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Abstract. The external ballistics of an artillery shell requires an understanding of aerodynamics in compressible
flow. In this context, computational fluid dynamics (CFD) techniques are used because real tests with ammunitions
are more expensive than numerical simulations. The purpose of this study is to simulate the use of downstream hot
mass flow injection, which is technically called base bleed, because it increases base pressure to an optimal value
that reduces base drag, which is the main component of the total aerodynamic drag. The compressible, stationary
and two-dimensional axisymmetric flow around the projectile is simulated and analyzed. For the simulations,
the SST k-ω turbulence model is used, based on the Reynolds means (RANS). The results are compared with a
specific commercial program for application in weapons ballistics. The main results are the velocity, pressure and
temperature fields; in addition to obtaining drag coefficients for different situations of boundary conditions.
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1 Introduction

Projectile range extension is a matter of great interest in aerodynamics field. The complexity presented due to
influence of compressibility and high Reynolds number, then a lot of techniques could be used to understand how
forces acting over the ammunition. Firing test is a good example for obtaining real values of interesting properties,
however it is expensive and requires many people for reproducing. The same applies for wind-tunnel tests, with
addition of creating similarity condition of flight. Thus, computational fluid dynamics (CFD) shows itself as a
cheaper method with reasonable results.

In this paper, the drag force will be discussed because it is the main responsible for air resistance during flight
[1]. There are two principal ways to produce drag: viscous (skin friction drag) and pressure (surface and base
drag). Base drag represents the main portion of total drag at supersonic speeds, around 50% [2], then reducing it
with hot gas injection, increasing base pressure at an optimal value. This method is commonly used in a technology
named base bleed (BB) and ammunitions that use it are referred as ”extended range” munition (ER).

2 Mathematical Modelling

2.1 Compressible Governing Equations

In this present work, Navier-Stokes equations are solved as a prerequisite of finite-volume method for de-
scribing conservation of mass (1), momentum (2) and energy (3):

∂ρ

∂t
+∇ · (ρv) = 0 (1)

∂

∂t
(ρv) +∇ · {ρvv} = ∇ · {µ∇v} − ∇p+∇ ·

{
µ (∇v)T

}
− 2

3
∇ (µ∇ · v) (2)

∂(ρT )

∂t
+∇ · (ρTv) = ∇ ·

( µ

Pr
∇T
)

(3)

Where ρ is the density, v is the vector form of velocity, p denotes pressure, T is the local temperature. Pr
is the Prandtl number (Pr =

cpµ
k ), cp and k are heat capacity at constant pressure and the thermal conductivity,

respectively. Considering air as an ideal gas, the viscosity could be modelled as Sutherland’s law (4):

CILAMCE-2022
Proceedings of the XLIII Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
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µ =
C1T

3/2

T + S
(4)

C1 and S are equal to 1.458 ×10-6 kgm−1 s−1 K−1/2 and 110.4 K, respectively. As a consequence of ideal
gas law, pressure is defined by p = ρRT , with R described as specific gas constant (287.05 J kg−1 K−1).

2.2 Boussinesq Hypothesis

The Reynolds-Averaged Navier-Stokes models depend on the definition of the Reynolds stress tensor (τR),
which is a linear function of the mean velocity gradients such that:

τR = −ρv′v′ = µt

{
∇v + (∇v)T

}
− 2

3
[ρk + µt (∇ · v)] I (5)

where k is the turbulent kinetic energy (k = 1
2v′ · v′), the superscript T is the transpose matrix and I is the

identity matrix.

2.3 Shear Stress Transport k-w model

The Shear-Stress Transport (SST) k-ω model of Menter [3] is based on two-equations to describe eddy vis-
cosity (6), which is proposed such that

µt =
ρa1k

max(a1ω;
√
2StF2)

(6)

where a1 = 0,31, St is the magnitude of the strain rate (St =
√
St · St) and F2 is given by

F2 = tanh

max

(
2

√
k

0.09ωy
;
500ν

y2ω

)2
 (7)

the y denotes the shortest distance from wall. The transport equations of scalars k and ω are defined in (8)
and (9):

∂

∂t
(ρk) +∇ · (ρvk) = ∇ · [(µ+ σkµt)∇k] + P̃k − β∗ρkω (8)

∂

∂t
(ρω) +∇ · (ρvω) = ∇ · [(µ+ σωµt)∇ω] + α

1

νt
P̃k − βρω2 + 2(1− F1)σω2

ρ

ω
∇k · ∇ω (9)

The P̃k represents production of turbulence kinetic energy and is demonstrated as by (??):

P̃k = min
(
µt∇v ·

(
∇v + (∇v)T

)
; 10 · β∗ρkω

)
(10)

and the blending function F1 is related to the wall distance and is given as

α = α1F1 + α2(1− F1) (11)

F1 = tanh

min

[
max

( √
k

0.09ωy
;
500ν

y2ω

)
;
4ρσω2k

CDkωy2

]4 (12)

CDkω = max

(
2ρσω2

1

ω
∇k · ∇ω; 10−10

)
(13)

The constants for this model are defined by [3, 4]: β∗ = 0.09; α1 = 5/9; β1 = 3/40; σk1 = 0.85; σω1 = 0.5;
α = 0.44; β2 = 0.0828; σk2 = 1.0; σω2 = 0.856.

3 Numerical Methods

The solver used in this paper is based on finite-volume method (FVM). The algorithm solves governing equa-
tions simultaneously and after that, turbulence equations are calculated. This technique demands many iterations
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until convergence. The simulations considered a two-dimensional axissymetric mesh because of projectile geom-
etry. Second-order upwind scheme is applied for spatial discretization. Convergence criteria is 1.0 x 10-6 for all
properties of interest. Multigrid method, created by Hutchinson and Raithby [5], is used for algebraic resolution
of partial-differential equations.

3.1 Mesh and Boundary Conditions

The ammunition analyzed in this article is 155mm M107 with simplifications in geometry to avoid numer-
ical errors. Two meshes were developed in ANSYS Meshing 2021R2® for validation of CFD application with
boundary conditions such as explained in Fig. 1. Initially, for pre-processing simulations an initial mesh with
approximately 187.000 elements was developed, and then, a refined mesh with 380.000 elements. In both regions
the domain size is 21L x 20D, being L and D the projectile reference length and diameter, respectively.

Figure 1. Mesh discretization and boundary conditions

Due to thermodynamic relations, this flow is considered isentropic. Therefore, the velocities of free stream
and base-bleed system are prescribed as a function of Mach number (Ma) and boundary condition temperatures,
v = Ma

√
γRT.

4 Results

4.1 Evalution Parameters

The first parameter of mesh analysis used in this paper is the drag coefficient. This non-dimensional coeffi-
cient describe how the drag force, the main air resistance during flight, acts in the profile of interest. Its equation
is given by eq. (14)

CD =
F

1
2ρ∞v2∞Aref

(14)

where F is the axial force, 1
2ρ∞v2

∞ denotes the dynamic pressure, with ρ∞ and v∞ being the density and
velocity in the free air stream and Aref is the projectile reference area. About that, there is a dimensionless variable
named injection parameter I that Belaidouni et al. [6] defines it as the bleed mass flow rate ṁ normalized by the
product of the free stream mass flux passing by base surface area Abase, described as eq. (15).

I =
ṁ

ρ∞v∞Abase
(15)
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4.2 CFD without Base Bleed

The Figure 2 shows a first validation without base bleed to compare similar calculations among the results
and a reference developed by Mahmoud et al. [7]. The Figure 3a shows that the refined mesh (380K) elements
demonstrated better agreement than the initial mesh in transonic and supersonic regimes, which represent most
part of projectile firing.

Figure 2. Drag coefficient without base bleed

(a) Base bleed off (b) Base bleed off

(c) Base bleed off

Figure 3. Contours of Velocity and Pressure and Streamline Velocities with Ma = 2.0

The contours of velocity in Fig. 3a and pressure in Fig. 3b are determined by non-dimensional parameters
Mach number and pressure coefficient, respectively. These contours were obtained with Ma = 2.0 at far-field
boundary condition. The Figure 3c demonstrates the recirculation zone caused by the lowest values of pressure
and, consequently, velocity. About the pressure coefficient, it is a relation between static and dynamic pressure,
represented in (16):

CP ≡ p − p∞
1
2ρ∞v2∞

(16)
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4.3 CFD with Base Bleed

After first validation, the base bleed technology was implemented in CFD analysis (see Fig. 4). Lucena et al.
[1] explains that temperature has small influence in reducing drag and the results confirmed that statement, even
though the values for base bleed injecting gases in 1500K showed lower values than inert projectile (base bleed
off) or than cold injection (base bleed at T = 300K) in supersonic regimes.

Figure 4. Drag coefficient without base bleed, comparing with Mahmoud et al. [7].

The Figures 5a and 5b display the contours of velocity assuming Mach number equals 2.0 at free air stream.
At temperature T = 1500K, the base bleed creates a new recirculation zone, illustrated in Fig. 5b and Fig. 5f and
gases were injected at Ma ≡ 0.5. Despite the fact, the velocity contours at T = 300K in Fig. 5a does not alter
significantly projectile in the downstream, which is noticed in streamlines of Fig. 5e. Besides that, in both cases,
the base pressure was not increase sufficiently, as exhibited in Fig. 5c and Fig. 5d.

(a) TBB = 300K (b) TBB = 1500K

(c) TBB = 300K (d) TBB = 1500K

Figure 5. Contours of Velocity and Pressure and Velocity streamlines with Ma = 2.0
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(e) TBB = 300K (f) TBB = 1500K

Figure 5. Contours of Velocity and Pressure and Velocity streamlines with Ma = 2.0

4.4 Ballistic Performance

The influence of CFD analysis undergoes trajectory modelling. Thus, because of geometry and stabilization
method, the projectile trajectory could be modelled with the modified point-mass trajectory model (MPMTM)
proposed by Lieske and Reiter [8]. Actually, this four degrees-of-freedom (4-DOF) model is used to standardize the
exterior ballistic trajectory simulation methodology for North Atlantic Treaty Organization (NATO), as explained
in [9]. It is also elucidated that demands less requirements to flight prediction if compared to six degrees-of-
freedom (6-DOF) model with reasonable results.

(a) 711 mil (40 degrees) (b) 800 mil (45 degrees)

Figure 6. Trajectories in different Quadrant Elevations, comparing inert and active base bleed.

The Figure 6 exhibits the results of a code designed in MATLAB® to prove its efficiency, comparing flight
paths of projectile without base bleed (inert), with base bleed at T = 300K (cold injection) and base bleed at T
= 1500K (hot injection) at different quadrant elevations (QE). The downrange and apogee for every base bleed
condition is described in Tab. 1. In both QE conditions, the apogee increased around 8% with base bleed injection,
however its system does not influenced in downrange improvement.

Table 1. Results of flight prediction with Modified Point-Mass Trajectory Model

Quadrant Ele-
vation

Downrange
(Inert)

Downrange
(BB)

Increment (%) Apogee (Inert) Apogee (BB) Increment (%)

711 mil (bb T
= 300K)

22097.4 22270.7 0.8 6971.4 7328.2 7.9

711 mil (bb T
= 1500K)

22097.4 22056.6 -0.2 6971.4 7347.1 8.2

800 mil (bb T
= 300K)

22514.4 22225.1 -1.3 8067.3 8713.5 8.0

800 mil (bb T
= 1500K)

22514.4 21949.2 -2.5 8067.3 8735.3 8.3
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5 Conclusions

In this paper, the application of base bleed system was suggested due to understand how drag force could be
reduced with increment of base pressure. The SST k-ω model was a good choice for modelling turbulence in inert
projectile drag coefficient, what was expected due to validation of this turbulence resource for aerodynamic issues.
Both meshes agreed with reference values, especially the refined one.

Thereupon, the influence of temperature of gases was tested to evaluate if this property infers, but what was
found is just a slight reduction of base drag. It did not help to discover what occurs with accuracy during injection
of hot gases in downstream. Figures 5c and 5d confirmed that base pressure was not increased sufficiently.

In this study the velocity and temperature have been imposed to find mass flow rate for base bleed inlet
boundary condition, however this imposition was not enough to predict drag coefficient, in agreement Dali and
Jaramaz [10] and Lucena et al. [1]. Therefore, in future works it is expected that Base Bleed could be studied in
different assumptions in geometry and formulations in internal ballistics issues.
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