter, 'and its locatioý (po- 

sition vector) is the injector location. The drop has'the initial, , prescribed iempera- 

ture and corresponding density, and its velocity is randomly chosen as described in 

§ 10). 
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The number of drops in the computational parcel is calculated based on the fuel 

mass injected in the considered time step, and the specified parcel injection rate, 
i. e. the number of parcel injected in the current time step, see also §(3.10). 

4.6 Closure 

In this chapter the discretised counterparts of the gas transport equations, assembled 
in §(2), and the spray governing equations, presented in §(3), have been given. 

The gas transport equations have been discretised by the finite volume method, 

on an arbitrary unstructured mesh, composed of the hexahedral ceUs. The coUocated 
variable arrangement and fully-implicit temporal discretisation practice have been 

used. The latter ensures linear stability of the solution for an arbitrary time step 

size. 

In section (4.3), the detailed discretisation of the general transport equation has 

been described, together with the assembly of the algebraic system of equations. In 

section (4.3.5) two differencing schemes, hybrid and SFCD, have been explained. 
The treatment of the boundary conditions, apart from the wall boundary condi- 
tions, has been given in section (4.3.6). The discretiscd forms of the gas transport 

equations, together with the wall boundary conditions, have been described in the 

subsequent sections, namely §(4.4.1) - mass conservation equations, in §(4.4.2) - 
momentum conservation equation, and in §(4.4.3) and (4.4.4) the energy and the 

turbulence equations, respectively. The same sections present the discretised spray 

source contributions to the gas equations. They have been resolved into explicit and 
implicit parts to enhance diagonal dominance of gas phase equations for stability 
reasons. 

The spray equations have been discretised in the first-order implicit Eulerian 
fashion in section (4.5). They have been discretised in time with a different time 

step frcm the gas equations, to allow for the smaller time scales of spiay processes; 

a technique known as the temporal subcycling. 

The final result of discretisation is a system of simultaneous non-linear algebraic 
equations. In the following chapter the solution procedure for solving this system 
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wiR be given. 



Chapter 5 

Solution procedure 

5.1 Introduction 

The system of equations obtained by the discretisation process given in the previ- 

ous chapter is complex. The equations are non-linear and mutually coupled. The 

solution procedure is also burdened with problems arising from the relatively large 

global changes of pressure, density and temperature compared to the local spatial 

variations of these, quantities due to the piston and valve motions, flow through valve 

curtains, and also, but not so strongly, by the heat transfer between the gas and the 

cylinder walls. This is the reason why the solution procedure is split into two stages: 

a bulk adjustment stage, which deals with the global adjustment of the gas fields, 

and a predictor- corrector stage, which resolves the coupling between equations. The 

operator-splitting method called PISO [110] was chosen for the latter stage. 

An iterative method which combines these steps, applied to single-phase in- 

cylinder flow, was first developed by Watkins, [217]. Later on the PISO algorithm 

was modified for this task by Begleris [24] and given the name 'EPISO'. In the 

present study, due to the presence of the liquid phase and the transfer processes 
between phases, the EPISO method had to be modified. Also, the incorporation of 
the IfUel vapour mass fraction and energy conservation equations into the predictor- 

corrector sequence was necessary, to allow for the existence of large density and 
temperature gradients. All these features have demanded significant restructuring 

of the original algorithms presented in [110] and [24], as described in the following 
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sections 1. 

CHAPTER 5. SOLUTION PROCEDURE 

The main features of the adopted solution algorithm are: 

9 Use of an operator splitting technique (PISO) to temporarily decouple the flow 

equations, enabling sequential solution (segregated approach). 

* Linearisation of the individual set of equations by assuming that their co- 

efficients and source terms are constant, and evaluated from the currently- 

available values of the dependent variable. prior to the solution of the system. 

Enforcement of mass conservation by a pressure equation, derived by combin- 

ing the discretised mass and momentum conservation equations. 

9 Use of a solution procedure involves a predictor step in which the fuel vapour 

mass fraction equation as well as the energy equation are solved in implicit 

form together with the gas momentum conservation equations. These fields 

are then refined in the corrector steps. 

In the corrector steps, the field-dependent coefficients arising from the cou- 

pling and nonlinearities are updated. This is done after the continuity-based 

pressure equation is solved to ensure mass conservation. 

* The above corrector sequence is repetitively performed until the required ac- 

curacy of the solution is reached. 

The spray calculation is fully embedded in the predictor-corrector sequence. 

The first part of this chapter is devoted to the solution sequence. In*§(5.2.1)-the 

bulk adjustment stage is described, and in §(5.2.2) and §(5-2.3) the predictor and 

corrector steps of the algorithm are given. In section (5.2.4) a methodology for the 

solution of the turbulence equations is presented. 

The second part of the chapter, §(5.3), deals with the-solvers for the linear al- 

gebraic equations and convergence criteria. The individual linearised equations are 
'The modifications to the algorithm also make it suitable for reacting flows, whemeven larger 

gradients of all variables are present. 
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solved by conjugate gradient methods Q97]), and to improve computational effi- 

ciency the matrices are preconditioned which significantly reduces the number of 
iterations required for the solution. Brief descriptions of the above topics are given 

in §(5.3.1). In §(5.3.2), the convergence criteria used in this study are presented. 

5.2 Solution sequence 

A flow chart of the solution algorithm is given in Fig. 5.1, and the description of its 

particular blocks can be summarised as follows. 

1. Initialisation 

Here, all the necessary geometrical characteristics of the mesh are evaluated, 

and the initial values of the dependent variables are set. The field values at 
this point are denoted by the superscript ' "'. 

2. Mesh motion 
Calculates the new locations of cell vertices, the volumes of cells and the spatial 
interpolation factors, after the time has advanced by At. 

3. Valve flow 

Determines the inlet/outlet mass and ý-fluxes through the valve curtains. 

4. Bulk adjustment 
Determines the bulk values of p, p and e (T) due to the mesh motion, heat 

transfer and valve flow, and updates the local values of these quantities and the 

effective viscosity. The updated values of the pressure, density and viscosity, at 
this stage are denoted by the superscript ' M' (p(l), p(l), and (1)). Intermediate x1j 

values of the internal energy, and temperature, which are also calculated at 
this stage (from the gas equation of state), are denoted by ', i. e. e' and 
(T'); these quantities will be letter denoted by the superscript ' (')' after the 

predictor step, in which the gas internal energy conservation equation is solved, 
producing new values for the gas energy and temperature. 
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5. Predictor step 

Calculates the spray contributions to the source terms in the gas momentum, 

mass and energy conservation equations; assembles and solves the equations 
I for the fuel vapour mass fraction (Yf(, )), gas internal energy (e(')) and velocity 

(u(1)), employing the currently-available pressure and mass fluxes. 

6. Corrector steps 

Finds the corrected spray contributions to the gas, and calculates a new es- 
timate of the pressure field (p(l)). Then, updates the mass fluxes, density 

(p(l)) and corrects the gas velocity (0)). After this, assembles 'and 'Solves 

the equations for the fuel vapour mass fraction (y(2) ) and gas internal energy ft 
(2)). 

This step is repeated until specific criteria have been satisfied as described 

later. 

7. Drop-drop interactions 

Calculates coUision between drops. Note that the drop-drop interactions are 

not allowed to effect the gas phase in the current time step, but, only modify 
the properties of liquid phase. 

8. Turbulence calculation 

Assembles and solves the conservation equations for the turbulence kinetic 

energy and its dissipation rate. 

The field values obtained from the above sequence, denoted by the superscript 
represent the numerical solution of the governing equations at t=t, + At. For 

the next time step, the solution sequence is repeated using the just obtained results 
as the initial values. The calculation is terminated when the required, -total elapsed 
time (or crank angle) has been reached. 

A detailed explanation of the main blocks of the solution algorithm is given in 
the foRowing sections. 
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Figure 5.1: Solution algorithm 

5.2.1 Bulk adjustment 
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This block comprises two stages. The first deals with the estimation of average (bulk) 

properties, namely, the average (cylinder) pressure and density. In the second stage, 

local adjustment of the pressure and density is performed. 

Bulk properties 

The pressure field is split into the two components, an average (cylinder) pressure 
(p,, I) and the relative pressure (p). The evolution of the average pressure is calcu- 
lated from overall conservation balances prior to the three-dimensional flow solution. 
This is done because the absolute pressure is large compared to the spatial variations 
due to the piston motion, heat transfer and valve flow, and the solution tolerance 

required for the three-dimensiofial pressure calculation is very much finer for the 

absolute pressure, [24]. 

The global calculation is based on mass and enthalpy balances for the entire 

cylinder contents. In the general case, the bulk quantities pjj and ptl at t=t,, 
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derived from these laws (see Appendix D. 1 for derivation), are: 

Energy 
[(EP-)cyt Vcyl P-,,, + [ýb 

- e,, rh, lAt 
pcYl - (SP-)CY, vcY, + (fP-)CYj (Vcyl RR 

Mass 

(p" V* -, t'nvAt 
pcyl cyl cyl (5.2) 

vcyl 

where is the volume-averaged value of 
Ep- 2, 

r-,, and th,, are the specific RR 

internal energy and mass flow rate of the valve flow (negative Th,, means inflow); ýb 

is the total heat transfer rate at the cylinder surface, and VI= (V, 11 +V )/2 is cv V 'VI 
the average cylinder volume. In Eq. (5.1), the first term of the numerator of RHS 

represents the effect of the change of cylinder volume, and the second term the 

effects of the valve flow and heat transfer on the bulk cylinder pressure. 

Local corrections I 

Uniform global corrections, marked by superscript are made to the old time 

level local density and relative pressure values as: I 

CHAPTER 5. SOLUTION PROCEDURE 

ý1) p? t +p (5.3) 

(P, )? 
1 + p+ (5.4) 

where p+ and p+ are evaluated from the mass and energy balance in the cylinder, 
see Appendix D. 1, as: 

1N" 
p+= Pcyl --EP? Vi (5.5) vcvl 

i=l 

. jcp and R are the specific heat capacity at constant pressure and gas constant, respectively. 
The volume averaged ratio (ý)csj is calculated as follows: R 

vi a-(-To 

mwhý 



5.2. SOLUTION SEQUENCE 169 

E(pToil, 
i=l 

Here, t9,,, l is the average (cylinder) void fraction defined as: 

Ocyl =1 
Ne 

di Vi (5.7) TI-Y, 
i=l 

The local gas temperature is corrected based on the gas equation of state: 

T+ (5.8) 
Rips 

The above values are then used to update the local gas internal energy and viscosity: 

c(T', Y, ý) (5.9) it 

P, ff = Ci, P(I) 
(k"ý 

+ it. CO 
In Eqs. (5.8) and (5.9) the intermediate values of T and e have superscript ', since 

these quantities will be further modified in the predictor stage (see item 4 in §(5.2)). 

The superscript (1) is reserved to mark the quantities at the end of the predictor 

stage; see also Fig. 5.1. 

5.2.2 
- 

Predictor step 

The solution sequence of the predictor step is shown in Fig. 5.2. Two main blocks 

can be seen, labelled, 'spray predictor' and 'gas predictor'. In the spray predictor 
the spray equations are solved. to determine the local void fraction V (1) as well as 
the spray contributions to the source/sink terms of the gas mass, fuel vapour mass 
fraction, momentum, and energy conservation equations (see $ (4.4)), i. e.: 

(Sd)(1), (Su, d)(1), (Spu, d)(1), (SUed)(1), (Sed)(1) 
up 

These equations are 
_solved 

by temporal subcycling (see §4.5) during which the gas 
fields are kept 'frozen'. 

Then, in the gas predictor, the coefficient matrices of the conservation equations 
for the fuel vapour mass fraction, energy and momentum are assembled and solved 
in their implicit form with the above spray contribution terms, as follows: 

Ay"(Yjt)(P = EAY"(Yft)(')+(by")(') ppNNp N 



170 CHAPTER 5. SOLUTION PROCEDURE 

Ae (1) e PC 
E A' e (') + (bp) pNN 
N 

1: A"Nu(l) + b' + Aupup NP 
N 

+ (Su, d)(1) W (1) NP u 

In Eqs. (5.11) and (5.12) the source terms are marked with the superscript (1) to 

denote that they include corresponding spray contributions mentioned above. 

The local gas temperature is calculated from e(l) and Y(1) via the inverse function ft 

of that given by Eq. (5.9), i. e. e-', as: 

(e(l), Y(l) i it 

and the effect of the spray on the average cylinder pressure, due to the heat and 

mass transfer between phases and change in the void fraction, is determined from 

the following relation: 
M! 

P'Y1 VR T)ý') 
1 (5.15) 

JV'CU1 I 
At the end of this step, provisional values of all the field'variables have been 

obtained. However, at this stage the predicted velocity field does not satisfy the 

continuity equation. In order to fulfill this requirement, a new pres I sures and'veloc- 

ities have to be calculated. This is done in the corrector steps. 

ýPREDICTORJ 

----------------------------------- 
Inject drops Temporal subcycling 
Atornization SPRAY 

Trace ps Temporal subcycfing 
PREDICTOR 

Spray-gas interactions 
Calculate spray contributions Spray-wall interactions 

, to the gas phase. 
----------------------------------- 

I Solve for: Ya I 

Solve for: e 
Calculate TI 

GAS 
PREDICTOR 

Solve for: u 
k ------------------------- I ---------- 

Figure 5.2: Predictor sequence 
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5.2.3 Corrector step 
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The corrector stage comprises a number of steps; see Fig-5.3. As in the predictor 

step, here, two blocks of operations labelled spray corrector and gas corrector can 

be distinguished. The following description explains the k-th corrector step which 
is denoted by the superscript M; k=2 represents the first corrector step. 

Firstly, in the spray corrector, the new local void fraction is determined 

as well as the spray contributions to the gas phase sources: 

(Sd)(k), (Su, d)(k), (Su, d)(k), (SUcd)(k), (Se, d)(k) 
upp 

Then, the gas corrector is performed, with the foRowing sequence of calculations: 

1. Solution of the pressure equation, with updating of the convective fluxes and 

densities. 

Correction of the velocities. 

3. Solution of the fuel vapour mass fraction equation. 

4. Solution of the energy equation. 

This procedure, starting with the spray corrector and foUowed by the above steps 

in the gas corrector, is repeated until a convergence criterion is reached, see §(5.3-2). 

Below, details of the gas corrector sequence are given. 
The new pressure and the new velocity field are found solving a continuity-based 

pressure equation set (see Appendix D. 2 for derivation): 

Api (k) (pi)(k) 
p)(k) ,p Nc p(p)p EAPNA N+ (bpr 

N 

AP EAPN + -L 
Vtq ) (k-1) 

(5.17) pN At 

(RT 

p 
A VIP (5.18) 

( p)(k) E (pf)(k-1) [ H(k-1) _ Ub bPr If, Sf + 

+ (Sd)(k) _1 
VOPref (k-1) 

p Yt 
( 

RT 

)p 

+ At +E Dpf 
(f)p 
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(k-1) is defined as: Here H 

H NU(k-1) + b" + (S u, d)(k) 
, (k-1) 1 [ý 

A ur, p Au Npup (5.20) 
p 

The new convective, fluxes are then evaluated from: 

C(k -'I) 
=S. 

(k-1) (H (k-1) 
_ Ub _1 Vý(k)N (Vi)(k) (5.21) ff 

lp 

. 
Au. 

II 

)If 

where Au denotes the central copfficient. 

The updating of the density field, p(k), which follows next, is based on the local 

mass conservation equation: 

(k) (pv)ý 
+ (Sd)(k) C(k-l)' 

I At 
(5.22) pp At pU 

lp 
fI vp- 

After this, the velocities are updated from the following explicit relation (see 

Appendix D. 2): 

p 

(k) [H (k-1) ý(k) I (pt) (k) (5.23) u= 
(ý(- 

pS p (k) puf 
pz {I)p 

When this is finished, the following discretised fuel vapourmass' fraction and 

energy conservation equations (see sections (4.4.1) and (4.4.3)) are solved: 

k) + (Vft)(k) Ay"(Yft)(k) Eo4f8(yft)(N p (5.24) pp 
N 

(k (k) + (be EAN eN P)(k)ý 
Aep ep) (5.25) 

N 

in which the coefficients are calculated from the latest available values. 
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Figure 5.3: Corrector step 

5.2.4 Turbulence calculation 
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The calculation of turbulence fields is performed outside the gas predictor-corrector 

sequence after the last corrector step is completed; see flow chart in Fig. 5.1. Because 

of the strong source coupling between k and e equations via their source terms, it 

is necessity to devise a procedure which takes this into account. The predictor- 

corrector sequence described by Theodoropoulos [2041, was adopted in this study, 

with appropriate modifications to account for the additional spray terms. Details 

are given below. 

Turbulence predictor 

The source terms for the k-c equations are first calculated immediately after the last 

gas corrector. They are here denoted by the superscript 1. The k-e equations are 

solved in their implicit form as: 

Ak k )(1) 
p k(l) A k(l) + (b (5.26) pNNp N 

A' E A' (c)(1) + (b' ppNNNp (5.27) 

and the predicted values of k and e are obtained. 
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Algebraic turbulence corrector 
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The strong dependence of the source terms on k and e means that Egs. (5.26) and 

(5.27) need further corrections, because in the predictor stage they are solved with 

lagged source terms. Among the various approaches to this problem, two methods 

will here be mentioned: a single-corrector method proposed by Issa [1101, and 'al- 

gebraic corrector method' of Theodoropoulos [204]. In this study the latter method 
is applied. 

The single-corrector method has one corrector step, namely: 

p)(1)] 
(2) (Slk 

m=E. 
4k [(, 4'p') p kp N k(') + (b (5.28) Np 

N 
(2) 

ep E A' e(1) + (bp) (5.29) (S; )(p 
NN 

N 

where the coefficients S' and S;, as well as the source terms, (bk ) and (M), are 
evaluated with the predicted values of k and e, i. e. with 0) and e('). The above 
equations represent Eqs. (4.86) and (4.101) written in a different form, where the 

central coefficient Ap is split into the part which does not include S-P, (Ap)', and 
Sp itself. Since equations (5.28) and (5.29) are explicit, they are then easely solved 
for each cell individually. However, the problem of the lagged source terms remains, 
because Eqs. (5.28) and (5.29) are uncoupled. 

The algebraic corrector method, initiated by Tsui [210] and completed by Theodor- 

opoulos [204], consists of a number of corrector steps, in which the coupled system 
of the equations for k and f is iteratively solved for each cell. Since there are differ- 

ences in the treatment of internal cells from cells adjacent to the wall boundaries, 

the description below is split accordingly. 

Internal cells 

For the purpose of this procedure, the discretised k-e equations, (4.86) and (4.101), 

are rewritten, for the jth-correction (. j ýý 2), in the form: 

[(, 4k (Sk )I =E Ak P) p PI k(j) k(j-') + (bkp)(j) pNN (5-30) 
N 

[(A'p)f - (Spc)f U) 
=E A' e(j-') + (b' )(j) (5.31) pi pNNp 

N 
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where (Ap), (S-p)' and (bp)(j) are defined, for k equation by: p 

(Aky =E Ak + 
(PV)ý 

+ (Sd)p (5.32) pNN At 

(Sk)l =_2. U)2] + 11 p C, 
[ 

CU-1) 
(N 

p 

+ iP-(T-, ) min[ 0, (ýkd)pj + 

-1 min(O, E Dk"') (5.33) 577 f 4 
{f)P 

k)(j) 
(Pv)ý k, c) + (bp k' + max(O, E Df 

At p 
Mp 

+ C', (vp 
k(j)k(j-') 

)p f[ Nu + (Nu)T : Nulp + 
e(j) 

I 

+2 (Vp k(j-') N- u)p - 3 

- (V p e(j))p + max[ ol 0kd)PI (5.34) 

and for c-equation by: 

(PM 
+ (Sd)p (Alp)' A' + zt-- 

N 
12 

U)2 (SPIOP -(VP 0-1) )p i C, vt (N p 
'W C, 2 

(VPj )P + 
0) 

+ Q4 

k1 min[ 0, (ýkd)p] + 
. 
U-1) 
p 

+ min(O, E D") (5-36) f 
p U)P 

(b'p) + max(O, E ff', c) + At p 
U)P f 

U 1) + QIGI (T,, )P- + 
+ (C3 

-2 CI) (Vp e(j-') N- u)p + 3 
+ Q4 (1) 

max[ 0, (ý,! )p] (5.37) kp 

U) Multiplication of Eq. (5.30) by Ep and Eq. (5.31) by 0) yields: p 

' k(j) e(j) a Ok = ak 
If (j)l 2+ak 

e(j) +ak k(j) 23 (5.38) 

a" k(j) e(j) 0 = a, f(j)] 
1 2+ 

a" k(j) 2 (5.39) 
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In the above and in the foUowing equations the subscript P is omitted. 

The coefficients of Eqs. (5.38) and (5.39) are given by the following expressions: 

k2(k a, =- min[O, N-ul-1 (pV) (5.40) 
3 

ak= EAkNk('-') + 
(PV)" 

ko + max(O, 1: D k, c) + 
2NN At 

If) 
f 

+2Vp 0-1) max[ 0, (N - u)] + i 

+ max[ 0, (5.41) 
k 

ak=Q, Vp 0-1) [ Nu + (NU)T I: Nu (5.42) 3 

kk 
(PVY, 1 k, c) + ao AN + At 0.1) min(O, E D, 

N If) 

+2 Ct, Vp 
k(j-') 

(N . U)2 

1 

min[ 0, ýkd] + Sd (5.43) -i Fj -- -0 

2 0-1) 
ar - Qj) Vp min[ 0, (N - u)] (5.44) -C c3 - c2 

VP + (c 
3 CU-1) 

(j-1) (pv)o 
c' + max(O, E D"') + a'2 XNEN + 

At f 
N if) 

+ C,, Vpk(j-')C, [Nu+(Nu)TI : Nu+ 
2 + (C3 Qj) Vpe(j-') max[ 0, (N - u)] + 

+ C, ý max[ 0, §] (5.45) 
W-I) k 

Ac + 
(PV)o 

+ Sd 
ao min(O, E D"') + 

NN 
At TTI-) 

UIf 

2 0-1) 
+5 Cl Cl, Vp (N - u)2 - 

1d 
CA 

1- (5.46) min 07 SkI 

It was shown by Theodoropoulos in [204] that Eqs. (5.38) and (5.39) represent 

hyperbolas in the k-c space, and that one intersection, among all possible intersec- 

tions, is the required solution. The same author has also developed a procedure 

which always leads to the physically acceptable solution, i. e. that both, k and E are 

positive (§(2.46)). Here, the procedure will only be briefly described. 



5.2. SOLUTION SEQUENCE 177 

From Eqs. (5.38) and (5.39), the local (cell) value of k can be expressed by: 

(A k- A)(f-(J))2 +A kE(j) 
k(j) Ik2 (5.47) 

A12E + A3 

and after substituting Eq. (5.47) into Eq. (5.38), the following relation is obtained: 

e(j) [ B, (C(i) )2 + B2f(j) +B3 I 
-"": 

0 (5.48) 

where A coefficients in Eq. (5.47) are given by: 

aýla'6; i=1,2,3; O=k, e (5.49) 
10 

and B coefficients in Eq. (5.48) by: 

B, = Ak, -A, 
B2 =Ak- A'ýX +AkA, (5.50) 2123 

B3 = -AkA2 2 

The positive and non-trivial solution of Eq. (5.48) is: 

B2 + VF2 : 4TB-IBY3 

2B, 

The iterative solution procedure, based on the above formulae, comprises the 

following steps (j > 2): 

Calculate A and B coefficients from Eqs. (5.49) and (5.50), 

2. Estimate e from Eq. (5.51), with the currently available k and e values; sym- 

bolically: 

e(j) = F'(k(j-'), (5.52) 

3. Calculate k from Eq. (5.47), using the latest available e; symbolically: 

k(j) =Fk (k(j-'), c(j-l), e(j)) (5.53) 

4. Repeat steps 1 --+ 3 for aU ceUs in the domain, 

5. Check convergence criterion, and if they are not reached, continues with it- 

eration, starting with a point 1 (i =i+ 1); otherwise, terminates further 

calculation. 



178 CHAPTER 5. SOLUTION PROCEDURE 

Near-wall cells 

The k-c equations for the near-wall cells (see §(4.4.4) and Eqs. (4.86), (4.96) and 

(4.110)), are rearranged into the following form: 

[(A k (sk x] k(j) AkNk(j-1) + (bk)(j) (5.54) 
ppppNp N 

(j) 
= C3/4. 

(k(j) )3? 2 

ep 
P (5.55) 
Kyp 

where (Ap)', (Sp)' and (bp)(j) are defined as: P 

AyA+ 
(PV)OP, 

+ (Sd)p 
PNN At 

(5.56) 

(Sk 
2 [VPVt 

+ P)P 0-1) 

min(O, EDk, c) 
f 

1j)P 

+2 (Vp)p min[O, (N - u)p] (5.57) 
3 

(bk )(j) k, c) + P 
(PV)ý 

k' + max(O, E Df 
At P 

U)p 
+f Vp vt [ Nu + (Nu)'] : Nulp + 

+2 (VP k(j-'))p max[O, (N - u)pl - 3 

- 
[Vp S-- (0) )2 (5.58) 

Vt P 
In Eqs. (5.57) and (5.58), vt is evaluated from Eq. (4.96). Depending on the cell 

centre distance from the wall, two outcomes are possible; the node (cell centre) is in 

the viscous sublayer, or it is in the inertial sublayer. 
If the node is in the viscous sublayer, i. e.: 

y+< Y+ c (5.59) 

Vt VM (5.60) 

Eq. (5.54), after omitting the subscript P, is rearranged to read: 

k (j)] 2k 

av, l 
[k + ak,,, 2 k(j) - a,, 3 

where 

a 
k, Vp 

cl, 

v vm 
(5.62) 
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k (. 4k)i _ (Sk y av, (5.63) 2 

k EAk k(j-1) + 
ýP-1 

f a�, NN 
'r)o k' + max(0,1: Dk") + 

N 
At 

(f)p 

+ ýVp v�, [ Nu + (Nu)TI : Nul + 

+2 Vp k(i-') max(0, N- u) (5.64) 
3 

The only positive root of Eq. (5.61) is: 

k 
-av, 2 + 

k(j) k 
(5.65) 

2av, l 

and corresponding e can be evaluated by Eq. (5.55). 

The iterative solution procedure can then be described as: 

k(j) Fk, (k(j-')) (5.66) 

f(j) F,, (k(j)) (5.67) 

where P and P stand for Eqs. (5.61) and (5.55), respectively. VV 
In the case that the cell node is in the inertial sublayer (y+ > y, +), the k and e 

equations read: 

, 
A' k(j-1) + (bk)(i) [(Ak (Spk)' ] k(j) 

ý=r ppNN 
N 

E 
(A 

= 3/4 
(kp 

Cii, 
Xyp 

where (Ap)', (S-p)' and (bp)(j) are defined as: p 

(Ak E. 4k ++ (Sd), 0 pNN At 

1. U)2 11,4KY 
14 (S. p1), p Vp (k(i) )1/2 

Co (N 
+ In(Ey+) k(i) p 

min(0, Z Dk") +f 
'P Mp 

2 
+ j(Vp)pmin[O, (N-u)pl 

(bpk) k*p + max(0, E Dfk") + 
At 

{f lp 

1 1/4KY 
ta +ý Vp (k(i) )1/2 

cgt 

Nu + (NU)T] : Nul + In(Ey+) 

(5.68) 

(5.69) 

(5.70) 

(5.71) 
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+2 (Vp 0j'))p max[O, (N - u)pj - 3 
C3/4 ln(Ey+) [vp 

Ky 
(k(j-') )1/2 k(j)] 

p 
(5.72) 

One can rewrite Eq. (5.68) as: 

aik, l 
[q(j)]' +a k U)-aý =0 (5.73) i, 2 q 1,3 

where q and the coefficients are defined by: 

(0) )1/2 (5.74) 

-2 Vp min(0, N- u) - 3 
k, c min(0, E D, )+ 

{f lp 
C3/4 In(Ey+) 

+ Vp 
Ky 

(k(i-') )1/2 (5.75) 

2 Vp (N - u)' - s, 2 In(Ey+) 
C114 Ky 

- 
Vp M Nu + (Nu)'] : Nu (5.76) 

In(Ey+) 

ae S, 4k k(j-1) + 
(PV) 

k' + max(0, EDk, c )+ 
s, 3 

NNNAt {f lp 
f 

2 
+ iVp k(i-1) max(0, N- u) (5.77) 

The positive root of Eq. (5.73) is: 

kk 
-aik, 2 + Vr(aik, 2r + 4ail ai 

q(j) = (0) )1/2 
k3 

(5.78) 
2ai'l 

and corresponding e is evaluated by Eq. (5.69). 

The solution procedure can then be symbolically described as: 

k(j) = Fik(k(j-')) (5.79) 

e(j) = Fi'(k(j)) (5.80) 

where Fik stands for the composition of functions defined by Eqs. (5.73) and (5.74), 

and Fj" represents (5.69). 
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Convergence criteria 

The convergence criteria for the k-e equations used in this study are based on the 

following normalised and cell-averaged residuals (N, is the number of cells): 
Ne (OU) 

- OU-I) 
(r'ý) (j) =1EppL wl- 

P=j max(O(j), 0(j-1)) pp 
It is taken that the convergence is reached when 

(ro) (j) <A (5.82) 

where A is a value of the order 10'. 
In [204], the author argues that a relatively small number of the corrector steps 

(;: ti 10) is usuaUy enough to reach the above convergence criteria. The present 

experience on a variety of test cases confirms this. 

5.3 Solution of linear algebraic equations 

It has been shown that the discretisation of the transport equations and their lin- 

earisation lead to systems of simultaneous linear algebraic equations, which for a 
general variable ý can be written as: 

A"Op=j: AoýN+ep P=l ... Ne pN 
N 

(5.83) 

There are many different methods for solving this system. The choice of method 
depends mainly on the characteristics of the coefficient matrix A. Taking into 

account that A is sparse, asymmetric (except in the case of the pressure equation) 

and strongly diagonally dominant, the conjugate gradient method (CG), [175), is 

believed to be the optimum choice. It will now be briefly outlined. 

5.3.1 Con ugate gradient method i 

Originally, the CG method was proposed by Hestenes and Stiefel [97] to solve a 
symmetric system of linear equations. The procedure starts with an arbitrary (ap- 

proximate) solution and, in the case of symmetric A, is able to find the 'exact' 

solution in at most N, iterations. (For this reason the CG method has also been 
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regarded as a direct solver. ) The method received little attention until, Reid [1751 

recognised its potential as an iterative method for the solution of large and sparse 

systems. 

Many different methods have been developed to extend the applicability of the 

CG algorithm to asymmetric systems. The one used in this'study is the bi-conjugate 

gradient (BCG) method of Fletcher [72]. 

A very important characteristic of solvers is their convergence rate, i. e. the 

number of iterations needed to reach the solution. In a typical CFD calculation, 

where N, is of the order 101 - 10*5, the number of iterations to obtain the solution 

required by the CG method would not be economical. This can be avoided by the 

use of the preconditioning. 

The convergence rate depends on the dispersion of the eigenvalues of the matrix 

A, [142]. Preconditioning modifies the system to obtain a similar system with a 

smaller spectral radius which converges faster. In the case of CG solver used for 

solving the pressure equation, the incomplete Cholesky decomposition is applied (see 

Kershaw [116]), while for the other transport equations the B CG solver with diagonal 

preconditioning is used. Detailed presentations of the preconditioning methods and 

solvers can be found in Theodoropoulos [204] and Demirdzic [54]., 

5.3.2 Convergence criteria 

AIs can be seen in Fig. 5.3, two solution levels in the corrector sequen'ce can be 

distinguished; one for the solution of individual transport equation, and another for 

the complete corrector sequence. The solution process is taken to converge when 

pre-specified convergence criteria, at both levels, are satisfied. 

In this study, a convergence criterion based on the normalised absolute residual 

sum is used, where the residual sum is defined as: 
N, 

Ro IR"I p P=l 
and 

(5.84) 

Rop =E AONON + bop - AOPOP (5-85) 
N 
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The convergence test requires that RO must fall below a specified level; i. e.: 

<A Rnorm (5.86) 

where A is a value of the order 10-', and is a suitable normalisation factor 

specified in Table 5.1. 

R'no 
(w m Symbols 

U V_f 
M-1111 

mj - current mass of gas in cylinder 

P, t4q - average piston velocity 

e q, Tq T,, f - reference temperature 

Yf t MCIII Sy". ormf §2; n- engine speed n W 

k 2 YnCIII 
U,; f Sf,. stoichiometric fuel-air mass ratio 

C 
3 U; f ... C"'I , / 3r Vw cylinder volume 0.1 V, 

. , -I I 

Table 5.1: Normalisation factors for individual transport equations 

The normalisation factor is taken to be proportional to the characteristic mass 
flow rate ("I") and some reference value of the particular property ý; for the mo- 

C-f 
mentum equation it is taken to be the average piston velocity (v, /), for the energy 

equation - the reference internal energy (c. Tf ), and for the fuel vapour mass equa- 

tion - the stoichiometric fuel-air mass ratio. For the k equation, it is taken that 
2 ), and for the k,, f is proportional to the square of the reference velocity (A:;, f OC Uýf 

e equation, the reference dissipation rate, e!, f is taken to vary as fmf oc Aý12A The 

integral length scale A, is assumed to be proportional to 0.1 L (see [102] and [207]), 

where L is a characteristic dimension, L= VI/3; V,,, l is the instantaneous volume of Cyl 



184 

the cylinder. 
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The convergence criterion for the hole corrector sequence is based on the absolute 

residual sum in the pressure equation at the beginning of each corrector step. In the 

case of the kth-corrector step, convergence is taken to be reached when the following 

condition is satisfied: 
() (k) RP' < A, RP,,,,,.,. (5.87) 

where A, is the overall corrector convergence tolerance with a value of the order of 

1r2. 

5.4 Closure 

In this chapter a solution procedure for solving a system of discretised gas and spray 

equations assembled in §(4) has been described. The solution procedure has been 

split into two stages; the adjustment of the average cylinder thermodynamic vari- 

ables, called the bulk adjustment stage (§(5.2.1)), and the predictor-corrector stage 

with full embedment of spray calculations (§(5.2)). The flow equations have been 

decoupled by the EPISO operator splitting technique, which has enabled sequential 

solution of the equations, and then linearised, forming a system of linear algebraic 

equations. 

Mass conservation has been enforced by a pressure equation (derivation in §(D. 2)). 

The predictor step, which comprises the spray and gas predictors and provides pro- 

visional values of the dependent variables, have been described in §(5.2.2). In section 
§(5.2.3), the corrector step has been explained, which, similar to the predictor, has 

spray and gas parts. In both predictor and corrector, in addition to the pressure 

and momentum equations, the energy and fuel mass conservation equations have 

also been incorporated. This takes care of the variation of the matrix coefficients 
due to steep density gradients. 

Calculation of turbulence takes place outside this main predictor- corrector se- 

quence. The solution algorithm contains two parts,, a turbulence predictor and an 

algebraic turbulence corrector, and its description was given in section (5'. 2.4). - 
In section (5.3), brief descriptions have been given of the solver for 'the linear 
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algebraic equations and the convergence criteria. 
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With this chapter the numerical solution of the coupled gas and spray equations 
has been concluded. In the following chapter, results obtained using the method 

and the various submodel options, will be presented. 
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Chapter 6 

Predictions of Diesel sprays 

6.1 Introduction 

The previous chapters have delt with the mathematical models of the gas and the 

dispersed phases, §(2) and §(3), and with the discretisation methods and solution 

procedure adopted in this study, §(4) and §(5). 

This chapter presents the results of the sensitivity and validation studies. The 

activities are concentrated into two directions. Firstly, to investigate effects on 

the spray predictions of the different spray submodels and the empirical correla- 

tions used in them (the MPI and the Huh atomisation models, correlations for the 

droplet drag coefficient, droplet breakup time and stable diameter, the turbulence 

modulation and the spray-wall impingement model). Secondly, to assess the quality 

of predictions by their comparison with available measurements. 

The chapter begins with definitions of physical quantities which are used for the 

comparison of results, §(6.2). 

A series of measurements carried out as a part of the SPRAY and IDEA projectst 
are used for the validation purpose. The measurements were performed with the 

various fuels, under different injection regimes and gas conditions. 
Three different test cases are considered and their detailed descriptions are pre- 

"The SPRAY project was financed by the Joint Research Committee of European Engine Man- 

ufacturers (JRC), Commission of the European Communities (CEC), and the IDEA project by 

the JRC, CEC and the Swedish National Board for Technical Development. 
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sented in corresponding sections. The sections are organised in a similar way. They 

begin with the description of the test rig, initial and boundary conditions, and the 

computational parameters used in the calculations. This is followed by the presen- 

tation of results and their discussion. At this place only the summaries of the test 

cases are given. 

The first test case considers injection of a spray through a single-hole injector 

into a chamber fiRed with quiescent air. This test case, since the measurements were 

accomplished at the Institut fiir. Thermodynarnik, Aachen, will. be referred to as the 

Aachen pressure chamber case (APC). The air temperature and pressure conditions 

correspond to those in real diesel engines, and measurements were performed with 

different injection regimes and different types of fuels. The test case is used for both 

sensitivity studies and validation, §(6.3). 

The effects of the computational mesh on the predictions are investigated in 

§(6.3.2). 

The measurements done in the Aachen pressure chamber as a part of the SPRAY 

project are used to investigate the effects of the drag coefficient correlations, breakup 

, models and turbulence modulation on spray behaviour; these results are presented 

in §(6.3.3). The other set of pressure chamber measurements accomplished under 

the IDEA project is used to compare predictions of the two atomisation models; the 

results are given in §(6.3.4). The same computational mesh, with a different injector 

location and injection specifications, is employed to illustrate the predictions of the 

MPI spray-wall impingement model, §(6.3.5). 

Two other two test cases involve measurements in the direct injection experi- 

mental engines; one investigation took place at the Institut Franqais du Petrole, 

Rueil-Malmaison, and this will be referred to as IFP (optical) engine, §(6.4), and 

the other at Volkswagen AG, Wolfsburg. The latter will be called VW (transparent) 

engine and the results are presented in §(6.5). 

The IFP optical engine is a specially- designed research diesel engine which en- 

ables optical access to the combustion chamber through a window in the piston. 
The single-hole injector is located in the liner, and oriented, to inject perpendicular 
to the cylinder axis. The injection takes place into a specially formed, rectangular 
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passage in the piston. 
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In the case of the VW experimental engine, a five-hole injector situated in the 

cylinder head (the same arrangement as in the series engines) injects fuel into the 

piston bowl. Optical access is achieved by the replacement of the original omega 

piston bowl (used in the series engines) by a flat bottomed transparent bowl. 

In all the above calculations the physical properties of air and fuels are calculated 

based on the data in [53], [10] and [97]; see also [193]. 

6.2 Definitions 

The numerical experiments have at their disposal a number of quantities which are 
difficult or impossible to measure, but are easily accessible in the mathematical 

models and useful in performance comparisons. Examples of these quantities are 
the fuel vapour distribution and its formation rate, the local gas temperature and 
the temperature of droplets. On the other hand, experiments provide data about 

quantities which have no unique numerical counterparts; the spray penetration, for 

example. These result in of difficulties and uncertainties in the validation of spray 

models. 
The quantities used in this study are defined as foUows; see [1851, [228], and [27]. 

, Spray penetrations 

The spray penetration is measured from photographs which capture differences in 

density of various regions of spray and gas. The photographs are obtained by high- 

speed cinematography in combination with the Schlieren technique. The disad- 

vantages of the method are the absence of direct link between the transparency 
(visibility) of the gas-vapour mixture and fuel vapour mass fraction, and blurred 

edge of the spray liquid core due to the presence of droplets, [1851. This introduces 

'i uncertainty in the measurements. 

The instantaneous fuel vapour penetration has been defined as the distance of 
wdally farthest point from the injector where the fuel vapour mass fraction has 

reached 0.05. 



190 CHAPTER 6. PREDICTIONS OF DIESEL SPRAYS 

The liquid penetration has been defined as the distance from the injector where 

the void fraction (see its definition in §(2.2.2)) has value of 99%; this represents a 

reduction of 1% of the void fraction from the pure single-phase fluid for which the 

void fraction is equal to 1. Occasionally, the so-called 'leading droplet' penetration, 

defined as the farthest axial distance of the leading droplet in the spray from the 

injector, wiR also be used. -. Iý 

Cumulative evaporation ratio Evap 

This quantity is useful for the sensitivity studies of various submodels. It is defined 

as a ratio of the total amount of fuel vapour in the computational domain at a 

particular time t, to the total (cumulative) amount of injected fuel from the start of 
injection to time t,, i. e.: 

Evap(t) = 
MfVW (6.1) 
Mf M 

where 
N, 

mfv(t) 
lp(t)Yt(t)dV,, 

zt: E[p(t)Yt(t)AV(t)]i (6.2) 

Nt 
Mf 

f 
Pd(t) Q(t) dt E[ Pd li Atj (6.3) 

tsol j=l 

where Nt is the total number of subcycling time steps from tso, to t. 

The cumulative evaporation cannot be directly measured, but it can be very 

roughly assessed from the photographs of the spray liquid core and-surrounding 
fuel vapour. It can be roughly calculated as the ratio of the volume occupied by 

the vapour to the total volume of the spray, [2281. However, this leads to a lot of 

uncertainties and inaccuracies, so here, only the'exact' quantity defined by Eq. (6.1) 

wiH be used. 

Sauter mean diameter 

To characterise a mean droplet size in a spray it is common to use the Sauter mean 
diameter defined, by, [2231: 

f DJ3 dn p=Np p=Np 
2. SMD -- f DJ2 dn = 1: Np, dDd3 /E Np, dD d (6.4) 

d P=j P=j 
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where dn is the number of droplets with diameter in the range (Dd, Dd + dDd) and 

the integration is over the whole range of droplet sizes. The Sauter inean diameter 

is the diameter of the droplet that has the same volume/surface ratio as the whole 

spray. 

Local field value 

There are test cases considered in the study, where field properties, such as gas 

velocity or fuel vapour mass fraction, are measured at fixed locations in the domain. 

They will be compared with the predicted values obtained in the computational 

cells where the measuring locations reside. More details will be given later in the 

chapter. 

6.3 Aachen pressure chamber 

6.3.1 Description 

The pressure chamber is specially designed to allow optical access to the in-chamber 

space for non-intrusive measurements. The compressed air passes through heaters 

and straightening blades at the top of the chamber, and enters into its observation 

part, Fig. 6.1. The fuel is injected along the chamber a)ds through a single-hole, 

water-cooled injector, [1851. All parts of the chamber are thermally insulated. 

The main part; of the chamber is a rectangular measuring section equipped by up 

to four quartz glass windows of 100mm length and 40mm width for optical access. 
The distance between the window is 90mm, so that the wall influences on the spray 

can be neglected. The maximum mean axial air velocity measured in the chamber, 
in the absence of spray injection is lower than 0.1 m/s, so that it can be considered 

nearly quiescent, [185]. Other details about the geometry of pressure chamber and 

experimental set-up can be found in [185] and the works cited later on in this section. 
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Figure 6.1: Sketch of the Aachen pressure chamber. 

6.3.2 Computational mesh 

Introduction 

The actual chamber domain is approximated by a cylinder with dimensions given 

in Fig. 6.2. The computational domain is taken to be a 30' sector of the cylinder. 

The fact that the quality of numerical predictions depends to a large extent on 

the resolution of the computational mesh, [27] and [2281 necessitated a sensitivity 

study on this matter. For this purpose five different computational meshes were 

built by varying the number of cells and the mesh aspect ratio in the axial and 

radial directions. (The mesh aspect ratio is defined as the ratio of the maximum 

to the minimum lengths of cells in considered direction). The parameters, of the 

meshes are surnmarised in Table 6.1; they are ordered from the coarsest mesh (Mesh 

1) towards the finest (Mesh 5). Note that meshes 2 and 3, and 4 and 5 have the 

same radial and axial cell distribution, respectively. 

It is important to emphasize that the volume of the. smallest cell in the domain 

is restricted by the requirement that the void fraction in the cell should not-be, << 1 

or negative. That would violate the assumption that the gas is a continuum, or the 
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Axis of chamber 

Figure 6.2: Example of computational mesh (Mesh 5). 
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Directions 
Mesh No. Radial Axial 

umber of Aspect Min. Ar Number of Aspect Min. Az 

cells ratio Imm) CCUS ratio [min) 

1 23 1.0 2.17 95 1.0 2.1 

2 40 1.0 1.25 60 1.0 3.3 

3 40 1.0 1.25 60 11.1 0.78 

4 40 6.1 0.44 60 1.0 3.3 

5 40 6.1 0.44 60 11.1 0.78 

Table 6.1: Parameters of computational meshes. 
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Figure 6.3: Fuel injection flow rate. 

physical concept that the liquid phase cannot occupy more space in the cell than is 

available; §§(2.1) and (2.2.2). Note that this requirement involves the time step size 
because the amount of fuel injected in the considered time step depends on the size 

of the"time step and the injection rate. (The size of the time step will be discussed 

in the following section). The dimensions of the smallest cell are therefore chosen 
from the ranges recommended in [163] and [2001. 

Calculation parameters 

Fig. 6.3 depicts the injection rate history, taken from [185], and Tables 6.2 and 6.3 

show the spray submodels and computational parameters used in the calculations. 
The size of the time step, At is selected based on the droplet trajectory analysis 

of Beshay [27]. The chosen value of 21is assures that the droplet Courant number, 
defined by Go = UAt/Az .. i,,, is always less than 1. In the calculations presented in 

this section the maximum value of Co is 0.62. 

The parcel injection rate 9P is chosen to be 4 parcels/time-step. This complies 

with the recommendations of Dukowicz, [58] and Tabrizi7 [2001, who found that the 
dynamics of spray are not very sensitive to variation in this parameter if 9p >2 

parcels/ time-step. 
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I Spray process 
I Submodel/correlation I 

Atomisation 

- discharge coeff. 

- injector diam. 

- hole length 

Huh 

cd 0.68 

di,, j 0.2 mm 

L=0.8 mm 

Breakup Reitz-Diwakar 

Collision O'Rourke 

Momentum exchange Yuen & Chen drag correlation 
Impingement Not included 

Turbulence modulation Not included 

Table 6.2: Spray submodels used in calculations. 

Parameter Value 

Ambient gas air 

Time step, At 2.0 ps 
Max. Courant number, Go 0.62 

Parcel injection rate, 9p 4 parcels/timc-step 

Convergence tolerance, \, 1.0-10-1 

Max. number of correctors 4 

Discretisation scheme SFCD 

195 

Table 6.3: Calculation parameters. 
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The initial and boundary conditions are given in Table 6.4. The fuel temperature 

was not measured and its assumed value is taken to be 300K. (Note that the injector 

was cooled by water, [185]). 

The initial value of the turbulence energy, in the absence of th6 measured data, is 

assumed according to [1791 and [2001. The turbulence dissipation rate is calculated 

based on a characteristic length of the chamber, taken to be a half of the chamber 

width (0.045m). It should be noted that the spray predictions are rather insensitive 

to these initial values; see [179) and [163]. The same initial values of k and f are 

used in all the pressure chamber calculations presented latter on in this study. 

Spray 

TS01 0.00 ms 

TEOI 0.90 ms 

Fuel n-dodecane 

Inj. quantity 5.00 mm 
3 

Ti. j 300.0 K 

Field variables 

U 0.00 M/S 

p 50.0 bar 

T 800.0 K 

k 1.0 . 10-3 M2/S2 

f 7.0 . 10-4 M2/, 93_ 

Table 6.4: Initial and boundary conditions used in the calculations. 

Comparison of the predictions 

The comparisons of predictions of the fuel vapour and liquid penetrations, and 

evaporation are shown in Figs. 6.4,6.5 and 6.6. The maximum difference in fuel 

vapour penetration of about 20 mm is observed between the coarsest mesh, Mesh 1, 

and the finest, Mesh 5. It can be seen that the prediction of penetration is affected 
by the mesh resolution in both directions, radial and axial. The influence of radial 
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resolution is evidently stronger than the axial; compare the curves Mesh 3 and Mesh 

5, and Mesh 4 and Mesh 5 in Fig. 6.4. 
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Figure GA: Effects of computational meshes on the prediction of fuel vapour pene- 
tration (5% fuel vapour mass fraction criterion). 

The predictions of liquid penetration show the same trend, Fig. 6.5. It is inter- 

esting to note the time delays of about 0.15 and 0.1 ms in curves Mesh 1 and Mesh 2 

until the first detection of penetration. This is caused by the relatively big minimal 

volumes of cells in these meshes (these are the two coarsest meshes), which delays 

the void fraction in these cells from reaching the threshold value. This dependency 

on the mesh density points out a disadvantage of the usage of void fraction as a 

measure of the liquid penetration. The disadvantage, however, disappears when the 

comparisons are made on the same mesh, as it is a case in the calculations presented 
later on in the chapter. 

The fuel evaporation ratio Evap, Fig. 6.6, is not so sensitive on mesh density as 

penetration. Here too, the maidmum observed difference is between the predictions 
on the coarsest and finest meshes, and it reaches about 20%. 

The curves in all the aforementioned figures show a clear tendency to cluster 
as the mesh density increases. Since it is impossible to achieve a completely grid- 
independent solution, as was shown by Dukowicz, [58] and Beshay, [271, and tak- 
ing into account the restriction on the further increase of the mesh density due 
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Figure 6.5: Effects of the mesh density on the liquid penetration (99% void fraction 

criterion). 
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Figure 6.6: Effects of computational meshes on the prediction of spray evaporation. 
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to the reasons mentioned in §(6.3.2), the finest mesh, Mesh 5 (Fig 6.2) is chosen 
for all the further calculations. These two properties, the impossibility to achieve 

a grid-independent solution and the restriction on the void fraction, are the main 
disadvantages of the discrete droplet method. 
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6.3.3 The HMN results 

Description 

The injection system consists of a modified in-line injection pump (Bosch Type MW, 

JRC III), an injection line and a commercial Bosch single-hole nozzle (No. 502-3) 

with characteristics given in Table 6.5. The fuel injection rate was monitored by 

Injector 
dinj 0.2 mm 
L 0.8 mm 
Cd 0.68 

Table 6.5: Injector data. 

measuring the injection pressure in the injection line and needle lift, with a pressure 

transducer and a needle lift sensor. From these data the fuel injection rate history 

is calculated, [1851. 

The measurements were carried out for a number of operating points and the 

one with the most measurement data is selected for the validation purpose. This 

operating point has internal (Aachen) designation JH001. 

Operating point and measurement data 

The parameters of the operating point are summarised in Table 6.6. The injected 

fuel was heptamethylnonane' (HMN), and the corresponding injection rate history 

and injection specifications are shown in Fig. 6.7 and Table 6.7 respectively. 

OP T. i, [KI p [bar] Q [MM3/cydel Fuel 

JH001 800 50 5 HMN 

Table 6.6: Aachen pressure chamber; operating point JH001. 

'This fuel was used, because of its very low ignition quality (cetane number 15), to avoid ignition 
during the experiments. 
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Figure 6.7: Injection rate history. 

Spray 

Tsol 0.00 ms 

TE01 0.90 ms 

Fuel HMN 

Inj. quantity 5.00 mm, 
Ti. j 300.0 K 

0001 
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Table 6.7: Injection specifications used in the calculations. 
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The spray penetration was calculated from photographs obtained by high-speed 

cinematography in combination with the Schlieren technique, [185]. The temporal 

variation of the local gas velocity, fuel vapour mass fraction, and turbulence inten- 

sity were measured at two axial distances and several radial positions, as shown 

in Fig. (6.8), using laser-doppler velocimetry (LDV) and Raman spectroscopy. The 

data, reported in [1851, represent the ensemble average of approximately 50 samples 

per point in time and space. 

P-4 - injcctor locadon 

15 

35 --I, 66 oil *rw 

I 

omm 

3 

\2 

50mmý i (f) 

Figure 6.8: Locations of the measuring points. 

Calculation parameters 

The calculations were performed with four different combinations of spray submodels 

summerised in Table 6.8. The combination employed as a standard for comparison 
(ba, seline) uses the 'standard drag curve' for the droplet drag coefficient, Eg. (3.70), 

and the Reitz-Diwakar breakup model. It does not include turbulence modulation. 
The other cases, called variants, differ from the baseline case in only one different 

submodel they employed, as indicated in Table 6.8; so Variant 1 uses the Yuen & 

Chen drag correlation Eg. (3.63) i- nsiead of the 'standard drag curve', Variant 2 uses 
Pilch-Erdman instead of the Reitz-Diwakar breakup model, and Variant 3 includes 

the turbulence modulation in contrast to the baseline. 

The comparisons between the baseline results and those obtained with the vari- 

ants are presented in the following sections, together with the measurements when 

they were available. In all the calculations the same computational parameters 

shown in Table 6.9 are adopted. 
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Spray Variant 

process Baseline 1 114 1 

Atomisation Huh 

Breakup Reitz-Diwakar Pilch-Erdman 

Collision, O'Rourke 

Momentum Eg. (3.70) Eg. (3.63) 

Impingement Not included 

Turbulence mod. Not included Included 

I Table 6.8: Spray submodels/correlations used in the calculations. 

Parameter Value 

Time step, At 2.0 ps 
Max.. Courant number, Go 0.62 

Parcel injection rate, Iýp 2 parcels/ps 

Convergence tolerance, A,, 1.0.10-3 

Max. ý number of correctors 4 

Discretisation scheme SFCD 
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Table 6.9: Calculation parameters. 
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Baseline results 

Development of the gas velocity is depicted in Fig. 6.9 by the axial-section vector 

plots at four characteristic times, two during injection (0.5 and 0.75 ms) and two 

after the end of injection (1.0 and 1.5 ms). The maximum velocity is found along 

the spray axis. As expected, during injection the maximum gas velocity is located 

near the injector and is of the order of 100m/s (the average injection velocity is 

about 177m/s). Later on, when injection ceases, the location of maximum velocity 

moves downstream with the spray, and the velocity magnitude decreases. Careful 

inspection of the plots reveals a toroidal vortex formed at the outer edge of the 

spray. 

Contours of the fuel vapour mass fraction (FVMF) and gas temperature at the 

same viewing planes and times, are given in Figs. 6.10 and 6.11. The maximum 

concentration of the fuel vapour is around the tip of the spray (see Fig. 6.12 for 

the distribution of the parcels). This approximately corresponds to the region of 

minimum gas temperature; this is because the evaporation of fuel droplets extracts 
heat from the surrounding gas. The plots in Fig. 6.10 contain fines labelled Meas. 

which designate the fuel vapour penetration measured by the raman method. 

The spray evolution with time is presented in Figs. 6.12 and 6.13, where the 

former figure depicts the locations of the droplet s/parcels and their diameters, and 
the latter their temperature. It can be seen that the bigger and cooler droplets 

are located near the injector. As the droplet heat transfer and breakup processes 
advance, they become smaller and hotter. The majority of the droplet population 
has diameter less than 30jim. 

In order to compare the predictions of the liquid penetration with the measure- 
ments and to illustrate the difficulty of its assessing, the penetrations inferred from 
the photographs are also depicted in Fig. 6.12. Note that the droplet size in the plot 
are not scaled which to some extent can bias impression on the (dis)agreement3. In. 

spection of Figs. 6.10 and 6.12 leads to the conclusion that the computational re§ults, 
3Because of the wide range of the droplet sizes, the droplets in the figures are plotted with 

the constant diameter, i. e. they are not scaled; if scaled, the smallest droplets will be practically 
invisible. 
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for both vapour and liquid penetrations, overpredict the measurements; the detailed 

comparison of the penetrations vs. time will be given later on in this section. 
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Figure 6.9: Gas velocity at 0.5,0.75,1.0 and 1.5 rns. Injection terminates at 0.9 
01S. 



6.3. AACHEN PRESSURE CHAMBER 

----- CIJ 
000000 

L; j th Lh Lb Lb a, 

V) -0 00 (D Ict Cl) ý (D 00 -! Q co I'- 6Z -. NN CIJ ýýýý T- 0) tý (D CQ OD 
ow - d ci c; C; c; c; 66 ci C; 6 ci c; C; 

(a U- 
CO 

iL <CDC. ) aW LLOX---. Jýe -J2 
z 

NJ 

to E 
0 Ui 
7- 
4- 

(n E 

E 

(I) 

Q- 

0 E 
LO r- 
C; 

0 E 
C) 

207 

Figure 6.10: Contours of the fuel vapour mass fraction at 0.5,0.75,1.0 and 1.5 

ms; Meas. denotes the fuel vapour penetration inferred from spray Schlieren pho- 

s 
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tographs. 
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Figure 6.11: Contours of the gas temperature at 0.5,0.75,1.0 and 1.5 rns. 
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Figure 6.12: View on the spray and distribution of the droplet/parcel diameters at 

0.5,0.75,1.0 and 1.5 ms; Meas. denotes the liquid penetration inferred from the 

siDrav Dhotoarat)hs. 
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Figure 6.13: Drop/parcel temperature at 0.5,0.75,1.0 and 1.5 rns. 
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Effects of the drag coefficient correlations (Variant 1) 

The effects of the droplet drag coefficient correlations proposed in §(3.4) on the 

spray behaviour are minimal. Fig. 6.14 shows the predictions of the fuel vapour 

penetration by the baseline and the Variant 1 cases, together with the measurements. 

The predictions of Variant 1 are always less or equal than the baseline's, and the 

maximum differences between them are about 1-2mm. They both overpredict the 

measurements and the maximum overshoot is about 7mm. The predictions of the 

liquid penetration, Fig. 6.15 follow each other, and both significantly overpredict 

the measurements; moreover, they both failed to predict the decrease of the liquid 

penetration in the range from 0.6ms up to the end of injection. 
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Figure 6.14: JH001; Effects of drag correlations on the fuel vapour penetration 
(penetration based on 5% fuel vapour mass fraction criterion). 

Further evidence that both correlations produce very similar results are given in 
Figs-6.16 and 6.17, which compare the spray evaporation and Sauter mean diameter, 

respectively. In the former, the maximum difference is about 2-3%; the Sauter mean 
diameter is practically equal up to 2.0ms, Llms after the end of injection. Beyond 
2. Oms the differences between the Sauter mean diameters become bigger, but this 
is the result of the evaporation of the parcels when their total number is reduced 
(small statistical sample). Note that the amount of the liquid phase at that time is 
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JH001; T-800K, P-50 bar, 5mmA3 HMN 
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Figure 6.15: JH001; Effects of drag correlations on the liquid penetration (penetra- 

tion based on 99% void fraction). 

less than 1% of the total injected mass. 
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Figure 6.16: JH001; Effects of drag correlations on the'spray evaporation vs. time. 
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Figure 6.17: JH001; Effects of drag correlations on the spray Sauter mean diameter. 
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Effects of the breakup correlations (Variant 2) 

In contrast to the previous case the correlations employed for the calculation of the 

breakup process strongly affect the spray predictions. 

The predictions of the fuel vapour penetration start to differ from the baseline 

predictions noticeably from the end of injection and lms later the difference reaches 

almost 10mm, Fig. 6.18. 

In the case of the liquid penetration prediction, Fig. 6.19, the variant results part 

ways sooner, at approximately half of the injection duration, and from then the 

overprediction of Variant 2 steadily increases. Another significant difference is that 

the penetration of Variant 2 can be detected up to the end of calculation (3ms), 

while in the baseline case it ceases to be found from 1.7ms. This indicates that the 

instantaneous amount of the liquid phase in Variant 2 is greater (i. e. the evaporation 

of the fuel is slower) than, in the baseline case, Fig. 6.20. The same figure shows that 

at the end of injection the baseline case predicts that 64% of the total injected fuel 

is evaporated, which is more than 20% higher than calculated by Variant 2. The 

reason for this lies in the bigger Sauter mean diameter, Fig. 6.21, which is in the 
Variant 2 case almost twice as big as in the baseline case for the most of the time. 
This resultsý from the prediction of the bigger stable diameter by the Pilch-Erdman 

model than by the Reitz-Diwakar correlation, a fact already mentioned in §(3.7.2) 

and noted elsewhere, [171]. 

The consequence of the bigger drop diameters in Variant 2 is the reduced evapo- 

ration rate of these droplets due to their larger evaporation relaxation times (which 

is proportional to D2) than in the baseline case. This explains overprediction and d 

the existence of liquid penetration up to the end of calculation. 
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Figure 6.18: JH001; Effects of the breakup models on the fuel vapour penetration 
(penetration based on 5% fuel vapour mass fraction criterion). 
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Figure 6.19:, JH001; Effects of the breakup models on the liquid penetration (pene- 

tration based on 99% void fraction). 
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Figure 6.20: JH001; Effects of the breakup models on the spray evaporation. 
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Figure 6.21: JHOOI; Effects of the breakup models on the spray Sauter mean diam- 

eter. 
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Effects of the turbulence modulation (Variant 3) 

217 

The inclusion of the turbulence modulation in the modelling of the gas-spray interac- 

tion produces even bigger overpredictions of the fuel vapnur and liquid penetrations 

than the breakup model shown in the previous section. At the end of injection, 

the predictions of the vapour and liquid penetrations of Variant 3 are greater than 

the baseline's by about 7 mm, Figs. 6.22 and 6.23.0.5 ms later, the overprediction 
increases to about 13 mm, in the case of the fuel vapour penetration, and to 22 mm 

in the liquid penetration. Comparison of the turbulence viscosity of the baseline 
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Figure 6.22: JH001; Effects of the'turbulence modulation on the fuel vapour pene- 
tration (penetration' based on 5% fuel vapour'mass fraction criteria). 

and Variant 3 cases, shown in Figs. 6.24 and 6.25 respectively, gives explanation for 

this behaviour. As can be seen, the inclusion of the turbulence modulation terms 
in the gas-spray model significantly reduces the turbulence viscosity, as found by 

others; see §(2.3.4). (Details will be shown later in the section). This has two con- 

sequences. Firstly, the radial spreading of spray is diminished due to the smaller 

sizes of characteristic eddies, which play important role in the droplet random-walk 

calculation (§(3.3)), caused by a lessen level of turbulence kinetic energy. In this 

way the smaller (narrower) region of gas takes part in the exchange of momentum 
(and mass and energy) with the spray, which results in the lower rate of transfer 
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Figure 6.23: JH001; Effects of the turbulence modulation on the liquid penetration 
(penetration based on 99% void fraction). 

of momentum from the spray to the gas. This is the reason of the enhanced spray 

penetration. Secondly, the reduced turbulence viscosity causes slower diffusion of 

the momentum, fuel vapour and temperature in the gas. 

The fuel evaporation prediction is less than the baseline's, and the difference 

reaches about 12% at the end of injection, Fig. 6.26. This discrepancy, compared with 
the baseline results, is less than the previous case, implying that the differences in 

the prediction of the Sauter mean diameter must be smaller. This is indeed the case 

as shown in Fig. 6.2T. The slightly bigger Sauter mean diameter can be attributed 
to the increased collisions and coalescences due to the more closely packed droplets. 
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Figure 6.24: Baseline; contours of the turbulence kinematic viscosity at 0.5,0.75, 
1.0 and 1.5 ms. 
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Figure 6.25: Variant 3; contours of the turbulence kinematic viscosity at 0.5,0.75, 

1.0 and 1.5 ms. 
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Figure 6.26: JH001; Effects of the turbulence modulation on the spray evaporation. 
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This test case is also used to compare the predictions of the fuel vapour mass 

fraction, gas velocity, and turbulence intensity with the measurements. 

Figs. 6.28 and 6.29 depict the fuel vapour mass fraction at three radial positions, 

15 and 35 mm below the injector. The predictions at s=15 mm, Fig. 6.28 can be 

assessed as poor, especially at the points farther from the injector axis, at r=3 and 4 

mm. The predicted fuel vapour mass fraction there is almost zero, which is caused 

by the fact that no spray droplets are detected in the simulations at these sites for 

the whole injection period. A possible explanation for this may be that the injection 

velocity in the experiment is greater than that computed in the calculations due to 

the cavitation phenomenon in the nozzle, [151]. With this smaller injection velocity, 

the atomisation model would produce bigger droplets less prone to dispersion by 

turbulence (causing smaller radial spreading), and with the smaller evaporation 

rates, However, the predictions of other gas properties at these points must be, also 

affected, as will be shown below. 

The predictions of the fuel vapour mass fraction at s=35 mm are slightly better, 

Fig. 6.29. After overprediction in the early period, in the later period the results of 
both the baseline and Variant 3 calculations show relatively good agreement with 
the measurements, particularly at r=3 and 4 mm. The Variant 3 overshoots are 

somewhat smaller. The predicted arrival times are shorter. then measured. The 

Variant 3 predictions shows longer arrival time when compared to the baseline's, 

and it increases with the distance from the injector wds. This can be explained by 

the slower diffusion due to the smaller predicted turbulence viscosity than in the 

baseline case. 

Comparison of the axial gas velocities at the same two planes below the injector 

is presented in Figs. 6.30 and 6.31. As expected, significant discrepancy between 

the measurements and predictions is present at the first set of plots for s=15 mm, 
Fig. 6.30. The measured gas velocity is of the order of 10m/s which is significantly 
greater than in the predictions which is about 2m/s. The same explanation given 
above for the underprediction of the fuel vapour mass fraction can be applied here. 
The agreement is little better at the measurement locations 35 mm below the injec- 
tor, Fig. 6.31. 
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In order to illustrate the effects of turbulence modulation on the predictions 

of the turbulence intensity u' (u' = (3/2 k)1/2), comparisons of the computational 

results Obtained by the baseline and Va ria nt 3 cases with the measurements, are given 

in Figs. 6.32 and 6.33. In general, the Variant 3 case predicts significantly smaller 

turbulence intensity and longer arrival time than the baseline case. The found 

evidence of the reduction of the turbulence intensity agrees, taking into account 

that the size of the majority of droplets /particles is less than 20tim, i. e. Ddlle < 

0.1 (1, is the integral length scale), with the findings of Core and Crowe, [761. When 

compared with the measurements, the predictions at s=15 mm are worse than those 

at s=35 mm. At s=35 mm, especially closer to the injector aNis, the predictions 

can be assess as good. The figures also indicate a noticeable delay in the building 

up of turbulence intensity. 

The above suggests that turbulence modulation affects the spray in the following 

ways: it enhances the vapour and liquid penetrations, reduces evaporation and spray 

radial spreading, and moderately increases the Sauter mean diameter. In the gas 

phase, turbulence modulation reduces the turbulence intensity and viscosity. This, 

however, decreases diffusion of all the gas properties. 
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Figure 6.28: JH001; Fuel vapour mass Figure 6.29: JH001; Fuel vapour mass 

fraction vs. time at s= 15.0 mm and at fraction vs. time at s= 35.0 mm and at 
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Figure 6.32: JHOOI; Turbulence intensity Figure 6.33: JH001; Turbulence intensity 
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It was found out that the two correlations tested for the droplet drag coefficient, 

the 'standard drag curve' and Yuen and Chen correlation given by Eqs. (3-70) Eqs- 

(3.63) respectively, produce very similar results. The maximum difference in the 

predictions of the spray penetration is about 2mm, and the evaporation differs by 

2-3%. The predictions obtained by the Yuen and Chen correlation slightly better 

agree with the measurements then the baseline's. 

The two tested breakup submodels, Reitz-Diwakar and Pilch-Erdman, induce 

substantial differences in the spray predictions. The spray penetrations differ by 

maximum 10mm, the evaporation by 20%, and the spray Sauter mean diameter by 

a ratio of 2, because the Pilch-Erdman model predicts bigger droplet stable diameter. 

When compared with the measurements the Reitz-Diwakar model is preferred. 
The inclusion of turbulence modulation in the gas-spray model causes reduction 

in the gas turbulence intensity and spray radial spreading. This enhences spray 

. -penetration so that the differences with the baseline case and measurements are the 

biggest of all the previous cases. The differences in the spray evaporation are smaller 

than in the previous case, and the Sauter mean diameter differs slightly from that 

predicted by the baseline case. This indicates increased coalescences between the 

more closely packed droplets. 

Among all the. cases, the spray prediction is best matched by Variant 1 which 

employs the Yuen and Chen correlation for the drop drag coefficient and the Reitz- 

Diwakar breakup model, and does not include the turbulence modulation. 
None of the combinations gives very good predictions of the local gas velocity, 

fuel vapour mass fraction and turbulence intensity, especially near the injector and 
farther from its a2ds. The predictions are somewhat better near the injector wds at 
axial distances greater than 100di,,, j. 
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6.3.4 The n-heptane results 

Description 

The injection system consists in this case of a modified in-line injection pump (Bosch 

Type PES 4 MW 80), an injection line and a commercial Bosch single-hole nozzle 

with characteristics given in Table 6.10, [118]. The fuel injection rate history is 

Injector 
dinj 0.2 mm 
L 0.8 mm 

Cd 0.65 
f 

Table 6.10: Injector data. 

calculated by the Institut ffir Thermodynamik, Aachen, from the measured injection 

and chamber pressures and needle lift. The injector discharge coefficient has been 

measured at a constant pressure difference varying the needle lift. The data can be 

found in Appendix E. l. 

The computation is performed with the MPI and Huh's-atomisation models. In 

the case of the MPI atomisation model, the two valueý of the spraý semi-cone angle 
were used in order to assess its effects on the spray predictions. 

Operating points and measurement data ,, 

The experiments were carried out under different air conditions, and the three op- 
erating points (OP) listed in Table 6.11'comprise all necessary input data for the 

numerical simulation. Two different amounts of fuel per cycle were injected and cor- 
responding injection rate histories are shown in Fig. 6-34, [118]. The fuel used in the 

experiments was n-heptane (C71116). In the specified operating regimes n-heptane 
ignites, but the fact that the average measured ignition delay was 1.8ms after the 
start of injection, [16], allows us to use the measurements for the comparison. The 

operating points are designated here according to the practice used by the Institut 
ffir Thermodynamik, Aachen. 
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Figure 6.34: Injection rate curves. 

The available types of measurement data are indicated in Table 6.12. The vari- 

ations of fuel vapour mass fraction with time were measured at six locations in 

the chamber, see Fig. (6.35), by the Raman spectroscopy, [118]. The reported data 

represent the ensemble average of approximately 50 samples. 
The spray penetration was analysed by a high-speed cinematography in combi- 

nation with the Schlieren technique, [16]. 

OP T. j, [K] p [bar] Q [mg/cycle] Fuel 

1 800 50 6 n-heptane 
3 800 50 10 n-heptane 
4 600 30 6 n-heptane 

Table 6.11: Aachen pressure chamber operating points - IDEA project. 
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OP FVNIF Liquid penetration Vapour penetration 

1 +1 + + 

3 +1 

4 +1 + + 

1- measurement at six locations; see Fig. 6.35 

Table 6.12: Available measurement data. 
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Figure 6.35: Locations of the measuring points. 

Calculation parameters 

As already noted, the calculations were performed with the Huh and MPI atomisa- 

tion models, at the three operating conditions, Table 6.11. The spray models and 

computation parameters used in the calculations of all the three operating points are 

given in Tables 6.13 and 6.14. Since the maximum injection rate is about 1.4 times 

greater than that in the previous case, §(6.3.3), the time step size, At is chosen to 

be 1.25 ps; this ensures that the droplet Courant number is always less than 1. 

The initial and boundary conditions specific to particular operating point are 

given at the beginning of sections which describe the comparison with the measure- 

ments. 
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I Spray process 
I Submodel/correlation 

Atomisation 

discharge coeff. 

Huh 

cd = 0.65 

Atomisation 

contraction ratio 

spray angle 
hole wall roughness 

MPI 

C, = 0.7 

= 6.5* or 10.0' 

k, = 1.0 ym 

Breakup Reitz-Diwakar 

Collision O'Rourke 

Momentum exchange Yuen Chen drag correlation 
Impingement Not included 

Turbulence modulation Not included 

Table 6.13: Spray submodels used in the calculations. 

Parameter Value 

Time step, At 1.25 ps 
Max. Courant number, 0) 0.535 

Parcel injection rate, 9p 1 parcel/ps 

Convergence tolerance, A, 1.0 . 10-3 

Max. number of correctors 5 

Discretisation scheme SFCD 
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Table 6.14: Calculation parameters. 
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Comparison with measurements 

The foRowing figures show comparisons with experimental results for the spray pen- 

etration (liquid and vapour) and fuel vapour mass fraction for each operating point. 

In the figures r and s denote the radial and axial diýiances of measuring points from 

the injector, respectively. In the case of the MPI atomisation. model, two values of 

the spray semi-cone angle, 6.5 and 10.0 degrees', were used to asses its effects on the 

spray behaviour; corresponding curves are denoted as MPI/6.5 deg and MPI/10.0 

deg. 

Operating point No. 1 

The injection conditions for this operating point are given in Table 6.15. 

Spray 

Tsoi 0.00 ms 
TEOI 1.26 ms 
Fuel n-heptane,. 
Inj. quantity 6.00 mg 
Ti, j 300.0 K 

Table 6.15: OP1; Injection specifications used in the calculations. 

The fuel vapour penetration for both atomisation models shows reasonably good 
agreement with the measurements, Fig. 6.36. While the Huh model slightly overpre- 
dicts penetration (by maximum 4 mm) in the range t=0.4-1.2 ms, the MPI model, 
in the same range, shows very small underprediction; less than 1 mm. Both models 
overpredict penetration in the range t=0-0.4 ms, and underpredict for t>1.4 ms. In 
the initial stage of injection, up to 0.2 ms, the MPI predicts greater penetration than 
the Huh, what indicates that the injection velocity in the former model is higher. 
This is caused by cavitation in the injector nozzle which the MPI model takes into 

account. As the spray develops, the differences in penetration become smaller, and 
after t=0.3ms the Huh model predicts slightly greater penetration than the MPI. 
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This can be the result of the more intensive secondary breakup of the'MPI' droplets 

due to their higher velocity. 

Despite difficulties in assessing the quality of liquid penetration prediction due 

to the oscillations of results 4, Fig. 6.37, it can be concluded that the MPI model 

shows better agreement with the measurements. Both models overpredict the mea- 

surements. 

This penetration behaviour has its background in the droplet size distribution. 

As can be'seen in Fig. 6.38, the MPI model produces spray with significantly smaller 
Sauter mean diameter than Huh's model. This means that the MPI droplets expe- 

rience relatively higher drag forceý with the consequences on the liquid penetration 
described above. 

Although there are no measurements of the cumulative evaporation, it is inter- 

esting to compare'predictions'of the models. The MPI model shows substantially 
higher evaporation ratio than the Huh's model, Fig. 6.39. This is consistent with the 

aforementioned predictions of the spray Sauter mean diameter. 

Inspection of the above figures reveals that the influence of the spray semi-cone 

angle in the MPI case on the spray predictions is weak; the similar behaviour was 

observed by [179]. This can be explained by two facts. Firstly, the size of the 

secondary droplets, D, is slightly affected by the spray angle since D. (X a-1/3 (see 

3.2.2); -the evidence of this is almost equal Sauter mean diameter predicted with 
both spray angles up to t=0.6ms, Fig. 6.38. Secondly, these droplets, due to their 

very small sizes, have small momentum and short life time. 

In the later period of injection, for t>0.6ms, the Sauter mean diameter pre- 
dicted with the smaller spray angle is greater than that obtained with the angle 
10 *. This can be attributed to the higher probability for the droplet coalescence in 

the narrower spray. 

The comparison of the fuel vapour mass fraction at six locations is given in 

Figs. 6.40-6.44. Both atomisation models, Huh's and MPI, overpredict the measure- 

ments, although in the case of the MPI, this overprediction is lower than with the 

'The oscillations are result of complete evaporation of droplets in some computational cells, 
which causes abrupt changes of void fraction there. 
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Huh's model. The fuel vapour mass fraction curves show the distinguish peak in 

the early stage of injection. This is probably caused by the local depletion of small 
droplets whose temperature at that instant of time reaches the critical temperature 

of the fuel. 

The analysis of the arrival times of the fuel vapour to the measured sites shows 

that the Huh model predicts in average 0.1 ms shorter arrival times than the, MPI 

model. The agreement between the MPI predictions and the measurements is some- 

what better up to s=40 mm; beyond this, point the calculations give arrival times 

. shorter by approximately 0.1-0.15 ms. The influence of the spray semi-cone angle, 

which is the input for the MPI model, on the predictions of fuel vapour mass fraction 

and spray arrival time is small. The maximum, observed difference in the prediction 

of the local fuel vapour mass fraction is less than 7%. 

0.07 

0.08 

0.06 

0.04 

0.03 

0.02 

0.01 

OPI- Pressure chamber. d-O. Z Lý0.8, n-heptane, 0-6mg, Tair. SCMK Pair. 50bar 

.............. 

.... ....... ....... ..... ........ ....... ... 
........... . ......... ..... ................. . ... ... ........ ......... 

............... Hh 
RAPY10 
"PlIe, 5 dog 

............. ....... ....... ................. ... .... ......... . ............. ..... ........ ...... .... . 

. .... ..... ............. 
... ....... ......... ..... ........ 

0 
0 W. ý W. ýo W. VV 1 W-U'" V. W14 U-UUIG 0.0018,0.002 

t [$I 

Figure 6.36: OP 1; Fuel vapour penetration based on the 5% FVMF criterion. 
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Figure 6.37: OP1; Liquid penetration based on the 99% void fraction criterion. 
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Figure 6.39: OP1; Fuel evaporation vs. time. 

0.08 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

iri. vressurs, cnamoor cto. w, L-ux, n-napiane, u-mg, i air-auuK. vair-501)4111. r-0.004, "0.03 

Huh 
MPI/6 5 d: j MPI/10'0 d 

.......... .I.......... ..... ........ ..... ............. . ..... . ....... ... . .... ................. Measurement 

. ..................... .J.......... ........ I... ... ..... . ....... ...... . ..... ..................... .. 

... . .... .... ... ....... ... ....................... .... . ................. .... ...... .... 

............. ...... ...................... ....... . .............. ................. . ................................. 

......... .............. ........ ............ . ........ . ....... ....... ....... 

............... ................ .... ......... ....... . ..... .... ......... ...... . 

.... ......... . ...................... ..... ...... ................ . ........ .... ........ ....... ..... ..... .......... . ................. 

u U. WM 0.001 
11s) 

0.0015 0.002 0.0025 

Figure 6.40: OP1; Fuel vapour mass fraction vs. time at r=4.0 mm, s= 30.0 mm. 
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Figure 6.41: OP1; Fuel vapour mass fraction vs. time at r=0.0 mm, s= 40.0 mm. 
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Figure 6.42: OP1; Fuel vapour mass fraction vs. time at r=4.0 mm, s= 40.0 mm. 
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Figure 6.43: OP1; Fuel vapour mass fraction vs. time at r=0.0 mm, s= 50.0 mm. 
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Figure 6.44: OP1; Fuel vapour mass fraction vs. time at r=4.0 mm, s= 50. o mm. 
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Operating point No. 3 

The injection conditions for this operating point are given in Table 6.16. 

Spray 

Tsol 0.00 ms 
TEOI 1.79 ms 

Fuel n-heptane 

Ini. quantity 10.00 mg 
Tinj 300.0 K 

Table 6.16: OP3; Injection specifications used in the calculations. 
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In the absence of experimental spray penetrations data for this operating point, 

only comparisons of the computational predictions are depicted in Figs. 6.45-6.46. 

Compared to operating point OP1, the differences between the predictions produced 
by the models are smaller, especially in the case of liquid penetration. As was the 

case in the previous operating point, in the early stage of injection, up to 0.25 ms, 

the MPI model predicts greater penetration than the Huh model; this is caused by 

the higher injeýtion velocity predicted by the MPI nozzle model. 
Comparison of the MPI predictions obtained with the different spray angles 

reveals that the spray angle'affects, the penetration, both vapour and liquid, slightly 

stronger than in the previous operating point. The ma)dmum observed difference in 

the prediction of the fuel vapour penetration is about 3mm. As expected, the MPI 

model with the spray angle of 10 0 produces somewhat smaller penetrations, due to 

its bigger radial spreading. 

The predictions of the cumulative evaporation and the Sauter mean diameter 

show the same trend as in the previous operating point; see Figs. 6.48 and 6.47. 
The MPI model produces significantly smaller Sauter mean diameter, and therefore 
bigger evaporation, than the Huh model. 

The comparison of fuel vapour mass fraction for this operating point is given in 

Figs. 6.49-6.54. As in the previous operating point the calculations overpredict mea- 

surements. The spray arrival times predicted by the MPI model are more affected 
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by the spray angle than in the OP1 case, what can be the result of the significantly 
bigger injection velocity than in OP1. As e, xPected, the MPI model with the bigger 

spray angle predicts longer arrival time, and as the measuring points are farther 

from the injector, it differs more from that of the 6.5 ' case. 

OP3- Pressure chamber. d-0.2, L-0-8, n-heplane, 0-10mg. Tair-800K Pair-50bar 
%P. Wo 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 0.0005 0.001 

, 
Its) 

0.0015 0.002 0.0025 

Figure 6.45: OP3; Fuel vapour penetration based on the 5% FVMF criterion. 
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Figure 6.46: OP3; Liquid penetration based on the 99% void fraction criterion. 
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Figure 6.47: OP3; Predicted spray Sauter mean diameter. 
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Figure 6.48: OP3; Fuel evaporation vs. time. 

0.0025 

241 



242 CHAPTER 6. PREDICTIONS OF DIESEL SPRAYS 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

__ 
OP3- Pressure chamber. d=0.2. L-0.8, n-hoptano. 0.10mg. Tait-800K Pair-50bar. rý0.0, s-0 

0.0005 0.001 
IN 

0.0015 0.002 0.0025 

Figure 6.49: OP3; Fuel vapour mass fraction vs. time at r=0.0 mm, s=30.0 mm. 
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Figure 6.50: OP3; Fuel vapour mass fraction vs. time at r=4.0 mm, s= 30.0 mm. 
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Figure 6.51: OP3; Fuel vapour mass fraction vs. time at r=0.0 mm, s= 40.0 mm. 

0.12 

0.1 

0.08 

0.08 

0.04 

0.02 

0 

Lw. o. ýnwptanw, uniLmn% isornawN F-awa*Mikr. ruo. IX)4, amo. 04 

Huh 
M 

IPIýl 
d" 

mp del 
1 

7, 

. ................ ............ ............... ... 

............ .......... . ...... .......... . ........ ...... 

. .............. ... .... . ..... 

0 0.0005 0.001 
Its] 

0.0015 0.002 0.0025 

Figure 6.52: OP3; Fuel vapour mass fraction vs. time at r=4.0 mm, s= 40.0 mm. 
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Figure 6.53: OP3; Fuel vapour mass fraction vs. time at r=0.0 mrn, s= 50.0 mm. 
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Figure 6.54: OP3; Fuel vapour mass fraction vs. time at r=4.0 mm, s= 50.0 mm. 
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Operating point No. 4 
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This operating point has the same injection rate as OP1, and differs from OP1 in 

the pressure and temperature of air. Since the gas density and temperature in the 

chamber are lower than in the OP1 case, the spray penetration is expected to be 

higher. The injection conditions for this operating point are given in Table 6.17. 

Spray 

Tsor 0.00 ms 
TEOI 1.26 ms 
Fuel n-heptane 
Inj. quantity 6.00 mg 
Ti. j 300.0 K 

I 
Table 6.17: OP4; Injection specifications used in the calculations. 

Fig. 6.55 depicts the fuel vapour penetration. The overprediction is bigger than 

in OP1 and the ma: dmum deviations from the measurements are 10 and 7 mm for 

the Huh and MPI model, respectively. The biggest overprediction is in the time 

range 0.2-1.0 ms, and afterward the differences become smaller. 
The results of the MPI model for liquid penetration, Fig. 6-56, shows reasonably 

good agreement with the measurements. The Huh model predicts notable bigger 

penetration than the MPI, which indicates that its Sauter mean diameter is also 

bigger, Fig. 6.57. 

As can be seen in Figs. 6.58 and 6.57 the cumulative evaporation and the Sauter 

mean diameter show the same trend as in the previous cases. The predicted Sauter 

mean diameter, by both models, are smaller than in ON due to the longer life time 

of small droplets caused by the reduced heat transfer from the gas to the droplets, 

as a consequence of the lower ambient gas temperature than in the OP1 case. 
The effect of the spray angle on the prediction of all the above quantities is small, 

less than 5%; the same explanation given for the ON case can be applied. 
The comparisons of the measured and calculated fuel vapour mass fractions show 

similar overpredictions as in both the previous operating points (Figs. 6.39-6.64). 
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Particularly good agreement with the MPI predictions can be seen in Fig. 6.60 for 

t>0.5ms. The arrival time is predicted better than inl OP1, especially by the MPI 

model. 
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Figure 6.55: OP4; Fuel vapour penetration based on the 5% FVMF criterion. 
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Figure 6.56: OP4; Liquid penetration based on the 99% void fraction criterion. 
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Figure 6.59: OP4; Fuel vapour mass fraction at r=0.0 mm, s=30.0 mm. 
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Figure 6.61: OP4; Fuel vapour mass fraction at r=0.0 mm, s= 40.0 mm. 
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Figure 6.62: OP4; Fuel vapour mass fraction at r=4.0 mm, s= 40.0 mm. 
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Figure 6.63: OP4; Fuel vapour mass fraction at r=0.0 mm, s= 50.0 mm. 
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Summary 

251 

The comparisons of the computational results and measurements presented in this 

section for the three operating regimes enable the following conclusions. 

The fuel vapour penetration is slightly better predicted by the NIPI model. Both 

the models slightly overpredict penetration at the early stage of injection, and toward 

the end of injection this overprediction vanishes. In the later period, after the end 

of injection, both models slightly underpredict vapour penetration. 

Despite the difficulties in assessing predictions of the liquid penetration, the 

predictions of the MPI model are significantly closer to the measurements than the 

Huh model. Generally, both models overpredict the measurements and none of the 

models can be judged as successful. 
The worst-predicted quantity is the time development of the fuel vapour mass 

fraction at particular measurement locations. Big overpredictions are common to 

both the models and neither the MPI nor Huh model can be assessed as better. 

The exception to this behaviour are the predictions of the Huh model at point 

r= 4mm, s= 30mm in all the operating regimes, see Fig. 6.40,6.50 and 6.60. This 

can be explained as a result of the bigger droplets produced by atomisation and 
by their smaller radial spreading in the initial stage of injection than in the case of 

the MPI model. The further evidence of this is the behaviour at the beginning of 

injection of the Sauter mean diameter (Figs. 6.38,6.47 and 6.57), which is almost 

three times bigger than in the MPI case, and spray evaporation (Figs. 6.39,6.48 

and 6.58) which is about 2.5 times smaller than in the MPI case. However, these 

differences become smaller with time. 

6.3.5 Spray-wall impingement 

Description 

The aim of this section is much to illustrate the predictions of the MPI spray-wall 
impingement model without any detailed comparison with measurements, since this 

is beyond the scope of the present study. For this purpose a dummy test cases was 
5The specifications for the test case were selected in collaboration with C. Bai, who at the time 

worked on his own impingement model [18]. 1 wish to express my appreciation for his valuable 
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created, and its arrangement is shown in Fig. 6.65. The injector is positioned 25mm 

above the wall and injects a fuel, n-dodecane, normal to the wan at an average 

speed of about 200m/s. The ambient gas is air with pressure of lbar, and with a 

zero initial velocity. The temperatures of the fuel, air and the wall. are taken to 

be equal, so the heat transfer between the spray and surrounding air does not take 

place and the calculation of evaporation is disabled'. 

Injector 

Tair m 293 K 

Pair mI bar 

n-dodecans 
1.1dinj m4 
dlnjzO. 25 mm 
Tfuel a 293 K 
Injection duration m 3, 

Ulnj - 200 We 

Az 

.................................. I .................................... Wall 

Figure 6.65: Spray-wall impingement; lay-out and injection conditions. 

Calculation parameters 

The computational mesh used for the calculation is the same one used for the Aachen 

pressure chamber, see §(6.3.2); the part of the mesh is shown in Fig. 6.65. The initial 

conditions and the spray submodels employed in calculation are given in Tables 6.18, 

and 6.19. The computational parameters are listed in Table 6.20. 

assistance. 
'Even for these conditions there is a difference between the partial fuel vapour pressures at 

the drop surface and in the surrounding air which acts as a driving force for the evaporation, but 
because of the low fuel temperature it is small and the evaporation can be neglected. ̂ 
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Figure 6.66: Injection rate history. 

Spray 

TS01 0.00 ms 

TE01 3.5 ms 
Fuel n-dodecane, 
Tinj 293.0 K 

Field variables 

u 0.00 M/S 
p 1.00 bar 

T 293.0 K 

k 0.1 n2/S2 -n 

c 4.0 M2 /S 3 

Spray-wall impingement 

Table 6.18: Initial conditions used in calculation. 
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I Spray process 
I Submodel/ correlation 

Atornisation 

discharge coeff. 

Huh 

cd = 0.61 

Breakup Reitz-Diwakar 

Collision O'Rourke 

Momentum exchange 'standard drag curve' 
Impingement MPI 

Turbulence modulation Not included 

Table 6.19: Spray submodels/correlations used in calculation. 

Parameter Value 

Time step, At 5.0 ps 

Parcel injection rate, 9p 1 parcel/ps 

Convergence tolerance, A, 1.0 . 10-4 

Max. number of correctors 2 

Discretisation scheme SFCD 

Table 6.20: Calculation parameters. 
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Results 

255 

Figs. 6.67 and 6.68 depict the development of the gas velocity and the spray at six 

different times. In the first plot, at t=0.25ms, which is just about 301is after the 

spray reaches the wall, the first droplets reflected from the wall can be observed 

near the impact point, pushing the air in front of them. The air motion towards 

the wall caused by the injection becomýdeflected at the wall and starts forming 

a vortex whose evidence can be seen at t=0.50ms. Subsequent plots of the gas 

velocity depict the motion of the vortex along the wall further from the point of 

spray impact. 

From the moment spray hits the wall, reflected droplets form a cloud which 

propagates along the wall, partly due to its own inertia, and partly dragged by the 

air. As the droplets in the cloud lose their initial momentum, by transferring it to 

the surrounding air, they are captured by the air and from then on practically follow 

its motion. The distinct evidence of this are the droplets at the outer (radial) edge 

of the cloud, Fig. 6.68, at time 1.0,1.25 and 1.5ms, which match the shape of the 

vortex. 

The spray radial penetration is shown in Fig. 6.69. The sharp discontinuity of 

the curve at t=0.22ms indicates the moment when the spray hits the wall. The 

evidence of the impact can also be seen in Fig. 6.70, which depicts the number of 

spray parcels, as a disruption in the slope of the curve. The greater slope of the 

curve from the time of impact indicates increasing rate of droplets production due 

to the splashing process. 
During splashing, part of the droplets stay at the wall and that can be observed 

as a cluster of droplets in the vicinity of the spray axis, Fig. 6.68. In the same 

region there are also droplets whose Weber number is less than critical (the small- 

size secondary droplets produced by atomisation or breakup) which stick at the wall 

without splashing. In the same figure, there is an evidence of a number of small 
droplets stuck to the wall radially farther from the spray axis; these droplets are 
initially produced by splashing and later carried away by the air to the wall. 

The spray Sauter mean diameter is shown in Fig. 6.71. After an initial period 

of about 0.3ms, the Sauter mean diameter adopts an approidmately constant value. 
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It must be remembered here that the MPI impingement model does not consider 

the formation of the liquid film on the wall and its flow. This on ission can result in 

accumulation of droplets in a few near-wall cells, producing there a small or, in the 

extreme case, negative void fraction which can prevent further calculation. In order 

to avoid this, in the present study the volume of the droplets stuck on the wall was 

not taken into account in the void calculation. This measure ensured that the void 

fraction was never less than 0.89. 

Another important fact, from computational point of view, is a high rate of 

production of the computational parcels, which slows down computations and can 

cause the overflow of the 'drop arrays' in the code. Fortunate ly, in the diesel engine 

conditions both the above mentioned issues are not very likely to occur because of 

the high ambient temperature leads to fast evaporation of the droplets. 



6.3. AACHEN PRESSURE CHAMBER 

........... 

": 

0.25 ms 

0.50 ms 

......... .. 

........... 

I '; ý- i 0.75 ms 

257 

1.00 ms 

1.25 ms 

9.. 

iJJh : 

1.50 ms 

Figure 6.67: Gas velocity at 0.25,0.5,0.75,1.0,1.25, and 1.5 ms. 
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6.4 IFP Engine 

6.4.1 Description 

This engine, developed and built by the Institute Francais du Petrole (IFP), is 

specially designed to enable a full optical view of the in-cylinder space through a 

fused silica window in the piston and a side window opposite to the injector, Fig. 

6.72. The objective of the experiments was to coUect data on spray and combustion 

in a DI diesel engine to support the development of spray and ignition/combustion 

modelling. Pressure and temperature levels in the engine are similar to those of the 

typical diesel engine, and at the top dead centre (TDC) they can reach 70 bar and 900 

K. The injection takes place in a rectangular canal formed in the piston; this region 

will also be referred in this study as the 'duct'. The engine configuration is almost 

symmetrical, except for the slight offset of the side window and the inlet/outlet 

valve assemblage. The injection system comprises a single-hole Bosch injector and 

an in-line injector pump. These and other details about the engine and experimental 

set-up can be found in [22] and [21]. 

The engine operating conditions were varied to study different effects. For spray 

measurements, the engine was fed with nitrogen to suppress ignition, under the 

operating conditions given in §(6.4.2). This operating point is called a 'Reference' 

operating point (REF). In a numerical simulation air is used instead of nitrogen, 

assuming that the differences in properties important for spray calculation between 

air and nitrogen are not significant (nitrogen makes almost 79% of air by volume). 

The liquid fuel and fuel vapour were visualised with the planar laser induced 'EXCI- 

PLEX' fluorescence'. Experimental data were inferred from recorded images with 

image processing and ensemble averaging. 

'This method allows simultaneous observation of the fuel liquid and fuel vapour distribution. 

The EXCIPLEX mixture consists of a fuel (solvent) and two other species which under laser 

excitation form an exited state complex (EXCIPLEX). Under certain conditions, the EXCIPLEX 

exists only in the liquid phase, and this fact is exploited in the measurements (more details can be 

found in [21]). 
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Figure 6.72: Sketch of the IFP optical engine. 

6.4.2 Initial and boundary conditions 

The relevant engine and injector data are. given in Table 6.21, and parameters for 

the operating point REF in Table 6.22. The data about valve motion, gas conditions 

in the inlet/outlet valve ports or at the valve curtains is not available, so the valves 

are not modelled in the computational mesh, nor is the flow through the valves 

calculated. Instead, it is assumed that the initial gas fields at the BDC, where the 

numerical simulation starts, are spatially uniform, with the values given in Table 

6.23. The values of gas pressure and temperature are taken from [22], while the 

values of other quantities are assumed. 

Injector 
. 

I Engine 

di,, j 0.2 mm Compression ratio 10.55 

L 0.8 mm Bore, B 86.00 MM 

Cd 0.8 Stroke 82.00 MM I 
Connecting rod 547.90 MM 

I Table 6.21: IFP optical engine data. f- 

The chamber wall temperatures were not measured. In the numerical simulation 
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IFP optical engine; REF 

Speed 1200 rpm 

VP 3.28 M/S 

Charge N21air 

TBDC 333 K 

tsoi 351.0 CA 

tEOI 371.0 CA 

Fuel n-heptane 
Inj. quantity 14.00 mm, 

Ti. j 310.0 K 

263 

Table 6.22: IFP optical engine; operating point REF. (Vp is the average piston 

velocity). 

the wall temperature is taken as constant at 400K over the whole chamber surface 

consisting of the piston, liner and cylinder head patches. 

Initial conditions at BDC 

u 0.00 M/S 
p 1.95 bar 

T 333.00 K 

k/ VP2 0.11 

e BIVP' 0.175 

Table 6.23: Initial conditions at BDC used in calculations. 

Injection rate 

The injection system was fitted with a needle lift sensor and injection line pressure 
transducer. The cylinder pressure was measured by a piezo-electric pressure trans- 

ducer, and the adjustment of the fuel injection quantity was done with a micrometer 
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coupled with the pump governor. One cycle measurement of the injection line pres- 

sure, chamber pressure, and needle lift vs. time, for the operating point REF, are 

given in Figs. 6.73 and 6.74, [20]. The ensemble-averaged data of the above quan- 

tities were not available, therefore the existing single-cycle measurements were used 

for the injection rate calculation. This, however, represents a serious weakness for 

the simulation and can be one of the reasons for rather poor prediction of the fuel 

vapour penetration reported later in the study. 

The injection flow rate is calculated from the needle lift data and the pressure 
difference between the injection and cylinder pressures. In the absence of other data, 

it is assumed that the flow cross-sectional area varies linearly with the needle Jift8J 

and that the nozzle discharge coefficient is constant (see Table 6.22). It is assured 
by an appropriate scaling factor that the total amount of injected fuel per cycle, 

obtained by the integration of calculated injection rate over the injection period, is 

equal to its measured value specified in Table 6.22. The injection volumetric flow 

rate calculated in the aforementioned fashion is shown in Fig. 6.75. 
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Figure 6.73: Cylinder and injection pressures vs. time; single cycle measurement. 

'Taking into account almost constant value of the fieedle'lift for the most of injection period, 
Fig. 6.74, the error introduced by this assumption is presurnablely small. 
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Figure 6.74: Single cycle measurement of the needle lift vs. time. 
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Figure 6.75: Calculated injection flow rate history. 
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6.4.3 Computational mesh 

The sensitivity of spray predictions to the mesh density, shown earlier in §(6.3.2), 

demands a special care in designing the computational mesh in the region where the 

spray. injection takes place. In this test case it is in the canal (duct) region of the 

piston. However, there is a limit on the total number of cells in the computational 
domain affordable to the simulation with respect to the computer storage capacity 

and CPU time. 

In order to find a suitable computational mesh a series of different meshes for 

the piston duct region alone (without the rest of the chamber) was created, and 
the influence of the various mesh densities on the key relevant spray parameters 

was investigated, [79]. The mesh density was varied by two means, by changing 
the number of cells in particular spatial directions, and by varying the mesh aspect 

ratio, Table 6.24. The initial and boundary conditions, injection rate specification 

and the measurement of the fuel vapour penetration for the Aachen pressure chamber 

operating point No. 1, §(6.3) were used for this mesh-density sensitivity study9. The 

same time step of 2.51is was employed in these calculations. 

Directions 

Mesh No. x y z 

mber of Aspect Number of Aspect Number of Aspect 

ceRs ratio ceUs ratio cells ratio 
1 36 1.0 43 1.0 12 1.0 
2 36 3.7 43 1.0 12 6.1 
3 3.7 11.1 12 6.1 
4 36 3.7 60 1.0 12 6.1 

Table 6.24: Computational meshes of the piston duct region. 

The predictions of the fuel vapour penetration, and cumulative evaporation for 
the different meshes are presented in Figs. 6.76 and 6.77, respectively. It can be 

'The assistance of B. Peters in preparing the numerical set-ups is gratefully acknowledged. 
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seen that the cumulative evaporation is not so sensitive on the mesh density as the 

penetration. The maximum difference between the predictions of evaporation is 

about 10%, and it occurs at the very beginning of injection during the first crank 

angle degree after the start of injection. From then on the differencies practically 

vanish. 
In contrast to the prediction of evaporation, the fuel vapour penetration predic- 

tion shows a strong mesh-density dependency, Fig. 6.76. The maximum difference 

observed between predictions of penetration is about 13mm. It occurs between the 

coarsest and the finest meshes. The comparison with the measurements shows that 

the coarser meshes produce a bigger underprediction of penetration (this may be 

taken as a general rule). Further mesh refinement will not change penetration sig- 

nificantly. Therefore the duct mesh No. 4, given in Fig. 6.78, is taken as the mesh 
for the piston canal region. 
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Figure 6.76: Effects of the mesh density on the fuel vapour penetration. 

The complete computational mesh of the engine at the BTD and at the start 

of injection (351.0'CA) is depicted in Figs. 6.79 and 6.80. As can be noticed from 

these figures the number of cells in the mesh varies with time since the cell (layeC) 

removal/addition feature is used; some details about this feature can be found in 
§(ý. 5.3). Also, a special adaptive mesh-movement feature was developed and used 
in the calculations, which, during the injection period, automatically adjusts the 
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IFP optical engine 
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Figure 6.77: Effects of the mesh density on the cumulative evaporation. 

Figure 6.78: Computational mesh of the piston duct region (Mesh No. 
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highest mesh density region of the duct to the injector location. This is done as a 
part of our efforts to find the causes of significant underprediction of the fuel vapour 

penetration, as will be reported in §(6.4.5). 

WAS - 69200 

CA . 180 0 dog. 

Figure 6.79: IFP optical engine; computational mesh at CA=180.0*. 
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Figure 6.80: Computational mesh at the start of injection (CA=351.0'). 

6.4.4 Calculation parameters 

The spray submodels/correlations listed in Table 6.25 are used in the numerical 

simulation. Both atomisation models (Huh and MPI) are employed to compare 
their predictions with the measurements. 

The computational parameters used in the calculations are given in Table 6.26. 

In the calculation from the BDC up to the start of injection ('cold flow') a time step 

of 1.0 1 CA (138.8ps) is used. From the start of injection two different time steps, 
0.1 * (13.81ts) and 0.02 ' (2.71zs) CA, are used to investigate their effects on spray 

predictions. The maximum number of correctors is 8 and it was sufficient to satisfy 
the overall convergence tolerance A, = 10-1 (see §(5.3.2)). 
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Spray process Submodel/correlation 

Atomisation Huh 

Atomisation 

contraction ratio 

spray angle 

hole wall roughness 

MPI 

C, 0.7 

cimax 6.5* 

kr = 1.0 pm 

Breakup Reitz-Diwakar 

Collision O'Rourke 

Momentum exchange Yuen Chen drag correlation 

Impingement Not included 

Turbulence modulation Not included 

Table 6.25: Spray submodels/correlations used in the calculation. 

Parameter Value 

Time step (cold flow), At 1.00 CA 

Time step (spray calc. ), At 0.1 and 0.02 * CA 

Parcel injection rate 1.0 . 106 parcels/s 

Convergence tolerance, A, 1.0 . 10-2 

Max. number of correctors 8 

Discretisation sc6me SFCD 

271 

Table 6.26: Calculation parameters. 
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6.4.5 Predictions and comparison with measurements 

In the first part of this section the contour plots of the fuel vapour mass fraction 

and gas temperature, and the vector plots of gas velocity and views of spray are 

presented. Since there are no measurement data, the presented plots are used only 

to illustrate the distribution of these quantities. They are given for a one time step, 

at CA= 361.0*, i. e. in the middle of the injection period. 

Two sets of cutting planes are used to represent spatial distribution of the gas 

fields; three planes parallel to the piston crown (called here horizontal planes), and 

three planes parallel to the injection direction and cylinder axis (vertical planes). 

The distance between the planes is 2.5mm and the presented plots correspond to 

the calculation with the Huh's atomisation model. 

The second part of the section deals with the global spray data and comparison 

with measurements. The predictions of both atomisation models and the comparison 

with the measurements are given. At the end, an explanation for' the substantial 

underprediction of the fuel vapour penetration is proposed. 

Gas fields and spray 

This subsection shows plots of the gas fields and spray obtained with the Huh's 

atomisation model. Fig. 6.81 depicts the fuel vapour mass fraction and gas temper- 

ature predictions in the three horizontal planes. It can be noticed that the contours 

of the fuel vapour mass fraction and temperature are topologically similar. This 

is because the region with the higher fuel vapour concentration corresponds to the 

region with a lower gas temperature due to the heat taken from the gas and used 
for the fuel vapourisation. The top plot in Fig. 6.82 shows the gas velocities at the 

three horizontal planes. The maximum observed gas velocity is about 100m/s. The 

characteristic air entrainment along the spray and formation of the toroidal vortex 

round the spray are clearly visible. The bottom plot in Fig. 6.82 shows three views 

of the spray. The first presents parcel diameter distributions, the second parcel 
temperature, and the third (at the bottom of the figure) shows parcels scaled and 

coloured according to their droplet diameters. 
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Figure 6.81: Contours of the fuel vapour mass fraction and gas temperature at 
CA=361.0* in three cross-section planes parallel to the piston crown; Top, through 

the injector axis; middle, 2.5mm below the injector; bottom, 5mm below the injec- 

tor. 
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Figure 6.82: Top: gas velocity at CA=361.0' in three cross-section planes parallel to 

the piston crown; through the injector axis, 2.5mm below the injector, 5rrzrn below 

the injector. Bottom: view of spray, top, drop diameter distribution: middle. drop 

temperature distribution; bottom, scaled drop diameter. 
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The above plots show a high degree of symmetry with respect to the duct sym- 

metry plane, since the geometry is symmetric and the gas initial and boundary 

conditions are uniform so the resulting gas fields, up to the start of injection, are 

symmetric too. However, the start of injection designates the beginning of asym- 

metry in the gas field properties due to the randornisation in the atomisation cal- 

culation, and due to the random walk technique adopted for the parcel trajectory 

calculation. Figs. 6.83, and 6.84 show the same gas and spray properties as the 

previous figures, but in the vertical cross-section planes. 
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Figure 6.83: Contours of the fuel vapour mass fraction and temperature at 
CA=361.0 * in three cross-section planes parallel to the injector axis; Top, through 

the injector a3ds; middle, 2.5mm off the axis; bottom, 5mm off the a)ds. 
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Figure 6.84-. Top: gas velocity at CA=361.0 0 in three cross-section planes parallel 

to the injector axis; through the injector axis, 2.57-nm off the axis, X-rim off the axis. 

Bottom: view of spray; top, drop diameter distribution-, middle. drop temperature 

distribution: bottom. scaled droi) diameter. 
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Comparison with measurements 

The comparison of spray penetration is given in Figs. 6.85 and 6.86. Fig. 6.85 

depicts the effects of different time steps on the predictions obtained with the Huh 

atomisation model. It can be seen that both the time steps selected for the calcula- 

tions produce almost the same fuel vapour penetration. The prediction of the liquid 

penetration shows little more sensitivity on the size of the time step. 

The comparison of the Huh and the MPI results is shown in Fig. 6.86. As can 

be seen in the figure, both the atomisation models substantially underpredict the 

fuel vapour penetration. The maximum difference with respect to the measurement 

is about 15mm, while the maximum difference between the MPI and Huh's predic- 

tions is about 5mm. A similar underpredictign in the fuel vapour penetration was 

obtained by the IFP group, [20], using the KIVA code. The proposed explanation- 

for this large underprediction not experienced in other test cases, apart from-the un- 

certainties about the fuel injection rate already mentioned in §(6-4-2), will be given 

in the following section. It is based on a supposition that the initial gas velocity 

field is not correctly assumed. 

The prediction of the liquid penetration, taking 
-into account its dependency on 

the definition, is reasonable. During injection, the maximum overprediction in the 

liquid penetration is about 5mm, for both the atomisation models. - The difference 

between predictions produced by the atomisation models is significant in the early 

stage of injection, in the period of 355-357 CA, and after the end of injection. At 

the early stage, the Huh atornisation model gives larger liquid penetration than the 

MPI, because the former produces larger drop sizes than the latter, as evidenced in 

Fig. 6.87. 

Explanation for the fuel vapour underprediction 

As was mentioned above, one of the proposed eXplanation for the large underpre- 
diction in the fuel vapour penetration is attributed to the lack of knowledge of 
the initial gas velocity field'o. This can be corroborated by the better predictions,, 

IOAn exhaustive study of various parameter changes and mesh refinement which did not signifi- 

cantly improve predictions can be found in [79]. 
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IFIR optical engine; Effects of different time steps. (Huh model). 
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Figure 6.85: IFP optical engine; effects of different time steps on spray penetration; 

predictions obtained with the Huh atomisation model). 
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Figure 6.86: IFP optical engine; penetration comparison. 
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IFP optical engine; DOI-351-371 CA, 14 mm^3 n-heptane 
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Figure 6.87: IFP optical engine; comparison of the Sauter mean diameter predic- 

tions. 

obtained on the same computational duct mesh with the Aachen chamber set-up 

(Fig. 6-76), and the evidence presented below from the gas velocity measurements. 

However, without further measurements, the explanation is not conclusive. 

The*gas velocity was measured by a single component LDV technique in the 

forward scatter mode at three locations along the injection direction; see Fig. 6.72. 

During these measurements the engine was operated in the motored regime without 

spray injection since the injector hole was used for laser access, [211. Only the gas 

velocity component perpendicular to the cylinder axis and injection direction (radial 

component) was measured. The time variation of the gas mean radial velocity, 

calculated by ensemble- averaging 200 cycle measurements, is shown in Fig-6.88, 

[21]. 

Although it is impossible to reconstruct the flow field in the cylinder from velocity 

measurements at only three different spatial locations, the data in Fig. 6.88 can be 

used in such a way to give a rough pattern of gas flow, as shown in Fig. 6-89. The 

plots presented in Fig. 6.89 are obtained by drawing the measured radial velocity 



6.4. IFP ENGINE 281 

components at the site of their measurement at four characteristic time steps. From 
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Figure 6.88: IFP optical engine; measurement of the mean radial gas velocity com- 

ponent at three locations in the duct. 

this figure, the presence of a significant swirl flow is suggested in the first two time 

steps, at 260 and 300* CA, with the swirl centre pushed off the cylinder axis towards 

the injector. The swirl is probably induced during the induction stroke by the 

intake valve flow (the engine has single shrouded intake valves [23]). As the piston 

approaches the TDC, the swirl is being rapidly destroyed; see Fig. 6.88 and Fig. 6.89, 

at CA = 340.0* and 380.0* when the radial gas velocity is of the order of Im/S. This 

swirl destruction can be explained by the unusual piston shape, with no piston bowl 

suitable to sustain the rotating gas motion. The fact that there is a swirl motion 

means that the gas must have velocity component parallel to the injection direction 

(axial component), which affects spray development, and the convective transport 

of the gas quantities. It can be roughly estimated that the average axial gas velocity 

of about 3.6m/s to transport fuel vapour, is sufficient to compensate 15mm of the 

penetration underprediction over a period of 30 * CA (u. = 0.0 15 * (6 * rpm) /30). 

Additional support to the proposed explanation is the series of spray photographs 
in [21] showing the spray pushed slightly off the duct axis in the swirl direction. 

However, only measurements of the gas a3dal velocity can confirm the hypothesis. 
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obtained on the same computational duct mesh with the Aachen chamber set-up 

(Fig-6.76), and the evidence presented below from the gas velocity measurements. 

However, without further measurements, the explanation is not conclusive. 

The'gas velocity was measured by a single component LDV technique in the 

forward scatter mode at three locations along the injection direction; see Fig. 6.72. 

During these measurements the engine was operated in the motored regime without 

spray injection since the injector hole was used for laser access, [211. Only the gas 

velocity component perpendicular to the cylinder axis and injection direction (radial 

component) was measured. The time variation of the gas mean radial velocity, 

calculated by ensemble-averaging 200 cycle measurements, is shown in Fig-6.88, 

[21]. 

Although it is impossible to reconstruct the flow field in the cylinder from velocity 

measurements at only three different spatial locations, the data in Fig. 6.88 can be 

used in such a way to give a rough pattern of gas flow, as shown in Fig. 6.89. The 

plots presented in Fig. 6.89 are obtained by drawing the measured radial velocity 
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components at the site of their measurement at four characteristic time steps. From 
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Figure 6.88: IFP optical engine; measurement of the mean radial gas velocity com- 

ponent at three locations in the duct. 

this figure, the presence of a significant swirl flow is suggested in the first two time 

steps, at 260 and 3000 CA, with the swirl centre pushed off the cylinder axis towards 

the -injector. The swirl is probably induced during the induction stroke by the 

intake valve flow (the engine has single shrouded intake valves [23]). As the piston - 

approaches the TDC, the swirl is being rapidly destroyed; see Fig. 6.88 and Fig. 6.89, 

at CA = 340.0* and 380.0' when the radial gas velocity is of the order of 1MIs. This 

swirl destruction can be explained by the unusual piston shape, with no piston bowl 

suitable to sustain the rotating gas motion. The fact that there is a swirl motion 

means that the gas must have velocity component parallel to the injection direction 

(axial component), which affects spray development, and the convective transport 

of the gas quantities. It can be roughly estimated that the average axial gas velocity 

of about 3.6m/s to transport fuel vapour, is sufficient to compensate 15mm of the 

penetration underprediction over a period of 30" CA (u. = 0.015 * (6 * rpm)/30). 
Additional support to the proposed explanation is the series of spray photographs 

in [21] showing the spray pushed slightly off the duct axis in the swirl direction. 

However, only measurements of the gas a3dal velocity can confirm the hypothesis. 
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Figure 6.89: Radial gas velocity component vs. time. 

6.5 VW Engine 

6.5.1 Description 

, '- The Volkswagen four-cylinder DI 1.9 1 engine is a modified version of the stan- 

dard VW research engine which allows detailed experimental investigation of the 

in-cylinder flow, spray development, auto-ignition and combustion processes. To 

enable optical access to the cylinder chamber, the original omega shape bottom 

region of the bowl-in-piston chamber is modified to a transparent flat one. This 

modification does not affect the compression ratio of the engine, [94]. The injection 

system consists of a distributor pump and a'five-hole injector, positioned slightly off 
the bowl centre. A sketch of the cylinder with the transparent piston is shown in 

Fig. 6.90. I_ I 
Measurements on this engine were made by several research groups involved in 

the IDEA project, namely those at the Volkswagen AG, Wolfsburg, Imperial College 

(IC), London and Lerstul ffir Angewandte Thermodynamik (LAT), Aachen. Their 

measurements are reported in [94], [951 and [96] (VW), [121 (IC), and [1861 (LAT). 

. Among several operating points, one denoted as EOPla comprises the most complete 
data set for the spray aspects, thus this operating point is chosen for the numerical 

simulation. 
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Figure 6.90: Schematic drawing of the VW transparent engine. 
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6.5.2 Initial and boundary conditions 

The general engine data are given in Table 6.27, [94], and the locations of the injector 

holes and injection directions are given in Table 6.28, [196]. The data for the EOPla 

operating point and initial and boundary conditions used in the calculation are given 

in Tables 6.29,6.30 and 6.31; see [791. 

Injector 
11 Engine 

dinj 0.2 mm Compression ratio 19.0 

L 0.8 mm Bore 79.5 mm 

Cd 0.65 - 0.75 Stroke 95.5 mm 

Connecting rod 144.0 mm 

IV diameter 36.0 mm 
OV diameter 31.5 mm. 

Table 6.27: VW engine data. 

Injector 

No. 

x 

Iniml 

y 

[mnil 

Z 

[mm] 
azy 
1 0] 

a, 
[01 

1 -1.90 6.38 -2.35 -14.0 270.0 

2 -0.458 7.40 -2.54 -14.6 339.0 

3 -0.901 9.04 -2.98 -15.8 52.0 

4 -2.90 9.04 -2.98 -15.8 128.0 

5 -3.34 7.40 -2.54 -14.6 201.0 

Table 6.28: Injector hole locations and injection directions; see Fig. 6.90. 

Valve curtain 

In the absence of experimental data for the velocity at the valve curtains and valve 
discharge coefficients for the EOPla operating point, the valve velocity proffles and 

valve discharge coefficients measured for the same cylinder head under stationary 
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VW; EOPla 

Speed 2000 rpm 

Charge air 

tsoi 358.2 CA 

tEOI 365.4 CA 

Fuel ri-dodecane 

Inj. quantity 8.0 mg 
Tinj 373.0 K 

Table 6.29: VW engine; operating point EOPla. 

285 

- -flow conditions are used, [13]. The valve lift diagram and valve discharge coefficient 

are shown in Figs. 6.91 and 6.92, taken from [13] and [197]. 

The radial, aidal and azimuthal (swirl) components of the gas velocity, in a local 

coordinate system centered on the inlet valve a3ds, Fig. 6.93, at the inlet valve 

curtain were measured at six circumferential sites, A, B, C, D, E and F, and along 

the valve axial direction T, for three valve lifts. The normalised gas radial velocity, 

normalised by the ma3dmum radial velocity at the corresponding circumferential 

section, and the velocity direction, characterised by two angles, one measured from 

the radial direction (cq) and another measured from the valve axis (0,, ), for six time 

steps, are given in Figs. 6.94,6.95 and 6.96. As can be seen from these figures, the 

radial velocity has a plug profile for smaller valve lifts (correspond to crank angles: 

-26.0,25.0,184.0 and 250.0 0). For larger valve openings (corresponding to the crank 

angles 50.0 and 162.0 *) the axial variation of the radial velocity is taken into account. 
The normalised radial velocity and angles a,, and #,, are linearly interpolated in the 

axial and azimuthal directions; also their values at the intermediate times are linearly 

interpolated, [1931. 

The velocity profile at the outlet valve curtain is taken to be uniform with a zero 

azimuthal angle #,, and with the axial angle a,, set to 45*. - 
The turbulence parameters of flow at the valve curtains, Le a turbulence ki- 

netic energy, k,, and its dissipation, c,,, are evaluated according to Begleris, [24] and 
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S ite (D 
[deg] 

A 180 
B 270 
C 315 
D0 
E 45 
F1 90 

287 

Figure 6.93: Valve local coordinate system and measurement sites; !- axial direction 

(normalised by the current valve lift), a,, - axial flow angle, measured from the valve 

axis, P,, - azimuthal (swirl) angle, measured from the radial direction. (Note the 

location of the global coordinate system in this figure and in Fig. 6.90. ) 
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a) VW; Normalised radial valve velocity at -26.0 and 250.0 CA deg. 
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Figure 6.94: Inlet valve; normalised radial velocity profiles at: a) CA = -26.0 and 
250.0 deg., b) CA = 25.0 and 184.0 deg., c) CA = 50.0 and 162.0 deg. 
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Figure 6.95: Inlet valve; axial flow angle at: a) CA = -26.0 and 250.0 deg., b) CA 

= 25.0 and 184.0 deg., c) CA, = 50.0 and 162.0 deg. 
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Figure 6.96: Inlet valve; azimuthal (swirl) flow angle at: a) CA = -26.0 and 230.0 
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Ahmadi-Befrui [61 as: 

kv = 
Kk U2 v v, r 

ev = C3/4 kv3/2 
P IV 

291 

where u,,,, is the average radial gas velocity at the valve curtain (Uv, r ý-- Q. IS-; 
ý, and S,, are the volumetric flow rate through the valve curtain and the valve 

curtain cross-section area, respectively), L,, is the valve lift, Fig. 6.91, and 1,, is a 

characteristic turbulence length scale given by: 

lv = Kv" L,, 

Coefficients If. k and If, ", are assumed to be constant and in the absence of the mea- 

sured data, the values taken from [6] are used'in the calculations, Table 6.30. It 

is worth mentioning that the in-cylinder level of turbulence is rather insensitive to 

', these boundary conditions, since most of the turbulence production takes place in 

ý the cylinder due to the piston motion; see [6]. 

Property Inlet port Outlet 

port 
Pressure, [bar] 0.833 1.167 

Temperature, [K] 291 340 
J, Ck Turbulence kinetic energy coefficient 0.01 0.01 

Turbulence dissipation coefficient If, " 0.045 0.045 

Table 6.30: VW engine; conditions at the inlet and outlet valve ports. 

Wall temperatures 

The chamber wall temperatures were not measured. They are specified according 
to experience and directions given by the VW, [198], and their values can be found 
in Table 6.31. It is taken that the temperature is uniformly distributed over each of 
the chamber walls. 
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Wall Temperature [K] 

Cylinder head 350 

Cylinder liner 360 

Piston crown 390 

Piston bowl 400 

Head of inlet valve 340 

Head of outlet valve 390 

Table 6.31: VW engine; wall temperatures. 

Injection rate 

The fuel injection rate history was provided by the VW, [951 and [1961. For the 

purpose of numerical calculation, this measured injection rate is approximated by 

a set of straight lines labelled 'linear', shown in Fig. 6.97. Calculations with this 

injection rate produced small, dubious, injection velocities of less than 50m/s at the 

beginning and at the end of injection period, due to the small &dt in these region, 

a behaviour not found in'other injection rate data. Usually, ý-curves are very steep 

at the start and at the end of injection, see for example Figs. 6.7 and 6.75, and- 

[5]. Moreover, the spray measurements indirectly suggest that the initial injection 

velocity is higher than that suggested by the O-curve b, as can be revealed from 

the spray- and cycle-averaged spray tip velocity for the EOPla, [961. The spray tip 

velocity is calculated from photographs of spray development taken by laser-sheet 

high-speed photography, and at 0.24 * CA (20ps) after start of injection it has a 

value of about 90 m/s. Note that, this velocity is always lower than the injection 

velocity due to spray retardation caused by the ambient gas. 

In order to have a plausible injection velocity, which in diesel sprays should be in 

a range of 100-300 m/s, [1081 and [100], an alternative injection rate history shown 

in Fig. 6.97 as a line a 'histogram' is proposed. It is calculated in such a way that the 

injection period is, split into four characteristic intervals, and the constant injection 

rate in each of these intervals is calculated based on the conservation of the fuel 

mass injected in the intervals. This assures that the total injection mass is equal to 
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the original one. The effects of these two injection rate specifications on the spray 

behaviour will be briefly discussed in §(6.5.5). 
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10-06 

a 

VW; Eopla - injection rate; n-dodocane 

358 359 360 361 362 363 364 365 366 
CA (dog) 

I Figure 6.97: VW engine; injection rate per injector hole vs. CA. 

6.5.3' Compuiational mesh 

The computational meshes at a bottom and top dead centre, are shown in Fig-6-98. 

Together with the view of the mesh, cross-sections through the cylinder wds are 

also depicted in the figure to emphasize the valve curtain locations and piston-bowl 

shape. The original research engine has a glow plug in the direction of nozzle hole 

No. 3, which is not modelled in the computational mesh because the glow plug 

during compression protrudes into the piston bowl, i. e. into the cells in the bowl. 

This phenomenon is not allowed in the present version of the code. 
As the chamber shape changes with the piston and valve motions, cells between 

the piston crown and cylinder head and/or valve heads become distorted. If the 

cell distortion becomes extreme, in the case of highly squashed cells during com- 

pression/exhaust stroke or highly elongated cells during expansion/induction stroke 
for instance, the convergence of numerical solution may be slowed down or even im- 

possible; see [204]. On the other hand, during the compression/exhaust stroke the 

spatial resolution of the mesh squish region in the direction of cylinder axis becomes, 
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needlessly, much more finer than in the other parts of mesh or than in the mesh 

when the piston is at the BDC. Thus, the removal of these cells win not corrupt 

the previously accepted spatial resolution but, because of the less number of cells in 

the domain and devoid of highly distorted cells, the removal of cells may enhance 

convergence and save the computational time. An opposite action, i. e. the addition 

of cells is needed or desirable during the expansion/exhaust stroke; this, however, 

increases the computational effort. 
Because of the both above reasons, a cell removal/addition feature, developed 

by Adamson [1931 was used in this calculation. The removal and addition of cells 

take place if the cell distortion, defined as a ratio of the longest cell dimension to 

its shortest one, is greater than a user-specified value. The cell removal or addition 

includes all the cell in the concerned layer. The result of the action is that the 

number of cells in the mesh varies with time, as can be seen in Fig. 6.98. At BDC, 

the number is 11768, and at the TDC, ý164. During the removal/addition action 

all the extensive gas properties are conserved. 
Inspection of the computational mesh shows that the mesh density does not 

comply with the recommendations for the spray simulation; see [27] and [200], and 

§§(6.3.2) and (6.4.3). During injection, in the near-injector region the dimensions of 

cells I vary from 3 to 5 mm in the injection directions, and from 0.5 to 2 mm radially. 

V1/3 (The characteristic cell length based on the cell volume7 cell 7 is*in the range of 1-3 

mm). Since it was beyond affordable time and computational resources, the present 

mesh was used, knowing that the quality of spray predictions will be affected". 

4' 

"The implementation of adaptive mesh refinement in such a complex geometry will be extremely 

useful. It will reduce the time-consuming task of mesh generation and improve the accuracy of 

predictions. 
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6.5.4 Calculation parameters 

In the calculation of the EOPla operating point, the spray submodels/ correlations 

listed in Table 6.32, and calculation parameters given in Table 6.33 are used. Prior 

to the start of injection a time step of 1.0* CA (83.3 ps) is employed; during injection 

and up to the end of calculation a smaller time step of 0.05 0 CA (4.17 ps) is used. 

The overall convergence tolerance, A, (see §(5.3.2)) is usually reached in less 

than 8 corrector steps, see Fig. 6.99. At only few time steps the chosen maidmum 

number of correctors (16) was insufficient to ensure demanded convergence criterion. 
In these cases the achieved residuals were already reduced to a level of about 10-3 1 
i. e. the convergence was almost satisfied so the calculation was not repeated. 

Spray process 
----7 Submodel/corre ýation 

Atomisation 

contraction ratio 

spray angle 

hole wall roughness 

MPI; 

C, = 7. OOE-01 

cimax = 7.0 0 

k,. = 1.0 pm 

Breakup Reitz-Diwakar 

Collision O'Rourke 

Momentum exchange Yuen & Chen drag correlation 

Impingement MPI 

Turbulence modulation Not included 

Table 6.32: Spray submodels/correlations used in the calculation. 

6.5.5 Predictions and comparison with measurements 

This section is divided into three parts. The first deals with the effects on spray 
behaviour of the different injection rate specifications, the second presents the evo- 
lutions of the gas fields and the spray, and the last shows comparisons with available 
measurements. 
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Parameter Value 

Time step (cold flow), At 1.0' CA 

Time step (spray calc. ), At 0.050 CA 

Parcel injection rate 6.0 -10' parcels/s 

Conver gence tolerance, A, 1.0 . 10-3 

Max. number of correctors 16 

Discretisation scheme SFCD 

Table 6.33: Calculation parameters. 
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Figure 6.99: Number of corrector steps required to reach convergence vs. CA. 
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Effects of injection rates 

The problem of injection rate specification mentioned in §(6.5.2) is investigated 

here and the outcomes are briefly described. Comparison between spray predictions 

obtained with both injection specifications a and b, Fig. 6.97, shows significant dif- 

ferences. The results discussed are for spray No. 1, Fig. 6.90. The other sprays, 

since they all have the same injection rate and nozzle-hole geometry, are affected in 

the same manner. 

A comparison of the leading droplet penetrations, measured from the injector 

hole location in the injection direction (see explanation in Fig. 6.100), is depicted in 

Fig. 6.101. The same figure shows the measured spray- and cycle-averaged vapour 

tip penetration 12 
, 

[961. It can be seen that a curve a, i. e. the one obtained with 

the modified injection curve, is closer to the measured result. A maximum differ- 

ence in penetration between the predictions obtained with the different injection 

specifications in the initial stage of injection is about 10 mm. 

a 
T. centre of mass 
T, leading droplet 

1. 

rX at 

a, injection 

direction 

Injector 

Figure 6.100: Local injector coordinates; the spray mass centre and leading droplet. 

The small initial injection velocity produced by a injection curve b, Fig. 6.97, 

is much lower than injection velocities typically encountered in diesel sprays, and 

therefore outside the range of injection velocities for which the atomisation models 

are developed, see §§(3.2.1) and (3.2.2). Some important consequences of this are 

12These data were calculated from photographs obtained by a technique known as a laser-sheet 
high-speed photography, where the laser sheet was parallel to the piston crown; therefore the angle 
of spray injection direction with respect to the laser sheet (a-., ) has to be taken into account. 



6.5. VW ENGINE 299 

the decline of atomisation and drop secondary breakup, manifested by the order of 

magnitude bigger Sauter mean diameter, Fig. 6.102, than the values obtained with 

injection curve a. The bigger droplets evaporate much more slowly, especially during 

the first crank angle degree of injection 13 ; see curve b in Fig. 6.103. These are the 

reasons why the injection specification a is used for the further spray calculations. 
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0.026 

0.02 

0.015 

c to IV; 
10 
io 0.01 

0.005 

0 

Je 
0 

or 
0 

""". 

Injection rate a) 
nI I CIO 
in ection rate 

1C e spray. a%n _Coectionrateb) 

a 

359 360 361 362 363 364 
CA [deg) 

Figure 6.101: Effects of different injection rates on the leading droplet penetration. 

The curve denoted as 'Cyclic- and spray-avrg. ' represents the cyclic- and spray- 

averaged spray penetration measured from photographs. 

"Phenomena like this are very unlikely to occur in normal diesel conditions. They would nec- 

essarily lead excessively long ignition delay. 
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Figure 6.102: Effects of different injection rates on the spray Sauter mean diameter. 
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Figure 6.103: Effects of different injection rates on the spray evaporation. 
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Gas-spray evolution 

301 

In this section a series of plots showing development of gas flow and spray is pre- 

sented. There are two sorts of plots; one shows spatial distribution of gas fields and 

spray, and another gives informations about global spray characteristics. 

The gas fields are presented at the two cross-section planes; one parallel to the 

piston crown (called here a horizontal plane) and another parallel to the cylinder 

a3ds and passing through the a-, ds of the injector hole No. 1 (a vertical plane). At the 

plots these planes are denoted by solid lines and accompanied by a corresponding 
label. The following three characteristic time steps are chosen; 8.5 0 CA before the 

start of injection, 1.1 0 CA after the end of injection, and at 380 * CA - 
The gas velocity at the three time steps are given in Figs. 6.104,6.105 and 6.106. 

In Fig. 6.104 the maximum gas velocities are in the squish region where the gas flows 

towards the piston bowl. A weak swirl flow can be noticed in the horizontal cross- 

section. At 1.1 "' CA after the end of injection, Fig. 6.105, five jet-Eke streams can be 

noticed in the horizontal plane, caused by the five sprays; the maximum gas velocity 

is about 50 m/s. As the piston moves downwards, gas from the piston bowl flows 

towards the squish region, Fig. 6.106, in opposite direction than during compression 

stroke, Fig. 6.104. 

The fuel vapour mass fraction and gas temperature at two time steps are shown in 

Figs. 6.107,6.108,6.109 and 6.110. The local extremes of these quantities are found 

dose to the injection axes. This is particularly noticeable at the horizontal cross- 

sections in Figs. 6.107 and 6.109. The patterns of the fuel vapour mass fraction and 

gas temperature contours at the corresponding time steps show a distinct similarity; 

compare Figs. 6.107 and 6.109, and Figs. 6.108 and 6.110. This is because in the 

regions with the higher fuel vapour mass fraction more heat is needed to evaporate 
the fuel, and this heat taken from the gas lowers its temperature. 

Two different views on sprays at one time step (361.0 ' CA) are shown in 

Fig. 6.111, and the spray development vs. time is given in Fig. 6.112. Since the 

sprays follow their injection directions, Fig. 6.112, it can be concluded that the gas 

swirl velocity component is too weak to deflect them. As a measure of this deflec- 

tion the local radial coordinate of the spray centre of mass, Fig. 6.100, and its time 
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Figure 6.107: Fuel vapour mass fraction distribution at 366.5 * CA. 
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Figure 6.110: Gas temperature distribution at 380.0* CA. 
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variation for each spray is given in Fig. 6.114 may be examined. The plots of spray 

at 366.5 and 380.0 CA, Fig. 6.112, reveal that the sprays hit a wall of the piston 
bowl. As a result of this, some new droplets are created due to splashing, which can 

be seen as an increase in the number of computational parcels after the injection is 

finished, Fig. 6.113. 

The cumulative evaporation, spray Sauter mean diameter and the axial distance 

of the spray centre of mass from the injector, for each spray, are shown in Figs. 6.113 

and 6.114. All the'curves are very close to each other, apart from the curves rep- 

resenting spray No. 1 in the plots of evaporation and axial spray centre distance. 

This can be attributed to the influence of the non-uniform mesh density in the 

near-injector region, which is the finest in the direction of the spray No. l. 
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Comparison with measurements 

In Fig. 6.115 a comparison of the cylinder pressure prediction with the measurements 

is presented. As can be seen from the figure, there is a big discrepancy between 

three measurements with a maximum difference of about 15 bar. The prediction 

falls between the two closer measurements, between which the maximum pressure 

difference is less than 5 bar, and as a such can be assessed as acceptable". More 

details about the problem of the large difference between pressure measurements 

and its consequences on the computational simulation ca, be found in [79]. 
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Figure 6.115: Pressure in the cylinder; comparison with the measurements. 

The fact that the average measured ignition delay was 6.70 CA (364.90 CA), 

[95], allows us to use the spray measurements for comparison. In [951 the spray 

tip penetration for the five sprays are evaluated as an ensemble average over 61 

cycles from the photographs made by the high-speed laser shadophotography. The 

comparison of the spray penetration is given in Figs. 6.116 and 6.117. It can be 

"The measurements were accomplished at the Lehrstul ffir Angewandte Thermodynamik, 

Aachen, Volkswagen AG, NVolfsburg and Imperial College, London. A full investigation of the 

pressure measurement problem was done by B. N. Adamson and his contribution and assistance 
are gratefully acknowledged. 
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seen that the calculated penetrations are well within the range of the considerably 

scattered measurements. 
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Figure 6.116: Comparison of the spray penetration based on the leading droplet 

criterion. 
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6.6 Closure 

313 

In this chapter the results of the sensitivity and validation studies have been pre- 

sented. Three different sets of measurements have been used for comparison, namely, 

the measurements on the Aachen pressure chamber and two direct injection exper- 

imental diesel engines, the IFP and VW engines. The closure will summarize the 

main findings. 

The results of the Aachen pressure chamber has been given in §(6). The influence 

, of the mesh density on the predictions has been investigated in §(6.3.2). The effects 

of different correlations for the drop drag coefficient, and the effects of the two 

breakup submodels; and turbulence modulation on the gas-spray behaviour have 

been presented in §(6.3.3). Among 
-all 

these combinations one labelled as Variant 1 

shows the best agreement with the measurements. 
It was found that the mesh density strongly affects spray penetration; in general, 

the spray penetration on coarse meshes is smaller than on the fine. The two correla- 

tions for the drop drag coefficient used in the study produce very small differences in 

the predictions of spray penetration, evaporation ratio and Sauter mean diameter. 

The two tested breakup models, Reitz-Diwakar and Pilch-Erdman, produce very dif- 

ferent spray penetrations due to the big differences in the predicted sizes of droplets; 

the 'Pilch-Erdman' Sauter mean diameter is almost twice as big as that predicted 

,,. 
by the. Reitz-Diwakar model. The predictions of the latter agree better with the 

measurements. The inclusion of turbulence modulation in the mathematical model 

reduces the turbulence viscosity and radial spreading of the spray, slightly increases 

the Sauter mean diameter and significantly enhances the penetrations. The predic- 
tions without turbulence modulation agree better with the measurements. The local 

gas velocity, fuel mass fraction and turbulence intensity are rather poorly predicted, 
especially near the injector. 

The predictions of the two atomisation models have been given in §(6.3.4). The 

comparison with the measurements has been done for the spray penetration and 
for the fuel vapour mass fraction at several locations in the chamber; other spray 

properties which were not or cannot be measured, have been used in the sensitivity 

studies. The MPI predictions of the spray penetrations agree better with the mea- 
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surements, while both the models overpredict the local fuel vapoUr mass fraction. 

Comparison of the models reveals that the MPI model predicts significantly smaller 

Sauter mean diameter than the Huh model. The spray' semi-cone angle, which is 

the input parameter of the MPI model, slightly affects the spray predictions. 

The same computational mesh used for the pressure chamber calculations, but 

with different initial and injection regimes, has been used to illustrate outcomes of 

the MPI spray-wall impingement model, §(6.3.5). 

The results for the IFP engine have been presented in §(6.4). The influences 

of the mesh density on the'gas-spray predictions have been investigated on' four 

different computational meshes in §(6.4.3). The two atomisation models have been 

used in calculations, and their results have been compared with the measurements 

in §(6.4.5). Both models significantly underpredict the fuel vapour penetration. The 

reasons for this could not be identified, and a possible explanation has been offered. 

Finally, in §(6.5) the results for the five-hole-injecior VW engine have been given. 

The initial and boundary conditions and details related to the valve flow have been 

presented in §(6.5.2). The computations have been performed with the MPI atom- 
isation model in two injection regimes, one'obtained from measurements and other 

assumed. In §(6.5-5) the effects of the injection regimes on the spray predictions have 

been extensively analysed. At the end of the section various spray parameters for 

each of the five sprays, together with the penetration comparison with the measure- 

ments, have been presented. The obtained predictions'of the spray tip penetration 

are well within the range of rather scattered measurements. 

The following, and at the same time the last chapter, will deal with conclusions 

and suggestions for the future work. 



Chap'ter'7 

Conclusions and suggestions for 

future work 

The previous chapter has demonstrated, that the present multi-dimensional mathe- 

matical model and solution procedure, in combination with the experimental results, 

can offer valuable information, not only in the features of particular spray submod- 

els considered in the study, but also in the gas-spray evolution in the experimental 

apparatus and diesel engines. In particular, it has exposed the significance of the 

computational parameters employed in simulations, as well as the importance of 

the initial and boundary conditions on the gas and spray sides on the quality of 

predictions. 
This is the last chapter of the present study, and it is divided into two sections. 

The first summarises the conclusions acquired from this work and the second makes 

some suggestions for the future work. 

7.1 Conclusions 

The detailed results of the present study have been extensively assessed and dis- 

cussed in the previous chapter. Therefore, the following, items just summarise the 

most important conclusions. 

Two atomisation models compared in the present study produce similar predic- 
tions of spray penetration. The predictions of the fuel vapour penetration are 

315 
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in reasonably good agreement with the measurements in the Aachen pressure 

chamber. Both models overpredict the liquid core penetration, but allowing 

for the difficulty in its numerical interpretation, the results can be assessed as 

acceptable. The MPI model predicts sprays with significantly smaller droplets 

than the Huh model. This results in higher prediction of the spray evaporation 

rate than in the case of the Huh model. 

The agreement between the predictions and measurements for the fuel vapour 

penetration in the case of the IFP engine is, however, disappointing. ' The 

cause of the disagreements could not be identified without doubts. 

The predictions of the local field quantities such as the fuelvapour mass frac- 

tion and gas velocity vs. time, particularly in the near-injector region, sig- 

nificantly disagree with measurements. In the early stage of injection both 

atomisation models tend to overpredict the local fuel vapour mass fraction. 

The gas velocity is underpredicted at the locations closer to the injector, while 

the predictions farther from it are somewhat better. 

The density of the computational meshes strongly affects spray predictions. 
On the coarser meshes the predictions of the fuel vapour and liquid core pene- 

trations, as well as the spray evaporation are smaller than on the finer meshes, 

and when compared with measurements, the predictions show larger discrep- 

ancies. The predictions tend to be most sensitive to the mesh density in the 

direction normal to the spray axis. 

The two correlations tested for the droplet drag coefficient cause insignificant 

differences in spray predictions. 

The predictions of the Reitz-Diwakar and Pilch-Erdman breakup models show 

substantial differences. The latter model produces a spray with greater droplets, 

and. the predictions of spray penetration disagree more with measurements 
than those predicted by the Reitz-Diwakar model. 

9 The model of the turbulence modulation does not cause as big discrepancies 

in the prediction of the mean droplet size and spray, evaporation, as in the pre- 
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diction of the vapour and liquid core penetrations. The turbulence intensity 

in the gas and the spray radial spreading predicted by the model are reduced. 

In terms of validation, the model devoid of the turbulence modulation contri- 

butious shows better agreement with measurements. 

* The importance of having complete knowledge of initial and boundary condi- 

tions on gas-spray predictions is shown on the IFP experimental engine case, 

§(6.4). The substantial underprediction of the fuel vapour penetration, which 

after various parameters changes and mesh refinement did not essentially im- 

prove predictions, points to the inadequate specification of the gas initial and 

boundary conditions and uncertain fuel injection rate data as possible causes 

of the discrepancies. 

9 The knowledge and adequate specification of the fuel injection rates is found 

to be extremely important for good spray predictions, as shown in the VW 

engine case, §(6.5), where the calculations with the two different injection 

specifications produce very different spray penetration, droplet sizes and spray 

evaporation. 

The model of the spray-wall impingement is included in the overall gas-spray 

description. It recognises different regimes (splashing, fragmentation, and 

sticking on the wall) and does not allow for possible formation of a liquid 

film. The effects of roughness and curvature of the target surface, as well as 

heat transfer between the wall and the droplets are neglected. 

7.2 Suggestions for future work 

Before we proceed with the recommendations for the future work, the important 

role of measurements on diesel sprays in spray modelling and validation has to be 

emphasized. Since many of spray submodels to large extent rely on the accuracy and 

availability of these measurements, only more accurate and extensive experimental 

data will reduce the uncertainty of a number of coefficients in the spray model, 

and/or will give a new evidence in some of the spray processes. To achieve this 
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aim, close collaboration between two groups of researchers, experimentalists and 

modellers, is of a paramount importance. 

Since the author of the present study is far from being an expert in the experimen- 

tal methods, the suggestions which follow are mainly directed towards researchers 
in the field of modelling and numerics. The tasks which are, arguably, of the most 

priority are as follows: 

Validate the accuracy of the present spray model, and combinations of its 

submodels, against a more complete experimental data for a far greater range 

of operating conditions. Attention should be paid to further improvement in 

modelling of nozzle flow and fuel atomisation, as the most important processes 

which determine the initial conditions of drops. 

9 To implement adaptive mesh refinement in the spray-affected region in the 
fight of the strong dependency of spray predictions on the mesh density, and, 
in combustion calculations, to extend the refinement to the region of high field 

gradients. This will also simplify the time-consuming task of mesh genera- 
tion, and will further exploit flexibility of the unstructured mesh environment, 

already used in this work. 

With respect to turbulence modelling, introduction of the Reynolds stress 
model should improve the accuracy of predictions of flow evolution in the 

cylinder, especially in terms of swirl motion which is crucial for spray predic- 
tions. (It is particularly important in the cases where the merged geometries 

of cylinders and manifolds are used in order to avoid specification of boundary 

conditions at the valve curtains, rarely known to the required details. ) It will 
also solve the known disadvantage of k-e model, the one of assumed isotropy of 
a turbulence length scales, and will offer a new approach to the random-walk 
technique employed in the droplet trajectory calculation in the present study. 

To further investigate other influences on the individual drop motion, primarily 
effects of non-spherical shape of droplet and presence of neighbouring droplets 

on the drop drag coefficient, and their implications on the spray predictions. 
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The spray-impingement model should include formation of liquid films at walls, 

and must be subjected to extensive validation against a wide spectrum of mea- 

surements. These experimental data ought to include conditions encountered 

in real engines with respect to gas temperat-ure and density, and wall conditions 

such as temperature, shape and roughness. 

This study should be regarded as a step towards the simulation of all the pro- 

cesses in diesel engines, including combustion, and building up a comprehensive 

computational tool for their prediction. Its aim was to include and investigate ef- 
fects of alternative spray models, and to assess the quality of predictions. In this 

respect, it is the hope of the author, that the study will be of benefit to modellers 

and experimentalists, and also to engine designers in their applications. 
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Appendix A 

A. 1 Density-weighted ensemble averaging 

Any instantaneous field, can be decomposed into the Reynolds mean, ý, defined 

by Eq. (2.9), and fluctuation, 0', as follows: 

(A. 1) 

According to the above definition, the following relations can be deduced: 

01= 

^A 
00 

=00 

(A. 2) 

where 0 denotes another fluctuating field variable. 

The same field ý can be resolved into the Favre mean, ý, defined by Eq. (2-12), 

and corresponding fluctuation 0", as: 

=+', (A. 3) 

From the aforementioned definitions, the following useful relations can be de- 

rived: 

0 
A 

A00 700 + polloll (A. 4) 
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Applying the above definitions, the following relations which link the Reynolds 

and Favre mean values can be obtained: 

P 

(A. 5) 

= 

A. 2 Gas conservation equations 

A. 2.1 Mass conservation equation 

The instantaneous mass conservation equation reads: - 
d 

dV + dS. A,,, fiO ýd dV (A. 6) Tt S 
Averaging the integrand of the particular terms of this equations gives: 

* rate-of-change term: 

Pm1 =P 

* convection term: 

(A. 7) 

+ Ulf) 

+ 

(A. 8) 

because ýull is equal to zero according to Eq. (A. 4). 

9 source term: 

-Sd (A. 9) 

Hence, the final form of the averaged equation reads: 
d 

dV + dS. T fir -s-d dV (A. 10) Tt 
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A. 2.2 Momentum conservation equation 

The instantaneous momentum conservation equation reads: 

d j&jfidV+jdS-Ajfiii 
= -J-ýVpdV+ Tt 

+ dS. ýrjm +I gd dV 
su 

where the instantaneous shear stress and rate-of-strain (deformation) tensors are 

given respectively by: 

2 
Tm P,,, (2v,, Ib--vmV. fi) (A. 12) 

3 
f) [, Vil + (, V6)T] (A. 13) 

2 
I 

Note here that the molecular kinematic viscosity is assumed constant, i. e. its fluc- 

tuation is equal to zero. 

The density-weighted average of the integrand of the each terms reads: 

* rate-of-change term: 

ý(fl + ull 

PU (A. 14) 

e convection term: 

p,, t9fi, u^ = A(fa-, + ull)(fi + ull) r 

= j5firfl + AU'lull (A. 15) 

because ýullfi = 0, and ýiirU" =0 according to Eq. (A. 4). The last term in r 
Eq. (A. 15) represents the Reynolds stress tensor, Tt, i. e. 

Te -ullull p 

4pressure' term: 

19vp = (j+Ol)V(T+Pl) 

= Jvp + TV7 (A. 17) 
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Since it was decided, for want of aýbetter practice, that all correlations with 

01 will be neglected (see §(2.2.3) and §(2.2.6)), the last term in Eq. (A. 17) 

becomes zero. Hence, the final expression reads: 

9 molecular shear stress term: 

2 
, OTm (2v f)--v. V-iil) 

3 

T(2v,. f)- 2 
V,,, V - ft I) 3 

where the deformation tensor, b is given by: 

1 
[Vfl + (Vfi)T] 

2 

* source term: 

gd 
u 

With the above expressions, the averaged momentum equation is: 

d jTfidV+JdS-Tiifi 
= -I'jVPdV+ Tt 

+I dS - (T,,, + Tt) +I -s-d. dV 
S 

A. 2.3 Energy conservation equation 

The instantaneous energy conservation equation reads: 

(A. 18) 

(A. 19) 

(A. 20) 

(A. 21) 

(A. 22) 

d jp8dV+jdS-Pii, 
-8 = 

fdS. gv8 
ss Tt ss 

++ + gd) , dV (A. 23) e 

Note that in this equation the absence of body forces is assumed, and the work 

of the shear stresses : Vfi) is neglected on the ground that their contribution 
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to the gas internal energy is small, [24]. After averaging, the energy conservation 

equation takes the following form: 

dI 
TE dV + dS- ; 5iiZ ds. pr,,, fivi + dt s 

+ UppV - ii + -s, d, ) dV (A. 24) 

where r,,,,, is the effective diffusivity defined as: 

r.,, if = r. + r,,, (A. 25) 

The turbulence diffusivity r, links the turbulent flux &'lull with Ve as: 

- pe"u,, = ;5r, w (A. 26) 

The term &Ilull appears as a result of the averaging of convective term. 

A. 2.4 Turbulence model 

Derivation of the k-equation 

The derivation of the conservation equation for the turbulence kinetic energy pre- 

sented, here follows the procedure given in [6]. It starts with the derivation of the 

transport equation for Reynolds stresses, and then by contraction of this equation, 
the k-equation is obtained. However, derivation here takes into account the presence 

of the spray. 

The derivation starts with the foUowing two expressions: 

UI! A 
Ru-ýil 

+ UýIglu-13! (A. 27) 
Dt 3 Dt Dt 
Du'i' Dýj Dýj 
Dt Dt Dt 

Dfli ýu iuk 

Dt 
oili ) (A. 28) -(a 

Lt 
+k 

; Zki 
+u0Xk 

where DIDt denotes the material derivative'. The substitution of Eg. (A. 28) multi- 

'The operator of material derivative (also called a substantial or total derivative) is defined as, 
[209]: 

+ OXk 

where the repeated index k means summation., 
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plied by ^ into Eq. (A. 27) gives: P 
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DOO 
IIADý 83 u Ai- I! 

A li (U t li + OAfik 
ýL li I + Ok + Jk 7 - Dt y t at OXk ý 

X 

+ uý, ADj 
Dt 

Ij 
UýjlA 

Oý 

at 
+Uý IA14 19ýj 

OXk 
+ UqAUk (A. 29) I aXk) 

In the above equation, the terms ADýilDt and PDfijIDt can be written from 

the instantaneous gas momentum conservation equation All, given here in the 
foIlowing differential form: 

A 

. D^ VUi +P 19t9(Tm)ki + pd _L bki + 
Ui)i , (A. 30) P Dt OXk 19Xk 

pd where V and i)i are respectively the local evaporation rate and the rate of mo- 
mentum exchange between the droplets and gas (see Eqs. (2.44). and (2.39)). 

The LHS of Eq. (A. 29) may be replaced by: 

a- It " 
pui Ui aP^U^kUý, 'Uj ! 

+ Uý uj 
Dt at OXk ý-5-t -r 5Xk 

aAU'kXl'Uj'! 
++- Ou'! V (A. 31) at OXk aXk I" 

Substituting Eqs. (A. 30) and (A. 31) into Eq. (A. 29) gives: 

u j, U. ', ý p ++U! -L 

ý 0(ii. )ki 

i-0P 
6ki + 

Ot OXk IOXk OXk OXk 

at k 

(- 
0 

_LP 8k, + 19 
ý (iim)kj 

- 

(uf! 
ý + ul! Aii, 

2L 
+ ul! Au" +o 

.7 0Xk i 5-Xk 0Xk 0Xk 

0A 
Oýj 

+ OAfik2uýý? "aaj sI+ OAU at Oxk I k5Xk) 

+Uqpd ), + UýIpd ). 
_ U%. gd _ U%lj -d + U%q ^d 

i Ui I Ui Ji$1sI js 

Averaging of the above equation and taking into account that 

-8iii =11, t 1! 7 77-, F -Ofij ý- 
Ofij 

UjPUL'5-X; UjPUkýý-- 
k Xk 

because 7jA and OA vanish by definition (Eq. (A. 4)), yields: I 

(A. 32) 

(A. 33) 

++ ul! Ski, + 19 O(Tm)ki 
at OXk IRXk 3 OXk 0Xk' 

)- 
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-u'! ýu ki 
Uýl It ýUk 

oaj 
+ 

Jk C9Xk 
+ us 

l9Xk 
6ki + 

OXk DXk 

+U/! (Sd )i + UýI(Sd Ul!, ý. ýd - Uý11ýjýd + UýIUI! Sd (A. 34) i Ui I Ui iI183 

Resolving the pressure and shear stress tensor into their mean and fluctuating com- 

ponents (P = 15 + p' and (! 
Pm)ki 

= (Tm)ki + (Tm)ki) and after some rearrangement, 
the following expression for the transport of Reynolds stresses is obtained: 

akfujif IWION 1! k i3 19AU"Ou'! 
CUJ 

A? Uý Ik + 
Ot OXk IOXk OXk 

p ul, Uip 
Oll 

Lj 
bki + 

Lý-bkj 6p 
b"i + 

oul 
+ 5Xk 

x IOXk 19Xk 

ul Uý 
14ý 

4ki+j7tOLil6kj 

OXL. aXk 

I! O(T IOUJ m)ki 
OUS mui 

0Um)ki2u-f + 17(Tm)kjTk) OXk 49Xk OXk x 

+U/! (Sd )i + UýI(ýd ). - Ul! ý. ýd - UýIfjjSd + U,! Uý'Sd (A. 35) 
j ui I uj iiIIjI 

In high Reynolds number flows, the terms containing the mean shear stresses and 
the termswhich represent their viscous diffusionj OUf! 19(Tm)ki1O9Xk can be neglected 

.1 
on the ground that these terms are small, Johns [113], so the above equations then 

reads- 

OTU-i-lul- Dai Oaj AU IVIU'! 
If kiI + 

(ujAUk5-X; 
+ U7AUk5-X axk at 0Xk 

k k) 

COý 

-Lp 6ki + UN 
6p 

6ki) 
- 

02- 
+ 6ki) ý7 

"P'6ki U"ý 6k + OXk Xk OXk Xý 

'YOL5 
- oui, 6ki + 

Alyl) -8ki OXk ýXk 

a0i9(T, ')ki' rn 
OU'l t(Tm)kj 

- 
O(Tm)kiýUý' + II(Tm)kj---"- 

49Xk 49Xk aXk aXk) 
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u, jiu-is-d 
^d it it ^d +U 

? 
(ýdi)j + Uý, (ýdj)j -Uiujs +Ujuis (A. 36) 

uIu 

The transport equation for the turbulence kinetic energy is obtained by contrac- 

tion of Eq. (A-36), i. e. by setting j=i, and then division by 2: 

a-p a-Pýlk k afli 1aý 
UkU ýIU ý8' 

ik 
at 

+ aXk axk 2 OXk 

I ii III IV 

ui Ip ap- 
-00 Uý -+ bki bki +PIýLilbki 5-Xk 

19Xk 19Xk 
v vi Vil 

aO + aXk 't9(Tm')ki aXk + 

viii Ix 

+ 
21 

+7ii(Tdui)i -ýýi 

x xi 

where the turbulence energy k is defined as: 

=1 bu 11. Uli 

T 

(A. 37) 

(A. 38) 

The terms in Eq. (A. 37) represent: I and II - local rate of change and convection 

of k, III - rate of generation of 0ý0 by the mean rates of strain, IV - turbu- Sk 
lent diffusion, V- effect of the correlation between velocity and density fluctuation 

(Uq = _77j/15), VI - diffusion due to the pressure gradient, VII - pressure-strain I 
fluctuation correlation, VIII - viscous diffusion, IX - viscous dissipation, X- rate 

of work exchanged between turbulent eddies and droplets due to the drag force, and 
XI - effects of the droplet evaporation. 

Inspection of the above equation shows a number of unknown terms on the RHS 

which need modelling, and differences when Eq. (A. 37) is compared with its single- 

phase counterpart. These differences are in the appearance of the void fraction 9 in 

all terms apart from X and XI, and additional spray-related terms X and XI. We 

assume here that the same approach used for the modelling of particular terms in 
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the k-equation in the case of single-phase flow, can be adopted for the modelling of 

their counterparts in the two-phase case. That means that the particular terms are 

modelled as follows ([6]): 

Terms IV, VI, and VIII are modeRed by the foUowing one term: 

Ou'i'i)(T,. )ki 19 
(T vt ok 1 '9PUkUiUi' 4ýi&i 

+ (A. 39) 
ax, OXk IOXk 

5Xk 
O'k 

ýXk 

where vt is the turbulent kinematic viscosity (in high Reynolds number flows 

vt ; ýý vff, because vt is then two to three order of magnitude larger than the 

molecular viscosity, [24]), and ak is the Prandtl-Schmidt number for k. 

e Term III, which represent the generation rate of k: 

Uý, Aulllaiii Tt: Vfi =G (A. 40) A; 5Xk 

r where Tt is the Reynolds stress tensor, see §(A. 2.2) and Eq. (A. 16). 

The terms V and VII are neglected, assuming that they are in non-reacting flows 

of less importance, [60], while the term IX, the dissipation rate of k, is expressed 
in term of a newly introduced variable e (governed by its own transport equation) 

ý defined as: 
A aO O(Tm')ki 

19Xk -. 
2 (A. 41) 

With the above modelling terms and assumptions, the final form of Eq. (A. 37) 

reads: 
a-pk 

+ 
a-p-iikk a ak 

+G- 72 + -. sdk (A. 42) 5-t -Tx-k : -- ý-Xk 

(T 

ak 
ý-Xk 

) 

or in a integro-differential form: 

ss 
d jTkdV+ I dS-Tilk =I dS. T.! Vk+1 (G-; 5i+-sdk) dV (A. 43) Tt s Ok 

where the two spray-related terms, X and XI, are denoted by 3f. 
The term 's, 

- can be directly calculated from: k 

Sd = UýI(Sdi), - Uý11ýj ^d + kIus uiuis 

= Ulf . id - Ull uU 
Sd + ýTi Td (A. 44) 

2 



330 APPENDIX A. 

U and gd are expressed in terms of the parcel momentum and mass changes When id 

(see §(3.4) and (3.5)), and when the ensemble averaging is resolved according to 

Eq. ( B. 3), the above equation yields: 

, Sd =- jiM 
Np t+At [, 

(U, - ü) - (ü ,, 
u") 

11 

kE at 
16v 

P it 
2 7- 

6V-0 
At 6v 

P=l 0 
6(x - xp) mp - u" dtdV (A. 45) 

The discretised version of Eq. (A. 45) is, (see Eq. (B. 4)): 

p-Np i=N, 
ý'Sk 

'= -EE b(x - xp, ) At bv 
J6v 

P=l i=l 
I(Mpup)i 

- (Mpup)i-I - (U")i] (mi - mp 2p 

. (u")'At'dV (A. 46) 

where the superscripts i-1 and i denote the values at the subsequent times, and 

At' is the subcycling time step; the summation is performed over all parcels and 

over all N, subcycling time steps (for details see §(4.5.1)). 

Derivation of the c-equation 

Derivation of the transport equation for e in the case of compressible flows is difficult 

and complex. El Tahry [60] derived the exact e-equation in therm of unweighted 

averaged quantities, and obtained 66 terms. After applying an order of magnitude 

analysis, the number of terms in the case of non-reacting flows was reduced to 10, 

of which 8 require modelling. 

Although studies of the exact transport equation can gain a lot of information 

about importance of the particular terms in the equation, in density-variable flows 

an alternative approach is usually adopted'. In it, a more convenient definition of 

e is used (valid strictly only in high Reynolds number flows), and assumption is 

made that the e-equation for the constant density flow can be u'sed for the density- 

variable flows with the substitution of the conventionally (non-weighted) averaged 

2Some argue that, since the modelling of particular terms in this equation relies mainly on 
a dimensional and order on magnitude analysis, intuition and analogy, there is a little point in 

mathematically strict derivation of this equation, Jones [113]. 
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quantities with their density-weighted counterparts, [6]. This approach is therefore 

used in this study, keeping account in the course of derivation of the e-equation of 

the spray-related terms in the gas momentum equation, Eq. (A. 30). 

The starting e-equation, the one valid strictly for incompressible flows, is based 

on the following assumptions, [1211: 

9 fluctuation of the molecular kinematic viscosity can be neglected, 

* adoption of the continuity equation for incompressible flows, i. e. assuming 

that ONkIl9Xk : ý! 09 

in high Reynolds number flows turbulence tends to be isotropic, therefore the 

cross-correlation terms (OUII119Xi)(OUq1OXk) ýý 0; with these assumptions, the kI 

definition of e reduces to: 
vm 00 490 f=. Aýýl ýý$ (A. 47) 
T 49Xk IOXk 

With the above'assumptions, the transport equation for e can be formaUy ob- 

tained by taking the derivative of the momentum conservation equation with respect 
to xj, multiplying by 2v,, i9uý'1, Oxj, and averaging. 

The same procedure applied to spray-related terms ý, gd and (gd 
u, 

)i in Eq. (A. 30), 

yields: 
00 0 [(^d 

19.1 =2v' Sui)i - jajid (A. 48) M Oxi 5x__j 

where 's, is the additional source term which represents the spray contribution to 

the c-equation. 

When the conventionally averaged quantities in the e-equation for the incom- 

pressible flow, see for example [89] or [217], are replaced with their density-weighted 

counterparts, and the above term V,, is added to the source terms, the following 

expression is obtained: 

auil auil I vm; 5 ý U, 2 Vj 
LPý Otlik 

ax, k'ýX, ýX, -Xk oxi Oxi 

II III IV 

2v,,, UiL 5-x-k 
x oxi Oxj 

Ui 

Xk 10 k 

'! L Ul Uk i+ 4Xi 

OXk) 
Ui 

TýL 

vi 
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&ü, 
- d9uý, ÜC au" 

flauý, 2v.. 
k 

VrnT DX' - -, 
j DXjDXk d9Xk OXi OXi 

vii viii 

-2 
192Ul 

2+ 
's, 

19Xkl9Xi) (A. 49) 

Ix x 

where the terms represent the following: I and II - local rate of change of C, III, 

IV and V- rate of supply of e by diffusion from the velocity, pressure and viscous 

contributions, VI and VII - rate of creation of f by vortex stretching by the mean 

rate of strain and the mean motion, respectively, VIII - rate of generation by vortex 

-stretching by the turbulence, IX - rate of destruction of f by the viscous action, 

and X- contribution from the spray- turbulence interaction. ' 

Inspection of Eq. (A. 49) reveals a number of unknown correlations in the RHS of 

equation, which therefore need modelling. The first 
-three, 

terms on the RHS, III , 
IV and V, are modelled as a one diffusion term, i. e.: 

k '9 ý �, 'ou""9uý" )2 '9 (v�, ý '9p' '9uk 
k 77 

3 C9Xk 
Fxj iX 

k axi exi 

+0 
(VM; 

7 
Lvt 

(A. 50) ýXk ýpOlt 
(9xk IOXk Xk cäXk) 

where at is the empirical coefficient (the Prandtl/Schmidt number for e), assumed 

constant. 
The remaining RHS terms of Eq. (A. 49), apart from a term X, are modeRed as, 

[6]: 

, -2v .. T2L' 
(ý! ýUýil 0U lk? 

+ý 
ýU 

3! 
LU7 

aXk Oxj 19xj OXi 19Xk 

02Ul 

-2 2 v,,, j5 V^ 
OU OUi C9U/kl 

-2 
i 

)2 

DXj l9Xjl9Xk i9Xk aXj aXj IOXkl9Xi 
i2 Oflk g- (19iik 2+ 

CC5 
-- - 

C,, ý. G -Cc2 -ý-T + Cc3Tiý- + Cc4 -ý'PVt ý 
±E Ollm 

Xý X 
(A. 51) 

kk Xk k Xk) Wn at 

where C,,,... C,, s are the empirical coefficients whose values vary from author to 

author [7]. It was shown in [8] that the predictions of non-reactive flows with the 

above equation are almost insensitive to the exclusionOf C. 4 and Cs, so they are 

not included in this study, i. e. QA ý CeS -": 0- 
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The spray-related term X is modelled in a similar manner to the source term in 

Eq. (A. 51) which originates from the turbulence energy production, G. It is made 

proportional to the spray contribution in the k-equation, Sdk, and inversely propor- 

tional to turbulence time scale kli, i. e., 

-d se ---: 
cc4 3dk 

k 
(A. 52) 

whereC. 4 is the new coefficient (not related to the previously mentioned coefficient), 

whose value has been chosen by Mostafa, and Mongia. [146] to match experimental 
data of the partide-laden jet measured by Shuen et al. [189]. 

The final form of the transport equation for c thus reads: 
0-pi 

+ 2EUY a vt ai + 5-t ax, C1Xk 

(; 
50'e 

19Xk) 
ii2 Oilk 

+C, l G -CoE2 ='T + Ce3TZ +ls, (A. 53) 
kk OXk 

or in a integro-differential form: 

dI 
Ti dV + dS. Tii, i dS. Tý! Vi Tt 

sd 
(C-d 

Gr - QýT -f- + COT iV * Ta + dV (A. 54) 
kk 

The coefficients of the model are given in Table 2.2. 
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Appendix B 

B. 1 Ensemble-averaging of the general spray source 

term 

Suppose that d 
represents the instantaneous exchange rate of 0 between the dt 

fP 

parcel p and the surrounding gas. Then, the total instantaneous exchange rate from 

all parcels at a location x and time t is: 

d 
ll (B. 1) gd (X, t) =, 

[b 
(X 

- X") fp9 
« 

lý -E 
p=I 

dt 

where xp = xp(t) represents the trajectory of the parcel p. 

According to the definition of the ensemble averaging, the ensemble-averaged 

exchange rate is as follows: 
NN (*) 1p' 

3"db(x, t) =- lim 7ZE (X - XP) -fPI (B. 2) 
N--+oo dt 

8=1 p=I 

16 

. t+irc 
where 7-C is an engine cyde time period and N the number of identicallY performed 

experiments. 
Calculation of So(x, t) by Eq. (B. 2) would require a large number of samples with 

the randomised gas properties, (N --+ oo), which is clearly impractical and time 

consuming. Therefore, since the ensemble-averaged quantities are expected to be 

approximately constant over the small time interval At and within the small control 

volume 6V, it is assumed that s, (x) can be calculated as a mean value over At and 
6V when they both tend to zero, by the following expression: 

Np t+At d 
s X? t) lim 6(x - xp) jp" dt dV (B. 3) d( 

at-0 Alw 
Jsv 

Tt 6v-o 

(P=l 
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When the above equation is discretised and the temporal integration over At is 

replaced by the sum over a finite number of subcycling time steps N, the equation 

reads: 

--d so (X, tý 
[b(x 

- xP) 7-fp"] 
i 
At') dV - -bV -At 

16 

V(t, 

dV (B. 4) -TV Yt 
J, 

VP 

where the superscripts i-1 and i denote the values at the subsequent times, and 
At' is the subcycling time step; NAt' = At. 

More details about the averaging of the spray terms can be found in Dukowicz 
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CA The normal diffusion 

The diffusion flux vector at the face f between the neighbouring cells P and N is 

interpolated according to Eq. (4.4) as: 

(p rvo)f = Afp (p rvo), + (i - AfP) (p rvo), 

and appro3dmated by: 

(p ipvo), ;: t: AP (p r, ), (vo)p + (i - AP) (p r, )N(VO)IV (C. 2) 

Substitution of Eq. (4.8) for the gradient in cell into the above equation, yields: 

rvo), i%-, AP Pr -1 f(V)p1: Sip (1 - Alp) (ON - OP) + 
(UP 

+ 
(! ýrO)N E SN (1 

_ AN i- AP) 
v WN 

II) (ONN -ON) (C. 3) 

According to Eq. (4.20), the diffusion flux vector (p rVO)f is resolved into the 

normal and cross diffusion components, d7' and df, as: 

rvo)i = d»*(O) d'(O) (C. 4) 

As defined in §(4.2.2), the normal diffusion takes into account only the contributions 
from the +f and -f directions, it foRows from Eqs. (C. 3) and (C. 4) that: 

d"(0) = Ap ff 
(Pv r-I)p 

[Sfp (1 - 
Ap)(ON 

- OP) + Sff (1 
- Ap )(ON(-f) - OP)] + f -f 

+ AP) V-9 N 
f 

(pr 

[SfN (1 - Af)(ONN - ON) + Sýf (1 - 
ANf)(OlvN(-f) 

- Olv)] (C. 5) 
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In order to express dn0r(0) in terms of the values at cells P and N, a linear variation f 

of 0 over cells is assumed. This leads to the following relations: 

Apf)(ON(-f) OP) ANON - OP) f 

AN) (ONN ON) AN 
f -f)(ONN(-f, ) - ON) (C. 6) 

Substitution of the above expressions into Eq. (C. 5) taking into account that 

1_AN =AP -f f 

and 

(see Fig. 4.2), yields: 

ONN(-f) = OP 

Ap (1 - 
AP) (ON - OP) ff 

rrN 

f_ Sf 
f)] (C. 7) sf Sff 

INO)P( 
-)+ 

ýv p O)N (Sý 



Appendix D 

D. 1 Cylinder averaged thermodynamic 

The first task of the bulk adjustment calculation is to estimate changes in the bulk 

properties (and their new values), which are, in general case, caused by: 

1. compression/expansion due to the piston motion, 

2. inlet and outlet valve flow, and 

3. heat exchange through the wall of the cylinder. 

Note that the effect of heat release due to the combustion is not included. 

The second task is to determine global (uniform) increments of pressure and 
density with which the local values of these quantities will be corrected. 

The derivation given below follows [24] and [219]. 

Cylinder presure 

The change of the total enthalpy in the cylinder, dH, during the time period, dt, 

can be expressed by: 

I dH. = dE + d(p,,,, V, 1,1) 

where E is the total internal energy, and p,. l and V,., are the average (cylinder) 

pressure and cylinder volume, respectively. The change in the total internal energy 

of the gas, according to the first law of thermodynamics, is given by: 

dE puldVy, - erhvdt + ýbdt 
(D. 2) 

I II III 
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The three terms on the r. h. s of Eq. (D. 2) are contributions due to the change in 

cylinder volume (I), valve flow (II), where e,, and rh,, are the specific internal 

energy and mass flow rate of the valve flow (negative rh,, means inflow), and heat 

transfer (III), where ýb is the total heat transfer rate. 

Assuming that the gas obeys the perfect gas law, i. e., p,, IV,,, l = m,, IRT, and 

that H=m, vj ccylT, the enthalpy change, dH, can also be expressed as: 

dH = dmcylcpT + Cp [d(pcy, 
Vcyl) - 

Pcyl Vcyl 
dmcy, (D. 3) 

R Mcyl 

I 

where dm, *= -rh. dt stands for the change of the mass in the cylinder due to the , yl 

valve flow. 

Combining Eqs. (D. 1), (D. 2) and (D. 3), the following relation for the pressure 

change is extracted: 

sp- Lp 
R- 

1) Výyj dpcyl =-R dVyl pcyl - e,, fn,, dt + ýb dt (D. 4) 

Discretisation of this equation with the foUowing Substitutions: 

dpcyl --+ (pyl - pc,,, ) 

dt --+ At 

V, 
yi --* 

Vcvi = (V, *,,, + Vyl)/2, 

yields: 
[00cyl 

- 
Vyl Pocyl + e. r;,, ]At R 

pcy, 
(SE) 

cyl 
Veyl + (a),, (VCYI 

(D. 5) 
RRV., Oy I 

where the superscript * denotes the old time values. The term (SR 
cI 

is the volume 
averaged quantity, defined by: 

Ep 
Ne 

vi cp(Ti) p 
R-) cyt Vcv, Ri 

where the summation in this expression is performed over all the ceRs in the domain 
(N, ). 
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D. 1.2 Cylinder density 

The average (cylinder) density, defined as p,., = m,,,, /V,, I, is calculated directly 

from the mass conservation equation: 

d(p, 
ylV, yl) =- th,, dt (D. 7) 

From this equation, after discretisation, the foHowing expression for p,,,, is obtained: 

00 (PCYIV, 4vl - 7il'At) 
Pcvl ý-- vcyl 

(D. 8) 

D. I. 3 Pressure and density increments 

Since the average values of the pressure and density are changed, as explained above, 
the local (cell) values are modified by the (spatially uniform) corrections, denoted 
by the superscript iven by: 91 

1 N. 

+= ý--E(PI), i,! OjVj (D. 9) P 
-, IV-, ) I CVIVCVI i=1 

+1N. 
P= PCVI Vi (D. 10) 

The formula for the pressure correction (p+) is obtained from the overall balance of 
the product pV, i. e.: 

I EýCvl + (PTI + P'loivi = PCV1 E OX #- i=1 i=1 
Ne N, 
E(P, )? IOivi + P+ E t9iVi =0 (D. 11) 

where p' is the relative pressure, and Vcjj stands for the average (cylinder) void 
fraction, defined as: 

1 N. Ne 

tq, YI E Igivi E igivi (D. 12) -Ivi i=1 VCY1 i=1 
The following relation for the overall mass balance in a cylinder is the base of 

Eq. (D. 10): 

N, 
E(P? 

s 
+ P+)jivi 

Ne 
P? Ivivi 

+ P+Igcylvcyl 

Ne 

pcyl tq i vi 
ý Pcylocylvcyl (D. 13) 
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D. 2 The pressure equation - 

In incompressible and low Mach number flows, it is preferable to create an extra 

equation for pressure rather than attempt to evaluate the density from the continuity 

equation and then calculate pressure from the equation of state. (Moreover, in 

incompressible flows there is no link between pressure and density). There are many 

methods which follow this preferred route, notably the MAC method of Harlow and 

Welch [921, the SIMPLE method of Patankar and Spalding [1691, the SIMPLER 

method of Patankar [166], and the PISO procedure of Issa [110]. Here the last- 

named is used. 
The pressure equation is derived from the discretised continuity and momentum 

conservation equations as described below. 

From the discretised gas momentum conservation equation, Eq. (4.61), the yCloc- 

ity in a ceH P can be extracted as: 

u, d 
UP 

[EAUNUN 

+ b" + (Su )p - (VONp)p (D. 14) Aup P 
PN 

Hp- 
1 

(VdNp)p 
P A 

where Hp is: 

Hp AUNUN + b" + (SII, d)P (D. 16) TUP 
IýPuI 

In order to avoid possible oscillations which can arise if a simple spatial inter- 

polation for the velocity at the cell face is used for determination of the mass flux, 

[1841, a special interpolation procedure, suggested by Prakash [1721, Rhie [182] and 
Rhie and Chow [1831 is employed. It is based on the interpolation of the discretised 

momentum equation, such that the total mass flux E{f 1P Cf through the surface of 

cell P is evaluated as follows: 

1 

- 
Cl Sf pf [H-Ub If Sf 

TuV'pNp)f (D-17) 
ff)p Mp U lp 

where Au denotes the central coefficient in the momentum equation; the way how 
the term E(f}p Sf - 

(-Z-lr ' Vt9pN is resolved is given later on by Eq. (D. 21). 
.4 

P)f 

If the local density p is expressed via the gas equation of state as: 

gP=gP,.,, f + P, (D. 18) RT RT 
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where p,, f is the average (spatiaUy uniform) pressure in the cylinder, and Pý stands 

for the relative pressure, and then substituted, together with the expression for the 

mass flux, Eq. (D. 17), into the mass conservation equation, (2.39), 

0 (pv)p 
At 

(pv)p +E Cf = (S")p (D. 19) 
Ulp 

the result is the following pressure equation: 

1 (výPlY, 
s 1. 

( 1 
V9pNp' -ESf-pf[H-ub], + it- ji-T- ip ff ip AU 

)f 

Mp 

.ýf rd1 
(V73Pref 

+ +(S)P-yt 
RT 

)p 

a 
+ (pv)p 

At 
(D. 20) 

In the above equation, p in Eq. (D. 17) is resolved into p! and p,., f, and account has 

been taken that Np,., f = 0. 

The term E(f 1, Sf -( -1jrVOpNp)f in Eq. (D. 20) is resolved with r, = vo/Au -Air 

into the orthogonal and non-orthogonal parts according to Eqs. (4.26) and (4.27) for 

the former, and Eg. (4.28) for the latter (see §(4.3.2) for details), as: 

E Sf .1 VOpNp)f =Z Vf'(pN - pip) +E D' (D. 21) 
Mp ( TU U)p Mp 

f 

where the non-orthogonal part E{f),, DP, " is used in the iterative process, i. e. it is f 
evaluated using the currently available values of p'. Therefore, the final form of the 

discretised pressure equation is: 

Ap PW)p =E APN(]ý)N + bpp 
iP=1.... N, (D. 22) 

N 

APp =E AIPV +i 
(Vd)p 

(D. 23) 
N 

Yt TT- 

APN = Vfp (D. 24) 

bpp =-1: pf [H-Ub If 'Sf + 
Mp 

+ (Sd)p 
_i 

(vop,., 
f + 

At RT 
p 

++E D"' (D. 25) At {f)p 
f 



344 APPENDIX D. 

It can be seen that the above is a Poisson type equation where the source term 

represents the mass imbalance due to the imperfect velocity prediction. 

The zero-gradient boundary condition is applied to this equation, which is achieved 
by setting the corresponding XN coefficient to zero. However, the mass fluxes at 

the inflow/outflow boundaries, which make a part of the total source term of theý 

equation, are taken into account via the Sf - pf [H- Ub If term at these boundaries. 

The pressure equation is solved by the CG solver in the iterative loop with 

subsequent updating of the non-orthogonal term. In matrix form this procedure 

can be written as: 
AP(p')j+l = bP + L(p)j 

,j=1.... (D. 26) 

where the non-orthogonal term (E{j), D"') is separated from the rest of the source f 
term and represented by L(p ý)j. 



Appendix E 

E. 1 Aachen pressure chamber - Injection data 

This appendix includes injection data for the Aachen pressure chamber obtained 
from the Institut ffir Thermodynamik, Aachen on a diskI. Some of the data are 

reported in [118]. 

The main data'of injection system are as follows: 

In-line injector pump: Bosch Type PES 4 MW 80 

Plunger diameter: 8 mm 
Pressure valve: 70 bar 

Max. camshaft speed: 2400 rpm 
Prestroke: 3.5 mm 
Injection pipe: Length - 310 mm; Diameter - 1.5 mm 

Nozzle: 1 holeAv = 0.2mm, L=0.8mm 

Opening pressure: 250 bar 

The nozzle discharge coefficient, Cd versus needle lift, 1,, was measured under the 

constant pressure difference of 100 bar with a diesel fuel, Table E. l. 

The pressure in the injection pipe is measured with a piezoelectric transducer, 

10 mm above the nozzle holder inlet; the needle lift is measured with a BOSCH 

needle lift sensor placed in the nozzle holder. Their measured data for operating 

points OP1 and OP4, and OP3 are shown in Figs. EA and E. 2, respectively. The 

'The measurement are carried out as a part of the IDEA project. 
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fuel injection rates for both injection regimes are calculated from the above data by 

RWTH; the data are given in Tables E. 2 and E. 3. 

APC; ON and OP4: 6mg n-heptane 

EI 

I 

0.8 

0.6 

0.4 

0.2 

02468 10 12 
t [MS] 

Figure EJ: APC; Injection pressure (normalised by the peak pressure) and needle 
lift vs. time for OP1 and OP4. 

I 
1,, [mm] 0.0 0.022 0.055 0.111 0.166 0.221 

Cd 0.0 0.59 0.64 0.65 0.66 0.66 

Table E. 1: Discharge coefficient vs. needle lift. 
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Figure E. 2: APC; Injection pressure (normalised by the peak pressure) and needle 
lift vs. time for OP3. 
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[MS] ý [MM3/S] t [MS] ý (MM3/S] t [MS] ý [Mrn3/5) 

0.0100 0.0000 0.4600 8.7710 0.9100 4.9390 
0.0200 2.2710 0.4700 8.7560 0.9200 4.8310 
0.0300 3.7830 0.4800 8.8360 0.9300 4.8600 
0.0400 5.8120 0.4900 8.9150 0.9400 4.9240 
0.0500 7.9730 0.5000 8.9560 0.9500 5.0440 
0.0600 8.8190 0.5100 8.9290 0.9600 5.1190 
0.0700 9.0460 0.5200 8.8480 0.9700 5.1920 
0.0800 9.2780 0.5300 8.7170 0.9800 5.2440 
0.0900 9.5400 0.5400 8.6090 0.9900 5.1190 
0.1000 9.6090 0.5500 8.4990 1.0000 4.9180 
0.1100 9.5710 0.5600 8.3490 1.0100 4.7730 
0.1200 9.5630 0.5700 8.1420 1.0200 4.6750 
0.1300 9.5770 0.5800 7.9470 1.0300 4.6390 
0.1400 9.5400 0.5900 7.7290 1.0400 4.5970 
0.1500 9.5080 0.6000 7.5240 1.0500 4.4590 
0.1600 9.4520 0.6100 7.3180 1.0600 4.3880 
0.1700 9.3970 0.6200 7.2580 1.0700 4.3830 
0.1800 9.3290 0.6300 7.3420 1.0800 4.4180 
0.1900 9.2000 0.6400 7.3720 1.0900 4.5820 
0.2000 9.1160 0.6500 7.3190 1.1000 4.8220 
0.2100 9.0630 0.6600 7.2560 1.1100 5.0770 
0.2200 8.9290 0.6700 7.2110 1.1200 5.2510 
0.2300 8.8420 0.6800 7.1250 1.1300 5.3880 
0.2400 8.7520 0.6900 7.0820 1.1400 5.4250 
0.2500 8.6230 0.7000 7.0700 1.1500 5.3500 
0.2600 8.4950 0.7100 7.0150 1.1600 5.2630 
0.2700 8.3680 0.7200 -6.9360 1.1700 5.2290 
0.2800 8.2490 0.7300 6.8700 1.1800 5.2230 
0.2900 8.1640 0.7400 6.8350 1.1900 5.1940 
0.3000 8.0850 0.7500 6.7900 1.2000 5.1660 
0.3100- 7.9900 0.7600 6.7420 1.2100 5.2080 
0.3200 7.9740 0.7700 6.6510 1.2200 5.1700 
0.3300 8.0710 0.7800 6.6050 1.2300 5.0950 
0.3400 8.2460 0.7900 6.6310 1.2400 4.6480 
0.3500 8.5410 0.8000 6.7480 1.2500 3.2160 
0.3600 8.7900 0.8100 6.8830 1.2600 1.1610 
0.3700 8.8600 0.8200 6.9150 1.2700 0.0260 
0.3800 8.8410 0.8300 6.8320 
0.3900 8.7910 0.8400 6.6200 
0.4000 8.8450 0.8500 6.3040 
0.4100 8.9670 0.8600 5.9780 
0.4200 9.0690 0.8700 5.7420 
0.4300 9.1030 0.8800 5.5320 
0.4400 9.0650 0.8900 5.2890 
0.4500 8.9090 0.9000 5.1090 

Table E. 2: APC; Injection rate for OP1 and OP4; Q=6mg. 
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t [msl 0 [mm'/sl t [MS] [MM'/sl t [MS] [MM'/sl t [msl ý lmm'/sl 

0,0100 0.0000 0.4600 10.0370 0.9100 9.4780 1.3600 6.4710 
0.0200 1.3530 0.4700 9.9910 0.9200 9.5430 1.3700 6.4620 
0.0300 2.9260 0.4800 10.0280 0.9300 9.6210 1.3800 6.4620 
0.0400 4.8600 0.4900 10.1360 0.9400 9.6590 1.3900 6.4320 
0.0500 6.6640 0.5000 10.2760 0.9500 9.6470 1.4000 6.3030 
0.0600 7.8560 0.5100 10.3930 0.9600 9.5620 1.4100 6.0810 
0.0700 8.1110 0.5200 10.4470 0.9700 9.4170 1.4200 5.8640 
0.0800 8.3390 0.5300 10.4560 0.9800 9.2780 1.4300 5.7160 
0.0900 8.5730 0.5400 10.4560 0.9900 9.1850 1.4400 5.6510 
0.1000 8.6920 0.5500 10.4480 1.0000 9.1230 1.4500 5.6400 
0.1100 8.7610 0.5600 10.3990 1.0100 9.0480 1.4600 5.6400 
0.1200 8.8040 0.5700 10.3120 1.0200 8.9230 1.4700 5.6400 
0.1300 8.8370 0.5800 10.2340 1.0300 8.7830 1.4800 5.6400 
0.1400 8.8610 0.5900 10.1700 1.0400 8.7270 1.4900 5.6730 
0.1500 8.8580 0.6000 10.0900 1.0500 8.8050 1.5000 5.7810 
0.1600 8.8240 0.6100 10.0130 1.0600 8.9580 1.5100 5.9400 
0.1700 8.8060 0.6200 10.0130 1.0700 9.1030 1.5200 6.1050 
0.1800 8.7940 0.6300 10-1110 1.0800 9.1980 1.5300 6.2510 
0.1900 8.7670 0.6400 10.2060 1.0900 9.2390 1.5400 6.3450 
0.2000 8.7370 0.6500 10.2180 1.1000 9.2350 1.5500 6.3650 
0.2100 8.7110 0.6600 10.1880 1.1100 9.2020 1.5600 6.3050 
0.2200 8.6950 0.6700 10.1610 1.1200 9.1410 1.5700 6.1960 
0.2300 8.6900 0.6800 10.1270 1.1300 9.0620 1.5800 6.0890 
0.2400 8.6920 0.6900 10.0900 1.1400 8.9900 1.5900 5.9840 
0.2500 8.6690 0.7000 10.0720 1.1500 8.9420 1.6000 5.8790 
0.2600 8.6060 0.7100 10.0690 1.1600 8.9000 1.6100 5.8190 
0.2700 8.5340 0.7200 10.0690 1.1700 8.8470 1.6200 5.8060 
0.2800 8.4840 0.7300 10.0690 1.1800 8.7910 1.6300 5.8030 
0.2900 8.4400 0.7400 10.0780 1.1900 8.7350 1.6400 5.7840 
0.3000 8.3740 0.7500 10.0900 1.2000 8.6770 1.6500 5.7430 
0.3100 8.2990 0.7600 10.0840 1.2100 8.6200 1.6600 5.6960 
0.3200 8.2690 0.7700 10-1090 1.2200 8.5730 1.6700 5.6470 
0.3300 8.3210 0.7800 10.2270 1.2300 8.5070 1.6800 5.5810 
0.3400 8.4510 0.7900 10.3990 1.2400 8.3890 1.6900 5.4730 
0.3500 8.6810 0.8000 10.5330 1.2500 8.2430 1.7000 5.3510 
0.3600 9.0160 0.8100 10.5620 1.2600 8.0790 1.7100 5.2240 
0.3700 9.3290 0.8200 10.4730 1.2700 7.8840 1.7200 5.0940 
0.3800 9.5030 0.8300 10.3080 1.2800 7.6510 1.7300 5.0170 
0.3900 9.5560 0.8400 10.1160 1.2900 7.4170 1.7400 4.9910 
0.4000 9.5620 0.8500 9.9370 1.3000 7.2310 1.7500 4.9100 
0.4100 9.5820 0.8600 9.7990 1.3100 7.0560 1.7600 4.7490 
0.4200 9.6650 0.8700 9.6910 1.3200 6.8650 1.7700 4.4680 
0.4300 9.8240 0.8800 9.5880 1.3300 6.7200 1.7800 3.5360 
0.4400 10.0000 0.8900 9.5030 1.3400 6.6180 1.7900 1.8640 
0.4500 10.0810 0.9000 9.4640 1.3500 6.5230 1.8000 0.5580 

Table E. 3: APC; Injection rate for OP3; Q=10mg. 
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