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Abstract

Reynolds-averaged Navier±Stokes equations are used in conjunction with di�erent turbulence models to simulate the evolution

of a turbulent vortex ¯ow submitted to a compression in a direction normal to its axis. A simpli®ed con®guration is considered

idealizing important ¯ow features observed in Internal Combustion engines (tumbling ¯ows). Strong di�erences are observed

between predictions of k±e and Reynolds stress models. Comparison to the experimental data obtained recently by Marc et al.

(Marc, D., Bor�ee, J., Bazile, R., Charnay, G., 1997. In: 11th Symposium on Turbulent Shear Flows. Grenoble, France; SAE paper

972834), indicates a better agreement for the latter. The possible existence of precession motion of the vortex core and a three-

dimensional evolution for the mean ¯ow are also discussed using direct numerical simulations of a simpli®ed vortex (Taylor

vortex). Ó 1998 Elsevier Science Inc. All rights reserved.

1. Introduction

In recent years, much e�ort has been devoted by car man-
ufacturers to control the turbulent ¯ow in internal engines in
order to improve mixing and combustion. One promising way
is to generate during the intake process a large-scale vortical
motion whose axis is perpendicular to piston velocity (tum-
bling ¯ow). In this case, it is observed that the mean vortex
breaks up at some stage of the compression and produces a
high level of turbulence. This phenomenon improves the
mixing and the burning rate signi®cantly. There is not yet a
clear explanation for the vortex breakdown. Moreover, we do
not know much about the ability of standard turbulence
models to predict the observed evolution.

The purpose of this paper is
· to present numerical simulations of a turbulent tumbling

¯ow using the Reynolds-averaged ¯ow equations and di�er-
ent classes of turbulence models (k±e models, uiuj±e
models).

· to interpret the evolution of the mean ¯ow during compres-
sion by comparison to laminar computations of a simpli®ed
vortex (Taylor±Green vortex) with di�erent boundary con-
ditions (no-slip, no shear).
Despite the long history of Reynolds stress modelling, it

must be noted that applications to internal engine ¯ows are
relatively recent (Watkins et al., 1991; Watkins and Bo, 1996;
Lea and Watkins, 1997; LebreÁre et al., 1996). This class of
¯ows displays a rather speci®c combination of typical features:
unsteadiness, high con®nement, rotation and compression ef-
fects so that comparison to new experimental data still remains
instructive. The present work is a contribution to this e�ort.

2. Test ¯ow con®guration

The geometry considered for numerical simulations corre-
sponds to the experiment of Marc et al. (1997a) (hereafter:
IMFT experiment) (Fig. 1). The ¯ow develops in a chamber
equipped with a square piston moving alternatively with the
velocity

Vp � Vpmax sin�xt�; Vpmax � 0:9 m sÿ1; �1�
x � 220 rev=min : �2�
At top dead center (xt � 0�), the intake canal ¯ow is acceler-
ated by the piston motion and creates a tumbling ¯ow in the
chamber. At bottom dead center (xt � 180�) the chamber is a
cube of edge b� 10 cm, the intake canal is closed and the
compression starts. The compression ratio is b=a � 5.

3. Numerical simulations with turbulence models

3.1. Numerics

The Reynolds-averaged equations have been solved nu-
merically assuming that the ¯ow be two-dimensional in the
plane x, y. We have used an elliptic solver of the Navier±
Stokes equations employing a ®nite element discretisation on a
moving grid, a semi-implicit time-stepping ensuring linearisa-
tion of the di�erential operators and a convection scheme
based on the streamline upwind ®nite element technique (Mao
et al., 1994). Walls are assumed athermal, and temperature and
density uniform throughout the ¯ow. Typically, the mesh has
25 000 nodes. Turbulence models are standard ones: k±e model
and uiuj±e model (RSM). For near wall layers, these models
are used in conjunction with wall functions and an algebraic
model to evaluate the components of the Reynolds tensor
(Debaty, 1994).
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3.2. Turbulence modelling

The equations for the k±e model read
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where D=Dt stands for the material derivative following the
mean velocity ®eld. The Reynolds tensor is related to the mean
strain Sij by the means of an eddy viscosity coe�cient
mt � clk2=e

ÿ uiuj � 2

3
kdij � mt�Sij ÿ 1

3
Slldij�: �5�

We used standard values for the constants: cl � 0:09;
ce1 � 1:44; ce2 � 1:92; rk � 1:0; re � 1:3; ce3 � ÿ 4

3
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In uiuj±e model, the Reynolds tensor equation is written as
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The production term Pij is treated exactly
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The turbulent transport dij is modelled using a turbulent dif-
fusion hypothesis
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The pressure±strain correlation is split into three contributions

Uij � U1
ij � U2

ij � Uw
ij: �9�

The so-called slow and rapid parts U1
ij and U2

ij are modelled
following Launder et al. (1975). Uw

ij is a correction depending
on the distance to the solid boundaries (``wall echo'' term). The
main e�ect of this term is to transfer some part of the normal
¯uctuation to the direction parallel to the wall. For the present
purpose, this term is expected to be of some importance es-
pecially at top dead center. We use for Uw

ij the proposal of
Craft and Launder (1991) instead of the more popular Gib-
son±Launder model (Gibson and Launder, 1978), since it has
been proved to give the correct sign of transfer in the case of
mean strain normal to the wall (wall impinging jets, piston-
induced compression). Finally, it must be noted that the ex-
pressions for k±e model and RSM are modi®ed to account for
e�ects of a mean compression (Serre, 1994; Le Penven and
Serre, 1996). A ®rst correction is made on the dissipation

equation in which we include the term ce3Slle representative of
the increase of mean square vorticity e=m due to the volume
reduction (Reynolds, 1980). In addition, the mean gradient Ui;j

is replaced by its non-isotropic (and incompressible) part:
Ui;j ÿ Uk;kdij=3 in the expression for the linear part of pressure±
strain correlations.

3.3. Results

3.3.1. Intake ¯ow
At the end of the intake, both models predict a well-de®ned

vortex dominating the entire ¯ow ®eld (see the velocity ®eld in
Fig. 2). A slight di�erence is observed on the mean angular
momentum which is 30% higher for the k±e model. As shown
in Fig. 3(a) and (b) the mean vorticity distribution predicted
by the uiuj±e model results from the roll-up of the mixing layer
produced in the upper edge of the intake jet. The spiral shape is
not discernible in the k±e model predictions and the vortex core
motion looks like a solid body rotation.

Fig. 4(a) shows the evolutions of the averaged value of k
calculated over the entire chamber. During the ®rst half of the
intake, both models predict an increase in k caused by the
acceleration of the piston, afterwards k decreases. A striking
feature is that kinetic energy is signi®cantly higher in the case
of k±e model. The most important di�erence is observed at the
end of intake. At this time, the ratio of the two predicted levels
is about 4. Kinetic energy levels at the end of the intake are
shown in Fig. 3(c) and (d). Both models behave similarly. The
maxima of k are associated to an increase in the ¯uctuation
normal to the wall in the jet impact zones. A minimum is
observed in the vortex core. This minimum is more pro-
nounced in the case of RSM model.

The di�erences observed in the middle of the chamber can
be explained in part by the e�ects of the mean rotation. To a
large extent, the kinetic energy in the core of the vortex results
from production e�ect by the mean shear in the upper edge of
the intake jet. In this mixing layer, the streamlines curvature
has a stabilizing e�ect on turbulence and leads to a decrease in
turbulent production. Indeed, these e�ects appear in the
Reynolds stress equation through the production term and the
pressure±strain correlations. In contrast, because of the use of
eddy viscosity hypothesis, the k±e model gives a production
term insensitive to the mean rotation (for example: Speziale
et al., 1990).

3.3.2. Compression
At the beginning of compression, both models predict an

acceleration of the vortex due to the reduction of the chamber

Fig. 1. Geometry of the IMFT experiment.
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Fig. 3. 180°. (a) Normalized vorticity Xa=Vpmax: k±e. (b) RSM. (c) Normalized kinetic energy k=Vp2
max: k±e. (d) RSM.

Fig. 2. Comparison models/experiment for velocity ®elds at xt � 180�.
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volume associated to an increase of kinetic energy. Between
300� and 330�, the uiuj±e model predicts a separation of the
wall layers in the upper right corner and in the lower left
corner which are adverse pressure gradient regions then the
generation of two vortical structures above and below the
initial vortex. These vortices are very intense and have an
opposite rotation sign relative to the original vortex (Fig. 5).
They spread in the chamber until the end of compression and
simultaneously the initial vortex becomes smaller and is con-
®ned in the middle of the chamber with a quasi circular shape
(Fig. 5). The generation of the two intense vortices involved
important velocity gradients and leads to an increase of k level
(Fig. 4(c)).

With the k±e model no separation occurs. We obtain at the
same time a strong decrease in the tumble intensity involving
the dissociation of the initial vortex in a pair of slow eddies
with the same rotation sign (Fig. 5) at the edges of the
chamber. This collapse is associated to a strong decrease in the
kinetic energy.

3.3.3. Comparison with the IMFT experiment
The experimental data obtained by Marc et al. (1997b) are

now compared to the models predictions. As shown in Fig. 2,
the experimental mean velocity ®eld obtained from PIV mea-
surements is very similar to the models predictions at the end of
intake. The absence of appreciable mean velocity (Marc et al.,
1997a) in the spanwise direction at this time gives support to the
two-dimensional ¯ow assumption used for the computations.
The pro®les of U ; V ; u2 and v2 are taken along the median axes
at the end of intake (Fig. 6). Concerning the mean velocity
(Fig. 6(a)), the nearly linear pro®les predicted by the k±e model
overestimate the data especially near the walls and a better
agreement is obtained from the RSM model. Clearly both
models fail to predict the maximum of u2 measured in the center
of the chamber (Fig. 6(b)). Similar peaks have been detected in
the IMFT experiment on x pro®les (not shown here). Dis-
carding this local anomaly that will be discussed at the end of
the paper, the overall tendency is that the k±e model overesti-
mates the turbulence levels especially near the walls and that the
RSM predictions are closer to the experimental data.

Concerning the compression, only comparison for mean
velocity are presented. As shown in Fig. 5, the development of
secondary vortices is also evident from the PIV measurements.
Unlike k±e model which simply predicts a strong decay of the
original vortex, RSM compares satisfactorily with the experi-
ment during most of the compression. It must be noted how-
ever that the three-eddy pattern disappears gradually in the
last part of compression in contrast with its reinforcement

predicted by the model. Marc et al. (1997a) have noticed the
existence of strong large-scale and cycle-dependent motions at
this time of compression. The possibility that these facts could
be connected will be also discussed in the next section.

4. Numerical simulation in laminar regime

Both turbulence models lead to similar mean velocity ®elds
at the end of intake. However, predictions for the compression
di�er markedly. The ®rst objective of this section is to illustrate
by some direct numerical simulations that the di�erences ob-
tained in the averaged levels of eddy viscosity at the end of
intake (4 times higher in the case of k±e model) are mainly
responsible for these di�erences. Then, in the particular case of
no-shear boundary conditions, we shall show that the com-
pressed ¯ow may exhibit strong three-dimensionality. Finally,
we shall propose an explanation for the anomalous peaks of
¯uctuation detected at the end of intake.

As initial conditions when the compression starts, we take a
2D velocity ®eld v � r� wz with the streamfunction

w � b2Xo

2p2
sin

px
b

sin
py
b

�10�
corresponding to one cell of the plane Taylor vortex ¯ow. This
particular ®eld satis®es a zero-shear boundary condition rather
than the no-slip one. However, as shown in Fig. 7(a), the de-
duced vorticity which is in the present case constant along
streamlines is, except in the thin wall layers, a fairly good
approximation of the vorticity ®elds deduced from the models.
For these computations, the molecular viscosity is taken as a
constant equal to the averaged value of the eddy viscosity. The
Reynolds numbers Re � Xob2=m based on the maximum value
of the initial vorticity Xo is thus 1600 and 6000 corresponding
respectively to k±e and RSM models.

4.1. 2D simulations with no-slip boundary conditions

A ®rst set of evolutions has been obtained imposing zero
velocity on boundaries at initial time. In that case, viscous
layers develop rapidly during the ®rst steps of the computa-
tion. For the higher value of Re, separation occurs during
compression and a ®nal state consisting of three counterro-
tating eddies similar to the pattern observed in the case of
uiuj±e model (Fig. 7(c)). For the lower value of Re, no clear
separation is observed (Fig. 7(b)). The evolution is also similar
to that obtained with the k±e model. The mean¯ow decay is
however stronger in the present case. This may be explained by

Fig. 4. Evolution of the averaged value of kinetic energy. (a) Normalized kinetic energy k=Vp2
max at xt � 360�. (b) k±e. (c) RSM.
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the fact that mt decreases at the end of the compression whereas
the molecular viscosity is assumed to be constant in the present
case.

4.2. 3D simulations with shear-free boundary conditions

When the ¯uid is allowed to slip along the boundaries, one
can ®nd an analytical solution for the evolution of the Taylor
vortex (Eq. (10)) during the compression. This solution reads

v � r� wzÿ 1

a
da
dt

x �11�
with

w � A�t� sin
px

a�t� sin
py
b
; �12�

A�t� � b2Xo

p2

b
a�t� �

a�t�
b

� �ÿ1

� exp ÿ mp2

Zt

0

ds�a�t�ÿ2 � bÿ2�
0@ 1A: �13�

When a 6� b is a constant, this solution reduces to the ¯ow
studied by Lundgren and Mansour (1986). In that case, the
solution is linearly stable under 2D disturbances and Mansour
and Lundgren have proved the instability with respect to 3D
perturbations when the Reynolds number is large enough. To
some extent, this instability is similar to the three-dimensional
instability of unbounded ¯ow with elliptical streamlines
(Bayly, 1986; Wale�e, 1990; Godeferd et al., 1996).

For the compressed Taylor vortex, a similar evolution may
be expected. We have tested numerically the stability of this
solution by introducing a small perturbation (1% of the main
¯ow) consisting in a Taylor vortex similar to (Eq. (10)) with
vorticity vector parallel to y axis. A Fourier pseudo-spectral
code (643 modes) is used for this purpose and re¯ectional
symmetries are assumed to ensure zero normal velocity con-
ditions at the boundaries. Figs. 8 and 9 show surfaces of
constant magnitude (one half of the maximum value) at four
times during compression. At the initial time, the surface is
aligned along z axis and the perturbation is not discernible.
For the lower value of the Reynolds number, the perturbation
is attenuated and the vorticity surface remains virtually iden-
tical to the case of unperturbed solution (Fig. 9). For the
higher value, the perturbation is strongly ampli®ed (Fig. 8).
The initial sinusoidal shape of the perturbation steepens
gradually. At the same time, the vorticity surface shrinks in-
dicating some local ampli®cation of the maximum vorticity. At
the end of compression, this surface tilts suddenly towards
negative z. Thus, one may conclude that the low value of the
eddy viscosity given by RSM can give rise to substantial three-
dimensional motion during the compression. In contrast, for
the higher value corresponding to k±e model, the Taylor vortex
seems stable. These numerical experiments suggest that the
transition to tridimensionality would occur at an intermediate
value of the Reynolds number.

4.3. Precession of vortex core

As noted above, turbulence models cannot capture the local
maxima of ¯uctuation in the center of the chamber. Marc et al.
suggest that these peaks result from cyclic variations of the
vortex center. We can refer to the dynamics of the Taylor
vortex to test this hypothesis. For a square geometry �a � b�,
2D linear eigenmodes of the non-viscous Taylor vortex are
oscillatory. The lowest frequency mode �0:16Xÿ1

o � corresponds
to a precession motion of the vortex center. Reasonably, this
®rst eigenmode may be approximated by a combination in
quadrature of the ®rst two harmonics of the basic stream-
function (Eq. (10)). Averaging over the phase of this oscillat-
ing motion and assuming that the perturbation is small, the
mean squared value of the ¯uctuation can be expressed as a
function of the radius Dr of the trajectory of the vortex center.
We have for x component

u2 � Dr2X2
o

16
2sin2 px

b

� �
cos2 2py

b

� ��
� 1

2
sin2 2px

b

� �
cos2 py

b

� ��
: �14�

This identity, and the similar one for v2, are plotted in Fig. 6(b)
and (c) with the value Dr � 0:002 m obtained from PIV mea-
surements. Since the length scale of the vortex center motion is
large compared to the integral length scale of the background

Fig. 5. Comparison models/experiment for velocity ®elds at volumetric

ratio� 2.5, 4, 5.
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turbulence ��u2�3=2
=e � 0:01 m�, one may consider that the

corresponding contributions to the velocity are almost un-
correlated. Thus, it is tempting to ®lter the precession velocity
by removing the mean-squared contribution from the total
stress. Doing this, we cannot erase the central peak completely.
One may consider however that the width and the maximum of
the precession pro®le agree reasonably with the experimental
data.

5. Conclusion

A numerical study of a turbulent vortex ¯ow corresponding
to Marc et al. (1997a) experiment is presented. First, 2D
computations of the Reynolds-averaged equations with k±e
and uiuj±e models have been performed. During the intake,
both models predict a well organized vortex with comparable
angular momentum. During the compression, the evolutions
of the mean ¯ow are however dissimilar. Strong secondary
vortices are by the uiuj±e model, whereas, in the case of k±e
model, we observe a rapid decay of the mean velocity in the
late compression without signi®cant secondary ¯ow. This may

be explained by the large di�erence between the eddy viscosity
levels at the end of intake (4 times higher in the case of k±e
model), which in turn results from the well-known de®ciency
of k±e models in swirling ¯ows. This fact has been checked by
direct numerical simulations with a constant viscosity equiv-
alent the eddy viscosity of the models.

The experiment of Marc et al. shows that the main ¯ow
remains essentially two-dimensional during the intake. At the
beginning of compression, kinetic energy levels lie between k±e
and uiuj±e predictions, with a better agreement however for the
latter. The anomalous peaks of rms velocity detected in the
center of the chamber are interpreted here in terms of preces-
sion of the vortex core. Some di�erence is observed with uiuj±e
predictions in the second part of compression. The existence of
three-dimensional and large-scale ¯ow is suspected. Such an
evolution that could be sensitive to perturbations in the initial
state and thus cycle-dependant would have a smoothing e�ect
on the average. Thus, an important question is to know if
RSM computations or direct simulations with an equivalent
viscosity could generate substantial three-dimensional ¯ow.
This 3D evolution could be generated by elliptical-type insta-
bility as illustrated by our direct simulations of the compressed

Fig. 6. Comparison IMFT experiment/model at 180°. (a) U=Vpmax; V =Vpmax. (b) u2=Vp2
max. (c) v2=Vp2

max.

Fig. 7. Comparison models/Taylor for X=Xo at 180°: (a) Velocity at xt � 360�. (b) No-slip laminar case Re� 1600. (c) No-slip laminar case

Re� 6000.
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Taylor vortex. In these simulations, no-shear boundary con-
ditions are used. With no-slip conditions, the stability of the
¯ow may be rather di�erent and further investigation is needed
to verify this hypothesis.
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