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Abstract. The paper presents an attempt to determine the dynamic vivacity functions
of propellants with taking into account a parallel burning of the black powder igniter
and the tested propellant. The approach is based on presented results of closed vessel
tests, proving that the burning of the tested propellant starts before complete burning
of the black powder igniter. Basing on closed vessel tests results for black powder,
its dynamic vivacity function was determined. It was used for a prediction of the partial
pressure of black powder combustion products in the case when black powder was used
as an igniter. Dynamic vivacity curves are compared with the dynamic vivacity curves
calculated at the assumption that the combustion of the main charge starts after
the complete burning of the igniter. Obtained results show that the considered approach
fails due to a very complex interaction between the igniter and the tested propellant.
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1. INTRODUCTION

In investigations described in the monography [1] and in [2] it was
discovered, that changing the mass of the igniter (black powder) it is possible
to influence considerably the full process of the burning of a propellant in the
closed vessel test. The shapes of the dynamic vivacity curves served as an
evidence of this. The curves were determined at the assumption, that the black
powder had been burned completely before the ignition of the main charge.
However, in the literature ([3]) some information can be found, that the
assumption of the ignition of the main charge after the attaining of the ignition
pressure is not always fulfilled. It means that the main charge may burn for
a time parallel with the igniter. In such a situation, the dynamic vivacity curves,
determined at the assumption of the ignition of the main charge after the
complete burning of the igniter, can be a reason of a wrong assessment of the
investigated propellant properties. It has special importance at the investigations
of the LOVA type propellants, that undergo a delayed ignition in comparison to
the single and double based propellants. This was the reason of performing
investigations and analysis with the aim to verify the hypothesis of the
simultaneous burning of the igniter and the main charge and elaborating
a method of the determining the dynamic vivacity curves for this case.

2. MATERIALS AND METHODS
2.1. Experimental tests and materials

In the first stage of the analysis results of the closed vessel tests described
in [1], [2] and [4] were used. Details of the experimental procedure
are described therein. In the second stage closed vessel tests for LO5460 (JA-2)
propellant and an experimental LOVA type propellant were performed
in a closed vessel having 200 cm?® capacity. Characteristics of used propellants
are given in Table 1. Additionally, pressure courses at the burning of black
powder igniters alone were recorded.

2.2. Method of analysis

Microscopic examinations of the used black powder D-2 demonstrated
considerable variations of the shape and size of its grains ([4]). Therefore, the
shape function cannot be used to determine the burning rate of the propellant.
The only way to determine its burning rate is to use the physical law of burning
introduced in [5], with some modifications proposed in [6]:
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Table 1. Characteristics of propellants used in closed vessel tests

Parameter | WT |15ATR | o7 | 41 | NF& | D2 |LOs460 | sC
type single single single single double black | double | LOVA
grain shape | tubular | tubular | tubular | tubular | tabular [irregular| tubular | tubular
perforation 1 1 7 1 0 0 7 7
length [mm] | 1.85 75 12.3 6.2 [12x1.2 - 155 155
diameter [nm]| 0.8 4.95 541 0.99 - - 8.9 8
perforation
diam. [mm] 0.15 191 0.47 0.25 - - 0.546 0.5
density [kg/m®] 1600 1580 1610 1550 1630 1860 | 1570 1600
force [ki/kg] | 1038 884 961 1001 1119 298 1154 1208
covolume
[dm?/kg] 1154 | 1567 | 1.230 | 1.339 1.035 | 0.937| 1.001 1.025
dz p
— =G (z)px", x=— 1
i = C(2) P o, (1)

The symbol z means the relative burned volume of the propellant,
t means the time, G means the dynamic vivacity, po means the reference
pressure 0.1 MPa, p means pressure, n means the exponent in the burning law.
The value of the exponent n is determined by using the following relation
resulting from (1):

w(z,logx):Iog%:log[pOG(z)}+nlogx (2)

For the given value of z the function w(z, log x) is a linear function of log x.
Approximating the dependence of w on log x for given values of z, the value of
the exponent n can be calculated. The values of n for z = 0.3, 0.4, 0.5, 0.6, 0.7
are determined and the mean value is calculated. In order to calculate the values
of z and dz/dt the following relations are used:

b,p 1 1 1
= 2P p—pop, b=, b=p-
febp, PmP7Pe BEgm Bm ©
dz _dz dp
dt dp dt )
dz_ bf
dp (f+b,p,)’ ®)

The symbol f means the force of the propellant, A means the loading
density, o means the solid propellant density, 77 means the covolume, p, means
ignition pressure.
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Basing on pressure records obtained at combustion of D-2 propellant
(black powder) the value of the exponent n, and the function G,(z) are
determined. Then, they are used in analysis of pressure records obtained
at combustion of a given propellant, ignited by the D-2 igniter. The procedure is
as follows. We choose an initial value of pressure p:. As a rule, it is of order
of 0.03-0.05 MPa (in a fact it is an overpressure over the atmospheric pressure
po, roughly 0.1 MPa). Then we calculate the initial value of the relative burned
volume of the black powder:

2, =P (6)

P2 max
The symbol pzmax means the nominal ignition pressure, corresponding to
the full combustion of the igniter. The consecutive values of z, and the partial
pressure of the products of combustion of the igniter are calculated by the
following formulae:

Zzi+1 = Gz (Zzi ) pO (% +1j At + Zzi (7)
0
pzi+l = pz max Zzi-+—1 (8)

If pi is larger than p;;, the partial pressure of the products of combustion of
a tested propellant is calculated:

psi = pi - pzi (9)

Then we can use the formulae (3)-(5) for calculating the relative burned
volume of the tested propellant and the derivative dz/dt. They values are used
for calculating the dynamic vivacity function of the tested propellant:

o[ )

3. RESULTS AND DISCUSSION

G(z)=

(10)

3.1. Dynamic vivacity of black powder

Closed vessel tests for D-2 propellant were performed with the loading
density values equal to 50, 100 and 150 kg/m?®. Obtained pressure records were
used to determine the values of the exponent n, determined for z = 0.3, 0.4, 0.5,
0.6 and 0.7. These values are presented in Fig. 1. The mean value is
n; =0.210+0.026 (95% confidence level).
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The value of n, is larger than the value 0.164+0.017 determined in [7]
on the basis of the strand burner tests results for the pressure range 0.3-10 MPa.
However, it is much lower than the value 0.813 determined in [8]. In Ref. [9]
results of measurements of the black powder burning rate published in several
works were collected and presented in one figure. Values determined from that
figure are presented in Fig. 2. Unlike in Ref. [9] the data were approximated by
a linear function. The value n, = 0.209 was obtained, very close to the value
determined in this work. Therefore, the following burning law of black powder
can be proposed:

r"Z
r= ﬂ(ﬂj  p=1.2,n,=0.209 [cms] (11)
0
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Fig. 1. Results of determining the value of  Fig. 2. Dependence of the burning rate of
the exponent n, for z=0.3, 0.4, 0.5, black powder on pressure: circles [9],
0.6,0.7 crosses [7]

Results of the burning rate measurements published in [7] are positioned
over the regression line in Fig. 2. Possibly, it is caused by the low density of
pressed samples used in [7]. Due to porosity of the samples the burning rate
values are higher. The obtained in [7] value n, = 0.164 is perturbed by the
influence of the porosity on the burning rate. In [10] the following formula was
proposed for the mass burning rate:

0.216
r, = 2.3(%} [ g/em’s | (12)
0

The density of used samples was not given. Using the mean value of
measurement results from Table 3 in [11] 1.86+0.02 g/cm® and dividing 2.3 by
it, the value £ =1.24 cm/s is obtained. It is close to the value of the coefficient S
in Eq. (11). Basing on Fig. 3 in [12] the following values can be assessed:
n,=0.19, f=1.37 cmls.
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After confrontation of the data we can conclude that Eq. (11) approximates
well the black powder burning rate in the pressure range 0.5 — 100 MPa. It
overestimates the burning rate at the atmospheric pressure. Basing on Fig. 3 in
[12] the following values can be proposed for the pressure range 0.1-0.5 MPa:
n, = 0.45, = 0.9 cm/s. In this work the value n, = 0.21 was chosen for the
whole range of pressure values. This approximation may cause an
overestimation of the value of G.(z) for pressure values lower than 0.5 MPa.
However, other factors influence values of G,(z) much stronger.

The shapes of dynamic vivacity function for three loading density values
are shown in Fig. 3. The functions were approximated by the third order
polynomial and then averaged for all values of the loading density. The
averaged function was approximated by a third order polynomial. It is shown by
the dotted line in Fig. 3. Its analytical form is as follows:

G, (2)=9007(3-4z+2), [(MPa-s)’] (13)

Gz(z) functions have a form that is typical for deterred propellants.
However, used black powder is not deterred. The graphite coating cannot
influence the burning process in such an extent. Two explanations can be
proposed.
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Fig. 3. G,(2) functions determined for the Fig. 4. Comparison of recorded (solid
loading density values 50,100, 150 kg/m?® lines) and calculated (dotted lines)
(solid lines), pressure courses for combustion of the
dotted line — approximation (13) igniter alone

The closed vessel used in investigations presented in [4] is relatively long —
19.3 cm (diameter 3 cm). During the tests it was positioned horizontally, and
the black powder was evenly distributed on its bottom. The powder bed was
ignited by an ignition head, so the initiation was localized at one of the ends of
the vessel. In accordance with the results of measurements presented in [13] the
flame spreading along a bed of black powder under atmospheric pressure is of
the order of 1 m/s. The value 60 cm/s was given in [9].
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However, under the pressure 4 MPa the spreading rate of the flame is equal
2000 m/s ([9]). Using this value, we can estimate that the time of the order of
10 ms is necessary to ignite the whole bed. If we compare this time with the
time spans between attaining z = 0.02 and z = 0.5 (the range of z values
corresponding to the ascending parts of G(z) curves): 8 ms for A = 50 kg/m?,
10 ms for A = 100 kg/m?® and 5 ms for A = 150 kg/m?), we can conclude that the
process of flame propagation along the bed may influence the shape of G(z)
curves.

Another explanation can be given basing on some peculiarities of the black
powder ignition process described in [9]. It was observed that the flame
spreading along a surface of a black powder grain is much slower than the flame
spreading in a bed. It is much slower than the spreading of flame along the
surface of smokeless powders grains. The flame spreads mainly due to the
interaction of grains with the liquid products of the black powder burning
(potassium salts, mainly K;SQO.). They are ejected from the burning surface in
the form of droplets of the size 1-10 um [9]. Impinging on a surface of a grain,
they cause a local ignition. Therefore, the grain does not start to burn on its
whole surface. A time is necessary, to ignite the whole surface. During this time
the burning surface increases, which is reflected in the shape of G(z) curves.

Both explanations generate a problem with making use of the results,
obtained on the basis of tests performed for black powder, to the conditions,
when black powder acts as an igniter. In this case it is closed in a plastic bag
and arranged around the igniting head. These conditions facilitate the ignition.
However, after the bag bursting grains are dispersed inside the vessel.
Therefore, the process of their combustion is different from that, when black
powder is distributed in the form of a bed in the vessel.

In order to assess, if the vivacity function given by Eq. (13) can be used for
predicting the changes of the pressure produced by the igniter, calculated and
recorded pressure courses for 1 g and 2 g black powder igniters (146.5 cm?
vessel) and for 3 g igniter (200 cm?® vessel) are compared in Fig. 4. In the case
of 1 g igniter the predicted pressure course is quite close to the recorded one.
For 2 g igniter the prediction is worse, however the difference of the
experimental and predicted values is not larger than the scatter of experimental
data. But in the case of 3 g igniter there is a large difference between measured
and predicted pressure courses.

This discrepancy between results of predictions and measurements
illustrate the problem in predicting the course of pressure generated by the
igniter. We cannot use the vivacity function, determined at the combustion of a
distributed bed of black powder, in conditions differing from those, in which the
function was determined. The problem is that the ascending part of the vivacity
curve is not a material characteristic, but it reflects the process of ignition.
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In further considerations we will use Eq. (13) for predicting the pressure
pulse generated by the igniter, taking into account that this prediction is highly
uncertain.

3.2. Real ignition pressure

Figure 5 presents the initial parts of pressure records obtained in closed
vessel tests in which several propellants were ignited by 2 g of black powder.
The capacity of the chamber was 200 cm® and the loading density of the
propellants was 100 kg/m?3. The pressure course of the igniter is calculated by
using the vivacity function given by Eg. (13). As it can be seen for all
propellants the pressure grows faster than predicted for the burning of the
igniter alone. Moreover, the pressure rise rate is different for various
propellants. It indicates, without any doubts, that the propellants were ignited
before attaining the nominal ignition pressure. It means that black powder burns
at the same time as the tested propellant.
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Fig. 5. Initial parts of the pressure Fig. 6. Initial parts of the pressure records
records for combustion of propellants: for combustion of WT propellant (solid
1-15/1TR,2-9/7,3-WT, 4 -4/1, lines) and the predicted pressure courses for
5 —NPL 11-13 (solid lines) and the burning of 2, 4, 6 and 8 g of black powder
predicted pressure course for burning of alone (dashed lines)

2 g of black powder alone (dashed line)

Figure 6 presents the initial parts of pressure records obtained in closed
vessel tests for the combustion of WT propellant, which was ignited by the 2, 4,
6 and 8 g black powder igniters. The pressure rise is considerably faster than
predicted.



Investigations of the Influence of Ignition on the Dynamic... 63

© ] ©
o o
= 1 =
o | =
25 0 10 20 30 40
t, ms t, ms
Fig. 7. Initial parts of the pressure records Fig. 8. Initial parts of the pressure

for combustion of LO5460(JA-2) propellant  records for combustion of SC propellant

at the loading density values 100 and 200  at the loading density values 100 and 200

kg/m? and the predicted pressure course for  kg/m?® and the predicted pressure course

burning of 2 g of black powder alone for burning of 2 g of black powder alone
(dotted line) (dotted line)

Figure 7 presents the initial parts of pressure courses obtained in closed
vessel tests for the combustion of LO5460 (JA-2) propellant, which was ignited
by the 2 g black powder igniter. Four tests were performed in 200 cm?® capacity
vessel: two for each value of the loading density. The pressure rise rate is larger
than predicted. Moreover, the pressure rise rate depends on the loading density.
This observation corroborates that the main charge starts to burn before
complete burning of black powder.

The LOVA type propellants are difficult to ignite. Figure 8 illustrates this
property. The pressure course for 100 kg/m? loading density shows considerably
slower pressure rise rate than the predicted one for combustion of the igniter
alone. Therefore, we can suppose that this course reflects burning of black
powder. The tested propellant is probably ignited at the pressure value close
to the nominal ignition pressure. The same conclusion can be drawn when we
use the approach proposed in the Section 2.2, because the vivacity function
of the tested propellant is calculated only when the predicted pressure of the
products of combustion of black powder is lower than the measured value.
However, in the case when the ignition of the tested propellant takes place at
a pressure value much lower than the nominal ignition pressure (like for the
loading density 200 kg/m?3), this approach underestimates the partial pressure
of the tested propellant and the rate of pressure increase. It means that the
calculated vivacity values are reliable only for pressure values higher than the
nominal ignition pressure.
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3.3. Vivacity functions

Figures 9-12 confront the vivacity functions determined at the assumption
that the tested propellants are ignited at the nominal ignition pressure and
determined using the proposed approach. Results obtained for WT propellant
(Figs. 9 and 10) seems to be rational. Taking into account parallel combustion
of black powder and tested propellant provides vivacity functions much closer
to each other. It means that the assumption of the ignition at the nominal
ignition pressure overestimates in this case the influence of the igniter on the
vivacity function.
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Fig. 10. Dynamic vivacity functions of WT
propellant ignited by 0 (only ignition
head), 2, 4, 6 and 8 g of black powder

(predicted ignition pressure)

Fig. 9. Dynamic vivacity functions of WT
propellant ignited by 0 (only ignition
head), 2, 4, 6 and 8 g of black powder

(nominal ignition pressure)

6 T T T T T T T
8
5k . 6 T
% LT 8
@ 40, 1 @
g © 46 0524 -
3r 14 o
s °p =
= o[ 1 =
a 0.5 O 2 ]
1 i
0 1 1 1 1 0 | | i i
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
z
&

Fig. 12. Dynamic vivacity functions of 9/7
propellant ignited by 0.5, 2, 4, 6
and 8 g of black powder
(predicted ignition pressure)

Fig. 11. Dynamic vivacity functions of
9/7 propellant ignited by 0.5, 2, 4, 6
and 8 g of black powder
(nominal ignition pressure)
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In the case of 9/7 propellant (Figs. 11 and 12) the vivacity functions
obtained for 0.5, 2 and 4 g black powder igniters seems to be rational. But the
vivacity functions determined for 6 and 8 g black powder igniters are evidently
erroneous. We could expect that the initial peak would be reduced, while the
further part would converge to the curves obtained for 0.5, 2 and 4 g igniters.
The shape of vivacity functions for 6 ang 8 g do not agree with this expectation.
We can conclude that the prediction underestimates the values of black powder
partial pressure in the initial stage of the process and overestimates it in the
further stage. Plots of time changes of the pressure derivative shown in Fig. 13
shed some light on a possible reason of this.

The initial parts of dp/dt courses have high increasing slope. But this trend
stops at an inflexion or even a local maximum.

14

dp/dt, MPa/ms

L 1 1

0 10 20 30 40 50 60

t, ms
Fig. 13. Courses of the pressure time derivative for 9/7 propellant ignited by 0.5, 2, 4, 6
and 8 g of black powder

We can speculate that this part of the courses corresponds to the parallel
combustion of black powder and tested propellant. The temperature of the flame
of single-based and double-based propellants reaches respectively 2800-2900 K
and 3500-3600 K [1], while the flame temperature of black powder 1500-1600
K [14]. Hot gases produced by combustion of smokeless powders accelerate
burning of black powder grains. Moreover, they may accelerate the ignition
of black powder grains, which were not ignited or ignited partially. In such
a situation the vivacity function given by Eqg. (13) is not adequate for prediction
of the black powder partial pressure, because it corresponds to a relatively slow
ignition of black powder grains.

The accelerated burning of black powder may also influence the
combustion of the tested propellant, speeding up its ignition. We must also
consider that there is a mixing of combustion products. The high temperature of
smokeless powders combustion products may cause partial evaporation of
liquid products of black powder combustion. On the other hand, this
temperature may be diminished by the energy exchange.
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All these factors cause that the process of the parallel burning of black
powder and tested propellant is very complicated and very difficult for
a theoretical description.

In [6] and [15] a dependence of the vivacity functions on the loading
density was described and discussed. The initial heating of the external parts of
grains before their ignition, causing an accelerated combustion, was suggested
as a probable reason of this dependence. Results of investigations presented in
this paper suggest that the process of parallel burning of black powder and
tested propellants may also be responsible for this effect.

4. CONCLUSIONS

Results of the analysis presented in Sec. 3 lead to the following
conclusions:

1. In closed vessel tests, carried out with the use of black powder igniters,
the main charge is ignited at the values of pressure much lower than
the nominal ignition pressure. Therefore, the main charge and black
powder burn parallel. A coupling of the combustion of black powder and
tested propellants complicates theoretical analysis of this process.

2. In the case of LOVA type propellants and low values of the loading density
the ignition pressure may be close to the nominal value.

3. The vivacity function of black powder determined in closed vessel tests
is not adequate to predict the partial pressure of black powder used as an
igniter, because its large part reflects the ignition process. It would
be desirable to determine the black powder vivacity function for conditions
of very fast ignition of all grains, for example using explosion of a gaseous
mixture.

4. Results of this work and the analysis of literature data show that
the exponent in the burning law of black powder is close to 0.21 in the
pressure range 0.5-200 MPa.
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Badania wplywu zaplonu na krzywe dynamicznej
Zywosci prochow

Radostaw TREBINSKI, Zbigniew LECIEJEWSKI,
Zbigniew SURMA

Wojskowa Akademia Techniczna im. Jarostawa Dgbrowskiego,
Wydzial mechatroniki i Lotnictwa
ul. gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

Streszczenie: W pracy opisano probe okreslania funkcji dynamicznej zywos$ci prochow
przy uwzglednieniu rownoleglego spalania zaptonnika z prochu czarnego i badanego
prochu. Podejécie jest oparte na prezentowanych wynikach prob pirostatycznych,
dowodzacych, ze spalanie badanego prochu zaczyna si¢ przed catkowitym spaleniem
prochu czarnego. Opierajac si¢ na wynikach testow pirostatycznych dla prochu
czarnego, okreslono jego funkcje dynamicznej zywosci. Zostata ona wykorzystana
do predykcji czastkowego ci$nienia produktéw spalania prochu czarnego w przypadku,
gdy proch czarny zostal uzyty jako zaptonnik. Krzywe dynamicznej zywosci
poréwnano z krzywymi dynamicznej zywosci obliczonymi przy zatozeniu, ze spalanie
glownego tadunku zaczyna si¢ po pelnym spaleniu prochu czarnego. Otrzymane
rezultaty pokazaly, ze rozpatrywany sposob podejscia zawodzi ze wzgledu
na skomplikowany charakter oddzialywania pomiedzy zaptonnikiem i badanym
prochem.

Stowa kluczowe: balistyka wewnetrzna, dynamiczna zywo$¢, zapton



