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Flow Con� uence Past a Jet-On Axisymmetric Afterbody

Philippe Reijasse,¤ Bernard Corbel,† and Jean Délery‡

ONERA, Ch Oatillon 92322, France

A basic experimental study of the con� uence of two turbulent supersonic � ows has been carried out in a Mach
2 research wind tunnel. The aim of this investigation was to reach a better understanding of the � uid dynamics
mechanismsinvolvedina typicalpowered afterbodycon� gurationwhen an underexpandednozzle jet interactswith
an external � ow� eld. The experimental techniques used to investigate this � ow were wall pressure measurements,
schlieren photography,and two-component laser Doppler velocimetry. The mean and � uctuating properties of the
� ow� eld were measured around a jet-on axisymmetric afterbody model. In particular, the results illustrate the
effect of the jet-to-external stagnationpressure ratio and give informationon the turbulent � eld. These experiments
compensatefor the lack ofpublisheddetailedmeasurements in such � ow� eld patterns andprovidewell-documented
test cases to validate computer codes.

Nomenclature
D = model maximum diameter, mm
k = turbulent kinetic energy, m2/s2

Me = outer � ow upstream Mach number
pte = outer � ow stagnation pressure, Pa
pt j = jet stagnation pressure, Pa
Tt e = external stagnation temperature, K
Tt j = jet stagnation temperature, K
u; w = instantaneousstreamwise and radial velocity

components, m/s
u1 = upstream reference velocity, m/s
u 0; w0 = � uctuating streamwise and radial velocity

components, m/s
u 02; w02; u 0w0 = Reynolds stress tensor components, m2/s2

X; Z = coordinate axes, de� ned in Fig. 2
±0 = incoming boundary layer thickness, mm
¾u=u1 = normalized streamwise turbulence intensity,

where ¾u is
p

.u 02/
¾w=u1 = normalized radial turbulence intensity, where ¾w

is
p

.w02/

Introduction

F LOW con� uence inducesphenomenaplayingan importantrole
in a large number of applications, notably at the trailing edge

of an airfoil or a turbine blade, at the end of a nacelle strut or a
fuel injector, and at the base of a projectile. Downstream from the
afterbody of powered aerospace vehicles, the con� uence process
assumes a particular importance because of the different nature of
the propulsive jets and external stream. In general, the co� owing
streams are nonadapted, which generates, in the supersonic or hy-
personic regimes, shock waves interacting with the dissipative lay-
ers. When the � ows are far from the adaptation state, the strength
of the interaction shock can be so severe that it forces boundary-
layer separation, either inside an overexpandednozzle, or on a boat
tail because of jet pluming. Boundary-layer separation entails the
formation of mixing layers feeding weak dynamic pressure sepa-
rated zones. Inside these separated regions, the recirculating � ow
rolls up into well-organized vortical structures, if we consider the
time-averaged � ow properties. In fact, the instantaneousproperties

Presented as Paper 96-2449 at the AIAA 14th Applied Aerodynamics
Conference, New Orleans, LA, June 17–20, 1996; received July 29, 1996;
revision received June 5, 1997; accepted for publication June 5, 1997. Copy-
right c° 1997 by the American Institute of Aeronautics and Astronautics,
Inc. All rights reserved.

¤Head, Aerothermal Problems Group, Experimental/Fundamental Aero-
dynamics Branch. Member AIAA.

†Technical Engineer, Experimental/Fundamental Aerodynamics Branch.
‡Head, Experimental/Fundamental Aerodynamics Branch. Member

AIAA.

of such recirculating� ow� elds are � uctuating and characterizedby
the presence of differently sized and randomly organized eddies.
These highly turbulent separated zones, in which eddies ensure ef-
fective mixing between the species of the two co� owing dissipa-
tive layers, are the seat of complex aerothermochemicalprocesses.
Nonadaptationand turbulent transfer phenomenageneratedby � ow
con� uence have an in� uence 1) on the intrinsic properties of the
propulsive jet that govern, for example, its infrared signature; 2) on
the afterbody drag/thrust balance by modifying the pressure distri-
bution on the rear surfaces; 3) on the stability and maneuverability
of a missile at a high � ight altitude when jet pluming induces an
unstable separation of the external � ow; 4) on the base heat � ux
levels, resulting from the combination of gas con� nement and the
recirculationmechanisms in the base region; and 5) on the thrust of
new typesof nozzles,especially those applied to the next generation
of rocketmotors or future supersonicvehicles,for which con� uence
generates separation inside the nozzle.

Previous experimental studies1¡5 about � ow con� uence used
means of investigationthat allowed local quantitativemeasurements
(as the base pressure), or qualitative� ow visualizations(as schlieren
photography), or the probingof mean � ow properties (as pitot pres-
sure). Concurrently,the � ow con� uence,when it generatesextended
separated zones, was theoretically treated by the so-called mul-
ticomponent approach.6¡9 This semiempirical method, originated
from the Korst6 theory and based on a reattachmentcriterion,could
predictthegeneralthermodynamicpropertiesof the � ows.However,
the roughhypothesesconcerningthe turbulenttransferprocessesdid
not allow calculationof the pressureinside the separatedregionwith
deviationsof less than 10–15%, from experimentallymeasured val-
ues. Nevertheless, this theoretical approach is still used today by
industry for design purposes because of its very low cost.

Currently,Reynolds-averagedNavier–Stokescomputational� uid
dynamics codes can predict the mean and the turbulent proper-
ties of complex � ow� elds,10¡11 which necessitates extensive val-
idation presently allowed by the laser Doppler velocimetry (LDV)
technique.12¡14 Previous experimental investigations performed at
ONERA by using LDV for the study of � ow con� uence behind jet-
on afterbodiesstartedat the beginningof the 1980s.The � rst study15

was relativeto the � ow past an axisymmetricmodelof a typicaltacti-
cal missile at Mach 0.85; the second16 was for the mean recirculating
� ow past a multinozzle afterbody at Mach 4. In parallel, substantial
work has been done by other investigatorson the turbulent mixing
between planar supersonic streams.17¡20 Also, the case of super-
sonic axisymmetric co� owing jets has been investigated.21 These
experiments, in which the two � ows were nearly adapted, focused
on the effect of compressibilityon turbulencedevelopment in basic
situations.However, experimentaldata relative to the con� uencebe-
tweenan outersupersonic� ow anda propulsivejet in a more realistic
situation and with considerationof the effect on the afterbody aero-
dynamics are scarce, especially for an aerospike type con� guration.
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a) ptj/pte = 3.03

b) ptj/pte = 5.05

Fig. 4 Surface pressure distributions on the afterbody.

In a typical two-dimensional shock-wave/turbulent boundary-
layer interaction with an extended separated zone,24 the effective
separation is followed by a plateau pressure region. As this plateau
region is generallyobserveda little downstreamof the pressure rise,
we can say that, in the case of pt j =pt e D 3:03, no effective separa-
tion occurs on the boat tail. Such a case, when the pressure rise is
not strong enough to induce effective separation, is called incipient
separation. On the other hand, in the con� guration pt j=pte D 5:05,
the 5% difference between the base pressure and the boat tail value
makes the onset of an effective separation much more probable.

LDV Measurements
For each con� guration, about 2300 measurement points have

been recorded, which are distributed over 40 axial stations: 11 on
the boat tail, 19 on the spike, and the remaining ones downstream
of the spike. In general, 2000 values of the instantaneous velocity
were recorded for each measurementpoint. The LDV measurement
stationsare de� ned in the coordinatesystem O X Z (shown in Fig. 2)
that consists of the streamwise axis X along the model symmetry
axis and the radial axis Z with the origin in the base plane at the end
of the boat tail.

The streamwise mean component of the external velocity u1,
in the uniform � ow region at the station X=D D ¡0:1, has been
measured equal to 519 and 512 m/s for pt j =pte D 3:03 and 5.05,
respectively. Considering the respective external stagnation tem-
peratures (302 and 297 K), the mean freestream Mach number was
equal to 1.998 and 1.981, respectively. These values are slightly
higher than the nozzle design Mach number because of the pres-
ence of the central sting. The resulting unit Reynolds number is
equal to 12:24 £ 106 m¡1. Subsequently, the streamwise and radial
turbulence intensities, ¾u and ¾w , respectively, will be normalized
by the upstream external velocity u1 , whereas the turbulent shear
stress u0w0 and the turbulent kinetic energy k will be normalized by
the square of the external velocity u2

1 . The circumferentialvelocity
componentv not being measured, the turbulentkinetic energy k has
been estimated by the following formula:

a) ptj/pte = 3.03

b) ptj/pte = 5.05

Fig. 5 General views of the mean velocity vector � eld.

a) ptj/pte = 3.03

b) ptj/pte = 5.05

Fig. 6 Enlarged views of the mean velocity vector � eld.
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According to LDV measurements made in the freestream outer
� ow, at stations X=D D ¡1 and ¡0:5, the approachboundary-layer
thickness ±0 can be evaluated to be about 7:1 § 0:1 mm.

Figures 5a and 5b give general views of the mean velocityvector
� elds for pt j=pte D 3:03 and for pt j =pte D 5:05. We can see the
main � ow deviations induced by the crossing of either the outer
con� uence shock or the barrel shock. We can also observe the pro-
gressive mutual adaptation of the co� owing streams along a wake
region. Figures 6a and 6b give enlarged views of the boat tail re-
gion in which we can see the outer � ow expansion and the initial
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a) Case ptj/pte = 3.03

b) Case ptj/pte = 5.05

Fig. 7 Streamwise turbulence intensity ¾u/u 1 .

development of the mixing layers. No measurement point could
be recorded very near the base surface because of the scarcity of
seeding particles in this separated region. The nearest station to the
base, which is completely measured, is located at X D 2 mm or
X=D D 0:05. At this station,we can see that the streamwise compo-
nent of the mean velocity becomes nearly equal to zero or can even
be negative, especiallywhen pt j =pte D 5:05. Although no measure-
ment data were obtainedjust behind the base,we can guess the trend
of � ow recirculationtoward the base. Deduced from LDV measure-
ments, the convective Mach number at the end of the con� uence

region was close to 0.2 for the two expansion ratios. This low value
results from the fact that the velocities in the jet and outer � ow differ
only by about 100 m/s, the sound speeds in the two streams being
nearly equal. In these conditions,we cannot expect signi� cant com-
pressibilityeffects in the developmentof the shear layer separating
the jet and the outer � ow.

In the freestreamouter� ow, the levelof the streamwise turbulence
intensity ¾u=u1 is equal to 0:01 § 0:001, as we can see in Figs. 7a
and 7b. In fact, this turbulence level is the lowest value measur-
able with the LDV system under the present conditions because of
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a) Case ptj/pte = 3.03

b) Case ptj/pte = 5.05

Fig. 8 Radial turbulence intensity ¾w/u 1 .

measurementuncertainties.The true turbulenceintensityin theouter
stream is probably lower. Inside the boundary layers developing
along the boat tail and the plug nozzle, we observe the rapid growth
of ¾u=u1. The streamwise turbulent intensity increases much more
when the shock/boundary-layer interaction is at its onset (see sta-
tion X=D D ¡ 0:025). The ¾u levels remain high in the mixing
layers all along the con� uence process. Each shear layer shows a
maximum value of ¾u near its center (see stations X=D D 0:05 and
0.25). Then, at station X=D D 0:5 and after, dissipativephenomena
becomemore important (and turbulenceproductionis reduced), and

the wake region is characterized by only one maximum value de-
creasing steadily as we go farther downstream.

By comparing Figs. 7a and 7b, we can see that raising the jet-
to-external stagnation pressure ratio from 3.03 to 5.05 augments
the maximum levels of streamwise turbulenceintensity ¾u by about
10–15% inside the wake region. This is due to the increasedshear in
the wake for the more highly underexpandedjet. In the nozzle exit
region, the ¾u levels are near 0.02 for the two cases pt j =pt e D 3:03
and 5.05. But farther downstream of the nozzle exit, we can notice
that the ¾u levels go up to 0.04 in the case pt j=pte D 3:03, whereas
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a) Case ptj/pte = 3.03

b) Case ptj/pte = 5.05

Fig. 9 Turbulent shear stress u0 w0 .

they remain constant and close to 0.02 in the case pt j=pte D 5:05.
There is no clear explanationof the relatively high turbulencelevels
found in the central part of the jet where the � ow should be inviscid.
These levels are either due to increased measurement uncertainties
or re� ect the turbulence of the boundary layer developing in the
upstream long supply pipe.

Figures 8a and 8b give the levels of the radial turbulence in-
tensity ¾w . In the freestream outer � ow, the radial component ¾w

has about the same level as the streamwise component ¾u . At sta-
tion X=D D 0:05 and after, the maximum values of ¾w become

importantbutonly inside the propulsivejet shear layer.Downstream
of the nozzle exit, the radial component ¾w seems much more in� u-
enced by the expansion process and by the wave focusing process
than the streamwise component. Contrary to ¾u , we can notice, at
the barrel shock location, a signi� cant increase of the radial turbu-
lence intensity ¾w . Concerning the in� uence of the jet-to-external
pressure ratio on the ¾w levels, we can make the same remarks as
made previously for the streamwise component ¾u .

The levels of the turbulent shear stress u 0w0 and the turbulent ki-
netic energy k are close to zero in the inviscid � ow regions, as we
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a) Case ptj/pte = 3.03

b) Case ptj/pte = 5.05

Fig. 10 Turbulence kinetic energy k/u2
1 .

can see in Figs. 9 and 10. They begin to rise in the outer bound-
ary layer and in the mixing layers. Because of large structures in
shear layer, the values of u 0w0 and k are far more important in
the propulsive jet shear layer than in the outer � ow. High levels
of u0w0 and k are maintained in the jet dissipative layer all along
the con� uence process, as we can see at stations X=D D 0:05 and
0.25. Then, u 0w0 and k decrease as the wake develops farther down-
stream, again due to the reduced turbulenceproduction.In the wake
region, we can see that the increase of the jet-to-externalstagnation
pressure ratio induces a small rise of the shear stress levels, and it

makes the turbulent kinetic energy increase, more signi� cantly, by
about 20–40%. Downstream from the nozzle exit, in the jet � ow,
a small increase of u 0w0 and k can be seen when pt j=pte D 3.03,
whereas these levels remain relatively constant and close to zero
when pt j =pte D 5:05.

Conclusion
These basic experiments have allowed a detailed investigationof

the con� uence between two turbulent supersonic � ows past a jet-
on axisymmetric afterbody. The measurements have revealed that,
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on the boat tail surface, typical shock-wave/boundary-layerinterac-
tions and separations occur induced by the jet pluming, the under-
expanded jet behaving as a � uid ramp facing the external � ow. If
we can conclude that an effective separation of the external bound-
ary layer occurs for the highest nozzle pressure ratio, it is only an
incipient separation that occurs for the smallest one.

The LDV measurementshavegiven informationon the mean � ow
properties and turbulent characteristics of this afterbody � ow� eld.
The highest turbulence levels are located in the separatedshear lay-
ers, all along thecon� uence region.These levelsdecreasebut remain
important going farther downstream in the wake. The rise of the
nozzle pressure ratio (pt j =pt e from 3.03 to 5.05) induces a 10–15%
increase of the turbulencelevels in the wake region but a signi� cant
decreaseof these levelsin the jetexpansionregiondownstreamof the
nozzle exit. Complex turbulent processes occur in supersonic � ow
con� uence and may have an important role on the thrust balance
of propulsive afterbodies. Therefore, in such strongly compress-
ible � ows (containing shock waves, expansion fans, and separated
regions), turbulencemodeling remains a challenge.The present ex-
perimental results compensate for the lack of published detailed
measurements for this type of � ow, and they contribute to provide
well-documented test cases for the validation of computer codes.
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