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INTRODUCTION

Turbulent flows in complex geometries often exhibit an

oscillating behavior of large coherent structures, even in the

case of steady state boundary conditions. Recently, nu-

merous efforts have been made to resolve these oscillations

by means of numerical simulations. Unfortunately, large-

eddy simulations (LES) are often very time- and memory-

consuming in the case of complex flows. Therefore, the

unsteady RANS (URANS) approach is an attractive alter-

native, especially when numerical simulations are used as a

design and optimization tool. Actually, most URANS val-

idation studies have been performed with semi-confined or

unconfined flows past circular or sharpe-edged cylinders (Jo-

hannson et al., 1993; Durbin, 1995; Iaccarino et al., 2003;

Catalano et al., 2003; Saghafian et al., 2003; Johansen et

al., 2004; Holloway et al., 2004; Senocak et al., 2005; De

and Dalal, 2006). For URANS simulations in enclosures,

which are also of fundamental importance for many tech-

nical problems (Schwarze, 2006), there is no corresponding

basic benchmark problem.

In the paper, a turbulent jet flow in a cavity is pro-

posed as a new benchmark test of the URANS method.

The dimensions of flow geometry under investigation are dis-

played in figure 1. The center of the inlet pipe is located at

x1 = 0.125 m, x2 = 0.125 m, the center of the outlet pipe is

located at x1 = 0.875 m, x2 = 0.125 m.

Figure 2 shows basic features of the cavity flow: (1) jet

flow downstream of the inlet pipe, (2), (3) recirculating re-

gions around the jet and (4) mean flow towards the outlet.

Results from experimental measurements and corresponding

numerical calculations with URANS and LES simulations

are presented.

EXPERIMENT

Water model facility

The main component of the experimental facility is the

cavity made of perspex. The model is fed by a closed wa-

ter circuit. The flow rate in the model is tuned by a valve

between V̇ = 1.6 . . . 2.2 l/s, which correspond to jet flow

Reynolds numbers Rej = 7, 5 · 104 . . . 1 · 105 and to bulk

cross flow Reynolds numbers Recf = 6400 . . . 8800.

Velocity data inside the cavity are obtained by a LDA

(2D Dantec Dynamics) system. These measurements are

performed on a 10 mm × 10 mm grid in different locations

in the model. Figure 3 shows the set-up for the grid on a

vertical plane near to the sidewall of the cavity.

The pressure is measured by a pressure tube (orifice di-

ameter 3 mm) connected to a pressure transducer (Kistler).

Time series of the pressure were recorded at different loca-

Table 1: Locations of pressure measurements in the cavity.

Name x [mm] y [mm] z [mm]

PM1 50 50 200

PM2 500 250 200

PM3 750 250 120

tions within the cavity, table 1.

Results

Profiles of the mean velocities are given later. An ex-

ample of a time record of the pressure is given in figure 4.

The regular oscillating behavior of the pressure is evident,

the oscillations can be clearly distinguished from the smaller

turbulent fluctuations.

Similar time series of pressure measurements at differ-

ent locations and flow rates are analyzed by means of Fast

Fourier transforms (FFT). Exemplary results are given in

figures 5 and 6. Figure 5 shows FFT sprectra of the pres-

sure at PM2, which are obtained for two different flow rates.

Outstanding peaks are evident at fp ∼ 0.15 Hz in both spec-

tra. They correspond to the coherent pressure oscillations.

Turbulent pressure fluctuations are found in the inertial and

the dissipation subrange. The scaling behavior for the in-

ertial subrange (f−5/3) and the dissipation subrange (f−7)

are indicated in the spectra, too.

Figure 6 gives the spectra, which are obtained for a con-

stant flow rate in PM1 and PM3. Again, clear peaks are

found at fp ∼ 0.15 Hz in both spectra. Comparing the

spectra in PM1 and PM3, it is found that turbulence is de-

caying from PM1 to PM3, because the dissipation subrange

is shifted towards smaller frequencies in PM3.

NUMERICAL MODEL

Theory

The model equations for the LES and the URANS ap-

proach are formally equivalent
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In case of LES, the model equations are obtained from a

spatial filtering procedure, which is applied implicitely to

the basic flow equations. The unknown sugrid-scale stresses

τij in equation (2) are approximated by the well-known

Smagorinsky subrid-scale model.
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The URANS equations are obtained from an ensem-

ble averaging procedure, which is again implicitely applied

to the basic flow equations. Here, the unknown Reynolds

stresses τij in equation (2) are provided by a Reynolds stress

model (RS) or alternatively Boussinesq hypothesis in com-

bination with the standard k-ε model (KE).

Wall functions are employed in order to describe the

near-wall regions in both the LES and the URANS simula-

tions. The boundary conditions of the numerical simulations

fit to the parameters of the experimental configuration. Here

it has to be emphasized that the boundary conditions are

steady-state conditions even in the unsteady simulation. Ini-

tial values for this flow field are taken from the corresponding

steady-state solution (RANS) of the model equations.

Numerics

The model equations are solved by the finite-volume

method. The numerical schemes are bounded CDS interpo-

lation in LES and QUICK upwind interpolation in URANS

simulations, CDS differencing and second-order BDF for the

time integration. The solution domain contains 1.1 · 106

(LES) and 2.2 · 105 (URANS) hexahedral grid cells.

The LES simulation is performed with a time step width

∆tLES = 0.001 s, a flow time intervall τLES = 8 s is resolved

in this simulation. The URANS simulations are performed

with time step widths ∆tURANS = 0.025 s, a flow time in-

tervall τURANS = 100 s are resolved in these simulations.

Results

Figure 7 displays streamlines which start in a horizon-

tal surface at x3 = 0.24 m just below the cavity lid in the

URANS simulations. The time interval between the three

subfigures is 1 s. The inlet pipe is located left hand side in

the figures.

Due to the action of recirculating regions, the upwelling

flow at the walls is directed towards the centerline of the

cavity. On the right side of the inlet pipe, the wake region

can be identified. The unsteady behavior of the wake flow

is evident. Large vortex structures exists, which oscillate

around the tundish centreline. Corresponding observations

are made at the water model experiment, too.

FFT spectra from time series of velocity data obtained

from the LES and the URANS simulation with the RS model

are given in figures 8 and 9. The URANS simulations with

the KE model do not show convergence towards a fixed peak

frequency in the spectra.

Figure 8 gives the FFT spectrum of u2 which is recorded

during the URANS simulation in position PM2. Similar

to the spectra from the pressure measurements, a peak fre-

quency fp ≃ 0.15 Hz is found in the velocity time record.

Not surprisingly, the inertial and dissipation subrange of the

turbulence spectrum are not resolved. This finding is due

to the turbulence model, which should remove all turbulent

fluctuations from the velocity data.

Figure 9 gives FFT spectra of u1 and u2, which are ob-

tained from the LES simulations. Here, no peak is found in

the low frequency part of the spectra, because the resolved

flow time intervall is too short (8 s). On the other hand,

the inertial and the dissipation subrange of the turbulence

spectra are resolved. Here, dissipation is due to the action of

the subgrid-scale stress model. Surprisingly, the dissipation

subrange is located at frequencies above 10 Hz in both spec-

tra, whereas dissipation starts at frequencies below 10 Hz

in all spectra from the pressure measurements. The reason

for these findings are not clear yet, it is assumed that the

Table 2: Strouhal numbers for different flow rates in the

cavity.

V̇ [l/s] Stexp Stsim

1.6 0.16 0.17

2.1 0.13 0.18

strong recirculating behavior of the flow is responsible for

these differences.

COMPARISON

Profiles

Figures 10 to 13 show profiles of the mean and rms values

of velocity data along longitudinal and lateral baselines in

the cavity. In the figures, data from the LDA measurements

(EXP), URANS simulations with the Reynolds stress (RS)

and the k-ǫ (KE) model and finally the LES simulations

(LES) are compared.

Figures 10 and 11 display the mean (u1,m) and the rms

(u1,rms) values of the longitudinal velocity u1 along a lon-

gitudinal horizontal baseline in the cavity centreplane. The

core of the inlet jet can be identified at x1 = 0.125 m. Both

experimental and numerical data show a crossflow through

the jet, i. e. u1 > 0 for 0 < x1 ≤ 0.35 m. Then a backflow is

found, u1 < 0 for x1 > 0.35 m. Regarding the different nu-

merical appoaches, it is found that LES fits best to the exper-

imental data in the jet dominated region (0 < x1 ≤ 0.15 m).

The wake region past the jet is (0.15 m < x1 ≤ 0.35 m) is

best resolved in RS. Here, LES overpredicts u1 markedly.

KE is found to overestimate the length of the wake region

strongly. The velocity profile of the backflow is well resolved

in all numerical simulations.

For the rms profiles u1,rms, it is found that all simula-

tions give a resonable prediction of the jet shear layer profiles

at x1 = 0.12 m and x1 = 0.15 m. In the wake, LES gives the

best resolution of the rms profile, whereas KE underpredicts

and RS overestimates the rms values. In the backflow, all

simulations are in good agreeement with the experiment.

Figures 12 and 13 display the mean (u3,m) and the rms

(u3,rms) values of the vertical velocity u3 along a lateral

horizontal baseline which intersects the center of the inlet

jet. Figure 12 shows u3,m, the jet shape can be clearly iden-

tified. In the jet core, both URANS simulations RS and

KE overestimate u3,m slightly, whereas LES underestimates

u3,m significantly. In the shear layers and the outer parts of

the profiles, the experimental and numerical results are in

good agreement. Figure 13 gives the corresponding profiles

of u3,rms. Again, the agreement between experimental and

numerical data is good in the outer parts. In the jet shear

layers, LES fits best to the experiment. Here, RS overpre-

dicts the peak values, whereas KE underestimates the rms

values significantly.

Oscillations

The resulting peak frequencies of the pressure measure-

ments and the URANS simulations with the RS model are

compared in table 2. The Strouhal number St is defined as

St =
fp d

ucf
=

fp d A

V̇
(3)

where d is the jet diameter at the pipe inlet exit and ucf
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is the crossflow velocity defined as the ratio of the flow rate

and the cross section area A = 0.25 m×0.25 m of the cavity.

It is found, that Stexp decreases slightly with increas-

ing flow rate in the experiments. Contrary, Stnum remains

nearly constant in the URANS simulations. However, nu-

merical simulations fit resonable well the experimental ob-

servations.

CONCLUSIONS

Long-term oscillating flows in continuous casting

tundishes are investigated by a model experiment as well as

by large eddy and URANS simulations. The results of the

simulations fit well to the experimental observations (mean

flow data and frequencies). Especially, long-term oscillations

of the tundish flow are resolved by the URANS simulations.

However, some differences between measurements, large

eddy simulations and URANS simulations are found. The

large eddy simulations do not match the transition from the

inertial to the dissipation subrange in turbulence spectra of

the wake-flow regions correctly. The URANS simulations do

not resolve a minor dependency between the Strouhal and

the Reynolds number of the flow.

Therefore, refined investigations are necessary in the fu-

ture in order to clarify the reasons for these shortcomings

and to improve the numerical models.
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Figure 1: Dimensions of the cavity given in mm.
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Figure 2: Basic flow structure in the cavity.

Figure 3: Water model facility.
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639



 1e-14

 1e-13

 1e-12

 1e-11

 1e-10

 1e-09

 1e-08

 1e-07

 1e-06

 0.1  1  10

A
 [-

]

f [Hz]

f -5/3

f -7

 1e-14

 1e-13

 1e-12

 1e-11

 1e-10

 1e-09

 1e-08

 1e-07

 1e-06

 0.1  1  10

A
 [-

]

f [Hz]

f -5/3

f -7

Figure 5: FFT spectra in location PM2, flow rate V̇ = 1.6 l/s

(left) and V̇ = 1.88 l/s (right)
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Figure 6: FFT spectra for flow rate V̇ = 2.1 l/s in location

PM1 (left) and PM3 (right)

Figure 7: Streamlines for four different times in the URANS

simulation
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Figure 8: FFT spectra from URANS data of u2 in PM2
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Figure 9: FFT spectra from LES data of u1 in PM1 (left)

and u2 in PM2 (right)
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Figure 10: velocity profile u1,m at x2 = 125 mm and x3 =

100 mm
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Figure 11: velocity profile u1,rms at x2 = 125 mm and x3 =

100 mm
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Figure 12: velocity profile u3,m at x1 = 125 mm and x3 =

100 mm
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Figure 13: velocity profile u3,rms at x1 = 125 mm and x3 =

100 mm
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