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Lateral Jet Control of a Supersonic Missile:
Computational and Experimental Comparisons
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Several three-dimensional, viscous, turbulent Navier–Stokes computations have been performed for a missile
equipped with and without divert jet thruster for three different wing planforms (having a � xed tail con� guration)
at a nominal � ow Mach number of 3.94, angles of attack ranging from 2 to 25 deg, and jet thrust ratios of one and
four. Results are presented to show that the normal force and pitching moment coef� cients for all computed cases
are predicted within 5% of the wind-tunnel data. Synthesis of all of the results show low ampli� cation factor for
all windward jet thruster cases. For this case the upstream favorable pressure zone created by the windward jet
is insuf� cient to compensate for the massive unfavorable pressure loss on the windward wings/tails due to the jet
blockage and jet wraparound effects.

Nomenclature
AF = ampli� cation factor, 1 C (C Njet ¡ C Nno-jet)/ (T / q ¢ S)
alpha = angle of attack, deg
C M = FN ¢ (Xmc ¡ X cp)/ (q ¢ S ¢ Xref)
C N = normal force coef� cient, (N / q ¢ S)
dp = pressure differential, (Pjet ¡ Pno-jet)/ (gamma ¢ Pinf )
gamma = ratio of speci� c heats
M = freestream Mach number
N = normal force, N
P = pressure, N/m2

phi = azimuth angle, deg
q = dynamic pressure, 1

2
q v2

S = missile cross-sectionalarea, m2

T = jet thrust, N
v = velocity, m/s
Xmc = moment reference distance
X ref = reference length (cylinder diameter)

Subscripts

inf = freestream condition
jet = condition with jet
no-jet = condition with no jet

Introduction

R APID airframe response time is critical during the homing
phase of interceptor missiles. Surface-mounted, fast-reacting

jet thrusters offer an attractive alternative to conventional aerody-
namic surface control for improved missile agility and maneuver-
ability. Performance enhancements at low speed and high altitude
(where dynamic pressure is low) are additional advantages of the
surface reaction jets. It has been found that, under some missile ori-
entations and � ow conditions, the surface-mounted lateral jet leads
to thrust ampli� cation due to a high-surface-pressure region that
forms ahead of the jet on the missile surface. Effective exploita-
tion of the thrust ampli� cation can lead to improved missile per-
formance. However, it has also been observed that, at certain other
� ow conditions and orientations, the reaction jets can produce neg-
ative effects, i.e., thrust deampli� cation. An understanding of the
controlling factors that produce high ampli� cation as well as those
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that produce low ampli� cation is critical in developing a credible
design basis for optimal missile performance.

The problem of the lateral jet interaction with the external � ow
under conditions of varying � ight Mach numbers, angles of attack,
and jet orientations is extremely complex in nature and has been
studied experimentallyand analyticallyfor many years.1,2 More re-
cently, computational � uid dynamics (CFD) studies3¡7 have been
performedtounderstandtheseeffects.Ourapproachis to judiciously
combine wind-tunnel testing and CFD simulation in an effort to
evolve a validated design and analysis tool that can synthesize the
physical complexity of the � ow and identify its key controlling pa-
rameters. This paper deals with the overall CFD validations with
and without lateral jet thrusters and subsequentlyoutlines the utility
of the approach for lateral jet effectiveness studies in relation to a
missile design.

This paper is subdivided into several sections. The next sec-
tion brie� y outlines the previous work in this area using CFD ap-
proaches.The details of the computationalmethodology,geometry,
grid-relatedissues,andboundaryconditionsfor theCFD application
are discussedlater.CFD validationstudies for a genericclass of mis-
sile airframes with and without lateral thrusters are then compared
with the wind-tunnel data for the normal forces and moments. The
last section presents the overall summary and conclusions for the
paper.

Background
The topic of jet interactionwith an external supersonic � ow dates

back to the mid-1960s,1,2 when a large number of generic experi-
mental data were generated and related correlation techniqueswere
developed. The emergence of hypersonic interceptors, the maturity
of CFD, and the advent of supercomputers revived these activi-
ties in the late 1980s.3¡7 Several investigatorshave performed CFD
studies for the fundamental problem of jet interaction in relation
to adaptive gridding,8 turbulence models,9 grid re� nements,10 and
the impact of arti� cial viscosity.8 These studies range from Euler11

to Navier–Stokes12 computations.Of these studies, particular refer-
ence is made to the reported studies6,12 because much of the current
CFD effort is derived from their mature technical expertise in this
area. Further details of the methodology and related research work
can be obtained from the references cited.

Whereasa vast numberof numericalstudieshavebeenperformed
using controlled jet interaction studies for methodology develop-
ment, efforts to simulate missile surfaces have been rather limited.
More recently,Chan et al.13 performeda seriesof studies that lead to
the simulation of a full missile surface with control surfaces and jet
interaction. Qin and Foster14 also performed similar studies using
a Navier–Stokes approach for an inclined jet on an ogive/cylinder
body. These results depict the remarkable � ow details obtained us-
ing CFD approaches, which ultimately result in making judicious
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choices for � ight vehicle design and further wind-tunnel testing.
Srivastava15 performed full Navier–Stokes studies for generic mis-
silebodieswith/without leewardandwindwardjetsbutwithoutwing
or tail panels.Comparisonswith the wind-tunneldata, however,was
not direct becausethe tests were conductedwith tail panels,whereas
computationswere performed without tail. Removal of the tail load
from the wind-tunnel data by an approximate method introduced
uncertainties that were not fully quanti� ed. This de� ciency in the
CFD model has been eliminated in the current paper, which shows
direct comparisonof the CFD predictionswith the wind-tunneldata
by modeling all geometrical aspects of the wind-tunnel missile ge-
ometry.

Computational Methodology
PARCH,6 which is a full Navier–Stokes (FNS) code with plume/

missile airframe steady-�ow predictive capability, is being used
for our current studies. PARCH code utilizes formulations based
on the NASA Ames Research Center ARC aerodynamic code and
the Arnold Engineering Development Center (AEDC) propulsive
extension, PARC. This code is particularly suited for missile sur-
faces due to its grid patching capability, which is useful for treat-
ing embedded surfaces in a � ow� eld. Patching that is accom-
plished in mapped computationalcoordinates is automaticallycon-
structed from boundary inputs. Boundary conditions are applied
along the outer computational boundaries and relevant embedded
surfaces. The code utilizes diagonalizedBeam–Warming numerics
with matrix-split � nite rate chemistry. Several versions of the K –E
turbulence model that were speci� cally developed for jet interac-
tion and propulsive studies are available in the code. We are us-
ing the capped low-Reynolds-numberformulation12 for the current
simulations. Further details of the code capability can be found in
Ref. 6.

Typical boundary approaches for the current application (super-
sonic � ows) are speci� ed supersonic freestream conditions at the
inlet and outer boundaries.Extrapolation proceduresare employed
at the exit boundary. Surface conditions are appropriate to viscous
� ows with adiabatic wall condition.

The surface jet boundary condition is the speci� ed jet nozzle
supersonic exit conditions. The circular area of the jet in the wind-
tunnel test is approximated by a square aperture in the CFD simu-
lation.

Figure 1 shows a sketchof the wind-tunnelmodels recentlytested
by Raytheonin the McAir PolysonicWind-Tunnelwith three differ-
entwingplanforms.Thewing in Fig. 1a is thebaselinecon� guration,
which is 15.734 in. long, and its leading edge starts 12.134 in. from
the missile nose.The jet thruster is located14 in. from the nose. The

Fig. 1 Wind-tunnel test geometry for a generic missile.

jet area is a 0.1764-in.2 circular hole. The second con� guration,
shown in Fig. 1b, is a forward wing con� guration whose length is
the same but whose leading edge is moved forward to 10.301 in.
from the missile nose. The third con� guration is a short wing, with
a length of 7.67 in. and with the leading edge starting at 10.301 in.
For all con� gurations, tail panel geometry and axial jet location are
the same. This missile is rolled in the tunnel to achieve windward
and leeward jet orientations. CFD simulations utilize the rotation
of inlet velocity vector to simulate leeward and windward jet orien-
tations. These simulations were performed on three different grids
corresponding to the three con� gurations. The axial distribution of
the grid was the only component that was modi� ed, keeping the
total number of grids the same, i.e., 230 £ 51 £ 69, axial, normal,
and circumferential in that order. The grid patching procedure was
used to apply the relevant boundary conditionson the surfaces. All
angles of attack for a givencon� gurationwere simulatedon a single
grid consistent with the minimum desired Mach number and max-
imum desired angle of attack. This allows us to minimize the grid
effort.The gridswere generatedthroughGRIDGEN, with geometry
models developed within GRIDGEN.16

The jet area was resolved by using a 10 £ 10 grid on the missile
surface. The boundary conditions on this jet area grid were speci-
� ed by inputting the exit conditions of a nozzle analysis using an
iterativeprocedureconsistingof the nozzleexit area, isentropiccon-
ditions,and speci� ed jet thrust.Local time steppingprocedureswith
conventional dissipation factors were employed to achieve conver-
gence de� ned by at least three orders of magnitude reduction in the
maximum residual. Converged solutions were checked with three
and four orders of magnitude reduction in the maximum residual
for selected cases. The minimum grid spacing near the missile sur-
face was assignedby choosinga yC value of 5 for all computations.
Variation of this value did not produce any signi� cant changes in
the predicted results. Postanalysis of the computed cases later sug-
gested that the external � ow is primarily supersonicand the vortical
� ow nature around the missile geometry is primarily governed by
the inviscid phenomena.Selected test cases with inviscidCFD sim-
ulations showed that force and moment coef� cients can be well
predicted using inviscid models.

Comparison with Wind-Tunnel Tests
Our effort was con� ned to a nominal � ow Mach number of 3.94

with angles of attack varying from 2 to 25 deg. Exact wind-tunnel
conditionswere used for each CFD simulation.CFD effortswere re-
stricted to leeward and windward jet orientations,which encompass
the most severe � ow cases. This also allows us to exploit symmetry
in CFD simulation. Jet thrusts were simulated at the wind-tunnel
test conditionsof 175 and 50 lb (nominal cases).

Baseline Wings
Windward Jets

Figure 2 shows the computed surface pressure contours for two
cases.At top isa windwardjet, jet thrustof 175 lb, � owMachnumber
of 3.94, and angle of attack of 20 deg. For this case, notice the extent
of high pressure forward of the jet and very low pressures aft of the
jet on the windward side. It is quite clear that in the presence of the
jet-on condition the jet has totally wiped out the aft normal forces
created by the windward wings. This is clearer if we compare the
lower � gure, which shows jet-off pressure contours, with the jet-on
upper � gure. The table inset in Fig. 2 shows the comparison of the
normal forceand pitchingmoment coef� cientswith the wind-tunnel
data. The comparisons are excellent. Overall the following can be
concluded from Fig. 2.

1) A windward-located jet thruster creates a favorable high-
pressure zone ahead of the jet but only at the expense of a massive
loss of normal force from the windward wings.

2) For this case the thrust ampli� cation factor [de� ned as (1 C
aero-interactive force/thrust), where aero-interactive force is equal
to jet-on normal force on the airframe minus jet-off normal force
on the airframe] is 0.56. Note, however, that the pitchingmoment is
signi� cantly increased with the jet thrusters. Even though the latter
can be used effectively to our advantage for vehicle maneuver, our
goal is to also enhance the force ampli� cation factor.
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Fig. 2 Pressure distribution for the wind-tunnel missile geometry with and without windward jet.

Fig. 3 Total pressure contours at several axial locations showing vortex formation without jet.

3) Note also from Fig. 2 that a jet wraparound effect is seen to
create an adverse effect causing undesirable normal forces.

4) The effect of the jet gas on the tail panels is also massive,
resulting in the loss of tail control power for this jet orientation.

These effects were observed in our previous computations,15 but
now the results are far more credible due to the excellent compar-
isons with the wind-tunnel data. The vortical � ow pattern of the
missile with and without the windward jet can be observed from
Fig. 3, where the total pressure contours for several axial locations
of the missile without the divert thruster are shown. Note that the
early formation of the body vortices on the leeward side forward of
the wings, which interact with the leeward wings, are subsequently
modi� ed and later interact with the tail panels. Additional vortices
are generated on the leeward side of the lower wings that later fol-
low an upward path, as seen in Fig. 3. For these � ow conditions, the
inviscid effects dictate the vortical � ow structure.

Figure 4 shows a similar plot with a windward divert thruster.
Note that the jet effects result in massive loss of the total pres-
sure, � rst on the windward side but gradually wrapping around the
missile downstream to engulf the leeward side of the missile sur-
faces.

Similar computations for a lower jet thrust of 50 lb at identical
� ow conditions yield excellent comparison with the wind-tunnel
data (Table 1). For this case the thrust ampli� cation factor is ¡0.17,
indicatingthat the thruster loses its effectivenessexcept for the gains
in the moment coef� cient. Figure 5 shows the results in a different
format. In an effort to enhance the interactive effects, a pressure
differential plot between the jet-on and jet-off cases is shown for
high- and low-thrust cases. Note from Fig. 5 that the high-pressure
zone ahead of the jet, wraparound effects of the jet, and massive

loss of pressure forces on windward wing and tail panels are the
controlling physical mechanisms.

At a jet thrust of 175 lb, the comparisonsfor other angles of attack
are shown in Table 1. Note that, at an angle of attack of 10.8 deg,
comparisons with the wind-tunnel experiment remain excellent, as
they do for an angle of attack of 4.02 deg.

Further computationswere made for angles of attack of 9.95 and
3.13 deg without the jet thrusters to validate the CFD results at low
anglesof attack.These resultsare shownin Table1. Predictedresults
are in excellent comparison with the experimental data.

Leeward Jets
FurtherCFD computationsfor validationwere performed for lee-

ward jet orientation. Two thrust levels were computed, 175 and
50 lb. The angle-of-attackrange was from 2.2 to 20 deg at a nominal
� ow Mach number of 3.94.All of the computed results are excellent
in comparison with the wind-tunnel data (Table 1). Figure 6 shows
two views of the computed results for a jet thrust of 175 lb at an
angle of attack of 19 deg. View I shows the leeward side, whereas
view II shows the windward side.A comparisonof Fig. 6 with Fig. 2
indicates the following.

1) For a leeward jet thruster, there is only a marginal positive
pressure gain ahead of the jet because the jet exhausts in a vortical
� ow zone.

2) The windward wings and missile body pressure levels are also
affected, as is seen if we compare Fig. 6 view II with the jet-off
windward side in Fig. 2.

3) Comparison with the experimental data is excellent.
Figure 7 shows the vortical � ow pattern for the leeward divert

thruster. Note from the total pressure contours of Fig. 7 that the
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Table 1 Comparisons of CFD and wind-tunnel (Exp.) force and moment coef� cients

Case Mach Angle of Jet thrust C N C N C M C M
no. number attack, deg T , lb CFD Exp. CFD Exp.

1, BWa 3.94 20 175 8.96 8.71 22.56 22.5
2, BWa 3.94 20 0 7.3 6.8 5.96 5.97
3, BWa 3.94 20 50 6.91 6.63 11.96 12.28
4, BWa 3.94 10.8 175 6.54 6.30 16.03 15.76
5, BWa 3.94 4.02 175 4.86 4.70 13.48 13.26
6, BWa 3.94 9.95 0 2.83 2.84 2.71 2.89
7, BWa 3.94 3.13 0 0.73 0.79 0.91 1.081
8, BWa 3.94 19.0 ¡175 2.49 2.35 ¡6.09 ¡6.20
9, BWa 3.94 20.0 ¡50 5.55 5.46 2.15 2.24
10, BWa 3.94 9 ¡175 ¡1.47 ¡1.4 ¡9.4 ¡9.09
11, BWa 3.94 2.2 ¡175 ¡3.39 ¡3.3 ¡11.59 ¡11.37
12, FWb 3.94 25.0 175 11.13 10.77 29.24 29.70
13, FWb 3.94 25.0 0 9.28 9.17 11.03 11.66
14, FWb 3.94 25.0 102 9.66 9.40 23.03 23.52
15, SWc 3.94 20.0 175 9.31 8.97 25.11 25.32
16, SWc 3.94 20.0 50 6.45 6.02 13.78 13.68
17, SWc 3.94 20.0 0 5.53 5.15 7.65 7.49

aBaseline wing. bForward wing. cShort wing.

Fig. 4 Total pressure contours at several axial locations showing windward jet effects.

Fig. 5 Missile surface pressure differential for jet-on and jet-off cases showing jet wraparound high-pressure effects.

effect of the leeward jet is con� ned between the two leeward wings.
This indicates that, for leeward jets, jet effects are con� ned to the
leeward side of the missile surfaces.

Similar comparison for a leeward jet with a jet thrust of 50 lb and
an angle of attack of 20 deg is shown in Table 1. The comparison of
the computed results with the experimental data is excellent. Other
comparisonsat lower angles of attack of 9 and 2.2 deg are shown in
Table 1.

Forward Wings
In an attempt to understand the effects of the jet thruster location

in relation to the missile wings, tests were conducted with wings
moved forward of the jet location by 1.83 in. The objective was to
attempt to enhance the positive pressure effects forward of the jets,
for windward jet orientation, in an effort to enhance ampli� cation
factors. Figure 8 shows the computationswith a forward wing, with
and without windward jets, at an angle of attack of 25 deg and a
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Fig. 6 Pressure distribution on missile surfaces showing leeward jet interaction effects.

Fig. 7 Total pressure contours at several axial locations showing leeward jet interaction effects.

nominal � ow Mach number of 3.94. Once again, the comparisons
between the computed results and wind-tunnel data are good, as
seen from the table inset in Fig. 8. It is also observed that, with a
forward wing, the positive pressure zone is somewhat larger than
that in Fig. 2 for the baseline wing. (Note that the angle of attack
is lower in Fig. 2.) The ampli� cation factor for this case is 0.47.
This happensbecause the loss of positive pressureon the windward
wings due to the jets effects still dominates the gain ahead of the
jet. This phenomenon also persists at a lower jet thrust level of 102
lb (see Table 1).

Short Wings
A short wing (length 7.672 in. as compared to the baseline case

of 15.734 in.) missile was also tested in the wind tunnel to investi-
gate jet effects. Figure 9 shows the computed results for this case
at an angle of attack of 20 deg and a � ow Mach number of 3.94,
with and without jet effects. The overall CFD comparisons for nor-
mal and pitching moment coef� cients are still excellent, as shown
in the table inset in Fig. 9. The ampli� cation factor for this case
is 1.12, which compares to 0.56 for the baseline wing at the same
condition. It would appear, at least super� cially, that signi� cant
gains in ampli� cation factor may be achieved by careful selec-
tion of wing planform and the location of the lateral jet relative
to the wing. The same behaviorwas observed at a reduced jet thrust
level of 50 lb. As before, the pressure differential between the jet-
on and the jet-off conditions highlights the jet wraparound effect

and loss of tail load with the jet-on conditions (see Ref. 17 for
details).

Rolled Baseline Wings
When the missile is rolled such that one of the wings is verti-

cally downward, the vortical � ow pattern is likely to be in� uenced.
The computationalresultsand comparisonwith experimentsfor this
missile orientation are discussed next.

Figure 10 shows the computed pressure contours for this orien-
tation of the missile at an angle of attack of 20 deg and a � ow Mach
number of 3.94. Figure 10 also shows that comparison of the ex-
perimental data with the computed force and moment coef� cients
is excellent.

Note that the experiments were at a slightly different condition
that introduces asymmetry, whereas CFD computationswere made
for a symmetric case. Note that the horizontal wings are highly
loaded for this orientation of the missile.

Overall Results
All of the predicted results from CFD and wind-tunnel tests for

the normal force coef� cients and the pitching moment coef� cients
are shown in Figs. 11 and 12, respectively, indicating the degree of
deviation of the predicted results from the wind-tunnel data. Note
that both curves show very little deviation from the desired 45-deg
line. The correspondingdata are shown in Table 1.
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Fig. 8 Pressure distribution on missile surfaces for forward wing con� guration with and without windward jet.

Fig. 9 Pressure distribution on missile surfaces for short wing con� guration with and without windward jet.

Fig. 10 Missile surface pressure distribution for a plus orientation without jet.
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Fig. 11 ComparisonofCFDand wind-tunnelnormalizednormalforce
coef� cient.

Fig. 12 ComparisonofCFD and wind-tunnelnormalizedpitchingmo-
ment coef� cient.

Conclusions
Using CFD, 18 widely varying wind-tunnel test cases, encom-

passing geometry variations (baseline, forward, and short wings),
angles of attack (2–25 deg), lateral jet-on with windward and lee-
ward orientations and jet-off, were simulated to show that the nor-
mal force and moment coef� cients for all cases are in excellent
agreement with the data. Figure 11 for the normal force coef� -
cient and Fig. 12 for the pitching moment coef� cient sum up the
overall accuracy of the predicted results for all of the cases consid-
ered. These validations demonstrate that our current CFD method-
ology can provide accurate predictions of the force and moment
coef� cients at widely varying � ow conditions. Additionally, syn-
thesis of the CFD results for various cases highlight the physical

mechanisms that inhibit the jet ampli� cation factor for windward jet
orientation.
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