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Inflow Boundary Conditions for Hybrid Large Eddy/Reynolds
Averaged Navier-Stokes Simulations
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and
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Inflow boundary conditions are developed for hybrid large-eddy simulation (LES)/Reynolds-averaged Navier-
Stokes approaches. They are based on an extension of the rescaling-reintroducing method developed for LES to a
hybrid scheme. A blending function is used to shift the turbulence closure from a k- model near the wall to ak-A
subgrid-scale model away from the wall. The approach was tested for a flat plate and then applied to the study of
a 25-deg compression-expansion ramp for a Mach number of 2.88 and a Reynolds number of 3.24 x 10’/m. In
general, improvements over the k- model were noted in the recovery region. The significance of this work is that
it provides a way for LES methods to address flows at a high Reynolds number.

Nomenclature
k = turbulentkinetic energy, m*/s?
p = pressure, N/m?
T = temperature, K
U = mean velocity in x direction, m/s
u = instantaneous velocity in x direction, m/s
U, = friction velocity, m/s
X, ¥,z = coordinate directions in physical space, m
o = model constant
I,r, Iy = blendingfunctions
A, Ay, A, = gridcell size, m
) = boundary-layerthickness, m
¢ = enstrophy, 1/
v = laminar kinematic viscosity, m?/s
v, = turbulentkinematic viscosity, m?/s
0 = density, kg/m3
Tw = wall stress, N/m?
Subscripts
inf = inflow station
rec = recycle station
t = turbulence
w = wall
o0 = freestream
Superscripts
inn = inner region
out = outer region
" = fluctuations
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Introduction

ECENT attempts at coupling large-eddy simulation (LES)

approaches with Reynolds-averaged Navier-Stokes (RANS)
solverstoovercomeresolutionissuesin the near-wallregionsathigh
Reynolds numbers have focused on blending of the two schemes,
for example, Refs. 1-7. In most cases the boundary conditions em-
ployed consisted of traditional RANS boundary conditions with
imposed random fluctuationsthat can recover the turbulent stresses.
It became clear later®~!° that such boundary conditions only work
well in situations where thereis a clear demarcationbetween regions
treated as LES (such as free-shear layers and massive separation
zones) and those treated as RANS (such as near-wall flows). When
a clear geometric demarcation does not exist between the two re-
gions, which is the case in shock-wave/boundary-layerinteractions,
a different approach is needed. To avoid discarding the resolvable
component of turbulent kinetic energy in fine grid regions, Batten
etal.® proposedthe use of three additionalstochasticpartial differen-
tial equationsfor the velocity fluctuations. Arunajatesanetal.!® used
an interface region in which the RANS boundary layer was trans-
formed into an LES boundary layer using the recycling method of
Urbin and Knight.!!

It appears that in order for hybrid LES/RANS approachesto per-
form for general flows of interest appropriate boundary conditions
for hybrid schemes must be compatible with both LES and RANS
approaches. Imposing random fluctuations that reproduce turbulent
stresses on RANS boundary conditionsis not a viable approach be-
cause the resulting fluctuations are not consistent with the Navier—
Stokes equations. Moreover, the procedurerequires along transition
region to develop large-scale fluctuations. Because of this, attention
is focusedhere on extendingthe rescaling-reintrodudng procedures
developed for LES and DNS applicationsin Refs. 11-13 to hybrid
LES/RANS schemes. The extension is carried out in such a way
so as to be used with any RANS model. It is illustrated here using
the k—¢ model' and in Ref. 15 using Menter’s supersonic transport
model.'S

Rather than use a variation of approaches suggested in Refs. 1
and 2, the zonal approach developed by Fan et al.%® is employed.
This approach utilizes a blending function that, depending on the
flow properties, shifts the model from RANS behaviornear the wall
to LES behavior away from the wall. The use of the ki~ RANS
model was motivated by the desire to use a blending function that
has no explicitdependence on the wall distance. As can be noted in
Ref. 14, the k—¢ model does not employ wall or damping functions
and is coordinate-systeminvariant.

The inflow boundary conditions are developed first for a
LES/RANS hybrid scheme using supersonic flow over a flat plate
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and then applied to the 25-deg compression-expansion ramp of
Zheltovodov et al.!” Experimental data for this case were taken
from Settles and Dodson.'®

Approach

Inflow Boundary Conditions

The proposed inflow boundary conditions are a particular exten-
sion of a rescaling-reintrodudng proceduredevelopedfor LES sim-
ulations of compressible flows in Ref. 11. In many baseline experi-
ments for testing the capability of high-speed turbulence models,'®
the inflow boundary layer is developed over a flat plate ahead of
the various models. Thus, a procedure to provide turbulent inflow
boundary conditions over a flat plate will have a wide range of pos-
sible applications.

The procedure of Ref. 11 consists of the following steps:

1) Extract mean values and fluctuating quantities from a down-
stream station, called the recycle plane.

2) Based on boundary-layersimilarity, rescale the preceding val-
ues to account for boundary-layer growth.

3) Introduce the rescaled values at the inlet station as an updated
boundary condition.

The hybrid approach differs from the LES approach of Ref. 11
by the existence of two additional equations for £ and ¢ and the
existence of a blending function connecting LES and RANS clo-
sures. Thus, new and consistent similarity laws have to be derived
to rescale all flow variables.

The developmentwill proceedin two steps. The firstaddressesthe
velocity scaling for constant-wall and adiabatic-wall temperatures
and is essentially identical to that of Ref. 11. The second is a new
procedure, which addresses the scaling of the remaining variables:
the density p, the temperature 7', the turbulent kinetic energy per
unit mass (variance of velocity fluctuations) k, and ¢ the enstrophy
(variance of vorticity fluctuations). Extension to other turbulence
models is straightforward by utilizing relations among ¢ and other
turbulent quantities.

Let u(x,y,z,t) denote the instantaneous velocity in the
x-direction. It can be decomposed into two components:

u=Ux,y)+u'(x,y,z1) (1)

1 it
U= ” _t[/” (u)dt )

where u” is the instantaneous fluctuation. The operator () stands
for the average over the (assumed homogeneous) z direction. The
multilayerscaling of a compressibleboundary layer makes use of an
effective velocity developed by van Driest.!® The effective velocity
is related to U by the relation

A _1|:2Af(U/UOQ)—A2i|
Uy = — sin” | —————
4 VAL +4A2
A
+ sin™! (—2> (3)
VAL +4A2
where

—1 Too Taw
A= LD (L) =l
2 T, T,

r is the recovery factor, y is the ratio of specific heats, and the
subscriptaw refers to adiabatic wall, respectively.

By using the effective velocity, the similarity laws in the inner
and outer regions can be written as

ult = u. fy(y"), vyt =yu./v, 5)
UG — gy =tz f2(n), n=y/8 (6)

where y is the distance normal to the wall. The velocity fluctuations
are related by

/mnn __ /Ann +
Wing = ﬂurec (yinf’ ol t) (7)

Uz inf
Uit = Bugey (Mins, 2, 1), p=—— ®)

Uz rec

Similar relations hold for the other velocity components.
The complete velocity fluctuation field is represented as the
weighted average of inner and outer values and is given by!!'!?

e = w1 — W)l + uie" W (inr) )

inf inf

where

Mi“ B=02 (10)

1
W) = 5{1 -}—tanh|:(1 ~ 2B+ B

The variables 8 and 8. /dins are derived in Ref. 11 from a power
law u/u,, = (y/8)!/° and are adopted here. Thus

S Lo 4\
= (140272 ke, (1

inf inf

1
10
Urre _ (&) (12)
Uz inf ‘Sinf
where L is the distance between inflow and recycle planes.

We consider next the remaining inflow variables. Based on
Morkovin’s hypothesis?® the pressure fluctuations at moderately
high-speed flows are negligible. Hence, the pressure at inflow is set
equal to the freestream pressure p,. Thus, for this case the equation
of state gives the density as a function of temperature. Therefore,
we need to develop scaling laws for k, ¢, and T'.

In the log-law region the convective, molecular diffusion, and
viscous terms can be neglected. In this case the exact momentum

and energy equations [see Eqs. (5.48) and (5.49) in Ref. 21] reduce
to

My 5 =Ty = ﬁwuz (13)

d (c,T Ll K b
— | == 4 5 — ) =—q,
He dy \ Pr, 2 o T

where 1, and Pr, are the turbulenteddy viscosity and Prandtl num-
ber, C, is the specific heat at constant pressure, oy is a model
constant,'* and g, is the wall heat flux. For an insulatedwall ¢,, = 0,
and Eq. (14) reduces to

C”(T T)+ﬁ2+k—0 (15)
Pr, v 2 Uk_

Thus, because  scales with u,, k and T-— T, will scale with uf. If
q. 18 not zero, then Eqgs. (13) and (14) give

(Gl | Lpy X gu (16)
d(&l 1o K\
du \ Pr, 2 o Puwlt?

Because

uC, (o7 c, (oT
Go=—""75\7T =-=n|= a7
Pr \ oy —0 Pr ou i

=0

then, g,, scales like u?.
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Integration of Eq. (16) yields

) S 1 u
T=1—()/—l)Pr,MT - —
P 2\ u,
G u 1(k
+,5 S\ +cr_ 7 (18)
wls T k T

Uz
M, = — (19)

and a,, is the speed of sound evaluated at the wall temperature. Thus,
in the inner region the scaling laws are

T inn , ,1: inn
——1) =p(-1 (20)
w inf w rec
" inn o " inn
7)) =\ 2
W/ inf W/ rec

k_inn — ﬂZkinn (22)

inf rec

The turbulent eddy viscosity in the log—law region is given by

Vv =KUY, k=04 (23)
Because
k2
Vv, = CME, C, =0.09 (24)

¢ scales in the inner region as

oy ; inn oy ; inn
T inf T rec

In the outer region it is assumed that

T// out T// out
2
- = - 26
<Tw>inf ﬂ <Tw>rec ( )
Based on Wilcox’s analysis of the outer region [see Eq. (4.162) of
Ref. 21], k and ¢ scale like

k_out — ﬂZkout (27)

inf rec

6]} out 6]} out
().~ (%)
T inf T rec

Though this procedure accounts for the rescaling of both mean
and fluctuating components, we have found thatrescalingmean val-
ues can be problematic for high-Reynolds-numberflows, as “drift”
in boundary-layer properties can occur over time, leading to a fail-
ure to reach a statistically stationary state. A similar observation
was made independently in Ref. 22, who tested several rescaling-
reintroducing techniques for compressible flows and found that all
exhibited boundary-layerdrift to varying degrees. Our solution, as
well as that of Ref. 22, is to obtain mean velocity and tempera-
ture profiles at the inflow plane from a separate source, such as a
RANS solver or a boundary-layercode, and recycle only the fluctu-
ation field. The current rescaling-reintroducng method can be thus
summarized as follows:

1) Fix the mean profiles of velocity and temperature at inflow. The
mean static pressureis set at p,, and the mean density is determined
from the equation of state.

2) Extract fluctuations of velocity, temperature,and density at the
recycle station.

and as

3) Rescale the fluctuations according to the preceding scaling
laws, and superimposethem at every time step onto the mean inflow
profiles.

4) Rescale and recycle both mean and fluctuating values of k and
¢ according to the preceding rules.

Turbulent Closure

The LES/RANS hybrid scheme is similar to the that developedin
Refs. 6 and 8. The k equation in the k—¢ model can be written as'*

apk , vgik _ 0 [(n ) ok
ot Xj an 3 Ok an

dii; 1 p, 9p P ok
o e = O — g (29)
0x;  Cy p? dx; 0x; 7,
In this model the RANS kinematic eddy viscosity v, rans 1S given
by Eq. (24), whereas the LES kinematic eddy viscosity is defined
as

Voips = CoVkA (30)
where
A=A, =max(A,, A, A;) (31)
or
A=A, = (V)? (32)

In this, A, is the mesh spacing in the x direction, etc.; C; is a model
constant; and V. is the local cell volume. If the dissipation term in

the LES region is chosen as
k3
Cd'OK (33)

where C; is a model constant, then the k equation for the hybrid
LES/RANS scheme is

apk  dpik 9 ok di;
L_}_L — ﬁ_}_ﬂ —_ +T[j_
ot an an 3 Oy an an

- 3
1 3p 0P ok N3
I o ALy N CTCyp—
( )<Ck,528x[ Bx[+ 1Tp+M§ aP—

where
v, = (1 —I')v;rans + vy s,

/ 2
r= tanh<—€>
C(lA

(35)

Pl

k
l.=—
vg
When [, K a; A, I' = 0, and Eq. (34) reverts to Eq. (29). On the
other hand, when I' — 1, Eq. (34) provides a subgrid-scale model

for LES. When production balances dissipation in the LES region,
Eq. (34) yields a Smagorinsky-type subgrid eddy viscosity

oS (5,5,)t sp=a( 2 2 )
Y s Cd ijRij) " ij = ) an a)C[

Both C, and C, are chosen as 0.01 in this work.>®
Note that for the assumed eddy viscosities

le Vi RANS
~ LRATS

(37

alA Vi LES

Numerical Procedure
The numerical scheme for solving the hybrid LES/RANS system
is similar to that used in Refs. 6 and 8. A second-order essentially
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nonoscillatory upwind method based on the low-diffusion flux-
splitting scheme of Edwards? is used to discretize the inviscid
fluxes, whereas central differences are employed for the viscous
and diffusionterms. A planarrelaxation subiteration procedure that
results in second-order temporal accuracy is used to integrate the
system. The code is parallelized using domain-decomposition and
message-passing-inteface strategies and is optimized for the IBM
SP3 architecture in place at the North Carolina Supercomputing
Center.

Results and Discussion
Flat Plate

The inflow fluctuation—generation method was tested first for
a flow over a flat plate. The dimensions of the plate are
0.1 x 0.092 x 0.087 m. The grid size is 129 x 129 x 65 in the flow,
normal, and crossflow directions. The entire domain is decomposed
into 8 x 4 x 2 blocks. The recycleplaneis locatedsix cells upstream
of the outflow boundary. The test conditions are those used for the
20-deg-ramp calculation of Ref. 8 and are given in Table. 1.

It turns out that there are a number of ways that the inflow bound-
ary conditionsand blending functions can be implemented. The cri-
terionused in selecting a proper procedureis to monitor the solution
at the recycle plane and to require that a statistically steady turbu-
lent flow develop there over time. A number of approaches were
explored. The most satisfactory results were obtained by fixing the
mean flow conditions at the inflow plane and rescaling reintroduc-
ing only the fluctuation fields, as discussed earlier. Furthermore, it
was found necessary to force the the blending function to be a non-
decreasing function as the distance from the wall increases. For the
simple grids used in this study, this was implemented by requiring
that

Fj = maX(Fj, Fj—l) (38)

where j is the index of the grid cell in the normal direction. For
complex shapes the preceding requirement can be met by keeping
track of the normal distance to the nearest wall.

Figures 1 and 2 show profiles of I" and p, at the recycle plane
when Eq. (38) is not enforced, whereas Figs. 3 and 4 show the same

Table1 Inflow conditions for flat-plate flow

Parameter Value
My 2.79
Py, Pa 26,001
T, K 100.8
Poos kg/m? 0.77
Re/m 7.2 x 107
§, cm 3.0
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Fig. 1 Profiles of blending function I'.
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quantities when Eq. (38) is enforced. It is clear that statistically
steady solutions were not obtained in Figs. 1 and 2 even after 50,000
iterations, whereas statistically steady solutions were obtained after
10,000iterationsin Figs. 3 and 4. All of the calculationswere carried
out for A = A,, and a value of @; = 5. The value of «; determines
the location where transition from a RANS region to an LES region
takes place. The choice of «; =5 ensures that the transition takes
place within the log layer. Figure 5 shows a plot of u™ and " vs
y*. It is seen that the resulting solution agrees well with the profile
calculatedfroma RANS code. Figures 6 and 7 show contour plots of
instantaneoustemperature on the x—y and y—z planes, respectively.
Periodic boundary conditions are employed in the z direction in all
calculations presented here.
25-deg Compression-Expansion Ramp!718

The schematic of the experiment together with relevant dimen-
sions is shown in Fig. 8. Two grids were employed in this investiga-
tion: a coarse grid that consistsof 361 x 109 x 65 nodes in the flow,
normal, and spanwise directions; and a fine mesh that consists of
481 x 145 x 65 nodes. Both grids are uniformly spaced in the x and
z directions and are heavily clusteredin the y direction, with y* < 1

Fig. 6 Instantaneoustemperature in x-y plane.
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0.04 -

0.03
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Fig. 7 Instantaneous temperature in y-z plane.
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Table2 Inflow conditionatx = —3.3 cm for the center of the first cell off the wall. In both cases the physi-
(25-deg compression-expansion ramp) cal size of the grid in the z direction is 2.95. The whole domain is
Parameter Value decomposedinto 12 x 4 x 2 equal-sizeblocks and solved on 96 pro-
cessors using the IBM SP3. The inflow conditionsat x =—3.3 cm
Mo 2.88 are presented in Table 2. A two-dimensional RANS code was used
Poo, Pa 11,956 to obtain a steady-state solution, and the inflow-plane profile was
I, K ) 114.8 selected by matching the computed momentum thickness with the
Poo, kg/m 0.36 . experimental value. The same geometry was the subject of a large-
gdm 3'24())(3 10 eddy simulation conductedby Urbinetal.?* at Res =2 x 10*. Based
- m ’ onthe conditionsindicatedin Table 2, this Reynolds number is about
§, mm 4.1 . .
one order of magnitude lower than that of the experiment.
0.074 .
] inflow boundary recycle-plane
0.06]
o.o5—f \
0.0 outflow boundary
E : J | J ™~
> . I
0.03 |
o_og_f : compression ramp
001 | flat plate \\ E
] I l 25° hld
o |
obs T ' ‘ [J 0.b5
X, m
Fig. 8 Zheltovodov 25-deg compression-expansion ramp.
0064-wt— LES/RANS solution —w{-s——— RANS solution ———— =
£
£

0.06 [

- T T T T
-0.025 0.025
X, m

Fi

&=

g. 9 Combined initial solution: contour plot of u.

-39 173.319 379.538 585.756

Fig. 10 Instantaneous streamwise velocity u distribution.
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As shown by Fan et al.,!® it might be difficult to induce a proper
LES/RANS response for shock/boundary-layer interactions if one
starts from a steady RANS solution without significant structural
content. One reason is that, in the absence of RANS levels of
eddy viscosity, the separation zone can feed forward, eventually
contaminating the recycling plane. To avoid this problem, a new
starting procedure is developed. In this procedure an initial solu-
tion for the flat plate part is generated separately, using the pro-
cedure just outlined, whereas the region downstream of the corner
is initialized by the RANS solution. A representative starting pro-
file is shown in Fig. 9, which shows the instantaneous velocity u
distribution.

The initial flat-plate solution does not need to have reached a
statistically steady state, as the flat-plate flow will evolve further as
part of the combined flat-plate/famp solution. One can monitor the
rms mass flux fluctuations, that is,

Vo ~ o Ty 69

at the recycle plane and use the resulting solution as the initial
solution when the preceding quantity is about 0.08 0ot -

Two sets of calculations were carried out. In the first, A= A,,,
and the corresponding[” is labeledas I";. In the second, A = A, and
the correspondingI" is labeled as I',. Results from these two sets of
calculations, which represent average values over 40,000 iterations,
are presented and compared with the RANS k — ¢ solution and
with experimental data. It should be noted that 10,000 iterations
correspond to 2.3 characteristic times, which is the time it takes
for a particle to traverse the domain with a velocity equal to the
freestream velocity.

Figure 10 shows a typical instantaneous streamwise velocity dis-
tribution after 40,000 iterations. The large size of eddies in the

O EXP
0008  _______ |ES/RANS,T,
E —e— - LES/RANS, T,
0.007 :- — — — — RANS
0.006 F
0.005 |~
0.004 -
¢ 0.003
:_ [ —
0.002 o P e
0.001 |
oF
-0.001 |
1 L 1 L : 1 1 LZ L L ! ] L ! |
-0.002 = 5 =
X, cm

Fig. 12 Skin-friction distribution.

incoming boundary layer is evident. Other features in this flow
include the leading shock wave generated by the flow separation
around the compressioncorner and an embedded shock wave caused
by the flow reattachment onto the ramp surface.
Time-averagededdy viscosity contoursin Fig. 11 indicatethat the
I'; scheme is characterized by a lower eddy viscosity. This means
thatthe LES/RANS junctureis shifted closerto the wall, and more of
the flow is modeled using the LES strategy. Figures 12—14 compare
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Fig. 14 Comparison of velocity profiles for the coarse grid.

predictions of skin-friction coefficient, surface pressure, and veloc-
ity profiles with experimental data. As shown in Fig. 12, the I',
scheme predicts a smaller region of axial separation and gives a
lower skin friction in the recovery region, compared with the I'|
scheme. Figure 13 shows that the I'; scheme results in a lower
pressurein the separationregion, indicating that the initial displace-
ment effect of the separation bubble is not as pronounced as in the
RANS calculationorin the I'; scheme. The upstream extent of axial

a Exp
Fine Grid

=mmum Coarse Grid
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y,cm

0.25

a) Separation region

[w] Exp
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08~ E 3 ]
i ! i i
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|- o K [B
- B i
01k : 3 -
[ J/ & =
| % ~ o &
o1 B = = L]
0 1 1 1

b) Recovery region
Fig. 15 Effect of grid refinement on velocity profiles: I', scheme.

separationis overpredictedby the I'; scheme, whereasthe I'; scheme
and the RANS calculation yield reasonable agreement with the ex-
perimental data. Overall, neither hybrid strategy shows as good of
an agreement with experimental data as does the RANS k—¢ model.

Figure 14 compares predicted axial velocity magnitude profiles
within the separation and recovery regions with experimental data.
The experimental data do not indicate negative axial velocities, but
it can be assumed that the “cusps” evident in the profiles upstream
of the ramp apex delineate the outer edge of the backflow region.
In the figure y' =y — yyan, and x’ is measured along the surface
from the corner of the compression ramp. The I'; scheme, where
the LES regionis larger, resolves the inner backflow structurein the
two stations upstream of the compression corner, but the I'; scheme
does not. At the station downstream of the corner(x’ = 0.5 cm), none
of the hybrid schemes is able to predict the backflow structure. The
RANS solution predicts the structure, but the size of the backflow
region is not as large as that found in the experiment. On the other
hand, the hybrid schemes predict the rapid recovery of the inner part
of the boundary layer downstream of reattachment, especially close
to the wall. The RANS model severely underpredicts the recovery
rate.

A grid-refinement study was carried out for the I'; scheme,
with the resolution increasing from 361 x 109 x 65 nodes to
481 x 145 x 65 nodes. Insignificant differences were found for the
skin-friction and pressure distributions. However, Fig. 15 shows
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somedifferencesin the velocity profiles within the separationregion.
The inflow boundarylayeris more energeticwhen the gridis refined,
and this results in a slight shrinking of the separationregion. In the
recovery region, grid refinement results in better agreement with
experiment, especially in the outer region of the boundary layer.

Conclusions

In this study a rescaling-reintroducng method for generating
turbulent inflow conditions has been modified and extended for
use with large-eddy simulation/Reynolds-averaged Navier—Stokes
(LES/RANS) hybrid schemes. By using monotone blending func-
tions and by only recycling the fluctuation field, the modified pro-
cedure is capable of generating the necessary turbulence structure
and maintaining the desired mean inflow profiles.

Using this method, the scheme has been used to simulate Zhel-
tovodov’s 25-deg compression-expansionramp experiment. To pre-
vent the initial rapid growth of the separation bubble when starting
from a RANS solution (but with subgrid levels of eddy viscosity),a
special starting procedure has been implemented. In this procedure
a hybrid LES/RANS solution for the flat-plate portion of the con-
figuration is coupled with a RANS solution for the ramp portion to
initialize the whole flowfield. The advantage of this procedureis that
it can effectively keep the initial separation bubble from reaching
the recycleplane so that the inflow fluctuation—generationprocedure
can work properly without downstream influence.

Although the hybrid schemes did not show much improvement
over the RANS scheme in the separated region, much improve-
ment is indicated in the recovery region. Because flows in sep-
arated region might be highly unsteady in the mean, part of the
discrepancy might be a result of differences in determining mean
values in the experimentand computation. Analysis of the probabil-
ity density functions of the shock-wave motion frequency reveals
that the mean location of the shock wave determined from mean
surface pressure is quite different from the most probable value.
This might explain the source of the discrepancy in the separated
region.

The present work demonstrates that hybrid LES/RANS methods
can work well for supersonic separated flows in which there is no
clear demarcation between LES and RANS regions. Moreover, it
provides a way for LES methods to address complex flows at high
Reynolds numbers.
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