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ABSTRACT 
 
Base bleed unit is one of the active methods to increase the range of artillery 
projectiles. Ballistic performance of base bleed unit has been experimentally 
assessed using firing tests and wind tunnel experiments. Meanwhile, analytical and 
numerical studies have been carried out. In some of these studies, solid propellant is 
used as the source of the burnt gases ejected into the wake behind the projectile 
base. But, in other studies, different types of gases such as air, argon, hydrogen, 
and helium are ejected at different temperatures. 
 
In this paper, the effects of the main dimensions of 2-parts tubular base bleed grain 
unit on its ballistic performance are studied analytically. These dimensions are base 
bleed grain maximum radius, length, inner diameter of the grain, and exit diameter of 
base bleed unit. The study is applied to the base bleed unit which is installed to K307 
155mm projectile. The study leads to a new method to control the ejected mass flow 
rate. This method is based on changing the exit diameter of base bleed unit in order 
to get higher injection parameter in the first few seconds of projectile flight and lower 
values in the remaining time of base bleed grain burning. Therefore, the base bleed 
projectile range is increased by 1.7 % when comparing with its counterpart which is 
supplied with base bleed unit having constant exit diameter and the same base 
bleed grain. 
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INTRODUCTION 
 
Base bleed unit is one of the active methods to increase the range of artillery 
projectiles. Ejected gases from the base bleed unit are responsible for the base drag 
reduction resulting in range extension of artillery projectiles. Base bleed effect has 
been studied by many researchers using different approaches such as firing tests [1-
5], wind tunnel experiments [6-9], analytical methods [10-17] and computational fluid 
dynamic simulations [18- 21]. In some of these studies, the researchers used solid 
propellants as the source of the ejected gases. Others used different types of hot or 
cold gases such as air, argon, hydrogen, and helium. These studies focused on the 
effect of the flow parameters and the base ejection configurations on drag reduction. 
Base bleed unit which ejects hot gases due to burning of solid propellant is still the 
mostly applied type. The propellant could be of composite or double base propellant 
type with low burning rate that is able to burn in a low atmospheric condition resulting 
from the wake behind the projectile base. 
 
The used configurations of base bleed grain are tubular, slotted tubular cylinder or 
donut shape. The most common applied one is the slotted tubular cylinder or donut 
shape. The number of slots is 2 or 3 slots splitting the base bleed grain into 2 or 3 
equal parts, respectively. The main dimensions of base bleed grain are the 
maximum radius (Rmax), grain length (Li) and the inner diameter (Rin).  
 
In order to maximize the range extension of base bleed projectile, grain dimensions 
are discussed according to: 1) the required ballistic performance of base bleed, 2) 
the design constrains for both the projectile body strength of material and its 
aerodynamics, 3) the maximum pressure inside the barrel affecting projectile base 
that will have an influence on the mechanical properties required in base bleed grain 
production and 4) the projectile lethality. It has been proven in Ref. [17] that base 
drag reduction - via base bleeding - at high supersonic velocities of artillery 
projectiles is more efficient. 
 
It means that the base bleed unit is of better performance at the first few seconds of 
projectile flight after its departure the barrel muzzle. Therefore maximum range of 
base bleed projectile can be obtained when the base bleed grain generates relatively 
large mass flow rate to get optimum value of the injection parameter value at the first 
few seconds of projectile flight with supersonic speed [22].  
 
The computational work presented in Ref. [13] showed that the increase in base 
pressure due to the base bleed unit is proportional to the projectile flying velocity. It 
means that at the same injection parameter, the higher speed of base bleed 
projectile, the higher base pressure. 
 
Studying the effect of base bleed grain dimensions on the ballistic performance of 
artillery projectiles is important in case of providing rocket assisted unit. This requires 
adapting the working time of each unit by optimizing dimensions of their grains so 
that no interaction may happen between them to ensure maximum range without 
massive reduction of projectile lethality. 
 
In this study, the effect of the main dimensions of base bleed grain is discussed 
through an analytical model which its predictions were previously verified [17]. These 
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dimensions are the length, inner diameter and maximum diameter. Effect of base 
bleed exit diameter is also discussed. A new method is presented to control the 
mass flow rate and consequently the injection parameter by using a deformable exit 
diameter. 
 
The present study is applied to a base bleed projectile model K307 launched with 

muzzle velocity 910 m/s at angle of fire 51.2 which corresponds to the maximum 
range. Base bleed grain consists of two identical solid propellant grains as shown in 
Fig. 1 [17]. The surfaces exposed to burning are an inner cylinder and four flat 
surfaces; each pair is separated by a slot (ωi) of 3 mm. The slots are held opened 
during launch by four spacers. Other surfaces of the grain are covered by inhibitor. 
 
 
GOVERNING EQUATIONS OF FLOW RATES AND FLOW REGIMES 
 
The grain should burn out at time equals to nearly the half of projectile time of flight 
[14]. Experimental work showed that the optimum injection parameter for base bleed 
projectile is approximately 0.005 [23]. The injection parameter is calculated 
according to the following equation [17]: 
 

   
 ̇ 
 ̇ 

  (1) 

 

where  ̇  is the mass flow rate of burnt gases through the base bleed nozzle and 
 ̇  is the upstream mass flow rate of air past the projectile base which can be 
determined using the following equation [17]: 
 

 ̇          (2) 

 

where   ,     are the free stream density and velocity, respectively, Ab is the area of 
the boattail base. The mass flow rate ( ̇ ) is a function of the burning rate of base 
bleed grain composition and the exposed instantaneous grain surface (Abb). 
 

 ̇             , (3) 
 

where bb and U are the density and burning rate of the base bleed grain 
composition, respectively. The grain burning rate can be calculated according to the 
following equation [2]: 
 

          
 , (4) 

 

where k is the spin rate factor, Uo is the grain burning rate at atmospheric pressure, 
Pch is the pressure of the base bleed unit chamber and α is the pressure exponent. 
 
Based on the value of mass flow rate [14] (see Fig. 2), there are three regimes of 
base flow as follows:  
 
Regime I: The base bleed gases provide a part of the mass required for the mixing 
layer entrainment process which is created between the free stream flow and the 
primary recirculating region (PRR) which lies behind the projectile base. The strength  
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Fig. 1. Geometry of the base bleed grain [17]. 
 
 

 
 

Fig.2. Base pressure versus injected mass flow rate [19]. 
 
 
of PRR decreases with the injection rate and the recompression shock is weakened 
and consequently increases base pressure. 
 
Regime II: It starts when the injection parameter is sufficient providing gases 
required by the mixing entrainment process. At this point, the recompression shock 
is weakened, and the base pressure reaches a maximum value at the optimum value 
of injection parameter. If the injection parameter exceeds its optimum value, the 
projectile base pressure decreases until the injected gases have enough momentum 
to penetrate through the primary recirculation region then the pressure may 
decrease to a value less than its counterpart without base bleed unit as 
demonstrated in the experimental work discussed in Ref. [24]. This occurs at the end 
of the regime  
 
Regime III: It starts when the injection parameter increases even further, and 
eventually leads to power-on conditions which is not used for base bleed 
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applications. All the analytical models put into consideration the effect when the 
injection parameter exceeds the optimum value [15-17].  
 
 
RESULTS and DISCUSSIONS 
 
In the following, the predicted results due to the application of analytical model of 
Ref. [17] on the base bleed projectile model K307 are classified into:  
i) results due to the effect of maximum radius of base bleed grain on range, ii) results 
due to the effect of grain length on range, iii) results due to the effect of base bleed 
grain inner radius on range. Finally the effect of exit diameter of base bleed unit is 
presented. 
 
Effect of Maximum Radius of Base Bleed Grain Rmax 
 
Figure 3 shows the predicted range and base bleed grain bleeding time versus 
maximum radius of base bleed grain. It can be noted that the range is linearly 
increased with Rmax up to Rmax = 50 mm. With further increase in Rmax, the range 
increases with smaller rate until insignificant increase in range at Rmax > 60 mm is 
predicted which seemed to be the optimum radius comparing of the data of the used 
projectile. For the bleeding time, it increases with the increase of the Rmax resulting in 
increasing in the radial thickness of the grain which equals (Rmax – Rin) providing 
more thickness to burn.  
 

 
 

Fig. 3. Predicted range and bleeding time versus maximum radius of base 
bleed grain. 

 

Figures 4 and 5 display the change of projectile altitude and Mach number with time 
of flight, respectively, at different values of the grain maximum radius, namely Rmax 
=40, 60 and 70mm. It can be noted that there is insignificant change when 
comparing the altitude or the Mach number at Rmax=60 and 70 mm. Also from figures 
3 and 4 it is clear that the bleeding time of base bleed grain of radius = 40 and 60 
mm finished at the ascending part of projectile trajectory but for the radius = 70 mm 
the bleeding time continued in the descending part. 
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Fig. 4.  Predicted change of projectile altitude versus time of flight for 
different maximum radii of base bleed grain. 

 

 

Fig. 5. Predicted change of projectile Mach number versus time of flight for 
different maximum radii of base bleed grain. 

 

Figure 6 plots the change of base bleed grain surface areas (slots – cylindrical- total) 
and grain length with bleeding time for three values of Rmax. For each Rmax, the figure 
shows that the area of slots decreases but the cylindrical area increases with 
bleeding time. The rate of decreasing the slot area is approximately the same as the 
rate of increasing the cylindrical area. Therefore, the change of total area is slightly 
decreasing with bleeding time. When increasing Rmax, the slots burnt surface area 
increases, the cylindrical area for the same bleeding time is the same for all values 
of Rmax up to the time corresponds to radius of burn equals to value r = Rmax – rs 
which is identified by the point at which the grain length starts to decrease under the 
effect of the radius of curved ends of the grain, rs (see Fig. 1). However, higher value 
of Rmax will provide more radial thickness to burn and consequently increases the 
cylindrical and total areas as whole. 
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Fig. 6. Change of base bleed grain surface areas (cylindrical – slots- total) 
and grain length with bleeding time at different maximum radii of  

base bleed grain. 
 
 

Figure 7 plots the predicted change of mass flow rate and the injection parameter 
with bleeding time for three value of Rmax. It can be noted from this figure that the 
mass flow rate as well as the injection parameter increase by the increase of Rmax at 
the same burning rate of base bleed grain composition. This is mathematically 
proofed when referring to Eq.3 since Abb is proportional to Rmax.  
 
When studying the trend of the mass flow rate at a specified value of Rmax, it is clear 
that the mass flow rate increases for about 2 seconds with average percentage 4% 
and then decreases with time. This compiles with the published for base bleed 
projectile model M864 in Ref. [13]. It is though the reason of this trend is that during 
the 2 seconds the change in base bleed burnt area and the same for free stream 
velocity and pressure is negligible. The high mass flow rate that is generated at time 
= 0 leads to high chamber pressure, base pressure, burn rate as shown in the next 
figures, and consequently increases mass flow rate. This is true till the reduction in 
free stream conditions and base bleed burnt area become dominate during the 
ascending part of projectile flight, so chamber pressure decreases and consequently 
mass flow rate decreases. The mass flow rate decreases with bleeding time as a 
result of the decreasing the total area of the base bleed grain as shown previously 
and due to the continuous decrease of the free stream pressure during the 
ascending part of the projectile trajectory. For Rmax =70 mm, the mass flow rate 
increases after the time moment when t = 53 s which corresponds to the time of the 
trajectory apex hence the free stream pressure increases in a portion of the 
descending part of projectile trajectory (see Figures 3 and 4). However mass flow 
rate in general decreases with time but the injection parameter increases since the 
free stream conditions represented by velocity and density decrease with time of 
projectile flight in the ascending part of trajectory (see Eqs.1, 2). 
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Fig. 7.  Predicted change of mass flow rate and the injection parameter with time  
of projectile flight for different maximum radii of base bleed grain. 

 
 

Figure 8 depicts the change of the pressure behind the projectile base with time of 
projectile flight for the different values of Rmax. With the increase in Rmax, the 
projectile base pressure slightly increases. Thus, the base drag decreases and 
consequently the projectile range increases. The sudden drop of the base pressure 
value corresponds to the moment of end of burn at which is assumed that the 
chamber pressure equals to the base pressure [11-17]. In the remaining time of 
projectile flight in case of Rmax = 40 mm, the base pressure is the highest because 
the projectile takes the lowest trajectory (see Fig. 4). However for Rmax = 70 mm the 
increase in base pressure becomes insignificant as the injection parameter values in 
more points during the time of base bleed grain burn exceeds the optimum value and 
this explains the trend shown in Fig.3. 
 
Effect of Length of Base Bleed Grain (Li) 
 
Figure 9 shows the change of projectile range and base bleed grain bleeding time 
versus base bleed grain length. The range increases with the increase of the length 
up to Li = 110 mm then, the range decreases. The bleeding time continuously 
decreases with the increase of Li. This result is agreed with that reported in Ref. [14]. 
 
Figure 10 displays the predicted projectile altitude versus time of flight at different 
values of the grain length namely Li=65, 85, 110, 150mm. It can be noted that the 
maximum altitude is obtained by increasing Li up to a certain value then it decreases. 
 
Figure 11 plots the predicted projectile Mach number with the projectile time of flight 
for the selected values of the grain length. Mach number and projectile time of flight 
increase with the increase of grain length up to Li = 110 mm. In case of Li = 150 mm, 
the Mach number values are the highest up to time = 23 seconds then started to  
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Fig. 8. Change of the pressure behind the projectile base with time of projectile 
flight for different maximum radii of base bleed grain. 

 

 
 

Fig. 9. Change of projectile range and base bleed grain bleeding time versus 
base bleed grain length. 

 
 

decrease with higher rate till it becomes the lowest at time = 34 seconds comparing 
with the corresponding data related to other values of Li. 
 
Figure 12 plots the change of base bleed grain surface areas (slots – cylindrical- 
total) with the bleeding time at different Li. At the specified value of Li, the trends of 
the change of surface areas with bleeding time are as the same as shown in case of 
increasing maximum radius, cf. Fig. 6. However when increasing Li both cylindrical 
and slots areas increase and this leads to the increase of total area up to the end of  
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Fig. 10. Predicted change of projectile altitude versus time for different  
base bleed grain length 

 

Fig. 11.  Change of projectile Mach number versus time of flight for  
different grain lengths. 

 

bleeding time. The increase in the total area generates more mass flow rate and 
injection parameter with increasing Li as shown in Fig. 13. The generation of high 
mass flow rate with increasing Li leads to higher pressure in the base bleed chamber 
up to the end of bleeding time as shown in Fig.14. 
 

In case of different grain dimensions with the same    , the factors that influence the 
time of burning are: 1) grain radial thickness, 2) the burn rate,   which depends on 
base bleed chamber pressure (see Eq. 4). 
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Fig. 12. Change of base bleed grain surface areas (cylindrical – slots- total) with 
bleeding time for different base bleed grain lengths. 

 

 

 

 

 
Fig.13. Predicted change of mass flow rate and the injection parameter 

   with bleeding time for different base bleed grain lengths. 

 

 
 

Chamber pressure increases with the increase of amount of generated gases from 

base bleed grain burn and free stream pressure. In the studied cases    and the 
radial thickness are constants. The increase in the length leads to higher total burn 
area, mass flow rate and consequently higher chamber pressure as shown in Fig.14. 
Higher pressure imposes higher burn rate as shown in Fig. 15. This figure plots the 
burn rate versus bleeding time at different lengths of the grain. It can be noted that 
there is a reduction in bleeding time with the increase in the length. 
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Fig.14. Predicted change of base bleed chamber pressure with time  
      of projectile flight for different base bleed grain lengths. 

 

 
 

Fig.15. Predicted burn rate of the base bleed grain radius with bleeding 
 time for different base bleed grain lengths. 

 
Figure 16 plots the predicted change of projectile base pressure versus time of 

projectile flight at different values of the grain length. With the increase in the length 

from 65 mm to 110 mm, the pressure is higher up to a time equals 18.85 seconds 

and then the pressure decreases. In case of Li =150 mm, the pressure increases 

until the moment when the time equals to 8.9 seconds and then the pressure  
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Fig.16. Change of projectile base pressure with time of projectile flight  
for different base bleed grain lengths 

 
 

decreases. This occurs under the fact that, the increase in Li, generates high 
injection parameter that is higher than the optimum value for longer time during 
bleeding time and it reaches this high value earlier than in case of the smaller Li (see 
Fig.13). Regarding Refs. [17, 24] which reported that the efficiency of base bleed 
starts to decrease when the injection parameter is higher than the optimum value 
this may be attributed to the enough momentum of gases penetrating the wake and 
consequently the base pressure decreases leading to increase base drag and 
reduces Mach number as shown in Fig. 11 . If the injection parameter increases 
more, such as the value reached in case of Li,= 150 mm, chamber pressure 
increases leading to high burning rate as shown in Fig. 15 but the base pressure 
continues to decrease and may reach a value less than the value corresponds to the 
inert projectile (see Fig. 1) as reached at time equals to 27 seconds. This may be a 
justification for the decrease of the base pressure, velocity and consequently range 
seen in Figs. 16, 11 and 9 respectively. 

 
Effect of Base Bleed Grain Inner Radius Rin 

 
Figure 17 shows the predicted change of projectile range and base bleed grain 
bleeding time versus base bleed grain inner radius. The range increases with the 
increase of the inner radius up to Rin = 27mm then it starts to decrease. The bleeding 
time decreases with the increase of inner radius because the increase in the inner 
radius decreases the radial thickness of the grain. 
 
Figure 18 depicts the projectile altitude versus the time of flight at specified values of 
Rin. By considering the burning time corresponding to Rin = 22 and 32 mm,  
 



76 BL  Proceedings of the 16th Int. AMME Conference, 27-29 May, 2014 

 

 
 

Fig. 17. Predicted projectile range and base bleed grain bleeding time  
versus inner radius of base bleed grain. 

 

 

 
Fig. 18. Change of projectile altitude versus time of flight at different values 

 of base bleed grain inner radius 
 
 

respectively, cf. Fig. 17 it is clear from the present figure that the bleeding time ends 
in the ascending part of projectile trajectory. 
 
Figure 19 shows the predicted change of base bleed grain surface areas (cylindrical 
- slots - total) with bleeding time for selected values of Rin. At specified value of Rin, 
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the trend of change of cylindrical, slots and total areas is the same as shown 
previously in Figs. 6 and 12. However the trend of change of the areas at different 
values of Rin is different.  The increase of Rin leads to an increase in the values of the 
cylindrical area and a decrease in the slots area (see Fig. 1). Finally the increase in 
the cylindrical area compensates the decrease in slots area and maintains the total 
area increasing until the end of burn. 
 
Figure 20 plots the predicted change of mass flow rate and the injection parameter 
with bleeding time for different inner radii of base bleed grain. It can be seen from the 
figure, each of mass flow rates or injection parameter take a trend corresponds to 
the trend of total area. This proves the fact that the base bleed grain provides 
injection values at small Rin values less than the case of larger values of Rin. Also, 
these values are less than the optimum value in the first seconds of burn. But the 
bleeding time extends for longer time. Therefore, the predicted maximum range 
increases with the increase of Rin up to value 27 mm. The increase in the injection 
parameter in the first seconds compensates the negative effect of less bleeding time 
on the range and finally the range increases. For Rin >27mm it fails to compensate 
this negative effect and consequently the range decreases. 
 
For Rin = 12 mm the mass flow rate increases again at time > 51.5 seconds which 
corresponds to the summit of the projectile trajectory. This may be indicated that the 
bleeding time is continuous in the descending part of projectile trajectory during 
which the free stream pressure increases with time of flight leading to an increase in 
the projectile base pressure, chamber pressure which consequently it increases the 
burn rate and the generated mass flow rate. 

 
 

 
 

Fig. 19. Change of base bleed grain surface areas (cylindrical – slots - total) with 
bleeding time at different base bleed grain inner radii. 
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Fig. 20 Change of mass flow rate and the injection parameter versus  
bleeding time at different inner radii of base bleed grain. 

 

Figure 21 summarizes the effect of the previously studied dimensions (Rmax, Li and 
Rin) on range. It is clear that the effect of the Rin is the least in both cases, when 
increasing or decreasing it.  The reduction in Rmax decreases the range with higher 
percentage than in case of decreasing Li with the same percentage. However range 
increases more with the increase in Li than when increasing Rmax. Moreover, the 
effect of reducing Rmax and Li on range is higher than in case of increasing it which 
insures that the original dimensions of the studied base bleed grain are already 
optimized. 
 

 

Fig. 21. Predicted effect of base bleed grain dimensions change on range. 
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Effect of Exit Diameter of Base Bleed Unit Dexit 
 
Figure 22 shows the change of projectile range at different exit diameters of base 
bleed unit and different maximum radii of base bleed grain while the grain length and 
inner diameter are constant. For each Rmax, the range increases with the increase in 
Dexit up to a certain value then, no further increase occurs This agrees with the 
mentioned in [8, 15] which stated that exit diameter has no considerable influence on 
base pressure when reaches certain size. The exit diameter increases with the 
increase of Rmax.  
 
For of Rmax = 40 mm, no change in the range with the change of Dexit. For Dexit > 36 
mm the increase in Rmax results in increasing of range. This may be attributed to the 
fact that with increase in Rmax, the area exposed to burning increases resulting in 
more mass flow rate. If the exit area is not large enough to eject the burnt gases, 
chamber pressure increase and results in larger burning rate which leads to higher 
injection parameter even more than the optimum in case of larger exit diameter. 
However it doesn't provide thrust as rocket assistance. 
 
Figure 23 displays the change of mass flow rate and injection parameter versus 
bleeding time for Dexit of 36 and 50 mm, respectively and  Rmax=70mm. For the exit 
diameters considered, the trends of the injection parameter is not the same. In case 
of the smaller diameter, higher values of mass flow rate and injection parameter are 
noticed resulting in less burning time when comparing with the corresponding values 
of exit diameter = 50 mm. The values of injection parameter in case of exit diameter 
= 36 mm is much higher from the optimum parameter when comparing with its 
counterpart values at exit diameter = 50 mm. 
 

 

 

Fig. 22. Change of projectile range at different base bleed exit diameter  
and different base bleed grain maximum radius 
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Fig. 23. Change of mass flow rate and the injection parameter versus projectile 
 time of flight at different base bleed exit diameter when Rmax=70mm. 

 
 

Figure 24 depicts the change of projectile base pressure with bleeding time. It can be 
seen that in the first seconds of bleeding time, the base pressure in case of 
Dexit=36mm is higher than the corresponding data in case of Dexit=50mm. It is thought 
that the increase of base pressure in the first seconds is due to the injection 
parameter value which is close to its optimum value. Once, the injection parameter 
increases above the optimum value, base pressure decreases dramatically as 
shown in Fig. 16 and consequently the range decreases. 
 
Figure 25 illustrates the projectile range at different base bleed exit diameter and 
different base bleed grain length while Rmax and Rin are constants. The trends in the 
figure are similar to that shown in Fig. 22.  
 
It can be concluded from figures 19 up to 25 that:  
i) At the first few seconds of flight smaller exit diameter leads to increase in the 

mass flow rate because of the trap of more gases inside base bleed chamber 
which leads to increase the pressure inside, the burning rate and consequently 
larger injection parameter is obtained when comparing with the injection 
parameter values corresponding to larger exit diameter.  

ii) ii) The increase in mass flow rate during the first few seconds of a supersonic 
projectile flight overcomes the high free stream velocity resulting in high 
injection parameter that is closer to the optimum value and maximum drag 
reduction can be obtained [10, 17, 22].  

iii)  But in the remaining bleeding time during the ascending part of projectile 
trajectory, the free stream pressure and velocity decrease and injection 
parameter increases more than the optimum value especially if the exit 
diameter is small leading to decrease the base pressure resulting in decreasing 
in the range. 
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Fig.24. Change of projectile base pressure versus bleeding time 
 at different values of base bleed exit diameter. 

 
 

 

Fig. 25. Projectile maximum range at different base bleed exit diameter  
and different base bleed grain length 

 
 

So smaller diameter is more favorable at the first few seconds of a supersonic 
projectile flight at which higher injection parameter is required. But, during the 
remaining bleeding time, larger diameter is preferred to increase the mass flow rate 
preventing the generation of higher injection parameter. Therefore, a new method is 
proposed which provides a small initial exit diameter which increases gradually as a 
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function of the chamber pressure until it reaches the required large diameter. This 
can be achieved by different ways as shown in Fig. 25. The material of the 
deformable plug could be solid propellant with low burning rate or made of a material 
that erodes under the effect of the hot gases flow out from base bleed unit such as 
magnesium. 
 
Figure 26(a) shows schematic drawing for the suggested base bleed unit provided 
with a plug/ rod. The rod is fixed to the igniter from one of its ends and the other end 
is located at the base bleed base orifice. The rod is made of erosive material with 
certain initial diameters and thickness according to the required initial and final exit 
diameter of base bleed unit. Figure 25(b) shows another suggestion where erosive 
exit diameter is presented by inserting a plug into the original base orifice. The plug 
is made of erosive material with initial inner diameter equals to the optimum initial 
diameter of the base exit and its outer diameter equals to the final exit diameter of 
base bleed unit. 
 

  

(a) (b) 

Fig. 26. Schematic drawing of base bleed unit provided with  
deformable rod/ plug exit 

 
 

Figure 27 displays the projectile range and bleeding time in case of a projectile with 
the original exit diameter = 44 mm, different fixed exit diameter and deformable exit 
diameter with initial diameter = 22 mm, 24 mm and maximum diameter = 62 mm, 64 
mm respectively. It can be seen that the range increases by using deformable exit 
diameter when comparing with the original diameter or fixed large diameter. For 
bleeding time, it decreases with the use of deformable exit diameter as the smaller 
diameter will lead to higher burn rates as discussed before, also bleeding time is less 
in case of fixed smaller diameter when comparing with the bleeding time of fixed 
large diameter for the same reason. 
 
Figure 28 illustrates the predicted change of injection parameter with bleeding time 
at different deformable/fixed base bleed exit diameters. It can be noted that in case 
of deformable diameter, injection parameter values are higher than the data  

Deformable 

rod 

Igniter 

Deformable 

plug 

BB grain 

Igniter 
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Fig. 27. Projectile maximum range and bleeding time at different  
deformable/fixed base bleed exit diameter 

 

 
 

Fig. 28. Predicted change of mass flow rate and the injection parameter with 
bleeding time for different (deformable – fixed) base bleed exit diameter. 

 
 

corresponding to fixed diameter during the first few seconds of bleeding time 
however in the remaining bleeding time, injection parameter values are less and 
closer to the optimum injection parameter. 
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CONCLUSION 

 
- When increasing Rmax, the surface area of the slots, cylindrical area and total area 

increase. However the cylindrical area for the same radial thickness is the same for 
all values of Rmax up to the point when reaching the radius of curved ends (rs) of 
the grain. 

 

- The bleeding time increases with the increase of the radial thickness of base bleed 
grain which equals to (Rmax – Rin). However bleeding time decreases with the 
increase of grain length. 

 

- The increase in Li results in an increase in both the cylindrical and the slots areas. 
This leads to the increase of total area up to the end of bleeding time. 

 

- The increase in Rin leads to an increase in the values of the cylindrical area and a 
decrease in the slots area. Finally the increase in the cylindrical area compensates 
the decrease in slots area and maintains the total area increasing until the end of 
burn. 

 

- The effect on range when increasing or decreasing Rin, is the least when compared 
with its results with the results of changing Rmax and Li. 

 

- The reduction in Rmax decreases the range with higher percentage than the case of 
decreasing Li with the same percentage. However range increases more with the 
increase in Li than when increasing Rmax. 

 

- The effect of reducing Rmax and Li on range is higher than in case of increasing 
these dimensions which insures that the original dimensions of the studied base 
bleed grain are already optimized. 

 

- Smaller exit diameter results in generating larger mass flow rate, less burn rate and 
consequently higher injection parameter when comparing with the values 
corresponding to larger exit diameter. 

 

- Smaller diameter is more favorable in the first few seconds of projectile flight since 
higher injection parameter is required but, at the remaining bleeding time, larger 
diameter is required to allow larger mass flow rate and prevent the generation of 
higher injection parameter. 

 

- Optimization of base bleed grain dimensions is a combination of optimization of its 
different dimensions besides exit diameter as well as the grain combustion 
parameters. 

 

- A new method is presented which is thought to provide a smaller initial small exit 
diameter that will increase gradually as function of the chamber pressure reaching 
maximum exit diameter. The study shows that the range increases with 1.7 % 
when applying this method compared with the range of a base bleed projectile 
provided with a fixed exit diameter. 
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