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Abstract

The aim of the present study is to verify the reli-
ability of a k-o based hybrid RANS/LES model in
reproducing the flow in a rib-roughened rotating
channel. The numerical results obtained with the
hybrid RANS/LES model are compared to experi-
mental data by Coletti and Arts (2011) and to the
results obtained with the RANS k- model of Wil-
cox (2008). We demonstrate that the hybrid
RANS/LES model gives realistic results for simula-
tion of the rotating ribbed duct flow, without the ne-
cessity to add ad hoc corrections for system rotation
to the underlying RANS model.

1 Introduction

Proper accounting for rotational effects is very
important in tubomachinery applications. The accu-
rate determination of the flow characteristics in or-
thogonally rotating systems is relevant for analysis of
the flow in blade passages of radial compressors and
in the internal cavities of rotating turbine blades.

The monotonically integrated LES (MILES) has
been employed by Lohasz et al. (2006) to study the
flow details in ribbed stationary channel flow. The
ratio of the rib size to the channel height was 0.3
and the Reynolds number based on the hydraulic di-
ameter was set to Re=40,000. The analysis of the
instantaneous flow field allowed observing span-
wise oriented vortices close to the leading edge of
the rib which further deformed into A-shaped struc-
tures. These A-shaped vortices were further en-
trained into the shear layer behind the rib. The work
by Lohasz et al. (2006) demonstrated that a suffi-
ciently low value of the Smagorinsky constant has
to be specified for a successful simulation of ribbed
channel flow.

The flow dynamics inside the ribbed channel
significantly changes if the channel is subjected to
rotation, as demonstrated in the LES study by Ab-
del-Wahab and Tafti (2004) and in measurements
by Coletti et al. (2010) and Colleti and Arts (2011).
Abdel-Wahab and Tafti (2004) employed the dy-
namic Smagorinsky model for calculation of the rib-
roughened channel flow at various rotation veloci-
ties. The bulk Reynolds number was Re=20,000.

The peak values of the turbulent kinetic energy dif-
fer by a factor of two in the boundary layers formed
on the leading and trailing sides of the channel and
the amplitude of small-scale fluctuations changed
significantly with rotation close to the trailing side.
In Coletti et al. (2010) and Colleti and Arts (2011)
the influence of the Coriolis force was investigated
experimentally using a PIV system which was put
in rotation together with the channel. This allowed
capturing the relative velocity field at high resolu-
tion. The ratio of the rib size to the channel height
was 0.1, and the Reynolds number was 15,000. Ro-
tation in both clockwise and counter-clockwise di-
rections was considered. In clockwise rotation, Kel-
vin-Helmholtz rollers were produced in the sepa-
rated shear layer behind the rib owing to the stabi-
lising effect of the forces. This led to a much longer
separation bubble behind the obstacle with respect
to the length measured in the stationary channel. In
counter-clockwise rotation, a small separation bub-
ble was formed at the leading edge of the rib which
reattached very quickly at the top of the rib. Further
downstream, a three-dimensional turbulent motion
was created due to the destabilising effect of the
forces. This led to a shorter length of the separation
bubble behind the rib with respect to one reported in
the non-rotating case. In the present work, numeri-
cal results obtained with a k-o RANS and a k-o
based hybrid RANS/LES model are compared to the
experimental results by Colleti and Arts (2011).

The hybrid RANS/LES model studied here be-
longs to the class of unified DES-type models. In
LES mode, the hybrid model uses two definitions of
the local grid size. One is the maximum distance be-
tween the cell faces in the destruction term of the
turbulent Kinetic energy equation and the other is
the cube root of the cell volume in the eddy-
viscosity formula. This allows for better accounting
for flow inhomogeneity on anisotropic grids. Under
the assumption of local equilibrium, the eddy vis-
cosity of the hybrid model reduces to a Smagorin-
sky subgrid viscosity with the usual constant
C=0.1. In RANS mode, the hybrid model switches
into the newest version of the k- model by Wilcox
(2008).



2 Mathematical formulation

For a constant-density fluid, the continuity and
momentum equations take the following forms in a
frame subjected to rotation

L=0 oY)
0X;
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The overbars in (1) and (2) denote ensemble aver-
aged quantities in RANS regions and filtered quanti-
ties in LES regions of the hybrid model o; =2i5;

and z; =21,S; —2/3ks; denote the components of

the molecular viscous and the modelled stress ten-
sors, respectively, with v the kinematic molecular
viscosity, v; the turbulent/subgrid viscosity and
Sy =1/2(0u; 1 dx; +éuy [ ax;) —1/3(duy /0, )5, the
components of the shear rate tensor. p denotes the

effective pressure, which is a part of the pressure
combined with the potential energies associated to
gravity and centrifugal force. oP/ox, represents the

mean pressure gradient imposed in the streamwise di-
rection of the periodic domain, adjusted to guarantee
the correct mass flow rate at each time step, sij is the
Levi-Civita symbol and Q is the angular velocity.
The transport equations of the hybrid RANS/LES
model are
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with, k the turbulent kinetic energy and o the specific
dissipation rate. The motivation for the modification
of the destruction term in (3) is that the dissipation in
the k-0 RANS model is SZB*k(O:kS/Z/Lt, where the
turbulent length scale is L=k"?/(B*). So, it means
that in the dissipation term, the turbulent length scale
is replaced by the grid size. The choice of the grid
size measure is crucial in any LES like formulation
(Scotti et al., 1993, Spalart et al., 2006, Frohlich and
von Terzi, 2008). The literature shows that there is a
preference for the maximum size in a DES formula-
tion (Yan et al., 2005, Spalart et al., 2006), while
there is a preference for the cube root measure in a
LES formulation (Scotti et al., 1993, Frohlich and
von Terzi, 2008). For the length scale in the k-
equation (3), we take the maximum size A=max (A,

P’ +

(4)

Ay, A7), where Ay, Ay, A, denote the distances between
the cell faces in x, y and z directions, in the style as
first proposed by Strelets (2001). The closure coeffi-
cients and some additional relations are:

p =009, a=052, [=p,f, [,=00708,
=05 o' =06, o, =012
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where Q;=1/2(0Ui/0x;-0U;/0x;) is the vorticity tensor.
The eddy-viscosity is defined by (Kok et al.,
2004) as

vy = min (k! B Coes KA g j ®)
0]

where Aies=(AA)™. The motivation for this
modification is that the RANS eddy viscosity is

v, =L~k . So, it means that also in the eddy vis-

cosity expression, the turbulent length scale is re-
placed by the grid size. The chosen grid size is here
the cube root measure, so the typical LES grid size.
The grid size is multiplied with the tuning constant
Cpes. The justification for using different grid scales
in Eq. (5) and in the k-equation (Eq. 3) is given be-
low.

Under local equilibrium (production of k equal to
dissipation of k), the eddy viscosity reduces in LES
mode to a Smagorinsky subgrid viscosity (S is the
magnitude of the shear rate tensor):

A 1742
Vi :[(;B*)SMCDESALES[A] ] S. (6)

LES

The role of the term (A/A.es)™* is to increase the eddy
viscosity on high aspect ratio cells, with respect to
the value obtained by the cube root grid size in all
turbulence length scale substitutions, as in the model
by Scotti et al. (1993), which improves the predictive
qualities of LES on anisotropic grids. In Eq. (6), the
Smagorinsky constant C=(B")**Cpes is set to the
usual value 0.1, which gives Cpes=0.6086.
For the RANS simulations (Wilcox, 2008), a

stress limiter is applied. This means that the turbulent

viscosity vy is defined by
25;S; J @

lim *
s
with C;=7/8. The RANS stress limiter (Wilcox,

2008) is omitted in Eq. (5) in the hybrid RANS/LES
model.

At the walls, k and o are set to
k=0, o= u?/v Sg, (®)

vi=—, &=max|n,C
@



where Sg=min[(200/k; ),6/(Bo(Ay")*)], Ay'=Ay-u.lv,
U=(tu/p)"?, Tw=p-S and k; is a dimensionless
roughness height. According to Wilcox (2008), at
smooth surfaces, the dimensionless roughness height
k. is less than 5. The walls are assumed to be hy-

draulically smooth, so the dimensionless roughness
height was set here to 4.

3 Computational aspects

Fig. 1 shows a sketch of the dimension of the compu-
tational domain, coordinate system and rotation axis
for simulation of the rotating channel flow. The flow
is assumed to be periodic in streamwise x-direction.
The ribs have a square cross-section with H=8mm.
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Figure 1. Computational domain, coordinate system
and rotation axis for the counter-clockwise rotation.
Streamwise periodic conditions are applied in x-
direction

The ribbed channel is rotating in counter-
clockwise direction around the z-axis (Fig. 1) with
the rotation number Ro=QD./U, set to 0.3 (Dy, is the
hydraulic diameter and Uy is the bulk streamwise ve-
locity). The clockwise and counter-clockwise rota-
tions of the experiments are studied here, by keeping
the coordinate system and the sense of the angular
velocity Q as in Fig. 1, but by turning the computa-
tional domain by 180 deg over the x-axis (Fig. 2), in
order to obtain the clockwise rotation of the experi-
ments. The Reynolds number based on Uy and Dy, is
Re=15,000. Periodic conditions are imposed in the
streamwise direction, according to the experiments
by Coletti and Arts (2011).

Block-structured grids have been generated. Fig.
2 shows the cross-section through the basic (a) and
fine (b) grids for simulation of rib-roughened channel
flow in clockwise rotation. The basic and fine grids
have about 1 and 4.5 million (M) cells, respectively.
The grids have been refined close to the ribbed walls,
so the maximum value of y* was less than 3. For the
hybrid RANS/LES model, the bounded central dif-
ferencing scheme was applied to the convective

terms in the momentum equations. The second order
upwind scheme was used for the convective terms in
the k- and w-equations. For RANS, the second order
upwind scheme was used for discretisation of the
convective terms in all equations. For temporal dis-
cretisation, a second-order implicit scheme was ap-
plied for both the RANS and hybrid RANS/LES
model simulations. An implicit time stepping tech-
nique was chosen to guarantee stability for large CFL
number. The time step was, however, chosen small
enough so that the CFL-number was at maximum 3,
so that the dissipation due to the time stepping re-
mained small. In all simulations the time step was set
to At-Vo/Dy=1.8-10". At each time step, inner itera-
tion steps were applied to lower the residuals for the
momentum and the transport equations below 107°.
The governing equations were solved sequentially
with the pressure-correction SIMPLE method and
momentum interpolation was used for the pressure-
velocity coupling.

a) 10

10

x/H

Figure 2: Cross section through the basic (a) and fine
(b) grids in the xy-plane for the clockwise rotation.

4. Results

Fig. 3 shows the contour plots of instantaneous
streamwise velocity for simulation with the hybrid
RANS/LES model in clockwise (a) and counter-
clockwise (b) rotation. The clockwise rotation stabi-
lises the flow (Fig. 3 a). The opposite happens for the
counter-clockwise rotation (Fig. 3 b).



The Coriolis force weakens the vortical motion
in the clockwise rotation case, which gives a larger
size of the separation bubble behind the rib, than in
the counter-clockwise rotation. The counter-
clockwise rotation leads to enhancement of the small-
scale turbulent motion inside the channel which
makes the recirculation behind the rib a bit smaller
with respect to the one observed in the non-rotating
case (Coletti and Arts, 2011).
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Figure 3: Contour plots of instantaneous streamwise
velocity (a) in clockwise and (b) in counter-
clockwise rotation obtained with the hybrid
RANS/LES model. The flow is from left to right. The
computational domain is copied once in the x-
direction.

Fig. 4 shows the instantaneous field of
fu=min(v¢Vrans,1), (Where vrans=k/®) for simula-
tion on the basic mesh (1M) with clockwise (a) and
counter-clockwise (b) rotations and on the fine mesh
(4.5M) in clockwise rotation (c) with the hybrid
model. The flow regions with f,=1 correspond to the
nominal RANS zones. Note that the RANS value is
reduced with respect to a true RANS due to the
modified source term in the k-equation (Eg. 3).
RANS zones are, in principle, active close to walls
(Fig. 4). Away from walls the hybrid model turns
into the LES mode, but spontaneously some small
RANS zones are obtained inside the channel. A
closer look to the ribbed walls for the clockwise rota-
tion (Fig. 4 a and c) reveals the narrow LES zones in
the near wall region (first two or three cells) in which
f.t =vi/vrans iS close to zero. This is due to the desta-
bilising effect of the Coriolis force which suppresses
the activity of the small-scale dynamics there. There
is no significant difference between the contour plots
of f,; obtained on the basic and fine grids (Fig. 4 a
and c). The role of the RANS zones away from walls
is negligible. This can be concluded from Fig. 5
showing the ratio of modelled to molecular viscosity
for simulation with the hybrid model on the basic
grid in clockwise rotation. The ratio is much lower

than 1 inside the channel and it goes to unity close to
the bottom wall. Similar levels of vi/v were obtained
in the other cases studied here (results not shown
here). It means that good quality grids have been
generated, so that a majority of the flow dynamics is
resolved. The role of the subgrid model is secondary.
As it will be shown below, the results obtained with
the pure RANS model are different from the results
obtained with the hybrid models. It means that a hy-
brid model adequately reduces the level of the turbu-
lent viscosity toward the subgrid viscosity when the
model turns into the LES mode.
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Figure 4: Contour plots of instantaneous field of
vl Vrans (@) in clockwise and (b) in counter-
clockwise rotation on the basic mesh and (c) in
clockwise rotation on the fine mesh obtained with the
hybrid RANS/LES model.
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Figure 5: Contour plots of instantaneous field of v,/v
for clockwise rotation on the basic mesh.



Mean and total (resolved plus modelled) fluctuat-
ing streamwise velocity profiles are shown in Figs. 6
and 7 for both the clockwise and counter-clockwise
rotations along the lines perpendicular to the ribbed
surface at streamwise distances x/H=0, 2, 4 and 6.
The hybrid RANS/LES and RANS (time-accurate)
model simulations have been performed on the basic
grid with 1M cells. Additionally, the fine grid hybrid
RANS/LES model simulations have been performed
on the fine mesh (4.5M cells). The size of the separa-
tion region is somewhat underpredicted by RANS for
the clockwise rotation, as shown in Fig. 6 (b). At the
same time, the fluctuating velocity profiles which are
reproduced by RANS at distances x/H=2 and x/H=4
(Fig. 7 b and c) are somewhat a too low. It means
that for the clockwise rotation the stabilising effect of
the Coriolis force, which should lead to stronger
momentum loss behind the rib, cannot be fully ad-
dressed with the unmodified k-o model. The results
obtained with the hybrid RANS/LES model are in
very good agreement with measurements at all loca-
tions. The hybrid model results obtained on the fine
grid (4.5M) are very similar to the results obtained on
the basic grid (1M). This proves grid independency
of the hybrid model results. For the counter-
clockwise rotation, the RANS model predicts an
abrupt separation at the leading side of the rib (Fig. 6
a), which leads to a too high level of fluctuating ve-
locity in the shear layer behind the rib (Fig. 7). In
contrast, the streamwise mean velocity profiles are
well reproduced with the hybrid RANS/LES model at
distances x/H=0, 2 and 4. Some differences are visi-
ble between simulations using the hybrid model and
experiments close to the channel centre at x/H=6
(Fig. 6 d). The fluctuating velocity profiles are very
well reproduced with the hybrid RANS/LES model at
x/H=0, 4 and 6 (Fig. 7). Somewhat a too large level
of the fluctuating velocity is obtained with the hybrid
model at x/H=2. Interestingly, this does not have a
negative effect on the mean velocity profiles which
are in good agreement with experimental data close
to the ribbed surface.

5. Conclusions

Summing up, good results are obtained with the
hybrid RANS/LES model for simulation of a rib-
roughened rotating channel flow. It means that the
hybrid RANS/LES model properly addresses the ef-
fect of the Coriolis force on the turbulent flow dy-
namics, without necessity to include ad hoc correc-
tions to the underlying RANS model. The vortical
structures are effectively suppressed outside the sepa-
rated shear layer behind the rib for the clockwise ro-
tation. Strong vortical motions are well reproduced
by the hybrid model inside the channel for the
counter-clockwise rotation. It means that the hybrid
model can successfully be applied for the study of
rib-roughened channel flow on relatively fine grids.
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Figure 6: Profiles of mean streamwise velocity along
lines perpendicular to the ribbed surface at
a) x/H=0, b) x/H=2, c) x/H=4 and d) x/H=6.
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Figure 7: Profiles of total streamwise fluctuating

components along lines perpendicular

to the ribbed surface at

a) x/H=0, b) x/H=2, ¢) x/H=4 and d) x/H=6.
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