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SUMMARY 

This paper is concerned with simulation of the mean flow and turbulence evolution in a model engine and 
comparison of the behaviour of certain important turbulence parameters, namely the intensity, length scale 
and dissipation time scale, as predicted by three variants of the k--E model developed for application to 
strongly compressible flows. The predictions pertain to the axisymmetric, disc-chamber, four-stroke, 
Imperial College model engine operating at 200 rpm and compression ratios of 3 5  and 6.7. The paper 
analyses the predicted variations of these parameters during the induction, compression and expansion 
strokes and identifies the versions that produce the most consistent and physically plausible variations. The 
significance, to the turbulence evolution, of the ratio of the turbulence dissipation time scale to the time scale 
of compression/expansion is also discussed. It is concluded that on these grounds the MoreLMansour and 
El Tahry versions are, and the Watkins version is not, suitable for engine applications. 

KEY WORDS k--E turbulence model Compressible flow Bulk dilatation Reciprocating engine flow 

INTRODUCTION 

The k--E model is currently used by nearly all researchers developing or applying multi- 
dimensional methods for prediction of flow and combustion in engines. However, there exist 
various formulations of the model, in particular of the &-transport equation, with the differences 
in all instances residing in the term@) associated with compressibility effects.' - The purpose of 
the present study was to determine which, if any, of the proposed versions correctly predicts the 
turbulence evolution in engines. 

The earliest attempt at deriving a suitable formulation of the k--E model for strongly com- 
pressible engine flows was that of Watkins,' who revealed the existence in the &-transport 
equation of an additional dilatation term of the form peV-U. Subsequently Reynolds6 showed 
that the coefficient of this term could be determined through the application of rapid distortion 
theory, and since then the issue has received considerable attention, as evidenced by the 
development of alternative forms by Morel and Mansour,2 El Thary3 and, most recently, by 
Wu et al.' 
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Morel and Mansour' (hereafter denoted by MM) and El Tahry3 compared the performances of 
their proposed &-transport equations with that of Watkins' (in the case of MM, also with the 
version employed by Ramos and S i r i g a n ~ , ~  in which the dilatation term is simply neglected), 
through application to the idealized case of compression and expansion of a homogeneous 
turbulent field, and revealed substantial differences in the predictions. In particular, these studies 
indicated that implausible variations of the length scale I are predicted by the Watkins' model. 
However, these studies were not conclusive since they were performed for circumstances leading 
to the augmentation of turbulence intensity u' during compression, which is contrary to the 
predicted and measured trends observed for axisymmetric disc-chamber engines.', This is 
believed to be due to the fact that because in the aforementioned assessments the induction 
process was not simulated, arbitrary and, especially in respect of the dissipation time scale z, non- 
representative initial conditions were employed. lo  Further, the studies only used the length scale 
variations during compression and expansion as the criterion for the comparison, whereas there 
are other significant parameters which also bear examination, notably the turbulence intensity 
and dissipation time scale as just implied. 

Subsequently Ahmadi-Befrui et a19 attempted an assessment of the aforementioned variants 
through simulation of the complete engine cycle in the axisymmetric, disc-chamber, four-stroke, 
Imperial College model engine operating at 200 rpm and compression ratios of 3.5 and 6-7, and 
comparison with measurements of the ensemble-mean velocity and turbulence intensity. This 
study showed that for the conditions investigated, the three versions produced closely similar 
predictions of these quantities in good qualitative and moderate quantitative agreement with the 
experimental data. Because none of the models produced consistently superior agreement, it was 
concluded that on the basis of this evidence alone no choice could be made between them. 

In a recent study Wu et al.' applied the Watkins' and Reynolds6 models to the cases of one- 
dimensional and isotropic compression, at a constant rate of strain s, of unconfined homogen- 
eous turbulence and assessed their performance through comparison of the predicted turbulence 
energy k and length scale 1 variations with direct numerical solutions of the Navier-Stokes 
equations. It was found that the ratio of the turbulence dissipation time scale z to the imposed 
strain time scale S- '  had significant bearing both on the turbulence behaviour and the 
performance of the models. The Reynolds6 model gave superior agreement for 'slow' compression 
rates (i.e. rS 5 05), but both models failed to predict the turbulence behaviour under 'rapid' 
compression (zS > 2.5) due to incorrect levels of z being produced by the k--E model equations. 
Consequently they proposed a three-equation k--E--Z turbulence model which produced better 
overall agreement. It should however be noted that only the low end of the zS range they 
examined is relevant to the conditions at the start of the comiression process in engines, for which 
zS ( S  in this instance is the average compression strain rate) is of order 10-';lo this is true at all 
engine speeds, since T is nearly inversely proportional to speed." 

This paper complements the previous assessment by the authorsg and is concerned with a 
comparison of the predicted variations of the turbulence intensity, length scale and dissipation 
time scale during the induction, compression and expansion strokes produced by the Watkins, 
MM and El Tahry models. The results are judged by examining their compatibility and physical 
plausibility, and comparing with the experimental trends where possible. 

THE PREDICTION METHOD 

The overall modelling approach used here has been described in several publications (e.g. 
References 9 and 11). The flow is represented by the density-weighted ensemble-averaged 
(DWEA) differential conservation equations of mass, momentum and stagnation enthalpy, in 
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addition to the transport equations for the turbulence energy k and its dissipation rate E.  The 
correlations of the fluctuating components appearing in the DWEA equations are modelled, 
following Bilger” and Jones,” similar to their counterparts in constant density flows. The 
modelled forms are, in Cartesian tensor notation, 

c ? ~  a 
- + - (pvj)  = 0, 
i?t ax j  

at ax, axi ax j  3 axi 
a a a p  a 2 i 3  
- ( p  V i )  + - ( p U j  Vi) = - - + - (2pTSij) - - - - ( P T D  + pk), 

at ax (3) 

where p is the density, P is the pressure, h is the stagnation enthalpy, ah is the turbulence Prandtl 
number, Ui and xi are respectively the i-direction velocity and co-ordinate direction, Sij is the 
strain rate tensor given by 

and D is the velocity divergence: 

D = Sii V . U  

The turbulent viscosity pT in the above is defined as 

PT = Cppk2/E, (6) 
where C, is an empirical constant (C, = 009), k is the DWEA turbulence energy and I: is its 
dissipation rate. 

The transport equation for k, which as already noted has the same form for all models 
considered, is 

The different versions of the &-transport equation may be collectively represented by 

PTD2+C;pkD)] 

P& aP PSZ + c, p&D + c4 - - - c, - , P at k 

where the coefficients C;, C; , etc. differ according to the version, as indicated in Table I. 
Watkins’ arrived at his version by deriving the k--E set for a general compressible flow, 

according to Harlow and Nakayama’s’’ approach, in a semi-rigorous fashion, without specific 
reference to engine circumstances; in particular, turbulent fluctuations of density were ignored. 

Reynolds6 adopted a different approach in which he required the model to produce the correct 
behaviour for the limiting case of rapid spherical compression of a homogeneous turbulent field. 
This analysis resulted in a single compressibility term of the form. 

c3 p& v - u, 
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Table I. Values of coefficients appearing in the 6-transport equation (8) according to 
different investigators 

Investigator c, c; C ;  c2 c3 c4 

Watkins’ 1.44 1 44 1.44 1.92 1 0 
Reynolds6 * 1.44 1.44 1.44 1.92 -0373 0 
Moreland Mansour’ 1.44 1.32-144 3.54’5 1.92 1 0  
El Tahry3 1 44 1.44 1 44 1.92 - 1/3 1 

* The coefficient values for this entry have been adjusted slightly to bring the C ,  and C,  coefficients into 
line with those for other investigators, so as to facilitate comparison of the coefficients relating to 
compressibility. 

with 
c, = 3 2  - C1). 

Morel and Mansour’ generalized Reynolds’ analysis to the case of a general compressing strain 
field, requiring that the eddy length scale vary in accord with the volume change of the flow field. 
This analysis, for C 3  = 1 (the accepted value), rendered C; and Cy functions of the strain field. 
Table I shows the range of values implied by these functions, which are employed in their full 
forms in the present study and are quoted in Appendix I. 

El Tahry3 followed the approach of Harlow and Nakayama’, but also modelled the corre- 
lations involving density fluctuations. This resulted in a value of C3 = - 1/3 and an 
additional compressibility term * of the form 

PE aP c,--, 
P at 

c,p&v.u 
where p is the molecular viscosity. This term can be recast as 

by expressing p as a function of temperature and assuming a polytropic compression/expansion, 
as shown in Appendix 11. The coefficient C, then lies in the range - 0.15 to - 0.25, for the range 
of temperature variations typical of the engine compression/expansion processes. Therefore 
the C ,  and C, terms may be physically interpreted as representing the influence of bulk 
dilatation on the dissipation rate respectively via its direct effect on the turbulence length scale 
(the large scale) and through variations in the molecular viscosity caused by the bulk temperature 
variations (affecting the dissipation scales). 

The RPM numerical procedure used to solve the foregoing equations and the treatment of the 
boundary conditions are outlined in Reference 9 and given in more detail in References 10 and 11. 
The inlet/exhaust boundary conditions are deduced from the calculated instantaneous mass flow 
rate and prescribed at the valve exit plane, with the aid of the experimental data, according to the 
practice described in Reference 9. At solid surfaces the appropriate conditions are imposed via 
‘wall-functions’, based upon the assumption of logarithmic velocity and temperature distribu- 
tions. 

* Additional terms that are of importance only in the presence of combustion (i.e. strong temperature gradients) were also 
obtained. 
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PRELIMINARY EXAMINATION O F  THE TURBULENCE MODELS 

The capability of the models considered to simulate at least qualitatively the effect of bulk 
dilatation on turbulence can be assessed by examining their degenerate forms for the case of a 
general unidirectional compression/expansion process acting on a homogeneous turbulence field. 
For these conditions, equations (7) and (8) reduce to2,10 

dk 2 k2  2 
- = -a  C,  - D2 - - kD - E ,  
dt 3 & 3 (9) 

ap (10) 
P at 

k2 2 
dt k 3 E 3 = 4(z[Cl(1 + a )  - Ci] C ,  - D2 - - Cl; kD - C2& + C, ED + c, --. 

Here the value of the positive constant ‘a’ depends on the type of compression (axial, radial or 
spherical);2 the following analysis applies to all types. 

The k-equation shows that for a compression process (D < 0) the ‘production’ term due to the 
compressibility effect (-$kD) is positive and tends to augment turbulence, while for the 
expansion process (D > 0) the reverse holds. This is in accord with the experimental evidence 
regarding the effect of bulk ‘rapid’ compression/expansion on t~rbulence.’~. l6 Indeed the 
computational study of Wu et al.’ shows that, contrary to the arguments put forward by 
Bradshaw,’ the present formulation of the turbulence generation term is capable of producing 
the correct turbulence level for a wide range of compression time scales. Wu et aL7 identify the E- 

transport equation as the source of error. 
The noteworthy points of the &-equation (10) for the present circumstances are: 

(i) The ‘production’ and ‘destruction’ terms are multiplied by the inverse of the dissipation time 
scale t = (k/E), while the additional compressibility terms are independent of T: it follows, 
therefore, that the relative importance of the compressibility terms depends on the level 
of t. 

(ii) For the effect of compressibility on E to be compatible with that on k, then C, - 3 Cy must 
be negative, i.e. C, < 3 Cl;. 

(iii) For E to respond correctly to the variations of molecular viscosity, it is necessary that 

It is evident from Table I that the Watkins’ model does not satisfy condition (ii), i.e. the net 
effect of the compressibility terms is to tend to reduce E during compression and increase it during 
expansion. 

RESULTS AND DISCUSSION 

The two test cases examined here involve simulation of flow in the four-stroke, disc-chamber, 
central-valve, Imperial College model engine motored at 200 rpm and having compression ratios 
of 3.5 (case I) and 6.7 (case 11). The calculations were performed on a two-dimensional axisym- 
metric 45 x 45 computational mesh with a computational time step equivalent to 3” CA. The 
numerical accuracy of the solutions was assessed and extensively reported in Reference 9 and is 
sufficient to allow evaluation of the relative merits of the turbulence models under investigation. 

c, > 0. 

The flow evolution 

An overall impression of the in-cylinder flow evolution, as represented by the results obtained 
for case I1 using the MM turbulence model, is provided in Figure 1 in terms of plots at selected 
crank angles of the velocity field and the following normalized turbulence parameters: 
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intensity u* = , / ( $ k ) / V ,  
length scale I* = l/B = (C,"'" k 3 / 2 / ~ ) / B  
time scale z *  = z/Tcycle  = (k/E)/Tcycle . 

Here Vp , B and Tcycle are respectively the mean piston speed, cylinder bore and cycle period 
(= 60Jengine speed). These scales, it should be noted, are not identical to those usually measured 
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Figure 1. Predictions of velocity field and normalized turbulence parameters u* ,  I* and z *  at selected crank angles for 
case I1 

but bear some relation to them: thus 1 is of the order of the integral length scale L, and T = A2/10v, 
where A and v are respectively the Taylor microscale and kinematic viscosity. For equilibrium 
shear flows, I is identical to the Prandtl mixing length and 

J2 - 112 s- 1 T=-c 
2 "  
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i.e. it is proportional to the time scale of the strain field." The characteristics of the flow evolution 
are analysed in depth elsewherelo and here only a summary is presented. 

During early induction (Figure l(a)) the intake jet separates at the valve seat and head and 
produces a system of vortices near the' cylinder head/wall junction and in the valve wake. The in- 
cylinder turbulence is predominantly determined by the characteristics of the turbulence gener- 
ated within the shear layers of this jet. The length scale I*  within the jet is of the order of the valve 
lift, and outside it is controlled by the engine geometry. The distribution of t* shows small levels 
of the order of 001 Tcycle ( N 4" CA) in the initial region of the jet, increasing rapidly along its path 
and into the recirculation region, indicating that the jet is the source of the turbulence. These 
observations and other detailed features reveal that the jet turbulence is in a quasi-steady state of 
near local-equilibrium. 

During the latter part of the induction stroke, the intake jet velocity and turbulence level fall 
and a well defined turbulence structure evolves within the main vortex in the valve wake. The 
results at the end of induction (Figure l(b)) show the disappearance of the structure associated 
with the intake jet, confirming its quasi-steady equilibrium character, with largest level of u* now 
occurring in the main vortex. The length scale is now strongly controlled by the engine geometry, 
and indeed the maximum levels near the cylinder axis (1* = 0.07) are closely similar to those given 
by the Prandtl mixing length theory for the centre of a fully developed pipe flow.18 The level of t*  
in the region of the main vortex is =006, giving 7 ~ 2 2 0  CA. 

Throughout compression, the intake-generated vortices weaken and break up, and the turbu- 
lence decays and relaxes to a structure predominantly controlled by the engine geometry, as 
illustrated by Figure l(c) pertaining to TDC compression. 

During expansion, the still persisting main vortex breaks up and the flow becomes predomi- 
nantly one-dimensional in the direction of piston motion. Turbulence decays rapidly, due to the 
effect of bulk expansion,'6' and retains its geometry-controlled structure: these features are 
evident in Figure l(d). 

Predictions of the turbulence model variants 

The predicted temporal variations of the normalized quantities U* = U / V , ,  u*, I* and 7* 
produced by the three k--E variants at the monitoring location z /B  = 0.2 and r /B = 0.33, where z 
and r are axial and radial co-ordinates respectively, measured from the centre of the cylinder 
head, are presented in Figure 2: these pertain to case I. Figure 3 contains similar plots at the 
location z / B  = 0.13, r /B = 0.33 for the conditions of case II.* 

The results for U* and u* in both figures show that during induction the monitoring locations 
are within the intake jet path: I *  and z *  show nearly constant levels at this stage, associated with 
the intake jet turbulence, in accord with experimental data.193 ' O  All models produce identical 
results during this phase owing to the negligible compressibility effects prevailing at the low 
engine speed of 200 rpm. 

Near the end of induction (8 = 150"-180" CA), the decays of the intake jet velocity and 
turbulence intensity are accompanied by an apparent increase in I *  and t*. Similar rapid changes 
of turbulence parameters at this stage are evident in the measurements of References 19 and 20, 
among others, and are attributed mainly to the turbulence decay process." The predictions, 
however, reveal that these changes are not just a consequence of turbulence decay, but also due to 

* In this case the results for z /B = 0 2  are not directly comparable with those of case I, since they were influenced by wall 
effects caused by piston proximity near the TDC compression. 
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the fact that the intake jet structure disappears and the monitoring location is engulfed by the 
turbulence associated with the main vortex. 

The predictions of all models for early compression (8 = 180"-220" CA) are also similar and 
show that initially the decay of turbulence is accompanied by growth of I *  and z*, in accord with 
the characteristics of the decay of grid-generated turbulence.22 However, the rate of increase of I* 
gradually falls and it tends towards an asymptotic value of I* = 0.06-0.07. This asymptotic limit 
observed here is due to the controlling influence of engine geometry on length scale, evident in 
Figure 1, and is in accord with the experimental findings of P r ~ d n i k o v ~ ~  concerning the decay of 
grid-generated turbulence in steady pipe flows. 

The results of Figures 2 and 3 show that all variants predict continuous decay of u* at closely 
similar rates during the interval 8 = 225'495" CA (although the Watkins' version produces a 
slightly smaller decay rate than the others during the period B = 270"-330" CA, and larger rates 
throughout the rest of compression and the expansion stroke). This general behaviour is in 
agreement with the simulations of Wu et al.' which exhibited continuous decay of turbulence 
energy for conditions like those examined here, where z is small compared to the compression 
time scale (typically for z* < 0.25): this is due to the small rate of compression production 
compared with the dissipation rate of the turbulence energy. The variations of other turbulence 
parameters produced by different versions are not however all the same, as will now be discussed. 

Watkins' version' predicts large increases of I* and z* during the interval 8 = 225"-330" CA, 
followed by rapid falls during 8 = 33W-495" CA. The increases in I* and z*  are in accord with the 
general characteristics of turbulence decayz2 and in closed vessels24 and may be justified on the 
grounds that the decay process overwhelms the effects of compression on turbulence, as was 
found in Reference 7 for the case of unconfined homogeneous turbulence under slow compres- 
sion. However, this implies that 1 is not constrained by the cylinder bore (the predictions imply 
that the geometric constraint on 1 is the cylinder head-piston distance throughout the compres- 
sion stroke). Furthermore, the predicted reductions of 1* and T* during the expansion stroke are 
incompatible with the decay of turbulence intensity and the expected increase of turbulence 
length scale under dilatation." Also, the increase of I* near TDC with an increase in compression 
ratio, evident in Figure 2(c) and 3(c), is physically implausible. The differences between the I* and 
z* variations produced by this model and the other versions are a consequence of its treatment of 
the compressibility effect in the &-equation. 

As already noted the MM2 and El Tahry3 models produce similar trends to each other for all 
turbulence parameters during compression and expansion. According to these versions, during 
compression 1* begins to decrease when the combined influence of compression and the 
geometric constraint (initially the bore diameter and latterly the cylinder head-piston distance) 
exceeds that of the decay process, although z*  increases in accord with the turbulence decay. A 
noteworthy point is the small reduction of z* near TDC for the higher compression-ratio 
conditions of case 11, which is a consequence of augmentation of the turbulence production/ 
dissipation rate due to larger compressibility effects (the dilatation term V U and the in- 
stantaneous time scale ratio z V * U attain maximum levels at 8 = 330-340" CA). The behaviour 
of z* is in agreement with experimental data of References 19 and 26, which show a reduction of 
microscale Iz  near TDC with an increase in compression ratio. Also, the variations of 1* are in 
accord with the recent direct length scale measurements of Reference 27 in a disc-chamber engine 
for the period 8 = 320"-380" CA. 

During expansion (8 = 360'450" CA), I* rapidly increases initially due to the influence of 
expansion and the turbulence decay process, but thereafter tends towards an asymptote, whose 
level differs between the two models. z* increases rapidly in accord with the decay of u*. The 
differences between the predictions of the two models are larger than during compression, with 
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the MM version producing the largest increases of I* and t*. This departure of the predictions is 
due to the increased significance of the compressibility term in the &-equation as a consequence of 
rapid increase of r*, for as noted earlier its production and destruction terms have a t-‘ 
multiplier. 

It appears from the above evidence that on the basis of consistency and compatibility of 
variations of the turbulence parameters, either the Morel and Mansour2 or El Tahry3 variant 
could be chosen. On physical grounds, the variation of I* during expansion given by the Morel 
and Mansour’ model appears more plausible, for it may be expected that under the influences of 
the turbulence decay and expansion, I should grow to levels similar to that attained at early 
compression, since the only constraint on the growth of 1 is then the engine bore. However, it must 
be pointed out that due to the rapid increase o f t  during expansion (Figures 2(d) and 3(d)), the 
instantaneous time scale ratio rV-U may become large enough for the flow to be in a state of rapid 
distortion. The study of Wu et ul.’ indicates that under these conditions neither model is able to 
predict the correct turbulence behaviour. 

CONCLUSIONS 

(i) The extent of influence of compressibility effects on turbulence strongly depends on the 
dissipation time scale t ,  which is determined by the induction history. Therefore those 
studies that employ arbitrary, non-representative z in their analysis of compression effects 
may produce misleading results. 

(ii) The ratio of the dissipation time scale to the time scale of compression at the start of the 
compression stroke in engines is small (t* = 0.1-0.2) and independent of engine speed. 
Thus the compression process is slow and rapid distortion theory is inapplicable. The 
conditions of the latter may however apply during expansion, owing to the rapid increase 
of the dissipation time scale that occurs at this time. 

(iii) The influence of the compressibility terms in the &-equation is, for the range of multiplying 
coefficient values contained in the different turbulent model variants, marginal for the 
levels of r attained during compression. Significant effects are however observed during 
expansion. 

(iv) The Morel and Mansour2 and El Tahry3 models are both suitable for application to engine 
flows, but the Watkins’ model is unsuitable. 
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APPENDIX I 

The relations for C ;  and Cl; for a general compression strain field are2 

C; = Cl + u (C, - 1*5), 

C ;  = 3 + 3/2n, 

in which C ,  = 1-44 and ‘u’ and ‘n’ are functions of the &rain rate tensor of the form 

a = 3(%i + $!z %3)/(l~ii l  Is221 IS33I)’- 1.0, 

n =  3 - J(2a). 
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APPENDIX I1 

The compressibility term due to El Tahry3 (note that C4 = 1) can be expressed as 

PE dp  d 
C ,  - - = C4 P E  - In p. 

P dt dt 

Substituting for p-dependence on temperature T, according to Sutherland’s law, gives 

c4 Ps$ (In 1.458 x 
Ti.’ 

T + 110.4 

which after manipulation yields 

C4 PE ( 1.5 - T +  110.4 )d1,7 dt 

Assuming a polytropic compression, 

Pun = const. 

The temperature variation can be expressed as 

const. 
R T=-  P n - 5  

where R is the gas constant. 
Substitution of relation (15) in (13) renders the compressibility term as 

Invoking the continuity and neglecting the spatial variations of density renders 

Substitution of relation (17) in (16) gives 

p s v - u .  ( T +  110.4 
C4(n- 1) 1.5 - 

For a polytropic compression n N 1-3 and the range 
compression/expansion stroke (T = 3W1000 K), 

- C4(n - 1) 1.5 - ( T +  110.4 

of temperature variations typical of the 

-0.23 to -0.18. 
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