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Abstract: The relation between the burning rate, r, of a solid propellant
and the pressure, p, of gases surrounding the burning propellant surface is the basic
component of the gas inflow equation. The applicability of a linear form
of the burning rate law is limited only to those propellants for which the same
pressure impulses, Ip, were obtained during closed vessel tests at different loading
densities. To determine the values of the power form of the burning rate law
it is necessary to know the values of the energetic and ballistic characteristics
of the propellant. In this paper, a method is presented for determining
the relation r(p) for which the only input data are the pressure, p(t), of the propellant
gases recorded during closed vessel tests (only for a single specific loading density)
and information on the shape and geometric dimensions of the propellant grains.
An analysis of the possibility of applying the proposed method, through examples
of single-base, double-base and multi-base propellants with neutral and progressive
characteristics of burning surface changes, was carried out for the purposes
of the present study. The qualitative and quantitative results of burning rate analyses
prove the validity of the assumptions made.
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Introduction

The simulation of the shot phenomenon in a barrel propulsion system enables
the determination of the ballistic curve, p(t), which represents the changes
in pressure, p, of the propellant gases versus time, t, in the space behind the shell.
The qualitative and quantitative nature of the p(t) curve affects the velocity, Vp,
of the projectile in the barrel or at a certain distance from the barrel muzzle.
In ballistic analyses, the value characterising the dynamics of the propellant
burning process (dynamics of the change in the propellant gas pressure, p,
versus time, t) is the relation between its burning rate, r, and pressure, p, of the gases
surrounding the burning propellant surface, and is defined as the burning rate law.
Assuming that the grains contained in the propellant charge:
– are chemically and physically homogeneous;
– are uniform in shape and dimensions (including the flammable layer
thickness, e1);
– ignite immediately over their entire surface and burn in such a manner that
the front of the flame moves in parallel layers into the grain, and at each point
on the surface, S, the grains burn at the same temporary rate, r, depending
on the pressure, p, [1-4].
In principle, two forms of the burning rate law – namely the linear form
and the power form – are considered. The linear burning rate law is known
as the following Equation 1:

𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝑟𝑟𝑟𝑟1 ∙ 𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(1)

where coefficient
r𝑑𝑑𝑑𝑑1 depends on the physico-chemical properties and initial
𝑑𝑑𝑑𝑑1
1
= propellant. The value of coefficient r1 (assumed as constant
𝑟𝑟𝑟𝑟1 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 of𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
temperature
the
= 𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝1 ∙ 𝑝𝑝𝑝𝑝and for its entire burning process) is determined
∫0 =𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
for a 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
given
propellant
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
from the following Equation 2 [2]:

𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟𝑟𝑟1 == 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 = 𝛽𝛽𝛽𝛽=∙ 𝑝𝑝𝑝𝑝𝛼𝛼𝛼𝛼
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
∫0𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝

(2)

The basis
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑆𝑆𝑆𝑆1 for its determination is a knowledge of the value of the thickness
= = ∙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
of the𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
combustible
layer,𝛼𝛼𝛼𝛼 e , of the grain of the tested propellant, and of the value
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Λ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛽𝛽𝛽𝛽 ∙ 𝑝𝑝𝑝𝑝 1
of the total 1pressure
impulse, Ip, i.e. the integral of the pressure, p(t), of propellant
gases recorded during closed vessel tests, which results from the burning
of the tested
propellant (measured within the limits defined by the ignition time
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑆𝑆𝑆𝑆1 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
= Sieć Badawcza
∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
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and the time when the burning of the propellant ended, tk). According to [2],
the applicability of this form of the burning rate law is limited; however, it is limited
only to those propellants for which the same pressure impulses were obtained
during closed vessel tests at different loading densities. Moreover, the values
of coefficient r𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
for a specific type of propellant may contain significant errors
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) = 1 = 𝑟𝑟𝑟𝑟1 ∙ 𝑝𝑝𝑝𝑝
resulting from𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
differences in the determination of the flammable layer thickness
of the propellant grains, particularly with regard to fine-grained propellants [5, 6]
and to the ignition system used [7].
𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑1
The
common
form of the burning rate law, which is employed
=
𝑟𝑟𝑟𝑟1 = most
𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘
𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝
∫0 𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑of various
in the research
laboratories, is the power form of the burning
rate, r(p), [1, 3], known as Saint Robert’s equation (Equation 3):

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝛽𝛽𝛽𝛽 ∙ 𝑝𝑝𝑝𝑝𝛼𝛼𝛼𝛼
(3)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝑟𝑟𝑟𝑟1 ∙ 𝑝𝑝𝑝𝑝
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
where β and α are the coefficient and the exponent of the power form
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆1
of the burning
=
∙ Φrate,
∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)respectively. In Equation 3, the power coefficient
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 exponent
Λ1𝑑𝑑𝑑𝑑1 are 𝑑𝑑𝑑𝑑constants
1
and the
that characterise a given propellant composition.
=
𝑟𝑟𝑟𝑟1 = 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘
𝐼𝐼𝐼𝐼
For this
form
of
the
burning
rate law, the aforementioned limitations
𝑝𝑝𝑝𝑝
𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∫0
formulated for the linear form of the burning rate law do not apply.
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
The determination
=
∙of the burn rate, r(p), followed by coefficient β and exponent α,
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
is possible
in𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
this𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑case
by comparing the two forms of the gas inflow
𝛼𝛼𝛼𝛼
=
𝛽𝛽𝛽𝛽
∙
𝑝𝑝𝑝𝑝
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
=
equation [2, 8];
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 resulting from the analysis of the geometric model of propellant
burning (Equation 4):
1 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1 1 + �𝜂𝜂𝜂𝜂 − 𝛿𝛿𝛿𝛿 � ∙ 𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =𝑆𝑆𝑆𝑆1
∙
∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝= 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
1 𝑝𝑝𝑝𝑝 2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Λ1
�1 + �𝜂𝜂𝜂𝜂 − 𝛿𝛿𝛿𝛿 � ∙ 𝑓𝑓𝑓𝑓 � (4)
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =

in which the relative mass burning rate of the propellant charge, dz/dt,
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 on:
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
is dependent
1 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
=
∙
�∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1 1 + �𝜂𝜂𝜂𝜂of−the
− the initial
geometric
dimensions
grains (allowing their
𝛿𝛿𝛿𝛿 propellant
𝑓𝑓𝑓𝑓
1
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
∙
∙
∙
2
initial values
the
burning
surface,
S
,
and
volume,
Λ1, to be determined);
1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆of
∙
Φ
𝑝𝑝𝑝𝑝
1 𝑝𝑝𝑝𝑝
1
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�1 + �𝜂𝜂𝜂𝜂 − � ∙ change,
�
− the function of the grain burning-surface
Φ,
during the burning
𝛿𝛿𝛿𝛿 𝑓𝑓𝑓𝑓
1
𝑝𝑝𝑝𝑝
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
process; and 1 + �𝜂𝜂𝜂𝜂 − � ∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1
𝛿𝛿𝛿𝛿
𝑓𝑓𝑓𝑓
− the burning
rate,
of p, the propellant gas pressure.
=
∙ r(p), as a function
2
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 argument
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
1 can𝑝𝑝𝑝𝑝be
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
The
of�1function
Φ
a
+ �𝜂𝜂𝜂𝜂 − � ∙ � relative part of a burnt propellant grain
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) = ratio
∙ of ∙the
𝛿𝛿𝛿𝛿 𝑓𝑓𝑓𝑓
mass, z, or the 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝current thickness of the burnt propellant grain layer, e,
to the thickness of the combustible layer, e1, and it is expressed as:

1 𝑝𝑝𝑝𝑝
1 + �𝜂𝜂𝜂𝜂 − � ∙ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝛿𝛿𝛿𝛿
𝑓𝑓𝑓𝑓
∙
1 𝑝𝑝𝑝𝑝 2
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�1 + �𝜂𝜂𝜂𝜂 − 𝛿𝛿𝛿𝛿 � ∙ 𝑓𝑓𝑓𝑓 �

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Λ𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 1 Λ
1
=
∙∙
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
Φ
1
𝑆𝑆𝑆𝑆 ∙ Φ 𝑝𝑝𝑝𝑝

1
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1
1

𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
=

= 𝛽𝛽𝛽𝛽 ∙ 𝑝𝑝𝑝𝑝𝛼𝛼𝛼𝛼
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝛼𝛼𝛼𝛼
𝑟𝑟𝑟𝑟1 ∙∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
𝑆𝑆𝑆𝑆1 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛽𝛽𝛽𝛽
=
∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
Z. Leciejewski, Z. Surma
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Λ=1 𝑆𝑆𝑆𝑆1 ∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
436
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Λ1
𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑1
𝑟𝑟𝑟𝑟1 == 𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘1 ∙ Φ=
∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∫ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
Λ 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝
=0 1𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∙ 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
(5)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
=
=
𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
=
∙
𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑of dz/dp
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 results from the equation of pyrostatics:
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
where the value
= 𝛽𝛽𝛽𝛽∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∙ 𝑝𝑝𝑝𝑝𝛼𝛼𝛼𝛼 1 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= = 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1
+
�𝜂𝜂𝜂𝜂
− �∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1 𝑑𝑑𝑑𝑑1
𝑑𝑑𝑑𝑑1 𝛿𝛿𝛿𝛿 1 𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
=
∙ =1 + �𝜂𝜂𝜂𝜂 − 𝛿𝛿𝛿𝛿 � ∙ 2𝑓𝑓𝑓𝑓
𝑡𝑡𝑡𝑡𝑘𝑘𝑘𝑘 1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟1𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑=𝑝𝑝𝑝𝑝=𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
∫0 𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�1∙ +𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝�𝜂𝜂𝜂𝜂 − 1� ∙ 𝑝𝑝𝑝𝑝� 2 (6)
1 𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 𝑆𝑆𝑆𝑆1𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1 + �𝜂𝜂𝜂𝜂 𝛿𝛿𝛿𝛿− �𝑓𝑓𝑓𝑓 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�1
=
∙Φ
1 ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝛿𝛿𝛿𝛿 𝑓𝑓𝑓𝑓 �𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Λ
=1
∙
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
1 𝑝𝑝𝑝𝑝 2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
�1 𝛼𝛼𝛼𝛼+ �𝜂𝜂𝜂𝜂 − 𝛿𝛿𝛿𝛿 � ∙ 𝑓𝑓𝑓𝑓 � 1 𝑝𝑝𝑝𝑝
𝛽𝛽𝛽𝛽 ∙the
𝑝𝑝𝑝𝑝 comparison
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
As a=result=of
∙ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 4 and 5 of the gas inflow,
1 + �𝜂𝜂𝜂𝜂 −of �Equations
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Λ1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝rate
1is obtained
𝛿𝛿𝛿𝛿
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝
1following
a𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
burning
equation
in
the
form:
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
= =
∙
∙
∙ 1 + �𝜂𝜂𝜂𝜂 − 𝛿𝛿𝛿𝛿 � ∙ 2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ
𝑓𝑓𝑓𝑓
∙
1 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑆𝑆𝑆𝑆
∙
Φ
1
𝑝𝑝𝑝𝑝
1
∙
∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑= 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
2
𝑆𝑆𝑆𝑆1 ∙ Φ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�1 + �𝜂𝜂𝜂𝜂 − 𝛿𝛿𝛿𝛿 � 1∙ 𝑓𝑓𝑓𝑓 � 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆1𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1 + �𝜂𝜂𝜂𝜂 − � ∙ �
�1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ
1
𝛿𝛿𝛿𝛿 𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓
1
= = ∙ Φ ∙∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
∙
(7)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
Λ1 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆 ∙ Φ ∙ 𝑝𝑝𝑝𝑝
1 𝑝𝑝𝑝𝑝 2
1
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
1 𝑝𝑝𝑝𝑝�1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
+
�𝜂𝜂𝜂𝜂
−
�
∙
�
+ �𝜂𝜂𝜂𝜂 − � ∙
𝛿𝛿𝛿𝛿 𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 1 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 1𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑓𝑓𝑓𝑓
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) == 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
∙ ∙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝛿𝛿𝛿𝛿
2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
1 𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑=𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∙ 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝∙
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
�𝜂𝜂𝜂𝜂 − equation
� ∙ � shows that to determine the burning rate,
�1
=𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 of
∙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
An analysis
the+
above
𝛿𝛿𝛿𝛿
𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
it is 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
necessary
to
know
the
shape and the geometric dimensions
=
∙
∙
Λ1 1 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 grains,
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
of𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
the propellant
the coefficients of the Noble-Abel gas equation of state
= Λ
∙ 1
1 f, and co-volume, η) – which
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆=force,
1 can
𝑝𝑝𝑝𝑝 be obtained both from pyrostatic
(specific
1 Φ
∙ 1 + �𝜂𝜂𝜂𝜂 − 1� 1∙ 𝑝𝑝𝑝𝑝+𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�𝜂𝜂𝜂𝜂 − � ∙ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
1 calculations
𝛿𝛿𝛿𝛿
𝑓𝑓𝑓𝑓 as the pmax and p(t) values
𝑆𝑆𝑆𝑆11 Φ Λ
1
tests 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
and thermochemical
–
as
well
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝛿𝛿𝛿𝛿 ∙
𝑓𝑓𝑓𝑓
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
= Λ ∙ 1
∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑=
∙ ∙Φ
1 𝑆𝑆𝑆𝑆the
recorded
during
experimental
tests.
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝
2
1 𝑝𝑝𝑝𝑝 2
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 =𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∙ 1
𝑝𝑝𝑝𝑝
+
�𝜂𝜂𝜂𝜂
−
� ∙ � equation defined in the NATO
�1
+ �𝜂𝜂𝜂𝜂 − �of
∙ the
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑆𝑆𝑆𝑆∙17∆isΦa�1
� burning
development
𝛿𝛿𝛿𝛿 rate
𝑓𝑓𝑓𝑓
𝛿𝛿𝛿𝛿
𝑓𝑓𝑓𝑓
,
=
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚Equation
𝑓𝑓𝑓𝑓∙Agreement
∙∆∆
1
−
𝜂𝜂𝜂𝜂
Standardisation
[9]
as:
,
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
1 − 𝜂𝜂𝜂𝜂 ∙ ∆
∙ ∆ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
= ∙
𝑝𝑝𝑝𝑝
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
∙ ,
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
−
(8)
Δ� ∙ 𝑓𝑓𝑓𝑓
1 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜂𝜂𝜂𝜂 1∙ ∆𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 1 1 + �𝜂𝜂𝜂𝜂
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ
𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
� ∙ (1 − 𝜂𝜂𝜂𝜂Δ)
�1
−
Λ
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
1
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
∙ 1
∙
∙
𝛿𝛿𝛿𝛿 Δ 2
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) = 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
∙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆1Λ∙ Φ
∙ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
∙
1 �1 + �𝜂𝜂𝜂𝜂�1−−1�𝛿𝛿𝛿𝛿𝑝𝑝𝑝𝑝∙�𝑝𝑝𝑝𝑝∙ �(1 − 𝜂𝜂𝜂𝜂Δ)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑆𝑆𝑆𝑆∙1 ∙ Φ1 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
Δ 2
∙ following
for 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
which=the input
data∙ are the
elements:
𝛿𝛿𝛿𝛿
𝑓𝑓𝑓𝑓
∙
�𝜂𝜂𝜂𝜂Δ
−
��
−
𝜂𝜂𝜂𝜂Δ)
+
�(1
∙ 𝑆𝑆𝑆𝑆 ∙ Φ 𝑝𝑝𝑝𝑝
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝛿𝛿𝛿𝛿 Δ 2
Δ 𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 –Λ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1 1 1 from𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(1
– dp/dt
resulting
the
development
of
the
experimental
∙
�𝜂𝜂𝜂𝜂Δ
−
�� curve, p(t);
−
𝜂𝜂𝜂𝜂Δ)
+
�(1
�
∙
−
𝜂𝜂𝜂𝜂Δ)
�1
−
Λ1
1
= 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
∙
𝑝𝑝𝑝𝑝
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
∙
∙ 6,
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
Φ∙ by Equation
– dz/dp
–𝑆𝑆𝑆𝑆1defined
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where the specific force, f, no longer exists and the rate of burning of the propellant
charge, r(p), depends on:
− a knowledge of the shape and of the geometric dimensions
of the propellant grains;
− the loading density, Δ;
− the propellant density, δ;
− the pmax values and changes in p(t) recorded during the closed vessel tests;
and
− the co-volume, η, of the propellant gases, which occurs in the last factor
of the right-hand side of Equation 11, designated for further analysis as Y:

Δ
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Therefore, to eliminate the relation of the burning rate, r(p), on the propellant
gas co-volume η, further consideration was given to the possibility of replacing
the variable value of parameter Y (Equation 12) with its average value,
which could be determined on the basis of an analysis of the results of closed vessel
studies of propellants with known energetic and ballistic parameters.
The validity of such an approach was tested by comparing the burning rate
determined on the basis of Equations 7 and 11 with previously described conditions.
For this purpose, closed vessel tests were conducted, in which the following gun
propellants were tested:
(a) a single-base 4/1 propellant with cylindrical grain and a central channel
(one-perforated grain),
(b) a double-base JA-2 propellant with seven-perforated grains LO5460, and
(c) a Polish multi-base low-sensitivity propellant, namely SC92, with sevenperforated grains.
The JA-2 propellant and its modifications are used in tank ammunition [10-12];
the 4/1 propellant is used in small- and medium-calibre Polish ammunition,
whereas the SC92 propellant is a newly developed propellant intended
for Polish tank ammunition. The dimensions and values of the shape coefficients
of the analysed propellants are listed in Table 1.
Table 1.

Dimensions and shape coefficients (χ, λ, μ) of LO5460 grains
of the JA-2 propellant and grains of the 4/1 and SC92 propellants
Parameter
SB 4/1 DB JA-2 (LO5460) MB SC92
Grain shape
cylindrical
Number of channels
1
7
6.2
15.5
5.0
Grain length, L [mm]
0.99
8.9
9.0
Grain diameter, D [mm]
0.25
0.546
0.5
Channel diameter, d [mm]
Flammable layer thickness, e1
0.185
0.91
0.938
[mm]
0.00447
0.939
0.311
Grain volume, Λ1 [cm3]
0.256
7.38
3.21
Grain surface area, S1 [cm2]
0.0175
0.127
0.097
Λ1/S1 [cm]
χ
1.0597
0.716
0.967
λ
–0.0563
0.262
0.0459
0
–0.0423
–0.1033
μ

Closed vessel tests of the aforementioned propellants were conducted
in the Ballistics Laboratory of the Institute of Armament Technology,
Copyright © 2019 Sieć Badawcza Łukasiewicz – Institute of Industrial Organic Chemistry, Poland
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Military University of Technology (Warsaw, Poland) with the use of a pressure
chamber with a volume of W0 = 200 cm3. Black powder-based primers
were used to ignite the tested propellant charges. The primer mass was selected
to be such that the conventional ignition pressure value would be 3 MPa.
The results of the closed vessel tests were the values of the propellant gas pressure
versus time, p(t), for two loading densities, namely 100 and 200 kg/m3.

3

Test Results and Discussion

The determination of the burning rate, r(p), for a propellant of known shape
and of known grain dimensions based on Equation 7 requires prior knowledge
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𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸

(14)

During the burning of the propellant charge
in the pressure chamber
𝑡𝑡𝑡𝑡
𝑝𝑝𝑝𝑝
−
𝑝𝑝𝑝𝑝
1
max
_𝐸𝐸𝐸𝐸
𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖
(closed
test), the propellant gases heated up
𝑡𝑡𝑡𝑡 the walls of the chamber;
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)vessel
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸 + 𝑝𝑝𝑝𝑝max _𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝑑𝑑𝑑𝑑 + 1 � 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑ℎ
consequently,
energy
and∙ 𝑑𝑑𝑑𝑑temperature
decreased [2, 3, 13-16].
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = their
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸internal
+
+ 𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞 �0 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑ℎ measurement,
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞 discharge
0
In addition, during the pressure
of the piezoelectric
sensor occurs. The quantitative effect of these processes is a decrease
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ1
1
in both the propellant-gas
pressure and the maximum pressure, pmax,
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) = 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 ∙ Λ1 ∙ current
1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∙
𝑆𝑆𝑆𝑆
∙
Φ
𝑝𝑝𝑝𝑝
at the
instant
when
the
complete
burning of the tested propellant charge
∙ 1
∙ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∙
𝑆𝑆𝑆𝑆
∙
Φ
𝑝𝑝𝑝𝑝
1
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
has been achieved. Based on [13, 15], the differences were determined between
the pressure that would be measured in the absence of losses and the recorded
Φ=1
+ 2 ∙ 𝜆𝜆𝜆𝜆 ∙ 𝜀𝜀𝜀𝜀 +the
3 ∙ 𝜇𝜇𝜇𝜇current
∙ 𝜀𝜀𝜀𝜀 22 pressure versus time, p(t)EQ, (and of course
pressure;
subsequently,
Φ
=
1
+
2
∙
𝜆𝜆𝜆𝜆
∙
𝜀𝜀𝜀𝜀
+
3
∙
𝜇𝜇𝜇𝜇
∙ 𝜀𝜀𝜀𝜀), corrected for heat loss and sensor discharge,
the maximum pressure, pmax_EQ
was determined [17] as:
𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐
𝜀𝜀𝜀𝜀 = 𝑑𝑑𝑑𝑑 = 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐
𝜀𝜀𝜀𝜀 = 𝑑𝑑𝑑𝑑1 = 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑1 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝
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𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.16) − 𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.16) − 𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸) ∙ 100
𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
∙ 100

𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸
Δ2 − Δ1
𝜂𝜂𝜂𝜂𝐸𝐸𝐸𝐸 =
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸Z. Leciejewski, Z. Surma
440
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸 +

𝑝𝑝𝑝𝑝max _𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
1 𝑡𝑡𝑡𝑡
∙ 𝑑𝑑𝑑𝑑 + � 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (15)
𝑑𝑑𝑑𝑑ℎ
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞 0

where pign – ignition pressure; th, tq – time constant of heat losses and time constant
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ1
1
of the𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
piezoelectric
discharge, respectively; determined on the basis
∙ transducer
∙
=
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∙
𝑆𝑆𝑆𝑆
∙
Φ
𝑝𝑝𝑝𝑝
1
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
of the falling part (after maximum pressure, pmax_E) of the pressure curve [17].
The values of the corrected maximum pressure considering the
previously described losses were
the basis for the determination (according
Φ = 1 + 213∙ 𝜆𝜆𝜆𝜆and
∙ 𝜀𝜀𝜀𝜀 +14)
3 ∙ of
𝜇𝜇𝜇𝜇 ∙ the
𝜀𝜀𝜀𝜀 2 specific force, f , and the co-volume, η .
to Equations
Q
Q
The calculated values of the specific force and the co-volume are listed in Table 2.
Table𝜀𝜀𝜀𝜀2.=

𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐
Values
of specific force, f, and co-volume, η: experimental (E index)
=
𝑑𝑑𝑑𝑑1and𝐼𝐼𝐼𝐼corrected
𝑝𝑝𝑝𝑝
for heat loss and sensor discharge (Q index)

Specific force [kJ/kg]
Propellant
fQ
𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.16) − 𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)fE
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
∙ 100
SB 4/1
953.8
992.0
𝑟𝑟𝑟𝑟
DB JA-2 (LO5460) (𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸) 1020
1153
MB SC92
989
1153

co-volume [dm3/kg]
ηE
ηQ
1.339
1.217
1.359
1.001
1.530
1.103

The calculated values of specific force, f, and co-volume, η,
1 𝑆𝑆𝑆𝑆1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
1
as well∙ as
∙ corrected values of pressure versus time, p(t),
∙the
Φ ∙ recorded
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) = and
Λ1 basis for determining
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 ∙ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
were𝑝𝑝𝑝𝑝 the
the Y(p/p max) function for the analysed
propellants. Diagrams of Y(p/pmax) functions at a loading density Δ = 200 kg/m3,
for data acquired:
– directly from the experimental tests (method E), and
– including heat loss and sensor discharge (method Q),
are shown in Figures 1-3.
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On a Certain Method of Determining the Burning Rate of Gun Propellant

Figure 1.

Y(p/pmax) diagrams for 4/1 propellant for methods E and Q

Figure 2.

Y(p/pmax) diagrams for JA-2 propellant for methods E and Q
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Figure 3.

Y(p/pmax) diagrams for SC92 propellant for methods E and Q

Comparing the Y(p/pmax) diagrams, it may be noticed that the Y function:
for method E changes regularly from > 1 at the start of burning to < 1
at the end of burning (Table 3),
Δ
�1 − � ∙ (1 − 𝜂𝜂𝜂𝜂Δ)
Table
start and end of burning (method E)
𝑌𝑌𝑌𝑌 3.
= Values of𝛿𝛿𝛿𝛿the Y function for the
2
Δ
𝑝𝑝𝑝𝑝
Propellant
MB SC92
∙SB
�𝜂𝜂𝜂𝜂Δ4/1
− �� DB JA-2 (LO5460)
�(1 − 𝜂𝜂𝜂𝜂Δ) + 𝑝𝑝𝑝𝑝
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 1.189 𝛿𝛿𝛿𝛿
1.197
1.261
Y (p/pmax = 0)
0.841
0.835
0.793
Y (p/pmax =1)
–

–

𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸
Δ1 − Δ2
𝑓𝑓𝑓𝑓𝐸𝐸𝐸𝐸 = considering
∙ the thermal
∙
after
losses
the sensor discharge (method Q),
Δ1
Δ2
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸 −and
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸
reduces the difference between the initial and final value (Table 4).

Table 4. 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸
Values of 𝑝𝑝𝑝𝑝the
Y function for the start and end of burning (method Q)
− 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸
Δ1 SB 4/1
Propellant Δ2
DB JA-2 (LO5460)
MB SC92
𝜂𝜂𝜂𝜂𝐸𝐸𝐸𝐸 =
1.085
1.123
Y (p/pmax =𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸
0)
− 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸1.095
0.832
0.922
0.891
Y (p/pmax =1)

𝑝𝑝𝑝𝑝max
− 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
1and𝑡𝑡𝑡𝑡 analyses which have been
Taking
into
account
the_𝐸𝐸𝐸𝐸considerations
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)
+
∙
𝑑𝑑𝑑𝑑
+
� 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑ℎ the gas pressure
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞 0 was
carried out, the burning rate versus
determined on the basis
of Equation 7 and on the basis of the following Equation 16:
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ1
1
∙
∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑆𝑆𝑆𝑆1 ∙ Φ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(16)
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Φ = 1 + 2 ∙ 𝜆𝜆𝜆𝜆 ∙ 𝜀𝜀𝜀𝜀 + 3 ∙ 𝜇𝜇𝜇𝜇 ∙ 𝜀𝜀𝜀𝜀 2

1

2

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸

𝑝𝑝𝑝𝑝max _𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
1 𝑡𝑡𝑡𝑡
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
= 𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)−𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝+𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸
∙ 𝑑𝑑𝑑𝑑 + � 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑ℎ
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞 0 Rate of Gun Propellant
Δ
Δ1 of Determining
the Burning
𝜂𝜂𝜂𝜂𝐸𝐸𝐸𝐸 = On a2Certain Method
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸

443

Λ1 11, in1which it is assumed that Y = 1. The relative burning
resulting from𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝Equation
∙
∙
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
𝑡𝑡𝑡𝑡
𝑝𝑝𝑝𝑝max
1 calculated
surface area,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑Φ, ∙of𝑆𝑆𝑆𝑆1the
propellant
grains
was
as in the following
∙Φ
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
_𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)
=
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)
+
∙
𝑑𝑑𝑑𝑑
+
�
𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸
Equation 17:
𝑑𝑑𝑑𝑑ℎ
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞 0
Φ = 1 + 2 ∙ 𝜆𝜆𝜆𝜆 ∙ 𝜀𝜀𝜀𝜀 + 3 ∙ 𝜇𝜇𝜇𝜇 ∙ 𝜀𝜀𝜀𝜀 2
(17)
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ1
1
∙
∙
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)
=
in which λ and
μ are the shape coefficients of the propellant grains and ε expresses
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐼𝐼𝐼𝐼∙𝑐𝑐𝑐𝑐𝑆𝑆𝑆𝑆1 ∙ Φ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
the ratio
of
the
𝜀𝜀𝜀𝜀 = = current thickness of the burnt grain propellant layer, e,
𝑑𝑑𝑑𝑑1 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝of the combustible layer, e1, the value of which is proposed
to the thickness
to be
Φ calculated
= 1 + 2 ∙ 𝜆𝜆𝜆𝜆from
∙ 𝜀𝜀𝜀𝜀 +the
3 ∙ratio
𝜇𝜇𝜇𝜇 ∙ 𝜀𝜀𝜀𝜀 2of the current value of the pressure impulse, Ic,
to the value of the total pressure impulse, Ip:
𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.16) − 𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
∙ 100
𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
𝜀𝜀𝜀𝜀 = =
(18)
𝑑𝑑𝑑𝑑1 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝

Figures 4-6
present
the r(p) diagrams for the analysed propellants,
𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.16)
−𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
1𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅were
𝑆𝑆𝑆𝑆1 = obtained
1∙ 100of Equation 7 and of the data obtained
which
on
the
∙ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝)𝑟𝑟𝑟𝑟 =
∙ basis
(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
𝑝𝑝𝑝𝑝 method
Λ1
𝑝𝑝𝑝𝑝 ∙ and
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚on the basis of Equation 16 for which only
via the
described𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑as Q,
the shape and dimensions of the propellant grains, as well as the experimental
diagram of p(t) are the input data.

1 𝑆𝑆𝑆𝑆1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
1
∙
∙
∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
𝑝𝑝𝑝𝑝 Λ1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 ∙ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

Figure 4.

Diagrams r(p) for the 4/1 propellant plotted on the basis
of Equations 7 (method Q) and 16
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Δ
�1 − � ∙ (1 − 𝜂𝜂𝜂𝜂Δ)
𝛿𝛿𝛿𝛿
𝑌𝑌𝑌𝑌 =
Δ 2
𝑝𝑝𝑝𝑝
∙ �𝜂𝜂𝜂𝜂Δ − ��
�(1 − 𝜂𝜂𝜂𝜂Δ) + 𝑝𝑝𝑝𝑝
𝛿𝛿𝛿𝛿
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸
Δ1 − Δ2
𝑓𝑓𝑓𝑓𝐸𝐸𝐸𝐸 =
∙
∙
Δ1
Δ2
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸
Figure 5. Diagrams
r(p) for
the JA-2 propellant plotted on the basis
of Equations 7 (method Q) and 16
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸
Δ2 − Δ1
𝜂𝜂𝜂𝜂𝐸𝐸𝐸𝐸 =
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2_𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1_𝐸𝐸𝐸𝐸
𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =

𝑝𝑝𝑝𝑝max _𝐸𝐸𝐸𝐸 − 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
1 𝑡𝑡𝑡𝑡
= 𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸 +
∙ 𝑑𝑑𝑑𝑑 + � 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑ℎ
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞 0
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
Λ1
1
∙
∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑆𝑆𝑆𝑆1 ∙ Φ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

Φ =6.1 +Diagrams
2 ∙ 𝜆𝜆𝜆𝜆 ∙ 𝜀𝜀𝜀𝜀 + 3r(p)
∙ 𝜇𝜇𝜇𝜇 ∙for
𝜀𝜀𝜀𝜀 2 the SC92 propellant plotted on the basis
Figure
of Equations 7 (method Q) and 16

𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐 percentage differences in burning rate (RD br) between
The
=
𝜀𝜀𝜀𝜀 = relative
𝑑𝑑𝑑𝑑1rate𝐼𝐼𝐼𝐼determined
the burning
from Equation 16 and that determined from Equation 7
𝑝𝑝𝑝𝑝
for the method Q as:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =

𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.16) − 𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
∙ 100
𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)

(19)
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1 𝑆𝑆𝑆𝑆1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
1
∙
∙
∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
𝑝𝑝𝑝𝑝 Λ1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 ∙ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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for the analysed propellants are shown in the Figures 7-9. The analysis
of the RD br value has been limited to the range from 0.3 to 0.7 p/p max
according to [9]. In this way, the initial firing-up period of the propellant
grains and the final combustion period were eliminated from the analyses.
In real conditions, in these periods the assumptions of the combustion model
described in the introduction may not work.

Figure 7.

Relative difference in burning rate for the 4/1 propellant

Figure 8.

Relative difference in burning rate for the JA-2 propellant
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Figure 9.

Relative difference in burning rate for the SC92 propellant

An analysis of the r(p) diagrams developed on the basis of Equation 7
and the analysis of those developed on the basis of Equation 16 shows that
they are comparable qualitatively (Figures 4-6) and quantitatively (Figures 7-9),
which proves the validity of the assumptions made to determine the propellant
burning rate only on the basis of prior knowledge of the geometric dimensions
of the propellant grains and of the discrete values, p(t), recorded during
closed vessel tests.
The burning rate determined on the basis of Equation 16,
just like the one determined on the basis of Equation 7, can be used to simulate
the phenomenon of a shot [18]. In both cases, the correction of the burning rate
is predicted by applying a fitting factor, fβ (burning rate factor).

4

Conclusions

In this paper, we present considerations on a method of determining the rate
of burning, r(p), of a solid propellant only on the basis of pressure p(t),
which had been recorded during closed vessel tests (for a specific loading density),
and a knowledge of the shape and geometric dimensions of the propellant grains.
This method does not require prior knowledge of the values of the energetic
and ballistic characteristics (in the form of specific force and co-volume)
of the propellant. However, it should be noted that such an approach
was applicable only under the assumption that parameter Y = 1 and that
the relative burning area, Φ, with the propellant-grain method was calculated
Copyright © 2019 Sieć Badawcza Łukasiewicz – Institute of Industrial Organic Chemistry, Poland

𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑)𝐸𝐸𝐸𝐸 +

max _𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑ℎ

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

∙ 𝑑𝑑𝑑𝑑 +

𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞

� 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0

On 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
a CertainΛMethod
of1Determining the Burning Rate of Gun Propellant
1

𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =

∙

∙
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑆𝑆𝑆𝑆1 ∙ Φ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

via Equation 17 while considering the condition described in Equation 18.
The proposed method was verified
on the following examples: a 4/1 single-base
Φ = 1 + 2 ∙ 𝜆𝜆𝜆𝜆 ∙ 𝜀𝜀𝜀𝜀 + 3 ∙ 𝜇𝜇𝜇𝜇 ∙ 𝜀𝜀𝜀𝜀 2
propellant with cylindrical single-perforated grains and the JA-2 double-base
propellant with seven-perforated grains, i.e. the LO5460 and SC92 multi-base
low-sensitivity
The diagrams presented in Figures 4-9 show that
𝑑𝑑𝑑𝑑 propellant.
𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐
=
𝜀𝜀𝜀𝜀
=
the r(p) trends obtained from Equations 7 and 16 are comparable, both in terms
𝑑𝑑𝑑𝑑1 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝
of quality and
quantity.
To determine the absolute burning rate, appropriate analyses must be performed
considering the𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.16)
thermal
to allow an appropriate correction of both
− 𝑟𝑟𝑟𝑟losses
(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = pressure of the propellant
∙ 100 gases and the discrete pressure values
the maximum
𝑟𝑟𝑟𝑟(𝐸𝐸𝐸𝐸𝑞𝑞𝑞𝑞.7𝐸𝐸𝐸𝐸)
during the burning of the propellant under pyrostatic conditions.
Equation 11 transformed into the following form (under the assumption that
Y = 1 and after dividing the left and right sides by pressure p):

1 𝑆𝑆𝑆𝑆1
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
1
∙
∙ Φ ∙ 𝑟𝑟𝑟𝑟(𝑝𝑝𝑝𝑝) =
∙
𝑝𝑝𝑝𝑝 Λ1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 ∙ 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(20)

provides the possibility to compare the gas inflow intensity, Γ (left side
of the above Equation 20), defined in [2] as a dynamic vivacity, L (right side
of the Equation 20) defined in [9], only under the condition that discrete r-values
corresponding to the current pressure, p, are introduced.
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