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Abstract 

A numerical analysis has been performed to give an understanding of the physics of a compressible base 
flow with mass bleed in a Mach 2.47 freestream. Axisymmetric, compressible mass-averaged Navier-Stokes 
equations are computed using a two-equation turbulence model, standard k-ω, and a fully implicit finite 
volume scheme. The mass bleed is characterized by the change in the mass flow rate of the bleed jet non-
dimensionalized by the product of the base area and freestream mass flux. The result showing that there is an 
optimum bleed condition with maximum base pressure, leading to a minimum base drag, is clearly predicted 
and the validation with experimental data shows reasonable agreement. 

1. Introduction 

Drag reduction has been one of the major issues in 
the design of aerodynamic bodies such as missiles, 
projectiles and rockets because these generally undergo 
significant deterioration of flight performance by drag. 
For the kinds of flight bodies mentioned above, 
especially, the drag in the base region has the 
significant contribution of to pressure drag. At 
transonic speeds, for example, base drag constitutes a 
major portion up to 50 % of the total drag for typical 
projectiles at Mach 0.9.(1) Therefore base drag should 
be considered separately from other components and 
considerable effort has been made to find suitable 

techniques for obtaining low base-drag shell design.  
Base drag reduction can be achieved by afterbody 

boattailing(2), base bleed or base burning(3,4), some 
vortex suppression devices(5), and their combinations(6). 
Such active or passive flow control techniques, 
basically, manipulate or alter the near-wake flowfield 
for an increase in base pressure and consequently 
reduce base drag. And these have been applied in 
somewhat empirical manners to date due to a lack of 
understanding of viscous-inviscid flow interactions 
between the near-wake flow and freestream. 

 Fig.1 shows the schematic diagram of the 
supersonic base flow and afterbody model under 
consideration in the present computation. The 
supersonic freestream expands through an expansion 
fan and at the base corner, and the wall boundary layer 
approaching to the base is separated at the corner and 
recompressed by compression waves at a certain 
downstream region. The interactions between two 
distinct flows inside and outside the separation lead to 
a free shear layer along the boundary of the flows and 
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Fig.1 Supersonic base flow with mass bleed 
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Fig.2 Afterbody model 
 
 Table 1 Details of CFD model  
 

M∞ 2.47 Reunit 46 × 106 m-1

p∞0 470 kPa Tj0 293 K 
p∞ 28.8 kPa Rb 31.75 mm 
T∞0 300 K Re 12.70 mm 

recirculating flows inside the separation. In the 
presence of low mass bleed into the separated region, 
such flow features can be significantly changed 
depending on the bleed mass flow rate for a given 
freestream Mach number and afterbody geometry.(7)

According to a computational work(1) conducted by 
Sahu et al. using thin-layer Navier-Stokes equations, at 
transonic speeds of Mach 0.9 to 1.2, the use of mass 
bleed can reduce base drag by 40-80 %. However, the 
drag does not continuously decrease with increased 
mass bleed. An experimental study performed by 
Bourdon and Dutton(8) reported that an optimum 
condition giving the maximum base pressure was 
observed at a certain bleed mass flow rate for the given 
freestream Mach number of about 2.5. This important 
feature must be validated with computational results to 
be applied with reliability. 

In the present study, a compressible base flow in a 
supersonic freestream at Mach 2.47 was numerically 
investigated. Computations have been conducted using 
axisymmetric mass-averaged Navier-Stokes equations 
with the standard k-ω turbulence model. The results are 
validated with experimental data(9) and also supported 
by detailed flow visualization to give a better 
understanding of the physics of base flows controlled 
by a bleed jet.   

 

2. Numerical Simulations 

2.1 Afterbody Model 
Fig. 1 shows the afterbody model used in the present 

CFD (computational fluid dynamics) analysis, taken 
from Ref.(9) for validation. In the figure, M, p, T are 
Mach number, pressure and temperature, and subscripts 
0, j and ∞ represent a total state, bleed jet and 

freestream respectively. The bleed mass flow rate  

and the Mach number at the orifice exit M
jm

e are given 

for the mass bleed under consideration. Regarding the 
model dimensions, the diameters of the model and 
orifice exit are given as Rb and Re respectively. The 
afterbody is taken for computations only up to a length 
of 3Rb from the origin that is the center of the orifice 
exit. The details of model geometry and properties 
given to specify flow conditions are shown in Table 1, 
where Reunit is the unit Reynolds number of the 
freestream.   
 

2.2 Numerical methods 
The present CFD study adopted a commercial 

computational code, FLUENT 5, in order to analyze 
complex flow interactions between a supersonic base 
flow and a subsonic bleed jet. Axisymmetric 
compressible mass-averaged Navier-Stokes equations 
governing the flowfield around an afterbody with mass 
bleed at the base were solved. The governing equations 
are discretized spatially and temporarily using a fully 
implicit finite volume scheme and a multi-stage Runge-
Kutta scheme(10) respectively in the code. To obtain 
accurate solutions for the base flow including 
separation regions, wakes, strong free shear layers and 
wave systems, suitable turbulence modeling is 
indispensable. Therefore, preliminary computations 
were carried out for several turbulence models and wall 
functions.  

 
2.3 Computational Domain and Analysis  

Fig. 3 shows the grid layout near the afterbody 
model and brief information of the computational 
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Fig.3 Computational grids 

domain used in the current CFD analysis with 
boundary conditions applied. It has been found that 
about 50,000 nodes are required to get grid-
independent solutions with the computational domain 
used.  Grids were clustered in the regions with large 
gradient near model surfaces and downstream of the 
base where the separation of a turbulent boundary layer 
and wave systems are expected to exist.  

The computational domain were set up with 
dimensions of 50Db, where Db is the model diameter, 
downwards from the base and 20Db upwards from the 
model axis to ensure freestream conditions and thus to 
obtain better convergence. Freestream boundaries are 
identified with a combination of the pressure far-field 
and pressure outlet conditions as shown in the figure. 
Preliminary test showed better convergence could be 
achieved using it rather than the use of the pressure far-
field condition at all outer boundaries. To specify the 
freestream condition, the Mach number and static 
properties were applied to the boundaries. 
  Bleed air is injected through an orifice into the near 
wake region behind the model base. For obtaining 
various characteristics of mass bleed, the bleed mass 

flow rate  applied to the mass flow inlet boundary 

is changed corresponding to the injection parameter I 
given as follows. 

jm

 

 
 

j

b

m
I

A Uρ∞ ∞

=                  (1) 

    
where Ab is the base area, and ρ∞ and U∞ are the 

density and velocity of the freestream. With , total 

temperature and static pressure are given at the inlet 
boundary. Adiabatic and no-slip conditions are applied 

to the wall boundaries, and a symmetry boundary 
condition is applied to the domain axis. The properties 
used for the boundary conditions mentioned are given 
in Fig.1 and Table 1.  

jm

Regarding testing conditions, I was changed from 
0.005 to 0.032 for the fixed model geometry and 
freestream conditions. With a proper grid size and 
computational domain obtained through preliminary 
tests, basically, solutions were considered converged 
when the residuals of mass and momentum equations 
dropped below 10-4. The mass imbalance was also 
checked for flow inlet and outlet boundaries and it was 
kept to be less than ±0.1%.  
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Fig. 4 Velocity profiles at x/Rb = 1.0 with a  

change in grid size (I = 0.0038) 
 

T able 2 Base pressure (I = 0.00038)  

Turbulence Model pb/p∞

Standard k-ω 0.602 

SWF 0.569 
RNG k-ε 

NWF 0.572 

SWF 0.571 
RSM 

NWF 0.580 

Experimental, Ref.(9) 0.592 
 
 

3. Results and Discussion 

For I = 0.0038, Fig.4 shows grid dependency on the 
solution given here as axial velocity profiles at x/Rb = 
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Fig.6 Base pressure distributions with base bleed 
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(b) I = 0.0113 

Fig.5 Velocity vectors near the base 

1.0 for several grid sizes. The velocity profiles 
presented have been computed using the standard k-ω 
turbulence model. The radial distance r and the axial 
velocity Ux were normalized by Rb and U∞ respectively. 
The grid size has been tested in a range of about 20,000 
to 63,500 nodes. In the figure, the profile inside the 
back flow region near the axis (r/Rb = 0.0) has a 
relatively significant change for the grid sizes tested. 
Because grid sizes with more than 45,202 nodes give 
no more change in the profile, it is considered that 
45,202 nodes are enough to have grid independent 
solutions for the given value of I. For larger I values, in 
this approach, it has been found that about 50,000 
nodes can be used to simulate the flowfields under 
consideration.     

With a proper grid size obtained through the 
approach aforementioned, several turbulence models 
and wall functions have been tested at I = 0.0038, and 
base pressure values pb normalized by p∞ are given in 
Table 2. In comparison of computed values and a 
measured value taken from Ref.(9), the standard k-ω 
turbulence model resulted in the closest prediction of 
base pressure. The results also indicate that the effect 
of wall functions on base pressure predictions is 
insignificant for the geometry and testing conditions 

used in the present computations. 
Fig.5 present mean velocity vectors near the base 

with and without base bleed. In the figures, axial and 
normal distances are normalized by Rb. Without base 
bleed (The whole base region was treated as a wall.), a 
large and strong recirculating flow is observed. In 
general, for aerodynamic bodies, base drag rises due to 
a decrease in base pressure depending on such 
separation. As mass is injected into the separated 
region (I = 0.0113), the recirculation near the model 
base becomes significantly weakened.  

With a change in the injection parameter I, Fig.6 
shows base pressure distributions. The pressure values 
estimated along the base (r/Rb = 0.4 to 1.0) are non-
dimensionalized by the freestream pressure p∞. The 
base pressure level, generally, increases with increased 
mass bleed. Without base bleed, a large pressure 
gradient is existent in the region between r/Rb = 0.4 and 
0.85 due to a strong circulating flow along the base as 
observed in Fig.5(b). As I increases, however, such a 
gradient becomes smaller, consequently being similar 
for I = 0.0038 and 0.0113. It implies that the flow 
pattern downstream of the base will not be 
considerably different from a certain value of I.   

Comparisons between computationally and 
experimentally visualized bases are given in Fig.7 and 
Fig.8. In Fig.7, computed Schlieren images (upper 
side) are given with corresponding axial velocity 
contours valued by Ux/U∞. The experimental 
visualization presented in Fig.8 is taken from Ref.(8). 
The images were obtained using an acetone planar 
laser-induced fluorescence (PLIF) technique. In order 
of blue, white and red, average fluorescence intensity 
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Fig.7 Computed Schlieren images and Ux/U∞ 
contours 
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Fig.8 Experimental visualization with average 
acetone laser-induced fluorescence signal, Ref.(8) 
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Fig.9 Area-averaged base pressure 

increases. The detailed description of the technique can 
be referred to the reference. 

The supersonic freestream expands at the corner of 
the model and the wall boundary layer separates there, 
then forming an ensuing free shear layer. The separated 
flow is then reattached at a certain downstream location 
by a series of compression waves for the cases 
presented here. Inside the separated region, two major 
recirculation areas are observed near the base and axis. 
With increased mass bleed, the x-directional directivity 
of the bleed jet increases, and then the upper 
recirculation (near the base) becomes stronger and the 
lower recirculation (near the axis) becomes weaker. 
These flow characteristics can be apparently shown 
though axial velocity contours. The lower recirculation 
moves downstream as I increases. At I = 0.0226, the 
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lower separation is almost negligible. Therefore, it is 
expected that a further increase in I completely moves 
away the separation from the axis. Computed Schlieren 
images and PLIF images are in qualitative accordance 
but, for the cases with I = 0.0038 and 0.0113, the 
recirculation near the axis computed is placed further 
upstream than measured results.  

In Fig.9, base pressure obtained through the present 
CFD method and an experiment(9) are presented with I. 
The base pressure values shown in the figure are 
obtained by the production of the area of the base wall 
and the pressure force acting on the wall. Except no-
bleed case (I = 0), computed base pressure is slightly 
overestimated. And the difference becomes relatively 
significant when I ≥ 0.025. For the overall tested 
injection parameter range, however, CFD and 
experimental results show reasonable agreement. It is 
interesting to note that an optimum condition with a 
maximum base pressure can be obtained as increasing 
mass bleed. For the given freestream conditions and 
geometry in the present CFD study, it occurs at I = 
0.0148 as estimated in the experiment. From the results 
discussed in this paper, it is understood that an increase 
and a decrease in base pressure as changing mass bleed 
are decided by a relation between the recirculation 
regions deformed depending on I rather than I itself. 
Therefore, further investigations regarding various 
afterbody geometry and mass bleeding methods are 
required for providing systematic knowledge base on 
the base bleed problem.  

 

4. Conclusions 

The base flow with and without mass bleed in a 
Mach 2.47 freestream was investigated by CFD as a 
tool. Axisymmetric, compressible mass-averaged 
Navier-Stokes equations were computed using a two-
equation turbulence model, standard k-ω, a fully 
implicit finite volume scheme and multi-stage Runge 
kutta scheme. The injection parameter was changed to 
offer various characteristics of subsonic bleed jet flows 
injected into the separated region behind the model 
base. 

The validation results given as the computed  
Schlieren images and base pressure values are in good 
accordance with PLIF images and measured base 
pressure taken from a past experiment. As the injection 
parameter increases, the strength and the location of the 

recirculation formed near the base and the model axis 
were significantly changed. The quantitative valuse 
were observed through axial velocity contours. 
Through base pressure evalutations, the optimum 
condition providing minimum base drag could be 
correctly predicted.   
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