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ABSTRACT

The missile control using lateral jets has advantages over conventional controls in
response and maneuverability. On the other hand, the interaction between the jet and
the supersonic freestream makes the flow structure complex. Consequently, the
precise analysis of the jet interaction is very important for prediction of the missile
performance. In this paper, we numerically analyze the jet interaction of the generic
missile consisting of cone-cylinder-flare at Mach 3. An in-house RANS solver is used in
this study. Spalart-Allmaras model is chosen as the turbulence model. Also, Sanders’s
H-correction is applied to resolve the instability near a strong shock. Numerical results
successfully capture the jet interaction phenomena including a barrel shock, a Mach
disk and a bow shock.

1. INTRODUCTION

Fig. 1 Concept of missile control using lateral jet
Conventional missile control system using fins has operational limit when dynamic
pressure is low, for instance at low speed or high altitude condition. Divert and Attitude
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Control System (DACS) using a lateral jet is suggested as an alternative control system.
As shown Fig. 1, the lateral jet can control not only the direction but also the trajectory
of missile (Lee 1988). Using the jet thrust, DACS can control at low dynamics pressure,
and has advantages over the conventional control system in response and
maneuverability.
The jet interaction between jet and free stream, however, makes complex flow
structure. This phenomenon affects aerodynamics characteristic of missile, and makes
nose down effect. If the lateral jet is hot gas, the jet should be handled as multi-species
or in chemical non-equilibrium. And, in case of high altitude condition, rare atmosphere
effect should be added. All of these make it difficult to numerically analyze the flow
associated with the lateral jet. In this study, we focus on the jet interaction.

Fig. 2 Flow structure due to jet interaction
In the supersonic speed, the jet interaction makes very complex flow structure due to
interactions of shock wave, boundary layer flow and vortex wake. Figure 2 presents jet
interaction phenomenon in supersonic flow (1994, Champigny). Under-expanded lateral
jet makes barrel shock which acts as obstacle to the supersonic free stream. This
barrel shock induces a bow shock and a λ-shock. Furthermore, horseshoe vortices
influence the aerodynamic performances of the missile. Especially, the separation
region in front of the jet exit increases the surface pressure. Moreover, the recirculation
zone at the rear of the jet exit deduces the surface pressure. As a result, these
separated flow causes nose down moment on the missile. Consequently, the precise
analysis of the jet interaction is very crucial in prediction of the missile performance.
Wallis(2001) conducted a supersonic wind tunnel test to observe the jet interaction
flow on a flat plate. Wallis took schlieren photographs and studied the characteristics of
jet interaction phenomenon. Viti(2009) carried out a numerical analysis under the same
condition as Wallis’s wind tunnel test. In his study, Viti was able to capture the detailed
physical phenomena of the jet interaction. Stahl(2009) conducted an experiment on the
jet interaction using both cold and hot lateral jets for a generic missile model.
Gnemmi(2013) conducted a CFD analysis of the generic missile model under the same
condition as Stahl’s test. Stahl(2009) and Gnemmi(2013) compared his results of hot
gas and cold air jet interaction with Stahl’s results.
In this paper, we numerically analyzed jet interaction at the supersonic speed. The

flow condition and the missile geometry are the same as Stahl(2009)’s wind tunnel test.
We first investigated the flow structure due to the jet interaction from DACS. Second,
we varied the pressure and temperature of the jet and compare these results. Finally,
we observed effect of the vortex core on the flow around the lateral jet.

2. Analysis Conditions

Fig. 3 Geometry of generic missile

Fig. 4 Model in the test section

2.1 Geometry & Flow conditions
Figure 3 presents the geometry of a generic missile consisting of cone-cylinder-flare.
The experiment was conducted at VMK supersonic wind tunnel in Cologne. The
diameter of the cylinder and the lateral jet nozzle are 90mm and 4mm, respectively.
The jet nozzle is located at φ=180°, x/D=4.3 from the missile nose. Figure 4 shows the
wind tunnel with the generic missile model. A Mach rhombus occurs at wind tunnel
nozzle due to the truncated nozzle exit. Table 1 shows the detailed flow conditions. The
free stream Mach number and the lateral jet Mach number are set to M∞ = 3.0, and Mjet
= 1.0, respectively. The Reynolds number, ReD is based on the cylinder diameter. T∞
and Tjet are the temperature of the free stream and the jet exit, respectively. PK is the
stagnation pressure of the jet; P∞ is the static pressure of external flow. We analyzed 3
different jet conditions to understand the effects of the jet pressure ratio and the
temperature on the flow structure. In the wind tunnel test, case 3 was conducted with a
hot non-equilibrium gas jet of multi-species. For the present study, however, the jet is
assumed to be a single-species inert gas.
Table 1 Flow conditions

Case 1

M∞
3.0

Mjet
1.0

T∞ (K)
105

Tjet (K)
244

P∞ (bar) PK (bar)
0.545
120

PK/P∞
220

ReD
14.0×106

Case 2
Case 3

105
105

244
2058

0.923
0.545

120
120

130
220

25.0×106
14.0×106

2.2 Grid System

(a) Surface grid system
Fig. 5 Total grid system

(b) Topology of grid system

(a) Topology of symmetric surface
(b) View of nozzle throat
Fig. 6 Grid system at the symmetric surface
Figure 5 presents the total grid system over the generic missile. The grid system has
64 blocks and about 12.1 million cells. Since the free stream is supersonic speed, the
inflow far-field is located close to the nose, and the exit far-field is located at the base
area of the missile. Having sharp nose, there is a singular line emanating from the nose
to the far-field. Figure 6(a) shows the symmetric surface near the lateral jet nozzle. Grid
topology and grid density are adjusted in consideration of the jet interaction structure.
The grid system includes the nozzle throat part to include the boundary layer effects of
the jet nozzle. Figure 6(b) is an enlarged view of the jet nozzle grid. At the jet inflow
boundary, the total pressure and the total temperature are specified, and the inflow

velocity is computed. The first cell spacing from surface is located such that y+<1 for
resolution of turbulent flows.
2.3 Numerical scheme
In this study, an in-house solver MSAPv(Lee 2006) is used. The solver is based on
the three dimensional Reynolds Averaged Navier-Stokes (RANS) equations which are
governing equations of the compressible turbulent flow. The governing equations are
discretized with a Finite Volume Method (FVM) in structured grid system. The inviscid
flux is computed with Roe's Approximate Riemann Solver (Roe 1981). MUSCL
extrapolation(Van Leer 1974) is used to obtain the second order accuracy, and Van
Albada's limiter is selected to maintain Total Variation Diminishing (TVD) property even
if the shock exist. Approximate Factorization-Alternate Direction Implicit (AF-ADI) is
used to increase the time efficiency of the solver(Beam and Warming 1982). The
Spalart-Allmaras model(Spalart 1992) is chosen as a turbulent model. Hcorrection(Sanders 1998) is used to resolve a numerical instability due to strong shock
waves.

3. Results
3.1 Validation

Fig. 7 Mach contour and Cp contour

(a) Mach contour by CFD
(b) Schlieren visualization
Fig. 8 Shock structure on the symmetric surface

(b) x/D = 4.3
(a) φ =180°
Fig. 9 Differential pressure coefficient distribution
Figure 7 shows the analysis results of the jet interaction. While Mach contour is
shown at the symmetric surface, pressure coefficient contour is presented at the missile
surface. The feature due to the jet interaction such as the shock structure and horseshoe on the surface are presented clearly.
Figure 8(a) shows an enlarged view of the flows near the jet exit. A barrel shock and
Mach disk are clearly shown. Especially, the Mach disk is captured without numerical
instability even though the Mach disk is a strong normal shock. Furthermore, CFD
predicts well the interaction of shock and boundary such as the separation shock. The
Schlieren photograph of the wind tunnel test is shown at Fig 8(b). The shock size and
the position captured with CFD are similar to the experimental results. The Mach
rhombus shown in Fig. 8(b) is induced by the wind tunnel nozzle exit as shown Fig. 4
that is not modeled in the CFD simulations.
Figures 9(a), (b) show differential pressure coefficient distributions along the
longitudinal axis(φ =180°), and the circumferential direction(x/D=4.3). The differential
pressure coefficient is defined by the difference between with/without lateral jet. CFD
results show good agreement with the experimental results. In Fig. 9(a), the location of
the flow separation and the pressure increase in front of the jet exit is captured well.
The low pressure region behind the jet exit also be predicted well. In Fig. 9(b), the peak
pressure and the separation region are captured similarly as observed in the

experiment. Thus it is confirmed that the CFD has sufficient fidelity to analyze the jet
interaction flow.
3.2 Comparison jet conditions
3.3

(a) Case 1

(b) Case 2
Fig. 10 Mach contours as jet condition

(c) Case 3

(b) x/D = 4.3
(a) φ =180°
Fig. 11 Differential pressure coefficient distributions as jet condition

Figure 10 shows Mach contours at each lateral jet conditions. As indicated in Table 1,
the jet pressure ratio of case 2 is the lowest, and the temperature of case 3 is the
highest. It is found from the Fig. 10 that the flow structures of case 1 and 3 are similar,
and that the size of the barrel shock of case 2 is the smallest. Thus, it is obvious that
the structure of the jet interaction depends on the jet pressure ratio and the jet
temperature has little effect on the flow structure.
In order to quantitatively compare the results, the differential pressure coefficient
distributions are presented in Fig. 11. The computational results for cases 1 and 2 show
similar trend at the experiments. CFD presents well the pressure variation around the
jet exit and the separation region. For case 3, however, CFD predicts the separation
further downstream than the experiment. This discrepancy is believed to stem from the
absence of multi-species effect in CFD analysis.
All the test cases are analyzed with the same grid system which is optimized for case
1. For case 1 and 3, therefore, the Mach disks are clearly resolved as can be seen in
Fig. 10. For case 2, however, the Mach disk is somewhat less clearly captured due to
the lack of grid density near the Mach disk. The result of case 2 in Fig. 11 implies that
though it is required to have sufficient grid resolution near the Mach disk, the resolved
quality of the Mach disk has no direct effect on predicting the pressure distribution.
3.3 Vortex cores

Fig. 12 Vortex core structure

(a) Outer separation vortex

(b) Surface vortex

(c) Inner separation vortex

(d) Mach disk vortex

Fig. 13 Vortex flow around the vortex cores

Fig. 14 Velocity vector at cross section at x/D=5.3
Figure 12 presents the barrel shock and the vortex cores. The barrel shock is
expressed by iso-surfaces of Mach number 4.1 and the vorticity is calculated using by
the λ2 method(Jeong 1995). The 5 main vortex cores around the barrel shock are
denoted with dotted lines. The fifth vortex core, however, is marked with a thin dotted
line, because this vortex core is too weak to be identified by the λ2 method.
The first vortex core is located outside of the horseshoe vortex as shown Fig. 13(a).
This vortex is formed in front of the jet exit, and causes the flow to separate.
Consequentially, the first vortex core is a major cause of the high pressure region in
front of the jet exit. Figure 13(b) shows the second vortex core which is near the
surface of the barrel shock behind the jet exit. The recirculation zone of the low surface
pressure is influenced by this vortex core. Thus, the first and second vortex cores
cause nose down effect of the jet interaction flow. The third vortex core wraps the barrel
shock as shown 13(c). This vortex core effects the inner horseshoe vortex and,
contributes the high pressure region right in front of the jet exit. The forth vortex core
that locates behind of the Mach disk is presented in Fig. 13(d). The flow passing the
Mach disk is influenced by this vortex core. Lastly, the fifth vortex core is above the
barrel shock. Figure 14 presents the velocity vector plot at x/D=5.3 plane. Figure 14
clearly shows the presence of the fifth vortex core.

4. CONCLUSIONS
In this study, the jet interactions are numerically analyzed. The results show that CFD
can describe the complex jet interaction structure and its results match well with the
wind tunnel test such as Schlieren image and the pressure distribution data. In addition,
it is observed that the jet interaction structure depends on the jet pressure ratio. The
effect of the jet temperature was relatively low. Finally, the vortex cores are investigated
to apprehend the vortex flow structure. The existence of five vortex cores are confirmed
and the flow which is influenced by vortex cores is visualized.
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