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Turbulent Inflow Conditions for Large-Eddy Simulation
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The issue of turbulent inflow conditions for large-eddy simulation (LES) is addressed through three representative
examples recently treated at ONERA. First, the performance of an extension to compressible flows of the rescaling
method of Lund et al. (Lund, T. S., Wu, X., and Squire, K. D., “Generation of Turbulent Inflow Data for Spatially-
Developing Boundary Layer Simulations,” Journal of Computational Physics, Vol. 140, No. 2, 1998, pp. 233-258) is
assessed. The second example, the flow above a deep cavity shows that the imposition of turbulent fluctuations has
nearly no influence on the accuracy of the simulation on this acoustically driven flow. The third case demonstrates
that particular attention must be paid to the response of the inflow condition to acoustic perturbations when local
hybrid Reynolds-averaged Navier-Stokes/LES approaches are considered.

L

HIS paper presents the work undertaken at ONERA dealing

with the important issue of generating realistic turbulent in-
flow conditions for direct numerical and large-eddy simulations
(DNS/LES) (see Ref. 1 for a survey).

In most applications, the state of the inflow turbulence can have
a substantial influence on the results of unsteady simulations, and
particular attention must be paid to this issue because it is usually
not possible to use these computationally expensive methods to treat
the whole extension of the considered application. For example, in a
shock/turbulent boundary-layer interaction it is currently impossible
to compute both the natural transition of the boundary layer and the
interaction zone.

The choice of the method to specify this inflow condition is prob-
lem dependent; the following approaches can be considered:

1) Add to the mean velocity profile realistic perturbations com-
puted with parabolic stability equations in their early nonlinear
regime so that the transition occurs quickly downstream the inflow
plane. This approach is limited to low-Reynolds-number computa-
tions.

2) Use experimental data treated by linear stochastic estimation,
which can be used to reconstruct two-points correlations of the ve-
locity field (see paper by Druault et al.2).

3) Decompose a turbulent signal coming from experimental or
numerical data on a proper-orthogonal-decomposition basis, and
use this highly compressed signal as inflow condition.
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4) Superimpose a white noise to the mean velocity profile. This
method necessitates the use of large computational domain to allow
the regeneration of a turbulent flow.

5) Generate data from another precursor simulation.

6) Dedicate a part of the computational domain to the use of a
recycling method.

If the two latter methods are used to generate realistic conditions
for aboundary layer, the most promising way is to choose the method
of rescaling proposed by Lund et al.? to prevent the thickening of the
boundary layer. Possible extensions of this method to compressible
flow are numerous, and part of the work presented in this paper is
dedicated to this issue. Nevertheless, the use of this method can be
hard to implement, and it is interesting to assess cases for which
a white noise superimposed on a mean profile can be sufficient.
Furthermore, in some cases it is not easy to determine if the behavior
of the inflow condition with respect to acoustic perturbation is more
important than the realism of the velocity perturbations.

This paper is split into three parts. First the Lund et al.> method
is considered, and three extensions of this method for compressible
flows found in the literature are presented. The limits of these three
approaches for long time integration are demonstrated on the case of
aspatially developing supersonic boundary layer, and a way to really
fix boundary layer scales is assessed. In a second part, the influence
of the inflow conditions on a LES of a flow above a deep cavity is
characterized. The third part addresses the issue of inflow conditions
for a zonal hybrid Reynolds-averaged Navier—Stokes (RANS)/LES
approach [namely, an extension of the nonlinear disturbance equa-
tions (NLDE) method] applied to the computation of a low-pressure
turbine blade. In this case, the turbulent fluctuations are only com-
puted locally, and the inflow condition is located in the transitional
part of the boundary layer. This three test cases allow us to analyze
the need for inflow conditions for an attached flow, for an acousti-
cally driven flow and for a transitional flow.

IL.

A. Model of Lund et al.

For incompressible flows, the turbulent inflow conditions can be
generated by a rescaling technique proposed by Lund et al.> The
main idea of the rescaling-recycling method is to use rescaled data
taken at a downstream station as inflow data.

The idea is to decompose each flowfield component into a mean
and a fluctuating part and then apply the appropriate scaling law to
each one separately. A variable u; (x, y, z, t) is decomposed as the
sum of an average in the spanwise direction and in time U; (x, z)

Rescaling Methods
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and an instantaneous fluctuating part u;(x, y, z, t) according to
u.(x,y,z,t) =u;(x,y,z,t) = Ui(x,2) ¢))

The index i is equal to 1, 2, and 3, and we denote the streamwise,
spanwise, and wall-normal velocity components by u,, u,, and u3,
the corresponding coordinates being x, y, and z.

Then, in the rescaling method the velocity at the downstream sta-
tion to be rescaled (index re) can be linked with that at the inlet (index
in) via the relations presented here: for the inner region U™ =
ﬁUl,re(Zit,)a Ué”.:er = 07 Uérllzer = U3,re(zit), and (”,’»)g:"er = ,B(u,/')re
(y,z,1); and for the outer region U = BU\ e (nin) +
(1= ), USHr =0, US4 =Us (), and )P =
BW)re(Y, Min, ). The mean and fluctuating velocities are decom-
posed into inner and outer variables.

The rescaling factor 8 = u, in /U r is the ratio of friction velocities
respectively at the inlet station and at the recycled station. Notice
that z;; =ZU.in/v and ni, = z/8;, are inner and outer coordinates at
the inlet station.

Complete velocity profiles valid over the entire inflow boundary
layer are obtained by a weighted average of inner and outer profiles:

W) = [(UD"" + @) |11 = W ()]

+ DR+ @ W (i)
The weighting function W is defined as

_1 a(n —b)
W) = 2{1 + tanh [7(1 Epys +bi|/tanh(oz)} 2)

where « =4 and b =0.2.

The rescaling operation requires the knowledge of the skin-
friction velocity u, and the boundary-layer thickness 4, both at the
rescaling station and at the inlet. These quantities can be determined
easily from the mean velocity profile at the recycled station, but they
must be specified at the inlet. Lund et al.® propose to fix § at the
inlet, whereas u, is evaluated through the relation

1/[2(n—1)]
Ore
Uzin = Urre 0_ (3)
m

where 0 is the incompressible momentum thickness and the expo-
nent n is set to 5.

Table 1 Summary of rescaling methods
for compressible flow
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B. Spatially Developing Simulation for Compressible Flows

For compressible flows, extensions of the technique by Lund
et al.> have been presented in Refs. 4-6. For this type of flow, the
problem is more complicated because a rescaling law for two ther-
modynamic variables must be defined.

The rescaling methods for compressible flow published in the
literature are summarized in Table 1.

According to Urbin and Knight* and Schroder et al.,’ the pressure
is assumed to be constant, and a rescaling for p is not to be specified.

S.1 denotes the same rescaling strategy as Lund et al.> for the mean
streamwise velocity, whereas S.2 uses the Van Driest transformation
of the velocity Uyp for the rescaling of this quantity:

inner __ +
Uypin = BUVD e (Zin)

USssn = BUvD.e(min) + (1 = BYUZ,

Us . (.U
Uyp = -2 A—
VD 2 sin ( UOO)

4= [(y — D/2IM3, Prim
YV 1+ 1y = D/2IM2 Pri,

where

with

Pry, =0.89 is the mean turbulent Prandtl number.
The rescaling of the wall-normal velocity and fluctuating veloci-
ties is the same as the one of Lund et al.? for all authors.
Moreover, to obtain 8 Urbin and Knight4 impose the ratio ;. /8in
according the following classical law:

5
b |y 4 (T 0.27%Re;% '
Sin Sin "

where Res, is the Reynolds number based on the inflow boundary-
layer thickness.

Rescaling strategies S.3, S.4, and S.5 are detailed in
Table 2, where C;=(1+A)(1—8%), C,=24B8(1—-p), and
Cy=(1—B)1++248].

III. Evaluation of These Methods
for Long Time Integration

First, we have performed an evaluation of the three methods just
described on the case of a canonical supersonic boundary layer
developing on a plane plate at Mach number 2.3. This test case
has been studied experimentally by the team of J. P. Dussauge at
the Institut de Recherche sur les Phénoménes hors Equilibre. The
results using laser Doppler anemometry (LDA) can be found in
the Ph.D. dissertation of Deleuze’ and the results obtained with
hot-wire anemometry (HWA) are available in the Laurent’s Ph.D.
dissertation.?

Table 2 Rescaling strategies for density and temperature

Method Inner region Outer region
S.3 Tii‘nner — Tre(Zit,) Tizuter — Tre(nin)
Tig’nner — Tr’e(y’ Zi‘;’ t) Ti;ourer — Tr’e(y’ Nins t)
S4 o = pee(at) PIT = pre(n)
P = ple(vs zi 1) P = pl (¥, Nins )
N U (n:
S5 Ti;‘nrm — /32Tre(Zi+n) +C\T, Tizuter — ﬂzTre(nin) -G relgnm) T, + CsT,
e
Uge (¥, Min, 1)

i — r2 +
T = BT (¥, 20 1)

T/ = BTV (y, Min, 1) — C2 T,

Ue
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The temperature 7, outside of the boundary layer is 144.6 K, the
density p, is equal to 9.66 1072 kg/m3, and the velocity value U, is
557 m/s. The reference length chosen in those computations is the
measured displacement length §;, which is equal to 3.535 mm. This
length is defined as

N L
5]_/0 <1 nge>dZ )

The Reynolds number Re(§,) based on the displacement length
U,, p.,and u(T,) is equal to 19132. The boundary-layer height § is
11 mm.

A. Computational Parameters

The number of grid points in each direction are 159 x 63 x 115,
and the size of the computational domain is 10.75 x 1.46 x 4.26.
The size of the computational cells given in wall units are A} =50,
AT =18,and A} = 1 at the wall. We emphasize that these wall units
are based on the experimentally measured friction velocity equal to
24.75 m/s.

The numerical method is fully described in Ref. 9. The al-
gorithm is based on a fourth-order-accurate skew-symmetric dis-

cretization of the convective fluxes and a second-order-accurate
centered scheme for the diffusive fluxes. The time integration is
performed with a third-order-accurate Runge—Kutta scheme. The
subgrid-scale model is the selective mixed-scale model presented in
Ref. 10.

B. Results

The three methods presented above were run in a time equal to
1058/ U,. Figures 1-3 display the time-averaged longitudinal evo-
lution of § and §; at different times. One can expect that the inflow
value of these two quantities remain constant in time and equal to its
target value. Nevertheless, on long integration time one can clearly
observe a divergence of these quantities from their target values.
Using the method proposed in the Ref. 5, § seems to converge to-
ward the target value, but §; is clearly underestimated. The method
proposed by Urbin and Knight* underestimates § by 12% and &, di-
verges continuously to a too small value. Furthermore, the method
proposed by Schroder et al.® is able to keep the target value of §
but undergoes a drift in §. From these results, we observe that it is
not possible to fix both § and §,. Note that §; is also a function of
the density profile.

13 115
1.25 5
N 1.1_—
- 105
2 I
i < [
= S 5
- 095
1F -
- 0.9_7»
0.95 [
- 085
09 i
085:HI\III\IIHI\III\\IHIIIHIII\IHIIHII\II\IIHII\II\I 08:| il FEENE FEEEE SEENE FRRNl RN SRRES SRENl SNNNE ARNEl SNuNd |
] 10 20 30 40 50 60 70 80 920 100 110 0 10 20 30 40 50 60 70 80 90 100 110
X X
a) b)
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Fig. 4 Thermodynamic variables fluctuations profiles in the boundary
layer: —, prms/<p>; - Prms/<P>; and —-—, Trms/<T>-

IV. Way to Avoid Drift

To avoid this drift of the mean profile for all methods, it seems
natural to fix this profile and to rescale only the fluctuations. Because
the rescaling methods are restricted to canonical boundary layers,
the mean profile is easy to fix from data coming from RANS com-
putations, boundary-layer codes, experimental results, or LES used
in the temporal approximation. In this work, the latter approach was
chosen: a LES initialized with a perturbed laminar velocity profile
was performed with strict periodicity conditions in the streamwise
direction. This boundary layer becomes turbulent and unavoidably
thickens continuously. If the target thickness for the inflow condi-
tions of the spatial simulations is overshot, the Lund procedure is
applied to rescale the boundary layer. The average (in streamwise
and spanwise directions) of the obtained field is used as mean inflow
condition for the spatial simulation, and the whole turbulent field
(replicated in the streamwise and spanwise directions if necessary)
is used as initial condition for this simulation.

Furthermore, one can see in Fig. 4 that the pressure fluctuations
are not negligible when compared to temperature and density fluc-
tuations. A very similar result can be found in Ref. 11. Because
density and temperature are nearly anticorrelated in a compressible

boundary layer, it is not sure that the rescaling of these two quanti-
ties as done in Refs. 4-6 uses all of the available information. For
these two reasons, it was chosen to rescale both the temperature
and the pressure. The chosen rescaling of the temperature is S.3,
and the one for the pressure is the same as this of S.3 but with P
instead of T.

Figure 5 displays the longitudinal evolution of § and §; for the
proposed method. The time histories of these quantities are also
reported, and one can notice that the drift has now nearly disappeared
and that the target values are recovered within a 3% error. Note that
integration time as long as 210 6/ U, has been considered.

The Van Driest transformed mean velocity profiles obtained in the
middle of the box are represented in Fig. 6. Both the computations
and wind-tunnel experiments exhibit the expected logarithmic zone
of equilibrium boundary layers. The experimental friction velocity is
not measured but evaluated assuming the profile follows the classical
law (n(z7)/0.41 + 5.25. This explains the perfect agreement of the
experimental profile with this law. One can notice looking at the
asymptotic value of Uyyp that the friction velocity is underestimated
by 10% with LES. This kind of underestimation is customary using
LES and can also be found in Ref. 12 for a similar compressible
boundary layer.

Following the work of Morkovin, longitudinal velocity fluctua-
tions are multiplied by density and adimensionalized by friction
velocity. This change of variable is used in Fig. 7. Discrepan-
cies between LDA and HWA data are noticeable in particular near
z/8 ~0.1. Despite some experimental bias, former measurements at
the same Mach number have led Eléna and Lacharme'? to agree on
the superiority of LDA measurements. For z/§ < 0.3, LES results
are located between those of both measurement techniques, whereas
higher in the boundary layer numerical results are in nearly perfect
agreement with LDA data.

Note that with mean profiles fixed the three aforementioned ap-
proaches give the same quantitative agreement that the method pro-
posed here, which uses a pressure rescaling.

V. LES of a Flow past a Deep Cavity

A. Characteristics of the Computations

A configuration corresponding to the experiment of Forestier
et al.!'* has been simulated. The Mach number in the inflow chan-
nel and the Reynolds number based on the length of the cavity are
equal to 0.8 and 8.6 x 10, respectively. The incoming boundary
layer has a momentum thickness upstream of the separation point
equal to 0.648 mm. The length L and depth D of the cavity are equal
to 50 and 120 mm, respectively. It results in a length to depth ratio
of 0.42, and therefore the configuration belongs to the deep cavity
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Fig. 8 Numerical schlieren view of the whole computational domain
in the midspan x—y plane for F computation.

category. However, it resonates according to the flow-acoustic in-
teraction (see Larchevéque et al.' for details).

The compressible filtered Navier—Stokes equations are closed us-
ing the selective mixed scales model'® and the Prandtl analogy. The
convective scheme is a second-order centered one, which possibly
reverses to an upwind AUSM+(P)-like scheme according to a wig-
gle detector so as to prevent spurious oscillations (see Mary and
Sagaut'® for details). The time integration is carried out by means
of a third-order compact Runge—Kutta scheme. To make the compu-
tation feasible, a two-layer law of the wall is used. Typical incoming
channel boundary cells dimensions are Ax™ = 150 (streamwise) and
Ay =120 (normal to the wall).

The computational configuration mimics as close as possible the
wind-tunnel geometry described in Ref. 14. Both lower and up-
per walls of the tunnel are taken into account. In the spanwise di-
rection, periodicity conditions are used because the experimental
measurements show that the flow is homogeneous along that direc-
tion. Details on the grid-convergence study and on the influence of
the spanwise dimension upon computations results can be found
in Ref. 15. For the present fully three-dimensional simulations, the
span is set equal to the length of the cavity and is discretized with
50 cells. The resulting mesh has a total number of cells equal to 1.8
million, with one-half of these cells located into the cavity. Figure 8
provides an overlook of the computational domain in the midspan
x—y plane.
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Two computations have been carried out. Both of them use the
experimental turbulent mean velocity profile as boundary condi-
tion, coupled with a Thomson nonreflective formulation. No veloc-
ity fluctuations are added in the first simulation, hereafter denoted
NF. On the contrary, the second one, noted F, relies on velocity
perturbations added at the inflow plane. These random perturbation
values are obtained by means of a process, which is described in the
next paragraph.

B. Turbulent Inflow Conditions

Because of the use of a spatial scheme, which includes a wiggle
sensor, the inflow fluctuations have to be treated carefully in order
to avoid an excessive damping. To neutralize the sensor in the wall-
normal and transverse directions, the white-noise random values are
filtered in each of these two directions using a (g, 3, ) filter. The
random fluctuation is then rescaled so that its variance o2 is equal
to one.

To obtain a somehow similar neutralization in the streamwise
direction, the filtered random values are time correlated using the
following recursive relation:

axV'+(1—-—a)xU
V2x (@ —a)+1

where V" is the value of a random variable at the step n and U
is a new space-filtered random value. The denominator helps to
ensure that o2(V) = 1. This equation can be hold as a crude first-
order discretization of a Langevin’s equation. The parameter « is
adjusted with regards to the inflow velocity and the time step so
as to obtain reasonable spatial correlation length. For the present
calculation, it has been set to 0.9. One can notice that because of
the multiple summations of uniformly distributed random variables
caused by the filtering and correlating process the distribution of the
fluctuations is no longer uniform (white noise). It rather tends toward
a Gaussian one (central limit theorem). Finally, the resulting random
values are modulated according to spatial experimental u’, v" and
extrapolated w’ fluctuating velocity profiles. One can notice that for
low-Mach-number flows the white noise involved in this procedure
should be made divergence free.

As it can be seen in Fig. 9, such a process is able to recover
some kind of streamwise-oriented structures that can mimic streaks
despite too great length (~2000 x*) and height (up to 400 y*). This
size is expected, considering the size of the mesh and the fact that a
second-order-accurate numerical method is used. However a more
appropriate behavior is progressively recovered further downstream.
Also note that the spanwise structures observed slightly upstream
of the cavity are generated under the influence of the mixing layer
flow inside the cavity, as seen on the right part of the Fig. 9.

Vn+l —

&)

C. Analysis of the Results

Figure 10 shows the mean streamwise velocity profiles 0.1L be-
fore the upstream corner of the cavity. The two simulations lead to
identical results in good concordance with the experimental mea-
surements.

The fluctuating velocity profiles at the inflow and at the inflow
(x=—L) and at x =—0.1L are plotted in Figs. 11 and 12, respec-

Fig. 9 Coherent structures in the inflow channel lower boundary layer
(F computation). Structures are educed using the Q criterion.
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Fig. 10 Mean streamwise velocity profile at location x= —0.1L: —,
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Fig. 12 Fluctuating velocity components at x = —0.1L: ——, NF com-
putation; and ———, F computation.

tively. The effect of the added fluctuations is clearly visible on the
w’ profiles, but not on the u’ profiles. This has to be explained
by the fact that # and v fluctuations are mainly caused by strong
two-dimensional pressure waves traveling upstream the cavity (see
Fig. 8). The main interest of the added fluctuations is therefore to
provide the boundary layer with a more physical three-dimensional
character. However, as it has been seen in Fig. 10 this three di-
mensionality does not affect the mean velocity profile. One can also
notice that the procedure adopted to prevent dissipation of the fluctu-
ation by the scheme is reasonably successful: inside the production
region of the boundary layer the difference in w fluctuation levels
between the F and NF cases remains almost constant along the in-
flow channel; as for the upper part of the layer, initial w fluctuations
are damped by one-third to one-half.

The global quality of the simulation can be evaluated by looking
at Figs. 13 and 14. Both NF and F simulations yield the same re-
sults in good agreement with the experimental measurements. More
precisely, the three dimensionality of the boundary layer for F simu-
lation has no impact on the flowfield inside the cavity. The intrinsic
two-dimensional character of the primary Kelvin—Helmbholtz insta-
bility is responsible for such a lack of sensitivity.
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D. Learning from the Simulations

In these computations, the nature of the fluctuations of the inflow
conditions appears to have no influence on the quality of the results.
This can be explained by at least three facts:

1) The position of the separation point is imposed by the geometry
of the configuration.

2) Pressure waves result in strong velocity fluctuations with level
similar to or even higher than the “natural” ones observed in a
canonic boundary layer.

3) The Kelvin—Helmholtz instability inside the mixing layer is
rather sensitive to the mean boundary-layer profile than to the level
of fluctuation. Indeed, the Kelvin—Helmholtz (K-H) instability in
cavity flows initially acts as a noise amplifier, and therefore pertur-
bation levels at its beginning should be of great importance. How-
ever, noting that K-H instability preferentially amplifies spanwise
two-dimensional perturbations, three-dimensional boundary-layer
structures have far less impact that the two-dimensional spanwise
pressure-induced perturbations, even if they have lower magnitude
than the boundary-layer ones.

The key of the success for such cavity simulations has rather to
be found in the good description of the flow-acoustic resonance.
Numerically speaking, this means that the mesh inside the cavity
should have a good resolution in the vertical direction to adequately
resolve the mixing-layer gradient and in the streamwise direction
to correctly propagate the pressure waves. Because of the physics
of the Kelvin—Helmbholtz instability, a mean boundary-layer profile
with the correct shape (momentum thickness) is also required.

Finally, because of its very low sensitivity to boundary-layer fluc-
tuations the present cavity flow appears to be insufficient to com-
pletely analyze the inflow model just described. To obtain clear con-
clusions, the present method should be applied to other test cases
for which turbulent fluctuation have a real impact on the flow de-
velopment. Wall-bounded flows like curved boundary layer with
separation or surface-mounted cube, as well as free flow like the
one past a cylinder, could be considered. For free flows, results for
the upper part of the boundary layer show that the model is promis-
ing. Also note that the model could be improved quite easily by cross
correlating the velocity fluctuations prior to the filtering process.

VI. Application of a Hybrid RANS/LES Approach
to a Low-Pressure Turbine Blade

A. Short Insight into NLDE

The method employed in this section can be seen as the general-
ization to viscous flows of the NLDE method proposed by Morris
et al.'” The principle of the method is to decompose the field u as a
mean part (Reynolds average) and a fluctuating part asin Eq. (1). The
mean part u, is then computed using a classical RANS modeling,
whereas the calculation of the fluctuating part u’ is achieved thanks
to a LES-like simulation. The main originality of the method is that
only the fluctuating part is computed during this second simulation,
leading to the resolution of equations of the following form:

a/
a—L;-}—V-F(ﬁ)—V-F(uo):tL—rR 6)

where - corresponds to the filtering in the LES way and % and t®
are respectively the classical subgrid scale tensor and the Reynolds
tensor.

A full description of the method used in the present paper is given
in Ref. 18.

B. Description of the Configuration

The NLDE method is employed to describe the aerodynamic field
around the T106 low-pressure turbine blade. The complete LES cal-
culation of this configuration can be found in Raverdy et al.'® The
NLDE is used to reconstruct the turbulent fluctuations both in the
boundary layer and in the near wake. The gain with respect to the
classical LES approach comes from the drastic reduction of the
size of the computational domain. The mean flow is obtained carry-
ing out a two-dimensional steady RANS computation on the same
mesh and the same computational domain [in a (x—z) plane] as the
LES." The Spalart—Allmaras model? is used in this case. Steady
solution is obtained using a finite volume solver based on implicit
time integration and a second-order-accurate upwind total-variation-
diminishing scheme. The hybrid RANS/LES computations are per-
formed in a subdomain containing the transition zone on the suction
side of the blade, the trailing edge, and the near wake. Computational
domains of LES, RANS, and hybrid RANS/LES computations are
shown in Fig. 15.

RANS computation is carried out using the whole computational
domain, which is divided in several subdomains. Shaded subdo-
mains correspond to the computational domain used to reconstruct
fluctuations using the NLDE approach.

Along the blade, the grid is defined such that Ax™ < 40. The first
grid point away from the wall is such that Az™ < 1. The number
of points per (x—z) plane is then reduced from 90,644 (LES, full
computational domain) to 26,306 (NLDE method, restricted com-
putational domain). The spanwise extent of the domain is 3.2% of
the chord in both cases. Thirty points are used in this direction,
yielding Ayt < 10. The resolution is such that the simulation is a
quasi-DNS in the transition region and behaves like a well-resolved
LES in turbulent regions. For the computation of the fluctuations,

Fig. 15 Low-pressure turbine blade: RANS domains (white) and hy-
brid simulation domain (black).
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the same numerical method as for the calculation of the deep cavity
is used.

C. Characteristic Theory Applied to the NLDE Equations

Because of the reduction of the domain size, attention must be
paid to the definition of the boundary conditions and particularly to
the inflow ones. To deal with such short domain size, a nonreflecting
time-dependent boundary condition for the fluctuation is derived
according to the characteristic theory (see Ref. 21 for a review of
this theory).

In the nonconservative form, the Navier—Stokes equation can be
written:

aV+A3V+BaV+C3V—VIS @)
at ax dy 9z

where V = (p, u, v, w, p)7 is the primitive variable field; VIS ac-
counts for the viscosity and subgrid scales terms; and A, B, and C
are the classical convection matrices.

V can be divided in three parts according to the NLDE method:

V=vVlty 4 V56 (8)

The first part, V° = (oo, uo, vy, wo, po)’, deals with the statisti-
cally mean field, and the second part is connected with the fluctuating
field, V' = (o', u’, V', w’, p")T.

As in all of the other works dealing with the subject, the contri-
bution of the subgrid scale term V555 is neglected.

This leads to the following equation for the fluctuating field:

v’ v’ av’ av’

A B C =VIS
ot + 0x + ay + 0z
8V0+A8V°+BBV0+C8VO VIS 9)
ot ox ay 9z 0

where VIS and VIS, account respectively for the fluctuating and

mean part of the viscosity terms. By analogy with the extension

of the characteristic theory to the viscous flows (for instance, see

Ref. 22), only the terms of convection of the fluctuations are now

considered, which leads to neglect the right-hand side of Eq. (9).
The resulting equation is the following one:

v’ +A8V’ +B8V’ +C8V/ B
ot dx 9y 9z

0 (10)

Classically, the matrix E=An,+ Bn,+Cn, [where n=
(ny,ny, n.)T is the vector normal to the considered boundary] has
now to be diagonalized in order to set conditions on the characteristic
variables of the equation. We can then write

A = LEL™' = diag(A!, A2, A3, A%, 1)
= diag(un» Uy, Up, Up +C7 Up _C) (11)

where u, is the projection of the velocity vector on the normal to
the boundary, c is the sound velocity, and L is the matrix of the left
eigenvectors.

Then, the temporal evolutions of the primitive variables (6V") and
those of the characteristic variables are linked by

W = L6V, 6V = L7'6W (12)

where W' is the vector of the characteristic variables.

We can now derive a nonreflecting boundary condition for the
fluctuating field following Thomson®*:

0 if A <0

” =oW'? = Wl2ntl _ pylon

At if )"i >0 (13)

E1
\/
sl
L1
P
Fig. 16 Isovalues of the density
field, reflecting inflow condition.
E1
\
L1
P
Fig. 17 Isovalues of the density y E3
field, nonreflecting inflow condi- I
tion.
D. Results

The preceding boundary condition is used on the inflow bound-
aries of the NLDE domain and is compared to a simple boundary
condition, which consists of a zeroth-order extrapolation. The re-
sults can be found in Figs. 16 (zeroth-order extrapolation) and 17
(nonreflecting boundary condition).

In these two figures, the isovalues of the density are represented. It
is observed that with the zeroth-order extrapolation pressure waves
pile up, leading to unreliable results, whereas with the nonreflecting
boundary conditions pressure waves are correctly leaving the NLDE
domain leading to a locally LES-like solution.

This example shows that in some case the acoustic response of the
inflow boundary condition can be more important than the prescrip-
tion of a realistic inflow velocity field. This remark can be limited
to inflow domain beginning in the laminar or transitional part of
the boundary layer, but it can have a wide range of applications in
particular for turbomachinery.

VII. Conclusions

The problem of inflow turbulent conditions for LES has been
addressed through three examples that are representative of this issue
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recently treated at ONERA. First, the performance of an extension to
compressible flows of the rescaling method of Lund et al.? has been
assessed. The accuracy of the method is proven by comparisons
with experimental data. Such a precision in the definition of the
inflow condition is not always necessary because in the case of
the deep cavity the imposition of turbulent fluctuations has nearly
no influence on the accuracy of the simulation on this acoustically
driven flow. The third case demonstrates that particular attention
must be paid to the response of the inflow condition to acoustic
perturbations, which have more importance than the prescription of
arealistic velocity field when the beginning of the domain is located
on a laminar/transitional part of a boundary layer.
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