Defence Science Journal, Vol. 72, No. 4, July 2022, pp. 526-532, DOI : 10.14429/dsj.72.17418

© 2022, DESIDOC

Algorithm and Computer Code for Predicting Detonation Wave Parameters of
Aluminized Explosives

Toan Nguyen Trung, Huu Hoang Trung and Sang Dam Quang*

Le Quy Don Technical University, 236 Hoang Quoc Viet, Hanoi - 100 000, Vietnam
*Email: damquangsang@lqdtu.edu.vn

ABSTRACT

In this work, the detonation wave parameters (i.e., the velocity of detonation and the detonation pressure) of
aluminized explosives were calculated by the algorithm and computer code (named DETO). DETO is established
based on the chemical equilibrium theory of detonation products, the hydrodynamic theory of the detonation
process, and the Becker - Kistiakowsky - Wilson (BKW) equation of state. The aluminum content that reacts with
detonation products on the detonation wavefront can be customized according to the user’s assumptions. Compared
to experimental data for several aluminized explosive types, the results calculated by DETO have the same, even
higher accuracy than those calculated by other computer codes previously published. Specifically, the mean absolute
deviation from experimental data is about 2 % for the velocity of detonation (VOD) and about 8 % for the pressure
on the detonation wavefront. In addition, the study also confirmed that about 50 % of Al powders participate in the
reaction on the detonation wavefront. The software can help researchers select the composition of explosives with
and without aluminum according to the given detonation characteristics.
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1. INTRODUCTION

To improve the working capacity of explosives, Al powder
is often used as an energetic additive'. Experimental studies
show that the main factors, such as the content, particle size,
and morphology of Al powder, affect the explosion properties
(i.e., the VOD, the pressure on the detonation wavefront, the
heat of explosion, etc.) of aluminized explosives®®. Since Al
mainly reacts with detonation products (i.e., CO, CO,, H,0,
etc.) during the expansion process behind the detonation
wavefront, computer codes such as FORTRAN BKW?,
TIGER", CEC71", CHEETAH", EXPLO5", LOTUSES",
etc. can not accurately predict the detonation characteristics of
aluminized explosives.

Hobbs & Baer" found that the calculation results of
VOD of aluminized explosives would be consistent with the
experimental data when assuming that 50 % of the Al powder
reacted on the detonation wavefront. Unfortunately, they did
not provide a specific algorithm, hence could not help readers
build their computer codes to verify with previously published
data.

Keshavarz'®', et al. have established a simple formula
to determine the VOD of aluminized explosives based on the
assumption that the proportion of Al reacting on the detonation
wavefront depends on the elemental composition of explosives.
Calculation results for many classes of aluminized explosives
are consistent with experimental data and results calculated
by a computer code using the BKWS equation of state. Jafari®,
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et al.used the linear regression method to find the empirical
formula for determining the pressure on the detonation wavefront
of CHNO dFeleAlg(NH4NO3)h explosives. The issue with
this method is that only a few individual parameters can be
calculated, and the number of applied explosives is limited.

Zhang?'?, et al.adjusted the coefficient £ in the BKW
equation of state to predict the VOD and pressure on the
detonation wavefront of non-ideal aluminized explosives.
These parameters calculated by this method agree well with
the experimental data, with the deviation for the calculated
VOD and pressure being less than 7 % and 9 %, respectively.
In addition, these authors also calculated the coefficient in the
Jones - Wilkins - Lee (JWL) equation of state to predict the
air shock wave pressure. They also found that the composite
explosives containing 30 % Al would produce the highest
air shock wave pressure. Similarly, Li, et al* adjusted
the coefficients in the BKW equation of state to predict
the detonation properties of explosives containing 2.4-
dinitroanisole (DNAN), hexogen (RDX), octogen (HMX), and
Al. However, these works did not present a method to adjust
the coefficients in the BKW equation of state.

Li*, et al. established a system of algebraic equations
describing the detonation of explosives containing micrometer
Al powder. In which, authors take into the effect of the
acceleration of Al powder and the heat exchange between Al
powder and detonation products on the VOD. However, the
calculation requires using the coefficients in the JWL equation
of state together with the assumption about the ratio of the
velocity disequilibrium of the Al powder and the detonation
product.
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This work focuses on developing an algorithm and a
computer code to calculate the detonation wave characteristics
of composite explosives containing Al powder, based on
the chemical equilibrium and detonation theories, with the
assumption that Al partial participates in a reaction zone on the
detonation wavefront.

2. CALCULATION METHODS
2.1 System of Algebraic Equations describing
Detonation Process
The algebraic equations describing the detonation
are established based on the mass, momentum, and energy
conservation laws?:

PCJ _Po

D., =V, 1

cJ 0 VO_VCJ ( )

U? = (P =RV, Vo)) )
1

ECJ_EO :E(PCJ+P())(V1:)_VC]) (3)

where, the symbol “CJ” stands for the Chapman-Jouguet point
reflecting the state on the detonation wavefront; D, - velocity
of detonation; P, P, - the pressure on the detonation wavefront
and the initial pressure of the explosive (i.e., atmospheric
pressure); V., V, - specific volume of the detonation product
on the detonation wavefront and of the initial explosive; U -
the velocity of the detonation product; £, E, - the specific
internal energy of the explosive at the point (P, V) and of the
detonation product at C-J point (P, V.., respectively, which
are functions dependent on pressure and specific volume.
Eqn. (3) is also known as the Hugoniot adiabatic equation.

To describe detonation products at high pressure and
temperature, the authors use the BKWR equation of state for
gases'® and the Cowan-Ficket equation for solid products (e.g.,
graphite, Al, ALLO,)’. These equations can be expressed in the
general form:

f(PCJ’VCJ’TCJ)ZO 4

A detonation occurs when the Chapman-Jouguet
hypothesis is accepted (also known as the “condition of
contact”):

D-U=a, ®)

where, a, is the speed of sound in the detonation product on

the detonation wavefront, its value depends on P, and V.
Five parameters of the detonation wave (i.e., P., Ve,

T., D, U) are determined by solving the system of algebraic

equations (from Eqn. (1) to Eqn. (5)) according to following
algorithm:

2.2 Algorithm

To reuse many times throughout the algorithm, the
authors build two separate blocks:

Block 1. Given the pressure P and temperature 7,
the equilibrium compositions of the detonation products

were calculated according to the principle of minimum
Gibbs free energy®. Assume that each detonation product
has the corresponding mole number X. When the pressure P
and the temperature T are known, the chemical equilibrium
occurs when the Gibbs free energy of the detonation product
composition g(X,, X,, ..., X,,..) reaches the minimum value.
Thus, determining the chemical equilibrium compositions of
the detonation products X, X,, ..., X, ... is an optimization
problem to find the minimum of the Gibbs free energy function
with the constraint that the material balance equations for each
chemical element in the explosives are:

NT
Mo, Xi—b =0  (k=1,.., M) (6)
i=1

where, M - the total number of chemical elements in the system;
b, - the mole number of kth constituent in the explosive mixture;
a,, - the mole number of the kth element in the ith detonation
product.

Because the aluminum does not burn completely on the
detonation wavefront, the algorithm allows fixing the Al content
that has not participated in the reaction (i.e, the contents of Al and
ALQ, in the detonation product are fixed). Then, calculate the
total internal energy £, and specific volume V of the detonation
product. This calculation must use the BKWR equations of state
and Cowan-Fickett equations.

The BKWR equations of state for gaseous detonation
products has the form:

V.
Ple 14 xeht (7
RT

where, K
v, (T+6)

fraction and covolume of ith constituent in the detonation product,
respectively; o = 0.5, f = 0.176, x = 11.8 and 6 = 1850 are the
empirical constants; p, V,» T represent the pressure, gas volume
and temperature of the detonation product, respectively.

The Cowan-Fickett equations of state for solid detonation
products has the form:

p=p)+aWV)T +b(V)I; ®)

where,

. K :XZ nk, s M, k, represent the mole

p(V)=a+an+an’ +an’ +an’ ;
a(V)=a;+am; b(V,)=a,+an " +an~; a, + a, are the

empirical constants; m=p/p, is the compression ratio of
solids; p, p, are the density of solid at the present temperature
and at the standard temperature, respectively; 7', = T/11605.6
(X).

Block II. (Block I is done). Given the pressure P, the
temperature 7was determined by solving the Hugoniot equation
(3) using the secant method. The parameters on the detonation
wavefront are determined according to the Chapman-Jouguet
“condition of contact”, namely determining the minimum point
(P, D,,) of the function D(P). The algorithm for finding
the minimum point using an iterative method for finding the
minimum of a parabola passing through three points (P, D)
calculated by Eqn. (1):
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The convergence criterion is that the difference
between two of the three values D, D, D, is less than a given
deviation.

The algorithm diagram for determining the parameters on
the detonation wavefront of aluminized explosives is shown
in Fig.1. Based on this algorithm, the authors have established
the algorithm and computer code, named DETO, to predict the
detonation wave parameters of many conventional explosives
as well as aluminized explosives.

3. RESULTS AND DISCUSSIONS

Table 1 presents the calculated results of the velocity of
detonation D, and the pressure P, of four two-component
explosives, containing single explosives HMX, RDX, TNETB,
TNT, and Al by using the DETO program. Every explosive was
mixed with Al in a different mass ratio (values in parentheses).
The unreacted Al content on the detonation wavefront is
selected as 50%. The results are compared with experimental
data (in the column “Exp.”) and previously calculated values

of the other computer code'. In this literature, the calculation
used the BKWS equation of state with the assumption that 50%
of Al participates in the reaction. For each calculated value by
DETO or BKWS, the deviation from the experimental data is
determined by the formula:

X

Dev, = =S X

Exp. ( 1 0)

Exp.

where: Dev. is the deviation between the calculated result
and the experiment data; X, XEXI)_ are the calculated and
experimental values, respectively.

As shown in Table 1, both experimental and calculated
results confirm that, with increasing aluminum content, the
D, and the P_, values both decrease, even though the density
increases. The absolute deviations of D, values obtained using
the DETO code and BKWS code range from 0.2 to 6.0% (with
an average of 1.6%) and 0.5 to 11.6% (with an average of
2.9%), respectively. On the other hand, the absolute deviations
of P, values determined using DETO and BKWS computer
codes range from 1.1 to 24.2% (with an average of 7.7%) and
1.0 to 37.4% (with an average of 8.1%), respectively. Thus,

Input parameters from database:
- Components of explosives and detonation products, incuding:
+Name; melecular formula; standard heat of formation;
+ Constants in thermedynamic equations of detonation products;
+ Constants in BKW and Cowan-Ficket equations of state;
-Iass fraction of components; density of explosives;
-Unreacted aluminum content in detonation products.

Initialization of pressure P, temperature T
=1

ifer = iter + 1 ‘—

P=F |—-| BLOCKI }—-| BLOCKII }—» Calculation of |
DibvEa. (D)
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D:by Ea. (1)

P=03P, |—-| BLOCKI |——‘ BLOCKII )—- Caleulation of ||
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Dy =Dy De=Dy;

*{ BLOCK1I I——‘ BLOCKII }—— Caleulation of
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Pc]:g,{;ﬂc'J:Di

Figure 1. Algorithm diagram for determining detonation wave parameters of aluminized explosives.
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Table 1. Comparison of D, and P, values of some aluminized two-component explosives calculated by DETO with experimental

and calculated data in the literature's

BKWS DETO
Explosives Parameters Exp.

Value Dev., % Value Dev., %
HMX/AL (90/10) D, (km/s) 83 8.41 13 8.41 13
p, = 1.76 glem’ P, (GPa) - 285 - 293 -
HMX/Al (80/20) D, (km/s) 83 8.22 -1.0 8.28 0.2
p, = 1.82 g/em? P, (GPa) - 26.8 - 27.7 -
HMX/AL (70/30) D, (km/s) 8.0 7.82 2.3 7.87 -1.6
p, = 1.86 g/em’ P, (GPa) - 235 - 244 -
HMX/AL (60/40) D, (kmis) 7.7 7.46 -3.1 7.67 0.4
p, = 1.94 g/cm® P, (GPa) - 20.4 - 21.8 -
RDX/AI (90/10) D, (km/s)  8.03 8.08 0.6 8.10 0.9
p, = 1.68 g/em’® P (GPa) 246 257 45 26.5 7.7
RDX/AI (80/20) D, (km/s)  7.77 7.81 0.5 7.88 1.4
p, = 1.73 g/em’ P_, (GPa) 22.7 23.7 4.4 24.6 8.4
RDX/AI (70/30) D, (km/s)  7.58 7.49 -1.2 7.55 -0.4
p, = 1.79 g/em’® P,(GPa)  21.0 212 1.0 223 62
RDX/AI (60/40) D, (km/s) 72 6.93 -3.8 7.14 -0.8
po=1.84 g/em? P, (GPa) 21.1 17.4 -17.5 19.0 -10.0
RDX/AI (50/50) D, (km/s) 681 6.02 -11.6 6.58 3.4
P, = 1.89 glem’ P, (GPa)  19.0 11.9 374 14.4 -24.2
TNETB/AI (90/10) D, (km/s)  8.12 7.91 2.6 8.02 -1.2
p, = 1.75 g/em’ P, (GPa) 262 258 -5 26.5 1.1
TNETB/AI (80/20) D, (km/s) 7.9 7.73 -3.3 7.90 -1.1
p, = 1.82 g/em® P, (GPa) 248 24.4 -1.6 26.1 52
TNETB/AI (70/30) D, (km/s)  7.84 7.43 -5.2 7.66 23
p, = 1.8 g/em’ P, (GPa) 227 21.9 3.5 23.8 48
TNT/AL (89.4/10.6) D, (km/s)  7.05 7.12 1.0 7.10 0.7
p, = 1.72 g/em? P, (GPa) - 2.00 - 19.91 -
TNT/AI (78.3/21.7) D, (km/s)  7.05 6.94 -1.6 6.94 -1.6
p, = 1.80 g/em’ P, (GPa) 189 18.7 11 18.6 -1.6
TNT/AL (67.8/32.2) D, (km/s)  7.05 6.71 -4.8 6.63 -6.0
p, = 1.89 g/em’ P, (GPa) - 16.8 - 16.8 -

both results calculated according to DETO as well as BKWS
are similar to the experimental data, especially the detonation
velocity values. It can be predicted that for aluminized
explosives, about 50% of Al powders participate in the reaction
on the detonation wavefront. This content can vary depending
on the size, and morphology of the Al particles. In addition,
the calculation results according to the DETO code are more
accurate than those of the BKWS code.

Table 2 presents the detonation velocity and pressure
on the detonation wavefront of several common aluminized
explosives using the DETO computer program with the
assumption that 50% of Al participates in the reaction on the
detonation wavefront.

The composition of these explosives contains high
explosive, Al powder, and several non-explosive organic
substances. The calculated results are compared to the
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Table 2.
calculated data in the literature’

Comparison of D and P, values of several common aluminized explosives calculated by DETO with experimental and

BKW (RDX TYPE) DETO
Explosives Parameters Exp.

Value Dev., % Value Dev., %
Alex 20 (p, = 1.801 g/cm’) RDX/ D, (km/s) 7.53 7.50 -0.4 7.62 12
TNT/Al/Wax
(44/32.2/19.8/4) P, (GPa) 23.0 252 9.6 229  -04
Alex 32 (p, = 1.8 glem’) RDX/ D, (km/s) 7.30 7.07 32 748 25
TNT/Al/Wax (37.4/27.8/30.8/4) P, (GPa) 215 213 0.9 211 .19
HBX-1 (p, = 1.72 g/em’) Dy, (knvs) 7.22 7.27 0.7 732 14
RDX/TNT/Al/Wax
(40/38/17/5) P, (GPa) - 229 - 208 -
HBX-3 (p, = 1.81 g/em’) D, (km/s) 6.92 6.85 -1.0 6.94 0.3
RDX/TNT/Al/Wax ‘
(31/29/35/5) P, (GPa) - 19.5 - 17.4 -
H6 (p,=1.71 g/em’) D, (km/s) 7.19 7.24 0.7 721 03
RDX/TNT/Al/Wax
(45/30/20/5) P, (GPa) - 22.5 - 200 -
Torpex (p, = 1.81 g/em’) D, (km/s) 7.50 7.49 -0.1 773 31
RDX/TNT/Al
(42/40/18) P, (GPa) - 25.9 - 242 -
PBXN-1 (p, = 1.77 g/em’) D, (km/s) 7.93 7.69 3.0 7.71 2.8
RDX/Al/Nylon
(68/20/12) P, (GPa) 24.5 25.4 3.7 230 6.1
Destex (p, = 1.68 g/cm’) D, (km/s) 6.65 6.44 -32 642 35
TNT/Al/Wax/Graphite
(74.766/18.691/4.672/1.869) P, (GPa) 17.5 17.4 -0.6 154 -120

experimental data (in the column “Exp.”) and the calculated
values according to the BKW computer code published in the
literature®. It should be noted that the calculation by the BKW
code uses the BKW equation of state (RDX Type).

Similar to two-component explosives, the D, and P,
values calculated by DETO and BKW (type RDX) are also
in good agreement with the experimental data. The absolute
deviations of D, determined by using DETO, range from 0.3
to 3.6 % (with an average of 1.9 %), while that using the BKW
(RDX Type) is in the range of 0.1 to 3.2 % (with an average of
1.5%). For the P, values, the calculated absolute deviations of
DETO vary from 0.4 to 12.0 % (with an average of 5.1 %), and
that of BKW (RDX Type) is in the range of 0.6 to 9.6 % (with an
average of 3.7 %). Therefore, the BKW (RDX Type) computer
program is slightly more accurate than the DETO program.
However, it should be noted that the calculation conditions of
BKW (RDX type) and DETO may be different because the
literature’ did not indicate the Al content participating in the
reaction on the detonation wavefront.

4. CONCLUSION

To predict the parameters on the detonation wavefront of
aluminized explosives, a reasonable and feasible approach is
the combination of the method of determining the balanced
compositions of detonation products based on the principle
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of minimum Gibbs free energy and the assumption that only
partially Al participates in the reaction.

To solve the system of algebraic equations describing the
detonation process, the authors have established an algorithm,
in which the Chapman-Jouguet hypothesis is expressed as
finding the minimum point of the VOD function depending on
pressure. The calculated detonation wave parameters of several
aluminized explosives using the DETO computer program
are in good agreement with the experimental data. Besides
that, the calculated results of DETO have the same and even
higher accuracy than those calculated by other computer codes
previously published.

In addition, for aluminized explosives in this study, it can
be predicted that about 50 % of Al powders participate in the
reaction on the detonation wavefront.

REFERENCES

1. Zhang, F. Detonation of metalized composite explosives.
In Shock Wave Science and Technology Reference
Library, Vol. 4. Springer, 2009, 217-286.

2. Cook, M.A,; Filler, A.S.; Keyes, R.T.; Partridge, W.S. &
Ursenbach, W. Aluminized explosives. J. Phys. Chem.,
1957, 61(2), 189-196.

3. Grishkin, A.; Dubnov, L.; Davidov, V.Y.; Levshina, Y.A.
& Mikhailova, T. Effect of powdered aluminum additives



10.

11.

12.

13.

14.

15.

16.

17.

TRUNG, et al.: ALGORITHM AND COMPUTER CODE FOR PREDICTING DETONATION WAVE PARAMETERS

on the detonation parameters of high explosives. Combust.
Explos. Shock Waves, 1993, 29(2), 239-241.

doi: 10.1007/BF00755887.

Brousseau, P.; Dorsett, H.E.; Cliff, M.D. & Anderson,
C.J. Detonation properties of explosives containing
nanometric aluminum powder. /n 12th international
detonation symposium, Citeseer, 2002.

Makhov, M.; Gogulya, M.; Dolgoborodov, A.Y.;
Brazhnikov, M.; Arkhipov, V. & Pepekin, V. Acceleration
ability and heat of explosive decomposition of aluminized
explosives. Combust. Explos. Shock Waves, 2004, 40(4),
458-466.

doi: 10.1023/B:CESW.0000033569.77449.d9.

Gogulya, M.; Makhov, M.; Dolgoborodov, A.Y;
Brazhnikov, M.; Arkhipov, V. & Shchetinin, V. Mechanical
sensitivity and detonation parameters of aluminized
explosives. Combust. Explos. Shock Waves, 2004, 40(4),
445-457.

doi: 10.1023/B:CESW.0000033568.39812.2c.

Xiang, D.L.; Rong, J.L. & He, X. Detonation performance
of four groups of aluminized explosives. Cent. Eur. J.
Energ. Mater., 2016, 13(4).

doi: 10.22211/cejem/67238.

Bagheri, V.; Keshavarz, M.H. & Mousaviazar, A. The
effect of active aluminum content on the detonation
performance of aluminized explosives. J. Energ. Mater.,
2021, 1-13.

doi: 10.1080/07370652.2021.1940375.

Mader, C.L. Numerical modeling of explosives and
propellants. CRC press, 2007.

Cowperthwaite, M. & Zwisler, W. Tiger computer program
documentation. Naval Ordnance Lab Corona CA, 1974.
Gordon, S. & McBride, B.J. Computer program
for calculation of complex chemical equilibrium
compositions, rocket performance, incident and reflected
shocks, and Chapman-Jouguet detonations. NASA Lewis
Reserach Center, 1976.

Fried, L. & Souers, P. Cheetah: A next generation
thermochemical code. Lawrence Livermore National
Lab., CA (United States), 1994.

Suéeska, M. EXPLO5-Computer program for calculation
of detonation parameters. /n Proc. of 32nd Int. Annual
Conference of ICT, Karlsruhe, Germany, 2001.
Muthurajan, H.; Sivabalan, R.; Talawar, M. & Asthana, S.
Computer simulation for prediction of performance and
thermodynamic parameters of high energy materials. J.
Hazard. Mater., 2004, 112(1-2), 17-33.

doi: 10.1016/j.jhazmat.2004.04.012.

Hobbs, M. & Baer, M. Calibrating the BKW-EOS
with a large product species data base and measured
CJ properties. In Tenth Symposium (International) on
Detonation, Boston, MA, 1993.

Keshavarz, M.H. New method for predicting detonation
velocities of aluminized explosives. Combust. Flame,
2005, 142(3), 303-307.

doi: 10.1016/j.combustflame.2005.03.011.

Keshavarz, M.H.; Mofrad, R.T.; Poor, K.E.; Shokrollahi,
A.;Zali,A. & Yousefi, M.H. Determination of performance

18.

19.

20.

21.

22.

23.

24.

25.

26.

of non-ideal aluminized explosives. J. Hazard. Mater.,
2006, 137(1), 83-87.

doi: 10.1016/j.jhazmat.2006.02.048.

Keshavarz, M.H. & Zamani, A. A simple and reliable
method for predicting the detonation velocity of CHNOFCI
and aluminized explosives. Cent. Eur. J. Energ. Mater.,
2015, 12(1).

Keshavarz, M.H.; Kamalvand, M.; Jafari, M. & Zamani,
A. An improved simple method for the calculation of the
detonation performance of CHNOFCI, aluminized and
ammonium nitrate explosives. Cent. Eur. J. Energ. Mater.,
2016, 13(2).

doi: 10.22211/cejem/64991.

Jafari, M. & Keshavarz, M.H. A simple method for
calculating the detonation pressure of ideal and non-ideal
explosives containing aluminum and ammonium nitrate.
Cent. Eur. J. Energ. Mater., 2017, 14(4).

doi: 10.22211/cejem/78087.

Zhang, Q. & Chang, Y. Prediction of detonation pressure
and velocity of explosives with micrometer aluminum
powders. Cent. Eur. J. Energ. Mater., 2012, 9(1), 77-86.
Zhang, Q.; Xiang, C. & Liang, H. Prediction of the
explosion effect of aluminized explosives. Science China
Physics, Mechanics and Astronomy, 2013, 56(5), 1004-
1009.

doi: 10.1007/s11433-013-5054-0.

Li, D.; Zhou, L. & Zhang, X. Partial Reparametrization of
the BKW equation of state for DNAN-Based Melt-Cast
explosives. Propellants Explos. Pyrotech., 2017, 42(5),
499-505.

doi: 10.1002/prep.201600206.

Li, X.H.; Zhao, F.; Qin, J.C. & Pei, H.B. A new method
for predicting the detonation velocity of explosives with
micrometer aluminum powders. Propellants Explos.
Pyrotech., 2018, 43(4), 333-341.

doi: 10.1002/prep.201700221.

Demidov, G.A. Fundamentals of the theory of combustion
and explosion. Penza, 1968.

White, W.B.; Johnson, S.M. & Dantzig, G.B. Chemical
equilibrium in complex mixtures. J. Chem. Phys., 1958,
28(5), 751-755.

doi: 10.1063/1.1744264.

CONTRIBUTORS

Dr Toan Nguyen Trung received his PhD from the Academy of
Military Science and Technology, Vietnam, in 2019. Presently, he is
working as a scientist in the Department of Energetic Materials of
Le Quy Don Technical University, Vietham. His research interests
include pyrotechnics, the detonation of explosives and the thermal
decomposition of energetic materials.

In the current study, he analysed the calculated data, prepared and
corrected the manuscript.

Dr Huu Hoang Trung received his PhD from the Mendeleev
University of Chemical Technology of Russia in 2018. Presently, he
is working in the Department of Energetic Materials of Le Quy Don
Technical University, Vietham. His research area is the combustion of
energetic materials and explosive technology.

531



DEF. SCI. J.,, VOL. 72, NO. 4, JULY 2022

In the current study, he carried out the literature survey and contributed
to prepare the manuscript.

Dr. Sang Dam Quang received his PhD from the Mendeleev
University of Chemical Technology of Russia in 2012. He is currently
working as a scientist in the Department of Energetic Materials of Le
Quy Don Technical University, Vietnam. His research interests include

532

calculation of explosion and combustion processes, preparation of
pyrotechnic mixtures and commercial explosives.

In the current study, he carried out the implementation of an algorithm,
provided an idea for writing the manuscript and guided the entire
study.



