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Experimental investigationshave been achieved in the ONERA research facilities of the Chalais–Meudon Center
in order to validate design tools used for the de� nition of a scramjet for a hypersonic spacecraft. Aerodynamic
interactions occurring on such a spacecraft have been thoroughly studied, notably 1) the shock/shock interactions
ahead of the air inlets, 2) the shock-wave/boundary-layer interaction and its control inside the air inlet, and
3) the � ow con� uence between an external � ow and an aerospike nozzle jet in an underexpansion condition. These
studies contribute to the knowledge of the � ow physics of aerodynamic interactions that occur on hypersonic
spacecraft, compensate for the lack of published detailed measurements of such � ow� eld patterns, and provide
well-documented test cases to validate computer codes.

Nomenclature
pB = base pressure, Pa
pe = external � ow static pressure, Pa
p j = jet static pressure, Pa
pte = external � ow stagnation pressure, Pa
ptj = jet stagnation pressure, Pa
pt ref = stagnation pressure in the reference case, Pa
pw = wall pressure, Pa
Q = suction mass � ow rate, kg/s
Tte = external stagnation temperature, K
ue = upstream reference velocity, m/s
u; w = instantaneousstreamwise and normal/radial velocity

components, m/s
u 0; w0 = � uctuating streamwise and normal/radial velocity

components, m/s
µ = angle relative to the horizontal plane, deg
½ = speci� c mass, kg/m3

¾u = streamwise turbulence intensity, ¾u D
p

.u 02/=ue

8 = heat-� ux, W/m2

Introduction

H YPERSONIC airbreathingspacecraftwill be one of the largest
technological challenges in the aeronautical community dur-

ing the twenty-� rst century. The key to this type of transportation
is the technological mastery of the propulsion system. The thin,
pointed bodies of hypersonic spaceplanes, as shown in Fig. 1a, are
designed to minimize drag and to optimize engine ef� ciency. The
taper of the forward part of the body plays the role of a compression
ramp that reduces the � ow speed ahead of the air inlet to increase
propulsion ef� ciency. The contour of the afterbody is designed as
an expansion surface and acts as a propulsive nozzle. In the frame-
work of the French Program of Research for Advanced Hypersonic
Propulsion(PREPHA), experimentswere conductedat the ONERA
research facilities to validate the design tools used to derive these
vehicle con� gurations.

The conception of the air inlet must take into account two ma-
jor aerodynamic interactions.First, certain shock/shock interaction
phenomena ahead of the air inlet lip (Fig. 1b) generate high local
heat � uxes, which � uxes can be limitedby the blunt shape of the lip.
These shock/shock interactions, which result from the intersection
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of shocks produced by the compression ramp with the bow shock
forming ahead of the lip, are classi� ed as six types according to
Edney.1;2

1) Types I and II: When the oblique shock crosses the bow shock,
in the area where it is a strong shock, the two shocks have very
different strengths, and a slip line results from this interaction.

2) Type III: When reattachment of the slip line is possible on a
surface, the situation is categorized as a type III interaction.

3) Type IV: When reattachment is not feasible, the slip line is
followed by a supersonic jet surrounded by a subsonic � ow. When
the supersonic jet impacts a cylinder, the situation corresponds to
type IV interaction (as shown in the Electron Beam Fluorescence
visualization in Fig. 2 and explanation in Ref. 3).

The purpose of this paper is to present the results of an experi-
mental analysis of type III and type IV interactions, which induce
the most signi� cant consequences in terms of wall pressure and
heat-� ux increases.

Second, the strong interactions occurring inside the air inlet be-
tween oblique shock waves and turbulent boundary layers (Fig. 1b)
induce a loss of propulsion ef� ciency. One way to reduce the ad-
verse effects of such interactions is to use a control device near the
impingement region of the shock on the air inlet wall. A review
of several control devices4;5 indicates that active control by suc-
tion of the inner part of the boundary layer is an ef� cient control
technique for such interactions.The objective of this experimental
study was to contribute to the understanding of the physical phe-
nomena involved in shock-wave/boundary-layer interactionsunder
active control (suction) conditions. Two means of suction control
have been explored in this study: distributed suction through a per-
forated plate and localized suction through a slot.

The shape of the expansion surface constitutingthe aft part of the
vehicle must take into account the complex interactionsdue to � ow
con� uence between the propulsive jet and the outer � ow (Fig. 1b).
In general, the co� owing streams are nonadapted, which, in super-
sonicor hypersonicregimes,generatesshockwaves interactingwith
the dissipative layers. When the � ows are far from the adaptation
state, the strength of the interaction shock can be so severe that
it forces the external � ow to separate because of the jet’s expan-
sion (pluming). Another aerodynamic interaction can occur when
the con� uence process forces the jet internal shock to impinge on
the expansionsurface.These nonadaptationphenomena inducedby
� ow con� uence have an in� uence on the afterbody drag and thrust
balance, on the aerodynamic stability and maneuverability of the
vehicle when unstable � ow separation is induced by the jet plum-
ing, and on the base heat-� ux levels because hot gases are present
inside the separated� uid regions.The aim of the presentexperimen-
tal study is to increase the understandingof the � ow physics of the
con� uence between an externalstream and a propulsivejet exhaust-
ing from an expansion surface. An annular expansionnozzle, rather
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a) Typical hypersonic spacecraft

b) Aerodynamic interactions

Fig. 1 Basic aerodynamic phenomena studied.

Fig. 2 Visualization of the type IV interaction by electron beam � uo-
rescence.

than a planar one, was chosen to facilitate the validation procedure
with numerical codes; therefore, the experiments were conducted
using an axisymmetricafterbodymodel equippedwith a full-length
annular aerospikenozzle and merged in a supersonicexternal � ow.6

Shock/Shock Interactions Ahead of the Air Inlet Lip
Experimental Arrangement

The experimental study was performed in the ONERA R5Ch
blowdown wind tunnel.7 The facility provides a uniform � ow
at Mach 10, where stagnation temperature and pressureare 1070§
10 K and (2.5 § 0.15) £ 105 Pa, respectively.The freestream static
conditions are pe D 6:3 Pa, Te D 52 K, and ½e D 4:3 £ 10¡4 kg/m3.
Because of the low stagnation pressure, the unit Reynolds number
is Reu D 1:67 £ 105, resulting in a fully laminar � ow.

The experimental arrangement includes a shock generator with
a sharp leading edge located in front of a cylinder lying perpen-
dicular to the upstream � ow� eld (Fig. 2). The shock generator is a
10-deg wedge with a 100-mm base. For the present experiment, the
wedge is at 10§ 0.01 deg incidence angle, which induces a 20-deg
� owstream de� ection angle.8 The cylinderhas a diameter of 16 mm
and a spanwise length of 100 mm. The ratio of spanwise length
to diameter is greater than six, which ratio is suf� cient to insure a
two-dimensional � ow near the middle of the cylinder in the region
where the thermocouples and pressure taps are located.

Fig. 3 Axial distribution of temperature on the stagnation line: refer-
ence case.

Fig. 4 Axial distribution of density on the stagnation line: reference
case.

Results
First, the reference case is discussed. The cylinder alone in the

� ow producing a bow shock was considered. The detached shock
area in frontof the cylinderwas probedusingdual-linesanti-Stokes–

Raman scattering (DLCARS).9 Figure 3 shows the axial distribu-
tion of rotational temperature along the stagnation line. Because
rotational equilibrium is reached after a few collisions between
molecules for the R5Ch wind tunnel conditions, the rotational tem-
perature is assumed to be equivalent to the static temperature. The
temperature jump due to the shock, particularly intense at large
Mach number, is in good agreement with the numerical results ob-
tained with Navier–Stokes calculations (ONERA-Homard2 solver;
Ref. 10). This code numerically solved the dimensionless unsteady
Navier–Stokes equations written in Cartesian coordinates.The sys-
tem of Navier–Stokes equations is discretized in a curvilinearmesh
byan implicit � nitevolumemethod.The inviscid� uid terms, includ-
ing a “� ux limiter”-type correction, are treated by the Harten–Yee
method based on the total variation diminishing scheme for solv-
ing the Euler equations.The viscous � uid-� ux terms are taken into
account by a space-centeredscheme similar to the Crank–Nicolson
scheme in which the space derivative of the velocity and energy
are calculated in the middle of each cell with a formula includ-
ing six points. This code has been validated on two-dimensional
ramp con� gurations7 and also tested in the R5Ch wind tunnel un-
der the same � owstream conditions as those encountered in this
study.

Speci� c mass, deduced from the CARS probing along the stag-
nation line, is presented in Fig. 4. The good agreement between
calculationand experimentillustrates the validationof the measure-
ment technique and the accuracy of the continuum approach used
to solve the conservation equation for mass, momentum, and en-
ergy (Navier–Stokes equations). The accuracyof the measurements
made using CARS depends on the probing location considered. In
points of the � ow that are not disturbed by heating of the model, the
measurement accuracy was equal to 2%, but for points located near
the wall, the measurement accuracy was around 15%.

Subsequently, the type III and type IV interaction cases were
tested by adding a shock generator in front of the cylinder to pro-
duce a shock impinging on the bow shock. The most spectacular
effect resulting from shock/shock interactions was the occurrence
of pressure and heat-� ux peaks at the wall due to the effect of
the impinging shear layer (type III) or of the supersonic jet (type
IV). (As Edney1 observed, “Anomalous heat transfer and pressure
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Fig. 5 Pressure distribution around the cylinder.

Fig. 6 Heat-� ux distribution around the cylinder.

distributionson blunt bodies at hypersonicspeeds in the presenceof
an impinging shock.”) This problem has also recently been studied
in detail by a large number of scientists (for example, in Ref. 11).
Figure 5 presents thecircumferentialdistributionofwall pressureon
the cylinderfor the referencecase and the two interactiontypes stud-
ied. Wall pressures pw were nondimensionalizedby the stagnation
pressure pt ref measured at the stagnationpoint in the referencecase.
The accuracyof the pressuremeasurements is §5%. The curve rela-
tive to type III interactionexhibits a pressurepeak pw=pt ref D 2:6 at
µ D ¡45 deg, and the curve relative to type IV interactionexhibits a
pressurepeak pw =pt ref D 7:6 at µ D ¡25 deg. Figure6 shows thecir-
cumferential heat-� ux distribution around the cylinder. The results
are dividedby 8ref D 65,000W/m2 , the experimentalvalueobtained
at the stagnation point on the cylinder in the reference case without
the impinging shock. The accuracy of heat-� ux measurements is
§7%. The heat-� ux peak observed for the type III pattern is three
times higher than the heat-� ux measured at the stagnation point in
the referencecase,whereasthe heat-� ux peakfor the type IV pattern
reaches seven times the reference value. These values are indicative
of the signi� cance of the problems encountered in this region. In
addition to wall measurements, the DLCARS technique has also
been used to analyze the � ow. Rotational temperature and nitrogen
number densitywere measuredalong 9 lines in front of the cylinder,
constitutinga total of 125 points. These results have been compared
in Ref. 12 with calculations using direct simulation Monte Carlo
(DSMC) code.

Shock-Wave/Boundary-Layer Interaction
and Control Inside the Air Inlet

Test Setup and Equipment
These experiments were conducted in the ONERA S8Ch re-

search wind tunnel.13 This facility is a continuouswind tunnel sup-

plied with desiccated atmospheric air. The nozzle provides a nom-
inal Mach number of 1.95, and the test section has dimensions of
120£ 120 mm. A shockgeneratorwith a sharp leading edge is � xed
at the upper wall of the wind tunnel nozzle and creates an oblique
shock wave that impinges on the lower wall. A 7-deg shock gen-
erator angle of incidence was selected to test the control devices.
The resulting oblique shock wave had a moderate intensity, which
generates an interaction region with an incipient separation of the
boundarylayer.The lower wall was equippedwith the active control
device, which included 1) a cavity closed by a 100-mm-length per-
forated plate, connected to a vacuum pump for distributed suction
control, or 2) a 5-mm-length slot located in the shock impingement
region to provide a localized suction control.

The suction mass � ow rates were measured by the use of sonic
throats, the mass � ow rate Q being � xed by the diameterof the sonic
throat.Two valuesof Q havebeentested,correspondingrespectively
to 1) a moderate suction (Q D 0:016 kg/s), which corresponds to
around 0.8% of the incoming wind tunnel mass � ow rate, and 2) a
strong suction (Q D 0:031 kg/s), which is equivalent to 1.5% of the
wind tunnel mass � ow rate.

The � ows were analyzed using schlieren visualizations, mea-
surements of wall pressuredistributions,and instantaneousvelocity
probingsobtainedwith a two-component laserDoppler velocimetry
(LDV) system.14 The � ow was seeded with micron-sized particles
of magnesiummonoxide (MgO) injected in the wind-tunnelsettling
chamber. Reliable measurements with this LDV system were lim-
ited to a minimum distance of 0.3 mm from the wall. The � ow� eld
propertieswere determinedwith a precisionof 1% of the maximum
velocity modulus for the mean velocity components and less than
or equal to 10% for the components of the Reynolds tensor.

Results
A schlieren visualization of the interaction region for the ref-

erence case without control is shown in Fig. 7. This photograph
reveals the characteristic features of a shock-wave/boundary-layer
interaction of moderate intensity, i.e., without (or with incipient)
boundary-layer separation.15 The incident shock-wave curves in-
ward as it passes through the supersonicpart of the boundary layer.
At the same time, the interaction process upstream causes the sub-
sonic part of the boundarylayer to thicken,which thickeningcreates
compression waves that focus and form the re� ected shock wave.
The penetrationof the incident shock wave into the boundary layer
leads by refraction to the formation of a broad expansion fan just
downstream of the re� ected shock wave.

Additional results, including mean � ow� eld properties,were de-
duced from the LDV measurements.Figure 8 shows contour lines of
Mach number for the referencecase without control.This illustrates
the structure of the wave system previously shown in the schlieren
photograph, but attention is drawn to the structure of the viscous
part of the � ow. The phenomenon entails a rapid expansion of the
subsonic portion of the boundary layer. The sonic line, very close

Fig. 7 Schlieren photograph of the interaction region: reference case
(without control).
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Fig. 8 Mach number contour lines: reference case (without control).

a) Control case by suction through a perforated plate (Q = 0.016 kg/s)

b) Control case by suction through a perforated plate (Q = 0.031 kg/s)

Fig. 9 Mach number contour lines.

to the wall at � rst, rises up into the dissipative layer downstream
of the interaction region. Figure 9 shows the Mach contour lines
for the distributed suction control case with moderate mass � ow
rate (Q D 0:016 kg/s) and strong mass � ow rate (Q D 0:031 kg/s).
These plots reveal a signi� cant change in the structure of the wave
system, the latter being similar to a strong shock-wave/boundary-
layer interaction under passive control (i.e., natural circulation un-
der the perforated plate), well de� ned in the transonic regime.16;17

The rapid thickening of the boundary layer, which is induced by
the injection effect taking place in the upstream part of the control
region, is felt by the contiguous supersonic � ow as a ramp effect.
This effect then leads to the formation of the re� ected shock wave,
whose location at the perforated plate origin is far upstream from
that of the reference case. Thus, the smearing of the shock system
and splitting of the compression achieved by the interaction have
the bene� cial effect of reducing the ef� ciency loss of the air inlet.
However, the thickening of the boundary layer leads to an increase
in the momentum loss. This negative effect is slightly limited by
the natural suction operated in the downstream part of the perfo-
rated plate. It is evident that the boundary layer at the aft portion
of the perforated plate has recovered the incoming boundary-layer
characteristics when the strong mass � ow rate is applied (Fig. 9b).
Figure 10 shows the Mach contour lines for the localizedsuction(by

Fig. 10 Mach number contour lines: control case by slot suction.

Fig. 11 Test setup with afterbody model in the S8Ch wind tunnel.

slot) control case with moderate mass � ow rate (Q D 0:016 kg/s).
A very intense suction of the boundary layer, localized at the slot
origin, tends to strengthen the shock wave because the spreading
caused by the interaction is reduced when compared with the refer-
ence case. Consequently, the entropy production through the shock
system is more important and the ef� ciency loss higher. In addition,
the thickeningof the boundary layer is stabilized far downstreamof
the control region. This downstream stabilization leads to a reduc-
tion of the momentum loss compared to the referencecase but not as
large a reduction as that obtained in the distributed suction control
case.

Flow Con� uence and Afterbody Flow Interactions
Experimental Arrangement

The same tests were also conducted in the ONERA S8Ch re-
search facility.18;19 A photograph of the model setup in the test
section of the continuouswind tunnel is shown in Fig. 11. The stag-
nation pressure pte and the stagnation temperature Tte were approx-
imately (0.99 § 0.0005) £ 105 Pa and 297 § 5 K, respectively.The
120£ 120 mm test section was equipped with a two-dimensional
nozzle designed to give a uniform Mach number close to 1.95. The
axisymmetricafterbodymodel is mounted at the end of the 40-mm-
diam central sting that is � xed upstream of the wind tunnel nozzle
throat. The diameter of the model also equals 40 mm. The model
consists of a central annular plug nozzle mounted inside a hollow
cylinder. The cylinder is enclosed by a boattail and a small base.
The contours of two full-lengthannular plug nozzles (noted as Mj2
and Mj3 nozzles) were calculated by the method of characteristics
in order to provide, in the theoretical case of a perfectly adapted jet,
a uniform � ow with Mach numbers equal to 2 and 3, respectively,
in the section at the end of the spike.6 The plug nozzles were fed
by dessicatedroom-temperatureair. The jet stagnationpressurewas
varied from 1 to 10 § 0.05 £ 105 Pa.
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a) Mj3 nozzle ( ptj/pte = 5.16)

b) Mj2 nozzle (ptj /pte = 5.05)

Fig. 12 Spark schlieren photographs of the afterbody � ow� elds.

Flow� eld Visualizations
Spark schlieren photographs were obtained with a Nanolite

micropulser light source, allowing a 20-ns exposure time. The
photographs, shown in Figs. 12a and 12b, give the main features
of the afterbody � ow� elds obtained for the Mj3 and Mj2 nozzles at
nearly the same pressure ratio (ptj=pte is approximately 5). For the
Mj3 con� guration, the jet-to-outer-�ow stagnation pressure ratio is
5.16, which ratio corresponds to a reference static pressure ratio
p j =pe equal to 1.1. The expansion fans centered at the nozzle lip
con� rm the underexpansionregime of the jet, which is associatedby
the forming of an internal shock or barrel shock. After � ow separa-
tion, occurringnear theendof the boattail for theexternalstreamand
near the nozzle lip for the jet, the � ow boundaries envelop a small
dead-air region downstream from the base. The mutual de� ection
of the � ows due to � ow con� uence generates an external shock and
the de� ection of the internal shock. As a consequence, the barrel
shock impinges on, then re� ects from, the wall of the spike, which
actions induce an interactionprocess with the developingboundary
layer.

The Mj2 nozzlecon� guration(Fig. 12b), which has a higher static
pressure ratio (p j =pe D 5:05), generates a stronger underexpansion
of the jet. Since the underexpandedjet acts as a “� uid ramp” facing
the incoming external � ow, this jet pluming effect induces a shock-
wave/boundary-layer interaction on the boattail and separation of
theexternalboundarylayer.The interactionshockcoalesceswith the
con� uence shockcrossing the external � ow. Once the two separated
� ows have merged downstream from the base, a wake develops
and ensures the mutual adaptation of the � ows. In this strongly
underexpanded jet case, the nozzle � ow is perturbed by expansion
waves re� ecting on the spike, while the barrel shock re� ects far
downstream of the plug nozzle. In fact, the re� ected shock of the
outer � ow con� uence is observed to interact with the barrel shock.

Fig. 13 Wall-pressure distributions on the boattail.

This parasiticphenomenonpreventsthe barrel shock fromre� ecting
on the symmetry axis.

Pressure Measurements
Wall-pressuremeasurementson theafterbodyhavebeenachieved

using 28 0.4-mm-diam static pressure taps on the model. Figure 13
presents the wall-pressure distributions measured on the boattail,
normalized by the upstream static pressure pe for the Mj2 and Mj3
con� gurations.The two seriesof four pressure taps, each locatedon
a circumference line around the boattail at the streamwise stations
X D ¡14 and ¡26 mm, indicate good symmetry of the upstream
� ow. This symmetry is also con� rmed with the four pressure taps
on the base. On the cylindrical part of the model, the normalized
static pressure is close to unity. As the � ow expandswhen it reaches
the boattail, the static pressure decreases.

For the Mj3 nozzle (Fig. 13), one cannot observe any pressure
rise at the end of the boattail; however, we notice that the mean
base pressurevalue, pB =pe D 0:741, is greater than the last pressure
tap, p=pe D 0:672, located2 mm upstream from the base edge. This
increase con� rms the existence of an incipient interaction process,
barely visible in Fig. 12a. For the Mj2 con� guration, the pressure
curve, shown in Fig. 13, clearly reveals the shock/external bound-
ary layer interaction resulting from the jet pluming (expansion), as
observed in Fig. 12b. Indeed, at a certain location,between X D ¡6
and ¡10 mm, the pressure rises rapidly when the boundary layer
crosses the narrow compression wave system always located at the
foot of the interaction shock. This rapid pressure rise is observedon
the � nal part of the boattail, up to the last pressure tap located 2 mm
before the base edge.Even if the pressuredistributiondoes not show
a “plateau” region, the slight difference between the base pressure
and the pressureat the extremityof the boattail (less than 5%) makes
the onset of an effective separation probable. It is clear that for this
con� guration, extendedseparationsshould result in higher pressure
ratios.

LDV Measurements
The LDV systemhas beenused in its two-componentversion.The

externalstreamwas seededwith sprayedoliveoilbymeansofa mov-
able tube placed in the wind-tunnelplenumchamber.The seedingof
the jet was ensured by submicron-sized(0.5-¹m-diam) silica oxide
particles injected far upstream from the model nozzle throat. For
each con� guration, about 2300 measurement points were recorded.
The streamwise mean component of the external velocity ue , in the
uniform Mach number region at the station X=D D ¡0:1, was mea-
sured as 512 m/s. Considering the stagnation temperature (297 K),
the mean freestreamMach number was equal to 1.981.These values
are slightly higher than the nozzle design Mach number because of
the presence of the central sting. The resulting unit Reynolds num-
ber is equal to 12:24 £ 106 m¡1 . According to LDV measurements
made in the freestream outer � ow, at stations X=D D ¡1 and ¡0.5,
the approach boundary-layer thickness (±0) is 7.1 § 0.1 mm.

Figure 14 shows the mean velocity vector � eld for the Mj2 noz-
zle. One can clearly see the outer � ow expansion and the initial
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Fig. 14 Mean velocity vector � eld: magni� ed view of the base region
(Mj2 nozzle).

Fig. 15 Mean � ow streamlines (Mj3 nozzle) (ptj/pte = 4.99).

Fig. 16 Streamwise turbulence intensity (Mj3 nozzle) (ptj/pte = 4.99).

development of the mixing layers. No measurement point could be
recordedverynear thebasesurfacebecauseof the scarcityofseeding
particles in this “dead-air” (recirculation) zone. The nearest station
to the base that is completely measured is located at X D 2 mm, or
X=D D 0:05. At this station, one can see that the streamwise com-
ponent of the mean velocity becomes nearly equal to zero or can
even be negative.

Figure 15 gives a magni� ed view of the mean � ow streamlines
in the spike region for the Mj3 nozzle.20 The boundary layer that
develops on the spike greatly thickens when the barrel shock im-
pinges.However, when the laser beam approachedthe wall as close
as possible,no separationor recirculationbubblewas detectedin the
barrel shock re� ection region. The LDV measurements allowed the
determinationof the componentsof the Reynolds tensor. The scalar
� eld of the streamwise turbulence intensity ¾u , shown in Fig. 16,
clearly reveals all the dissipative regions: the boundary layers de-
velopingon the boattailand on the spike, the separatedshear layers,
the wakes downstreamfrom the con� uenceprocessand downstream
from the spike, and the turbulencebubble in the re� ection region of
the barrel shock.

Conclusion
In the framework of the French PREPHA program, basic exper-

iments have been carried out at the ONERA research facilities of
the Chalais–Meudon Center. These tests allowed detailed experi-
mental analyses that contributed to the improved understanding of
the � ow interactionsthat take place upstream, in scramjet air inlets,
and around the afterbody of hypersonic spacecraft. These exper-
imental data also provide test cases for the validation of design

tools that will optimize the aerodynamic design of such propulsion
systems.

The shock/shock interactions occurring upstream of the air inlet
lipwere simulatedfor laminarconditionsbymeans of a shockgener-
ator and a cylinder locatedperpendicularto the freestream.First, the
con� gurationwith the cylinder alone was tested to provide compar-
isons between computations and experiments that have con� rmed
the validity of the DLCARS measurement technique. Then, mea-
surements performed on con� gurations with the shock generator
revealed the pressure and heat-� ux peaks induced by type III and
type IV shock interactions.

The shock-wave/boundary-layer interaction and its control were
investigated in order to improve the performance of air inlets for
future high-speed vehicles. The tested control devices employed
active control by distributed suction through a perforated plate and
by localized suction through a slot. The distributed suction control
reducedthe ef� ciency loss of the air inlet and limited the momentum
loss, even with a moderate suction mass � ow rate. This momentum
loss could be reduced by optimizing the characteristics of the per-
forated plate, particularlyits effective roughness.Localized suction
control (by means of the slot) did not provide as bene� cial an effect
for the same moderate mass � ow rate. The location of the slot rel-
ative to the impingement of the incident shock wave would be an
interesting parameter to study in order to improve the ef� ciency of
these active control devices.

The � ow con� uence between an external supersonic� ow and the
propulsivejetexhaustingfroma full-lengthannularaerospikenozzle
was studiedin underexpansionregimes.Two shock-wave/boundary-
layer interactions occurring in such a propulsive afterbody were
measuredin detail.First, an interactionoccurringon theboattailwith
incipient � ow separation induced by the jet pluming (expansion).
Second, an interaction with the boundary layer developing on the
spike, which is caused by the re� ection process of the jet barrel
shock on the spike wall. The design of such external ramp nozzles
must take into account the forming of interactions that could lead
to severe negative consequences for the vehicle performance.
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