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Abstract 
Jet interaction effects on aerodynamic characteristics of aircraft in subson-
ic/transonic compressible crossflow are investigated numerically. The high re-
liable CFD method is established and compared with existing experimental 
results. The lateral jet interaction characteristics of lateral jet in subsonic/ 
transonic compressible crossflow on an ogive-cylinder configuration are si-
mulated numerically. Variation characteristics of normal force amplification 
factor, pitching moment and amplification factor are analyzed and compared 
with the results at supersonic condition. Research results and some useful 
conclusions can be provided for the design of RCS aircraft control system as 
basis and reference in subsonic/transonic compressible crossflow. 
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1. Introduction 

Direct force induced by Reverse Control System (RCS) lateral jet can supple-
ment the ability of control system as well as improve maneuvering and rapid re-
sponse ability. This technology has been utilized successfully in multiple air-
crafts, such as airship, space shuttle, interceptor et al. The requirements and fea-
ture of future air fights demand of the new generation air-to-air missile have the 
ability of rapid response and all-around attacking skills to attack high maneu-
vering targets, where RCS technology is effective to be used. 

The complex flowfield interaction of RCS lateral jet and outflow, containing 
complex wave and eddy structures, not only induces extra interaction force and 
moment but also influences total aerodynamics characteristics and helm effi-
ciency. The influence to aerodynamics characteristics is strongly affected by fac-
tors like flight environment, attitude et al. The changing process is highly nonli-

How to cite this paper: Chen, J., Liu, Y.F. 
and Bo, J.L. (2017) Numerical Simulation 
of Lateral Jet Interaction. Journal of Ap-
plied Mathematics and Physics, 5, 1686-1693. 
https://doi.org/10.4236/jamp.2017.59141 
 
Received: July 9, 2017 
Accepted: September 12, 2017 
Published: September 15, 2017 

http://www.scirp.org/journal/jamp
https://doi.org/10.4236/jamp.2017.59141
http://www.scirp.org
https://doi.org/10.4236/jamp.2017.59141


J. Chen et al. 
 

 

DOI: 10.4236/jamp.2017.59141 1687 Journal of Applied Mathematics and Physics 
 

near. It is important to accurately predict the jet interaction influence at differ-
ent conditions for the application of RCS. 

The velocity scope of air-to-air missile using RCS ranges from subsonic, tran-
sonic to supersonic conditions. In former research, the emphasis was superson-
ic/hypersonic condition [1]-[17] while few research [4] [12] has been carried out 
for subsonic/transonic condition (including simulation and experiments). The 
existing method and mechanism that we have achieved is far from the require-
ments in designing of aircrafts using RCS at subsonic/transonic condition. 

2. Numerical Simulation Method 
2.1. Discretization Method 

The three-dimensional compressible Reynolds Averaged Navier-Stokes equation 
is applied as governing equation. The discretization process is carried out with 
finite volume method. Convection terms are discretized with second-order Roe 
algorithms. Standard second-order accurate central differences are used for the 
viscous terms. Temporal discretization is utilized with LU-SGS implicit method. 
One-equation Spalart-Allmaras model is used as turbulent model. A local 
time-step procedure is utilized to accelerate convergence of the solution to 
steady state. 

2.2. Boundary Condition 

1) Inflow Boundary: Inflow is supersonic or hypersonic. The downstream 
flowfield does not affect the upper-stream flowfield. The static pressure, static 
temperature and Mach number of inflow is given at inlet boundary. 

2) Outflow Boundary: When outflow is supersonic, the downstream flowfield 
does not affect the upper-stream flowfield. All parameters can be numerically 
extrapolated. 

3) Wall Boundary: Wall uses adiabatic no-slip condition. 
4) Symmetry Boundary: In the symmetry plane, normal velocity is zero and all 

normal gradients of variable parameters are zero. 
5) Jet Boundary: The parameters are used at nozzle outlets. 
6) Farfield Boundary: Using no-reflect boundary. 

2.3. Method Verification 

The numerical simulation methods established has been verified and compared 
with a large number of jet interaction experimental results [9] [10] [11]. In this 
paper, numerical simulation and experiment of the lateral jet interaction flow-
field at after body of typical cone-pillar revolution body have been utilized. The 
model configuration and computational condition can be referred to relative 
papers [12]. Figure 1 shows the configuration of case. Figure 2 shows the com-
parison of numerical results and experiment results about pressure distributions 
(P/P∞) at symmetry line in front of the nozzle exit at M∞ = 0.69 and 0.91. In Fig-
ure 2, jet on means existing jet interaction, while jet off means no jet interaction, 
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from which we can easily conclude that the numerical results are consistent with 
the experimental results. The error between numerical results and experiments is 
less than 5 percent, which means the numerical simulation methods established 
are reliable and feasible. 

3. Numerical Model and Parameters 

The numerical model and coordinate system is shown as Figure 3. The configu-
ration is cone-pillar revolution body [4]. D is defined as the bottom diameter of 
the model while L is defined as the total length of the model (L/D = 10) is the 
circumference angle and the meridian line of φ = 0˚ is located at the symmetry 
plane of the model where the center of the nozzle is crossed. The supersonic 
nozzle is located at 4.25D and the diameter of the exit DJ = 0.1429 D. 

The rectangular coordinate system is used and the origin point is located at 
the head peak of the model. Since the flowfield is symmetric, half of the flowfield 
is simulated. Axial of x is along with the flow direction while axial of z is vertical 
to the symmetry plane. Air is used as medium both for freestream and jet flow. 
The simulation parameter is given followed with the flight condition and listed 
as Table 1. 
 

 
Figure 1. Configuration of case. 

 

   
(a)                                       (b) 

Figure 2. Pressure distribution about numerical results and experimental results at 
symmetry line in front of the nozzle exit (α = 9˚); (a) M∞ = 0.69; (b) M∞ = 0.91. 
 

 
Figure 3. Numerical model and coordinate system. 
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Table 1. Simulation parameter. 

Freestream Mach 

number 

Pressure distribution 

P/P∞ 

Attack angle 

α(˚) 

Jet flow Mach 

number 

0.6, 0.9, 1.1, 1.5, 2.0 2.1 −10, −5, 0, 5, 10 2.8 

4. Results and Discussion 

The numerical simulation of the subsonic, transonic and low supersonic jet in-
teraction flowfield from α = −10˚ ~ 10˚ and M∞ = 0.6 ~ 2.0 is completed using 
the numerical methods above. The calculation grid is established based on mul-
ti-block patched grid technique. Figure 4 shows the grid of the wall and symme-
try plane. The local grid of the nozzle exit is shown in the figure as well. Grid is 
compacted at the joint of cone-pillar and the nozzle. The total number of the 
grid is approximately 6,000,000. 

4.1. Interaction Flowfield 

The cloud pictures of pressure about wall surface and symmetry plane at M∞ = 
0.6, 0.9、1.1, 1.5, 2.0, H = 0 km，α = 0˚ when the jet is on are separately shown in 
Figure 5 and Figure 6. When M∞ = 0.6, the compress wave is appeared in front 
of the jet and the pressure is raised. When M∞ = 0.9, the compress wave is 
strengthened and the pressure is raised further on where some shock wave ap-
pears. When M∞ ≥ 1.1, the separate shock and bow shock which are located at 
upper stream of the nozzle as well as the strong expand region which is close to 
the downstream of the nozzle followed with the rising pressure region can be 
seen in the figure. The separate region is reduced and the strength of shock wave 
is increased along with the rising Mach number. 

4.2. Effect of Jet Interaction in Aerodynamics 

Both Normal force amplification factor and pitching moment amplification fac-
tor are used to describe the effect of RCS jet interaction about aerodynamics of 
the aircrafts. The definition is listed below. 

Mathematical formula of Normal force amplification factor Ky is 

jeton jetoff
y

jet

F F
K

F
−

=                        (1) 

Mathematical formula of pitching moment amplification factor KMz is 

, ,

,

z jeton z jetoff
Mz

z jet

M M
K

M
−

=                      (2) 

Figure 7 shows the changing rules of Ky which is induced by lateral jet inte-
raction from M∞ = 0.6 ~ 2.0, H = 0 km, α = −10˚ ~ 10˚. All Ky is less than 1.0 
which means a negative effect induced by jet interaction from the figure. Ky is 
decreased when the attack angle is increased. The range ability is increased along 
with the rising Mach number as well. Ky is increased at first and decreased af-
terwards along with the attack angle when Mach number is 2.0. 
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(a)                                       (b) 

Figure 4. Simulation grid. (a) Wall and symmetry plane grid; (b) Local grid around jet 
exit. 
 

 
(a)                                       (b) 

 
(c)                                       (d) 

 
(e) 

Figure 5. Wall and symmetry plane pressure cloud pictures (α = 0˚, H = 0 km). (a) M∞ = 
0.6, H = 0 km, α = 0˚; (b) M∞ = 0.9, H = 0 km, α = 0˚; (c) M∞ = 1.1, H = 0 km, α = 0˚; (d) 
M∞ = 1.5, H = 0 km, α = 0˚; (e) M∞ = 2.0, H = 0 km, α = 0˚. 
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Figure 8 shows the changing rules of KMz which is induced by lateral jet inte-
raction from M∞ = 0.6 ~ 2.0, H = 0 km, α = −10˚ b ~ 10˚. 
 

 
(a)                                       (b) 

 
(c)                                       (d) 

 
(e) 

Figure 6. Wall surface pressure cloud pictures(α = 0˚, H = 0 km). (a) M∞ = 0.6, H = 0 km, 
α = 0˚; (b) M∞ = 0.9, H = 0 km, α = 0˚; (c) M∞ = 1.1, H = 0 km, α = 0˚; (d) M∞ = 1.5, H = 
0 km, α = 0˚; (e) M∞ = 2.0, H = 0 km, α = 0˚. 
 

 
Figure 7. Normal force amplification factor. 

 

 
Figure 8. Pitching moment amplification factor. 
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5. Conclusions 

Jet interaction characteristics of cone-pillar revolution body at subsonic and 
transonic conditions are studied with numerical simulation in this paper. The 
results can be summarized as below. 

1) The numerical methods used in this paper can be accurately enough to si-
mulate the wave and eddy structure in lateral jet interaction flowfield. Main 
structures of the lateral jet interaction flowfield are shown at subsonic, transonic 
and low supersonic conditions including jet bow shock, separate shock, λ-shape 
shock and so on. 

2) All normal force amplification factor is less than 1.0 and complex changes 
with angle. The amplification factor is decreasing when attack angle is increasing 
at subsonic and transonic conditions while the amplification factor is increasing 
at first and decreasing afterwards when attack angle is increasing at supersonic 
condition. 

3) The effect of lateral jet interaction on aerodynamics at subsonic and tran-
sonic conditions changes sensitively according to the change of flight parame-
ters. Further study about more parameters should be carried out in the future. 
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