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Gun barrel bores are prone to ablative damage and stress concentration under high temperatures, pressures, and dynamic load
impacts during bullet engraving, which may result in barrel failure. A dynamic stress analysis during bullet engraving is a
prerequisite for barrel life analysis and design. Impact responses during bullet engraving were investigated in this study for rifled
barrels with different cross-sectional profiles to improve the match between the dynamic performances of the gun barrel and
bullet and effectively extend the barrel service life. First, feature suppression by expression based on a uniform parametrized
template was used to perform parametric modeling of a gun barrel with rectangular, trapezoidal, multiarc, and multilateral-arc
rifling profiles. Second, theoretical models were constructed considering different rifling structures: a model to calculate the
chamber pressure, a model for heat transfer in the barrel during continuous firing, and a model to calculate the friction between
a bullet and the barrel wall surface based on shear-slip friction theory. These models were integrated into a simulation, where
the ABAQUS (ABAQUS. 6.14.1-4. 2014. DASSAULT SIMULIA.)/Explicit software was used to build a finite element model of
the barrel dynamic stress under heat-force-friction coupling during bullet engraving. Finally, the dynamic response stresses were
analyzed for bullet engraving into four barrels with different rifling profiles. All four types of barrels developed considerable
stress at the junction between the forcing cone and the rifled bone under the same impact load. The stress values of the multiarc
and multilateral-arc rifling were far below that for the rectangular and trapezoidal rifling. Thus, the barrels with multiarc and
multilateral-arc rifling profiles had a higher impact resistance than the other two barrel types.

1. Introduction

The barrel is an important structural component of firearms,
and the strength of the barrel bore affects important tactical
indicators, such as the barrel life, shooting accuracy, and
muzzle velocity. A barrel bore consists of a cartridge cham-
ber, forcing cone, and rifled bone. The rifled bone may have
different cross-sectional profiles, i.e., rectangular, trapezoi-
dal, multiarc, and multilateral-arc. During bullet engraving,
the barrel bore is affected by the pressure of gunpowder
combustion gases, the force exerted by bullet insertion, the
guide-side resistance, high temperatures, and other factors,
which tend to cause ablative damage and crack propagation
in the barrel rifling and thus barrel failure [1]. The engraving

of a bullet into a barrel is an important research area for
designing bullets to match rifled barrels. It is extremely
important to consider the forcing cone and rifled bone for
improving the design and extending the service life of a
barrel.

An analysis of the barrel impact response during bullet
engraving is a prerequisite for barrel life analysis and design
and has been extensively studied by domestic and foreign
scholars. Ding et al. and Shen et al. both proposed novel
finite element mesh generation methods for worn gun
barrels to analyze the bullet-barrel interaction [2, 3]. Ekansh
[4] used the ANSYS software to simulate the transient
response of a T-finned machine gun barrel during bullet
engraving. Fan and He [5] addressed large deformation
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contact problems caused by friction from interference fit
during bullet engraving by building a finite element analysis
model for projectiles engraving into a barrel. The engraving
of lead-core projectiles was numerically simulated to analyze
the deformation behavior of bullet jackets and lead cores
before and after engraving. Wu et al. [6, 7] developed an
engraving simulation device to experimentally study the
quasistatic and dynamic processes of a rotating band
engraving into a barrel, and the deformation speed and
temperature were found to significantly affect the deforma-
tion behavior of the rotating band during real engraving.
Zou et al. [8] proposed a novel model for the friction
between a rotating band and a gun barrel based on the defor-
mation mechanism of the rotating band during projectile
engraving. List et al. [9] derived an accurate formula for
the friction coefficient of a barrel-projectile friction pair by
developing a hydrodynamic lubrication friction model and
comprehensively considering the extreme working condi-
tions of the high pressure and speed of the friction pair. Shen
et al. [3] performed a numerical calculation of projectile
motion in a barrel assuming a constant projectile-barrel fric-
tion coefficient. Ding et al. [2] studied the influence of a
worn barrel on interior ballistics and developed a friction
model with a temperature-dependent friction coefficient.
Lan [10] used a finite element numerical simulation to ana-
lyze the effect of the temperature field on the bullet-barrel
interaction and firing accuracy. Lu et al. [11] studied the
effect of the throat angle on the force on the forcing cone
during engraving. Three-dimensional finite element models
were constructed for different throat angles, considering
the structural properties of the barrel and bullet and consti-
tutive nonlinearity. The model was used to determine the
change in the engraving resistance with the engraving
displacement at different throat angles. Gao et al. [12] used
the Ansys Workbench software to simulate the effects of dif-
ferent throat angles and friction coefficients on the resistance
during projectile engraving.

The aforementioned studies focus on methods for ana-
lyzing the dynamic stress during projectile engraving into a
barrel. The impact of bullet-barrel friction or the tempera-
ture field on the response of the projectile engraving to the
barrel is investigated in some studies, whereas the impact
of the throat angle on the response of the projectile engrav-
ing to the barrel is considered in other studies. Note that
most of these studies were based on rectangular rifling pro-
files and did not comprehensively consider the effect of
heat-force-friction coupling for the bullet/barrel interaction
process. Remington Arms (USA) employs multiarc or
multilateral-arc rifling to ensure barrel life and firing
accuracy. Therefore, research on how different rifling struc-
tures affect the response of a projectile engraving to a barrel
is very significant for improving the structural design and
fatigue life of a gun barrel. Hence, the impact response of
rifled barrels with different cross-sectional profiles during
projectile engraving was investigated in this study.

Based on the work of “analysis of impact characteristics
and fatigue life of multistrand recoil spring for guns” [13],
a uniform parametrized barrel template was constructed
based on feature suppression by expression using the UG

NX (Unigraphics NX. 8.0. 2011. Siemens) software, and effi-
cient three-dimensional models were created for different
barrel structures with rectangular, trapezoidal, multiarc,
and multilateral-arc rifling. Theoretical analysis models for
the chamber pressure during projectile engraving into a bar-
rel, barrel temperature distribution during continuous firing,
and friction between bullet and barrel were reviewed and
used to construct theoretical models considering different
rifling structures: a chamber pressure calculation model, a
barrel heat transfer model, and a model for calculating
the friction between a bullet and the wall surface of a bar-
rel bore. Thus, the heat-force-friction coupling effect was
comprehensively considered, and the ABAQUS/Explicit
software was used to build a finite element analysis model
for the dynamic response stress during the engraving of a
bullet into a barrel. Finally, the effect of the rifling profile
on the impact response during projectile engraving was
determined by analyzing the dynamic response stress
during bullet engraving for four barrels with different rifling
profiles.

2. Parametric Modeling for Barrels with
Different Rifling Profiles Based on Feature
Suppression by Expression

Small-caliber rifle barrels were considered in this study.
Geometric models were constructed for barrels with
rectangular, trapezoidal, multiarc, and multilateral-arc rifling,
all of which adopted 4 rifling, and the cross-sectional profiles
are shown in Figure 1. The fit between the rifling bone and
the bullet was mainly based on the ratio of the cross-
sectional area of the cylindrical portion of the bullet Sz to the
inner cross-sectional area of the rifled section S. In order to
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Figure 1: Cross-sectional profiles of rifled barrels.
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make the barrel sealed during bullet engraving, Sz must be
larger than S, where the Sz/S ratio is generally set between
1.01 and 1.03. A large Sz/S is needed for rectangular and trap-
ezoidal rifling to ensure barrel sealed because of sharp corners
at the land/groove junctions, whereas a small Sz/S can be used

for multiarc and multilateral-arc rifling for which there is a
smooth transition between the adjacent groove and land.
The cross-sectional areas of rifled sections of specific profiles
are given in Equation (1).

Different features, such as the rifled section, cartridge
chamber, muzzle, and contour, were included in each three-
dimensional barrel model. A variety of structural types were
considered for each feature. For example, rectangular, trape-
zoidal, circular, and multiarc profiles were considered for the
rifled section. Hence, over a thousand parametrized templates
were available for parametric modeling of various barrels. Tra-
ditional parametric modeling methods involve high computa-
tional costs and the storage and management of numerous
templates. In this study, a parametrized template was devel-
oped based on feature suppression by expression using UG
NX software. Multiple types of structures were integrated into
a single model to simplify the modeling and management of
numerous templates. The category and structural characteris-
tics of each barrel feature were analyzed, and a physical model
was developed for a specific structural type for each feature.
The function relationship and constraint relationship among
the model dimension parameters were analyzed. The UG
NX expression was used to define the key dimension parame-
ters of a barrel (e.g., the barrel length, groove size, and outer
barrel diameter), and related functional relations were
established. Table 1 presents the drive parameters, including
the muzzle shape, number of cones in the cartridge chamber,
number of grooves, rifling profile, and contour parameters.
The drive expression was used in feature suppression to
formulate a uniform parametrized barrel template incorporat-
ing the constraint relation. That is, the barrel substrate model
was used to create physical models of features with various
structures (the rifling bone, cartridge chamber, muzzle, and
contour). For instance, physical models were developed for
the rifled section with rectangular, trapezoidal, multiarc, and
multilateral-arc cross-sections, as shown in Figure 2. Finally,
the values of the respective dimensional expressions were
modified based on design requirements to generate three-
dimensional models of barrels with different structural types
and dimensions using the parametrized template. The uni-
form parametrized template was thus used to realize paramet-
ric modeling of barrels with over a thousand structural types.

3. Theoretical Models

3.1. Model for Calculating the Chamber Pressure of Barrels
with Different Rifling Profiles. The large quantity of gas
generated during gunpowder combustion pushes a bullet
out of a barrel chamber via an extremely complex process.
The change in the chamber pressure and bullet velocity with
the displacement and time can be determined by analyzing
the rule for gunpowder combustion, the rule for energy
conversion during firing, and the pattern of bullet motion
and establishing a system of equations to reflect these
constraints. The cross-sectional profile of a rifled barrel can
also affect this process. The variation pattern of the chamber
pressure during firing in barrels with different rifling profiles
can be determined by building interior ballistic calculation
models for these barrels, as shown in
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In the equation presented above, ψ is the percentage of
burnt gunpowder; χ, λ, χs, and λs are shape characteristic
parameters for gunpowder; Zk is the relative value of the
burnt thickness of the gunpowder grains after combustion;
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ω is the gunpowder charge; u1 is the gunpowder burning
rate coefficient; n is the pressure index; p is the gunpowder
combustion gas pressure; e1 is one-half of the initial thick-
ness of the gunpowder grain; m is the bullet mass; φ is the
coefficient of secondary work, neglecting the work done by
the engraving resistance; S is the cross-sectional area of the
rifled section (which varies with the rifling profile); l is the
bullet travel; lψ is the ratio of the free volume of the chamber
to the cross-sectional area of the rifled section; f is the gun-
powder force capacity; v is the bullet velocity; θ = k − 1,
where k is the adiabatic coefficient; l0 is the ratio of the
chamber volume to the cross-sectional area of the rifled sec-

tion; Δ is the gunpowder loading density; ρ is the gunpowder
density; and α is the gunpowder covolume.

3.2. Barrel Heat Transfer Model. During firing, heat is trans-
ferred between the gunpowder combustion gas and barrel
and between the barrel and ambient air through conduction,
convection, and radiation. Heat is transferred from the inner
to outer wall of the barrel through conduction and from the
inner and outer walls of the barrel to the surrounding media
through convection and radiation. Radiative heat transfer is
less than 1% of convective heat transfer and was therefore
neglected in this study. A mathematical transient heat

Table 1: Drive parameters for the parametrized barrel template.

Rifling bone design parameters

Rifling shape

Rifling number

Land diameter

Groove depth

Rifling width

Lead

Groove direction

Cartridge chamber design parameters

Number of cones

The distance from the first cone to the end of the barrel

The distance from the second cone to the end of the barrel

Diameter of large end of the first cone

Diameter of large end of the second cone

Diameter of small end of the second cone

Cartridge chamber grooving

Muzzle design parameters

Muzzle shape

External fillet of muzzle

Fillet inside the muzzle

Contour parameters

Outer diameter of muzzle

Outer diameter at the maximum chamber pressure

Barrel length

Rectangular rifling
Profile

Profile

Profile

Profile

Trapezoidal rifling

Multi-arc rifling

Multilateral-arc
rifling

Figure 2: Parametrized template for barrels with different rifling section structures.
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transfer model was built based on heat conduction and heat
convection theories and is shown in
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In the equation presented above, ρ and cðTÞ are the
density and specific heat capacity of the barrel material,
respectively; T represents the barrel material temperature;
kx, ky, and ky are the thermal conductivities in the three
coordinate directions, respectively; and Q denotes the
internal heat source, which is normally referred to as heat
converted from plastic work.

3.3. Model for the Friction between a Bullet and the Inner
Barrel Wall. During the engraving of a bullet into the rifling,
the cylindrical portion of the bullet intersects with the
rifling, and the bullet jacket surface is subjected to plastic
deformation and friction with grooves and lands. Shear-
slip friction theory was used to formulate a model for the
friction between the bullet and barrel bore, as shown in

f =
μdσn, μdσn ≤ τs,

τs, μdσn > τs,

(
ð4Þ

where f represents the shear stress caused by friction on the
contact interface; σn denotes the normal positive stress of
contact between the bullet and the inner barrel wall; τs
denotes the maximum shear stress of the material; and μd
is the dynamic friction coefficient between the bullet and
the inner barrel wall and depends on the temperature of
the inner barrel wall, as given by Equation (5) [14].

μ Tð Þ = 2 × 10−11T4 − 2:963 × 10−8T3 + 1:323 × 10−5T2 − 0:002T + 0:384:

ð5Þ

The shear stress between the bullet and the inner barrel
wall also depends on the temperature of the inner barrel
wall, as shown in
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T − 500
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where a1 and b1 are design parameters.
Combining Equations (4), (5), and (6) based on the

Zorev friction model yields the following equation.
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4. Finite Element Analysis Model for the Barrel
Impact Response under Heat-Force-
Friction Coupling

4.1. Basic Hypotheses

Use UG NX to build 3D models of the
bullet and the barrels with different rifling

Rectangular rifling

3D model
of the bullet

TureGrid meshing

ABAQUS/explicit finite element analysis
module

Impact response analysis of barrels during
bullet engraving

3D model of
different rifling

barrels

Trapezoidal rifling

Multi-curved rifling

Multilateral-arc rifling

Set material
model parameters

Set contact

Set constraints

Set boundary
conditions, loads

The chamber pressure-time
curve and the chamber
pressure-travel curve

The temperature-dependent
friction coefficients

Output .prt file

Output .inp file

The barrel temperature
distribution

Barrel heat transfer
analysis

Model for calculating the
chamber pressure of
barrels with different

rifling 

A model for the friction
between the bullet and

barrel bore

Figure 3: Cosimulation process for the barrel impact response.

Figure 4: Three-dimensional models of barrels and bullets.
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(1) Idealized models of the barrel and bullet are formu-
lated that do not consider the effect of structures
such as the barrel gas port and the tight mouth
grooves on the bullet tail

(2) The effect of the air resistance at the front of the pro-
jectile on projectile motion is neglected, and the pro-
jectile base pressure is replaced with the mean
pressure

(3) The materials of the barrel and bullet are assumed to
be homogeneous and isotropic

4.2. Cosimulation Process of the Barrel Impact Response to
Bullet Engraving under Heat-Force-Friction Coupling. The
engraving of a projectile into the barrel rifling under gun-
powder combustion gas pressure involves heat-force-
friction coupling. The barrel impact response to engraving
can directly affect damage to and the fatigue life of the barrel.

Rectangular rifling

Trapezoidal rifling

Bullet jacket Lead casing Steel core

Multi-arc rifling

Multilateral-arc rifling

Figure 5: Mesh models of barrels with different rifling profiles and bullets.

Figure 6: Mesh models of partial barrels and bullets.
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To study the effect of different types of cross-sectional pro-
files of rifled barrels on projectile engraving, finite element
analysis models were developed for the impact response of

barrels with rectangular, trapezoidal, multiarc, and
multilateral-arc rifling to bullet engraving. The cosimulation
process of the barrel impact response under heat-force-
friction coupling to projectile engraving is shown in
Figure 3. The Runge-Kutta method was used to solve the
interior ballistic equations presented above, and the chamber
pressure-time curve and the chamber pressure-travel curve
were plotted for barrels with different rifling profiles. A
VUAMP subprogram was developed to calculate the cham-
ber pressure load and imported into ABAQUS finite element
simulation software. The thermal impact of the gunpowder
combustion gas produces changes in the material properties
of the barrel and projectile and introduces a temperature
dependence into the mechanical response of the rifling to
projectile engraving. A heat transfer analysis was performed
to determine the barrel distribution temperature, and a
model for the projectile engraving into the barrel was built
for the corresponding temperature state. A VFRIC friction
subprogram was written in Fortran based on the friction
model with variable friction coefficients. The ABAQUS
solver was used to embed the temperature-dependent fric-
tion model into a simulation of bullet engraving, and the
VFRIC friction subprogram was called to incorporate the
temperature-dependent friction coefficients.

4.3. Geometric Modeling and Meshing. Barrels of small-
caliber rifles and matching normal bullets were considered
in this study. The aforementioned parametric modeling
methods were used to construct three-dimensional geomet-
ric models of barrels with rectangular, trapezoidal, multiarc,
and multilateral-arc rifling. Three-dimensional solid models
were constructed for a bullet [15] and a barrel 50mm from
the entrance of the forcing cone to study the impact

Table 2: Parameters of the barrel substrate material.

Temperature
(K)

Density (kg/
mm3)

Young’s modulus
(MPa)

Poisson’s
ratio

Thermal conductivity
(W/(m.K))

Specific heat (J/
(kg·K))

Coefficient of thermal
expansion (K−1)

298.15 7:85e − 6 2:08e + 05 0.26 45.2 539.8 1:3e − 5

498.15 7:85e − 6 1:81e + 05 0.27 38.1 576.1 1:3e − 5

698.15 7:85e − 6 1:66e + 05 0.29 34.1 607.5 1:3e − 5

848.15 7:85e − 6 1:55e + 05 0.31 31.3 634.7 1:3e − 5

1098.15 7:85e − 6 1:47e + 05 0.34 29.3 658.2 1:3e − 5

1298.15 7:85e − 6 1:41e + 05 0.36 27.7 678.5 1:3e − 5

Table 3: Basic data for the bullet jacket material.

Temperature
(K)

Density (kg/
mm3)

Young’s modulus
(MPa)

Poisson’s
ratio

Thermal conductivity
(W/(m.K))

Specific heat (J/
(kg·K))

Coefficient of thermal
expansion (1/K)

298.15 8:9e − 9 1:24e + 05 0.33 390.1 383.3 2:1e − 5

399.15 8:9e − 9 1:17e + 05 0.33 381.7 400.2 2:1e − 5

522.15 8:9e − 9 1:07e + 05 0.33 363.2 412.4 2:1e − 5

654.15 8:9e − 9 1:00e + 05 0.33 349.6 425.8 2:1e − 5

771.15 8:9e − 9 0:95e + 05 0.33 343.8 437.5 2:1e − 5

900.15 8:9e − 9 0:90e + 05 0.33 337.8 450.3 2:1e − 5

Table 4: Basic data for lead and steel.

Material
Density/
t×mm3

Poisson’s
ratio

Young’s modulus/
MPa

Lead 1:13e − 08 0.42 17000

Steel 7:86e − 09 0.3 207000

Table 5: Parameters of the Johnson-Cook model for the bullet
jacket material.

A/MPa B/MPa C n M Tmelt/K Troom/K

90 292 0.01 0.42 0.68 1189 293

Table 6: Parameters of the Johnson-Cook damage model for the
bullet jacket material.

D1 D2 D3 D4 D5

0.54 4.89 -3.03 0.014 1.12

Table 7: Parameters of the Johnson-Cook model for the lead casing
material.

A/MPa B/MPa C n M Tmelt/K Troom/K

14 17.6 0.685 0.035 1.68 600 293
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response process from the beginning to the completion of
bullet engraving into the forcing cone with high computa-
tional efficiency. Assembly drawings of barrels and bullets
are shown in Figure 4. TrueGrid software was used to per-
form hexahedral meshing for barrels with different rifling
profiles and projectiles, and mesh refinement was imple-
mented for important areas, such as the forcing cone and
lands. The unit type was set to C3D8RT. Figure 5 shows
the finite element mesh models of barrels with different
rifling profiles and bullets. Mesh models of selected barrels
and bullets are shown in Figure 6. The mesh data file ∗.inp
was imported into ABAQUS, and the ABAQUS/Explicit
module was used to build a finite element model for the
explicit dynamic analysis of the projectile engraving process.

4.4. Material Models. The barrel substrate material was
30SiMnMoVA. An isotropic plastic model conforming to
the Huber-Mises yield criterion was defined for the material,
where the model parameters are shown in Table 2.

Normal bullets typically have three components, i.e., a
bullet jacket, lead casing, and steel core. The bullet jacket

was made of H90, for which the basic parameters are shown
in Table 3. Basic data for lead and steel are shown in Table 4.

The bullet jacket surface is scored by rifling, and the
material yields during the engraving of the bullet into the
forcing cone via a complex nonlinear process with a high
strain rate. A Johnson-Cook model was defined for the bullet
jacket material and is given by

σ = A + Bεnð Þ 1 + C ln _ε∗ð Þ 1 − T∗mð Þ,

T∗ =
T − Tmelt

Tmelt − Troom
,

8><>: ð8Þ

where σ is the Von Mises flow stress; A, B, C, n, and m are
material constants; ε and _ε∗ denote the equivalent plastic
strain and strain rate, respectively; and T , Tmelt, and Troom
denote the test temperature, material melting point, and ref-
erence ambient temperature, respectively [16]. The model
parameters are shown in Table 5.

Initial damage to a ductile metal proceeds by fracture
and necking. The initial damage was modeled using an
equivalent plastic strain εD, following the Johnson-Cook ini-
tial damage criterion:

_�ε
pl
D = D1ð +D2 exp −D3ηð Þ · 1 +D4 ln

_�ε
pl

_ε0

 !" #
1 +D5

bθ� 	
,

ð9Þ

whereD1-D5 are material failure parameters; η denotes the tri-

axial stress; _�ε
pl
denotes the equivalent plastic strain rate; _ε0

denotes the equivalent plastic damage strain; and bθ represents
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Figure 7: Chamber pressure-time curves.

Table 8: Maximum chamber pressures corresponding to different
cross-sectional profiles.

Rifling
section shape

The maximum chamber
pressure/MPa

Deviation/
MPa

Percentage/
%

Rectangular 299.6 0 0

Trapezoidal 274.8 -24.8 -8.2

Multiarc 248.7 -50.9 -17

Multilateral-
arc

249.5 -50.1 -16.7
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Figure 8: Time history curves for the chamber pressure and velocity.

Table 9: Calculated and measured maximum chamber pressures.

Parameter Calculated value Experimental value Deviation Percentage deviation/%

The maximum chamber pressure/MPa 299.6 295.6 4 1.4
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Figure 9: Heat convection coefficient of the gunpowder combustion gas.
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the dimensionless temperature. The model parameters are
shown in Table 6.

A Johnson-Cook model [10] was defined for the lead
casing, where the model parameters are shown in Table 7.

4.5. Setting the Load and Boundary Conditions

4.5.1. Interior Ballistic Calculation for Barrels with Different
Rifling Profiles. In Equation (1), the cross-sectional area S
of the rifled section depends on the rifling profile. A
VUAMP program was written to calculate the interior ballis-
tics using the Runge-Kutta method. Figure 7 shows the
chamber pressure-time curves of barrels with different
rifling profiles obtained by solving Equation (2).

In Figure 7, the barrel with rectangular rifling has a higher

maximum chamber pressure than the barrel with trapezoidal

rifling, and the maximum chamber pressure of the barrel with

multiarc rifling is close to that of the barrel with multilateral-

arc rifling but is lower than those of the barrels with rectangu-

lar and trapezoidal rifling. The maximum chamber pressures

of barrels with different rifling profiles are shown in Table 8.
In Table 8, the maximum chamber pressure for the bar-

rel with rectangular rifling is higher than those of the barrels
with trapezoidal, multiarc, and multilateral-arc rifling by 8.2,
17, and 16.7%, respectively.

The calculated interior ballistics results were verified by
comparison with the test result for the barrel with rectangu-
lar rifling. The calculation was performed over a range
beginning from the entrance of the forcing cone to 50mm
along the guide portion. The chamber pressure-velocity
curve is shown in Figure 8. The interior ballistic duration
is 0.455ms, and the initial chamber pressure is 25MPa.
The calculated chamber pressure peaks at 299.56MPa at
0.259ms, which represents only a 1.4% deviation from the
measured maximum chamber pressure, as shown in Table 9.

4.5.2. Heat Transfer Analysis of the Barrel. The barrel heat
transfer model was simulated in ABAQUS to determine
the radial temperature distribution of the barrel and the
temperature distribution at different points of the bore dur-
ing continuous firing. Heat transfer during firing occurred
by convection between the inner barrel wall and the high-
temperature gunpowder combustion gas and by heat
exchange between the outer barrel wall and the ambient
air. Heat exchange between the inner barrel wall and the
cold air flowing into the barrel occurred during the air cool-
ing period after the bullet exited the chamber and before the
next bullet began to move. The heat convection coefficient
between the inner barrel wall and the high-temperature gun-
powder combustion gas was determined using Equation (10)
and is shown in Figure 9. The heat sink temperature is the
temperature of the gunpowder combustion gas and was
obtained by solving Equation (11) and Equation (2) for the
interior ballistics and is shown in Figure 10. The heat
exchange coefficient between the outer barrel wall and the
ambient air was set to 2mW/(mm2·K), and the heat sink
temperature was set to room temperature (298.15K) [17].
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Figure 10: Temperature curve of the gunpowder combustion gas.
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Figure 11: Temperature nephogram of the barrel during
continuous firing.
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The heat convection coefficient of the gunpowder com-
bustion gas was calculated as follows:

hc = 0:023
λ

a
v tð Þρ tð Þd

μ tð Þ
� �0:8 ρ tð Þcp tð Þd

λ

� �0:4
Kc, ð10Þ

where d represents the inner barrel diameter; ρðtÞ, vðtÞ, μðtÞ,
a, and cpðtÞ denote the density, velocity, viscosity coefficient,
thermal conductivity, and specific heat of the gunpowder

combustion gas, respectively; and Kc is a correction coeffi-
cient ranging from 1.15 to 1.2.

The temperature of the gunpowder combustion gas was
calculated as given below.

Tg tð Þ = 1 −
k − 1ð Þφqv tð Þ2

2fωψ

" #
Tb: ð11Þ

In this equation, k = Cp/Cv , where Cp represents the spe-
cific heat capacity of the gunpowder combustion gas at
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Figure 12: Time history curve of the inner wall surface temperature during continuous firing.
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Figure 13: Time history curves of the hourglass energy and internal energy.
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constant pressure and Cv is the specific heat capacity of the
gunpowder combustion gas at constant volume; f = RTb,
where R and Tb denote the gas constant and the gunpowder
explosion temperature, respectively; φ is a virtual coefficient;
q is the bullet weight; vðtÞ is the bullet velocity; ω denotes the
gunpowder charge; and ψ is the relative mass of burnt
gunpowder.

The radial temperature distribution of the barrel and the
variation in the barrel temperature with time during continu-
ous firing are shown in Figures 11 and 12, respectively.

Figure 11 is a temperature nephogram of the barrel section
50mm away from the entrance of the forcing cone during
continuous firing and shows that the temperature gradually
decreases from the inner wall to the outer wall. Figure 12 is a
time history curve for the barrel temperature during continu-
ous firing, indicating a high peak temperature of the inner bar-
rel wall that increases with the number of shots.

4.5.3. Calculation of the Coefficient of Friction between the
Bullet and the Inner Barrel Wall. A VFRIC subprogram
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Figure 14: Nephograms of the barrel stress at the early stage of bullet engraving into the forcing cone.
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[16] was written in Fortran based on the friction model
shown in Equation (7) to calculate the temperature-
dependent coefficient of friction between the bullet and the
inner barrel wall.

4.5.4. Setting the Load and Boundary Conditions. The
VUAMP subprogram for calculating the chamber pressure
load and the VRIC subprogram for calculating the friction
coefficient were imported into ABAQUS as secondary soft-
ware. The subprograms were loaded using the temperature
field determined by the heat transfer analysis of the barrel
as the initial temperature field for the barrel impact response
analysis during continuous firing [18], based on the cosimu-
lation process presented in Figure 3. Thus, a coupling analy-
sis for heat, force, and friction was realized.

5. Simulation Results and Analysis

5.1. Hourglass Energy. The hourglass energy should be con-
trolled to below 5% of the total internal energy to ensure
accurate and reliable simulation results using reduced inte-

gration elements. Default hourglass control was employed
in this study to verify the ratio of the hourglass energy to
the total internal energy of the models. Figure 13 shows
the time history curves of the ALLAE hourglass energy and
ALLIE internal energy. The maximum ALLAE hourglass
energy is 534.38mJ, and the corresponding internal ALLIE
energy is 11609.9mJ. Thus, the ratio of the ALLAE hourglass
energy to the ALLIE internal energy is 4.4%, which indicates
that the simulation result is reliable.

5.2. Analysis of Dynamic Stress Response for Barrels with
Different Rifling Profiles under Heat-Force-Friction
Coupling. Figures 14, 15, and 16 are nephograms of the
Huber-Mises stress for barrels with rectangular, trapezoidal,
multiarc, and multilateral-arc rifling during various periods
of the bullet engraving into the rifling. Figure 17 shows the
time history curves of the stresses at the guide side, middle
section, and nonguide side of each land at points at the
entrance of the rifled section of the barrels with different
rifling profiles. A large stress is induced when the bullet
begins to engrave into the forcing cone. As the base pressure
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Figure 15: Nephograms of the barrel stress at the completion of bullet engraving into the rifled section.
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keeps increasing, the bullet continues engraving into the bar-
rel, resulting in a constant increase in the stress at the inner
barrel wall. When the entire bullet engraves into the rifled
section, the maximum stresses are reached at the land/
groove junctions and at the entrance to the rifled section.
The stress subsequently trends downward. The stress distri-
bution of the barrel with rectangular rifling is substantially
similar to that of the barrel with trapezoidal rifling during
bullet engraving, whereas the stresses at the land/groove
junctions of the rectangular rifling differ significantly from
those of the trapezoidal rifling. The land/groove junctions
of the rectangular rifling are prone to stress concentration
because the groove interior angle and land exterior angle
are approximately right angles. The groove interior angle
and land exterior angle of the trapezoidal rifling are not right
angles, but stress concentration nevertheless develops at the
land/groove junctions. However, the stress concentration is
less severe than that developed at the rectangular rifling
land/groove junctions. The stress is generally high in lands
and considerably higher on both sides than in the middle
section, whereas the stress at the guide side is higher than
that at the nonguide side. This stress distribution may accel-
erate land wear during repeated firing, thereby continually

reducing the land size. In addition, the stress distribution
for the barrel with multiarc rifling is substantially similar
to that in the barrel with multilateral-arc rifling during pro-
jectile engraving: there is a high-impact stress at the junction
between the forcing cone and the rifled section, a uniform
stress distribution over the rifled section, and no discernible
stress concentration. The guide-side stress is considerably
lower for the barrels with multiarc and multilateral-arc
rifling than for the barrels with rectangular and trapezoidal
rifling, because the wide lands and large area of the guide
side of the barrels with multiarc and multilateral-arc rifling
help to reduce the stresses at the top surface and guide side
of each land. Therefore, the barrels with multiarc and
multilateral-arc rifling profiles have a higher impact resis-
tance than the barrels with the other two types of rifling pro-
files, which reduces the damage caused by the projectile
impact to the bore and effectively increases the barrel service
life. A comparative analysis of the results for the four types
of barrels shows that the maximum stress develops at the
junction between the forcing cone and the rifled bore during
projectile engraving. Therefore, severe damage is inflicted
near the initial position of the rifled section for all four types
of rifled barrels, in accordance with the actual conditions.
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Figure 16: Nephograms of the barrel stress under the maximum chamber pressure.
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6. Conclusion

Dynamic stress analysis models and methods for barrels
with different rifling profiles were applied in this study
to bullet engraving into rifling during continuous firing.
The study results provide a reference for barrel fatigue
analysis and barrel structure design. First, feature suppres-
sion by expression using a uniform parametrized template
was used to realize parametric modeling of over a thou-
sand types of barrels. Second, various models were devel-

oped for barrels with different rifling profiles during
continuous firing to lay a theoretical foundation for ana-
lyzing the dynamic barrel stress during bullet engraving:
a model to calculate the chamber pressure, a model to cal-
culate heat transfer in the barrel, and a model to calculate
the friction between a bullet and the wall surface of a bar-
rel bore based on shear-slip friction theory. Then, heat-
force-friction coupling during bullet engraving was com-
prehensively considered in constructing a finite element
model, along with geometric modeling, meshing, material
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Figure 17: Stress distribution in barrels with different cross-sectional profiles.
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model definition, setting up the load and boundary condi-
tions, and defining contact. The dynamic barrel stress was
analyzed under heat-force-friction coupling by importing
two subprograms into ABAQUS: a VUAMP subprogram
for calculating the chamber pressure load generated by
the gunpowder combustion gas and a VFRIC subprogram
for calculating the friction between the bullet and the
inner barrel wall using a variable friction coefficient. The
calculated chamber pressure was verified by comparison
with test results. Finally, the dynamic response stress dur-
ing the engraving of a bullet into four barrels with differ-
ent rifling profiles during continuous firing was analyzed.
The following conclusions were drawn.

(1) For the four barrel types, a large stress is induced at
the early stage of the bullet engraving into the forc-
ing cone. As the chamber pressure keeps increasing,
the bullet continues to engrave into the rifling, and
the stress at the inner barrel wall continues to
increase and peaks at the land/groove junctions and
the entrance to the rifled section when the bullet
completely engraves into the barrel. The stress subse-
quently trends downward. Tests revealed that all the
severe damage to the various rifled barrels occurred
near the entrance to the rifled section, in accordance
with the simulation results

(2) The stress distribution during projectile engraving
for the barrel with rectangular rifling is substantially
similar to that for the barrel with trapezoidal rifling,
whereas the stress at the land/groove junctions of the
barrel with rectangular rifling is generally higher
than that of the barrel with trapezoidal rifling. As
the groove interior angle and land exterior angle of
the rectangular rifling are approximately right
angles, the stress concentration at the land/groove
junctions during projectile engraving is more severe
for the barrel with rectangular rifling than for the
barrel with trapezoidal rifling. The stress in a land
is significantly higher at both sides than in the mid-
dle section, and the stress at the guide side is higher
than that at the nonguide side

(3) The stress distribution for the barrel with multiarc
rifling is substantially similar to that for the barrel
with multilateral-arc rifling: there is high-impact
stress at the junction between the forcing cone and
the rifled section, a uniform stress distribution over
the rifled section, and no discernible stress concen-
tration. Unlike the rectangular and trapezoidal
rifling, the multiarc and multilateral-arc rifling fea-
ture a smooth transition between adjacent grooves
and lands that facilitates bullet engraving (i.e., the
engraving force is small, and there is no stress con-
centration). The wide lands and large area of the
guide sides of the multiarc and multilateral-arc
rifling help to reduce the stress at the top surface
and guide side of each land. Therefore, the multiarc
and multilateral-arc rifling have a considerably lower

stress at the guide side than the rectangular and trap-
ezoidal rifling

(4) Considering the dynamic response stress for the bar-
rel during bullet engraving and the resulting fatigue
damage, the multiarc and multilateral-arc rifling
help to reduce the dynamic stress of the barrel rifling
and increase the barrel fatigue life
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