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Abstract

Performance of an anisotropy-resolving hybrid LES/RANS (HLR) model was investigated. An important feature
of this HLR model is the introduction of an extra anisotropic term in a sub-grid scale (SGS) model for large eddy
simulation (LES) to represent the SGS stress anisotropy more correctly. Although the basic performance of this
model was validated in some previous studies, it is still unclear how the model works for very high Reynolds-
number (Re) turbulent flows, in which no-slip wall conditions are no more applicable. Thus, to investigate the
predictive performance of this HLR model, it was applied to very high Re turbulent channel flows up to Re,; =
6 x 107, together with a conventional wall function as the wall-boundary condition. The computational results
obtained by the present anisotropic HLR model were carefully compared with those by an isotropic HLR model.

Keywords : Turbulence, Anisotropy-Resolving SGS Model, Hybrid LES/RANS Model, High Reynolds Number,
Wall Function

1. Introduction

Large eddy simulation (LES) is known to be a useful way to predict complex turbulence in engineering applications,
while there still remains a serious difficulty in its application to very high Reynolds-number (Re) flows. To overcome
this difficulty, one promising approach is the so-called “hybrid LES/RANS (HLR) model” (see for example, Balaras et
al. (1996), Nikitin et al. (2000), Hamba (2001), Davidson and Peng (2003), Piomelli et al. (2003), Batten et al. (2004),
Hanjalic et al. (2004), Temmerman et al. (2005), Spalart et al. (2006), Breuer et al. (2008), Deck (2012)). This type
of modeling is originally based on the concept of a hybrid model connecting LES with Reynolds-averaged Navier-Stokes
(RANS) modeling in the near-wall region.

Recently, an advanced HLR model was proposed by Abe (2014a), in which an anisotropy-resolving sub-grid scale
(SGS) model (Abe 2013, Abe 2014b) was adopted in the LES region as well as a one-equation non-linear eddy-viscosity
model in the RANS region. An important feature of this SGS model is the introduction of an extra anisotropic term (EAT)
to represent the SGS stress anisotropy more correctly. Because most conventional SGS models generally include only the
eddy-viscosity term, they can never represent the SGS stress anisotropy. In contrast, the present SGS model introduces
an EAT based on the concept of the scale-similarity model (Bardina et al. (1980)), providing more proper SGS stress
anisotropy. Although the basic performance of this model was validated by its application to several wall-shear flows and
some separated flows under various grid-resolution conditions (Abe 2014a), it is still unclear how the model works for
very high Re turbulent flows.

On the other hand, another crucial concern of the HLR modeling strategy is the so-called “double-buffer problem”
that is often seen in the mean-velocity prediction. In fact, many HLR models are likely to show unphysical mean-velocity
distributions in the LES/RANS interface region, where steeper mean-velocity gradients are seen. Surprisingly, however,
the aforementioned anisotropy-resolving HLR model (Abe 2014a) did not show or, at least, largely reduced the “double-
buffer problem” in the mean-velocity distribution, although no other special treatment was applied in the LES/RANS
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interface region. To explain why this HLR model can reduce the “double-buffer problem” in the LES/RANS interface
region, Abe (2018) investigated the model performance at various grid resolutions by applying the model to a plane
channel flow at Re; = 1 x 103. It was found that the vortex structures were divided into smaller sizes as an effect of the
EAT, resulting in a successful improvement of the “double-buffer problem.” Although the feature obtained from previous
studies are encouraging for developing HLR models, it should be important to confirm the predictive performance of the
model for very higher Re turbulent flows, in which no-slip wall conditions are no more applicable.

The main purpose of the present study is to investigate the predictive performance of this anisotropy-resolving HLR
model for very high Re turbulent channel flows up to Re; = 6 x 107, where Re. is the Reynolds number based on the
friction velocity. We focus specifically on the role of the EAT introduced in the SGS model for such high Re flows. The
computational results obtained by the present anisotropic HLR model are carefully compared with those by an isotropic
HLR model without the EAT.

2. Governing Equations and Turbulence Model

The filtered (or Reynolds-averaged) governing equations for an incompressible turbulent flow are expressed as fol-

lows:
aU;
— =0, 1
6xi ( )
D_ﬁi—_lﬁ.Fi V@.,.@ — T (2)
Dt pdx; Ox; dx;  dx v

where () denotes a filtered value in the LES region or a Reynolds-averaged value in the RANS region, respectively. In
Eqs. (1) and (2), p, P and U; denote the density, filtered static pressure and filtered velocity, respectively.

Originally, the HLR model is a turbulence model that uses LES in the region far from the wall, while RANS is
adopted in the near-wall region. To connect these LES and RANS regions smoothly, the following hybrid approach is
adopted:

&=~ fip) dwans) + fup dwES) 3)

where ¢ is a flow variable and f;;, is a switching function. In Eq. (3), fj» is close to 1 in the region far from the wall, where
LES is adopted. Conversely, as f;; approaches 0, the RANS calculation is adopted. For instance, if we consider the SGS
(Reynolds) stress 7;;, the expression is written as

Tij = (1 - fhb) Tij(RANS) + fhb Tij(LES)' (4)

Here, we briefly describe the SGS stress 7; JLES) in Eq. (4), that is modeled as

2
Tijwes) = 3 ksgs 0ij —2vsgs Sij +2 ksgs bg‘AT7 5

where kggs, vsgs and S ;; are the SGS turbulence energy, the SGS eddy viscosity and the strain-rate tensor, respectively.
The third term on the right-hand side in Eq. (5) is regarded as the EAT, in which the anisotropy tensor bf;AT is modeled as
T;.— -2v'S;; 1 R.. , " a ,
b = ,j(—,j)——&j: -, R =1 —(—ZVSij), (6)
Ty — (2VSw) 3 Tk
where T;- ja =T

(1980):

;.j - T;{kéi /3. In Eq. (6), T;. ; is given by the following representative scale-similarity model of Bardina et al.

T;'j Z(U,’—U,')(Uj—vj), (7)
where (’\) denotes a test-filtered value. In the model, v is an equivalent eddy viscosity evaluated using an isotropic
EVM-type (EVM: eddy-viscosity model) linear approximation for Eq. (7),
T ;'j S ij
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where S2 = § ijSij. As R;j in Eq. (6) is evaluated by subtracting an isotropic EVM form from the original Bardina et al.
(1980) model, the EAT in Eq. (5) including R;j is then expected to successfully predict the SGS-stress anisotropy (Ohtsuka
and Abe (2014)).

Concerning the linear EVM in Eq. (5), we basically adopts the one-equation SGS model proposed by Inagaki (2011)
with some minor modifications. More detailed descriptions of the present anisotropy-resolving SGS model are given in
Abe (2013) and Abe (2014b). Furthermore, detailed descriptions of the one-equation non-linear eddy-viscosity model for
Tij(RANS) and the switching function f;,;, are given in Abe (2014a) and Abe (2018).

Next, we decompose the modeled stresses into isotropic and anisotropic parts to make discussion point clearer. In
general, the canonical form of the SGS stress is expressed as

2
TU(LES) = ngGS 6ij -2 VSG_gS,'j + EATU = EVMU(LES) + EATU, (9)
where EAT;; is the anisotropic part of the SGS stress that is the same as the EAT in this study. Note that for RANS, we
often use the following expression for the Reynolds stress:

2
Tij(RANS) = gkéij -2 V,Sij + HOTU = EVMU(RANS) + HOT,‘j, (10)

where k and v, are the turbulence energy and the eddy viscosity, respectively. In Eq. (10), HOT; is a kind of EAT but is
usually called the higher-order term (HOT) because this term consists of second- and/or third-order products of the strain-
rate and vorticity tensors. As mentioned before, this kind of RANS model is generally called “non-linear eddy-viscosity
model.” Because conventional linear EVMs generally include only the eddy-viscosity term, they can never represent the
Reynolds-stress anisotropy. In this sense, HOT is regarded as a term to represent the Reynolds-stress anisotropy more
correctly.

If we connect the LES and RANS regions according to Eq. (4), 7;; is written as

7ij = (1= fup) Tijrans) + Jub TijirEs)
=1 = fwo) EVMijpans) + fuo EVMij i pg) + [(1 = fuww) HOTjj + fip EATi_j]~ (11)

Finally, we obtain

Tij = (1= fwn) EVMijpans) + fuo EVMij gy + EATij ;s (12)
where
EAT iy = (1 = fur) HOT;j + fiy EAT,;. (13)

If we take only the first two terms on the right-hand side of Eq. (12), 7;; has a canonical form of isotropic EVM that is
generally used for other HLR models.
By substituting Eq. (12) into Eq. (2), the divergence of the EAT

OEATji1

ox; (14)

can be regarded as an additional source term in the transport equation that directly influences the momentum in the i-
direction. It is noted that the effect of Eq. (14) originally derives from a physics-oriented discussion because the EAT;; in
Eq. (13) is based on the scale-similarity modeling concept (Bardina et al. 1980).

3. Test Cases and Computational Conditions

The primary concern of this study is to investigate the predictive performance of the anisotropy-resolving HLR model
for high Re turbulent flows. To investigate this issue, we apply two types of HLR models to fully-developed plane channel
flows at several Reynolds numbers up to Re; = 6 x 107. One of the models is the original (full) version of the anisotropic
HLR model as described in Eq. (12), and the other is its isotropic EVM version consisting of only the first two terms
on the right-hand side of Eq. (12). In this study, the former full version is referred to as “HLR-EAT,” while the latter as
“HLR-NOEAT.”
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Table 1 Computational parameters for channel-flow cases.

Case | Grid numbers | Domain(x-y-z) Ax Ay Az

CIE6 | 257x181x257 | 6.46 x 26 x 3.26 | 0.025 | 3x 10~* -0.034 | 0.013
CIE7 | 257x181x257 | 6.46 x 26 x 3.26 | 0.025 | 3 x 1075 -0.049 | 0.013
C6E7 | 257x181x257 | 6.46 x 26 x3.26 | 0.025 | 5x 107°-0.06 | 0.013

Case Re- Ax*t Ay* Azt At
CIE6 | 1x10° [ 25x10* | 300-3.4x 10* | 1.3x 10* | 1.5x 107*
CIE7 | 1x107 | 25x10° | 30049 x 10° | 1.3x 10° 1x10™
C6E7 | 6x 107 | 1.5x10° | 300-3.6 x 10° | 7.5%x 10° | 2x 1073

The computational conditions are summarized in Table 1. In this study, the computational domain was fixed to
be 6.46 X 26 %X 3.26 in the streamwise (x), wall-normal (y) and spanwise (z) directions, respectively, where § is the half
channel height. The number of grid nodes was also fixed, consisting of 257x181x257 in x, y and z directions, respectively,
although the grid spacing in the wall-normal (y) direction was changed according to the Reynolds number.

In this study, we tried to calculate flow fields for extremely high Re conditions. Particularly, for the highest Re
case C6E7, the bulk Reynolds number becomes around 5 x 10° and then the grid resolutions in the streamwise and
spanwise directions are too coarse for resolving the near-wall vortex structures, as shown in Table 1. Furthermore, the
grid resolution in the wall-normal direction is also very coarse in this study, where no-slip wall conditions are no more
applicable. Therefore, the present conditions are expected to be very severe for HLR models.

In this study, the computational procedure used is the same as that of Abe (2018). This is an unstructured finite-
volume procedure nearly identical to that of Muto et al. (2012), where a vertex-centered type of storage is used on a
grid. We generally adopt the second-order central difference scheme to discretize the spatial derivatives. Note that the
convection terms of the momentum equations are discretized by a blending scheme of the second-order central difference
(98%) and the first-order upwind scheme (2%) so as to eliminate unnecessary numerical instability that may appear when
we use very high aspect ratio of the grid spacing in the near-wall region for high Re turbulent flows. It is also noted that
the convection term of the turbulence energy is discretized by the second-order upwind scheme. The time marching is
based on the fractional step method (Kim and Moin 1985), in which the second-order Crank-Nicolson scheme is used for
the velocity equations. Note that the first-order Euler implicit scheme is used for the transport equation of the turbulence
energy. The coupling of the velocity and pressure fields is based on the simplified marker and cell method (Amsden and
Harlow 1970). The flow rate on the control-volume surface is estimated using the Rhie-Chow interpolation (Rhie and
Chow 1983). In our previous studies, we carefully investigated the effects of the blending scheme used for the momentum
equation (Abe 2018), as well as the first-order time-marching scheme and the second-order upwind scheme adopted for the
transport equation of turbulence energy (Abe 2013, Abe 2014b). These investigations confirmed that the time-integration
and space-discretization schemes used in these transport equations did not have any crucial effect on the final conclusions.

For the boundary conditions, the periodic condition is imposed in the streamwise and spanwise directions. Concern-
ing the wall-normal direction, the grid node next to the wall surface is located at y* = 300, which is too far to specify the
no-slip conditions. Therefore, a conventional wall function is adopted for the wall-boundary condition.

4. Results and Discussion
4.1. Basic performance of the present HLR model with wall function

First, to discuss the basic performance of the HLR models with wall function being used as the wall boundary
condition, the mean-velocity distributions are compared in Fig. 1. Note that the distributions of the switching function
fup are also shown. As seen in Fig. 1 (a), the present anisotropic HLR model (HLR-EAT) provides generally reasonable
predictions that agree well with the logarithmic-low distribution. More importantly, the “double-buffer problem” is not
seen in the mean-velocity distributions, at least, for these three test cases. In contrast, from Fig. 1 (b), the predictions
obtained using the isotropic EVM (HLR-NOEAT) clearly show the “double-buffer problem” in the LES/RANS interface
region, where steeper mean-velocity gradients are seen for all cases. As these two HLR models adopt the same form of
EVM part, this difference in the mean-velocity predictions is thought to be caused by the EAT that has been introduced
in Eq. (12). Considering the fact that the results are obtained using a conventional wall function, it is also understood that
this improvement for the “double-buffer problem” does not derive from the low Re-number model functions involved in
the present HLR model (Abe 2014a).

Figure 2 compares the distributions of the total Re-shear stress and turbulence energy predicted by the HLR-EAT and
the HLR-NOEAT. Note that the distributions include the contribution of the modeled (SGS) part as well as the resolved
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Fig.2 Comparison of the Re-shear stress and the turbulence energy for various Reynolds numbers up to

Re. = 6x107.

(grid-scale: GS) part. In the figure, the DNS data at Re, = 5200 provided by Lee and Moser (2015) are also included for

reference because this is considered to be one of the highest Re conditions among available DNS data.
As seen in Fig. 2 (a), the Re-shear stress predicted by the HLR-EAT shows reasonable trend that is in no conflict

with the DNS data. As for turbulence energy in Fig. 2 (c), the HLR-EAT also provides reasonable predictions in general,
although a detailed investigation indicates that the predictions show some overpredictions in the near-wall region as well
as some underpredictions in the region far from the wall, compared with the DNS data. On the other hand, it is found
from Fig. 2 (d) that the HLR-NOEAT returns poorer predictions for the turbulence energy as considerable overpredictions
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Fig.3 Comparison of the Re-shear stress and the turbulence energy at Re; = 1 x 107 (log scale for horizontal

axis).

are seen in a wider range of the near-wall region. In regard to the Re-shear stress predicted by the HLR-NOEAT in Fig. 2
(b), the distributions seem to be generally reasonable. This indicates that only a slight difference in the Re-shear stress in
the LES/RANS interface region may cause the “double-buffer problem” that is seen in Fig. 1.

Figure 3 compares the resolved and modeled components of the Re-shear stress and turbulence energy at Re, =
1 x 107, as well as their total values. To discuss the distributions in the LES/RANS interface region in more detail,
the horizontal axis in this figure is plotted in log scale. As for the Re-shear stress, the careful investigation indicates
that the HLR-NOEAT shows slightly lower values at around y/6 = 0.02 compared with those by the HLR-EAT. This
underestimation is considered to be related to the difference in the mean-velocity prediction. However, the difference is
not always remarkable, and thus further detailed investigation is necessary in future work.

Concerning the turbulence energy, we can clearly see differences in the results between two models. It is interesting
that the difference is particularly recognized in the resolved part of the HLR-NOEAT results. A typical feature is that
unnatural peaks appear at around the LES/RANS interface location in Fig. 3 (d) . Because a similar trend was also found
in our previous study (Abe 2018) for a lower Re case (Re, = 1000), the insight obtained here is thought to be an essential
feature of the HLR-NOEAT.

4.2. Effect of the EAT on turbulent structures in the LES/RANS interface region

As discussed in the above section, we can see considerable differences in the predictions between the HLR-EAT and
the HLR-NOEAT. As for this issue, it is useful to investigate the unsteady flow structures in the LES/RANS interface
region, where most differences appear. First, to confirm the location of the interface region, the distributions of the
switching function fj;, is shown in Fig. 4, where it is plotted in wall units and in global range, respectively. The switching
function fj,;, in the present HLR model is basically composed of the local grid spacing and the wall distance (Abe 2014a).
Although we can see large differences in the distributions in Fig. 4 (a) shown in wall units, the distributions in Fig. 4 (b)



Bulletin of the JSME

1 1
0.8 0.8
0.6 06 | | 2% of channel half width
o o 1
< = !
o o! 3/
0.4 04 ;
==C1E6, dx+=25000, dz+=12500
02 ==C1E6, dx+=25000, dz+=12500 02 r i —=C1E7, dx+=2.5€5, dz+=1.25e5
==C1E7, dx+=2.5€5, dz+=1.25e5 ‘
—=C6E7, dx+=1.5e6, dz+=7.5e5 ‘ “C6E7, dx+=1.5€6, dz+=7.5e5
0 ‘ ‘ ‘ 0 i ! ! !
0.0E+0 5.0E+5 1.0E+6  y+  1.5E+6 2.0E+6 0 0.02 004 y/§ 006 0.08 0.1
(a) Distributions in wall units (b) Distributions in global range

Fig.4 Comparison of the distributions of the switching function fj,;, (HLR-EAT).

shown in global range are basically identical for all test cases. For instance, as seen in Fig. 4 (a), f;, begins to change
from 1 (LES) to 0 (RANS) at around y* ~ 1 x 10° for the highest Re case at Re; = 6 x 107. However, this y location is just
about 2% of the half channel height (i.e., * = 6 x 107) and thus most of the computational domain is covered by LES in
the present simulations (Fig. 4 (b)). To investigate the effect of the EAT on the unsteady turbulent structures, it should be
important to compare the results between the HLR-EAT and the HLR-NOEAT in the LES/RANS interface region, where
fnp begins to change from 1 to 0.

For this purpose, Fig. 5 compares the distributions of the instantaneous streamwise velocity fluctuation at y/6 = 0.02
and y/6 = 1 for C6E7. Note that as seen in Fig. 4 (b), the location of y/6 = 0.02 is at around the edge of the LES/RANS
interface region. On the other hand, the far-field location of y/6 = 1 is selected for comparison because it is always
involved in the LES region (f;, = 1). As found from Fig. 5 (a) and (b) at y/6 = 0.02, the results by the HLR-EAT
show small-scale turbulent structures, while the sizes of the structures provided by the HLR-NOEAT look larger at this
location. This fact can be confirmed more clearly by comparing Fig. 5 (¢) and (d) that are zoomed from Fig. 5 (a) and
(b), respectively. This is considered to be closely related to the improvement of the mean-velocity distribution as seen
in Fig. 1 (a). On the other hand, looking at Fig. 5 (e) and (f), both the HLR-EAT and the HLR-NOEAT show a similar
trend at y/6 = 1, where small-scale fluctuations tend to decrease, whereas large-scale flow patterns are mainly seen at the
far-field location.

To investigate the size of the vortex structures in more detail, Fig. 6 compares the energy spectrum of the streamwise
velocity fluctuation for the highest Re case (C6E7) at Re; = 6 x 107. Note that two y locations in the figure are identical
to those discussed in Fig. 5: the location of y/6 = 0.02 is in the LES/RANS interface region and y/6 = 1 (i.e., the channel
center) is in the LES region. First, from Fig. 6 (a) at y/6 = 0.02, we can understand a definite difference in the energy
spectrum between the HLR-EAT and the HLR-NOEAT. The distribution of the HLR-EAT provides considerably higher
values of the spectrum compared with that of the HLR-NOEAT, particularly in the high wave-number region. This fact
sufficiently supports the insight obtained from the comparison between Fig. 5 (a) and (b) that the HLR-EAT generates
smaller-scale turbulent structures in the LES/RANS interface region. In contrast, as seen in Fig. 6 (b) at the far-field
location of y/6 = 1, almost the same spectrum distributions are obtained for both two models.

In our previous study (Abe 2018), we investigated the influence of the EAT on the vortex structures for a lower Re
case (Re; = 1000) using relatively coarse grid resolutions. The distributions of the velocity fluctuations in Abe (2018)
showed trends similar to those in the present study. Turbulent structures in the HLR-EAT results at around the LES/RANS
interface location looked smaller than those of the HLR-NOEAT. It was also confirmed by the correlation coefficient in
the spanwise direction that the scales of vortex structures in the HLR-EAT results were generally smaller than those in the
HLR-NOEAT results at around the LES/RANS interface location (Abe 2018). Such being the case, these trends are seen
in both our previous (Abe 2018) and the present studies, and thus the influence of the EAT in the LES/RANS interface
region is thought to be a common feature of this kind of HLR models, regardless of the flow Reynolds number.
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(a) HLR-EAT (b) HLR-NOEAT
LES/RANS interface region (y/6 = 0.02)

(c) HLR-EAT (d) HLR-NOEAT
LES/RANS interface region (y/6 = 0.02), zoomed in (white broken-line box)

(e) HLR-EAT (f) HLR-NOEAT
LES region (y/6 = 1)

Fig. 5 Comparison of the streamwise velocity fluctuation at Re, = 6x 107 (color ranges from —2 (blue) to 2 (red),
normalized in wall units).
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Fig. 6 Comparison of the energy spectrum of the streamwise velocity fluctuation at Re, = 6 x 107.
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5. Concluding Remarks

To investigate the predictive performance of an anisotropy-resolving hybrid LES/RANS (HLR) model for very high
Re turbulent flows, in which no-slip wall conditions are no more applicable, we applied the model to fully-developed plane
channel flows at several Reynolds numbers up to Re; = 6 X 107 with a conventional wall function as the wall-boundary
condition. We focused specifically on the role of the extra anisotropic term (EAT) introduced in the SGS model for such
high Re turbulent flows. For this purpose, the computational results obtained by the present model (HLR-EAT) were
carefully compared with those by an isotropic HLR model without the EAT (HLR-NOEAT).

Concerning the distributions of the mean values, the HLR-EAT provided generally reasonable predictions. In con-
trast, the HLR-NOEAT clearly showed the “double-buffer problem” in the LES/RANS interface region, where steeper
mean-velocity gradient was seen. Furthermore, we compared the results for instantaneous velocity fluctuations obtained
with and without the EAT. The comparison indicated that the vortex structures were found to be divided into smaller sizes
as an effect of the EAT. In addition, we calculated the energy spectrum of the velocity fluctuations to investigate how
the structure sizes distributed in the wave-number space. We found that the EAT had a potential to increase the energy
spectrum in the LES/RANS interface region, particularly in the high wave-number space. This is a notable feature of the
present HLR model.

From these investigations, it is found that the EAT introduced in the SGS model largely affects the enhancement of
vortex structures in the LES/RANS interface region. This feature is considered to work for improving the mean-velocity
distribution with no (or, at least, very small) “double-buffer problem.” These findings indicate a high potential of the
present anisotropy-resolving HLR model even for very high Re turbulent flows.
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