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ABSTRACT

The Adaptive Detached Eddy Simulation model by Yin
et al. (2015) allows eddies to be resolved near the wall if
the mesh resolution is adequate. An element of this model
is a lower bounding value (Cy;,,) of the model coefficient
(CpEs), that is a function of grid resolution. The particular
formula is designed to allow an approach to wall-resolved
eddy simulation. The adaptive procedure, is capable of
adapting to flow and geometry — in the present case, to
rotational effects. In the current paper, fully developed ro-
tating turbulent channel flow is studied to better understand
the model performance. Simulations were performed at
Rotation numbers (2Q6/Up,) ranging from 0.43 to 3.0, at
R; = 180, and from 0.167 to 1.5 at Re, = 14,000. The
normalized velocity profile is found to converge toward the
laminar state as rotation increases. It does not completely
laminarize, due to grid resolution being coarse compared to
DNS.

INTRODUCTION

Simple, linear, scalar eddy viscosity Reynolds Aver-
aged Navier Stokes (RANS) models, are incapable of ac-
curately capturing flow rotational or streamline curvature
effects. Extra corrections (Arolla & Durbin (2013), Spalart
& Shur (1997)) to detect rotation and curvature need to be
introduced to enhance/reduce eddy viscosity accordingly.
Large Eddy Simulation responds to rotation and curvature
directly through resolved stresses, and, hence, can more
properly capture the physics in such flows. The capabili-
ties of hybrid RANS/LES methods needs to be explored.

Detached Eddy Simulation, as a seamless, non-zonal,
hybrid RANS/LES approach, that has shown great poten-
tial in predicting complex flows without extraordinary grid
requirements. The original formulation was based on im-
posing a limit on a length scale in the dissipation term, so
as to enhance turbulent dissipation. Away from walls, this
reduces the eddy viscosity to a sub-grid viscosity.

An alternative to the original DES formula was pro-
posed in Yin et al. (2015). In that formulation, grid spac-
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ing imposes a limit directly on the length scale in the eddy
viscosity formula — rather than indirectly through the dis-
sipation. To make it adaptive, the model constant, Cpgg, is
evaluated through the Germano-identity, and a lower bound
imposed by an ad-hoc function of mesh resolution. The
non-dimensional measure of resolution is defined as the ra-
tio of grid size to Kolmogoroff scale. When the local mesh
has LES resolution, the lower bound is deactivated to al-
low fully adaptive simulation. On a coarser meshes Cpgg is
bounded from below; and, on very coarse meshes it defaults
to a constant value.

General flows with rotation and streamline curvature,
are usually a combination of rotation, pressure gradient,
and extra shear rate. To isolate rotational effects, experi-
ments have been conducted on rotating channel flow (John-
ston et al., 1972; Nakabayashi & Kitoh, 1996; Maciel et al.,
2003; Nakabayashi et al., 2004). The configuration is
shown in figure 1. Under moderate rotation, one side of the
channel has a tendency towards laminarization and the tur-
bulence intensifies on the other. In the Navier-Stokes equa-
tions, the only change is the introduction of the Coriolis
force term.

Rotating channel flow has been investigated by DNS
at fairly low Reynolds number by Kristoffersen & Anders-
son (1993) and Grundestam et al. (2008). In Kristoffersen
& Andersson (1993), rotation numbers up to 0.5 were sim-
ulated at Re; = 194. In Grundestam et al. (2008), simula-
tions were performed for rotation numbers from 0.98 to 3.0,
at Re; = 180, completing their earlier results at lower rota-
tion numbers. These simulations have a limited domain size
of 478 x 26 x 278, which according to Alvelius (1999), is
not long enough to completely capture the very elongated
structures occurring at low Rotation numbers. Lamballais
et al. (1998) performed LES at higher Reynolds number.
LES simulation of this flow by Piomelli & Liu (1995) was
focused on testing subgrid models.

Whether it can capture relaminarization and how much
flow physics it predicts are the two main questions to be
answered by the current simulations.
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Figure 1. Sketch of rotating turbulent channel flow

MODEL FORMULATION
First, the adaptive DES model (Yin & Durbin, 2016) is
summarized. The length scale formula

pgs = Lrans — famax(0, lgans — LEs) (D
is standard in DDES. Here
CRans = g ; les =CpgsA 2
and A is defined as
A= (1= fg) *hmax+ fax V' 3)

where V is the cell volume and /gy = max(Ax, Ay, Ax) is
the maximum, local cell dimension. In the ¢2® formulation
(Reddy et al., 2014), this determines the eddy viscosity via

4

2
vr =lppg @

o is the inverse turbulent time-scale of the k — @ model
(equation 7). A = f;* Vi34 (1 — f4)hmax interpolates be-
tween cube oot of cell volume V!/3 and maximum cell
dimension /. Using V1/3 rather than hmax in the eddy
simulation region alleviates log-layer mismatch and emu-
lates LES (Reddy et al., 2014). Thus, on the eddy simu-
lation branch (f; = 1, {gs < Lrans), the subgrid viscosity
becomes

vr = (CpesA)? o (5)
which is similar to the Smagorinsky sub-grid viscosity
VsGs = (GA)%[S].

fa is the DDES shielding function (Spalart et al.,
2006),

fa=1—tanh([8ry])
kjo+v

ry=——
4T K22\ /U U,

where V is the kinematic viscosity, k the Von Karman con-
stant, dy, the wall distance and U; ; the velocity gradient ten-
sor. f, ensures {prs = {rans near walls.

The DES formula for vr enters the production term of
the k equation in the K — @ RANS model (Wilcox, 1998),
with all the other terms unaltered;

(©)

Dk
= 2pps0|S]* = Cuko +V - [(v + 0y (k/ @) VA]
(M
Dw
o 2Cp1|S]> = Con@® + V- [(v+ 0 (k/0)) V]
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The standard constants are Cy = 9/100,0; = 1/2,6¢ =
1/2,C»1 =5/9,Cqa = 3/40.

It was shown by Yin et al. (2015) that an adaptive pro-
cedure can improve predictions. In their method, the dy-
namic procedure of LES (Lilly, 1992) is applied to the eddy
viscosity (5). It uses the test-filtered tensors

®)

<

The notations used in (8) are the same as in Lilly (1992).
The tensor L;; is a stress computed from the resolved field
of turbulence. The hat denotes explicit test filtering, with
a filter width that is twice the grid scale. The test filter is
a spatial average of data in neighboring cells, weighted by
the surface area of the common face.

There is one other aspect to the adaptive procedure: in
order for the test filter to be valid, a significant portion of the
inertial range needs to be resolved. But the coarse meshes
that sometimes are used in DES do not capture enough of
the small scales. For this reason a lower bound is placed on
on the computed value of Cpgg

Cpes = max(clim’ Cdyn)
L;ijM;;

= max (O : ©)

2
Cdyn

)

where the lower limit is determined by the empirical for-
mula (Yin & Durbin, 2016)

Ciim (&) =0.06(max(min(§ —23)/7,1),0)

+ max(min(§ — 65)/25,1),0)) (10

The argument compares grid spacing to the Kolmogoroff
scale & = hyqy /M. An estimate of dissipation is needed to
construct the Kolmogoroft scale.

v\ /4
€ = Cyko, n= <*> (1)

If the grid is coarse, formula (10) limits to a default value
of 0.12 (Reddy et al., 2014). If the local grid has LES res-
olution, the limiting value approaches zero. Equation 11
returns € = 0 in laminar flow (k = 0), with the correspond-
ing evaluated Kolmogoroff scale to be infinity - this yields
Ciim = 0. n — 0 also implies that no Kolmogoroff scale
exists in laminar flow.

The adapted Cpgg value, obtained from equation (9),
is used in equation (1) and, hence, in vr; and thereby, in
the production of turbulent kinetic energy. If the adaptive
procedure makes Cpgg small, the production of k will be
small and the subgrid viscosity can become very small.

SIMULATION

The open source code OpenFOAM (Jasak et al., 2007)
was used for all the present computer simulations. Gaus-
sian finite volume integration, with central differencing for
interpolation, was selected for spatial discretization. The
Sweby limiter was applied on convection terms in the k and



o equations. Time integration was by 2" order, backward
finite differences. An adjustable time step was used to en-
sure that the maximum CF L number in the flow is 0.1.

Rotation is represented by adding the Coriolis force in
the momentum equations. No rotational corrections were
made to the k — @ model. Periodic boundary conditions,
with uniform pressure gradient are applied to insure the pre-
scribed friction velocity Reynolds number.

The non-dimensional measure of rotation is the Rota-
tion number, defined as Ro = 2Q48 /U, corresponding to
the inverse of the Rossby number., where U, is the bulk
velocity, & the channel half-width, and Q the angular fre-
quency. In our simulations at Re; = 180, U}, was specified
for each Rotation number (0, 0.43, 0.77, 0.98, 1.50, 2.06,
2.49, 3.0), the molecular viscosity is adjusted to match tar-
get Rer. In another simulation at Re;, = 14,000, following
LES reference data, the bulk velocity and molecular viscos-
ity are kept same. As a result, Re; changes with Rotation
number (0, 0.167, 0.5, 1.5).

0.1 Channel flow at Re; = 180

Current simulations correspond to the DNS study of
Grundestam et al. (2008), and their earlier simulations with
Ro = 0.43 and 0.77 (Alvelius, 1999). Due to the asymme-
try in the velocity profile, the average friction velocity u
is targeted to match the DNS value. Note that the separate
friction velocities, on the stable and unstable sides of the
channel, will not be exactly the same as the DNS if the ve-
locity profiles don’t match.

The domain of the computation has dimensions of
478 X 28 x 270 in streamwise, wall normal, and spanwise
directions, respectively. It is the same as the DNS (Grun-
destam et al., 2008). The DES grid contains 80 x 80 x 40
cells in streamwise, wall normal, and spanwise directions.
The grid resolution is Ax™ = Az" ~ 30, estimated from the
average friction velocity. Similarly y* is 0.6 at the first
cell, and reaches 14 at channel center. While this is about
3 times coarser in each direction than the DNS, the DNS
used a pseudo-spectral method, so the effective coarseness
is a bit higher than this. In the DNS of Grundestam et al.
(2008), the number of cells in the wall normal direction was
increased from 128 at low Ro, to 200 at high Ro, to ensure
a numerically converged solution. In the current DES, only
80 were used. It will be seen in the following results that
less grid resolution might affect predictions at the highest
Rotation numbers.

The rotation affects friction velocities by increasing u;
on the unstable side and decreasing u} on the stable side.
Wall friction velocities normalized by the average, are plot-
ted in figure 2. The DES agrees quite well with the DNS at
low Rotation number (Ro < 1). DES captures the maximum
difference of shear velocities, at Ro ~ 0.43. With increasing
Rotation number, DNS shows monotonic convergence of
friction velocities to unity, as the channel approaches, sym-
metric laminar flow. At Ro = 3.0, the flow is fully laminar
and exactly symmetric. Full laminarization is not captured
the DES model, with the current grid resolution.

Figure 3 compares time averaged velocity profiles to
DNS data. Asymmetric velocity profiles are captured and
are in perfect agreement with DNS at low Rotation num-
bers. Comparison is also made with non-adaptive DES
model, where Cpgs = 0.12 globally (data from Yin ef al.
(2015)). The adaptability of Cpgs shows significant im-
provement over a global constant on velocity profiles. The
non-adaptive model deviates from DNS even at low Ro. De-
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Figure 2. Ratios u%/u; and u} /u; for different Rotation
numbers predicted by DES, compared to DNS

viation from DN starts at Ro = 0.98, consistent with figure
2. At higher Ro, the velocity of the adaptive DES model is
over predicted on the stable side. However, the slope of
velocity profile on the unstable side still follows DNS pre-
dictions (the shear is 2Q towards the center of the channel).
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Figure 3. DES computed U /U}, compared to DNS at Ro =

0, 0.43,0.77,0.98, 1.50, 2.06, 2.49, and 3.0. Ro = 0 on the
bottom and 3.0 on the top, each shifts by 0.5 along y-axis.

The stable side, where the flow tends to relaminarize at
large Rotation number, is where DES predictions become
incorrect. The culprit is revealed in figure 4, where turbu-
lent stresses are observed on the stable side, when the DNS
shows them to nearly vanish.

The spurious behavior of the DES computation may be
partially attributed to lack of resolution. Adaptive DES ad-
justs Cpgs toward zero, driving the subgrid viscosity to low



values. Then the near-wall region becomes a DNS, on the
stable side. In Grundestam et al. (2008), the number of cells
in the wall normal direction was increased from 128 to 160
at Ro = 1.27 and again to 200 at Ro = 1.87 to ensure ‘nu-
merically converged solutions’. However, the current grid,
which has only 80 cells in wall normal direction, can’t guar-
antee prediction of complete relaminarization, let alone the
resolutions in streamwise and spanwise are just 36% and
25% of DNS. The result has undesired fluctuations on the
stable side, overestimating turbulent mixing. This pulls the
peak velocity toward the stable side. Thus, the failure of
DES at high Rotation number is not due to the model, it is
due to the mesh.

0.5 1

y/

Figure 4. DES predicted total (Resolved+Modeled) utvT
at Ro =0.98,1.5,2.06,2.49 (solid line) and Ro = 0 (dashed
line), compared to DNS (circles). Arrow indicates increas-
ing Rotation number.

Total (resolved + modeled) Reynolds shear stress pro-
files are plotted in figure 4. As has been mentioned, on the
stable side (y/8 > 0), undesired fluctuations exist. How-
ever, the correct trend of Reynolds shear stress on the un-
stable side is captured: compared to Ro = 0, the Reynolds
shear stress decreases under weak rotational and then in-
creases to even higher magnitude under strong rotation.
Note that the average Reynolds number is kept at Re; =
180, to match the DNS value. But at high Ro, the fric-
tion velocity on each side does not match the DNS value,
which may account for the underestimation of normalized
total u*vT in figure 4.

Figure 5 shows time averaged eddy viscosity ratio
(v¢/V) versus rotation speed. On the unstable side, viscosity
ratio increases at low Ro, when turbulence is enhanced on
this side, then decreases due to the tendency toward relam-
inarization. On the stable side, eddy viscosity ratio mono-
tonically decreases with increasing Ro, correctly approach-
ing zero. At Ro = 2.06, the whole domain is essentially a
DNS. At this and higher rotation rates, the simulation is no
longer a test of DES.

Figure 6, shows the time averaged, dynamic constant
Cpes. Cpgs shares the same trend with eddy viscosity ra-
tio. On the unstable side, Cpgg increases and then decreases
with increasing Ro. On the stable side, the Cpgg becomes
low, though not zero. This reflects the presence of test-filter
scale motions, due to grid coarseness. It is not problematic,
because, as the subgrid viscosity has become zero, there is
no basis for adaptivity.
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Figure 5. Averaged eddy viscosity ratio (v;/V) at Ro =

0.43, 0.98, 1.5, 2.06 (solid line), compared to Ro = 0
(dashed line). Arrow indicates increasing Rotation number.
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Figure 6. Averaged Cpgs at Ro = 0.43, 0.77, 0.98, 1.5,
2.06, 2.49 (solid line), compared to Ro = 0 (dashed line).
Arrow indicates increasing Rotation number.

Table 1 lists Reynolds number based on bulk velocity.
Up to Ro = 0.98, DES is very close to DNS. For higher
Ro, although the averaged Re; matches DNS, failure to pre-
dict laminar flow on the stable side causes Rej, to deviate
from DNS. Similar behavior is also observed in friction ve-
locities: up to Ro = 0.98, the DES prediction is within 1%
of DNS predictions. After that, discrepancy with DNS in-
creases with Ro. The final symmetric, laminar, friction ve-
locities observed in DNS at Ro = 3 are not captured by DES.

Table 1. DES predicted Reynolds number based on bulk
velocity (Re, = U,8/Vv) and shear velocities (Re}, Re'

Ro  Re, Re Re

0.43 2857 127.8 220.2
0.77 3278 13377 216.0
098 4016 139.6 211.7
1.50 5952 170.7 188.9




0.2 Channel flow at Re;, = 14,000

This section corresponds to the LES of Lamballais
et al. (1998). In that simulation, the Reynolds number is
14,000, based on bulk velocity. The Rotation numbers are
0.167, 0.5, and 1.5, resulting Re; = 361, 317 and 223, re-
spectively. The current grid has 128 x 97 x 64 cells in a
domain of 28 x 28 x w6 — the same as in the LES. Esti-
mating from the non-rotating case, the grid has a resolution
of AX*T = 2AZ* = 20, with AY™ ranging from 0.65 adja-
cent to wall, to 30 at channel centerline.

Predicted velocity profiles are plotted in figure 7. The
adaptive model correctly predicts the region of linear slope
equal to 2Q, and agrees with LES. However, at higher ro-
tation number (1.5), DES does not predict the same veloc-
ity peak as shown in LES. Grid resolution that partially ac-
counts for velocity deviation from DNS at Re; = 180 can
not explain the disagreement here. Intrinsically, by adopting
the dynamic procedure, the DES model should perform like
the dynamic Smagorinsky model away from wall. A possi-
ble explanation could be, using @ to substitute |S| somehow
deteriorates the prediction accuracy.
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Figure 7. DES computed U /U;, compared to LES at Ro =
0,0.167, 0.5, and 1.5. Each shifts by 0.5 along y-axis.

Table 2 shows the computed friction velocity based
Reynolds number. The trend reported for the LES is cap-
tured in the current simulations. Friction velocities % and
u. are normalized by the u of non-rotating flow. It is con-
sistent with LES that the friction on the unstable side first
increases under the rotational effect and then decreases un-
der the tendency toward relaminarization.

Figure 8 compares DES predictions of streamwise u,,
to LES. Overall, good agreement is achieved. The underes-
timation of uy,;s near y/8 = 1 at Ro = 0.167 may be a result
of using RANS length scales near the wall. When Ro = 1.5,
urms 15 small across the whole channel due to suppression
of turbulence by rotational effect.

CONCLUSION

Rotating channel flows with Ro ranging from 0.43 to
3.0 at Re; = 180 and higher are tested using the Adaptive
Detached Eddy Simulation model. Good agreement with
DNS and LES is achieved under moderate Rotation number
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Table 2. DES predicted Reynolds number based on fric-
tion velocity

Ro  Rer u“/ud ul/ul
0.00 389 1.0 1.0
0.167 372 1.17 0.67
0.50 338 1.10 0.54
1.50 224  0.66 0.48
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Figure 8. DES computed uy,s/U;, compared to LES at
Ro = 0 (bottom), 0.167, 0.5, and 1.5 (top). Each shifts by
0.2 along y-axis.

(Ro < 1). However, the result is only qualitatively correct
at high Ro. The adaptive procedure successfully responds
to rotational stabilization and reduces the subgrid viscosity.
Thus, relaminarization drives the subgrid viscosity to zero,
making the simulation more like DNS than DES. Deviation
from DNS may partially be explained by inadequate grid
resolution for DNS. It is possible that using @ rather than |S|
may deteriorate predictive accuracy, but the dynamic proce-
dure is expected to minimize such difference.

Overall, the current set of rotating channels shows how
DES, with the adaptive procedure, is capable of adjusting
the model constant and subgrid viscosity according to flow
characteristics. The underlying k — @ model was not modi-
fied, so it has no dependence on rotation; rotational effects
are captured only by the resolved eddies. The thickness
of the shielded, RANS region, is also decreased, allowing
eddy resolving in the vicinity of the solid boundary. With-
out adaptivity, a RANS region would exist near the wall
(Yin et al., 2015), in which rotation effects would not be
captured.
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