258 Journal of Measurement Science and Instrumentation Vol. 6 No. 3, Sept. 2015

Analysis of barrel structure optimization for a mortar

LIU Qi-feng, ZHAO Han-dong, XIE Jia-qing

(College of Mechatronic Engineering . North University of China . Taiyuan 030051, China)

Abstract; Considering the maximum elastic limitation of the used material with newly advanced technology, the study focuses
on optimization of a mortar barrel structure by thinning the wall to reduce the weight. Firstly, static analysis of barrel structure
parameters is done based on finite element analysis (FEA) method and 3D solid model of the barrel is established based on Uni-
graphics NX (UG). Secondly, the 3D solid model is simplified and transplanted to ANSYS for barrel wall pressure calculation.
Thus, the change curves of the stress exerted on the barrel wall at different locations perpendicular to the axial direction with
wall thinning are drawn. By analyzing all possible optimization schemes, the optimal design that enables the barrel to have
higher bearing capacity is got. The optimized barrel structure is verified by means of fluid-solid coupling dynamic response anal-
ysis. The results show that the static analysis results are closer to real stress conditions than dynamic analysis results. Finally,

the barrel weight is reduced by 13% after simulation optimization and the light weight design of the barrel is effective and relia-

ble.
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As a kind of side arms for infantry, mortarst" be-
long to the cannons with fine motility. Barrel, as the
most important component of a mortar, plays a
prominent role in leading the movement of pellet and
exerting initial velocity on the pellet under the pres-
sure of powder gases. Therefore, the performance of
the barrel will directly affect the performance of the
mortar.

With manpower reduction in actual combats, a sin-
gle-operated cannon is in a great need, which means
that shooting operation only uses a barrel without
any riser plate. In this case, light-weight and flexi-
bility of the barrel become quite important. In this
paper, barrel structure optimization for the mortar is

discussed.
1 Establishment of finite element anal-
ysis model

Established by 3D solid modeling software uni-
graphics NX (UG), an actual computer aided design
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(CAD) solid model of a mortar barrel is shown in
Fig. 1. With the change of wall thickness of the bar-
rel, the quality and capability of the barrel will be in-
fluenced and barrel mass M with different wall thick-

ness values can be calculated.

Fig. 1 CAD solid model of a barrel

The material of the barrel is seamless alloy steel,
35CrMnNi,MoVA. In the process of shooting, elas-
tic model is chosen as constitutive model of the mate-
rial because plastic deformation of the barrel can not
be allowed. When stimulation results surpass the
given yield limit of the material by comparing the
barrel stress value with its yield limit, barrel material
plastic deformation occurs. Table 1 is the mechanical

performance parameters of the barrel material.
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Table 1 Material performance parameters

Elasti
Density Zglllc Poisson Elastic limit
s modulus o )
(kg/m?) (MPa) ratio (MPa)
7 840 2 070 0.3 1230

2 Stress analysis by ANSYS"”

Regardless of the influence of shooting process,
variable pressure is exerted on the inner wall along-
side the whole barrel, which is based on p-z curve de-
rived from vt curve (see Fig. 2), which shows the
stress and pressure conditions of the barrel.

The established geometric model of the barrel by
UG is transplanted into ANSYS Multiphysics. Con-
sidering the structural symmetry and loading weight

in finite element calculation analysis , only one-fourth

of the solid model is selected for a small amount of
calculation. A better value is concluded by hexahed-
ral grid partition. The established tube finite element

analysis (FEA) model is shown in Fig. 3.
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Fig. 2 Velocity-time curve of pellet
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Fig. 3 One-fourth finite element analysis model

According to maximum distortion energy theory
(the fourth strength theory)™®!, the deformation of
elastomers produces by external force. Thus, the e-
lastomers hold energy. The energy collected in this
way also occurs in the process of loading. They are
called strain energy and divided into two kinds: dis-
tortional strain energy and volume change energy.
The main factor affecting material yield is distortional
strain energy density. Material yield occurs on condi-
tion that the distortional strain energy density rea-
ches the same density as that under simple tension
yield condition.

In a word, the distribution of barrel stress is con-

verted into single-face stress distribution by

(61 —02)  + (62 —03)" + (65 —01)".

3=

(D

Then ¢, will be compared with the specified allowa-
ble stress.

Perpendicular to the axial direction of the barrel,
the inner wall is under different pressure values. The
different von Mises stress values on the barrel are
measured and analyzed. Table 2 presents the stress
values alongside the inner wall of the barrel by calcu-
lation. After they are exerted to the corresponding
part of the barrel, the final stress nephogram is got,

as shown in Fig. 4.

Table 2 Simulation results

Stress at different distances (MPa)

Maximum stress

(MPa) 200 mm 400 mm 600 mm 800 mm 1 000 mm 1 200 mm 1 400 mm 1 500 mm
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1228 835 812 795 698 762 662 820 628




260 Journal of Measurement Science and Instrumentation

Vol. 6 No. 3, Sept. 2015

.450764 .623465 .796165
.537114 .709815

1.14157
1.05522 1.22792

Fig. 4 Stress nephogram of barrel inner wall

The stress curve at different sections of the barrel
is shown in Fig. 5. It can be seen that the bottom of
the barrel (100—300 mm) receives high stress which
is basically even. The muzzle of the barrel (1 300—1
400 mm) suffers high stress and the largest stress
can reach up to 1 228 MPa. The ribs on the exterior
of the barrel can enhance the strength of the barrel

and greatly lower the stress.

X10°
0.85

=

%

S
T

e

2

G
T

0.65

Von Mises stress (MPa)
=)
=
=)
T

0.60 |

0.55
0 200 400 600 800 1000 1200 1400 1600

Axial distance (mm)

Fig. 5 Stress curve alongside barrel inner wall

3 Estimation of wall thickness reduc-
tion of barrel

The thickness of the bottom of the barrel is 10 mm
and the thickness of the muzzle is 5 mm'*. For this
reason, a gradually thinning method should be the
best choice. Under the circumstance that the inside
diameter of the barrel holds 60 mm and the sizes of
the ribs on the exterior remain unchanged, the wall
thickness is reduced by 0. 25 mm each time. Then the
corresponding model is established and the corre-
sponding stress value is got, too. The results are
shown in Fig. 6.

By observing the stress nephogram above, it can be
found that the bottom of the barrel suffers a sustain-
able high stress. Because this part is located at the
joint of the barrel and there is not a united simulation

with other components, the stress of this part is only

for a reference without detailed analysis. Further-
more, when the inner wall is under stress, the bot-
tom and the top parts of the barrel receive higher
stress, while the middle part receives lower stress.
This tendency becomes gradually obvious with the

decreasing of the wall thickness of the barrel.

2.00 mm
e ——————{

2.25 mm

Fig. 6 Stress nephogram of barrel after wall thickness reduced
by 0. 25 mm each time

Table 3 illustrates the relationship of barrel
weight, barrel stress and wall thickness thinning a-
mount. The maximum stress stands for the largest
stress value of the bottom which is only a reference.
The 200 mm, 400 mm and so on mean the position to
which the stress is exterted and measured from the
bottom. The results show that at 1 300 mm and
1 400 mm, the highest stress is received. With the
wall thickness decreasing by 1.5 mm, the stress rea-
ches the elastic limitation.

Conducting curve fitting on the above data, we get

several change curves that reveal barrel weight
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change law with wall thinning and stress change law
at different sections with wall thinning. Details can
be seen in Figs. 7—10.

Comparing all the dynamic characteristics men-

tioned above, we draw a conclusion that when the
wall thickness thinning reaches 1. 5 mm, the barrel
weight is the least and its elastic limitation reaches

the largest. Therefore, the barrel performs best.

Table 3 Relation between barrel weight and received thickness-dependent stress at different positions

Stress (MPa)

Reduced Weight Maximum
thickness of barrel stress
200 mm 400 mm 600 mm 800 mm 1000 mm 1200 mm 1300 mm 1400 mm
(mm) (kg) (MPa)
0. 25 41. 487 7 1309. 27 858. 03 851. 58 812. 05 705. 10 802. 66 691. 63 923. 00 869. 18
0. 50 40.194 6 1347. 04 877.08 871. 38 824. 87 724.99 825.71 715. 82 972.78 914. 14
0.75 38.859 7 1 387.01 897. 61 891. 06 842. 54 737.90 856. 93 743. 54 1 021. 20 962. 61
1. 00 37.577 5 1429.57 919. 11 913.25 862. 15 755. 60 892. 62 770. 15 1082.50 1 018.00
1.25 36. 300 1 1474.78 941. 82 936. 22 882. 11 774. 54 924. 31 801. 08 1152.20 1 085.00
1. 50 35.027 3 1522.93 965. 87 960. 58 902. 47 793.78 962. 29 836. 34 1 230.40 1 155.40
1.75 33.759 3 1574, 27 991. 39 986. 48 925.11 817. 74 1 004. 50 871. 35 1318.10 1 243. 30
2.00 32.496 0 1629.13 1018.50 1 014.00 953.12 839.73 1 053. 40 913.50 1421.60 1 337.30
2.25 31.237 5 1687.83 1047.40 1 045.70 978. 25 863. 10 1 101. 60 955. 66 1544.40 1 459.00
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Fig. 9 Stress at different thickness reduction amounts
at sections of 200, 400 and 600 mm

4 Verification

Interior ballistic model studies the shooting phe-

Thickness reduction (mm)

Fig. 10  Stress at different thickness reduction amounts
at sections of 1 300 and 1 400 mm

nomenon inside the barrel bore. This paper adopts
the classical interior model"*, and the following hy-
potheses should be obeyed:

1) Propellant combustion should obey the geomet-
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ric burning law;
2) Propellant combustion gas should obey the No-
bel Abel equation;

3) Mechanical work during the interior ballistic

2

4) Airflow inside the barrel conforms to Lagrange

process should be proportional to —mv*;

hypothesis which also assumes the grains burn under
an average pressure and obey the combustion velocity
law.

Based on the above hypotheses, the basic equations

of the cannon interior ballistics are given as'®

z _p' e
de Ib’ b ul’
dv _
PR
d_ 2)
de ’

SpUy =D = fap —Fgnv’.

A 1
1_7_A( _7) ’
a o (/J}

©Op

L= 1|

where ¢ is the burnout percentage of a gunpowder;
er» the arc thickness; A,y and p are the shapevol-
umes; Z is the relevant burnout thickness; wu;, the
burning rate; P, average pressure; ¢, the secondary
powder calculation ratio; n, the burning rate expo-
nent; m, the pellet mass; V', the pellet kinematic ve-
locity; S, the bore sectional area; [, the pellet stroke
length; /,, the necking length of powder chamber
free volume; f, the impetus; w, the explosive load;
0, the gunpowder thermal parameter; A, the gun-
powder loading density.

Various methods are adopted to obtain the gun
pressure P values on different parts alongside the
barrel, thus the mortar interior ballistic verification
can be achieved. Specific methods include the interior
ballistic mathematical model from Eq. (2), Runge
Kutta method and FEA method.

Fluid structure interaction dynamic analysis of the
light weighted barrel is conducted by using the interi-

"), Research findings of the barrel

or ballistic data
deformation under higher gun pressure are tested if
they turn out the ideal conditions from the dynamics

aspect. Fig. 11 is about received stress of the barrel.

Fig. 11 Stress of a working mortar

Table 4 lists the different received stresses along-
side the barrel after shooting.
It can be concluded from Table 4 that there is only

5. 6% difference between simulation results and opti-

mized results, which can be considered as the differ-
ent applications of arithmetic. Therefore, this light
weight result can be trusted and used for future ex-

periments,

Table 4 Stress at axial sections when a shell shooting

Stress (MPa)

Max
1493.8

200 mm
1012.2

400 mm
905. 9

600 mm
834. 2

800 mm

728.7

1 000 mm
885. 4

1 200 mm
753.1

1 300 mm
1160. 8

1 400 mm
1082.2

S Analysis

First, ANSYS statics simulation method is provid-

ed as a basic research background®. The variable

pressure is applied to the inner wall of the barrel per-
pendicula to the axial direction. The research focuses
on the relationship between thickness thinning a-
mount of mortar barrel and changes of wall stress.

Then a model is built with a constant 0. 25 mm wall
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thickness reduction of the barrel, and the stress
curve of the barrel is got. Dynamic simulation verifi-
cation by fluid-solid coupling is finally used for the
barrel model. It shows that ANSYS statics simula-
tion method acts as the most effective method, which
suggests itself be helpful to the optimization design

of a mortar.

6 Conclusions

1) Without assembly at the bottom of the barrel,
stress value reaches 1 228 MPa, while with a con-
stantly decreasing thickness, stress value increases at
the same time, which provides unreliable results in
this research.

2) The high gun pressure section at 600 mm re-
ceives sustainable stress with constant thickness re-
duction.  When the thickness reduction reaches
2.25 mm, the stress does not reach elastic limita-
tion.

3) When the thickness reduction reaches 1. 5 mm
and weight decreases 6.5 kg which is a decrease of
15.2% in barrel mass, stress at 1 300 mm section
firstly reaches the elastic limitation.

4) Ribs on the exterior have an outstanding ability
to enhance the strength. Thus they are applied to
weak sections. We get a quick stress value of rele-
vant simulation calculation;

5) The data in the fluid structure interaction ap-

pear as a smaller one than that in the optimization.

Besides, the bottom receives the highest stress where
the projectile is launched. Gun pressure constantly
decreases with projectile moving. These signs mani-
fest that the optimization is more reasonable and sa-
fer in an actual application, therefore it plays a help-

ful role in the future research.
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