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Application of the “counterflow diffusion flame”
method in simulating the final ballistics of ammunition
based on reaction materials

Small calibre ammunition is mostly used against
targets deployed on the forward edge of the battle
area (Fig. 1).
The analysis of modern warfare shows that
small calibre cannon artillery reaches its maximum performance when engaging soft-skinned
and light armour vehicles. The current trend
in design of light armoured vehicles (LAV) is
the conversion to light alloy armour (based on

Fig. 1. Light armour and soft-skinned combat vehicles
© Khmelnikov Е. А., Zavodova Т. Е., Smagin K. V.,
Dubinina S. F., 2018

aluminium and titanium) and to composite armour.
Standard armoured personnel carriers (APC) and
infantry combat vehicles (ICV) are likely to be
protected with armour based on aluminium alloys
having thickness of 50 mm and more. Airborne
and amphibious vehicles are basically made of
light alloys.
Light armoured vehicles can be damaged
due to the following factors: mechanical impact
(crew, instrumentation, power plant, fuel tanks),
incendiary effect (power plant, oil systems, fuel
pipelines and fuel tanks) and initiating effect (ammunition detonation).
Ammunition (ammo) and striking elements
(SE) applied for engaging LAV and soft-skinned
vehicles (SSV) can be subdivided into 2 groups
(Fig. 2): passive (without energy source) and active (with energy source). Targets can be hit by
passive SEs due to the kinetic energy dissipation
or by active SEs, mostly due to the explosive deto
nation energy.
Passive SEs include armour-piercing bullets (APB), small calibre armour-piercing shells
(APS), shell fragments (SF), flechette darts (FD),
and preformed striking elements (PSE).
SE performance can be improved by increasing their kinetic energy, i. e. by increasing
their weight and velocity. Application of a larger
calibre can help increase the weight, but this approach is not always applicable, because it leads
to a heavier weight of an artillery system, thus
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Due to the constant modernization of weapons and ammunition production, it has become necessary to search
for new types of equipment. Within the research, we examine the possibility of using fluoroplastic as a reaction
material which can replace explosives in ammunition used to destroy lightly armored and soft targets. The paper
shows the results of experiments and mathematical simulation of the fluoroplastic striker penetrating into the
light alloy barriers. The counterflow diffusion flame method was used to take into account the additional energy
released as a result of interaction during the simulation.
Keywords: counterflow diffusion flame, mathematical simulation.
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Fig. 2. Types of ammunition and applicable target engagement modes:
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COMBbar – combustible – barrier material; FAM – fuel-air mixture; Еk– kinetic energy; Еcompl – complementary
energy; APB – armour-piercing bullets; APS – small calibre armour-piercing shells; SF – shell fragments;
FD – flechette darts; PSE – preformed striking elements; OXatm – oxidant – atmosphere
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making it more bulky and affecting its manoeuvrability.
The weight can be increased without changing the calibre, by using materials of higher density. For this purpose, in addition to steel, tungsten-carbide alloys as well as depleted uranium
are used for manufacturing shell cores and cases.
However, along with high armour-piercing and
incendiary effects after piercing through the barrier, depleted uranium cores have the following
serious shortcomings:
• crack formation during storage, absence of
protective coatings able to provide a shelf life over
20 years and to protect products against damage;
• radioactivity of uranium-bearing mate
rials;
• careful handling is required.
Tungsten cores are equal to depleted uranium cores in armour-piercing effect. Such cores
are free of the above-mentioned shortcomings, but
they are more expensive and there are no sufficient
raw material sources for production.
In addition to passive ammunition, there are
munitions that can hit targets due to the dissipation of not only kinetic, but also complementary

energy. Active ammunition comprises an energy
source such as detonating explosives (EXP) or
substances capable of reacting with other mate
rials and releasing complementary energy.
Active ammunition is very efficient for hitting LAV and SSV. However, explosive ammo
is difficult to make and unsafe to handle. To implement explosives into a small calibre shell,
a primer is needed.
Therefore, an energy source needs to be replaced with a less hazardous substance.
Since the mid-1980s, Ural Federal University has been investigating the application of reactive materials (RM) intended to fill small calibre
ammunition and preformed SEs [1].
Since the late 1990s, the USA, some European countries, and China have been implementing
large-scale programs for developing new types
of energetic materials (EM). These programs are
basically intended to work out new principles to
enhance various types of damage effect by incorporating such EMs into the ammo design.
Reactive Materials (RM) combine two or
more solid substances that cannot explode in normal conditions, but due to a high-velocity impact
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and intense deformation when hitting the target,
they are able to initiate an exothermic chemical
reaction between the components, as well as complementary energy release behind the barrier (inside the target). This considerably enhances the
damage effect. Thus, this is a category of pyrotechnical systems designed for specific operating
conditions. Unlike the traditional approach with
the use of steady-state reaction conditions (for
instance, in the form of detonation or laminar
burning) the RM concept implies the relationship
between the reaction velocity and the impact conditions while the RM impact effect may vary in
a wide range.
This type of materials is the most promising
if used as the filling material for small calibre ammunition. However, the application of RM is associated with some problems arising in the course
of design and experimental testing of new types of
ammo, because the study and simulation of physical and chemical processes, which occur upon actuation of RM, take place at the initial stage of development. Nonetheless, the obvious advantages
of RM application – dramatic enhancement of the
ammo damage effect, obliviousness of successful
target hit, ammo design simplification and/or enhancement of operational safety – definitely overweight the disadvantages mentioned above. Due
to the distinctive features of this type of RM (mo
derate strength and density, high heating value),
these materials are considered the most efficient
for engaging soft targets. When hitting the target,

such SEs are strained and destructed, and together
with an explosion-like reaction they cause larger
through holes and a multi-factor (thermobaric and
high-explosive incendiary) after-penetration effect (Fig. 3). High temperature and the generated
finely-divided condensed products cause malfunctions of electronics in the target’s instrument
compartments [2].
In order to study the processes that occur
once small calibre ammunition filled with RM
hits light alloy barriers, the authors ran a number
of experiments and numerical simulation of the
penetration process (Fig. 4) [3]. During their investigations, the authors detected an exothermic
chemical reaction, which occurred when a fluoroplastic striker hit against the aluminium-bearing
barrier at impact velocities of more than 600 m/s.
To study this phenomenon and for its further use
in design of new types of ammunition, the authors
conducted an in-depth analysis of the process.
The study objective is to select a physical-mathematical model that properly reflects
the condition of dynamic interaction between the
fluoroplastic striker and aluminium alloy barriers.
The explosion-like process that occurs upon
deformation of the striker head hitting the target
causes mechanical thermal-oxidative breakdown
of the striker material along with the energy release over the surface of contact with the striker
head.
The problem related to determination of kine
matic and dynamic characteristics of RM-based
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Fig. 3. RM target engagement model. Contact surface temperature about 500 °С
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Fig. 4. Experiment layout: 1 – striker; 2 – barrier; 3 – plywood; 4 – diesel fuel; 5 – planks;
6 – arrester (aluminium cube)
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striker penetration in the elastic-plastic process
set-up was solved using a number of methods
implemented into the following software pro
ducts: “Terminal Ballistics”, “ТIM-2D”, ANSYS
Autodyn.
To compare the results obtained by the spe
cified methods, numerical simulation was carried
out with input parameters corresponding to the
experimental ones. Computations were completed
regardless of the effect of complementary energy
released by an exothermic chemical reaction. In
the course of computations we selected the models
describing the elastic-plastic deformation of the
striker (Mises) and barriers (the Johnson – Cook,
Glushak, and Mises models) and various equations of state (EOS) for the striker material and
the barrier material (EOS proposed by E. I. Zababakhin, as well as “barotropic dependence”)

for proper description of elastic-plastic processes.
For computations, the large-particle method was
used in the “Terminal Ballistics” and “TIM-2D”
software suites. For computations by means of
the ANSYS Autodyn software suite we used the
smooth-particle hydrodynamics method.
Table 1 shows computation and experimental
results for the cavity volume. The graphs showing
the dependence of the cavity volume on the velo
city at which the RM-based striker interacts with
the barrier based on aluminium alloy AMts are
shown in Fig. 5.
The graph analysis (Fig. 5) shows that the
Mises and Glushak models give obviously overrated results regarding the cavity volume, and
the effect of chemical reaction is not taken into
account in computations based on the Zababakhin EOS for aluminium. The authors suppose that
Table 1

Parameters of the cavity volume formed as a result of interaction between the fluoroplastic striker
and aluminium barrier (∅13 mm, m = 8.6 g)
Mises
model,
Mises model,
Glushak
Johnson–Cook
Initial large-particle
LPM, baromodel, LPM, model, LPM,
velocity,
method
thropic
Zababakhin
Zababakhin
m/s
(LPM),
dependence,
EOS, cm3
EOS, cm3
Zababakhin
cm3
3
EOS, cm
507
0.065
0.077
0.015
0.073

Johnson–Cook
model, SPH,
Mises EOS
(erosion
velocity = 1),
cm3

Johnson–Cook
model, SPH,
Mises EOS
Experiment
(erosion
results, cm3
velocity = 3),
cm3

0.756

0.269

1.200

685

0.537

0.682

0.064

0.693

1.859

1.182

1.450

930

3.270

3.147

0.620

2.607

2.723

4.259

4.000

1108

6.055

5.827

2.276

4.049

3.934

8.766

6.500

1406

13.010

11.742

6.369

7.050

6.904

17.309

11.500
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energy released during an exothermic chemical
reaction that occurs between the RM and the light
alloy barrier, the following equation can be used:

cm3

E х = Ауд (Wоп − W рас ),

m/s

Fig. 5. Dependence of cavity volume on initial velocity
of collision between fluoroplastic striker
and aluminium-based barrier:
– Mises model, LPM, Zababakhin EOS;
– Glushak model, LPM, Zababakhin EOS;
– Johnson – Cook model, LPM, Zababakhin EOS;
– Mises model, LPM, barothropic dependence;
– Johnson – Cook model, SPH, Mises EOS (erosion
velocity = 1), cm3;
– Johnson–Cook model, SPH,
Mises EOS (erosion velocity = 3), cm3;
– experiment results

the Johnson – Cook model in the form of barothropic
dependence gives the most accurate description of
the process of elastic-plastic interaction between
the RM-based striker and the barrier.
According to the experimental data, a soot
layer appears on the barrier surface (Fig. 6). The
chemical analysis conducted in a closed chamber
after the shot proves the presence of aluminium
and titanium fluorides, which, it its turn, proves
there is an intense oxidation reaction of the barrier
material when interacting with the striker.
To take into account the complementary

Fig. 6. Plate made of aluminium alloy AMts penetrated
by the fluoroplastic striker

(1)

where Wоп – experimental cavity volume;
Wрас – calculated cavity volume.
Analysing the process of penetration of any
worn-out striker (losing its weight during penetration or strained) into the barrier, we may note that
the layers of barrier material and the layers of the
strained striker’s material move in parallel (Fig. 7).
This process is accompanied by chemical oxidation of the aluminium- and titanium-bearing barrier when it interacts with fluoroplastic material.
The processes of parallel oxidation were ana
lysed in various gas mixtures and represented in
the Counterflow Diffusion Flame (CDF) method
originally proposed by Tsuji and Yamaoka [5].

Fig. 7. Diagram showing penetration of the striker
into the barrier: 1 – oxidant; 2 – flame; 3 – fuel;
4 – stagnation zone
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As a rule, the laminar counterflow flame
diffusion is considered the diffusion flame in its
pure form. The counterflow diffusion flame in the
front critical area of a cylindrical porous burner is
best matched to the processes that occur when the
fluoroplastic striker hits the barrier.
Laminar counterflow diffusion flame is
generated in the front critical area of the fluoroplastic projectile penetrating into the aluminiumbearing barrier. The oxidant (fluoroplastic) flow
velocity can be calculated as the radial component of velocity of the worn-out section of the
projectile. According to experiment results, the
striker’s element of cylinder can be accurately
described in the cylindrical coordinate system
ORZ (see Fig. 7) using the equation expressed
in the following form
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ZRn = const,
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(2)

where n is the exponent depending on the striker
material and conditions of its deformation, n > 0.
Assuming that the equation of the flow lines
for the striker material particles velocity in the
course of its deformation will be also described
by equation (2), let us determine the functional relationship between axial component ϑz and radial
component ϑR of the material particle velocity:
∂ϑ R = −

R
nZ

ϑZ .

(3)

The velocity components shall comply with
the equation of continuity for incompressible medium in the cylindrical coordinate system:
∂ϑ Z ∂ϑ R ϑ R
+
+
= 0.
R
∂Z
∂R

(4)

The equation of continuity with regard to
formula (3) is expressed as follows
nZ

∂ϑ
∂ϑ Z
− 2 ϑ Z − R Z = 0.
∂Z
∂R

(5)

On the boundary between the rigid and elastic
areas of the striker, the axial component of the
strained material particle velocity will be equal to
the velocity of the striker’s rigid section, i. e. at
Z = h, ϑ Z = −V . Based on the solution to equation
(5) with the predetermined boundary condition,

we can find the expression for the axial component
of the strained material particle velocity:
 Z 

h 

ϑ Z = −V 


2/ R

(6)

,

where h – current height of the strained section
of the striker.
If we put equation (6) into formula (3), we
obtain the following:
ϑ

R

=V

R h 


nh  Z 

( n− 2)/ n

(7)

.

After we determine the radial and axial
components of velocity based on the solution to
the problem of plastic straining of the fluoroplastic projectile when it interacts with the barrier,
we can determine the velocity, at which the oxidant moves along the cavity element ϑ R , and the
pressure on the boundary of contact between the
projectile and the barrier.
Taking into account that the oxidant (fluoroplastic) flow velocity shall exceed the fuel (alu
minium) flow velocity, the solution proposed by
Tsuji and Yamaoka to determine the reaction velocity and to estimate heat emission of the current
chemical process for the counterflow diffusion
flame model can be applied to the interaction
of the fluoroplastic striker with the aluminium
barrier.
The heat emission velocity and reaction
velocity can be calculated according to the quasione-dimensional equation of energy conservation
and the equation of continuity, respectively.


Q=A

−1 

ρ0 v0 ∑ Gi C pi




i

dT d 
dT
−
Aλ
dy
dy dy 



 ,



(8)

where A – flow – tube – area relation at any point;
ρ – gas mixture density;
C pi – heat capacity at i constant pressure;
Т – gas temperature;
λ – heat conductivity of gas mixture.
Index 0 designates a reference point Gi .
The net reaction velocity K i , i. e. the net
molar velocity of generation or consumption of
i types per volume unit per time unit of chemical
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reaction is calculated using the following formula
Ki =

pv dGi
,
M i dy

(9)

where M i – molecular mass.
Flow mass:
Gi = ρYi (v + vdi ),

(10)

where v – flow velocity.
The mass concentration Yi is calculated
using the following formula:
Yi =

X i Mi
,
∑ X i Mi

(11)

i

where X i – molar fraction of the i-th particle.
The diffusion velocity is determined by
means of the following expression
vdi = −

Di dX i
,
X i dy

(12)

– uniform velocity of oxidant flow.
The distinctive feature of equation (15) is
the fact that determination of the chemical reaction velocity requires measurements of composition and temperature only. The required temperature parameters are determined when solving the
problem of elastic-plastic breakdown in each cell.
The important stage is formation of a mixed
cell, where chemical reaction and its products
emerge in the form of aluminium fluoride. The
pressure formed on the contact area promotes the
emergence of this reaction. The calculation allows
to estimate the resulted pressure (Fig. 8). According
to the analysis, the maximum pressure is much
higher than the limit pressure at which the chemi
cal reaction is initiated (200 MPa).
ϑR

MPa

where Di – binary diffusion coefficient.
The gas mixture density is calculated depending on measured temperature and concentration for the consistent equations of state:
p=

ρR °T
,
∑ X i Mi

(13)

i

ρvA = ρ0 v0 .

(14)

Assuming that binary diffusion coefficients
of all the pairs are equal to each other and that the
mass concentration Yi is function i of conservative scalar ζ (or any Shabe – Zeldovich formulation), the equation of state for the reaction velocity
can be converted into a simple form:
wi = −ρD( ϑ Rξ )2

d 2Yi
,
d ξ2

(15)

where wi – net reaction velocity (weight per vo
lume unit per second);
D – molecular diffusion;

µs

Fig. 8. Pressures formed on the contact boundary:
– V0 = 1406 m/s;
– V0 = 930 m/s;
– V0 = = 507 m/s;
– Pavg(V0 = 1406 m/s)

To take into account the effect of chemical
energy on the penetration process, the large-particle
method incorporates the heat emission computation
block based on the CDF model. The ANSYS Autodyn software suite cannot combine burning and
penetration processes directly. Thus, we have made
an attempt to represent a penetrating projectile as the
multi-layer structure, within which even layers penetrate as a solid body and odd ones burn. According to
the result of computation of the cavity volume based
on the CDF method implemented into two software
suites (Fig. 9), the data obtained with the help of
ANSYS Autodyn exceeds the experimental data.
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where p – pressure;
R° – universal gas constant.
Flow – tube – area A relation is determined
based on density and velocity to be measured,
using the general equation of continuity:
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Fig. 9. Dependence of cavity volume on initial velocity
of collision between fluoroplastic striker and aluminiumbased barrier using the CDF method:
– experiment result;
– terminal ballistics;
– ANSYS Autodyn
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Conclusions
1. The proposed method allows to estimate the
results of interaction between the fluoroplastic
striker and the aluminium-based barrier in a wide
range of initial velocities with the considerable
degree of accuracy.
2. The proposed method of computation
using the “Terminal Ballistics” software allows
to simultaneously calculate kinetic and chemical
energy of a penetrating projectile.
3. Using reactive materials such as fluoroplastic as an energy source allows to develop
new types of small calibre ammunition (patents
Nos. 2582322, 2625991).
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Применение методики «противоточное диффузионное пламя»
в моделировании процессов конечной баллистики боеприпасов
на основе реакционных материалов
В связи с постоянной модернизацией производства средств поражения и боеприпасов в настоящее время
возникла необходимость в поиске новых видов снаряжения. Рассмотрена возможность использования
фторопласта в качестве реакционного материала, способного заменить взрывчатые вещества
в боеприпасах, применяемых для поражения легкобронированных и легкоуязвимых целей. Отражены
результаты экспериментов и математического моделирования процесса проникания фторопластового
ударника в преграды из легких сплавов. Использован метод противоточного диффузионного пламени для
учета дополнительной энергии, выделяющейся в результате взаимодействия во время моделирования.
Ключевые слова: противоточное диффузионное пламя, математическое моделирование.
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