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A first and recent attempt, based on the 2D Euler eguations, has been carried
out at the unsteady numerical prediction of the sabot separation process in
intermediate ballistic flow conditions. For validation purposes, the 44 mm
APFSDS launch dynamics were investigated in a free flight ballistic corridor.
Experimental test cases of drag, lift and rear separation processes were ob-
tained. Comparisons between experimental and numerical sabot separation
show satisfactory agreement.

INTRODUCTION

Challenge

The numerical unsteady prediction of the sabot discard in intermediate ballistic flow
conditions is a challenge for the future. To date, highly sophisticated but purely external
aerodynamics with a steady CFD approaches have been carried out [1-5]. A first attempt
at unsteady prediction was made by extending the FREIN [6-12] intermediate ballistics
code. Theideaisto anticipate the main numerical problems of the modeling by using sim-
pletheoretical assumptions (Euler equations, 2D,. . .) asafirst step.

Separation Processes: A Non Exhaustive Classification

Figure 1lisadiagram of the possible discard processes.

Drag separation could be obtained using a classical external sabot profile with afront
pocket. Separation is essentially the sudden rotation of the sabot components, a contact
being made between the projectile body and the rear part of the sabot components. In this
case, the mechanical interactions are substantial. Drag separation is obtained by “pitch
moment”.

The lift separation process could be produced by the presence of a rear or middle
pocket. The intermediate ballistic flow is employed. During the first instants, discard is
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guided by the gas discharge with arear separation. After that, separation is characterized
by a quasi-parallel escape between the firing axis and the longitudinal axis of the sabot
components. In this case, the mechanical interactions are fewer. Lift separation could be
reached by “force” or by “moment”.

Rear separation, in the initial opening stage, could be obtained using a sabot with a
rear pocket and with, or without, afront pocket of reduced effficiency.

EXPERIMENTAL SET-UP AND TEST CONDITIONS

Apparatus and Instrumentation

Figure 2 isadiagram of the experimental set-up for the tests. They were conducted in
the 200 m free flight ballistics corridor at Giat Industries in Bourges. A 44 mm smooth-
bore gun with a4.53 m barrel and a specific APFSDS projectile, launched by a sabot with
3 components, were used for the tests. The projectile had alength to diameter ratio (L/D)
of 23.75, atotal mass of 0.475 kg including asabot mass of about 0.2 kg and wasidentical
for al tests. The intermediate ballistics of the projectile (sabot discard and muzzle blast
characteristics) were investigated by use of amultiple orthogonal X-Ray technique (1 sta-
tion at the muzzle and 3 orthogonal stations, located at 0.00, 0.15, 0.60 and 1.60 meters
from the muzzle exit), by visualization of the muzzle flow field by indirect shadow sys-
tem with Fresnel-Lens and al so by ground pressure measurements.

Test Conditions and Sabot Design

With 0.42 kg of a single base nitrocellulose propellant, the pressure chamber was of
252 MPa, the muzzle exit velocity was about 1443 m/s with a muzzle pressure of about
21 MPa.

Three different sabot shapes (versions @), @ and @), with or without a rear pocket,
were tested and are presented in Fig. 3. Version @ isaclassical shape with afront pocket.
Version @ is characterized by a rear pocket, the front pocket being suppressed. Version
@ isacompromise having arear pocket and a reduced front pocket. For all the versions,
the position of the center of gravity, the mass and the inertia, the length of the body-sabot
interface, the sealing ring definition and behavior, the guiding support definitions, the
interface and the mechanical contacts between the sabot components remain as constant
as possible. Note that the mass of the powder was adapted in order to prevent the sabot
pocket from breaking. The mechanical performance of the sabot was verified using struc-
tural computations taking into account only the longitudinal acceleration. The sabot pro-
file (rear pocket, ...) was designed essentially empirically.

Morethan 50 firingswere carried out for version @), 3 for versions@ and @.
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CFD, Equations and Numerical Algerithms

An intermediate ballistic code, named FREIN, based on the resolution of the time
dependent 2D Euler equations, has been developed. The FREIN code has now been
extended to the modeling of the unsteady sabot separation in intermediate ballistic flow
conditions.

The discharge of a propellant gasis modeled as an axisymmetric or 2D plan inviscid
flow of acaorically perfect gas and is computed using Harten's 2nd order total variation
diminishing scheme. The complex geometry, evolving over time because of the displace-
ment of the projectile, is taken into account, within the framework of a non adapted uni-
form Cartesian mesh, by means of a special treatment of the boundary conditions based
on ageneralized reflection principle. The gas behaves as a calorically perfect gas, the ra
tio of specific heatsy and the perfect gas constant R of the equation of state p = yRT were
obtai ned using thermodynamic computations. Moreover, the ambient atmosphere was not
distinguished from the propellant gas.

The mathematical modeling of the firing process includes the precursor flow dis-
charge and the presence of the projectile. The boundary conditions at the barrel muzzle,
after projectile exit, were computed using a 1D unsteady numerical code, based on the
characteristics method, according to apull piston analogy. The boundary conditions at the
barrel muzzle, before the projectile exit, were obtained with the resol ution of the 1D Euler
equations according to apush piston anal ogy.

The sabot component trajectory was computed using calculations of the unsteady
aerodynamic forces and of the actions of contact.

The main difficulties related to the grid system arefirstly, the rather complex geome-
try involved (in particular in the multi-elements muzzle brake case) and secondly, the fact
that the computational domain evolves over time according to the displacement of the
projectile and the sabot.

CFD, Grid and Calculation Costs

For the 3 versions of sabot, the computational domainis2.5m x 0.3 m. The Cartesian
grid is constituted of 270 000 nodes with a spatial step size Ax = Ay of about 1.67 mm. In
the case of the lift sabot opening (version @) a more refined grid was aso built with
1080 000 nodes and Ax = Ay of about 0.83 mm (seeresultsin Fig. 8).

The average calculation cost is about 2.1 ps per node and per iteration, for unsteady
computations on an Octane SGI RISC 12000 workstation.

RESULTS
CFD: Intermediate Ballistics Flow Field Analysis

Figure 4 gives an example of the time history of the intermediate ballistic flow corre-
sponding to the drag separation process (version @). The precursor flow and the principal
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propellant gas flow are highlighted. The main structures of the unsteady overexpanded jet

flow (Mach disk, barrel shock and blast wave), of the projectile and sabot aerodynamics,

arenumerically well captured. In particular, we can see:

— thestrong interaction between the projectile-sabot and the Mach disk (t = 3.5 ms),

— theinteraction between the projectile nose and the blast wave (4.1 <t < 4.9 ms),

— the mechanical and aerodynamic sabot-projectile interactions of the drag discard
(3.7<t<4.9ms).

Experiments: Sabot Discard Processes (X-Ray Visualizations)

Figures5, 6 and 7 show that the different separation processes have been obtained.

Version @ is characterized by drag separation. At 0.6 m from the muzzle, the sabot
components are parallel to the projectile with a gap of approximately 4 mm. Taking into
account the fact that, for this sabot shape, it is the gas discharge which holds the sabot
components locked together, this gap could be explained by the relaxation of the internal
ballistic constraints of the sabot components. At 1.6 m, the drag separation processis vi-
sualized. A rear contact between the projectile body and the sabot components shows the
mechanical interactions. Version @ is characterized by rear separation due to the gas flow
discharge. Asshownin Fig. 7, lift separation was obtained with version @. At 0.6 m from
the muzzle, thereis slight rear separation. At 1.6 m, the sabot components are parallel to
the projectile and the mechanical interactionsare minimal.

The X-Ray visualizations presented confirm the possibility of being able to pilot the
separation by making judicious use of theintermediate ballistic flow.

Validation: Prediction of the Separation Process

Qualitative validation results for the prediction of the different separation processes
arepresented in Figs. 5, 6 and 7. Fairly good agreement was obtained for the prediction of
drag (Fig. 5, version @) and on the rear discard processes (Fig. 6, version @). Steady
computations are in poor agreement with experiments in the case of the lift separation
process (Fig. 7 C et D, version @). The main reasons for this are the actual modeling limi-
tations for such unsteady flow and al so the specific weakness of the lift force. A comple-
mentary analysisis under way. Firstly the influence of the grid refinement was eval uated.
The comparison between Fig. 7 and Fig. 8 shows, classicaly, that grid refinement has a
strong influence on the numerical capture of the flow characteristics, but only slight chan-
gesto the opening kinematics could be observed.

CONCLUSIONS

For validation purposes, drag, rear and lift separations were successfially obtained ex-
perimentally for a 44 mm gun using different sabot shapes. Numerical Euler techniques
have been successfully developed for the prediction of the unsteady sabot separation pro-
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cess. Qualitative validation results are globally encouraging, but the short comings of the
2D Euler equations are highlighted.

FURTHER INVESTIGATIONS

With the French State support, further investigations are planned, principally:

R
1

2.

10.

11

12.

tofully analyze thelimit of the 2D Euler equations,
to extend the capability of the FREIN codeto 3D,
to develop more detailed small-scal e intermediate ballistic experiments.
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Fig 4: Computation of thetime evolution of the drag separation process ( sabot version @

—grid 1500 x 180).
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