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ABSTRACT

In this paper, we present a novel dynamic forcing
scheme incorporating backscatter in order to remove the
artificial buffer layer in the hybrid RANS/LES approach.
In contrast to previous forcing techniques, the proposed
forcing scheme is determined dynamically from the flow
field itself, and does not require any extraction of turbu-
lent fields from reference databases obtained using direct
numerical simulation (DNS) or wall-resolved LES. Trans-
port equations for the resolved stresses and turbulent ki-
netic energy are introduced to investigate the effects of dy-
namic forcing on reduction of the thickness of the artificial
buffer layer. The proposed forcing model has been tested
in the context of turbulent channel flows with Reynolds
numbers Re; = 650 and 1020. In order to validate the hy-
brid RANS/LES approach, the first- and second-order flow
statistics obtained are thoroughly compared with the avail-
able DNS data.

INTRODUCTION

In large-eddy simulation (LES), a flow field is typically
decomposed into resolved large scale components and un-
resolved subgrid-scale (SGS) components through a filter-
ing process. Application of LES to wall-bounded flows at
high Reynolds numbers represents a challenge in the area
of the computational fluid dynamics. The presence of a
solid boundary creates significant difficulty for LES to re-
solve the wall shear layer and capture the important energy-
producing events in the near-wall region. This is because
as the wall is approached, viscous forces become dominant,
and the computational resources needed for resolving the
viscous scales increases exponentially. Chapman (1979)
estimated that the number of grid points is proportional to
Re}'8 (based on an integral length scale ¢) for LES to resolve
the wall shear layer.

In order to alleviate the very fine resolution required
for the wall shear layer, hybrid RANS/LES approach was
introduced by Spalart et al. (1997). In hybrid RANS/LES,
the Reynolds-averaged Navier-Stokes (RANS) method is
used to treat the near-wall region and LES is applied to the
core turbulent region. Owing to the incompatibility of these
two numerical modelling approaches, an artificial (i.e., non-
physical) buffer layer forms along the interface where the
closure model switches from RANS to LES. The effect of
the artificial buffer layer (Nikitin ez al., 2000) can be iden-
tified in the simulation of a plane channel flow, where the

mean streamwise velocity profile shifts apparently from the
log-law. Baggett (1998) performed their hybrid simulations
using v2-f RANS model (where v and f denote the ve-
locity scalar associated with velocity fluctuations and the
elliptic relaxation factor, respectively) of Durbin (1995) in
the near-wall region. He observed non-physical streak-like
structures in the RANS zone. These ‘super-streaks’ have
spanwise lengths over approximately of two grid points, and
overly large streamwise lengths. He further indicated that
these ‘super-streaks’ cause a de-correlation of the stream-
wise and wall-normal velocity components.

The artificial buffer layer is a rather robust feature of
hybrid RANS/LES, with little dependence upon the details
of the specific closure models, interface locations, match-
ing conditions, and grid resolutions. Many studies (Nikitin
et al., 2000; Temmerman et al., 2005; Piomelli et al., 2003;
Davidson & Dahlstrom, 2005) have been conducted to test
the locations of the modelling interface, all resulting in sim-
ilar velocity shift. It has been solidly proven that the ve-
locity shift is an intrinsic character to hybrid RANS/LES,
which cannot be removed by simply using different match-
ing conditions (Tucker & Davidson, 2004) and different
turbulence closure models (Nikitin et al., 2000; Tucker &
Davidson, 2004; Temmerman et al., 2005). Furthermore,
tests on grid refinements have shown that even after the so-
lution reaches a grid independent state there still exists a
velocity shift (Larsson et al., 2007).

Several strategies have been proposed to remove the
artificial buffer layer through additional forcing in the mo-
mentum equations. The forcing can be either obtained from
a stochastic model, or extracted from a reference DNS or
wall resolved LES databases of a fully developed channel
flow. Piomelli et al. (2003) used forcing to account for
backscatter, and suggested that it should have length and
time scales on the order of the grid size and time step, re-
spectively. Their forcing field consisted of essentially white
noises, and with which, they were able to lower down the
velocity shift and had the super-streaks broken up. Bat-
ten et al. (2004) and Davidson & Billson (2006) proposed
stochastic models that generate forcing fields with prede-
fined spectra and anisotropy. They observed quicker transi-
tion from modelled turbulence in RANS to resolved turbu-
lence in LES and a desirable reduced artificial buffer layer.
Davidson & Dahlstrom (2005) and Larsson et al. (2007) ex-
tracted the forcing field from a reference database (DNS or
wall-resolved LES) in order to make the forcing field real-
istic in flow physics (to be compatible with, e.g. coherent



—— < International Symposium
\ @t On Turbulence and Shear Flow
A Phenomena (TSFP-8)
,—hu/uvsl, 28 - 30, 2013 Poitiers, France

structures). With this technique, they were able to obtain
a lower velocity shift, a smaller artificial buffer layer and
reduced near-wall super-streaks.

Notwithstanding the achievements mentioned above,
lack of physical justification due to use of stochastic mod-
els, and a need of in-hand database for extraction of forc-
ing schemes prevent in-depth understanding of the physics
underlying the formation of the artificial buffer layer. In
contrast to the previous approaches, in this paper, we aim
to propose an interesting physics-based dynamic forcing
scheme using backscatter obtained from the flow field itself.
Furthermore, the effects of dynamic forcing on reducing the
thickness and impact of the artificial buffer layer will be an-
alyzed, which identifies the important factors for improving
the forcing techniques.

CLOSURE MODELS AND THE DYNAMIC
FORCING SCHEME

In hybrid RANS/LES, the spatially filtered continuity
and momentum equations take the following form for an
incompressible flow:

dii;
o 9, 19p ui. 0 dii;
3 a—xj(u,uj)ffﬁa—erg&Hr&xj [(V+V,) }+f,
()

where p represents the effective pressure combined with the
isotropic part of the Reynolds stress tensor for RANS or
SGS stress tensor for LES, (u2/8)8y; is the imposed con-
stant mean pressure gradient along the streamwise direc-
tion, J;; is the Kronecker delta, and & is the half channel
height (see Fig. 1). As a consequence of the filtering or av-
eraging process, the so-called eddy viscosity v; appear in
the above system of governing equations. In this paper, we
use VR and v} to distinguish the eddy viscosity for RANS
and LES, respectively.

Nikitin et al. (2000), Temmerman et al. (2005) and
Davidson & Dahlstrém (2005) have obtained qualitatively
similar results using a variety of eddy viscosity turbulence
closure models in the context of hybrid RANS/LES. Based
on their observations, in this paper, we use simple algebraic
models for closure of the governing equations, and focus
our attention on testing a novel forcing scheme to tackle
directly the challenges from the velocity shift and artificial
buffer layer. In the inner layer, the mixing length model
with wall damping function is used. In the outer layer, the
Smagorinsky model (Smagorinsky, 1963) is used, and the
value of the Smagorinsky coefficient is fixed to Cs = 0.0042
in current hybrid RANS/LES simulations in this paper.

In order to match the values of vX and vF at the in-
terface of the RANS and LES zones, Nikitin ef al. (2000)
and Temmerman et al. (2005) enforced continuity of vy,
whereas Baggett (1998) and Larsson et al. (2007) used
blending functions. However, the results of these re-
searchers are similar to those of Davidson & Peng (2003),
whose hybrid approach is free from any special treatment
for v;. Because the exact matching conditions appear to
have a marginal effect on the appearance of an artificial
buffer layer, we follow the approach of Davidson & Peng
(2003) and v, is neither enforced nor blended in the current
research.
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The forcing term f; in Eq. (2) is defined as:
a8
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where 7:5 denotes the stress tensor which can account for
backscatter in our proposed modelling approach. In order
to implement a forcing scheme in a hybrid RANS/LES ap-
proach, it is essential to understand at which length scale
the forcing should be applied. Since backscatter is a direct
result of the interactions between the resolved and subgrid
scale motions, the length scale is chosen to be the grid level
filter width, which overlaps the nodal distance of the grid
system in a conventional LES approach. The stress tensor
1‘5 stems from the dynamic nonlinear model of Wang &
Bergstrom (2005) and takes the following form:

=—CwVj— CnNij 4

where ¥;; and 7);; represent two quadratic base tensor func-
tions defined as ; def 4A% (83 Qyj + Sk Q) and 1 def
4A2 (SikSk; j —SmnSnm i , i/3), respectively; and A is the grid-
level filter size, S; © (8ui/8xj + diij/dx;)/2 is the re-

solved strain rate tensor, and Q;; & (Qij/dx;—dii;/dx;) /2
is the resolved rotation rate tensor.

Coefficients Cyy and Cy in the forcing scheme (cf.
Eq. (4)) are computed dynamically at each time step (Ger-
mano et al., 1991; Lilly, 1992) and their values are self-
adjusted in accordance with the instantaneous flow field.
Following Piomelli et al. (2003), who used the filter width
and time step as the spatial and temporal scales in their
stochastic forcing model, the characteristic time scale at
which the present forcing scheme is applied overlaps the
simulation time step. The first term ¥;; does not make any
contribution to the kinetic energy (KE) transfer between the
resolved and subgrid scales, but according to a recent sys-
tematic a priori LES study of Horiuti (2003), it significantly
improves the correlation between the exact SGS stress ex-
tracted from a DNS database and that predicted by LES.
As demonstrated in previously full LES studies (Wang &
Bergstrom, 2005), it is the second term 7);; that contributes
significantly to the backscatter of KE from the subgrid to
the resolved scales.

TEST CASE AND NUMERICAL ALGORITHM
Fig. 1 shows the computational domain of the plane
channel and coordinate system used in the hybrid ap-
proach. The dimensions of the computational domain are
Ly x Ly x Ly = 2.578 x 20 x wd in the streamwise (x1),
wall-normal (x;) and spanwise (x3) directions, respectively.
Two Reynolds numbers have been tested in this study, i.e.

Re: & 48 /v = 650 and 1020. The grid is uniform in the
streamwise and spanwise directions, and stretched in the
wall-normal direction using a hyperbolic-tangent function
in order to provide a greater resolution in the near-wall re-
gion.

A finite volume method based on a collocated grid
system was applied to the discretization of the govern-
ing equations. Following the approach of Choi & Moin
(1994), the filtered momentum equations were solved us-
ing a fractional-step method. The nonlinear term was
discretized using a second-order explicit Adams-Bashforth
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Figure 1. Computational domain for hybrid RANS/LES
of a channel flow.

scheme and the viscous diffusion term was discretized using
a second-order Crank-Nicolson scheme. A second-order
central difference scheme was applied for the spatial dis-
cretization as it represents a good compromise between ac-
curacy, simplicity and efficiency (Ferziger & Peri¢, 1999).
The Poisson type pressure equation derived from the conti-
nuity equation was solved using a multi-grid method.

No slip and impermeable boundary conditions are im-
posed on the velocity components at the walls. Periodic
boundary conditions are employed in the streamwise and
spanwise directions since the flow field is assumed to be
statistically homogeneous in these two directions. Statistics
of various flow variables are calculated after the fluid field
has become turbulent and fully developed. In the presen-
tation of the results, quantities non-dimensionalized using

.. . f
the friction velocity ur; def \/Tw/p (where T, represents the
wall shear stress) are denoted with a superscript ‘+’.

NUMERICAL RESULTS

In this section, flow statistics obtained from hybrid
RANS/LES will be thoroughly analyzed, which include the
resolved mean velocity, resolved velocity fluctuations, re-
solved turbulent shear stresses and TKE, backward scatter
of KE from the subgrid to resolved scales, and budget of to-
tal shear stresses. Furthermore, the physics underlying the
formation of the artificial buffer layer will be studied, and
the effects of the proposed forcing term on breaking-up of
super-streaks and on reduction of the velocity shift and arti-
ficial buffer layer will be discussed.

An instantaneous filtered quantity ¢ can be decom-
posed into a time- and plane-averaged component and a
residual component as: ¢ = (¢) + ¢".

Then the predicted resolved velocity fluctuations (or
root-mean-square (RMS) values) can be defined as

_ _ 1/2 —y
i dif<<“i—<“i>)2> _@ne
, ur Ug

for i =1, 2 and 3 respectively.

The physics underlying the formation of the artificial
buffer layer, and the effects of the dynamic forcing on re-
ducing the thickness and impact of the artificial buffer layer,
can be well interpreted by utilizing transport equations for
the resolved turbulent stresses. These transport equations
have been derived and documented in the full LES study of
Xun et al. (2011) on a rotating turbulent channel flow. It is
worthwhile to note that the production terms in the transport
equations have a significant influence on the absolute value
and distribution of the resolved turbulent shear stresses (i.e.,

—(a/a!)) and TKE (i.e., 5 L(@!@!)). The production term for

the resolved shear stress component — (i iy ) in a fully de-

veloped turbulent channel flow is given by

(i)

(Pra) = () G2

Q)
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and those for the resolved normal stress components (i} /)
(no summation implied here) are given by

i
(Pi1) = —2(ayiiy) d<2> o
(Pn)=0 ®)
(P33)=0 9

The production term for the resolved TKE can be obtained
by taking one half of the sum of Egs. (7)-(9), i.e.

(B = (i) ) (10)
The term on the right-hand-side (RHS) of Egs. (6)—(10) im-
plies the production arising from the mean resolved turbu-
lent (shear and normal) stresses. In a fully developed chan-
nel flow, —(it}ity) has the same parity as d(i;)/dx,, both
of which are positive and negative for x, < 0 and x, > 0,
respectively. As a result, Pj; > 0 holds across the entire
channel, whereas Pjp assumes a sign that is opposite to
that of x;. Because P»; = P33 = 0, there is no direct pro-
duction for either (@?) or (#?) from the resolved turbu-
lent stresses. Nevertheless, energy redistributes within the
system and influences both these terms through the mech-
anisms of molecular diffusion, SGS production and diffu-
sion, and pressure-strain interactions (Xun et al., 2011).

In order to validate the proposed dynamic forcing
scheme for hybrid RANS/LES, the numerical results ob-
tained at two Reynolds numbers are compared with two sets
of DNS data obtained by Abe er al. (2004) (designated as
AKM-2004, Re; = 1020) and Iwamoto et al. (2002) (des-
ignated as ISK-2002, Re; = 650), respectively. Further-
more, in order to demonstrate the advantages of the pro-
posed method, in the next two subsections, the results on
hybrid RANS/LES with and without forcing will be com-

pared.

Hybrid RANS/LES without Forcing

As shown in Fig. 2(a), for hybrid RANS/LES with-
out forcing, the mean velocity profile deviates significantly
from the profile of the familiar log-law, and it is apparent
that there exists a velocity shift. This incorrect prediction
of the mean velocity profile by hybrid RANS/LES without
forcing is a classical pattern, which has been observed in
many previous studies. The discrepancy between the pre-
dicted mean velocity profile and the standard log-law is
due to the existence of the artificial buffer layer between
the LES zone and RANS zone. Baggett (1998) found the
presence of very elongated non-physical ‘super-streaks’ in
his hybrid RANS/LES study of a turbulent plane channel
flow. These super-streaks cause a de-correlation between
streamwise and wall-normal fluctuations. The observation
of Baggett (1998) is confirmed by the current study. As
clearly shown in Fig. 3, super-streaks exist in the current
flow (obtained using hybrid RANS/LES without forcing)
and can be effectively demonstrated using the isopleths of
instantaneous streamwise velocity fluctuations in the xj-x3
plane at the interface x2 interface = 39-

The formation of the artificial buffer layer (indicated
by larger gradient of the resolved mean velocity around the
interface) can be well explained by utilizing transport equa-
tions of turbulent stresses. Because of the de-correlation be-
tween streamwise and wall-normal fluctuations, the redis-
tribution of energy from the streamwise to the wall-normal



—=<_— |International Symposium

—

\ é‘ﬁ\¥ On Turbulence and Shear Flow

A Phenomena (TSFP-8)

August 28 - 30, 2018 Poitiers, France

+ DNS (ISK-2002), grid: 288x257x384 1009

o Hybrid RANSILES, grid: 64x64x64
Hybrid RANS/LES, grid: 96x96x96

——DNS (ISK-2002), grid: 288x257x384
©  Hybrid RANS/LES, grid: 64x64x64

<
,
137050
=
v
Uj=2.44In(x;)+5.5

=

1 10 100 -1.00 0.75 -0.50 -0.25 0.00
X, /6

(b) Resolved shear stress

—— DNS (ISK-2002), grid: 288x257x384
©  Hybrid RANS/LES, grid: 64x64x64

—— DNS (ISK-2002), grid: 288x257x384
0 Hybrid RANS/LES, grid: 64x64x64

000060555
o °°0eo 050

-1.00 -0.75 -0.50 -0.25 0.00
X6

(d) Resolved RMS velocities

(c) Resolved TKE

Figure 2. Flow statistics for hybrid RANS/LES without
forcing (Re; = 650; interface: x; interface = 39)- (d) Offset
for clarity, from top to bottom: 121+ ms? 123+ ms and 122+ ms*
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Figure 3. Isopleths of instantaneous streamwise velocity
fluctuations in xj-x3 plane at interface xz interface = 39 for
hybrid RANS/LES without forcing (Re; = 650; grid: 64 X
64 x 64).

component is suppressed. This is evident that iy ;g is €x-
cessively damped around the interface in Fig. 2(d). Con-
sequently, the velocity must shift upwards from the stan-
dard log-law (exhibiting an overly large gradient) in order to
compensate the production Py, for the resolved shear stress
(cf. Eq. (6)). However, as shown in Fig. 2(b), the level of the
resolved shear stress — (ir] ity ) is much reduced, which then
leads to decreases in the values of the production terms P
and Pj;. This inevitably results in unreasonably low levels
of resolved TKE and ity s (see Egs. (7) and (10)), which
is clearly shown in Figs. 2(c) and 2(d), respectively.

Hybrid RANS/LES with Dynamic Forcing

The SGS dissipation rate represents local KE trans-
ferred between the resolved and unresolved (subgrid) scales
through an inertial and inviscid process. It represents the
rate of KE production and functions as a source of KE for
the residual SGS motions and a sink of KE for the large re-
solved scale motions. The instantaneous value of the SGS
dissipation rate can be either positive or negative, represent-
ing a local forward or backward transfer of KE between the
resolved and subgrid scales, respectively.

The proposed dynamic forcing scheme is associated
with the following production term: P5 = —Tf;S_i iz

Substituting the constitutive relation for the forcing
scheme represented by Eq. (4), the following equation is

P17
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Figure 4. Resolved mean velocity profile obtained from
hybrid RANS/LES with forcing applied to different regions
(Rer = 650; grid: 64 x 64 x 64; interface: x; interface = 39)-

obtained for evaluating P5:

PP = CwyijSij + CnmijSij an

According to Wang & Bergstrom (2005), in the above equa-
tion, the second term (i.e., Cy7; jS,- ) plays a pivotal role in
the local KE backscatter, however the first term is zero (i.e.,
Cw: j.S_’g 7 = 0) because ¥;; is anti-symmetrical tensor and S; J
is a symmetrical tensor.

To date, the forcing techniques using backscatter have
been applied exclusively in either the RANS zone or the
LES zone in previous hybrid RANS/LES studies. One may
expect small scale flow motions are potentially effective in
breaking up super-streaks, and therefore, the forcing should
be applied to the RANS region. However, one could also
argue that the forcing should be applied to the large scales
which carry most of TKE and are responsible for generating
Reynolds stresses in the LES zone. The debate on this issue
has not been concluded in literature. Piomelli ez al. (2003)
employed backscatter forcing in the RANS region below
the interface, however, Davidson (2009) added backscatter
forcing to special scales in the LES region for x;imerface <

xz+ < 2x2f interface- 1 this paper, in order to investigate the
effects of forcing region on the predictive accuracy of the
hybrid approach, we test our present backscatter forcing in
three different region: (1) in entire domain (0 < x; < &),
(2) in RANS region only (0 < x3 < x3; e ), and (3)
in LES region only (x;_ interface < x2+ < 8T). As shown in
Figs. 4(a)—(c), the artificial buffer layer has been success-
fully removed for all three cases regardless the choices of
the forcing region.

Figs. 5(a)-(c) show the time- and plane-averaged pro-
file of P2 for the three forcing regions tested. The value of
(PB) has been non-dimensionalized using u?*/v, which is
negative across the entire channel, representing a net effect
of backscatter. Although the resolved mean velocity pro-
files (outputs) obtained using different forcing regions are
very similar in Fig. 4, the backscatter (input) itself shows
distinctively different patterns. As shown in Fig. 5(a), when
forcing is applied across the entire channel, the magnitude
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Figure 5. Time- and plane-averaged SGS KE backscat-
ter predicted by hybrid RANS/LES with forcing applied
to three different regions (non-dimensionalized using u? /v;
Re; = 650; grid: 64 x 64 x 64; interface: x{ interface = 39)-

of backscatter peaks right above the modelling interface lo-
cation, then gradually decreases to zero as the core region
is approached. There is a secondary peak for backscat-
ter between the solid wall and the modelling interface. In
Fig. 5(b), the magnitude of backscatter reaches its maxi-
mum between the solid wall and the modelling interface,
then drastically goes to zero immediately outside of the in-
terface (within the core region of the channel). This fea-
ture is expected, because the forcing is exclusively applied
to RANS region. However, as shown in Fig. 5(c), when
the forcing is applied in the LES region only, the magni-
tude of backscatter increases drastically from zero near the
solid wall (i.e., in the RANS region) to its peak value right
above the interface, and then gradually decreases back to
zero in the core of the channel. The backscatter of KE (with
a peak value in the RANS region as shown in Fig. 5(b) or
immediately above the interface in the LES region shown
in Figs. 5(a) and (c)) plays an important role in breaking
up super-streaks and maintaining the proper level of turbu-
lent shear stresses in the core region of the channel. This is
also the key physical feature that contributes directly to re-
duction in the thickness of the artificial buffer layer and re-
moval of the tenacious velocity shift pattern. Furthermore,
it should be indicated that it is very desirable to observe that
the value of the magnitude of (PB) approaches zero auto-
matically in the core turbulent region of the channel, which
satisfies the physical requirement that the forcing should not
affect the accurate LES predictions. Fig. 5 shows clear ev-
idence that backscatter can be generated to properly treat
the interfacing problem once the proposed forcing scheme
is activated in either the RANS or the LES zone. This is
an encouraging result, which is fundamental for stable and
flexible numerical applications.

In comparison with Fig. 3, when forcing was added to
different regions, smaller scales are indeed formed and the
super-streaks are broken up at the interface x{ interface = 39
which is evident in Figs. 6(a)—(c). This is consistent with the
results that the velocity shift has been removed regardless
the choices of the forcing region (see Fig. 4).

The proposed dynamic forcing scheme has also been
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(a) Forcing in entire domain

(b) Forcing in RANS zone (c) Forcing in LES zone

Figure 6. Isopleths of instantaneous streamwise velocity
fluctuations in x;-x3 plane at interface xz interface = 39 With
forcing applied to three different regions (Re; = 650; grid:
64 x 64 x 64).
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Figure 7. Flow statistics with forcing applied to the entire
computational domain for 0 < x; < 8T (Rer = 1020; grid:
96 x 64 x 64; interface: x;r interface = ©1)- (d) Offset for
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tested at a higher Reynolds number Re; = 1020. The re-
solved mean velocity profile is in excellent agreement with
the DNS data of Abe et al. (2004) as shown in Fig. 7(a).
Fig. 7(b) compares the time- and plane-averaged resolved
turbulent shear stress obtained from the hybrid approach
with ‘true’ Reynolds shear stress from the DNS approach.
As shown in Figs. 7(c) and 7(d), in general, the trends pre-
dicted by hybrid RANS/LES are in agreement with DNS
data. However, small differences are observed: the hy-
brid method either slightly overpredicts or slightly under-
predicts the resolved TKE and RMS velocity in comparison
with DNS data, depending on the region of the flow. Fig. 7
clearly demonstrates that the artificial buffer layer has been
removed for the turbulent channel flow at Re; = 1020, and
hybrid RANS/LES is in general successful in reproducing
the first- and second-order flow statistics.

Conclusions

In this paper, a novel dynamic forcing scheme incorpo-
rating backscatter is proposed for hybrid RANS/LES. The
forcing is obtained from the flow field itself. Therefore, it
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is more physically sound than the forcing based on stochas-
tic white noises, and more convenient to implement than
that extracted from reference DNS or wall resolved LES
databases. It is demonstrated in this paper that backscatter
can be generated to properly treat the interfacing problem
once the proposed forcing scheme is activated in either the
RANS or the LES zone. This is an encouraging modelling
feature, which is fundamental for stable and flexible numer-
ical applications.

In order to remove the artificial buffer layer, the con-
ventional strategy has focused primarily on the eddy vis-
cosity V; using approaches by, e.g. adjusting V; to an ‘ideal’
value to maintain the budget of shear stresses (Nikitin et al.,
2000; Mason & Thomson, 1992), and merging v and vF
using blending functions or different interface conditions
(Temmerman et al., 2005; Baggett, 1998). In contrast,
the current hybrid approach, based on the dynamic forc-
ing scheme incorporating backscatter, generates a proper
level of i yms and —(if{if5) without resulting to any pre-
determined ‘ideal’ v; values and blending functions.

The effects of the dynamic forcing in reducing the
thickness and impact of the artificial buffer layer, can be
well interpreted by utilizing the production terms in trans-
port equations for the resolved turbulent stresses and TKE.
It is discovered that the physics underlying the formation
of the artificial buffer layer is owing to the fact that the re-
solved ity rys i excessively damped around the interface,
which then results in a shift of the velocity profile to com-
pensate the production for the resolved shear stresses.
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