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ABSTRACT

This work deals with numerical simulation of supersonic
turbulent flows when shock/turbulent boundary layer inter-
action occurs. Such flows reveal the existence of complex
mechanisms, which have to be well understood for an ef-
ficient design of propulsion systems. In this study, large
eddy simulation is used to investigate unsteady mechanisms.
Since a shock-capturing scheme is used, an hybrid numerical
scheme has been developed to reduce its dissipative prop-
erties. The issue of the generation of coherent turbulent
boundary conditions is also addressed. A method origi-
nally developed by Lund, based on a rescaling technique, has
been modified by adjusting the scaling coefficient to provide
smooth transition between the inner and the outer parts
of the boundary layer.

avoiding the drift previously observed in the mean stream-

This modification is essential for

wise velocity profile. The obtained results are analysed and
discussed in terms of mean and turbulent quantities. Excel-
lent agreement between LES, DNS and experimental data is
obtained. Especially, oscillations of the reflected shock oc-
curring at low frequencies are observed, in agreement with
experimental investigations.
the presence of such frequencies inside the recirculation bub-

Moreover, simulations reveal

ble. This point gives credit to the hypothesis which presents
the instabilities of the reflected shock as a consequence of
the dynamic properties of the separated zone.

INTRODUCTION

Eddy structures and internal dynamics of supersonic
turbulent boundary layers may play an important role in
aerospace applications, specifically when surface heat trans-
fer on high-speed vehicles or unsteadiness in shock/turbulent
boundary layer interactions are of concern (see Fig. 1).

Today, large-eddy simulation has demonstrated its ca-
pabilities in calculations of relatively complex flows and
can be used as a design tool for real-time optimization.
The rising computational power and the improved numer-
ical techniques are able to solve more scales presented in
turbulent flows and thus predicting unsteady effects better
than RANS or URANS methods. The purpose of this pa-
per is to develop reliable CFD tools and estimate the area of
their applicability for complex compressible flows situations,
including shocks, boundary layer, acoustics, compressibility
effects... The primary focus of the present contribution is the
study of a spatially-developing turbulent boundary layer at
Mach number 2.5 over an adiabatic flat plate with and with-
out shock interaction using LES method. This problem has
been experimentally investigated by Deleuze (1995), Laurent
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Figure 1: Schematic illustration of shock/turbulent bound-
ary layer interaction and surface pressure distribution.

(1996) and Dupont et al. (2005). In addition, analyses of the
turbulent structures and shock/boundary layer unsteadiness
may significantly contribute to the understanding of the tur-
bulence behaviour of supersonic boundary layers as well as
the development of improved compressible turbulence mod-
els.

NUMERICAL PROCEDURE AND LES METHODOLOGY

In addition to sub-grid scales modeling, another issue
of LES technique is the choice of the numerical method.
As pointed out by Ghosal (1996), Kravchenko and Moin
(1996), the truncation error of low-order schemes may ex-
ceed the SGS term, leading to a high numerical damping.
Moreover, when fully compressible flows are investigated,
pressure (or density) discontinuities may appear and have
to be captured without adding too much numerical vis-
cosity. To achieve this goal, a fifth-order WENO solver
(Jiang, 1996) combined with a centred fourth-order scheme
In addition, a
selective Ducros’ sensor is employed to confine the use of
the WENO scheme to the portions of the flow that con-
tain discontinuities (shocks). This technique contributes
to reduce significantly the numerical dissipation introduced
by the “upwinding” of shock-capturing schemes.
terms are discritized using a centred fourth-order accurate,
while an explicit third-order Runge-Kutta of Shu and Os-

is used to calculate the convective fluxes.

Viscous
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Figure 2: Influence of numerical scheme on the
normalized longitudinal velocity profile (with

T
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her (1988) is used for time integration.
stability reasons, the minimum value of Ducros’ sensor &
(where & = (div (@))?/(rot (@))? + (div (®))?), for which
the centred scheme is selected, is fixed to ®. = 0.035. The
computed mean value of & shows that the centred scheme
is mainly used within the boundary layer. The advantage
of using a hybrid scheme is evident from Fig. 2, where
the normalised mean velocity profile U;’d exhibits a bet-
ter behaviour. In particular, if only the WENO scheme is
used, the value of the skin-friction velocity, ur, is underes-
timated by approximately 30% compared to experimental
data. However, this underestimation is reduced to ~10%
with the hybrid scheme, which is customary for compress-
ible LES as previously reported on Syropoulos (1998) and
Sagaut (2004). Concerning the inflow boundary conditions,
an existing method of generation of unsteady compressible
turbulent boundary layers (Lund et al., 1998, Urbin et al.,
1999 and Stolz et al., 2004) has been modified to avoid the
drift of the mean velocity profile, observed in supersonic
boundary layer simulations. The modification was achieved
through an appropriate adjustment of the scaling coefficient
to provide smooth transition between the inner and the outer
parts of the boundary layer (Dubos, 2004). Doing so, the
new recycling and rescaling method becomes robust and re-
laxes faster towards the target experimental values (mainly

For numerical

the skin-friction velocity, ur = T&/2, where T, = v(0u/0Y)|w
and the boundary-layer thickness §). In the present study,
the dynamic model of Germano and Lilly (1991) has been
employed for modeling the small-scale turbulence.

RESULTS AND DISCUSSION

Supersonic incoming boundary layer

A numerical investigation of a supersonic incoming
boundary layer at Moo = 2.3 and Re, = 5000 (in the
absence of interacting shock) is first reported here. This
test-case provides the (unsteady) inflow conditions to
the shock-boundary layer interaction problem. The size
of the computational domain is: L, ~ 156, Ly ~ 6.5
and L, ~ 0.60, where § = 10.83mm is the incoming
boundary-layer thinckness. Notice that the spanwise
length of the computational domain represents 1/10%"
of the experimental wind tunnel extent. The two-point
autocorrelation coefficients in the homogeneous direction
(z), for both the turbulent velocity and thermal variables,
are examined. Results (not presented here for concision)
show that the decorrelation of velocity fluctuations is
achieved over a distance of L./2, indicating that the
computational domain is chosen large enough to not inhibit
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Figure 3: Instantaneous temperature field (boundary layer
without incident shock).

the turbulence dynamics. The mesh has about 2.4x106
grid points, distributed in wall units as: Azt =40, Azt =7
and Ay;;m =1, where yt = yu; /vy, with vy, and py, the
kinematic viscosity and the density at the wall, respectively.
These computations were performed on a parallel IBM-SP

Power4 using 40 processors and required 140h of CPU time.

Figure 4: Instantaneous longitudinal velocity fluctuations in
a wall-parallel plane at yT ~ 10.
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Figure 5: Distributions of normalized mean flow variables,
sub-grid turbulent viscosity, normalized Reynolds shear
stresses and r.m.s values as function of y/4.

An unsteady view of the supersonic flow is presented
in Fig. 3. The examination of the instantaneous three-
dimensional iso-vorticity field shows that the boundary
layer is fully developed and self preserving. Also, the
simulation reveals the appearance of large-scale motion
in the outer region of the boundary layer, dominated by
the entrainment process. These large-scale structures are
particularly active near the boundary-layer edge, where they
remain coherent long enough and are strongly responsible
for the intermittency of the boundary layer its growth
rate. Near-wall streaks can be visualized by contours of the
streamwise velocity fluctuation, which is shown in Fig. 4 in
a wall-parallel plane at y+ ~ 10. It is obvious from Fig. 4
that the computational domain contains several streaks
(more than 5) in the spanwise direction, spaced by about
LT = 455 wall units, which is 4 times larger than the
“Minimal Flow Unit”recommended by Jimenez & Moin
(1991). The reported turbulence statistics are examined
to evaluate their consistency with both DNS (Pirozzoli et
al., 2004) and experimental measurements (Deleuze, 1995
and Laurent, 1996). They are based on time-averaging



of the instantaneous three-dimensional fields that were
extracted from a time series covering 160 characteristic
times T = 0;/Uso, where d; is the incoming boundary-layer
thikness evolving at a free-stream velocity, Uso. As shown
in Fig. 5, simulations match well with experimental results
(see Dubos for other parameters of interest).

Shock/boundary-layer interaction

The second part of this paper concerns the shock-
boundary layer interaction, studied experimentally by
Deleuse (1995) and Laurent (1996) at IUSTI, Marseille. The
compression corner has an angle of incidence of § = 8°, cor-
responding to an oblique choc with 32.41° of inclination at
Moo =2.3.
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Figure 6: schlieren pictures of the
shock/boundary layer interaction, computated using the

mean density field. ____ : sonic ligne.

The incoming boundary condition is extracted from previ-
ous data of spatially-developping boundary layer. The size
of the computational domain is nearly the same, except an
extension made in both z and y directions to cover all the
interaction zone as well as the relaxation region and to ovoid
a possible confinement of the shock system in the spanwise
direction. The mesh contains Ny x Ny X N, = 312 x 160 x 65
points. The computations were performed on a parallel
IBM-SP4 using 25 processors and required 2800h of CPU.
It is important to notice that the presence of shock-wave
poses a particular problem in LES. Indeed, the sub-grid
viscosity ratio, p¢/p, may exhibit high values near discon-
tinuities, even outside the boundary layer where the flow
is not turbulent. This result is not surprising since the
amount of sub-grid viscosity evolves proportionally to the
second invariant of the deformation tensor. Thus, a turbu-
lence crossing a shock can be artificially amplified by too
much sub-grid viscosity. To avoid this problem, the sub-
grid model was used only in the portions of the flow where
the fourth-order centred scheme was active, i.e. puz = 0 if
WENO scheme was used.

Instantaneous structure and mean properties

Fig. 6 shows the mean turbulent flow structure, with
an induced separation shock and a reversed flow. On the
back of the incident shock wave, which penetrates up to the
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Figure 7: Enlargement of the shock/boundary layer interac-
tion zone, (iso-density contours).

sonic line, the appearance of an expansion fan followed by
a compression shock help the boundary layer to reattach
the wall and relax further downstream. The instantaneous
density field, reported in Fig. 7, reveals the existence of
complex organized motion in the outer part of the boundar
layer, which is characterized by the occurrence of large scale
structures that exhibit intermittent character. The incident
shock bends toward the wall while entering the boundary
layer, and a small recirculation bubble is observed near the
wall. The computed average of surface pressure, skin fric-
tion coefficient, mean and fluctuating velocities, turbulent
shear-stress and mean temperature distributions at several
measurement planes are shown in Figs. 8-12. The computa-
tion shows close agreement with experiment.
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Figure 8: Average skin friction coefficient (left) and normal-

ized wall pressure distribution (right).

Strong Reynolds Analogy

In supersonic turbulent flows, the Strong Reynolds Anal-
ogy (SRA) is derived from the assumptions that the total
temperature fluctuations are negligible, and the Prandtl
number is one, which leads to the following relation:

VTT/T
(y = D)M2\ W Ju
where M = @/¢ is the local Mach number. Relation (1)

implies that velocity and temperature fluctuations are anti-
correlated, i.e., their correlation coefficient is:

SRA =

8))

w'T’
w2 T2
As shown in Fig. 13, the relation (1) is valid in the whole
boundary layer and over all the region of the interaction.

~-—1 (2)

Ru’T’ =

,
400
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Figure 10: Longitudinal fluctuating velocity.

However, as reported in Fig. 14, the value of the measured
correlation coefficient —R,,/7 is less than unit (= 0.8). Re-
cent DNS of supersonic boundary layer (Pirozzoli et al., 2004
and Guarini et al. 2000) have shown that this coefficient
fails to 0.60 throughout most of the boundary layer and ex-
hibits a maximum value of 0.84 when the wall is approached.
DNS and LES reproduce the same trend. As suggested by
Gaviglio (1987), discrepancies between experiments and sim-
ulations may be due to a difference in the magnitude of the
acoustic field which is much lower in the computations than
in blowdown supersonic wind tunnels. Of course, this hy-
pothesis needs to be further investigated, in particular the
role of acoustic waves in the reduction of R,/ correlation
has yet to be studied and understood.

Analysis of SWBLI unsteadiness

Unsteadiness of shock/boundray-layer inteactions is
known to be a crucial issue for wall loads, especially those
encountered in rocket nozzles. This problem is mainly re-
lated to the large-scale boundary structures that convect
into the shock from upstream, and that is connected with
the instantaneous behavior of the separated zone. Fig. 15
displays contours of r.m.s pressure, \/p'p’, in all the com-
putational domain. Amplification of pressure fluctuations
is much more important in the interaction zone and in the
downstream relaxation region (8% to 9% of P jn) com-
pared to the upstream BL, which exhibits a lower level (2%
of Pog int). This behavior is clearly visible on the wall pres-
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Figure 11: Turbulent shear stress u'v’.
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Figure 12: Mean temperature distributions.

sure distribution, reported in Fig. 16, showing strong values

of W around the reflected shock. In accordance with
recent experimental observations (Dupont et al., 2005), one
can think that this amplification is due to the unsteadiness
behavior of the separation shock system. In the same way,
the foot of the incident shock, supported by the sonic line,
exhibits a strong fluctuations, which possibly result from os-

cillations of the recirculation bubble, being reflected on the
sonic line.

Power Spectral Density (PSD) of wall pressure fluctua-
tions is shown in Fig. 17. The colored field represents spatial
distribution of iso-PSD (z, log(F")) normalized by its local
integral, Gy (F'). This normalization has the advantage to
better highlight the contribution of each frequency at a given
coordinate x, with: fooo Gn(f)df}x = 1. The average wall
pressure profile is also reported on Fig. 17 to help localization
of compression waves acting on the shock foot. An energy
accumulation at low frequencies is observed at = = 295mm
and x = 310mm (including a part of the separated zone),
which reveals the existence of a low frequency movement of
the reflected shock (< 1kHz and St = 0.019). This observa-
tion is in agreement with experimental investigations, which
emphasize a dominant frequency, associated with the shock
movement, of 400Hz (St = 0.008). It is worth noticing that
the highest energy contribution is located at the beginning
of the separation zone (295mm < z < 300mm), whereas
energies associated with frequencies lower than 1kHz are
very weak in the upstream BL as well as in the center part
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Figure 14: Plot of the —Ry¢ correlation versus y/d.

of the recirculation zone (x = 315mm). It seems however
that low frequency phenomena reappear at the end of the
recirculation zone (x = 320mm).

For further investigations of shock oscillations, DSP
of surface pressure fluctuations, recorded on the average
shock position, at the outer part of the boundary layer
(z = 322mm and y = 16.8mm, for y;tll = 1150), are pre-
sented in Fig. 18. Results show clearly that high energies
are associated with frequencies lower than 1kHz, confirming
experimental evidence of low frequencies shock oscillations.
On Fig. 18, one can also notice the presence of secondary
frequencies of 3kHz (St = 0.058), 6kHz (St = 0.0117) and
10kHz (St = 0.114), very close to the upstream BL frequen-
cies.

Power spectral density signals of (pU)’ are presented in
Fig. 19. Again, one can notice an energy accumulation asso-
ciated with a low-frequency unsteadiness of the recirculation
bubble (< 1kHz), featuring similarities with the movement
of the reflected shock.
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Figure 18: Power Spectral Density (PSD) of static pressure
fluctuations based on the mean incident shock position, near
the outer part of the boundary layer (Pa?/Hz).

CONCLUSIONS

In this paper, a new approach, based on the use of a
combined filter and discontinuity sensor for monitoring the
flow solution, is developed and validated for the simulation
of supersonic turbulent flows containing shocks with fine
scale flow structures. The current research is motivated by
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the desire to construct reliable compressible Navier-Stokes
solvers with accurate numerical tools for predicting complex
supersonic aerodynamics in real applications. The numer-
ical procedure, developed in this study (a 3D compressible
LES solver with improved inflow-data generation method)
has been used to analyse the spatial evolution of a super-
sonic turbulent boundary layer at M=2.25 with and without
shock interaction, studied experimentally by Deleuze (1995)
and Laurent (1996). Distributions of mean and turbulent
flow quantities are analysed and compared to experimen-
tal measurements and DNS data. Very interesting results
are obtained. In particular, it is found that the LES accu-
rately predicts the mean temperature and density profiles,
skin friction, root mean square of velocity, temperature fluc-
tuations and Reynolds shear stress profiles. In agreement
with DNS of boundary layer (in absence of shock), this study
shows that the u velocity component and temperature are
weakly anti-correlated (—R,r is approximately 0.45). Ex-
perimental evidence, however, suggests a higher value of
the correlation coefficient than was found in this simula-
tion. This remark holds true for the case of shock-boundary
layer interaction. For both cases, fluctuations of the total
temperature are not negligible and the strong Reynolds anal-
ogy (SRA) is not valid. Finally, oscillations of the reflected
shock occurring at low frequencies are observed, in agree-
ment with experimental investigations.
the presence of such frequencies inside the recirculation bub-
ble. This point gives credit to the hypothesis which presents
the instabilities of the reflected shock as a consequence of
the dynamic properties of the separated zone.

Simulations reveal
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