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1. Introduction

Additive manufacturing’s (AM) capability to provide on-site fabrication of gun
components is enticing. AM also provides an opportunity to reconsider how gun
barrels could be designed using more complex geometries that are difficult to fab-
ricate by traditional casting and forging. However, the AM process can result in
material properties that do not have the strength and thermal properties of high-
strength gun steel due to the introduction of defects during the manufacturing pro-
cess.1 Optimization techniques can be employed to mitigate these possible issues.
In this report, we first review the fundamental structural requirements of a gun tube.
Next, we briefly discuss optimization techniques and how they can be applied in the
context of designing a barrel. Specifically, two geometry parameterization and solu-
tion techniques are described, each having relative strengths and weaknesses. The
first is a Fourier-like expansion of the radial coordinate of the external gun tube
cross section, coupled with boundary integral solution methods. The second is a
parameterized fin design in which the number of fins and fin geometry (thickness
and height) are the optimization parameters. A transient thermal model is used for
the analysis of these designs. Results of these techniques are given and discussed in
context of practical design considerations.

2. Review of Gun Barrel Design

While the details of gun tube design can be complex, a gun tube is, in essence,
simply a pressure vessel.2 The goal of the design, then, is likewise straightforward:
given the design specifications, such as maximum internal pressure, maximum tem-
perature, and desired exit velocity of a projectile, select the appropriate materials
and tube geometry that meet these requirements. While the internal pressure is the
dominant effect, other effects such as temperature, gun tube wear, dynamic strain,3,4

and gun tube/projectile interaction are also important. These effects have been stud-
ied extensively by numerous researchers.5–8

Lamés quasi-static equations for a pressurized cylinder provide the starting point
for determining the wall thickness required to withstand a given internal pressure.
In fact, for projectile velocities below the critical axial wave velocity, these equa-
tions are completely sufficient for the initial design as dynamic strain effects can be
neglected.3
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Accordingly, the tangential (circumferential) stress is given by2,9

σt(D) =
D2
i (D

2
o +D2)

D2(D2
o −D2

i )
p, (1)

where Di is the inside diameter, Do is the outside diameter, D is the diameter at
which the stress is to be found, and p is the internal pressure.

The radial stress is given by

σr(D) = −D
2
i (D

2
o −D2)

D2(D2
o −D2

i )
p. (2)

Equations 1 and 2 are valid for an isotropic, elastic material. Inclusion of temper-
ature dependencies and anisotropic material properties complicate the equations.
While some analytic solutions to the temperature-dependent, anisotropic equations
can be found with suitable simplifying assumptions, computational techniques are
more often used.10–13 Prediction of the actual performance of a gun tube also ne-
cessitates consideration of the 3-D response of the gun system.14 However, in the
present study, we are only concerned with determining the structural response at a
single cross section of the tube subjected to a transient temperature.

The maximum temperature to which the barrel is subjected is the gas temperature
of the propellant. To determine the gun tube temperature profile due to a single
shot requires a gas temperature-time curve and a corresponding heat transfer coef-
ficient versus time curve, where the heat transfer coefficient may be temperature-
dependent. The XKTC interior ballistics code15,16 was used to obtain these curves.
A typical gas temperature-time curve near the breech is shown in Fig. 1. The re-
sults from XKTC are in general agreement with experimentally obtained results.17

XKTC was also used to determine the heat transfer coefficient at axial locations
along the bore. Figure 2 displays a typical heat transfer coefficient versus time rela-
tionship for a typical barrel.

For a single shot, the temperature rise in the barrel, while significant, is not nec-
essarily detrimental.5 However, for repeated firing, the temperature in the barrel
can exceed the anneal temperature, and possibly the melt temperature, of the bar-
rel material.2 To simulate repeated firing, the single-shot curves were extended by
cycling the single-shot temperature and heat coefficient curves at the firing rate.
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Fig. 1. Temperature time history at breech

This approximation to the actual repeated firing curves provides a lower bound on
the expected temperature profiles, and thus, a best-case scenario for any potential
design.

3. Shape Optimization approach

The optimization of the gun barrel shape is perhaps not actually a topology opti-
mization problem as the decision to use fins to aid in cooling the barrel is made
a priori, which consequently reduces the optimization process to determining the
optimum fin geometry. However, with that in mind, we review the basic approach
that can be taken if a more generic shape optimization approach is used. As stated
earlier, the gun tube must withstand the internal pressure and dissipate heat at a suf-
ficient rate to keep the maximum temperature below acceptable levels. Additionally,
though not part of the optimization process, we can anticipate that natural convec-
tion may not be sufficient to meet the temperature requirement. Therefore, forced
convection can also be assumed and included by an assumed value for the external
convective heat transfer coefficient with the details of a design to implement forced
convection left unspecified. To minimize the number of unknowns, the optimiza-
tion problem can be formulated using integral equations, in particular, boundary
integral equations. This means that only the boundary geometry is required. It can
be additionally assumed that the external boundary can be represented by a Fourier
expansion in the radial direction, and that the exterior boundary shape is periodic in
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Fig. 2. Convective heat transfer coefficient at breech

the circumferential direction.

Consider the generic shape shown in Fig. 3. The optimization problem can then be
stated as

min
Γ
f(Γ) = wc(Γ) + (1− w)Tint(Γ)

subject to V (Γ) < V0,
(3)

where Γ is parameterized in polar coordinates as

r(θ) =
N∑
i=1

ci cos(fiθ), (4)

where c(Γ) is the compliance, w is the weighting factor, and V0 is the maximum
allowable volume of material. The parameters ci, fi, and N collectively define the
amplitude, cyclic frequency, and total number of terms allowed for the fins opti-
mization, respectively. The internal temperature Tint is the maximum temperature
on the boundary,

Tint = maxT (r) |r∈ΓN
. (5)
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Fig. 3. Generic shape

3.1 Problem Formulation

We now turn to the development of the boundary integral equations, which may be
used for both the thermal and mechanical analysis of the gun barrel designs.

The boundary integral equation formulation is straightforward. All that is required
is an appropriate Green’s function for the desired physics, an integral identity, and
specification of the boundary conditions. In the following, we restrict ourselves to
considering a 2-D thermomechanical response of a structure, which represents the
cross section of the gun barrel. For the structural response, we assume the barrel
is in a state of plane strain. Accordingly, Kelvin’s fundamental solution for the
displacement due to a unit point force in an infinite homogeneous medium is given
by

uj(r) = Uij(r, r
′)ei(r

′), (6)

where ei(r) is a unit load in the î direction,

Uij(r, r
′) =

−1

8πG (1− ν)

[
(3− 4ν) δij logR−∇R · î∇R · ĵ

]
, (7)

where R = |r− r′|, G is shear modulus, δij is the Kronecker delta, and ν is Pois-
son’s ratio.
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The tractions due to the unit point force are given by

tj(r) = Tij(r, r
′)ei(r

′), (8)

where

Tij(r, r
′) =

−1

4π (1− ν)R
{(1− 2ν) (n̂×∇R) · ẑ (1− δij)

+
[
2∇R · î∇R · ĵ + (1− 2ν) δij

]
n̂ · ∇R

}
.

(9)

Equations 7 and 9 are the required Green’s functions. We derive the integral identity
from Betti’s reciprocal work theorem.18 Specifically, Betti’s work theorem is given
by

ˆ
Γ

t∗j(r)uj(r)dr +

ˆ
Ω

b∗j(r)uj(r)dr

=

ˆ
Γ

tj(r)u
∗
j(r)dr +

ˆ
Ω

bj(r)u
∗
j(r)dr.

(10)

Betti’s theorem is often used in the design of compliant mechanisms by a topology
optimization approach.19 Substituting the expression for the unit test forces, Eqs. 7
and 8, and assuming no body forces results in

uj(r
′) =

ˆ
Γ

Uij(r, r
′)tj(r)dr−

ˆ
Γ

Tij(r, r
′)uj(r)dr. (11)

Equation 11 is only valid for determining the displacement uj(r′) in the interior
of the body, that is the domain Ω, but not on the boundary Γ. By determining the
limit as a point approaches the boundary Γ, we obtain the final form in terms of the
boundary as

1

2
δijuj(r

′) =

ˆ
Γ

Uij(r, r
′)tj(r)dr− p.v.

ˆ
Γ

Tij(r, r
′)uj(r)dr, (12)

where p.v. means principal value. The final required ingredient is the specification
of displacement and traction boundary conditions. For a well-posed problem, we
can specify either of these on different parts of the boundary, but we cannot specify
both on the same section of the boundary. That is, if Γu is the section of the boundary
with a displacement boundary condition specified, and Γt is the boundary where a

6



traction boundary condition is specified, then

Γu ∪ Γt = Γ

Γu ∩ Γt = ∅.

With these boundary conditions, Eq. 12 becomes

1

2
δijuj(r

′)−
ˆ

Γu

Uij(r, r
′)tj(r)dr + p.v.

ˆ
Γt

Tij(r, r
′)uj(r)dr

=

ˆ
Γt

Uij(r, r
′)tbcj (r)dr− p.v.

ˆ
Γu

Tij(r, r
′)ubcj (r)dr,

(13)

where tbcj represents the specified boundary tractions and ubcj represents the specified
boundary displacements.

Similarly, we can obtain the boundary integral formulation of the heat transfer equa-
tion. We also make a further simplifying assumption that the system is at steady
state. We further assume there are no volumetric heat sources. Consequently, the
governing equation is just the Laplace equation

∇2T = 0, (14)

where T is temperature. The Green’s function solution for the Laplace equation in
2-D is therefore

G(r, r′) =
1

2π
logR. (15)

To impose a convective heat transfer boundary condition, we require the gradient
normal to the surface. This is given by

n̂ · ∇G(r, r′) = − n̂ · (r− r′)

2πR2
. (16)

The boundary conditions are then given by internal heat flux

n̂ · ∇T = − q
k
, (17)

and, as implied, external convection

n̂ · ∇T =
h

k
(T∞ − T ) , (18)
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where q is heat flux, k is conductivity, h is heat transfer coefficient, and T∞ is
ambient temperature. Finally, we can again use Betti’s reciprocal theorem to obtain

1

2
T (r) = p.v.

ˆ
Γ

T (r′)n̂′ · ∇′G(r, r′)dr′ −
ˆ

Γ

n̂′ · ∇′T (r′)G(r, r′)dr′, (19)

where n̂′ indicates the surface normal at the primed coordinate (r′) and∇′ indicates
differentiation with respected to the primed coordinate.

Equation 19 provides a relationship between the temperature and heat flux over the
entire boundary. Thus, we still need to apply appropriate boundary conditions. As
with the structural formulation, we have two boundary regions. On ΓN , we have
heat flux boundary conditions, while on ΓR we impose convection boundary condi-
tions. To simplify the exposition, we assume one or the other over the entire bound-
ary. If we have both, it is then only necessary to integrate over the appropriate
boundary as needed. Thus, assuming a flux boundary condition, Eq. 17, we obtain

q

k

ˆ
Γ

G(r, r′)dr′ =
1

2
T (r)− p.v.

ˆ
Γ

T (r′)n̂′ · ∇′G(r, r′)dr′. (20)

Similarly, assuming a convection boundary condition, Eq. 18 leads to

h

k
T∞

ˆ
Γ

G(r, r′)dr′ = −1

2
T (r)

+ p.v.
ˆ

Γ

T (r′)

(
h

k
G(r, r′) + n̂′ · ∇′G(r, r′)

)
dr′.

(21)

We can combine this equation with Eq. 20 to obtain the solution when both types
of thermal boundary conditions are present.

Having determined the appropriate boundary integral equations, we can now return
to the question of solving the optimization problem, Eq. 3. In particular, we are now
able to specify the compliance as

c =

ˆ
Γ

u(r) · t(r)dr. (22)

8



3.2 Discretization

The integral equations developed have the general form

φ(r) =

ˆ
Γ

ψ(r′)g(r, r′)dr′, (23)

where g(r, r′) is the Green’s function and ψ represents the unknown quantity, which
can be discretized directly with an integration rule,

φ(r) =
N∑
n=1

ωnψ(rn)g(r, rn), (24)

where the ωn are integration weights and the rn are the integration nodes on Γ. Typ-
ically, the contour Γ is divided into a set of curves, either as straight line segments or
curved patches, and a Gaussian integration rule is applied on each individual curve.
Further, by enforcing the equation at each integration point, an N × N system of
equations in the form

φ(rm) =
N∑
n=1

ωnψ(rn)g(rm, rn), (25)

where m = 1, . . . , N is obtained. The only remaining difficulty is that the integral
equations to be solved are singular because of the Green’s functions, thus making
the evaluation of the matrix entries difficult. Specifically, the diagonal entries cannot
be directly computed because of the singularity in the Green’s function. Addition-
ally, the near-diagonal entries will not be accurately integrated by the underlying
integration rule because the Green’s function near its singular point is not well ap-
proximated by polynomials. This is a known issue and there are several approaches
to mitigating this issue and here we use the locally corrected Nyström method.20

The locally corrected Nyström method replaces the undefined and inaccurate matrix
entries with a locally corrected kernel Lmn, with the discretized Green’s function
now defined as,

g(rm, rn) =

Lmn rn ∈ Dm

g(rm, rn) otherwise,
(26)

where Dm is the local correction domain, which is typically large enough to en-
compass a few near-by patches. The locally corrected kernel Lmn is then computed

9



so that it accurately integrates a family of polynomials fk, which are typically Leg-
endre polynomials,

N∑
n=1

ωnLmnfk(r− r′) =

ˆ
Dm

fk(rm − r′)g(rm, r
′)dr′. (27)

In order for Lmn to be accurate, the evaluation of the integrals on the right-hand side
of Eq. 27 must be accurate and so their computation is accomplished by carefully
considering the special cases that arise. For the problem formulation considered
here, the singular integrals will involve polynomials, logarithmic singularities, and
principal value terms of the form 1/x. Assuming that the test functions are Legen-
dre polynomials, each of these cases is reducible to one of the following forms to
facilitate evaluation

ˆ 1

−1

Pn(t) log |xm − t| dt =
2

2n+ 1
[Qn+1(xm)−Qn−1(xm)] (28)

p.v.
ˆ 1

−1

Pn(t)

xm − t
dt ≈ Pn(xm)

(
p.v.
ˆ 1

−1

1

xm − t
dt

)
+

M∑
j=1

ωj
Pn(tj)− Pn(xm)

xm − tj
(29)

p.v.
ˆ 1

−1

1

xm − t
dt = xm [log(xm + 1)− log(xm − 1)]+log(1− xm)+log(t+ 1)−2,

(30)
where Pn is the nth Legendre polynomial and Qn is the nth Legendre function of
the second kind. The evaluation of the principal value integral in Eq. 29 involves
separating it into singular and regular parts. The singular part is evaluated as given
in Eq. 30 and the regular part is evaluated using a high-order Gaussian integration
rule as expressed in Eq. 29. Each integral required to compute the locally corrected
kernel entries Lmn may then be converted to a form that exposes its singularity type
and evaluated using Eq. 28 and Eq. 30.

As a proof of concept for this approach, several test problems were evaluated.
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3.3 Validation Test Cases

The first case considered is the elastic response of a thick-walled cylinder as shown
in Fig. 4, where the inner radius is ri = 20 mm, outer radius is ro = 30 mm, inter-
nal pressure is p = 100 MPa, the shear modulus was G = 209 GPa, and Poisson’s
ratio was ν = 0.25. For the discretization, the inner and outer boundaries were was
divided into 40 and 60 straight line segments, respectively, and the underlying inte-
gration rule was Gaussian of order N = 3. The exact solution for the displacement
is given by Timoshenko,9

ur(r) =
pr2

i (1 + ν)

E (r2
o − r2

i )

[
r (1− 2ν) +

r2
o

r

]
. (31)

The numerical solution for the displacement, u are shown Fig. 5a where the initial

Fig. 4. Internally pressurized cylinder

geometry is shown blue and the scaled deformed geometry in red. The scale factor
for the deformation was chosen to simply illustrate that the cylinder deformation
was reasonable. Figure 5b shows a comparison between exact and Nyström solu-
tions for this sample problem. The agreement between the exact solution and the
Nyström numerical method is very good.

11



(a) Deformation of cylinder (b) ur [mm] within the cylinder

Fig. 5. Displacement comparison

Next, the thermal heat conduction problem for a thick-walled cylinder was consid-
ered as shown in Fig. 6. where the inner radius ri and outer radius ro are the same as
for the elastic case, internal heat flux is q = 40 kW/m2, external transfer coefficient
is h = 4 kW/m2K, and the ambient temperature T∞ = 100 K. The thermal conduc-
tivity for this example was k = 40 W/mK. The exact solution for this problem is
given by21

T (r) = T∞ + riq

(
1

hro
+

1

k
log ro −

1

k
log r

)
, (32)

The discretization is the same as for the elastic stress example. The numerical solu-
tion for the temperature at the inner and outer surface is shown in Fig. 7a. Figure 7b
compares the exact solution with the numerical solution for the temperature profile
through the thickness. Again, the agreement is excellent.

Fig. 6. Heat conduction thick-walled cylinder

12



(a) Surface temperature T [K] on bound-
ary of cylinder (b) T [K] within the cylinder

Fig. 7. Temperature comparison

3.4 Gun Barrel Parameterization

Having verified the boundary integral formulations for the displacement and tem-
perature, the next step is to couple these equations with an optimization scheme
to examine optimization of the steady-state heat transfer in a pressurized cylinder.
We assume that the exterior boundary of the gun barrel is parametrized in polar
coordinates as

r(θ) =
N∑
i=1

ci cos(fiθ), (33)

where the circumferential frequency parameter fi may be either specified or deter-
mine via optimization. In either case, it makes sense to specify f1 = 0 so that a
circular cylinder is included in the solution space. As an example of the utility of
the optimization approach, two test cases were evaluated. For these test cases, the
fi and ci were specified as shown in Table 1. The inner radius ri was defined to be
0.2 m. Table 1 also shows the maximum temperature and the volume of the resultant
unit length tube section. As these cases are simply a test of the approach, they do
not use representative values for the inner or outer radius. The values for the heat
flux and boundary temperatures are set for convenience. Figure 8a and 8b shows
two geometries which are generated by Eq. 33. Thermal analysis of these shows
that the geometry with more fins results in a slightly lower maximum temperature
as seen in Table 1.

13



Table 1. Barrel shape optimization parameters and results

Case Parameter i = 1 i = 2 i = 3 i = 4 Temperature (K) Volume (m3)

Case 1
ci 1 0.3 0.13 0.1

383 3.183
fi 0 10 20 30

Case 2
ci 1 0.3 0.13 0.1

358 3.185
fi 0 10 20 30

(a) Barrel Shape Case 1 (b) Barrel Shape Case 2

Fig. 8. Barrel shape test cases

Although we’ve shown it is possible to formulate the steady-state thermomechani-
cal optimization problem using a boundary integral approach, there are several is-
sues that render use of such an approach untenable in general. First, the formulation
presented is strictly limited to steady-state response. This enforces a time-invariant
condition on the temperature and heat flux bouundary conditions. An actual gun
temperature-time history has significant variance, as shown earlier. To accommo-
date multiple shots, the steady-state assumption cannot be assumed up front. In-
stead, it is necessary to reach steady state via a transient analysis. However, opti-
mization problems are not well suited for addressing the optimization of transient
loading though some work has been done in this area.22,23 Second, the formulation
just presented is an uncoupled analysis in the sense that material properties and the
heat transfer coefficient are not temperature-dependent. Finally, the analysis also
does not include fluid mechanics and possibly fluid-structure interaction, though
these are likely to be small effects and can be incorporated by adjusting the heat
transfer coefficient. A simpler optimization problem is considered in the remainder
of this report, which addresses these concerns.

14



4. Geometry Parametrization Approach

In the prior section, an integral equation approach to optimizing the barrel cross
section to minimize the internal surface temperature was presented. We now adopt
a parametric approach instead. It is assumed a priori that the solution will use fins.
Accordingly, a simplified basic geometry parameterized to vary the fin cross sec-
tions, number of fins and tube wall thickness is used. The analysis thus provides a
basis for qualitatively and quantitatively evaluating the effect of fins on the thermal
and structural response of a gun tube.

4.1 Governing Equations

As stated, obtaining an analytic solution of the fully coupled transient thermostruc-
tural equations for repeated firing is only possible for simple geometries and ide-
alized load curves. To obtain solutions for more realistic loads and geometries, a
numerical solution to the governing equations is sought. The equations governing
the response of the gun tube are the conservation of linear momentum equations
coupled with transient heat conduction, Eqs. 34 and 35. The conservation of linear
momentum in a solid is given by

ρ
∂2u

∂t2
+ ρ(u · ∇)u = ∇ · σ + Fv, (34)

where ρ is the density, u is the displacement, σ is the Cauchy stress tensor, and Fv

are volumetric body forces. Transient heat conduction is given by

ρcp
∂T

∂t
− k∇2T = qb, (35)

where T is the temperature, ρ is the density, cp is the specific heat (at constant
pressure), k is the thermal conductivity, and qb are heat sources in the body. These
equations can be solved numerically by various techniques.24 In this report, the ther-
mostructural response was modeled using the structural and heat transfer modules
of COMSOL Multiphysics software suite,11 which uses the finite element method.

Note that, from Eq. 35, the thermal diffusivity coefficient is normally defined by
α = k

ρcp
.
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The thermal diffusivity coefficient can be used to estimate how rapidly heat diffuses
through a material. Specifically, the time required for heat to diffuse a distance r
from a heat source is on the order t = r2

α
. For example, a copper tube with a wall

thickness of 7.62 mm has a diffusion time of 0.5 s. At a firing rate of 10 rds/s, five
rounds will have been fired before the thermal wave reaches the outer boundary.
For steel, a much poorer conductor, the estimated time is almost 5 s, which im-
plies 50 rounds will have been fired before the outer wall temperature increases.
Consequently, for many firing scenarios (single shot, 3-round burst), steady-state
conditions are typically not attained. In fact, for sustained firing at 10 rds/s, the
steady-state temperature is not reached until over 200 rounds have been fired for a
steel barrel. At this point, the temperature of the inner radius may exceed 1400 ◦C,
which is above the anneal temperature of the material.2

To prevent damage to the barrel, coatings on the inner barrel surface have been con-
sidered.8 At present, using AM to add coatings is not feasible. The typical approach
to reducing the steady-state temperature is to enhance the heat transfer to the sur-
roundings by adding fins. However, as stated several times, the primary advantages
of fins are only apparent once the barrel has reached a steady-state condition. The
remainder of this report examines the effectiveness of fins prior to reaching steady
state. Issues such as robustness of the design are not considered though they should
be as the fins considered are as thin as 0.5 mm and thus susceptible to damage.
Additionally, 0.5 mm is approaching the minimum printable feature size of many
metal AM systems.

4.2 Parametric Analysis

To quantify the effect of using fins to manage the temperature of the barrel, a simpli-
fied geometry for the barrel with fins was created, as shown in Fig. 9. The geometric
parameters allowed to vary are the outer radius, the fin width, the fin height and the
number of fins, as shown in Table 2. The inner radius is fixed at 7.62 mm. Two
firing rates were considered: 10 rds/s and 20 rds/s. Additionally, two values for the
convective heat transfer coefficient, ht were considered: 100 and 1000 W/(m2 K)
which are approximate values for natural convection in air, and water, respectively.
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Fig. 9. Parameterized geometry

Table 2. Parameter values

Parameter Values
Outer Radius 2ri, 3ri

Fin width (mm) 2,4
Fin height (mm) 5,10
Number of fins 8,4,12

Firing rate (rds/s) 20,10
Convective Heat

Transfer (W/(m2K)) 100, 1000

4.3 Parametric Results

The bolded values in Table 2 are discussed in this report. The four specific fin/radii
combinations examined are shown in Fig. 10. The material properties used are tab-
ulated in Table 3. For this analysis, the steady state was assumed to be reached
when the heat flux on the outer surface approached an asymptotic value. With this
assumption, steady state occurred after 25 s at the 10-rds/s firing rate. The anneal
temperature used for a generic steel was 1100 ◦C (1373 K) while the melt tempera-
tures was 1400 ◦C (1673 K).
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(a) 4 Fin minimum Ro (b) 12 Fin minimum Ro

(c) 4 Fin maximum Ro (d) 12 Fin maximum Ro

Fig. 10. Fin designs examined

Table 3. Material properties

Material Property Copper Steel
Thermal Conductivity ( W

m·K ) 400 44.5
Density ( kg

m3 ) 8960 7850
Specific heat ( J

kg·K ) 385 475
Thermal Diffusivity ( k

ρCp
) 1.16e-04 1.19e-05

Young’s Modulus (GPa) 110 205
Yield Strength (MPa) 320 710

Figures 11a and 11b show that while fins will decrease the long-term steady-state
temperature, the temperature rise is still equivalent to the temperature rise of a sim-
ple cylindrical tube. The reduction in temperature is on the order of 100 ◦C regard-
less of the number of fins. The maximum temperature is always at the inner surface
as expected. The saw-tooth pattern of the response is due to sampling aliasing of
the input temperature cycling curve, (Fig. 1). If the temperature had been sampled
at a higher rate, this pattern would resemble that input curve. Despite this sampling
issue, the overall conclusions regarding the temperature rise in the barrel still hold.
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Fig. 11. Maximum Temperature due to repeated fire
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Finally, maximum von Mises stress profiles are shown in Fig. 12. It is observed
that the maximum stress is either at the inner surface or near the base of the fins.
The high values due to the fins could be mitigated by simply including fillets where
they meet the tube. Therefore, these stresses can be safely ignored. The von Mises
stress profiles with the heat transfer coefficient h = 1000 W/(m2 K) are similar.
The analysis indicates that maximum von Mises stress is on the order of 1 GPa.
Therefore, it is not expected that the tube will fail due to overstress as hardened
steels can sustain stresses in excess of 2 GPa.

(a) 4 Fin minimum Ro (b) 12 Fin minimum Ro

(c) 4 Fin maximum Ro (d) 12 Fin maximum Ro

Fig. 12. von Mises stress comparison with heat flux coefficient of 100

5. Conclusions

Two method were implemented to explore the effect of gun tube geometry on ther-
mal and mechanical performance. One method used a boundary integral approach.
The other used a parametric fin design with a finite element method. AM could
likely facilitate the fabrication of these designs.

It was found that while the addition of fins to the gun tube geometry may help with
steady-state temperature, transient effects dominate and finned designs cannot com-
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pensate for the lag in temperature increase due to diffusivity. Therefore, from the
viewpoint of optimizing the heat transfer from a gun tube, it is not obvious that de-
signs incorporating fins for passive cooling offer much improvement over the tradi-
tional simple cylinder design. Consequently, a conclusion noted more than 40 years
prior,2 "Heavy tubes or light tubes with cooling fins will reach steady state later
than plain light tubes. If the yield strength at steady state temperature approaches
the firing stresses, continued firing becomes dangerous", is still appropriate today.

However, there are other approaches for enhancing heat transfer from cylindrical
tubes,21 such as using bi-material or graded material construction, which the use of
AM may make more feasible.
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