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Abstract: Considering the demanding of grid requirements for high-Reynolds-number wall-bounded flow, the wall-modeled
large-eddy simulation (WMLES) is an attractive method to deal with near wall turbulence. However, the effect of subgrid-scale (SGS)
models for wall-bounded turbulent flow in combination with wall stress models is still unclear. In this paper, turbulent channel flow at
Re =1000 are numerically simulated by WMLES in conjunction with four different SGS models, i.e., the wall-adapting local

eddy-viscosity model, the dynamic Smagorinsky model, the dynamic SGS kinetic energy model and the dynamic Lagrangian model.
The mean velocity profiles are compared with the law of the wall, and the velocity fluctuations are compared with direct numerical
simulation data. The energy spectrum of velocity and wall pressure fluctuations are presented and the role of SGS models on predicting
turbulent channel flow with WMLES is discussed.
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0. Introduction

The wall pressure fluctuations caused by the
turbulent boundary layer flow is a significant physics
phenomenon that is not only complex for scientific
research, but also vital for engineering application.
The turbulent flow itself is characterized by chaotic
and random fluctuations in velocity and pressure. The
wall pressure fluctuations in boundary layer are the
result of these turbulent eddies interacting with the
wall surface. It exhibits spatial and temporal varia-
tions due to the presence of coherent structures and
turbulent eddies of different sizes in the boundary

Traditionally, industrial flow simulation usually
relies on the Reynolds-averaged Navier-Stokes
(RANS) equations with turbulence closure models
using low-order dissipative discretization schemes.
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Due to its fundamental nature of solving the Reynolds-
averaged equations, RANS is unable to predict fluc-
tuate motions of turbulent flow. To resolve the
dynamics of flow is an essential for predicting
turbulent fluctuations. Examples are scale-resolving
simulations such as direct numerical simulation (DNS)
and large-eddy simulation (LES), in which the full
turbulent spectrum or the most energetic portion is
resolved. By resolving the smaller scales of turbulence,
these simulations provide a more detailed and accurate
representation of the turbulent fluctuations. However,
it is still prohibitive to even partially resolve near wall
turbulence motions by wall-resolved large-eddy simu-
lation (WRLES) because the near wall eddy size in
boundary layer is associated with the thickness of the
boundary. This is especially critical for high Reynolds
number flows, as the boundary layer thickness is
inversely proportional to Reynolds number. The re-
quired grid point of resolving only the large energy

containing eddies for WRLES is O (Re"")™, where

Re is the characteristic Reynolds number. A cost-
effective alternative approach is the WMLES which
does not resolve the near wall eddies directly. Instead,
it resolves only the eddies in the outer portion of the
boundary layer, while the unresolved motions in the
inner portion of the boundary layer are modeled by
altering wall stress through wall models. Since the
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wall stress is computed by wall stress models instead
of directly resolved by near wall eddies, the grid
requirement for WMLES reduces to O (Re) ™, which

is much more feasible for practical engineering flows.

In early years, the developments and applications
of WMLES are mainly focused on improving the
prediction of the mean flow characteristics”®. For
example, Yang et al”! proposed local temporal
filtering and local wall-parallel filtering methods to
resolve the log-layer mismatch without moving the
LES wall-model matching location away from the
wall. Brasseur and Wei'™ found out that with the help
of the adjustments to the modeling of the subfilter
scale, the overshoot velocity profile in logarithmic
layer can be reduced. Until recent years, WMLES
have been used in the studies of predicting wall
pressure spectra for unsteady turbulent flows. Park
and Moin®'” implemented a two-layer zonal wall
model for LES of compressible wall-bounded flows
based on the finite-volume unstructured LES code
Charles. The zonal wall model is based on the solution
of the unsteady RANS equations on a separate near-
wall grid. The wall model was used for predicting the
wall-pressure fluctuations and wall shear-stress
fluctuations of a turbulent channel flow. Good agree-
ments were obtained compared with DNS and
experimental data in terms of power spectral density
when the mesh in boundary layer fits the requirement
of §/Ax>20, &/Az>30 . Yang and Bose!'"
performed WMLES simulation of periodic channel
flow to provide a physics-based interpretation of the
Robin-type wall closure (slip wall model) which can
be an alternative to the conventional equilibrium wall
model and integral non-equilibrium wall model.
Rezaciravesh et all'” systematically studied the
accuracy WMLES of channel flow. The WMLES is of
algebraic wall-stress model based on the Spalding law,
with focusing on the influence of different choice of
subgrid-scale models, sampling height, grid resolution
and law of the wall parameters.

The purpose of this paper is to study the effects
of subgrid-scale (SGS) model on the scale-resolving
capabilities of WMLES in the outer region of wall-
bounded turbulent channel flow at low Reynolds

number Re, =1000. Four different SGS models are

selected and compared, namely, the wall-adapting
local eddy-viscosity model, the dynamic Smagorinsky
model, the dynamic SGS kinetic energy one-equation
model, and the dynamic Lagrange model.

1. Computational model
1.1 Governing equations

The CFD solver pisoFoam from the open-source
toolbox OpenFOAM version 7 is utilized for all the

simulations. The motion of incompressible fluid is
governed by the spatial filtered continuity and Navier-
Stokes equations:

V-a=0 (D
on oy 2~ e
EJrV-(uu)——VJer u+Vv.r 2)

where u is the filtered velocity field, p is the

filtered pressure by fluid density and 7°% is the SGS
stress tensor. Here, the eddy viscosity assumption is
adopted, which relates the traceless deviatoric part of
the stress tensor linearly to the resolved velocity strain
rate

5% %tr(rSGS)I =2V S (3)

where 1 is the identity tensor, § is the resolved
strain rate and vy, is the SGS eddy viscosity which
will be modeled by SGS models.

1.2 Sub-grid scale modelling

In this paper, four different SGS models are used
to assess the role of SGS model in predicting pressure
fluctuations in turbulent channel flow. These SGS
models are: The wall-adapting local eddy-viscosity
(WALE) model, the dynamic Smagorinsky (DSMAG)
model, the dynamic k- equation SGS (DKSGS)
model and the dynamic Lagrange (DLAG) model. The
first one is an algebraic SGS model which accounts
for the near-wall turbulence damping by modifying
the rate-of-strain part in eddy viscosity formula. The
next three models are all dynamic models in which the
model coefficients are dynamically evaluated and can
also account for near-wall turbulence decaying.

1.2.1 WALE model

The WALE model is an eddy viscosity model
retaining the simplicity and low computational cost of
conventional algebraic SGS models. Wall damping
effects are accounted without explicitly using the
damping functions. It performs well for near-wall
flow and laminar to turbulent transition flow.

The SGS eddy viscosity is obtained by

Vsgs = CkA\j ksas “4)

where C, is the model constant for SGS kinetic

energy, A is the grid filter length scale which is
calculated as the cube root of local cell volume and

kyss 1s the SGS kinetic energy obtained by the
following algebraic formula
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where C, is the model constant, SNI.J. is the resolved

strain rate and S;’ is the traceless symmetric part of

the square of the velocity gradient tensor.
Hence, the final expression for SGS eddy
viscosity is

, (S;i S: )3/2

(5,5, +(S;'S;

/hng)

VSGS = (CWA)

6
N (6)

1.2.2 DSMAG model

The DSMAG model™*"* is one of the dynamic
SGS models which could account for energy flow
from small to large scales (backscatter). In addition,
the model coefficients are dynamically evaluated by
performing a second filter (also called test filter) to the
flow field, sampling the smallest resolved scales and
using this information to model the SGS scales. The
test filter width is taken as twice of the grid filter

widthas A=2A.

The SGS eddy viscosity is obtained with the
following formula

Vsas = CA[S, (7)
where C, is a dynamic coefficient computed by
1 LM,
S (8)
2 Mk/Mk/

where L, is the resolved stress tensor which can be

evaluated by the Germano identity

—

L, =i, i, (9)
and M, is calculated by
M, =28°[8]S, —24°|S|S, (10)

1.2.3 DKSGS model

In dynamic SGS kinetic energy model®, the
SGS eddy viscosity is given with a similar formula of
that in WALE written as

Vees = GA*(S, (11)
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The differences compared with WALE are
twofold. The first one is that the SGS kinetic energy is
obtained by solving a transport equation, written as

6kSGs ~ < ks/st
7 +V (kg ) =V [(V+ Vg ) Vg 1= —T: 8 = C, T
(12)

The second one is that the model coefficient C,

is evaluated dynamically with a variation formulation
similar to that in DSMAG model

1 LM,
C,=—"—"7— (13)
2 M/del

and M, is calculated by

M, =—-JkS,A (14)
l == =2 2
Kies: :E(ukuk —ilxilx) (15)

Another model coefficient C, is evaluated by
the following formula

c = v+ VSGS)(Si/Sif - gif gif )A
e ks/z

test

(16)

1.2.4 DLAG model

The DLAG model"” used in the present study is
based on the dynamic Smagorinsky model with local
averaging over trajectories of fluid particles.

The SGS eddy viscosity is also calculated by Eq.
(4) while the model coefficient is dynamically
evaluated

C, =—" (17)

F,, ., F,, are obtained by solving two extra
transport equations

oF, . 1
6LzM TV Fy) = My = Fry) (18)
—m;]‘f” +V'(ﬁFMM):%(MifM!'f_FMM) (19)

where T =3/2A(F,,F,,)".
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1.3 Wall-stress modelling

The flow in the inner portion of the boundary
layer can be described using the thin boundary layer
equations (TBLE)!"*") which are a simplified partial
differential equation derived from the Navier-Stokes
equations. The TBLEs for wall-parallel velocity com-
ponents can be written in

9 (v +vt)% _ o out; O (20)
oy oy o  oOx; 0O

i

where i represents the wall-parallel directions, v,

is the eddy viscosity that will be calculated from the
formula based on the mixing len%th model coupled
with a van Driest damping function”! written as

v, =vky" {1 - exp[—ﬁ—iﬂ (21

where x is the von Karman constant, 4™ =17.8
and y' is the normalized distance to the wall by

friction velocity and molecular viscosity.

In this study, the temporal, convective and pre-
ssure gradient terms are neglected™ > The TBLEs
are then simplified to a set of ordinary differential
equations. The solution of TBLEs is obtained on a
one-dimensional grid in the near-wall region, from the
wall to a field point with wall-normal distance or the

so-called matching height %, . The embedded one-
dimensional grid should be refined in the wall-normal
direction such that the viscous sub-layer is well
resolved and the accurate compute wall-shear stress

7, can be calculated by

w

T =v—-4 (22)

The overall solution strategy is as follows. The
CFD solver consists of the LES solver and the wall
model. The LES solver provides flow information at
matching height to the wall model. That is used as the
boundary condition of the TBLE. By solving the
TBLE, the wall-shear stress is obtained and exposed
as a boundary condition to the LES solver.

2. Simulation setup

The overall extent of the computational domain
is 12.80 in streamwise, 20 in wall-normal, and
4.86 in spanwise directions, where ¢ 1is the boun-
dary layer thickness, or the channel half-height, which

is set to 0 =1m in the present study. Periodic boun-
dary conditions are applied to streamwise and span-
wise directions, while a partial-slip condition achieved
by the wall-stress model is set for the top and bottom
walls. A body force is added to the momentum
equation as source term in order to keep the flow
moving. The source term is achieved by a fvOption
term with mean velocity of 0.28 m/s. The kinematic
viscosity is set to 1.4x10° m%s and the fluid density is
1 kg/m3. The Reynolds number of the channel flow
based on the friction velocity and boundary layer
thickness is Re, =1000, corresponding to a friction
velocity of 0.014 m/s.

To solve equations on cell-centered finite-volume
mesh, low dissipation schemes should be employed.
An implicit second-order backward scheme is used for
time integration. The convection terms are discretized
with a second-order linear scheme.

The mesh resolutions in streamwise, wall-normal
and spanwise direction are Ax=0.0360 , Ay=
0.0366 and Az=0.0360 . The matching height is
set to 2, which means the second layer of the boun-
dary cells is used for sampling the flow field which
are exposed as boundary condition for the wall-stress
model when solving the TBLEs. The matching height
corresponds to approximately 7.2%¢ . The grid point
number for the embedded one-dimensional RANS
mesh is 20.

All simulations are carried out for more than 12
dimensionless time units tu_/¢J . Physical quantities
are reaching a quasi-stationary state after about 2
dimensionless time units. The data in the initial deve-
loping stage are excluded during the calculations of
turbulence statistics. Figure 1 shows the time history
of instantaneous friction velocity on wall in some
typical simulation cases which shows that the simula-
tions are statistically converged.

20r
1.8F
16|
1.4}F
L 12F
1.0f
0.8F
0.6
0.4F
0.2F
0

u<u>

0 2 4 6 8 10 12
tu,o"

Fig. 1 (Color online) Time history of dimensionless friction
velocity
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3. Results and discussions

In this section, the results of different SGS
models will be presented. Both the time-averaged and
the turbulent fluctuated properties will be analyzed.

3.1 Validation of numerical results

The mean streamwise velocity profiles along the
wall-normal directions are presented in Fig. 2. The
wall-normal distance and the velocity are non-
dimensionalized by the friction velocity and the mole-

cular viscosity, and can be written as y" = yu_/v,

u" =u/u_, respectively. Note that even the first layer
cell is located in the buffer layer zone, all SGS models
can predict the mean velocity profile well in the
logarithmic layer, indicating that the wall-stress model
is far more tolerant on the y* of the first layer cells

of the LES grid.

30
—e— WALE
sk —=— DSMAG L
—&— DKSGS LT
+*— DLAG
20F u'=y'
= = W'=1/0.4In(y)+5.5
‘s 15F
10F
5 .
0 .
10° 10' 10 10°

Fig. 2 (Color online) Mean streamwise velocity profile

The effects of SGS model on the root mean
square (rms) value of the streamwise, wall-normal and
spanwise velocity fluctuations are ]presented in Figs.
3-5, respectively. The DNS data™! is also given for
comparison. In general, the four models give similar
result on streamwise and spanwise velocity fluctua-
tions. However, there are some discrepancies on the
wall-normal velocity fluctuation. The DLAG model
with local Lagrange averaging yields the best results
compared with DNS data in the near-wall region.
Overall, for all SGS models, the velocity fluctuations
at matching height (corresponds to the second grid
point or y /6 =0.072) are overpredicted in stream-

wise and spanwise directions, and underestimated in
wall-normal direction. In terms of the velocity fluc-
tuations in outer portion of the boundary layer, all
SGS models do not give big difference.

Figure 6 shows the SGS shear stress normalized
by the friction velocity. Overall, the shear stress pro-
file agrees well with the DNS data, especially in the
outer port of boundary layer. However, overprediction

411

0 0.2 0.4 0.4 0.8 1.0
¥

Fig. 3 (Color online) Root mean square of the streamwise
velocity fluctuations

12¢
1.0

0.8

0 0.2 0.4 0.4 0.8 1.0

Fig. 4 (Color online) Root mean square of the wall-normal
velocity fluctuations

Fig. 5 (Color online) Root mean square of the spanwise velocity
fluctuations

is observed at matching height. All velocity fluctua-
tions in the very near-wall region have a large
deviation from the DNS result because the WMLES
cannot correctly resolve the scales near wall on a
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relatively coarse mesh. Overall, the DLAG model
gives the most satisfactory results among the four
SGS models.

12¢

0 0.2 0.4 0.4 0.8 1.0
yo'

Fig. 6 (Color online) Subgrid-scale shear stress profile

3.2 Energy spectra of velocity fluctuations

Figure 7 shows the pre-multiplied energy spectra
of streamwise velocity at four different distances to
wall, i.e,, y/06=0.125, 0.25, 0.5 and 0.75. Overall,
four models can capture the energy spectrum peak at
k./6=2.3. However, compared with DKSGS and
DLAG, WALE and DSMAG models predicts larger
streamwise fluctuation energy in the inner region of
the boundary layer, i.e., y/06 =0.125, 0.25.

The pre-multiplied energy spectra of wall-normal
velocity fluctuations is shown Fig. 8. All the four
models capture the trend of energy peak moving from
large to small wave-number, as the wall-distance in-
creases. For DSMAG model, the wall-normal velocity
fluctuations at /98 =0.5 is smaller than the fluc-
tuations at y /o0 =0.75, which is different from the
other three models. At the near-wall region, however,
the DKSGS and DLAG models behave different from
WALE and DSMAG. The largest energy spectrum
occurs at y/0=0.25 for DKSGS and DLAG
models. While for WALE and DSMAG models, it
occurs at y/0=0.125. We further compared the
velocity fluctuation energy spectrum at two different
near-wall locations, y/J =0.125, 0.25 obtained by
DKSGS and DLAG models. We found that the spec-
trumat y/&=0.125 is smaller at low wave-number
region, and larger at high wave-number region. The
trending is consistent with the results of Wang et al.l®!
who performed WMLES based on algebraic wall
stress models on a channel flow at Re. =5200.

Similarly, the pre-multiplied energy spectra of
spanwise velocity as a function of streamwise wave-
number k£ 6 by different SGS models at different
wall-normal distances are shown in Fig. 9. In the same

manner with wall-normal velocity fluctuation, the
length scale corresponding to the energy peak of span-
wise velocity fluctuation increases as the wall-
distance increases.

25¢
| — y/=0.125
20 —V16=025
—— y/0=0.5
= sh o =075
Sorof
0.5
0 — — - A - A
10" 10° 10'
ko
(a) WALE
25¢
20}
= 1.5}
S
Sorof
05t
0 —  ———— N\
10" 10° 10'
ko
(b) DSMAG
25
20}
= 15}
S
Sorof
0.5
e : -
10" 10° 10'
ko
(c) DKSGS
25
20}
= 1.5}
S
Sorof
0.5

10" 10° 10'
ko
(d) DLAG

Fig. 7 (Color online) Pre-multiplied energy spectra of stream-
wise velocity fluctuations by different SGS models
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Fig. 8 (Color online) Pre-multiplied energy spectra of wall-
normal velocity fluctuations by different SGS models

3.3 Flow structures
The flow structures predicted by different SGS
models are similar, we take DLAG model as example
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Fig. 9 (Color online) Pre-multiplied energy spectra of spanwise
velocity fluctuations by different SGS models

for further analysis. Figure 10 shows the three-
dimensional vortical structures obtained by the DLAG
model of the channel flow. The iso-surfaces are repre-

@ Springer



414

sented by the contour of Omega-Liutex with threshold
value (2, =0.52 24261 and colored by non-dimen-

sional streamwise velocity. It can be observed, as
expected, that the streamwise velocities increase
towards the centerline of the channel flow of the
computing domain, with respect to the near-wall zone.

Fig. 10 (Color online) Vortical structures of the fully developed
channel flow

Figure 11 shows the contour of instantaneous
non-dimensional friction velocity on the bottom wall
surface. Fine streaky structures can be observed along
the streamwise direction. This can be further proved
by the streamwise velocity contour at near-wall
location (/06 =0.125), as shown in Fig. 12(a). As

the wall distance increase, these streaks break up and
smaller scales are generated in the outer boundary
layer as shown in Fig. 12. The fluctuation in stream-
wise direction decreases, while the wall-normal and
spanwise fluctuations increase.

u(.<u(>‘l
0.6 1.4
— i | b

Fig. 11 (Color online) Instantaneous friction velocity contour on
the wall surface

3.4 Wall pressure fluctuations

The wall pressure spectra of four different SGS
models are given in Fig. 13. The frequency and the
wall pressure spectra are all non-dimensionalized by
the boundary layer thickness, friction velocity and the

wall shear stress. At low-frequency (O(10°)-0(10%))
region, the four SGS models give similar energy spec-
tra level. However, for high-frequency (>0 (10%))

region, the DLAG model predicts slightly larger
energy spectra than other SGS models. However, a

spurious energy increasing is observed in the high-
frequency region. This may attribute to the box filter
used in the present study.

0.7 ' 12
[ —
(a) /6=0.125

0.7 ' 12
— kbt

(b) ¥/6=0.25

0.7 ' 12
— et
() y/6=0.5

0.7 ' 12
— ket

(d) y/0=0.75

Fig. 12 (Color online) Instantaneous streamwise velocity con-
tours at different wall-normal distances

In order to analyze the spatial and temporal
correlations, we setup an array of wall pressure probes
along the centerline of streamwise direction on the
bottom wall. The spatial and temporal wall pressure of
these probes are recorded. Figure 14 shows the
wavenumber-frequency spectra of the wall pressure
by four different SGS models. The wavenumber and
frequency are non-dimensionalized by boundary layer
thickness and friction velocity. The wall pressure
energy spectra are also presented in a non-dimensional
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form. It can be clearly seen that SGS model can hardly
influence the distribution of wavenumber-frequency
spectra. A well-defined ener%/ convective ridge that is
similar to previous studies”’** is apparent in all
simulations with different SGS models.

10°¢

10-|0 'l 'l 'l J
10° 10' 10° 10°
wdu,”

Fig. 13 (Color online) Wall pressure spectra of different SGS
models

4. Conclusion

In this study, wall-modeled large-eddy simula-
tion was carried out for the turbulent channel flow at
Reynolds number Re, =1000. The equilibrium wall

model which requires solving the TBLE on a
separated embedded RANS grid was selected for wall
stress modeling. Four different SGS models, namely
the WALE model, the DSMAG model, the DKSGS
model and the DLAG model, are compared and
analyzed. It is found that the mean streamwise velo-
city profile is insensitive to the SGS models. The root-
mean-square of the three velocity components are not
significantly influenced by SGS models. However, the
pre-multiplied energy spectra for three velocity com-
ponents at different wall-normal distance are greatly
affected by SGS models. Among the four SGS models,
the DLAG model gives the best results. In terms of
wall pressure fluctuations, the effects of SGS models
are trivial.
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