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ABSTRACT

An existing computer code embodying a two—equation (k-e)
turbulence—maodel has been used to simulate two~dimensional steady flows
through axisymmetric pipe expansians. including cases with and without
the partlal obstruction by a poppet vailve. Steady and unsteady laminar

flows through the valves are aiso considered.

in addition. the effect of valve geometry on the discharge coefficient is
investigated.  Satisfactory agreement is obtained between the predicted
values of the discharge coefficient and available experimental data. The

computed flow-fields all appear to be qualitatively realistic.

A water-model rig of a vaive port and cylinder has been constructed.
This has aliowed details of the flow pattern near the plane of enlargement
to be made visible. The computer simulation of such flows has been
compared with photographs of vortices taken from the experimental rig.
The  predictions appear satisfactorily In agreement  with the

measurements.

The experiments have also revealed some Iimportant features. In
particular. it has been observed that the mixing process Iin the
circumferential direction. especially within the cores of toroidal vortices
takes place with unexpected rapidity. This “diffusion® cannot be reliabiy
accounted for with the Ilimited Iinformation avalilable. However, a

plausible theory has been advanced to explain the phenomenon.



PREFACE

| joined the Computational Fluid Dynamics Unit (CFDU. which until 1982
was the Heat Transfer Section, Depanm‘ent of Mechanical Engineering) of
imperial College. as a research student. in 1980. The work reported in
this thesis is mainly concerned with fiuid flows through poppet vaives

computationally and experimentally.

During the first six months of my studies, | followed the M. Sc. courses
given by the Heat Transfer Section and worked on the numerical
modelling of film cooling using the GENMIX computer code. The
experience obtained during this period proved to be vaiuable for my later

reasearch work.

In the next stage. | learned to use and modify the CORA 2 computer
code of Professor Spaiding. Some of the work included calculation of
turbuient flows Iin Internali combustion engines. It Iinvolved both

hydrodynamic and combustion processes.

During this period under Professor Spalding’s guidance. the importance
of the intake valve flow became prominent. the work started with the use
of PHOENICS computer code for the prediction of a well-documented
problem: axisymmetric expansion. This served also to examine the
validity of the turbuience model, the wall functions in PHOENICS code
and the accuracy of the porosity method. Then followed. a series of
studies on turbulent air flows through various poppet valves, seatless as
well as seated ones. Some of these works ware reported as CFDU PDR

(PHOENICS Demonstration Report).
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The prime Interest was in the Investigation of the fundamentais of vaive
flow. and to this end a water model rig was constructed for studying the
important details of the laminar flow-pattern around the vaive. This led
to the discovery of an unexpected phenomena which was subsequently

reported and published.

| would now like to acknowledge my debt of gratitude to all those who
have provided valuabie assistance during my years at imperiai College.
First and foremost. | am deeply grateful to my supervisors. Professor D
B Spailding and Dr A S C Ma. for their skiliful guidance and constant
encouragement. They have guided me not only in the main direction of
my research topic. but also helped me on how to overcome difficuities
arising from various aspects of the work. including report writing. It is

indeed a privilege to have worked with them.

I shouid also like to thank Dr W M Pun for his very useful discussions,
particularly on the basic prediction procedures used in the CFDU unit and
in technical writing methodology. His suggestions and willingness to help

is highly appreciated. | am very grateful.

At the beginning of my research, friendly discussions with Drs Adriej
Przekwas, L. T. Tam, A. Abdeimeguid and R. L. T. Sun were

invaluable.

Assistance In setting up the experimental rig given by Jeremy Wu
deserves a special mention here. He shared his time and experience
unselfishly with me, even at weekends and during late evenings. for

which | am greatly indebted.



-4~

| also enjoyed the friendship of, and discussions with, Simon Lo.
Informal discussions with other colleagues - Dr J. O. llegbusi. W. Fan.
P. Shepherd. M. Andrews and S. Parameswaran etc. were too important

to escape mention.

Thanks are due to Mrs Frith Oliver for her assistance In various
administrative matters. The excellent typing of the thesis by Mrs Oliver
and Mrs Catherine Webb. and their patience and skill in checking every

detail are greatly appreciated.

The help of Mr Bob King on all aspects'of my experimental programme
and his endeavour in the laboratory were highly appreciated. So too am

| grateful to Mr Peter Dale for heiping me with computer problems.

I would also like to thank Miss E. M. Archer and Miss Lucy Handtor for

providing very .efficient library services.

Space does not permit me to list all the names of Indlviduals and
organizations who contributed towards my work. For over a period during
which | have carried out my research | have met many people who have
given me a helping hand in some small way. It is' to all these people

that | wish to offer my sincere thanks.

I also wish to acknowledge the Educational Ministry of China and the
Peking Institute of Aeronautics and Astronautics for making [t all

possible.
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CHAPTER ONE - INTRODUCTION

1.1 The Problem

The present investigation s concerned with a study by a
computer-based. numerical model and by experiments on a water model,
of the characteristics of the flow region in which a poppet vaive is placed

to control the flow.

In order to facilitate the simulation. an axisymmetrical arrangement |is
chosen:. this consists essentially of an idealized vaive placed downstream
of the joint between a short length of a circular pipe and a cylinder of a
larger diameter, as shown in Figure 1.1-1. The Investigation . is further
restricted to incompressible flows into the cylinder through constant

valve—-openings.

Two valve geometries are considered: the simple, seatless one of Figure

1.7-1: and one with an angled seat. as shown in Figure 1.1-2.

The infiluence of such parameters as valve Ilift, valve seat-angle and
seat—-width on the characteristics of the flow around. and downstream of,

the valve are studied.

In the water experiments. only laminar flows with constant flow-rates are
considered. The experimentally obtained flow patterns are compared with
corresponding predictions. In addition., computations for turbulent air
flows are made for a range of different parameters, especially for

conditions for which suitable published experimental data exist.
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Figure 1.1-2 A seated-valve assembly.
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7.2 Practical Relevance

A poppet valve is one of the seating—-type vaives in which the poppet.
usuaily spherical or conical in shape. moves in a direction perpendicular
to its seat. Its main function is to control the fluid flow into or out of a

vessel such as a combustion chamber in an internal combustion engine.

The behaviour of the flow through the valves of an engine obviously
influences the performance characteristics of the engine. In designing a
more efficient engine It is thus necessary to understand fully the

fundamental characteristics of the flow through valves.

A practical valve-port arrangement usually involves a complicated
geometry, as shown in Figure 1.1-3. also. the flow through it is
invariably unsteady and three—dimensional in nature. in the present
study. simplifications to both the geometry and the dimensionality of the
flow are introduced in order that computations and experiments can be
carried out more easily and economicaily. However. since the simplified
flow retains many of the important features of the practical problem.
much insight into the characteristics of the real valve—-flow can still be

gained.

It is also hoped that experience obtained in the present study will help
future simuiations of the flow through a more practically realistic valve

configuration.
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Guide

/L
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Figure 1.1-3 A typical inlet valve assembly
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1.3 Previous Work

The present review of the literature for works that are related to the
inlet-vaive problem under consideration is divided Into two parts:

experiments and theoretical computations.

1.31 Experiments

Probably because of its importance in influencing the performance of an
engine. the Inlet valves of internal combustion engines have received
most attention. Nearly all the works reported have been concerned with
global measurements such as the discharge coefficient, without attention
to the detailed characteristics of flow. The experiments can be broadly
classified into two groups.

in the first group are the ’'static’ tests., in which the air flow is measured
through a stationary vaive with the piston removed. The flow can thus be

regarded as steady.

In the other group are the ‘dynamic’ tests. Two particular arrangements
are often used: in one. the valve position is held fixed throughout the
engine cycle: in the other simple movements of the valve are made in
order to simulate the real engine conditions. All dynamic tests are

necessarily unsteady in nature.

(N Static Tests

Some experiments were carried out by Nutting and Lewis (1918) on the

flow of air into a model combustion-chamber in the intake direction for

several vaive combinations. Only global quantities such as discharge
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coefficient, pressure ratio etc were Iinvestigated. The tests covered a
wide range of the valve lifts. Their results showed that the coefficient of

discharge (see Appendix A) decreased with increasing Ilift.

The extensive work by Tanaka (1929) is notable for its thoroughness and
its refinement in measuring techniques. Many tests were made with air
flow through an inlet vaive at various lifts. He was apparently the first to
identify the following four distinct modes of flow over the full range of

valve lifts.

In the first stage. at very low lifts, the flow remained attached to the wall
of the vaive passage. resuiting in high values of the discharge
coefficient. In the second mode., at slightly larger lifts. a vena contracta
was found stemming from the underside curvature of the vaive head. an
abrupt fall in the discharge coefficient being associated with the
occurrence of this mode. in the third stage. at intermediate lifts, a
gradual improvement in the discharge coefficient was evident: and
finally. at large lifts, any separation occurring was insignificant and

consequently the discharge coefficient recovered as lift was increased.

Wood (1942) did some work similar to Tanaka’s. Kastner, Walliam and
White (1963) investigated both steady and unsteady flows, and confirmed
qualitatively the four modes of flow noted by Tanaka. Their resuits for
the unsteady experiment were found to be generally similar to those for

the steady-state tests.

Annand (1969) performed a series of experiments on the steady flow
through iniet valves of different geometries. His findings were generally

similar to those of Tanaka (1929) and Kastner et al (1963). His resuits
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of steady-flow tests were presented in the form of discharge coefficient
as functions of the valve parameters (l.e. seat-width, -angle. and
vaive-—iift) . One of his conclusions was that the 60° seat-angle was

generally inferior to the 30° or 45° one.

(2) Dynamic Tests

Kastner et al (1963) carried out some tests of unsteady flows through
valves with a 45° seat angle. Ekchian and Hoult (1979), Fukutani and
Watanabe (1982) investigated flow coefficients under conditons closer to
those of a real engine than many others. However, they took giobal

measurements only.

Bicen and Whitelaw (1983) ‘used a laser-Doppler anemometer to measure
the velocity distributions at the exit plane of an Intake valve in a
transparent model enélne. under both steady and unsteady conditions
and at various fixed valve—lifts. Qualitative agreement between the steady

and unsteady flow field downstream of the vaive was observed.

1.32 Thegrétlcal Computations

A wide range of engine-simulation models have been comprehensively
discussed in the literature by. for exampie. Reynolds (1978)., Heywood
(1980) and Witze (1981). They can be classified as being either

zero—~dimensional or the multi-dimensional.

Zero—dimensional models are usually thermodynamic in nature. They are
formulated in integral form over space to remove any spatial variation

within the cylinder: but temporal variations are allowed.
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Muiti-dimensionai models employ partial differential equations. They
represent the spatlal varlations of mass. momentum and energy in one-.
two— or three dimensions and time. and thus account better for the flow

processes.

Works on the zero—-dimensional model have been surveyed in detail by

Watkin (1978) .

The present review on multi-dimensional caiculations refers only to more
recent studies. Nearly all the works which involve the iniet part predicted
in—cylinder field values of the variables of interest. but none computed
the flow field around the valve particularly. Watkin (1978), Romas
(1980). Johns (1980) and Gosman (1982) etc treated the valve simply
as a port, although they included other aspects of the flow important for

piston/cylinder assembly studies.

1.4 Objectives of the Present Study

The objectives of this research were the following:

N To use an existing computational procedure and the k-« turbulence
modsei to simulate the flow around an idealised poppet-valve. under

steady and axisymmetric conditions:

(2) To carry out parametric studles of the above flow and to compare
the predicted values of the discharge coefficient with available

experimental data.
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(3) To conduct a simple experimental Investigation of water flow

through a similar geometry but under laminar conditions: and

(4) To predict quantitatively the flow structures observed in the

experiments.

1.5 Present Contributions

Computations for the flow around a poppet valve under a range of
different conditions have been made to provide information on the
characteristics of such a flow. The computations were made using an
existing PHOENICS computer code (Spaiding. 1981). However. extensive
problem—depéndent inputs had to be provided in the form of SATELLITE,
GROUND subroutine-attachments (See Appendix D.E.F) in order to
simulate the particular complex geometries and the condtions

considered.

Quantitative details of the flow velocity., recirculating mass-flow-rate.
turbulence. etc. have been obtained and examined. In particuiar. vaiues
of the discharge coefficient for the vailve as a function of the various
parameters have been compared with the corresponding experimental data

of Annand.

For the experiments, a simple water-model rig has been designed.
constructed and tested. A Flow-visualization technique has been used to
examine details of the flow observed. Global features of flow patterns
have been recorded and compared with corresponding predictions, this
provides a wuseful check on the accuracy and reliability of the

computer-simulation technique. In the course of the experiments, some
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unexpected phenomena have been noted.

1.6 Outline _of the Thesis

The thesis is divided into nine chapters of which this introduction is the

first.

In Chapter two is described the mathematical basis of the computational
model. Inciuding the turbuilence model used and the boundary conditions

required to close the equation set.

Chapter three contains an ‘outline of the numerical solution procedure

embodied in PHOENICS.

The characteristics of the flow through an axisymmetric expansion are
simulated. and predictions are compared with the avallable experimental

data in chapter four.

In chapter five. computations for the flow of air through a seatless poppet

valve for different vailve lifts are presented and the resuits are examined.

Chapter six is concerned with flows of air through a valve with an angled
seat. emphasis being placed on the effect of valve geometry on the

discharge coefficient.

Chapter seven describes an experimental Investigation, using a
water-model. to study the flow around a simple vaive assembly under

laminar conditions.
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Chapter eight describes the simuiations of the experimental flows using
the PHOENICS code. A particle tracking technique has been used to

track the vortex formation in unsteady flows.

The last chapter. chapter nine. summarises the conclusions of this thesis

and proposes some possible topics for future research work.
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CHAPTER 2 - THE MATHEMATICAL PROBLEM

2.1 introduction

in the analysis of any flow situation., the usual first step is to consider
the general pbyslcal laws and the mathematical equations that describe
the fluid dynamics of the flow. The present chapter provides the basic
equations that govern Ilaminar and turbulent flows, together with
appropriate sets of the boundary conditions which are required adequately

to define the problem.

The equations are given In the form applicablie to flows usually described
as ‘elliptic’, meaning that perturbation of conditions at any point in the
flow can influence conditions at all other points. The phenomena studied

in the present thesis are elliptic in character.

In section 2.2 are presented the conservation equations which govern the
transport of mass. momentum and a general fluid property, &, which, In
the present context., can stand for either the turbulence kinetic energy or

the turbulence dissipation rate.

In section 2.3 is given the turbulence model. It has not been developed
or improved by the author. Therefore. It wiill not be discussed in great
detail, but is presented here for completeness.

0]

These equations do not by themselves constitute a closed set. The need
for additional physical hypothesis to bring about a closure is discussed in

section 2.4, and section 2.5 provides the boundary conditions and initial
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conditions for the equations and finaily, the closing remarks are

presented in saection 2.6.

2.2 Partiai-Differential Equations

The time—dependent equations for the conservation of mass, momentum
in the absence of external body forces can be expressed in the following

tensorial form for newtonian fluids (Hinze. 1959).

Mass Conservation:’

% 4 Vi - ,(2.2-1)
at Xy

Conservation of Momentum

U, 2 uup =-F 4 2 [u Y, aul')] .(2.2-2)
at X Xy  AXj X axXi
where Uj; and P represent respectively the velocities and static pressure.
and p and p are the fluid density and viscosity respectively. The symbol

("1 represents instantaneous value.

The above equations form the Navier—-Stokes equations that predict the
dynamic behaviour of laminar as well as turbulent flows. However,
practicail turbulent flows contain a cascade of eddy sizes that represent a
wide range of time and length scales. Hence any numerical scheme
using equations (2.2-1) and (2.2-2) for turbulent—flow simulations would
require a grid fine enough to resolve even the smallest turbulent motions.
This is not possible for the solution of practical problems as it is beyond

the present computer capability.
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Fortunately, for most engineering purposes. the problems are usually
concerned only with the time~averaged effects of turbuience. even when
the mean flow Iis unsteady. The ‘statistical’ representation of the
turbulent flow by time—averaging Iis a wuseful approach. | The
time—averaged equations can be derived from the Instantaneous equations
presented in (2.2-1) and (2.2-2) by means of the following

exprassions:

Ug = U + u’ .(2.2-3)

ug = J Yoy, dt .(2.2-3a)
2t° "to
2 J' %o yrdt=o0 .(2.2-3b)
2ty -t

P=P+p’ ,(2.2-4)
] .

P=__ 1" P_dt .(2.2-43)
2ty J-tg
2 J to pirdt=o0 . (2.2-4b)
2ty J-to

where U;j. P are time—averaged vaiues and.
uj’ and p’ are their fluctuation compaonents.

to is a time interval.

Substituting relations (2.2-3) and (2.2-4) into the Instantaneous flow
equations (2.2-1) and (2.2-2) results In the following equations

governing the mean motion of turbulent flow (Hinze 1959):
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Mass _Conservation

%4+ 2 (=0 ,(2.2-5)
at Xy
Momentum
Mind L (pUuj) = - S [ufaul + Y, - pug‘uj’
at X Xy  9Xj X X
.(2.2-6)

in which the fluctuating velocity correlation tensor. ui’uj’. known

as the Reynolds stress. is deflned as:

ugup = J o upujr at . (2.2-7)

This term physically represents the transfer of momentum by the turbuient
motion. Due to its presence, the set of equations of motion presented
above Is not ‘closed’. Thus additional relationships need to be
developed to express uj'uj’ In terms of known or calculable variables.
These efforts constitute the subject of turbulence modeiling beiow
(section 2.3). The equations for the conservation of écalar quantities
such as turbuience energy and its dissipation rate etc. (though they are
deduced from differing principles) all exhibit a similarity of form. Thus,
they can be represented by the single equation for a general scalar
property. &, which Is similar to equations (2.2-3 and 2.2-4). It is
possible to define the time—mean & and its fluctuating component ¢’ of ¢

such- that:

=9+ ¢ .(2.2-8)
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1

&= __|"0 ¢ dt - ,(2.2-8a)
2tol-to
1_ r° ¢’ dt =0 ,(2.2-8b)
2ty J-to

after substitutlion into and time—averaging the equation for the

instantaneous ¢ to:

e ey = 2 B2 e e ,(2.2-9)
at X aXj oag X j

where S¢ Ls the time-averaged source/sink of ¢, and pui‘¢’ Ls the

turbulent transport term. which also requires modelling.

The equation set (2.2-5), (2.2-6) and (2.2-9)., contains correlations

of products of the time—averaging process:. the turbulent (or Reynolids)

stresses. -pu['UJ'. and turbulent fluxes. -pui’¢’. These are

unknowns and. therefore. the equation set is not closed. The transport
equations for these terms can again be derived from the Navier—-Stokes
equations but higher-order correlations will then be Introduced: the
closure cannot be achieved by resorting to equations for correlations of

higher and higher order.

in order to close the system. the correlations are usually modelled in
terms of quantities that can be calculated. It is described in the next

section.
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2.3 The "k—«" Turbuience Model

The k-e model is a two-equation model: It was first put forward by
Harlow and Nakayama (1968). A full account of the model as used in
the present work was given by Launder and Spalding (1973). A
fundamental supposition of this model is that the turbulent quantities
distribution in the flow fleld is adequately characterised by two transport
equations for

(1) k - kinetic energy of turbulence: and

(2) e - dissipation rate of turbulent kinetic energy.

They are related to the momentum equations by the concept of "eddy
viscosity"rwhlch is also called the “turbuient viscosity". It relates the
Reynoids stresses to the gradients of the mean velocities, and the
turbuient flux to the gradients of the mean scalar quantities. by means of

a turbulent viscosity, ui. as follows:

pul'UJ' = - ut (ﬂ+ﬂ) -Ealjpk ,(2.3-1)
Xy X 3

pup ‘e’ = - Mt ,(2.3-2)

where ut is the eddy or turbulent viscosity: &jj Is the kronecker deita:
9.t Is the turbuient Prandtl/Schmidt number. which Is usually assumed
to be invariant with direction and taken as a constant: and k., the

time—averaged energy of the turbulent motion. is defined as:

k = uL'z .(2.3-3)

1
2
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The eddy viscosity approach to the modelling of turbulence is to relate
the local turbulent viscosity. ut., to one or more properties of the
turbulent flow. This viscosity is allowed to vary from one location in the
flow domain to another; but at any one point. it is assumed to be
isotropic. Here, it is evaluated from the local values of turbulent kinetic

energy. k. and its rate of dissipation. €. through the following reiation:

ut = cuprk?/e . (2.3-4)

where C, ls an emplrical constant.

An effectlve viscoslty, represented by pgrf. ls deflned as follows:

Haff = Mg + Ut .(2.3-5)

where up is the laminar viscosity of the fluild. For high Reynoids number
flows it is small compared to the turbulent one and may be neglected.
Both k and « are determined by the following partiai—dlifferential equations

which goverri their transport:

3K 4 3 upk - 2 ) = g | . (2.3-6)
at 8Xj GXJ aXJ
and 2P 4 % (ujer - % re %) = 5, .(2.3-7)
at o] o aX]
where Sk = Gk — pe .(2.3-8)
Se = = (C1Gk - Cope) ,(2.3-9)
K

and C7 and Cp are empirical constants.
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Gk Is the rate of generation of turbulence energy which is given by the

following expression:

UL, Yy,
X Xy aXi

.(2.3-10)

Gk = ut

I'k and I'< are the turbulent exchange coefficients for k and € as given

below:

rg =t . (2.3-11)
ok

re=4" . (2.3-12)
Oe

wheaere ok and o are turbulent Prandtl/Schmidt numbers.
The above squations invoive the use of five constants: a consistent

set of these is given in Table 2.3-1.

Table 2.3-1 Constants in the k-« turbulence model (Launder and

Spaiding. 1974)

Cu Cy Ca ok O¢

0.09 : 1.44 1.92 1.0 1.3
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in the present study. the cylindrical coordinates are used. and the full
set of partial-differentiai equations to be solved. in this coordinate. is

summarised below:

Conservation of Mass:

p a(pl) + 1 alpvr)

did =0 .(2.3-13)
at Z r ar
Z - Momentum
alp) | _6 (P) + ]_ a_ (rpvJ) - _a__ (I‘f) - 1_ _a (rl‘f) = Sy.
at az ror ax aX r ar ar
.(2.3-14)
r — Momentum
atpV) + i (pUV) + l a_ (rpw) - a__ (l‘ﬁ) = l a_ (rr‘ﬂ) = Sv
at aZ r ar aZ aZ r ar ar
,(2.3-15)
k and e Equations
2 L2 pud + )2 (roved - 2 g - 1 2 (rrg® = s
at aZ r ar aZ aZ r ar ar
,(2.3-16)

where & stands for either k or e.
' is the corresponding exchange‘ coefficient,

S¢ Is the source term for ¢.

2.4 Auxiliary Relations

Before the equations above (2.3-13 to 2.3-16) can be soilved. boundary
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conditions (which will be listed In section 2.5) and such auxiliary
relations as those for evaluating the density and viscosity. and the
Reynolds stresses and fluxes (which has already modelied in section 2.3)

are required.

(1) Density and Laminar Viscosity

In generai, these properties may depend on the local state of the fluid
(e.g. upon the pressure, temperature or composition). The density
employed here is the constant. For all the caiculations described in this

thesis, uniform laminar viscosity is assumed.

(2) Reynolds—-Stress and Turbulent-Flux Terms

A description has already been given in section 2.3 of the form of
modelling adopted in the present work for the Reynolds stresses. Here,
it iIs presented in order to cast the equations Into the form in which they

will be solived.

Many turbulence models have in common the central Idea that, by
analogy with the laminar stresses, the Reynolds stresses are reiated to

the mean strain rate through the Boussinesq approximation, thus:

puL‘uj’ = - g (;a_J_‘. + ﬂ) - E 8¢ jrk .2.4-1)
aXj Xy 3

Similarly. the turbulent transport term pu’{®’ may be expressed thus:

— a®
pui ‘e’ = - :t_ - ,(2.4-2)
ot BXJ
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and k. the time—averaged energy of the turbulent motion is defined as:

ul'a
k= __ .(2.4-3)
2

These three equations have already been given in section 2. 3.

By doing this we have merely transferred attention from the Reynoids

stresses to the turbuient viscosity, ui, which is related to k and « via

ut = Cu p k2/e .(2.4-4)
Because of the similarity of form of the laminar and turbulent stress
relations, It is convenient to combine them. and to work with an effective

viscosity (ugff) defined as the sum of the Ilaminar and turbulent

component. thus:

Heff = Mt + kg . (2.4-5)

2.5 Boundary and Initial Conditions

In addition to the equations presented above., the mathematical
specification of the problem also requires information about the boundary
and initial conditions. The former refers to a specification of values of
all dependent variables at the edges of the flow region while the latter

refers to their starting values at the field location.

The following types of physical boundary will be encountered in the
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present study: axis of symmetry. iniet: outlet and walls. The treatment

of these boundary conditions is as follows:

Axis

At the axis of symmetry the normal velocity Is zero. and the normai

gradient of all other quantites is zero.

Inlet. Outlet

The Inlet and the far downstream outiet boundary conditions depend on

the particular problem to be solved: they are specifically prescribed as

will be shown In later chapters.

At a wall which Is statlonary and impervious, all components of velocity
are zero. and the flux of species through the wall Is also zero.
However., as explained In the literature (Launder and Spaiding, 1972a).
close to the wall the eﬁect of molecular viscosity becomes prominent
because of the damping effect of the wall on turbulence and the
properties of the flow vary steeply. The rigorous Iincorporation of these
effects requires a prohibitively fine grid in the vicinity of a wall. and
would be expensive. A practical approach avoids this difficuity by
bridging the region near the wall with special functions which connect
flow conditions at Its outer edge to those at the wall. These
‘'wall-functions’ are derived from experimental and analytical knowledge of
the one-dimensional Couette flow which is assumed to exist very near the

wall (Patankar and Spalding 1970, Launder and Spalding (1972, 1974)).
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The velocity uy parailel to the wall, In the region near the wall, s

assumed to follow a logarithmic law expressed (Schiichting., 1968) as:

=1 gniEy* ,(2.5-1)
K

Fle

where ur is the ’‘friction velocity’ given in terms of the wall shear stress,

Tw:- by:
Ur = (Tw/p)t/2 .(2.5-2)
and y* = PYpYr ,(2.5-3)
u

Here yp Is the normal distance of the position of uy measured from the
wall. xk and E are constants whose values are 0.4 and 9.0

respectively. .

Near a wall, the transport equation (2.3-6) for the turbulent kinetic
energy. k. reduces to one for a balance between its locai production and

dissipation (Launder and Spalding, 1972); thus, using equation

(2.3-4),
2
Heff (a_uw) 2 = pe = C"_pzx .(2.5-4)
ay . Meff
2
and k=_Ww_ = Ur ,(2.5-5)

Using equations (2.5-1) and (2.5-2), the wall shear stress is given
by:

- pcu1/4 Kk 172 Uy
en (EyhH

Tw ,(2.5-6)




-45-

For a laminar flow in which y* < 11.5 (Launder and Spaiding. 1972) the

wall shear stress is simply given by:

e .(2.5-7)
Yp

In the near-wall region the production and dissipation rates of k must be
modified to take account of the Couette flow existing along the walil. For

the production rate of k. this Is done by making use of the available

2
value of Tyw. thus the term pugff (al_ﬁ) ls replaced by Ty ﬂ

ay Yp

The dissipation rate of k is modified by means of equations (2.5-1).

(2.5-2) and (2.5-3) and gives

_Cy ¥4k 32

€ .(2.5-8)

Initial Conditions

The Initial conditions for the field are specified by assigning guessed
values for steady calculations: or by using the field values obtained from

the steady case for unsteady calculations.

In order to simplify the Incorporation of these conditions into a
finite—difference scheme., it is useful to note here that a field variable

can be classitied as either a specified value or zero normal fiux.
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2.6 Closure

In the present chapter, the equations which describe two-dimensional
elliptic flows as deduced from the Navier-Stokes equations have been
presented. The turbulence model empioyed for specifying the turbuient
viscosity, uy. has been described. and Reynoids stresses and fluxes have
been specified for ‘closing’ the equations. A standard form of the
equations applicable to any generic fluid variable has been presented.
The auxiliary information necessary to complete the mathematical

specification has been outlined.
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CHAPTER 3 - THE NUMERICAL SOLUTION PROCEDURE

3.1 Introduction

In the previous chapter, the differential equations which govern
two-dimensional laminar and turbuient flows., along with the associated
boundary conditions and auxiilary relations were set out. These
equations are coupied and non-ilinear and are seldom amenable to
analytical soiution. The task In this chapter is to present the numerical

procedure emplioyed for the solution of these equations.

The equations are to be solved by means of the PHOENICS computer
program (Spalding. 1981), which embodies a version of the
finite—domain procedure developed by Patankar and Spalding (1972).
Details of PHOENICS have been described by Spalding (1982): here

only an outline is given, for the sake of completeness.
The soiution procedure consists of the following major features:

¢)) The flow domain is divided into a finite number of discrete regions
by constructing a staggered grid. This yields ‘control volumes’ or

‘cells’ for each flow variable.

(iD  The partiai-differential equations are transformed into finite-domain
equations for each variable at each cell. This is accomplished by
integrating the equations over the control volumes and using

appropriate assumptions for the varlation of the variables between

grid nodes.
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(i) The resuiting finite-domain equations are non-jinear and strongly
couplied.. Hence., an iterative solution procedure is required for

their solution.

(iv) The soiution of the finite-domain equations can be influenced by
the number of grid nodes empioyed. This number shouid be large
enough for ‘grid-independent’ soiutions to be obtained. The only
way to determine the optimum number of grid to be used is to
perform the calculation several times with differing numbers of grid

nodes.

The remainder of this chapter consists of flve parts In which the solution
procedure is described. In section 3.2, the finite~domain equations are
given. and the solution procedure Iis outlined in section 3.3. Detailed
account of the auxiliary information is contained in section 3.4. Section

3.5 is the closure of this chapter.

3.2 Formulation of the Finite~Domain Equations

3.21 The Finite—Domain Grid

(1N Control Cells

The integration domain is filled by a set of non-overiapping celis which

are constructed by orthogonal grid lines, as shown in Figure 3.21-1.

The ceill-centre point p (called the grid node) Is located at the
geometrical centre of a celi. The neighbour nodes are referred to as

points N, S. E and W (North, South, East, West); n.,s.e and w are



-49-

used to denote the north, south, east and west faces of the cell
respectively. The values of varlables ‘at’ P, N. S. E and W are
regarded as the representing values within the cells concerned while the
values ‘at’ n, s, e, w are regarded as the representing values over the

faces of a cell.

The grid may be non-uniformly spaced but once the grid density and

dimensions have been chosen. they remain fixed during the solution

process.

(2) Location of Fiow Variabies

Scalar variables such as pressure, density, exchange coefficient and
kinetic energy of turbulence etc. are stored at the location P: the
velocity components are stored at the cell-face locations, e. w. n. s,

and are denoted by: Ug. Uw. Up, Us.
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m

Figure 3.21-1 A two-dimensional control cell,
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3.22 Derivation of the Finite—Domain Equations

The finite-domain equations for the scalar quantities are obtained by
applying the conservation principle to a ‘scalar cell’ in which P is located
(e.g. shaded region in Figure 3.21-2). Similarly equations for the
velocities are obtained by applying the momentum-conservation principle
to the ‘velocity-cell’, lying between C and D, A and B as shown as

regions ‘2° and ‘3’ in Figure 3.21-2 for velocities U and V respectively.

The derivation of the finite—domain equations has been described by
Spalding (1982b). Therefore it is only briefly outlined here.. The
equations are derived by integrating the differential transport equations
over the control volumes that subdivide the flow domain. The
integrations entail ‘interpolation assumptions’ which are commonly

referred to as the ‘fully-implicit’ and ‘upwind’ formulations.

Integration of the general conservation equation (2.2-9) over the controi

cell P gives:

[[] 222 av + [[ couo + ) . 0 = [[] s av (3.2-1)
v ot A v

Here V denotes the cell volume, A Lts surface area and Jg the dLffu-

ston flux which ts defined as:

Jp = -T'¢ grad ¢ .(3.2-2)
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Figure 3.21-2 Grid showing locations of variables and

their control volume.
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Since variable ¢ Is assumed to be uniformly distributed throughout the

control cell, the transient term can be written as:

”J 3P gy = v 2 =V (ppep - pp-tp) .(3.2-3)
at at 5t
\"
The subscript ‘-’ refers to values prevailing at the start of the time

interval. For the source term:

j” Se dv = V S¢ .(3.2-4)
v

variables in the surface integral are presumed to be constant

over each cell face: thus:

” (U + Jg).dA = T (gUd + Jg).A .(3.2-5)
e.w.n.s

A
Equation (3.2-5) can be expressed Ln terms of the convection

flux., C and diffusion flux, D, where:

Ci ¢ = puiAe .(3.2-6)

and Dy ¢ = A/ (X} — Xp) .(3.2-7)

(X) - Xp) is the dilstance from the in-cell grid-node P to the

relevant neighbour node.

The corresponding convectlon and diffuslon coefficlent (l.e.
the C’s and D’s) are combined to form the coefflcient of the

finite-domaln equations:
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A=C+D .(3.2-8)

(for detalils see Spalding and Rosten. 1981. and Spalding. 1982).

The general form of the ‘flnlte—domaln equations’ (FDE’s) s

as follows:
Apdp = ANON + Agds + Awdw + AEde + ATOT + Sy .(3.2-9)
Ap = AN + Ag + Ay + Ag + AT + (~Sp) .(3.2-10)
where Ap., ....AN etc, are coefflclents: subscripts have the
meanings:

P typlical point (i.e. node) within cell,
N north nelghbour node.
S south neighbour node.
W west nelghbour node.
E east nelghb;ur node.,
T grid node at eartler time.
Sy and Sp are appropriate source terms_of ¢ for the cell.

after Sg. which appears Ln equatlon 3.2-1., has been Llnearised

as.

S¢= Su — Spp (3.2-11)

The formulation of all coefficients can be found In *Four lectures on the

PHOENICS computer code”(Spaiding. 1982).
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3.23 |Incorporation of Boundary Conditions into the Finite—Domain
Equation

The boundary conditions required to specify the flow situations in the
present problem have been discussed in Chapter 2. The appropriate

methods of implementing them in the solution scheme are given below.

The values of the dependent variables must be specified at the
boundaries before the finite~domain equations can be solved. These
boundary conditions. which determine the uniqueness of the solution for

a given flow situation, are usually of two types:

¢)) The value of the variable is prescribed at the boundary. This is

generally accepted as the most stabie of boundary conditions.

(i Another one, which is more commonly used. is the prescribed flux

boundary (such as mass flux, momentum flux etc).

In the present study, both conditions are handled by way of the linearised
source terms. The details of this approach can be found in Spaiding

(1982), and only a brief outline is described here.

The expression of the boundary condition in PHOENICS is a linear form.

The total source is expressed as:

S =1 ¢gc + C (¢gc - ¢p) .(3.4-1)

where m ls a prescribed inflow rate of mass to the cell,
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where

Pp s the pressure Ln cell p:

¢gc ls the prescribed quantlity having the dimensions of ¢:
¢op Ls the unknown value of ¢ for the cell: and

C s a prescribed coefficient., always positive (for

detalls see Spaldlng. 1982).

3.3 The Solution of the Finite—Domain Equations

3.31 General Features of the Solution Method

The equations for the velocities, scalar property ¢ and pressure
correction are expressed In the general form (3.2-9). Although they
are linear in appearance, they are in fact non-ilinear, because the
coefficilents and sources are functions of &’'s. In addition, the
momentum equations are coupied through the unknowh pressure fleid.

Thus. an iterative procedure must be employed for their solution.

In the present study. the finite-domain equations for U and V are soived
in PHOENICS by the Jacobi point-by-point procedure. Most of the
equation (scalar ¢) sets are solved, slab—by-siab. by means of a

slab—wise linear solver.

The SIMPLEST aigorithm, which is developed from SIMPLE. Is embodied

in PHOENICS. The purpose is to solve the pressure—correction equation,
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which takes the form of equation 3.2-9 and appropriate coefficients. It

ensures that the continuity equation Is satisfled, and the pressure values

are calculated. The details of these have been described by Spalding

(1982) .

3.32 Sequence of the Operations _in _the Solution Procedure

The calculation sequence is carried out as follows:

D

Q1))

Q1)

(iv)

(v)

(vi)

The calculation starts at the siab (column in 2D case) of cells at
the lowest x— location (i.e. near the west boundary). The

pressure field Is guessed.

The convection fluxes, and all diffusive—-flux coefficients, are
constructed and stored at each main cell in the slab. (The
coefficients of the finite-domain equation are computed and

stored) .

The velocity components of U and V are soived for each control

cell in the current slab. by the Jacobl point-by-point method.

The finite-domain equations are set up for the remaining

dependent variables (e.g. k and € and then solved.

The convection fluxes are recaiculated. followed by the continuity

error.

The pressure-correction equation for each scalar cell is solved.



Cvib)

Cvill)

Cix)

3.4
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The next task is to translate the pressure corrections into terms of
corrections to the velocities., convections and pressures. which will
cause the mass—conservation principle to prevail for all cells within

the slab.

Ilteration may be performed at a slab (column in 2D case) by

returning to step () and repeating. In a nearly-parabolic flow,
much iteration Is desirable, because few sweeps will be needed.
in a strongly elliptic flow, few lteratlons.are necessary, because
the elliptic effects are better accounted for by sweeping through

the solution domain.

Attention is now shifted to the next slab, and the whole process Is
repeated. In this manner all siabs of the domain are visited to
complete a ’‘sweep’ of the integration domain. For a strongly
elliptic flow. many sweeps may be needed to produce the req-uired

degree of convergence.

Control and Monitoring of the Solution Procedure

Convergence may be promoted in two ways. namely by use of:

4)

inertial Under—Relaxation

Inertial under-relaxation may be appiled to any ¢ variabie. It adds the

following term to the finite—domain equation:

Ser = A (dp - dp,olLd) .(3.4-3)

where A Ls a poslitive number. In PHOENICS:
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A = P Vol ' . (3.4-4)
DT

S¢r Is the term added and %p,old Is the previously—existing value of ¢ at
the cell in question. For large A. this has the effect of keeping ¢p close
o ¢p,0ld: A Is often taken as a factor times the fluld mass in the cell:

p Vol
OT¢

can be regarded as the reciprocal of a ‘false time step’.

41D ‘Under—Relaxation’ of the Pressure Correction

Under-relaxation of p’ Is a rﬁeans of reducing the magnitude of the

pressure correction:

P'p.new = Rf P'p .(3.4-5)

where p’p, new Is the new value of the pressure correction and Rf Is the

under—relaxation factor value lying between 0 and 1.

Convergence

it is important to identify whether or not the solution Is converging. and Iif
it iIs. whether it has sufficiently converged for practical purposes. The
presence of systematic behaviour of ¢'s between successive sweeps., (or

iterations) , with the difference diminishing. is one sign of convergences.

The convergence Is aiso quantitatively monitored through the use of
residuals. A residual of a variable ¢ at a node p. denoted by Rg. Is

defined as:
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Rp = Apdp = L Ay oL - Sy .(3.4-6)

where Ap is the denominator of equation (3.2-9). The
simultaneously—e*isﬂng residuals are deflned as those present for each
cell for each variable when the whole variable fleld has been frozen at
the most-recently calculated value. To facllitate monitoring. the

residuals are normalized by the product of a typical ¢ and the mass

flow rate. mp. through the domain. For many purposes:

IRgl

MHdt

< 0.05 .(3.4-7)

LE
Xy
may represent adequate accuracy: here ¢t Is the ‘typical’ ¢.

3.5 Closure

In this chapter. the finite—difference forms for the partial differential
equations governing the generic fluid varlable and the method of solution

have been presented.
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CHAPTER 4 - FLOW OF AIR THROUGH AN AXISYMMETRIC ENLARGEMENT

4.1 Introduction

The basic equations governing the transport of a fluid property, and the
turbulence model employed. have been given in Chapter 2. and the
method and means of their solution described in Chapter 3. In this
chapter, the results of some computations based on these features are
presented for an extensively—studied and well-documented flow situation,
namely that of a turbulent flow through an axisymmetric eniargement.
This problem was chosen primarily to test fhe validity of the turbuience
model and wa‘ll functions Iincorporated in the PHOENICS code. However,
as the flow bears some resembiance to the flow through a poppet vaive.
the main subject of the present thesis, It also served as a useful
preliminary study to gain some Iinsight into the characteristics of a

recirculating fiow.

The opportunity was aiso taken to test the use of "porosity” (see Section
4.5 below for explanation) in the PHOENICS code as a means of
handling Iirreguiar boundaries like Inclined walls: for it Iinvolved an

enlargement with a conical transition piece.

Computations are presented in the present chapter for the flow through
two axisymmetrical expansions: an abrupt one and one with a half angle
of 45°, The predictions are compared with the appropriate experimentai

data of Chaturvedi (1963).

The chapter is divided into eight sections. of which this Introduction is

the first. Section 4.2 describes the phenomena to be predicted. In
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Sectlon 4.3 the geometry and dimensions are given. The boundary
conditions and the computational detalls are described in Sections 4.4
and 4.5. The predicted resuits of velbclty. turbulence energy.
streamiines and mean pressure are presented and compared with the
measured data in Sectlon 4.6. Section 4.7 contains discussion. The

closure is in Section 4.8.

4.2 The Problem to be Predicted

When fluid flows steadily from a pipe Into a coaxial one of a larger
diameter, either through a sudden expansion or through one with a
half-angle of 45°, a region of recirculating flow appears immediately
downstream of the enlargement section. At a high Reynolds number
(about 1.0x10°, based upon the diameter of the inlet pipe in the present
study) ., the flow is turbulent. if 'the flow extends far enough. it

reattaches to the wall and subsequently reaches a fully-developed state.

This study is concerned with the prediction of pressure. two velocity

variables, and two turbulence variables for this particular flow.

4.3 Details of Geometry and Dimensions

Figure 4.3-1 shows the two geometries of axisymmetric expansions
Investigated here: these have aiso been used in the experiments by

Chaturvedi.
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The dimensions are as follows. the symbois being those shown in the

figure:

Do = 0.05m D =0.1n

L 0.05m

1
5
©

]

&1 = 90° . @2 = 45°
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Figure 4.3-1 The geometries of the axisymmetric expansions

with half angles of 90°(upper diagram) and a5°

(Lower diagram)
(1) inlet (2) outlet

(3) walls (4) symmetry axis.
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4.4 Boundary Conditions

The boundaries of the computational domain for these calculations
comprise the symmetry axis. inlet, outlet and the walls, as shown in

Figure 4.3-1.

Axis of Symmetry

Due to symmetry. it is appropriate to specify V=0 on this boundary:; ali

gradients with respect to y are also zero.

Inlet Plane

The entering fluid is assumed to have a uniform axial velocity of 20 m/s,
a turbulence kinetic energy of 1.2 m2/s2, and a
turbulence-energy-dissipation rate is specified as 78. 87 m2/s%.

Qutlet Plane

A constant relative pressure. P=0 kg/m2, is specified on this boundary.

No other conditions are needed. because no inflow occurs there.

Smooth-wall boundary conditions are used on all the walls; both v and
w are set to zero on them. In the near-wali reglons, wall functions are

employed as described in Chapter 2.
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4.5 Computational Details

4. 51 Grid Selection

in order to examine the effects of grid size on the solution. systematic
grid-refinements were carried out in both x— and y-directions. The effect
of three different numbers of grid nodes on the dimensioniess velocity
(U/Ugqg) profile at the cross—section. (x-2)/Dg = 0.75, for the abrupt
expansion is shown in Table 4.5-1 and Figure 4.5-1. Figure 4.5-2
represents the influence of grid number on the velocity at point A in the
high-shear region ((x=2)/Dg = 0.75, y/Dg = 0.7). It Is seen that the
solution obtained with the 20 non-uniform lateral-grid nodes and 34 in
the axial direction can be regarded. on this evidence. as sufficiently
grid-independent. The resuits presented for an abrupt expansion are
based on the use of this particular grid. 20x34, as shown in Figure
4.5-3. Most of the nodes are located at the high—shear regions at the

pipe junction and near the wall.

The same grid nodes are used for the expansion with a half angle of

450,
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UlUo
Flgure 4.5-1: The veloclty proftle at 0.75 of (x-2)/Dy for
different sets of grid numbers.
Table 4.5-1: Effect of grid on the U velocity
NY x NX NY x NX NY x NX
U/Uo 10 x 26 20 x 30 20 x 34
y | -1.847 -1.850 E-1
-3.989 -4.221 -4.,224 E-2
-1.969 -1.975 E-2
-3.469 -3.569 -3.572 E-3
9.765 9.795 E-3
2.125 2.211 2.217 E-2
3.51 3.516 E-2
5.121 5.149 5.189 E-2
8.659 8.661 E-2
2.057 2.257 2.262 E-
8.603 8.609 E-1
9.870 9.970 9.969 E-1
9.991 9.909 E-1
9.990 1.000 1.000 E-1
1.000 1.000 E-1
1.000 1.000 1.000 E-1
1.000 1.000 E-1
1.000 1.000 1.000 E-1
1.000 1.000 E-1
1.000 1.000 1.000 E-1
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Figure 4.5-2 Influence of grid on the velocity at nosition

A,(x-1)p= 0.75, y/Do = 0.7 .
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Figure 4.5-3 The grid network for the abrupt expansion .
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Use of Cell Porosity

in many processes which require computer modelling, the boundaries of
the domain are Iirregular: or there are Iinternal obstacles which are
either totally or partially Iimpervious to fluid ~flow. In the present

procedure, these problems are handled by ‘cell porosity’.

in this approach. every sub—-domain Is characterised by a set of
fractions, normally Iin the range from 0.0 to 1.0. These fractions
determine what proportion of each cell volume Is available for occupancy
by the fluid. and what proportion of each cell-face area can permit flow.
by convection or diffusion. from one cell to its neighbour. Porosities of
unity correspond to the situation of no blockage while that of zero
corresponds to complete blockage. Vaiues between zero and unity could
represent a partial blockage. such as when an Irregular flow—domain
boundary passes across a cell, or a cell which Is occupied by a
distributed blockage (e.g. for the case with a 45° expansion angie., the
volume porosity is 0.5). The detalls of setting these values are in the

PHOENICS manual.

Other Computational Details

The calculation for the abrubt expansion requires 400 iteration sweeps of
the domain for velocity and turbulence variables, with 10 iterations on the
pressure—correction equation for each sweep:. at the end of which the
absolute volumetric error is reduced to 10~€ of the volumetric flux into
the domain. These and other details of the computation are summarised

in Table 4. 5-2.
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Table 4.5-2: Computational detalls for flow through axisymmetrical

expansions
variable value
cases abrupt expansion expansion wlth 45°
angle
grid NY x NX 20 x 34 20 x 34

type of grid
spacing

non-uniform.
mostly near walls

-and plpe~junction

(see Fig 4.5-3)

non-uniform:
mostly near walls
and plpe-junction

Lteration sweeps 400 500

lnertial under- 0.1 (u) 0.1 (w

relaxation 0.1 «(v) 0.1 (v)

factor 1010 (other 1010 (other

variables) variables)

net volumetric -3.180 x 1076 -3.801 x 1076
error

volume flux

absolute volu- 5.198 x 1076 1.303 x 1076

metric error

volume Tlux

computer time 34 mins 57 mins
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4.6 Presentation of Resuits

4.6-1 Abrupt Expansion

The predicted streamlines. velocity profiles. the turbulence energy and
the mean pressure values are represented and compared with

corresponding experimental data in the following paragraphs.
Streamlines

Streamlines are shown In Figure 4.6-1. The normalised stream function

Is defined as w/D2Ug: which is given by:

v

_Vv = J My X, 9 (4.6-1)
Do? Uo Uo

Do Do
u ls the component of mean velocity in the axial directtion.

Do Is the diameter of the small pipe.

The separation streamline is shown by a dotted line.

Velocity Profile

Figure 4.6-2 represents the predicted distributions of the mean velocity
at five different streamwise locations beyond the expansion. The mean
velocity at each section is normalised by the reference velocity (Ujp) of
20 m/s. and compared with Chaturvedi’'s data. The first three velocity
profiles lie within the recirculation region. the values become negative
near the cylinder wall indicating reverse flow there. The recovery of

the
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Figure 4.6-1 Pattern of streamlines, abrupt expansion.
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Figure 4.6-2 The mean velocity at different cross section,

abrupt expansion.
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flow structure beyond the recirculation zone seems better simulated as

shown in the velocity profile at X/Dg = 22 in Figure 4.6-2

Turbulence Energy

in Flgure 4.6-3 Ls shown the contour plot of the non-dimensional

_ =5
turbulence energy in the flow field. (le value of pY 5
PYo

), where

u’ Ls the components of velocity-fluctuation Ln the x-directlion

about mean. and is obtained from:

u’ = 2kt/2/3 .(4.6-2)

Up Ls the mean veloclity at the Lnlet.
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Figure 4.6-3 Spatial distribution of turbulence energy,
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Pressure Fieid

In Figure 4.6-4 is shown the spatial distribution of the mean pressure
downstream of the expansion. For comparison with Chaturvedi’'s
experimental data which was only available for the separation region
immediately downstream of the step., the predicted resuits are plotted with
the difference. Pq. between the local pressure and the one at the pipe
junction. i.e. -6.807 E+1. and normalised by pUg%/2. - Figure 4.6-4
(A) shows the predicted radial distribution of mean pressure at six
streamwise locations. The mean pressure is defined in the same way as

in Figure 4.6-4.
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4.62 Expansion with a Half Angle of 45°

This particular exercise has been carried out to test the porosity
approach employed in PHOENICS. Only the streamlines. velocity profile
and pressure distribution are predicted and compared with the

expaeriment.

Figure 4.6-5 shows the streamlines. The stream function is defined In
formula 4.6-1. The trend Is similar to the abrupt expansion. In Figure
4.6-6 is shown the calculated radial profiles of the mean axial velocity at
the same locations as Iin Figure 4.6-2. No significant difference

between the abrupt expansion and the expansion with a half angle of

45° can be found. The spatial distributlon of the mean pressure,

Pd

: . which is simtlar to the abrupt expanslon case. ls
puo§/2

presented in Figure 4.6-7.
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4.7 Discussion

The pattern of streamiines shown in Figure 4.6-1 may be considered
generally satisfactory in comparison with Chaturvedi's experimental déta.
However, it should also be noted that the length of the recirculation
zone. which is defined as the axial length from the step to the position
where the mean streamiine Is reanchored to the wall. is slightly

underpredicted.

The velocity distribution, as shown in Figure 4.6-2, is generally well
predicted with the k-« model. However, it also reveals that In the first
two protiles, the magnitude of the predicted reverse flow velocity near the
cylinder wall is less than the measured value. the maximum discrepancy
is about 7%. The predictions agree well with the measurements beyond

the recirculation zone., the maximum discrepancy being less than 2%.

Figure 4.6-3 demonstrates that the maximum turbulence energy occurs in
the high-shear regions away from the walls. It is also seen that the
predictions and measurements display similar trends. However. the
agreement Is reasonably good up to where X/Dg = 4.0, but after that.
the discrepancy between the predictions and experiments becomes larger

(the maximum discrepancy is about 15%).

The comparison of the predicted mean pressure with Chaturvedi’'s data Is
shown in Figure 4.6-4. The agreement Is reasonably satisfactory. The
predicted radial distribution of mean pressure at different streamwise
locations shown in Figure 4.6-4 (A) displays that the variation of the
pressure in the axial direction Is appreciable, "and relatively small in the

radial direction. It has also revealed that the pressure variation in the
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radial direction at the separation region appears to be related to the
turbuience characteristics: the higher the intensity of the turbulence. the

lower the pressure of the mean vaiue over the section.

The distributions of mean velocity, streamlines. turbulence energy., and
pressure presented in Figures 4.6-1 to 4.6-4 so far give a detailed
picture of the general flow characteristics of abrupt axisymmetric
expansion. The feature is that the expansion generates high shearing
rates in regions removed from the immediate vicinity of the pipe wall.
The upstream boundary layer separates at the sharp corner forming a
free—shear layer. In this region the turbulence energy generation rate
will be large., while dissipation rates will be low because. away from the
wall, large—scaie motions predominate. The dividing streamline through
the first haif of the separated flow region Is only slightly curved. and the
shear layer thin enough not to be affected by the presence of the wall.
Later. however. the separated shear layer curves sharply downwards In
the reattachment zone and impinges on the wall. Part of the shear-iayer
fluid is deflected upstream into the recirculating flow by a strong aﬁverse
pressure gradient. The shear layer Is subjected to the effects of
stabilising curvature., adverse pressure gradient, and strong interaction
with the wall in the reattachment zone. The recirculating flow region
below the shear layer cannot be characterised as a dead fluid zone.
The maximum backflow velocity is over 20% of the freestream velocity,
the calculation values are even larger. Downstream of reattachment. the
Reynolds stresses continue to decay rapidly for a distance of several
small pipe dilameters. Simultaneously., a new sub—-boundary layer begins

to grow up through the reattached shear layer.

The streamline plot, mean velocity and pressure distribution for the
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expansion with a haif angle of 45°, as shown Iin Figures 4.6-5 to 4.6-7,
are compared with the measured data. Agreement has been shown to
be reasonably good. It might therefore be Inferred that the porosity

method employed is adequate for the simulation of an inciined wail.
4.8 Closure

In this chapter. the k—e turbulence model is applied to flow through two
kinds of axi-symmetric expansion, namely abrupt expansion and expansion
with a hailf angle of 45°. The porosity approach is used for the Inclined
wall boundary. The predictions have been compared with established
experimental data and agreements have been found to be generally fair.
However, it has also been revealed that the predicted turbulence energy
distribution agrees only with the experiment up to X/Dg = 4., after which
the discrepancy Increases. A reasonable conclusion might be that the
numerical procedure and -the turbulence model employed are realistic
ones, and the porosity method is adequate for the simuiation of an

inclined wall.
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CHAPTER 5 - AIR FLOW THROUGH A SEATLESS POPPET VALVE

5.1 Introduction

in the previous chapter the simulation of flow through axisymmaetric
expansion was presented. This chapter describes the simulation of vailve

flow.

A poppet valve is one of the seating-type vaives in which the poppet.
usualily spherical or conical in shape. moves in a direction perpendicular
to its seat. It is generally appiled as a means of shutting off and as
such it has been used for a long time. The geometry of a seatless
valve. as shown in Figure 5.1-1, Is simpler than that of a vaive with an
angled seat and Is therefore chosen for a preliminary study to obtain

some Insight into the characteristics of a vaive flow.

In a real engine, the vaive—opening area varies with time. At any instant
in the process, the flow rate through the open area is determined by the
difference between the pressure in the cylinder and that in the ducting
immediately upstream: these pressures also vary continuously. Few
fairly ‘comprehensive tests for the measurements with time-varying
variables (Fukutani (1982). Tabaczynski (1984)) have been reported
recently. However, many experiments (Wood (1967). Annand (1969).
Bicen (1983) etc) have been carried out under steady conditions, which
could provide an insight into valve flow with considerable economy and
convenience. The avallable experimental data are usually restricted to
simple measurements of global parameters. for example the discharge

coefficient.
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Figure 5.1-1 Inlet seatless valve assembly.
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In the present chapter, the steady turbulent roQs through a seatless
valve with various valve lifts are simulated. The calculation is restricted
to a simpler—-than—practicai geometry, ie an Idealised. axisymmetrical.
isolated seatless vaive In a straight parallel port. It was tested up to a
dimensioniess lift (Ly/Dy) of 0.3, a range which Is commonly used in
practice. Two kinds of flow situations are studied numerically: one for
flow through a valve into a cylinder and the other for flow to the open
atmosphere. the latter corresponding to Annand’s experiment. The
predicted discharge coefficients for the two situations are compared with
Annand’s experimental data. The predictions also yieid the flow field
(which cannot be provided with a simple experimental apparatus). some
details of which are plotted as centreline amd radial profiles and

contours.

5.2 Phenomena to be Predicted

Much less is known of the detalls of the flow through a vaive than that
through an axisymmetric expansion as described In Chapter 4. it has
been observed that in the former. one vortex ring occurs downstream of
the step: in the latter, however. there Is a second vortex ring appearing
just downstream of the vailve, and the position of the vailve does lnﬂu'ence

the discharge coefficient. These phenomena are studied.

5.3 Geometry and Dimensions

Two geometries have been considered. They are shown in Figures
5.3-1 (A) and (B). The difference between the two cases is that In the
first, a flow discharges Iinto a large diameter cylinder; while in the

second case the flow discharges into the atmosphere.
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.(a) Flow into a cylinder

Afo is the free boundary

(b) Flow into the atmosnhere

Figure 5.3-1 (a) and (b) Geometries of the seatless-valve opening.
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The valve dimensions for both cases are the same as those used by

Annand:
vailve diameter 0.045 m
vaive stem diameter 0.0095 m

The dimensions of the valve assembly used in the numerical simulation
cases are given In Table 5.3-1. Symbols used are the same as those in

Figure 5.3-1.

Table §.3-1: Dlmenslons of two cases

flow inta a cylinder | flow into the atmosphere
case A case B
valve 0.045 m 0.045 m
dlameter Dy,
cylinder 0.09 m
diameter D
calculation 0.8 m
domain width Dg
calculation 0.5 m . 0.5 m
domain
tength L
Lift: Ly/0Oy
(1) 0.053 0.053
(2) 0.1 0.1
(3) 0.15 0.15
(4) 0.2 0.2
(5) 0.25 0.25
(6) 0.3 0.3
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5.4 Boundary Conditions

The boundaries of the computational domain are shown in Figure 5.3-1

and boundary conditions are specified as foliows:

Axis of Symmetry

At the centre-line. the normal velocity, v, Is zero and all normal

gradients of other variables are zero.

Inlet Plane

At the inlet. a uniform velocity profile of 15 m/s is specified: a uniform

turbulence kinetic energy of 0.875 m2/s®2 and turbulence-energy-

dissipation rate of 1.664 m?/s® are prescribed.

Qutlet Plane

A fixed constant pressure. P = 0 kg/m?2, is specified on this boundary.

As the fluid is assumed incompressible. computed pressures are relative

to this value.

Walis

The regions near all walls., including the cylinder wall, the duct walil,

and valve—-face and -stem., are treated by use of the wall function

described in section 2.
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Free—Boundary

For case B. (flow through a valve enters the atmosphere)., A{Bj is the

free—boundary where a uniform constant pressure is assumed.

5.5 Computational Details

5.51 Grid—Dependence Study

The calculation domain Iis shown in Figure 5.5-1. Also shown Is the
grid network used. The grid distributed non-uniformly over the flow
domain with a large number of nodes in the vicinity of the valve and the

cylinder wall.

The number of grids Iin y-direction is the same Iin Chapter 4. The
influence of the axial grid number on the discharge coefficient is studied.
As the region upstream of the valve is more Important for the present
problem., the effect of the grld.number in this region (A) on the
discharge coefficient for Case A, Ly,/D; = 0.15, Is shown In Figure
5.5-2. The Influence of the total grid number on the discharge

coefficlent for the same case is represented in Table 5. 5-1.

it can be concluded. by reading the results in the tabie., that 20 x 34

grid-nodes provide sufficient ‘grid—-independence’.
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Figure 5.5-1 Grid distribution of the calculation domain
(a) for the whole domain;

(b) part of the domain around the valve.
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Figure 5.5-2 The influence of Grid number in the region A on the
discharge coefficient
Table 5.5-1 The effect of the nodes in region A on the Cp.
grid No. in 2 4 5 6 7 8
region A
Ch 0.8327 | 0.7612 | 0.7427 | 0.7281 | 0.7173 | 0.7162
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5.52 Other Computational Details

Table 5.5-2 summarises the grid employed and other computational
details for the same case on grid-dependencs. The ’‘Net’ voiumetric
error gives the sum of the volumetric imbalance of each celli: while the
‘absolute’ error gives the sum of the absolute volumetric imbalance of
each cell. Of the two. the latter Is considered to be more important for
the former couild be smaill by cancellation of large positive and negative
errors, In Table 5.5-2 below, each of these errors has been

non—-dimensionalised by the volumetric flux. le 1.0E-3.

Table 5.5-2 Computational details for flow through a seatless valve with

uniform properties

Variable value
grid NYXNX 20 x 34
type of grid spacing non-uniform., mostly near the

valve and the cylinder walls

number of sweeps " 600

number of Lterations on
v and u 1
p’ 10

Lnertial under-relLaxation

factor for u 0.1

v 0.0001

k 0.01

€ 0.01
non—-dimensional Lsed 4,185 x 1075
net volumetric error
non—-dimensionalised 7.261 x 10”5

absolute volumetric error
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5.6 Presentation of the Main Results
The resuits of the main computations are considered under three
headings: profiles of mean velocity and wall pressure: profiles of the

turbulence kinetic energy and intensity: and the discharge coefficient.

Profiles of Mean Velocity and Wall Pressure

In Figure 5.6-1 Is shown the predicted radial profiles of axial mean
velocity at various streamwise locations upstream and downstream of the
valve for Ly/Dy = 0.15 (Case A). The mean velocity at each section Is
normalized with the reference velocity (Ug) of 15 m/s. The flow at
entrance, at a location of X/Dy = 0.03. has a uniform mean velocity
profile. The second profile, at X/Dy, = 0.47, lies within the first
recirculation region upstream of the vaive. it may be noted that the
values become negative near the cylinder wall indicating reverse flow
there. The maximum value In the profiles Is located close to the vaive
tip. Figure 5.6-1(2) aiso shows a rapid deceleration of fluid near the
vaive stem, accompanied by a corresponding acceleration in the valve lift
region (near valve tip). The profiles downstream, at X/Dy = 0.63, 0.81
and 2.21. show the flow characteristics downstream of the valve,
Indicating the presence of a second recirculation there. The last one,
at X/Dy = 9.6. shows the velocity distribution further downstream of the
valve and near the exit boundary. It is almost uniform. indicating the

recovery of the flow.
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Figure 5.6-1 Radial profile of axial velocity at six streamwise

locations for Aj; LVDV=O.15 .
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The development downstream of the valve can be conveniently
summarised by an lnspectlon of the profile of centreline axial velocity and
the streamiine pattern. Figure 5.6-2 presents the centreline axial
velocity for LyDy = 0.15 and indicates the region of reverse flow in the
lee of the vaive, which extends to X/Dy = 2.548, and the subsequent

development as the wake profile reforms towards that of a pipe flow.

In Figure 5.6-3 is shown the centreline profiles of axial veiocity for L,/Dy

of 0.1, 0.15 and 0.3.

Figure 5.6-4 shows the streamline pattern corresponding to the profiles
of Figure 5.6-1. The pilots have been constructed by evaluating the

stream function:

v (X.y) = r uCx.y) y dy . (5.6=1)
o

Axtal variation of wall-pressure Ls displayed Ln Figure 5.6-5. It Ls

given by plotting the non-dimensionallsed pressure,

P~ Po versus X/D,. where P, is the wall pressure at the inlet
0.5pUg2

duct and Ug is the inlet mean velocity.
The flow outside the separation streamline must accelerate as it passes

over the maximum width of the recirculation. The fall in static pressure

which accompanies this accseleration Is clearly depicted in Figure 5. 6-5.
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Figure 5.6-5 Axial variation of wall-bpressure.
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Turbulence Energy

The centreline profiles of turbulence intensity and turbulence kinetic

energy normalized by Ug and pUqg? respectively are shown in Figure

5.6-6 and 5. 6-7.
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Discharge Coefficient

The variation of the computed discharge coefficlent with vaive Iift at a
constant mass flow rate of 9.5 x 1072 kg/s for the flow through a valve
entering an enlarged cylinder (case A). and that entering the
atmosphere (case B) is shown in Figure 5.6-9. They are compared
with 'the experimental data of Annand. which has only covered the latter

situation.
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Figure 5.6-8 Comparison of discharge coefficient of

closed and open flow situations.
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5.7 Discussion

The aspects of the flowfield that are of Iinterest in this study are the
velocity profile, wall-pressure. the level of turbulence. the discharge

coefficient and the influence of valve lift on them.

Mean Velocity and Wall Pressure

The velocity distribution represented in Figure 5.6-1 displays that the flow
near and downstream of the valve qualitatively resembles those observed
by Bicen (1983) in a two— or four-stroke engine with the jet-like flow
driving two vortices. one in the corner between the wall and the cylinder
head. and the other downstream of the valve near the cylinder axis.

This Is also confirmed in Figure 5. 6-4.

The centreline profile of axial velocity in Figure 5.6-2 aiso shows the
same general characteristics. There Is a region of recirculating flow
where the mean velocity is negative, one of acceleration and another one
further downstream of nearly uniform or siowly decreasing veiocity. The
influence of the vaive lift on the centreline velocity shown in Figure 5.6-3
reveais that the maximum negative value decreases with increasing vaive

lift.

The axial variation of wall—pressure In Figure 5.6-5 displays the minimum
pressure which exists at the section of the ‘eye’ of the recirculation
zone. The flow outside the separation streamline must accelerate as it
passes over the maximum width of the recirculation zone downstream of
the vaive. The fall In static pressure which accompanies this

acceleration can aiso be seen from this diagram; later the pressure
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recovers.

Turbulence Energy

The centreline profile of turbuience kinetic energy and turbulence intensity
depicted In Figures 5.6-6 and 5.6-7 show that large k/pUg? and
(u?) 1/Z/Uo values are located behind the valve, because the

recirculation there generates intense turbulence.

Discharge Coefficient

The variation of the predicted values of the discharge coefficient with the
vaive lift for cases A and B is shown in Figure 5.6-9. The experimental
data for case B, which were measured by Annand. are also displayed in

the same figure. They show a similar trend of variation.

The calculation was carried up to a dimensioniess lift (Ly/Dy) of 0.3, a
range which is commoniy used in practice. and the.Reynold number
based on the inlet diameter Dy is 1.0x10%. High discharge coefficients
are obtained at low lifts, suggesting that the flow boundaries remain
attached to the walls of the valve passage and fill. the entire exit plane:
and that any separation occurring In the passage Is small at a low lift,
while at high lifts the flow separation near the tip of the valve head
becomes more pronounced which lowers the discharge coefficients. On
comparison of the predictions with the experimental data. the agreement
is satisfactory when Ly/Dy is above 0.15 for the closed flow situation
(Figure 5.6-9). In the open flow situation, the agreement seems to be
fair up to 1.5 of Ly/Dy. but then the predictions start to deviate. The

maximum discrepancy is about 5% for the open flow, 2.7% for the closed
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flow.

The comparison of predicted discharge- coefficient for the two cases Is
shown Iin Figure 5.6-9., revealing that the difference betwéen the
discharge coefficient of flow through a vaive entering an eniarged cylinder
and flow entering the atmosphere is not large. indicating that the data
avallabie In flow entering open atmosphere can be used with confidence

in determining the discharge characteristics of inlet ports and valves.
5.8 Closure

In this chapter, flow of air through a seatless poppet valve has been
simulated. The predictions of discharge coefficient have been compared
with the experimentai data of Annand and the agreements have been
found to be generally fair. It has also revealed that the flow discharge
coefficient at an- open flow situation is close to the closed one: an
experiment for open flow situation can then be used to study the flow

characteristics.

The predictions have been carried beyond the experimental information.
Fleld values of some flow variables have been provided. It resembles
those observed by Bicen (1983) in two and four-stroke engines with the
jet-like flow. Steady flow testing may. therefore., be used for

understanding the fundamentals of the vaive flow.
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CHAPTER 6 - FLOW OF AIR THROUGH A VALVE WITH AN ANGLED

SEAT

6.1 Introduction

In the previous chapter, the numerical simulation of flows through a
seatless poppet valve was presented. The present chapter describes an

extension for flows through a valve with an angled seat.

The seatless vaive. which has a simpler geometry than that of a valve

. with an angled seat. has served as a preliminary study to obtain some

insight into the characteristics of a vaive flow. In the present chapter,
the Iinvestigation described represents an attempt to examine the effect of
valve—-seat width, seat angle and valve Ilift on the flow pattern and

discharge coefficient.

The description of the phenomena to be predicted is given in section .
6.2. In section 6.3 are given the geometry. dimensions and the cases
considered. The detailed boundary conditions and the grid refinement
are described In section 6.4 and 6.5. The predicted resuits are
presented in section 6.6. Some of the results are compared with the
experimental data of Annand. followed by discussion in section 6.7. The

chapter conciudes by summarising the main findings In section 6. 8.
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6.2 Phenomena to be Predicted

In the present study. consideration is given to a steady turbulent fiow
from an inlet duct through a valve with an angied seat. into an enlarged
cyiinder. Separated recirculating flows are established upstream and
downstream of the valve (Figure 6.2-1): there are two vortices. one in
the corner between the cylinder wall and the step: and the other in the
lee of the valve near the axis. The infiluence of the valve geometry on

the discharge coefficient. and on the flow pattérn Is studied.
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Figure 6.2-1 Mean streamiine pattern for a seatless valve.
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6.3 Geometry. Dimensions_and

The geometry of the inlet port and

schematically in Figures 6.3-1 and 6.3-2.

Cases Considered

conical-valve arrangement is depicted

The dimensions of the model

valve are the same as those of the apparatus used in the experiments of

Annand: they are:
head diameter (D) 0
stem diameter (d) 0]
seat width (w) 0
valve thickness 0

Dimensions of the inlet port and
Do = 0.045m, D

Dys= Do + 2w = 0.0482m, L

"

LLft, w

Lv

=] seat angle.

The study concerns the variations
are the ratio of valve lift to valve
valve seat width to valve diameter.
(cases 16-21) as

seat angle. ©.

is performed as a basic case).

.045m,
.00095m,
.0016m,

.0016m.

valve geometry:

0.1m,

0.5m,

seat wtdth.

of three geometric parameters; they

dilameter. Ly/Dy. (case 2-8): that of

w/Dy. (cases 9-15): and the vaive

summarized in Table 6. 3-1. (case 1
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Figure 6.3-2 The details of the valve parameter

Ly:T1ift, w:seat width, §:seat angle.
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Table 6.3-1 Characteristics of the 21 cases studied.

Case ) w/Dy Ly/Dy
1 450 0.035 0.16
2 45 0.035 0.053
3 45 0.035 0.071
4 45 0.035 0.106
5 45 0.035 0.16
6 45 0.035 0.213
7 45 0.035 0.248
8 45 0.035 0.284
9 45 0.068 0.053

10 45 0.068 0.077
1 45 0.068 0.106
12 45 0.068 0.16
13 45 0.068 0.213
14 45 0.068 0.248
15 45 0.068 0.284
16 30 0.035 0.16
17 35 0.035 0.16
18 40 0.035 0.16
19 45 0.035 0.16
20 50 0.035 0.16
21 60 0.035 0.16

6.4 Boundary Conditions

In Figure 6.4-1 are shown the boundaries of the computational domain;

all conditions on them are described below.
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Axis of Symmetry

Along the symmetry axis. the normal velocity, v. and all normal gradients

of other variables. are zero.

Inlet Plane

At the inlet section., a uniform velocity profile at 15 m/s across the duct
Is prescribed. the turbulence-energy. k. is 0.675 m2/s (0.003x Wjp3).

and its dissipation rate is 1.664 m2/s3 (0.09 x kjnt: 5/(0.003 x D/s)).

Qutlet Plane

A constant and uniform pressure condition, P = 0 kg/m2, is imposed.

Walls
The regions near all walls. le. cylinder wall, duct wall, and valve—-face
and -stem. are treated by use of the wall function described in section

2.5,
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Figure 6.4-1 Boundary region distribution
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6.5 Grid Refinement

Since the present problem has a complicated geometry, the grid lines
are distributed non-uniformly over the filow domain. A grid distribution
for case 1, as shown in Figure 6.5-1, is provided here in order to
illustrate its non-uniformity. It can be seen that closer spacings are
used in the more important regions. I.e. valve lift. near the conical seat

of the valve and the cylinder walli.

Grid-refinement studies have been performed for flow through a seatless
vaive in chapter §5: the grid emplioyed In chapter § is taken as a
minimum grid number for the grid—~dependence study. This was carried
out. mainly for determining the Influence of the grid number In the
conical seat and lift regions on the velocity profiles, and the influence of
the grid number on the discharge coefficient. Table 6.5-1 displays the
predicted velocity at section Z for four selected grids In the conical-seat
region of case. 1. It can be seen by reading the line horizontally that
the velocities at the same position behind valve do not change
significantly beyond 26 x 51 grids (26 y-nodes with 4 nodes In the
conical-seat region and 51 z-nodes). Table 6.5-2 shows the influence
of the grid-nodes in the lift region on the velocity profile at section Z,
downstream of the valve. Three kinds of grid are Investigated. It Is seen
that the velocity values do not change significantly beyond 26 x 51 nodes

(26 y-nodes and 51 z-nodes with 7 grid nodes in the lift region).
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Figure 6.5-1 Grid distribution of the calculation domain:
(a) for the whole domain;

(b) part of the domain around the valve.
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Total grid No. 23x40 26x44 26x51 30x52
Grid No. tn 2 4 5 8
seat regtion
Velocity W/Wi, | 2.010E-1 | 4.441E-1 | 4.451E-1 | 4.459E-1
(at Z=0.03305) | 3.011E-1 4.515E-1 | 4.521E-1 | 4.527E-1
Yi 3.901E-1 4.567E-1 | 4.574E-1 4.577E-1
4.215E-1 | 4.647E-1 | 4.655E-1 | 4.659E-1
-1.713E-1 | -1.924E-1 | -1.934E-1 | -1.937E-1
-1.117E-1 | -8.735E-2 | -8.747E-2 | -8.751E-1
-6.518E-2 | -5.645E-2 | -5.651E-2 | -5.687E-2
-3.714E-2 | -3.002E-2 | -3.015E-2 | -3.019E-2
-1.715E-2 | -1.395E-2 | -1.407E-2 |-1.415E-2
Table 6.5-2
Total grid no. 26x42 26x51 26x55
Grid No. in 5 7 8
LLft region
Veloclty W/Win | 4.431E-1 | 4.441E-1 4.449E-1
(at z=0.03305) | 4.503E-1 | 4.515E-1 4.521E-1
Y 4,.521E-1 | 4.533E-1 4.540E-]
A 4.642E-1 | 4.651E-1 4.657E-1
3.539E-1 3.553E-1 3.561E-1
-1.911E-1 |-1.924E-2 |-1.931E-1
-1.489E-1 [-1.511E-1 |-1.525E-1
-1.190E-1 [-1.210E-1 |-1.217E-1
-8.733E-2 |-8.775E-2 |-8.782E-2
-6.437E-2 |-6.551E-2 |-6.560E-2
-4.679E-2 |-4.711E-2 |-4.719E-2
-3.00/E-2 |-3.011E-2 |-3.017E-2
-1.789E-2 |-1.903E-2 |-1.913E-2
-1.381E-2 |-1.397E-2 |-1.399E-2
-8.497E-10| 8.503E-10 | -8.511E-10
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Figure 6.5-2 represents the Influence of the grid number on the
discharge coefficient. the values of which are shown in Table 6.5-3. it
can be seen that the discharge coefficient does not change significantly
beyond 26 x 51 grid-nodes. The final grid employed is 26x51 and by the
above tests is regarded as sufficiently grid-independent. A total of 26
y-grids are used to span 0.045m, of which 4 nodes are used for
0.0016m conical-seat. as shown. 51 Z-nodes are used to span 0.6m,
of which 4 grid-nodes are used for the 0.0016m valve seat. 7 nodes are

used in the lift region.
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20x40 23x40 26x44 27x86 30x52
26x45 26x51

Figure 6.5-2 The influence of grid number on

coefficient.

the discharge

Table 6.5-3 The influence of grid—nodes on the discharge caoefficient.

Ly/Dy = 0.16. W/Dy = 0.035. & = 450,

Grid No. 20x40 | 23x40 | 26x44 | 26x45 | 26x51

Discharge co-
effictent Cp (j0.7831 | 0.7173 | 0.6729 | 0.6664 | 0.6645

30x52

0.6545
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6.6 Presentation of the Main Resuits

6. 61 Radial Distribution Axial Velocity

Since many cases invoiving many dependent and auxillary variables have
been studied. it is impossible to show all resuits: only a limited
selection of velocity profiles., as shown Iin Figure 6.6-1, are displayed

and discussed.

Figure 6.6-2 represents the radial profiles of axial veiocity at six axial
stations for the dimensionless valve lift, LyDy. of 0.106 (i.e. case 4):
Figures 6.6-3 and 6.6-4 show the velocities at the same locations for
valve lifts of 0.16 and 0.284 (i.e. cases 5 and 8). The velocity at

each section is normalized by a reference velocity (Ug).

From these three diagrams. it Is seen that the velocity profiles at 1 are
nearly uniform at entrancs. The second profiles at 2, 2/Dy = 0.52
respectively in Figures 6.6-2, -3 and -4, show the recirculating
characteristics upstream of the valve. The negative values appear near
the cylinder wall indicating reverse flow. It is seen that the smaller the
valve lift the larger the recirculation zone., and the larger the maximum
axial velocity. Radial profiles at locations 3, 4 and 5 ((Z‘Zv)/Dv =
0.55, 0.876 and 2.186, shown Iin these three Figures) lie within the
second recirculation zone downstream of the valve. The last radial
proflles at location 6. (Z‘ZV)IDV = 7.846, presents the velocity
distributions further downstream. The proflles are approximately uniform,

indicating the recovery of the flow.
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Figure 6.6—-1 The chosen location for the velocity sketch.
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6.62 Radial Velocity

in Figure 6.6-5, the distributions of radial velocity component v, near
the vaive exit, are compared for three different lifts. It can be seen that

a higher v-velocity is associated with a smaller Iift.

6.63 Centreline Distribution of Axial Velocity

In Figure 6.6-6 Iis shown the centreline distribution of axial velocity
component for the same three (lift), cases. It shows that the smaller

the valve lift. the larger the maximum negative axial velocity.

6.64 Streamline Pattern and Recirculating Mass Flow Rate

Figure 6.6-7 shows the streamline pattern for case 1 (L,/Dy = 0.16).

They were calculated by:

M = 2pr" U(Z.rrdr ,(6.6-1)
o
The spatial distribution of the streamlines enables the size and the shape
of the recirculation zone to be evaluated. Figure 6.2-1 in section 6.2
has already illustrated the recirculation zone, which may be characterised

by a boundary streamline which represents m = 0.

Consideration of the mass flow rates trapped within the recirculation zone
will provide a measure of the relative strength of the vortex motion: and
its magnitude. m, (recirculation mass flow rate), may be obtained from

the integration:
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Figure 6.6-5 Distribution of radial velocity at exit from valve for
three 1ifts: L,/Dy = 0.284, 0.16, and 0.106.
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Figure 6.6-6 Centreline profile of axial velocity for flow through a
valve with 45 deg angled seat with three valve locations:
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Figure 6.6-7 Streamlines of flow through a seated valve

Ly/Dy = 0.16, w/Dy = 0.035, 8 =45,
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My = 2anrl U(Z. rrdr . (6.6-2)
(o]

where r; is the radial position of the zero velocity boundary. m, is the

maximum negative mass flow rate.

Figure 6.6-8 shows the axial distribution of the normalized recirculating

mass flow rate. m;/mj,. mjn Is the mass flow rate at entry duct.
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Figure 6.6-8(a) Variation of the recirculation flow rate with axial
distance for three lifts: (1) LV/DV= 0.106,
(2) L,/D, = 0.16, (3) LV/DV= 0.284.

m =¥ -%]=]¥-Y
Y, = Y (2)

Figure 6.6-8(b) Streamline pattern in the recirculation zone.
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Table 6.6-1 compares ‘the maximum recirculating mass flow rate,
Mr. max/Min. and the length, L. of the reverse flow zone downstream of
the valve for three valve lifts. It shows that my, max/mj, for

Ly/Dy = 0.284 is only 51.7% of that for L,/DOy = 0. 106.

Table 6.6-1 The maximum recirculating mass flow rate and the length of

the reverse flow zone for three valve lifts

case dimenslontess LLft | Mr.max/Min Lr(m)
Ly/Dy
4 0.106 -0.5969 0.1368
5 0.16 -0.4126 0.11583
8 ‘ 0.284 -0.3088 0.1097

6.65 Pressure

The calculated isobars for flow through a valve with an angled seat
(Ly/Dy = 0.16) are shown in Figure 6.6-9(a). The minimum pressure

appears at the eye of the recirculation zone.

In Figure 6.6-9(b) are shown the axial varlations of wall-pressure for
cases 4, 5 and 8 for three dimensionless lifts of 0.106, 0.16 and
0.284. It can be seen that as the valve lift is reduced the minimum
wall-pressure reduces accordingly. The pressure recovery in the

downstream region can also be observed.



-131-

14 ]

0.2 |

-1.0 V -

0.0 0.1 02 03 04 05
Z AXIS

Figure 6.6-9(b) The axial variation of the wall-pressure downstream
of the valve for three 1ifts: (1) LV/Dv = 0.106,
(2) L,/D, = 0.16, (3) L,/D, = 0.284.

YIDy

20 40 60 ’ 2ID,,

Figure 6.6-9(a) Calculated isobars for flow through a valve with

an angled seat 8 =45 w/D, = 0.053 L,/D, = 0.16.
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6.66 Turbulent Kinetic Energy

[u’2j+/2
The centreline values of turbulence intensity (_____ ) and
Uo
k
PUo?

Figures 6.6-13 and 6.6-14. It is seen that the values decrease rapidly

turbulent kinetlc energy ( ) for three cases are displayed Ln

after the recirculation zones.
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Figure 6.6-10 Centreline values of turbulence intensity for three
lifts: (a) L,/D, = 0.106, (b) LV/DV = 0.16,
(c) Ly/Dy = 0.284.
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Figure 6.6-11 Centreline values of turbulent kinetic energy for three
lifts: (a) L,/D, = 0.106, (b) LV/Dv = 0.16,

(c) L,/D, = 0.284.
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6.67 Discharge Coefficient

(1) Effect of the Valve Lift on the Discharge Coefficient

(Cases 2-8)

Figure 6.6-15 shows the variation of the predicted discharge coefficient

Cp for a valve with a 45 deg seat-angie and W/Dy = 0.035., with the

dimensionless valve-iift (Ly/Dy). The results are also represented in
Table 6.6-2. It Is seen that., In general, higher Cp values appear at
low lifts. with the maximum at L,/Dy = 0.1, after the peak. the

discharge coefficient decreases with lift.

(2) Effect of the Seat-Width on the Discharge Coefficient

(Cases 9-15)

Figure 6.6-16 presents the results of another series of palculatlons for
cases 9 to 15, similar to cases 2 to 8. but with a wider seat width. It
can be seen that at low and intermediate lifts, the discharge coefficients
of a wider seat valve (W/Dy = 0.068) are in general smaller than those
of a narrower one, and there Is a dip for the wider seat (W/Dy =
0.068): a similar observation was also reported by Annand (A much

deeper dip appeared in his experiment).
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Figure 6.6-12 The effect of the Ilift on the discharge coetficient.

Table 6.6-2 Discharge coefficient for flow through a vaive with 45° seat.

W/Dy = 0.035.

W/Dy 0.035
P 450

Ly/Dy | 0.053 [0.071 [0.106 [0.16 [0.213 |0.248 |0.284
Co 0.6033(0.7176(0.7752[0.6789(0.6062|0.5753|0.5547
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Figure 6.6-13 The effect of the seat width on the discharge coeflicient.
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Effect of the Seat Angle on the Discharge Coefficient

(Cases 16-21)

In Figure 6.6-14 is shown the caiculated discharge coefficients for a
number of different valve-seat angles, for the same seat-width and lift
(W/Dy = 0.035, Ly/Dy = 0.16). The resuits are aiso represented in

Table 6.6-3.
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Figure 6.6-14 The effect of the seat angle on Cp.

Table 6.6-3
W/Dy 0.035
e 30° 35° 40° 45° 50° 60°
Co 0.6080 | 0.6237 | 0.6429 | 0.6789 | 0.5586 | 0.6468
Ly/Dy 0.16
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6.7 Discussion

The aspects of the flowfield that are of interest in this study are the
profiles of axial and radial velocity components. the wall pressure. the
characteristics of the recirculation zone, and the level of turbulence
which are generated. The effect of the vailve Ilift on the above
characteristics, and the Influence of other geometry parameters of the
valve such as valve seat angle. seat width on the global parameter, e.g.

the discharge coefficilent, are examined in the foliowing subsections.

6.71 The Characteristics of the Fiow Field Velocity and Pressure

The predicted velocity distributions at several streamwise locations. shown
in Figures 6.6-2 to 6.6-4, have displayed a similar flow structure for
three dimensioniess valve lifts, namely 0.106, 0.16 and 0.284. The
structure aiso resembles that for a seatless vaive as presented In chapter

5.

The centreline profiles of axial velocity represented in Figure 6.6-5 show
that the méxlmum negative velocity decreases with increasing valve lift.
The maximum negative centreline axial velocity is interesting, because it
can be regarded as a characteristic velocity of the recirculation zaone,
and also because It is related to the magnitude of the recirculating mass
flow rate. Table 6.6-1 compares values of these quantities: and shows
that the smalier vaive lift Is assoclated with a larger maximum mass flow

rate of reverse flow., and larger length of recirculating zone.

The reason for the larger maximum centreline velocity associated with a

small valve—-lift may be explained as follows:
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The flow has a larger radial velocity component at the valve exit for a
smaller lift, see Figure 6.6-6, results in a wider recirculation zone. a
sharper streamline curvature, a narrower gap round the recirculation

zone, and a smaller pressure minimum at the ‘eye’ of the recirculation

zone. Figure 6.6-9(a) shows that a sharper pressure gradient Iis
assoclated with a smailer lift. The maximum reversed velocity Iis
dependent on the centreline pressure gradient. As a result, the

maximum negative centreline veiocity Is also larger.

6.72 Turbulence Quantity

The centreline values of turbulence intensity and turbulent kinetic energy
depicted In Figures 6.6-10 and 6.6-11 for three vaive lifts (L,/Dy) of
0.106. 0.16 and 0.284, reveals qualitatively similar distribution. This
result is unsurprising because similar qualitative velocity fieids lead to
similar rates of strain. It is also found that large k/pUy and (u?)1/2/Ug
values are located behind the vaive because the recirculation there
generates intense turbulence. The influence of the lift on the turbulence
energy can also be seen from Figure 6.6-11: the smaller the lift. the
larger the maximum turbulence energy. The reason Is as follows: a
smaller lift gives rise to a larger recirculation zone., with a corresponding
sharper streamline curvature., particularly downstream of the maximum
recirulation zone. It results in a smaller minimum pressure at the ‘eye’:

and corresponding smaller reversed velocities at the centreline

with a larger value of velocity gradient. f This Lncreases the

az

normal-stress—normal-strain Interactions. and. therefore., gives a larger

turbulence kinetic ensergy.
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6.73 The discharge Cosfficient

The variation of the discharge coefficient. Cp. with valve lift under the
same Reynolds number is shown in Figure 6.6-12, and reveals that the
Cp values are generaily high for smaller valve-lifts and exhibits a peak at ‘
about Ly/Dy = 0.1, suggesting that the flow remains close to the walls of
the valve passage and any separation occurring in the passage is small
in the low valve-lift range. The decrease of Cp In the
intermediate—to—high lift range is caused by the flow separation near the
tip of the valve head. They are comparable with the experimental data of
Annand. For an intermedlate lift range. the prediction seems to be in
fair agreement with the experiment. However. in general the predictions
under-estimate Cp at small values of Ly/Dy and over-estimate it at high

lifts.

The results for a wider valve, (W/Dy = 0.068) shown in Figure 6.6-13,
display that at low lift region., the flow remains attached to the valve
boundaries and fills the entire exit plane resulting in high values of
discharge coefficient with a peak at Ly/Dy = 0.09. The values. Cp. falis
with a dip. it might be caused by the separation occurring at the valve
face. At intermediate valve lifts. a gradual improvement in the discharge
coefficient is evident. At high lift, Cp decreases with increasing lift. It
is found that the Cp values are higher . - for a thinner valve-seat than
those for a wider one. The decrease of discharge coefficient is caused
by the separation. It Is, therefore. possible to Improve the breathing
capacity by a careful design of the valve configuration. Improvement can
be achieved by a thinner vaive and rounding off the sharp edges Iin the

valve passage to minimise the possibility of flow separation.
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The predictions are also compared with Annand’s data. At low and
intermediate lifts, the predictions appear to be in agreement with the
experiment, but with a poor agreement at large lifts (the maximum

discrepancy between prediction and experiment is above 10%).

The effect of the seat angle on the discharge coefficient can be seen
from Figure 6.6-14. The predicted maximum value of Cp Is obtained for

a 45° seat angle valve

6.8 Closure

it has been demonstrated in this chapter that flow through a valve with an
angled seat can be predicted satisfactorily, and the effect of three
geometric parameters. i.e. valve lift, valve seat width and seat angle.
on the flow has been studied. The discharge coefficient of flow is

compared with the experiments of Annand.

The following influence of the valve lift on the flow has aiso been found:
the smaller valve Ilift is assoclated with a larger maximum negative
centreline axial velocity, a larger recirculating mass flow rate. and a

lower minimum wall pressure.



-143-

' CHAPTER 7 - THE EXPERIMENTAL INVESTIGATION: FLOW OF WATER

INTO A CYLINDER THROUGH A COAXIAL VALVE-PORT
7.1 introduction

This chapter Is concerned with an experimental Investigation of the
laminar flow through an idealized valve geometry. For this study. a
water-model rig was constructed in such a way that details of the flow
pattern near the valve can be readily visualized and photographed. The
choice of water as the fluld medium has been made for two basic
considerations. Firstly. by using water it is possible to use a low
velocity in the experiment to achieve a given Reynolds number: secondly,
and perhaps more Iimportantly, dyed fluid Is more effectively used with

water.
The purpose of this chapter can therefore be summarised as follows:

(a) To observe the details and note any unusual behaviour of the flow

pattern around the valve:

(b) To obtain photographic records of the flow patterns for steady.
as well as unsteady flows through a coaxial valve-port for comparison with

computer predictions.

The remainder of this chapter is divided into seven sections. Section
7.2 contains a description of the apparatus used and the operational
procedure. In section 7.3, the various cases studied are detailed.
Observations and discussion of steady and unsteady flow tests are

contained in section 7.4 and 7.5 respectively. Section 7.6 describes an
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unexpected circumferential motion phenomenon. The last section,
section 7.7 summarises what has been achieved in this experimental

Investigation.

7.2 Description of the Experiments

7.21 Apparatus

The general arrangement of the apparatus used for the present series of
experiments Is schematically depicted in Figure 7.21-1. (the main
dimensions are given in Figure 7.21-2). Water from a constant-level
supply tank. 2., flows past a poppet vaive, 10, into the test cylinder., 12,
via the pipes 7 and 9. When the water in the cylinder is full, It
overflows into a rectangular perspex container, 14, where the water level
is kept constant by the overflow, 13. This rectangular-box arrangement
allows the flow inside the cylinder to be visualized with a minimum of
distortion. The water-supply tank and the test—cylinder assembly are
mounted on a metal framework about 2.5m and 1.5m respectively above
the floor, giving a maximum head of 1.35m for the flow. Inside the test
cylinder. the poppet vailve., 10, attached to a support. 17, is heid
coaxially with the cylinder at a short distance above the water inlet. this
distance represents the valve Ilift and can be adjusted through a

nut-and-thread arrangement.

Figures 7.21-2a and 2b show the geometrical details of two idealized
vaives used, the seatless one is shown in Figure 7.21-2(a) and the
other, with a seat angle of 45°, In Figure 7.21-2(b). The dimensions

of the valves tested are given in table 7.21-1.
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glass bottle for dyed fluid 2 constant-level tank
control-valve 4 plastic tubes for dye

small tubes for dye 6 needle valve

plastic supply pipe 8 cock for draining water

supply pipe( 0.05m) 10 test valve

cock for draining water 12 visualization cylinder( 0.179m)
overflow pipe 14 rectangular perspex box

overflow pipe 16 water tap

valve support

Figure 7.21-1 Experimental apparatus .
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Figure 7.21-1(b) Photograph of the experimental rig.
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(a) seatless valve (b) seated valve

Figure 7.21-2 Intake valve-port geometry used in the experiment.
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Table 7.21-1 Dimensions of valves tested

seatless valve valve with a seat
angle of 45°

valve head 0.002m 0.002m
thickness

valve head 0.05m 0.052m
diameter

seat angle 0 450

seat wlidth 0 0.001m

The water flow-rate is measured by timing the change in water level in

the cylinder.

The flow around the vaive Is made visible by injecting a smail amount of
dyed fluid from the glass bottle above the tank through two hypodermic
tubes. 5. as shown In Figure 7.21-1. These tubes are each of 0.002m
diameter and are placed inside the supply pipe with their exits at a short
distance (0.009m) below the cylinder bottom. The rate of injection of
the dyed fluid can be adjusted by a needle vailve in the flow circuit., 4.
The dye used Is Nigrosine: the density of the dyed fluid is approximately

equal to that of the water (within 0.1%).

Two halogen iamps are used as the light source for the experiment. A
sheet of transiucent polythene paper is attached to the back of the
rectangular box between the lamps and the test cylinder to create an
even. diffused light background for photagraphic recording. The fiow
patterns are recorded both by a still camera and a video camera. For

unsteady flows, time-reference marks are provided by an electric clock.
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A mirror which is placed above inclined at 45° to the water level is used
to give a top view of the experiment. as lIllustrated in Figure 7.21-3.

This arrangement can be used for both steady and unsteady tests.

7.22 Procedure

A selected poppet valve is fitted on to the support, and the valve lift is
adjusted to the desired distance. which is then kept constant during any
one entire experiment. The rectangular perspex box surrounding the test
cylinder is then filled with water to a height of 0.35m. The mirror Is
adjusted to a suitable position. Further details vary somewhat according
to whether the flow is a steady one or not. The description of these is

divided into two parts as follows.

!

(a) Steady flow

Once the control valve is opened. water from the tank flows through the
pipes and past the poppet vélve into the test cylinder. When the water
level reaches holes, which are situated along the cylinder walil at a

height of 0.35m, it overflows into the rectanguiar box.

The flow is then left to run for 5 minutes to attain steady-state
conditions. At this point the needle valve Is opened. continuously
injecting the dyed fluid into the water through the two hypodermic tubes.
The velocity of dyed fluid is carefully controlied so that it is nearly the
same as that of the water to avoid any unnecessary disturbances to the

flow.
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camera [

Figure 7.21-3 Arrangement of mirror uséd to the top view

(a) of the flow pattern.
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Figure 7.21-3(b) Photograph of the main part of the
experimental apparatus .
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The fiow pattern around the poppet valve is then recorded by a still

camera or a video tape recorder.

The mass—flow rate through the cylinder Iniet is determined by timing

successive water levels in the test cylinder as it fllis up.

(b) Unsteady Flow

The poppet vaive to be tested is assembled as described above. The
test cylinder is initially empty. The control valve is opened to flil the
cylinder with water at a pre-set rate. When the water level reaches
0.01m beyond (above) the poppet vaive. two streams of dyed fluld are
injected Into the water. A series of flow patterns near the poppet valve
are then recorded using either a still camera or a video recorder at

specitic time intervais.

The mass-flow rate is measured in the same way as for the steady flow.
To obtain a series of .top views of the flow pattern, the experiment is then
repeated with the camera focussed on the centre point of the cylinder as

viewed from the mirror (see Figure 7.21-3)

7.3 Tests Carried Out

The test conditions in this series of experiments are chosen so as to
allow the flow patterns around the valve to be studied under the
influences of a range of parameters. In order to avoid unnecesséry
over-complications. a simple geometry with a stationary, axisymmaetric

intake valve is used. The flows In all tests are laminar, the range of
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Reynoids number, based on the supply-pipe diameter and velocity, being

between 400 to 1000.

Table 7.3-1 shows a summary of the experimental test conditions for both
the steady and unsteady flows carried out. As can be seen, the
influences of three of the parameters, Reynoids number. Re. valve lift,
L. and the vaive seat angle. ©, have been investigated. Valve lift is
here defined as the axial distance between the position of the upsteam
valve-surface and Iits fully-closed position. The range of the
dimensioniless ratio vaive lift/valve diameter. L/Dy. covered here has
been chosen to fail within the range of this parameter commonly

ancounteraed in intake valves of IC engines.



-154-

Noa
R N

1 {/
\/!/Vl
Table 7.3-1 Summary of the experimental conditions
Test Test | Reynoids | Dimension- | valve stem valve '
state No number less valve | seat dlameter _d/l,ameter'
Re tift angle (m) (m)
L/Dy v e

1 400 0.14 Qe 0 0.002

_steady 2 620 0.14 Qo 0 0.002

flow 3 1000 0.14 0o 0 0.002

4 620 0.14 450 0.008 0.002

5 620 0.14 450 0.008 0.002

6 400 0.14 450 0.008 0.002

unsteady 7 1000 0.14 450 0.008 0.002

flow 8 620 0.08 450 0.008 | 0.002

9 620 0.2 450 0.008 0.002

10 620 0.24 450 0.008 0.002

11 620 0.14 Qe 0.0 0.002

7.4 Steady Flow Tests — Observations and Discussion

Figures 7.4-1 to 7.4-3 show the flow patterns observed near a seatless
valve under steady and axisymmetric conditions for three Reynolids
numbers. 400, 620 and 1000 respectively, (i.e. tests 1, 2 and 3 in

Table 7.3-1).

They indicate clearly the presence of a structured flow with two distinct
vortices: the smaller one is situated in the corner of the cylinder and the
other large one just downstream of the valve. The upper vortex on the
left—hand.slde and the lower on the right—hand side rotate in a clockwise

direction: the upper vortex on the right-hand side and the lower one on
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the left-hand side rotate In an anti-clockwise direction. The upper vortex
is formed due to the obstruction of the coaxial disk-shaped valve by
roiling up inwards of the boundary layer on the cylinder wall. The lower
is formed due to the pipe expansion and rolls down outwards. These
vortices trace the pathiines of the dye fluid particles. originating from the
two point sources just beiow the inlet (see Figure 7.21-2). Although
they are toroidai. the flow patterns seen on the photographs can thus be
taken as the streamlines in a diametrical piane through the axis of the
cylinder. Once the vortices have been formed. their positions and sizes

do not change significantly throughout the experiment.

Concerning the Reynolds number effect on the flow patterns, it is also
seen that the traces of the vortices at a lower Reynoids number of 400
are the clearest and well defined. At a higher Reynolds number of
1000, the traces tend to break down into fragments and the dye diffuses
more quickly. As a consequence the vortices appear o be less orderly
and not 56 sharply defined: and they are not as stable as the one in
lower Reynolds number test. At formation. the vortices are very clear
but later on they become less defined and rise: and are replaced by
new vortices, as shown In Figure 7.4-3. From Figures 7.4-1 to 7.4-3,
it may also be observed that the larger is the Reynolds number. the
smailer is the toroidal diameter of the vortex ring., and the larger. only

slightly, the vortex tail angle (see Figures 7.4-1 to 3).



Figure 7.4-1 Steady flow test:
Re=400,L/0=0.14,6=0°.
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Figure 7.4-3 Steady flow test:
Re=1000,L/D=014,6=0"

Figure 7-4-2 Steady flow test:
Re=620,L/0=614,0=0C",

Figure 7.4-4 Steady flow test:
Re=620,L/10=014,6=45"
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Figure 7.4-4 shows the flow pattern near a vaive with a seat angle of
45° for a Reynolds number of 620 and a dimensioniess valve—lift of 0. 14
(l.e. Test No. 4 In Table 7.3-1). Compared with the corresponding
flow in Figure 7.4-2, for a seatless vaive. the position of the vortex core
is higher than that of a seatless valve test case. and the tail angie of the
vortex is larger than that of seatless valve case. (See Fig.7.4-2 and
7.4-4) and the vortex shape is elongated because of the influence of the
valve seat.

.

7.5 Unsteady Flow Tests — Observations and Discussion

Figures 7.5-1 to 7.5-7 show photographic records of several series of
flow patterns around the valve while the cyiinder was being filled slowly at
a constant velocity. The effects of Reynolds number can be seen from
Figures 7.5-1 to 7.5-3 (test No. 5, 6 and 7). and the effects of vaive
lift are displayed in Figures 7.5-4 to 7.5-7 (tests 5, and 8-10). The
series of flow patterns in Figures 7.5-8 (test 11) are for a seatless
vaive: these may be compared with those of Figures 7.5-1 for one with

a 45° seat angle.

An apparent difference of stem dlameter between the parts of the stem
above and below the water level can be noted in ail the pictures:; this Is
due to optical distortion. Since the test cylinder is immersed in water in
a rectangular container. the distortion arises because the stem above the

water level in the test cylinder Is surrounded by air.
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i
50
$0 | |
c. t=64 seconds d t=112 seconds

Figure 75-1 Development of the flow pattem around a
valve with seat angle of 45° Re=620, LID=0% .
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a. t=58 seconds

0
c. t =120 seconds d. t= 14 seands

Fgure 7.52 Development of the flow pattern around a
valve with seat angle of 45;Re=400,L/D=014.
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a. t=26 seconds b. t =32 seconds

c. t=63 semnds d. t =102 seconds

Fgure 7.5-3 Development of the flow pattern around a
valve with seat angle of 45 Re=1000, LID=0%,
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The deveiopment of the flow—pattern around a valve with a seat angle of
45°, during the rising of the water at a steady velocity., can be seen
from Figures 7.5-1 (a) to (d). The Reynolds number was 620 and the
dimensionless vaive lift was 0.14. Two distinct vortices can be clearly
identitied on the first photograph. One. marked 1. resuiting from the
obstruction of the disc—-shaped vaive. Is situated just downstream of the
valve close to the stem: it is restricted by the water surface as well as
by the vaive: the other, marked 2. near the bottom corner of the
cylinder was formed as a resuit of the sudden expansion of the flow area
at the inlet to the cylinder. and the effect of the water surface. The size
of both these vortices was comparatively small at this early stage when
the water level was low in the cylinder, 50mm. t = 40 sec. The second
photograph. (b). shows the flow pattern at a water—ievel of 60mm, t =
48 sec.. and indicates clearly the growth of the vortices. The main
vortex, 1. had become larger, and the core of the vortex had moved
radially outwards. The other one. marked 2. in the corner had become
more diffused. Photograph (c) records the flow pattern at a water
surface height of 80mm. t = 64 sec. the lower vortex in the corner., 2,
was not affected by the water surface. and had become smaller. while
the main vortex. 1., extended continuously with the rising water level: its
core had moved further outwards. The fourth photograph., In Figure
7.5-1 (d). represents the developed flow structure at a water level of
140mm. t = 112 sec. The corner vortex had almost vanished because
fresh dyed fiuld no longer entered this region and the previously injected
dye had diffused away. The main vortex, 1, fully developed, was
situated at the certain position and no longer to change the position of
its core. However. it had become darker because more dyed fluid had
been injected. A third vortex, 3. now appeared just beneath the water

surface near the cylinder wall: it rose with the rising water.
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it should be noted that the real flow was three-—dimensional in character.
while all the photographs only show the flow patterns in or near the plane

through the axis of the cylinder and the two dye-injection points.

Figure 7.5-2 shows a series of four flow patterns at a lower Reynoids
number of 400. It can be seen that the dye continuously roiled up to
form a vortex. Various stages of development of the vortices described
for the flow at a Reynolds No. of 620 can aiso be identified in this series
of photographs. In this test, the vortices were more sharply defined than
those for the larger Reynolds number. The main vortex, 1, Is seen to
be smaller. because of the lower Reynoilds number. and darker because

the dye stayed longer in this region due to the lower flow velocity.

The series of flow patterns of Figure 7.5-3 is for a Reynolds number of
1000. It is seen that the dyed-fluild traces broke down into 'many
fragments and the dye diffused more quickly: as a consequence the
vortices appear to be less orderly and their shapes less well defined. It
can aiso be seen that the position of the main vortex at the last stage

was higher than that encountered in the lower—Reynolds—number tests.

Figures 7.5-4 to 7.5-7 show four series of flow patterns for the same
Reynolds number and valve geometry but for different values of the valve

It (i.e. tests No. 5 and No.8 to 11). It was observed that:
(1) at an early stage when the water level was low. the core of the
main vortex was situated closer to the cylinder wall for a small lift

than that for a larger lift;

(2) the vortex shape for a small lift was less well defined because of
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the higher flow velocity near the valve edge: and

(3) the angle between the cylinder axis and the streak lines through the
valve opening was smaller for a larger valve lift as one might

expect.

In Figure 7.5-8 are shown one series of flow patterns near a seatless
vaive for a Reynolds number of 620 and a dimensionless vaive lift of 0. 14
(l.e. Test No. 11 in Table 7.3-1), compared with the corresponding
flow Iin Figure 7.5-1, for a valve with 45° seat angle. No significant
differences can be noted at this lift test. However, it may be expected
that at a smaller vaive lift. the Influence of the valve seat angie on the

flow pattern is likely to be stronger.
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t = 104 seconds

Fgure 7.54 Development of the flow pattern around a
valve with seat angle of 45 Re=620,L/D=008.
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c. t=80 seconds d t =128 secads

Figure 7.55 Development of the flow pattem aroud a
valve with seat angle of 45", Re=620, UD=0%.
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Figure 7.5-6 Development of the flow pattem around a
valve with seat angle of 45, Re=620, LID=02.
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c. t=96 seconds d. t=14 secads

Figure 7.5-7 Development of the flow pattem around a
valve with seat argle of 45", Re=620, LID=024.
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Figure 7.5-8 Development of the flow pattem around a
seatless wvalve, Re=620, LID=01 .
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7.6 An_Unexpected Phenomenon

It may be recalled that the two hypodermic tubes used to introduce the
dyed fluid were axisymmetrically piaced a short distance beiow the inlet in
the suppiy-pipe. At a comparatively small Reynolds number of about
400. based upon the supply-pipe velocity and diameter., the flow would
be expected to be laminar. and because of the axisymmetric nature of
the flow. it would not be expected to spread by more than perhaps a few
degrees i;'a the circumferential direction. In fact. an unexpectedly large
circumferential spread of the dye was observed. This can be éeen from
Figures 7.6-1 which show four sequences of the top view of the dye
traces of the same flow as the side views of which have been shown in
Figure 7.6-2. Figure 7.6-2 is a sketch emphasising the main features
of the photographs:. it Is clear that the dye was not confined at., or in
the vicinity of the plane through the axis of the cylinder and the two
hypodermic tubes. The spiral line indicates an unexpectedly strong
circumferentiai movement of the dye away from that plane in both

directions. The motion is primarily along toroidal surfaces. and there is

littte transfer to the core of the vortex.

When the water surface reached a height of about 50mm., Figure
7.6-1(a). noticeable circumferential movement was observed. The
pattern. 8 seconds later, at a water level height of 60mm., is shown in
Figure 7.6-1(b). When the water surface reached 100mm., the
circumferential motion had formed an aimost complete torus., Figure
7.6-1(c). In Figure 7.6-1(d) is shown the pattern when the water
surface had reached 120mm: the torus of dye traces had now extended
outwards to the cylinder walil. Further increase in the water level brought

more dye into this torus., forcing it against the cylinder wall: during
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Figre 7.6-1 Top view of the flow patten showing large
circumferential movement .







Figure 7.6-2 Sketch showing the circumferential

movement of the dye.

17.5 cm

1cm |L‘ !
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this ttme more circumferential movement of the dye was observed.

This phenomenon was repeatedly observed throughout ail the tests over
the range of Reynolds numer from 400 to 1000. Changing the
dye-injection arrangement, e.g. with the two Iinjection points at 90°
Instead of 180° to each other, as shown in the sketch of Figure 7.6-3,

did not affect the appearance of the phenomenon described.

The unexpected circumferential motion shown in Figure 7.6-1 behaves as
though there existed a large diffusion coefficient in the circumferentiai
direction. If the process was indeed diffusion controlled. the same
phenomenon should also appear upstream of the vortex: in fact nothing
similar was observed there. Thus, diffusion cannot be responsible for
the observed circumferential motion. However, the folliowing explanation

is advanced as being most plausible.

The phenomenon is likened to a “Kelvin wave®", (Pediosky. J. 1979
(108D travelling In the direction perpendicular to the gravity
acceleration. Let us first examine the situation represented by Figure
7.6-4, which shows the front of the Interface of two immiscible fluids
with slightly different densities travelling with velocity Cy. Simple analysis

leads to:

Cw=((@ __ M L (7.6-1)

where ap is the density difference between the two fluids,
h Is the step height of the interface between the fluids,

g Is the gravitational accsleration.
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hypodermic tubes
position

/e

Fiqure 7.6-3 Sketch showing the position of the

dye injection from the top view.
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Figure 7.6-4 The inter-face line of a propagating

Solitary Kelvin wave.



-174- ' 3

With reference to the observed phenomenon in the experiments, it is
noted that the density of the dyed fluid differs slightly from that of the
water. When a dyed-fluid “tube” reaches the vortex core downstream of
the valve. it is subjected to a centrifugal acceleration towards the axis of
the vortex. In a manner analogous to the Kelvin wave described above,
waves carrying the dyed filuid travel in a direction perpendicular to the
piane in which the centripetal acceleration acts. i.e. along the axis of
the vortex. (See Figure 7.6-5). Because of the “doubie-fronted”
situation, the dyed fluid spreads lateraliy along the axis of the vortex from

both sides in opposite directions.

In accordance with equation 7.6-1. the speed of the dyed fluid Is of the

order of:

)

P
w2

r
w is the circumferential velocity about the vortex axis.

where g Ls the centripetal acceleration, g =

h is the thickness of the dyed fluid vortex.
r is the distance to the axis of the vortex.

So the speed of travel around the torous would be of the order of:

Cy = w (5P M/ 7.6-2

p r

1f f’: ls assumed to be 0.005. and 2 may be 0.05, the veloclty of
P r

the motion around the cylinder axis A-A is 0.016 of w.

From a typical record of the experiments, C,, was worked out as

1.31x10™4 m/s and w was established by averaging the field velocity



-175-

Figure 7.6-5 Sketch of the explanation of the

circumferential motion.
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values from the corresponding computer prediction to be

6.48 x 10~3m/s. Thus. Cw Is 0.02 of w: this accords, It appears.
Mth the necessarily crude value obtained from equation 7.6-2.
However, it must be emphasised that the above quantitative comparison
shouid only be taken as a rough indication rather than as a concliusive

proof of the validity of the explanation given.
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7.7 Closure

A water-model rig has been constructed and used to observe the details
of the laminar flow—patterns near an idealized-vaive geometry, under both
steady and unsteady flow conditions., and some parameters were studied.
In doing so. it provides some quantitative resuits for computational

simulations.

Some unexpected but apparently important features of circumferential
motion have been revealed. A plausible explanation with a rough
mathematical expression is advanced. However, it is desirable that more
precise means of expressing the phenomena in mathematical terms
shouid be derived. A further investigation will be needed. for

toroidal—vortex flows are frequently encountered in combustion systems.
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CHAPTER 8 - NUMERICAL SIMULATION OF THE EXPERIMENT

8.1 Introduction

In the experiments described in chapter 7. on flow of water through a
coaxial valve—-port, only simple measurements were made. Although flow
patterns. as recorded on photographs, are aiso avallable. they can oniy
yield gross features of the flow, such as the locations of the vortex
centre and of the reattachment points. Quantitative information on the
magnitude of the velocity at a particuiar point in the flow field could only
be obtained with much more sophisticated equipment. However, this
kind of quantitative Information can now be revealed without much
difficulty through numerical simulation of the flow, employing, for
examplie. the same PHOENICS code as used for the computations

described in chapter 4. 5 and 6.

The purpose of the present chapter is to describe the predictions made
of the flows ‘under the same geometric and flow conditions as those for
several of the tests reported in chapter 7. Where possible the
predictions are compared with the corresponding test resuits: but other
quantitative information, such as veldclty profiles., will also be presented

to allow the characteristics of the flow to be examined.

Six sets of experimental conditions have been selected for the simulation
exercise; these broadly cover the same range of the main parameters
as in the tests. Details of the cases chosen are given in Table 8.1-1,

in which both steady and unsteady flows have been Iinciuded.
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Table 8.1-1 Cases studied

state test no. valve geometry Reynolds
correspond- number
itng to seat valve valve stem Re
chapter 7 angle Lift dlameter
(=) ) Lv/Dv ds (m)
1 O° 0.14 0 400
steady 2 Qe 0.14 0 620
3 Oe 0.14 o 1000
4 450 0.14 0.008 620
1 Qe 0.14 0 620
5 450 0.14 0.008 620

There it can be seen that the physical situation considered has low
values of the Reynoids number. so all the flows are assumed to be
laminar and axisymmetrical. The governing equations which need to be
solved are thus the continuity and the two momentum equations expresseq
in polar coordinates. As recirculation within the flow domain is
expected. the fully elliptic form Vof the differential equations must be

used.

The remainder of this chapter comprises t‘hree sections. In section 8.2,
details of the predictions of the steady flows are given and the predicted
streamline patterns are compared with those of the corresponding
experiments. Section 8.3 Is concerned with the predictions of the
unsteady flows. For these. use was made of a moving-grid system and
a particle—-tracking technique for tracking the dye trajectories: details of
these will be described. along with a comparison with the corresponding

experimental resuits. Conciuding remarks on the present series of
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numerical simulations are contained in section 8. 4.

8.2 Steady—-Fiow Computations

8. 21 The Phenomena to be Predicted

Water flows steadily from a vertical pipe of small diameter Into a coaxial
cylinder of a large diameter through the partial obstruction of a vaive.
Two regions'of recirculating flow appear immediately downstream of the
enlargement section and the valve (see Figure 8.21-1). This flow
exhibits some complex features. It is, however, desirable to be able to
calculate such flow and compare with the experimental measurement. In
chapters 5 and 6., the comparison between prediction and available
experimental data was. only for discharge coefficient; In the present
study, however. the length of the recirculation and the position of the
vortex core are compared wfth the experiment as well, and the

distribution of velocity is also predicted for examining the flow.
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(1) seatless valve (2) seated valve

Figure 8.21-1 Flow through

a coaxial valve port geometry and

dimensions.
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8.22 Geometry and Dimensions

The flow configuration considered is shown in Figure 8.21-1 and details

of the dimensions are given in Table 8.22-1. The inlet plane is located
0.056m upstream of the step wall. |.e. cylinder head. and the slipwall
boundary of the domain is the water-air Iinterface. situated at 0.346m

downstream of the step walil.

Table 8.22-1 Dimenslions of the valve-port

seatless valve with
valve 45° angle
Lnlet Length Lip ' 0.056m 0.056m
test section Length L 0.4m 0.4m
inlet pipe diameter Dg 0.05m 0.05m
cylinder diameter D 0.179m 0.179m
valve dtameter Dy, 0.05m 0.052m
valve thickness (W} | o.oo%m 0.00/m
valve seat angle © o 450
dimenstontess vatve LLft Ly/Dy 0.14 0.14
valve support diameter Dg 0.008m 0.008m

8.23 Flow—Domain for Computation and Grid—Distribution

Table 8.23-1 presents a summary of the different cases studied and
grids used. In each case. the grid is distributed non-uniformly in both

axial and lateral directions.

A4/
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Table 8.23-1 Steady cases studied.

Valve situation
case no Re Grid number
corresponding | Reynolds | angle LLft stem
to Chapter 7 | No oo | L/my, Ds NY x NZ
1 400 0 0.14 0 27 x 45
2 620 0 0.14 0 27 x 45
3 1000 0 0.14 0 27 x 45
4 620 45 0.14 0.008 27 x 48

The calculation domain Is shown in Figure 8.23-1: also shown there is
a typical layout of thelgrid network used. The grid lines are distributed
non-uniformly over the flow domain with a larger number of nodes near
the valve and the cylinder wall regions. A total of 27 grid—nodes are
used to span a radius of 0.0865 m out of which 10 uniformiy-spaced
nodes are used to cover the inlet duct of 0.025 m radius as shown, the
rest is non—unlforrhly distributed for the step. A total of 45 axial nodes

are used for the seatless valve, and 48 for the valve with a 45° angle.

Grid independence for a similar probiem (chapters 5 and 6) has already
been established for this type of calculation domain and the same grid is
expected to be adequate for the present calculations. In order to make
sure that grid independence Is achlieved. four different grid systems have
been Iinvestigated: these are cited In Table 8.23-2, aiong with the
predicted values of the velocity components for case 1 at a chosen point
A, (in the important region. le between the step wall and the upstream
face of the valve, (YA/D = 0.253., ZA/D = 0.357) Figure 8.23-1). it
can be seen that the velocity values do not significantly change beyond

the 27x45 grid nodes.
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Figure 8.23-1.

The calculation domain and a typical grid distribution
(NY x NZ: 27 x 45).
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Table 8.23-2. Effect of grid nodes on the velocity value at
A (Yp/D = 0.253, 2ao/D 0.357).

grid number Wa/WinLet Va/Mintet
25 x 35 2.644 E-2 1.798 E-1
27 x 39 2.611 E-2 1.776 E-1
27 x 45 2.591 E-2 1.769 E-1
27 x 48 2.588 E-2 1.767 E-1

8.24 Boundary conditions
The boundaries of the computational domain comprise the symmetry axis,
the inlet plane and outlet boundary and the walis, as shown in Figure

8. 24-1.

Axis of symmetry

Because of symmetry, it is appropriate to specify V = 0 and aW/ay=0 on

this boundary.

Inlet pilane

For the present calculations the following conditions were imposed at the

inlet:

parabolic distributions of the axial velocity across the inlet duct were
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specifled. as shown In Figure 8.24-1 for vaives with and without a stem.
For a vaive without a stem formula 8.24-1 was used: and for a vaive

with a stem formula 8.24-2.

W, =W (1 - ()2 .(8.24-1)
R
_ 2.1y Re2
Wy = W [(A2 - y2) + (057D A% pay g ,(8.24-2)
in n Rq

where Wz ls the axtial velocity:

z|

ls the average axtal-velocity at the inlet:

n = H_2 ls the ratio of two radll Ry and Ro.
R

Stip Wall

The water surface ls treated as a slip wall, where the convectlion
and diffusion fluxes were zero. These condltlons were introduced
by setting normal veloclty and normal gradient of velocity to
zero. Le W=0 and :al = 0.

az

Qutlet _holes
For the outlet holes situated at the cylinder wall (the same level as the
water surface), a constant pressure condition was imposed. the mass

flow cross the boundary being caiculated from continuity.

Wall _boundary

All walls (including the cylinder wall and head. the vaive surfaces and
the vaive support) were stationary and impervious; both v and w were

set to zero on them.
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Figure 8.24-1. The boundaries of flow domain.
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8.25 Resuits and Discussion

The Length of Recirculation Zone

Table 8.25-1 shows the predicted and measured values of the length of
the recirculation zone for the coarner vortex normalized by the diameter of
the vaive. LR/Dy. LR Is defined in the present computation as the axial
length of the first reverse—flow region. which is between the step and the
cylinder wall (il.e. to the position where the mean streamline s

reanchored to the cylinder walb .

Table 8.25-1 Measured and predicted the length of the recirculation

zone
Re LR/Oy LR/Oy
seat
Case No Reynolds Experiment Present angle
number data prediction e
1 400 0.35 0.36 Qe
2 620 0.36 0.374 O°
3 1000 0.374 0.378 O°
4 620 0.365 0.37 450

The maximum discrepancy between the predicted and measured vaiues
shown In Tabie 8.25-1 is 4%. it may be considered that the prediction is

acceptable considering the measurment error of LR.

Distribution of Velocity and Streamiines

In Figures 8.25-1 to 8.25-3 are shown the predicted axial-velocity

distributions at four selected locations for three Reynoids numbers. based
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upon the diameter of inlet duct., of 400, 620 and 1000 respectively (i.e.
cases 1 to 3 of Table 8.1-1 for seatless valve): while Figure 8.25-4
shows normalized axial—velocity distribution at the same four locations for
a valve with 45° seat angle. the Reynoids number is 620. The velocity
at each section Iis normalized with the mean velocity (W;n) of 0.008
m/s. 0.0124 m/s and 0.02 m/s for flows of three different Reynoids

numbers.

For the first three Figures, very similar parabolic profiles are seen near
the entrance, at 2/Dy = 0.08, profile 1. Profile 2 at Z/Dy = 1.188,
i.e. downstream of the step but upstream of the vailve. changes sign
near the cylinder wall. indicating recirculation there. caused by the
sudden eniargement. and remains the maximum value near the axis.
Profiles 3, at Z/Dy = 1.764, l.e. at a section downstream of the vaive.
indicate the presence of another recirculation. just downstream of the
vélve. Profiles 4, at Z2/Dy, = 7.694, |.e. further downstream of the valve
and near the exit boundary. reveal that the axial velocity at that piane is

larger near the cylinder wall where exit holes are.

It can aiso be seen from Figure 8.25-1 to 3 that the larger the Reynolds
number, the larger the size of the recirculation zone downstream of the

valve.

Figure 8.25-4 shows velocity distribution for a valve with a 45° angie,
because of the stem upstream of the valve. the velocity distribution at the
inlet is assumed by a different shape: beyond the step all the profiles
have the same characteristics as those discussed above for the seatless

vaive.
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Figure 8.25-1 Axial velocity profiles at four locations:

(1) Z/b, = 0.08; (2) Z/Dy = 1.188;
(3) Z/Dy = 1.764;(4) Z/Dy = 7.694;
Re = 400, Ly/Dy = 0.14, 8 = 0.
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Figure 8.25-2 Axial velocity profiles at four locations:

(1) Z/Dy = 0.08; (2) Z/Dy = 1.188;
(3) /Dy = 1.7643(4) /Dy = 7.694;
Re = 620, Ly/Dy = 0.14, 8 = 0°.
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Figure 8.25-3 Axial velocity profiles at four locations:

(1) /0, = 0.08; (2) Z/D,

1.188;
(3) Z/Dy = L.764;(4) Z/Dy

7.694;
Re = 1000, L /D =0.14, =0 .
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Figure 8.25-4 Axial velocity profiles at four locations:
(1) Z/b, = 0.08; (2) Z/Dy
(3) Z/Dy =1.764; (4) Z/Dy

1.188;
7.694;

Re = 620, Ly/Dy = 0.14, 8 = 45 .
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Figure 8.25-5 represents the velocity vector plots for cases 1. 2 and 3

(for a seatless valve).

The streamiines corresponding to three cases shown in Figures 8.25-17 to
8.25-3 are also plotted in Figures 8.25-6 and 8.25-7 with linear

Interpolation of the stream function, ¥. which Is defined as follows:

v = r wrdr ,(8.25-1)
[o]

In Figure 8.25-7 Is shown the streamlines for a valve with 45° seat

angle, Reynolds number of 620.
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(c) Re = 400

Figure 8.25-5 The predicted velocity vectors for flow through a seatless

vaive with three different Reynolds numbers of 400, 620
and 1000, e=0°, Ly/Dy = 0.14,
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(a) Re = 400 (b) Re = 620 (c) Re = 1000

Figure 8.25-% The predicted streamline pattern near a seatless valve,
for three different Reynolds numbers of 400,620,1000;
(8 =0, Ly/Dy = 0.14 ).
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Figure 8.25-7 Predicted streamline pattern near a seated vaive,

Re = 620. Ly/Dy = 0.14, © = 45°,
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It can be seen that the contours form two vortex-rings: a large toroidal
vortex just downstream of the vailve, and a corner ring trapped between
the head and the cylinder wall. When these are compared with the
corresponding experimental records of Figure 7.4-1 to 7.4-4, we
observe the following. The predicted corner ring is very close to the one
on the photographs in shape as well as in position. The main toroidal

vortex is also similar to that of the photographs.

The predicted centres of the vortex-rings are compared with those
obtained from the experiment in Table 8.25-2 for three different Reynolds

numbers.

Table 8.25-2 The predicted and experimentally obtained positions of the

vortex cores.

Re variables experimental results | present prediction
corner vortex 0.413 0.402
Ye/D
400
main vortex 0.323 _ 0.332
Ym/D '
corner vortex 0.417 0.418
Ye/D
620
mailn vortex 0.321 0.332
Ym/O
corner vortex 0.418 0.412
Yc/D
1000
maln vortex 0.321 0.332
Ym/D

In the table. Y Is the distance from the axis to the centre of the corner

vortex. Ym Is that for the main vortex downstream of the valve and D is
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the diameter of the cylinder. It iIs seen that the predicted results for

both vortex rings generally agree with the experiments.

8.3 Unsteady—-Flow Computations

8. 31 The Phenomena to be Predicted

Water from a vertical pipe flows past a disc valve located a short
distance downstream of the pipe exit into a coaxial cylinder of a larger
diameter. Initially, the cylinder is empty; at subsequent times a

water—air interface rises slowly and steadily at a preset rate.

The task here Is to predict the velocity distributions and other flow

properties at different times.

8.32 Geometry and Dimensions

The main geometry and cylinder dimensions for this flow situation are the
same as those for the steady-flow one described In section 8.22.
However, the transient nature of the present flow requires that for
economy of computer storage the caiculation domain should change with

time.: this point will be elaborated on later in section 8. 33.

The flow configuration is as shown In Figure 8.32-1, where the
broken-iline shows the position of the water-air interface., taken to be the
‘Initial’ position, i.e. at t = 0. The water-air interface is taken to be
one of the boundaries of the calculation domain:. typically, another inlet
boundary is chosen to be 0.035 m upstream of the cylinder head (step

wall) . With the assumption of axial symmetry, the smallest effective
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* Figure 8.32-1 Unsteady flow through a coaxial valve-

port geometry and dimensions.
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calcuiation domain that must be employed is that shown shaded in Figure

8.32-1.

Two selected cases of the experimental situations employed are depicted

in Table 8.32-1.

Table 8.32-1 Cases studied and grid employed.

state Reynolds No | - valve geometry grid number
Re angle © | stem d Lift L/Dy NYXNZ

unsteady 620 0 0 0.14 | 27 x 45
620 459 0.008 0.14 27 x 48

8.33 The Flow-Domain for Calculation

The caiculation domain employed in the present study is shown in Figure
8.33-1. The shaded part is blocked (solid). The water surface, as

one boundary. moves with time at a known velocity.
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Figure 8.33-1 Flow-domain for calculation.
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8.34 The Use of A Composite Grid. Consisting of A ‘Moving’ Part and
A Fixed Part

A feature of the present situation considered Is that one of the
boundaries of the flow domain, i.e. the water surface. Is in motion.
Thus, if a fixed computational grid is used. we must have one that
covers the highest position of the water surface. Obviously, when the
water is at a lower level. this grid is larger than is really needed. giving
rise to inefficlent use of computer storage and computing time. One way
to overcome this difficulty Is to allow part of the grid to stretch In
sympathy with the movement of the water surface through an appropriate
coordinate transformation. while the other part of the grid remains fixed

so that the stationary valve assembly can be covered easily.

This method enables the solution domain to be always occupied by the
fluid. The accuracy and economy of computational procedure and time
are thereby improved. Details of the necessary coordinate transformation

Is given in Appendix B.

The calculation domain and grid distribution are shown in Figure 8.34-1.
The grid is non-uniformly distributed in both axial and lateral directions

for all cases.
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o |

(1) fixed grid region

(2) moving grid region in which the grid in
the axial direction is stretched to follow
the water Tevel

Figure 8-34-1 Two-domains for calculation and grid distribution.
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8.35 Boundary and Initial Conditions

The boundaries of the computational domain are as shown in Figure

8.35-1.

Boundary Conditions

Axis of Symmetry

The axis line of symmetry is a zero flux boundary. i.e. at which,

V=0andz=0.
ay

Inlet Boundary

The following conditions were imposed at the inlet.

Parabolic distributions of the axial velocity across the Inlet duct. which
are shown in Figure 8.35-1, were specified for valves without and with a
stem. The same formulae (8.24-1 and 8.24-2) were used as for steady

flow.

The radial velocity., V. is assumed to be zero.
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Figure 8.35-1 The boundaries of flow domain.
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Free_ Surface
The free-surface boundary was treated as a moving boundary. which

rises with the same velocity as the water surfacs. The boundary

conditions are:

(1) W = Wg, where Wg Is the rate at which the water surface rises.
(2) fX = 0.

az
Walis

As ail walls shown in Figure 8.35-1 were stationary and impervious. both
V and W were set to zero on them. Wall functions were employed in ali

near wall regions.

Initial conditions

The caiculation was started from t = 0 when the water level was at a
height of 0.063m: the Iinitial field values for W, V., and P, at that
moment were taken to be those obtained from the steady flow solutions of
the Initial domain. For this steady-flow calculation ail the boundary
conditions except the free surface boundary were the same as described

above:. at the free surface. a constant-pressure condition was imposed.

8.36 Results and Discussion

The flow development during the rising of the water surface is described

in several seriles of diagrams. In Figures 8.36-1 (1) to (4) are shown
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the predicted distributions of the axial-velocity of the flow at four locations
for a seatless valve with a valve support on the downstream side at four
time intervals; those for a seated vaive with a valve stem and support on
each ‘side of the valve are shown in Figures 8.36-2 (1) to (4). The
velocity values have been normalized by the mean velocity at inlet (wjp)

of 0.0124m/s or 0.0155m/s respectively for seated and seatless valves.

From Figure 8.36-1 a parabolic profile is seen near the entrance. at
Z/Dy = 0.08, i.e. profiie 1. Profile 2. just downstream of the step but
upstream of the valve at Z2/Dy = 1.188, shows that the velocity changes
sign near the cylinder wall, Indicating recirculation there. caused by the
sudden eniargement. Profile 3. at a section downstream of the valve, at
2/Dy = 1.764, Iindicates the presence of the second recirculation, just
downstream of the valve. Proflle 4, Its position changes with time. |.e.
further downstream of the valve and near the water surface. reveals that
the axial veiocity is larger near the cylinder wall, which is influenced by
the upstream flow, but the values at the remaining part of that plane is

almost uniform.

Profiles 1 to 3 at four different time Iintervais shown in Figures 8.36-1
(1) to (4) are similar: profiles 4 in Figures 8.36-1 (1) to (3) are aiso
similar. However, profile 4, In (4) is different from previous ones, the
negative vaiues appear near the cylinder wall, which Indicates a third

recirculation zone there.

From these velocity profiles it Is clear that the flow In the cylinder
consists of a system of three vortices: a ring vortex at the corner
between the step and the cylinder wall, a main vortex occupying most of

the flow space downstream of the valve and a third one just beneath the
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(1) +=24.7" water surface=0.045m

(2)+=50.7" water surface=0.065m '

(3) t=93.7" | water surface=0.0 98mt.

TS

(4) t=1288" water surface=0125m |

Figure 8.36-1 Axial-velocity profiles at different-time intervals for a
seatless valve; Re = 620, L, /0, = 0.14, 8 = 0°,
» at Z/Q, 0.08, <« at Z/Q, = 1.188,
o at Z/Q/ = 1.764, o near water surface.

1}
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Figure 8.36-2 Axial-velocity profiles at different-time intervals for a
valve with 45 deg angle,Re = 620, /qé = 0.14, 0 = 45°,
> at Z/Q, = 0.08, < at Z/b, = 1.188,
o at Z/b, = 1.764, o near water surface.
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water surface. They are qualitatively in accord with the photographic

records of the corresponding experiments.

In Figure 8.36—-2 are shown the velocity profiles for a seated vaive with a
stem on the upstream side of the valve. Because of the extra stem. the
velocity proflle at the inlet has a different shape. beyond the step wall all
the profiles have the same characteristics as those discussed above for

the seatless vaive.

Figures 8.36-3 and 8. 36-4 display the development of the main vortex at
the same four time intervals as those in Figures 8.36-1 to 8.36-2 using

a particle—tracking technique (see Appendix C for details).

Table 8.36-1 shows the predicted and measured position of the vortex
centre. The measured positions have been obtained from photographic

records of the corresponding flows, Figures 7.5-8 and 7.5-9.

in the present study particles originated from a given location at a short
distanc__e (0.009 m) below the cylinder bottom, and moved at the end of
each time step according to the velocity computed for the flow domain:
each particle can then be lIdentified by the time it passes through the
injection point, thus the fillament line of particles represents the trace of
all the particles originating from that point during the time between t = 0

and certain time interval t = tj.
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Re = 620, Ly/Dy = 0.14, © = 0-°,

(1) between t = 0 and t = 24"
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It Is seen In Figures 8.36-3 and 8.36—-4 that only the main vortex is
shown because no particle appears either at the corner or near water-air
interface region. The development of the main vortex downstream of a
seatless valvae. as sho@n in Figure 8.36—-3(1) to (4) is discussed here in
detail, (1) represents the filament line of particies passing through the
injecting point during the time between t = 0 and t = 27.7" seconds, (2)
for time between t = 0 and t = 50.7", (3) for time between t = 0 and t
= 93.7"., and (4) for time from 0 to 128.8". They are compared with
the corresponding experimental records of Figures 7.5-8 and 7.5-9
which are the Instantaneous loci of ail dye particles passed Iinjection
points for the corresponding time intervals. The general shape and the
initial trajectory angle of the main vortex downstream of the valve are
close to the measurement from the experiments. (Figure 7.5-8) (1) to

(4)).

It can also be seen that the agreement between the predicted and
measured positions of the vortex center Iis generally satisfactory, the
maximum discrepancy between predictions and measurements being less
than 9%. The agreement between predictions and measurement from the

experiment could be considered generally acceptabie.



-219-

Table 8.36-1 Measured and predicted positions of the vortex centres

. experimental value | present prediction
(y/D. Z/0) (y/D. Z/D)
l. corner vortex | (0.393.0.161) (0.361, 0.147)
main vortex (0.208, 0.184) (0.189, 0.168)
(downstream of
the valve)
. corner vortex (0.4716, 0.242) (0.393, 0.235)
maln vortex (0.242, 0.248) . (0.219, 0.228)
111, | corner vortex (0.393. 0.126) (0.367., 0.118)
main vortex (0.306. 0.266) (0.283. 0.251)
Iv. maln vortex (0.295, 0.353) (0.282., 0.334)

8.4 Closure

It has been demonstrated in this chapter that numerical procedure can be
used for simulating the experimental flow. The predicted vortices have
been compared with the experimental observations and agreement has .
been found to be fair. Predicted profiles of the axial velocity have also
been presented for both steady and unsteady flow. they all appear to be

realistic.
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CHAPTER 9 - CONCLUSIONS

This, the final chapter of the thesis. provides a summary of the main
conclusions of the present theoretical and experimental investigation in
section 9.1 and 9.2. Section 9.3 contains some suggestions for future

research.

9.1 Theoretical Predictions

Suitable SATELLITE-GROUND attachments to the PHOENICS computer
code have been set up to simulate several complex flow problems.
Particular attention has been paid to the flow around an inlet vaive and

systematic studies of this flow have been made.

Because well-documented data are available in the literature., the flow
through an axisymmetric expansion has been used to valldate the
turbulence model and wall functions embodied in the PHOENICS code and
to check the accuracy of using porosity as a means of handling
boundaries which are not parallel to the grid lines. As a result it is
conciuded that the numericali procedure and turbulence model employed
are realistic, and the porosity method is adequate for the simulation of

inclined walls.

Turbulent air flows through several poppet valves. both seatless and
seated ones. have been simulated. and details of the flow field
examined. The predicted distributions of flow properties like velocity.
pressure and turbulence energy ail appear to be realistic. Unfortunately.

no suitable experimental data are available for comparison. However. a
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quantitative comparison can be made of the predicted values of the
discharge coefficient with the measurements of Annands’s experiments.
The fact that fair agreement has been obtained for this for the whole
range of the parameters considered. can be taken as an indication that
the computation_al model as a whole is adequate for predicting the

complex flows around valves.

The particle—tracking technique used has been found to be very useful in
tracing the fluid filament-iines in an unsteady flow allowing an easy

interpretation of the flow patterns.

The computing resources required for ail the computations made have
been moderate. It Is however., expected that very much more computing
resources will be used for three—dimensional flows with the effects of

piston and valve movement fully accounted for.

9.2 Experiments

A water-model rig has been constructed and used to study the
fundamentais of the, valve flow. A flow-visuallzation technique has been
used to reveal some Iimportant details of the laminar flow around the
valve. The flow structures for both steady and unsteady flows through
the vaive have been observed and recorded. Comparison between the
observed flow patterns around the valve with the corresponding

predictions show reasonable agreement.

A circumferentiai motion was repeatedly observed throughout the tests,
both steady and unsteady ones. This “pseudo-diffusion” in the

circumferential direction within the cores of the toroidal vortices cannot
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be accounted for rellably with the limited information available, but an

explanatory theory has been essayed.

9.3

Suggestion_for Future Work

In order to provide a more complete understanding of the fluid flow

through poppet valves. a few areas for future research are suggested as

follows:

Experiments

N

More measurements of the flow properties (e.g. velocity,

pressure. turbulence quantities) should be made under steady

conditions.

(2) Further measurements of the flow properties under controlled
conditions resembliing real-engine situations should be made.

(3) More quantitative measurements of the flow field should be made
in the water—-model rig to allow more insight into the origin of the
circumferential motion.

Computations

N Further computations of the present kind should be made with
simple movement of the vaive and piston included.

(2) Some means of expressing the circumferential motion phenomenon
In mathematical terms should be devised in order that computer
simulation of such processes should be realistic.

(3 The use of “porosity” in simulating complex geometries Iis not

particularly economical in computing time resources. More
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economical alternatives, like body-fitted coordinates. should be

tested.
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NOMENCLATURE
Symbol Meaning Location of first
| Appearance
A7 Peripheral LLft area for Ean A-1
a seatless valve
Als Peripheral Lift area for a Ean A-2
valve with seat angle
Ag Effective area Ean A-3
Cc Convectlon flux (in chapter 3) Ean 3.2-6
0y} Discharge coefficlent Fig. §5.6-9
Cu Constant for turbulencs Ean 2.3-4
equation
D Diffusion ftux (in chapter 3)
Diameter of the cyllnder Ftg. 4.3-1
Do Diameter of the small pipe Flg. 4.3-1

Ds Dlameter of the valve stem Fig. 8.21-1
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Constant in lLog-law of the

wall

Generation of turbulence

energy

Gravitational acceleratton

Flux of o

Turbulence kinetic energy

Length
Valve LLft

Mass transfer rate per unit

area through surface

Mean pressure

Instantaneous pressure

Pressure fluctuatlion

Valve-stem radlus

Small plpe radius

Under-relaxation factor

Source of the equation for ¢

Ean 2.5-1

Ean 2.3-8

Chapter 8

Ean 3.2-1

Ean 2.3-1

Flg. 4.3-1

Flg. 1.1-2

Ean 3.4-1

Ean 2.2-4

Ean 2.2-4

Ean 2.2-4

Flg. 8.24-1

Fig. 8.24-1

Ean 3.4-5

Ean 2.2-9
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Source for the k equation

Source for the « equatlion

Implicit part of a Linearised

source

Expticit part of a linearised

source

inttial time

Time (seconds)

Mean veloclity component along

the stream direction
Instantaneous velocity compon-
ent along L'th dlrectlion
Fluctuating veloclity component
along L’th direction

Frictlon veloclty

Reynolds stress tensor

Turbulent flux of ¢

Ean 2.3-6

Ean 2.3-7

Ean 3.2-11

Ean 3.2-11

Chapter 7

Chapter 7

Chapter 2

Chapter 2

Chapter 2

Ean 2.5-1

Ean 2.2-6

Ean 2.2-9



xi

y+
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Mean-veloclty component
along the cross-stream

direction

Mean-veloclty component along

the axial direction

Coordinate along main—-flow

direction

Generalized carteslian tensor

coordinate

Coordinate cross the maln-TlLow

direction

Non-dimensional distance from

Coordilnate along axtat

direction

Chapter 2

Chapter 8

Chapter 2

Ean 2.2-1

Chapter 2

Ean 2.5-3

Chapter 8



Greek is

Ko

It

Haff
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kronecker delta

Rate of dlssipation of

turbulence energy

Exchange coefficlent for x

Exchange coefflclent for e«

Laminar viscosity

Turbulent viscoslty

Effective viscosity

Von—Karman constant Ln the

Logarithmic law

Composlite coordinate

Composlte coordlnate

Time—-mean value of a scalar

quantity

Instantaneous value of a
scalar quantity

Ean 2.3-1

Ean 2.3-6

Ean 2.3-7

Ean 2.3-5

Ean 2.3-5

Ean 2.3-5

Ean 2.5-1

Appendix B

Appendlx B

Ean 2.2-8

Ean 2.2-8
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Fluctuating component of a

scalar quantity

Wall shear stress

Denslity

Relaxatlon factor

Ean 2.2-8

Ean 2.5-6

Ean 2.2-1

Ean 3.4-3



Subscripts

E. W. N.S.P

e.w.n.s
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In Chapter 3. for east. west.
north, south and central nodes
respactively of the finite-

domain grid

East. west. north and south
lnterfabes of the control
volume respectively

Turbulence kinetic energy

Disslpation rate of turbulence

kinetic energy

wall

Chapter 3

Chapter 3

Chapter 2

Chapter 2



-250-

APPENDIX A

Discharge Coefficient

The discharge coefficient, Cp. is defined as the ratio of effective flow
area. Ag. to some geometric area representative of the valve
configuration. The effective area is considered here to be the throat
area of an imaginary. frictionless, parallei-exit nozzle and through which
the measured flow passes. The choice of the geometric area Is arbitrary
and various reasonable choices exist. Most widely used areas are
minimum area (Kastner et al. 1963) and peripheral Ilift area Aj

(Annand. 1969). The latter is chosen for the present study as follows:

A} = mDyLy . (A-1)

A5 = m [(Dy—2wlLy] . (A=2)

the first Ls for a seatless valve. and the lLatter for a valve with a

seat angle.

Hence. Cp = A_E . (A-3)
Aq :

and Ag =1 __ . (A-4)
Y2plspl|

where Ap ls the stagnation pressure drop across the valve;

Oy is the valve diameter

Ly is the valve LLift

m ts the mass flow rate
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APPENDIX B

Jransformation of Equations for a Composite Grid

The conservation equations in cylindrical—polar coordinates for laminar

flow are:

p a(pw) +'| alpvr)
at aZ r ar

Continuity. =0 (B-1)

The transport equation for a general variable ¢.

z_(m)"'a_[M‘l‘ﬁ] +la_.[r(pV¢‘P

at -y 4 aZ r ar ar

2 = s

.(B-2)
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water surface

!

2

I 2 2 72 7 7 7 177 7777

1 A

N\H

(1) fixed grid

(2) hoving arid

Figure B-1 A composite grid-system.
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A composite grid consists of a "moving part*. which stretches uniformly
v}lth the movement of the boundary. and a "fixed part", as shown In

Figure B-1.

For the moving part. a transformation Is required to replace the
co-ordinate set (r.Z.t) by the set (r.Z.t)., where the new

axlal-coordinate, ¢. Is specified as

L =¢ (2.0 . (B-3)
A variable ¢ can be expresed Ln both coordinate systems. thus
¢ =0¢, (r.2.t) =¢, (r.z.t), ‘ (B~4)

Oifferentiation of (B-4) yields:

%1 gr + 2% gz + %1 gt = %2 gr 4+ %P2 gp 4 %02 gt

ar aZ at ar - 74 at
. (B-5)
But as d¢ = 2¢ gz + % 4t .(B-6)
2z at
thus. 2%t gr + %1 47 4 901 ¢ = %P2 4, 902 K o

ar V4 at ar ¢ a2
» 302 % 4, 902 (B-7)

a, at at

So three coordinate transformation formulae are obtained as:

a0, _ b,

ar ar
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ad;, _ ad, 3¢

aZ a az
and 3, _ by 3P, E . (B-8)
at at 8¢ at
For the present study, ¢ = Z_ where L(t) ls the lnstantaneous
L(t)

distance of water surface from the grid interface as shown in Figure B-1.
Then planes at { = 0 and ¢ = 1 correspond to the grid interface and the
water surface respectively, and. grid lines in both { and Z spaces have

the same relative spacings.

Further manipulation yieids equations for the new coordinates system:

T2 oy + 12 (omd + 12 (rpvey -1 2 (F3% _ 12 (2%
L at L a¢ . rar L a¢ L a¢ r ar ar

= So , (B-9)
As L = s-f

where & ls the axital length of the whole calculation domailn. and f s

the axial length of the fixed grid domain. It can be obtained:

_1__ _a_ [pd(s-f)] + _l_ f_ (owd) + (rpve) - _1_ _f. <£_ i‘f’

10
§-f at §—-f a¢ F a—r §-f a¢ &-T 3¢

-2 o = se (B~10)
r ar ar

where w is the relatlve axial velocity and

w=w—¢£=w—cws L(B-11)

dt



=255~

with wg = ¢ & . (B-12)
at

in the fixed part. a nondimenslonal axtal coordinate n = E
f

may be defined where -f < Z « 0, such that the Lnlet plane Ls Located

n = -1 and the grid-interface at n = 0.

By substituting (B-11) into B-2) the latter becomes:

l f_ (pfep) + 1 i_ (pwd) + l f_ (rpove) - l f_ (: if)
f at f a¢ r ar f ac f 3¢
-1 9% r% - g .(B-13)
r ar ar

Obviously equations (B-10) and (B-13) are similar and both can be

written as:
T2 o1 +1 2 trove -1+ 12 (owe - % =g
X at r ar ar X 3¢ X a¢
. (B-14)
where X = : f f2<0
| &-f 0s2<6-1
= (w <240 )
w={"
.W-Cws 0<«Z=<86-°

or w=W"CwS
wg =0, for - f£2Z <0 Ln the flxed part

and wg = ¢{ ﬂ:, for 0 € Z &6 - T Ln the movlng part.
dt
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APPENDIX C

Particle—Tracking

A particle—tracking technique was developed by Maxwell (1977) to
investigate the behaviour of free surfaces in a variety of flow situations:
it was later used by Awn (1979) for the caiculation of flows with a
moving interface. In the present study. the TRACK Code provided by
Castrejon is modifled by author to trace the vortex pattern downstream of

the valve. Its principle Is described below.

The Basic ldea of the Particle—tracking for an Interiace

A series of imaginary particles are distributed. at a specified initial time.
on the Interface. Each of these particles is characterised by
co-ordinates Zp and Yp. where p denotes the particle. These particies
are moved at the end of a specified time step in accordance with the
prevailing velocity distribution in the flow domain. The position of a

particle is described by the following equations:

2

= U L(C-1)
at P
and f& = Vp . (C-2)
at

They may be written Ln finite~-difference forms as

Zp

2po + Up*At ’ (0-3)

and Yp Ypo + Vp*At . (C-4)
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where Zpg and Ypo are the coordinates of the particle at time to and Up
and Vp are the velocity components with which the particie moves through
the finite difference mesh. From the new particle location after a time

step. At, the new interface may be established.

There are severali methods of calculating the particle velocities. In the
present study. the chosen method consists of evaluating its velocity
components by a direct linear interpolation of those of its neighbouring
four particies. Special attention must be given to particles which lie near
the boundaries. in which. for the present study, all velocities used for

interpolation are contained in the fluid side.

Flow: Pattérn Tracking

For the present study. one particle is placed at the injection point of the
tracer. at a short distance below the cylinder bottom. At the end of the
particle’s advancement, another particle is placed at the same injection
position. Thus, over a number of particle advancement steps, a sirlng
of particies is availlable to indicate the Iinstantaneous locus of all fluid
particles which have passed through the Injection point over a specified
time interval. Along the locus. the Iinstantaneous location of each

particle is specified by the above equatlohs.

Because of the irregular fluid motion., the spacing of the particles along
the locus filament may become very uneven. In order to provide a locus
of evenly distributed particles. checks are made of the spacing between
adjacent panlcleé, if it Is larger than a prescribed maximum value. a
new particle is Inserted between them: and if it is smaliler than a

minimum distance. one of them is deleted.
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APPENDIX D
CODING _OF SATELLITE

SUBROUTINE SATUT

C
$INCLUDE 9.CMNGUSSI. FTN/G
$INCLUDE 9.GUSSEQUI.FTN/G
$INCLUDE 9.CMNGRFIC.FTN/G

C
C-——- GROUP 1. FLOW TYPE :
CARTES=. FALSE.

C

C-—— GROUP 2. TRANSIENCE :
STEADY=. FALSE.
ATIME=0.
FSTEP=1
LSTEP=360
TLAST=180.
TFRAC(1)=-1000.
TFRAC(2)=0.005

C

C-——~ GROUP 4. Y-DIRECTION :
NY=27
YVLAST=0. 0865
YFRAC(1)=-10.
YFRAC(2)=0. 0289
YFRAC(3)=4.
YFRAC(4)=.00578
YFRAC(5)=2.
YFRAC(6)=.037
YFRAC(7)=7.
YFRAC(8)=. 065
YFRAC(9)=3.
YFRAC(10)=.042
YFRAC(11)=1.
YFRAC(12)=.025
NY1=10
NYIP1=NY1+1
NY1P=NY1+4

C

C-—— GROUP 5. Z-DIRECTION :
NZ=45
ZFRAC(1)=-5.
ZFRAC(2)=.006
ZFRAC(3)=2.
ZFRAC(4)=. 0025
ZFRAC(5)=4.
ZFRAC(6)=. 0005
ZFRAC(7)=8.
ZFRAC(8)=.001
ZFRAC(9)=10.
ZFRAC(10)=. 0005
ZFRAC(11)=2.
ZFRAC(12)=. 001
ZFRAC(13)=3.

ZFRAC(14)=.002
ZFRAGC(15)=3.
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ZFRAC(16)=.001
ZFRAC(17)=4.
ZFRAC(18)=. 0005
ZFRAC(19) =4,
ZFRAC(20) =. 00025
NZ21=7

NZv=20
NZ1P1=NZ1+1
NZVM1=N2ZV-1
NZVP1=NZV+1

GROUP 6. MOVING GRID :
MGRID=2

1IZW1=22

1ZW2=NZ

AZW2=7. 683E-4

BZW2=0.0

GROUP 7. BLOCKAGE: BLOCK«<.F.>,IPLANE. IPWRIT
BLOCK=. TRUE.

GROUP 8. DEPENDENT VARIABLES TO BE SOLVED FOR OR STORED

SOLVAR(P1)=. TRUE.
SOLVAR(PP)=. TRUE.
SOLVAR(V1) =. TRUE.
SOLVAR(W1) =. TRUE.

C——

GROUP 10 PROPERTIES:
EMULAM=1. E-3
EMUI=EMULAM

RHO1=1. E3

CcC—

GROUP 13 INITIAL FIELDS :
FIINIT(1)=10101.
FINIT(5)=10101.
FINIT(7)>=10101.

C
C-—

GROUP 15 TO 24: REGIONS 1 TO 10

C--- CYLINDER WALL

CALL PLACE(2.NORTH. 1.1.NY.NY,1.N2)
CALL COVAL(2.W1.WALL.0.0)

C-—— STEP WALL

CALL PLACE(4.NORTH. 1.1.NY1.NY1,1.NZ1)
CALL COVAL(4.W1.WALL.0.0)

C--- STEP WALL(VERTICAL)

CALL PLACE(S5.LOW.1.1.NYTP1.NY.NZ1P1.NZ1P1D
CALL COVAL(5,V1.WALL.0.0)

C--- VALVE WALL

CALL PLACE(6.HIGH.1.1.1.NY1.N2ZVM1.N2ZVM1)
CALL COVAL(6.V1,WALL.0.0)

C-—— VALVE WALL(BACK)

CALL PLACE(7.LOW.1,1.1.NY1,N2VP1.N2ZVP1)
CALL COVAL(7.V1,WALL.0.0)

C--- STEM WALL

CALL PLACE(8,.S0UTH.1.1.2.2.1.N2)
CALL COVAL(8,W1,WALL.0.0)

C
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C--- GROUP 25 GROUND STATION :
GROSTA=. TRUE.

C

C--- GROUP 26 SOLUTION TYPE AND RELATED PARAMETERS :
WHOLEP=. TRUE.

C

C--- GROUP 27 SWEEP AND ITERATION NUMBERS :
FSWEEP=1
LSWEEP=300
LITER(2)=10
LITER(7)=10

C

C--- GROUP 28 TERMINATION CRITERIA :
ENDIT(2)=1.E-4
ENDIT(7)=1.E-3

C

C--— GROUP 29 RELAXATION
DTFALS(5)=0.1
DTFALS(7)=0.1

C

C--— GROUP 33 MONITOR PRINT-OUT :

IYMON=NY1+1
IZMON=NZ1P1+1
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APPENDIX E
CODING OF GROUND
SUBROUTINE GROUNDC(IRN. ICHAP.ISTP.ISWP, IZED, INDVAR)

$INCLUDE 9.CMNGUSSI. FTN/G
$INCLUDE 9. GUSSEQUI.FTN/G

C
C CHAPTER 0: ALWAYS ACCESSED WHEN GROUND CALLED.

C
PARAMETER (NYM=27.NZM=45,NYNZ=1215)
DIMENSION LSPDA(1).ISPDA(1),RSPDA(T)

DIMENSION CPHI(NYM., 1) ,VPHI(NYM, 1) . CM(NYM, 1) , VM(NYM, 1)
DIMENSION

DENS(NYM. 1) . VOL(NYM. 1) . AREA(NYM. 1), PRES(NYM. 1)

DIMENSION WINOM(NYM) , PSIDD(NYM. NZM) , AREAN(NYM. 1)

DIMENSION ZG(NZM) . WINN(NYM) , GV(NYM, 1), GW(NYM. 1)

DIMENSION GP(NYM. 1), AMSD(NYM) . VI(NYM, 1) .WT(NYM. 1)

DIMENSION
WT(NYM. 1) . DYG(NYM) . RCINYM) . PSID(NYM. 1), RATW(NYM. 1)
DATA NDIM/210/
DATA NY1,NPTUB1.NPTUB2, NPTUB3/10.4.16.20/
DATA DO.DO0O0O/0.05.0.005/
DATA WIN.RHO/.0124.1. 0E3/
DATA WV, VALD.VALL/0.0,0.05.0.015/
C--— FOR SEATLESS VALVE
C DATA
WINOM/.9975,.9775,.9375,.885,.7975,.6975,.5775,.4375,
C 1 .2775,.0975.17*0./
C DATA WREF/0. 03375/
C--— FOR SEATED VALVE
DATA
WINOM/0..0...2345..6094, .8594, .9843, . 9843, . 8594, . 6094,
1 . 2345, 17*0./
PA[=4. *ATAN(1.)
C
C CHAPTER 1. CALLED AT THE START OF EACH TIME STEP.
C

100 CONTINUE
IPLANE=2
IFC(ISTP. GT. 1) RETURN
CALL DETGJ(IPLANE)
RETURN

C
C CHAPTER 2: CALLED AT THE START OF EACH SWEEP.
C

200 CONTINUE
AMASS=0.018

C

C-——- FOR SEATLESS VALVE

C :

C AMASS=AMASS/ (. 25*PAI*DO*DOQ)
C WREF=2. *AMASS/RHO

C

C--—- FOR SEATED VALVE

C

AMASS=AMASS/ (. 25*PAI*(DO*D0O-D0O0O*D00))
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WREF=1. 5*AMASS/RHO
C
C-— CALCULATE INLET VELOCITY
Cc
DO 301 1y=1.NY
WINN (1Y) =WINOM (1Y) *WREF
301 CONTINUE

RETURN

C
C CHAPTER 5. GROUND CALLED WHEN SOURCE TERM IS
COMPUTED.
C

500 CONTINUE
C
C-—— INLET BOUNDARY CONDITION

IFC(IZED. NE. 1) RETURN
DO 501 ly=1.NY1
CM(lY. 1)=1.E-10
501 VMY, 1) =1. E10*AMASS
IFCINDVAR. NE.9) GO TO 504
CALL ADD(9.1.1.1.NY1.6..CM,VM, CPHI. VPHI, NY, NX)
GO TO 599
504 IF(INDVAR.EQ.7) GO TO 505
GO TO 599
505 DO 5§02 1Y=1.NY1
CPHI(IY.1)=0.0
502 VPHICY, 1) =WINNCIY)
GO TO 510
570 CALL ADD(INDVAR.1.1.1,NY1,6..CM,VM, CPHI, VPHI, NY, NX)
599 CONTINUE

RETURN
C
C CHAPTER 7. CALLED AT END OF EACH SLAB-WISE
CALCULATION.
C

700 CONTINUE
CALL GET(S5.V1.NY,NX)
CALL GET(7.W1,NY.NX)
CALL GET(1.PRES. NY.NX)
CALL GET1D(129.DYG. NY)
CALL GET(105, AREA. NY.NX)
CALL GET(104. AREAN. NY. NX)
CALL GET(2, DENS. NY,. NX)

C--- MAXIMUM VELOCITY AT EACH CROSS-SECTION

LSWPM1=LSWEEP-1

IFC(ISWP. NE. LSWPM1) GO TO 703

BIG=W1(1. 1)

BIGV=V1(1.1)

DO 707 1y=1.NY

IFCWT Y, 1) . GT. BIG) BIG=WTI(lY, 1)

IEVIAY, 1. GT. BIGV) BIGV=V1(1. 1)
707 CONTINUE

C--— CALCULATION OF THE STREAM FUNCTION

PSID(1,1)=0.0
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IYP1=iY+1

DO 701 1Y=1.NY

IYM1=tY-1

IFCY.EQ. 1) IYMI=AMAXO0(1.1Y-1)

PSIDCIY. 1)=DENSC(IY. 1) *W1 (IY. 1) *AREAY, D) +PSID(IYM1. 1)
DO 706 iY=1.NY

I=NY-lY+1

PSIDD(IJ, IZED) =PSIDCIY. 1)

CALL SET(20.1.NX, 1.NY, PSID. NY. NX)

NORMALIZED VELOCITY

DO 704 1Y=1.NY
RATW(IY. 1)=W1(lY, 1) /BIG
CALL SET(17.17.NX. 1,NY, RATW, NY, NX)

IFC(ISWP. NE. LSWEEP) GO TO 710
PREPARING PRESSRE FOR CD

IFC(IZED. NE. NPTUB1) GO TO 712
PRES1=PRES(NY1, 1)

SUM=0.0

DO 708 iy=1.NY1

WGY1=W1(lY, 1) *DYG (1Y) +SUM
SUM=WGY]

CONTINUE

WAV1=8SUM/YVLAST

WRITE(6,8008) IND

IND=4

IFC(IZED. NE. NPTUB2) GO TO 711
PRES2=PRES(NY. 1)

SUM=0.0

DO 709 1Y=1,NY

WGY2=W1(lY, 1) *DYG(1Y) +SUM
SUM=WGY2

CONTINUE

WAV2=SUM/YVLAST

P1=PRES1+. 5*RHO1*WAV1*WAV1
P2=PRES2+. 5*RHOT1*WAV2*WAV2
DPE=ABS(P1-P2)

WRITE (6,8001) WAV1,WAV2, DP
IFC(IZED. EQ. 3) PRE1=PRES(10. 1)
IF(IZED. EQ. 12) PRE2A=PRES(NY. 1)
IFC(IZED. EQ. 13) PRE2B=PRES(NY. 1)
IF(IZED. EQ. 14) PRE2C=PRES(NY. 1)
IF(IZED. EQ. 15) PRE2D=PRES(NY. 1)
IFC(IZED. EQ. 16) PRE2E=PRES(NY. 1)

PRE2MX=AMAX1(PRE2A, PRE2B. PRE2C., PRE2D. PRE2E)
PRE2MN=AMIN1(PRE2A, PRE2B, PRE2C. PRE2D. PRE2E)
CONTINUE

IF(IZED. EQ. 1) PTIMX=PRES(10.1)

PST1MX=PT1MX+. S*RHO*WIN*WIN

IF(IZED. EQ. 13) PT2=PRES(NY, 1)

IFCUIZED. EQ. 12) WI12=W1(NY, 1)

PS2=PT2+. 5*RHO*W12*W12

DPS=ABS(PS1MX-PS2)
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IF(IZED. EQ.3) PT12=PRES(10.1)
PSVMX=PT12+. 5*RHO*WIN*WIN
PT2MN=PRE2MN

PS2MN=PT2MN+. 5*RHO*W12*W12
DPS1=ABS(PSVMX~-PS2MN)

DPS2=ABS(PS1MX-PS2MN)

IF(IZED. EQ. 5) PTIMN=PRES(10.1)
PSTMN=PTI1MN+. 5*RHO*WIN*WIN
DPS3=ABS(PSTMN-PSVMX)

IF(ISWP. NE. LSWEEP) GO TO 801
IF(IZED.NE. 1) GO TO 801
SUMMAS=0.

DO 801 1y=2,10
GINMAS=RHO*W1(lY, 1) *AREA(IY. 1)
SUMMAS=SUMMAS+GINMAS
CONTINUE

RETURN

CHAPTER 8: CALLED AT THE END OF EACH SWEEP;

CONTINUE
IF(MODCISTP. NTPRIN) . NE. 0) RETURN

WRITE STREAM FUNCTION
WRITE(6.8004)

WRITE(6,.8001) ((PSIDD(IY.IX).IX=1,10),1¥Y=1, NY)
WRITE(6, 8004)

8004 FORMAT(35X, 30H PSID )

WRITE(6,8001) ((PSIDD(IY.IX),IX=11,20).1¥Y=1,NY)
WRITE(6, 8004)

WRITE(6,8001) ((PSIDD(1Y.IX).IX=21,30).lY=1,NY)
WRITE(6. 8004)

WRITE(6.8001) ((PSIDD(IY,IX),IX=31,40),1Y=1,NY)
WRITE(6, 8004)

WRITE(6,8003) ((PSIDD(IY.IX),IX=41,NZM) ,iY=1, NY)

8003 FORMAT(1PSE12.3)

C
C-—
C

CALCULATE CD

PAI=4, *ATAN(1.)

DP=ABS (PRE1-PRE2MN)
AE=SUMMAS/SQRT(2. *RHO1*DPS2)
CD2=2. *AE/ ((VALD-2. *WV) *VALL)

AE1=SUMMAS/SQRT(2. *RHO1*DPS)

CDB=2. *AE1/ ((VALD-2. *WV) *VALL)
ACD=WIN*VALD*VALD/ (4. *(VALD-2. *WV) *VALL)
BCD=RHO/ (2. *DPS)

CDA=ACD*SQRT(BCD)

BCD1=RHO/ (2. *DPS1)
AEV=8UMMAS/SQRT(2. *RHO1*DPS1)
CDA1=2. *AEV/ ((VALD-2. *WV) *VALL)
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BCD2=RHO/ (2. *DPS2)
CDA2=ACD*SQRT(BCD2)
WRITE(6,8002)

8002

FORMAT(10X, 3HACD, 9X. 3HBCD. 10X. 2HDP, 9X, 3HDPS. 8X. 4HMASS,

C

1 9X. 2HAE. 10X, 2HCD. 10X. 3HCDA)
WRITE(6.8001) ACD. BCD, DPS2. DPS, SUMMAS, AE. CD2. CDA
WRITE(6.8001) AE1.CDB.CDA1,CDA2

8008 FORMAT(10X, i4)
8001 FORMAT(1P10E12.3)

RETURN

0000

CHAPTER 9: CALLED AT THE END OF EACH TIME STEP:
NOT ACCESSED IF PARABOLIC.

900 CONTINUE
IFC(ISTP. GT.90) GO TO 902
IFC(ISTP. GT. 150) GO TO 903
IFC(ISTP. GT.280) GO TO 904
CALL TRACKH(ISTP, IPLANE. 1. 2E-3. 2. 3E-3)
RETURN

902 CALL TRACKH(ISTP.IPLANE. 1. 0E-3. 2. 0E-3)
RETURN

903 CALL TRACKH(ISTP,IPLANE. 1. 4E-3, 2. 6E-3)
RETURN

904 CALL TRACKH(ISTP.IPLANE. 1. 6E-3. 3. 0E-3)

- RETURN
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APPENDIX F

CODING OF TRACK

SUBROUTINE TRACKH(ISTP.IPLANE. DISMIN, DISMAX)

SUBROUTINE FOR TRACING DYE FILAMENT LINE.

000000

$INCLUDE 9,CMNGUSSI. FTN/G
$INCLUDE 9.GUSSEQUI. FTN/G
COMMON/SET1/IXFA(10) . IXLACT0) . IYFA(10) . IYLAC10) . TRA(10) .
1 INWCT0) . INECT10) ,INN(10) . INS(10) . IRP]

DIMENSION XP(1200).YP(1200)
DIMENSION U(27,45),V(27,45) ,XG(45),XU(45) ,YG(27).YV(27)
DIMENSION W1(45,1),V1(45,1)
DIMENSION XPLOT(1200).YPLOT(1200, 1), YAXIS(1)
LOGICAL TESTIN
TESTIN=. FALSE.
IF(. NOT. TESTIN) GO TO 9010
WRITE(12,9020) IRP1

9020 FORMAT(1X,*IRP1 = *,1X.i2./)
WRITE(12,8030)

9030 FORMAT(1X, "INFORMATION FROM DETREG :",/)
DO 9031 iA=1.IRP1
WRITE(12,9032) 1A, IXFAC(IA) . IXLACIA) . IYFAC(IA) . IYLACIA) .

1 TRACIA) . INWCIA) , INE(IA) . INNCIA) . INS(1A)

9031 CONTINUE

9032 FORMAT(1X,5(12,1X),TPE10.3.1X.4(i2.1X)./)

9070 CONTINUE

C
C...... RETRIEVE THE REQUIRED VARIABLES.
C
NXSTO=NX
IF(IPLANE. EQ.2) GO TO 300
CALL GET(3.U. NY.,NX)
CALL GET(S5.V. NY,NX)
CALL GETID(122.XG.NX)
CALL GET1ID(123, XU.NX)
GO TO 310
C

300 DO 320 IZED=1.NZ
CALL READIZ(IZED)
CALL GET(7.W1,NY,. 1)
CALL GET(S,V1.NY. D
DO 321 I¥=1.NY
udly. IZED)=W1idlY, 1)
VAY,IZED)=VICY., 1)

321 CONTINUE

320 CONTINUE

CALL GETID(132,XG.N2)
CALL GETID(133. XU, N2)
NX=NZ

310 CALL GET1ID(126. YG. NY)
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CALL GET1D(127.YV.NY)

C
Cxx:xx::::x::xxx::x:x::xx::n:x:xx:zxxzxz:xx:xxx::xzx:xx:zxax::xx
C...... USER INSERTS HERE SIZE OF THE TIME STEP.

DELTAT=0. 2
IFCISTP. GT. 40) DELTAT=0.5

CR!!!*XXS!XI!!!’!!!*!!X!888!!288**!8!!&:**!*8***882!3*:*8!!*8*88*

IFC(ISTP.NE. 1) GO TO 1

C!X!I!*!!!!!X!:R*S*8!8!!!*:*!823!!22!888!388!*2*!88!!88***!!8!88!8

C...... USER INSERTS HERE PARTICLE DISTRIBUTION AT TIME=0.0
C NOTE: IF IPLANE=2, XP MUST BE SET AS THE SET
COORDINATE.
Cc
C INITIAL DISTRIBUTION FOR KASE 1.....
C

YF=1.625E-2

NPMAX=1

DO 2 IP=1.NPMAX

YP(IP) =YF*IP

2 CONTINUE

DO 3 IP=1.NPMAX
XP(IP)=3. 2E-2

3 CONTINUE
(o]
C-— FOR RESTART
C NPMAX=357
C READ(23.999) (YP(IA).IA=1, NPMAX)
(o] READ(23,999) (XP(IA),IA=1, NPMAX)
C
C "USER SECTION ENDS HERE......
o]
CXXAXXXXXXXXXXXXXXXXAXRXXXXXXX XA RXXXXXXXXXXXXXXXXXXXXXXXRXX XX XXX X
WRITE(12,4)
4. FORMAT(//.5X, "INITIAL PARTICLE DISTRIBUTION :",/)
DO 5 IP=1, NPMAX
WRITE(12,801) IP,XP(IP).,YP(IP)
5 CONTINUE
C
1 CONTINUE
CEXXXAXXXXXXXXXXXXXXLAXXXXXXXXAXXXXXAXXXXXXXXXKXXXXXXXXXXXXR XX R XXX X
C .
C CHAPTER 0.- ADD OR DELETE PARTICLES AS NECESSARY
ACCORDING
C TO THE VALUES OF DISMIN AND DISMAX
C
IF(DISMIN.EQ.0.0) GO TO 95
IP=1
93 IF(IP. GE. NPMAX) GO TO 85
IP=IP+1
IPM1=IP-1

IFCCARTES) GO TO 90
IFC(IPLANE. EQ.2) GO TO 90
DIST=SQRT(((YP(IP) +RINNER) *SIN(XP(IP))-(YP(IPM1) +RINNER) *

1 SIN(XP(IPM1))) **2. +((YP(IP) +RINNER) *COS(XP(IP)) -
2 (YPC(IPM1) +RINNER) *COS(XP(IPM1))) **2.)
GO TO 91

80 DIST=SQRT((YP(IP)=YP(IPM1)) **2. +(XP(IP)-XP(IPM1)) **2,)
IFC. NOT. TESTIN) GO TO 2958
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WRITE(12,2959) DIST. IP, IPM1
2959 FORMAT(5X. "DIST(IP.IPM1)= ", 1PE10. 3, 1X. 12, 1X.12. /)
2958 CONTINUE
91 IF(DIST.LT.DISMIN) GO TO 92
IF(DIST. LT. DISMAX) GO TO 93
NPMAX=NPMAX+1
NPMAX1=NPMAX-1
IFC. NOT. TESTIN) GO TO 2113
WRITE(12, 1999) IP
1999 FORMAT(1X,"ADD PARTICLE WHEN IP *,1X.,12)
2113 CONTINUE
DO 11 INS1=NPMAX1,IP,~1
INSTP1=INS1+1
XP(INSTP1)=XP(INS1)
YPC(INSTP1)=YP(INST)
11 CONTINUE
XP(IP)=0. 5*(XP(IP) +XP(IPM1))
YP(IP)=0.5*(YP(IP)+YP(IPM1))
IFC. NOT. TESTIN) GO TO 2114
WRITE(12.2112) (YP(IA) . 1A=1, NPMAX)
WRITE(12.2111) NPMAX
2114 CONTINUE
GO TO 93 A
92 NPMAX=NPMAX-1
NPMAXT1=NPMAX~-1
IFC. NOT. TESTIN) GO TO 2115
WRITE(12,1998) IP
1998 FORMAT (11X, *"DELETE PARTICLE WHEN IP ",1X.,12)
2115 CONTINUE
DO 12 IDEL=IP, NPMAX
IDELP1=IDEL+1
XP(IDEL)=XP(IDELP1)
YP(IDEL) =YP(IDELP1)
12 CONTINUE
IF(.NOT. TESTIN) GO TO 2116
WRITE(12.27111) NPMAX
WRITE(12,2112) (YP(IA) ,IA=1, NPMAX)
WRITE(12,2112) (XP(IA) ,IA=1, NPMAX)
2112 FORMAT(1X,"NEW PARTICLE DISTRIBUTION *./.,12(1PE10.3.,1X))
2116 CONTINUE
GO TO 93
2111 FORMAT(1X. *NPMAX =",12,/)
95 CONTINUE

C-—= INJECTION OF PARTICLE AT EACH TIME STEP

IP=1
Y1=1. 625E-2
21=8. 2E-2
DIST=SQRT((YP(IP)-Y1) **2. +(XP(IP)-Z21) **2.)
IF(DIST.LT.1.E-3) GO TO 96
NPMAX=NPMAX+1
DO 97 IP1=NPMAX, 2, -1
IPIM1=IP1-1
XP(IPT)=XP(IPTIM1)

97 YPUP1)=YP(IPIM1)
XP(IP) =21
YP(IP)=Y1

96 CONTINUE
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c
IF(. NOT. TESTIN) GO TO 9040
WRITE(12,9041)

9041 FORMAT(1X. "INITIAL PARTICLE DISTRIBUTION", /)
WRITE( 12, 9042) (XP(IP) , IP=1, NPMAX)
WRITE (12, 9042) (YPCIP) . IP=1, NPMAX)

9042 FORMAT(1X, 10¢1PE10. 3, 1X))

9040 CONTINUE

c
C..... OPEN MAIN-DO-LOOP.
c
IF(ISTP.LT.20) GO TO 111
DO 1000 IDET=1.20
DELTAT=. 025
111 DO 1000 IP=1, NPMAX
(o}
c CHAPTER 1.- SITUATING THE PARTICLE INSIDE THE DOMAIN.
C
DO 100 IX=1,NX
IFCXPCIP) . LT. XUCIX)) GO TO 110
100 CONTINUE
110 DO 120 iY=1,NY
IFCYP(IP) . LT. YV(IY)) GO TO 130
120 CONTINUE
130 IXM1=1X-1
IYM1=iY-1
IXP1=iX+1
IYP1=1Y+1
IZERO=0
(o}
IF(. NOT. TESTIN) GO TO 9050
WRITE(12.9051) IP,IX.lY
9051 FORMATC(IX,"IP. IX, Y :*.1X.3(12.2X)./)
9050 CONTINUE '
Cc
c CHAPTER 2.- DETERMINING WHETHER SPECIAL ACTIONS ARE
c REQUIRED.
(o}
ISPCAX=0
ISPCAY=0
IN=0
IS=0
IE=0
IW=0
DO 200 I=1.IRP1
IFCIX. NE. IXFACD) . AND. IX. NE. IXLA(D)) GO TO 220
IFCIYFACD . EQ. IYLACD) GO TO 220
ISPCAY=1
IF(TRACD .EQ. 1) GO TO 230
IW=1
IFCONWD . EQ. 1) IW=2
GO TO 200
230 IE=1
IFCINECD . EQ. 1) IE=2
GO TO 200
220 IF(IY. NE.IYFA(D . AND. IY. NE.IYLA(D)) GO TO 200

IFC(IXFA(D . EQ. IXLA(D)) GO TO 200
ISPCAX=1 ‘
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IF(TRA(D .EQ.3) GO TO 240
18=1
IFCINS(D . EQ. 1) I8=2
GO TO 200

240 IN=1 .
IFCGNNCD . EQ. 1) IN=2

200 CONTINUE

IFC. NOT. TESTIN) GO TO 9060

WRITE(12,9061) ISPCAX,ISPCAY.IN.IS.IE.IW
9061 FORMAT(1X, "ISPCAX.ISPCAY.IN.IS.IE,IW :",1X,6(i12.1X)./)
9060 CONTINUE

CHAPTER 3.- ASSIGNING INDICES FOR NON-SPECIAL CASES.

000

ILIFTX=0
ILIFTY=0
IF(XP(IP) . GE. XG(IX)) ILIFTX=1
IFCYPUIP) . GE. YG(IY)) ILIFTY=]

[oXo!

INDICES FOR X (OR 2)-DIRECTION VELOCITIES.
IUN=IY+ILIFTY

IUS=IYM1+ILIFTY

IUW=IXM1

IUE=IX

C... INDICES FOR Y-DIRECTION VELOCITIES.
IVN=IY
IVS=iYM1
IVW=IXM1+ILIFTX
IVE=IX+ILIFTX

0o

INDICES FOR X (OR 2)-DISTANCES.
IXUW=iXM1

IXUE=IX

IXGW=IXM1+ILIFTX

IXGE=IX+LIFTX

00

INDICES FOR Y-DISTANCES.
IYVN=IY

IYVS=iYM1

IYGN=IY+ILIFTY
IYGS=IYMI1+ILIFTY

CHAPTER 4.- MODIFYING INDICES FOR SPECIAL CASES.

oNeoXNe

IF(ISPCAX. EQ. 0. AND. ISPCAY. EQ.0) GO TO 400
IF(IW.EQ.0) GO TO 410
IUW=IZERO
IFCILIFTX. EQ. 0) IVW=|ZERO
IF(OW. EQ. 2) GO TO 420
IFCILIFTX. EQ. 0) IVW=IVE
410 IF(IE.EQ.0) GO TO 420
IUE=IZERO
IFCILIFTX. EQ. 1) IVE=IZERO
IFC(IE.EQ.2) GO TO 420
IFCULIFTX. EQ. 1) IVE=IVW
420 IF(IS.EQ.0) GO TO 430
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IVS=IZERO

IFCILIFTY. EQ. 0) 1US=IZERO

IF(1S. EQ.2) GO TO 430

IFCILIFTY. EQ. 0) 1US=IUN
430 IF(IN.EQ.0) GO TO 400

IVN=IZERO

IFCILIFTY. EQ. 1) IUN=IZERO

IF(IN.EQ.2) GO TO 400

IFCILIFTY. EQ. 1) IUN=IUS
400 CONTINUE

c :
C CHAPTER 5.- ASSIGNING THE REQUIRED VARIABLES.
C
C... U (OR W)-VELOCITIES
UNW=0.0
IFCIUN. NE. IZERO. AND. IUW. NE. IZERO) UNW=U(IUN. IUW)
UsSw=0.0
IF(IUS. NE. IZERO. AND. IUW. NE. IZERO) USW=U(IUS, IUW)
UNE=0.0
IFC(IUN. NE. IZERO. AND. IUE. NE. IZERO) UNE=U(IUN,. IUE)
USE=0.0
IF(IUS. NE. IZERO. AND. IUE. NE. IZERO) USE=U(IUS, IUE)
Cc

IFC. NOT. TESTIN) GO TO 9070
WRITE(12.9071) UNW, USW, UNE, USE
9071 FORMAT(1X, "UNW, USW,UNE.,USE :",1X,4(1PE10.3.2X)./)
9070 CONTINUE
Cc
C... V-VELOCITIES
VNW=0. 0 :
IFC(IVN. NE. IZERO. AND. IVW. NE. IZERO) VNW=V(IVN, IVW)
V8W=0. 0
IFCIVS. NE. IZERO. AND. IVW. NE. IZERO) VSW=V(IVS, IVW)
VNE=0.0
IFCIVN. NE. IZERO. AND. IVE. NE. IZERO) VNE=V(IVN. IVE)
VSE=0.0
IF(IVS. NE. IZERO. AND. IVE. NE. IZERO) VSE=V(IVS, IVE)
c .
IF(. NOT. TESTIN) GO TO 9080
WRITE(12,9081) VNW, VSW, VNE,. VSE
9081 FORMAT(1X, "VNW,VSW,VNE,VSE :", 1X,4(1PE10.3,2X)./)
9080 CONTINUE

C

C... X (OR 2)-DISTANCES.
XUE=XU(IXUB)
IFCX.NE. 1) GO TO 500
XUw=0.0
XGE=XG (IXGE)
XGw=0.0
IFCLIFTX. EQ. 1) XGW=XG (IXGW)
IF(IW. EQ. 2. AND. ILIFTX. EQ. 0) XGW=-XG (IX)
GO TO §10

500 IF(IX. NE.NX) GO TO 520

XUW=XU (IXUW)
XGW=XG (IXGW)
XGE=XU (IX) + (XU (IX) -XG (I1X))
IFCIE. NE. 2) XGE=XU(IX)
GO TO 510
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520 XUW=XU(IXUW)
XGE=XG(IXGE)
XGW=XG (IXGW)
510 CONTINUE
C
IF(. NOT. TESTIN) GO TO 9080
WRITE(12.9091) XUE, XUW, XGE. XGW
9091 FORMAT(1X, "XUE, XUW, XGE.XGW :",1X,4(1PE10.3.2X)./)
9090 CONTINUE
C
C... Y-DISTANCES.
YVN=YV(IYVN)
IFCY.NE. 1) GO TO 530
YVS=0.0
YGN=YG(IYGN)
YGS=0.0
IFCGLIFTY. EQ. 1) YGS=YG(IYGS)
IF(IS. EQ. 2. AND. ILIFTY. EQ. 0) YGS=-YG(IY)
GO TO 550
530 IF(IY. NE.NY) GO TO 540
YVS=YV(IYM1)
YGS=YG(IYGS)
YGN=YV (1Y) +(YV(IY)-YG(IY))
IFC(IN. NE. 2) YGN=YV(Y)
GO TO 550
540 YVS=YV(IYVS)
YGN=YG(IYGN)
YGS=YG(IYGS)
550 CONTINUE
Cc
IFC. NOT. TESTIN) GO TO 9100
WRITE(12,.9101) YVN,YVS,YGN,YGS
9101 FORMAT(1X,"YVN,YVS,YGN.YGS : ", 1X,4(1PE10.3.2X)./)
97100 CONTINUE

C
C CHAPTER 6.- DETERMINING THE PARAMETERS REQUIRED.
]

YS=(YP(IP)-YGS) /(YGN-YGS)
YW=(YP(IP)-YVS) / (YVN-YVS)
XS=(XP (IP) -XUW) / (XUE-XUW)
XW=(XP (IP) =XGW) / (XGE-XGW)
YN=1.0-YS
YE=1.0-YW
XN=1.0-XS
XE=1. 0-XW
YSXS=YS*XS
YSXN=YS*XN
YNXS=YN*XS
YNXN=YN*XN
XWYW=XW*YW
XWYE=XW*YE
XEYW=XE*YW
XEYE=XE*YE
C
C... DETERMINE THE VELOCITY COMPONENTS OF THE PARTICLE.
UP=YSXS*UNE+YSXN*UNW+YNXS*USE+YNXN*USW
VP=XWYW>*VNE+XWYE*VSE+XEYW*VNW+XEYE*VSW
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IFC.NOT. TESTIN) GO TO 9110
WRITE(12.9111) UP.VP

9111 FORMAT(1X,"UP., VP :", 1X,2(1PE10.3.2X)./)
9110 CONTINUE

]
C

Cc

700
710

CHAPTER 7.- COMPUTE THE NEW POSITION OF THE PARTICLE.

IFC. NOT. CARTES. AND. IPLANE. NE. 2) GO TO 700
XPP)=XP(IP) +UP*DELTAT

GO TO 710

XP(IP)=XP(IP)+UP/ (YP(IP) +RINNER) *DELTAT
YP(IP)=YP(IP) +VP*DELTAT

IFC. NOT. TESTIN) GO TO 9120
WRITE(12.9121) XP(IP),YP(IP)

9121 FORMAT(1X,*NEW XP AND YP :",1X,2(1PE10.3.2X)./)
9120 CONTINUE

C

cC...
1000 CONTINUE

000

C

998

999

777

802

801

805
800

CLOSE PARTICLES-DO-LOOP

NPRIN=5

IFC(ISTP. GT. 20) NPRIN=5
IFCMOD(ISTP,NPRIN) . NE.0) GO TO 777
WRITE(22.998) ISTP

FORMAT(SX, "ISTP=", 3X, 14)

IF(ISTP. NE.LSTEP) GO TO 777
WRITE(22,999) (YP(IA).IA=1, NPMAX)
WRITE(22,999) (XP(IA).IA=1, NPMAX)
FORMAT(1P10E12. 3)

CONTINUE

CHAPTER 8.- PRINT STATEMENTS.

NPRIN=5

IFCMOD(ISTP, NPRIN) . NE.0) GO TO 800

WRITE(12.802) ISTP

FORMAT(5X, "*** OUTPUT FROM TRACK AT ISTP =",1X,13,/)
IFC(NPMAX. GT. 101) GO TO 888

DO 800 IP=1,NPMAX

IFC(IPLANE.EQ.2) GO TO 805

WRITE(12.801)IP. XP(IP) , YP(IP)

FORMAT(5X, "PARTICLE". 1X. 13. 1X, "X-~COORDINATE=". 1X. 1PE10. 3,
12X. *Y-COORDINATE", 1X. 1PE10. 3)

GO TO 800

WRITE(12.806) IP.XP(IP).YPUIP)

CONTINUE

GO TO 889

806

FORMAT (5X, "PARTICLE", 1X, 13, 1X, "*2Z-COORDINATE=", 1X, 1PE10. 3,

12X, "Y-COORDINATE", 1X, T1PE10. 3)
C 888 NPM30=NPMAX-30

889

IFCISTP. EQ. 100) GO TO 890
DO 889 IP=NPM30.NPMAX
WRITE(12,806) IP.XP(IP),YP(IP)
CONTINUE

C 890 WRITE(12,806) IP,XP(IP),YP(IP)

C

C

NX=NXSTO
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CHAPTER 9.- PLOTTING STATEMENTS.

NPRIN=5

IFCMODCISTP, NPRIN) . NE. 0) GO TO 900
IF(. NOT. CARTES. AND. IPLANE. NE. 2) RETURN
DO 901 IP=1, NPMAX
XPLOT(IP)=XP(IP)

YPLOT(IP. 1) =YP(IP)

CONTINUE

FOR PLOTTING WATER LEVAL
IWL=NPMAX+4

NPM4=IWL

NPM5=NPM4+19

XWAT=6. 4E~2+7. 683E-4*0. 5*ISTP
DO 902 iP=NPM4.,NPMS5

XPLOT (IP) =XWAT

YPLOT(NPM4-1, 1)=1.25E-3
DY=(9. E-2-1. 25E-3) /FLOAT(20)
YPLOT(IP, 1)=YPLOT(IP-1, 1) +DY
XAX|S=4HX-DI

YAXIS(1) =4HY-DI

IFC(IPLANE. EQ. 2) XAXIS=4HZ-DI
NC=1

NPM1=NPMAX+1

NPM2=NPMAX+2

NPM3=NPMAX+3

XPLOT(NPM1)=2. 8E-2
YPLOT(NPM1, 1)=1. 25E-3
XPLOT(NPM2)=2. 0E-1
XPLOT(NPM2)=6. 038E-2+7. 658E-4*0. 5*ISTP
YPLOT(NPM2. 1)=1. 25E-3
XPLOT(NPM3) =2. 8E-2
YPLOT(NPMS3. 1)=9. E-2

PLOTSJ(ISTP, XPLOT. NPM5, NPMS5, XAXIS, YPLOT. NC. NC. YAXIS)
900 CONTINUE .

C

RETURN
END

CALL



