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Abstract:
Projectiles with base bleed use concept of reducing base drag by injection gas generated
by burning composite propellant, into the base area.
Influence of atmosphere characteristics at different geographic locations and positions of
firing locations with respect to local conditions to drag coefficient of 155 mm M864 is
studied by commercially CFD code FLUENT. The M864 projectile is chosen because there
are many available experimental data.
Base bleed output mass flow rate depends on the chamber pressure, the pressure into
which it exhausts, time and spin rate. Average injection parameter is estimated by mass of
propellant and burning time. Ignition phase of propellant burn is taken into account..
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Introduction

The aerodynamic drag is one of the most important parameter in the design of the shell.
The drag consists of three components: the pressure drag or wave drag (excluding the base),
the viscous drag and the base drag. The biggest part of total drag is the base drag and it can be
higher of 50% of total drag. The base drag depends on the pressure acting on the base and of
the three drag components it is the most difficult to predict.
During projectile flight, region of underpressure is created behind the base of the projectile. The region leads to curve of streamlines to axis. Close to axis, streamlines have to curve
again to be parallel with axis. The phenomenon is followed with shock waves and vortex. At
the point of streamlines impact, overpressure zone is made and air is flowing from the zone to
base of projectile and is filling vacuum on the base. Curved boundary layer extension pulls air
from base of projectile. On this way recirculation region is made behind the base (figure 1a).
Injecting small amounts of gas into the flow field behind the base of the projectile will split the
originally large recirculation zone into two halves - one recirculation region remains at the
symmetry axis (PRR), and the other one is formed right behind the base corner (SRR) (figure
1b.). As the mass flow rate is increased, the recirculation zone at the axis is pushed further out,
and the other one at the base corner becomes larger. If the mass flow rate is increased away, the
recirculation region near the axis disappears, and the base-bleed flow follows a straight path.
Projectiles with base bleed, therefore, use concept of reducing base drag by injection gas
generated by burning composite propellant, into the base area. Composite propellant is housed
in the afterbody of projectile. Base bleed output mass flow rate depends on the chamber pressure, the pressure into which it exhausts, time and spin rate.
Taking into account ignition time of propellant, authors are studied influence of atmosphere characteristics, at different geographic locations and positions of firing locations with
respect to local conditions, to drag coefficient of projectile with base bleed by commercial
CFD code FLUENT.
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I=

m& e
ρ∞ ⋅ v∞ ⋅ Abase

(1)

Combustion products bleed through orifice by subsonic velocity. From modified form of
the incompressible Bernoulli equation along with the continuity equation, mass flow rate of
combustion products at exit is:

(

)

m& e = Cv ⋅ Aorf 2 ⋅ ρe ⋅P e ⋅

Pc
−1 .
Pe

(2)

where:
is density of combustion products at exit of orifice,
is orifice area, is exit pressure and is chamber pressure.

is discharge coefficient,

The chamber pressure can be determined from mass balance law:
m& p =

dM
+ m& e .
dt

(3)

Mass flow rate generated by propellant combustion is:
m& p = ρ p ⋅ r& ⋅ Aburn

(4)

where: ρp is propellant density, r& is burn rate of propellant and Aburn - burning area.
Propellant burn rate depends of chamber pressure as described by Saint-Robert's law:
r& = a ⋅ Pcn

(5)

where: a is the burn rate coefficient, n is the pressure exponent and
chamber pressure.
Mass of combustion product accumulated in chamber is:
M = ρ g ⋅V

is the combustion

(6)

where: ρg is combustion products density in chamber and V is free volume of chamber.
Change of combustion products mass accumulated in chamber is very small, so mass balance equation can be written as:

(

)

ρ p ⋅ a ⋅ Pcn ⋅ Aburn = Cv ⋅ Aorf 2 ⋅ ρ e ⋅P e ⋅

Pc
−1
Pe

(7)

2.2 Aerodynamic drag coefficient
It is assumed that mass injection into the near wake only affects the pressure distribution
on the projectile base and thus only affects the base drag. Forebody pressure and viscous drag
are unaffected.
The base drag component of a projectile is directly related to average projectile base pressure as follows:
CDb =

1−

γ
2

Pb
P

⋅M 2 ⋅

1
d b2

(8)

where: db is base diameter of projectile in calibers, M is local flight Mach number, P is local atmospheric air pressure, Pb is average projectile base pressure and γ is ratio of specific
heats.
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From this relationship, theoretical difference in the base drag component for a projectile
without non-operating base bleed (inert projectile), average base pressure Pbi and an operating
base bleed, average base pressure Pbb, can be written as:
Pbb Pbi
−
P
= P
γ
1
⋅M 2 ⋅ 2
2
db

(9)

ΔC D 0bb = C D 0 − C D 0bb

(10)

ΔCD 0bb

or

CD 0 - drag coefficient of inert projectile
CD 0bb - drag coefficient of projectile with base bleed operating
The difference in the average base pressure ratios is assumed in the form [6]:
Pbb Pbi
⎛ δBP ⎞
−
= I⎜
⎟
P
P
⎝ δI ⎠

(11)

where for low injection rates and a fixed gas temperature δBP/δI is shown on figure 2. For
the higher values of nondimensional injection parameters, δBP/δI as function of Mach number
for different values of parameter I on figure 3.
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Figure 2: Change in base pressure for change in
injection parameter vs. Mach number for low injection rates and various temperature
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Figure 3: Change in base pressure for change in
injection parameter vs. Mach number for various
injection parameters and T = 1500K

Research and results analysis

In the work, research was done on the projectile M864 that incorporates base burn technology to increase its range. The projectile is a 155 mm, cargo-carrying projectile (Figure 4).
Extended range is achieved by using gas generator housing in the boat-tail of projectile.
Gas generator consists of two identical solid propellant grains (Figure 5). These two elements
provide an inner cylindrical burning surface and four planer surfaces separated by a 3 mm slot.
The slot is held open during launch by four spacers. Solid propellant is inhibited at the surfaces
adjacent to the base bleed case.
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Figure 4: M864 Projectile

Figure 5: Propellant grain geometry

Change of burning area as function of the web is determined by graphical method and the
results are shown in diagram Aburn=Aburn (w) (Figure 6). The function Acyl=Acyl (w) represents
burning surface area of inner cylindrical surface, and the function Aslot=Aslot (w) represents
burning surface area of four planar surfaces.
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Figure 6: Grain burning surface areas as a function of web

Mass flow rate as a function of operating time of base bleed is determined by iterative
method based on the known initial chamber pressure. The initial chamber pressure is assumed
to be equal to ambient pressure in the moment when base bleed is started to work. Chamber
temperature is assumed to be constant while base bleed is operating and equal 1500 K.
Ignition time of 0.5 second is assumed. Burn rate is determined separately for cylindrical
surface and for planar surfaces, taking into account spin of projectile of 1550 rad/s [9]. Strand
burn rate is taken from a work of Miller and Holmes [11]:
r& = 0.9132 ⋅ Pc0.6655
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The estimating strand burn rate should increase by 7% in order to obtain agreement with
the ground based tests with zero spin.
Burn rate is determined separately for cylindrical surface r&c and for planar surfaces, r&s :
r&c = f c ( p ) ⋅ r&
r&s = f s ( p ) ⋅ r&

(13)

where fc and fs are factors related to the spin rate (figure 7)
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Figure 7: Effect of spin rate on burn rate for the cylindrical and slot surfaces [9]

3.1 Starting points for research
Three cases of launching are investigated. Four points on trajectory are chosen in the every case, the first point was corresponded to the beginning of base bleed operation and the other
are related to selected velocities of projectile (M 1.568, 1.305 and 1.2). Initial velocity was
806.6 / and initial angle was
47.8°.
For the first case, as reference, standard conditions are used. Projectile was launched from
sea level with air pressure of
101325
and air temperature of
288.15 in the
moment of launching.
For the second case, location in Europe is chosen, with altitude of
511 and measured pressure and temperature were
102100
and
263.15 .
For the third case, location in Africa is chosen, with altitude of
31 and measured
pressure and temperature were
101600
and
295.15 .
Initial pressure of base bleed is calculated from the projectile position at the moment when
base bleed starts to work for every case of launching.
97842
at the moment when base bleed
In the first case, ambient air pressure was
was started to operate, projectile velocity was
784.3 and mass flow rate of bleeding
combustion products was
0.0335557 .
In the second case, at the moment of starting base bleed, were calculated
98553 ,
782.9 and
0.033718 .
At the launching from the third location, calculating values were
98105 ,
0.0336157 .
784.6 and
Ambient conditions for selected velocities of projectile are determined from projectile altitude at the moment when projectile velocity is equal to selecting velocity. For the time of
flight which is consistent with the desired velocity, keeping in mind initiation time, is estimated chamber pressure and mass flow rate from interior ballistics calculations.
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For the other choosing projectile velocities, estimating mass flow rates of bleeding combustion products are shown in table 1.
Table 1: Mass flow rate vs. Mach number for selecting cases
M∞

1.2
Case 1: Standard
conditions, sea level

1.3

1.568

0.021991

0.0356428

0.042229

Case 2: Location in
Europe

0.018675

0.0334685

0.042136

Case 3: Location in
Africa

0.023092

0.0361060

0.042333

3.2 Numerical simulation of the flow field behind projectile
Gambit, preprocessor for CFD analysis, is used for constructing structured mesh around a
projectile and inside the chamber of combustion. Mesh is consisted three blocks for inert projectile and four blocks for projectile with working base bleed. Changes to the block related to
the chamber are made in function of burning area
Solution was done by using two dimensional axisymmetric density based solver with
Splart - Allmaras viscous model and first order upwind discretization of flow equations.
Computing fluid mechanics enables visualization flow field around a projectile. Streamlines behind the base of projectile with and without hot gas injection for the first case are
shown on figure 8.
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Figure 8: Streamlines behind projectile as function of parameter I and Mach number for the first case

Changes of the nondimensional injection parameter related to launching locations and real
atmospheric parameter as function of Mach number are shown on the diagram (figure 9).
Nondimensional injection parameters for the first case are taken as reference values.
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Figure 9: Changes of injection parameter for the different locations of launching in percentages

Launching location, from the point of pressure and temperature, influences to parameter I
which reflects the more complex flow field behind base of projectile.
Reductions of drag coefficient by base bleed in the three cases related to drag coefficient of
projectile with inert base bleed for the different Mach numbers are shown in table 2.
Table 2: Drag coefficient reduction expressed in percentages
M∞

ΔCD0bb (%)

1.2

1.3

1.568

0.5 second after launching
5.78%
Case 1
3.46%
10.06%
6.29%
h = 0 m; P = 101325 Pa; T = 288.15 K
(M = 2.31)
4.39%
Case 2
2.98%
5.69%
6.25%
h = 511 m; P = 102100 Pa; T = 263.15 K
(M = 2.416)
5.94%
Case 3
2.96%
6.07%
6.28%
h = 31 m; P = 101600 Pa;T = 295.15 K
(M = 2.285)
Figure 10 shows drag coefficient of inert projectile determining by CFD simulation at tunnel conditions corresponding sea level and drag coefficients of base bleed projectile for every
investigating case.
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Figure 10: Drag coefficient as function of Mach number
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These results are interesting because projectile spends the longest time in transonic and
low supersonic region. The future investigation should be directed to the incorporation results
of numerical simulation to 4DOF model of trajectory

4

Conclusion

In the work, authors are shown that location of launching (altitude, ambient pressure and
temperature) influences to drag coefficient of projectile with base bleed.
We need to continue research on this subject through: increasing number of points, determining the parameter that have the greatest influence and finding a model that provides better
accuracy for drag coefficients.
At the mixing subsonic and supersonic flow, flow equations in applied model are converged only with the first order upwind discretization. From this reason, drag coefficient of
inert projectile determining with the same conditions was higher value.
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