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Abstract:

Introduction/purpose: In this paper, the aerodynamic characteristics of a
special bullet were investigated at supersonic conditions. A model of a
handgun saboted bullet was selected for the study.

Methods: The method used in the research was computational fluid
dynamic (CFD) simulation. The turbulence model k-¢ was used for
numerical calculation. The air model was selected as an ideal gas. For air
viscosity, the Sutherland model was applied.

Results: The numerical simulation results show the behavior of the
supersonic flow over the saboted bullet. By varying the petals opening angle
and bullet velocity, their influences on the drags of the sabot and the
penetrator were obtained to be used for later sabot separation study.
Conclusion: The study shows that the CFD simulation approach can be
implemented to analyze the aerodynamic drags on the sabot and the
penetrator after the saboted bullet leaving the gun barrel. The simulation
results obtained in this work are important in designing saboted light armor-
piercing bullets fired from handguns.

Key words: saboted bullets, handgun, aerodynamic characteristics, Ansys
Fluent, CFD, numerical simulation.

Introduction

Increasing the performances of weapon systems is always necessary
for any army in the world. Modern ballistic vests are effective against
standard bullets (Odanovi¢ & Bobi¢, 2003; Stopforth & Adali, 2019;
Yaneva, 2020; Zochowski et al, 2021). This fact prompts weapon
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designers to find new ways to enhance the penetrating ability of bullets.
One method is to use saboted bullets. This kind of bullets consists of a
light-weight polymer sabot, an aluminum supporting base and a penetrator
made of heavy-weight material (depleted uranium, tungsten carbide, etc.).
After exiting the gun muzzle, the penetrator separates from the sabot and
continues flying to the target alone. Due to high muzzle velocity and a small
cross-sectional area, the penetrator delivers a very high penetrating
performance (Abdelsalam & Fayed, 2022). Such a bullet structure has
been successfully implemented in some weapon systems such as
American 7.62x51mm M948 and 12.7x99mm M903 (Starek & Stepniak,
2021), 6.5x25mm CBJ (CBJ Tech, 2024) and Singaporean 12.7mm SLAP
(Ministry of Defence, Singapore, 2016). Compared to standard bullets,
saboted bullets own significant advantages: better penetrating
performance; higher hit probability; longer range; higher impact velocity;
lower levels of barrel wear and corrosion; and non-toxicity since they do
not contain lead. They are effective against all targets of small arms, such
as light ground vehicles, helicopters, etc. as well as highly protected
troops. Their typical structure is presented in Figure 1.

Cartridge

Aluminum support
~

Bullet

Polymer sabot — — -

Penetrator

Figure 1 — Structure of the 6.5x25mm CBJ cartridge and the bullet

The working principle of the saboted bullet is as follows: after exiting
the gun muzzle, under high centrifugal and aerodynamic forces, the sabot
undergoes deformation when the sabot petals open at some angle
increasing the sabot area exposed to air flow. Consequently, the drag on
the sabot is much greater than the drag on the penetrator. Due to this drag
difference, the penetrator gradually separates from the sabot. The sabot
separation process is illustrated in Figure 2. After separating from the
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penetrator, the sabot remains intact and continues on its intended course.
Eventually, the sabot descends to the ground.

¥

Barrel Petals Penetrator

Figure 2 — Sabot separation process

In the saboted bullet designing process, one of the crucial problems
is to investigate the interaction between the air and the bullet under
different conditions. Although there is a significant number of studies on
the separation process of the armour-piercing fin-stabilized discarding
sabot (Lin & Lai, 1997; Huang et al, 2014; Lesage & Girard, 1996;
Patanwala et al, 2023), the separation process of saboted bullets has not
been appropriately studied. The present work aims at studying the
aerodynamic characteristics of the supersonic flow around a saboted
bullet, including the drags acting on the sabot and the penetrator at various
muzzle velocities and petals opening angles. The muzzle velocity ranges
from 500m/s to 600m/s with an increment of 20m/s. The petals opening
angle changes in the interval from 50° to 80° with an increment of 10°. The
remaining structural parameters of the bullet are unchanged according to
ballistic restrictions and designing requirements.

Numerical approach

Geometry model

In this research, a saboted bullet intended to be fired from 7.62mm
caliber handguns has been considered for investigation. The bullet
geometry details are presented in Figure 3. All the dimensions are
presented in mm. The bullet consists of three components: a penetrator, a
sabot with 6 petals, and an aluminium support as in the case of the
6.5x25mm CBJ structure.

The investigated air domain is shown in Figure 4. The domain length,
width and height are 40L, 10L and 10L, respectively. Here, L is the overall
length of the saboted bullet (L = 17.5mm in our case). The air domain was
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created big enough to properly describe the turbulent flow behind the
sabot.
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Aluminum support Sabot Penetrator

Figure 3 — Bullet dimensions (in mm)

Figure 4 — Air domain dimensions

Mesh generation

In order to reduce burden on the mesh generation procudure, the
aluminum support and the sabot were modeled as a unified object. This
simplification does not affect the simulation accuracy since the aluminum
support and the sabot are securely connected with each other and stay
together for the whole separation process. Based on the bullet structure
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and accuracy, the computational domain grid around the bullet was
automatically generated. Figure 5 shows the mesh generation results on
the bullet surface. There are a total of 3 365 498 mesh elements.

Figure 5 — Mesh around the bullet

Mathematical model

In this research, the Reynolds averaged Navier-Stokes (RANS)
equations were selected to calculate the drag and analyze the flow fields
around the bullet model. In the RANS methods, an averaged filter was
applied to the Navier-Stokes equations. The Reynolds stresses are
simulated by turbulent models. Despite only supporting averaged flow
fields, the RANS approach is greatly effective at saving calculation time
while maintaining a high level of accuracy. There are five Navier-Stokes
equations: the first one expresses the law of conservation of mass, the
next three describe the law of conservation of momentum, and the last one
represents the law of conservation of energy (Matsson, 2023). They are
as follows:

1
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where u, v and w respectively are the velocity in the x, y and z directions;
p is the pressure, t is the time, p is the air density, r is the deviatoric stress
tensor, Er is the total energy, q is the heat flux, Re is the Reynolds number,
and Pr is the Prandtl number.

In order to analyze the high-speed compressible flow around a
saboted bullet, the k-¢ turbulence model was applied. Introduced in 1974
(Launder & Spalding, 1974), this model quickly became one of the most
popular models used in computational fluid dynamics to analyze
aerodynamic characteristics for turbulent flow conditions. It is suitable for
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high Reynolds numbers or free stream flow. Various authors have been
successfully implementing the k-¢ turbulence model to predict
aerodynamic characteristics and analyze the flow around bodies with
complicated geometry involving separation and strong pressure fluctuation
(Do et al, 2022; Dolzhikov & Nikolaev, 2015; Ko et al, 2020; Trakic, 2020).
The k-¢ turbulence model enables turbulent eddy viscosity to be taken into
account using the kinetic energy k and the dissipation rate €. These
additional parameters are determined through the following equations:
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where the function P is defined as:
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where k is the kinetic energy, ¢ is the dissipation rate, Ej represents the
component of the rate of deformation, and u; represents the eddy viscosity.
C1e, C2¢, o« and o: are constant numbers: Cs.= 1.44, C,.= 1.92, 0x =1.00
and o.= 1.30.
The turbulent viscosity (. is calculated using the equation below:
k2 )
= pC,—,
&

where the parameter C, is a constant number, C, = 0.0845.
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Boundary condition and convergence criteria

The abovementioned Navier-Stokes equations from (1) to (9) were
solved using Ansys Fluent numerical simulation software. The RANS
equations with the k-¢ turbulent model were applied in this research. The
density-based solver was used. The finite volume method with the second
order of numerical accuracy for pressure, density, momentum, and
turbulent kinetic energy was employed for the investigation. The air model
was an ideal gas. The Coupled algorithm was implemented for the
calculation. The calculation domain was defined with the following
boundary conditions: inlet, outlet, and wall. Velocity, static pressure, and
static temperature were established for the inlet flow. For the outlet flow,
static pressure was defined. Other setup parameters are presented in
Table 1.

Table 1 — Ansys Fluent simulation settings

Parameter Value
Inlet velocity Bullet's muzzle velocity
Gauge pressure 0 Pascal
Side Symmetry
Wall No slip wall
Viscosity model Sutherland
Temperature 300 K
Convergence criteria 10©

Validation

Although the numerical method and the simulation procedure have
been carefully selected and carried out in this study, the obtained results
should be compared with experimental data to verify the accuracy of the
results. Since no relevant experimental data has been published in open
literature so far, some limitations do exist regarding the result validation.
However, the main objective of this research is to investigate the effect of
the muzzle velocity of a bullet and the angle of petals opening on the drag
trend of the sabot and the penetrator; hence, experimental tests can be
conducted later as part of the continuation of this work to validate and
verify the overall calculation model for the separation phenomenon.
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Results and discussion

Flow field around the bullet

The pressure distribution around the bullet on the symmetric plane is
presented in Figure 6. Obviously, the pressure is the highest in the forepart
of the bullet while the pressure is significantly lower in the aftpart in
comparison with that in the forepart. Figure 7 shows the velocity field
around the bullet at a bullet velocity of 600 m/s and an angle of petals
opening of 80°. The flow separation takes place on the rear surface of the
sabot petals. The turbulence intensity of the flow is presented in Figure 8.
The most intense turbulence occurs in the space behind the opening
petals.

Figure 6 — Pressure distribution around the bullet (petals opening angle: 80°,
bullet velocity: 600 m/s)

Figure 7 — Velocity distribution around the bullet (petals opening angle: 80°,
bullet velocity: 600 m/s)
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Figure 8 — Turbulence intensity around the bullet (petals opening angle: 80°,
bullet velocity: 600 m/s)

Influence of bullet velocity on drag

Since bullet velocity is a defining parameter for exterior ballistic
fundamental problem solving, it is important to determine the drag of the
sabot and the penetrator for different velocities.

Moreover, the muzzle velocity of the bullet is one of the defining
parameters for the fundamental interior ballistic problem. In the penetrator-
sabot separation process, the bullet velocity gradually changes and, as a
consequence, the air drag acting on the sabot and the penetrator will
change. In this study, the drag of the sabot and the drag of the penetrator
were obtained for the velocity values ranging from 500 m/s to 600 m/s with
different petals opening angles.

The influence of velocity on the drag of the sabot and the drag of the
penetrator are shown in Figure 9, Figure 10, and Figure 11. Clearly, for all
values of petals opening angles, an evident tendency can be seen: the
greater bullet velocity, the greater the drags of the sabot and the
penetrator; the greater bullet velocity, the greater difference of the drags
on the sabot and the penetrator.

This means that the sabot and the penetrator leave each other quicker

with a higher bullet velocity. Additionally, the drag-velocity dependency is
almost linear for all the values of petals opening angles.
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Figure 9 — Influence of bullet velocity on sabot drag
for various petals opening angles
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Figure 10 — Influence of bullet velocity on penetrator drag
for various petals opening angles
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Figure 11 — Influence of bullet velocity on the difference of the drags
of the sabot and the penetrator for various petals opening angles

Influence of petals opening angles on drag

In the sabot separation process, the petals opening angle graduallly
changes affecting the air flow state around the bullet and the aerodynamic
interference between the sabot and the penetrator. Consequently, the drag
of the sabot and the drag of the penetrator change with time. Therefore, it
is of great interest to investigate how the drag of the sabot and the drag of
the penetrator change with the changes of petals opening angles. In this
study, the petals opening angle varies from 50° to 80° with an increment
of 10°. Figure 12 - Figure 14 show the effect of petals opening angles on
the drag of the sabot, the drag of the penetrator and their difference for
various bullet velocities. Obvious tendencies can be observed. For any
value of bullet velocity, the drag of the sabot, the difference between the
drag of the sabot and the drag of the penetrator increase quickly with the
increase of the angle of petals opening. Consequently, the greater the
petals opening angle, the more quickly the sabot and the penetrator leave
each other. Hence, one can vary the material or/and the structural
parameters of the sabot, e.g. the sabot length, to influence the penetrator-
sabot separation process.
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Figure 13 — Influence of the petals opening angle on the drag of the penetrator
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Conclusion

In this research, in order to save experimental time and resources,
the numerical method was used to investagate the flow around a sub-
caliber saboted bullet and analyze the effect of bullet velocity and the sabot
petals opening angle on the drags of the sabot and the penetrator. The
following are the main conclusions derived from the study:

The numerical method is a powerful and effective tool to study the air
flow phenomenon around a complex body such as a saboted bullet,
especially to predict the drags of the sabot and the penetrator under
different conditions.

The pressure distribution around the bullet is complex: the pressure
is the highest in the forepart and significantly lower in the aftpart.

The most intense turbulence takes place in the space behind the
opening petals. The drag of the sabot, the drag of penetrator and their
difference are almost linearly dependant on bullet velocity for any certain
petals opening angle.

With increasing the petals opening angle, the drag of the sabot and
the difference of the drag of the sabot and drag of the penetrator increase
very quickly.
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The overall tendency is that the greater bullet velocity or the petals
opening angle are, the more quickly the penetrator leaves the sabot.

Eventually, the results obtained in this research work can be applied
for further study and development of sub-calibre saboted bullets with
similar geometries.

Future work

The following directions are recommended for further continuation of
this study:

The first direction is to determine the drags of the sabot and the
penetrator depending on their relative movement while the penetrator
gradually leaves the sabot.

The second direction is to implement approximation techniques to
present the drags of the sabot and the penetrator in form of continuous
functions of velocity, opening angle and relative movement for further
usage in sabot separation studies.

The third direction is to use continous functions of drags of the sabot
and the penetrator in solving the fundamental exterior ballistic problem of
a saboted bullet to determine not only the penetrator velocity at the
moment it leaves the sabot but also the distance from the gun muzzle to
the separation point and then to conduct experimental tests to verify the
comprehensive calculation model.
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Resumen:

Introduccién/objetivo: En este articulo, se investigaron las caracteristicas
aerodinamicas de una bala especial en condiciones supersénicas. Para el
estudio se seleccion6 un modelo de bala saboteada por pistola.

Métodos: El método utilizado en la investigacién fue la simulaciéon de
dinamica de fluidos computacional (CFD). Para el calculo numérico se
utilizé el modelo de turbulencia k-¢. Se seleccioné el modelo aire como gas
ideal. Para la viscosidad del aire se aplicé el modelo de Sutherland.

Resultados: Los resultados de la simulaciéon numérica muestran el
comportamiento del flujo supersonico sobre la bala saboteada. Al variar el
angulo de apertura de los pétalos y la velocidad de la bala, se obtuvo su
influencia en las resistencias del casquillo y del penetrador para su
posterior estudio de separacién del casquillo.

Conclusion: El estudio muestra que el enfoque de simulaciéon CFD se
puede implementar para analizar las resistencias aerodinamicas en el
casquillo y el penetrador después de que la bala saboteada sale del cafion
del arma. Los resultados de la simulacion obtenidos en este trabajo son
importantes en el disefio de balas perforantes ligeras saboteadas
disparadas con pistolas.

Palabras claves: balas saboteadas, pistola, caracteristicas
aerodindmicas, Ansys Fluent, CFD, simulacién numérica.
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YuncneHHoe nuccnegoBaHne CBEPX3BYKOBOro ob6TeKkaHus
nogkannbéepHoOn Nynu ¢ oTAENALWMMCSA NOAA0HOM

Kyane TyaH HryeH, koppecnoHaeHT, Xau Mu+b HryeH, CroaHb CoH by

["ocypapcTBeHHbIN TexHnYecknn yHusepeuteT uM. Jle Ky [loHa,
dakynbTeT «CneumansHOe MaMHOCTPOEHMEY,
r. XaHon, Couunanuctunyeckast Pecnybnuka BoeTHam

PYBPUKA IT'PHTW: 30.17.33 Na3oBas AnHamuKa,
30.17.53 lMNpuknagHas aspogmHamumka
BWO CTATbW: opurmHanbHas Hay4Has ctaTbs

Pesrome:

BeedeHue/uenb: B daHHOU cmambe uccriedoeaHbl a3po0uHaMu4yecKue
Xapakmepucmuku eurnep3sykogoz2o nampoHa. [ns uccredosaHusi
6bina eblbpaHa modesb MUCMOIemHo20 fnampoHa ¢ OmOensWUMCs
rnoddoHom.

Memodbi: B uccredogaHuu UCrOb308asicsi Memood KOMIIbIOMEPHO20
molenuposaHusi ~ eudpolduHamuku  (CFD).  [dnsa  4ucrieHHoz2o
ModenuposaHusi ucrionib3oeanacb Mooenb k-€ mypbyneHmHocmu.
®opmyna CasepnieHda ucrnonb3oeanack 0515 onpedesieHusi 8si3Kkocmu
8030yxa Kak modesiu udeasibHO20 2a3a.

Pe3ynbmambi: Pe3ynbmamai YUC/IeHHO20 ModenuposaHust
rokasbigarom rosedeHUe C8epx38yKo8020 0bmeKaHUsI nampoHa cC
omdensowumess noddoHom. [lymem u3MeHeHuUs1 yerio8 OmKpbImusi
nernecmkog Mod000OHa U U3MEHEeHUS CcKopocmu rnampoHa Obiio
8bISIBIEHO UX B/IUSHUE Ha aspo0uUHaMu4yeckKoe COornmpomuerieHue,
delicmgyrowiee Ha nodOoH u cepledyHUK. Omo enusiHue Heobxodumo
yqumbigamb 8 nocnedyruwux pacdemax npouyecca omaoeneHus
cepOeyHuka u noddoHa.

Bbigodbi:  UccnedosaHue  rokasasio, 4mo  8bl4UCIUMeEsibHas
aspoduHamuka Moxem Obimb  UCMofIb308aHa Onisi  MOJyYeHUSs
a3poOuHaMu4ecKo20 COrMpPomuesIeHUsT Kopryca u cepdeyHuka nocre
8bIxo0a nynu u3 cmeosna nucmosiema. Pe3ynibmambi MOOeupo8aHus,
rosny4YyeHHble 8 OQaHHOU cmambe, B8axHbl Ofi MPOEKMUPOBAHUS
6poHebolHbIX MampoHo8 ¢ omoensauuMcs MoOAOHOM.

Kntoyessie criosa: nampoHsi ¢ omaensrowumcs noddoHOM, cepOeyHUK,
aspoduHamuyeckue xapakmepucmuku, Ansys Fluent, CFD, yucrneHHoe
modernuposaHue.
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Hymepuyko ncnutnsame Hag3ByyYHOr CTpyjara Oko noTkanubapHor
npojekTuna ca oaBojuBMM Hocayem (caboTom)

Kean TyaH HyweH, ayTop 3a npenucky, Xau MuH HyvneH, CyaH CoH Byn

OpxaBHn TexHunykn yHusepauteT Jle Kym [on”, PakynteT cneuwmjanHor
mMaLuuHcTBa, XaHoj, Counjanmuctnyka Penybnuka BujetHam

OBJIACT: mawmHcTBO, AnHamuka drnyuaa
KATEITOPWUJA (TWUIM) YITAHKA: opyruHanHm Hay4Hu pag

Caxemak:

Yeod/yure: Y oeom paldy npoydaeajy ce  aepoluHamMuyke
Kapakmepucmuke creyujariHoe Memka rpu Had3ey4Hoj bp3uHu. Moden
0dabpaH 3a cmyOujy buo je NUWMOSBCKU Memak ca 0080jusuM Hocavyem
(cabomowm).

Memode: KopuwheH je memod KoMmjymepcku cumyrnupaHe OuHaMuke
¢riyuda (CFD), a 3a HymepuyKy cumynayujy k- mooen mypbyneHyuje. 3a
8ucKko3Hocm eas3dyxa, kao Mmodesia udeanHoe e2aca, MpuMeH-eHa je
CameprnaHdosa ¢hopmyna.

Pesynmamu: Pe3ynimamu Hymepudke cumyrnauuje rokasyjy roHaware
Had38y4HO2 cmpyjaHa OKO Memka ca 008ojusum cabomom. Bapuparsem
yarnosa omeapara CeeMeHama Hocada, Kao u bps3uHe rpojekmura,
ymuuario je Ha Huxo8 aepoduHaMuyKu omrnop Koju deryje Ha Hocad Kao
U Ha reHempamop 3a Kopuwhere y KacHUjuM rpopadyyHuma rpoueca
odeajara jesepa/neHempamopa 00 Hocaya.

Sakrbyyak: Cmyduja noka3syje da ce KoMrijymepcka aepoOuHamMuka Moxe
Kopucmumu 3a dobujarbe aepoOuHaMuyKo2 omropa Ha Hocaydy U jesepy
HaKoH Wmo Memak Harlycmu uee nuwmosba. Pe3ynmamu cumynauuje
8aXHU Cy 3a MpojeKmosar-e MPOMmMUBOKIIONHUX Memaka ca o080jusum
Hocayem.

Krby4yHe peyu: npomueoKnonHU memak, nuwimorsb, aepoduHamuydke
kapakmepucmuke, Ansys Fluent, CFD, Hymepuyka cumynauuja.
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