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ABSTrAcT

Understanding the heat transfer phenomenon during interior ballistics and consequently presenting a realistic 
model is very important to predict the temperature distribution inside the cannon barrel, which influences the gun 
wear and the cook-off. The objective of this work is to present a new detailed numerical model for the prediction of 
thermal behaviour of a cannon barrel by combining PRODAS interior ballistics simulation with COMSOL simulation. 
In this study, a numerical model has been proposed for the heating behaviour of a 120 mm smoothbore cannon 
barrel, taking into account the combustion equation of the JA-2 propellant. Temperature dependent thermophysical 
properties of product gases were used for the calculation of the convective heat transfer coefficient inside the barrel. 
Projectile position, velocity of the projectile, gas temperature inside the barrel, volume behind the projectile and 
mass fraction during interior ballistics have been obtained by PRODAS software and used in the numerical model 
performed by COMSOL multiphysics finite element modelling and simulation software. Temperature simulations 
show that maximum wall temperature inside the cannon barrel is observed after 3 ms from fire, when maximum 
value of the convective heat transfer coefficient inside the barrel is observed. The results reveal that the convective 
heat transfer coefficient of burned gases inside the gun has major effect than the burned gas temperature on the 
heat transfer phenomenon.

Keywords: Interior ballistics; Cannon barrel; Finite element method; Transient heat transfer

Defence Science Journal, Vol. 72, No. 1, January 2022, pp. 30-39, DOI : 10.14429/dsj.72.16542  
© 2022, DESIDOC

NOMENcLATUrE
a, b, c, d, e, f    Mole numbers of combustion product of    

  CaHbNcOdCleSf
a1, b1, c1, d1, e1, f1    Mole numbers of ingredients of JA-2
csteel Specific heat of steel
D Diameter 
hin Internal convection heat transfer coefficient before the 

projectile
hs Convection heat transfer coefficient inside the barrel, 

function of hin and S, Eqn (9)
hout Convection heat transfer coefficient outside the barrel 
k Thermal conductivity 
L Barrel length 
m Mass 
Nu Nusselt number
n Proportionality constant 
P Breech pressure
Pr Prandtl number
Rin Inner radius of the barrel
Rout Outer radius of the barrel
R2 Coefficient of determination
Rein Reynolds number inside the barrel
r, z Radial and axial coordinates, respectively
S Projectile position 
T Temperature 
T0 Initial temperature 

Tair Temperature of the air
Tave_in Average temperature at the inner surface of the barrel
Tgas Temperature of the combustion gases
Tin Temperature at the inner surface of the barrel 
TS Temperature of the inside medium of the barrel, function 

of Tgas, T0 and S, Eqn (8)
Tmax Highest value of the inside barrel temperature
Tout Temperature at the outer surface of the barrel 
t Time
V Volume 
Vp Velocity of the projectile 
Vwind Wind velocity
z Distance from breech 
ε  Emmisivity of the barrel surface 
µ  Dynamic viscosity 
ρ  Density 
σ  Stefan-Boltzmann constant

1. INTrODUcTION
Interior ballistics is the field of science devoted to research 

the interaction of the gun, propellant train and projectile, 
after the fire and while the projectile is inside the gun1. This 
rich branch of the science deals with different phenomena as 
projectile and barrel dynamics2, projectile-barrel interaction3, 
vibration4,5, combustion1, thermodynamics6, heat transfer7 
among others. Nevertheless, heat transfer is a special process 
in interior ballistics, since it is related with the large amount of 
energy released by propellant combustion and with the large 
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amount of energy lost. Consequently, heat transfer influences 
directly the efficiency of the gun.

After fire, chemical energy of the propellant is converted to 
kinetic energy of the projectile and also heat due to combustion 
and friction. Barrel where the combustion takes place is the 
most important part the gun for the gun life. Heating behaviour 
of the barrel during interior ballistics is relevant to wear 
problems, thermomechanical behaviour of the material and 
also barrel life7. 

As a result, understanding the heat transfer phenomenon 
during interior ballistics and presenting a numerical model for 
the heating behaviour of the barrel is a very important subject.  
Franco and Peter8 stated the heat transfer coefficient inside the 
barrel as a function of projectile velocity, mean pressure and 
gas temperature using Reynold’s analogy in their numerical 
and experimental study. They also showed that steel surface 
temperature decreases 150K when silicon dioxide coating 
used on the inner surface of the barrel. Wildegger- gaissmaier9 
numerically investigated the effects of the wall thickness of 
the barrel and rate of fire on the barrel temperature. In this 
study, it is not only showed that barrel temperature increases 
with the increase of the rate of fire and decrease with the wall 
thickness, but also it is presented the result that chrome coating 
on the inner surface of the barrel causes the barrel temperature 
to increase due to high thermal diffusivity of the chrome. 
Chen10, et al. used the measured outside temperature of the 
barrel to numerically estimate inner heat flux and also inner 
temperature of the barrel. Mishra11, et al. concluded the result 
that the assumption of constant thermophysical properties 
causes 3.27% error for the maximum bore surface temperature 
of the barrel in their numerical study. Şentürk12, et al. 
investigated the interior ballistics of the 7.62 mm barrel with 
thermo-mechanical approach by numerical, analytical and 
experimental methods. They presented temperature and stress 
distributions on the barrel. Işık and göktaş13 inversely found 
inner heat flux by the measured temperature values on the 
combustion chamber. They also investigated the effects of 
time interval between two magazines, number of cartridges in 
magazines, thicknesses of combustion chamber and cartridge 
case on cook-off time. Copley and Thomas14 analytically 
solved the heat equation for a hollow cylinder subjected to time 
dependent heat flux on its inner surface. They applied model 
to barrel heating problem and presented the exponentially 
decreasing heat flux for the inside boundary condition of the 
barrel. Hansen and Heiney15 performed an analytical and 
experimental study on the projectile motion. They postulated 
that acceleration of the gases behind the projectile is the main 
reason of the pressure and density gradients inside the barrel. 
Bundy16, et al. obtained the temperature values on the 120mm 
cannon barrel experimentally and also numerically by heat 
transfer code which is in conjunction with interior ballistic 
code. Hameed17, et al. found that the cook-off temperature 
interval of the Bulls Eye propellant is 151.4°C-153.4°C in 
their experimental study. Cronemberger6, et al. investigated 
the interior ballistics of 7.62 mm barrel by Vallier-Heydenreich 
method, lumped parameter method, PRODAS simulation and 
also experimentally. When they compared obtained results with 
experimental results, they concluded that lumped parameter 

method and PRODAS simulation predict the best results for the 
maximum pressure. Chen & Liu18 inversely estimate the time 
dependent heat flux and barrel inside temperature of 7.62mm 
barrel in their numerical model. Chung19, et al. found heat input 
by measured bore temperature values, then they presented an 
empirical equation for the wear rate of a 40 mm barrel as a 
function of heat input for two different types of ammunition. 
Mishra20, et al. used exponentially decaying heat flux in their 
numerical model for 155 mm, 52 caliber barrel and validated 
their model with experimental results. Hill and Conner21 
proposed a one-dimensional numerical model which yields 
temperature distribution through the thickness of the barrel. In 
their model thermal conductivity and specific heat of the barrel 
are temperature dependent and they obtained gas temperature 
by PRODAS for the interior wall boundary condition. 
Yong-hai22 presented temperature distribution on the barrel  
under the effects of thermal and pressure pulses by his numerical 
model which considers temperature dependent physical 
properties of the barrel. Akçay & Yükselen23 applied his one-
dimensional numerical model to 7.62 mm M60 machine gun 
for serial shots. They obtained thermodynamic characteristics 
of combustion gases and heat convection coefficient inside 
the barrel by means of interior ballistics code. This model 
considers specific heat and thermal conductivity of the barrel 
as temperature dependent. Shen24, et al. developed time 
dependent thermo-mechanical finite element model for the 
simulation of the interior ballistics process of the bullet-barrel 
system. They concluded that main factors responsible for the 
life end of 12.7 mm barrel are the variation of the bullet’s 
surface morphology and the increase of its disturbance at 
the muzzle. Li25, et al. established the relationship between 
chromium coating surface temperature and interface shear 
damage by finite element method and in-situ tensile test in 
their study. They concluded that increasing the crack spacing 
of chromium coating and also coating thickness will extend the 
service life of the gun barrel.

In this study, thermal behaviour a 120 mm smoothbore 
cannon barrel has been investigated numerically by COMSOL 
Multiphysics finite element modelling and simulation software. 
It is aimed to present temperature distribution inside a cannon 
barrel by using a proposed heat transfer model based on the 
determination of the inner surface heat transfer coefficient, 
which varies with time during the interior ballistics, being 
influenced by projectile velocity, dynamic viscosity, thermal 
conductivity, density and Prandtl number of the propellant 
burned gas. Thermophysical properties of combustion gas 
have been obtained considering the combustion equation of 
the propellant and the PRODAS interior ballistics simulation. 
This study presents very detailed analysis for the heat transfer 
inside the cannon barrel and a new procedure to evaluate the 
heat transfer coefficient on inner barrel surface. Furthermore, a 
new approach is provided combining the PRODAS simulation 
of the interior ballistics with the COMSOL simulation of the 
heat transfer in the barrel.

2. MATErIAL AND METHODS
2.1 Geometry and Theoretical Model

In this study, interior ballistics and temperature distribution 
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of the cannon barrel has been investigated by proposed 
numerical model. geometry of the investigated cannon barrel 
is presented in Fig. 1. 

geometric dimensions of the investigated cannon barrel 
with the length of 4.826m are presented also in Table 1. 

The numerical model has been presented by Eqns (1-9). 
Analysis has been performed in axisymmetric two-dimensional 
geometry.
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where TS is temperature of the inside medium of the barrel, 
Tin is temperature at the inner surface of the barrel, ε  is the 
emissivity of the barrel surface having the value of 0.85 13 and 
σ  is Stefan-Boltzmann constant (5.67.10-8W/m2K4). Similar to 
the function of TS, convection heat transfer coefficient inside 
the barrel, Sh , is calculated as a function of projectile position 
S considering internal convection heat transfer coefficient 
before the projectile, hin .

Thermophysical properties of the cannon barrel are taken 
from the study of gerber and Bundy27 and given in Table 2. 
Temperature dependent functions of specific heat and thermal 
conductivity of the steel have been obtained by curve fitting. 
Temperature in these functions are in Kelvin (K). R2 is the 
coefficient of determination. It ranges from 0 to 1. Values of R2 
closer to 1 shows the fitted curve is better.

Figure 2 shows projectile position, velocity of the projectile, 
temperature inside the gun and breech pressure during interior 
ballistics, which have been obtained by PRODAS for the 
ammunition of 120 mm M829 APFSDS-T with the propellant 
of JA-228. PRODAS is a commercial interior ballistics software 
with a data library of guns and ammunitions, having also 
different solvers. So, the results have been obtained in the 
PRODAS for the Baer and Frankle interior ballistics model, 
120 mm gun and M829 APFSDS-T ammunition.

It is important to highlight that the model, adopted in the 
PRODAS simulation, considers a shot start pressure of 
1.4445 MPa. Then, following this approach, the interior 
ballistics starts when the pressure in the combustion chamber 
reaches the start pressure. The time before such instant is 
neglected, since until this time, the burned hot gases are not 
in touch with the barrel. So, in this simulation, the interior 
ballistics starts with the movement of the projectile.

The key point to model the heat transfer inside the 
barrel structure is to obtain heat convection coefficient on 
the inner surface of the barrel. Detailed thermophysical 

Table 1. Geometric dimensions of the cannon barrel26

Distance from 
breech z (m)

corresponding inner 
radius Rin (mm)

Distance from 
breech z (m)

corresponding outer 
radius Rout (mm)

Distance from 
breech z (m)

corresponding outer 
radius Rout (mm)

0 79.55 0 135 2.762 98
0.061 78.8 0.237 135 2.788 112.5
0.486 78.8 0.238 154.95 2.804 112.5
0.555 60.4 0.8 154.95 2.805 108
0.805 60.05 1 135 2.868 108
4.826 60.05 1.731 135 2.898 89

1.732 125 3.415 89
1.863 125 3.445 108
1.864 120 3.520 108
1.9 120 3.521 105

1.901 112.5 3.560 105
1.940 112.5 3.561 85.5
1.950 107.5 4.826 80.5

Figure 1. Geometry of the cannon barrel.
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analysis from the time of the propellant ignition until the end 
of the interior ballistics is needed for the calculation of the heat 
convection coefficient inside the gun.

2.2 calculation of the Heat convection coefficients 
Inside and Outside the Barrel
Products of the combustion equation and their dependent 

thermophysical properties need to be known for the calculation 
of inside convection coefficient inh . Chemical composition of 
the JA-2 has been presented in Table 3.

A general combustion equation for the propellant is 
present in Eqn (10)31 and the combustion equations for each 
propellant ingredient are presented in Eqns (11-16).

( )

( ) ( )

2 2 2

2 2

1
2 2

1
4 4

a b c d e f
cC H N O Cl S aCO b e H O N

deHCl fSO a f b e O

→ + − +

 + + − + + − − 
 

 

(10)

12 14 6 22C H N O → 2 2 2 212 7 3 – 4.5 CO   H O   N   O+ +  (11)

Figure 2. PrODAS results: (a) Projectile position as a function of time, (b)Velocity of the projectile as a function of time,  
(c) Temperature of gas mixture inside the gun, and (d) Breech pressure inside the gun.

Table 2. Thermophysical properties of the barrel

steelc (J/kgK)
417.1728 + 5.32 ⋅ 10-2T + 3 ⋅ 10-4T2

3.03K ≤ T ≤ 969.7K R2 = 0.9955

-15849.8609 + 17.1011T 969.7K ≤ T ≤ 1016.67K R2 = 0.9862

11850.4603 - 10.1614T 1016.67K ≤ T ≤ 1119.7K R2 = 0.9643

450.2656 + 0.1227T 1119.7K ≤ T R2 = 0.9941

steelk (W/mK)
5.9834 + 34.9813(1-e-0.0068T) 31.76K ≤ T ≤ 440.08K R2 = 0.9990

36.4593 + 1.63 ⋅ 10-2T – 2.4696 ⋅ 10-5T2
440.08K ≤ T ≤ 1058.22K R2 = 0.9996

14.1706 + 1.13 ⋅ 10-2T 1058.22K ≤ T R2 = 0.9993

steelρ (kg/m3) 7827

Table 3. JA-2 Propellant formulation29,30

Ingredients chemical formula Molecular weight (g/mol) Weight %
Nitrocellulose (13.4 % N) (NC) C12H14N6O22 594.2696 59.5
Nitroglycerin (Ng) C3H5N3O9 227.0872 14.9
Diethylene glycol dinitrate (DEgDN) C4H8N2O7 196.1164 24.8
Ethyl centralite C17H20N2O 268.3578 0.7
Magnesium oxide MgO 40.3044 0.05
graphite C 12.011 0.05

(a)

(c) (d)

(b)
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3 5 3 9C H N O → 2 2 2 23 2.5 1.5 0.25 CO   H O   N   O+ + +   (12)

4 8 2 7C H N O → 2 2 2 24 4 2.5 CO   H O  N   O+ + −         (13)

17 20 2C H N O → 2 2 2 217 10 21.5 CO   H O  N   O+ + −   (14)

MgO → 20.5Mg   O+                                                (15)

C → 2 2CO  O−                                                          (16)

It has been known that the JA-2 propellant is consisting 
of a1, b1, c1, d1, e1 and f1 moles of C12H14N6O22, C3H5N3O9, 
C4H8N2O7, C17H20N2O, MgO and C, respectively as shown in 
Eqn (17). These constants can easily be found as a function of 
proportionality constant n by using weight percentages of each 
ingredient of JA-2 and their molecular weights.

1 12 14 6 22 1 3 5 3 9 1 4 8 2 7

1 17 20 2 1 1

2JA a C H N O b C H N O c C H N O
d C H N O e MgO f C

− → + +
+ + +

 
(17)

1 0.100122907a  n=                                                    (18)

1 0.065613561b  n=                                                     (19)

1 0.126455513c  n=                                                      (20)

1 0.002608458d  n=                                                    (21)

1 0.001240559e  n=                                                     (22)

1 0.004162851f  n=                                                    (23)

It can be easily seen that the effects of the 
ethyl centralite (C17H20N2O), magnesium oxide 
(MgO) and graphite (C) can be neglected in the 
combustion equation. Eqn (24) can easily be 
obtained when selecting a1 = 100, b1 = 66 and  
c1 = 126 in the case of complete burning. But in 
the real case, there should be H2 and CO in the 
combustion products due to incomplete burning 
because of the insufficient oxygen in the medium. 
The combustion equation in the case of incomplete 
burning has been obtained and presented in  
Eqn (25) to be used for calculations. Real 
combustion equation of propellant JA-2 can easily 
be obtained after assuming mole fraction of CO2 
to that of CO in the products as 1.5, following 
Değirmenci and Dirikolu32.

Combustion equation of JA-2 in the case of 
complete burning:

12 14 6 22 3 5 3 9 4 8 2 7

2 2 2 2

100 66 126
748.5 1902 1369 525

 C H N O   C H N O  C H N O
  O  CO   H O   N

+ +
+ → + +

  

(24)
Combustion equation of JA-2 inside the 

barrel:

12 14 6 22 3 5 3 9

4 8 2 7 2

2 2 2

100 66
126 1141.2 760.8
632.8 525 736.2

 C H N O   C H N O
 C H N O  CO   CO 

  H O   N   H

+
+

+
→+

+ +

          
       (25)

Thermophysical properties of each 
combustion gases depending on temperature 

has been calculated by using data in the NIST33 website and 
curve fitting method. Temperature dependent functions of 
thermophysical properties are presented in Table 4. In these 
correlations temperature is in Celsius (°C).

Volume behind the projectile during the movement of the 
projectile and mass fraction have been obtained by PRODAS. 
Time dependent variations of the volume behind the projectile, 
mass fraction, mass and density of the combustion gases are 
presented in Figs. 3 and 4. As it can be seen from Figs. 3 and 
4, volume behind the projectile shows exponential growth 
after 2 ms due to the motion of projectile position (Fig. 2(a)) 
and mass fraction increases almost linearly from 0 to 1 during 
the interior ballistic. Because at the beginning of the interior 
ballistics, propellant, which is in the combustion chamber, 
is in the solid form and there is no gas formation. During 
combustion of the solid propellant, mass of the combustion 
gases increases with the decrease of the solid propellant mass, 
as a result, mass fraction gets the value of 1 towards the end 
of the interior ballistics. Total mass and the density of the 
combustion gases have been obtained by the Eqns (26) and 
(27), respectively. Mass of propellant is 7.9 kg. Mass fraction 
of the combustion gases increases almost linearly until the 
propellant is consumed. While density of the combustion gases 
also increases almost linearly until 2 ms, it decreases after this 
time due to the exponential growth of the volume behind the 
projectile.

Table 4. Thermophysical properties of combustion gases

Dynamic 
viscosity
(Pas)

3

2

5 4 3.9 10( )8.6759 10 2 10 T
CO  e

−− − − ⋅= ⋅ +µ ⋅ R2=1

25 5 1.110( )4.0845 10 10C
T

O  1.9629 e
−− − − ⋅+µ = ⋅ ⋅

R2=1

3

2

5 4 3.9( 10 )6.8442 10 10H
T

O  3 e
−− − − ⋅µ = ⋅ + ⋅

R2=0.9996

2

5 8 2117.5009 10 10 101.0079N  1.5899- T T− − −µ += ⋅ ⋅ ⋅ R2=0.9915

2

5 9 2122.2575 10 10 109.5023H  4.4447- T T− − −µ += ⋅ ⋅ ⋅ R2=0.9997

Thermal 
conductivity
(W/mK)

2

50.1559 1.6511 10COk T−= − ⋅ R2=0.9331

35 )0( .9 10.1043 0.2636O
T

C ek
−− ⋅= +

R2=1

3

2

3.5 10( )0.1510 3.1215H
T

Ok e
−− ⋅= +

R2=0.9999

2

25 80.1313 10 11.52 09N  2.0240k - T T− −= ⋅ ⋅+ R2=0.9952

2

4 8 20.7893 1 5.1 00 12 1 0Hk T T7 − −⋅−= + ⋅ R2=1

Prandtl 
number 2

3 )0( 2.4 10.8193 0.83Pr 91CO
Te

−− ⋅= +
R2=1

24 7Pr 7.73880.2204 10 10CO  2 T T− −⋅+= + ⋅ R2=1

2

3 7 20.1318 10 1Pr 03.7592H O T1 T .6 − −−= − + ⋅ ⋅ R2=0.9998

2

5 2100.6796 1Pr 5.70 10657N  2.1064 T T− −= + ⋅ ⋅+ R2=0.9963

2

36.6 10( )0.2895 0.38Pr 21 T
H e

−− ⋅= + R2=0.9998
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mass
( )

( ) gas

propellant

m t
fraction t

m
=                                        (26)

( )
( )

( )
gas

gas

m t
t

V t
ρ =                                                           (27)

Dynamic viscosity, thermal conductivity and the Prandtl 
number (Pr) of the burned gas mixture have been calculated 
considering Eqn (25), as in the study of Değirmenci and 
Dirikolu32, and presented by Eqns (28)-(30), respectively. 
These thermophysical properties of the gas mixture have been 
obtained using temperature dependent functions for each gas 
presented in Table 4 and the gas mixture temperature inside the 
barrel shown in Fig. 2(c). The obtained results are presented in 
Figs. 5 and 6. 

2 2 2 2
1141.2 760.8 632.8 525 736.2

3796
CO CO H O N H

gas

µ + µ + µ + µ + µ
µ =  

(28)

2 2 2 2
1141.2 760.8 632.8 525 736.2

3796
CO CO H O N H

gas

k k k k k
k

+ + + +
=  

(29)

2 2 2 2
1141.2Pr 760.8Pr 632.8Pr 525Pr 736.2Pr

Pr
3796

CO CO H O N H
gas

+ + + +
=  

(30)
Dittus–Boelter equation32,34 has been used for the 

calculation of the time dependent internal convection heat 
transfer coefficient of the 120mm caliber gun barrel. Half of 
the projectile velocity has been used for the calculation of the 
Reynolds number (Rein), representing the characteristic velocity 
of the burned gas mixture. Time dependent variation of the 
Reynolds number inside the barrel has also been presented in 
Fig. 6. This hypothesis is based on the fact that the gases at 
the breech are stationary and the velocity of the projectile is 
equal to the gas velocity behind the projectile. So, there is a 
gas velocity gradient from the breech to the projectile. Heat 
convection coefficient inside the barrel during the interior 
ballistics has been presented in Fig. 7.

Figure 6. reynolds number (rein) and Prandtl number (Prgas) 
of the gas mixture.

Figure 3. Volume behind the projectile and density of gas 
mixture. 

Figure 4. Mass fraction and mass of the gas mixture.

Figure 5. Thermal conductivity and dynamic viscosity of the 
gas mixture.

Figure 7. Convection heat transfer coefficient inside the barrel 
during interior ballistics.
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0.8 0.3( )
( ) 0.023Re ( ) Pr ( )

( )
in in

in in gas
gas

h t D
Nu t t t

k t
= =             (31)
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It is noteworthy that the convective heat transfer coefficient 
inside the barrel considers the data provided by PRODAS and 
Baer and Frankle model assumptions, including the single-
phase burned gas flow inside the gun.

Convection coefficient outside of the barrel has been found 
as 13.4W/m2K by the correlation given in Eqn (33)13,34. Outside 
air velocity was assumed as 10km/h. Thermophysical properties 
of the air was evaluated at the film temperature, which is the mean 
of medium air and outside barrel temperatures. So, discrepancy 
analysis of the convection coefficient outside of the barrel has 
been performed considering outside barrel temperature values 
from 20 °C to 140 °C. Maximum discrepancy for hout has been 
calculated as 2.4% and it has been concluded that variation 
of the outside convection coefficient of the barrel due to the 
outside barrel surface temperature can be neglected.

( )

4/55/81/2 1/3

1/42/3

0.62Re Pr Re
0.3 1

2820001 0.4 / Pr
out out out air out

out
air

air

h D
Nu

k
  = = + +  

     + 

 

Re Pr 0.2out air >
 

(33)

3. rESULTS AND DIScUSSION
Mesh dependency analysis has been performed for 

the study as shown on Fig. 8. It has been observed that no 
significant change on the results was observed with 4626496 
and more elements. As a result, analysis have been performed 
with 4626496 triangular elements in this study. Tave_in is the 
average temperature at the inner surface of the barrel. Maximum 
and average growth rates for the mesh used in this study are 
respectively 2.205 and 1.008. Minimum and average element 
quality values are also 0.6756 and 0.9922, respectively.

Barrel section from z = 0.3 m to z = 0.9 m from the 
breech was considered for the validation as shown in Fig. 
9a. Validation of the code has been performed considering 
temperature variation at the cross section of the barrel at  

z = 0.6m from breech as shown in Fig. 9(b). As temperature 
variation in a very thin layer from the inside surface of the 
barrel has been considered, 12463872 elements was used for 
the barrel geometry with 0.11 mm chromium layer on its inside 
surface and 1463872 elements was used for the barrel geometry 
without chromium layer. Time dependent gas temperature and 
convection coefficient given for the cross section at z=0.6m 
from the study of Underwood35, et al. have been applied on inner 
surface of the barrel for the validation of the code used in this 
study. Although both numerical results show good agreement 
with the literature, chromium coating ones are generally closer 
to Underwood35, et al. results as expected. 

Simulations of temperature and projectile position inside 
the gun were obtained and given in Fig. 10. Combustion starts 
at the combustion chamber and hot gases moves along the 
barrel from combustion chamber to the muzzle. As a result, 
the hottest place is the combustion chamber inside the gun. 
As it can be seen from Figs. 10(a) and 11, the highest value 
of the inside barrel temperature is observed at 3 ms due to the 
behaviour of the convection heat transfer coefficient inside 
the barrel (Fig. 7). Although gas temperature inside the gun 
decreases with time as seen from Fig. 2(c), the convection 
heat transfer coefficient of combustion gases increases until 
3ms and then decreases. It has been concluded that convective 

Figure 9. Geometry of the barrel and validation of the code: (a) Barrel geometry and (b) Temperature variation at the cross section 
of the barrel at z = 0.6 m from the breech (t = 4 ms).

Figure 8. Effects of the number of mesh elements on average 
temperature at the inner surface of the barrel.

(a) (b)
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heat transfer coefficient of combustion gases has an important 
effect on the heat transfer inside the barrel. On the other hand, 
maximum value of the temperature inside the barrel decreases 
after 3ms by the effects of the projectile motion and decrease 
of the convection heat transfer coefficient inside the barrel. 
Rather than conduction, heat transfer by convection due to 
the movement of the projectile has an important role on the 
transformation of heat to other parts of the barrel during interior 
ballistics. 

The red coloured places in Fig. 10(b) are places occupied 
by hot combustion gases. The intersection of the blue and red 
coloured places also shows the position of the projectile. As 
it can be seen from Fig. 2(a) and simulations in Fig. 10(b), 
projectile motion inside the barrel shows exponential growth. 
The total interior ballistics time is 5.659 ms. It is also shown 
from Fig. 10(b) that projectile is about to leave the muzzle at 
5.6 ms. 

4. cONcLUSION
In this paper a new and detailed numerical model has 

been proposed for the prediction of the thermal behaviour of 
a cannon barrel during interior ballistics. This new approach 
combines PRODAS interior ballistics simulation with 
COMSOL simulation of the heat transfer inside the barrel. 
The new procedure to compute the convective heat transfer 

coefficient on the inner barrel surface considers the interior 
ballistics data, chemical propellant combustion equation and 
temperature dependent thermophysical properties of the burned 
gas mixture.

The simulations were performed considering the 120mm 
gun with a M829 APFSDS-T ammunition and results reveals 
the temperature evolution inside the barrel structure along of 
the time. Moreover, the maximum temperature in the barrel 
and the convection heat transfer coefficient inside the barrel 
reach those maximum values almost at the same instant at 
3ms after fire. So, it is possible to conclude that there is a 
strong influence of the convection coefficient inside the barrel 
on the maximum temperature of the barrel. Consequently, it 
was verified that the convection coefficient on the inner barrel 
surface is really a key function to be modelled. Furthermore, 
the convective heat transfer coefficient of burned gases inside 
the gun has major effect than the burned gas temperature on the 
heat transfer phenomenon, since the maximum combustion gas 
temperature occurs at 0.4 ms after fire.

The proposed approach is feasible and useful to model 
and simulate the heat transfer in a barrel and to compute the 
convective heat transfer coefficient inside the gun, which 
is relevant to investigate many interior ballistics problems 
influenced by the temperature as wear, cook-off and thermal 
stress in the barrel.
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