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Abstract 

The plume-induced shock wave is a complex phenomenon, consisting of plume-induced boundary layer separation, 
separated shear layer, multiple shock waves, and their interactions. The knowledge base of plume interference effect on 
powered missiles and flight vehicles is not yet adequate to get an overall insight of the flow physics. Computational 
studies are performed to better understand the flow physics of the plume-induced shock and separation particularly at high 
plume to exit pressure ratio. Test model configurations are a simplified missile model and two rounded and porous 
afterbodies to simulate moderately and highly underexpanded exhaust plumes at the transonic/supersonic speeds. The 
result shows that the rounded afterbody and porous wall attached at the missile base can alleviate the plume-induced 
shock wave phenomenon, and improve the control of the missile body. 

1. Introduction 

The need, in recent years, to develop missile configurations 
requiring very high thrust level within a limited cross 
sectional area has given rise to interests in several 
aerodynamic problems generated around a missile at high 
altitude flight. As missile’s altitude is higher, these 
configurations have a highly underexpanded jet plumes(1,2) 
downstream the exhaust nozzle exit so that there are 
significant interactions between the exhaust plume and a free 
stream near the tail of the body. The boundary layer 
separation(3,4) and pitching and yawing moments that result 
from the interactions can have large effects on missile 
stability and control (5,6). 

The plume interference is a complex phenomenon, 
consisting of plume-induced boundary layer separation, 
separated shear layer, multiple shock waves, and their 
interactions as shown in Fig.1(7). The flow characteristics are 
inherently nonlinear and severely unstable during the flight at 
its normal speed as well as at taking-off and landing. 

Especially, the unsteady higher static pressures in the 
separation region near the trailing edge of body can cause 
unbalanced force on the missile. Therefore the control of 
shock-induced separation is one of the most important 
considerations for the effective design of powered missiles 
and flight vehicles. 

Most of knowledge base on plume-free stream interactions 
on afterbody surfaces of powered missiles is from wind tunnel 
tests. Salmi(8) and Hinson et al.(9,10) examined the effects of 
underexpanded jet plume on the static stability of missile 
bodies at supersonic speed. They concluded the plume 
interference effect could alter the pressure distribution on the 
aft surface of a missile body resulting in changes in the 
aerodynamic forces and moments acted on it. McGhee et 
al.(11-13) performed experiments on the effects of jet plume-
induced flow separation on several axisymmetric bodies with 
various forebody and afterbody geometries at supersonic 
speeds. Their main conclusion was that at relatively lower 
free stream Mach number, separation regions were small and 
the jet pressure ratio required to induce the separation was 
relatively lower than when compared with results at higher 
Mach number. Wu et al.(14-16) made investigations on transonic 
flow fields around various bodies of revolution with and 
without plume. Their investigation showed that viscous 
effects on the tested model surfaces were not significant but 
very crucial on the boat-tailed region. The detailed 
understanding of the plume-interference phenomena for an 
arbitrary missile model is a vital factor for each case of 
missile design. However, the knowledge base is not adequate 
to get an overall insight of the physics and therefore CFD 
analysis is a way forward to develop such a design. 
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Fig. 1 Plume-free stream interactions 

 
Very recently, some numerical works(17,18) have been made 

mainly on plume-base flow interactions. In the current 
research, Computational Fluid Dynamics (CFD) studies were 
conducted for missile models with simple, rounded and 
porous afterbodies to simulated moderately and highly 
underexpanded exhaust plumes at the transonic/supersonic 
speeds. The present numerical study may bring the basic 
knowledge concerning the influence of rounded and porous 
afterbody on plume-induced shock wave and separation for 
the effective and efficient control of flight bodies. 

2. Model Configuration 

 
Fig. 2 Testing models with the simple and rounded afterbody 

 
Fig.2 show the schematic diagrams of a simplified missile 

model and two rounded afterbodies. The present 
computational model was basically represented as an ogive 
forebody and straight afterbody without tail pins. The 13 
calibers tangent ogive missile body for the code validation 
had a length of the cone potion of 4 calibers and the diameter 
D of the cylindrical afterbody of 63.5 mm. A convergent-
divergent nozzle having the design Mach number of 2.7 and 
the divergence angle of 20 degrees was used to acquire 
supersonic plumes. Two rounded afterbodies with different 
radius of rounding R/D = 0.1 and 0.2 were designated as 
Model R63 and R126. Two porous-extension models with the 
length of porous wall lp were defined as Model PD and PDE 
according to the position of the porous wall, placed at the 
afterbody corner and the supersonic nozzle exit respectively. 

The Models were tested to examine the rounding and porous 
effects on the flow features of plume-free stream interactions. 

3. Numerical Simulations 

3.1 Governing Equations 
The governing equations are given in the conservation forms 

of mass averaged, time-dependent Navier-Stokes equations. 
The resulting equations are expressed in an integral form for 
an arbitrary control volume V, 

 

[ ]∫∫ =⋅−+
∂
∂ 0AGFQΓ ddV
t v

       (1) 

 
where F and G are the inviscid and viscous flux vectors in 
standard conservation form and Q is the dependent vector of 
primary variables. 
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In Eq.(2), H is total enthalpy per unit mass, which is related 

to the total energy E by H = E + p/ρ, where E includes both 
internal and kinetic energy, and q is the heat flux vector. The 
preconditioning matrix Γ is included in Eq.(1) to provide 
more accurate velocity and temperature gradients in viscous 
fluxes, and pressure gradients in inviscid fluxes. The 
advantage of the preconditioning treatment(19) in the 
calculations allows the propagation of acoustic waves in the 
system to be singled out. This matrix is given by 

 























+−

=

pzyx

zz

yy

xx

CHvvvH
vv
vv
vv

T

T

T

T

T

ρρρρρδθ
ρρθ
ρρθ
ρρθ
ρθ

00
00
00
000

Γ
     (3) 

 
where ρT is the derivative of density with respect to 
temperature at constant pressure and δ = 1 for compressible 
flow. The parameter θ is defined as 
 

 ( ) ( )pr CHU T ρρθ +−= 21/        (4) 
 

In Eq.(4), the reference velocity Ur is chosen such that the 
eigenvalues of the system remain well conditioned with 
respect to the convective and diffusive timescales, and Cp is 
the specific heat at constant pressure. 

Two-equation turbulence model, RNG k-ε, modified to take 
account for compressibility effect, was employed to close the 
governing equations. The turbulent Mach number utilized in 
dilatation term of the turbulence model is identified to Mt = 
(k/a2)0.5. The model for the turbulent viscosity µt is written by 
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µt=ρCµ(k2/ε), where the turbulent kinetic energy k and 
dissipation rate ε are solved from the turbulent transport 
theory. The model constants are used: Cµ = 0.0845, C1ε = 1.42, 
C2ε = 1.68. 

 

3.2 Numerical Schemes 
The present investigation adopted commercial computational 

code, Fluent 5, in order to analyze complex compressible 
flows around missile bodies. In this code the governing 
equations are discretized spatially using a fully implicit finite 
volume scheme, in which the physical domain is subdivided 
into numerical cells and the integral equations are applied to 
each cell. The flow field is represented by associating a 
distinct value of the discretized solution vector with each 
control volume, which is used to evaluate the fluxes at cell 
faces. The solution vector is computed using a multi-
dimensional linear reconstruction approach, which enables a 
higher-order accuracy to be achieved at the cell faces through 
a Taylor series expansion of the cell-averaged solution vector. 
With respect to temporal discretization, an explicit multi-stage 
time stepping scheme is used to descretize the time 
derivatives in the governing equations. Then the solution is 
advanced from time t to time t+∆t with a multi-stage Runge-
Kutta scheme. 

In the present computation, for efficient and accurate 
solutions, a grid adaptation and higher order approximation 
schemes was used to get more effective results. A second 
order accurate scheme was selected for making it feasible to 
capture the shock structure near the forebody and the wake 
flow downstream of the afterbody of missile models. 
 

3.3 Computational Grids 

 
Fig. 3 Structured grids near the simple afterbody 

 
Fig.3 shows the details of the grid near the end of afterbody 

and jet pluming region. The computational domain was 
chosen taking into consideration the large plume expansion at 
high pressure ratios. The shock waves and mixing layers are 
very thin and the convergence of solution strongly depends on 
the plume size and location of shock waves in the present 
flow fields. Therefore grids were clustered in regions with 
large gradients, such as shock waves, shear layers, and 
boundary layers. 

 

3.4 Boundary Conditions and Analysis 
The supersonic plume jet was initiated from highly 

compressed air in the combustion chamber and expanded to 
the transonic free streams through the supersonic nozzle 
corresponding to plume pressure ratio which is the ratio of 
chamber total pressure pc to atmospheric pressure pa. The 
mass flow boundary condition was applied to the combustion 
chamber inlet. pc was adjusted to achieve the velocity needed 
to provide the prescribed mass flux at the boundary. The 
pressure far-field condition was used for the half-parabolic 
boundary enclosing the model to specify a free stream 
condition at infinity, with free stream Mach number and static 
conditions. This condition used Riemann-invariants to 
determine the flow variables at the boundary. The pressure 
outlet boundary condition was applied to the vertical 
boundary at the end of the computational domain with only 
static pressure. 

The main parameters to characterize plume-free stream 
interactions were plume pressure ratio pc/pa and free stream 
Mach number M∞ in the range of 50 ~ 350 and 0.9 ~ 3.0 
respectively. This range covered moderately to highly 
underexpanded plumes imbedded in transonic/supersonic 
flows. For simplicity, the effect of total temperature was not 
taken into account. Free stream pressure and temperature were 
kept to be constant with the value of 1 atm and 288.15 K 
respectively. 

4. Results and Discussion 

Fig.4 shows for pc/pa = 108.5 influences of the free stream 
Mach number on the flow field around the missile model at 
transonic speeds for the plume. It can be seen that as the free 
stream Mach number increases, the expansion of the plume is 
reduced. The normal shock moves downstream to alter the jet 
pluming pattern significantly. The increase of free stream 
Mach number leads to stronger compression waves upstream 
of the plume so that the compression waves before the plume 
expansion coalesce into the plume-induced shock wave in 
Fig.4(c). Thus, when the missile accelerates beyond sonic 
speed during the transonic flight, the plume-induced shock 
can be formed on the simple afterbody with rectangular corner. 
Validation of the current results is given in Fig.5, which 
shows the variation of wall static pressure distributions with 
distance x, where x is measured from the end of the afterbody 
surface towards upstream (See Fig.4(a)). x and local static 
pressure along the missile surface are normalized by the 
diameter of missile model D and the atmospheric pressure 
respectively. 

The results show good agreements with the limitedly 
available pressure measurements in wind tunnel 
experiments(20). There are differences in the pressures in the 
compression region before the plume and this could be 
attributed to the inability of CFD code to estimate accurately 
the sharp pressure rise in this region. Differences between 
CFD prediction and experimental data at M∞ = 1.2 mainly 
resulted from the wave interaction effect on wind tunnel wall 
and strut of plume simulator because of the limited blockage 
ratio of the wind tunnel test. 

Fig.6 qualitatively shows the movement of plume-induced 
shock and the variation of separation area for pc/pa = 170.9 as 
the free stream Mach number increases from 1.2 to 3.0. In the 
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figure, the plume-induced shock moves downstream on the 
missile model because of the reduced expansion of plume. It 
would be helpful in design and the flight stability of a 
powered missile to control the plume-induced shock and 
separation on the afterbody surface without any significant 
modification to the geometry. 

 

 
Fig. 4 Mach number contours of the simple model for pc/pa = 

108.5 at transonic speeds. 
 

The following figures can explain the importance of small 
rounding at the edge of an afterbody on missile performance. 

It is shown in Fig.7, static pressure distributions on the 
simple afterbody and rounded afterbodies of Model rounded 
with the radius R/D = 0.1 (R63) and 0.2 (R126) respectively at 
the base edge. The plume-induced shock moves downstream 
as the radius of curvature is increased, and it could be 

obviously observed in other case with various Mach numbers 
and plume pressure ratios. Model R126 indicated better 
performance at higher speed than R63 with regard to reducing 
the wall pressure in the separation area. 
 

 
Fig. 5 Validation of the present results with wind tunnel tests 

 
 

 
Fig. 6 Static pressure distributions along the simple 

afterbody at supersonic speeds 
 

In Fig.8, the movement of plume-induced shock is presented 
with the normalized shock-position xs/D for various plume 
pressure ratios. For all cases, as pc/pa increases, the shock 
movements are nearly upstream continuously. Model R63 is 
similar to shock-position movements of the simple model for 
each plume pressure ratio. However, as the radius of rounding 
edge increases, the movement is stronger at higher plume 
pressure ratios than at lower plume pressure ratios relatively. 
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Fig. 7 Static pressure distributions along the simple and 

rounded afterbody surfaces 
 

 
Fig. 8 Movement of the plume-induced shock for various 

plume pressure ratios 
 

Fig.9 and Fig.10 show the effects of the attached porous wall 
on the plume interference in Mach number contours and 
surface pressure distributions for Model Simple, PD, PDE 
respectively. A porous extension model presents a reduced 
initial expansion with no significant change in jet cell length 
in comparison with Model Simple (Fig.9). The control device, 
however, results in a different performance for the control of 
the plume-induced shock according to its location. For Model 
PD, there is no enhancement in the shock movement and the 
pressure rise behind the shock is increased, while Model PDE 
shows a downstream location of the shock with a considerably 
reduced strength (Fig.10). The location of the porous 
extension wall, therefore, must be chosen carefully and the 
exit of nozzle can be a good example. 

Pressure distributions in Fig.11 explain the effects of the 
freestream Mach number on shock interactions in case a 
porous wall is attached at the missile base. The plume-
induced shock largely moves downstream as the missile 
accelerates form Mach 1.5 to 2.0, but it is nearly fixed at 
higher Mach numbers. 

 

 
Fig. 9 Mach number contours for Model Simple, PD and 

PDE at pc/pa = 170.9 and M∞=2.5 
 

The porous wall restrains the initial expansion of the plume 
near the nozzle exit and makes shock movements less severe 
so that may help the effective control of missiles. 
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Fig. 10 Static pressure distributions along the afterbodies of 

the simple model and porous-extension models 

(a)Simple 

(b) PD 

(c) PDE 
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Fig. 11 Static pressure distributions along the afterbody of 

Model PDE with various freestream Mach numbers 

5. Conclusions 

In the present work, missile models with a simple and two 
rounded afterbodies were simulated using axisymmetric 
Navier-Stokes computations. The compressible flow field 
around the missile models at transonic/supersonic speeds was 
investigated at plume pressure ratio of 50 ~ 350 with an ogive 
forebody and a supersonic nozzle. The convergent-divergent 
nozzle with a design Mach number of 2.7 was selected to give 
moderately and highly underexpanded jets downstream the 
nozzle. 

For the simple model, the increase of free stream Mach 
number led to stronger compression waves upstream of the 
plume. The plume-induced boundary layer separation on the 
missile afterbody was generated at high plume pressure ratios 
for Mach numbers > 1.2. 

The effect of rounded afterbody was to move the plume-
induced shock downstream and to reduce the shock-induced 
separation bubble. Thus, the rounding of afterbody corner 
could give us the possibility of applying a flexible afterbody 
corner to the design of a powered missile to control the 
plume-induced phenomena. 

A porous extension model presents a reduced initial 
expansion with no significant change in jet cell length in 
comparison with Model Simple. The location of the porous 
extension wall, therefore, must be chosen carefully and the 
exit of nozzle can be a good example. 
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