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Abstract

In order to derive a possible path for developing a large eddy simulation (LES) applicable to

high Reynolds-number turbulent flows, a hybrid approach connecting LES with the Reynolds-

averaged Navier-Stokes (RANS) modeling in the near-wall region is studied. In contrast to

most of the previous studies that have employed linear eddy-viscosity models, in this study,

an advanced non-linear eddy-viscosity model is introduced to resolve the near-wall stress

anisotropy more correctly. To investigate the model performance in detail, the proposed

model is applied to fully-developed plane channel flows with various grid resolutions and

at various Reynolds numbers. The grid resolution in the streamwise (x) and spanwise (z)

directions ranges from 101 to 103 in wall unit (∆x+ or ∆z+), while y+
wall ∼ 1 in the wall-normal

(y) direction. The present model provides encouraging results for further development of this

kind of hybrid LES/RANS model.
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1 Introduction

Large eddy simulation (LES) is well known as a promising way to predict complex turbulent

flows. Although LES needs far fewer grid nodes compared to direct numerical simulation

(DNS), there still remains a serious difficulty in its application to very high Reynolds-number

(Re) flows. For instance, reasonable LES for a channel flow needs a grid resolution such as

∆x+ ∼ 100 (x: the streamwise direction) and ∆z+ ∼ 20 (z: the spanwise direction) in the

near-wall region, as well as ∆y+ ∼ 1 in the wall-normal direction, where the no-slip condition

is specified at the wall surface. Note that ( )+ denotes a value normalized by the friction

velocity uτ . When LES is applied to the channel flow at Reτ = 104, where Reτ (= uτH/ν)

is the Reynolds number based on the half channel height (H) and the friction velocity, the

aforementioned grid resolution ∆z+ = 20 means ∆z = 2×10−3H (i.e., 500 grid points per H

in z-direction), which is unrealistic for a practical LES. Such being the case, the requirement

of the grid resolution for high Re LES is significant, even if it is applied to attached wall-shear

flows.

To overcome this difficulty, a great deal of effort has gone into the development and

improvement of the LES model. The key factor is how we can reduce the computational cost

in the near-wall region for very high Re turbulent flows. One promising approach may be,

what is called, the “zonal approach.” The zonal approach is originally based on the concept of

a hybrid approach connecting LES with Reynolds-averaged Navier-Stokes (RANS) modeling

in the near-wall region. So far, two representative methods have been studied by a number

of research groups. One is known as the “two-layer model” (TLM) and the other is the

“detached eddy simulation” (DES). Among TLMs, a representative study was reported by

Balaras et al. (1996), where LES is applied in a core region, while another set of equations

is separately solved on a finer grid embedded between the edge of the core region and the

wall surface. In the DES procedure, on the other hand, a single grid system is adopted to

calculate the flow field, where the turbulence model changes from RANS in the near-wall

region to LES in the core region. Significant studies were made by Nikitin et al. (2000)

and Piomelli et al. (2003), where the fundamental features and problems to be resolved in

DES were discussed in detail. Another example was reported by Davidson and Peng (2003),

where a two equation turbulence model was adopted in the near-wall region. Temmerman

et al. (2003) and Hadziabdic et al. (2003) investigated several kinds of hybrid approach,
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where they discussed the dynamics in the switching region between LES and RANS. Every

approach has provided encouraging results and useful knowledge for the development of such

a hybrid approach.

On the other hand, very few studies have been reported regarding detailed discussion

on the near-wall anisotropy of turbulence when hybrid LES/RANS models are applied to

flow predictions. The main reason is that most of the previous LES/RANS approaches

have adopted linear eddy-viscosity models (LEVMs), which can never predict the near-wall

anisotropy correctly. However, this issue is becoming more important because the RANS

model always covers the near-wall region in a hybrid LES/RANS approach. This is, naturally,

of particular concern in relation to scalar (heat and mass) transfer at walls, in which the

turbulence property of the near-wall layer plays a critical role. When an LEVM is used in

the near-wall region, any advanced scalar-transfer model based on the generalized gradient-

diffusion hypothesis (Daly and Harlow, 1970) or its higher-order extension (Suga and Abe,

2000; Abe and Suga, 2001) can never be applied because it needs the correct near-wall limiting

behavior of the Reynolds-stress anisotropy, in particular the correct wall-normal turbulence.

Another important concern is the influence of the grid resolution on predictive perfor-

mance. This issue is crucial when the model is applied to the “danger zone” (Nikitin et al.,

2000), where the grid resolution is around 0.2H or coarser. It has been said that LES with a

coarse grid resolution tends to give very low mean friction coefficient and also to result in an

almost one-component turbulence. Recent studies (e.g., Nikitin et al., 2000; Piomelli et al.,

2003) have discussed model performance only with grid resolutions of ∆z ∼ 0.1H (or finer),

and few detailed investigations have been reported on model performance with much coarser

grid resolutions being used.

The present paper is a contribution to the ongoing search for a better hybrid LES/RANS

approach applicable to complex high Re flows. The emphasis of the contribution is on the

introduction of an advanced non-linear eddy-viscosity model (NLEVM) to resolve the near-

wall stress anisotropy more correctly. To discuss the aforementioned issues, a suitable test

case with a very simple geometry is needed because a case with complex geometry is likely to

hide the fundamental feature of the RANS model used in the near-wall region. Hence, in this

study, the proposed model is carefully applied to fully-developed plane channel flows with

various grid resolutions and at various Reynolds numbers. By processing the computational

results, the present study discusses the model performance in detail.
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2 Turbulence Models

2.1 Governing equations

The filtered (or Reynolds-averaged) governing equations for an incompressible turbulent flow

may be written as
∂U i

∂xi

= 0 (1)

DU i

Dt
= −1

ρ

∂P

∂xi
+

∂

∂xj

{
ν

(
∂U i

∂xj
+

∂U j

∂xi

)
− τij

}
(2)

where ( ) denotes a filtered value in the LES region or a Reynolds-averaged value in the

RANS region, respectively. In Eq. (2), ρ, P , U i and ν respectively denote density, filtered

static pressure, filtered velocity and kinematic viscosity. The sub-grid scale (SGS) stress τij

is originally expressed as

τij = UiUj − U iU j (3)

Note that τij coincides with the following general expression for the Reynolds-stress tensor

in the RANS region:

τij = uiuj (4)

where ui is defined as ui = Ui − U i.

2.2 NLEVM in the RANS region

In order to improve the prediction accuracy in the near-wall region, an anisotropy-resolving

algebraic turbulence model is introduced. The following is the summary of the model (Abe

et al., 2003) used in the present study, which is categorized in the two-equation NLEVM.

The Reynolds stress uiuj in the RANS region may be evaluated as follows:

uiuj =
2

3
kδij − 2kτCB [1 + {1 − fw (26)} fs1] Sij

+4kτ 2CDCB {1 − fw (26)}
{
− (SikΩkj − ΩikSkj) + (1 − fs2)

(
SikSkj − δij

3
S2

)}
+2k wbij (5)

where k(= uiui/2) is the turbulence energy. In Eq. (5), Sij and Ωij respectively denote the

strain-rate tensor and the vorticity tensor as

Sij =
1

2

(
∂U i

∂xj

+
∂U j

∂xi

)
, Ωij =

1

2

(
∂U i

∂xj

− ∂U j

∂xi

)
(6)
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The model function fw is modeled as follows (Abe et al., 1997):

fw (ξ) = exp

⎧⎨⎩−
(

n∗

ξ

)2
⎫⎬⎭ (7)

where ξ is a prescribed constant. In Eq. (7), n∗(= (νε)1/4n/ν) is the non-dimensional wall

distance with Kolmogorov scale (Abe et al., 1994), where ε is the dissipation rate of k and n

is uniquely determined as the shortest distance from all the wall surfaces. In the model, the

characteristic time scale τ and the model coefficients are as follows (Abe et al., 2003):

τ =
νt

k
, νt = Cµfµ

k2

ε
, CB =

1

1 + 22
3

(CDτ)2 Ω2 + 2
3
(CDτ)2 (Ω2 − S2) fB

fs1 = fr1fr2Cs1 (CDτ)2
(
Ω2 − S2

)
, fs2 = fr1fr2 {1 + Cs2CDτ (Ω − S)}

fB = 1 + CηCDτ (Ω − S) , fr1 =
Ω2 − S2

Ω2 + S2
, fr2 =

S2

Ω2 + S2

S2 = SmnSmn, Ω2 = ΩmnΩmn, S =
√

S2, Ω =
√

Ω2

CD = 0.8, Cµ = 0.12, Cη = 100, Cs1 = 0.15Cη, Cs2 = 0.07Cη (8)

To represent the damping effects of viscosity, use is made of Abe et al.’s (1997) damping

function:

fµ =

⎡⎣1 +
35

R
3
4
t

exp

⎧⎨⎩−
(

Rt

30

) 3
4

⎫⎬⎭
⎤⎦ {1 − fw (26)} (9)

where Rt(= k2/νε) is the turbulent Reynolds number.

In Eq. (5), wbij is introduced to improve the predictive performance of the near-wall stress

anisotropy as follows (Abe et al., 2003):

wbij = fw (26)

[
−αw

1

2

(
didj − δij

3
dkdk

)

+
(
1 − fr1

2
)
τd

2

{
− βwCw

1 + Cwτd
2
√

S2Ω2
(SikΩkj − ΩikSkj)

+
γwCw

1 + Cwτd
2S2

(
SikSkj − δij

3
S2

)}]
(10)

where

di =
Ni√
NkNk

, Ni =
∂n

∂xi

, τd = {1 − fw (15)} k

ε
+ fw (15) δw

√
ν

ε
(11)
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In this study, the following combined model is used to represent the near-wall fragment:

wbij = fτ
w1bij + (1 − fτ )

w2bij , fτ = exp

[
−3 {1 − fw (26)} k

ε

√
S2

]

w1bij = Eq. (10) with
(
αw = 1, βw =

1

4
, γw = 1.5, δw = 1.0, Cw = 0.5

)
w2bij = Eq. (10) with

(
αw = 0, βw =

13

30
, γw = 0.6, δw = 3.0, Cw = 1.0

)
(12)

Turbulence energy and its dissipation rate are determined from the usual form of the

transport equations:

Dk

Dt
=

∂

∂xj

{(
ν +

νt

σk

)
∂k

∂xj

}
− uiuj

∂U i

∂xj

− ε (13)

Dε

Dt
=

∂

∂xj

{(
ν +

νt

σε

)
∂ε

∂xj

}
− Cε1

ε

k
uiuj

∂U i

∂xj
− Cε2fε

ε2

k
(14)

where

Cε1 = 1.45, Cε2 = 1.83, σk =
1.2

ft
, σε =

1.5

ft

ft = 1 + 5.0fw (5) , fε =

[
1 − 0.3 exp

{
−
(

Rt

6.5

)2
}]

{1 − fw (3.3)} (15)

Further detailed description of the model is given in Abe et al. (2003). It is noted that this

RANS model provides good predictions for flow fields with massive separations as well as for

attached wall-shear flows (Jang et al., 2002; Abe et al., 2003).

2.3 SGS model in the LES region

To connect the LES and RANS regions smoothly, it may be desirable to adopt the same

fundamental model expressions in both two regions. Thus, as the first attempt, the model

expressions in Eqs. (5) – (11) are also adopted for modeling τij in the LES region with some

modifications, though the turbulence energy and the dissipation rate are replaced for the

following SGS values:

k → kS, ε → εS (16)

where kS and εS are originally defined as

kS =
1

2

(
UiUi − U iU i

)
, εS = ν

(
∂Ui

∂xj

∂Ui

∂xj
− ∂U i

∂xj

∂U i

∂xj

)
(17)
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In this study, following Inagaki et al. (2002), kS is modeled based on scale-similarity modeling

(Bardina et al., 1980) as follows:

kS = Ck
1

2

(
U i − Û i

)2

(18)

where Ck is the model constant and Ck = 4.5 is adopted in this study (Horiuti, 1993). In

Eq. (18), (̂ ) denotes the filtering operator, for which the Simpson rule is adopted (Inagaki

et al., 2002). In modeling εS, the following model is adopted:

εS =
kS

3/2

∆
+

2νkS

n2
(19)

where ∆ is the representative SGS width defined as (∆x∆y∆z)
1/3. Note that the second term

in Eq. (19) is introduced to improve the near-wall limiting behavior on the wall surface.

Concerning the time scale τ in Eq. (8), the following form proposed by Abe and Suga

(2001) is adopted:

τ = CSfS
∆√
kS

, CS = 0.12, fS = 1 − fw (26) (20)

where fS is the model function introduced to ensure the near-wall limiting behavior (Abe and

Suga, 2001). Note that the near-wall limiting behavior of τ in Eq. (20) coincides with that

in Eq. (8), i.e. τ ∝ y1. As for wbij in Eq. (10), the following model constants are adopted:

wbij = Eq. (10) with
(
αw = 0, βw =

13

30
, γw = 0.6, δw = 6.0, Cw = 1.0

)
(21)

In calculating τd in Eq. (11), k and ε are simply replaced by kS and εS, respectively.

2.4 The present hybrid approach

To determine the switching location between the LES and RANS regions, the present ap-

proach introduces the DES concept by Nikitin et al. (2000), though the form used is consid-

erably different. First, τij in Eq. (2) is modeled as follows:

τij = (1 − fhb) uiuj(RANS) + fhb τij (LES) (22)

where fhb is the model function to connect the LES and RANS regions smoothly (see for

example, Hamba, 2001; Temmerman et al., 2003; Hadziabdic et al., 2003). In Eq. (22), fhb

is close to 1 in the region away from the wall, where full LES is adopted. On the other hand,
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the RANS calculation is performed in the near-wall region, where fhb must become close to

0. In this study, the following expression is adopted for fhb:

fhb = 1 − exp

⎧⎨⎩−
(

n

Chb ∆||

)6
⎫⎬⎭ (23)

where ∆|| is the length scale representing the region where RANS is applied. Following the

previous DES concept by Nikitin et al. (2000), the present ∆|| is determined based on grid

resolution. In a sense, ∆|| provides the scale of grid-resolved turbulent structures. Although

some options have been proposed to determine ∆|| as

∆||1 = (∆x∆y∆z)
1/3

∆||2 = max (∆x, ∆y, ∆z)

∆||3 =
√

∆x
2 + ∆y

2 + ∆z
2 (24)

(Nikitin et al., 2000; Piomelli et al., 2003), an alternative definition was adopted in this study

as

∆|| =

√
∆x∆y∆z

min (∆x, ∆y, ∆z)
(25)

Equation (25) can be rewritten as

∆|| =
√

max (∆x∆y, ∆y∆z, ∆z∆x) (26)

Note that in case of ∆x = ∆z � ∆y as seen in Nikitin et al. (2000), Eq. (26) gives the same

value as ∆||2 does. Equation (26) is also recognized as

∆|| =
√

the maximum area among the cell faces (27)

By using Eq. (27), one can reasonably determine ∆|| even in the non-orthogonal or the

unstructured grid system, though some ambiguity may be inevitable due to the grid topology.

As for the constant in Eq. (23), the present study adopts Chb = 4.0. Note that the influence

of Chb on the predictive performance will be discussed later.

To connect the LES and RANS regions in calculating the turbulence energy and the

dissipation rate, the following procedure was used. In solving Eqs. (13) and (14) numerically,

they need to be discretized. A resulting matrix form to be solved in the RANS region may

be generally expressed as

ARANS Q = BRANS (28)
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where Q denotes k or ε. On the other hand, a similar form in the LES region may be obtained

as

ALES Q = BLES (29)

In this study, k and ε in the LES region are algebraically calculated and thus Eq. (29) may

be rewritten as

I Q = QLES (30)

where I is the unit matrix and QLES is kS or εS calculated by Eq. (18) or (19), respectively.

In this study, the two forms in the LES and RANS regions are combined with the model

function fhb in Eq. (23) as

{(1 − fhb) ARANS + fhb I} Q = (1 − fhb) BRANS + fhb QLES (31)

3 Test Cases and Computational Conditions

To investigate the characteristics of the present hybrid approach, the present model is applied

to fully-developed plane channel flows with various grid resolutions and at various Reynolds

numbers. The computational parameters are summarized in Table 1. The Reynolds number

(Reτ = uτH/ν) ranges from 180 to 10000. The lower Re cases (Reτ = 180, 395) are selected

for detailed discussion on basic model performance. On the other hand, the higher Re cases

(Reτ = 1000, 3000, 10000) provide useful knowledge of the model performance when the

model is applied to very high Re flows.

Another important concern is the effect of grid resolution on model performance. To

study this issue, four grid resolutions are selected as shown in Table 1. Note that ∆|| in the

table denotes the value in the near-wall region, where ∆y is much smaller than both ∆x

and ∆z. The last letter of the codes in the table (i.e., “A”, “B”, “C” or “D”) identifies the

grid resolution in x-z plane. For instance, “C1E3A” means the calculation at Reτ = 1000

with grid resolution of ∆|| = 0.1 in the x-z plane. The grid resolution in cases with the last

letter “A” (∆|| = 0.1) is usually recognized as relatively coarse for LES, although it may

still be applicable to very low Re cases. On the other hand, the grid resolution in the cases

with “B” (∆|| = 0.2) is thought to be about the start of the “danger zone.” The cases with

“C” (∆|| = 0.4) have a much coarser grid resolution which is no longer applicable to LES. As

mentioned before, LES with such a coarse grid resolution tends to give very low mean friction
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coefficient and result in almost one-component turbulence. To avoid this crucial problem,

one option may be such that the RANS model fully covers the whole boundary layer when

the grid resolution becomes “dangerous.” In this study, this important issue will be discussed

with the computational results. Finally, the cases with “D” (∆|| = 0.05) have been computed

with yet finer grids over the same domain size as the cases with “A.” These are introduced

to investigate the trend of the model performance as the grid resolution becomes finer.

Calculations were performed with the finite-volume procedure STREAM of Lien and

Leschziner (1994a), followed by several improvements and substantially upgraded by Apsley

and Leschziner (1999). This method uses collocated storage on a grid. The second-order

central difference scheme was used for the discretization of each term, except for the convec-

tion terms of k (Eq. (13)) and ε (Eq. (14)) which were discretized by the UMIST scheme

(Lien and Leschziner, 1994b), a TVD implementation of the QUICK scheme. The solution

algorithm is based on the SIMPLE scheme. As for the time integration, the second-order

Crank-Nicolson scheme was employed. It is noted that stable computations were possible for

all the present test cases.

4 Results and Discussion

4.1 Basic performance with no hybrid approach

First, to investigate the basic performance of the present model, the flow calculations were

performed with only the RANS or the SGS model used for the whole computational domain.

Figure 1 gives the full RANS results for the mean velocity, turbulence energy, Reynolds shear

stress and Reynolds normal stresses at Reτ = 395, by comparison to the DNS data (Moser

et al., 1999). As seen in the figure, fairly good agreement is achieved, including the correct

behavior of the near-wall anisotropy. In particular, the model returns the correct near-wall

limiting behavior of the wall-normal turbulence.

Figure 2 compares the full LES results at Reτ = 180. In this calculation, the grid

resolution is the same as that in case C180D (∆|| = 0.05). The present results show good

agreement with the DNS data (Moser et al., 1999). This grid resolution is well known to be

enough for LES at such a low Reynolds number (Abe and Suga, 2001). As seen in the figure,

the modeled stresses are very small in this case and most of the stresses are successfully

resolved. From the results, it is understood that the present program code has the capability
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of providing reasonable results when it is applied to LES with a suitable grid resolution.

On the other hand, Fig. 3 shows the results of the full LES at Reτ = 395 with the

grid resolution of ∆|| = 0.1. In contrast to the last case in Fig. 2, the predictions give

considerable errors. Typical features of LES with a coarse grid resolution are seen in Fig. 3.

First, the mean-velocity profile shows a considerable shift up from the DNS data. This

also means serious underestimation in values of the skin friction coefficient. As seen in

Fig. 3 (b), the Reynolds shear stress is underestimated, which corresponds to the shift up

in the mean-velocity profile. It is also found that the turbulence energy is overestimated in

the near-wall region. As seen in Fig. 3 (d), the overestimation in the turbulence energy is

caused by an overestimation in the streamwise turbulence, while the other two components

(i.e. the wall-normal and the spanwise) are considerably underestimated. An insufficient

grid resolution tends to suppress the energy redistribution from the streamwise to the other

two components, and then the streamwise turbulence is overpredicted and the flow tends

to be of one-component turbulence. This suppression of the energy redistribution causes a

serious decrease in the production of the resolved shear stress, leading to the aforementioned

underprediction in Fig. 3 (b).

From Fig. 3, it may be concluded that there is some further room for improving the

calibration in the SGS-model expressions used here. However, it should be noted that (full)

LES also depends strongly on the computational scheme, i.e. the order of discretization

(second-order, fourth-order or higher) and the discretization method (regular, collocation or

staggered), as well as the grid resolution. On the contrary, as seen in Fig. 1, the performance

of the RANS model in the near-wall region usually depends only on the resolution in the

wall-normal direction. In this sense, it is expected that the hybrid LES/RANS model may

reduce problems of this kind.

4.2 Performance of the present hybrid approach

Figure 4 shows the distribution of the present switching function fhb with Chb = 4.0. As

described before, one important issue in the hybrid LES/RANS model is how we can minimize

the decrease in accuracy when it is applied to the “danger zone.” Therefore in this study,

as a first attempt, fhb is modeled so that the present hybrid model can return to an almost

wholly RANS calculation when it is applied to such a coarse grid as seems insufficient for

LES.
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Figure 5 compares instantaneous velocity-vector plots in y-z plane at Reτ = 395 for three

grid resolutions, i.e. ∆|| = 0.05, 0.1 and 0.2. In the figure, the region between the two

lines, i.e. fhb = 0.1 and 0.9, represents the switching region. Near-wall vortex structures are

clearly identified in Fig. 5 (a), though the vortex structures become larger and weaker as the

grid resolution becomes coarser (Figs. 5 (b) and (c)). As will be shown below, turbulence

properties evaluated by the RANS model become larger and more dominant in such coarser

grid cases.

Figures 6 – 9 give the results at Reτ = 395 with four grid resolutions, i.e. ∆|| = 0.05,

0.1, 0.2 and 0.4, respectively. As seen in Figs. 6 and 7, the predicted profiles of the mean

velocity, turbulence energy and Reynolds-shear stress are smooth and acceptable for finer

grid resolutions (i.e. C395D and C395A), though the total (resolved+modeled) predicted

turbulence energy is slightly overpredicted in the near-wall region. Reasonable prediction of

the mean velocity also provides a good prediction of the skin friction coefficient. Concerning

the Reynolds normal stresses, all the components are generally predicted well, though some

overestimations are seen for streamwise turbulence. It is noted that in contrast to the results

in Fig. 3, the resolved streamwise turbulence is reduced and the total (resolved+modeled)

level is reasonable. Although good performance is obtained in the near-wall (RANS) region,

some suppression of the energy redistribution from the streamwise to the wall-normal and

spanwise components is seen in the switching region, resulting in a little stronger stress-

anisotropy prediction. From the figures, it is found that such a suppression of the energy

redistribution occurs at around the location of the maximum resolved Reynolds-shear stress.

Figure 8 provides the results when the model is applied to the “danger zone” (C395B).

Although the results are still encouraging, some up-shift is seen in the mean-velocity profile.

It is thought that the decrease in accuracy is caused by the inaccurate anisotropy prediction

of turbulence in the LES region, as seen in Fig. 8 (d). Due to the coarse grid resolution,

the lower energy redistribution is clearer than that in Fig. 7, resulting in a stronger stress

anisotropy, not only in the switching region at around y/H ∼ 0.6, but also in the whole LES

region. It is of interest that the location of y/H ∼ 0.6 is also where the maximum resolved

Reynolds-shear stress occurs (see Fig. 8 (b)). As is mentioned before, the suppression of the

energy redistribution causes a decrease in the resolved shear stress. To correct this defect,

the mean velocity provides a larger gradient, leading to an up-shift in the mean velocity, as

seen in Fig. 8 (a). This defect is thought to be similar to what was seen in previous studies
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(Nikitin et al., 2000; Piomelli et al., 2003). In this respect, there still remains some margin

for improvement. Fortunately, however, the up-shift in the mean velocity is limited to within

10%, therefore the predictions are still practically useful.

On the other hand, Fig. 9 shows the results when the model is applied to a much coarser

grid resolution which is usually inapplicable to LES (C395C). As described above, the present

switching function fhb is modeled so that the present hybrid model can return to almost full

RANS calculation in the case of such a coarse grid resolution (see Fig. 4). As is expected, the

present model provides almost full RANS results similar to those in Fig. 1. Even if a much

coarser grid resolution is employed, the present model always gives the full RANS results. It

means that the present model can cover every grid resolution to within an error of 10%, at

least at this Reynolds number.

From the present results, it is understood that the present hybrid LES/RANS model

generally provides reasonable predictions for both the mean velocity and the total (re-

solved+modeled) turbulent properties in a wide range of grid resolutions. It is also notable

that for all the test cases, the total wall-normal turbulence vv is reasonably well predicted

with the correct near-wall limiting behavior, owing to the introduction of a wall-anisotropy

resolving NLEVM such as the present model (Abe et al., 2003). It is also shown that the

present switching function fhb in Eq. (23) generally connects the LES and RANS regions

smoothly, though a stronger stress anisotropy is seen in the switching region even with finer

grid resolutions (cases C395D and C395A). It is also noted that LES tends to have a consid-

erable effect on the computation even in the region where fhb has just a small non-zero value

(fhb ∼ 0.1 or less), e.g. the location y/H ∼ 0.5 in case C395B.

To compare the performance between LEVM and NLEVM, Fig. 10 shows the results with

an LEVM adopted. In this calculation, only the linear term (the first line) in Eq. (5) was

used for modeling τij in both the LES and RANS regions. It is found from the figure that

the predictive performance is generally acceptable for the mean velocity, turbulence energy

and Reynolds shear stress, though some overpredictions are seen in the mean-velocity and

turbulence-energy profiles. As for the Reynolds normal stresses, however, it is clearly seen

that inaccurate predictions are obtained. This is the natural consequence of the introduction

of an LEVM which can never reproduce the stress anisotropy correctly.
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4.3 Effect of the switching location

To investigate the effect of the switching location on the predictive performance, a calculation

was performed with a different constant selected for Chb in Eq. (23). Figure 11 shows the

distribution of fhb with Chb = 1.0.

Figure 12 shows the results for Chb = 1.0 at Reτ = 395 with the same grid as in case

C395C (∆|| = 0.4). As found from the comparison between Figs. 11 and 4, the fhb profile

with Chb = 1.0 and ∆|| = 0.4 is similar to that with Chb = 4.0 and ∆|| = 0.1. In this sense,

the comparison between Figs. 12 and 7 gives us a very important insight. It is clearly seen

that the velocity profile in Fig. 12 has a considerable increase from the DNS data in the LES

region. In the near-wall region, however, the prediction is generally reasonable not only for

the mean velocity but also for turbulent properties, including stress anisotropy, though some

overestimation is seen for the turbulence energy and the streamwise turbulence.

As seen in Fig. 12, it is thought that the decrease in accuracy is due to the inaccurate

prediction of turbulence in the LES region, which is similar to that shown in Fig. 8. An

important feature is more clearly seen from a comparison between the stress distributions in

Figs. 12 and 7. The coarser grid resolution provides a much stronger stress anisotropy in the

switching region at around y/H ∼ 0.4, which indicates an insufficient energy redistribution.

This causes a serious decrease in the production of the resolved shear stress, and the mean

velocity tends to give a larger gradient as a result, leading to a considerable up-shift in the

mean velocity. As seen in Fig. 12 (b), the resolved shear stress in the switching region is

much lower than that in Fig. 7 (b).

To remedy this problem, various strategies have been proposed. Piomelli et al. (2003) have

suggested an artificial backscatter model. The backscatter model enhances the redistribution

of turbulence and thus it may have the potential to improve the prediction accuracy in

Fig. 12. However, considering the acceptable results shown in Figs. 6 – 9, the present study

has concluded that the use of fhb with Chb = 4.0 is more preferable in covering all the flow

conditions. Although the present model provides reasonable results for higher Re cases as

shown below, this issue needs further discussion in the future.
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4.4 Higher Reynolds-number cases

Figures 13 – 15 give the calculated results for higher Re cases (Reτ = 1000, 3000, 10000)

with the present hybrid model (Chb = 4.0). As is seen from the figures, the present model

provides encouraging results for both the mean velocity and the Reynolds shear stress, though

slight differences are still seen among the velocity profiles with different grid resolutions at

the same Reynolds number. In all cases, the mean-velocity profiles are connected smoothly

between the LES and RANS regions. It is also understood that the profiles of the total

(resolved+modeled) Reynolds shear stress are reasonable and show no conflict with known

results. As for the turbulence energy, some differences are still seen among profiles with

different grid resolutions. However, the maximum value in each total (resolved+modeled)

k+ shows a reasonable level even for cases at Reτ = 10000. Since several research groups

have obtained results for the total turbulence energy that are excessively overestimated in

the near-wall region, the present results are thought to be promising.

The error in the prediction of the skin friction coefficient is now investigated. Following

Piomelli et al. (2003), the error is defined as

Error =
Cf − Cf,Dean

Cf,Dean

× 100 (32)

where Cf is

Cf =
τw

ρUb
2/2

(33)

In Eq. (33), τw (= ρν∂U/∂y|w) and Ub denote the mean wall stress and the bulk mean

velocity, respectively. The reference wall stress Cf,Dean is evaluated by

Cf,Dean = 0.073Reb
−1/4 (34)

(Dean, 1978), with Reb = 2UbH/ν. Note that in the cases of Reτ = 180 and 395, Cf,Dean is

replaced with Cf,DNS as evaluated from the DNS data by Moser et al. (1999). The present

error for all the test cases is summarized in Table 2 and Fig. 16. As found from both the

table and the figure, the present model provides reasonable predictions of Cf to within an

error of 12%.

As seen in Fig. 16, the present model tends to give too high values for Cf in high Re

cases. However, it should be noted that the error for high Re cases is on the positive side,

in contrast to the fact that most of the previous studies (Nikitin et al., 2000; Piomelli et al.,

2003) have obtained low predictions for Cf . The present results are completely different from
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what is seen in the previous studies and also seen in Fig. 12. In fact, this high prediction is

mainly caused by the properties of the RANS model used in this study. It should be noted

again that similar predictions of mean velocity can be obtained at high Reynolds numbers

up to Reτ = 104 (Reb ∼ 5 × 105) in a wide range of grid resolutions (see Figs. 13 – 15).

Therefore, the present results are very encouraging for further development of LES/RANS

modeling of this kind.

5 Concluding Remarks

A hybrid approach connecting LES with the RANS modeling in the near-wall region was

studied. In contrast to most of the previous studies that employed linear eddy-viscosity

models, in this study an advanced non-linear eddy-viscosity model was introduced to resolve

the near-wall stress anisotropy more correctly. The present model was applied to fully-

developed plane channel flows with various grid resolutions and at various Reynolds numbers.

The main conclusions derived from this study are as follows:

• The introduction of an anisotropy-resolving NLEVM is very effective in improving

the accuracy of the total (resolved+modeled) Reynolds stresses predicted in the near-

wall region. In particular, the total wall-normal turbulence vv is reasonably predicted

with the correct near-wall limiting behavior regardless of the grid resolution. Stable

computations for all the test cases may indicate the suitability of the present model to

more complex turbulent flows.

• The present switching function (Eq. (23)) connects the LES and RANS regions smoothly.

Comparison with the DNS data shows that the predicted profiles of the mean velocity,

turbulence energy and Reynolds-shear stress are smooth and acceptable. Regarding the

Reynolds normal stresses, all components are generally predicted well. However, some

suppression of the energy redistribution from the streamwise to the wall-normal and

the spanwise components is seen in the switching region, resulting in a stronger stress-

anisotropy prediction. In this study, such a suppression of the energy redistribution

occurs at around the location of the maximum resolved Reynolds-shear stress.

• The predicted mean-velocity profiles give reasonable predictions of the skin friction

coefficient within an error of 12% for the present test cases at Reynolds numbers up to

Reτ = 104 (Reb ∼ 5× 105). Even if the present model is applied to the “danger zone,”
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where the grid resolution is around 0.2H or coarser, it still gives reasonable predictions

because it returns to an almost wholly RANS calculation.

Finally, some future areas of study are discussed below. Although the present results

are encouraging for further development of this kind of hybrid LES/RANS model, there

remain several areas to be improved. The switching location from RANS to LES in this

study may be a little too far from the wall surface compared to previous DESs (Nikitin et

al., 2000; Piomelli et al., 2003). As found from the present results, however, this choice is

necessary at this stage to cover every grid resolution from an engineering point of view (see

for example, Hadziabdic et al., 2003). In this sense, the performance of the SGS model used

in the LES region is very important because it has a crucial impact on the determination

of the switching location. It is expected that improvement of the “LES” performance with

coarse grid resolutions, especially in the switching region, will result in a switching location

closer to the wall surface.

On the other hand, the present definition for ∆|| in the switching function (Eq. (23))

is based on the grid resolution mainly in the streamwise and spanwise directions. In this

respect, further investigations may be needed to introduce some physics-oriented factors into

the switching algorithm (see for example, Batten et al., 2004), which would lead to the

improvement of the total predictive performance for complex high Re turbulent flows with

impingement and separation.
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Table 1: Computational parameters.

Case Reτ Grid numbers Domain (x-z) ∆x ∆z ∆|| ∆yc ∆||+ yw
+ ∆t

C180A 180 31 × 61 × 31 6H × 1.5H 0.2 0.05 0.1 0.09 18 0.18 5 × 10−3

C395A 395 31 × 61 × 31 6H × 1.5H 0.2 0.05 0.1 0.09 40 0.4 5 × 10−3

C1E3A 1000 31 × 61 × 31 6H × 1.5H 0.2 0.05 0.1 0.11 100 0.3 4 × 10−3

C3E3A 3000 31 × 61 × 31 6H × 1.5H 0.2 0.05 0.1 0.11 300 0.9 4 × 10−3

C1E4A 10000 31 × 61 × 31 6H × 1.5H 0.2 0.05 0.1 0.14 1000 1.0 3 × 10−3

C180B 180 31 × 61 × 31 12H × 3H 0.4 0.1 0.2 0.09 36 0.18 5 × 10−3

C395B 395 31 × 61 × 31 12H × 3H 0.4 0.1 0.2 0.09 79 0.4 5 × 10−3

C1E3B 1000 31 × 61 × 31 12H × 3H 0.4 0.1 0.2 0.11 200 0.3 4 × 10−3

C3E3B 3000 31 × 61 × 31 12H × 3H 0.4 0.1 0.2 0.11 600 0.9 4 × 10−3

C1E4B 10000 31 × 61 × 31 12H × 3H 0.4 0.1 0.2 0.14 2000 1.0 3 × 10−3

C180C 180 31 × 61 × 31 24H × 6H 0.8 0.2 0.4 0.09 72 0.18 5 × 10−3

C395C 395 31 × 61 × 31 24H × 6H 0.8 0.2 0.4 0.09 158 0.4 5 × 10−3

C1E3C 1000 31 × 61 × 31 24H × 6H 0.8 0.2 0.4 0.11 400 0.3 4 × 10−3

C3E3C 3000 31 × 61 × 31 24H × 6H 0.8 0.2 0.4 0.11 1200 0.9 4 × 10−3

C1E4C 10000 31 × 61 × 31 24H × 6H 0.8 0.2 0.4 0.14 4000 1.0 3 × 10−3

C180D 180 61 × 61 × 61 6H × 1.5H 0.1 0.025 0.05 0.09 9 0.18 5 × 10−3

C395D 395 61 × 61 × 61 6H × 1.5H 0.1 0.025 0.05 0.09 20 0.4 5 × 10−3

C1E3D 1000 61 × 61 × 61 6H × 1.5H 0.1 0.025 0.05 0.11 50 0.3 4 × 10−3

C3E3D 3000 61 × 61 × 61 6H × 1.5H 0.1 0.025 0.05 0.11 150 0.9 4 × 10−3

C1E4D 10000 61 × 61 × 61 6H × 1.5H 0.1 0.025 0.05 0.14 500 1.0 3 × 10−3
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Table 2: Percent error in the predictions of the skin friction coefficient Cf .

Case C180A C395A C1E3A C3E3A C1E4A

% Error -0.4 -0.9 -4.1 2.0 8.9

Case C180B C395B C1E3B C3E3B C1E4B

% Error -1.3 -7.6 -7.8 -1.1 4.5

Case C180C C395C C1E3C C3E3C C1E4C

% Error -0.5 -2.0 -3.6 -0.8 5.8

Case C180D C395D C1E3D C3E3D C1E4D

% Error -3.8 0.2 -6.1 1.5 11.8
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Figure captions

1 Predictions of full RANS (Reτ = 395): (a) Mean velocity; (b) Reynolds shear

stress; (c) Turbulence energy; (d) Reynolds normal stresses.

2 Predictions of full LES (Reτ = 180, the same grid as C180D): (a) Mean velocity;

(b) Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

3 Predictions of full LES (Reτ = 395, the same grid as C395A): (a) Mean velocity;

(b) Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

4 Distributions of switching function fhb (Chb = 4.0).

5 Instantaneous velocity-vector plots in y-z plane (Reτ = 395): (a) ∆|| = 0.05; (b)

∆|| = 0.1; (c) ∆|| = 0.2.

6 Comparison with DNS data (Reτ = 395, ∆|| = 0.05): (a) Mean velocity; (b)

Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

7 Comparison with DNS data (Reτ = 395, ∆|| = 0.1): (a) Mean velocity; (b)

Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

8 Comparison with DNS data (Reτ = 395, ∆|| = 0.2): (a) Mean velocity; (b)

Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

9 Comparison with DNS data (Reτ = 395, ∆|| = 0.4): (a) Mean velocity; (b)

Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

10 Computational results for LEVM (Reτ = 395, ∆|| = 0.1): (a) Mean velocity; (b)

Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

11 Distributions of switching function fhb (Chb = 1.0).

12 Computational results for Chb = 1.0 (Reτ = 395, ∆|| = 0.4): (a) Mean velocity;

(b) Reynolds shear stress; (c) Turbulence energy; (d) Reynolds normal stresses.

13 Comparison of predictions at Reτ = 1000: (a) Mean velocity; (b) Reynolds shear

stress; (c) Turbulence energy.

14 Comparison of predictions at Reτ = 3000: (a) Mean velocity; (b) Reynolds shear

stress; (c) Turbulence energy.

15 Comparison of predictions at Reτ = 10000: (a) Mean velocity; (b) Reynolds shear

stress; (c) Turbulence energy.

16 Percent error in the predictions of the skin friction coefficient Cf .
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