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a b s t r a c t

Turbulent flows of submerged jets into cavities are often found in technical applications. These flows tend
to exhibit an oscillating behavior of large coherent structures, even in the case of steady-state boundary
conditions. The paper studies basic features of a submerged jet which is injected in a cuboid volume.

The flow is investigated both experimentally and numerically. The numerical simulations are based on
the unsteady Reynolds-averaged Navier–Stokes equations (URANS approach). Common two-equation
and Reynolds stress turbulence models are employed in the simulations, respectively.

Mean flow fields, long-term coherent flow oscillations and flow turbulence are examined. It is found,
that the results of the numerical simulations are in reasonable agreement with the experimental data.
However, only numerical simulations with the Reynolds stress turbulence model resolve the long-term
flow oscillations correctly. Anisotropy invariant mapping of the turbulence data from the simulations
is employed in order to enlighten these findings.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Turbulent flows of submerged jets in cavities are found in
numerous technical applications, e.g. in continuously feeded reac-
tors, in continuous casting tundishes for steelmaking or in sewage
treatment ponds and tanks. These high Reynolds number flows of-
ten exhibit a long-term oscillating behavior of large coherent struc-
tures, even in the case of steady-state boundary conditions
(Nikiforaki et al., 2003; Worth and Yang, 2006; Schwarze and Ober-
meier, 2007). The oscillations may lead to problems in process con-
trol. As an example, long-term flow oscillations may cause
resuspension of sediment from the bottom of settling ponds in
sewage plants, see the discussion in De Clercq (2003). Therefore
detailed knowledge of these flows is of fundamental importance
in order to improve process control and process performance.

The paper presents a basic model for these flows, which consists
of a turbulent round jet which is injected into a cuboid volume. The
jet axis is perpendicular to the cavity mean axis. Fig. 1 shows basic
features of the cavity flow: (1) jet flow downstream of the inlet
pipe, (2), (3) recirculating regions around the jet and (4) bypass
flow towards the outlet. The present study is complementary to
the paper of Mataoui et al. (2001), who investigated a planar jet
which is injected parallel to the mean axis of a rectangular cavity.

Experimental and numerical investigations of the flow are pre-
sented. Measurements are done with pressure tubes and Laser
Doppler anemometry (LDA). A complete resolution of the unsteady
ll rights reserved.
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flow fields by means of direct numerical simulation is out of scope.
Large eddy simulations of the turbulent flows would be very time-
and memory-consuming, too. Therefore numerical simulations
which are based on the unsteady Reynolds-averaged Navier–
Stokes equations (URANS approach) (Mataoui et al., 2001; Johans-
son et al., 1993; Durbin, 1995; Kenjeres and Hanjalic, 1999; Iacca-
rino et al., 2003; Wegner et al., 2004; Lardeau and Leschziner,
2005; Schwarze, 2006) are performed. Here, only the oscillations
of the large coherent structures are resolved, whereas all turbulent
scales are modelled. The k–� two-equation and the Reynolds stress
turbulence models are employed in combination with wall func-
tions in order to approximate the turbulence quantities in the flow.

Mean flow fields, long-term coherent flow oscillations and flow
turbulence are examined. The physical mechanism of self-sus-
tained coherent vortex generation is explained. The quality assess-
ment of the employed turbulence models is different. Invariants of
the anisotropy tensor of the turbulence in the simulations are ana-
lyzed in order to clarify these findings.

2. Experiment

2.1. Water model facility

The main component of the experimental facility is the cavity
made of perspex. The dimensions of the flow geometry under
investigation are displayed in Fig. 2. The center of the inlet pipe
is located at x1 = 125 mm, x2 = 125 mm, the center of the outlet
pipe is located at x1 = 875 mm, x2 = 125 mm. The model is fed by
a water circuit, Fig. 3a. The density of the water is q = 1000kg/m3,
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Fig. 1. Basic flow structure in the cavity.
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its kinematic viscosity is m = 10�6 m2/s. The water enters and leaves
the cavity laterally through pipes. The pipe diameter is d = 27 mm.
The flow rate in the model is tuned by a valve between
_V ¼ 1:6—2:2 l=s, which correspond to jet flow Reynolds numbers
ReJ ¼ 4 _V=ðpmdÞ ¼ 7:5� 104—1� 105 and to bulk cross flow Rey-
nolds numbers Recf ¼ 4 _V=ðmhÞ ¼ 6400—8800, where h = 250 mm
is the height of the cavity.
valve
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tank
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Fig. 3. Water mo
Velocity data inside the cavity are obtained from a LDA (2D Dan-
tec Dynamics) system, Fig. 3b. The LDA measurements should re-
solve mean and root mean square (rms) velocity values. The
measurements are performed on a 10 mm � 10 mm grid in differ-
ent planes in the cavity, Fig. 3c and Table 1. Plane L1 corresponds
to the vertical longitudinal midplane of the cavity, plane L2 is par-
allel to L1 but shifted towards the side wall of the cavity. Plane C1 is
the lateral cross section through the center of the inlet jet, plane C2
is the lateral cross section through the center of the cavity. Plane H
is a horizontally oriented surface just below the top lid of the cavity.
The LDA measurements have been performed for a flow rate
_V ¼ 2:2 l=s (Recf = 8800). Data acquisition rates are about 100 Hz.
The sampling time in each point of the measurements planes is lim-
ited to 10 s due to the available storage space of the LDA system.

Pressure time series are measured with a pressure tube (orifice
diameter 3 mm), which is connected to a pressure transducer (Kis-
tler). The pressure measurements should resolve the frequencies of
the coherent oscillations and turbulent fluctuations of the flow
fields. The time series are recorded at different locations within
the cavity, Table 2. Point PM1 is in the front corner of the cavity
near to the inlet jet, PM2 is near to the center of the cavity and
PM3 is located towards the outlet region of the cavity. The data
acquisition rate is 20 Hz, sampling time is 500 s in each point.

3. Numerical model

3.1. Model equations

The model equations for the URANS approach are
o uih i
oxi
¼ 0 ð1Þ

q
o uih i
ot
þ q

o

oxj
ðhujihuiiÞ ¼ �

o ph i
oxi
þ qm

o2huii
ox2

j

þ osij

oxj
ð2Þ
H

L1

L2

del facility.



Table 1
Locations of LDA measurement planes in the cavity

Name x1 (mm) x2 (mm) x3 (mm)

L1 0–1000 125 0–250
L2 0–1000 68 0–250
C1 125 0–250 0–250
C2 500 0–250 0–250
H 0–600 0–250 240

Table 2
Locations of pressure measurements in the cavity

Name x1 (mm) x2 (mm) x3 (mm)

PM1 50 50 200
PM2 500 125 200
PM3 750 125 120
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Here hui is the ensemble averaged velocity and hpi is the ensemble
averaged pressure, where brackets h� � �i indicate the resolved
quantities. The ensemble averaging procedure is assumed to be
implicitly applied to the fundamental flow equations (Hanjalic
and Kenjeres, 2001). The unknown Reynolds stresses sij =
�q[huiuji � huiihuji] in (2) are provided by a turbulence model.

The standard k–� model (Launder and Spalding, 1974) (KE) or
alternatively the Reynolds stress model (Launder et al., 1975)
(RS) are employed in the simulations. These turbulence models
contain parameters, which are adjusted to reproduce turbulence
in statistically steady flows whereas the oscillating flows under
consideration are statistically unsteady. We assume, that the corre-
sponding model errors are small, because the periods of the coher-
ent oscillations are large compared with the largest time scales of
the turbulent fluctuations.

In the KE model, transport equations for the turbulent kinetic
energy k and the dissipation � are solved. The link between the
KE model and the Reynolds stresses is given by Boussinesq
approach

sij ¼ 2qmtSij �
2
3
qkdij ð3Þ

Sij ¼
1
2

o uih i
oxj
þ

o uj
� �
oxi

� �
ð4Þ

where mt is the turbulent viscosity and Sij is the strain-rate tensor. In
the RS model, transport equations for the individual Reynolds stres-
ses sij and the dissipation � are solved. The transport equations for
the Reynolds stresses are

osij

ot
þ o

oxk
ðhukisijÞ ¼ Pij þ Dij þ /ij þ �ij ð5Þ

with the production Pij, diffusion Dij, pressure-strain /ij and dissipa-
tion term �ij, where Dij is approximated due to the proposal of Lien
Fig. 4. Numerical grid f
and Leschziner (1994) and /ij is modelled due to Gibson and Laun-
der (1978). The equations of the Reynolds stress model are given in
the Appendix.

3.2. Boundary conditions and initial values

The cavity flow is dominated by the interaction of the jet flow,
free shear layers and large recirculating regions, see Fig. 1. The wall
shear layers are of minor importance for understanding the cavity
flow, therefore non-equilibrium wall functions (Kim and and Cho-
udhury, 1995) are employed in order to describe the near-wall re-
gions. The wall functions are given in the Appendix, too. In case of
simulations with the RS model, wall-reflection terms are employed
in order to describe the redistribution of normal stresses near to
the wall.

The inlet and outlet boundary conditions of the numerical sim-
ulations fit to the parameters of the experimental configuration. It
has to be emphasized that the boundary conditions are steady-
state conditions even in the unsteady simulations. The inlet is lo-
cated 523 mm upstream in the incoming pipe. Here the inlet veloc-
ity Uin is fixed with respect to the resulting constant flow rate
_V ¼ pd2Uin=4. Simulations are performed for flow rates from
_V ¼ 1:4 l=s (Recf = 5600) to _V ¼ 2:2 l=s (Recf = 8800). In all simula-
tions, the inlet turbulence intensity is assumed to be TIin = 5%. Inlet
values for k, � and sij are then estimated from TI and d. The outlet is
located 500 mm downstream in the outgoing pipe. Here the con-
stant outlet pressure is set to ambient pressure Pout = 100 kPa.

We assume that the intrinsic unsteady flow behavior is inde-
pendent from the start-up phase of the flow. Therefore, initial val-
ues of the simulations are estimated from a numerical solution of
the model equations without the transient terms (steady-state
mode) in order to accelerate the simulations. In doing so, long-
term numerical simulations of the start-up and development phase
of the complex flow fields are avoided. However, it was not possi-
ble to get a fully converged solution of the model equations in stea-
dy-state mode.
3.3. Numerics

The model equations are solved by the finite-volume method.
Spatial discretization is done with the QUICK scheme for the con-
vective terms and with the central differencing scheme for the dif-
fusive terms. Time-marching is performed with an implicit second-
order backward differencing scheme. These numerical schemes are
similarly applied to Eqs. (1) and (2) and the turbulence model’s
equations.

The solution domain contains 2.2 � 105 hexahedral grid cells,
Fig. 4a. An O-type grid block is located around the shrouded inlet
pipe and the jet in order to resolve the shear layers of the jet
or the simulations.
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Fig. 7. FFT pressure spectra for flow rate _V ¼ 2:1 l=s in location PM1 (left) and PM3
(right).
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properly, Fig. 4b. In the bulk flow region of the cavity, shapes and
volumes of the grid cells are approximately constant.

Flow time intervals s = 100 s are resolved in all simulations. The
SIMPLE algorithm is used to solve the flow equations iteratively. All
simulations are performed with the segregated solver in Fluent 6
on 8 CPU’s of a SGI Altix 3700 equipped with Intel Itanium 2
processors.

4. Results

4.1. Pressure measurements

An example of a time record of the pressure p in point PM2 for a
flow rate _V ¼ 1:6 l=s (Recf = 6400) is given in Fig. 5. The regular
oscillating behavior of the pressure is evident, the oscillations
can be clearly distinguished from the smaller turbulent fluctua-
tions. All time series of pressure measurements at different loca-
tions and flow rates are analyzed by means of fast Fourier
transforms (FFT).

Exemplary results are given in Figs. 6 and 7. Fig. 6 shows FFT
spectra of the pressure at PM2, which are obtained for two differ-
ent flow rates. Fig. 6a is the FFT spectra of the pressure time series
pictured in Fig. 5, Fig. 6b gives the FFT spectra for _V ¼ 1:9 l=s
(Recf = 7600). The coherent oscillations correspond to peaks at
fC,exp � 0.15 Hz with smaller peaks at f2C,exp � 0.3 Hz due to fre-
quency doubling in both spectra. Scaling behavior in different fre-
quency ranges of the FFT spectra is indicated (f�5/3 and f�7) only for
orientation.
 0.989

 0.9895

 0.99

 0.9905

 0.991

 0.9915

 0.992

 0.9925

 0.993

 0.9935

 0.994

 0.9945

 40  60  80  100  120  140

p 
[1

05  P
a]

t [s]

EXP
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Fig. 6. FFT pressure spectra in location PM2, flow rate _V ¼ 1:6 l=s (left) and
_V ¼ 1:88 l=s (right).
Fig. 7 gives the spectra, which are obtained for a constant flow
rate _V ¼ 2:1 l=s (Recf = 8400) in PM1 and PM3. Again, clear peaks
are found at fC,exp � 0.15 Hz in both spectra.

4.2. Mean flow field

Mean values of the velocity in the experiments (exp) and in the
simulations (num) are evaluated as follows:

Ui;exp ¼
1
Dt

Z t0þDt

t0

uidt ð6Þ

Ui;num ¼
1
Dt

Z t0þDt

t0

uih idt ð7Þ

Root mean square (rms) values of the velocity are calculated as
follows:

ui;rms;exp ¼
1
Dt

Z t0þDt

t0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ui � Uið Þ2

q
dt ð8Þ

ui;rms;num ¼
1
Dt

Z t0þDt

t0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhuii � UiÞ2

q
þ

ffiffiffiffiffi
sii

q

r� �
dt ð9Þ

where no summation is performed for sii. As explained in Section 2,
the averaging period in the LDA data is Dt = 10s. For convenience
the numerical data is averaged over the same period. In case of UR-
ANS simulations with the KE model, the instantaneous Reynolds
stresses sii are deduced from Eq. (3). In case of URANS simulations
with the RS model, the instantaneous Reynolds stresses sii are ob-
tained from the solution of Eq. (5).

Figs. 8–10 display exemplary numerical results of the mean
velocity amplitude U ¼

ffiffiffiffiffiffiffiffiffiffi
UiUi
p

for the flow rate _V ¼ 2:2 l=s
(Recf = 8800). In the figures, contour plots are given for planes L1
(Fig. 8), L2 (Fig. 9) and C1 (Fig. 10). High velocities are light colored
and low velocities are dark colored, respectively. Additionally,
streamlines are indicated in order to reveal the basic flow struc-
tures. In accordance with Fig. 1, the inlet jet (1) is found in plane
L1 and C1 (Figs. 8 and 10). Recirculating regions (2,3) are evident
in all planes. Finally, the bypass flow (4) is identified in planes L1
and L2 (Figs. 8 and 9).

4.3. Mean value profiles of the velocity field

Figs. 11–13 show profiles of Ui and ui,rms along longitudinal and
lateral lines in the cavity. In the figures, data from the LDA mea-
surements (EXP), URANS simulations with the k–� (KE) and the
Reynolds stress (RS) model are compared.



Fig. 10. Streamlines and contour plot of the mean velocity field in plane C1.

Fig. 8. Streamlines and contour plot of the mean velocity field in plane L1.

Fig. 9. Streamlines and contour plot of the mean velocity field in plane L2.
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Fig. 11 displays the longitudinal velocity U1 and u1,rms along a
longitudinal horizontal line in plane L1. The core of the inlet jet
can be identified at x1 = 125 mm. The measurements show a cross-
flow through the jet, i.e. U1 > 0 for 0 < x1 < 150 mm. Then a wake
with low values of U1 is found for 150 mm < x1 < 350 mm. Finally,
a backflow region with U1 < 0 is evident for x1 > 350 mm. In the
simulation with the RS model, the directions and magnitudes of
U1 in the crossflow, wake and backflow region are well resolved.
In the simulation with the KE, only the overall flow structure is
acceptable resolved with a slight overprediction of the wake
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Fig. 11. Velocity profile at x2 =
length, whereas the amplitude of U1 in the wake region is strongly
overestimated. For the rms profiles u1,rms, it is found that all simu-
lations give a reasonable prediction of the jet shear layer profiles at
x1 = 120 mm and x1 = 150 mm. In the wake, KE underpredicts and
RS overestimates the rms values. In the backflow, all simulations
are in good agreement with the experiment.

Fig. 12 displays U1 and u1,rms of the longitudinal velocity along a
longitudinal horizontal line in plane L2. The noticeable feature in
the measurements of U1 is a backflow region with U1 < 0 for
200 mm < x1 < 500 mm. The simulation with the RS model resolves
the flow reversal at x1 ’ 200 mm but overestimates the length of
the backflow region, whereas the simulation with the KE gives a
wrong slope of the profile for x1 > 200 mm. For the rms profiles
u1,rms, the RS model is in good agreement with the measurements,
but the KE model underpredicts the rms values.

Fig. 13 displays the vertical velocity U3 and u3,rms along a
lateral horizontal line in plane C1. The shape of the jet can be
clearly identified in U3. In the jet core, both URANS simulations
RS and KE overestimate U3 slightly. In the shear layers and the
outer parts of the profiles, the experimental and numerical results
are in good agreement. Regarding the profiles of u3,rms, the
agreement between experimental and numerical data is good
in the outer parts. In the jet shear layers, RS overpredicts the
peak values, whereas KE underestimates the rms values
significantly.
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Fig. 12. Velocity profile at x2 = 68 mm and x3 = 50 mm.
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The contributions of the resolved coherent oscillations (res) and
modelled turbulent fluctuations (mod) to the total rms velocity are
exemplary pictured in Fig. 14. Here, ui,rms,res and ui,rms,mod are de-
fined as follows:

ui;rms;res ¼
1
Dt

Z t0þDt

t0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhuii � UiÞ2

q
dt ð10Þ

ui;rms;mod ¼
1
Dt

Z t0þDt

t0

ffiffiffiffiffi
sii

q

r
dt ð11Þ

Fig. 14 shows that the portions of the resolved coherent oscillations
and the modelled turbulent fluctuations of the total rms velocity de-
pend on the location in the flow. In the longitudinal profile at x2 =
125 mm and x3 = 100 mm the simulation with the KE model seems
to underpredict the contributions of the resolved velocity oscillations
u1,rms,res (KE, res), they are much smaller than u1,rms,mod (KE, mod) in
Fig. 14a. The underprediction of the total rms velocity may be caused
by this deficiency. We assume, that the very dissipative nature of the
KE model tends to damp the coherent oscillations down.

Contrary, u1,rms,res (RS, res) is in the same order of magnitude as
u1,rms,mod (RS, mod) in the simulation with the RS model, Fig. 14b.
Here the total rms velocity is overrated, especially in the backflow
region. It is not clear if this error is caused by an overprediction of
the resolved velocity oscillations or by an overestimation of the
turbulence.

Comparing Figs. 14a and b, it is found that the variations be-
tween the profiles of u1,rms,mod from the KE and the RS model are
much smaller than the differences between the profiles of u1,rms,res.
Similar findings result from the comparison of the profiles of
u1,rms,res and u1,rms,mod in the jet flow region, Figs. 14c and d.
4.4. Oscillating flow field

The complex structure of the unsteady cavity flow is visual-
ized in Figs. 15–18. Here streamlines in the results of the
URANS simulations for the flow rate _V ¼ 2:2 l=s (Recf = 8800) are
displayed.

With respect to the corresponding plots of the mean velocity
fields in Figs. 8–10, it is found that the recirculating regions in
planes L1 and L2 ((2) in Figs. 8 and 9) and planes C1 and C2 ((3)
in Fig. 9) change their position and size in an oscillating manner.
Contrary, the positions of the jet ((1) in Figs. 8 and 10) and the by-
pass flow ((4) in Figs. 8 and 9) remain nearly fixed.

In Fig. 18, streamlines in combination with the vorticity compo-
nent x3

x3 ¼
o u1h i
ox2

� o u2h i
ox1

ð12Þ

and the strain rate in the horizontal plane H are displayed. The
darker the color, the higher is x3 in Fig. 18a, whereas the lighter
the color, the higher is the strain rate in Fig. 18b. A large coherent
vortex is found in both subfigures. The coherent vortex in a turbu-
lent flow is defined due to Lesieur (2008, pp. 7–8): it is a region of
space,

� where vorticity concentrates enough so that fluid trajectories
can wind around,

� which keeps (following the flow motion) a characteristic shape
during a life time longer enough in front of their turnover time,

� which is unpredictable.
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Fig. 14. Resolved and modelled contributions to the rms velocity profiles at x2 = 125 mm and x3 = 100 mm (subfigures (a), (b)) and at x1 = 125 mm and x3 = 100 mm
(subfigures (c), (d)).

Fig. 15. Streamlines in the instantaneous flow fields in plane L1. Fig. 16. Streamlines in the instantaneous flow fields in plane L2.
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The coherent vortex in the cavity flow fulfills these criteria. It
shows a strong oscillating behavior, which is resolved in the UR-
ANS simulations.

The shroud with its wake flow is located on the left-hand side,
see Fig. 18. It is found, that x3 is concentrated in the recirculating
regions of the shroud wake flow, in large coherent vortex struc-
tures, where the streamlines wind around and in elongated vortex
layers where the streamlines are only slightly curved, Fig. 18a.
Fig. 18b shows, that the vortex layers are correlated with regions
of high strain rate, whereas the strain rate in the vortex is only



Fig. 17. Streamlines in the instantaneous flow fields, first row: plane C1, second row: plane C2.

Fig. 18. Instantaneous flow field with coherent structures in plane H at t = 140 s.
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moderate. Strain rate and vorticity are produced by the merging
longitudinal (from left to the right in Fig. 18b) and lateral (from
the upper and the lower wall to the centerline in Fig. 18b) flows.

The physical mechanism of the quasi-periodic vortex genera-
tion is explained in more detail in Fig. 19. In the transient flow
field, the typical process of vortex formation and decay can be
identified: A vortex layer is rolling-up and forms a vortex core.
The vorticity of the vortex layer is fed into the vortex core, where
a high value of x3 is induced. The lateral flow finally cuts the vor-
tex core from the vortex layer. The detached vortex decays rapidly
due to the action of the turbulent Reynolds stresses. In Fig. 19, the
formation and decay of vortex structures (V1,V2, . . .) due to the
rolling-up of vortex layers (VL2,VL3, . . .) can be clearly identified.
As an example, vortex layer VL2 (t = 140 s) is rolling-up and forms
vortex V2. V2 has been cut form the vortex layer due to action from
the upper lateral flow at t = 141 s and decays (t = 141 s and
t = 142 s). The upper lateral flow and the swirling flow around V2
drive the longitudinal flow towards the lower wall and induce a
new vortex layer VL3. The next vortex V3 is formed by the roll-
ing-up of VL3 and so on.
These complex interactions of vortex layers and large recircula-
tion are assumed to be responsible for the intrinsic unsteadiness of
the cavity flow.

For quantitative analysis, time series of the lateral velocity hu2i
are recorded at point UR (x1 = 250 mm,x2 = 125 mm,x3 = 200 mm).
As an example, Fig. 20 gives the time series hu2i which is obtained
in a simulation with the RS model for the flow rate _V ¼ 1:60 l=s
(Recf = 6400). Fig. 21 gives the corresponding FFT spectrum of this
time series with linear–linear and log–log axis scaling, respec-
tively. The linear–linear plot reveals a clear frequency peak
fC,sim ’ 0.15 Hz which corresponds to the coherent oscillation of
the cavity flow. The log–log plot enlightens the action of the
turbulence model, i.e. only low frequencies are resolved in the
simulations. Contrary the turbulent frequencies are removed
from the spectrum because turbulent fluctuations are strongly
damped.

The resulting peak frequencies of the pressure measurements
and URANS simulations with the KE and the RS model are com-
pared in Fig. 22. Here, the Strouhal number StC of the coherent
oscillation is defined as



Fig. 19. Development and decay of coherent vortex structures in the flow, vorticity
component x3 and streamlines are plotted in plane H.
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Fig. 20. Time series of hu2i in point UR (x1 = 250 mm, x2 = 125 mm, x3 = 200 mm).
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Fig. 21. FFT spectra from URANS data of hu2i in point UR.
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StC ¼
fCd
ucf
¼ fCdwh

_V
ð13Þ

where w = 250 mm is the width of the cavity. The measurements
show a nearly constant Strouhal number StC,exp ’ 0.14.

Numerical simulations with the RS model give also a nearly
constant Strouhal number StC,RS ’ 0.17, which is noticable higher
than in the measurements. The simulations for the flow rates
_V ¼ 1:6 l=s (Recf = 6400) and _V ¼ 2:2 l=s (Recf = 8800) are per-
formed with three time step widths Dtnum

1 ¼ 0:1 s, Dtnum
2 ¼ 0:05 s

and Dtnum
3 ¼ 0:025 s in order to judge the convergence of the re-

solved flow oscillations. Although complete convergence is not
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found, the differences in StC,RS decrease successively from Dtnum
1 to

Dtnum
3 . Contrary, numerical simulations with the KE model give a

much higher Strouhal number StC,KE ’ 0.28 for the flow oscillation.
The invariants IIa and IIIa of the anisotropy tensor aij (Lumley

and Newman, 1977)

aij ¼
sij

skk
� 1

3
dij ð14Þ

IIa ¼ aijaji ð15Þ
IIIa ¼ aijajkaki ð16Þ

are investigated in order to explain these findings. In case of URANS
simulations with the KE model, the Reynolds stresses sij are de-
duced from Eq. (3), whereas in case of URANS simulations with
the RS model, sij are obtained from the solution of Eq. (5).

In incompressible flows, the first invariant Ia = akk is always
zero. The anisotropy invariant map is found in a IIIa–IIa plot (Choi
and Lumley, 2001; Jovanovic, 2004), i.e. the region of allowed
states of anisotropy is limited by the curves,

IIa ¼
2
9
þ 2IIIa ð17Þ

IIa ¼ �
3
2

4
3
jIIIaj

� �2=3

ð18Þ

The instantaneous anisotropy tensors in the simulations with the
KE and the RS model are analysed. Exemplary invariant maps which
are obtained from the inspection of the turbulence data in plane L1
are plotted in Fig. 23. Clearly, instantaneous pairs (IIIa, IIa) of the tur-
bulence predicted by the RS model fall well into the allowed region.
Contrary, the instantaneous turbulence predicted by the KE model
gives pairs (IIIa, IIa) which scatter also outside the allowed region
of the invariant map. These findings are confirmed by the analysis
of the numerical results in other moments.

4.5. Discussion

The comparison of numerical results with experimental data
demonstrates, that simulations with the RS model give considerably
better results for mean values and coherent oscillation frequencies
than simulations with the KE model. Inspections of the anisotropy
invariant maps reveal, that only the RS model gives a realizable tur-
bulence estimation. This is not surprising because in contradiction
to the KE model, the equations of the RS model can be reformulated
into a transport equation for the turbulence anisotropy (Jovanovic,
2004). Therefore, only simulations with the RS model are able to
capture the dynamics of the turbulence anisotropy.

As it has been shown before, the generation of coherent struc-
tures in the flow is strongly linked to transient behavior of complex
three-dimensional vortex layers, where turbulence is anisotrop.
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Fig. 23. Invariant map for simulation
Therefore, the correct description of the anisotropy tensor is an
important ingredient for an reliable URANS simulation of the un-
steady cavity flow.

5. Conclusions

The flow of a turbulent round jet into a cavity is investigated
both experimentally and numerically. The numerical simulations
are based on the unsteady Reynolds-averaged Navier–Stokes
equations (URANS approach). The standard k–� and Reynolds
stress turbulence models are employed in the simulations,
respectively.

Mean flow fields, long-term coherent flow oscillations and flow
turbulence are examined. It is found, that the flow field is highly
three-dimensional due to complex links between longitudinal
and lateral oriented recirculating regions and the jet flow. The
recirculating regions are separated by free shear and vortex layers.
The generation of coherent vortex structures in the unsteady flow
is based on the quasi-periodic rolling-up of these vortex layers.

Simulations with the Reynolds stress turbulence model give
considerably better results for mean values and coherent oscilla-
tion frequencies than simulations with the k–� model. Inspections
of the anisotropy invariant maps reveal, that only the RS model
gives a realizable estimation of the turbulence, which is consider-
ably anisotrop due to the vortex layers in the flow. A proper
approximation of the anisotrop turbulence seems to be of funda-
mental importance for a correct simulation of the oscillating
behavior of the cavity flow.

However, some noticeable differences between measurements
and URANS simulations with the Reynolds stress turbulence model
are still present. Especially, the root mean square values of the
velocity are overestimated in some regions of the oscillating flow.
Therefore, refined investigations are necessary in the future in or-
der to clarify the reasons for these shortcomings and to improve
the numerical model further.

For example, the employed turbulence models are calibrated at
flows with turbulence in steady-state. It should be verified in fu-
ture studies, if the corresponding model parameters need to be
tuned for turbulent flows which exhibit coherent oscillations. Here,
a comparison of URANS results with LES data is desirable. This
comparison should also indicate, if a hybrid URANS-LES simulation
will give an efficient and more accurate description of the flow.
Alternatively, the turbulence model can be sensitized to the un-
steady mean flow parameters in order to avoid unphysical turbu-
lence production, e.g. in the recirculating regions.

The present paper is focused on a comparison of simulations
with the standard k–� and the Reynolds stress turbulence model.
It would be useful to test other turbulence models in future stud-
ies, for example the realizable k–� model. A two-equation model
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s with the KE and the RS model.
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can help to reduce the computational efforts especially in a hybrid
URANS-LES simulation.

Appendix A. Reynolds stress model

The equations of the Reynolds stress model are

osij

ot
þ o

oxk
ðhukisijÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

Cij

¼ �sik
ohuji
oxk
� sjk

ohuii
oxk|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Pij

þ o

oxk

mt

rk

osij

oxk

� �
þ m

o2sij

ox2
k|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Dij

� c1
�
k

2
3
qkdij � sij

� �
þ c2

2
3
ðP� CÞdij � ðPij � CijÞ

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

/ij

þ 2
3
q�dij|fflfflffl{zfflfflffl}
�ij

ðA:1Þ

o�
ot
þ huji

o�
oxj
¼ o

oxj
mþ mt

r�

� �
o�
oxj

� �
þ c�1P

�
k
� c�2

�2

k
ðA:2Þ

mt ¼ cl
k2

�
ðA:3Þ

k¼ � sjj

2q
ðA:4Þ

P ¼ Pjj

2
ðA:5Þ

C ¼ Cjj

2
ðA:6Þ

The coefficients in the Reynolds stress model are fixed to rk = 0.82,
c1 = 1.8, c2 = 0.6, cl = 0.09, r� = 1.0, c�1 = 1.44, c�2 = 1.92.

Appendix B. Non-equilibrium wall function

In the non-equilibrium wall function approach, the log-law of
the wall is sensitized to pressure gradient effects. The resulting
wall functions are

huiþ ¼ 1
j

lnðEyþÞ þ 1

2c1=4
l k1=2

dp
dx

yv

jq
ffiffiffi
k
p ln

y
yv

� �
þ y� yv

jq
ffiffiffi
k
p þ y2

v

g

" #

ðB:1Þ

� ¼
c3=4
l k3=2

jy
ðB:2Þ
Here, y+ is the nondimensional wall normal distance, hui+ is the non-
dimensional velocity and dp/dx the pressure gradient tangential to
the wall in the wall-nearest cell, respectively.
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