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The supersonic flow around a rocket piloted by thrusters has been investigated. Steady Reynolds-averaged

Navier–Stokes computations and pressure measurements in a wind tunnel, using pressure taps and pressure-

sensitive paint, have been performed. For experimental investigations, real hot-gas thrusters have been replaced by

cold-gas jets using a lower total pressure and a different gas. The uniqueness of this work involved calibrating those

cold-gas thrusters in order to reproduce an aerodynamic interference very similar to the hot-gas jets case. This has

been achieved by modifying the section ratio of the nozzles in order to control the wave celerity ratio between

freestreamand jetflows.A goodagreement has been obtainedbetweennumerical simulations of hot-gas and cold-gas

jets flows, aswell as between computations andmeasurements of the pressure coefficient around the body in thewind

tunnel. Thus, this method has provided a good approximation for the interaction between hot-gas jets and crossflow

by using lower-pressure and lower-temperature jets.

Nomenclature

C = wave celerity similarity number
Cf = friction coefficient
Cp = pressure coefficient
Cp diff = differential pressure coefficient
D = diameter of the body, m
J = momentum flux similarity number
JR = momentum flux ratio
M = mass flux similarity number
Mth = thruster ejection Mach number
M1 = freestream Mach number
NCR = nozzle celerity ratio
NJR = nozzle momentum flux ratio
NMR = nozzle mass flux ratio
NPR = nozzle pressure ratio
NrTR = nozzle temperature ratio
P = pressure similarity number
PR = total pressure ratio
Pj = nozzle exit static pressure, Pa
Po, P1 = freestream static pressure, Pa
Pt = total pressure, Pa
Pti = thruster stagnation pressure, Pa
ReD = diameter-based Reynolds number

rth = specific thruster gas constant, J � kg�1 � K�1
r1 = specific freestream gas constant, J � kg�1 � K�1
T = temperature similarity number
Tj = nozzle exit static temperature, K
Tt = total temperature, K
Tti = thruster stagnation temperature, K
T1 = freestream static temperature, K
U = velocity component along the x axis, m � s�1
Uo, U1 = freestream velocity component along the x axis,

m � s�1
uf = friction velocity component along the x axis, m � s�1
W = velocity component along the mean ejection

direction, m � s�1
Wj = nozzle exit velocity component along the mean

ejection direction, m � s�1
x = horizontal coordinate along the body axis, m
y = horizontal coordinate perpendicular to the body

axis, m
y� = dimensionless wall distance
z = vertical coordinate, m
�th = thruster gas isentropic coefficient
�1 = freestream gas isentropic coefficient
� = kinematic viscosity, m2 � s�1
� = density, kg �m�3
�j = nozzle exit density, kg �m�3
�1 = freestream density, kg �m�3
�w = wall shear, Pa

I. Introduction

G AS-EJECTION-BASED actuators have proved to be efficient
to quickly change trajectories ofmissiles and rockets in various

flight conditions [1,2]. However, ejection of a gas along the lateral
direction strongly modifies the surface pressure distribution around
the body, due to the interference with the surrounding flow. The 3-D
structure of the interaction can also modify the pressure distribution
on surrounding lift surfaces and introduce unsteadiness [3,4]. The
duration of this kind of action is typically about a fewmilliseconds to
a few seconds. Consequently, the interference between lateral jets
and crossflow can have important consequences on in-flight behav-
ior. For this reason, aerodynamic effects related to this kind of
actuator have been accurately investigated in the last decades.
Because of the considerable experimental [3,5,6] and numerical
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work [7–12] accomplished on this subject, the nature of these effects
and the structure of the interference between the lateral jet and
crossflow are currently well known [13–21].

However, numerical tools still need to be calibrated to correctly
predict this kind of flow as well as in-flight behavior. This means that
experiments in the wind tunnel remain essential. The problem is that
producing stable high pressure and temperature jets is technically
difficult. Pyrotechnical devices have to be employed, which means
that stability and accurate control of pressure and temperature
conditions are not guaranteed. In addition, a blockage can occur in
the wind tunnel due to high pressure and temperature gas ejection in
the limited test section. This particularly limits the use of low-cost
laboratory wind tunnels for this kind of study.

In addition to technical difficulties, it is not always possible to
reproduce the real flight conditions in a blow down wind tunnel. A
shock tube can be used instead, but the duration of the experiments is
usually very short.

Indeed, ground testing for this kind of flow usually consists of
using hot or cold-gas jets, calibrated to keep a few of the real param-
eters, such as total pressure ratio or momentum flux, to reproduce the
mechanical thrust. Using these partly similar conditions, the aero-
dynamic interferences can be different between the realflow case and
the case investigated in the experimental facility. Therefore, the
distribution of the pressure coefficient around the body as well as the
3-D structure of the flow can be very different.

In this paper, a scaling method is described in order to obtain a
better approximation of the real interference between hot-gas lateral
jets and the surrounding supersonic flow, by using cold-gas and
lower-pressure jets instead. Numerical simulations using the
Reynolds-averaged Navier–Stokes equations approach have been
used as a tool to validate the method. The capability of the method to
reproduce the real pressure coefficient in the wind tunnel has been
evaluated using pressure taps and pressure-sensitive-paint technique.

II. Method

A. Choice of Similarity Parameters

To properly scale experiments, similarity parameters have to be
chosen. A general approach is suggested for the interaction between
the lateral jet and the supersonic flow, whose main aspects are
represented in Fig. 1 [1].

When investigating this kind of flow, the total pressure and
momentum flux ratios are commonly used parameters, since they
describe the mechanical thrust. They are defined by Eqs. (1) and (2):

PR � Pt
P1

(1)

JR� �W2

�1U
2
1

(2)

For now, two cases of interference between lateral jet and supersonic
flow are under consideration. The Mach number of the freestream
flow and the shape of the body in each case are assumed to be the
same. However, the body diameter, the gases, the section ratios as
well as the stagnation conditions for the thrusters and the freestream
values of pressure and temperature can be different. The first case is
called the real configuration and the second one will be the similar
configuration. Then, taking into account the characteristics of each
flow, several parameters can be built using Eqs. (3–8):
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The choice of the parameters defined by Eqs. (4–8) is based on
several structural considerations. As hot-gas and cold-gas thrusters
can have different shapes, the commonly used total pressure variable
is replaced by the nozzle exit static pressure ratio [Eq. (4)]. This is
particularly important for barrel shock and Mach disk structures,
shown in Fig. 1. Note that this value remains theoretical. Indeed, due
to the interaction with the crossflow, the pressure value at the nozzle
exit is not a constant. However, it is used to account for the section
ratio of the nozzles and the fact that the thrusters gases can be
different. The theoretical nozzle exit static temperature ratio is also
defined, taking into account the specific gas constant [Eq. (5)].

Fig. 1 Structure of the aerodynamics interference between lateral jet and supersonic flow, reprinted from Champigny and Lacau [1].
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As mentioned above, the momentum flux describes the mechan-
ical effect of thrusters [Eq. (6)]. In addition, the mass flux of the
lateral jets compared to the freestream value is particularly important
for the jet-layer development [Eq. (7)].

Finally, the most important parameter might be the relative values
of wave celerity, in order to correctly account for the formation of
oblique shockwaves at the nozzle exit as well as for the development
of the low-pressure region downstream [Eq. (8)].

These parameters are named similarity parameters. In practice, the
ratios of these parameters between the two configurations are used.
They are named similarity numbers and are defined by Eqs. (9–13):

P � NPRsimilar

NPRreal
(9)

T � NrTRsimilar

NrTRreal
(10)

J � NJRsimilar

NJRreal
(11)

M � NMRsimilar

NMRreal
(12)

C � NCRsimilar

NCRreal
(13)

Note that these numbers are not independent. They are related by the
two following Eqs. (14) and (15):
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A way to obtain similar aerodynamic interferences in the two
configurations could be to keep these similarity numbers equal to
one. This could be achieved by a judicious choice of gases, section
ratios of thrusters, and stagnation conditions.

B. Real Flow and Similar Flow Under Consideration

The supersonic flow at Mach number 2 around a rocket equipped
with several simultaneously active thrusters is under consideration.
The real geometry of the rocket is shown in Fig. 2. The nozzle’s shape
is shown in Fig. 3a. Real flight conditions and characteristics of the
thrusters are summarized in Table 1. The gas used for the thrusters,
called MRT (mikroreaktions triebwerk) gas, results from the
combustion of a pyrotechnical composition. Only its isentropic
coefficient and specific gas constant are known:

�realth � 1:224

rrealth � 331 J � kg�1 � K�1

To reproduce the aerodynamic interference related to these hot-gas
lateral jets, a cold-gas configuration has to be built while keeping the
above mentioned similarity numbers as close to 1 as possible.

However, some additional constraints have to be taken into
account. First, for the experiments in the wind tunnel, the freestream
values of static pressure and temperature in the test section corre-
sponding toMach number 2 are imposed; their corresponding values
are 0.575 bar and 167K, respectively. Thegas in thewind tunnel is air
(rather than nitrogen, often used in shock tubes, for instance).
Second, the cold gas used for thrusters will be stocked in industrial
bottles, in which the temperature is typically 288 K. To simplify
experiments this value will also be the stagnation temperature for
cold-gas thrusters. At last, again to simplify wind-tunnel testing, the
cold gas for thrusters is chosen to be helium, often used to simulate
hot-gas jets, because of its low molar mass.

Under these additional constraints, it is no longer possible to keep
each similarity number equal to one. Thus, the priority is given to the
numbers corresponding to pressureP, massM, and wave celerity C.
These three numbers correspond to three dependent equations to be
solved to obtain the stagnation pressure and the ejection Mach
number for cold-gas thrusters. In this way, the values 163 bar for the
stagnation pressure and 2.25 for the Mach number have been found.

Once these values have been obtained, the accurate design of
nozzles has to be chosen. Rather than making a simple biconical
shape, the method of characteristics has been used to compute a cut
Laval nozzle. In this way, the Mach number nominal value for cold-
gas thrusters is obtained at the same ejection angle as real thrusters.
The cold-gas nozzle defined in this manner is shown in Fig. 3b.

The other similarity numbers related tomomentum fluxJ and exit
temperature T are then determined. The Reynolds numbers ratio can
easily be controlled by the caliber of the body in the cold-gas
configuration. To have the same Reynolds number for the two
configurations, the body in the similar configuration is scaled by a
factor of 0.608 compared to the real case. The other similarity
numbers have the following values:P � 1:00, C� 1:07,M� 1:00,
J � 0:82, and T � 0:84. The characteristics of the similar
configuration obtained in this manner are summarized in Table 1. ItFig. 2 Geometry of a real rocket piloted by multiple thrusters.

Table 1 Characteristics of real flow and similar flow

Air, crossflow Mach 2 Real hot-gas
configuration

Similar cold-gas
configuration

P1, bar 0.8 0.575
T1, K 288 167
Scale 1 0.608

Thruster gas MRT He
Mth 2.92 2.25

Pti, bar 750 163
Tti, K 2700 288

SOURGEN ETAL. 83



can be observed that this configuration usesmuch lower-pressure and
lower-temperature gas for lateral jets than does the real case.

III. Numerical Simulations

A. Numerical Method and Configurations Under Study

Numerical simulations have been used to validate the theoretical
approach as well as to scale the model of the rocket for the wind-
tunnel experiments. The steady Reynolds-averaged Navier–Stokes
(RANS) method has been chosen, using CFX (ANSYS, Ltd.) [22].
The turbulence model used is the shear stress transport (SST) two-
equation eddy-viscosity model from Menter [23]. Simulations have
consisted of ideal gasmixture computations between two species: the
gas chosen for thrusters, depending on the configuration, and air gas.
Three configurations have been under study: 1) real hot-gas jets flow
(air and MRT gas mixture), 2) similar cold-gas jets flow (air and
helium gas mixture), and 3) wind-tunnel cold-gas jets flow (air and
helium gas mixture in the test section).

The particular computational domain for the wind-tunnel
configuration is shown in Fig. 4. It consists of half of a body fixed
to the bottom wall of the test section. The computational domain for
the real flow and the similar flow is shown in Fig. 5. For each
configuration, the simultaneous action of three aligned thrusters has
been investigated. The asymmetry of the geometry due to the
existence of three other inactive thrusters is taken into account in the

case of the complete 3-D simulations, as shown in Fig. 4. Note that
the inlets of inactive thrusters have been replaced by awall boundary
condition.

The whole real rocket is several meters long and decimeters in
width. The limited test section of the wind tunnel does not allow to
keep the scale of 0.608 defined for the cold-gases configuration. A
scaling factor of 0.25 has been chosen instead. Furthermore, the
Reynolds number in wind tunnel is not equal to the real and similar
flow cases, but it remains in the same region. Considering the
environment in a wind tunnel, especially the influence of walls and
arising turbulence, this is sufficient.

To save computational resources, only the front part of the
complete rocket ismodeled in each configuration, as shown in Figs. 4
and 5. The downstream region extends out to 2.5 bodydiameters after
the last thruster.

B. Boundary Conditions, Grids, and Numerical Accuracy

Two kinds of numerical simulations have been performed. Pre-
liminary RANS computations of both configurations, using coarse
tetrahedral meshes, have allowed to obtain a first validation of the
theoretical approach as well as to build awell conditioned initial flow
for computations on the finer meshes. The computational domains
have consisted of complete 3-D domains, taking into account the
nozzle and the walls of the test section in the case of the wind-tunnel
configuration.

RANS computations of the real and similar configurations with a
finer discretization using multiblocked structured meshes have
produced more accurate results than with measurements. However,
the high computational cost has prevented performing complete 3-D
simulations. A half-3-D domain has been used instead. In this case, a
free-slip wall boundary condition has been used for the symmetry
plane of the rocket. The boundary conditions for each configuration
are shown in Figs. 6–8.

For fine RANS computations, the mesh is first built for the real
case. It consists of 2.1 million hexahedral elements discretizing the
half-3-D domain. Figure 9 shows several parts of this mesh. It can be
observed that it has been highly refined at the rocket nose, since the
bow shock formed at this location will interact with the gas ejection

Fig. 3 Illustrations of a) real thruster and b) scaled thruster computed using the method of characteristics.

Fig. 4 Wind-tunnel configuration and scaled thrusters. Fig. 5 Real flow and similar flow computations.
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downstream. For the same reason, the upstream shape of the rocket
has been refined.

All along the shape of the body, the first edgewall distance is about
1 �m, providing for a dimensionless first distance y� of approx-
imately unity. A coarse-to-finemesh resolution study was performed

in precedent investigations and a grid convergence was obtained
[24,25]. However, in order to save computational cost due to mesh
size, the mesh expansion factor was always chosen equal to 1.4. This
value is slightly larger than ratios currently used to ensure a properly
resolved boundary layer (about 1.3 or less) and should be validated
by experimental data. These are usually important considerations for
near-wall laws and for a correct use of the SST turbulencemodel [22].
They are absolutely essential in the particular case of the interaction
between lateral jet and supersonic flow [18,19].

Once themesh has been built for the realflow, it ismultiplied by the
scale factor in order to obtain the mesh for the external flow in the
similar configuration; the dimensionless distance y� should remain
near unity. This can be justified by considering that the friction
coefficient should approximately have the same value in the two
cases, since the similarity numbers, especially the Reynolds number,
have the same values. Therefore, the first edge wall distances should
be in proportion of the scale factor. This is illustrated byEqs. (16–18):

uf �
�����������
�w=�

p
(16)

Cf �
�w

1
2
�1U

2
1
� f�ReD;NPR;NMR;NCR;NJR;NrTR� (17)

y� �
yuf
�
� yU1

�

������
Cf
2

r

� y

D
F�ReD;NPR;NMR;NCR;NJR;NrTR� (18)

Indeed, the mesh inside the thrusters should have been modified,
since they have a different shape, but the same degree of refinement
has been kept.

The numerical simulations have been performed using a high-
discretization scheme for each transport equation, giving a second-
order solution. For each configuration, a physical time scale of 10 �s
has been used and the computation has been stopped when the
maximum residuals for all the transport equations have been lower
than 0.002 (convergence criterion).

C. Numerical Results

Quick computations using coarse tetrahedral meshes were used to
validate the scaling of thewind-tunnel configuration and the location
chosen for the body, as shown in Fig. 10. It can be observed in the

Free slip adiabatic walls 

No slip 
Adiabatic wall 

Supersonic Outlet 

Supersonic Inlet 
3 Subsonic Inlets 
MRT gas 
Pti = 750 bar  
Tti = 2700 K 

Air gas 
U∞ = 680 m/s  
 P∞ = 0.8 bar 
 T∞ = 288 K 

Fig. 6 Boundary conditions for real flow computations.

Free slip adiabatic walls 

Supersonic Outlet 

Supersonic Inlet 
Air gas 
U∞ = 519 m/s  
 P∞ = 0.575 bar 
 T∞ = 167 K 

3 Subsonic Inlets 
He gas 
Pti = 163 bar  
Tti= 288 K 

No slip 
Adiabatic wall 

Fig. 7 Boundary conditions for similar flow computations.

Supersonic Outlet 

Subsonic Inlet 
Air gas 
Pt = 4.5 bar 
Tt = 288 K 

3 Subsonic Inlets 
He gas 
Pti = 163 bar  
Tti = 288 K 

No slip Adiabatic walls 

Fig. 8 Boundary conditions for wind-tunnel flow computations.

Fig. 9 Mesh for fine RANS computations (real flow).

Fig. 10 Mach number in the symmetry plane for RANS computation

on the coarse grid of the wind-tunnel flow.
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Mach number distribution in the symmetry plane that no chocking
occurs in the test section, in spite of the body and gas ejection. It can
also be observed that the unwanted shock wave, denoted as parasite
shock, formed at the junction between the nozzle and the test section
does not interferewith the lateral jet and crossflow interaction. This is
of prime importance for future pressure measurements along the
body. It has been necessary to locate the body partly inside the nozzle
of the test section but it can be seen that the upstream Mach number
remains almost equal to 2.

The comparison of the realflowandwind-tunnelflow results allow
the testing of themethod. The pressure field in the symmetry plane of
each configuration is pictured in Fig. 11. The surface pressure
distribution is shown in Fig. 12. Note that some important physical
aspects, such as boundary-layer separation, are not taken into
account by such computations. However, a good agreement is found
at this time between real flow and wind-tunnel flow for the low-
pressure downstream region.

In addition, the influence of the walls in the wind tunnel can be
estimated in Fig. 12b, which is crucial information for future

instrumentation. Inside a 120� angular sector on both sides of the
symmetry plane, the surface pressure distributions are similar for the
two cases.

More accurate numerical results have been obtained using
hexahedral meshes for real flow and similar flow. The pressure
coefficient is shown in Fig. 13. The boundary-layer separation can be
observed and the two simulations are in good agreement. Moreover,
the friction coefficient shown in Fig. 14 has similar values in the two
configurations. This result validates a posteriori the manner in which
themesh for the similar configuration has been deduced from the real
configuration.

The horizontal velocity component, scaled by the freestream
value, is shown in Fig. 15. A good agreement can again be observed
for the boundary-layer separation and the bow shock formed at the
front of the first jet, as well as for the rear part of the flow behind the
third jet. However, in the interjet region, the velocity gradients are
higher in the hot-gas jet’s flow. This is most likely due to the much
higher exit velocity and temperature than in the cold-gas jet
configuration.

Fig. 11 Scaled pressure in the symmetry plane for RANS computations on the coarse grid.

Fig. 12 Surface scaled pressure for RANS computations on the coarse grid.
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Indeed, streamlines shown in Fig. 16 show that the horseshoe
vortices and the downstream separation bubble in the two config-
urations are close in structure and dimensions.

IV. Comparison with Measurements

A. Experimental Facility and Instrumentation

Experiments have been performed in the blowdownwind tunnel of
the French–German Research Institute of Saint-Louis. The test
section is limited to a height and width of 200 mm. The test body is
fixed at the bottom wall of the test section as shown in Fig. 17. The
body has been positioned in order to avoid interference with the
parasite shock wave formed at the junction between the test section
and the nozzle used for Mach number 2.

The shape of the front part of the real rocket has been scaled by a
factor of 0.25 and the body can be equipped with one to six thrusters.
The inlets of inactive thrusters are simply blocked by a wall. In the
configuration under study, the three thrusters in the symmetry plane
have consisted in three cut Laval nozzles designed using an
electroerosion process. The thrusters were fed by a pressure chamber
located underneath the test section.

The chamber was supplied with helium gas at pressure and
temperature nominal values by standard industrial bottles. A high
speed opening and closing gate allowed saving helium gas during
experiments and the experiment duration was typically about
400 ms. In this manner, several experiments could be performed
before the pressure decreased in the helium bottles. The default
pressure value in industrial bottles was 200 bars; the refilling of
working bottles could be achieved using a pump.

Pressure and temperature in the chamber were controlled during
experiments using high rate acquisition sensors. A 3% accuracy
around the nominal value was obtained for the pressure, while the
temperature was very stable.

The body in the test section was instrumented by pressure taps
shown in Figs. 18 and 19. Kulite sensors were used. Although their
sensible surfacewas 2.4mmwide, the apparent diameter was limited
to 0.6 mm, which is a value consistent with the assumed surface
pressure gradients obtained in numerical simulations. The diameter
reduction was obtained using the conical shape of the drill used, as
shown in Fig. 18.

The pressure taps were distributed regularly in the symmetry
plane, every 10 mm, from the assumed boundary-layer separation

Fig. 13 Pressure coefficient for RANS computations on the fine grid.

Fig. 14 Friction coefficient for RANS computations on the fine grid.
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region to the rear part of the body. Several angular repartitions have
been added at �18, �36, and �54�, as shown in Fig. 19. Beyond
60�, numerical simulation of the flow in the wind-tunnel config-
uration has predicted that the walls influenced the surface pressure
noticeably. Finally, about 100 pressure measurement locations
around the body have been available.

Pressure values have been measured using a high acquisition rate
(20 kHz) during 250 ms, so that five thousand samples have been
used to determine the pressure mean value and squared value. The
statistical error [26] is estimated to 1% for the mean value and 2% for
the squared value. Since the flow under investigation is very
unsteady, the squared value was equal to about 30% of the mean
value for most of the pressure taps.

B. Pressure-Sensitive-Paint Measurements and Comparison

to Computations

Because of considerable progress over the last decade in cameras,
illumination sources, and paint formulation, the pressure-sensitive-
paint (PSP) technique has been successfully applied to many
complex flows in order to obtain a global and accurate surface
pressure measurement [27–29]. This technique was used in addition
to pressure sensors to measure the pressure coefficient around the
body. The experimental setup is shown in Fig. 20.

Luminophore molecules in the base coat were applied to the body
using a professional spray gun. The illumination light was supplied
by a continuous light-emitting diode (25W) at 405 nm. Luminescent
intensity, which changes with near-surface pressure according to the

Fig. 15 Scaled horizontal velocity component for RANS computations on the fine grid.

Fig. 16 Streamlines for RANS computations on the fine grid.
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Stern–Volmer relation, was collected using a 1024 	 1024 pixel
complementary metal oxide semiconductor camera. A filter centered
at 650 nm was used to eliminate parasite light. The recording time
was 20 ms, which is consistent with luminescent lifetime of the paint
(1 ms).

A calibration and posttreatment method, developed at the French–
German Research Institute of Saint-Louis [30], allowed for calibra-

tion of the paint, to reduce uncertainties and to map planar data onto
the 3-D body surface.

At reference conditions, thewind-tunnel was turned on but the jets
were turned off. In this manner, the differential pressure coefficient
could be accuratelymeasured. The use of this quantity, rather than the
absolute pressure coefficient, allows for a partial filtering of the
influence of the wind-tunnel environment.

In Fig. 21 the measured differential pressure coefficient can be
compared to numerical simulation of the cold-gas jets configuration.

Fig. 17 Body in the test section.

Fig. 18 Pressure-tap locations and shape.

Fig. 19 Pressure-tap locations and diameters relatively to assumed

surface pressure (RANS computation).

Fig. 20 Pressure-sensitive-paint experimental setup.
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Fig. 21 Differential pressure coefficient for the cold-gas jets flow.

Fig. 22 Comparison of differential pressure coefficient between RANS computations on the fine grid and pressure measurements in the wind tunnel.
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In a 120� angular sector on both sides of the symmetry plane, a good
agreement can be observed between measurement in thewind tunnel
and the RANS computation on the fine mesh of the cold-gas jets
configuration. Beyond this region, it can be observed that the
boundary layer at the bottom wall of the wind tunnel considerably
influences the pressure on the body surface.

Amore accurate comparison between all the configurations can be
seen in Fig. 22. Themeanvalue of the differential pressure coefficient
measured in thewind tunnel and the numerical simulations have been
traced on the same graphs, along the different intersections between
the angular planes and the body (Fig. 19). It can be observed that
numerical simulations of the real hot-gas jets and similar cold-gas
jets configurations are reasonably close to each other as well as
to pressure taps and PSP measurements. This result validates
a posteriori the mesh refinements used for the computations.

The main differences occur in the symmetry plane, which is a
boundary condition for the RANS computations on the fine meshes.
In addition, the simulations have consisted of steady flow compu-
tations, whereas the flow under investigation is very unsteady.
UnsteadyRANS simulations, on awhole 3-D domain and taking into
account the presence of other inactive thrusters, should improve the
agreement with measurements in this plane.

The differences observed between the computations of real and
similar flow can be partly explained by the fact that all the similarity
numbers are not rigorously equal to 1. However, some other con-
siderations have to be taken into account. The development of the
boundary layer inside the nozzles is most likely different between
real and similar thrusters, since they have completely different
shapes. In addition, the kinematic viscosity in the external flow is
also different, since different gases at different conditions are
used. The method might be improved by accounting for these
particular aspects, for instance, when defining the shape of cold-
gases nozzles.

V. Conclusions

A method has been suggested to substitute hot-gas lateral jets by
cold-gas jets when investigating the interaction between lateral jet
and supersonic flow. The main point has consisted of using the
section ratio of thrusters to control a set of aerodynamic parameters,
which are not commonly used for this kind of study, such as thewave
celerity ratio. The method has been applied to a complex flow: a real
rocket piloted by several interacting thrusters. Numerical and
experimental investigations have revealed that a good approximation
for the real lateral jets and crossflow interaction could be obtained
using cold-gas jets instead.

This technique provides a modification of the manner that
numerical methods and meshes are usually calibrated. Instead of
trying to reproduce exactly the complex real flow in an experimental
facility, a very similar and much easier-to-use configuration can be
defined by thismethod.Grids andmodels can then be evaluated using
this case and reliably implemented for the real flight computations.

This work has also brought a better understanding of the inter-
action between lateral jets and supersonic flow. The fact that
similarity has been obtained between two completely different con-
figurations means that aerodynamic interactions could be classified
according to the suggested similarity numbers.

Such a classification could be interesting for semi-empirical
aerodynamic models commonly used for trajectory computation. In
these models, only the mechanical effect due to gas ejection is taken
into account, whereas aerodynamic effects can strongly interfere
with the surrounding lift surfaces. To model these effects, a virtual
fin, reproducing the main aerodynamic effects of lateral jet, might be
built. Parameters of the equivalent fin could be defined using the jet
similarity parameters.
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