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Abstract 

Research of Base Bleeding Effect on  

Drag Reduction of Supersonic Flight Vehicle 

Jeong Man-chul 

Department of Mechanical & Aerospace Engineering 

The Graduate School 

Seoul National University 

Flight range enhancement of the projectile has been exhibited since 1960s in many 

countries around the world. Projectile with no additional thrust, like artillery weapons, 

has its limitation of initial kinetic energy, applied by the cannon or other power 

supplying instruments. Thus, aerodynamic drag of the flying projectile, after given the 

bulk velocity got to be important to improve.  

Total drag acting on the projectile can be categorized by the following 3 drags, 

pressure drag (form drag), skin-friction drag and base drag. Among these drags, 

research about pressure drag and skin-friction drag has already been advanced enough, 

compared with the one of base drag. Base drag is defined as a pressure force difference 

between fore-body and the after-body. It is formed by the relatively low pressure on 

the base surface, by the flow separation. Base drag occupies over 50% of the total 

acting drag, regardless of the flying Mach region.  
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  Hence, base drag reduction is crucial to lower the total drag, which enable the flight 

range enhancement. On this research, mainly two technique to reduce the base drag 

were studied, boat-tailing and base-bleeding. The former is to make the projectile base 

shaped like a boat’s tail, tapering the base corner. The latter is to bleed the gas saved 

inside the projectile, at the base area to add the mass particle to occupy the base area, 

and change the flow field at that region.  

By using STAR CCM as a CFD software, numerical analysis was conducted under 

supersonic flight condition with 155mm diameter of projectile. The goal for the 

research was to confirm the each technique’s effect, and to study about the hybrid case, 

base-bleeding with the boat-tailed shape model.  

As a result, boat-tailing and base bleeding technique were confirmed under 

condition of Mach 2 and 3, tail-angle of 0°, 5°, 10° , bleed gas temperature of 

300, 3000K .  It was confirmed by calculating the total drag coefficient, and base 

pressure calculated. The minimum drag coefficient was acquired by using proper tail-

angle, and mass flow rate. And the case of using 3000K gas presented lower drag 

coefficient, which strengthened the base bleed effect. Therefore, it was able to 

conclude that using the hybrid technique with hot gas would be an powerful way to 

enhance the flight range of projectile.  

Key words: Flow separation, recirculation, boat-tailing, base-bleeding, base drag, 

drag coefficient. 

Student number: 2015 − 20789 
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1. Introduction  

 

1.1 Drag reduction for flight range enhancement 

 

 Flight range enhancement of flying projectile such as artillery has been an issue for 

many countries, in order to protect the national security [1]. There are mainly 2 ways 

to enhance this flight range, to increase the bulk velocity from the cannon, or to reduce 

the aerodynamic drag acting on the flying projectile. 

 Aerodynamic drag can be categorized by 3 kinds of drag, pressure drag (except the 

base area), skin-friction drag, and base drag [2]. Base drag is defined as a pressure 

drag acting on the base area of the projectile, derived by the flow separation on the 

base corner, causing the lower base pressure compared with the ambient pressure.   

 Since 1960s, many research have revealed that the base drag can occupy severe 

portion of the entire aerodynamic drag, up to 50% at various Mach number range. Thus, 

reducing the base drag can play a significant role on total drag reduction, which makes 

it enable to enhance the flight range of the projectile. Although the research regarding 

pressure drag, skin-friction drag have been exhibited properly to know how to make it 

reduced, investigation to alleviate the base drag has not been exhibited relatively, most 

of which was based on the experimental data using wind tunnel at el [3].   
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Fig. 1  Drag fraction with varying Mach number 

 

For the quantitative measurement, Drag coefficient has been widely used to estimate 

the drag force acting on various sort of projectile.  

  In general, 𝐶𝐶𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠 +  𝐶𝐶𝐷𝐷𝑝𝑝𝑓𝑓𝑝𝑝𝑠𝑠𝑠𝑠𝑝𝑝𝑓𝑓𝑝𝑝 +  𝐶𝐶𝐷𝐷𝑏𝑏𝑡𝑡𝑠𝑠𝑝𝑝  

Here, drag coefficient 𝐶𝐶𝐷𝐷𝑠𝑠 is defined as 𝐶𝐶𝐷𝐷𝑠𝑠 =  𝐷𝐷𝑠𝑠
1
2 𝜌𝜌𝜌𝜌𝑉𝑉2

  , 

where 𝜌𝜌 is density,𝐴𝐴 is surface area of the model,𝑉𝑉 is the velocity magnitude. 
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1.2 Fundamentals of the flow field around supersonic flying 

 artillery 

The flow field around the projectile flying supersonic regime can be explained 

theoretically, as follows for each of its varying conditions [4].  

 

1.2.1 Flow around the base corner 

Supersonic flow as the free stream comes from the left, facing the nose of the 

projectile. Then there exists bow shock on behalf of reduce the velocity to fit the no 

slip boundary condition. After the several expansion waves by the geometric change, 

a expansion fan is generated at the base corner, and flow separation starts at this region. 

Turbulent boundary layer is separated by this flow seperation, causing the 

generation of free shear layer by the velocity difference between the outer flow (free 

stream) and the flow field around base area. Outer flow expanded by the expansion fan 

then faces recompression waves in order to satisfy the free stream condition, which 

elevates the pressure, temperature.  

The velocity of the gas particle around the base is relatively low, compared with the 

outer flow. Naturally, gas particle around the base are entrained to go backward (x + 

direction) by the outer boundary layer, however soon be prevented by the increased 

pressure by the recompression wave.  
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Therefore, adverse pressure gradient is developed and recirculation occurs, also 

called as ‘dead air region’ because of the low velocity particle in it.  

The recirculation region is,isolated from the outer flow field by the streamline 

starting at the edge corner(Fig. 2). The mixing layer which existed along this 

streamline turns into trailing wake after crossing the recompression waves. 

 

 

Fig. 2  Flow field around the base region 
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1.2.2 Flow around the base corner with boat-tailed shape 

Boat-tailing, named by its geometrical similarity with the tail of a boat, has been 

introduced to anticipate the drag reduction at the base region. By using this technique, 

base surface diminishes, leading to a pressure increment at the after-body. Besides, it 

can reduce the strength of the expansion waves (expansion fan), by raising multiple 

expansion waves which was centered at the base corner before. Lastly, it relieves the 

gas particle entrainment in the mixing layer, and also derives the length increment of 

the recirculation region, giving rise to a base pressure growth.  

  

 

Fig. 3  Flow field around the base region with boat-tailed shape 
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 1.2.3 Flow around the base corner with base-bleeding  

Base bleeding is a technique to bleed the gas at the base region. As the gas injected, 

it pushes the recirculation region backward for its momentum, and fills the base area 

with its particle.  

  The bled flow passes between the external supersonic flow field and the moved 

recirculation region, further generates the additional recirculation region around the 

right end of a base (called ‘secondary recirculation region’, and the former 

recirculation zone is separately called as ‘primary recirculation region’).  

  One thing should be mentioned above is that the bled gas is a subsonic, pointing 

that it has no thrust.  Base pressure with varying bleeding mass flow rate has been a 

focus for many researchers.  

  By several experiments, and theoretical studies of base bleeding, gas injection 

characteristics was considered as 2 kinds of regimes.  

In the first regime, bled gas fills the enough quantity for mixing layer entrainment 

(mixing layer between primary recirculation region and external flow). And the 

primary recirculation region is weakened with the injection rate in this regime. So far, 

base pressure increases linearly with the increment of injection rate.  

In the second regime, the required mixing entrainment is filled sufficiently. This 

satisfaction drastically weakens the following recompression waves, and the base 

pressure reaches the maximum value at this time. When mass flow rate increases 

further, the wake is opened by its substantial momentum. Additional mass flow rate 

brings out the thrust effect, meaning that it is needless to discuss here.      
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Fig. 4  Flow field around the base region with base bleeding 
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2. Numerical method 

Numerical analysis has been carried out, using STAR-CCM for the CFD software. 

The details of the numerical method are as follows.  

 

2.1 Governing equations 

As the governing equations for the compressible fluid,  

Continuity equation, momentum equation and energy equation were used as follows. 

These equations based on the hypothesis of two-dimensional axisymmetric model, 

introduced at the next chapter.  

 

𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

 +  𝜕𝜕
𝜕𝜕𝜕𝜕

 ( 𝜌𝜌𝜌𝜌) +  𝜕𝜕
𝜕𝜕𝜕𝜕

 ( 𝜌𝜌𝜌𝜌) = 0  ;   𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐 𝑒𝑒𝑒𝑒.                     (1)  

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

 +  𝜕𝜕
𝜕𝜕𝜕𝜕

 ( 𝜌𝜌𝜌𝜌2 + 𝑝𝑝 − 𝜏𝜏𝜕𝜕𝜕𝜕) +  𝜕𝜕
𝜕𝜕𝜕𝜕

 � 𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜏𝜏𝜕𝜕𝜕𝜕� = 0 ;  𝑥𝑥 𝑚𝑚𝑐𝑐𝑚𝑚𝑒𝑒𝑐𝑐𝑐𝑐𝜌𝜌𝑚𝑚 𝑒𝑒𝑒𝑒.   (2) 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

 +  𝜕𝜕
𝜕𝜕𝜕𝜕

 � 𝜌𝜌𝜌𝜌2 + 𝑝𝑝 − 𝜏𝜏𝜕𝜕𝜕𝜕� +  𝜕𝜕
𝜕𝜕𝜕𝜕

 � 𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜏𝜏𝜕𝜕𝜕𝜕� = 0 ;  𝑐𝑐 𝑚𝑚𝑐𝑐𝑚𝑚𝑒𝑒𝑐𝑐𝑐𝑐𝜌𝜌𝑚𝑚 𝑒𝑒𝑒𝑒.   (3) 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝐸𝐸𝜕𝜕) +  𝜕𝜕
𝜕𝜕𝜕𝜕

 � (𝐸𝐸𝜕𝜕 + 𝑝𝑝)𝜌𝜌 + 𝑒𝑒𝜕𝜕 − 𝜌𝜌𝜏𝜏𝜕𝜕𝜕𝜕 − 𝜌𝜌𝜏𝜏𝜕𝜕𝜕𝜕� +  𝜕𝜕
𝜕𝜕𝜕𝜕

 � (𝐸𝐸𝜕𝜕 + 𝜌𝜌)𝜌𝜌 + 𝑒𝑒𝜕𝜕 − 𝜌𝜌𝜏𝜏𝜕𝜕𝜕𝜕 −

𝜌𝜌𝜏𝜏𝜕𝜕𝜕𝜕� = 0 ;  Energy conservation eq.                                   (4)  

𝜌𝜌 is the density, 𝜌𝜌 and 𝜌𝜌 are the velocity of x and y. In eq. (4). 𝐸𝐸𝜕𝜕 is the sum of 

the kinetic and internal energy, given as 𝐸𝐸𝜕𝜕 = 𝜌𝜌 ( 𝑒𝑒 + 𝑉𝑉2

2
 ), where 𝑒𝑒 is the internal 

energy per unit volume, and 𝑉𝑉 is the total velocity (|𝑉𝑉| = √𝜌𝜌2 + 𝜌𝜌2).   
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 τxy , τyx are the terms of shear stress, and normal stress components are 

τxx , τyy. Both of these stress terms can be expressed in terms of velocity gradients,  

τxy =  τyx = 𝜇𝜇 � 
𝜕𝜕𝜌𝜌
𝜕𝜕𝑐𝑐

+  
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥

 �   ;   𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠                          (5) 

𝜆𝜆 ( ∇ ∙ 𝑉𝑉) + 2𝜇𝜇
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥

 ;  𝑥𝑥 𝑐𝑐𝑐𝑐𝑒𝑒𝑚𝑚𝑒𝑒𝑛𝑛 𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠                                  (6) 

𝜆𝜆 ( ∇ ∙ 𝑉𝑉) + 2𝜇𝜇
𝜕𝜕𝜌𝜌
𝜕𝜕𝑐𝑐

 ;  𝑐𝑐 𝑐𝑐𝑐𝑐𝑒𝑒𝑚𝑚𝑒𝑒𝑛𝑛 𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠                                  (7) 

  where µ  is the dynamic viscosity of the fluid. Again back to the eq. (4), the 

components of the heat flux vector 𝑒𝑒𝜕𝜕  , 𝑒𝑒𝜕𝜕 are given by the famous Fourier’s law,  

𝑒𝑒𝜕𝜕 =  −𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

  ;   𝐻𝐻𝑒𝑒𝑒𝑒𝑐𝑐 𝑓𝑓𝑛𝑛𝜌𝜌𝑥𝑥 𝑐𝑐𝑐𝑐 𝑥𝑥                                     (8) 

𝑒𝑒𝜕𝜕 =  −𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑐𝑐

  ;   𝐻𝐻𝑒𝑒𝑒𝑒𝑐𝑐 𝑓𝑓𝑛𝑛𝜌𝜌𝑥𝑥 𝑐𝑐𝑐𝑐 𝑐𝑐                                     (9) 

where 𝜕𝜕 is the temperature, and 𝑘𝑘 is the heat conductivity. 
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2.2 Turbulence model 

 As a turbulence model, Spalart-Allmaras turbulence model (SA model) was 

adopted, for its strong points at solving the adverse pressure gradients and the 

following boundary layer assumption, especially for the aerospace applications. As 

commonly known, it is a one-equation model in order to solve a transport equation for 

the kinematic eddy turbulent viscosity.  

 For this research, the main point was to predict the base drag acting on the base 

region, meaning that the boundary layer and the adverse pressure gradient prediction 

is the key point of its numerical analysis. This fact assures the choice of SA model 

reasonable, which equation can be expressed as below.  

 

𝜈𝜈𝜕𝜕 = 𝜈𝜈�𝑓𝑓𝜌𝜌1  , 𝑓𝑓𝜌𝜌1 =
𝜒𝜒3

𝜒𝜒3 + 𝐶𝐶𝜌𝜌13
  , 𝜒𝜒 =

𝜈𝜈�
𝜈𝜈

                         (10) 

 

𝜕𝜕𝜈𝜈�
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑗𝑗
𝜕𝜕𝜈𝜈�
𝜕𝜕𝜕𝜕𝑗𝑗

  =  𝐶𝐶𝑏𝑏1 [1 − 𝑓𝑓𝜕𝜕2]�̃�𝑆𝜈𝜈� +  1
𝜎𝜎

{∇ ∙ [(𝜈𝜈 + 𝜈𝜈�)] +  𝐶𝐶𝑏𝑏2 |∇𝜈𝜈�|2} −  

�𝐶𝐶𝜔𝜔1𝑓𝑓𝜔𝜔 −  𝐶𝐶𝑏𝑏1
𝜅𝜅2
𝑓𝑓𝜕𝜕2� �

𝜈𝜈�
𝑑𝑑
�
2

+ 𝑓𝑓𝜕𝜕1∆𝑈𝑈2                                      (11)  

 

�̃�𝑆  ≡  𝑆𝑆 +  
𝜈𝜈�

𝜅𝜅2𝑑𝑑2
 𝑓𝑓𝜌𝜌2 ,          𝑓𝑓𝜌𝜌2 = 1 −  

𝜒𝜒
1 + 𝜒𝜒𝑓𝑓𝜌𝜌1

                 (12) 
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  Where 𝑆𝑆 ≡ �2𝛺𝛺𝑖𝑖𝑗𝑗𝛺𝛺𝑖𝑖𝑗𝑗  ,    𝛺𝛺𝑖𝑖𝑗𝑗 ≡
1
2

 � 𝜕𝜕𝜌𝜌𝑠𝑠
𝜕𝜕𝜕𝜕𝑗𝑗

−  𝜕𝜕𝜌𝜌𝑗𝑗
𝜕𝜕𝜕𝜕𝑠𝑠

 � ,    

 𝑓𝑓𝜔𝜔 = 𝑔𝑔 � 1 + 𝐶𝐶𝜔𝜔36

𝑔𝑔6+  𝐶𝐶𝜔𝜔36
�
1
6 ,    𝑔𝑔 = 𝑒𝑒 +  𝐶𝐶𝜔𝜔2 ( 𝑒𝑒6 − 𝑒𝑒)  

𝑒𝑒 ≡  𝜈𝜈�
�̃�𝑆𝜅𝜅2𝑑𝑑2

 ,   𝑓𝑓𝜕𝜕1 = 𝐶𝐶𝜕𝜕1𝑔𝑔𝜕𝜕 𝑒𝑒𝑥𝑥𝑝𝑝 �−𝐶𝐶𝜕𝜕2
𝜔𝜔𝑡𝑡
2

∆𝑈𝑈2
 [ 𝑑𝑑2 + 𝑔𝑔𝜕𝜕2𝑑𝑑𝜕𝜕2 ]� ,    

 𝑓𝑓𝜕𝜕2 = 𝐶𝐶𝜕𝜕3 𝑒𝑒𝑥𝑥𝑝𝑝(−𝐶𝐶𝜕𝜕4𝜒𝜒2) , 𝑑𝑑 is the distance to the closest surface.  

 

  The constants of the equations were set as below. 

𝛺𝛺 = 2
3
    

𝐶𝐶𝑏𝑏1 = 0.1355 ,  𝐶𝐶𝑏𝑏2 = 0.622  

𝜅𝜅 = 0.41  

𝐶𝐶𝜔𝜔1 = 𝐶𝐶𝑏𝑏1
𝜅𝜅2

+ (1+𝐶𝐶𝑏𝑏2)
𝛺𝛺

 ,  𝐶𝐶𝜔𝜔2 = 0.3 ,  𝐶𝐶𝜔𝜔3 = 2  

𝐶𝐶𝜌𝜌1 = 7.1  

𝐶𝐶𝜕𝜕1 = 1 ,  𝐶𝐶𝜕𝜕2 = 2 ,  𝐶𝐶𝜕𝜕3 = 1.1 ,  𝐶𝐶𝜕𝜕4 = 2  
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3. Analysis condition 

   

3.1 Model geometry  

 

Fig. 5  Model geometry of the 155mm diameter projectile 

 

Diameter of 155𝑚𝑚𝑚𝑚 projectile was determined as a geometry model, total length 

of 945.8𝑚𝑚𝑚𝑚. As seen from above (Fig. 5), fore-body has a round shape (R3). 

Boat-tailed shape was applied, of which angle is set from the certain point on the 

model surface, x distance of 68.26𝑚𝑚𝑚𝑚 away from the base. Tail-angle was set to 3 

cases, 0°, 5°, and 10°.   

For the case of base bleeding, base bleed inlet was displaced at the base line, with 

the diameter of 62𝑚𝑚𝑚𝑚.  
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3.2 Mesh structure  

By assuming 2D axisymmetric model, computational domain was formed (Fig. 6).  

Mesh is shown as the hybrid of polygonal, and prism structure. Polygonal mesh was 

used over the all computational domain, except the boundary layer. For the boundary 

layer, prism structure was utilized.  

Domain length, height after the body was designed long enough to reflect the 

physics of the flow carefully, including bow shock, expansion fans and the trailing 

wake region along the centerline.  

 

 

Fig. 6  Mesh & boundary configuration 
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Especially for the region adjacent to the base corner and the base area, fine mesh 

was constituted in order to predict the flow field around these area accurately (Fig. 7). 

  Mesh structure was designed through the varying model geometry, for the 

investigation of boat-tailing effect. The number of cell was near 344,400 , and the 

minimum cell size was set to 0.1mm (100 µm) in every case. The difference of cell 

amount was caused by diverging the boat-tailed shape. However, difference less than 

100 cells among the 344,400 cells can be ignored.    

 

Fig. 7  Mesh structure around the base corner 

 

Table. 1  Mesh parameter with varying tail angle 

 Tail angle [ °] 

Parameter 𝟐𝟐 𝟓𝟓 𝟏𝟏𝟐𝟐 

Number of cells 344,170 344,221 344,129 

Minimum cell size [𝑚𝑚𝑚𝑚] 0.1 0.1 0.1 
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3.3 Physics, boundary condition 

Two-dimensional compressible and axisymmetric flow with steady state was 

assumed. Acting gas was assumed to an ideal gas, with considering coupled flow. For 

the coupled inviscid flux, AUSM (Advection Upstream Splitting Method) + FVS 

(Flux-Vector Splitting) scheme was adopted.  

For boundary condition, domain line was classified into 4 regions (Fig. 6). ‘Free 

stream’ surrounded the whole domain, while ‘Axis’ was set along the centerline. The 

surface of the geometry model was defined as ‘Wall’, and the line where the gas bleeds 

with the embedded mass flow rate was named as ‘Base bleed inlet’.  

At the stage of considering the free stream condition, it was necessary to determine 

the altitude of the flight, because earth’s atmosphere properties are deeply influenced 

by it. Then the 3DOF (3 Degree of Freedom) trajectory code was made to figure out 

the altitude where the projectile flies Mach number 2.  

In the code, 4th order Runge-Kutta method (RK4) was used to calculate the trajectory, 

which was validated by Euler method used in temporal discretization. The contents of 

its method is represented as below. 

�̇�𝑐 = 𝑓𝑓(𝑐𝑐,𝑐𝑐),   𝑐𝑐(𝑐𝑐0) = 𝑐𝑐0                                             (13) 

Here, y is an unknown function of time 𝑐𝑐. And t0 , y0 are the initial time and the 

corresponding y value at that time.   
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If the function 𝑓𝑓  and 𝑐𝑐0 , y0  are given with choosing a step-size ℎ > 0 , it is 

possible to define the following relation for n = 0, 1, 2, 3,⋯.   

𝑐𝑐𝑛𝑛+1 = 𝑐𝑐𝑛𝑛 +
ℎ
6

 (𝑘𝑘1 + 2𝑘𝑘2 + 2𝑘𝑘3 + 𝑘𝑘4) , 𝑐𝑐𝑛𝑛+1 = 𝑐𝑐𝑛𝑛 + ℎ                   (14) 

where 

k1 = 𝑓𝑓(𝑐𝑐𝑛𝑛 ,𝑐𝑐𝑛𝑛) , k2 = 𝑓𝑓(𝑐𝑐𝑛𝑛 + ℎ
2

 ,𝑐𝑐𝑛𝑛 + ℎ
2
𝑘𝑘1) , k3 = 𝑓𝑓(𝑐𝑐𝑛𝑛 + ℎ

2
 ,𝑐𝑐𝑛𝑛 + ℎ

2
𝑘𝑘2) , 

k4 = 𝑓𝑓(𝑐𝑐𝑛𝑛 + ℎ ,𝑐𝑐𝑛𝑛 + ℎ𝑘𝑘3)                                             (15)  

By using this RK4 method to 3DOF trajectory, free stream condition was determined 

as the 2km altitude atmosphere from sea level.   

Then the Earth Atmosphere Model from NASA was employed to calculate the static 

pressure and static temperature of the free stream. The contents of the atmosphere 

model is written below. 

Let k be the altitude (𝑚𝑚).  

If  h > 25,000, T = −131.21 + 0.00299 k,  p = 2.488 ∗ �𝑇𝑇+273,1
216.6

�
−11.388

    (16)  

For 11,000 < k < 25,000, T = −56.46,  p = 22.65 ∗ 𝑒𝑒(1.73−0.000157k)       (17)  

For k < 11,000, T = 15.04 − 0.00649 k,  p = 101.29 ∗  �𝑇𝑇+273,1
288.08

�
5.256

     (18)    

Here, 

ρ is density (kg 𝑚𝑚2⁄ ) , p is static pressure (kPa), T is static temperature (℃),  

ρ = p / (0.2869 ∗ (T + 273,1))  
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The altitude is 2km, static pressure and static temperature were calculated by eq. 

(18). p = 79584.046 [Pa], T = 275.16 [K], ρ = 1.008 [kg m3⁄ ] 

Non-dimensional parameter I  was defined as follows, to assess the base bleed 

effect qualitatively.  

  I =  �̇�𝑚
𝜌𝜌𝜌𝜌𝜌𝜌𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝

                                                     (19)  

Here,  

ρ is density of  the free stream fluid, A is cross − sectional area of the model, 

𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  is the velocity of free stream, which is calculated by the following equation. 

𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑀𝑀 ∙ 𝑒𝑒 = 𝑀𝑀 ∙ �𝛾𝛾𝛾𝛾𝜕𝜕𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓                                        (20)   

If same Mach number, the denominator, 𝜌𝜌𝐴𝐴𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, would be the same value because 

the free stream velocity 𝜌𝜌_𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 is identical. By using eq. (20), free stream velocity is 

calculated for each Mach number, 665.0091, 770.4480 (m s⁄ ) at Mach 2 and 3.  

By altering the tail angle of the projectile, role of boat-tailing on drag reduction was 

studied. On the other hand, using non-dimensional parameter 𝐼𝐼, base bleeding effect 

on drag reduction was assessed. And the hybrid of both technique, boat-tailing and 

base-bleeding, was studied to examine the drag coefficient distribution with altering 

the injection parameter.  
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Table. 2  Boundary & analysis condition 

Conditio

n 

Free stream Base bleeding 

Mach 

numbe

r 

Static 

pressure

 [Pa] 

Static 

temperature

[K] 

Mass flow 

rate[kg s⁄ ] 

Total 

temperature

[K] 

No 

bleeding 
2.0/3.0 79584.046 275.16 

- - 

Base 

bleeding 

Determine

d by I 
300 / 3000 

Mass flow rate [kg s⁄ ] is determined by injection parameter I, which varies in every 

case (0 < 𝐼𝐼 < 1) . And total temperature of the bleeding gas is calculated by the 

following equation.  

𝜕𝜕0 = 𝜕𝜕(1 + γ−1
2

 M2) , T = 275.16 [K]                                   (21) 

Thus, in case of Mach 2, T0 = 𝜕𝜕 �1 + γ−1
2

 M2� = 495.288 [k] and the case of Mach 

3, T0 = 𝜕𝜕 �1 + γ−1
2

 M2� = 770.448 [k].  
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4. Result  

 

Fig. 8  Mach number & static pressure contour for Mach 2 and 3 
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Under condition of free stream Mach 2 and 3, major flow field physics were 

able to confirm, such as bow shock at the front-body, expansion fan, low 

pressure at the base area (Fig. 9). It is possible to see the boundary layer as 

well, developed till the end of base corner.  

Flow after the bow shock confronts several expansion waves and finally 

separates at the base corner (Fig. 9). After the separation, recirculation region 

is emerged at base region, representing low static pressure (called dead air 

region).  

 

Fig. 9  Flow properties of the 155mm projectile (Mach 2) 
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4.1 Free stream condition of Mach 2, bleeding 300K gas 

 4.1.1 Mach contour around base region  

 

 

(a) I=0 (Inert) 

 

(b) I=0.0125 

 

 

Fig. 10  Mach contour with free stream Mach 2, gas bleeding 300K (1) 
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(c) I=0.01875  

 

(d) I=0.025  

 

(e) I=0.028125 

 

Fig. 11  Mach contour with free stream Mach 2, gas bleeding 300K (2) 
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4.1.2 Static temperature contour around base region 

 

 

(a) I=0 (Inert) 

 

(b) I=0.0125 

 

 

Fig. 12  Temperature with free stream Mach 2, gas bleeding 300K (1) 

 

 



24 

 

(c) I=0.01875 

 

(d) I=0.025 

 

(e) I=0.028125 

 

Fig. 13  Temperature with free stream Mach 2, gas bleeding 300K (2) 
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4.2 Free stream condition of Mach 2, bleeding 3000K gas 

4.2.1 Mach contour around base region 

 

  

(a) I=0 (Inert) 

 

(b) I=0.000625 

 

Fig. 14  Mach contour with free stream Mach 2, gas bleeding 3000K (1) 
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(c) I=0.0015625  

 

(d) I=0.003125 

 

(e)  I=0.009375 

 

Fig. 15  Mach contour with free stream Mach 2, gas bleeding 3000K (2) 
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(f) I=0.0125 

 

 

Fig. 16  Mach contour with free stream Mach 2, gas bleeding 3000K (3) 
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4.2.2 Static temperature contour around base region 

 

 

(a) I=0 (Inert) 

 

(b) I=0.000625 

 

 

Fig. 17  Temperature with free stream Mach 2, gas bleeding 3000K (1) 

 



29 

 

(c) I=0.0015625 

 

(d) I=0.003125 

 

(e) I=0.009375 

 

Fig. 18  Temperature with free stream Mach 2, gas bleeding 3000K (2) 
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(f) I=0.0125 

 

 

Fig. 19  Temperature with free stream Mach 2, gas bleeding 3000K (3) 
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4.3 Free stream condition of Mach 3, bleeding 300K gas 

4.3.1 Mach contour around base region  

 

 

(a) I=0 (Inert) 

 

(b) I=0.0125 

 

 

Fig. 20  Mach contour with free stream Mach 3, gas bleeding 300K (1) 
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(c) I=0.014063 

 

 

Fig. 21  Mach contour with free stream Mach 3, gas bleeding 300K (2) 
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4.3.2 Static temperature contour around base region 

  

 

(a) I=0 (Inert) 

 

(b) I=0.0125 

 

 

Fig. 22  Temperature with free stream Mach 3, gas bleeding 300K (1) 
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(c) I=0.014063 

 

 

Fig. 23  Temperature with free stream Mach 3, gas bleeding 300K (2) 
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4.4 Free stream condition of Mach 3, bleeding 3000K gas 

  4.4.1 Mach contour around base region 

 

 

(a) I=0 (Inert) 

 

(b) I=0.00078125 

 

 

Fig. 24  Mach contour with free stream Mach 3, gas bleeding 3000K (1) 
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(c) I=0.0015625 

 

(d) I=0.004867 

 

(e) I=0.00625 

 

Fig. 25  Mach contour with free stream Mach 3, gas bleeding 3000K (2) 
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4.4.2 Static temperature contour around base region 

 

 

(a) I=0 (Inert) 

  

(b) I=0.00078125 

 

 

Fig. 26  Temperature with free stream Mach 3, gas bleeding 3000K (1) 
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(c) I=0.0015625 

 

(d) I=0.0046875 

  

(e) I=0.00625 

 

Fig. 27  Temperature with free stream Mach 3, gas bleeding 3000K (2) 
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4.5 Boat-tailing effect on drag reduction 

 

Fig. 28  Boat-tailing effect at Mach 2

 

Fig. 29  Boat-tailing effect at Mach 3 
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On behalf of investigating the boat-tailing effect, drag coefficient under condition 

of free stream Mach 2 and 3 was measured. Through all varying injection parameter I, 

drag reduction was available. Compared with no boat-tailed shape (0 degree), boat-

tailed shape with angle of 5°, 10°  both represented the effective drag reduction, 

regardless of the injection parameter. Thus, it can be said that it is more effective to 

use boat-tailed shape, even if using the base bleeding as well. However, between tail 

angle of 5° and 10°, it is unable to conclude that taking some tail angle would be the 

best choice for all injection regime. What is more, it is impossible to increase the tail 

angle indefinitely, in aspect of assuring the projectile’s flight stability. Thus, adopting 

the base bleed can be an effective way to acquire further drag reduction.  
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4.6 Base-bleeding effect on drag reduction 

4.6.1 Effect of injection parameter I 

 

Fig. 30  Base bleed effect with varying injection parameter 

Drag coefficient has been calculated with the varying injection parameter I, with no 

boat-tailed shape and 300K bleeding gas. Case of Mach 3 presented lower drag 

throughout all injection parameter than the case of Mach 2. By increasing the injection 

parameter I, drag coefficient tended to decrease for both Mach number, indicating the 

first regime explained before. Considering the plotted result above, there exists a 

certain amount of injection parameter for Mach number 2, 3. Further injection brought 

about the drag increment, meaning that it passed the minimum drag performance point.  
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4.6.2 Effect of bleeding gas temperature  

 

Fig. 31  Drag coefficient tendency with gas temperature 

Both the case of Mach 2 and 3, drastic drag reduction by applying hot gas was 

proved. If injected with the same mass flow rate (indicating that injection parameter I 

is the same when free stream Mach number is identical), Bleeding 3000K into the base 

flow field significantly alleviated the aerodynamic drag, also showed the minimum 

drag of its Mach region. From this result, it can be said that with the same mass bleed 

rate, high temperature gas injection would be an effective way.  
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4.7 Hybrid of boat-tailing and base bleeding 

 

Fig. 32  Drag coefficient over all conditions 
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As injection parameter varied, the minimum drag point moved. With increasing 

Mach number, the drag coefficient curve’s width got smaller and the minimum drag 

point moved to the left, 𝐱𝐱 − 𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝 (Fig. 32). It is clear that the boat-tail shape has 

its advantage of reducing the drag force acting on the projectile, until some extent of 

angle. As explained before, it is mainly caused by the multiple expansion wave, 

making the entire flow expansion weaker. It is well-known that the flow after the 

expansion wave is being expanded. On this process, static pressure and the static 

temperature goes down, while the total temperature remains consistent on behalf of its 

isentropic expansion.  

With no bleed, the static pressure along the model surface till the base corner were 

all the same despite of the different tail angle. Thus, every sort of drag acting on the 

projectile on these cases along the surface should be same, except the base drag, 

determined by expansion process (Fig. 32). As seen from the figure above, at the angle 

of 𝟏𝟏𝟐𝟐°, it showed the minimum drag compared with the rest of the angled geometry.    

Now let’s imagine the 3 cases tail angle of 𝟐𝟐°,𝟓𝟓°,𝟏𝟏𝟐𝟐°, with 300K gas bleeding. At 

the same Mach number, skin friction drag has small difference among the 3 cases. And 

the pressure drag are all the same, defined at the region except the base area. Thus, 

total drag depends on the base drag, calculated by the subtraction of fore-body pressure 

and the base pressure. Cause the fore-body pressure are all identical, it is possible to 

conclude the base pressure goes up with the tail angle increment till 𝟏𝟏𝟐𝟐°.  
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5. Discussion 

5.1 Base pressure with varying Mach number 

 

Fig. 33  Base pressure distribution at Mach 2 and 3 (300K) 

Base pressure distribution at Mach number 2 and 3 is shown above (Fig. 33). Y axis 

is set as r R⁄ , where R is the total radius of the 155𝑚𝑚𝑚𝑚 projectile, 77.5𝑚𝑚𝑚𝑚. And the 

red dot line presented above is the height of 31𝑚𝑚𝑚𝑚 from the centerline, the radius 

of the base bleed gas inlet. The radius of the base bleed inlet was set to 40% of the 

projectile radius, 31𝑚𝑚𝑚𝑚. X axis is the static pressure [Pa] of the base surface, and 

the integration of the surface pressure along the surface area means the base pressure 

force. 
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In cases of both Mach number, static pressure at inert (no bleed) case showed the 

lowest, meaning that the base pressure was the lowest. In Mach 2 case, I = 0.025 

showed the highest base pressure, which coincided with the lowest drag point (Fig. 

32). Same thing can be applied to the Mach 3 case, at which I = 0.0140625 showed 

the highest base pressure, and the lowest drag coefficient.  
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5.2 Base pressure with bleeding 300K, 3000K gas  

 

Fig. 34  Base pressure distribution with 300K, 3000K (Mach 2) 

Base pressure distribution with different temperature is shown above (Fig. 34). It is 

possible to know that the base pressure can be increased by bleeding the high 

temperature gas, even with the small amount of mass flow rate. At temperature of 

3000K, it showed drastic increase of the base pressure when I = 0.009375. it can be 

inferred that this fact derived from its high enthalpy, because of its high temperature. 

high temperature with higher kinetic energy of the gas Also, its base pressure was more 

sensitive than the one of 300K, indicating that it should be more dealt with precise 

control to optimize the base bleed effect. Furthermore, if think about the secondary 

combustion between the bled gas and the surrounding atmosphere, it can present much 
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higher base pressure, which should be discussed for the future work. Both case 

presents that there are some range of injection parameter at which the maximum base 

pressure exists.  
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6. Conclusion 

Numerical analysis was conducted using star ccm+, with the model of 155mm 

projectile. By assuming supersonic flight regime, drag coefficient was measured under 

Mach number 2 and 3. The atmosphere was set to 2km altitude sea level, by 

determining the most probable altitude when projectile cruises, by 3DOF code.   

By applying boat-tailing and base-bleeding technique on 155mm projectile, it was 

able to find the minimum drag coefficient range at each different condition. 

Regardless of the free stream Mach number, it was possible to see the drag 

coefficient curve moves backward, with increasing the tail angle. Boat-tailing made it 

possible to weaken the expansion wave, and lengthen the recirculation region. This 

effect made the entire drag coefficient curve with changing injection parameter went 

down. As tail angle increased, base pressure got higher, which made the optimized 

entrainment of the particle to the outer flow needed more injection. This caused the 

minimum drag coefficient point has the higher mass flow rate.  

  By altering the bleeding gas temperature to 3000K, it was able to reduce much more 

drag than bleeding the 300K gas. With small amount of mass flow rate, it was possible 

to earn the lower drag coefficient. It can be inferred that it was caused by its higher 

enthalpy, with higher kinetic energy, to present much higher base pressure. It was 

shown that higher temperature bleeding with certain boat-tailed shape would 

drastically reduce the total drag. Thus, to apply the hybrid of boat-tailed shape and 

high temperature gas bleeding at the base is efficient on drag reduction.    
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초 록 

초음속 비행체의 항력감소에 대한  

기저 분사 효과 연구 

 

비행체의 사거리 증대에 관한 연구는 1960년대부터 많은 국가들에서 이

루어졌다. 추력이 없는 비행체의 경우, 포 혹은 다른 장치에 의해 초기에 

부여할 수 있는 운동에너지는 한계가 있다. 따라서, 정해진 초기 속도로 날

아가는 비행체에 작용하는 항력을 줄이는 것은 매우 중요하다.  

비행체에 작용하는 전체 항력은 압력 항력 (pressure drag), 표면 마찰 

항력 (skin-friction drag), 기저 항력 (base drag) 으로 분류할 수 있다. 압

력 항력은 형상 항력 (form drag) 으로 불리기도 하듯, 비행체의 형상에 의

해 지배 받는 항력이고, 표면 마찰 항력은 점성의 영향에 의해 발생한다.          

기저 항력은 비행체의 전두부 (fore-body) 에 작용하는 힘과 후미의 기저

부위에 작용하는 힘의 차이에 의해 생기는 항력을 일컫는데, 이러한 기저

항력은 후미에서의 유동 박리 (flow separation) 와 재순환 영역 

(recirculation region) 생성 등으로 인한 낮은 압력이 그 주된 원인이다.  
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이러한 기저 항력은 전 마하 수 영역 대에 걸쳐 전체 항력의 50% 이상

을 차지할 만큼 상당한 비중을 차지한다. 그러므로 기저 항력 감소는 전체 

항력을 줄이는 데에 있어 매우 중요하므로, 이에 대한 연구는 필수적이다. 

  

기저 항력을 줄이는 기법 중에는 다음의 2가지가 존재한다. Boat-tailing 

과 base-bleeding 이 그것들이다.  

  Boat-tailing은 각진 비행체의 기저 부분을 보트의 꼬리와 같이 경사지게 

잘라내는 기법인데, 이를 통해 낮은 압력을 가지는 기저 부분의 영역을 줄

임과 동시에 초음속 영역에서 필연적으로 발생하는 팽창파로 인한 유동의 

팽창을 약화시키는 역할을 한다.  

  Base-bleeding은 기저 부분에 비행체 내부로부터 가스를 분사시켜, 질량 

입자를 기저 부분에 더욱 채우고, 기저 영역의 유동장을 변화시키면서 기

저 압력을 높여 항력을 감소시키는 기법이다.  

본 연구에서는 CFD 상용 소프트웨어인 STAR-CCM을 이용하여, 155mm 

직경의 비행체에 대한 전산해석을 수행하였다. 연구의 목표로는 위에서 언

급된 boat-tailing 과 base-bleeding 각각의 기법의 실효성을 우선 파악하

고, 두 가지 기법을 동시에 적용하였을 때의 그 효과의 유무와 항력 감소 

추이를 고찰하는 것이다. 또한, 분출 가스의 온도에 따라 고온의 경우에는 

어떠한 항력 추이가 얻어지는 지에 대해서도 연구되었다.  
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해석 결과, 마하 2와 3, 꼬리 각 (tail angle) 0도, 5도, 10도 그리고 분출 

가스 온도 300K, 3000K에 대한 각 조건의 변화 속에, 항력 감소 효과는 

확인되었다. 전체 항력 계수를 통해 이를 비교 하였으며, 기저 압력 분포를 

통해 결과가 고찰되었다. Boat-tailing 과 base-bleeding을 적절히 적용하

였을 때, 최저 항력계수를 나타내는 구간을 찾을 수 있었다. 또한, 3000K의 

가스를 사용하였을 때, 상온 (300K) 의 가스를 분출 하였을 경우 보다 더

욱 낮은 항력계수를 얻을 수 있었다.  

따라서, boat-tailing 과 고온의 가스를 이용한 base-bleeding을 시행하

였을 때, 항력 감소에 효과가 있음을 알 수 있었다.   

 

  키워드: 유동 박리, 재순환, boat-tailing, base-bleeding, 기저 항력 

(base drag), 항력계수 
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