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Numerical Investigation of Supersonic Jet Interaction
for Axisymmetric Bodies

Mary Jane Graham*
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and
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U.S. Army Research Laboratory, Aberdeen Proving Ground, Maryland 21005-5066

A detailed numerical investigation of the interaction between a lateral jet and the external flow has been per-
formed for several axisymmetric bodies. Numerical predictions of the supersonic viscous flow has been obtained
using an existing Reynolds-averaged Navier-Stokes computational technique. The computational results have
been validated using surface pressure and global force and moment measurements from a previously published
experimental investigation. Surface-pressure measurements on the body are generally in good agreement with the
experimental measurements, particularly in the region downstream of the side jet. Force and moment predictions
also show excellent agreement with experimental measurements. The results show that the interaction of the jet
with the external flow produces a complex flowfield that may be difficult to characterize using simpler approaches.
The effects of nose shape, angle of attack, mass flow, and flight velocity have been investigated. For the geometries
and flight conditions considered here, flight velocity and jet mass flow appear to have the most significant effect
on the force and moments, whereas nose shape and small variations in angle of attack produced relatively small
effects. These conclusions are supported by the results obtained in the prior experimental investigation.

Nomenclature
A, = jet-exitarea
freestream speed of sound
jet-interaction moment coefficient
normal force coefficient
jet force coefficient
jet-interaction force coefficient
projectile diameter
flux vectors in transformed coordinates
total energy per unit volume
Jacobian
jet-interaction amplification factor
body length
freestream Mach number
jet mass-flow rate
pressure
Reynolds number, do poo D/ oo
viscous flux vector
reference area of projectile, zD*/4
time
velocity componentsin x, y, z directions
jet-exit velocity
freestream velocity
axial, horizontal, and vertical coordinates
angle of attack
ratio of specific heats
viscosity
transformed coordinates in Navier-Stokes equations
density
circumferential coordinate, measured from vertical
axis
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Subscript

00 denotes freestream conditions
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Introduction

HERE are many approachesfor affecting or controllingthe ma-

neuver of a flight vehicle. These include the use of deflecting
fins or canards as well as the use of lateral control jets. The lateral
jet control of a missile provides advantages over conventional con-
trol surfaces in that the external aerodynamics of the flight vehicle
are unaffected except during the controlled portion of the flight.
However, the flowfield that results from the interaction between a
gaseous jet and a supersonic external flow is complicated. The pur-
pose of the currentresearchis to develop a computational capability
to assess the performance of control jets and to obtain a quantitative
understanding of the flow phenomena produced by control jets.

The flowfield that results from the interaction of a side (lat-
eral) jet injection into a supersonic external flow, called the jet-
interactionflowfield, has been the subjectof several experimental ~
and numerical®~!° investigations. The typical jet-interaction flow-
field is complicatedbecause of the jet’s interruptionof the oncoming
external flow. The qualitativefeatures of the jet-interactionflowfield
include regions of shock/boundary-layerinteraction and flow sepa-
ration that have an effect on the large regions of the flowfield around
the body. Figure 1 shows a schematic diagram of the flow topology
caused by a lateral jet.

As is the case with jet-off supersonic flow, a body bow shock is
formed at the nose tip of the projectile. Further downstream from the
nose, the emissionof the jet createsablockingeffectto the oncoming
flow in the vicinity of the jet producing boundary-layer separation
and recirculationupstream of the jet. The upstream boundary-layer
separation contains two counter-rotatingrecirculationregions. The
first is located directly upstream of the jet and moves in a counter-
clockwise direction, as it is reinforced by the outflow from the jet.
The second is directly upstream of the first and moves in a clock-
wise direction as it interacts with the oncoming flow and the first
recirculationregion.

Figure 2 shows velocity particle traces showing the described re-
circulationregion. This separationregion upstream of the jet sets up
a wedge-shaped (or ramped) area, which has the effect of deflecting
the flow laterally around the body so that a region of high pressure
is felt under the projectile. The details of the upstream interaction
are important because it is along the upper part of this region that
the separation shock forms. Because the jet stream acts as an ob-
stacle to the external flow, another shock wave originates directly
upstream of the jet and above the separation region called the jet
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Fig. 1 Schematic of jet-interaction flowfield.

Fig. 2 Particle traces from computed flowfield.

bow shock. The jet bow shock moves outward from the body and
bends backward as the jet flow is deflected by the external flow. A
strong turbulent wake results from the jet flowfield interactions and
extends over a significant portion of the projectilebody. Eventually,
a recompression shock forms in the wake downstream of the jet.
The jet bow shock also moves laterally around the jet, the effects
of which are felt on the underbody of the projectile. Figure 3 is the
velocity contours for a sharp-nose projectile at Mach 3.3 and zero
degrees angle of attack (AOA). The regions of low velocity (and
high pressure) under the projectile show the visible effect of the jet
bow shock as it wraps around the body.

The presence of a lateral jet has a significant effect on the entire
flowfield. The complex pressure distribution induced by the jet in-
teraction can lead to an increase or a decrease in the control force.
The fact that the bow shock has a tendency to wrap around the body
and produce a high-pressureregion on the underside can reduce the
effectiveness of the lateral jet. The resulting disturbances caused by
the jet interaction alter the forces and moments compared to those
that the thrust of the jet alone would be expected to produce.

In the current study a numerical approach has been applied to
investigate the jet-interaction phenomena for axisymmetric bodies
with a single lateral jet in supersonic flight. An overset grid ap-
proach has been applied to more easily resolve the geometry and
flow physics associated with the jet-interaction problem. Most of
the previous numerical studies approximated the nozzle geometry
sothatit would conformto the computationalmesh. The oversetgrid
approacheliminates this approximation. The current study presents
both detailed pressure comparisons and global force and moment

Fig. 3 Velocity contours from computed flowfield.

comparisons as a means of validating the computational approach.
The numerical results are validated with both detailed pressure and
global force and moment measurements from an extensive study
by Brandeis and Gill:? and provide additional insight into their ex-
perimental results. Many of the previous numerical investigations
focusedon either pressure or global force and moment comparisons.
The current study provides both types of comparisons. The pressure
comparisons focus on the regions of the body most affected by the
jet-interaction phenomenon both upstream and downstream of the
jet. The pressureresults provide importantdetailsaboutthe flowfield
that are useful in interpreting the global force and moment compar-
isons. In general, the comparisons between the predicted pressure
and global force and moments are in good agreement.

Computational Technique
Governing Equations
The nonreacting compressible Newtonian viscous flow about
a flight vehicle is governed by the equations of mass, momen-
tum, and energy conservation: the Navier-Stokes equations. For
these computations the complete set of three-dimensional, time-
dependent, generalized-geometry, Reynolds-averaged, thin-layer,
Navier-Stokes equations for generalized coordinates &, 1, and §
are used and can be written as follows'?:
a_q+£+£+£=La_S (1)
ot 0& on ¢ Re o0&
E=E(x,y,z,t), n=n(x,y,z,t),and § ={(x, y, 2, t) are the lon-
gitudinal coordinate (direction along the body), the circumferential
coordinate (direction around the body), and the nearly normal co-
ordinate (outward direction from the body surface), respectively.
The inviscid flux vectors E, F, and G and the viscous term § are
functions of the dependent variable g7 =(p, pu, pv, pw, €). The
inviscid flux vectors and the source term are shown as follows.
Details of the thin-layer viscous term are available in the literature:

pU pV
pulU + & p puV +n.p
E=7 pvU +&p |, F=7 pvV +np
pwU + & p pwV +1n.p
(e + p)U (e + p)V
pW
puW + & p
G==|pW+¢p )
pwW + ¢ p
(e + p)W
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The contravariant velocity components (in the &, 1, and & di-
rections) that appear in the inviscid flux terms have the following
form:

U =ué +vE +wé, 3)
V =un, +vn, +wn, “)
W =ul +v{, +w(, ®))

The Cartesian velocity components (u, v, w) are retained as the
dependentvariables and are nondimensionalizedwith the respectto
ds (thefreestreamspeed of sound). The local pressureis determined
using an appropriate equation of state (i.e., the pressure is related to
the dependent variables by applying the ideal gas law):

p = —Dle=05p® +v> + w?)] (6)

Density p is referenced to p., and the total energy e to pw a2,

The form of the mass-averaged Navier-Stokes equationsrequires
a model for the turbulent eddy viscosity. There are numerous ap-
proaches for determining the turbulent viscosity. The turbulentcon-
tributions are supplied through the algebraic two-layer eddy viscos-
ity model developed by Baldwin and Lomax,!! which is patterned
after the model of Cebeci.'?

Numerical Technique

The time-dependent Navier-Stokes equations are solved using
an time-iterative solution technique to obtain the final steady-state
convergedsolution. The particulartime-marchingtechniqueapplied
here is the implicit, partially flux-split, upwind numerical scheme
developedby Ying et al.'* and Sahu and Steger'* and is based on the
flux-splittingapproachof Stegerand Warming.'® In its original form
the technique was referred to as the F3D technique. This scheme
uses central differencingin the normal and circumferentialdirection
n and &, respectively, and flux splitting in the streamwise direction
&. Rather than directly invert the implicit equation, a two-factor
implicit technique similar to that of Steger and Buning!® is used.
The resulting factored implicit equation is shown as follows:

[1 +iph&(A*)" +iyh&,C" = iyh(1/ Re) §,(1/ J)M"

—i,D;l]g" =RHS (7

[1 +iph8l (A7) +iyh8,B" —i,D,1,|Aq" =q* 8)
RHS = —iy At[S(E™)" + SL(E7)" + ,F" + 5,G"

—(1/Re) 88" = D.4"] )

where i = At. Here, dis typically a three-point, second-orderaccu-
rate central difference operator, is a m1dp01nt operator used with
the viscous terms, and the operators 5 and 52 are the forward
and backward, respectively, three-point dlfference operators. The
Jacobian matrices A, B, C, and M result from local lineariza-
tion of the fluxes about the previous time level'? [e.g., E"*! =
Er+ Angn+' — g") + O(A1?), where A =0F/034].

The two-factor implicit algorithm involves two sweeps through
the grid at each time step. The first sweep involves inverting the
block tridiagonal system of equations shown in Eq. (7) along con-
stant n grid lines to determine the intermediate solution variable
q*. During the second sweep, a second block tridiagonal system of
equations[Eq. (8)] is inverted along grid lines of constant{ to deter-
mine the dependentvariable A§". The two-factorimplicit algorithm
reduces the computational requirements of the approach compared
with the three-factor,central-difference,implicitalgorithm of Beam
and Warming.'”

The algorithm contains additional numerical smoothing terms
Dil,,, Dilg, and D, to suppress numerical oscillations associated
with the odd-even decoupling produced by the central differencing
in the 7 and ¢ directions.”

Chimera Composite Overset Structured Grids

To more easily model the geometry and resolve the flow physics
associated with the lateral jet problem, the chimera composite over-
set grid technique has been applied. The chimera technique is a
domain decomposition approach that allows the entire flowfield to
be meshed into a collection of independent grids, where each piece
is gridded separately and overset into a main grid. In current com-
putations the flight 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 flowfield 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 4 displays the computational mesh, showing the main grid
for the projectile body along with an overset grid to better capture
the physics of the jet interaction with the external flow. The overset
jet grid is seen here residing on top of the jet exit as a cylinder with
a radius larger than the jet hole 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-point
zonal. Figure 5 is a close-up of the grid near the jet hole, which is
covered by the nozzle grid and jet grid. It also shows the chimera
grid for the jet and the projectile body. A hole has been cut into the
projectile grid by the scheme. Because each componentgrid is gen-
erated independently,portionsof one grid may be found to lie within
the solid boundary contained in another grid. Such points lie out-
side the computational domain and are excluded from the solution
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Fig. 4 Computational mesh.

Fig. 5 Chimera gridding near jet nozzle.
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process. Any viable structured grid flow solver can be adapted to
work within the framework of the chimera scheme.

The thin-layer Navier-Stokes equations, shown in Eq. (7), have
been modified for the chimera scheme.!® The single and overset
grid versions of the algorithm are identical except for the variable
i, which accommodates the possibility of having arbitrary holes in
the grid. The array i, has the values of either O (for hole points) or 1
(for conventional field points-mesh point within the computational
domain updated by the flow solver or boundary conditions). Thus,
pointsinside a hole are not updated (i.e., Ag" =0), and the solution
values on intergrid boundary points are supplied via interpolation
from corresponding solutions in the overlap region of neighboring
grid systems.!’

Grid Refinement and Computational Time

The baselinecomputationalgrid used to generatethe publishedre-
sults consisted of approximately 1.1 million points; 153 X93 X70
for the projectile (background) grid in the longitudinal, circum-
ferential, and normal directions, respectively; 65 X21 X 50 for the
cylindrically shaped jet grid in the radial, circumferential, and nor-
mal directions, respectively; 25 X21 X 21 for the nozzle grid in
the radial, circumferential, and normal directions. The computa-
tional mesh employed a mirror plane of symmetry in the circum-
ferential direction. A grid refinement study was performed to as-
sess grid convergence for the baseline computational grid. Coarse
grid solutionswere obtainedusing 113 X 70 X 53,49 X 16 X 38,and
19 X 16 X 16 grids for the projectile, jet, and nozzle meshes. Fine
grid solutions were obtained using 193 X116 X 88, 81 X28 X 63,
and 31 X26 X26 grids for the projectile, jet, and nozzle meshes.
The dimensions given represent a 25% decrease or increase, re-
spectively, in each direction for fine and coarse grids, resulting in
approximately a halving and doubling of the total number of grid
points compared with the baseline grid.

The fine and coarse grid solutions were interpolated back onto the
baseline grid, and comparisons were made of the circumferential
pressure distribution at the axial stations where experimental data
were available. There is an average difference of less than 2.1%
between the fine and baseline grid solutions. The same interpolation
was made for the coarse and baseline grid. In the vicinity of the jet,
there is as much as an 11% difference between the two results.
Downstream of the jet, however, an average of less than 3% was
observed. Comparisons of the computed global jet-interactionforce
coefficients for the coarse and fine grids were within 5% of the
results obtained on the baseline grid.

A complete simulation on the baseline grid took approximately
250 CPU hours on an SGI Origin 2000. The solutions were run in
parallel using eight processors, and a parallel speed up of 5.4 was
obtained.

Results

Validation of the computational approach for the jet-interaction
problem was accomplished by comparing the predictions with data
from a previously published wind-tunnel investigation.! Supple-
mental experimental results for the validation were provided cour-
tesy of RAFAEL, Ministry of Defense Directorate of Defense Re-
search and Development.! The experiments were carried out at sev-
eral different wind-tunnel sites (Technion and Israel Aircraft In-
dustries supersonic tunnels) to span the flight regime from Mach
2 to 10. Although the experimental investigation was quite exten-
sive in scope, the current computational study focused on normal
jet injection from a single nozzle geometry at Mach 2 and 3.3. The
Reynoldsnumbersbased on diameterare 2.32 X 10° and4.13 X 105,
respectively.The static temperaturesare 155 and 84.2 deg K, respec-
tively. Four differentbodies geometries were examined in the study.
Surface-pressure and global force comparisons were made to vali-
date the computational approach.

Figure 6 shows four body geometries addressed in this study.
The reference diameter of each of the models was 50 mm. For all
four geometries the jet nozzle was located 0.5 calibers downstream
of the ogive-cylinder junction. A single 8-mm circular nozzle that
was designed to achieve sonic flow at the exit was examined here,
although additional geometries were considered in the experiment.

2-Caliber Blunted

— Ogive/Cylinder (BL2)

2-Caliber Sharp
| QOgive/Cylinder (S2)

4-Caliber Sharp
Ogive/Cylinder (S4)

- 6.3 > 4-Caliber Sharp Ogive
Cylinder with additional
2-Caliber afterbody

< 8.3 'i

Fig. 6 Schematic of body geometries.
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Fig. 7 Longitudinal pressure distribution: jet plane, M =3.33, in =
0.54 kg/s.

Each of the first three bodies had a 2.3-caliber cylindrical afterbody
with three differentnose shapes: a 2-caliber ogive with a spherically
blunted tip (bluntness ratio of 0.5), a sharp-tipped 2-caliber ogive,
and a sharp-tipped4-caliber ogive. Additional testing of the sharp-
tipped 4-caliber ogive configuration was performed with 1 caliber
of afterbody removed. Global force and moment wind-tunnel tests
were performed on these bodies. The fourth body geometry was
identical to the sharp-tipped 4-caliber ogive configuration, except
that it had an additional 2 calibers of cylindrical afterbody. This
model was used for surface-pressuremeasurements.

Aerodynamic Pressure Predictions

In the experimental study pressure data were taken for the
4-caliber sharp-tipped ogive shown at the bottom of Fig. 6, with
a total of about 100 pressure taps being used over the body. No
force or moment data were recorded during the pressure survey.
Computational results were obtained at Mach 3.33 and o =0 deg
at the wind-tunnel Reynolds number and static temperature. The
jet mass-flow rates of 0.54 and 0.36 kg/s were considered. The ex-
perimental and computational longitudinal pressure distributions
along the jet plane are shown in Figs.7 and 8 for the mass-flow
rates of 0.54 and 0.36 kg/s, respectively. Along the forward 3.5 cal-
ibers of the ogive, the pressure distribution is essentially identical
to the jet-off pressure distribution, which shows a decreasing trend
as the body slope decreases. The pressure increase at x/ D =3.7
is directly associated with the separation region caused by the jet
emission. As already stated, the jet causes an upstream, wedgelike
separationregion, which acts as a ramp to the flowfield. An oblique
shockis formed, accounting for the pressure increaseat x/D =3.7.
The pressure then decreases slightly over the recirculation region
and jumps up dramatically, as expected, in the presence of the jet
(x/ D = 4.3). Downstream of the jet is a sharp decrease in the pres-
sure. This feature is expected because a vacuum-like region forms
downstream of the jet. The pressure remains low at x/ D =4.8 and
increasesslightly throughx/ D = 6.8, where one sees amore marked
increase in the pressure because of the recompression shock. The
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Fig. 8 Longitudinal pressure distribution: jet plane, M =3.33, in =
0.36 kg/s.
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Fig. 9 Longitudinal pressure distribution: ¢=180 deg M = 3.33,
in=0.36 and 0.54 kg/s.

results are qualitatively the same for the mass-flow rate 0.36 kg/s.
The most significant difference in the pressure distributions occur
at the aft end of the body and are associated with the forward move-
ment of the recompression shock for the lower mass-flow rate. The
results obtained are in very good agreement with those obtained by
Brandeis and Gill.!

The strong interaction produced by the jet influences the circum-
ferential pressure distributionon the body. Figure 9 shows the longi-
tudinal pressure 180 deg from the jet plane for both mass-flow rates.
Note the marked increase in pressure at x/ D =4.7. The increase is
because the shock formation upstream of the jet moves laterally
around the body and wraps around to produce an interaction under-
neath the projectile. The pressure distributions for both mass-flow
rates are similar although the higher mass-flow rate appears to pro-
duceahigherpressureoverthe forwardpartof the interactionregion.
The combination of the low pressure aft of the jet along the jet plane
and the high pressure on the opposite side of the body results in a
force that opposes the thrust produced by the jet.

Figures 10-13 show the circumferential pressure distribution at
variousaxiallocations for ¢ ranging from 0 deg (jet plane) to 180deg
for Mach 3.33 and a mass-flow rate 0.54 kg/s. Figure 10 shows the
predicted and measured pressure distributions in front of the jet at
x/ D =3.7. As noted in Fig. 7, the computed pressure distribution
shows that the interactionregion occurs slightly farther downstream
than in the experiment. To obtain good agreement with experiment,
computed circumferential pressure data at x/ D =3.825 were ex-
tracted. This feature can be seen in Fig. 7, where the initial increase
in pressurein the computationalresults occurs slightly fartherdown
from the experiment. This slight disagreement may be a result of
turbulence modeling issues and is a subject of future investigation.
Within the interactionregion the pressureis higher at ¢ =0 deg and
decreases with circumferential angle until about ¢ =90 deg, where
the influence of the jet is no longer felt on this part of the body.

Figures 11-13 show the circumferential pressure distributions
downstream of the jet at the axial locationsx/D =5.3,5.9,and 6.7.
In general, the circumferential pressure distributions show lower
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T e Computation, x/D=3.825
A & Experiment, x/D=3.7
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T T T T 1
00 300 60.0 900 1200 150.0 180.0
¢$—Deg

Fig. 10 Circumferential pressure distribution: x/D=3.7, M =3.33,
m = 0.54 kg/s.
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Fig. 11 Circumferential pressure distribution: x/D=5.3, M =3.33,
m = 0.54 kg/s.
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Fig. 12 Circumferential pressure distribution: x/D=5.9, M =3.33,
m = 0.54 kg/s.
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Fig. 13 Circumferential pressure distribution: x/D=6.7, M =3.33,
m = 0.54 kg/s.
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pressures in the jet plane and higher pressures on the opposite side
of the body. The lower pressure seen in these graphsis caused by the
vacuumlike region that forms downstream of the jet. The predicted
pressure distributionsare in good agreement with the experimental
measurements. The predicted flowfield results indicate that the pres-
sure minimum in the circumferential pressure distributions down-
stream of the jet is associated with a crossflow vortex that exists
between the symmetry plane and the pressure minimum. The good
correlation between the experimentally determined location of the
pressure minimum and prediction appears to exist.

The circumferential pressure distributions for the mass-flow rate
of 0.36 kg/s are similar to the 0.54 kg/s mass-flow case. In front of
the jet, the computed pressure distributions indicated that the com-
puted recirculation region was located downstream of the location
indicated in the experiment. As shown in Figs. 14-16, good agree-
ment between computation and experiment was found downstream
of the jet. The pressuredistributionsshow only small differencesbe-

2.0
——  Computation, m=0.36 kg/s
N Experiment, m=0.36 kg/s
R Computation, Mm=0.54 kg/s*"
& 10
>
0.5+
0.0

T T T T T 1
0.0 300 600 900 1200 1500 180.0
¢-Deg

Fig. 14 Circumferential pressure distribution: x/D=5.3, M =3.33,
i = 0.36 and 0.54 kg/s.
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---------- Computation, m=0.54 kg/s
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00 300 600 900 1200 1500 1800

¢—Deg

Fig. 15 Circumferential pressure distribution: x/D=5.9, M =3.33,
i = 0.36 and 0.54 kg/s.
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Fig. 16 Circumferential pressure distribution: x/D=6.7, M =3.33,
m = 0.36 and 0.54 kg/s.
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Fig. 17 Comparison of longitudinalpressure distributionsfor the lam-
inar, inviscid, turbulent, and experiment cases: jet plane, AOA =0,
M =3.33.

tween the two mass-flow cases with the most significant differences
found on the side of the body opposite the jet.

The pressure predictionsreported have been performed using the
Baldwin/Lomax turbulence model, as described in an earlier sec-
tion. Computations were also performed for laminar and inviscid
cases. Figure 17 shows a comparison of the longitudinal pressure
distribution for the laminar, inviscid, and turbulent predictions with
the experimental results. In both the laminar and the inviscid cases,
the details of the separationregion and recompression shock region
are different in both the magnitude of the pressure and the axial
location of the regions. For both the laminar and inviscid predic-
tions the separationregion in front of the jet extends farther forward
and has a lower peak pressure than the turbulent predictions and
experimental measurements. The predicted recompression region
behind the jet is located farther downstream and has a higher peak
pressure than in the turbulent and experimental results. In addition,
the jet-interactionforce amplification factor obtained from the lam-
inar and inviscid cases underpredict the wind-tunnel measurement
by 10%, whereas turbulent prediction is within 3% of the measure-
ment. These results indicate the relative importance of the viscous
effects for the jet-interaction problem.

Aerodynamic Force Predictions

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 at
the jet exit, and the aerodynamic interaction force produced by the
jet with the external flowfield. In the current paper the aerodynamic
force on the external body is typically produced when the body is
atan AOA with the freestreamflow. The force producedat the jet exit
results from a combination of the momentum flux through the jet
nozzle and the integrated pressure at the jet exit. Given that the exit
conditions for the jet are fixed as a boundary condition for the com-
putations, this force component can be explicitly calculated prior
to the flowfield computation. The third force component accounts
for the force produced by the interaction of the jet with external
flowfield.

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

F = Fno—jcl - (F/ + ﬂl) (10)

The negative sign associated with 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 typically producesan upward force for pos-
itive AOA. A positive value of Fj indicates that the interactionforce
producesan effect that augments the jet force F;, whereas a negative
value of Fj indicates a reduction in the total force produced by the
jet. The jet-interaction force accounts for the complete interaction
produced by the jet with the external flowfield and can vary with
AOA and jet mass-flow rate.
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Typically, the force is expressed in nondimensional coefficient
form as shown in the following:

CN = F/%poo Voi Srcf (11)
Cy = CNno—jel - (CN, + CNji) (12)

If the jet nozzle is properly characterized, the jet force can be
calculated directly in the following:

_ [+ )y, — ps A,
! %poo aozo Mercf

Cy (13)

Such characterizationhas been performed in the wind-tunnel tests
and is a necessary prerequisite for determining the boundary con-
ditions for the jet as modeled in the computational fluid dynamics
(CFD) computations.

The relative magnitudes of the jet force and the jet-interaction
force can be compared through a jet-interactionamplification factor
K, as shown in Eq. (14):

K =(F; + F)/F; (14)

An amplification factor greater than 1 indicates that the jet-
interaction force amplifies or increases the total force produced by
the jet, whereas an amplification factor less than 1 indicates that the
jet-interaction force reduces the total force produced by the jet.
Figures 18 and 19illustratethe relationshipbetween the total force
coefficient and its three components as a function of distance down
the body. The total normal force shows an increaseover the front part
of the body caused by the lift produced by the AOA. Approximately
1 caliber in front of the jet, the total normal force begins to deviate
from the no-jet normal force as a result of the interaction of the
jet with the external flow. The total normal force shows a large
decrease near the jet caused by the downward force produced by
the jet. The total normal force increases gradually behind the jet
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Fig. 18 Total normal force distribution over the body: 4-caliber ogive,
M =3.3,a=4deg.
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Fig. 19 Components of normal force distribution over the body:
4-caliber ogive, M =3.3, o« =4 deg.

because of the AOA and jet-interactioneffects. Figure 19 shows the
three components of the total force coefficients. For this particular
case the jet-interaction force coefficient Cy; is about 3% of the jet
force coefficient Cy; and acts in the opposite direction, resulting in
an amplification factor of K =0.97.

The effect of mass flow on the jet-interaction force is shown in
Fig. 20. Over the forward 6.3 calibers of the body, a similar variation
in the jet-interactionforce is seen despite larger differencesin mass
flow (0.36 vs 0.54 kg/s). Over the rear two calibers of the body,
the effect of mass flow on the jet-interaction force is more evident
because of the effect of the recompression shock. As noted in the
discussion of the pressure results, the recompression shock moves
rearward as the mass-flow rate increases from 0.36 to 0.54 kg/s. The
rearward movement of the recompression shock produces a small
increase in the jet-interaction force. The jet force is more directly
affected by the mass-flow rates as shown in Eq. (13). The results
clearly show the complex dependence of the jet-interactionforce on
body length and mass-flow rate.

The jet-interaction force coefficient shows a strong dependence
on Mach number for similar (dimensional) mass-flow rates between
Mach 2 and 3.3, as shownin Fig. 21. At Mach 3.3 the jet-interaction
forceis only 3% of the jet force, whereasatMach 2 the jet-interaction
force is 20% of the jet force. In both cases the jet-interaction force
opposes the jet force, resulting in a deamplification (K =0.97 and
0.80 at Mach 3.3 and 2, respectively). As shown in Fig. 22, the
longitudinal pressure distributions, particularly behind the jet, show
very similar variations despite the differencesin Mach number. All
of the bodies in question have deamplification in the presence of the
jet, except S4-1. Behind the jet there is a large low-pressureregion,
which extends down the body. This low-pressureregionis primarily
responsible for the deamplification. By shortening the body by one
caliber (S4-1), there will be less deamplification because the length
of the body over which this low-pressure region act is reduced.

These results cannot be directly extrapolated to free-flight con-
ditions because there has been no scaling of the jet characteristics
relative to the freestream conditions. The results do show, however,
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Fig. 20 Effect of mass flow on jet-interaction force: M =3.33,4-caliber
sharp ogive.
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Fig. 21 Effect of Mach number on jet-interaction force: 4-caliber
sharp ogive.
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Fig. 22 Effect of Mach number on longitudinal pressure distribution:
¢ =0 and 180 deg.

0.2 4

0.1

0.0+

CN Jl CFD

—oid — 4—CAL SHARP
R 2-CAL SHARP
—— 2-CAL BLUNT

-0.2 1

-03 —

T T T T T
-50 -40 -30 -20 —-10 00 10 20
(X X ie* ) / D

Fig. 23 Effect of nose shape on jet-interaction force: M =2.0.

0.2

0.1+

CNy

0.0

-0.1 T T T T T || 1
00 10 20 30 40 50 60 70

x/D

Fig. 24 Effect of AOA on jet-interaction force: M =3.3,4-caliber sharp
ogive.

that the jet-interaction effects can be significant, and these effects
can be accurately predicted by the computational method.

The effect of nose shape on the jet-interactionforce and moment
have also been considered in the wind-tunnel and computational
investigations.Figure 23 shows the jet-interactionforce for the three
different nose shapes considered in the study. The 2-caliber blunt
and sharp noses have nearly the same force variation over the body.
The 4-calibersharp ogive shows a slight variation from the 2-caliber
ogivenoses. The variationis likely caused by small differencesin the
body slopein the forward portion of the recirculationregion in front
of the jet. The body slope of the 4-caliber ogive is smaller allowing
the recirculationregion to extend farther forward than the 2-caliber
ogive cases. Similar results were obtained for the jet-interaction
moment.

The effect of AOA on the jet-interactionforce is shown in Fig. 24
for the L/ D =6.3 4-caliber ogive at Mach 3.3. Results were ob-
tained for AOA of —4, 0, and 4 deg. All three AOA show nearly
the same total jet-interaction force, although when the jet exit is
on the lee side of the body (a =4 deg) the jet-interaction force

Tablel Comparison of predicted and measured jet-interaction forces

Body Test Mach a, Cry
type no. no. deg Cy; CFD W.T.
S4 23,645 33 0 1.070 —0.029 —-0.07
S4 23,645 33 4 1.070 —0.028 —-0.05
S4 23,645 33 -4 1.070 —0.021 —0.08
S4 23,662 33 0 1.045 —0.029 —0.045
S4-1 23,663 33 0 1.027 0.072 0.103
S4 23,644 2.0 0 1.188 —0.240 —0.158
S2 23,641 2.0 0 1.134 -0.223 —0.189
BL2 23,642 2.0 0 1.161 -0.227 —0.201
Table2 Comparison of predicted and
measured jet force amplification factor
Body Test Mach ;
type no. no. CFD W.T.
S4 23,645 33 0.97 0.935
S4 23,662 33 0.97 0.96
S4-1 23,663 33 1.07 1.10
S4 23,644 2.0 0.80 0.87
S2 23,641 2.0 0.80 0.83
BL2 23,642 2.0 0.80 0.83
Table3 Comparison of predicted and
measured jet-interaction moment
Body Test Mach Coms
type no. no. CFD W.T.
S4 23,645 33 —0.202 -0.21
S4 23,662 33 —0.201 -0.20
S4-1 23,663 33 —0.069 —-0.09
S4 23,644 2.0 —0.481 —0.46
S2 23,641 2.0 —0.469 —0.46
BL2 23,642 2.0 —0.468 —0.44

appears to show slightly more variation in the vicinity of the jet.
Larger variations in the jet-interaction force with AOA were noted
for the L/ D =8.3, 4-caliberogive. These variations were produced
by the rearward movement of the recompression shock for positive
AOA and forward movement of recompression shock at negative
AOA. The effect of the recompression shock on the jet-interaction
force over the rear two caliber of the L/ D =8.3, 4-caliber ogive
at o =0 deg was shown in Fig. 20. The effect of the recompres-
sion shock was not evident for the shorter L/ D =6.3 body. Similar
variations in the location of the recompression shock were noted
in the wind-tunnel pressure tests, although no force and moment
measurements were obtained for the longer body.

Comparison with Wind-Tunnel Global Measurements

Tables 1-3 show the comparisons of the forces, amplification
factors, and moments with wind-tunnel measurements. The four
bodies are represented in the tables: the L/ D =6.3 body with a 4-
caliber sharp-nose ogive (S4), the L/ D =5.3 body with a 4-caliber
sharp-noseogive (S4-1), the L/ D = 4.3 body with a 2-calibersharp-
nose ogive (S2), and the L/ D =3.94 body with a 4-caliber blunt-
nose ogive (BL2). The comparisons show that the CFD predictions
appear to slightly underpredictthe jet-interactionforce at Mach 3.3
and slightly overpredictthe jet-interactionforce at Mach 2, with the
force amplification factor generally predicted to within about 3%.
The computed and measured moments were referencedto the center
of the jetexit, eliminating the jet thrustas contributorto the moment.
Thus, the moment is caused purely by the jet-interactioneffect. The
predicted moments are believed to be within the experimental error.

Conclusions
A computational approach has been validated with experimental
data for axisymmetric bodies with lateral jet in supersonic flight at
low AOA. The surface-pressurecomparisons generally are in good
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agreementwith previouslypublishedexperimentalresults. The pres-
ence of the jet produces a complex flowfield, which is characterized
by a high-pressure region upstream of the jet and a low-pressure
region downstream.

The total force acting on the projectile caused by the jet consists
of two components: the pressure and momentum flux at the nozzle,
and the interaction of the jet with the external flowfield. The focus of
the current study is on the jet interaction with the external flowfield
and assumes that the nozzle flow and resulting force and moment as-
sociated with the nozzlehave been fully characterized. For the cases
examined here, the jet-interaction portion is smaller than the force
produced by the jet, but still is a significant factor in the total force.
Comparisonbetween the predictedjet-interactionforce and moment
and wind-tunnel measurements are typically within the experimen-
tal accuracy. Both the computations and experimentshow that Mach
number, body length, and mass flow appear to have the most sig-
nificant effect on the jet-interaction force. For the bodies examined
here, nose shape and small variation in AOA appeared to have little
effect on jet-interactionforce and moment, although the predictions
indicate that AOA effects may be more important in longer bodies.

The predicted results show some discrepancy with the experi-
mental measurements in the vicinity of the recirculation region in
front of the jet and at the end of the body near the recompression
shock although effect on the global forces and moments appears
to be small. Potentially, these shortcomings can be addressed with
more accurate turbulence modeling. Despite these shortcomings,
the computational approach does appear to adequately capture the
main features of the complex flow and is expected to yield accurate
global force and moment predictions.
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