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Abstract. The paper presents a method to determine the burning rate law and the
progressivity coefficient of the fine-grained propellants shape. To achieve the objective
of this paper, a series of tests were performed in a closed vessel. The results obtained
from these tests were processed to determine experimentally the burning rate and the
progressivity coefficient of the propellant shape starting from the premise that the burning
surface has identical values for the same value of the volume fraction of burned propellant
in two closed vessel tests at different loading densities.
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The experimental determination of the progressivity coefficient of the propellant
shape shows that irregularities of the shape of the fine-grained propellants and gradual
ignition lead to values completely different from the theoretical ones.

Keywords: interior ballistic, closed vessel, gun propellant, burning rate, progressivity
coefficient of the propellant shape

1. INTRODUCTION

Due to the continuous need to develop and improve the performance of
weapons systems, over the time, there has been a continuing concern of the
research community to determine the ballistic characteristics of propellants for
the numerical models of interior ballistics to be as close as possible to the physical
model of the firing phenomenon [1-4], thus developing algorithms for processing
the data obtained by performing closed vessel tests [5-6].

In concordance with the provisions from STANAG 4115, following the tests
performed in the closed vessel, the propellant impetus, propellant covolume,
burning rate, and the progressivity coefficient of the propellant shape can be
determined [7]. The propellant burning rate and its characteristics represent the
basic elements used in the computational model which predicts the behaviour of
the interior ballistics phenomenon. In order for the numerical models of interior
ballistics to be as close as possible to the physical model of the firing
phenomenon, these characteristics must be determined as accurately as possible.
R. Trebinski et al., in their paper, showed that increasing the amount of black
powder igniter loads leads to major deviations in order to determine the burning
rate and vivacity of the propellant because the ignition of the tested propellant
grains starts before reaching the nominal ignition pressure [8]. Three years later,
in their study, to determine the burning rate and vivacity of fine-grained
propellants, by the algorithm used, they showed that there is considerable
difference between theoretical and experimental results due to irregularities of
the propellant shape, the appearance of cracks on their surface, and the preheating
of the outer layer of the propellant grain before the combustion starts [9].

The standard methods of interpreting the results obtained after performing
the close vessel tests, as described in the literature [10-11], give us satisfactory
results in determining the burning rate and vivacity of the gun propellants, but
only for coarse-grained propellants with regular shapes of grains. In the case of
fine-grained propellants, the standard method does not provide satisfactory
results because these propellants have major shape deviations. Therefore, in this
paper, the approach is to determine the burning rate and the progressivity
coefficient of the propellant shape experimentally starting from the hypothesis
that for two tests performed in the closed vessel, the burning surface has identical
values for the same value of the volume fraction of burned propellant without
taking into account the heat losses because they do not significantly affect the
results.
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In the same sense, knowing that the use of a large igniter load leads to
erroneous results [8], the tests were performed without black powder igniter, and
the testing load being closed in a plastic bag and arranged around the head of the
electrical igniter.

2. MATERIALS AND METHODS
2.1. Theory

Noble and Vieille were the first researchers to perform closed vessel tests in
order to observe the ballistic behaviour of propellants [12]. At the base of the
proposed algorithm for determining the ballistic characteristics of the propellant
is Noble and Abel's equation of state of the gases resulting from the burning of
the propellant in the closed vessel:

f-A
frax 277072 @

where: Pmax — is the maximum pressure,
f — the propellant impetus,
4 — the loading density,
o — the propellant covolume.

Considering that the propellant impetus and the propellant covolume are
constant in relation to the loading density and the maximum pressure, obtained
after performing the closed vessel tests, and using the equation of Noble and Abel
which expresses the dependence between maximum pressure and loading density
leads to relations based on which the impetus and the propellant covolume can be
determined from the two closed vessel tests at two different loading densities.

PmaxZ _ Pmax 1
By A 2

a =
PmaxZ _Pmaxl

Prax2 Prax1
f= mAaZx (I—a-4Ay) = rzalx (1—a-4y) (3)

Based on the general formula of pyrostatics [13], after burning the volume
fraction of propellant, y in the closed volume, Wo links the resulting pressure
p from the propellant charge w, the solid propellant density J, the propellant
impetus f, and the propellant covolume a.

foy
Wo —5 (1 — ) — awp 4)

p:
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Starting from the general formula of pyrostatics and rewriting it in an
advantageous form, the relation for the volume fraction of burned propellant was
obtained according to the loading density, solid propellant density, pressure of
the propellant gases, propellant impetus, and the propellant covolume, under the
following form:

v = 22—

Knowing the variation in time of the volume fraction of burned propellant,
obtained experimentally, the propellant gases rate generation, dw/dt can be
determined. The burning rate law gives the link between the burning rate and
pressure. There are several empirical relations for the burning rate, but the most
used is the relation proposed by Saint Robert. Thus, considering that throughout
the entire pressure range we can use the law of burning rate,

u=A4-p’ (6)

where: A —the burning rate coefficient,
v — the exponential coefficient of the burning rate has constant values.
The theoretical deductions allow us to obtain a connection between variation
in time of the volume fraction of burned propellant and the burning rate [13]
avy s
dt A Ap (")
where: S — is the current burning surface of the propellant grain,
Ao —is the initial volume of propellant grain.
Considering that for the two performed closed vessel tests, the combustion
surface within the two tests has identical values for the same value of the volume
fraction of burned propellant v, then for any value of w we have the equality:

dy v
)

(Ccii_lilf)) A, ) AioApsz Pay

So, the “local” value of the exponential coefficient of the burning rate is
calculated with the relation:

(), ) - ((@),)

v = 2 )
ln(pAl) - ln(pAz)
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It is expected that the ,,local” value will not be constant over the entire range
of variation of the volume fraction v, but a global value can be obtained through
a mediation of fluctuations.

After determining a global value for the exponential coefficient of burning
rate law, the coefficient of burning rate law A is calculated based on the formula:

€1
A - -

fOth pAzudt (10)

In determination of the characteristics of the burning rate by the algorithm
presented above, no condition is imposed on the evolution of the burning surface
or the volume fraction of burned propellant as a function of the relative burned
propellant thickness, z. Therefore, based on the experimental data knowing for
each moment the values of w(t), a relation of the progressivity coefficient of the
propellant shape can be obtained depending on the volume fraction of burned
propellant, o(t):

dy Ay 1

U(ED):E'%'A_I?U

(11)

2.2. Experimental tests and materials

In order to evaluate the ballistic characteristics of the non-phlegmatized, VT
mark propellant, square plate type (Fig.1), tests were performed in the OZM
closed vessel [11], with an interior volume of the chamber of 40 cm? (Fig. 2),
from the endowment of the Military Technical Academy ,Ferdinand I”
(Bucharest, Romania).

Fig. 1. VT mark propellant grain, square plate type observed and measured under
a microscope

For performing the two closed vessel tests, propellant charges of 6 g and 8 g
were used, which led to obtaining loading densities of 0.15 g/cm?, and 0.20 g/cm?,
respectively.
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The closed vessel has been equipped with a piezoelectric pressure
transducer, mounted in an adapter with a minimum frequency response of 25 kHz,
which allows us a measurement with a maximum error of +/- 0.1% and a MB-2N
electrical igniter. The tests were performed at the room temperature of +20°C.

Fig. 2. System configuration: 1 — closed vessel body; 2 — locker; 3 — closed vessel cap;
4 — propellant charge; 5 — exhaust valve; 6 — electrical terminals for firing;
7 — pressure transducer; and 8 — fastening system.

3. RESULTS AND DISCUSSION
Following the performance of the two tests in the closed vessel at different
loading densities, the variation in time of the pressure was recorded by means of

the pressure transducer and the PicoScope data acquisition system (Fig. 3 and
Fig. 4).
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Fig. 3. Recorded signal for the loading density 0.15 g/cm?



Theoretical and Experimental Research on Gun Propellant Burning

15

Pressure (Pa)

2.8E+08

2.4E+08 -

2.0E+08

1.6E+08

1.2E+08 —+

8.0E+07 -

4.0E+07

0.0E+00

-20

5

20

40 60 80
Time (ms)

Fig. 4. Recorded signal for the loading density 0.20 g/cm?®

Since the recorded pressure curves had small oscillations caused by noise,

they

were

imported

into  the

MATLAB software, in which

a smoothing was performed by calling a smoothing spline function
(a smoothing parameter of 0.98 was used) — Fig. 5 and Fig. 6.
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Fig. 5. Graph of the smoothed pressure curve as a function of time for the loading
density 4,
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Fig. 6. Graph of the smoothed pressure curve as a function of time for the loading
density 41

After smoothing the curves, the obtained values for the maximum pressure
Pmaxa1 = 181.2 MPa and Paxa2 = 251.7 MPa were used in formulas (2) and (3) to

calculate the value for the propellant impetus and the propellant covolume:
f=1.0870-10° [J/kg] and a = 0.61194-10 [m3/kg]

Using relation (5), that links the volume fraction of burned propellant and
the pressure of the propellant gases, leads to the time variation of the volume
fraction of burned propellant for the two tests performed in the closed vessel

(Fig. 7).
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Fig. 7. Graph of the evolution in time of the volume fraction of burned propellant
at the two loading densities
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Determining the propellant gases rate generation by the derivation in relation
to time of the volume fraction of burned propellant and starting from the premise
that the burning surface for the two tests performed has identical values for the
same value of the volume fraction of burned propellant lead to the experimental
determination of the burning rate law, by finding the exponential coefficient of
combustion using formula (9) — Fig. 8.
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Fig. 8. The exponential coefficient of the burning rate law as a function of the volume
fraction of burned propellant

Based on the presented graphic, in which the exponential coefficient of
burning is materialized in relation to the volume fraction of burned propellant, it
is observed that its value over the entire interval is approximately equal to unity.
At the same time, a significant deviation from this value can be observed at the
beginning of the burning process, when the pressure value is low because in the
closed vessel tests there was not used a black powder igniter.

After determining the exponential coefficient of burning rate law, according
to the presented algorithm, the coefficient of combustion rate A can be determined
using relation (10) and the burning rate of the propellant with relation (6).

According to our approach, for determination of the burning rate law no
condition was imposed regarding the evolution of the burning surface, S or of the
volume fraction of burned propellant, y depending on the relative burned
propellant thickness, z and knowing the evolution in time of the volume fraction
of burned propellant, w(t) allowed us determination of the progressivity
coefficient of the propellant shape according to relation (11) — Fig. 9.
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Fig. 9. Evolution of the experimental progressivity coefficient of the propellant shape
for the two loading densities

Based on Fig. 9, the evolution of the curve that materialized experimental
progressivity coefficient of the propellant shape in relation to the volume fraction
of burned propellant shows us that this propellant mark has a strongly progressive
burning in the range of y = [0 — 0.25], after which it is characterized by
a degressive burning.

Knowing from the literature [12], that the propellants with a square plate
type geometry have a neutral burning lead to determination of the theoretical
progressivity coefficient of the propellant shape in order to observe the
differences between its theoretical and experimental values.

3.1. Theoretical determination of the shape coefficients of the
propellant grain

The determination of the theoretical curve of the progressivity coefficient of
the propellant shape, as presented in the literature [12], is done according to the
shape coefficients of the propellant grain based on theoretical formulas:
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((x=1+a +p
|

L_ G tp rdp
1+ ad +p (12)
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S

where a'= ei/b and p'=eal/c.

In order to determine the overall dimensions of the propellant grains,
20 samples of propellant grains were inspected under a microscope, followed by
the calculation of the average values, thus obtaining:

e grain thickness 2e; =0.136807 mm;
e grain length 2c =1.050185 mm;
e grain width 2b =0.938930 mm.

Applying formulas (11) for determination of the shape coefficients of the
propellant grains there will be obtained:

x = 1.275975
J=-0.23116
1= 0.018627

Determining the theoretical shape coefficients of the propellant grain led to
the theoretical determination of the progressivity coefficient of the propellant
shape based on the following relation [13]:

o0=1+22Az+ 3 uz? (13)
where: z — the relative burned propellant thickness (z =e/e1),
e — the burned propellant thickness, (e = A - [J*2pV dt ).

As it can be seen in the graph, shown in Fig. 10, the curve of the progressivity
coefficient of the propellant shape determined theoretically has a major deviation
from the curve obtained experimentally. This deviation occurs due to the fact that
the shape coefficients take into account only the geometry of the propellant
grains.

At the same time, from a geometric point of view, the real propellant grains
show major deviations from the ideal shape and dimensions and on their surface,
there are cracks that lead to the modification of the theoretical burning surface.
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Fig. 10. The difference between the evolution of the theoretical progressivity coefficient

of the propellant shape and the experimental one

On the other hand, analysing the curve of the theoretical coefficient of

progressivity, it can be observed that its initial value is equal to unity, thus
highlighting the simplified hypothesis according to which the ignition of the
propellant charge is instantaneous throughout its mass and the entire surface of
the propellant grain. In the same sense, analysing the evolution of the
experimental curve, it can be seen that its initial value differs from the unity,
highlighting the fact that in reality the ignition of the propellant charge is done
gradually, not instantly.

4.
1.

CONCLUSIONS

Using the burning rate law, proposed by Saint Robert, and determining the
burning rate coefficients, based on the premise that the burning surface has
identical values for the same value of the volume fraction of burned
propellant in two closed vessel tests at different loading densities, provides
repetitive results that led to the validation of the premise.

The deviations of the real propellant grain shape from the ideal shape, the
prolonged process of ignition, and the presence of cracks on their surface
lead to variation in time of the burning surface and implicitly to the variation
of the progressivity coefficient of the propellant shape, thus for the study of
the ballistic behaviour of fine-grained propellants the theoretical methods
lead to erroneous values.
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The ascending part of the experimental progressivity coefficient of the
propellant shape corresponds to the ignition process so, a prolonged process
of ignition led to major differences between the experimental and theoretical
coefficients.

In order for the numerical models of interior ballistics to be as close as
possible to the physical phenomenon of firing, the theoretical progressivity
coefficient of the propellant shape must be recalculated. Using the reverse
engineering method, based on the experimental progressivity coefficient of
the propellant shape, two new sets of values can be determined for the shape
coefficients of the propellant grain, the first one during the progressive
burning and the second one during the degressive burning.
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