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Abstract

This paper presents the possibility of the parametric identification of an unknown low energy explosive basing
only on its ballistic curve using advanced optimisation algorithm. What was under investigation here was the
approach of an explosive replication for the numerical investigation of ANSYS AUTODYN solver. The emphasis was
given here for the propellants used in the automotive safety devices. The results of closed bomb testing was compared
with its numerical representation. The required parameters to develop a new numerical model of an explosive was
identified with the aid of evolutionary algorithm. In order to perform a parametric identification a mathematical
model of considered phenomenon is required. Hence, this paper contains a mathematical model of a deflagration
process which was the basis for the evolutionary algorithm. The algorithm verified a variety of parameters until the
objective function is obtained. In the case of this paper the objective function was a ballistic curve of an unknown
explosive which combust under deflagration regime. The results obtained with this method shows good agreement
with the closed bomb test of the propellant. Furthermore, advanced optimisation tools such as an evolutionary
algorithms, in oppose to most of other optimisations algorithms, enables to find a global optimum. However, the
identified function here was found to be unimodal.
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1. Introduction

The characteristics of a propellants is determined during a closed vessel (bomb) tests. This test
consists on firings a defined portion of a defined propellants in a closed volume with no movable
barriers giving the pressure versus time (dp/dt) properties. This article presents a procedure for
determining parameters of a propellants considering only the results of such a test. The closed
bomb test was used for determination of a propellant burning properties. It was found that this
method can be dependent on the type of ignition and it was mainly performed for the limited range
of densities [1]. The parameters are determined with aid of an evolutionary algorithm.

The evolutionary algorithms is a method of global optimisation or identification. The
difference between those terms is that optimisation is searching for an extremum of a function,
while the parametric identification is searching the parameters of a known mathematical model in
order to reproduce an objective function (e.g. as it is in the case of this paper, the ballistic curve).

Evolutionary algorithms search the space of alternatives solution looking for the optimal one,
changing in every step a group of solutions to the problem. The evolutionary algorithms operates
on a definitions similar to those used in natural studies. For example the particular solution is
called an individual. Population is a group of solution of a considered problem (hence, population
is a group of individuals). The environment is defined as a possible solution of a problem enclosed
within assumed area of searching. Adaptation of individuals (“fitness”) in the population is
defined fora given task optimization objective function. Numerical evolution of individuals is
similar to Darwin's theory of evolution. Therefore, a process of generational renewal in which the
better individuals are more likely to transmit its genetic code. In the next iteration of the algorithm
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mare mutated copies of the parent individuals (i.e. descendants) were selected with probability
proportional to their fitness [2], [3].

2. Mathematical model used for the parametric identification

The parametric identification requires a mathematical description of a considered phenomenon.
In the case of this paper the emphasis is given for a deflagration process of a propellant. In general,
propellants are explosives which combust under deflagration rather than detonation regime. The
main difference between detonation and deflagration is the speed of the explosive burning. When
the grain of an explosive combusts with speed grater then speed of sound then it is said that the
material detonates and the pressure wave provoked by this is called detonation wave. The burning
process slower than the speed of sound characterises deflagration and the pressure wave in this
case is called a flame. The ANSYS AUTODYN solver is capable of simulating both kind of
explosives (i.e. detonation and deflagration) although in oppose to the detonation the solvers
library does not provide any deflagrating material [4]. However, the AUTODYN gives
a possibility to create a numerical model of a propellant representing required quantities. It is done
by entering appropriate parameters for the equation of state mathematically describing the
deflagration phenomenon.

The deflagration in AUTODYN solver is simulated by the “Powder Burn‘ Equation of State.
This includes recently implemented combustion models depended on the form of combusted
material. Those implementation are:

— the JWL equation of state with constant burning rate,
— exponential equations of state characterised by the burning rate dependant on pressure.

According to [4] and [5] the “Powder Burn” model is multiphase model in which gas and solid
particles exists in one cell at the same time. The total mass inside a cell is a sum of the mass of the
gas and the mass of the unburned solid particles. The volume of both gas and the solid particles is
known, hence the density, compression etc. are calculable.

AUTODYN recognises the combustion of an explosive as a function of reaction fraction given

by (1) [4]-[6].

_ Ms(to)_Ms(t)
FO =" M

where:

F(t) - reaction fraction,

M, (t) — mass of burned material within the time of (t). The initial time is denoted with indeks ,,0°.
The exponential equations of state, recently implemented to the ANSYS AUTODYN solver, is

used to determine the gas pressure within the chamber (equation 2) which then can be utilised in

equations (3) and (4) for burning rate determination.

(%)
Pg = pge€gerP’/, (2)

One of main parameters is a burn rate which describes the efficiency of a propellant. The
burning rate is depended on pressure and temperature [7]. The linear dependency of a burning rate
to pressure is expressed by equation (3).

r = Tlpgﬂ (3)

However, due to limitation to the validity of a linear approach to the burning rate [1], [8] the
exponential form of the burning rate equation (known as Vielle’s law) is used [1], [7]-[9]:

r=pB-pg% “
where: (equations (2), (3) and (4)):
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r — burning rate,

r; — constant for given type of the propellant,

a — pressure index, function of a propellant composition,

B — burring rate constant depending on the propellant initial temperature,
pg — gas pressure in a closed bomb chamber,

ey — internal energy,

D — user defined constant.

As it was stated in publications referred under [1], 8-10] the burning rate of a propellant can be
also determined on the base of differentiated smoothed, experimental time dependant pressure
curve obtained during closed bomb test (equation 5):

dey, de dz dp

L il sl ()

where:
e, — thickness of burnt layer of the propellant,
t —time,

p — pressure,
Z — mass portion.

The thickness of burnt layer of the propellant is the only shape dependent factor in
mathematical model of a propellant combustion. Assuming that all grains are the same shape, the
influence of the shape of a propellant grain on its characteristics is described by equation (6).

dew _ VZO 1

dz S, ¢@) (6)
where:
ddL: — the grain form function,
V,o — initial volume of the propellant grain,
Sy — initial surface of the propellant grain,
¢(z) — form function (equation 7) :
S
¢=c (7)
0

where:
S —surface of the propellant grain.

Algebraic form of ballistic curvep(t)can be described bythedifferentialequation of themass
fraction (z) of burnt material. The mass fraction is given by(8):

7=1-" =121, (®)
mo Vzo

where m and V, are the mass and volume of the propellant respectively. The subscript “0” denotes
the initial stage (before ignition of the propellant) of said values [9].

The differential equations describing the dependence of the form of changes in mass fraction in
relation to the pressure change is represented by the Noble-Abel equation of state (9).

__1 \Pmax
dz 1 1+(nex” Pg)fexp 9)
e )
ar Pmax 1)\ _Pg z
1+ "e"p_ﬁ fexp

where:

Pmax — Maximum pressure obtained during the closed vessel tests,
Nexp — CO volume,

pg — gas density,

fexp — specific internal energy of the propellant.
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3. The evolutionary algorithm set up

The evolutionary algorithm was set to determine the parameters of an explosive basing only on
its ballistic curve. The mathematical model according to which the identification was performed
was developed in order to satisfy the requirements of the “Powder Burn” Equation of State. Each
individual presents 5 characteristics are presented in Tab. 1. Taking into consideration that only
the ballistic curve is known here the environment is very large. Because of this the algorithm will
present greater flexibility in searching the optimal value.

Tab. 1. The characteristics to be determined by the evolutionary algorithm

Characteristic Symbol = Environment = Unit
Density of the solid propellant Ds 100 4000 kg /m3
3
Co volume Nexp 1074 10 m /kg
Specific energy fexp 103 10° ]/kg
Coefficient « a 0.005 1.5 ---
Coefficient 8 B 0.005 1.5 -
Constant values
Maximum pressure DPmax 33 MPa
Initial volume of solid propellant V0 1.90-1075 m3
Initial value of solid propellant So 3.85-107° m?

It must be stated however, that there are simplifications assumed here which forbids the results
to be considered identical to real. Those assumptions are listed below:

1. There is only one grain with smooth regular cylindrical shape with radius of 4 mm and height
of Smm.

2. All ignition systems and wires existing in real devices are disregarded here.

3. The housing of a propellant is disregarded.

For each individual the algorithm determines the fitness value which in this case is a mean-square
error between the ballistic curve obtained experimentally and the ballistic curve numerically identified.

As it was already stated each individual has 5 characteristics (Tab. 1). The tests assumes
reaching 10000 generations having 5 individuals in each population. The individuals representing
the best fitness value was inherited. The inheritance was performed by means of the mutation
operator while the selection operator was set to be a roulette selection. The stop criterion was
reaching the final generation or finding the solution with the fitness value lower than 103.

The calculation were performed in Matlab software. The block diagram representing
mathematical model used for the parameter identification was design in Simulink (see Fig. 1). The
algorithm changes the characteristics from Tab. 1 in order to find the o and B coefficients for the
Vielle’s law (equation 4). Those coefficients are constant so it is possible to assign appropriate
burning rate to the gas pressure (pg). The gas pressure in turn was found by means of closed bomb
experiment. At this same time the algorithm adjusts the parameter shown in equation (3) until the
identified ballistic curve is fitted to the one obtained experimentally.

4. Results and discussion
The results of the parametric identification are shown in Tab. 2. Values presented here are
average of 50 runs of the algorithm due to the fact that in assumed environment, the identified

function appears to be unimodal. Each time, before the algorithm was started, the generator seed of
randomized values was engaged in order to ensure appropriate conduct of randomized trials.
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Fig. 1. The block diagram of a mathematical model for the parametric identification

Tab. 2. Results of the parametric identification

To Workspsce

Characteristic Symbol Value Unit
Density of the solid propellant Ds 1206.23 kg /m3
3
Covolume Nexp 3.264E-04 m/ kg
Specific energy Jexp 9.40E+06 J / kg
Coefficient a a 0.05 -
Coefficient 8 B 0.59 -
Fitness 0.1090

The results of parametric identification are presented on Fig. 2. Here the objective function is
a ballistic curve obtained during the closed vessel tests. The identified with aid of the evolutionary
algorithm curve shows reasonable good fitting with the objective function. It is proven by the
value of the mean square error. The error on the beginning of the process (i.e. in the time range of
0 to 1ms) deviates relatively strong comparing with the rest of the process. It is due to the
refraction of the experimental ballistic curve. The algorithm endured difficulties in finding
appropriate points and connecting it with a straight line. Hence, this error is rather originated by
insufficient reproduction of the objective function obtained during closed vessel tests.
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Fig. 2. The results of the parametric identification

5. Conclusion

What was presented here was the possibility to identified parameters of an unknown propellant
basing only on its characteristic. Those parameters were found with aid of advanced optimisation
tool (i.e. evolutionary algorithms). This method shows the most accurate results comparing with
other optimisation methods (Monte Carlo method or leas squares method). Furthermore,
evolutionary algorithms are very easy to program and control.

The parametric identification presented here is subjected to simplification which forbids the
parameters to be consider as real. Moreover, due to the lack of information about the propellant
material (e.g. its chemical composition) it was impossible to compare obtained values. However, it
should be stated that those parameters have been identified in terms of the development of a new
numerical model of an explosive. Such a simplification significantly reduced the time of
computation without affecting the accuracy of results. Nevertheless the method presented here,
when enriched with more accurate mathematical model, can be used for very accurate
identification of an unknown propellant. This however, requires greater computation power and
longer time to performed accurate tests.
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