
The development and evaluation of 3-
dimensional models of cold flow in 
internal combustion engines 
Benjamin, S.F. , Gosman, A.D. , Whitelaw, J.H. and Hutchinson, 
P. 
Published version deposited in CURVE January 2014 
 
Original citation & hyperlink:  
Benjamin, S.F. , Gosman, A.D. , Whitelaw, J.H. and Hutchinson, P. (1984). The development 
and evaluation of 3-dimensional models of cold flow in internal combustion engines. In A.S. 
Strub & H. Ehringer (Eds). Energy Conservation in Industry: Proceedings of the International 
Seminar held in Dusseldorf 13-15 February, 1984 (pp: 70-78). Dusseldorf: VDI Verlag on 
behalf of the Commission of the European Communities  
http://bookshop.europa.eu/en/engines-and-batteries-pbCDNB09236/ 
 
 
Publisher statement: Copyright © 1984, ECSC, EEC, EAEC, Brussels and Luxembourg, 1984. 
 
 
Copyright © and Moral Rights are retained by the author(s) and/ or other copyright 
owners. A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge. This item cannot be reproduced or quoted extensively 
from without first obtaining permission in writing from the copyright holder(s). The 
content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the copyright holders.  
 
 
 
 
 
 
 
 

CURVE is the Institutional Repository for Coventry University 
http://curve.coventry.ac.uk/open  

http://curve.coventry.ac.uk/open


Commission of the 
European Communities 

ENERGY 
CONSERVATION 

Proceedings of the International Seminar held in Dusseldorf 
13-15 February, 1984 

volume 2 

Engines 
and Batteries 

Published by V W VERLAG 
for the Commission of the European Communities 



CIP-Kurztitelaufnahme der Deutschen Bibliothek 

Energy conservation in industry: proceedings of the 
internat. seminar held in Dusseldorf, 13-15 February, 1984; 
[results of the Europ. Communities Energy R & D Programme 
11979-19831] / Comm. of the Europ. Communities. 
[Ed. by A. S. Strub and H. Ehringer. 
Conference chairman A. Strub. Rapporteurs M. Grol l . . . ] . 
- Dusseldorf: VDI-Verlag, 

ISBN 3-18-419095-1 

NE: Strub, Albert S. [HrsgJ; 
Europaische Gemeinschaften / Kommission 

Vol. 2. Engines and batteries. - 1984. -

HE 

Organization of the Conference by 
Commission of the European Communities 
Directorate-General for Science, Research and Development, Brussels 

Publication arrangements by 
Commission of the European Communities 
Directorate-General for Information Market and Innovation, Luxembourg 

EUR 9236 
Copyright © 1984, ECSC, EEC, EAEC, Brussels and Luxembourg, 1984 
ISBN 3-18-419095-1 

LEGAL NOTICE 
Neither the Commission of the European Communities nor any person acting on behalf of the 
Commission is responsible for the use which might be made of the following information. 

Published by VDI-Verlag GmbH for the Commission of the European Communities 
Postfach 11 39, D-4000 Dusseldorf 1 

All Rights Reserved 
No part of the material orotected by this copyright notice may be reproduced or utilized 
in any form or by any means, electronic or mechanical, including photocopying, 
recording or by any informational storage and retrieval system, 
without written permission from the copyright owner. 

Printed in the Federal Republic of Germany 



THE DEVELOPMENT AND EVALUATION OF 3-DIMENSIONAL MODELS 
OF COLD FLOW IN INTERNAL COMBUSTION ENGINES 

S. F. Benjamin 
BL Technology Limited 

Gaydon Proving Ground, Warwickshire CV35 OBL, U.K. 
A. D. Gosman and J. H. Whitelaw 

Department of Mechanical Engineering 
Imperial College of Science &Technology 

London, U.K. 
P. Hutchinson 

Harwell Research Laboratory 
Didcot, Oxfordshire, U. K. 

Summary 

The aim of the research described here is to produce a computer program, 
which is capable of computing unsteady 3-dimensional turbulent air 
motion and heat transfer in the combustion chambers of reciprocating 
engines under motoring conditions. The computer program will be able 
to treat a limited but useful range of geometries. The reliability and 
accuracy of the code is being evaluated by comparison with experimental 
data generated as part of this research and extracted from other sources 
in the literature. 
The computer program uses novel numerical techniques to provide both an 
accurate, high resolution, representation of complex geometries and 
economy in the use of computer time and storage space. The experimental 
data are of high quality and comprise measured values of mean and rms 
velocities around the inlet valves, in addition to the flow in the main 
cylinder region. 

1. INTRODUCTION 

The present development of a 3-dimensional model of the in-cylinder flow 
processes is based on earlier work at Imperial College(1-4) on 2-dimensional 
axisymmetric models of these processes. Although the accuracy of these 
multi-dimensional models is currently only moderate, they are nonetheless 
already capable of providing information to engine designers which is both 
useful and would be difficult and expensive to obtain by any other means. 

In general the flow fields in practical engines are almost always 3-
dimensional in form. For example, the flow generated during induction is 
invariably 3-dimension, due to the almost universal practice of siting the 
inlet valve towards the edge of the bowl; and further 3-dimensionality may 
be produced if the combustion chamber is asymmetrical. 

Most axisymmetric methods are in principle amenable to straightforward 
extension to three dimensions and there are instances where this has already 
been done, eg (5,6). It is however very difficult to achieve acceptable 
computer storage and time requirements, especially when the computational 
grid is made sufficiently dense to reduce numerical truncation errors to 
tolerable levels. Consequently, in the present work we have relied on novel 
techniques for gridding which provide an accurate, high resolution represent
ation of complex geometries by using arbitrary curvilinear-orthogonal grid:;. 
In addition we report the use of a new solution algorithm which provides a 
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marked improvement in the economy with which computations can be carried out 
for turbulent flows with time varying mean properties. 

2. DESCRIPTION OF THE MODEL 

Multi-dimensional models can be characterised in terms of the way in 
which the computational grid is fitted to the flow domain, the discretisation 
of the differential conservation equation governing the flow processes on 
this grid, the method of solution of the resulting algebraic equations, and 
the mathematical representation employed for the turbulence. The present 
approach is described below in these terms. 

(a) Coordinate system and grid 

The grid is illustrated in Figure I and has the following features: 

(i) Between the piston crown and cylinder head it is arbitrary 
curvilinear-orthogonal in diametral planes (Figure I(a)) and 
rectilinear in other views(Figure 1(b)). In addition, it 
expands and contracts with the motion of the piston and 
valves, so as to maintain good resolution at all stages in 
the engine code, 

(ii) Within recesses, where they exist, in either the piston 
(Figure 1(b)) or the cylinder head it is curvilinear-
orthogonal in either plane or elevation (Figure l(b)) views. 

With this arrangement it is possible to treat chambers having off-
centre inlet valves or piston recesses, within certain constraints. 

(b) Discretisation 

Discretisation is performed by the finite-volume method, as in our 
earlier work(l-3). Each of the conservation equations for mass, momentum 
and energy, and representations of the turbulence approximations, is 
integrated over imaginary control volumes surrounding each mesh inter
section or "node" in Figure I. The integrations are performed using an 
approximation which includes upwind differencing in the representation of 
the convection transport terms, and forward differencing in the temperal 
discretisation. This process produces one equation for each dependent 
variable and grid node. The equations are usually coupled due to inherent 
linkages in the original differential equations, whose non-linearities are 
also carried through. 

(c) Solution algorithm 

There are two key facets to the solution of the discretised equations 
namely, the manner in which the (often non-linear) inter-linkages between 
variables are handled (especially those between velocity and pressure) and 
the method of solution of the resulting quasi-linear simultaneous equations. 
In the present work a novel algorithm known as "PISO" is used to deal with 
the inter-linkages between variables. This approach operates by linearising 
the equations about the "old" time level and using a combination of operator-
splitting and predictor-corrector techniques to solve the linearised equations. 
The sequence of operations performed at each time step is as follows: 

(i) the momentum equations are solved using the prevailing pressure 
field to estimate the pressure gradients they contain (the 
predictor step). 
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(ii) first-stage corrections are then calculated for the pressures. 
These corrections are chosen so that when substituted into 
abbreviated and approximate forms of the momentum equations 
they yield velocity corrections which satisfy the mass 
conservation requirement when applied to the velocity field 
eminating from (i). The pressure correction field is itself 
obtained through solving simultaneous equations based on the 
latter requirement, 

(iii) second-stage corrections are then made to both velocities and 
pressures which maintain mass conservation while compensating 
for the momentum balance errors introduced in (ii) . This again 
involves a solution of simultaneous equations for the pressure 
corrections. 

The calculation of temperature and other variables is embedded in the 
above sequence at the appropriate stages and performed using similar 
techniques. 

At each stage it is necessary to solve a set of simultaneous linear 
equations in one variable. This is currently done using an efficient block-
iteration technique. Methods of potentially even greater efficiency are also 
being investigated. 

(d) Other features 

The wall boundary conditions are treated using a simplified boundary-
layer model of the near-wall flows to calculate the wall shear stresses and 
heat fluxes. 

Inlet flows are determined by calculating the instantaneous mass flow 
via orifice-type relations and imposing either measured (when available) or 
assumed distributions to the velocities and other variables in the plane of 
the valve orifice. The alternative of attempting simultaneously to calculate 
the in-cylinder and inlet port/valve assembly flows is in our view not 
currently feasible due to the excessive requirements on computer storage 
and t ime. 

In addition the computer code is written so that it can exploit the 
advantages of vector processing machines like the CRAY-1 and CDC Cyber 204, 
while not impeding its use of conventional serial machines. 

(e) Treatment of turbulence 

Here we continue the well established practice of employing ensemble 
averaging to eliminate the need of directly calculating the small-scale 
turbulent motions. The particular turbulence model chosen is the k-e model 
which represents the effects of turbulence as an effective viscosity which 
is in turn computed from the turbulence kinetic energy and its dissipation 
rate. 

As a result of these choices the computation yields only ensemble 
averaged information, rather than cycle resolved velocities. In addition, 
since the turbulence models inevitably contain a degree of empiricism and 
associated uncertainty, this introduces additional sources of error into the 
results. 

In principle, alternative approaches exist which could be used to 
partially overcome restrictions but they are currently too expensive for 
practical applications. 
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3. EXPERIMENTAL APPROACH 

The complexity of the three-dimensional turbulent unsteady and 
compressible flow in internal combustion engines suggests that the 
experimental programme should involve the investigation of one parameter 
at a time and initially make use of simplified flow arrangements. A 
versatile test rig was built for this purpose and allows both pressure drop 
and velocity measurements to be made for a variety of intake valve geometries 
in axisymmetric and 3-dimensional engine configurations. Special provision 
was made for the measurement of two velocity components in the exit plane 
of the intake valve to fulfil the requirement of detailed initial conditions 
for the computer code. The test rig allows the quantification of the 
influence of valve/port geometry, cylinder wall confinement and valve 
eccentricity with respect to the cylinder axis, on the flow field in the 
exit plane of the valve and immediately downstream. Comparison of results 
obtained under steady and unsteady flow conditions also allows the assess
ment of the validity of the quasi-steady flow assumption usually made for 
the induction process. 

4. EXPERIMENTAL TECHNIQUES 

4.1 Pressure Drop Measurements 

The performance of a port/valve configuration can be characterised by 
the discharge coefficient which gives a measure of the obstruction caused 
by the valve during the induction stroke. For this purpose, the air mass 
flow rate was measured by an orifice meter with a Betz micromanometer to 
determine the pressure drop across the valve. Comparison of the measured 
mass flow rate with that expected for an ideal nozzle under the same pressure 
drop provides a measure of the quality of the intake valve and possible 
discontinuities of the discharge coefficient curves with valve lift indicate 
flow separation from the sealing edges of the valve. This method was used to 
assist the construction of an intake valve which provided well defined intake 
flows in the engine cylinder; this valve arrangement would also give rise to 
good performance under operating engine conditions. The discharge coefficient 
of the intake valve is used as an input to the computer code as it defines 
the air mass indrawn in the cylinder at every instant of the intake stroke. 

4.2 Velocity Field Measurements 

The nature of the in-cylinder flows in internal combustion engines 
requires a method of measuring velocities which is independent of temperature 
and density variations and, if possible, non-intrusive. In the light of 
previous experience, eg (7,8) the laser-doppler anemometry technique was 
used here (Figure II). A 5 mW helium-neon laser was used in conjunction with 
a diffraction rotating grating which split the laser beam into two and 
simultaneously shifted the frequency of the resulting beams. A system of 
lenses focussed the tv;o beams to form an interference pattern in a measuring 
volume. Micron-sized particles were added and on crossing the measuring 
volume, scattered light with frequency directly proportional to the magnitude 
of the velocity component normal to the sensitivity vector of the measuring 
volume. The scattered light was collected by a photomultiplier, its 
frequency measured by a digital counter and then processed in a microcomputer 
interfaced to the measuring system. Mean and fluctuating values of the 
three velocity components were measured with an accuracy of 2 and 4% 
respectively using the ensemble averaging method of individual realisations. 
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The optical access required by the laser-doppler technique was provided by 
using transparent engine cylinders made of cast acrylic (perspex). 

5. RESULTS 

5.1 Valve Geometry 

The need for an improved design of the intake valve was shown in 
earlier research(9) where measurements with a 60° seat angle valve revealed 
exit-plane profiles with separation which increased with lift and, with 
high lifts, stemmed from the valve face and seat. The result of this flow 
detachment was a poor discharge coefficient and a considerable variation 
of intake flow angle with valve lift. In the present work a 45° seat angle 
valve was tested and gave an increased discharge coefficient by up to 15%, 
compared with the 60° valve. Pressure drop and velocity measurements, 
however, showed that the flow still detached from the sealing edges of the 
valve but to a lesser extent than before. A considerable improvement in 
valve behaviour was achieved by simply rounding the edges of the valve and 
valve seat. The discharge coefficient was improved and the flow detached 
only from the valve seat at medium to high lifts. Radial and axial velocity 
component measurements made at the exit plane of the valve showed that the 
flow angle changes only slightly with valve lift due to the single separation 
of the flow from the valve seat, Figure III. In addition a considerable 
Reynolds number dependence was found to exist of both the discharge 
coefficient and the valve lifts where separation occurs, but only at low 
Reynolds numbers. Finally, it was shown that a good representation of the 
discharge coefficients throughout the cycle is obtained by assuming constant 
flow rate corresponding to the mean piston speed, except for very small lifts. 

5.2 Valve Confinement 

The 45° seat angle valve with rounded corners was used to quantify the 
influence of valve confinement and cylinder wall proximity on the velocity 
field in the exit plane of the valve. Axial and radial velocity components 
have been measured at the exit plane of an unconfined valve mounted on a 
flat plate simulating the cylinder head and compared with similar measurements 
obtained in both axisymmetric and off-centre valve geometries confined by a 
cylinder. The results show that cylinder wall confinement caused the flow 
to separate from the valve seat at lower lifts than in the unconfined valve 
case. Furthermore, with the off-centre valve configuration a non-uniform 
distribution of the exit velocities around the valve was observed as a 
result of the upstream effect of the non-uniform development of recirculation 
at the cylinder head corner. The discharge coefficient was found to remain 
equal to that obtained in the axisymmetric configuration and showed that the 
valve eccentricity caused a slight redistribution of exit-plane velocities 
and flow angled around the valve, but no changes in the total air mass flow 
rate. These results show that quantifying valve performance with its 
discharge coefficient, as in usual practice, is not adequate for the refined 
information needed for internal combustion engine modelling. 

6. CONCLUSIONS 

Preliminary comparisons have been made between the results of the 
computer program and existing experimental data. During the course of the 
next few months detailed comparisons will be made between the experimental 
data described above and predictions of the code, using the measured inlet 
boundary conditions. 

74 



7. ACKNOWLEDGEMENT 

The authors are pleased to express their profound gratitude to 
Mr C Vafidis who performed the experimental work reported in Section 4, 
and to the CEC and Joint Research Committee who provided financial support 
for the work'. 

REFERENCES 

1. GOSMAN, A D, MELLING, A, WATKINS, A P and WHITELAW, J H (1978). 
"Axisymmetric flow in a motored reciprocating engine", Proc IMechE, 
192, 1978. 

2. GOSMAN, A D and JOHNS, R J R (1978). "Development of a predictive 
tool for in-cylinder gas motion in engines", Proc 1978 SAE Congress 
SAE 780315. 

3. GOSMAN, A D, JOHNS, R J R and WATKINS, A P (1980). "Development 
of prediction methods for in-cylinder processes in reciprocating 
engines", In Combustion Modelling in Reciprocating Engines, ed 
J N Mattavi and C A Amann, Plenum. 

4. AHMADI-BEFRUI, B, ARCOUMANIS, C, BICEN, A F, GOSMAN A D, JAHANBAKHSH A 
and WHITELAW J H (1982). "Calculations and Measurements of the Flow 
in a Motored Model Engine and Implications for Open-Chamber, Direct-
Injection Engines", In Three Dimensional Shear Flows, ed S Carmi, ASME. 

5. GRIFFEN, M D, DIWALKER, R, ANDERSON, J D Jnr and JONES, E (1978). 
"Computational Fluid Dynamics Applied to Flows in an Internal 
Combustion Engine" AIAA paper 78-57. 

6. MARKATOS, N C and MUKERJEE, T (1981). "Three-Dimensional Computer 
Analysis of Flow and Combustion in Automotive Internal Combustion 
Engines" in Mathematics and Computers in Simulation XXIII, 354-366. 

7. ARCOUMANIS, C, BICEN, A F, VLACHOS, N S and WHITELAW, J H. "Effects 
of flow and geometry boundary conditions on fluid motion in a motored 
I.C. model engine", Proc IMechE, Volume 196, No 4, pp 1-10, 1982. 

8. ARCOUMANIS, C, BICEN, A F and WHITELAW, J H. "Measurements in a 
motored four-stroke reciprocating model engine", J of Fluids Engng, 
Vol 104, pp 235-241, June 1982. 

9. BICEN, A F. "Air flow characteristics of model internal combustion 
engines", PhD Thesis, University of London, 1983. 

75 



(a) Diametral planes 

1 I'Viillil 
1' I'l.li 

, , . '̂ Jl!!-
1
'
1 

inir 
lll|| I'M 1 
N.1 ill! 

_.JM 
M 

liil 
1' 1 

|j!!.|ill 1 

: :_::.. m 
wi 

__ _- g* 
::::::::: ±::::fi hi'K 

11 ' 
' 1 

11 >' 
ll 

mil 

I l l i l l H i . ^ ' . l l ; ! 
1 lh | | | " ' i | i l ln i l i 
i ^ . i i n , ■' 1 ; i : 

!i :„....:!!Hi| 
1' " h - "

1
! ! " ! 

I i|: i!; i. i-i i l 
liljIlllhllMM 1 
I iiiiin : ii 
Ijihin,.,...! i 

wii Illi 
It. 11 
liW 
S I 

||„...:;. i lit M 

1 'W\ 
\\U>??\ 
'III!;:* 1 

: . | | ! 
M ' \ 
i H ! 

1 !! 
! I1 

i!
1
: 

I'll 
III 

1 

1 ' 
■I--I. 

tn 
i I I 11 

(b) Axial planes 

Figure I : Illustration of Grid 

76 



P;!OYODI:YI:CTOI: COj.l.'.C.i .^: 
or: c;, 

m 

I-

:hiVr7.*>- CPr'iCi. He-Ne LASER 

Figure H : Laser Anemometer Layout for Flow Measurement 



Figure III: Flows through the Valve Orifice 
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