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ABSTRACT 

In this work, two dimensional numerical modeling of two projectiles with various geometries has been 
carried out in which one projectile with Mach number 2 was pursued by projectile with Mach number 3. 
A blend of second and fourth differences of the flow variables are used and the utilized grid scheme 
was a zonal method which separates the flow field into smaller components. Additionally, unsteady 
fluid stream has been considered turbulent, viscous and compressible. First projectile has been hold 
constant in the environment with Mach number 2 while the second one was moving towards it with 
Mach number (-1). The obtained results show that two mentioned projectiles do not leave any effect 
on each other under the condition that they are located far away from each other. However when the 
second projectile is located close to the wake of the first one, it is influenced by Mach number less 
than 2 and consequently formed shock in front of second projectile would become weak. As a result, 
the streamlines in this region would lose their regularity and the drag coefficient would decrease. A 
comparison has been performed between mathematical modeling data and the experimental results 
reported by Kayser L.D. et.al [2] for the first projectile. 
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NOMENCLATURE 

L  Length of both projectile x  Axial direction 
u  Dimensionless Horizontal fluid velocity y  Vertical direction 
v  Dimensionless Vertical fluid velocity e  Total energy 

t  Dimensionless Time  R  Ideal gas constant 
  Thermal coefficients ratio 

PC  pressure coefficient 

P  Dimensionless Fluid Pressure  
vC  Volume coefficient 

  Fluid Density  T  Temperature 

M  Mach number 
T  Far field fluid temperature  

M  Far field fluid Mach number    Viscosity 

ru  Relative dimensionless Horizontal fluid 
velocity 

mu  Dimensionless Horizontal mesh 
velocity 

rv  Relative dimensionless Vertical fluid 
velocity 

mv  Dimensionless Vertical mesh 
velocity 
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INTRODUCTION 

External flow between two projectiles and their wake region are very sophisticated. The analysis of the 
stream between two projectiles are very unpredictable due to the fact that the wake of the first 
projectile influences flow field of the second one. Experimental studies of multibody configurations, 
with one body in the supersonic wake of another, are very limited. However, some information is 
obtainable from investigations carried out during the 1960s [1, 2]. A limited number of previous 
computational studies have been completed on tandem-body configurations. Sahu performed 
computations for cylindrical bodies in the wake of a parent projectile [8]. At Ma = 4.4, the small-
diameter multiple segments were ejected by the large parent body into its own wake. The drag of 
downstream segments was as much as 40% less than upstream segments. Berner presented 

computational results for a related problem using a full Navier-Stokes code with k  turbulence 

model [10]. Pressure distributions on the trailing body were compared for various separation distances 
and showed fair agreement with experiment. Ober et.al have also investigated the tandem-body 
configuration [11, 12]. However, the interest was primarily on flows with large separation distances. 
These results showed that a toroidal vortex formed at the nose of the trailing body. The size of the 
vortex was dependent on the relative strengths of the reattachment pressure and the stagnation 
pressure along the wake centerline. When the trailing body was displaced radially, the toroidal vortex 
was replaced with a horseshoe vortex which diminished in size with increasing displacement. After 
that in 2008 Michael.D.Johnson supersonic base store ejection simulated with using Beggar Code 
[14]. İn our investigation, two projectiles with different Mach number are investigated. First projectile 
moves with Mach number 2 and the other with Mach 3. The behavior of the two projectiles in various 
distances has been studied. Pressure and Mach contour have been analyzed and compared with 
each other. 

 

The computational technique 
The system of equations used in this investigation was the two dimensional, thin-layer, Reynolds-
averaged, full Navier-Stokes equations for a perfect gas. All of the parameters are used 
dimensionless. 
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Where  W  is conservative parameter, the vectors 
iE and 

iF are the inviscid terms and 
iH is inviscid 

Source term. These parameters are given as: 
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Where ru  and  rv  are given as: 

r mu u u            
r mv v v   (3) 

In these equations, mu and mv are mesh velocity and 0mv   because there are no motion in y 

direction. For the first projectile 0mu  because the invironment has mach number 2 but for the 

second projectile 0.5mu  .( in this code 0.5mu  is equal to 1M  ) 

 
Where the vectors 

vE  and 
vF  represent the viscous shear stress and heat flux terms and 

vH is viscous 

Source term. Flux vectors are defined as follows: 
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(4) 

In energy equation, e  consists of internal energy (
vu C T ) and kinetic energy. Air assumed a perfect 

gas so: 

Pv RT  (5) 
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p vR C C   (6) 

And e  is defined as: 
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The vectors of Shear stress are given as: 
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  is computed with Sutherland equation: 
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Dimenssionless heat fluxes in energy equation are calculated with: 
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Where Pr  is prandtl number and T is dimensionless temperature that is calculated as the following 
equations: 

2 P
T M




 (11) 

 

Numerical Method 

As the discretization scheme leads to central difference approximation for the governing equations, 
additional artificial dissipative terms are necessary to damp out high-frequency oscillations. Here a 
blend of second and fourth differences of the flow variables are used as described in Ref. [4]. The 
second difference terms are used to prevent oscillations at shock waves, while the fourth difference 
terms are important for stability and convergence to a steady state[9].  

The Scalar Dissipation Scheme has proved very effective in practice in numerous calculations of 
complex steady flows, and conditions under which it could be a total variation diminishing (TVD) 
scheme have been examined by Swanson and Turkel[13]. 

The spatial discretization results in a system of ordinary differential equations in time, which is solved 
by an explicit fourth-order Runge-Kutta time stepping scheme. 

In the present calculations, for solving turbulence equations, Baldwin-Lomax model
 
is used [3]. 

 

Computational Grid and Boundary Condition   

İn this study two different geometries are used (fig.1&2). The utilized grid scheme is a zonal method 
which separates the flow field into smaller components. Communication between these zones insured 
the solution was continuous across zone boundaries. Further details are available in the literature [7, 
6]. In Fig.3, a representative grid is shown. For the axisymmetric cases, a three-plane solution is used 
to reduce the computational costs. The C-type grid and H-type grid are used for the first projectile and 
the second one, respectively and the distance between two projectiles utilizes H-type grid as well. The 
freestream conditions are set to Ma = 2, U=1 and V=0. The applied boundary conditions are as 
follows: symmetry across the centerline, nonreflecting condition at upstream, adiabatic and no-slip 
conditions at the wall of the first projectile, Mach number (-1) for wall of the second projectile, 
extrapolation along the outflow boundary. 
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Verification of the present computational approach to supersonic wakes was completed for single-
body wakes [12]. Comparison between the predictions, Sahu’s results and experiments in Ma=0.96 
was shown then regions of acceptable and unacceptable performance could then be assessed. ( 
Fig.4)  

 
 

RESULTS 

The procedure is started by assuming uniform free-stream conditions for all grid points in the 
computational domain. With implementing boundary conditions the computation marches in time until 
a steady-state solution is reached. After that the zone of two projectiles is compacted and procedure 
repeats. Fig.5 shows the recirculation region of behind of the first projectile. In the Mach 2, freestream  
impings on the shoulder, while creating a high-pressure region,  interacts with the low-momentum fluid 
along the centerline and causes the flow to separate and recirculate. 

When 2 projectiles are far from each other, the second one does not leave effect on the first one. In 
fig.6, the formed shock in front of the second projectile is presented. According to this figure, contours 
in illustrated region are representative of the Mach number 3. Fig.7 portrays pressure contour. As it 
can be seen, weak shocks are formed under the condition that the second projectile stands close to 
wake of the first one. In Figs 6 and 7, continuity of Mach contour in different zones is shown, as well. 

Figs. 8 and 9 show streamlines in front of the second projectile. When two projectiles are located far 
from each other, the streamlines are regular (Fig.8). However, when the second projectile stands 
close to wake of the first one, the streamlines present irregular pattern (Fig.9).  

The decrease of the distance between two projectiles results in the reduction of the drag coefficient. A 
sharp decline in the region close to the wake of the first projectile can be observed obviously, as 
shown in Fig. 10. 

 
 

CONCLUSION 

A numerical investigation of the flowfield around a body located close to a supersonic wake was 
undertaken so as to determine aerodynamic characteristics. For coaxial alignments, when two 
projectiles are far from each other, shock of Mach number 2 and 3 occur in front of the first and 
second projectile, respectively. But under the condition that the second projectile stands close to the 
wake of the first one, the shock of second projectile becomes weak. In this case, the drag coefficient 
decreases and its gradient in mentioned region is sharper. 

 
FIGURES  

  

Figure 1: Geometry of the first projectile 

 

Figure 2: Geometry of the second projectile 
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Figure 3: Illustration of the zonal grid Figure 4: Longitudinal Surface Pressure in the 

Windward Plane (


4,96.0 


M ) 

  

Figure 5: Recirculation region in the behind of 
the first projectile 

Figure 6: Mach contour under the condition of 
being away from each other 

  
 

Figure 7: Pressure contour under the 

condition of being located close to each other 

Figure 8: Streamlines in front of the second 

projectile under the condition of being away 
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from each other 

  

Figure 9: Streamlines in front of the second 

projectile under the condition of being located 
close to each other 

Figure 10: Drag coefficient in the various 

distances 
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