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Sidejet Aerodynamic Interaction Effects of the Missile
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The side thruster is a highly responsive means for attitude control of missiles. The sidejet force is influenced by
the interaction of the sidejet with the external airflow. The sidejet aerodynamic interaction effects were analyzed
from following two viewpoints: 1) the pressure field in the vicinity of the sidejet and 2) the force acting on the
missile. Technical data of sidejet aerodynamicinteraction effects were obtained by means of flight tests of missiles
that were equipped with four impulse side thrusters that were small-size, rapidly burning solid-propellant rocket
motors. The data agree with computational fluid dynamics analyses and wind-tunnel tests.

Nomenclature
d; = nozzle exit diameter, m
F = force,N
I, = inertiamoment, kg - m?
1, = impulse of thruster,N - s
l = length between thruster and c.g., m
12 = length from thruster nozzle, m
M = moment, N-m
M = Mach number
m = mass of missile, kg
P = pressure, N/m?
q = angular velocity around yaw axis, deg/s
SSM = static stability margin, m
T = temperature, K
Vv = velocity, m/s
x,y,z = coordinatesin body axis, m
y = flight-path angle, deg
K = gas specific heat ratio
0 = density, kg/m®
Subscripts
j = et
max = maximum
u = uniform flow
0 = stagnation conditions
Superscript
* = nondimensionalized
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Introduction

NE method of missile attitude control in use is the sidejet,

which has rapid responses because it burns out in an instant
(severalmilliseconds). When the side thrusterequippedto the flying
missile burns in the air, the flowfield becomes complicated. There
are interactionsbetween the sidejetand the supersonicexternal flow.
Itis known that the side force level due to the thruster changes when
compared with the thruster in a vacuum. (A sketch of the flowfield
is shown in Fig. 1.)

When the sidejet is exhausted perpendicular to the body axis at
the forebody of the missile, the jet is bent downstream by the su-
personic external flow and interacts with the fuselage and tail fins.
A high-pressure area appears in front of the thruster nozzle, and
a low-pressure area appears behind the nozzle. Considering forces
and moments acting on the whole missile, those of aerodynamic in-
teractioneffects are produced by the influences of the high-pressure
and low-pressure areas, except that of the jet thrust.

From previous works, with regard to aerodynamic interaction
effects, the jet thrust varies with pressureratio.! But the magnitude
and extent of the interactioneffects are not sufficiently investigated.
It is shown that sidejet injection at the forebody of the rocket body
decreasesits thrustfrom 20 to 40%, includingthe tail fin interaction >

Also, the pressure distribution and the forces with the aerody-
namic interaction were measured in wind tunnels as the jet was in-
jected into the external flow steadily>~> Recently, computational
fluid dynamics (CFD) analyses have been possible due to the
progressof the numerical computation® CFD predictionswere com-
pared to wind-tunnel test results.”

Purpose of This Study

The purpose of this study is to conductquantitativeand qualitative
estimations of sidejet aerodynamic interaction effects of a missile.
This includes the following three effects: 1) complicated pressure
distribution near the sidejet nozzle, 2) sidejet interactions with the
missile body, and 3) sidejet interactions with the tail fins.

To achieve this, the sidejet aerodynamic interaction effects of the
forcesand moments were estimated quantitativelyfrom wind-tunnel
tests and CFD analyses. Actual effects were calculated from mea-
sured datain the flighttests, and the estimationmethod was validated
by comparison with the data. Because the missile in this study was
designed to have small tail fins and a long separation between the
thrustersand the tail fins, there were few sidejetinteractions with the
aftbody and tail fins with angles of attack less than approximately
5 deg. This design was validated in cold-gas wind-tunnel tests using
a whole missile body.

The estimation method is the combination of the wind-tunnel
tests and the CFD analyses.It was conducted paying attention to the
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Fig.1 Sketch of the flowfield.

unsteadiness of sidejet aerodynamic interaction effects that appear
near the thruster nozzle and produce pressure differences on the
missile surface. The outline of this method is shown later.

Forces and moments that are generated within several millisec-
onds of the thruster burn cannotbe measured by current wind-tunnel
testing techniques. It is difficult to estimate the sidejet aerodynamic
interaction effects from the results of hot-gas wind-tunnel tests that
correspond to the phenomena on the actual missile.

At first, to grasp sidejet aerodynamic interaction effects on the
whole missile body, we conducted cold-gas wind-tunnel tests in
which steady nitrogen gas was exhausted as the sidejet.

Next, wind-tunnel tests and CFD analyses were conducted using
only the forebody model near the thrusters because the pressure dis-
tributions on the surface close to the thrustersinduced aerodynamic
interaction effects. However, the surface pressure on the aftbody of
the missile does not vary when the thruster burns.

Two differenttypes of wind-tunneltests were conducted. One was
the cold-gastest, and the other was the hot-gas test. In these tests, an
impulsive solid propellantthat has a very rapid burnouttime (about
1.5 ms) was used to simulate the unsteady jet. In each test run, the
surface static pressuredistributionsnear the sidejet nozzle (hereafter
called external pressure) were measured to describe the sidejet aero-
dynamic interaction effects. In the cold-gas tests, six components
of the forces and moments were also measured to relate the external
pressuredistributionsto the interaction forces and moments. The re-
sults of the hot-gas tests were compared with those of the cold-gas
tests and the CFD analyses by using Navier-Stokes codes.

Finally, a similarity rule was derived by using the nondimensional
expressionof the external pressure distribution,and a new engineer-
ing estimation method was proposed for predicting the aerodynamic
interaction forces and moments before conducting flight tests.

Estimation Method of Sidejet Aerodynamic
Interaction Effects

Shown here are the methods and results of the cold-gastests using
the whole-missile-body model and those of the cold-gas tests, hot-
gas tests, and CFD analyses using forebody models near the thruster
nozzle. The estimation method of sidejet aerodynamic interaction
effects will be described at the end of the section.

Though sidejetaerodynamicinteractioneffects are unsteady phe-
nomena that occur within several milliseconds, they were consid-
ered to be quasi-steady phenomena in the cold-gas tests. Because
we assumed the interactioneffectsto be a temporal accumulation of
forces and moments in steady phenomena within a very short time,
the continuous jet was used.

Cold Gas Tests Using the Whole-Missile-Body Model
Testing Method

The outline of the wind-tunnel tests is shown in Fig. 2. Tests
were conducted in the transonic wind tunnel at Kawasaki Heavy
Industriesat M = 1.4 and the supersonicwind tunnel at the National
Aerospace Laboratory with Mach number 1.4-2.0.

In these tests, the normal force and pitching moment were mainly
measured while the jet was exhausted continuously from the nozzle
both with and without external supersonic flow. Thruster chamber
pressure was also measured. High-pressure nitrogen gas was sup-
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Fig.2 Outline of cold-gas wind-tunnel tests.

Fig.3 Schlieren photograph (vicinity of the sidejet): 1, oblique shock;
2, bow shock; 3, barrel shock; 4, expansion region; 5, jet path; 6, A
shock; and 7, recompression shock.

plied from high-pressure gas bottles and regulated to a fixed pres-
sure. Then it was led through the sting, the hollow balance, and
chamber and exhausted perpendicular to the model body axis. The
scale of the test model is 24%.

Results

The schlieren photograph (Fig. 3) shows the bow shock upstream
of the sidejetnozzle, the shock generatedby the recompressionof the
external flow downstream of the jet, the jet path, and so on. Judging
from the jet path, there were few interactioneffects between the jet
and tail fins of the missile.

At high angles of attack, there were sidejet interaction effects
with the aftbody and tail fins. But, in the flight tests, measured data
were with no or low angle of attack. Hereafter we pay attention to
the forebody of the missile and continue analyzing the effects that
appear near the thruster nozzle.

Cold-Gas Tests Using the Forebody Model
Testing Method

To analyze the aerodynamicinteraction effects, a series of wind-
tunnel tests was run in the high-speed wind tunnel (vacuum-suction
type). The pressure distribution and components of the forces and
moments were measured near the sidejet nozzle.

Measurements were carried out separately using different mod-
els designed for the pressure distribution and for the forces and
moments. A high-pressure gas supply unit prepared high-pressure
nitrogen gas. Set at a specified pressure level, the gas was fed to the
sidejet nozzle under steady-state conditions. For the model used to
measure the six components of the forces and moments, both the
nitrogen gas supply tube and the gas ejection nozzle were fixed to
a sting to prevent the tube and the nozzle from contacting the fore-
body. This configuration avoided the erroneous detection of thrust
generated by the jet via the balance mounted to the forebody of the
model. The testing parameters were Mach number (0.5, 1.4, 2.0,
3.0, and 4.0), angle of attack (ranging from —10 to +10 deg), gas
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supply pressure (from about 5 x 10° to about 6 x 10° N/m?), and jet
nozzle configurations.

Results

The static pressuredistributionsnear the thrusternozzle are shown
in Fig. 4. The greater the amount of sidejet gas exhausted, the larger
the volume of external flow gas that was blocked. Therefore, it was
found that the high-pressure area of the upstream shown in Fig. 1
became larger.
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Fig. 4 Static pressure distribution near the jet nozzle.
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Hot-Gas Wind-Tunnel Tests
Testing Method

The thrusters which were equipped in the missiles used in flight
tests burn out in an instant (about 1.5 ms a thruster). To simulate
this phenomenon, a propellant used in actual flight tests was em-
ployed in the wind-tunnel test as a sidejet gas supply source. The
operating parameters of the sidejet gas were set to be the same as
those in the flight tests to provide a similar thruster burning pres-
sure profile. The burnout time, the jet specific heat ratio, and maxi-
mum burning pressure were 1.5ms, 1.14,and about 1.5 x 108 N/m?,
respectively.

The external pressures near the sidejet nozzle were measured in
a hypersonic wind tunnel (intermittent blowdown type). In this test,
the uniform flow Mach number and the static pressure were set to
2.0and 1.0 x 10° N/m?, respectively.A jet nozzle configuration that
was similar to that used in the actual flight tests was selected. The
outline of these tests is shown in Fig. 5.

Results

Figures 6 and 7 show some of the results. Figure 6 shows that, in
responseto an abruptincrease followed by a decreasein the thruster
chamber pressure, the external pressure distribution in front of the
sidejet nozzle also increased and then decreased concurrently. It is
also found that there is a time lag between the time histories of
the thruster chamber pressure and those of the external pressure.
Figure 7 shows schlieren photographs taken by a high-speed video
camera (2000 frames/s). As in Fig. 3, abow shock appears at the up-
stream of the thruster nozzle, quantitatively indicating the existence
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Fig.5 Outline of hot-gas tests.
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of phenomena similar to that obtained in the cold-gas wind-tunnel
tests.

CFD Analyses

CFD analyses were conducted in the same conditions as those
of the cold-gas tests. Three-dimensional Navier-Stokes codes that
could simulate the shock-boundary-layer phenomena were used,
which significantly affects sidejet aerodynamic interaction effects.
We estimated inviscid terms with a second-order MUSCL upwind
TVD scheme and viscous ones with a central differencemethod and
Baldwin-Lomax turbulence model. The computational grids were
dense in the vicinity of the sidejet nozzle and on the model body
surface. The number of grid points was about 195,000.

The results confirm that CFD computational results validated
those of the cold-gas tests. Figures 8 and 9 show comparisons of
oil flows and pressure distributions near the thruster nozzle, re-
spectively. It was confirmed that CFD analyses simulated sidejet
aerodynamic interaction effects quantitatively and qualitatively.

Estimation of Sidejet Aerodynamic Interaction Effects
We proposed a method for predicting sidejet aerodynamic inter-
actioneffects. A similarity rule was appliedfor the prediction, which

Fig.7 Schlieren photographs of hot-gas tests.
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Fig.8 Comparison of cold-gas tests (oil flow) with CFD analyses.
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uses the nondimensional expression of the pressure field that was
based on the external pressure of the body surface near the thruster
nozzle.

Similarity Rule in the Pressure Field

Aerodynamic interaction phenomena near the sidejet nozzle are
complex. They depend significantly on the amount of interference
of the jet blast with the external uniform flow. Aerodynamic inter-
action forces and moments on the missile are closely related to the
maximum pressure Pp,,, between the bow shock and the sidejet. If
the interference height is assumed to be represented by the Mach
disk height 4 ;, then a similarity rule among the results of the hot-
gas and cold-gas wind-tunnel tests and the CFD analyses should be
established by introducing nondimensional pressure C;; and length
¢*. The nondimensional expression of pressure and that of length
are written as follows:

P-P,

C' = —— 1
r Pmax_Pu ()

4
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J

where the Mach disk height was derived from the quasianalytical
equations®
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Fig.10 Nondimensional pressure distributions of cold-gas and hot-gas
wind-tunnel tests and CFD analyses.

These equations are valid in steady conditions. But when we
used them in the cold-gas tests, we assumed unsteady phenomena
to be steady ones in a very short time. Because the flowfield in
unsteady conditions was similar to that in steady conditions, we
treated unsteady data in the hot-gas tests as steady ones.

By using these nondimensionalexpressions, data of steady cold-
gas tests, unsteady hot-gas tests, and steady CFD analyses were
plotted on the same figure. The similarity of phenomenawas verified
from Fig. 10.

Estimation Method

Aerodynamic forces and moments on the flying missile are deter-
mined by the integration of the body surface pressure distributions
over the body surfaces as follows:

F = //(P — P,)dS = (Puax — PR Icpr 4)
s
S
Tepr = / / Cpd )
S/hz/ g

Mz//(P—Pu)(E—l)dS
s
://(P—Pu)ZdS—l//(P—PM)dS
s

N

= (Pmax - Pu)hi'ICPM —F-l (6)
S

Iy = / / Cped= 0
S/hf !

where Icpr and Icpy were derived from CFD analyses of sidejet
aerodynamic interaction effects in the steady state and i ; was cal-
culated from Eq. (3).

From these analyses, the characteristics of sidejet aerodynamic
interaction effects were observed for unsteady phenomena near the
thruster nozzle and the production of aerodynamic interaction ef-
fects caused by the pressure distribution difference. It is especially
importantto notice that the hot-gas-testresults, which used the same
propellant equipped in the actual flight test missiles, show the un-
steadiness of the phenomena. The cold-gas tests and the CFD anal-
yses using a steady continuous jet are effective and valid for the
estimation.

Calculation from Flight Test Results
Outline of Missile
The missiles used in the flight tests were manufacturedto confirm
the thruster attitude controls and to measure sidejet aerodynamic
interaction effects in flight conditions.

Length 2,900mm
Diameter 127mm

Tail Fin —

Thruster
Rocket Motor

L)

Flight Measurement
Portion

Thruster Measurement Portion

Fig. 11 Photograph of the missile.
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Fig. 12 Measuring environment of flight test.

The missile consists of the head cover, the thruster measurement
portion, the flight measurement portion, the rocket motor, and the
tail fins. The sidejet of the missiles was achieved by small-size
solid propellant rocket motors whose impulse was about 5 N -s.
The burnout time is 1.5 ms. The thruster measurement portion has
four impulsive side thrusters and measures very rapid phenomena
near the thruster when the thruster is burning. The flight mea-
surement portion controls the timing when the thruster begins to
burn and measures flight data. The rocket motor thrust is about
19,000 N. The tail fins have some constant angle to the x body
axis so the missile rolls while flying and can control the attitudes
around pitch and yaw axes. A photograph of the missile is shown in
Fig. 11.

Test Method

The flight tests were implemented at the Niijima test center, Tech-
nical Research and Development Institute, Japan Defense Agency,
in October 1996. The missile was launched from the launching pad
on the ground at the launching angle of 25 deg. The burnout time of
the rocket motor was about 1.6 s, and the maximum velocity of the
missile was about M =2.3. After the rocket motor had burned out,
fourside thrustersburned accordingto the preprogrammedsequence
in the following two modes.

Mode 1: The side thrusters burn consecutivelyto the same direc-
tion based on the earth coordinates.

Mode 2: The side thrusters burn to preprogrammed directions
having long-enough time intervals based on the earth coordinates.

In mode 1, the data of the flight-path angle change were mainly
measured to obtain flight-path-angle controllability using side
thrusters. In mode 2, single-thrusterperformances were mainly ob-
tained to grasp dynamic responses and structural characteristics of
the missile. The telemeter transmitted the measured signals obtained
in flight. The position-measuringradar was used to obtain position
data of the missile. Also, characteristics of the missile launching
were measuredopticallyby high-speedcameras and videorecorders
on the ground and from a surveillancehelicopter. The measuring en-
vironment of the flight test is shown in Fig. 12.

During the flight tests, accelerations and angular velocities of
the missile body were measured. Impulsive accelerations, impul-
sive angular velocities, thruster burning pressures, external pres-
sures near the thruster nozzle, and other parameters were mea-
sured in the thruster measurement portion when the thruster was
burning.
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Data Reduction Methods

The flight-path angle and quantity of sidejet aerodynamic inter-
action effects on the forces and moments were calculated from mea-
sured data of accelerations, angular velocities, and thruster impulse
in the flight tests. These equations were derived from the transfer
functions of equations of motion of a body in which the Laplace
final value theorem was applied. They are expressed as follows:

Ay = | (1+2E) ¢ (142 _L L
v= F M )SSM | mv

Iy-1 AM
Ag = 1+ —
q T ( + i ) ®)

Yy

Flight Test Results

Flight tests of four missiles were successfully conducted. Nec-
essary data were obtained to estimate sidejet aerodynamic inter-
action effects of the forces and moments acting on the missile. A
photograph of the missile launched from the launching pad was
taken by a camera near the launching pad and is shown in Fig. 13.

Static pressures near the thruster nozzle, thruster burning pres-
sures, impulsive accelerations, and impulsive angular velocities
when the thruster was burning were obtained. These data showed
that very rapid phenomena occurred while the thruster was burning.
Examples are shown in Figs. 14-17.

Figure 14 shows that a high-pressure and a low-pressure area
appeared upstream and downstream of the thrusternozzle as shown
inFig. 1. Figure 15 shows delay time and burnouttime of the thruster
tobe about0.5 and 2 ms, respectively. When the thruster was burning
in the positive y direction, Fig. 16 shows the duration and direction
of impulsive accelerations to be almost the same as those when the
thruster is burning. Figure 17 shows the impulsive angular velocity
to the yaw direction. This corresponds to the rotational direction.
By inspecting Figs. 14, 16, and 17, we compared the forces and

Fig. 13 Photograph of the missile launched from launching pad.
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moments thatthe thrusteritself produced with those of the difference
of the external pressure distribution induced by interaction effects.
The amount of the former is bigger than that of the latter, but the
duration time of the phenomena is smaller. So, from 1.0 to 2.0 ms
after the combustion of the thruster burn, it was found that angular
velocity was measured to the opposite direction corresponding to
the opposite yaw direction of the impulsive acceleration.
Accelerations and angular velocities on the whole missile body
were obtained. The examples of accelerationsand angular velocities
are shownin Figs. 18 and 19, respectively. These data were obtained
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Table1 Aerodynamic interaction effects

Value AF/F, % AM/M, %

Estimated —12 —14

Flight Test —10 —10
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Fig. 19 Angular velocity.
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Fig. 20 Change of the flight-path angle. Because a cross wind was
blowing in the flight test, the flight-path angle changed constantly to a
negative direction.

in the missile body axes. Because the missile rolled while flying,
the accelerations of the thruster occurred in different directions in
the missile body axis. But it was confirmed that thrusters burned to
almost the same direction in the fixed-ground coordinates.

Next the flight-path angle and the velocity of the missile were
calculated from these data. The example of the flight-path angle
change in mode 1 when the thrusters burned is shown in Fig. 20.
After four thrusters finished burning to almost the same direction
within 0.3 s, the flight-path angle changed 0.27 deg and the attitude
control performed successfully. The velocities of the missile were
M =1.8 in mode 1 and between 1.7 and 2.1 in mode 2 when the
thruster burned at the flight tests.

Comparison Between Estimated and Measured Results

Estimation Method

Sidejet aerodynamic interaction effects were estimated from
Egs. (4) and (6) derived from the similarity rules in the pressure
field. Icpr and Icpy expressed in Egs. (5) and (7) were calculated
from the results of the CFD analyses, and others were estimated
from the wind-tunnel tests.

The estimated values of sidejet aerodynamic interaction effects
of the force AF /F and the moment AM /M from the similarity rules
in pressure field were about —12 and —14%, respectively.

Flight Test Results

Sidejet aerodynamic interaction effects of the force and moment
are both —10%, calculated from the acceleration, the angular veloc-
ity, the flight-path angle change, and so on in the flight tests using
Eqgs. (8). These results are summarized in Table 1.

Conclusions

Wind-tunnel tests, CFD analyses, and flight tests were con-
ducted to investigate aerodynamic interaction effects between the
sidejet and the external supersonic flow. The conclusions are as
follows:

1) The databases of sidejet aerodynamic interaction effects of
the missile were obtained from the cold-gas and the hot-gas tests.
Aerodynamic interaction effects were estimated from the pressure
distribution near the thruster nozzle, and the validity of the CFD
analyses was confirmed.

2) The results of wind-tunnel tests and CFD analyses were
summarized by using nondimensional expressions of pressure and
length, and a method to estimate sidejet aerodynamic interaction
effects from the similarity rule in the pressure field was proposed.
Next this method was applied to the flight tests.

3) Aerodynamic interaction effects from the flight test results
have good agreement with the estimation method mentioned. It is
confirmed that this approach is very effective to estimate sidejet
aerodynamicinteraction effects.

Consequently,robustdatabasesand estimation methods of sidejet
aerodynamic interaction effects, which would be helpful to design
a missile employing the use of sidejets, were obtained.
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