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h i g h l i g h t s

� A model is built to control the combustion proceeded in an expanding chamber.
� Performance of the gun decreases with increasing firing cycles.
� The gun performance is changed by the influences of wear on the combustion.
� Two kinds of methods are provided to maintain the performance of the gun system.
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a b s t r a c t

Performance variation in different life stages of dynamic systems subjected to severe fluid-structure
interactions is unavoidable. A weak coupling model governing the combustion of propellants in a cham-
ber with moving boundaries was presented. The model is capable of considering not only the interactions
between the projectile and the barrel but also the volume enlargement caused by wear and erosion. The
weak coupling of the model calculation was realized using an interface in the commercial ABAQUS(R)
software. The weak coupling model was validated through comparing with a classical model and exper-
iments. The diameter increments of a gun bore were measured to construct models used in the simula-
tions. Based on the validated model, the performance variations of the gun in different life stages were
investigated. Furthermore, pressure and temperature distributions of the core flows along the barrel were
provided. Mechanism of the performance degradation was elucidated. Finally, two kinds of approaches
were provided to maintain the performance of the internal combustion system. Considering the sensitiv-
ity of the combustion to the two factors, a method of adjusting the charge mass is advisable in
engineering.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Wear is a kind of unavoidable phenomenon in mechanical sys-
tems, especially for the ones undergoing extreme conditions such
as periodic mechanical interactions [1], high pressure and high
temperature internal fluids [2]. Internal combustion engines are
examples of this kind of mechanical systems. The performance of
a mechanical system changes with increasing powering cycles.
Gun is a kind of single stroke combustion engine, which can propel
projectiles utilizing energy from propellants [3,4]. While the
engine is working, huge amounts of high pressure and high tem-
perature gaseous products start to interact with the inner wall of

the gun bore and the bottom of the propelled projectile. In the
meantime, the projectile moves forward and impacts the barrel
fiercely. As a result, the inner wall of the barrel undergoes mechan-
ical, thermal and chemical actions simultaneously. Therefore,
every firing cycle is accompanied by a slight wear and erosion of
the barrel which is made of steel. When the firing cycles is great
enough, wear and erosion of the barrel will be accumulated to
obviously influence the motion of the projectile and the combus-
tion of the propellants. Furthermore, the thermal loads applied
on the boundary of the combustion chamber are changed. There-
fore, it is necessary to establish coupling models to study the influ-
ence of wear and erosion on the combustion of the energetic
materials, which can provide accurate loading conditions for the
heat transfer in the chamber and material ablation caused by the
thermal shocks.
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The theories and mechanisms of wear and erosion were
explained by Johnston [5], and Sopok [6] et al. in detail. They
thought that the combination of thermal effects, chemical effects
and mechanical effects are leading causes of wear and erosion in
gun bores. And the thermal effects affect a gun life the most,
whereas the mechanical influence is the least. In order to protect
the inner surface of barrels and improve the life time, Underwood,
Vicenzi, Guilemany, and de Rosset et al. [7–11] studied wear and
erosion in coated gun bores. In those researches, a general law of
wear distribution in gun bores was summarized. With the increas-
ing of firing cycles, wear and erosion are increasingly serious along
the full length of the gun bore. The forcing cone near the breech
suffers the worst conditions, wear and erosion at this part is much
more serious than the other parts of the barrel. Meanwhile, many
methods were proposed to protect gun bores from material abla-
tion or slow down the speed of the ablation. For example, de Rosset
et al. [12] put forward a device that can relieve muzzle erosion.
However, few of them studied how the internal combustion is
influenced by wear and how to maintain the performance.

The nature of an interior ballistic process can be summarized as
combustion of the propellants in a chamber with moving bound-
aries. Bottom of projectiles play the role of the moving boundaries
[13,14]. Not only is the combustion space in the chamber
increased, but also the clearance between a projectile and the bar-
rel. As a result, resistance acting on the projectile is influenced,
which affects the movement of the boundaries. Therefore, the pro-
pellants combustion in the chamber is not consistent in different
life stages of the gun. However, mechanical interactions between
a projectile and the gun bore are simplified in traditional internal
combustion models. The interaction between a projectile and its
barrel was studied by Chen, Lisov, Alexander and South et al.
[15–18] with experimental and numerical methods. And List
et al. [19] studied the mechanism of friction and wear at high slid-
ing speeds. Almost all the researchers concentrated their works on
the response of gun bores under loads of interior ballistics. The pre-
sent work focused on the performance variation of a gun bore over
firing cycles and provided methods to maintain the performance.

2. Mathematical model

Function parts of a gun are illustrated in Fig. 1. The system
mainly consists of a barrel, a projectile and propellant grains. The
rotating band is embedded on the projectile. The outer diameter
of the band dB is larger than the inner diameter of the barrel d0.

Propellant combustion obeys exponential burning rate law in
Eq. (1).

_r ¼ u1pn ðZ 6 ZkÞ
0 ðZ P ZkÞ
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where _r is the burning rate of the propellant, u1 the burning rate
coefficient, n the burning rate exponent, p the spatial average pres-
sure in the chamber, Z the relative burnt thickness of the propellant
and Zk the initial thickness of the propellant. Both u1 and n are
obtained through experiments.

The chemical energy release of the propellants is determined by
Eq. (2).
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where v, k, l, vS and kS are shape-dependent constants of the propel-
lant, w the relative burnt mass of the propellant. And the propellants
used in the present work are seven perforated propellant grains, of
which the cross section is shown in Fig. 2. The web thickness of
the propellant is 2e1, and dp0 is the inner diameter of the holes.

Based on Newton’s second law, the movement of the projectile
along the barrel is controlled by Eq. (3).

m _v ¼ S � pd � FR ð3Þ
where m is the projectile mass, v the projectile velocity, _v the accel-
eration, S the effective cross-sectional area of the barrel, pd the pres-
sure following the projectile, FR the resistance acting on the
projectile.

Energy conservation is applicable for isolated systems. We took
the propellant gases as the subject investigated to establish the
energy conservation equation. Based on the first law of thermody-
namics, the governing equation of the energy conversion is derived
and shown in Eq. (4). In this research, the volume increase caused
by wear of the barrel is considered.
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where lw ¼ l0½1� D=qp � Dða� 1=qpÞw�, l0 is the equivalent length
of the chamber under the effective cross-sectional area of the barrel,
l0 ¼ V0=S, V0 the initial volume of the chamber, D the charge den-
sity, qp the mass density of the propellant, a the equivalent covol-
ume of the propellant gases, l the projectile travel, dðxÞ the initial
inner diameter of the gun bore, f dðxÞ the inner diameter increment
caused by the wear, f the propellant impetus, x the charge mass, k
the equivalent adiabatic exponent of the propellant gases, and K is a
coefficient that represents energy flows that are proportional with
the translational kinematic energy of the projectile,
K ¼ x=m=3þm=Mð1þx=mÞ, M is the effective mass of the recoil
system.
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Fig. 1. Illustration of the main function parts in a gun.
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