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The CFD numerical simulations were carried out to investigate the base drag
characteristics of a projectile with base bleed unit with a central jet. Different base
bleed grain types with different combustion temperatures were used. The goal was
to find a way to effectively control the base flow for base drag reduction and op-
timisate the latter using an adequate CFD software. Axisymmetric, compressible,
mass-averaged Navier-Stokes equations are solved using the k-w SST, transition
k-kl-w, and RSM turbulence models. The various base flow characteristics are
obtained by the change in the non-dimensionalized injection impulse. The results
obtained through the present study show that there is an optimum bleed condition
for all base bleed grains tested. That optimum is dependent on the temperature of
the grain combustion products. The optimum reduces the total drag for 6,9% in the
case of air injection at temperature of 300 K and reaches up to 28% in the case of
propellant combustion products injection at almost 2500 K. Besides, the increasing
of molecular weight has a role no less important than temperature of the combus-
tion products in terms of base drag reduction.
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Introduction

The extended firing ranges and impact precisions of weapons systems are expected to
be constantly improved, especially when new ammunition is developed or when existing am-
munition is modified. Aerodynamic bodies such as projectiles, missiles, and rockets generally,
undergo deterioration of flight performance by drag. The total drag for projectiles can be di-
vided into three components: pressure drag (excluding the base), viscous (skin friction) drag,
and base drag [1]. Notably, among the three components of the drag affecting a projectile, the
base drag frequently accounts for one-half, or even much more, of the total drag for large cal-
ibre ammunitions. Reducing the base drag is an efficient and practical way to reduce the total
drag of projectile [2], and increase the range of projectile for up to 30%. After body boattail-
ing, base bleed (BB) or base burning, some vortex suppression devices and their combinations
can achieve base drag reduction. Such active or passive flow control techniques, basically,
manipulate or alter the near-wake flow field for an increase in base pressure and consequently
reduce base drag [3]. In [4] have been proven that the peak average base pressure ratio (P,/P,,)
at optimal impulse is 18.5% higher than the average base pressure ratio of the blunt based cyl-
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inder and 5.7% higher than that of the boattailed after body. The BB technology is particular
effective for long-range flights, where the integrated effect of the drag reduction is manifested.
Such a capability is of significant current interest. Detailed understanding of the energy as
well as mass addition and the fluid-dynamic interactions occurring around the projectile and
especially the afterbody flow is a requirement before proposing solutions to reduce the drag
[5, 6]. In actual system, the mass-flow rate injected in the afterbody flow is provided by the
combustion of the propellant. The base pressure of a projectile traveling at supersonic speed
can be controlled by burning this propellant near the base region. Experiments performed
by several researchers [6-9] to study the effect of bleed mass-flow rate on the base pressure
exhibit certain common characteristics and indicate three distinct operating regimes based on
the quantity of bleed fluid injected. The results of various studies using air, hydrogen, helium,
argon and nitrogen have shown that afterbody flows with BB can result in base drag reduction
[6-9]. The significant increases in base pressure have also been observed using a heated bleed
gas [6, 9]. At low injection rates, the base pressure rise is nearly proportional to the enthalpy of
the bleed gas. The peak base pressure is higher, and occurs at a lower of the bleed mass-flow
rate, than for the corresponding cold bleed case [6, 9]. Therefore, present study is focused on
base drag optimization of a 122 mm artillery projectiles using a BB technology. The drag re-
duction estimation was determined performing several CFD calculations. During the different
numerical simulations, the effect of propellant grain composition and temperature of different
combustion products were discussed together with temperature influence of some pure gases.
Also, we study the influence of air temperature on base drag due to our further intention to
investigate effect of air temperature in wind tunnel.

Computational approach

The 2-D axisymmetric body projectiles configurations are considered in this paper
due to the physical complexity of the entire process. The base flow field is described with
the Reynolds averaged Navier-Stokes (RANS) CFD software [10-13]. Using three turbulence
models k- SST (shear stress transport), (2 equations) [ 13], transition k-kl-w, (3 equations), and
Reynolds Stress Model (RSM), (5 equations), are used (default constant values were employed
for these models) [2, 11]. These models were tested and compared with the semi-empirical
engineering model (ADKO) using aerodynamic prediction based on [13] theories. In addition,
these results were compared with experimental results obtained by 3-D radar in the case of
standard projectile. The equations considered in this study for a compressible fluid flow behind
projectile base are [11, 14, 15]:
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Note that, u denotes instantaneous velocity, V' — the velocity modulus, p — the gas
density, P — the gas pressure, g; — the heat flux, and t; — the viscous stress tensor. In addition,
the perfect gas equation of state was considered. For the closure of the system, three turbulence
models are used [11, 15-17].

According to [3], the RSM gave good results compared to experimental results, The
RSM model is used in the most of this study, especially in sections The effect of the combustion
temperature and Numerical tests and experimental investigation.

Hypothesis and boundary conditions

The characteristic time of variation of the boundary conditions was considered bigger
than the characteristic residence time of the fluid particle within the domain. This means that
the transient terms in the mass, momentum, and energy conservation equations were negligi-
ble compared to the convective terms. Therefore, the simulations were performed considering
steady state boundary conditions for different flight conditions. The atmospheric conditions,
considered as stagnation conditions. This way, different flight conditions cases were simulated
to obtain the body drag coefficient at different Mach numbers, and different mass flux injection.
The fluid considered in the simulations was air and propellant combustion gases. For both gas-
es, the ideal gas assumption was used. The constant values were assumed for heat capacities.
The Sutherland law for variable dynamic viscosity was used due to the high temperature ranges
encountered in the problem studied. The projectiles were assumed to fly under zero angle of
attack. All the walls were considered adiabatic. The flow field was considered compressible and
the far field conditions were imposed at the external boundary, where the flight Mach number,
pressure and temperature (stagnation values) were introduced. The entire domain was initial-
ized with these far field conditions [15]. The projectile body was modelled as axisymmetric.
The grid was generated using the appropriate mesh generator. The numerical structured discret-
ization of the computational domain around the model was done with quadrilateral cells with
(y*~1) on the wall. The mesh number of the grid is almost 300000 cells (600 cells were used on
the projectile, a 100 of them were used at the base), fig. 1(a). This grid density was determined
after tested several grid density types, fig. 1(b).

Regarding the propellant combustion at the BB unit, a simple approach was consid-
ered. The combustion process was modelled as normal injecting of gas mass-flow rate at a fixed
temperature through the orifice. The temperature and mass-flow rate values were obtained from
the propellant combustion data. The relative chamber pressure was estimated from the static
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Figure 1. Grid domain, grid near model and grid near base; (a) - d is the calibre of
projectile, Cj, vs. cells number (b)
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experimental combustion tests. The thermodynamic parameters and the composition of combus-
tion products are introduced. They were obtained with the help of the thermochemical calcula-
tion (TERMO code), which is developed based on [18]. Different types of propellants are used
in this study. In the tab. 1 is shown the species used in the CFD simulation for every propellant.

Table 1. The molar fractions of main species generated during the BB

Molar fraction of Temperature of
the products of AQ_I

Propellant CO, Cco H,0 H, N, HCl | o bustion (K] [kJkg']
GMTI 3.045¢-2 | 3.271e—-1 | 1.131e—1 | 3.427e—1 | 6.361e-2 | 1.225e—1 1731 —2272.1
GST 1 | 4.704e-2 | 2.724e—1 | 2.295¢—1 | 2.288e—1 | 7.407e-2 | 1.481e-1 2287 -5301.3
GST 2 | 7.617e-2 | 8.116e-2 | 4.946e—1 | 1.060e—1 | 2.421e-1 | 0.000 2050 —7295.6
GAL 1.896e-2 | 2.152e—1 | 1.906e—1 | 3.780e—1 | 1.975e—1 | 0.000 2262 —7293.8
GHO 8.890e-2 | 4.445e—1 | 1.904e—1 | 1.526e—1 | 1.232e-1 | 0.000 2442 -1971.5
GPVC | 4.565e-2 | 2.681e—1 | 2.223e—1 | 1.965e—1 | 6.876e-2 | 1.982e-1 2587 —4970.2

The first propellant (known as GMTI) is the most used propellant in the BB unit. It
is based on ammonium perchlorate (AP), hydroxyl-terminated polybutadiene (HTPB), fer-
ric oxide (Fe,O; — used as a combustion regulator (the lowest combustion temperature) and
additives. The second GST 1 is a mixture in which are crystalline AP/HTPB and additives
[19]. Besides, the GST 2 samples consist of ammonium nitrate (AN), HTPB and minority
additives. The GAL propellant is made of aluminized
AP/HTPB mixture and some additives. The GHO is
a homogeneous propellant mainly which contains the
nitrocellulose (NC), the nitro-glycerin (NGL), a small
fraction of the dinitrotoluene (DNT), and the cen-
tralite I (C1) and some additives. Finally, the GPVC is
a composite propellant which contains the AP, polyvi-
nyl chloride (PVC), dioctyl-phthalate (DOP) and ad-
ditives. In addition, in order to optimize BB compo-
sition, some preliminary simulations were performed
with injection of Air, CO, H,0O, and HCI at different
temperatures. All the BB grains were of the cylindri-
cal shape with three segments. The external surface

T and one base of this cylinder were inhibited, and all of
Figure 2. The GMTI BB grain used in the internal surfaces and one base was non-inhibited,

this study fig. 2.

The pressure of combustion products at the outlet of the orifice

Because the approach we considered is based on the injection of a gas mass-flow rate
and neglects the flow field in the BB cavity, the CFD simulation needs the introduction of the
supersonic/initial gauge pressure. This notion specifies that overpressure value at the orifice
outlet relative to the base pressure. This pressure can be obtained from the static experimental
combustion tests. The results of this test are shown in fig. 3.

In our study, this test resulted in a chamber gauge pressure profile with a values of
overpressure from zero to almost 75 mbar, fig. 3, for all propellants types. Therefore, in all CFD
simulations related to the BB projectiles, we used an average value of 6000 Pa as a supersonic/
initial gauge pressure.
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and ROE-Flux-Difference Splitting flux  Figure 3. The obtained results from the static
evaluation schemes (ROE-FDS) [12, 15]. experimental combustion test
The ROE-FDS scheme has shown to give good results when dealing with compressible flow
problems. Pressure in the BB chamber and operating regimes

Figure 4 illustrates the significant difference between the work principles of a BB
unit and a rocket motor [2-6, 15, 20-22]. This clearly demonstrates how the base pressure is
affected by the injection mass-flow rate. As the base-bleed
propellant burns mainly under lower pressure, it is very
important to study the combustion mechanism and prop-
erties under free ambient pressure [6, 20-22].

The impulse, /, is given by equation [20]:

A

Base pressure

Increased
A y ~-=t----- Base pressure
m r
I = '_g = PPy 4)
m, Voo Ab P
where 7 is the grain burn rate, 4, — the burnt surface, p,
— the density of burning products, V,, — the projectile ve-
locity, 4, — the base surface of the projectile, and p,, — the ~ Figure 4. Base pressure vs. mass-flow
air density. rate and the effect regime on BB
In our case (BB grain combustion), we attempted to obtain the general burning-rate
expression using the reported data based on the Saint Robert-Vieille law, which is often used to
describe the burning rate over limited pressure ranges [22]:
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where P, is the pressure, n — the burning-rate pressure exponent, and b — the constant of pro-
portionality.

The pressure in the BB chamber is defined using the equality of mass flux of burning
products through the orifice and mass flux of gas formed due to the grain burning. For the de-
sired subsonic flow the following inequality should be satisfied [20]:

P, 2 j(kkl)
wlea

(6)

where P, is the projectile base pressure, P, — the pressure in BB, and & — the specific heat ratio
of burning products.

As given in [6], the effect of bleed mass-flow rate on the base pressure exhibit certain
common characteristics and indicate three distinct operating regimes based on the quantity of
bleed fluid injected. At low values of bleed mass-flow rate (regime I), the base pressure ratio
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increases fairly linearly with bleed rate. A peak in the base pressure ratio is observed at an inter-
mediate value of bleed mass-flow rate. Increases in base pressure ratio (relative to the no-bleed
case) from 10 to 90% have been reported for the optimum bleed condition, which depends on
factors such as the freestream Mach number and the size and geometry of the bleed orifice. Past
the optimum value (regime II), the base pressure ratio decreases with increasing bleed rate until
it reaches a relative minimum. Further increase in the bleed flow leads to an increase in base
pressure ratio (regime IIT) due to the onset of power-on flow conditions.

Numerical tests and experimental investigation

In the study, the 3-D radar type WEIBEL Doppler radar MFTR-2100 (The Multi Fre-
quency Trajectory Radar system) is used to determine the drag force coefficient [23]. The how-
itzer 122 mm D-30 artillery gun fired the standard and BB projectiles type. For every type of
projectile two sets of five projectiles were fired at an elevation angle equal to 6, = 14,22°.

Experimental validation

In order to illustrate the role of BB unit in the drag force coefficient reduction, 2-D ax-
isymmetric numerical computations have been performed for the projectile configuration with
jet interaction using ANSYS-FLUENT™ software at a different Mach numbers (from M = 0.4
to 2.2) corresponding to the projectiles Mach numbers flight.

Results were discussed in light of benchmarks between model predictions and exper-
imental data (obtained from radar) and the results obtained from the semi-empiric ADKO code
[13]. The different drag coefficient results given by the CFD simulations (with there turbulence
models) were done [12]. For Mach numbers between 1 and 2.1, which is the velocity domain
for projectiles with the BB working, there is a drag reduction up to 21% compared to the stan-
dard projectile. This confirms the efficiency of the BB unit in terms of extending the range of
artillery projectile. In fig. 5(a), the experimental drag coefficient results (black squares) cap-
tured by the 3-D radar for the standard projectile is compared with the mean drag coefficient
CFD results (to make it easier to see the results better) for every projectile (green stars shape
for standard projectile and red diamond shap for projectile with BB) and semi-empirical re-
sults (given by ADKO code presented in figure by blue circle). It can be clearly seen there is a
small shift between the CFD and the experimental drag coefficient results. The shift between
the CFD and the experimental drag coefficient results is the consequence of the noise in the
radar signals, which increases the error of real velocity measurements on the one hand [11,
23], and on the other hand the inherent in the CFD solutions performed with these computer
codes is error or uncertainty in the results. These inherent inaccuracies are due solely to the
fact that we are approximating a continuous system by a finite length, discrete approximation
[24], see fig. 5(b).

In the case of projectile with 122 BB the capture was unsuccessful because of the long
distance between the radar and the canon muzzle. This projectile is still in the development
phase, hence, this distance was chosen as a safety precaution.

The effect of the combustion temperature

Some researches as [3] have consided that the BB flow as an isoenergetic flow rate
injected into the base region. But in reality, the injection mass-flow rate is not at the same
thermodynamic state as the thermodynamic state of the free stream air. Therefore, the influ-
ence of the gas injection temperature (or gas injection enthalpy) into the wake region must be
considered.
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Figure 5. The experimental C;, vs. Mach number for the standard projectile compared to
the mean CFD for each projectile and ADKO results (a), the relative error of CFD results
related to the experimental result vs. Mach number (b)

Many researches prove that BB units are more efficient when the flow field is su-
personic type (M > 1) [3, 5, 10, 15, 22, 25]. In this part of study, 2-D numerical computa-
tions (CFD) have performed using ANSYS-FLUENT™ software at a different Mach numbers
(from M = 0.9 to 2.2) and RSM model, for jet-on conditions (air at 300, 1700, and 2500 K and
compared them with GMTI grain products at 1700 and 2500 K). In fig. 6 is shown the CFD
drag coefficient reduction results related to the standard projectile drag coefficient values, as
a function of injected impulse (mass-flow rate) for the projectile with air injection at different
temperatures: 300 K 6(a), 1700 K 6(b), and 2500 K 6(c).
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From the fig. 6, we can see that the drag coefficient reduction results (AC,, %) increase
for the same Mach number with the increasing of temperature (at M = 2.2 AC}, increases from
~7% at 300 K to ~ 18% at 2500 K). But the critical impulse (/_;., 1S the highest value of the
impulse after which there is not a drag reduction) decreases (from ~0.065 at 300 K to ~0.012 at
2500 K at flight M = 2.2).

Figure 7 shows the CFD drag coefficient reduction vs. injected impulse (mass-flow
rate) for the projectile with GMTI combustion products injection at 7(a) 1731 K and 7(b)
2500 K using the RSM model.

22 T T 26
Ve —— M=2J 3 1
= 20 —— M=13 =2
X lo+o 3 M=12 I
58 —4— M=11 UQZZ ,
3 ¢ oy 22
16 18
_
14 7 16 3
” ° g s
12 14 = <= Q
& _
10 12 &
6 10 6
8 8
6 6
0 0.0020.0040.0060.008 0.01 0.0120.0140.0160.018 0.02 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
@ 1(T=1731K) (b) [ (T=2500 K)

Figure 7. Drag coefficient reduction vs. injected impulse (mass-flow rate) for the
projectile with GMTI combustion products injection at 1731 K (a) and 2500 K (b)

As shown in fig.7, the same can be observed with the injection of GMTI combustion
products when the temperature changes from 1731 K to 2500 K. But in this case, the drag co-
efficient reduction results changes from 22% at 1731 K to up to 26% at 2500 K, at Mach flight
number equal to 2.2. In addition, as shown in figs. 6 and 7, we can confirm the good effect of
the increasing of the drag coefficient reduction caused by temperature of injected gas. Besides
that, it is clear that at the same temperatures and for the same parameters (Mach number and
impulse), the drag reduction results are greater for the projectiles with the GMTI combustion
products injection than the one with air injection. This can be justified by the difference in na-
ture of each fluid and probably the difference in the molecular weight.

In fig. 8 are shown the base flow regions represented by the temperature distributions
and streamline velocities (above) and the distributions of temperature (below) for each case
with injection of the optimal impulse.

During the projectile flight, the reverse flow appears directly behind the projectile.
The large turning angle behind the base causes separation and formation of reverse flow known
as the re-circulation region or the separation bubble. At hypersonic speeds, as the base pressure
is less than the pressure in the approach flow, the viscous shock layer expands around the shoul-
der, forming free shear layers that coalesce at the wake neck. A velocity profile defect character-
izes the wake neck region, which continues downstream as the viscous wake region. A portion
of the shear-layer flow must be re-circulated to satisfy continuity requirements, thus producing
a typical vortex pattern that is adjacent to the base. A complex in viscid wave structure often
includes a lip shock (associated with the corner expansion) and a wake shock (adjacent to the
shear-layer confluence). At very high Mach numbers, these wave patterns often interact with
each other. Figure 8 shows that injecting small amounts of gas into the flow field behind the
base of the projectile will split the originally large recirculation zone into three parts. One
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Figure 8. Base flow regions represented by the streamline velocities and temperature
distributions (up) and the temperature profiles (down) for each case with injection of the
optimal impulse (for color image see journal web site)

re-circulation region remains at the symmetry axis and the other ones are formed right behind
the base corner. As the mass-flow rate increases, the recirculation zone at the axis is pushed fur-
ther out and the other ones at the base corners become larger. If the mass-flow rate is increased
enough, the re-circulation region near the axis disappears [10, 26]

As shown in fig. 8, the GMTI combustion products are more capable of transferring
the heat released during injection in re-circulation zone than the air. Presumably, this can be
justified by the difference between the convective heat transfer coefficients average values, /.
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The influence of propellant type

As previously stated, in order to optimize the BB composition, some numerical com-
putations on the axisymmetric geometry, have been performed in order to estimate drag force
reduction using ANSYS-FLUENT™ software at a different supersonic Mach numbers (from
1.4 to 2.2), using RSM model, for jet-on conditions for all BB grains presented in tab. 1. In ad-
dition, their effectiveness are compared with CO, H,0O, and HCl injection at 1700 K.

Table 2, shows the CFD

Table 2. Summary of the different results given in this study results at (M = 2) for optimal
BB grain type | The average injected impulse (mass-flow
(combustion | molar 111_1?ss Loptimal | PP | ACp % | Lyitical rate), the base pressure ratio,
teng;;aullre) [gmol’ ] P,/P,, the drag coefficient
(2087K) 21.349 | 0.0051 | 0.705 | 23.72 | 0.0052 |  reduction and the critical im-
GST 2 )15 . |, ) pqlse, 1 iticars TOT the projectile
(2050 K) 526 0.0064 | 0.68 3.03 | 0.008 with BB combustion products
GAL 2797 | 00044 | 0749 | 2502 | 0.00s5| wection. Additionally, the
(2262 K) ) ) ’ ) ) same parameters for CO, H,0,
GHO and HCl are given.
23.118 0.0051 | 0.746 | 24.92 | 0.0064 >
(2442 K) According the tab. 2, we
(2(‘;};\7/% 23.860 | 0.0056 | 0.817 | 26.85 |0.0057 | can see the temperature effect
on reducing the drag coeffi-
co ~28 0.0127 | 0.602 | 22.14 | 0.0153 cient. The positive effect of
(1700 K) .
0.0 the molecular weight of the
(17020 K) ~18 0.0127 | 0.642 24.81 0.0129 injected combustion products
HCl can also be observed. Figure
(1700 K) ~36 0.0153 | 0.703 | 26.56 | 0.0205 9 shows AC), vs. injected im-
pulse (mass-flow rate) CFD
27, ,x I results at (M = 2) for each propellant. Since
< 2 a | the combustion temperatures interval from
a2 P 3 GPvC || 2050 K to 2587 K it can be concluded that
O . —+ —4— GST-1 . Y
< : 5 st the molecular weight has a significant role

/i/

/ e in terms of drag reduction. This was verified
2 //: il K in [9, 27, 28].

21 : ' /4

23

2 ‘ Conclusion

19 L/ In order to estimate the influence of
18 : / BB flow parameters on the drag force coef-
7 ficient reduction, AC), an axisymmetric 2-D
16 RANS CFD computations were performed

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 .
| at different values of the Mach numbers.

The projectile calibre 122 mm with BB (us-
ing different propellant types as BB grains)
was studied. The modelled and gridded
(2-D) body geometry was exported to the software ANSYS-FLUENTTM to simulate the
air-flow around the projectile for the zero angle of attack and Mach number range 0.9 <M <2.2
for projectiles with and without base flow injection.

The combustion products, which were obtained with the help of the thermochemical
calculations, are introduced in the simulation. Additionally, in order to optimize the composition

Figure 9. The CFD results at (M = 2) for injected
impulse (mass-flow rate) vs. ACp
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of BB grain, some preliminary simulations were performed using the RSM model, with injec-
tion of air, CO, H,O, and HCI at different temperatures. The supersonic/initial gauge pressure
was obtained from the static experimental combustion tests and used in the CFD calculations.

An experimental validation was made by following the projectile trajectory using the
3-D radar system model WEIBEL MFTR-2100.

The influence of the temperature effects on the drag coefficient is determined by CFD
calculations. For the air injection, for the M = 2.2 the drag reduction, AC,, %, increase from
~7% at 300 K to up to 18% at 2500 K. Also, with the injection of GMTI combustion products
when the temperature change from 1731 K to 2500 K, the drag coefficient reduction changes
from 22% at 1731 K to up to 26% at 2500 K.

Also, according the CFD results for the projectiles with various propellant types,
which the combustion temperatures change from 2050 K to 2587 K (small interval) and seeing
the CFD results with H,O and HCI injection (1700 K), it can be affirmed that the molecular
weight has an exceptional role in terms of drag reduction.
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