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Abstract: 

Base bleed, in which gases are discharged at the base of projectile, is confirmed to be an 

effective drag reduction technique. Itis believed that the design of base exit can impact the 

pattern of gas bleeding and, hence, the level of drag reduction. The present study is aimed 

to address this dependence that was not clarified in previous studies by examining the 

reduction in drag acting on a projectile with two different base bleed exit configurations. 

The first configuration includes a central circular orifice while the other is modified to 

include a smaller central circular orifice and four annular slots with equivalent total area. 

Numerical simulations on 3-D computational domain have been conducted to estimate 

drag and to explore the base flowfield for each configuration. The computational results 

at different Mach numbers have been compared with the mean drag based on range 

shooting for projectiles with both base configurations. In addition, different simulations 

have been performed to predict the real pattern of bleeding through the modified 

configuration based on the comparison with firing data at different Mach numbers.  
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1 Introduction 

Range extension of artillery munitions has been (and still is) the prime objective for 
ballisticians. Currently, range extension can be achieved in many ways including 
increasing muzzle velocity, using an assistant rocket, using sub-caliber projectile, or 
reducing drag. The latter method is attained either by the forebody pressure drag 
reduction or base drag reduction which in turn is achieved by boat-tailing or increasing 
the base pressure [1]. Basically, the free shear layer at the projectile base corner engulfs 
a region of low-pressure recirculating flow known as the primary recirculation region 
(PRR). Hence, base pressure is reduced. There are two approaches to increase the 
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pressure at the projectile base, namely passive and active devices. Passive devices such 
as base ventilated cavities and multistep base configurations were found to yield 10-
20 % and 25-50 % reduction in base drag, respectively [2-5]. The stream wise slotted 
cavity is another passive device [6] that was found to yield a drag reduction; though 
insignificant due to the endured viscous losses. Active devices in base drag reduction 
include external burning [7-10] and base bleed. Nonetheless, using boattailing along 
with base bleed unit is the most common method of increasing base pressure [11, 12]. 

Base bleed device incorporates a propellant grain (of various shapes [13]) that acts 
as a gas generator. Upon burning, the gas generated acts to increase the density at the 
base area. In addition, the PRR shifts downstream due to the injected gases that also 
create a secondary recirculation region (SRR). In effect, the base pressure behind the 
projectile increases and the total projectile drag is eventually reduced with the penalty 
of increased dispersion due to inconsistent unit function [14]. The flows past a projectile 
with/out base bleed are schematically compared in Fig. 1. 

     
(a)       (b) 

Fig. 1 Illustration of flow past a supersonic projectile with (a) blunt base and  

(b) base bleed [15] 

The aspects of drag reduction by base bleed have attracted researchers for decades. 
It is widely agreed that the key parameter that controls the degree of drag reduction 
using base bleed is the rate of gas bleeding [16, 17] which is dependent on the burning 
rate of base bleed grain and pressure difference across the bleed exit [18, 19]. The set 
of flow visualization experiments by Dutton et al. [16, 19-22] provided   good 
understanding of base flow features with central base bleed. Recent studies on base 
bleed focused on finer details of base bleed operation such as muzzle exit transients [23-
25], fracture mechanisms of base bleed grain [26, 27], post-combustion of base bleed 
unit [28], impact of projectile spin [29], and implementing advanced numerical 
simulation techniques [30]. 

Drag reduction via base bleed is clearly a fluid dynamics problem. Karsten [31] 
pointed out that modeling the base bleed simply as a fluid injector yields fairly accurate 
prediction. Therefore, it has been believed that not only gas bleeding rate but also 
bleeding pattern may control the drag reduction level. Cavalleri and Posey [32] 
conducted a numerical simulation study to compare central orifice and annular (edge) 
slots in base drag reduction. Both axial and inclined edge injections were examined; the 
annular edge injection was found more effective than the central injection. In their 
numerical simulation study, Kubberud et al. [33] pointed out that even minor changes 
in the bleed exit configuration have an impact on drag reduction. Yu et al. [34, 35] 
conducted a set of numerical simulation studies to compare the annular edge slots and 
circular central orifice (keeping the same overall exit area) on the base pressure at 
different injection rate values at Mach 2 free stream. Yu et al. confirmed the findings in 
[34] as they concluded that the annular slots over-performed the central orifice. They 
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also concluded that the closer the slots to the base edge, the higher the base pressure. 
Finally, Zhou et al. [36] through their numerical simulation study confirmed the findings 
of Yu et al. [34] that while the base pressure reaches a peak value at an optimum 
injection rate using the central orifice, the base pressure increases monotonically with 
the injection rate using annular slots.  

Despite the good coverage of the studies stated above, a number of gaps can be 
addressed. Firstly, the previous studies on the base bleed configuration relied on 
numerical simulations solely (e.g. [37]) or they were validated against previous wind 
tunnel testing as in [19, 25, 38] or firing tables as in [39]. In addition, (axisymmetric) 
2D computational domains were used [25] even with annular exits [32] implying full 
annular exits which may not be practically valid. Secondly, the use of live firing to 
assess the numerical simulation results was not presented in the previous literature. 
Thirdly, the impact of the simultaneous use of central orifice and edge annular slots was 
not investigated before. Finally, an investigation whether the burn pattern of the base 
bleed grain impacts the unit performance was not addressed in the previous studies.  

The present research is a side-by-side firing-simulation study that was carried out 
on one type of base bleed projectiles with a threefold objective. Firstly, the objective 
was to address the impact of bleed exit configuration on the drag acting on the projectile. 
Two configurations are compared, the first is a single central orifice whereas the other 
one is annular slots along with a smaller central orifice with the same gas flow rate as 
the first one. This was conducted via a 3D numerical simulation to understand the 
physics of the base flow for each configuration. Secondly, to assess the simulation 
results, a set of projectiles for each configuration was manufactured and fired. The total 
drag coefficient for each round was estimated based on the real flight data. The 
computed total drag coefficients were compared with experimental counterparts at 
different Mach numbers and the differences were addressed and explained. On the other 
hand, the impact of bleed grain regression pattern on projectile total drag was addressed 
based on contrasting simulation and live firing results. The use of total projectile drag 
coefficient based on live firing results has been widely adopted to assess both the quality 
of simulations and the impact of base bleed [5, 15, 17, 29, 35, 40]. 

In the following section, details of the case study projectiles are presented. Next, 
the methodology of the study is explained in details. The results are then discussed and 
the main conclusions and recommendations conclude the present paper. 

2 Case Study and Methodology 

2.1 Case Study 

A projectile with two different base bleed unit exit configurations was studied; its 
dimensions in terms of caliber are shown in Fig. 2a. The original and modified exit 
configurations are shown in Figs 2b and 2c, respectively. The 0.285D central orifice in 
the original configuration was replaced with a smaller one (for grain ignition purposes) 
along with four symmetric annular orifices. The total area of bleeding exits was 
maintained; the central orifice and annular slots in the modified configuration had the 
area ratio of 2:3.  

The base bleed grains in both designs are the same; a slotted tubular grain was 
burned from the inner surface out. The configuration and geometric dimensions of the 
grain are shown in Fig. 2d. During production, the grain was placed inside the allocated 
cavity at the rear of the projectile and the container is then screw-fitted into projectile. 
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In operation, the grain was ignited by the projectile charge soon as the projectile had 
left the muzzle. The ratio of the mass of the projectile to the mass of the base bleed grain 
was about (35.7:1). The gain was burned out in 30 s yielding a low-subsonic bleeding 
of gases out of the unit with an average flow rate of 0.045 kg/s.  

 

(a) Projectile dimensions in calibers 

 

(b) Original BB container      (c) Modified BB container 

   

(d) Base bleed grain configuration and dimensions in calibers 

Fig. 2 Geometric details of the case study model 

2.2 Live Firing Experiments 

The projectiles with original and modified base bleed units were especially 
manufactured for the purpose of the present research. Two sets of original and modified 
projectiles were fired from the same gun including five and seven rounds, respectively. 
The instantaneous projectile location relative to the gun during flight was captured using 
a mono-pulse Doppler antenna. Temporal variation of trajectory parameters including 
range, altitude, velocity was calculated by analyzing the output of tracking radar and the 
total drag coefficient was then estimated [41]. All firings were conducted at a fixed 
elevation angle namely, 45 degrees. 
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2.3 Numerical Simulations Setup 

The drag on projectile with two different bleed exit configurations at different Mach 
values and zero incidence was estimated via computational simulations. Since the 
modified projectile was not axisymmetric, a computational domain representing one-
eighth of full 3D domain was adopted, Fig. 3.  

 

Fig. 3 Illustration of computational domain and boundary definition 

Domain extents were 3, 3.5, and 5 times the projectile length in the upstream, 
lateral and downstream directions, respectively. Boundary definitions were set as shown 
in Fig. 3. At the pressure farfield boundary, static pressure, temperature, and Mach 
number corresponding to real flight conditions [42] were defined. At the base bleed exit, 
velocity inlet was defined corresponding to gas flow rate. The lateral side planes were 
defined as symmetric while adiabatic no slip conditions were defined to the solid 
projectile surfaces. A multi-block structured grid was constructed and its resolution was 
enhanced at the areas of interest, Fig. 4. 

 

Fig. 4 Structured 3-D grid (one-eighth domain) 

The density-based solver with a second-order discretization scheme were adopted 
in solving steady RANS equations. The freestream air flow was treated as ideal gas 
whereas the bleeding gas was defined with chemical reaction enabled [43]. 
A commercial CFD tool was utilized [44]. Two-equation turbulence models have been 
successfully used in similar simulations; K−epsilon model was implemented in [37, 45] 



142 DOI 10.3849/aimt.01529

whereas K−omega model was used in [40, 46]. In the present work, the K−epsilon with 
Realizable Enhanced Wall Treatment turbulent model was used.  

A grid sensitivity study was conducted on the original projectile with free stream 
conditions corresponding to Mach 1.5 at standard sea level atmosphere. Grids with 
different resolutions were constructed and projectile drag coefficient with active and inert 
base bleed was adopted as a measure of solution grid-independence. Fig. 5 shows the 
dependence of the projectile drag coefficient on the grid cell counts, N, normalized by that 
of the coarse one, NG. A grid with 714 500 cells (shown in solid markers) was chosen as 
no significant improvement was achieved with further cell count increase. 

 

Fig. 4 Grid independence check results 

3 Results and Discussions 

3.1 Results of the Live Firing for Projectile with both Original and Modified Bleed 

Exits 
Five rounds for the original design and seven rounds for the modified one are fired. 
A sample output for live firing of projectiles with original and modified base bleed exit 
configurations is displayed in Fig. 6. The data are normalized with respect to those of 
the original round. The output data are manipulated further to estimate the variation of 
total drag coefficient with flight Mach number. The data for original rounds were 
reported in [47]; for the sake of completeness, these data are presented here along with 
those for the modified rounds. 

The drag behavior for both original and modified rounds is better illustrated in 
Fig. 7a and 7b, respectively. For the sake of more comprehensible illustration, the Mach 
axis is split into two separate ranges; 1.2: 1.4 and 1.5: 1.8. To illustrate the impact of 
bleed exit configuration on the total projectile drag, Fig. 7c compares the mean drag 
coefficients for both designs. 
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(a) Altitude versus range 

 

(b) Velocity versus time 

Fig. 5 Sample output data from live firing of original and modified projectiles. 

It can be inferred that the modified bleed exit yields a drag rise of about 0.3 % to 
8 % over the range of Mach numbers greater than 1.2. It is also interesting to indicate 
that the modified design yields a lower drag at the lower limit of Mach that takes place 
near the summit point of projectile trajectory. An explanation for this behavior, which 
contradicts the finding of Yu et al. [34], is attempted shortly based on numerical 
simulation findings. 

3.2 Comparison of Simulation with Live Firing Results for Both Original and 

Modified Projectiles 

Tab. 1 lists the values of the total drag coefficient obtained from live firing and their 
computational counterparts for the original and modified projectiles. 
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Fig. 7(a) Total drag coefficients versus Mach numbers for the original rounds [47] 

 

 

Fig. 7(b) Total drag coefficients versus Mach numbers for the modified rounds 
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(c) Means of total drag coefficient for both designs 

Fig. 6 Live Firing data for total drag coefficients of the original and modified rounds 

Tab. 1 Drag coefficients for original and modified projectiles based on live firing  

and simulation results 

Mach 

Original design [47] Modified design 

Live firing 

(Mean value) 
CFD 

Difference 

[%] 

Live firing 

(Mean value) 
CFD 

Difference 

[%] 

1.2 0.1865 0.1819 −2.46 0.1819 0.1687 −7.28  
1.3 0.1750 0.1736 −0.80 0.1755 0.1656 −5.65  
1.4 0.1684 0.1714 1.78 0.1756 0.1633 −7.06  
1.5 0.1678 0.1695 1.01 0.1758 0.1613 −8.28 
1.6 0.1698 0.1672 −1.53 0.1763 0.1589 −9.86 
1.7 0.1710 0.1663 −2.75 0.1781 0.1592 −10.61 
1.8 0.1734 0.1720 −0.81 0.1876 0.1599 −14.77 

 

The deviation between the computational and experimental values for the original 
design does not exceed 2.75 %. On the other hand, it is clearly evident that the numerical 
simulation underestimates the drag at all Mach values for the modified design. 
Moreover, the deviation seems to increase almost monotonically with freestream Mach 
number. An explanation for this deviation is attempted below.  

It is important first to recall that for the simulation of the modified design, the flow 
of gases is evenly distributed between the central orifice and the annular slots on an area 
basis. Since the total exit area is divided between central orifice and annular slot by the 
ratio 2:3, respectively, 60 % of the flow is imposed to exit through the annular slot in 
the numerical simulation. Hence, the deviations in Tab. 2 may be explained based on 
a hypothesis that the pattern of mass flow imposed by the simulation differs from the 
pattern taking place in real flight. Therefore, to test this hypothesis and to better 
understand the real pattern of gas bleeding, seven numerical simulation cases are 
developed (case#A to case#G) in which the percent of bleeding gases flowing through 
the central orifice varies from 40 % to 100 % of the total flow, respectively, with equal 
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intermediate steps of 10 %. For all seven cases, the same free stream flow conditions 
and flight speeds are defined according to the corresponding real flight altitudes based 
on firing results. 

Fig. 7 illustrates the drag coefficients results for every tested bleeding ratio at each 
Mach number. For the sake of comparison, the mean values of live firing measurements 
of drag coefficients for the modified projectile at the corresponding Mach numbers are 
presented in the same figure. 

 

Fig. 7 Firing and simulation drag coefficients for modified projectile with different 

bleeding ratio for orifice and slots versus Mach number 

By examining the simulation results, cases #A to #G, it is clear that the drag is 
maximum if all gases are made to bleed from the small central orifice only. The drag on 
the projectile decreases monotonically as the ratio of gases bleeding through the annular 
slots increases. This drop in drag is more pronounced at lower flow rates through slots 
and becomes less significant at higher slot flow rates. This drag behavior is evident for 
all values of Mach number. It can be thus confirmed that the annular slots bleeding is 
more effective in reducing the drag than that of the central orifice. Consequently, the 
modified projectile (with both central orifice and annular slots) should have experienced 
less drag during flight that the original one (with central orifice only). This contradicts 
the firing results shown in Fig. 7. 

More interestingly, by contrasting the simulation results with the live firing data in 
Fig. 7, the variation of gas bleeding pattern with flight Mach number in the modified 
design can be addressed as follows. At the lower Mach limit, the simulation assumes 
that about 70 % of gases exit through the central orifice (case #D). At the upper Mach 
limit, the simulation results assume that 100 % of bleeding gases exit from the central 
orifice (case #G). At the intermediate Mach values, the percentage of central orifice gas 
bleeding increases from 70 % to 100 %. 
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The unexpected trend of the drag in live firing can be explained by recalling that 
the base bleed grain burns internally. At the beginning of the flight (at the upper Mach 
limit), combustion gases tend to flow entirely through the central orifice as the “nearest” 
exit (consistent with simulation case #G). As flight time passes, the flight Mach number 
drops while the grain inner port expands to such an extent that a small percentage of 
gases starts to exit the annular slots. By the end of the grain burn time, the flight Mach 
drops to its lower limit while the grain is almost burnt out increasing the percentage of 
gases bleeding through slots to 30 % (consistent with simulation case #D). 

If an end-burning (cigarette) grain is used instead of the internally-burning grain, 
a different pattern of bleeding is expected. It can be also predicted that a base unit with 
the annular slot only (no central orifice) would yield a lower drag on the projectile. In 
such case, all gases would have to flow through slots at all times (i.e., for all Mach 
values) yielding a lower drag over the entire bleeding time. To confirm this hypothesis, 
a final set of simulations is made in which all gases are made to bleed from the annular 
orifices only. The resulting drag coefficient is compared with the corresponding mean 
of experimental measurements in Fig. 8.  

 

Fig. 8 Firing and simulation drag coefficients for modified projectile with slots 

bleeding only versus Mach number 

Clearly, the drag on the projectile is minimized if all gases are made to bleed from 
the annular orifice. This conclusion is consistent with the findings of Yu et al. [34]. If 
this burn pattern is sought, the central orifice should be eliminated and an alternative 
ignition technique that does not demand a central orifice may be needed. 

Finally, it is interesting to explore the base flowfield structure based on the 
simulation results. Fig. 9 shows the pressure contours and streamlines in the base region 
at Mach number 1.8 for different bleeding ratios: case #A; the orifice bleeding ratio 
40 % and case #G; the orifice bleeding ratio 100 %. For the sake of comparison, the 
base flowfield structure associated with the inert projectile is also shown. 
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Fig. 9 Pressure contour and streamlines for base region at Mach 1.8 for 

(a) case #A; 40 % orifice bleeding, (b) case #G; 100 % orifice bleeding, and  

(c) inert projectile 

The large primary recirculation region (PRR) is evident in the inert projectile case, 
Fig. 9c. For case #A Fig. 9a, gases bleed from both orifice and slots. This forces the 
primary recirculation region (PRR) to move further downstream. Two other smaller 
(weaker) secondary recirculation regions (SRR1, SRR2) are created between the orifice 
and slot flows. In effect, the base area is exposed to a flow with a relatively high density 
(and pressure). 

For case #G, Fig. 9b, all gases bleed from the orifice only. Thus, the gases velocity 
increases compared to that in case #A. As a consequence, the primary recirculation 
region is changed from an ellipsoid shape (as in case of the inert projectile, Fig. 9c, to 
a toroidal one and a reversal in recirculation direction takes place. A secondary large 
recirculation region (SRR) is created in the zone engulfed by the shear layer (SL) and 
(PRR). Eventually, air density (and pressure) are lower than those for case #G. This 
yields a lower base (and total) drag for case #A than those in case #G.  

SRR1 

SRR2 

SRR 

PRR 

PRR 

PRR 

(a) 

(b) 

(c) 
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4 Conclusions and Recommendations 

Live firing and 3D numerical simulations for two different bleeding exit shapes for 
a projectile with live base bleed are discussed in this paper. The objective was to assess 
and understand the impact of gas exit configuration on total projectile drag, to assess 
the simulation results via comparing them with the live firing results, and to address the 
impact of the base bleed grain burn pattern on the unit operation.  

The original base configuration had one central orifice, the computation results and 
the firing measurements of the drag coefficient at different Mach numbers were 
consistent with maximum deviation of 2.75 %. The modified base configuration had 
a smaller central orifice and four annular slots near the base edge. The firing drag 
coefficient measurements of the modified base were matched with a remarkable 
accuracy if the ratio of flow rates trough orifice and slots are accurately predicted based 
on the pattern of base bleed grain regression. This pattern resulted in a time-dependent 
variation of mass flow rates through orifice and slots. This indicates that the pattern of 
base bleed regression has an impact on base bleed unit drag reduction benefits. In 
addition, the flow field structure at the base region is explored for both configurations 
and compared with that of inert projectile. 

It is concluded that the drag on the projectile can be minimized if all bleeding gases 
flow through the annular exits. In the present case, a central orifice was imposed as 
a design constraint to allow for base bleed grain ignition. For future development, 
alternative ignition technique is sought in which the central orifice is completely 
replaced.  
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