
JOURNAL OF SPACECRAFT AND ROCKETS

Vol. 39, No. 3, May–June 2002
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A detailed numerical investigation of the interaction between a lateral jet and the external � ow has been per-
formed for a variety of missile body geometries. These include non� nned axisymmetrical bodies and � nned bodies
with either strakes or aft-mounted tail � ns. The computations were performed at Mach numbers 2 and 4.5. To
obtain the numerical results, both thin layer Reynolds-averagedNavier–Stokes and Euler techniques were applied.
The computational results were compared with results from a previously published wind-tunnel study that con-
sisted primarilyof globalforce and momentmeasurements. The numerical techniques showed goodagreement with
the experiments at supersonic Mach numbers. For the results examined here, there were only minor differences
in the global force and moment predictions when viscous or inviscid techniques were used. The dependence of the
interaction parameters on angleof attack and jet pressure were well predicted by both methods.The computational
investigation also provided additional understanding of the wind-tunnel results. The computational results show
signi� cant interactions of the jet-induced � ow� eld with the � n surfaces that produce additional effects compared
with the body alone. The computationaland experimental results indicate deampli� cation of the jet force at Mach
2 for all three bodies. At Mach 4.5, ampli� cation of the jet force was found, except for negative angles of attack for
the bodies with less surface area than the straked case.

Nomenclature
a1 = freestream speed of sound
Cm jet-off = jet interaction moment coef� cient without jet,

normalized by 1
2 ½1a2

1 M2
1 Sref D

Cm jet-on = jet interaction moment coef� cient with jet,
normalized by 1

2 ½1a2
1 M2

1 Sref D
CN j = jet force coef� cient, normalized by 1

2 ½1a2
1 M2

1 Sref

CNji = jet interaction force coef� cient, normalized
by 1

2 ½1a2
1 M 2

1 Sref

D = projectile diameter
OE; OF; OG = � ux vectors in transformed coordinates
e = total energy per unit volume
F j = force produced by the lateral jet
Fji = force produced by jet interaction with external � ow
Fno-jet = force produced in the absence of the jet
K = jet interaction ampli� cation factor
M1 = freestream Mach number
Poj = jet stagnation pressure
p = pressure
q = dependent variables, [½, ½u, ½v, ½w, e]T

Re = Reynolds number, a1½1 D=¹1
Sref = reference area of projectile, ¼ D2=4
OS = viscous � ux vector
t = time
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u; v; w = velocity components in x , y, and z directions
X cp = interaction center of pressure location
x; y; z = axial, horizontal, and vertical coordinates
® = angle of attack
° = ratio of speci� c heats
1Cm = jet interaction moment coef� cient, normalized by

1
2 ½1a2

1 M2
1 Sref D

¹ = viscosity
»; ´; ³ = transformed coordinates in Navier–Stokes equations
½ = density

Subscript

1 = freestream conditions

Introduction

T HE � ow� eld that results from the interactionof a side (lateral)
jet injection into a supersonicexternal � ow, called the jet inter-

action � ow� eld, has been the subject of severalexperimental1¡5 and
numerical6¡11 investigations. The typical jet interaction � ow� eld
is complicated because of the jet’s interruption of the oncoming
external � ow. The qualitative features of the jet interaction � ow-
� eld include regions of shock–boundary-layer interaction and � ow
separation that have an effect on the overall � ow around the body.
In previous work,11 a detailed numerical study was performed for
� nless axisymmetrical bodies. In this paper, results are presented
for missiles with several � n–body geometries that incorporatebody
strakes and aft-mounted � ns. It was shown previously11 that for a
� nless body, a decrease in the force ampli� cation factor occurred
partially because the jet bow shock wrapped around and interacted
with the � ow underneath the body. The presence of strakes has
the effect of blocking the wrap-around phenomena and channel-
ing the high-pressure � ow down the body, therefore allowing for
ampli� cation. The purpose of the current research is to develop a
reliable computational capability to assess the performanceof con-
trol jets and to obtain a quantitative understandingof the � ow phe-
nomenon produced by control jets in the presence of strakes and/or
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� ns at supersonicMach numbers and to demonstrate that computa-
tional � uid dynamics (CFD) simulation is capable of predicting the
important features of jet interaction phenomenon.

This paper primarily addresses viscous techniques, but we have
also examined the ability to use, and the feasibilityof using, inviscid
techniques to predict the same � ow� elds. Numerical predictionsof
the supersonic viscous � ow have been obtained with a Reynolds-
averaged Navier–Stokes solver and Euler techniques.Comparisons
between viscous and inviscid results can shed new light on the sig-
ni� canceof viscouseffects (i.e., separationof � ow becauseof shock
interaction) in overall vehicle forces and moments.

In addition to the use of several different geometries, the para-
meters that were varied in this study are Mach number, angle of
attack, and jet stagnation pressure. The parameters in the compu-
tational study are those used in the experimental work of Brandeis
and Gill.5 The experimentalMach numbers are 2.0 and 4.5, and the
angles of attack range from ¡10 to 10 deg. The jet stagnation pres-
sure varies from 3.6 to 72 atm. It will be shown that the numerical
results collaborate the experimental � ndings, in which the presence
of strakes caused large control force ampli� cation. The ampli� ed
control force associated with the strakes permits the use of smaller
control jets and, therefore, results in propellant volume and weight
savings.

In the present study, numerical approaches have been applied
to investigate the jet interaction phenomena for � ight bodies with
lifting surfaces with a single lateral jet in supersonic � ight and to
demonstrate the advantagesto force ampli� cation factor in the pres-
ence of these surfaces. An overset grid approach has been applied
to resolve more easily the geometry and � ow physics associated
with the jet interaction problem. All of the numerical results have
been validated via global force and moment data from a recently
published experimental investigation.5

Computational Technique
Governing Equations

The nonreacting compressible viscous � ow, which obeys the
Newtonian law of friction about a � ight vehicle, is governed by
the equations of mass, momentum, and energy conservation: the
Navier–Stokes equations. For these computations, the complete
set of three-dimensional, time-dependent, generalized-geometry,
Reynolds-averaged,thin-layerNavier–Stokesequationsforgeneral-
ized coordinates» , ´, and ³ are used and can be written as follows12:

@ Oq
@t

C @ OE
@»

C @ OF
@´

C @ OG
@³

D 1
Re

@ OS
@³

(1)

where » D ».x , y, z, t/, ´ D ´.x , y, z, t/, and ³ D ³.x , y, z, t/
are the longitudinal coordinate (direction along the body), the
circumferential coordinate (direction around the body), and the
nearlynormal coordinate(outwarddirectionfrom thebody surface),
respectively.

The local pressure is related to the dependentvariables by apply-
ing the ideal gas law:

p D .° ¡ 1/[e ¡ 0:5½.u2 C v2 C w2/] (2)

in which ° is the ratio of speci� c heats. Density ½ is normalized
by ½1 ; the velocities u, v, and w by a1; and the total energy e by
½1a2

1.
The form of the mass-averagedNavier–Stokes equationsrequires

a model for the turbulent eddy viscosity. There are numerous ap-
proaches for determining the turbulentviscosity.The turbulentcon-
tributionsare supplied through the algebraic two-layer eddy viscos-
ity model developed by Baldwin and Lomax,13 which is patterned
after the model of Cebeci.14

Navier–Stokes Numerical Technique
The time-dependent Navier–Stokes equations are solved using

a time-iterative solution technique to obtain the � nal steady-state
convergedsolution.The particulartime-marchingtechniqueapplied
here is the implicit, partially � ux-split, upwind numerical scheme
developed by Ying et al.15 and Sahu and Steger16 and is based on
the � ux-splitting approach of Steger and Warming.17 This scheme

employs central differencing in the normal and circumferential di-
rections, ´ and ³ , respectively, and � ux splitting in the streamwise
direction » .

Chimera Composite Overset Structured Grids
To model more easily, the geometry and resolve the � ow physics

associatedwith the lateral jet problem, the chimera compositeover-
set grid technique18¡20 has been applied.The chimera technique is a
domain decomposition approach that allows the entire � ow� eld to
be meshed into a collection of independentgrids, where each piece
is gridded separately and overset into a main grid. In current com-
putations, the � ight body with lateral jet was subdivided into three
distinct grids: one for the body, one adjacent to the jet, and one for
the jet nozzle. Overset grids are not required to join in any special
way. Usually, there is a major grid that covers the main domain (the
external � ow� eld about the projectile), and minor grids are gener-
ated to resolve the rest of the body or sections of the body (the jet
and the nozzle regions).

Figure 1 displays the computationalmesh, showing the main grid
for the projectile body along with an overset grid to capture better
the physics of the jet interaction with the external � ow. The overset
jet grid is seen here residing on top of the jet exit as a cylinder
with a radius larger than the jet nozzle opening itself. A third grid,
used to model the jet nozzle, resides underneath the jet grid. The
communication between the nozzle grid and the jet grid, however,
is point-to-pointzonal. Figure 2 is a close-up of the grid near the jet
port, which is covered by the nozzle grid and jet grid. It also shows
the chimera grid for the jet and the projectile body.

Fig. 1 Computational mesh.

Fig. 2 Chimera gridding near jet nozzle.



378 GRAHAM, WEINACHT, AND BRANDEIS

Grid Re� nement and Computational Time
The baselinecomputationalgridused to generatethepublishedre-

sults consisted of approximately 1.6 million points: 153 £ 93 £ 70
for the projectile (background) grid in the longitudinal, circum-
ferential, and normal directions, respectively; 65 £ 21 £ 50 for the
cylindrically shaped jet grid in the radial, circumferential, and nor-
mal directions, respectively; and 25 £ 21 £ 21 for the nozzle grid
in the radial, circumferential, and normal directions.The computa-
tional mesh employeda mirror plane of symmetry in the circumfer-
ential direction. A grid re� nement study was performed to assess
grid convergence for the baseline computational grid. Coarse grid
solutions were obtained using 115 £ 107£ 58, 49 £ 16 £ 38, and
19 £ 16 £ 16 grids for the projectile, jet, and nozzle meshes, re-
spectively.Fine grid solutionswere obtained using 189 £ 167 £ 84,
78 £ 25 £ 60, and 30£ 25 £ 25 grids for the projectile, jet, and
nozzle meshes, respectively.

Comparisons were made of the forces, moments, ampli� cation
factor, and jet interaction center of pressure. Between the baseline
computational grid and the � ner grid, there is a 1.1% difference
in the jet interaction force and a 1% difference in the moments,
ampli� cation factor, and the jet interaction center of pressure. For
the coarsergrid, there is a 1.2%differencein the jet interactionforce,
and a 1.1–2.0% difference in the moments, ampli� cation factor, and
the jet interaction center of pressure.

A complete simulation on the baseline grid took approximately
250CPU h on anSGI Origin 2000.The solutionswere run in parallel
using eight processors, and a parallel speed-up of 5.4 was obtained.

Inviscid Technique
In addition to the earlier described Navier–Stokes approach, in-

viscidresultswere also obtainedusing the CFD code INCA.21 INCA
is a three-dimensionalmultiblock, Navier–Stokes solver with very
general capabilities but is run in the Euler (inviscid) mode for the
results presented in the current paper. These results were obtained
independently of and before the results obtained with the earlier
describedNavier–Stokes code. Sophisticatedmemory management
routines allocate space for zones and additional transport equations
for chemical species and the turbulence quantities only as needed.
A wide range of in� ow, out� ow, and wall boundary conditions are
available to model complex three-dimensional� ow� elds. The � eld
equations are solved using a lower–upper symmetric Gauss–Seidel
(LU-SGS) implicit � nite volume method. This type of algorithm
has proven to be a robust and ef� cient relaxation procedure for
steady-state� ow� elds. The evaluationof the inviscid terms is based
on � ux splitting in combination with upwind biasing. The INCA
code currently supports two � ux functions: the � ux-vector splitting
of Steger and Warming17 and the symmetric total variational di-
minishing � uxes of Yee. The difference terms are evaluated using
standardcentraldifferences.The LU-SGS algorithmis used to solve
approximately the system of equations using two sweeps of a point
Gauss–Seidel relaxation.

The numerical solution was run until convergence was reached.
The degree of convergence of the solution was judged from the
maximum � eld residue occurring at each time step for each block.
In general, convergence level is different in each block, especially
for cases with jet activation. Convergence level is indicated by the
logarithm of the largest residual (rms, averaged for the � eld vari-
ables). Typically, the residualswere reduced by at least 10 orders of
magnitude for results presented here. For the con� guration without
the jet, at Mach 4.5, convergence to the level where the maximum
residual of 10¡13 in each of the four blocks was obtained in fewer
than 1000 iterations.For a typical jet-on case, convergenceto levels
better than 10¡8 is achieved within 1000 cycles. From the point of
view of integral parameters, such as forces and moments obtained
from pressure integration, there is no variation after the residual
decreased three or four orders of magnitude.

Computational Grid Generation
The grid is divided into four blocks,which is the minimum num-

ber of blocks needed to cover the given topology. One grid block
was used on the axisymmetrical nose and the remaining three grids

were arranged circumferentially on the � nned portion of the body.
Two grid blocks were placed between the half-plane of symmetry
and an adjacent � n, and the remaining grid block was placed be-
tween the two � ns to form the middle of the domain. Use is made
of the commercially available, general purpose, three-dimensional,
multiblock structured grid generator using an advanced smoothing
schemecalledGridPro.22 The � nalgrid topologyused in the inviscid
computation of the � ow� eld over the con� guration without the jet
has about70,000grid points.The jet nozzlehas a diameterof 0.5cm,
which is comparable in size to one � nite difference cell. To obtain
better resolution, local grid re� nement in the vicinity of the jet noz-
zle was performed of� ine, and the number of grid points de� ning
the nozzle has been quadrupled. Away from the body surface, the
grid becomes coarser. Although the coarse grid away from the jet
area will affect the de� nition of shocks (the shocks are formed of
several grid points, which, when far apart, will give a smeared and
wavy appearance), the solution close to the body surface will not
be affected in the supersonic calculations.The re� ned grid, giving
good de� nition of the nozzle size and location, consists of about
120,000 points. The block structure described earlier is retained.

Grid Re� nement Study (Grid Independence)
For the con� guration presented here, the jet-off case (inviscid)

was computedwith and without the local grid re� nement performed
to resolve better the area containing the nozzle and the wings’ lead-
ing edges (120,000 points vs 70,000 points). No difference in so-
lution was observed within plotting accuracy. Grid sensitivity anal-
yses were performed for a prototype con� guration, different from
the present con� guration only in some dimensions. For that con-
� guration (not presented), several grids were used, the � nest being
coarser than the unre� ned grid used in the present report.The graph-
ical results for two successive grids were indistinguishable.

Results
The results from the computational approach for the jet interac-

tion problem were comparedwith data from a previouslypublished
wind-tunnel investigation.5 Supplemental experimental results for
the validationwere provided courtesy of RAFAEL, Ministry of De-
fense, Missiles Division, Aeronautical Systems Department. The
experimentswere conductedat the IsraelAircraft Industriestrisonic
wind-tunnel facility at Mach numbers of 2 and 4.5. Although the
experimental investigationwas quite extensive in scope, the current
computational study focused on normal jet injection from a single
nozzle geometry at Mach 2 and 4.5. Five different con� gurations
were examined in the experimental study; three cases are examined
in this paper. Global force and moment comparisons were made to
validate the computational approach for Mach numbers 2 and 4.5.

Figure 3 shows three body geometries addressed in this study.
Each of the models used has a sharp, tangent ogive-shaped nose
section of 2.5 calibers and a cylindrical afterbody of 3.8 calibers
mounted on the midsection for a total length of 5.8 calibers. The
reference diameter of the models was 50 mm. For all three geome-
tries, the jet nozzle was located 2.5 calibers downstream from the
nose tip. A single circular nozzle of 0.1 calibers that was designed
to achieve sonic � ow at the exit was examined here, although addi-
tionalgeometrieswere consideredin the experiment.The strakeand

Fig. 3 Schematic of body geometries; dimensions in calibers.
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aft-mounted � ns (of which there are four, equally spaced) have the
same exposed semispan of 0.5 calibers and the leading-edgesweep
angle of 45 deg. Relative to the jet, the � ns and strakes are located
45 deg (roll position); elsewhere, the lifting surfaces are separated
by 90 deg. Con� guration 1 is an axisymmetrical body-alone con-
� guration used as a reference con� guration for comparison. Con-
� guration 2 has an aft-mounted tail � n. The root leading edge of
each tail surface is located 4.4 calibers from the nose tip. Con� g-
uration 3 contains strakes spanning 65% of the body’s length. The
root leading edge is two calibers from the nose tip.

For the jet interaction problem, the total force acting on the body
can be decomposed into three components: the aerodynamic force
on the external body in the absence of the jet, the force produced
solely by the jet, and the aerodynamic interaction force produced
by the jet with the external � ow� eld. In this work, the aerodynamic
force on the external body is typically produced when the body is
at an angle of attack with the freestream � ow. The force produced
at the jet exit results from a combination of the momentum � ux
through the jet nozzle and the integrated pressure at the jet exit.
Given that the exit conditions for the jet are � xed as a boundary
condition for the computations, this force component can be ex-
plicitly calculatedbefore the � ow� eld computation.The third force
componentaccounts for the force producedby the interactionof the
jet with the external � ow� eld.

The relationshipof these three force components to the total force
F can be described by the following equation, where Fno-jet is the
force in the absence of the jet, F j is the force produced at the jet
exit, and Fji is the jet interaction force:

F D Fno-jet ¡ .F j C Fji/ (3)

The negative sign associatedwith the two jet forces results because
the jet exit hole is located on the upper surface of the body in the
current study and produces a downward force when activated. The
jet-off force component typicallyproducesan upward force for pos-
itive angles of attack. Note that a positive value of Fji indicates that
the interaction force produces an effect that augments the jet force
F j , whereas a negative value of Fji indicates a reduction in the total
force produced by the jet. The jet interaction force accounts for the
complete interactionproduced by the jet with the external � ow� eld
and may vary with angle of attack and jet mass � ow rate.

The relative magnitudes of the jet force and the jet interaction
force can be compared througha jet interactionampli� cation factor
K , as shown in Eq. (4):

K D .F j C Fji/=F j (4)

An ampli� cation factor greater than one indicates that the jet inter-
action force ampli� es or increases the total force produced by the
jet, whereas an ampli� cation factor less than one indicates that the
jet interaction force reduces the total force produced by the jet.

In addition to the jet interaction forces, the interaction moments
were calculated. In the present case, the center of moments is taken
to be the center of the jet nozzle, the assumed center of gravity.The
moments consideredare pure interactionmoment effects calculated
as follows:

1Cm D Cm jet-on ¡ Cm jet-off
(5)

in which Cm jet-on is the moment coef� cient for the con� gurationwith
the jet and Cm jet-off is the moment coef� cient for the con� guration
without the jet.

The moment interactioncan also be assessedby examining the jet
interactioncenterof pressure,whichde� nes theaxial locationwhere
the net jet forces (both jet thrust and jet interactionforce) act relative
to the jet nozzle location. The jet interaction center of pressure in
calibers is de� ned as follows, with a positive jet interaction center
of pressure indicating a rearward location, or, correspondingly, a
nose-down pitching moment for a positive jet force:

X cp D
¡1Cm

CN j C CNji

(6)

Figures 4 and 5 display the variation of the force ampli� cation
factor with angle of attack at Mach 2 and 4.5 for the body alone and

Fig. 4 Force ampli� cation factor vs angle of attack; Mach 2,
Poj = 27 atm, body alone and tail � ns.

Fig. 5 Force ampli� cation factor vs angle of attack; Mach 4.5,
Poj = 38 atm, body alone and tail � ns.

Fig. 6 Normalized pressure � ow� eld for the tail-� nned body;Mach 2,
® = 0 deg.

body with tail � ns. This particular body comparison is meaningful
because in front of the tail � ns (for these supersonic� ow cases), the
force ampli� cation is essentially identical for both bodies. The dif-
ferences in the force ampli� cation factor for these two bodies occur
only over the aft 1.4 calibers of the body where the � ns are located.
The predicted results for the force ampli� cation factor show excel-
lent agreement with experiment between ¡10- and 10-deg angle of
attack.

An increasing trend in the force ampli� cation factor is noted
with increasingMach number in Figs. 4 and 5 with deampli� cation
observed at Mach 2 for all Mach numbers and a mix of deampli� -
cation and ampli� cation at Mach 4.5, dependingon angle of attack.
Although these three cases do not indicate a purely Mach num-
ber effect because the jet conditions are not identical or scaled, the
results do appear to represent a general trend with Mach number.
The CFD results indicatethat the behaviorof the jet interactionforce
and the jet ampli� cation factor is in� uenced by two distinct regions
in the � ow� eld. One of them is in the interaction region in front of
the jet, where there is an area of high pressurebehind the separation
shock/wedge and jet bow shock. (See Fig. 6 overview of the vehicle



380 GRAHAM, WEINACHT, AND BRANDEIS

body.) This high-pressure region results in an interaction force that
augments the jet thrust. The other area of in� uence is downstream
of the jet, where there is a low-pressure region due to the jet block-
age and entrainment.The force produced in the low-pressureregion
opposes the jet thrust and produces deampli� cation.

The presence of the jet causes a complex jet interaction � ow� eld
as shown in Fig. 6. When the jet is on, it produces a blockage to
the oncoming � ow directly upstream of the jet. The jet acts as an
obstacle to the external � ow, causing a shock wave to originate
(jet bow shock) and causing a boundary-layerseparation region to
form. The jet bow shock is seen in the side view of the vehicle
down in Fig. 6, as well as the separation region, which is the ramp
shapedregionseen upstreamof the jet bow shock.The jet bow shock
bends backward, being de� ected by the external � ow, and moves
laterally around the � ight vehicle.The strong turbulentwake caused
by the jet interaction� ow� eld interactionsextendsover a signi� cant
portion of the � ight vehicle. Directly behind (downstream) of the
jet emission, a vacuumlike region of low pressure is formed.

The relative effect of the regions described on the computed jet
interaction force is shown in Figs. 7 and 8, where the development
of the jet interaction force over the body is calculated for the body
alone and tail � n geometries at ® D §10 deg. The ampli� cation of
the jet interaction force in front of the jet due to the high-pressure
region is apparent, and the effect of the low-pressure, vacuumlike
region is strongly felt downstream of the jet. It is seen that the
magnitude of the ampli� cation is not as large in Fig. 8 as in Fig. 7.
Although the local static pressure ratio in front of the jet increases
with increasing Mach number, the force coef� cient decreases with
increasingMach numberbecausethe rate of pressureincreaseis less
than the Mach number squared. (The force coef� cient is normalized
by the Mach number squared.)

The deampli� cation produced by the low-pressure region behind
the jet is also apparent in Figs. 7 and 8. Unlike the high-pressurere-
gion where the pressurecan rise to many multiples of the freestream
static pressure as the Mach number increases, the pressure behind
the jet can go no lower than vacuum. The result is that if the similar
levels of low pressure exist as the Mach number increases, the force

Fig. 7 Distribution of the computed jet interaction force over body;
Mach 2, Poj = 27 atm, body alone and tail � ns, ® = §§ 10 deg.

Fig. 8 Distribution of the computed jet interaction force over body;
Mach 4.5, Poj = 38 atm, body alone and tail � ns, ® =§§ 10 deg.

coef� cient produced by these pressures has much less of an effect
because the force coef� cient is normalized by the Mach number
squared.

At Mach 2, deampli� cation of the jet interaction force for the
entire body occurs because the low-pressure region behind the jet
producesa larger effect than the high pressure in front of the jet. As
the Mach number increases, the low-pressure region behind the jet
has less of an effect, and the force ampli� cation factor increases as
the Mach number increases.

The variationof the force ampli� cation factorwith angleof attack
is also in� uenced by the relativeeffect of the high- and low-pressure
regions. The high-pressure region in front of the jet does show a
modest decrease as the angle of attack changes from negative to
positive angles of attack. This variation is due to the shadowing
effect inducedby the bodyon the lee side (jet side) at positiveangles
of attack. However, the dominant angle of attack effect is produced
in the low-pressure region behind the jet. In the absence of the jet,
the body experienceshigh pressure on the windward side and lower
pressure on the leeward side. When the jet is on the windward side
(negative angles of attack), a larger drop in pressure is possible
between the jet-off and jet-on conditions than when the jet is on the
leeward side because the pressure in the low-pressureregion cannot
drop below vacuum.

As indicated by the results, the presence of tail � ns can result
in further variations in the force ampli� cation factor. For these
supersonic results, the high-pressure region in front of the jet and
the low-pressureregion behind the jet are virtuallyunaffectedby the
presence of the tail � ns. The implication is that the variations in the
force ampli� cation factor producedby the presenceof the tail � ns is
a separateeffect thatoccursin additionto theeffectsobservedfor the
body alone. The largest differences in the force ampli� cation factor
occur at negative angles of attack. The CFD results indicate that a
signi� cant portion of the jet-off � n lift is produced by windward
� ns and the cylinder between the windward � ns. For negative inci-
dences, the tail � ns, particularly the windward � ns, are immersed
in the wake from the jet, which reduces the effectivenessof the � ns
relative to the jet-off case. At positive angles of attack, the jet wake
� ows away from the body, and the � ow� eld at the � ns more closely
resembles the jet-off case.

Figures 9 and 10 display the variation of the force ampli� cation
factor with angle of attack at Mach 2 and 4.5 for the straked body.
The resultsare in good agreementwith the experimentaldata across
the rangeof anglesof attack.At Mach 4.5 resultswere obtainedwith
an inviscid code, as well as with the Navier–Stokes code. There is
very little difference in the predicted results with either code. The
similarity between the predicted results is signi� cant, considering
that the results were obtained independently with different codes
and computational grids.

The general trend of increasingampli� cation factor with increas-
ing Mach number, observed for the body alone and body with tail
� ns cases, is also present for the body with strakes. Flow visualiza-
tion studies using the CFD results indicate that the jet interaction
effect is, for the most part, con� ned to the regionbetween the strakes
adjacent to the jet nozzle. The increased restriction of the � ow be-
tween the strakes can be easily seen in the overhead view of the

Fig. 9 Force ampli� cation factor vs angle of attack; Mach 2,
Poj = 27 atm, strakes.
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Fig. 10 Force ampli� cation factor vs angle of attack; Mach 4.5,
Poj = 38 atm, strakes.

Fig. 11 Normalized pressure � ow� eld for the straked body; Mach 2,
® = 0 deg.

Fig. 12 Distribution of the computed jet interaction force over body;
Mach 2, Poj = 27 atm, body alone and straked body, ® = 0 deg.

� ight vehicle in Fig. 11 (the log normal of the pressure, for the
Mach 4.5 case at zero angle of attack). In the straked case, the jet
bow shock is bent backward by the oncoming external � ow; how-
ever, the lateral movement of the jet bow shock is blocked by the
strakes. Like the body-alone and tail � n con� gurations, there exists
a high-pressureregion producedby the jet bow shock in front of the
jet and a low-pressure region behind the jet. For the straked con-
� gurations, the high- and low-pressure regions act not only on the
cylindrical body but also on the adjacent strake surfaces. The addi-
tional surface area upon which these pressures act can amplify the
effects observed earlier for the body alone cases. A comparison of
the distributionof the jet interaction force over the bodies points out
the differences. As shown in Fig. 12, at Mach 2, the high-pressure
region for the straked body produces nearly twice the ampli� ca-
tion as for the body-alone/tail � n case (Fig. 7). The low-pressure
region also producesa larger deampli� cation effect as well. Similar
behavior is also seen at Mach 4.5.

Calculations were performed for jet stagnation pressure ranging
from 3.6 to 72 atm. Figure 13 shows the variation of the force am-
pli� cation factor with jet pressure at 0-deg angle of attack for Mach

Fig. 13 Force ampli� cation factor as a function of jet pressure; Mach
4.5, ® = 0 deg, straked body.

Fig. 14 Center of pressure vs angle of attack; Mach 2, Poj = 27 atm,
body alone and tail � ns.

4.5 for both Navier–Stokes and Euler calculations. It is found that
the force ampli� cation factor decreaseswith increasingjet pressure
because the force due to the jet increases faster than the jet interac-
tion force.Note that the jet force is directly related to the jet pressure
and increasesnearly linearly with increasing jet pressure.Although
the size of the interaction region and the magnitude of the jet in-
teraction force increase with increasing jet pressure, the rate of the
increase is not as large as the correspondingchange in the jet force.
The sharp decreasing trend in force ampli� cation as jet pressure
increases is captured by both the inviscid and viscous simulations.
The predictedforce ampli� cation factor as a functionof jet pressure
exhibits the same quantitative variation as the experiment, slightly
underpredictingthe magnitude.

It was originally anticipated that a viscous code would close the
gapbetweentheEulerpredictionand experimentalresults.The com-
putational results suggest that the differencesare not due to viscous
effects. It is believed that the discrepancy is strongly related to the
differencebetween the measured and calculatedvalues of the net jet
thrust, even thoughthe measured net jet thrustwas corrected for var-
ious factors. The � nal experimental value of F j used in calculating
K was 20% less than the computed value. Therefore, the under-
prediction of K by the computations arises partly because of the
idealized calculation of the net jet thrust at low injection pressures.

Figures 14–17 show the jet interaction center of pressure as a
function of angle of attack at Mach 2 and 4.5 for each of the three
bodies.In general,thepredictedvariationof X cp with angleof attack
is in good agreementwith the experimentaldata. Xcp de� nes the lo-
cation where the net jet force acts. Xcp is predominantly a positive
number. Positive Xcp indicates a nose-down pitching moment and a
center of pressure location to the rear of the jet nozzle. At Mach 2,
X cp is located further aft than at the higher Mach numbers due to
the in� uence of the low-pressure region behind the jet. As the Mach
number increases and the in� uence of the low-pressure region de-
creases, X cp moves forward toward the jet nozzle. As noted earlier
for the force ampli� cation factor at higher positive angles of attack,
the tail � n and body-alone results are similar because there is lit-
tle in� uence of the jet wake on the tail � ns. As the angle of attack
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Fig. 15 Center of pressure vs angle of attack; Mach 4.5, Poj = 38 atm,
body alone and tail � ns.

Fig. 16 Center of pressure vs angle of attack; Mach 2, Poj = 27 atm,
straked body.

Fig. 17 Center of pressure vs angle of attack; Mach 4.5, Poj = 38 atm,
straked body.

decreases, the in� uence of the wake on the tail � ns increases, pro-
ducing a rear movement in the center of pressure. For the straked
body, decreased variations of X cp were observed with increasing
Mach number, as well as a rearward movement in Xcp at negative
anglesof attack.Also shownin Fig. 17 is a comparisonof the predic-
tion of the jet interactioncenter of pressureusing the Navier–Stokes
and Euler techniques at Mach 4.5. The Navier–Stokes and inviscid
predictions are essentially equivalent and agree well with the ex-
perimental data. Similar agreement was shown earlier for the force
ampli� cation factor.

Conclusions
A computational study has been conducted to examine the jet

interaction effect for a � nless axisymmetric body and two � nned
con� gurations in supersonic� ight at variousMach numbers, angles
of attack, and for, various jet injection pressures. The � nned bod-
ies include a body with aft-mounted tail � ns and a body with lifting
strakes.The predictionswere comparedwith data from a previously
publishedwind-tunnel investigationto validate the predictive capa-
bility.Good agreement is found at Mach 2 and 4.5, and the variation

of the jet interaction forces and moments with Mach number, angle
of attack, and jet injection pressure is well predicted.

The results show signi� cant interactionsof the jet-induced � ow-
� eld with the � n surfaces that produce additional effects compared
with the body alone. The CFD results indicated that for the body-
alone case, there were two important interaction regions, the high-
pressureregion in front of the jet and the low-pressureregion behind
the jet. The high-pressureregion was evident for all Mach numbers
examined. The low-pressure region had its largest effect at Mach 2,
where it resulted in a deampli� cation of the jet interaction force for
the body. As the Mach number increased, the low-pressure region
played a less important role in the jet interactionforce and moment.
The body with tail � ns exhibited an additional jet interactioneffect
due to the interference of the jet wake with the tail � ns. This effect
was most evident at negative angles of attack where the jet wake
interactsmost stronglywith the tail � ns. At larger positive angles of
attack, there was little interactionbetween the jet wake and the � ns,
and the resulting interaction was similar to the body alone case.

For the strakedbody, a strong interactionbetween the jet-induced
� ow� eld and the lifting surfaces was observed. The interaction re-
gion was con� ned to the area between the lifting surfaces adjacent
to the jet nozzle. The CFD results revealed that the high- and low-
pressure regionsobservedfor the body-alonecase were also present
for the straked body. However, the strakes provided additional sur-
face area for thesepressuresto act. This resultedin larger interaction
forces from the high-pressureregion comparedwith body alone, al-
though,at Mach2, the interactionforce from the low-pressureregion
was large enough to produce a signi� cant force deampli� cation for
the complete con� guration.

The results show deampli� cation of the jet force at Mach 2 for
all three bodies and a mix of deampli� cation and ampli� cation for
Mach 4.5 depending on angle of attack. Generally, ampli� cation
factors increased somewhat with increasing angle of attack for all
three bodies.

For the results examined here, there were only minor differences
in the transverseglobal force and moment predictionsusing viscous
or inviscid techniques.Of course, signi� cant differencesin the axial
force due to viscousdrag were apparent.The differencesare not due
to jet effects. The similarity between the Navier–Stokes and Euler
solutions indicates that the importance of viscous effects on the jet
interactionforcesand moments is small for these con� gurations,es-
pecially in view of the large lifting surfaces that receive the pressure
forces. Both techniques correctly predicted the dependence of the
interaction parameters on angle of attack and jet pressure. The re-
sults indicate that, for the purposeof overalldesignof con� gurations
with jet force control, the inviscid methods may be both suf� cient
and expedient.Viscouscomputationsare, however,imperativewhen
the near � eld close to the jet is considered.
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