SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Improvement of double-buffer problem in LES-
RANS interface region by introducing an
anisotropy-resolving subgrid-scale model

ABE, Ken-ichi

Department of Aeronautics and Astronautics, Faculty of Engineering, Kyushu University :
Professor

https://hdl.handle. net/2324/4150684

HRI1EZR : Theoretical and Computational Fluid Dynamics. 32 (3), pp.263-283, 2018-02-07.
Springer nature
N— 30

HEFIBAMR

.

W, KYUSHU UNIVERSITY




Theoretical and Computational Fluid Dynamics manuscript No.
(will be inserted by the editor)

Improvement of double-buffer problem in
LES-RANS interface region by introducing an
anisotropy-resolving subgrid-scale model

Ken-ichi ABE

Received: date / Accepted: date

Abstract The “double-buffer problem” has been regarded as a crucial con-
cern for the strategy behind the hybrid large eddy simulation (LES)/Reynolds-
averaged Navier-Stokes (RANS) model (or HLR model, for short). Such models
are likely to show unphysical mean-velocity distributions in the LES-RANS
interface region, where “super-streak structures” also appear that look like
low-speed streaks generated in the near-wall region of wall turbulence. To
overcome this difficulty, the stochastic backscatter model, in which the vortex
structures in the interface region are divided into smaller scales, holds promise
due to the effect of random source term imposed in the momentum equa-
tion. Although this method is effective, several parameters must be prescribed
and their specification process is arbitrary and ambiguous. An alternative ad-
vanced HLR model has been proposed, in which an anisotropy-resolving sub-
grid scale (SGS) model was adopted in the LES region as well as a one-equation
non-linear eddy-viscosity model in the RANS region. Previous investigations
indicated that this HLR model did not exhibit or, at least, largely reduced
the “double-buffer problem” in the mean-velocity distribution, with no special
treatment being applied. The main purpose of the present study is to reveal
why this HLR model improves the predictive performance in the LES-RANS
interface region. Specifically, we focus on the role of the extra anisotropic term
introduced in the SGS model, finding that it plays an important role in en-
hancing vortex structures in the interface region, leading to a considerable
improvement in model performance.
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1 Introduction

The large eddy simulation (LES) is known to be a useful way to predict com-
plex turbulence in engineering applications. Although a significant number of
research groups have proposed several kinds of the subgrid-scale (SGS) models
(see for example, [1]-[6]), there still remains a serious difficulty in its applica-
tion to very high Reynolds-number (Re) flows. For instance, reasonable LES
for a channel flow needs a grid resolution such as Azt ~ 100 (z: the stream-
wise direction) and Azt ~ 20 (z: the spanwise direction) in the near-wall
region, as well as Ay™ ~ 1 in the wall-normal direction, where the no-slip
condition is specified at the wall surface: here the superscript plus sign ( )"
signifies a value normalized by the friction velocity u,. When LES is applied
to the channel flow at Re, = 10*, where Re, (= u,d/v) is the Reynolds num-
ber based on the half channel height (§), the kinematic viscosity () and the
friction velocity, the grid resolution Az = 20 translates into Az = 2 x 10735
(i.e., 500 grid points per § in z-direction). Such a grid-resolution requirement
for high- Re LESs is significant, even if it is applied to simple wall-shear flows.
To solve this problem, one promising approach is the so-called “hybrid
LES/RANS (HLR) model,” where RANS is the abbreviation for Reynolds-
averaged Navier-Stokes modeling. This model was originally based on the con-
cept of a hybrid model connecting LES with RANS in the near-wall region.
To date, many researchers have addressed this challenging problem (see for
example, [7]-[16]), a representative model of this type of approach being the
“detached eddy simulation (DES)” (Nikitin et al.[8]). DES was studied very
actively and an advanced version of DES, called the “delayed detached eddy
simulation (DDES),” was proposed to improve model performance (see for
example, Spalart et al.[14]). Although most previous HLR models adopted a
linear eddy-viscosity form to represent the SGS and Reynolds stresses, Abe[17]
proposed an HLR model that introduced a non-linear eddy-viscosity model
(NLEVM) to reproduce the near-wall stress anisotropy more accurately.
Although each study provided encouraging results and useful insights into
developing HLR models, there still remain several important issues to be
solved. Among them, the “double-buffer problem” proved to be a crucial con-
cern. In fact, many HLR models are likely to show unphysical mean-velocity
distributions in the LES-RANS interface region, which mainly arise through
a lack of modeling the Reynolds-shear (Re-shear) stress, resulting in steeper
mean-velocity gradients in the interface region. It is also known that in this
region, we often see “super-streak structures” that look like low-speed streaks
generated in the near-wall region of wall-turbulence. To overcome this diffi-
culty, Piomelli et al.[18] proposed a stochastic backscatter model that held
promise. Because of the effect of the random source term imposed in the mo-
mentum equation, the model divides the vortex structures in the interface re-
gion into smaller scales. Although this method is effective, several parameters
must be determined and their specification process is arbitrary and ambiguous.
As an alternative, Abe[19] recently proposed an advanced HLR model, in
which an anisotropy-resolving SGS model[20] was introduced in the LES re-
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gion as well as a non-linear one equation RANS model in the RANS region.
Surprisingly, the results as well as those of a previous study[21] indicated that
this type of HLR model did not show or, at least, largely reduced the “double-
buffer problem” in the mean-velocity distribution, although no special treat-
ment was applied in the LES-RANS interface region. An important feature of
this SGS model is the introduction of an extra anisotropic term (EAT) to rep-
resent the SGS stress anisotropy more correctly; although the EAT is modeled
not to give any energy transfer between the grid-scale (GS) and SGS parts to
maintain computation stable[20][22]. In this sense, this SGS model includes
no backscatter effect in the GS-SGS energy transfer, differentiating it from a
stochastic backscatter model. With regard to this issue, Ohtsuka and Abe[23]
and Abe and Ohtsuka[24] investigated the role of this type of SGS model in
enhancing turbulent vortex structures by analyzing using the streamwise vor-
ticity transport equation. They found EAT to be very effective in activating
the streamwise vortex structures, even if no backscatter effect is included in
the SGS eddy viscosity. In this sense, an EAT in the SGS model is expected
to function effectively instead of a stochastic backscatter model introduced in
the interface region.

Based on the background provided above, the main purpose of the present
study is to investigate the reason why this anisotropy-resolving HLR model[19]
improves the predictive performance in the LES-RANS interface region. To il-
lustrate, this HLR model is applied to fully-developed plane channel flows
with various grid resolutions. We compare the computational results with and
without the EAT to confirm the effectiveness of the EAT for improving the
predictive performance. We then analyze the influence of the EAT in the dis-
tribution of the Re-shear stress that dominates the mean-velocity prediction.
Also, the turbulent structures in the LES-RANS interface region developed
with different grid resolutions are compared. In particular, we focus on the
role of the EAT in determining the primary size of the turbulent structures in
the interface region.

2 Turbulence Model
2.1 Governing equations and hybrid LES/RANS approach

The filtered (or Reynolds-averaged) governing equations for an incompressible
turbulent flow may be written as

U,

i, 0
DUi__laﬁ_'_i , 6Ui+aﬁj - @)
Dt  pdx; Ox; or;  Ox; T g

where () denotes a filtered value in the LES region or a Reynolds-averaged
value in the RANS region, respectively. In Egs. (1) and (2), p, P and U; denote
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the density, filtered static pressure and filtered velocity, respectively. The SGS
stress 7;; in the LES region is originally expressed as

Tij = UzU] —Uiﬁj. (3)

Note that 7;; coincides with the following general expression for the Reynolds-
stress tensor in the RANS region:

Tij = Willj, (4)

where u; is defined as u; = U; — U;.

Originally, the HLR model is a turbulence model that uses LES in the
region far from the wall; the modeling is then connected with RANS in the
near-wall region. A strategy to connect these LES and RANS regions smoothly
is the following hybrid approach (see for example, Abe[17]):

¢ = (1~ frp) d(rANS) + frb DLES), (5)
where ¢ is a flow variable and fj;, is a switching function. In Eq. (5), frp is
close to 1 in the region far from the wall, where LES is adopted. Conversely,
as frp approaches 0, the RANS calculation is adopted. For instance, if we
consider the SGS (Reynolds) stress, the expression used is

Tig = (L= fnb) Tij(rans) T fub Tisnms)- (6)

In the next section, we describe the anisotropy-resolving SGS model (Abe[20][22])
that is adopted for T (LES) in Eq. (6). The one-equation non-linear eddy-

viscosity model (NLEVM) for Tij (RANS) and the switching function fp; used
in this study are briefly explained in Appendix.
2.2 An anisotropy-resolving SGS model in the LES region
The SGS stress 7;; in Eq. (3) is modeled using
2
Tij =3 ksas 0ij —2 vsas Sij + 2 ksas bﬁATa (7)

where ksgs and vggs are the SGS turbulence energy and the SGS eddy vis-
cosity, respectively. The strain-rate tensor S;; is expressed as

1 /0U; 09U,
Sij = = : 2. 8
g 2<6scj+8zi> ®
In Eq. (7), the anisotropy tensor bf;AT on the right-hand side is modeled as
Tij — *QV/Sij) 1 R;; a :
pEAT _ ( _ =4 Ro— —<—2 S»») 9
N Top — (=20 Ske) 3 N Thre AL v Sia). O

ra ’ ’
where 7;; = 7,; — 71,045 /3.
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In Eq. (9), Tl-lj is given by the following representative scale-similarity model
of Bardina et al.[25]:

= (Ui - ﬁ) (7, - ﬁj) : (10)

where (/\) denotes a test-filtered value. In the model, v is an equivalent
eddy viscosity evaluated using an isotropic EVM-type linear approximation
for Eq. (10),
ra
’ra ’ ’ ’ T, S’L]
Tij Sij = —2v SijSij =2 52 — v == Z;SQ , (11)

where 5% = S;;5;;. As R; ; 1s evaluated by subtracting an isotropic EVM form
from the original Bardina et al.[25] model, the extra term in Eq. (7) including
R;j is then expected to successfully predict the SGS-stress anisotropy.
Concerning the linear EVM in Eq. (7), we basically adopts the one-equation
SGS model proposed by Inagaki[26] with some minor modifications. The SGS

viscosity vsags is modeled using

,\ 4/3
vsas = Csas fsasvVksas A, fsgs=1—expq — <ZEO> ;

1/4
Y = {(”‘ESGS)?/} @, Csgs = 0.05, Ag=30, C;=4, (12)
14

where eg¢ggs is the dissipation rate for ksgs and A is the filter width. In this
study, ksqgs is evaluated using

Dksgs _ 9 , 4 vscs Oksgs | T@ . (13)
Dt 8l‘j J0SGS 6CCj Y 3xj 5GS
ksas™?  2wksas
esas = C. A y2 . (14)

The model constants are specified as oggs = 0.5 and C. = 0.835. A more
detailed description of the present anisotropy-resolving SGS model is given in
[20] and [22].

2.3 Decomposition of modeled stresses into isotropic and anisotropic parts

In general, the canonical form of the SGS stress is
2
Tij(LES) = gk‘sgs(sij -2 VSGSSU + EATij = EVMij(LES) + EATZ'j, (15)
where EAT;; is the extra anisotropic term (EAT). Note that for RANS, we
often use the following expression for the Reynolds stress:

2

Tij(RANS) = gkél] -2 VtSij + HOT” = EVMij(RANS) + HOTZ‘j, (16)
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where k and v; are the turbulence energy and the eddy viscosity, respectively.
In Eq. (16), 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 (see Appendix).

If we connect the LES and RANS regions according to Eq. (6), 7;; is written
as

Tij = (1= fwo) Tijrans) + frb Tij(Lms)
= (1= fw) EVMijpang) + no EVMij g,

+ [(1 — fhb) HOT” + fhb EATU] . (17)

Finally, we obtain
Tij = (L= fuo) EVMijipang) + o EVMij 1 pey+ EAT gy (18)

where
EATij(HLR) = (1 - fhb) HOTU + fno EAT” (19)

Note that if we take only the first two terms on the right-hand side of Eq. (18),
7;; has a canonical form of isotropic EVM that has most often been adopted
for other HLR models.

In considering Eq. (18) applied to Eq. (2), the divergence of the EAT

OEAT: g1, g)

B Oz
can be regarded as an additional source term in the transport equation that
directly influences the momentum along the i-direction. An important point

should be noted that the effect of Eq. (20) originally derives from a physics-
oriented discussion because the EATj; included in the EAT; of Eq. (19)

is based on the scale-similarity modeling concept[25].

(20)

J(HLR)

3 Test Cases and Computational Conditions

The main purpose of this study is to explain why the present anisotropic
HLR model improves the predictive performance in the LES-RANS interface
region. To investigate this issue, we apply two types of HLR models to fully-
developed plane channel flows with various grid resolutions. One is the original
(full) version of the anisotropic HLR model as described in Eq. (18), and the
other is its isotropic EVM version consisting of only the first two terms on the
right-hand side of Eq. (18). In this study, the former full version is referred to
as “HLR-EAT,” while the latter as “HLR-NOEAT.”

The computational parameters are summarized in Table 1. The Reynolds
number Re. (= u.0/v) is set at 1000, which is almost the same as the DNS by
Abe et al.[27], i.e., Re; = 1020. In this study, three grid resolutions were chosen
to investigate the relation between the HLR model and the “double-buffer
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Table 1 Computational parameters for channel-flow cases.

Case Grid numbers  Domain(z-z) Az Ay Az
ClE3A  257x181x257 6.46 x 3.20 0.025 3x10-%-0.034 0.013
ClE3B 65X181x65 6.45 x 3.28 0.1 3 x 10~* -0.034 0.05
C1E3C 33x181x33 6.46 x 3.20 0.2 3 x10~* -0.034 0.1
ClE3D  257x181x257 6.46 x 3.20 0.025 3x107*-0.034 0.013
ClE3E 65x181x65 6.49 x 3.28 0.1 3 x10~% -0.034 0.05
C1E3F 33x181x33 6.46 x 3.20 0.2 3 x10~% -0.034 0.1

Case Model Re- Azt AyT Azt At

C1E3A HLR-EAT 1000 25 0.3-34 13 2x 1077
C1E3B HLR-EAT 1000 100 0.3-34 50 5x 104
C1E3C HLR-EAT 1000 200 0.3-34 100 1x1073
C1E3D HLR-NOEAT 1000 25 0.3-34 13 2x 1074
C1E3E HLR-NOEAT 1000 100 0.3-34 50 5x 1074
C1E3F HLR-NOEAT 1000 200 0.3-34 100 1x 103

problem.” First, to confirm the basic performance of the present simulation, we
adopted a sufficiently fine grid resolution, in which the computational domain
(i.e., 6.46 x 20 x 3.20) is covered by grid nodes consisting of 257x181x257 in
the streamwise (x), wall-normal (y) and spanwise (z) directions, respectively.
In this case, the grid resolutions in the z and z directions become Az* =
25 and Ayt = 13, respectively, which are fine enough for LES. The other
two cases adopt much coarser grid resolutions with the same grid spacing
maintained in the wall-normal direction (see Table 1). In fact, the coarsest
grid resolution of 33x181x33 provides Azt = 200 and Azt = 100, which
generally is thought never to be applicable in an LES.

We perform calculations using an unstructured finite-volume procedure
nearly identical to that of Muto et al.[28], where a vertex-centered type of
storage is used on a grid. The second-order central difference scheme is used
to discretize the spatial derivatives except for the convection term of the tur-
bulence energy, which is discretized by the second-order upwind scheme. The
time marching is based on the fractional step method[29], 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[30]. The flow rate on the control-
volume surface is estimated using the Rhie-Chow interpolation[31]. For the
boundary conditions, the periodic condition is imposed in the streamwise and
spanwise directions, whereas the no-slip conditions are specified at the wall
surfaces. Note that in previous studies[20][22], the effects of a first-order time-
marching scheme and a second-order upwind scheme adopted for the transport
equation of turbulence energy were carefully investigated. These investigations
confirmed that the time-integration and space-discretization schemes used in
the transport equation of the turbulence energy did not have any crucial ef-
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Table 2 Comparison of the bulk-mean velocity U, and the skin friction coefficient C'y with
the DNS data[27].

Case Uy, Error (%) Cy Error (%)
DNS[27] 20.23 4.89 x 1073

C1E3A  19.70 -2.63 5.15 x 1073 5.48
ClE3B  19.34 -4.40 5.35 x 1073 9.41
CIE3C  20.29 0.27 4.86 x 1073 -0.54
C1E3D  21.01 3.84 4.53 x 1073 -7.27
C1E3E  21.20 4.82 4.45 x 1073 -8.98
C1E3F  22.00 8.77 4.13 x 1073 -15.48

fect on the final conclusions. Furthermore, some additional computations were
also performed in this study to investigate how grid spacing and numerical vis-
cosity influence the “double-buffer problem.” The computational results are
summarized in Appendix.

4 Results and Discussion
4.1 Basic performance of the present HLR model

First, to access the basic performance of the HLR models applied, the mean-
velocity distributions are compared with the DNS data[27] in Fig. 1. Note
that the distributions of the switching function fp; are also included in the
figure. As seen in Fig. 1 (a), the present anisotropy HLR model (HLR-EAT)
provides generally reasonable predictions for all the grid-resolution cases. We
also confirm that a well-resolved full LES is achieved for the fine-grid-resolution
case (C1E3A) because the switching function fp, is unity for the entire flow
region (red line). 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 interface region,
where steeper mean-velocity gradient is seen. 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.

For a more detailed discussion, the error in the prediction of the skin fric-
tion coefficient Cy is investigated. Following Piomelli et al.[18], the error is
defined as

Cy—Crpns

Error (%) = 07 X 100, Cf
f,DNS

Tw

= pUs2 /2’ (21)

where 7, and U, denote the mean wall stress and the bulk-mean velocity,
respectively. The predicted values are compared with the DNS data in Table 2.
Concerning the HLR-EAT cases (C1E3A—-C1E3C), the error of U, is confined
to within 5% and hence the full dispersion in the Cy predictions for all grid
resolutions has error of about 10%. From an engineering viewpoint, this level
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Fig. 1 Comparison of the mean-velocity distributions for various grid resolutions.

is thought to be acceptable. Nevertheless, the error of HLR-NOEAT (C1E3D-
C1E3F) becomes larger than that of HLR-EAT, particularly for the coarsest
grid case. This is caused mainly by the “double-buffer problem,” as seen in
Fig. 1 (b).

Figure 2 shows the distributions of the total Re-shear stress and turbu-
lence energy predicted by the HLR-EAT, whereas those obtained by the HLR-
NOEAT are compared in Fig. 3. Note that the distributions include the con-
tribution of the modeled part as well as the resolved part. As seen in Fig. 2,
the Re-shear stress predicted by the HLR-EAT corresponds well to that ob-
tained by the DNS. As for turbulence energy, the HLR-EAT also provides
reasonable predictions in general, although some overpredictions are still seen
in the near-wall region. In contrast, the HLR-NOEAT returns much poorer
predictions for the turbulence energy as considerable overpredictions are seen
in the interface region as the grid resolution becomes coarser. In regard to
the Re-shear stress, although both models seem to generally give reasonable
results, a careful investigation shows that non-negligible differences are seen
in the distributions between the HLR-EAT and the HLR-NOEAT. This issue
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Fig. 2 Distributions of the total Re-shear stress and turbulence energy predicted by the
present model (HLR-EAT).
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Fig. 3 Distributions of the total Re-shear stress and turbulence energy predicted by the
isotropic model (HLR-NOEAT).

will be discussed in more detail in the next section because the prediction of
the Re-shear stress must be closely related to the mean-velocity prediction.

4.2 Effect of the extra anisotropic term in the LES-RANS interface region

In this section, we shall investigate the contribution that the EAT makes
in improving the “double-buffer problem.” Figure 4 shows the distributions
of the total Re-shear stress that are enlarged in the horizontal direction. A
careful look at Fig. 4 (b) shows that there are non-negligible differences among
the distributions of HLR-NOEAT, where some underestimations are obtained
in the interface regions at y/d = 0.05-0.1 (y* = 50-100) for C1E3E and
at y/6 = 0.1-0.2 (y+ = 100-200) for C1E3F, respectively. As this feature
corresponds directly to the mean-velocity prediction, more detailed discussion
on the role of each part (i.e., modeled or resolved) is important. Furthermore,
it should be made clear how the EAT works to improve the distribution of the
Re-shear stress as seen in Fig. 4 (a).

To access the EAT contribution to the Re-shear stress, the distribution of
EATij(HLR) in Eq. (19) for HLR-EAT is compared with that of the modeled
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Fig. 4 Comparison of the total Re-shear stress in the switching region.

stress 7;; in Eq. (18) as well as the resolved stress and total stress in Fig. 5.
From Fig. 4 (a), a full LES is achieved for CIE3A, where the grid resolution is
fine enough. Although the EAT covers a considerable portion of the modeled
part even for this test case, its contribution is not so significant. Nevertheless,
as the grid resolution becomes coarser, the modeled part becomes more and
more important. From Fig. 4 (b) and (c), the near-wall region is covered by the
modeled stress (solid green lines). Although this contribution mainly derives
from the RANS part introduced in the HLR model, it is also interesting that
the effect of EAT appears particularly in the interface region (broken black
lines). Because the EAT provides statistically the same sign as the other terms,
this effect tends to increase the Re-shear stress.

Concerning the improvement of the HLR model in the interface region, the
stochastic backscatter model[18] may be a promising way, in which a random
source term is directly imposed in the Navier-Stokes equation. Interestingly,
the stochastic backscatter model improves the “double-buffer problem” with
no statistical effect on momentum transfer. This feature is different from that
of the present anisotropic HLR model because the present model produces an
effect on momentum transfer (see Fig. 5), with no energy transfer between
the GS and SGS parts[20][22]. However, these two models have an impor-
tant common feature in that they definitely increase the vorticity and enhance
the vortex motions[18][24]. Consequently, an important key aspect in reducing
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the “double-buffer problem” is how we can successfully enhance the turbulent
vortex structures in the interface region. One notes that, although the specifi-
cation of the parameters in the stochastic backscatter model is arbitrary and
ambiguous, the present EAT originally derives from a physics-oriented analysis
on the scale-similarity modeling concept[25].

On the other hand, Rajamani and Kim|[32] provided an encouraging idea
that originally derived from a sophisticated discussion on a hybrid filter ap-
proach by Germano[33]. They proposed several additional terms to improve
the model performance, particularly in the interface region. One of their addi-
tional terms for the modeled Re-shear stress has a formulation similar to that
of the present EAT, although the filtering operator used has a slightly different
meaning in processing the velocity-field data. This fact may also be related
to why the present EAT works to enhance vortex structures in the interface
region.
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Fig. 5 Contribution of the EAT in modeled Re-shear stress (broken black lines show only
the EAT effect, whereas solid green lines show the modeled stress).
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(a) yt =70 (y/6 = 0.07) (b) y =150 (y/6 = 0.15) (c) y* =500 (y/6 =0.5)

Fig. 6 Distributions of the streamwise velocity fluctuation at several y locations for the fine
grid-resolution case (C1E3A) (color ranges from —2 (blue) to 2 (red), normalized in wall
units).

4.3 Detailed investigation of the turbulent structures

As seen in Fig. 5, the present EAT works to increase the Re-shear stress in
a statistical manner. However, we cannot understand sufficiently just from
statistics alone how the EAT affects unsteady turbulent structures. There-
fore, in this section, we shall compare the distributions of the instantaneous
streamwise velocity fluctuation in the interface region. In addition, to evaluate
the size of the vortex structures, we also calculated the spanwise two-point
correlation coefficients of the streamwise velocity fluctuation.

First, Fig. 6 shows the distributions of the streamwise velocity fluctuation
at several y locations for the fine grid-resolution case (C1E3A). Note that the
location of y* = 70 (y/d = 0.07) corresponds to the interface region for the
medium grid-resolution case (C1E3B, C1E3E), and similarly the location of
yT = 150 (y/§ = 0.15) for the coarse grid-resolution case (C1E3C, C1E3F).
Note that the far-field location of y™ = 500 (y/d = 0.5) is selected for compari-
son because it is always involved in the LES region. From Fig. 6 (a) and (b), we
find many small-scale turbulent structures as well as larger flow patterns col-
ored in red (high-speed) or blue (low-speed). Note that, as found from Fig. 1,
these locations of y* = 70 and 150 are generally involved in the logarithmic
region of the mean-velocity distribution. Nevertheless, as seen in Fig. 6 (c),
small-scale fluctuations tend to decrease, whereas larger flow patterns remain
at the far-field location.
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Fig. 7 Distributions of the spanwise two-point correlation coefficients of the streamwise
velocity fluctuation for the fine grid-resolution case (C1E3A).

This fact is also confirmed from a comparison of the spanwise two-point
correlation coeflicients of the streamwise velocity fluctuation, as seen in Fig. 7.
Note that these data are calculated for C1E3A at the same y locations in
Fig. 6. The understanding is that the size of the turbulent structures becomes
smaller as the y location becomes closer to the wall surface. This corresponds
well to accepted beliefs and does not conflict with the insight garnered from
Fig. 6. Therefore, the present results are thought to be useful for investigating
unsteady turbulent motions.

We shall now compare the distributions of the velocity fluctuation obtained
using C1E3B, C1E3C, C1E3E, and C1E3F with those using C1E3A. Note that
in comparison, the results of C1IE3A are test-filtered and then reduced, using
the filter width and the grid nodes that are the same as those of the corre-
sponding grid-resolution case. If the computational results for coarser grid-
resolution cases are reasonably predicted, turbulent structures are expected to
show characteristics similar to those of the test-filtered C1E3A data.

Figures 8 and 9 compare the results for the streamwise velocity fluctuation
at y* = 70 (y/d = 0.07) and y* = 500 (y/d = 0.5), respectively, for the
medium grid-resolution cases (C1E3B and C1E3E). Note that from Fig. 5 (b),
the location of y/§ = 0.07 for this grid resolution is thought to be involved
in the interface region, where the EAT works actively. As found from Fig. 8
(b), the results by HLR-EAT show small-scale turbulent structures, the sizes
of which are similar to those of the test-filtered C1E3A data in Fig. 8 (a).
However, HLR-NOEAT fails to reproduce this trend. From Fig. 8 (c), the
vortex structures are larger than those in Fig. 8 (a) and small scale fluctuations
seem to disappear. Figure 8 (c) may indicate a week effect of “super-streak
structures” appearing in the interface region. This is thought to be closely
related to the problem as seen in the mean-velocity distribution (see Fig. 1 (b)).
On the other hand, looking at Fig. 9 (b) and (c), both HLR-EAT and HLR-
NOEAT show a similar trend at y/6 = 0.5, where large-scale flow patterns
can be seen. Furthermore, their scales look similar to those of the test-filtered
C1E3A data in Fig. 9 (a).
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(a) C1E3A (test filtered) (c) C1E3E (HLR-NOEAT)

Fig. 8 Comparison of the streamwise velocity fluctuation at y* = 70 (y/§ = 0.07) for the
medium grid-resolution case (color ranges from —2 (blue) to 2 (red), normalized in wall
units). Note that the results of C1E3A are test-filtered and then reduced using the filter
width and the grid nodes being the same as those of the medium grid case.

(a) C1E3A (test filtered)  (b) C1E3B (HLR-EAT)  (c) C1E3E (HLR-NOEAT)
Fig. 9 As for Fig. 8 except for y+ =500 (y/& = 0.5).
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Fig. 10 Comparison of the spanwise two-point correlation coefficients of the streamwise
velocity fluctuation for the medium grid-resolution case.

Figure 10 compares the spanwise two-point correlation coefficients of the
streamwise velocity fluctuation for C1IE3B and C1E3E with those for the fine
grid-resolution case (C1E3A). Note that the y locations are the same as in
Figs. 8 and 9. From Fig. 10 (a), the size of the structures of HLR-EAT at
y+ = 70 is smaller than that of HLR-NOEAT and closer to that for C1E3A.
Conversely, from Fig. 10 (b), the size of the structures at y* = 500 becomes
larger compared with that at y* = 70. Both HLR-EAT and HLR-NOEAT
exhibit a very similar trend in that almost the same size of structures is ob-
tained. The estimated correlation coefficients are close in value to C1E3A up
to 2zt ~ 100, although some underpredictions are still seen.

Figures 11 and 12 provide a comparison of the results for the streamwise
velocity fluctuation at y* = 150 (y/d = 0.15) and y* = 500 (y/d = 0.5),
respectively, for the coarse grid-resolution cases (C1E3C and C1E3F). Note
that from Fig. 5 (c), the understanding is that the location of y/d = 0.15 for
this grid resolution is involved in the interface region. From Fig. 11 (b) and (c),
the turbulent structures of HLR-EAT are much smaller than those of HLR-
NOEAT in the interface region. The structure scales of HLR-EAT are closer
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(a) C1E3A (test filtered) (b) C1E3C (HLR-EAT) (c) C1E3F (HLR-NOEAT)

Fig. 11 Comparison of the streamwise velocity fluctuation at y* = 150 (y/§ = 0.15) for
the coarse grid-resolution case (color ranges from —2 (blue) to 2 (red), normalized in wall
units). Note that the results of C1E3A are test-filtered and then reduced using the filter
width and the grid nodes being the same as those of the coarse grid case.

to those of the test-filtered C1E3A data in Fig. 11 (a) compared with those of
HLR-NOEAT. In Fig. 11 (c), large scale “super-streak structures” are clearly
visible. In contrast, in Fig. 12 (b) and (c), both HLR-EAT and HLR-NOEAT
show a similar trend at y/§ = 0.5, where large-scale flow patterns are evident.
Their scales look similar to those of the test-filtered C1E3A data in Fig. 12 (a).
Although small-scale fluctuations seem to disappear even for the HLR-EAT in
Figs. 11 and 12, the results are thought to be acceptable by considering the
coarse grid resolution in the streamwise and spanwise directions (i.e., 33 x 33),
respectively.

The spanwise two-point correlation coefficients of the streamwise velocity
fluctuation for C1E3C and C1E3F are compared with those for the fine grid-
resolution case (C1E3A) in Fig. 13, where the y locations are the same as in
Figs. 11 and 12. We glean from Fig. 13 (a) that the size of structures of HLR-
EAT at y* = 150 is smaller than that of HLR-NOEAT and closer to that for
C1E3A. In contrast, from Fig. 13 (b), the estimated correlation coefficients
at yT = 500 for both HLR-EAT and HLR-NOEAT are close to C1E3A up to
2T ~ 100, whereas some underpredictions are seen in the results of HLR-EAT.
Regarding this issue, a more detailed analysis is needed.

From the foregoing investigation, we found that the trend visible in Fig. 11
coincides with that in Fig. 8. As both these locations are involved in the LES-
RANS interface region, this behavior indicates that the EAT introduced in the
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‘ / |
(a) C1E3A (test filtered)  (b) C1E3C (HLR-EAT)  (c) C1E3F (HLR-NOEAT)
Fig. 12 As for Fig. 11 except for y* = 500 (y/§ = 0.5).

anisotropy-resolving SGS model works to prevent “super-streak structures”
from being generated and thus reasonable scales of turbulent structures can
be maintained. Indeed, this relates closely to the present HLR model being
successful in reducing the “double-buffer problem” in the interface region.
Conversely, turbulent structures tend to become larger in the region far from
the wall surface.

Finally, to investigate the influence of turbulent fluctuations on the statisti-
cal values, we compare the distributions of the production and pressure-strain
terms in the budget of the streamwise and shear components of the resolved
Re-stress tensor as these two terms are the main contributors to the gain
and loss parts, respectively. Figure 14 shows a comparison of these two terms
for the resolved streamwise Re-normal stress; those of the Re-shear stress are
compared in Fig. 15. Note that the distributions of the switching function f
are also included in the figures for reference. As the point of discussion of the
present study is model performance in the LES-RANS interface region, we
focus mainly on the behavior in the region where fj; is changing from 0 to
1. A large deference is seen between HLR-EAT and HLR-NOEAT in Fig. 14,
particularly in the distributions of the production term. The HLR-NOEAT
for C1E3E and C1E3F clearly returns local peak values in the LES-RANS in-
terface region. This is thought to be a reason why the HLR-NOEAT provides
considerable overpredictions of the turbulence energy in the interface region
for the coarser-grid-resolution cases (see Fig. 3). However, concerning the Re-
shear stress (Fig. 15), a difference is seen instead in the pressure-strain term
for the coarser-grid-resolution cases. The HLR-EAT returns relatively larger
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(b) yT =500 (y/§ = 0.5)

Fig. 13 Comparison of the spanwise two-point correlation coefficients of the streamwise
velocity fluctuation for the coarse grid-resolution case.

values of the pressure-strain term in the interface region compared with those
of the HLR-NOEAT. This increase may be a reason for the improvement in the
prediction accuracy for the Re-shear stress (Fig. 2), although their relationship
has not been made entirely clear. Further detailed analysis is needed.

5 Concluding Remarks

To explain why the anisotropy-resolving HLR model can reduce the “double-
buffer problem” in the LES-RANS interface region, we investigated the model
performance at various grid resolutions by applying the model to plane channel
flow. In particular, we focused on the role of the EAT introduced in the SGS
model.

Familiarly, the “double-buffer problem” in the mean-velocity distribution
arises mainly because the Re-shear stress is insufficient in the interface region.
In regard to this issue, the EAT was found to give statistically increase to
the Re-shear stress. This compensated the total Re-shear stress and thus a
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Fig. 14 Comparison of the production (red) and pressure-strain (blue) terms in the budget
of the resolved streamwise Re-normal stress (lines with symbols: the present simulation
results, color dashed lines: DNS data taken from Lee and Moser([34], gray dashed lines: the
present LES/RANS switching function).

considerable improvement in the mean-velocity prediction with no (or, at least,
very small) “double-buffer problem” was achieved.

Furthermore, if the “double-buffer problem” occures, we often see “super-
streak structures” in the interface region that look like low-speed streaks gen-
erated in the near-wall region. To investigate how the EAT affects turbulent
structures in the interface region, the results for instantaneous velocity fluctu-
ations obtained with and without the EAT were compared. The comparison
indicated that the vortex structures were found to be divided into smaller
sizes as an effect of the EAT and therefore “super-streak structures” tended
to become weaker. This is a notable feature of the present HLR model.
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Fig. 15 Comparison of the production (red) and pressure-strain (blue) terms in the budget
of the resolved Re-shear stress (lines with symbols: the present simulation results, color
dashed lines: DNS data taken from Lee and Moser[34], gray dashed lines: the present
LES/RANS switching function).

From this fact, introducing this type of EAT into the LES part of an HLR
model is considered to be a promising way to enhance vortex structures in the
LES-RANS interface region, thereby resulting in a successful improvement
of the “double-buffer problem.” The findings obtained here indicate from an

engineering viewpoint the basic potential of the present anisotropy-resolving
HLR model.
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Appendix
A.1 Detailed descriptions of turbulence models adopted in this study
In the following section, we briefly describe the one-equation NLEVM and the

LES/RANS switching function used in the HLR model of Abe[19].
The Reynolds stress w;u; in the RANS region is modeled as follows:

2
uiuj = gk‘é” — 2k’7'CB []. + {]- - fw (26)} fsl] Sij
+4kT?*CpCp {1 = fu (26)} {— (Sixj — i)

8
+ (1= fs2) (Sikskj — ;)JSQ)}
+2k by, (22)
where (2;; is the vorticity tensor written as
1 /oU; U,
i = = L1, 2
* 2 <8$J 8962 ) ( 3)

In Eq. (22), the model function f,, is defined by[35]

fur () = exp {— (”5)2} , (24)

where ¢ is a prescribed constant. In Eq. (24), n*(= (ve)'/*n/v) is the non-
dimensional wall distance with the Kolmogorov scale[36], where n is uniquely
determined as the shortest distance from all of the wall surfaces. In the model,
the characteristic time scale 7 and the model coefficients are given as[37]:

B T

1
1+ 2(Cpr)* 22+ 2(Cpr)* (922 - 82) fp
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Cp=08, C,=012, C,=100, Cs =0.15C,, Csx =0.07C,, (25)
where R;(= k?/ve) is the turbulent Reynolds number.
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In Eq. (22), “b;; is introduced to improve the predictive performance of
the near-wall stress anisotropy[37], that is

w 1 8ij
bij = fw (26) |:—Oéw2 <dzdj — 73] dkdk>
BuwCu
+ (1= fr? 2{— Sit 21 — 2irSk;
(= £y 1 g ravaeae et — D)

_ 2wl (g oo Vi
¥ Cyr2s? <S”“S’“’ 30 , (26)

N; 0 k
g — n=2, Td:{l—fwam}g+fw<15>6wﬁ. (27)

In this study, the following combined model is used to represent the near-wall
fragment[17]:

Wby = fr W+ (1— f2) by, f = exp | ~3{1— f, (26)) ’“ﬁ} ,

1
wlp,; = (aw =1, Bw= 7w = 1.5, 6, =10, C, = 0.5) ,
w2 13
bij=(w=0, Bu= 350 e = 0.6, 6, =30, C,=10]. (28)

Further detailed descriptions are given in Abe[17] and Abe et al.[37].
In the study, the turbulence energy is determined from the typical form of
the transport equation:

Dk 0 v\ Ok U,
maxj{(”ak)axj}“l“ﬂaxﬂ’ (29)

where o (= 1.2) is the model constant. The dissipation rate € in this one-
equation model is algebraically modeled as[19]

2
k3/2 2vk Vi y
= fegm—t o feg=1—exp{ - . (30
=ty e e P <5oy (30)

where Ceq(= 2.5) is the model constant and f., is a damping function intro-
duced to adjust the distribution of € in the near-wall region.

Abe[19] also proposed a new idea for connecting the LES and RANS regions
smoothly. In this model, the switching function fr;, in Eq. (5) adopted is

3
fhbleXP{<Chb ZKAL) }7 (31)
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where Cj,(= 30) is the model constant. In Eq. (31), a new length scale Ik, is
introduced instead of the simple wall distance y, that is given by

3/2
1 k‘3/2 \/E
Ik = —5—— —, [rkr=1—exp{ — ( Y ) ) (32)

CYL fxr ¢ Crer v

where Ck (= 15) is the model constant and fx, is the model function to rep-
resent the characteristics of the near-wall turbulence. This model is originally
based on the length scale of an energy-containing eddy with some modifi-
cations by introducing knowledge of the Kolmogorov microscale thought to
be reasonable for representing near-wall turbulence. A notable feature of the
present HLR model that distinguishes it from other previous models is in guar-
anteeing a full LES under a sufficiently fine grid-resolution condition. In fact,
as the grid resolution becomes finer, f, automatically approaches 1 for the
whole flow field. A further detailed description of the present HLR model is
given in Abe[19].

A .2 Further validation of the present simulation

As an HLR model generally uses grid-spacing details in its model expressions,
investigating the model performance under different grid-spacing conditions is
valuable. Therefore, for further validation of the present simulation, additional
computations were performed using another type of grid spacing, .i.e., Az =
Az, which is often adopted in this field of research. Furthermore, to check the
effect of the spanwise length of the computational domain on the prediction
accuracy, an additional calculation was performed with a wider domain in
the spanwise direction. The computational parameter settings are listed in
Table 3. The mean-velocity distributions obtained are compared in Fig. 16,
from which it is concluded that all the predictions correspond well to the
DNS data and the “double-buffer problem” is not seen. This confirms that the
present anisotropic HLR model works for other grid spacings. We also verify
that the computational domain used suffices to provide reasonable simulation
results.

Another concern is the effect of the convection term on the performance
of the HLR models. In this study, the 2nd-order central difference scheme was
adopted for the convection term in the momentum equation, and therefore no
numerical viscosity was explicitly involved. However, for more practical engi-
neering applications and/or very high-Re turbulent flows, we generally need
numerical viscosities to establish stable computations. Therefore, we inves-
tigated the influence of this issue on the convection scheme on the primary
aspect of this study. We applied two other types of convection schemes to
the coarse grid-resolution cases, i.e., C1IE3C and C1E3F. One was a com-
bination of the 2nd-order central (95%) and lst-order upwind (5%) differ-
ence schemes, whereas the other although similar has a blending factor of
90% (2nd) and 10% (1st). The main purpose of these calculations was to
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Table 3 Computational parameters for additional channel-flow cases.

Case Grid numbers  Domain(z-z) Az Ay Az
C1E3G 129x181x65 6.49 x 3.26 0.05 3x10-%-0.034 0.05
Cl1E3H 65x181x33 6.45 x 3.28 0.1 3 x 1074 -0.034 0.1
C1E3I 65x181x65 6.45 x 6.46 0.1 3 x 10~% -0.034 0.1

Case Model Re- Azt AyT Azt At

C1E3G  HLR-EAT 1000 50 0.3-34 50 5x 107
C1E3H HLR-EAT 1000 100 0.3-34 100 1x1073
C1E3I HLR-EAT 1000 100 0.3-34 100 1x10-3

30

«=—=C1E3G, dx+=dz+=50
= C1E3H, dx+=dz+=100 , ’
e C1E3I, dx+=dz+=100 (w) ,
= =DNS ’ f -=

25

10

1 10 y+ 100 1000

Fig. 16 Effect of another type of grid spacing, .i.e., Ax = Az on the mean-velocity predic-
tions.

reveal how the convection scheme (in other words, the numerical viscosity in-
volved) influences the essential features of the model performance in reducing
the “double-buffer problem.” The mean-velocity distributions obtained by the
HLR-EAT are compared with those by the HLR-NOEAT in Fig. 17. The HLR-
EAT provides in general reasonable predictions for all test cases. Although the
performance tends to decrease gradually as numerical viscosity increases, the
“double-buffer problem” is not seen in all test cases. In contrast, the HLR-
NOEAT clearly shows the “double-buffer problem” in its predictions. From
this fact, the present EAT is expected to have an essential influence on turbu-
lent vortex structures for reducing the “double-buffer problem,” regardless of
the convection scheme adopted in program.
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