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Shock-wave/turbulent boundary-layer interactions in the presence of thermal and chemical nonequilibrium
phenomena are analyzed. The approach relies on a linear eddy viscosity two-equation turbulence modeling that
accounts for the coupling of turbulence with chemistry and vibration, and it employs a total variation diminishing
� nite volume numerical methodology. The capability of the model has � rst been assessed for a cylinder � are
con� guration, and results have been compared with experiments. The model has then been applied to assess
the aerodynamic performance of control surfaces of a reusable launch vehicle. In particular, the effects of wall
temperature and � ap de� ection on the separation, aerothermal loads, and � ap ef� ciency have been studied. The
analysisshows that turbulence becomes importantfor� apde� ection anglesgreater thanacriticalvalue[O (15deg)],
thus avoidingthe crisis of the � ap ef� ciency that is observed under laminarconditions and extending the operating
capabilities of the control surface. The study also shows that the wall temperature affects signi� cantly the ef� ciency
and the operating envelope of the � ap primarily under turbulent conditions.

Introduction

S HOCK-WAVE/boundary-layerinteractionsin high-speed� ows
have a large impact on the design of hypersonicvehicles for the

presence of extended recirculation regions and intense local heat-
ing. Indeed, the occurrenceof such interactionsmay deteriorate the
aerodynamic ef� ciency of the control surfaces, making critical the
� ight control and the structural integrity of the vehicle.1 In particu-
lar, the positionof primary separationhas the greatest importancein
determining the location of the shock con� guration that affects the
aerodynamicquantities.The complexity of the phenomenonand its
importance in the design of aerodynamicshape and thermal protec-
tion system of a hypersonicvehicle require the understandingof the
controlling effects and their quantitative characterization.

In the past few decades several studies dealing with the shock-
wave/boundary-layer interaction phenomena were conducted, ei-
ther for laminar or turbulent conditions,mainly for cold hypersonic
� ows, that is, for low enthalpy. Extensive reviews describing the
physical phenomena of shock-wave/boundary-layer interaction in
hypersonic regime and some correlation laws for incipient sepa-
ration conditions, characteristic pressures, separation extent, and
peak heating can be found in the works of Needham and Stollery,2

Holden,3 and Delery.4 Experimental studies of both laminar and
turbulent shock-wave/boundary-layer interactions from supersonic
through hypersonic regime were conducted by Holden,3 who has
investigated the effects of Mach and Reynolds numbers, ramp an-
gle, and leading-edge bluntness on the � ow� eld in terms of up-
stream in� uence, separation extent, and peak heating. In Ref. 3 it

Received 14 April 2000; revision received 1 April 2001; accepted for
publication8 May 2001.Copyright c° 2001 by the authors. Published by the
American Institute of Aeronautics and Astronautics, Inc., with permission.

¤Professor, Department of Mechanics and Aeronautics, Via Eudossiana
18. Associate Fellow AIAA.

†Research Scientist, Aerothermodynamics Laboratory, Via Maiorise.
‡Aeronautical Engineer, Department of Mechanics and Aeronautics, Via

Eudossiana 18.
§Head of Hypersonic Project, Fundamental and Experimental Aerody-

namic Department, Rue des Vertugadins.

was established that upstream in� uence increases with ramp an-
gle and decreases with Mach number, and it is affected also by
the Reynolds number (only weakly in a fully turbulent regime),
whereas bluntness reduces pressure and thermal loads because the
interaction for a blunt leading edge occurs in (a locally) supersonic
regime. Delery4 has experimentally shown that upstream in� uence
and separation length increase with ramp angle for a given Mach
and Reynolds number and decrease with Mach number for a given
ramp angle and Reynolds number. In Ref. 4 it was also shown that
the main � ow features remain similar in laminar and turbulent con-
ditions, the differences being the extent of the interaction, that is,
the characteristicscale, and the pressure and thermal loads. Grasso
and Marini5 have studied hypersonic viscous � ows dominated by
strong shock-wave/laminar boundary-layerinteractionsover wing–

� ap and wing–fuselage junction con� gurations and have assessed
the effects of the control surface de� ection angle, leading-edge
shape, and viscous interaction parameter. Scaling laws for the up-
stream in� uence, peak heating, and aerodynamic coef� cients have
been establishedby means of numerical simulationsand theoretical
considerations.Grasso et al.6 have characterized the different con-
trolling mechanisms of the shock-wave/boundary-layer interaction
phenomenaand have critically reviewed the various correlationfor-
mulas (skin friction, Stanton number, characteristic pressures, and
peak heating) applicable in the different regions.

Under reentry conditions, the gas may not always be treated as
an ideal gas, and real gas effects such as vibrational excitation and
chemical reactionsaffect signi� cantly such phenomena; their in� u-
ence (and coupling with turbulence) must be necessarilyaccounted
for. Grasso and Leone7 have studied the in� uence of chemical re-
actions under the assumption of thermal and chemical equilibrium
for shock-wave/laminar boundary-layerinteractionsover compres-
sion ramps. In Ref. 7 it is shown that due to dissociation reactions
(in equilibrium) the temperature is lowered and the shock waves
are weakened, as well as their interaction with the boundary layer.
The results of Ref. 7 show a reduction of the separation extent
due to real gas effects; however, the peak heating (on the ramp)
still correlates with the inviscidpressure jump across the shock.Re-
cently, Mallinsonet al.8 have conductedhigh-enthalpycompression
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ramp � ow experiments at various stagnation conditions and ramp
angles, concluding that real gas effects on the pressure distribu-
tion, incipient separation angle, and peak heating are negligible, at
least for the conditions they have examined. In Ref. 9 it has also
been shown that typical correlation laws for shock-wave/boundary-
layer interactions, originally derived for ideal gas � ows, are still
valid when the boundary layer is chemically frozen provided local
correlating parameters are properly de� ned. Krek et al.10 have ob-
served a reduction of the separationextent with stagnationenthalpy
at a constant viscous interaction parameter for a hyperboloid � are
model in the DLR High Enthalpy Göttingen (HEG) shock tunnel,
whereas Davis11 has not observed this behavior on the HALIS ax-
isymmetric con� guration in the T5 Hypervelocity Shock Tunnel
at the California Institute of Technology. Further numerical stud-
ies on the interaction of a shock impinging on a � at plate12 have
shown that dissociationreactions reduce the interactionextent. This
is mainly due to a reductionof the pressure behind the reattachment
shock in the presence of negligible dissociation upstream of reat-
tachment. Davis and Sturtevant13 have investigated experimentally
and theoreticallynonequilibriumeffects on separation length using
a double-wedgegeometry and nitrogen test gas. Those authors have
concluded that, for weak shock strength, dissociationreactionsout-
side of the boundarylayermay yield a reductionof separationlength
depending on the freestream dissociation; likewise, recombination
reactions within the boundary layer and upstream of separation are
responsible for a slight decrease of separation length (with respect
to a nonreactingboundary layer). In addition, in Ref. 13 it is shown
that at high enthalpy the separation extent increases due to recom-
bination in the free-shear layer downstream of separation (mainly
because of the combined effects of freestream dissociation and a
cold wall).

The objective of the present work is to assess the in� uence of
turbulence in the presence of thermal and chemical nonequilibrium
phenomena on shock-wave/boundary-layer interactions that occur
around the control surfaces of a reusable launch vehicle. In par-
ticular, a model is developed that assumes 1) a single translational
temperature to characterize the translational and rotational modes,
2) a single vibrational temperature for vibrational excitation of the
diatomicspecies that are assumed to behaveas harmonicoscillators;
3) � nite-rate chemistry for nonionizing air, and 4) a gradient-law
assumption to account for the turbulenttransportof momentum, en-
ergy (translational, rotational, and vibrational) and species partial
masses. The methodology relies on a linear eddy viscosity two-
equation (K –") model that accounts for the coupling of turbulence
with chemistry and vibration through properly de� ned turbulent
Prandtl numbers, and it employs a numerical scheme based on a
� nite volume total variation diminishing approach with a point-
implicit treatment of the source terms.

The model is � rst applied to a hypersonic� owoveran axisymmet-
ric cylinder � are con� guration at ONERA-F4 high-enthalpywind-
tunnel conditions, the goal being the validation of the methodology
through comparison with available experimental data. The model
is then applied to analyze shock-wave/boundary-layer interaction
phenomena occurring over the body-� ap of the Future European
System Transportation Investigation Program (FESTIP) FSSC-15-
OAE suborbital hopper vehicle in � ight conditions. In particular,
we have studied the in� uence of the wall temperature and the body-
� ap de� ection on the separation characteristics,on the aerothermal
loads, and on the aerodynamic ef� ciency of the � ap.

In the following sections the physical model and the numerical
approach are developed, the test cases are described, the computa-
tional results are discussed, and conclusionsare given.

Governing Equations
In the present work, we have developed a model for the analysis

of shock-wave/turbulentboundary-layerinteractions; the model re-
lies on the Reynolds-averagedformulation of the conservationlaws
of a mixture of gases in vibrational and chemical nonequilibrium.
As commonly done in the case of compressible turbulent � ows of
an ideal gas, the governing equations have been formulated by in-
troducing both Favre and conventional time averages. In particular,
the Favre average (Q) is adopted for the species mass fraction Yk and

molar fraction Xk , the energy (total E and vibrational eV ), and the
velocity � eld ui , whereas the time average ( ) is employed for the
pressure p and the total density ½. In differentialform the equations
are
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NSi j D 1=2.@ Nui =@ x j C @ Nu j=@xi / is the symmetric part of the mean
strain tensor, and N!k and 1h0

k are, respectively, the average reac-
tion rate production and the enthalpy of formation of species k; in
addition, subscript m refers to molecular species.

The Favre-averaged internal energy (of the mixture) contribu-
tions that depend, respectively, on the translational and vibrational
temperatures are
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i =2 is the turbulentkinetic energy.The molecularmix-
ture viscosity ¹, the thermal conductivity coef� cients, ´tr, ´rot and
´V , and the diffusion coef� cients of species k in the mixture, Dk ,
are determined as described in Refs. 14 and 15. The mean pressure
Np is determined from the equation of state, that is,
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The internal energy ek and the enthalpy hk of species k are obtained
assuming energy modes separability.15

For atomic species(and dropping¡ and Q, unlessconfusionarises)
one has
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whereas for diatomic species one obtains
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and the vibrational energy contribution is obtained assuming
Boltzmanndistributionat the vibrationaltemperatureTV , thusyield-
ing

emV D Rmµ V
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where µ V
m is the characteristic vibrational temperature.16 The re-

action rate productions have been determined assuming the 17-
reaction mechanism of Ref. 16, whereby the coupling between vi-
bration and dissociationhas been taken into account by introducing
a reaction-rate-controlling temperature of the dissociation.15;16 The
vibrationalsourceterm SV is the sum of the translational–vibrational
energy exchanges (ST ¡V ) and the energy removal contribution due
to vibration–chemistry coupling (SV ¡R ). The former are modeled
according to Landau–Teller theory16:
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X
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(6)

where the vibrationalrelaxation time ¿m is de� ned as the sum of the
molar-averagedMillikan–White17 relaxationtime and the collision-
limited time, as described in Ref. 15. The energy removal contribu-
tion is de� ned according to Refs. 15 and 18, that is,
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X

m
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(7)

The closureof theequationsis obtainedbya gradient-lawassump-
tion and the use of a linear two-equation K –" eddy viscositymodel.
Note that in the presence of chemical reactions such a gradient-
law assumption has been shown to give unphysical results, at least
in the case of premixed turbulent � ames19 (where counterdiffusion
was observed). However,we argue that underhypersonicconditions
such a phenomenonshouldbe precludeddue to the strongdirection-
ality of the � ow; hence, the constitutive equations for the turbulent
diffusion contributionsare
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where ¹t , Pr t
T , Pr t

V , and Sct
k are, respectively, the turbulent mix-

ture viscosity, the turbulent Prandtl number for translational–
rotational and vibrational heat conductions, and the turbulent
Schmidt number of species k. In particular, Prt

T D ¾T and
Prt

V D Pr t
T .cpV ´T /=.cpT ´V /; as in the case of turbulent compress-

ible � ows of ideal gases, we have assumed a value of ¾T D 0:9 and,
in addition, we have set a unit species turbulent Schmidt number.

The turbulentmixtureviscosityis de� ned in terms of the turbulent
kinetic energy and the (isotropic) dissipation rate " (Ref. 20), that
is,
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and y and u¿ are, respectively, the distance normal to the wall and
the friction velocity. The modeled transport equations for K and "
are
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and kv D 0:37, ¾K D 1:55, and ¾" D 2 (Ref. 20). The turbulent ki-
netic energy production contributions, respectively, due to mean
velocity gradients and compressibility effects are
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where Mt D
p

[2K =.° RT /] and ¾½ D 0:5.

Numerical Solution
The numericalsolutionof the governingequationsfor high-speed

� ows requires the use of robust and accurateschemes.The approach
followed in the present work is based on a � nite volume formula-
tion of the equations that relies on a second-order, upwind-biased
total variation diminishing discretization of the inviscid � uxes and
central differencingof the viscous ones. (The details of the scheme
for full nonequilibrium simulations are reported in Ref. 15.) Note
that the transportequationsfor K and " are loosely coupledwith the
mean � ow equations;hence,their � nite volumeapproximationis ob-
tained by discretizing the convective � uxes following the approach
of Larrouturou21 for an approximate Riemann solver for a multi-
component gas. In the presence of turbulent nonequilibrium� ows,
stiffness arises due to disparity among the characteristic timescales
of the relaxation processes and between the turbulent and � uid dy-
namic ones. For steady � ows, stiffness can be reduced by precon-
ditioning the system of discretized (ordinary differential) equations
and de� ning the preconditionmatrix in terms of the partial Jacobian
of the source terms. The time integration is then performed by a
three-stage Runge–Kutta algorithm with a point-implicit treatment
of the source terms.15

Results
To assess the capability of the model, we have � rst computed

the � ow around a cylinder � are con� guration (test 1) that has been
tested in the ONERA-F4 high-enthalpy wind tunnel. The model
has then been applied to simulate shock-wave/turbulent boundary-
layer interactions around a control surface con� guration typical of
a reusable launch vehicle (RLV) concept.The objective of the study
has been to assess the effects of wall temperature, body-� ap de-
� ection and turbulence in the presence of thermal and chemical
nonequilibrium,and their in� uence on the body-� ap ef� ciency.

Test 1: Hollow Cylinder Flare
The axisymmetric cylinder � are geometry (see Fig. 1) is com-

posed by a hollow cylinder with sharp leading edge, an external
diameter of 0.15 m, and a length L D 0:2 m, followed by a 35-deg
conical � are (whose length is 0.067 m) and an additional cylindri-
cal extension, which is 0.033 m long, set to inhibit the effects of
the base � ow on the interaction region. To measure the pressure
distribution the model is equipped with DRUCK FDCR-42 trans-
ducers; in particular, 22 pressure taps are located along an upper
generating line. To check the correct position of the model inside
the test chamber, the model is equippedwith four additional control
taps located symmetrically along the generating line at §90 deg
with respect to the original one. To measure the heat � ux, the
model is equipped with 22 thermocouples located on a generat-
ing line at 180 deg from the upper generating line and at the same
streamwise positions (of the pressure taps). The accuracy of the
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pressure and heat � ux measurements is, respectively, §5% and
§7%. ONERA-F4 high-enthalpy wind-tunnel � ow conditions at
the nozzle exit are close to equilibrium (M1 D 9:4, Re1=m D
1:115 £ 105 , T1 D 522 K, and V1 D 4318 m/s), thus correspond-
ing to a stagnation pressure p0 D 230 bar and a total enthalpy
H0 D 9:93 MJ/kg. The initial air composition in terms of molar
fractions is XO2 D 0:2 and XN2 D 0:8, and the wall is assumed
noncatalyticwith � xed temperature Twall D 300 K.

For this test case we have carried out four simulations assuming
1) laminar � ow and ideal gas (T1.1), 2) laminar � ow and nonequi-
libriumgas (T1.2), 3) turbulent� ow and ideal gas (T1.3), and 4) tur-
bulent � ow and nonequilibriumgas (T1.4). For the turbulent simu-
lations, the locationof the laminar-to-turbulencetransitionhas been
determined through the transitioncriterionderived from space shut-
tle � ight data.22 In particular, according to such criterion, transition
is assumed to occur when the momentum thickness Reynolds num-
ber veri� es the relation Reµ =Me D O (100–200), where Me is the
Mach number at the edgeof the laminar boundary layerwhose prop-
erties have been determined through numerical simulations. For the
conditions corresponding to test 1, the criterion indicates that tran-
sition occurs at X tran=L D 0:25. As a compromisebetween accuracy
and computationalcost, all numerical simulationshavebeen carried
out on a grid consisting of 264£ 96 cells (see Fig. 1; the minimum
nondimensionalgrid spacingsin streamwiseand normal-to-the-wall
directions are, respectively, 0:52 £ 10¡3 and 0:53£ 10¡4) that has
been selectedthrougha grid sensitivityanalysisboth for laminar and
turbulent conditions. The results of the grid sensitivity are reported
in Fig. 2 in terms of separation location X sep=L and peak Stanton
number Stpeak as a functionof grid resolution(de� ned as the inverse
of the square root of the total number of cells, N ). Figure 2 shows

Fig. 1 Cylinder � are geometry and grid.

Fig. 2 Cylinder � are and RLV, grid sensitivity analysis: open symbols,
laminar; � lled symbols, turbulent. Test 1: ¤, Xsep/L; and ¦, Stpeak £ £ 10.
Test 2 (——, ± = 30 deg and - - - -, ± = 10 deg): 4 , Xsep/L; and 5 ,
¡ CMh £ £ 10.

Table 1 Test 1 characteristic parameters

Test X sep , m X rea , m C p peak Stpeak

T1.1 0.0966 0.2478 1.5438 0.04601
T1.2 0.1023 0.2465 1.5716 0.04585
T1.3 0.1079 0.2453 1.5817 0.05339
T1.4 0.1107 0.2439 1.5849 0.05361
Experiment (ONERA) 0.1245 0.2365 1.1226 0.07168

Fig. 3 Cylinder � are, surface distributions of pressure coef� cient and
Stanton number along the wall: - - - -, T1.1; – – –, T1.2;¢ ¢ ¢ ¢ , T1.3; ——,
T1.4; and , experiment (ONERA).

that the laminar Stanton number peak is grid independent;however,
the distributionsof the separation location (either laminar or turbu-
lent) and the turbulent Stanton number peak as a function of grid
resolution indicate that a further grid re� nement is necessary.

The results of the test cases T1.1–T1.4 are reported in Fig. 3
in terms of pressure coef� cient and Stanton number distributions
together with experimental measurements. Figure 3 (and Table 1)
reveals that the upstream in� uence is reduced (with a delay in the
separation) approximately by 3–5% due to nonequilibriumeffects;
likewise, turbulence reduces the upstream in� uence by a factor of
approximately10%. Figure 3 also shows that 1) the pressureplateau
and the peak dynamic load are not signi� cantly affected either by
nonequilibriumor by turbulence, 2) turbulence is responsible for a
faster pressure recoveryand an increase in the heat transfer over the
� are, and3) the peak thermal load is primarilyaffectedby turbulence
(with an increase of approximately 16%). In addition, the turbulent
nonequilibrium gas simulation yields an overestimation (with re-
spect to the experiment) of the upstream in� uence by a factor of
18% and an underestimationof peak heating of about 30%.

Test 2: RLV
The primary goal of the study is to analyze the aerodynamicper-

formance of the control surface of a RLV concept developed in the
framework of the FESTIP program of ESA.23 In particular,we have
considered the FSSC-15-OAE suborbital hopper geometry that has
a � at bottom.We recall that in Ref. 24 it was concludedthat for such
a con� guration the � ow exhibits a quasi-two-dimensionalstructure.
In the present study, we have then considered the geometry corre-
sponding to the symmetry plane of the hopper as shown in Fig. 4,
which also reportsall of the characteristicdimensionsof the vehicle.
Note that a � at extension has been added behind the � ap to enforce
supersonic out� ow. The � ow conditions of test 2 correspond to a
reentry into the atmosphere at an altitude of 51.9 km and velocity
V1 D 3:28 km/s (thus yieldingfreestreamMach and Reynoldsnum-
bers equal to, respectively,M1 D 9:99 and Re1=m D 1:578 £ 105 ),
at an angle of attack of 19.2 deg. From the � ight-path analysis, at
these conditions turbulence is expected to play a role. To assess
the importanceof turbulence,we have then carried out both laminar
and turbulentsimulationsat variouswall temperaturesandbody-� ap
de� ections.
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All computations have been performed on a 180 £ 60 grid (see
Fig. 4), whose minimum nondimensional spacings in streamwise
and normal-to-the-walldirectionsare, respectively,0:69 £ 10¡3 and
0:59 £ 10¡7 . The grid has been selected through a grid sensitivity
analysis under laminar and turbulent � ow conditions. The results
of this study are reported in Fig. 2 in terms of separation location
X sep=L and hinge moment coef� cient CMh (see a later section for
its de� nition) at two values of the body-� ap de� ection (± D 10 and
± D 30 deg). Figure 2 shows the grid convergenceof results for both
the laminarand turbulentconditions.The de� nitionsof the test cases
are reported in Table 2 in terms of � ow conditions (laminar or tur-
bulent), body-� ap de� ection angle, and wall temperature. Observe
that most of the laminar computationshavebeenperformedwith the
assumption of surface radiation cooling, that is, the heat � ux trans-
fered from the gas to the wall is assumed to balance the heat � ux
radiated away from the surface. Hirschel25 has shown that, in the
hypothesis of zero heat � ux into the wall, this mechanism yields a
radiation-adiabaticequilibriumtemperatureTrad:eq: that is a goodap-
proximationof the temperatureattainedat the wall. For the turbulent
simulations, the transition location has been determined by means
of the same correlation formula used for test 1; in particular, we
have assumed that transition occurs when Reµ =Me D O (100–200),

Fig. 4 RLV geometry and grid (± = 30 deg).

Fig. 5 RLV Mach number contours and zoom of the streamlines around the hingeline (± = 30 deg and Twall = 800 K).

where the laminar boundary-layerproperties have been determined
numerically.For theconditionsof the test, the criterionindicatesthat
laminar-to-turbulencetransition occurs approximately at one-third
of the body length (X tran=L D 0:365 from the nose).

In Fig. 5 we showthe Mach number contour lines (with a zoom of
the body-� ap region) for the conditionscorrespondingto a body-� ap
de� ection ± D 30 deg and turbulent � ow assumption. The � ow� eld
exhibits a detached bow shock ahead of the nose with a stagna-
tion region characterized by air dissociation and high surface heat
transfer rates. The strong bow shock curvaturearound the nose pro-
ducesan entropylayer (as inferred from the Mach numbergradients
in the direction normal to the wall, see Fig. 5) that is swallowed by
the boundary layer that develops along the body and that controls
the shock-wave/boundary-layer interaction around the body � ap.
Observe that, due to the shape of the vehicle and the � at exten-
sion of the body � ap, the � ow reattaches at the � ap trailing edge.
The � ow exhibits a moderate air dissociationwithin the shock layer
(YO ’ 0:09 and YNO ’ 0:07 along the stagnation streamline); in ad-
dition, an analysis (not reported) of the vibrationaland translational
temperature distributionsalong the stagnation line shows that ther-
mal equilibrium is obtained on a scale O (2%) of the nose radius.

In Figs. 6 and 7, we report the distributions of the pressure co-
ef� cient and Stanton number for laminar (both for the radiation
equilibriumand the � xed wall temperatureTwall D 800 K) and turbu-
lent conditions (at various wall temperatures, Twall D 300, 500, 800,
and 1000 K) along the body surface at a given body-� ap de� ection
(± D 30 deg). In Fig. 6 we also show the pressure coef� cient distri-
bution determined by means of the blast wave theory with the New-
tonian correction to account for the effects of the angle of attack.26

Table 2 Test cases de� nitions: physical model,
� ap de� ection, and wall temperature

±, deg Laminar � ow Turbulent � ow

5 Twall D Trad:eq: Twall D 800 K
10 Twall D Trad:eq: ——
15 Twall D Trad:eq: Twall D 800 K
20 Twall D Trad:eq: ——
25 Twall D Trad:eq: Twall D 800 K
30 Twall D Trad:eq:, 300, Twall D 300, 500,

500, 800 K 800, 1000 K
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Fig. 6 RLV surface distributions of pressure coef� cient at ± = 30 deg:
——, laminar; ¦, laminar with surface radiation cooling; - - - -, turbu-
lent; and , blast-wave theory with Newtonian correction.

Fig. 7 RLV surface distributions of Stanton number at ± = 30 deg:
——, laminar and - - - -, turbulent.

The comparisonsuggests that thepressurelevelattainedaheadof the
interaction is mainly controlledby the incidence.Figure 6 indicates
that, if one assumes surface radiation cooling (under laminar con-
ditions) the wall temperature along the forebody is (locally) higher
than in the case of constant value. As a consequence, the boundary
layer is thicker, the separationis anticipated,the upstream in� uence
is larger, and the plateau pressure is lower; however, the pressure
recovery over the � ap is only slightly affected. The observation is
very important for the extrapolation-to-�ight of wind-tunnel mea-
surements because it is generally impossible to reproduce the actual
surface temperature distribution in wind-tunnel experiments. Fig-
ure 6 shows that laminar simulations predict a separation larger
than in the case of turbulent conditions and a multiple-vortexstruc-
ture with the occurrence of local stagnations and subsequent peak
heatings(see Fig. 7). The suddenincreasein the Stanton number at a
location that depends on the wall temperature clearly indicates that
the shock-wave/boundary-layer interaction around the body � ap is
indeed turbulent.The strong � ow expansionat the � ap trailing edge
is due to the presenceof the � at extension that � xes the reattachment
point.

Effects of Wall Temperature
Figures 6 and 7 show that for lower temperatures (Twall D 300

and 500 K), even though laminar-to-turbulencetransition is � xed at
X tran=L D 0:365, turbulenceeffects are signi� cant only downstream
of the separation shock, which acts as a turbulence ampli� cation

Fig. 8 RLV location Xsep and extent Lsep of separation as a function
of wall temperature at ± = 30 deg (open symbols, laminar and � lled
symbols, turbulent): ¤, Lsep and , Xsep .

Fig. 9 RLV distributions of the peak pressure coef� cient Cppeak and
peak Stanton number Stpeak as a function of wall temperature at
± = 30 deg (open symbols, laminar and � lled symbols, turbulent:
M, Cppeak and , Stpeak.

mechanism. Hence, the upstream in� uence is larger, thus causing a
greater loss of � ap pressure recovery (Fig. 6). At higher tempera-
tures (Twall D 800 and 1000 K) turbulenceis active at approximately
one-third of the vehicle’s length, that is, downstreamof the location
where laminar-to-turbulencetransitionis assumed to occur.Figure 7
then suggests that laminar-to-turbulencetransition is delayeddue to
wall cooling, thus having a stabilizing effect on turbulence (as also
shown in Ref. 22). Consequently, because of boundary-layer thin-
ning, the values of Stanton number over the � ap increase. In Fig. 8,
the location of separation Xsep and its extent Lsep are reported as a
functionof the wall temperatureboth for laminar and turbulentcon-
ditions. The results show a nearly linear increase of L sep with Twall

for the laminar case; for turbulent conditions L sep exhibits a nearly
linear decreaseup to Twall D 800 K, then a reversal trend is observed
for Twall > 800 K. Figure 9 shows the peakvalues of the pressureco-
ef� cient and Stantonnumberover the � ap.Figure 9 shows thatunder
turbulentconditions the aerothermal loads decrease with increasing
Twall (due to the effectsof wall temperatureon laminar-to-turbulence
transition and boundary-layerthickening), whereas negligible vari-
ations of peak loads are predicted under laminar conditions.

Effects of Body-Flap De� ection
The effects of body-� ap de� ection angle are shown in Figs. 10

and 11, where the pressure coef� cient and the Stanton number
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Fig. 10 RLV surface distributions of pressure coef� cient at various
body-� ap angles ± at Twall = 800 K: ——, ± = 5 deg; – – –, ± = 15 deg; - - -,
± = 25 deg; and ¢ ¢ ¢ ¢ , ± = 30 deg; , blast-wave theory with Newtonian
correction.

Fig. 11 RLV surface distributions of Stanton number at variousbody-
� ap angles ± at Twall = 800 K: ——, ± = 5 deg; – – – , ± = 15 deg; - - - , ± =
25 deg; and ¢ ¢ ¢ ¢ , ± = 30 deg.

distributions are plotted for various ± at a given wall temperature
(Twall D 800 K). The levels of the plateau pressure and the pressure
recovery on the � ap increase with ± (Fig.10); the upstream in� u-
ence increases up to ± D 15 deg, and then it decreases for greater
±. Laminar shock-wave/boundary-layer interactions are predicted
around the � ap for ± D 5 and 15 deg. At higher body-� ap de� ec-
tions, turbulence is active ahead of the separation shock (at a loca-
tion X tran ’ 27:5 m for ± D 25 deg and X tran ’ 15:5 m for ± D 30 deg;
see Fig. 11). As a consequence, the interaction occurs under fully
turbulent conditions, and the peak Stanton number is increased ap-
proximately by one order of magnitude (Fig. 11). Figure 12 shows
that under laminar conditionsboth the extent of separation L sep and
its location Xsep vary approximately linearly with ±. For turbulent
simulations, the results indicate that Xsep and L sep exhibit a change
of behavior for ± ¸ 15 deg. This is more clearly observed in Fig. 13,
which shows that turbulence effects on pressure and thermal loads
become important for � ap de� ections greater than 15 deg. Indeed,
for ± ¸ 15 deg, the separationshock is strong enough to activate tur-
bulence, and the distributions of the peak pressure coef� cient and
Stanton number show a clear bifurcation at this critical body-� ap
angle.

Separation and Plateau Pressure Correlation Law
For shock-wave/boundary-layer interactions over compression

ramps,4¡6 the separationand plateaupressurecoef� cients (C p sep and

Fig. 12 RLV locationXsep and extent Lsep of separation as a function of
body-� ap angle ± (open symbols, laminarconditions and � lled symbols,
turbulent conditions with Twall = 800 K): ¤, Lsep and , Xsep .

Fig. 13 RLV distributions of the peak pressure coef� cient Cppeak and
peak Stanton number Stpeak as a function of body-� ap angle ± (open
symbols, laminar conditions and � lled symbols, turbulent conditions
with Twall = 800 K): M, Cppeak and , Stpeak .

C p pla ) correlatewell with the Mach and Reynolds numbers (M0 and
Rex0

) evaluated at a location immediately upstream of the interac-
tion (x D x0 ) according to

C psep/pla
D Ksep/pla

£¡
M2

0 ¡ 1
¢
Rex0

¤¡ 1
4 (17)

where Ksep/pla is a constant determined through comparison with
experiments.For anRLV at incidence,we arguethat the same typeof
dependencyon M0 and Rex0 holds,providedtheNewtonianpressure
contributiondue to the incidence ® is accounted for,26 and Eq. (17)
is modi� ed accordingly, thus yielding

Cpsep/pla
D Ksep/pla

£¡
M2

0 ¡ 1
¢
Rex0

¤¡ 1
4 C 2 sin2 ® (18)

Hence, to better understand the effects of � ap angle, wall tempera-
ture, and turbulence, in Fig. 14 we show all of the computed sepa-
ration and plateau pressure coef� cients as a function of the scaling
parameter [.M2

0 ¡ 1/ Rex0 ]¡1=4. For laminar conditions we also re-
port the correlationscorrespondingto Eq. (18), where we have used
Ksep D 4:1 and Kpla D 6:6 (determined through a least-square � t).
Figure 14 shows that laminar results well correlate with Eq. (18),
even when accounting for real gas effects. With regard to the tur-
bulent simulations, we observe that at a given wall temperature
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Fig. 14 RLV distributions of separation and plateau pressure coef� cients (Cpsep and Cppla
) in function of [(M2

0 ¡ 1) Rex0 ] ¡ 1/4 (open symbols, values
at separation and � lled symbols, plateau values). In� uence of Twall: ¤, laminar conditions and , turbulent conditions. In� uence of ±: ¤, laminar
conditions and M, turbulent conditions.

(Twall D 800 K) separation is laminar up to ± D 15 deg, and then
turbulenceplays a role and the values of C p sep and C p pla strongly in-
crease with ±. For the largest � ap de� ection (± D 30 deg) turbulence
is active immediately ahead of separation for values of Twall D 300
and 500 K; at higher wall temperatures (Twall D 800 and 1000 K)
turbulence is active downstream of the location where transition is
assumed to occur. However, in both cases the interaction occurs
again under fully turbulent conditions, and the computed values of
C p sep and C p pla are greater than the laminar correlationcorrespond-
ing to Eq. (18).

Considerations on Flap Ef� ciency
The aerodynamicperformanceof the FSSC-15-OAE body � ap is

analyzed in terms of � ap ef� ciency and � ap operatingenvelope,and
the results are plotted in Figs. 15 and 16. The � ap ef� ciency E� ap is
de� ned in terms of pitching moment coef� cient CMh as

E� ap D CMh .±/ ¡ CMh .0/;

CMh D
2

R xef

xb f
.¡pn C ¿ / ¢ .x ¡ xh/ ds

½1 V 2
1 Sref L � ap

(19)

where Sref D 47 m, L � ap D xe f ¡ xb f D 4:5 m, and CMh .0/ D
¡ 1:5072£ 10¡2 is the pitchingmoment computedon thecleancon-
� guration(unde� ected� ap, ± D 0 deg). The valueofCMh dependson
the pressure(and shear stress) distributionover the � ap surface, thus
being strongly affected by the presence of a shock-wave/boundary-
layer interaction around the hinge. (Note that a negative CMh acts
to reduce the angle of attack.) Hence, � ap ef� ciency gives a clear
idea of the response mechanism to a variation of the body-� ap an-
gle. Recall that, to an increase of ±, if the pressure recovery on the
ramp does not balance the contributionof the pressure plateau, the
shock-wave/boundary-layer interaction yields a loss in control ef-
fectiveness.Vice versa, if the � ap overpressure(due to the increase
of ±) inhibits the deteriorating effects of � ow separation, then the
shock-wave/boundary-layerinteractionhasa bene� cial effecton the
control effectivenessof the � ap.

The distribution of � ap ef� ciency as a function of � ap de� ec-
tion is shown in Fig. 15, where we show both laminar and tur-
bulent results. For the latter condition, Fig. 15 con� rms the bi-
furcation in the behavior at the value ± ¼ 15 deg. For ± < 15 deg,
the shock-wave/boundary-layerinteractionaround the hinge is cer-
tainly laminar; indeed, the separationshock is rather weak and does

Fig. 15 RLV body-� ap ef� ciency E� ap as a function of body-� ap angle
± at various wall temperatures: ¤, laminar conditions and ¥, turbulent
conditions.

not cause any signi� cant turbulence ampli� cation. A clear loss of
� ap ef� ciency is predicted under laminar conditions for ± > 15 deg;
however, when turbulenceeffects become important (i.e., when the
separationshockis strongenoughto promotetransition) an improve-
ment of � ap ef� ciency is observed. At the largest � ap de� ection
(± D 30 deg) turbulent conditionsyield a � ap ef� ciency about twice
the corresponding laminar value. The explanation for this behavior
is that for turbulent conditionsthe thicknessof the subsonic portion
of the boundary layer (across which pressure disturbances propa-
gate upstream) is thinner, thus producing a smaller separation and,
consequently, a greater pressure recovery on the � ap. A reduction
of � ap ef� ciency with increasing Twall due to the progressive loss of
pressure recoveryon the � ap is also shown in Fig. 15 for ± D 30 deg.
As already observed in Ref. 27, under laminar conditionswall tem-
perature does not affect signi� cantly the � ap ef� ciency, whereas a
signi� cant dependency is observed for turbulent � ow conditions (a
16% larger � ap ef� ciency is predicted for Twall D 300 K with respect
to the value corresponding to Twall D 1000 K). Figure 16 shows the
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Fig. 16 RLV body-� ap operating envelope. Distribution of the peak
Stanton number Stpeak as a function of body-� ap ef� ciency at various ±
and Twall (——, laminar and - - - -, turbulent): open symbols, in� uence
of ± and � lled symbols, in� uence of Twall.

� ap operating envelope, that is, the distribution of the peak Stan-
ton number as a function of � ap ef� ciency at various ± and Twall.
Figure 16 shows thatfor laminarconditionsthereexistsa critical� ap
de� ection ±crit ¼ 15 deg: For ± < ±crit , both � ap ef� ciency and � ap
heating increase, whereas for ± > ±crit , a clear loss of performance
with a nearly constant � ap heating is observed. This suggests that
for laminar � ow conditionsone shouldoperate the body � ap only up
to ±crit (at most). However, from the simulations, we conclude that
turbulenceeffectsbecome important just around±crit , thus extending
the operating capabilities of the aerodynamic control surface up to
± D 30 deg, provideda proper thermal protectionsystem is mounted
over the � ap. Furthermore, a remarkable effect of wall temperature
is observed for turbulent conditions (at ± D 30 deg).

Conclusions
In the presentwork we have studied the in� uenceof turbulenceon

shock-wave/boundary-layer interactions in the presence of thermal
and chemical nonequilibriumphenomena. The numerical method-
ology employed is based on a � nite volume, total variation dimin-
ishing approach with a point-implicit treatment of source terms
and a linear eddy viscosity two-equation turbulence modeling that
accounts for the coupling of turbulence with thermal and chemi-
cal nonequilibriumphenomena through properly de� ned turbulent
Prandtl numbers.

The capabilitiesof the model have � rst been assessedby comput-
ing the � ow around a cylinder � are con� gurationwith a comparison
with experimentalmeasurements. The simulations indicate that for
the selected test case the peakdynamic load and the plateaupressure
are rather unaffected either by nonequilibriumor by turbulence ef-
fects. However, separation and thermal load are in� uenced both by
turbulence and relaxation phenomena (the latter yielding a weaker
in� uence).

The model has then been applied to analyze the � ow around the
body � ap of an RLV. In particular, we have focused our attention
on the effects of wall temperature and � ap de� ection on separation
and on the aerothermal loads acting on the � ap and its aerody-
namic ef� ciency. The computed � ow� elds exhibit a detached bow
shock around the vehicle, the formation of an entropy layer that is
swallowed by the boundary layer on the forebody and a supersonic
shock-wave/boundary-layer interaction around the body � ap. For
laminar conditions,the simulationsshow that an increaseof the wall
temperature causes an early separation with a nearly linear growth
of the upstream in� uence and a progressively greater loss of � ap
ef� ciency. Surface radiation cooling produces a thickening of the
boundary layer and a reduction of the plateau pressure and, conse-
quently, the upstreamin� uence increases.The turbulentsimulations
show that wall cooling delays laminar-to-turbulence transition: In
particular, at low temperatures, turbulence is activated immediately

ahead of the separation shock; the location at which turbulence is
active is displaced upstream (and separation is delayed) as the wall
temperature increases.Under laminar conditions, an increase of the
body-� ap de� ection produces an increase both in the pressure re-
covery and peak thermal load along the � ap; in addition, the extent
of separation exhibits a nearly linear dependency on ±. With regard
to the � ap operating envelope, we conclude that both the � ap ef-
� ciency and the � ap heating increase with ± up to ±crit (’15 deg).
For values of ± ¸ ±crit , the � ap exhibits a clear loss of performance
with a nearly constant � ap heating. As in the case of ideal gas, the
laminar simulations also show that dynamic loads, that is, separa-
tion and plateau pressures, well correlate with Mach and Reynolds
numbers immediatelyupstreamof the interaction.The effectsof tur-
bulence on aerothermal loads become important for values greater
than 15 deg, and the interaction occurs under fully turbulent condi-
tions. In addition, turbulence extends the operating capabilities of
the aerodynamiccontrol surface. The study also shows that the ef� -
ciency and the operating envelope of the body � ap are signi� cantly
affected by the wall temperature only when turbulence is active.
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