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Computational Analysis and Validation
for Lateral Jet Controlled Missiles

B. Srivastava*
Raytheon Company, Tewksbury, Massachusetts 01876-0901

Comparison of three-dimensional, viscous, turbulent Navier-Stokes simulation for generic missile bodies with
wind-tunnel tests have been performed with and without lateral jet thrusters for flow Mach number range of 2-5
and angles of attack of 0-20 deg. Computationalresults show good overall engineering predictive capability for the
surface pressure, normal force coefficient, and jet interaction effects. Further analysis of the computational results
shows that the favorable upstream pressure zone (lambda zone) created by the lateral jet, unfavorable pressure
loss behind the jet caused by its blockage effect, and the jet wraparound effect are the three principal competing
physical mechanisms that inhibit or enhance the jet amplification factor. Canted jet studies to enhance the first
of these effects show substantial increase in favorable pressure; however, it does not recover axial component of
the thrust vector. Qualitative computations for multijets and hot/binary gas thruster jets have been presented to
demonstrate the overall computational capability for missile design applications.

Nomenclature
AF = amplification factor, 1 + (CNjeg — CNyoie) /(T /q - S)
CN = normal force coefficient, (N/q - S)
dp = pressure differential (P, — Ppo-je)/(gamma - Pyy)
M = freestream Mach number
N = normal force, N (Ib)
P = pressure, N/m? (1b/ft%)
q = dynamic pressure, v’
S = missile cross-sectional area, m? (ft?)
T = jet thrust, N (Ib)
v = velocity, m/s (ft/s)
yt = normal distance from surface in boundary-layer
coordinate
o = angle of attack, deg
y = ratio of specific heats
o = density
¢ = azimuth angle, deg
Subscripts
inf = freestream condition
jet = condition with jet

no-jet = condition with no jet

Introduction

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 flow conditions, the surface-mounted lateral jet leads
to thrust amplification due to a high surface pressure region that
forms ahead of the jet on the missile surface. Effective exploitation
of the thrustamplificationcan lead to improved missile performance.
However, it has also been observed that at certain other flow condi-
tions and orientations,the reaction jets can produce negative effects,
i.e., thrustdeamplification. An understandingof the controlling fac-
tors that produce high amplification, as well as those that produce
low amplification, is critical in developing a credible design basis
for optimal missile performance.
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The problem of the lateral-jet interaction with the external flow,
under conditions of varying flight Mach numbers, angles of attack,
and jet orientations, is extremely complex in nature and has been
studied experimentally and analytically for many years."> More re-
cently, computational fluid dynamics (CFD) studies®~’ have been
performedto understandthese effects. We have adoptedan approach
that judiciously combines wind-tunnel testing and CFD simula-
tion in an effort to evolve a validated design and analysis tool that
can synthesize the physical complexity of the flow and identify its
key controlling parameters. This paper deals with the overall CFD
validations with and without lateral-jet thrusters and subsequently
outlines the utility of the approach by performing several design
studies.

This paper is subdivided into several sections. A brief outline
of the previous work in this area using CFD approaches is first
presented, then details of the computational methodology, grid gen-
eration issues, and boundary conditions for the CFD applications
are discussed. CFD validation studies for a generic class of missile
airframes with and without lateral thrusters are given next. Here
wind-tunnel pressure data are compared with the CFD prediction
along with the normal forces and amplification factors. The fol-
lowing sections outline CFD application studies dealing with the
canted lateral-jet thrusters, flight issues, and the overall summary
and conclusions for the paper.

Background

The topic of jet interaction with an external supersonic flow dates
back to the mid-1960s,> when a large number of generic experi-
mental data were generated and related correlation techniques were
developed. Emergence of hypersonicinterceptors, maturity of CFD,
and the advent of supercomputersrevived these activitiesin the late
1980s.3~7 Several investigators have performed CFD studies for
the fundamental problem of jet interaction in relation to adaptive
gridding? turbulence models,” grid refinements,'® and the impact
of artificial viscosity® These studies range from Euler'! to Navier-
Stokes computations.'? Of these studies, particularreferenceis made
to the studiesreported by Dash et al.!? and York etal.® because much
of the current CFD effort is derived from their mature technical ex-
pertise in this area. Further details of the methodology and related
research work can be obtained from the references cited.

Althougha vastnumber of numericalstudieshave been performed
using controlled jet interaction studies for methodology develop-
ment, efforts to simulate missile surfaces have been rather limited.
More recently, Chan et al.'* performed a series of studies that lead to
the simulation of a full missile surface with control surfaces and jet
interaction. Qin and Foster'* also performed similar studies using
a Navier-Stokes approach for an inclined jet on an ogive/cylinder
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Fig. 1 Grid structure for angle-of-attack simulation.

body. These results depict the remarkable flow details obtained us-
ing CFD approaches, which ultimately result in making judicious
choices for flight vehicles design and further wind-tunnel testing.

The present paper is aimed at demonstrating the validations as-
pect of our CFD methodology for a generic missile body, with and
without lateral thrusters. Appendages such as wings or tail fins are
not included although we are modeling them in our current CFD
efforts.

Computational Methodology

PARCH,® which is a full Navier-Stokes code with plume/missile
airframe steady-flow predictive capability,is being used for our cur-
rent studies. PARCH code utilizes formulationsbased on the NASA
Ames ARC aerodynamiccode and the Arnold EngineeringDevelop-
ment Center propulsive extension, PARC. This code is particularly
suited for missile surfaces due to its grid patching capability, which
is useful for treating embedded surfaces in a flowfield. Patching
that is accomplished in mapped computational coordinatesis auto-
matically constructed from boundary inputs. Boundary conditions
are applied along the outer computational boundaries and relevant
embedded surfaces. The code utilizes diagonalized Beam-Warming
numerics with matrix-split finite rate chemistry. Several versions of
the K - E turbulencemodel are availablein the code that were specif-
ically developed for jet interaction and propulsive studies. We are
using capped low Reynolds formulation of Chien’s K-E model'?
for the current simulation. Further details of the code capability can
be found elsewhere 512

Typical boundary approaches for the current application (super-
sonic flows) are specified supersonic freestream conditions at inlet
and outer boundaries. Extrapolation procedures are employed at the
exit boundary. Surface conditions are appropriate to viscous flows
with an adiabatic wall condition. Jet surface boundary condition is
the specified supersonic nozzle exit condition.

We are currently using GRIDGEN'® for grid development, al-
though GENIE!'® was utilized during our initial effort for this appli-
cation. Figure 1 shows a typical grid for a generic missile body.

Validation Studies

Generic Missile Body

CFD validation plays a crucial role in establishing the level of
confidence with which a designer can utilize an analysis tool. Inher-
ent physical models, quality of descretized grid, simulation domain
size, and boundary conditions are some of the modeling issues that
need to be appropriately addressed to achieve accurate flow predic-
tions. These issues are addressed through detailed validations with
wind-tunnel data for a specific application. We have selected the
detailed surface pressure measurements conducted at NASA for a
circular-arc-cylindergeometry at various flow Mach numbers and
angles of attack.'” Detailed test conditions and geometry for this
case can be found in Ref. 17. For this case, the computational grid
was 101 x 51 x 81 for half-body with a minimum grid spacing of
y* = 5 near the wall. The test conditions selected for CFD vali-
dation were based on our current analysis requirements for various
ongoing programs. These conditions are as follows: case 1, angle

of attack « = 0 and flow Mach numbers M = 2.3, 2.96, and 4.63;
case 2, v = 8degand M = 2.3 and 4.63; case 3, « = 16 deg and
M = 2.96; and case 4, « = 20 deg and M = 2.96 and 4.63.

All computations were performed to achieve a reduction of the
maximum residual by at least three orders of magnitude. Conver-
gence of the computed results were checked by comparing results
for three and four orders of magnitude reduction in the maximum
residual. Comparison of the CFD simulations were made with the
surface pressure data at the azimuth angles ¢ of 0, 22.5,45.0, 67.5,
90,112.5,135,157.5,and 180 deg at several axial locations. Typical
testresults are shown in Figs. 2-9.

Figures?2 and 3 show surface pressurecomparisonsat a freestream
Mach number of 4.6 and an angle of attack of 8 deg. Overall, the
computational predictions are within the error bounds for the ex-
periment, as seen in Fig. 2, where various symbols indicate the
repeatability level. The experimental data show some asymmetry
at higher Mach numbers, as well as large measurement errors at
the cone/cylinder juncture. It is observed that comparison on the
windward side is excellent. Some discrepancies appear toward the
leeward side. These discrepanciescould be consistent with physical
expectations,i.e., leeward side flow separation would propagate the
effectof downstreamtunnel conditionson to the body surface. These
effects would not be present in free-flight conditions. Better agree-
ment on the leeward side could probably be obtained by utilizing the
tunnel downstream pressure as a boundary condition for the CFD
flow simulation although this has not been attempted. This trend
will be observed for all other comparisons described subsequently.
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Fig. 3 Comparison of surface pressures at 8-deg angle of attack,
M =4.6.

Figures 4 and 5 show comparison at a freestream Mach number
of 2.3 at 8-deg angle of attack. Overall behavior remains the same
except that, at higher Mach numbers, comparisons are decidedly
better. This better comparison is because at higher Mach numbers
the leeward side separated zone is thinner and the dominant exit
flow is supersonic. The supersonic domain, thus, blocks upstream
influence of the downstream tunnel conditions.

At an angle of attack of 20 deg, a large leeward separation zone
(low-pressure domain) is expected. Overall pressure comparisons,
as depicted in Figs. 6 and 7 for Mach number 2.96, are good. Fig-
ures 8 and 9 show similar comparisons at a Mach number of 4.6.
Notice from these figures that except at zero ¢ (leeward side sym-
metry line), comparisonsof experimentaldata with CFD predictions
are good.

Lateral Thruster

An understandingof the complex physicalinteractionsassociated
with the lateral control jet and external aerodynamics for a missile
can lead to an improvedairframe design. Validated CFD approaches
offer an attractive means to achieve this goal. With this objective,
we have simulated recent wind-tunnel tests with lateral thrusters
using CFD. Specifically, the test case consistsof a 2.5 tangentogive
nose geometry with an overall length to diameter ratio of 6.0 at an
angle of attack of 20 deg, a flight Mach number of 2.97, and lateral
control jet thrusters on the leeward and windward side with thrust
ratios of one and four. A circular hole of normalized jet diameter
(with missile diameter) 0.1292 located at a normalized distance of
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Fig. 4 Comparison of surface pressures at 8-deg angle of attack,
M=23.

7.312 from the missile nose is used for the jet thruster. The circular
area of the jet in the wind-tunnel test is approximated by a square
aperture in the CFD simulation. The exit conditions for the nozzle
is determined through an iterative solution of isentropic relations,
total jet plenum pressure, and jet thrust. The exit conditions are then
used as an input to the CFD simulation for jet boundary condition.
Computational grid for the missile half-body consistsof 211 x 41 x
51 axial, normal, and circumferential points, respectively. The axial
points were distributed to resolve the missile nose shape and the
jet area. The square jet area was resolved through 10 x 10 grid
points. Turbulent viscous computations were obtained by using a
grid point that was placed at y™, boundary-layercoordinate of five.
Successful comparisons have been made with the normal forces,
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Fig. 5 Comparison of surface pressures at 8-deg angle of attack, M = 2.3.
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Fig. 6 Comparison of surface pressures at 20-deg angle of attack, M = 2.96.

amplification factors, and pressure sensitive paint (PSP) data. Some
of these results are described as in the following.

Test Cases

Five test cases were identified for CFD simulation. For all cases,
the freestream Reynolds number was 8.2 x 10° based on the missile
radius. These test cases are described next.

Case 1

The flow Mach number is 2.97, angle of attack 20 deg, jet thrust
ratio (T'/q - S) 1.0, and leeward jet location ¢ 0 deg. The data avail-
able are force and moment coefficients, amplification factor, and
PSP data. T is the jet thrustin pounds, ¢ is the dynamic head, and
S is the cylinder cross-sectional area.

Case 2

The flow Mach number is 2.97, angle of attack 20 deg, jet thrust
ratio (T /q - S) 1.0, and windward jet location ¢ 180 deg. The data
available are force and moment coefficients, amplification factor,
and PSP data.

Case 3

The flow Mach number is 2.97, angle of attack 20 deg, jet thrust
ratio (T /q - §) 4.0, and leeward jet location ¢ 0 deg. The data avail-
able are force and moment coefficients, amplification factor, and
PSP data.

Case 4
The flow Mach number is 2.97, angle of attack 20 deg, jet thrust
ratio (T /q - §) 4.0, and windward jet location ¢ 180 deg. The data
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Fig. 8 Comparison of surface pressures at 20-deg angle of attack, M = 4.63.

available are force and moment coefficients, amplification factor, be removed from the airframe measured load. This procedure yields
and PSP data. an estimate of the load on the body alone, i.e., as though the body

were tested without tail panels. The resulting estimate was used for
Case 5 comparison with the CFD results. This technique introduces an un-

The flow Mach number is 2.97, angle of attack 20 deg; there is certainty that is difficult to quantify, especially since the tail-to-body
no jet case. The data available are force and moment coefficients, interference is difficult to estimate in the presence of the thruster.
amplification factor, and PSP data. Analysis of the CFD results indicate supersonic external flows for

these conditions, and thus this procedure will not introduce errors
Procedure on the missile body except near the tail.

Although the wind-tunnel tests were carried out with tail fins Available PSP data and amplification factors (derived from the
installed on the model, schedule constraints precluded their inclu- balancedata) were alsoincluded for comparisons. The objective was
sion in this CFD effort. However, since the tail panels were fully toassesstherelativeaccuracy of the CFD predictionsas comparedto
instrumented in the wind-tunnel tests, their measured loads and an the test data. No repeatruns were made to improve CFD predictions,
estimate of the tail-to-bodyinterferenceload (using conventionalin- and all comparisons were made after the reduction of maximum

terferenceestimate such as those utilized in aerodynamiccodes) can residual by three orders of magnitude. No attempt was made to
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study the impact of dissipative parameters or varying turbulence
models on the predicted results.

Comparisons

Comparisons of the measured and computed normal force and
amplification factors are shown in Table 1.

The overall comparisons between the CFD predictions and ex-
periment are reasonable, especially for parameter trend behavior.

Discussion

Figure 10 shows the symmetry plane pressure contour for case 5,
the baseline flow pattern without the lateral thruster. Compare this
with Fig. 11, windward jet thruster of case 4. One can observe the
structure in front of the jet thruster, a zone of high pressure ahead
of the jet followed by a massive blockage of the windward side of
the missile surface. Note that, in this orientation, the loss of positive
surface pressure behind the jet must be overbalanced by the gain in
positive pressure ahead of the jet to achieve an amplification of the
thrust, i.e., AF > 1. However, the positive high-pressure domain
ahead of the jet, even though intense in its peak, is confined to a
very small region resultingin AF < 1. This effect is more strongly
evidentif one observes the surface pressure differentialbetween the
jet-on and jet-off conditions for the entire missile surface, as shown
in Fig. 12, i.e., surface pressure differential between cases 4 and
5. Figure 12 represents the difference in surface pressure caused
solely by the thruster jet. For this case the integrated effect of this
differenceis not favorable, resultingin AF < 1. Pressure contours
for the thruster on the leeward side symmetry plane are shown in
Fig. 13. In this case, the thruster exhaustsinto a vortical flow region
resulting in a less affected plume. Because the local dynamic head
is low on the leeward side, the lateral jet creates a larger region of
increased pressure ahead of itself. This is clearly seen in Fig. 14,
where the surface pressure differentialbetween the jet off and jet on

Table 1 Comparison of amplification factors

Test CN? CN AF" AF
case test CFD test CFD
1 3.37 2.77 0.97 0.9
2 4.64 4.56 0.28 0.6
3 0.21 —0.19 0.96 1.07
4 7.33 7.27 0.76 0.9
5 4.36 3.73 N— N—

*Normal force coefficient = N/q - S, where N is the normal force.
® Amplification factor = 1 + interactive aeroforce/thrust.

10
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is shown for the leeward jet. This effect yields a somewhat marginal
gain in amplification factor for this orientation.

Application Studies

Effect of Jet Angle

A critical evaluation of the CFD results shows that, for a normal
jet, favorable pressures are created just ahead of the thruster jet,
whereas adverse pressures are created behind the jet. The net effect
of these two domains dictates the magnitude of the amplification
factors. Thus, a designer’s goal would be to maximize favorable
pressure domain and minimize adverse pressure domain to enhance
the amplification factors. One way to achieve this is with a forward
inclined thruster jet.

Leeward Jet

Figure 14 shows the surface pressure differential (Ap = pje, —
Pro-jet» Where pressureis normalized as p/y - po,) for a leeward jet
at an angle of attack of 20 deg, Mach number 2.97, and a thrust
ratio of four for a normal jet. It shows all basic flow structures and
wraparound of the jet. Figure 14 can now be compared to Fig. 15,
which is for a 30-deg forward inclined jet. Notice that the extent
of favorable pressure increases significantly for the 30-deg forward
inclinedjet. This increasein favorable pressureis a desirable effect,
sought for in our design goals. However, notice from Table 2 that
the integrated effect, when referenced to the total component of the
thrust, does not show a significant gain in the amplification factor.
This lack of significant gain in amplification factor is because of the
static thrust loss due to the cosine of the jet inclination angle.

Windward Jet
Amplification factors tend to reduce significantly for the wind-
ward jet due to jet induced wake aft of the jet on the missile body.

Table 2 CFD predicted amplification factors®
for several jet angles

Thrust ratio® = 1.0 Thrust ratio® = 4.0

Jet

angle  Windward Leeward  Windward  Leeward

@P jet jet jet jet
30 0.5 0.61 0.75
45 0.64 1.01 e e
90 0.60 0.9 0.9 1.07

135 0.37

*Amplification factor defined with total component of the thrust.
Forward jet is defined for ¢ < 90 deg.
“Thrust ratio defined with the total component of the thrust.
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Fig. 9 Comparison of surface pressures at 20-deg angle of attack, M = 4.63.
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off conditions.

This effect is seen in Fig. 12 for a windward jet at Mach number 2.97,
angle of attack of 20 deg, and thrust ratio of four. Figure 16 shows a
case of a forward 30-deg lateral jet on the windward side. Whereas
there are visible changes in the flow structure, the effect is not so
pronounced as was observed for the leeward jet case. However, no-
tice that the jet angle has a definite desirable effect when forward
jets are employed on the windward side as compared to the normal
jets. This apparent gain, however, does not reflect significantly in
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Fig. 13 Pressure contours on the symmetry plane for leeward jet:
M =297, o =20.0 deg, and T/q - s = 4.0.
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Fig. 15 Surface pressure differential for 30-deg forward leeward jet
and jet-off conditions.

the amplification factor that is referenced to the total thrust as shown
in Table 2. Again, the cosine of the jet inclination angle accounts
for this behavior.

Thrust Ratio

The gain of favorable pressures for the forward inclined jets on the
windward side is enhanced when the thrust ratio is increased. How-
ever, this gain in the favorable pressure is unable to overcome the
cosine effect, which increases significantly at higher thrust levels.
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Windward Jet Lacation

Fig. 16 Surface pressure differential for 30-deg windward forward jet
and jet-off conditions.

Table 2 shows that the amplification factor defined on the basis of
total thrust would decrease at higher thrust ratios as compared to a
normal jet case. The CFD computed amplification factors for all of
the cases described are shown in Table 2. This table shows that the
amplification factor defined on the basis of total thrust shows only a
marginal increase at the lower thrust levels and a decrease at higher
thrust levels. This behavior is primarily caused by the cosine effect
of the jet inclination angle.

Thruster Jet-External Aerodynamics Interaction Physics

Based on the CFD studies outlined, three important physical
mechanisms are identified that control the overall amplification fac-
tor for a missile.

Jet-Induced Wake

The jet acts as a blunt body to the incoming flow, causing a massive
wake, which works as an adverse effect for all cases of the control jet
location. Because of this effect additional forces are generated that
are undesirable. Jet-induced wake is a very dominant effect when
the control jet is on the windward side.

Lambda Effect

Lambda effect happens forward of the jet. Primarily, a lead shock
followed by other shocks and expansions ahead of the jet are formed
that tend to increase the surface pressures. These are favorable ef-
fects, and their extent is dependent on the flow conditions and jet
angle.

Wraparound Effect

The jet wraparound effect has been observed with a windward
jet. Essentially, the high momentum of the incoming flow creates a
skewed shape of the jet that tends to reach over to the leeward side,
increasing the leeward surface pressure. This is again an undesirable
effect. Figures 17-19 show these effects, where surface pressures are
plotted against axial position for various circumferential locations
on the missile surface. Notice from Fig. 17 that, without a jet, the
surface pressures asymptote to a certain value on the missile surface.
Compare this with Fig. 18, which has a leeward jet (located near
J = 1). Notice that the pressures forward of the jet (jet located at
X = 14.6) increase, which ultimately asymptotes to a lower value
on the leeward side. In contrast, the windward surface pressures for
this case are unchanged. On the other hand, a windward jet under
identical conditions is seen (in Fig. 19) to affect the leeward locations
significantly. Thus, the loss of high pressure on the windward side
due to the blockage and the increase of pressure on the leeward
side due to the wraparound effect act together to yield much larger
undesirable effects for this case than for the leeward jet.

Flight Vehicle Considerations

Although the primary conclusions derived based on wind-tunnel
data and the CFD studies for body alone with a single jet are likely
to remain same, the magnitudes may somewhat vary because of the
following effects: 1) multijets on the missile surface, 2) hot binary
gas mix for the lateral jet, and 3) effect of wings.
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Fig. 17 Axial pressure variation for several circumferential angles
without jet.
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Fig. 18 Axial surface pressure variation for several circumferential
angles with leeward jet.
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Fig. 19 Axial surface pressure variation for several circumferential
angles with windward jet.

These effects have not been fully investigated using our current
capabilities. However, preliminary trend studies do not show any sig-
nificant deviation from our major conclusions. Figures 20-22 show
multijet effects, temperature field, and streamlines for a generic
missile surface without wings. Note from Fig. 20 the four multijets
(this case was for four circumferential jets at zero angle of attack);
the jet interfaces tend to inhibit the wraparound effects of the jet,
thereby channeling the flow. Figures 21 and 22 are temperature and
streamline plots for the same case.
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Fig. 20 Missile surface pressure differential for jet-on and jet-off cases
for multiple jets: M = 2.5 and o = 0.0.
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Fig. 21 Temperature field in external flow with hot gas control jets:
M=25and o =0.0.
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Fig. 22 Streamlines showing interaction of control jet with external
aerodynamics: freestream Mach number M = 2.5 and « = 0.0 deg.

Summary and Conclusions

Extensive tests of the PARCH code with NASA wind-tunnel pres-
sure measurements show good predictive capability for a generic
missile body. Further extensive comparisons of the code with
Raytheon’s wind-tunnel measurements have been performed for a
missile at 20-deg angle of attack, flow Mach number of 2.97, and
lateral control jet with thrust ratios of 1.0 and 4.0. Normal force
coefficients and amplification factors obtained from wind-tunnel
measurements compare well with the CFD predictions.

Synthesis of the CFD generated results has been performed to
identify possible physical mechanisms that inhibit the potential gain
in amplification factors for leeward and windward located control
jets on a missile surface. Based on this, design studies have been
performed to demonstrate that forward inclined jets create favorable

pressure effects whose magnitude is dependent on the flight condi-
tions and jet characteristics. However, these effects do not recover
the loss of thrust vector (component that appears as drag) due to jet
inclination on the missile surface.

Preliminary qualitative computations for multijets, hot/binary
mixture thruster jet gas, and a full missile geometry including con-
trol surfaces suggest no inherent limitation of the PARCH code for
our near future missile applications.
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