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Abstract: Numerical simulation is carried out for jets arranged at 7 different positions for the same model and com-

pared with non-jet flows. The total and rudder force and moment amplification is calculated and analyzed by the

pressure distribution on the surface and rudders of the simplified missile. Numerical results show that interactions

take great effect on the configuration of the flow field around rudders and the pressure distribution on the missile

surface.
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0 Introduction

Rapider maneuverability and quicker re-
sponse time are usually the requirement of super-
sonic air-to-air missiles to hit the target accurate-
ly. Reaction control system (RCS) has several
advantages over traditional aerodynamic control
surface, especially when operating in low dynamic
pressure (low velocity or high altitude)!). For-
mer researches show that reaction control on air-
vehicles results in an interaction flow field be-
tween oncoming main stream and jet plume which
results in an external aerodynamic jet-interaction
force and moment™ . Both positive and negative
effect can be obtained when jet location and jet
flow characteristics are different.

A number of experimental and numerical
studies has been carried out for RCS. Dennis
computationally and experimentally performed a
sonic injection into a Mach 3. 0 free stream'®.
Aswin systematically studied the interference
effects of side jets with supersonic cross flow for a
transverse jet controlled missile, the effect of an-
gle of attack, ratios of free stream and jet pres-

sure are analyzed™'. Graham numerically investi-
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gated the interaction between a lateral jet and the
external flow for several axisymmetric bodies.
The mass flow and flight velocity have the most
significant effect on the force and moments™.

In a great deal of researches on RCS, the in-
teraction between jet and rudders is rarely consid-
ered and studied. In this work, the interaction
between transverse cold jet which contains 7 jet
nozzles on the simplified missile located in series
uniformly in front of or between X-shape rudders
ejected from the missile body and rudders in Mach
4.5 oncoming free stream and altitude 10 km is
numerically studied. The flow fields with differ-
ent jet locations are predicted and compared with
non-jet flow. Global and rudder force and mo-
ment amplification factors of the missile are cal-
culated and analyzed by the pressure distribution
on rudders beside jet nozzles and missile body

when 7 jets work respectively.

1 Geometry and Computational
Methodology

1.1 Geometry Description

To study the interaction between jet flow,
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free stream and rudders, the missile model is
simplified to a combination of a slender, a pair of
X-shape rudders and 7 jet nozzles, as shown in
Fig. 1. The nose part (length 3.5 D) is made up
of a Carman curve profile cross section, where D
is the diameter of the slender. 7 circular, sonic
transverse-jet nozzles of 20mm (0.1 D) in diame-
ter are located on the cylinder (length 15.75 D),
the 17 jet nozzle is located at 3. 55 D downstream
from the nose and the other jet nozzles are located
0. 25 D downstream from each previous one. The
root of leading edge of the trapezoid X-shape rud-

ders are located 4 D downstream from the nose.

(a) Geometry

19.25D

(b) Measurements

Fig.1 Geometry and measurements

Structured grid is generated and the missile
mesh on the surface is shown in Fig. 2. More
After
verifying independence of the mesh distribution,

71 X 240 X 208 is fine enough to be selected.

N

Head region S Jet nozzles region
3

grids are distributed around jet nozzles.

Fig. 2 Computational mesh
1.2 Computational Methodology

Three-dimensional reynolds-average Navier-

Stokes (RANS) equations based on finite volume
approach along with Spalart-Allmaras (S-A) tur-
bulence model on structured grid are solved.
Temporal discretization and spatial discretization
are carried out with the lower-upper symmetric
Gauss-Seidel (LU-SGS) method and second-order
Roe scheme respectively.

The magnitudes of the jet force and moment
and the jet-interaction force and moment can be
compared through jet-interaction amplification
factors Ky and Ky, as shown in Eq. (1) and (2).
An amplification factor greater than 1 means the
jet-interaction force and moment amplifies or in-
creases the total ones produced by the jet, where-
as an amplification factor less than 1 indicates
that the jet-interaction force and moment reduces

the total ones after interaction.

K =1 4 e Lot M
E;

Ku=1+ M (2)

F, = (IOjVJZ + P — P S (3)

Fi.on and Mj.,indicate the force and moment
when jets work. The subscript jetoff indicates the
force and moment when jets off. F; and M; are the
jet ejection force and moment. g is the density of
jet flow, V; is the ejection velocity, pg is the stat-
ic pressure of jet media, p.. is the free stream
static pressure and the S; means the outlet area of
every single jet.

K, and Ky, are the force and moment ampli-

fication caused by rudders as shown in Eq. (5)
and Eq. (6)

KFr: (5)

KMr: (6)

where F, and M, are the force and moment on
rudders. Non-dimensional pressure is shown in

Eq. (7

P
p=—"-—"" (7
- (as)
where ‘Z) is the dimensional free-stream density,
and thea.. is the dimensional free-stream speed of

sound.
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2 Results and Discussion

The computational conditions of free stream
are shown in Table 1 and the computational con-
ditions of jet flow are shown in Table 2. The free
stream conditions of both cases are the same.
Case 1 is the non-jet flow and Case 2 is the flow

with specific jet conditions.

Table 1 Free stream conditions

Case Ma“. p../MPa® T./K:®
1 4.5 0. 266 223.3
2 4.5 0. 266 223.3

Superscript “a” the Mach number of free

stream. Superscript “b”the static pressure of free

“
¢

stream. Superscript the static temperature of

free stream.

Table 2 Jet flow conditions

Case  Jet Ma p;/MPa® T,/K* R
1
2 1777 1.0 45. 316 267.9 90

3

Superscript “a” represent the Mach number

of jet flow. Superscript “b” the total pressure of

“ ”

jet flow. Superscript the Total temperature of
jet flow. Superscript “d” the static pressure ratio
of jet flow and free stream.,

The specific heat ratio A of both jet flow and
free stream is constant to 1. 4.

Global force and moment amplifications of jet
flows when jet works from 1% to 7% respectively

are shown in Table 3.

Table 3 Jet flow conditions

Parameter 17 27 37 47 = 67 77
Force 2.60 2.83 1.36 1.23 1.10 0.97 0.90
Moment 2.79 3.08 1.49 1.41 1.32 1.24 1.20

(92

For all cases simulated, the 27 jet meets the
maximum force and moment amplification factor.
The force and moment amplification decreases
when the location of the jet moves away from the
slender nose. Fig. 3 presents the non-dimensional
pressure distributions on rudders. The right half
indicates the jet side rudder, and the left half il-
lustrated the pressure distributions on the reverse
side. The figures of 2% jet have the largest area of

high pressure region on jet side of the rudder with

same contour range. On the jet side rudder sur-
face, from 3% to 7% jet, the area of high pressure
region decreases but bigger than the non-jet flow
and located closer to the root of trailing edge of
the rudder. Comparing with the reverse side rud-
der surface of jet flows, the pressure on jet side
are always greater than the reverse side which
provides positive lift that makes force and mo-
ment amplification factors greater than 1.

The total force, moment amplification fac-
tors, the rudder force and moment amplification
factors are shown in Fig. 4. The rudder force and
moment amplification factors are always greater
than total ones, which means the force and mo-
ment of the slender are mostly contributed by the
interaction between jet flow and rudders in the
oncoming free stream. When the location of the
jet nozzle moves downstream from 2% jet, the in-
teraction area on the rudders decreases which cau-
ses a decrease of rudder and total force amplifica-

tion factors.

Fig. 3 Pressure distribution on rudders
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Fig. 4 Force and moment amplification factors

Cutting the model by a-z plane into upper
half (y>>0) and lower half (y<C0) with jet noz-
zles. The pressure coefficient distributions on
sections normal to x axis are shown in Fig. 5 to
Fig. 7. The pressure coefficients on upper half are
always greater than those on lower half where

negative lift is produced that makes the total force
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Fig. 6 C, distribution on slender body at X=1.75 m
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Fig. 7 C, distribution on slender body at X=2.0 m

amplification factor of 6 and 77 jet less than 1.

3 Conclusions

In this work, one non-jet case and three jet
cases with different jet flow conditions of a slen-

der body in the oncoming free stream at Mach 4.5

is simulated. Comparing the jet cases with the

non-jet case, the interaction of jet flow and rud-
ders takes great effect on the force and moment of
the slender body. The pressure which is different
on the jet side and reverse side will results in
force and moment amplification. For the three jet
cases, the jet flow ejected from 27 jet nozzle has
the strongest interaction with the X-shape rudders
and reaches the greatest force and moment ampli-

fication factors.
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