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Abstract

This study deals with the Large Eddy Simulation (LES) of an unsteady turbulent com-
pressible internal flow at high Reynolds number, in sight of turbomachinery applications.
To validate the subgrid scale modeling near the walls when shock-waves and shock-
waves/boundary layers interaction occur, the simulation of the flow in a 3D transonic
convergent-divergent channel (ONERA) is performed. This test case is very well docu-
mented since it has already been studied experimentally [6] and numerically with RANS
modeling [7], [27]. The experimental results and RANS simulations are compared with
the results given by the mixed scale model using a WENO shock capturing scheme [48]
of third order.

1 Introduction

Unsteady flows produced in unadapted turbomachinery are characterized by diverse un-
steady phenomena that involves the diminution of the pressure recovery of the industrial
machines. Shock wave/turbulence or shock wave/boundary layer interactions can be ob-
served in the turbomachinery flows or in the air intake of the aircrafts in unadapted flow
conditions. It can lead to important propulsion or compression performance losses. The
unsteady 3D shock wave/boundary layer interaction that can occur in these transonic
flows remains one of the main issue that has to be studied in detail at high Reynolds
number. The shock wave, by interacting with the turbulent flow, can lead to high fluctu-
ations in wall pressure as well as strong unsteady heat flux. When a separation occurs,
large unsteady energetic recirculations are created. These unsteady large scale structures
can significantly increase the loads on the different solid structures. The low frequency
contraction and expansion of the separation zone induces the large scale oscillation of
the shock/wave. The turbulent coherent stuctures also produce pressure fluctuations
at higher frequency by interacting with the shock wave [32], [44]. The unsteady shock
wave/boundary layer interaction that takes place in these flows is very complex and still
not very well understood and controlled. On the opposite of the flows encountered in the
air intake of the aircrafts, turbomachinery flows are characterized by a rotating move-
ment. As a matter of fact. three different origins to turbomachinery flows unsteadiness
can be distinguished.

The first one is the rotation of the blade row which produce a periodic motion at
relatively low frequency. Opiela and al. realized a LES (Large Eddy Simulation) to
study the interation between a turbulent wake flow, generated by a periodically moving



cylinder, and a stator blade [43]. It appears that the passing of the wake causes temporary
separation on the suction side of the blade. J. M. Verdon, in [54], studied the response of
the steady flow passing through a blade row to an harmonic perturbation at the frequency
of w. The results indicate propagating acoustic responses at the inlet and at the exit of
the row.

The second origin of the flow unsteadiness is related to the motion of the paddle wheels,
as it happens for example in a shock-wave/boundary layer interaction with separation.
The paddle wheels are excited by the pressure fluctuations of the recirculation. This
unsteady motion generates waves that interact, in a non linear way, back with the flow.
Carstens and Schmitt have shown that the nonlinear fluid structure interaction, caused
by oscillating shocks or strong flow separation, can significantly influence the intrinsic
wheel motion [9]. Some methods with coupled aerodynamics and structural models have
also been used, as did Sadeghi and Liu [46] who solved the aerodynamical and structural
equations simultaneously. The study reveals that the intrinsic oscillatory modes of the
wheels are not amplified in the same way than in the uncoupled approach.

Then, the third origin of unsteadiness in turbomachinery flows is turbulence itself, and
the interaction of the large energetic anisotropic eddies of the flow with the shock-wave.
This study, performed in collaboration with the Industry Research Consortium in Turbo-
machinery (CIRT) and the LEMFI (Orsay), deals more precisely with the calculation of
the large anisotropic eddies encountered in these kind of flows and with the turbulence
modeling, in the presence of a shock wave/boundary layer interaction.

The resolution of the full turbulent compressible Navier-Stokes equations with a RANS
(Reynolds Average Navier Stokes equations) approach, by using an algebraic mixing
length turbulence model, or using a k — ¢ turbulence model, are now commonly used to
simulate industrial flows and particularly turbomachinery flows [6], [10], [29]. Anyway,
these models can present some shortcomings in the capture of the phenomena experimen-
tally observed in shock/wave boundary layer interactions. K. Hanjali¢ lists the advantages
and the limits of the two equation eddy viscosity models in [49], as does P. R. Spalart
in [30]. It was observed, for example, that very large separation zone, in a flow where a
shock wave/boundary layer interaction occurs, was overestimated by these methods [27].
Recently, more and more complex R;; — ¢ turbulence closure models were developed to
improve the prediction of the flow/solid structure interactions and the turbulence prop-
erties. The resolution of the Reynolds stress components allow to take into account the
anisotropy of turbulence. This kind of modelization improves the calculation of the sepa-
ration, as shown by M. A. Leschziner and al., in their simulation of a shock wave/boundary
layer interaction [36].

The RANS k — ¢ and R;; — ¢ turbulence models, initially constructed for high Re
number, were extended to near wall low Reynolds flow in the nineties [27]. Several mod-
ified models are reviewed by R. M. C. So and al. in [45]. It can be underline that one
of the difficulty is to modelize the pressure redistribution term @;;. Also, the models
have to be asymptotically coherent with the turbulence near wall feature. These low Re
number models give better results than the usual models, but they are still complex and
computationnally expansive. T. J. Craft, in [15], and G. A. Gerolymos in [28], proposed
a low Reynolds closure adapted for the simulation of the near wall flow region but in-
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dependant of the geometric parameters, as the distance from the wall. This simplifies
the use of second order moment closures in 3D complex geometries, like those encoun-
tered in turbomachinery flows. Non linear viscosity k — & models were also proposed by
Leschziner and al., [36], as a compromise between the classical eddy viscosity models and
the second order closures. The Renormalization Group (RNG) theory of V. Yakhot and
L. M. Smith, [57], is another promising research direction, with a new theoritical support.

All the methods discussed above are intrinsically steady predicitive. Unsteady simu-
lations are performed thanks to URANS modelization [48]. This approach is constructed
upon a phase average and actually only give unsteady predictions of the flow motion when
the separation between the predominant unsteady phenomenon frequency and the turbu-
lence frequencies is well-defined. P. R. Spalart has also proposed an hybrid methodology
called DES (Detached Eddy Viscosity) [48]. It consists of using a RANS model to cal-
culate the boundary layer, coupled to a Large Eddy Simulation in the separated regions
of the flow. The method gives good results in the simulation of a flow past a circular
cylinder and will have to be extended for the simulation of internal flows.

One of the weakness of the RANS approach is that all the scales are modeled. They
hardly correctly resolved the large unsteady energetic structures. Ri; — € closures describe
more faithfully the turbulence dynamics, but they are still complex and steady predictive.
The aim of this work is then to validate the LES (Large Eddy Simulation) modeling of
a shock wave /boundary layer interaction with the mixed scale model [50], in sight of tur-
bomachinery applications.

In the LES approach, the large energetic scales filtered from the global field by the
computational grid mesh size locally, are resolved. The small scales, unresolved through
the local mesh, are modeled. LES subgrid modeling has already been used successfully
to simulate external turbulent unsteady flows. F. Ducros and al. [11], [20], simulated
the transition to turbulence in a boundary layer developing spatially over a flat plate. C.
Tenaud and L. Ta Phuoc compared different LES closure models for the simulation of
the unsteady compressible separated flow around NACA airfoil [50]. B. Vreman and al.
have simulated a compressible plane mixing layer to test the LES subgrid contribution of
the modelized terms [55]). The LES of spatially developing 3D compressible mixing layer
has been also realized with the mixed scale model by L. Doris and al. [19]. Different
subgrid models were compared recently in the simulation of a turbulent jet wake /vortex
interaction by C. Ferreira Gago and al. in [23]. Thermal effects were also studied in their
configuration.

LES of internal flow in a channel have also been performed. P. Moin and J. Kim
analyzed in detail the mean velocity profiles and the turbulence statistics in turbulent
channel flow at Re = 13800 [41]. E. Lenormand and al. tested different subgrid models
for LES of compressible wall bounded flows in a periodical channel [34]. C. Brun and R.
Friedrich performed a priori tests of subgrid stress models in a fully developed pipe flow by
reconstructing the small scale tensor from their DNS (Direct Numerical Simulation) [5].
R. Verzicco and al., in [54], calculated the incompressible flow in a motored axisymmetric
pistion-cylinder assembly by LES. The boundary conditions were applied independently
of the grid by using body forces. X. Wu and P. A. Durbin performed a DNS of an
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incompressible flow passing through turbine passages to study the rotor wakes/stator in-
teractions [56].

The simulation of compressible flow through complex geometries thanks to the LES
approach is more recent. As already mentionned, M. Opiela and al. performed a LES to
simulate the interaction between a wake generated by a moving cylinder and the stator in
a turbine stage in a compressible flow [42]. Several studies on the shock-wave/boundary
layer interactions in supersonic flows can be founded in the literature. Rizzeta and al.
studied the flow structure and the turbulence properties thanks to a LES of a supersonic
compression ramp flow at M = 3 and Re = 2.1 10° [16]. H. Yan and D. Knight, in [58],
have performed a LES of a supersonic compression corner at M = 2.88 and Re = 10%
N. A. Adams also performed a DNS of the turbulent boundary layer along a compression
ramp at M = 3 and Re = 1685 [1].

These kind of flows and phenomena have been less investigated in the transonic regime
[25]. The turbulent unsteady compressible flow through a 3D channel (ONERA), with a
swept bump on the lower wall, is simulated, at high Reynolds number. This corresponds
to the "Delery’s Case C”, a classic test case for investigating turbulence-model perfor-
mance for shock wave/boundary layer interaction [36]. Multiple shock-wave/boundary
layer interactions take place on the four walls, and a large 3D separation can be experi-
mentally observed downstream of the bump. Detailed experiments are available, as well as
statistical simlulations, making possible the validation of the LES through a comparison
between numerical and experimental results [6], [27]. The 3D shock wave/boundary layer
interaction that takes place tends to mimic patterns occuring in an unadapted flow over
the blades, even if the rotation of the flow is not taken into account in this study. The
flow presents some of the main characteristics of the flows encountered in turbomachinery,
specially in supersonic or transonic axial compressors. The objective of the present paper
is to analyze in detail the large scale field calculated by LES in a three dimensional shock-
wave/boundary layer interaction occuring in an internal turbulent transonic flow. The
simulation is performed using the mixed scale model [50] and with a third order WENO
shock capturing scheme [32].

The test case is described in the next section. LES governing equations with the terms
that have been modeled are presented, as well as the subgrid mixed-scale model. The
numerical resolution of the equations, the description of the tested numerical scheme and
the boundary conditions are given. The unsteady results obtained by LES are discussed.
Some temporal spectra, made downstream from the interaction zone, are analized. Then,
the different results obtained by LES are compared to the results given experimentally
and by statistical methods on the mean velocity profiles and the Reynolds stress tensor,
to specify if the main average properties of the flow are recovered with the LES subgrid
modeling.



2 Tested configuration : the 3D ONERA Channel

The tested configuration is a 3D channel (ONERA) with a swept bump on the lower wall.
It has been studied numerically by RANS approach [7], [29] and experimentally in a wind
tunnel at ONERA [6]. The geometrical definition of the configuration is presented in
figure (1). The total length of the channel is L; = 0.8 m, the test section at the inlet
is L, = 0.1 m high and L. = 0.1213 m wide. As we can see in figure (1), the throat is
obtained by the bump with 3D shape located on the flow of this channel. The upstream
part of the bump is straight and is inclined at 7 degrees. Then the surface of the swept
bump is circular. The first portion is concave with a radius of 0.1 m, followed by a convex
part characterized by a 0.18 m radius of curvature. The construction of the bump insures
the slope continuity of the two circular parts. The bump crest line is swept of 30 degrees
from the inflow direction [6]. The chord length of the bump varies from y = 0.245 m on
the far side wall, to ¥ = 0.355 m on the near side wall. The height of the bump is 0.02 m.
The channel has a second throat, visible in figure (1) close to the end, which its cross
section is adjustable to allow a very precise location of the shock wave produced in the
channel. The coordinate origin z = 0 m is located at the beginning of the bump, so z
varies from £ = —0.1 m to z = 0.7 m along the computational domain. The coordinate
2 = 0 m corresponds to the farest lateral wall and y = 0 m coincides with the lower wall
at the inlet.

This configuration has been defined at ONERA and studied experimentally in the
S8 transonic wind tunnel. The reservoir pressure and temperature of the air in the
experience, were F; = 0.92 10° Pa and T, = 300 K. The Reynolds number based on both
the minimum chord length of the bump, x = 0.245 m, and the maximum inlet velocity,
Ures = 198 m 571, is Re = 22 10°.

The incoming flow is subsonic with a maximum Mach number M = 0.6 in the core of
the flow. The flow accelerates on the bump reaching a sonic state in the first throat at the
maximum height of the bump. A three dimensional shock wave takes place downstream
the bump [6], [39]. Its location in the divergent part depends on the opening of the second
sonic throat. The simulation of this throat in the definition of the tested case geometry
is necessary, as the pressure is not homogeneous in the outflow [7], [27]. The streamwise
location of the second throat is the same as in the experiments. In the RANS simulation,
the opening of the throat is adjusted to recover the experimental shock wave location
in the divergent. The shock wave interacts with the boundary layer on the upper and
the lower wall. On the lower wall, on the far side, the pressure in the boundary layer is
higher than the pressure downstream of the shock wave, and the boundary layer does not
separate. On the nearest side wall, the shock-wave/boundary layer interaction intensity is
strong enough to generate a large dead-water region [27]. The flow is then reaccelerated
in the divergent part downstream the shock wave. It becomes sonic in the second throat
and the core of the outflow is supersonic.

The measured data consist of profiles of the velocity components and the Reynolds
stress tensor components along the (Oz), (Oy), and (Oz) axes. Only the experimental
profiles along the (Oy) direction were compared to the numerical results, at seven different
abscissa z, centered in the separation zone, and at five different coordinates z. The field
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Figure 1: Sketch of the 3D ONERA Channel : computational domain

measurements were executed by using a three-component laser Doppler velocimeter. The
expected accuracy given by the experimentalists is 1% for the velocity components u;,
while it is of order of 10% for w'v' and 20% for v'w'.

3 LES Governing Equations and Subgrid Modelling

3.1 Filtered equations

The governing equations of the compressible turbulent flow are the unsteady Navier-
Stokes equations. In LES, the fields are decomposed into a spatially resolved part and
a subgrid-scale part. For convenience, in a compressible flow, the resolved variables are
density-weighted [22] and are then given by :

f=F+f"with f = pf/p.

() is the spatial filtering operator. f, the Favre’s variable, is the resolved part of the quan-
tity. The spatial filtering operation is implicit. The characteristic filter size depens on the
local grid size and the numerical scheme intrinsic dissipation. In the above decomposi-
tion, f” pictures the unresolved density-weighted subgrid-scale part which is uncaptured
through the mesh used.

The filtered Navier-Stokes equations can be written in different ways [34]. More un-
resolved terms appear in the compressible filtered equations than in the incompressible
ones. Following Vreman [55], the equations are written with only resolved quantities but
without introducing modified energy, temperature or pressure. In the simulation, the
temperature and the pressure are resolved quantities and the subgrid contributions ap-
pearing in the total energy are modeled separately. As we compare our numerical results
to experimental ones, it is necessary to simulate a real pressure. Anyway, a recent review
upon the use of a macro temperature and a macro pressure to simulate a flow through
a channel [38], concludes that the subgrid contribution to pressure and temperature is
negligible under a reasonable subgrid mach number condition.

Our equations are close to one of the system proposed by Vreman in [55]. The weight
of the different subgrid terms appearing in the filtered equations are compared to each
other in [55] thanks to the simulation of the temporal development of a mixing layer.
The results lead to the conclusion that all the subgrid terms can be neglected, except the
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non-linear subgrid-scale tensor, the subgrid-scale heat flux and the threefold correlations
p(u Uuj — u;u;u;). We neglect, a priori, the contribution of the threefold correlations,
while the subgrid-scale tensor, the subgrid-scale heat ﬂux and the contributions in the
total energy are modeled. The possible modelization of 2(u,u1u3 — w;u;u;), for instance
using a first gradient hypothesis [34], has to be first validated in a simpler test case
than the Delery’s case. This was not planned in the initial frame of this study. We can
underline that the hypothesis used in our simulation were apply successfully to the LES
of a spatially developing 3D compressible mixing layer [19].

Finally, the governing equations of the large scale motion are written, in Cartesian
coordinate, as :
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Both operators appearing in the fluxes, (~) and (.), correspond to resolved quantities in
connection with the spatial filtering. Then, in terms of large scales, p is the density of
the fluid, @; is the velocity component in the z; direction, p is the pressure, E is the
total energy and §; is the heat fux vector. &;; is the viscous stress tensor of the re-



solved velocity : G;; = 2,u,(§?-j - ggkkc‘i,-j) where p is the dynamic viscosity. Let us recall

” s T,+110.4
that u is eiven by the Sutherland’s law : T) = u(T,) (= 22T " The quan-
pis g - ya~ w(T) = wT) (F) F 1104 q
tity §,-J» — l(ﬁ + —?ﬁ) is the strain rate tensor of the resolved velocity. The heat flux
2 317_,» 8.’5,‘
vector is given by the Fourier’s law : ¢; = "-K,—a , where & is the thermal conductiv-

L

ity given by & = K%  The air flow simulated is supposed to behave like a perfect gas

T
so Pr = 0.7 and the thermodynamic pressure is calculated from the ideal gas equation

state : p=pRT = (y — I)E(E‘— u’;‘) with v = 1.4 and R = 287 J/kg K.

7j = p(Ww; — U;ly) is the subgrid stress tensor and 1 = (cp,ﬁ(ﬁ - ﬁj'i‘)) is the sub-
grid heat flux. These two terms need to be related to the resolved quantities by the use
of models which are listed below. As already pointed out, the subgrid kinetic energy
contribution. 7., is needed in the evaluation of the temperature and the pressure. A
similarity scale assumption is employed to estimate 74 [50]. However, as shown in (38],
this contribution is not essential.

As the geometry of the nozzle is not cartesian, the equations are resolved in a curvi-
linear coordinate system (£,7,() that fits the 3D channel [51]. The velocity components,
still expressed in the cartesian coordinates, are functions of (§,7,¢). The &(z,y,z) coor-
dinate defines the longitudinal direction. The n(z,y,z) coordinate is locally normal to
the surfaces following the lower wall up to the upper wall. The third coordinate ((z,y, 2)
is normal to the side wall planes.

Finally we resolve :
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J is the jacobian of the transformation and a;, f; et 7 are the local metric of the
coordinates transformation [31].

3.2 Subgrid modeling

Following the energy transfert theory, the subgrid stress tensor is evaluated by a Boussi-
nesq hypothesis. In this approach, the deviatoric part of the subgrid scale tensor is related
to the strain rate tensor of the resolved velocity field by means of a subgrid viscosity as :

1 IR [T
=Tij + 3Tkkdi; = 2 feg (Sij = 3Skidi)
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The subgrid viscosity, jt.,, is modeled by the mixed scale model adapted to compress-
ible flow [50]. The mixed modelization was prefered to a dynamical approach [26] because
the dynamic model can present undesirable numerical oscillations. It is also a model com-
putationally more expansive than the mixed scale model [24]. LES of test-case at high
Reynolds number were also already performed successfully for external flows with the
mixed scale model, as the simulation of a 3D spatial mixing layer [19] or the simulation
of a compressible jet [23].

In this model, the subgrid viscosity s, is defined as the geometric ponderation between
the vorticity model and the kinetic energy model [3] :

ey = (FC2 A% [ pC A V)

Hw Hk

[T

The vorticity model, constructed upon the large scales, is used to calculate . [2].
C? =0.04 and A is the cut off length scale of the filter. The vorticity model has been
prefered to the Smagorinsky model because the constant value is less sensible to the local
shear stress in the fluid [3]. This is important here as the flow simulated is bounded,
with strong velocity gradients at the wall. The turbulent kinetic energy model [3], based
upon the unresolved scales, evaluates the small scale contribution of the viscosity fy.
C, = 0.126 and ¢, is the subgrid kinetic energy at the cut off, given by a scale similarity

assumption as : ¢, = 5 (@) (@) = - (% — u;)(%; — ;). The double-filtered quantities

&u? are computed by using a filter with a cut off of 2A. To end with, and to be consistent
with the subgrid kinetic energy modeling, 74, is approximated by 2pq..

We can underline that with this kind of mixed modelization, the effect of both scales
is balanced. Also, the viscosity goes to zero in a laminar zone, near the walls, or where
the flow is well resolved. The viscosity induced by the model is less important than the
Smagorinsky’s one, as the value of the global viscosity changes with the amount of small
scales present in the local spatial spectrum of the flow quantities, at the filter’s cut off

[33].
The subgrid heat flux is modeled by a first gradient formulation :
or
Y= _"739'8?3_

Under the assumption of a Reynolds analogy, the subgrid thermal conductivity, k., 1s
evaluated from the subgrid viscosity in a similar way than the molecular thermal conduc-
tivity. The dynamical heat transfert process is supposed to follow the dynamical kinetic
process. The subgrid thermal conductivity is then evaluated by using a constant subgrid

. sgC . "
Prant] number assumption [11] : Ky, = Bss with Pry, =0.6. It did not seem neces-

8
sary to use yet a more complex modeling for k,, in this simulation, as for instance a

temperature-velocity correlations closure [46].

4 Numerical Resolution

Time integration of the equations is decoupled from spatial discretization. The discretiza-
tion is entirely explicit and the global scheme is stable under an usual CFL and diffusion
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like condition. In the following, a discreet variable estimated at a grid point &i=1,m =1,
(x = k and at the time level t = n At 1s referred as (.)}; ;. Even if the velocity components
are still expressed in the cartesian coordinates system, the derivatives appearing in the
system of equations (1) are evaluated in the new curvilinear coordinates (£,7,(). In this

system, the points are spatially equidistant and Aé = An=A(=1.

4.1 Time integration

The time discretization is perfomed by a third order, total variation diminishing (TVD),
Runge-Kutta scheme [47]. The resolution of the equations in time is then given by :

oY =97 +atL@")
P S B RO g ) ) g
g% =20 + 30 + A L@Y) where Q" =Q"™ and Q'

—(3 1— 2—2) 2 —(2

This prediction-projection scheme is well adapted to unsteady flow. The operator
L(Q), appearing in the temporal scheme represents the TVD spatial operator with the
discretized convective and diffusive terms.

4.2 Spatial discretization

The convective terms F, G, H. and the diffusive terms E. G, H, are discretized sep-
arately. Convective terms are discretized by using a third order WENO scheme, and
diffusive terms with a second order centered scheme. In compressible LES, it is necessary
to use high order shock capturing schemes to evaluate the discreet Euler fluxes, as the
intrinsic numerical dissipation introduced by the scheme is in competition with the dissi-
pation of the subgrid scale model. It is also important to have the best perfomances as
possible on the recent vectorial computers. We only present the spatial discretization of
the nonlinear convective fluxes, as the discreet form of the viscous fluxes is trivial. The
convective terms are written in the conservative form as :

n _ n 7 e TN _ In
Fi+1/2,j.k E—l/z,j,k)+(Gil,j+l/2,k Gi,j—l/Z.k)+(Hi,j,k+1/2 Hi.j,k—l/Z)

A¢ An AC

oF 0G of _ F : :
a¢ " on 9

(

The convective fluxes are calculated with the WENO scheme based on the work of
G.S. Jiang and C.W. Shu [32], [40]. The WENO scheme is a weighted combination of solu-
tions constructed upon each r available stencil of the ENO reconstruction, by polynomial
interpolation. The generic ENO scheme selects the stencil on which the solution calcu-
lated numerically is the most regular. Then the weight associated to each reconstruction
is a function of the regularity of the solution. The authors introduce a new smoothness
measurement of the regularity of the numerical solution on a stencil 7, by minimizing the
L2 norm derivatives of the solution. Then the rth-order of the usual ENO scheme can be
improved up to (2r — 1)th-order in the smooth regions.
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C/ =0 I=1 1=2]
r=2  1/3 2/3
r=3 1/10  6/10  3/10

Table 1: Coefficients C] for r =3

As we use a Roe scheme, based upon the local caracteristic variables, the fluxes are
evaluated as a function of the sign of the eigenvalues. When the eigenvalue, Ap,, is positive,
the fluxes are given by their value at the right side of the interface ;41,2 j and are written
as :

r—1 . "
(Ey i) wENe = O w0l (@ (Fivtort1jks oo it k) ENO - Am 20
=0

Otherwise, (Fir-:l/z,j,k)“'ENO is calculated by its expression on the left side :

r—1
(Fi1/2,j4)WENO = 3wl (grer (Firi=re2,jks oo Fiiz1jk))ENO - Am <0
=0

o~ —~

W IO - Fiy1jx) are the ENO reconstructed fluxes up to the order r on the
stencil S; [49]. The variables w]" are the weights assign to each candidate stencil S :

_ Bi
Bo+ 1+ ... + Br-1

i
(e + 187)°

r—1

w=1 1 w B =
=0
¢ ~ 10~ avoids the denominator beeing zero. I'S; measures the smoothness of the flux
on a stencil I. As already said it is calculated from the L? norm of all the derivatives
of the interpolation polynomial [32]. The C7 coefficients are calculated to ensure the
(2r — 1)th-order in the smooth regions. They are given in the Table (1) [4], [32].

The reconstruction is performed along the characteristic direction, by projecting the

. . oF
Euler fluxes onto the left eigenvector matrices R;_:l/z‘j'k of (A¢)it1/2,jk = (@)i“/z,j‘k. The

expression of the numerical fluxes are finally obtained by projecting back, into the physical
space, the reconstructed fluxes onto the right eigenvectors Biapmgw &

5 r—1 r—1
= -1, o
(Fipappgidweno = 30 [ 3 Wl (X2 &, R ju F(Qivtep-ra1i) Riyya i )]
m=1 [=0 p=0

where 6], are the ENO polynomial interpolation coefficient given in the Table (2) [32].

4.3 Computational Domain, Initial and Boundary conditions

The figure (2) represents the computational domain. The volume explored experimentally
with a three-component laser Doppler velocimeter [6] is limited by the planes z = 0.230 m
and z = 0.390 m, as visible in figure (2).
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P l p=l ! e 2
3 0 1/3 -7/6 11/6
1 -1/6 5/6 1/3
7 1/3 5/6 -1/6
3 11/6  —7/6 1/3

Table 2: Coefficients d; , for r =3

The computational domain has respectivelly 401 x 151 x 101 grid points, in the three
directions of space. The grid mesh used with the WENO scheme has twice more points
in the longitudinal direction than the RANS’s one. There are also more points in the
vertical direction than RANS.

, , T,
The three distributions of the mesh spacing in wall unit dz; = Am(§1 /ﬁ)wa”, dy; and

d : are represented in the figure (3). dm is plotted against the variable i at y = 0.04m
and z = 0.112m. In the interaction zone, 250 & d::: < 100. The strong variation of d:r
observed around i = 180 corresponds to the end of the interaction zone. The variables
dy and dz are plotted at five different stations . z = 0.09mn is upstream of the shock-
ave/ bounda,ry layer interaction and z = 0.496m is downstream of the recirculation zone.
The mesh spacing along (Oy) is bounded by 100 < dyp < 300, while 150 < dz < 400.

A statistical converged flow field. calculated with the Launder-Shima R;; —¢ turbulence
modeling [27], is prescribed as an initial solution in the entire computational domain.

No slip conditions are imposed at the four wall that are supposed insulated. The fifth
imposed equation is the continuity equation, resolved at the wall by upwinding differences
[17).

At the subsonic inlet, the mean temperature (T), the mean flow rate (pi), the mean
vertical and cross velocity components, () and (W), are prescribed. They are calculated
from the initial statistical field. The unsteadiness of the flow is obtained by superimposing,
at the inlet, a spatially white noise to the spanwise velocity components, v” and w". The
white noise is generated by a random function in space but deterministic in time. On the
contrary of a RANS simulation where all the scales are time average, a LES corresponds
to one realization of the flow field in time. It is then important to reproduce in time
the evolution of the random function to compare two realizations. As the inlet flow
is subsonic, the pressure is calculated with the caracteristic equation associated to the
negative eigenvalue ((&) — c) using a non reflective condition [12], [52].

At the outlet. the flow is supersonic in the core because of the second throat. The
equations are projected onto the characteristic directions in the supersonic part of the
flow. A non reflective boundary condition is prescribed in the boundary layers where the
eigenvalue (() — c) is negative.
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Figure 2: Computational domain and volume explored experimentally
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The different grid mesh characteristics used for the LES and the RANS simulations [27],

to which our numerical results are compared, are summarized up in Table (3). As already
mentioned, we compare our results both to the experiments of Delery at ONERA [6] and

to RANS results obtained by means of the Launder-Shima model.

Case N, | N, | N y: z;' CFL
LES simulation | 401 | 151 [ 101 | 9 40 | 0,73
RANS simulation | 201 | 91 | 101 | 0.75 | 0.75 | 50

Table 3: Characteristics of the grid mesh

y and z characterize the maximum coordinates in wall units of the first grid point
over the wa.lls in the vertical and spanwise directions.
simulation is much higher than in the LES simulation, since the RANS time integration
have been performed by means of an implicit algorithm.

In the presentation of our results, the reference length is the minimum chord length of
the bump x = 0.245 m. The reference velocity is the inlet maximum velocity u,ey = 198 m s

Then the reference time is given by : ¢ =1.22510"s

ref =

ure

The CFL used in the RANS

The simulation has been performed on a parallel NEC-SX5 computer (IDRIS-CNRS),
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by using 4 processors. The CPU time is close to 107% (sec/point/time step) and the code
reaches about 3.5 Gflops.

5.1 Data processing

All the notations used in the presentation of the numerical results, as well as the obtaining
of the numerical data to plot the different profiles are summarized up below.

In the following, (¢) is a time average quantity. Then § = % is the resolved part

in the Favre temporal decomposition : ¢ =G+ ¢" and ¢" is the unresolved density-

weighted time scale contribution. As already defined, 7 is a spatial filtered quantity and

g = P1 is the corresponding density-weighted Favre’s variable. We have ¢ = ¢ + ¢", with

q" the spatially density-weighted unresolved contribution. Some spectra have been real-
ized downstream of the 3D interaction and ¢’ = § — (g) pictures the fluctuations in time
of the spatially resolved quantities. All the subgrid contributions have been neglected
in the evaluation of the time average of the velocity and the Reynolds stress compo-
nents in the LES results. Also, all the velocities are made dimensionless by the inlet
reference velocity u,; and the Reynolds stress tensor components by u?2, 7+ Their profiles
along (Oy) are compared to the components measured experimentally and simulated with
RANS. As the RANS variables are density weighted, the data are compared to @; which
is evaluated by u; = M The Reynolds stress tensor components are calculated by

- (P) ((p))?
The snapshots of the unsteady results presented in figures (4b), (5b) and (6b) are the
spatially resolved velocity components obtained at the dimensionless time of ¢* = 5.69.
The sampling of data, used to realize the spectra of w' downstream of the interaction,
figure (9), has been performed during At* = 1.26, from t* = 0.735.
Finally, the time storage of the spatially resolved velocity and Reynolds stress tensor
components data has been also realized during At™ = 2.84, at the end of the simulation.

These quantities are presented figure (10) to figure (20).

U

5.2 Unsteady results

One of the objectives of the LES methodology is the prediction of the large anisotropic
structures created in the recirculations resulting from the shock waves/boundary layers
interaction. The unsteady results obtained by LES in a small longitudinal portion of the
flow, downstream of the bump, in the 3D interaction, are then discussed.

The three initial velocity components are presented respectively in figure (4a), (5a) and
(6a) in a (z,y) plane where the boundary layer separates. The dead water region is visible
below the lambda shape like shock pattern in figure (4a). Following the description in [27],
the Launder-Shima statistical R;; — ¢ model overpredicts the extent of this dead water
zone. Yet this is one of the main cornerstone of the modeling. The main characteristic
here of the 3D shock-wave/boundary layer interaction is the strong reinjection of fluid in
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the recirculation in the spanwise direction. This phenomenon can be explained by the
conjugate effects of the interaction and the 3D deflected shape of the bump. The wrong
recovery of this strong injection in the statistical modeling induces the too large extent
of the separation.

The three unsteady velocity components obtained by LES are presented in figure (4b),
(5b) and (6b) in the same (z,y) plane as the initial ones. The creation of turbulent eddies,
convected by the mean flow, has been observed with the LES simulation. The recirculation
zone is visible below the shock wave in figure (4a). The high shear layer in this region of
interaction develops an instability which, in return has certainly an impact on the shock
wave. Some vortices are ejected in time. The mechanism of creation of this high shear
layer is explained thanks to the sketch of the fondamental interaction between a shock
wave and a boundary layer in 2D in figure (7). The boundary layer separates when the
pressure behind the shock wave is stronger than the pressure in the boundary layer. Then
if the recirculation is entirely supersonic, a lambda-shape like shock pattern is created
[40]. The separated "bubble” that takes place under the lambda-shape like shock pattern
is delimited by a supersonic shear layer. This is a region of strong gradients and some
instabilities take place in the shear layer leading to the creation of turbulent eddies [17].
This mechanism explains the presence of structures visible on the vertical and spanwise
velocity components, figures (5b) and (6b).

The figure (4b) presents the longitudinal unsteady velocity component obtained by the
LES. The fluid reaccelerates downstream of the shock-wave/boundary layer interaction.
The large ejected structures modify the detached boundary layer thickness along (Ox)
which induces a virtual variable section in the core of the flow. This leads to the generation
of the multiple shock-wave pattern [8] with sonic points, observed in the divergent part
of the channel in figure (4b). As the boundary layer is thicker, the flow rate is smaller in
the core and the fluid is locally accelerated in the upper part of the channel.

The figure (5b) represents the unsteady vertical velocity component. A succession of
shock waves propagate in the divergent. Positive and negative vertical velocity component
value, that alternate in the boundary layers downstream of the interaction, characterize
the presence of vortices.

This can be also observed in figure (6b) where the spanwise velocity component is
plotted. The locally positive zone below a local negative zone, in figure (6b), characterizes
the presence of unsteady longitudinal rollups downstream of the bump. A large negative
zone is visible in both figures (6a) and (6b), around z = 0.3 m. It correponds to the
deviation of the fluid to the left side wall because of the dissymetry of the bump. The fluid
is then injected downstream of the bump in the dead water region. This is characterized
by the positive value of @ near the lower wall in the separation in figure (6a). This is also
visible in figure (6b) where the injection is stronger and more localized in the LES results
than in RANS results.

These unsteady LES results are very encouraging, even if a significant oscillation of
the shock wave has not been observed. The presence of a multiple shock-waves pattern
and some coherent structures have been observed. Temporal spectra have been realized
upstream of the shock-wave boundary layer interaction, near the lower wall, to better
characterize by means of frequencies, the phenomenon visualized.
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FIG. 5 — (a) Initial RANS field (w) - (b) Unsteady LES field @
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We now present the temporal spectrum of the spanwise fluctuations of the velocity,
w' =W — (@), at ¢ = 0.498 m, near the lower wall. The analysis of the spanwise fluctu-
ations in time has been preferred to the longitudinal ones because the mean flow () is
much smaller than (@) so the unsteady pertubations are better captured. Both transverse
velocity components, ¥ and @, are well adapted variables to characterize the larges coher-
ent structures in shear layers [19]. The fluctuations w' have been selected, instead of v,
because 1 is the component that injects some fluid in the dead water but they behave in
a very similar way.

The spectrum of w' has been plotted for ten points along (Oz) in figure (9a), from the
left side wall to the right side wall. The different locations are figured out in the sketch
of the channel figure (8). For each z location, the energy of the spanwise fluctuations is
plotted versus the Strouhal n;lmbber. The Strouhal number corresponds to a dimensionless

Y

Upe f
yb = 0.02 m. It can be observed, in figure (9a), that the most energetic low frequencies are

located near the wall where the intensity of the shock-wave/boundary layer interaction
is strong enough to observe the 3D recirculation (see figure (6b)) and where the rollups
appear [32].

The w' fluctuations spectrum at z = 0.119 m, near the right lateral wall, is then
presented in more detail, in figure (9b). The spectrum, in figure (9b), presents three
distinguished parts characterized by a different slope. In the low Strouhal numbers part
of the spectrum, one can observe that large energetic scales are produced at a Strouhal
number close to St ~ 0.4. This value is in agreement with the bluff body Strouhal number
of 0.3 measured in the wake. This result is also coherent with the ones presented by L.
M. Hudy and al. in [32], even if our value is higher. This can be explained by the fact
that our simulation is 3D while their results are 2D. Turbulence is then more developed in
the present simulation. At St ~ 1.3 the spectrum slope changes and the energy intensity
decreases rapidly with St. This energy diminution is associated with the dissipation
induced by the model and the numerical scheme. The unsteady phenomena characterized
by the frequencies between St ~ 1.3 and St ~ 7 are more sensitive to the numerical and
physical dissipation than the large scales. The third region of the spectrum, from St >~ 7,
is not significant and corresponds to extra resolution.

frequency defined as : St = . The length yb is the maximum height of the bump with

Under a Taylor’s scale hypothesis validity, one can write that f = Gieea k, Where k
is the wave number of the phenomena. The usual curves SR = and St =k
have then been plotted in figure (9b) [38]. The St75/% curve’s slope agrees very well with
the spectrum’s mean slope in the low Strouhal numbers range. This is also the case with

the St~ curve’s slope in the dissipative range. The spatial scale corresponding to the
Ujoc Yb

. Following the results obtained in [14],
St Upef

Strouhal number St is calculated by I, =

u . X . :
Ulpe = {{—'ﬁ at this location. Then the scale associated to the first change in the slope

of the spectrum, around St ~ 1.3, is of order of [, = 4 107 m. This length is connected
to the dissipative scale induced by the numerics, and is of the order of the longitudinal
grid mesh size value (at this location, Az >> Ay >~ Az). This result agrees with the
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framework of LES, where only the energetic structures, convected by wj,. and that are
larger than the grid mesh size, are directly solved.

5.3 Results on the mean value of the velocity components and
of the Reynolds stress tensor : comparison with RANS and
experiments

We now present the time average results obtained on the velocity and the Reynold stress
tensor components. The LES results are compared to both the experiments [6], and the
RANS results obtained by using the Launder-Shima model [27].

We recall that the volume explored by the experiments is included between z = 0.230 m
and z = 0.390 m (see figure 2). Experimentally, z = 0.230 m crosses the bump upstream
of the shock-wave/boundary layer interaction. The planes z = 0.270 m and z = 0.290 m
are still on the bump, at the beginning of the shock wave/boundary layer interaction.
The planes cut the foot of the shock wave near the lower wall. Both planes z = 0.310 m
and z = 0.340 m coincide with the dead water region close to the lower wall. z = 0.360 m
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cuts the shock wave near the upper wall. Then z = 0.390 m is far downstream of the
interaction, but still in a region where the boundary layer slightly relaxes to its unper-
turbed state. Only the differences observed in the planes (y, z) where the boundary layer
separates will be discussed in the paper, as the aim of this study is to analyze the 3D
shock-wave boundary layer interaction and its LES modelization.

The profile along (Oy) of the mean values of the velocity and Reynolds stress com-
ponents are then compared to the components measured experimentally and simulated
with RANS. A good agreement between RANS and LES is observed upstream of the
interaction. The comparison between the present results with experiments and RANS
is difficult within the 3D shock wave/boundary layer interaction. It can be observed in
the snapshots of the unsteady flow fields, in figures (4b), (5b) and (6b), that the RANS
location of the shock wave in the channel, in good agreement with the experimental one,
is not well recovered in our simulation. This was also observed in the previous simulation
performed with a second order TVD scheme in [13]. The location of the interaction in the
LES is slightly upstream of the experimental and RANS one. To compare more precisely
our results with the experimental and statistical ones, the different profiles under analysis
have been plotted for identical fictive abscissa (Zezpe — By tiochd

Before presenting these results, we discuss in detail the probable origins of the wrong
location of the shock-wave in the channel predicted by the LES.

5.3.1 Location of the shock-wave/boundary layer interaction in the channel

Figure (10) presents the mean velocity profile of the three velocity components (@), (V)
and (@) at £ =0.230 m and z = 0.1113 m. This location is upstream of the shock
wave/boundary layer interaction. The LES results, plotted in red, are in good agree-
ment with the initial RANS fields, plotted in blue. The main differences between the
curves, at this location, come from the up and down boundary layers that are thinner in
the LES. Yet, it can be observed that the longitudinal velocity component, (), is over-
estimated by RANS, and so by LES. We can underline that this is the case all along the
spanwise direction. This might come from a too important thickeness of the boundary
layers at the initialization in the RANS simulation [27]. The over flow rate observed in
figure (10) then balances the boundary layers thickening. The opening of the throat in
the RANS simulation has been adapted to recover the location of the shock wave in the
channel corresponding the statistical modeling flow conditions in the channel. At this
location, yismatiroat — 0,095 m instead of ysondthroat — 0,0956 m [27].

The channel’s geometry used in the simulation is the same as in the RANS one. Also,
the initial RANS inlet flow rate is prescribed as the LES is initialized with the statistical
converged field that was obtained by using the Launder-Shima model. It seems that the
upstream location of the shock wave in the divergent in the LES can be explained by the
different flow field obtained by the LES in the entire channel, unadapted to the RANS
geometry and flow rate. An inviscid analysis permits to better understand the physical
phenomenon. In such kind of analysis the flow is considered as a longitudinal succession of

cross sections, uniform in the tranverse directions. The flow rate, m = f th*.cB' is then
A

A, v Pt,
given by m = w(v)—i——l through the second throat [21]. This flow rate is fixed as the
Ca2
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flow is in a choking state and is the same as in the first sonic throat, m = A, Pty = A; Pt;
with Pt; = Pt = 0.92 10° Pa the inlet total pressure. The variable Aj represents the area
of the k-th section, while ¢; represents the sound celerity and Pt; the total pressure in

. Pt
the k-th section. The ratio P_t2 corresponds to the loss of the total pressure through

1
the shock wave. It is the control parameter of the shock wave location in the channel,
when the geometry is given. The total pressure at the initial state and the total pressure
predicted by LES have then been plotted figures (11a) and (11b) in the second throat. It

Pt —— . Pt :
can be observed that —Ei;:—— = 0.961 instead of —2NSmaz _ (899 The high value

1 Pt,
of Pt, in the LES ensures the flow rate conservation as the cross section of the second

throat is underestimated and the flow rate overestimated since the initialization. The

t . . i ;

ratio Ft—z evolution through a shock-wave is a decreasing function of the mach number,
1

so the Mach number upstream of the shock-wave is lower than in the RANS simulation

explaining the upper location of the shock-wave [21].

5.3.2 Results on the mean value of the velocity component

The profiles are plotted for identical fictive abscissa (Zezpe — ZTshook) and versus a di-
mensionless vertical length ¥* = (¥ = Ybump)/(Ymaz — Ybump). The coordinate Tspoer has
been calculated by using the results obtained on the Isentropic Mach number on the
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lower wall, at z =0.106 m. The figure (12) represents the Isentropic Mach number,

M = \/(Ll[(%):{"] — 1]), along (Ox), at this location. It can be observed that the
V= P

experiments and the numerical results agree very well upstream of the 3D interaction.
The intensity of the shock wave predicted by LES is smaller than the experimental and
RANS one. It can nevertheless be observed that the experimental pronounced pressure
plateau in the stagnation zone below the legs of the shock, which is characteristic of a
shock/boundary layer interaction, is predicted by LES, on the opposite of RANS.

The experimental coordinate of the shock wave has been evaluated by z,50c = 0.26 m
and the coordinate calculated by LES by Zspeer = 0.2476 m.

Figure (13) presents the mean velocity profile of the three velocity components (i),
(7) and (@) at (Tezpe — Tshoek) = 0.03 m and z = 0.0913 m. This plane crosses the bump
close to the lower wall. The shock wave clearly appears in the experimental velocity pro-
files. The foot of the oblique shock and the plane (zexpe — Tshoet) = 0.03 m intersection
is located near the lower wall. The three measured velocity components present a discon-
tinuity around y* = 0.02. RANS does not yet predicts the presence of the shock-wave,
because its location is a little upstream of the experimental one. LES predicts a location
of the shock around (¥ — Ysump)/ (Ymaz — Ybump) = 0.025. The boundary layer is already
separated in the LES, and then thicker than in the RANS simulation and experiments.
Experimentally, the flow is accelerated on the bump. As the bump is asymmetric, it
is deviated towards the far lateral wall. This is visualized by the negative vertical and
spanwise experimental and statistical components in figure (13). The vertical velocity
component intensity predicted by LES is smaller than the experimental one, because of
the large thickening of the boundary layer. The shape of the curve stays anyhow close to
experiments. The positive value near the lower wall in the LES can be explained by the
fact that the flow has to cross the small recirculation visible on the longitudinal velocity
component. Finally, it can be observed that the double peaks measured experimentally
on the spanwise component are predicted by LES even if they are located closer to the
lower wall than in experiments.

Figure (14) represents the mean velocity profile of the three velocity components (i),
(9) and (W) at (Zezpe — Tshoek) = 0.13 m and z = 0.1113 m where the experimental lower
boundary layer is no longer separated. It can be underlined that both simulations predict
a separation near the upper wall, which is not recovered experimentally. In the lower
part of the channel, that the LES predicts a less important thickening than experiments
and RANS. This probably results from the upstream shock-wave/boundary layer inter-
action and the less important shock wave’s intensity in the simulation. It can be also
explained by the multiple shock-wave pattern observed in the unsteady results. The neg-
ative value of the longitudinal velocity component in the LES, very close to the lower
wall, characterizes the structures already observed in the spectrum of w' at low frequen-
cies. The RANS simulation presents a good agreement with experiments in the upper
channel’s part. Nevertheless, it overpredicts the recirculation zone, near the lower wall,
as the longitudinal velocity component is negative in the entire boundary layer. It can be
observed that the longitudinal velocity component calculated by LES becomes positive

21



before the one calculated by RANS. Experimentally, after the end of the bump, the flow
is reinjected in the recirculation limiting the longitudinal extent of the bulbe and leading
to the 3D properties of the interaction. Then the experimental vertical component is
negative and the experimental spanwise component is positive and quite strong close to
the lower wall. The vertical velocity profile is neither well recovered by RANS nor LES.
The strong vertical injection calculated with the LES near the lower wall compensates the
longitudinal velocity deficit observed near the lower wall at this location. The transverse
velocity profile (i) simulated by LES, is different from experiments very very close to
the lower wall. and also near the upper wall, but the LES recovers the strong injection of
transverse fluid around y* = 0.01. This is an important modeling feature as this strong
injection contributes to limit the recirculation zone extent in the longitudinal direction.
At this location, LES predicts a negative value of (@) very close to the lower wall before
becoming positive. which is probably correlated to the unsteady longitudinal structures
predicted by LES in figure (6b).

Finally, the figures (15) and (16) represent the skin friction line patterns obtained on
the lower wall by experiments and RANS figure (15), and by LES in figure (16). It allows a
better identification and comparison of the main separation and attachment line between
LES, RANS and experiments. The patterns have been centered around the recirculation
zone, just downstream of the bump. The experimental focus F; observed in the figure (15),
around which rolls up the separation line and the skin friction lines coming from upstream,
is also well visible in the RANS and LES results. Its location along the spanwise direction
is better predicted by LES than by RANS. The RANS location prediction is above from
the experimental one. Experimentally, it is located at z = 0.40 m which correspond to
the prediction z = 0.80 m in the LES, as the coordinates system is reverse. The point
C, is the intersection of the attachment line with the wall measured experimentally. It
is located around z = 0.4 m. This point does not appear in the RANS skin friction
patterns but it is located almost at = 0.44 m in the LES, which is slightly downstream
of the experiments but upstream of the RANS location. This results underline again the
interesting feature of the LES modeling which allows to better recover the experimental
longitudinal extent of the dead water zone. It can also be observed that the LES and
RANS simulation predict a small recirculation near the upper wall, around z = 0.45 m
for LES, that is not measured experimentally.

5.3.3 Results on Reynolds stress tensor components

We now discuss the prediction of the LES on the Reynolds stress tensor components.
In connection with the velocity profiles presented in the previous subsection, the pro-
files of the six components of the Reynolds stress tensor versus (Oy), are plotted at
(Zezpe — Tshoek) = 0.03 m, z = 0.0913 m. Then, to study in detail the turbulence proper-
ties of the flow and its LES modelization within the interaction zone, the six components
of the Reynolds stress tensor are also presented at (Tezpe — Lshoek) = 0.08 m, 2 = 0.1113 m.
All the curves are plotted versus ¥* = (¥ — Ybump)/(Ymaz — Yoump)-
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The measured intensity of uu” in the shock foot, in figure (17), presents an important
turbulent peak near the lower wall. If one considers the production term of the u
transport equation, written for simplicity for an incompressible flow [18] :

| um,um ou - u?ﬁﬂm?ﬂ

Ay oz
the presence of the peak can be explained by the high positive value of the two different
terms. The experimental shear stress v at this location, in figure (18), is negative
and important, leading to a high positive value of the first term of P. The streamwise

derivative of % is as large as the term involving ay because of the retardation of the whole

dissipative flow [18]. The turbulent peak intensity of U s overpredicted by LES. On
the other hand, LES predicts a very low turbulent intensity on vy and w"w" profiles
in the boundary layer, in figure (17). Following the description in [18], the production of
the transverse components v " and w™w" decreases in the first part of the interaction.
The reason of the strong intensity turbulence on w/'u" might then be the bad distribution
of the total kinetic energy between the three components v’ uu, "y and w™w™. Let us
underline, anyway, that the turbulent intensity level of w’”w‘” is neither well recovered by
RANS. It can be observed on the correlations v+ and w”»" that the turbulent peak
measured experimentally around y* = 0.02 is predicted by LES. This peak corresponds to
the shock-wave fluctuations. Its location is shifted from the experimental one probably
because of the upstream location of the shock wave. Let us recall that the abscissa
coordinate of the shock wave has been evaluated on the lower wall, and that this location
varies along (Oy). The transverse correlations u™w™ and v™w™ are also plotted in figure
(18). It can be observed that neither RANS nor LES recover the turbulent intensity near
the lower wall.
Figures (19) and (20) present the six Reynolds stress tensor components at

(Tezpe — Tshock) = 0.08 m and z =0.1113 m. Experimentally, as it was observed in the
velocity profiles, the boundary layer that is thicker than in the upstream region is re-
laxing towards its equilibrium state after its the shock wave/boundary layer interaction.
The longitudinal correlations u"u" presents a peak of turbulent intensity, in the lower
part of the channel, coming from the high turbulent shear stress u"u™ observed in fig-
ure (20). The turbulent shear stress is important at this location because of the shock
wave/boundary layer interaction. LES and RANS predict a higher turbulent u"u" in-
tensity than experiments because the boundary layer is thicker as it is still separated in
both simulations (see figure 13), on the opposite of the experiments. The redistribution
on the normal component w”w" is not well recovered by RANS and LES even if Myt
and w™w™ are better predicted by LES at this location than at (Zezpe = Zshook) = 0.03 m.
The production of these transverse components increase in this part of the interaction
[18] making the redistribution term less predominant in the turbulent kinetic equation.
This may explain that the LES peak is not as over estimated as in figure (17). Still in
figure (19), in the longitudinal correlation profile, it can be observed that LES predicts a
strong turbulent peak intensity near the upper wall. This must be linked to the pesence
of the shock-wave coupled with a separation zone predicted by LES all along the spanwise
direction in the foot of the upper shock (see figure (13)). To end with, the correlations
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ww"” and v™w" are plotted in figure (20). The measured profile show a large scattering
in the data near the lower wall. The peak near the upper wall observed on ™ profile
predicted by LES comes from the separated boundary layer prediction. Again, it can be
observed that neither RANS nor LES recover the experimental data.

Following P. Moin and J. Kim in [42], it seems that the other reason which can
explain the systematic over prediction of the turbulent intensity is the grid resolution in
the longitudinal direction Ox.
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Figure 18: u@"’lyﬁif, u’@”’/ufef, v’@”’/ufef at Az = 0.03 mand z = 0.0913 m: WENO
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6 Conclusions and outlooks

The simulation of a compressible turbulent flow through a 3D transsonic channel has
been performed by using LES, in sight of turbomachinery applications. The flow simu-
lated presents the main charateristics of the flows encountered in turbomachinery. A 3D
shock-wave/boundary layer interaction is located downstream of the bump, characteris-
tic phenomenon encountered in turbines or compressors in unadapted conditions. Also,
the test case presents available experiments (ONERA, Delery) and RANS simulations
(LEMFTI) performed with the Launder-Shima R;; — € turbulence modeling.

The computational configuration and the inflow characteristics have been first de-
scribed. Then the compressible spatially filtered Navier-Stokes equations have been spec-
ified with the two preserved subgrid terms. The subgrid stress tensor has been modeled by
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using the mixed scale model through a Boussinesq hypothesis. The subgrid heat flux has
been evaluated by a first gradient hypothesis through a constant Prandtl number assump-
tion. The LES equations have been integrated in time by using an explicit third order R-K
scheme and the spatial discretization of the convective terms has been performed with
a thrid order WENO shock capturing scheme. Then the boundary conditions and the
initialization have been described in detail, before analyzing the different results obtained
in the channel by the LES.

The unsteady results have shown that the LES fields are very different from the initial
steady state. They are very interesting in sight of turbomachinery applications. The
spectrum of the spanwise fluctuations, performed in the recirculation, has permitted to
capture the low characteristic frequency corresponding to the ejection of the large un-
steady structures. Spatial correlations have also been recorded to better characterize the
coherent structures. It has permitted to conclude that the corresponding turn over time
of the large scales is significantly smaller than the simulation time, so we can suppose that
we have correctly captured the dynamics of the large scales structures with the simulation.

The results on the mean velocity components obtained by LES show that the simu-
lation predicts an upstream location of the shock wave in the channel, with an intensity
smaller than the experimental one. Anyway, with an appropriated scaling of the curves
along (Oz), the results are coherent with experiments. The main result of their analysis
is the good prediction by LES of the strong injection of fluid in the streamwise direction.
It limits the longitudinal extent of the recirculation as measured experimentally. The
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prediction of LES on the Reynolds stress tensor components are in good agreement with
experiments within the recirculation zone. Yet, the strong anisotropy exhibited by the
flow is not well recovered. neither by RANS nor LES modeling.

The LES simulation of this 3D compressible unsteady, turbulent, complex flow has
shown the strong potentialities of the methodology 1n the prediction of industrial un-
steady complex flows. It should be then interesting to pursue the study by testing the
influence of the opening of the second throat on the LES results. The section area of
the second throat used here was linked to the flow field obtained by RANS. As we have
prescribed the RANS conditions inflow, we would like to test the inlet flow rate change
effects on the LES when using the experimental area section value of the second throat.
Also, special attention will have to be paid to the anisotropic behaviour of the subgrid
models.

We can underline. to end with, that an adaptative grid method should be tested in
the future on this complex 3D case to reduce the computational cost that is still very
important at present.
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