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Section 1

INTRODUCTION

The analysis and results described in this report were performed
under a contract with the Ballistics Research Laboratories (BRL) entitled
“Transient 3-D Finite-Difference Calculations of Heat Transfer and
Temperature Profiles in 30-mm Folded Gun Tube Chambers." The major
emphasis was placed on the determination of the time-dependent heat
transfer in the chamber part of the gun tube that is sandwiched between
the folded part of the shell casing and the projectile. It was antici-
pated that 3-dimensional effects would be important in obtaining reasonably
accurate results of peak temperatures. BRL was developing a 3-D Monte
Carlo code to evaluate such cases, but had not yet completely debugged
the program. Since results were needed quickly the 3-D finite difference
methods available at SAI were deemed adequate.

The peak temperatures were to be evaluated for the case of the
firing of a single round. As a shakedown test of the method, BRL has
supplied representative information developed from interior ballistics
codes for an unfolded 37-mm gun. These boundary conditions were time-
and space-dependent local gas temperatures and heat transfer coefficients
at the gas-gun metal interface.




Section 2

GEOMETRY, BOUNDARY CONDITIONS AND THERMAL PROPERTIES

The available description of the geometry was in the form of
sketches and drawings of a prototype folded gun tube assembly. From
these, a composite drawing and several cross sections were prepared
that described the geometry in terms useful for heat transfer analyses.
These drawings are shown in Figures 1 thru 4. They show the basic
dimensions and materials of the assembly. Except for the cartridge,
which is made of cartridge brass, the material is assumed to be SAE 4340
steel.

The primary region of interest was in the web between the powder
chamber and the projectile in the area near the origin of rifling,
approximately 4.5 inches from the rear face of the breech ring shown
in Figure 1. The peak temperatures experienced by the gun barrel
assembly were to be determined in that region for the single firing of
a projectile. The boundary conditions interior to the gun barrel were
provided by BRL in the form of heat transfer coefficients and bulk
fluid temperatures as a function of time and position along the gun

barrel. undary conditions consisted of approximately 1300 cards
in a fo 1y usable for analysis by computer. They contained data
descri riation of the heat transfer coefficient, h, and bulk
fluid ires, T,, as a function of time, t, and Tocation along
the of the gun barrel, z. The heat flow per unit area, q",

into the gun barrel was then defined as:

z.t) = h(z,) (e - T (]

where T_(z,t) is the barrel surface temperature to be determined. The
data fof the boundary conditions are actually applicable to a straight
projectile geometry. Figure 5 shows the locations for which data are
provided and the relative location of the projectile at early times.
Since the boundary condition set is too large to be presented here,
only a few figures are supplied to show typical behavior and magnitude.
The early time heat transfer coefficients for locations 1, 6 and 12
are displayed in Figure 6 while those for Tocations 13 and 15 are shown
in Figure 7. The corresponding bulk fluid temperatures are shown in
Figures 8 and 9, respectively. The data are given for every 0.00005
seconds out to 0.02 seconds.

The temperature-dependent thermal properties of the materials
used in the gun tube assembly are taken from Reference 2. Values for
specific heat, thermal conductivity, and density for both SAE 4340 steel
and cartridge brass are shownschematically in Figures 10 and 11,
respectively, and are also listed in Table 1.




Table 1. Thermal Properties of Materials

Ll Properties Specific Thermal
Heat Temperature | Conductivity | Temperature
Material (J/kg-C) (c) (W/m-C) (C)
502. -18.05 43.1 -18.05
519. 204. 42.3 204.
619. 427. 38.6 427.
SAE 4340 753, 648. 32.2 648.
Density: 7,750 kg/m3 800. 763. 25.9 788.
Melting Point: 1450°¢C 6895.* 768. 27.0 871. .
628. 773. !
586. 871. |
607. 1094. ?
398. 0. 9. 0. |
Cartridge Brass 490. 200. 105. 100. |
Density: 8,570 kg/m° 527. 500. 109. 200. !
Melting Point: 940°C Il 300. |
1Al 400. E

* .
SAE 4340 steel has a solid phase change at ~ 768°C. The latent heat
involved in this transition is modeled by a change in specific heat
in the form of a spike superimposed over the actual specific heat curve.
This triangular peak has a base width of 109C, a height of 1/5 of the
latent heat of transition and is centered at the transition temperature.




Section 3

DESCRIPTION OF THE HEAT TRANSFER CODE

The various calculations described in this report were performed
with the TRUMP computer program (Ref. 1). This program was developed
originally at LRL, Livermore primarily for research and development
related to nuclear energy. The TRUMP code was obtained by SAI from
A. Edwards of LRL, Livermore in early 1975 and modified to run with the
standard CDC Fortran compiler and operating systems. It has been used
successfully on a number of heat conduction problems. Capabilities of
TRUMP are summarized below.

TRUMP is a digital computer program for transient or steady
state analyses of flows in various kinds of potential fields in complex
systems. Examples include heat flow in temperature fields, mass flow
in pressure fields, and current in electrical and magnetic fields;
they often include various sources and sinks, and modes of transport other
than potential flow. The program allows solution of a general nonlinear
parabolic partial differential equation. Two additional equations,
which in thermal problems represent heat production by decomposition of
reactants having rate constants with a general Arrhenius temperature
dependence, may also be solved simultaneously.

Solutions to both steady-state and transient problems may be
obtained. Geometric configurations may be quite complex, with flow in
1-, 2-, or 3-dimensions; with rectangular, cylindrical, axial, or
spherical symmetry; or with arbitrary shape and structure. Initiai
conditions may vary with spatial position. Material properties, source
and sink strengths, boundary conditions, and other problem parameters
may vary with spatial position, time, or the primary dependent variable
(temperature, pressure, field strength). External sources or sinks,
coupled to the system by means of specified boundary conditions, may
vary with time. Certain problem parameters at one spatial location may
be made to depend on the value of the dependent variable at another
spatial Tlocation.

Limitations of the program include the number of spatial
locations which can be calculated (which may be from several hundred
to several thousand in various versions) and the amount of computer
time required (which may be from a few seconds up to hours for the
largest possible problems).

Input data are efficiently organized to be as simple and
compact as possible. Output data include numerical, graphical, and
punched card data, with options on frequency and content controlled
by the user. Output is organized and labeled to provide the user
with maximum information concerning the calculation.




Part of the TRUMP Program is a file containing thermal properties
of a great variety of materials (Ref. 2). The TRUMP Program can
process this file to retrieve appropriate data for those materials
requested by the problem input description. The data on this
file include densities, transition temperatures, heats of transition,
and tables of specific heat and thermal conductivity versus temperature,
for over 1000 materials. An alphabetical material index, list of data
sources, material-classification system, data-auality indicator system,
and the data themselves are on computer cards and magnetic tapes. The
data are in the format used for material property input data in the
TRUMP Program. Processing options available with the TRUMP Program
include: (a) reading the material data, checking for various types of
format errors, calculating table slopes, calculating enthalpies from
specific heat tables, and writing out the input data, error diagnostics,
and calculated data; (b) converting material data to any desired unit
system; (c) producing a secondary material data list from the master
data list, including all the materials or only the materials on a
material selection list; and (d) any combinations of these.

The adequacy and accuracy of the TRUMP code for calculatiing
temperature distributions has been verified by comparing results
obtained with TRUMP against analytical solutions of the same pr.blems.
Two problems reflecting characteristics similar to those found in
gun tube heat transfer problems were chosen. The first problem
consists of a slab of steel 10 cm thick with one side insulated and the
other exposed to a constant heat flux. The geometry and critical
conditions are shown in Figure 12 together with selected results. The
theoretical temperature distribution at any time and any position is
taken from Carslaw and Jaeger (Ref. 3) and is given by Equation 1. The
results, as predicted by Equation 1

o i 2
. . 2 no-at(H) p
T=dt_ . % 3x2‘§ - ¥ _L('% e 7 cos(EmYy 1)
b 6¢ i n '

n=1

and as calculated by TRUMP, are shown in Figure 12 for two different
times. The TRUMP calculations were performed with a 20-node mesh
description. The thermal properties used for the calculations are
also given in the figure. As may be noted agreement is excellent.

The second problem is very similar to conditions existing in the
gun tube. A semi-infinite solid made of steel is subjected at the
surface to a spike heat flux of the form shown in Figure 13. The
duration of the spike and its magnitude are of the order of those that
might be found with the geometry and boundary conditions discussed in
Section 2.
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Surface Heat
Flux, ¢

time, t

Figure 13. Triangular Pulse Shape

The temperature distribution in a semi-infinite solid in a
E region x>0 initially at zero temperature, for a flux ¢ (t) per unit area
per unit time at x = 0, with heat ceasing at x = 0 at time t,, and then
thermally insulated is given by Carslaw and Jaeger (Ref. 3) ds
Equation 2.

—_—

t
T =\k—|/<1 / ¢ (t-t) exp (-x2/4kr QT_T_ ; (2)
0

N

For a heat flux, ¢(t), given by Equation 3,

¢ (t) = at 0<t<t,
& by = b(t-tl) ti<t<t, (3)
¢ (t) =0 v >t2

the solution to the above problem is given by Equation 4

T (x,t) = a V (x,t) O<tst,
T (x,t) = aV (x,t) -aV (x,t—tl) + bV (x,t-tl) tI<tst2 (4)
T (x,t)

aV (x,t) -aVv (x,t-tl) + bV (x,t-tl)
-bV (x,t-tz) t>t,
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The analytical solution is plotted in Eigure 15 for the condition
t; = 1 msec, t, = 6.5 msec, and ¢ = 3.32x10" Watt/m~. The TRUMP
cglculations wgre performed with PAE same geometry description as used
in the gun tube calculations. This configuration, identified as
No. 11 is described in more detail in the next section. As may be
noted from Figure 14 where the surface temperature is plotted as a
function of time, the analytical and TRUMP results agree quite well.




Section 4

MODIFICATIONS TO THE HEAT TRANSFER CODE

Various computer programs and subroutines were developed in
order to facilitate data handling processes. Since the computations
with TRUMP were done on the CDC 7600 at the ARC, Huntsville, AL,
several of the programs were oriented toward the use of that system.

The primary modifications dealt with the processing of the
boundary conditions. The time-dependent heat transfer coefficients
and fluid bulk temperatures are used by TRUMP in the form of tables.
At any time during the calculational process the code interpolates
linearly in these tables to get the current or projected values of
the heat transfer coefficient and fluid temperature. The version of
the code operational at the ARC is set up to accept tables with a
maximum length of 12 entries. This is far less than the number of
data points acutally available, which numbers approximately 300 values.
In order to handle such a large data set a program was written to read
the data provided by BRL, convert the heat transfer coefficients and
temperatures to a set of units compatible with the other data for
TRUMP, compute the derivatives of these values with respect to time,
and store the results on a file that TRUMP can access. Three routines
were added to TRUMP to process and use this file. One routine retrieves
from the file the data set appropriate to the axial location along the
gun barrel of interest and stores these data in the Large Core
Memory (LCM) of the CDC 7600. The other two routines retrieve data
in groups of 12 sets from LCM for the time interval under computation.
As time increases appropriate data sets are processed and stored in
the available table space.

TRUMP computes its own time step based on stability and several
error criteria. Because the time span over which the maximum
temperature is reached is small, the time step in TRUMP has to be limited
to the maximum value. If such a restriction were not imposed the time
step that TRUMP would compute prior to the sudden rise in the heat
transfer coefficient would be so large that interpolation of the tables
would result in values that passed the peak. The limitation on the time
step resulted in a great deal of output which, instead of being printed,
could be stored and catalogued as a permanent file. Two programs were
written to process this results file. The first one retrieved and
printed datz foir selected nodes and time intervals, while the second
one produced printer plots of the temperature-time histories of selected
nodes and spatial temperature distributions at selected times. The
first program was used for normal test runs and served basically to
isolate time spans and regions of interest. The second one was used
to produce more detailed results for evaluation. The second program
also has the ability to generate CALCOMP plots.




Part of the input data to TRUMP is a detailed description of all
nodes and node connections. For problems with many nodes the determination
of all node and connection parameters is a laborious task. For
geometries that can be described by bodies of revolution, the FED(4)
program can be used. However, for rectanguiar 2-dimensional problems
this program was found to be unsuitable. A separate program, named
TODXY, was hence written to generate the node and connection data for
rectangular 2-dimensional geometries such as the one near the interior
corner region.

As will be discussed in more detail later, it was found that
the use of a single firing did not produce large temperature changes
at large distances from the bore inside surface. To get a feel for
how multiple firing affects the temperature distributions a subroutine
was written to recycle the boundary conditions. It was assumed that
the available boundary conditions would also be valid for the second
round of firing so that the only requirement was to add a constant
to the time base. A routine was incorporated in TRUMP to test the
progress of time in the calculations. If it were to exceed the last
entry of the 12 value table, the times specified in this table would
be modified by adding to each entry the difference between the last
and first entries. A test case with this capability is discussed
in Section 5.




Section 5

ANALYSIS AND RESULTS

Based on the boundary conditions supplied it was obvious that
the most active region extended from the base of the folded ammunition
cartridge to a distance just beyond the nose of the projectile. A
cross-sectional view of the gun tube taken anywhere within this region
was assumed to be the same so that for initial purposes the problem
could be represented by a 2-dimensional model of a series of slices,
which when stacked on one another, would define the entire region.
Figure 15 shows the basic 2-dimensional cross-section as it was used.
This cross-section was then divided into a series of nodes for which
the time-dependent temperatures were to be computed using the finite
difference code TRUMP.

The code requires that each node be defined by a volume, a
material type, and heat flow paths to other nodes in the configuration.
The accuracy of the calcuiated temperatures is, in general, conditioned
by the fineness of the mesh. The finer the mesh the more accurate
predictions of temperatures one can make. This does not come without
some sacrifices; in this case, increased computer execution time and
insufficient central memory locations. The procedure used here to
develop a proper model was an effort to minimize the number of nodes
while maintaining reasonable accuracy.

The first series of calcuietions used constant values for the
thermal properties, specific heat and thermal conductivity, and an
approximate history of the boundary conditions. The heat transfer
coefficients and bulk temperatures were approximated by several line
segments. Three of the models analyzed are shown in Figures 16, 17,
and 20. The first of these, which is labeled as Configuration 3, was
the product of two attempts tn subdivide the entire cross-section into
nodes. Results indicated that these were poor nodal mesh designs, since
not much was observed to happen in terms of short-term temperature rises.
The calculations revealed that only nodes very near the chamber walls
(nodes 1 thru 48 and 101-148) were experiencing any temperature change.
These temperatures were also found to be independent of the circumferential
location at equal distances from the chamber walls. For these reasons
the nodal structure was further simplified by analyzing only a small
region near the chamber wall as shown in Figure 17. This configuration
produced the exact same results as the one shown in Figure 16. Various
configurations were then devised to study the effect of the mesh size
on calculated temperatures. Each successive configuration was obtained
by approximately halving the size of the node of the previous geometry.
Surface temperatures were computed using the approximate boundary conditions
of location 6 (see Figure 5) and constant thermal properties. The
results are shown in Figure 18. The dependency of the surface tempera-
ture on the node size is readily seen in this figure. With the last
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configuration the surface temperature histories at several locations
along the gun-barrel are shown in Figure 19. The last configuration
tested, No. 10, showed that the region of significant temperature
changes in the metal was confined within a very narrow distance from
the wall. A temperature change of less than 1 degree at the time

the surface temperature reached a maximum value was experienced beyond
a distance of 0.085 cm and (0.033 inch) from the wall. Furthermore,

in the region of the highest heat transfer coefficient, axial variation
of the coefficients themselves and their associated bulk temperatures
is not very significant as may be observed from Figures 6 thru 9.
Hence, for a single firing case, when the initial material temperature
is everywhere the same, the peak temperature is not expected to be
influenced by the neighboring conditions. It was thus decid2d that a
1-dimensional representation of a single firing case would provide
adequate estimates of peak surface temperatures. A final configuration
was then developed to provide the accuracy near the surface and a
smoothly developing profile into the solid. Configuration 11 is shown
in Figure 20.

To verify the assumption that axial conduction could be neglected
in the case of a single firing, an r-z calculation was performed with
five (5) axial meshpoints corresponding to Locations 13 thru 17 for
which heat transfer coefficient data were specified. The mesh
configuration in the r-direction was the same as the one for Configura-
tion 11 except that only the first 20 nodes near the bore surface
were used. The resulting temperature distributions, using this 2-D
model, were found to be identical to those generated by 1-D analyses,
confirming the 1-dimensional nature of the present problem. All
remaining calculations were then performed with Configuration 11.

Table 2 shows results of nine calculations performed with this
configuration. Calculation 1 used the simplified set of input parameters
as in previous calculations; i.e., constant heat capacity and thermal
conductivity, and the heat transfer coefficient and buik temperature
histories approximated by 11 straight line segments. Calculation 2

was made with temperature-dependent heat capacity and thermal conductivity.

Calculation 3 used the full set of heat transfer coefficients and bulk
temperatures as supplied by BRL. Calculations 4 thru 8 were similar to
Calculation 3 except that the boundary conditions for Locations 12 and
14 thru 17 were used. Calculation 9 is similar to 3 except that
Cartridge Brass was the material into which the heat flow occurred.

As may be noted from Table 2 the peak surface temperature is approxi-
mately 10000C (1830°F). The effect of brass compared to steel is to
reduce the peak temperature by about 34%. The spatial temperature
distributions for Calculations 3, 6, 7, and 8 at the time that the peak
surface temperature is reached are shown in Figure 21.

11




The spatial temperature distribution across the whole web at
the time when the peak surface temperature is reached at Location 13
is shown in Figure 22. This configuration consisted of two No. 11
configurations back-to-back. The heat transfer coefficient in the
powder region was approximated by folding the 1-D boundary condition
geometry, Figure 5, into the folded chamber geometry, Figure 1, and
choosing the equivalent Tocation for the boundary conditions: in this
case Location 12 would be opposite to Location 13. The effects of
brass on these calculations were not included. These calculations
basically show that the opposite wall has no effect on the peak
temperature in the case of a single round of firing.

Table 2. SUMMARY OF PEAK SURFACE TEMPERATURES

Calculation Gun Tube Location Peak Surface Temperature

Number Number (oc)
1 13 939.
2 13 984.
3 13 1003.
4 12 932,
5 14 973.
6 15 979.
7 16 968.
8 17 950.
9 13 660.

In addition to Calculation No. 9 of Table 2 a 1-dimensional
analysis was performed for a case when the proper brass thickness was
followed by steel. Perfect contact was assumed between the brass and
the steel. The results were identical to those of Calculation No. 9
for the peak temperature.

A large temperature rise is expected to occur in the interior
corner region identified by "#" in Figure 1. Appropriate boundary
conditions for this region were not available. They are expected to
deviate from the conventional ammunition boundary conditions of
Figure 5, and are certain to be a function of the radius of curvature
of this region. To get an estimate of the magnitude of the effect of
the corner a 2-dimensional model was constructed. The corner was
assumed to be square, no rounded edge in other words, with the boundary

12




conditions for Location 13 applied over the whole region. The node
geometry is shown in Figure 23. The material was assumed to be
Cartridge Brass for the whole configuration. Figure 24 shows the
temperature history of the surface node closest to the corner. The
peak temperature reached here is 1099°C (20109F). Figure 25 shows two
temperature profiles at the time the surface temperature has reached
its maximum value. The upper curve shows how the surface temperature
varies as a function of distance away from the corner. As noted an
asymptotic value of 668°C is reached at approximately 0.10 cm. This
corresponds to the 1-D calculation, No. 9 of Table 2. The difference
between 668°C and 660°C is due to the coarser nodal structure used in
the 2-D model. The Tower curve shows the temperature distribution
along the diagonal shown in Figure 23. Here again the maximum region
of influence extends to about 0.10 cm. These results appear to imply
that rounding edges to 1/32" radius can substantially reduce 2-D
effects in case of a single round of firing.

As discussed above, the material thickness over which significant
temperature changes occur is very thin for a single firing. To determine
the feasibility of performing multiple firings and to analyze its effects
on the temperature distribution the boundary conditions were modified as
discussed in Section 4. Results of a case with three firings using
configuration 10 are shown in Figure 26. A firing frequency of 600 rounds
per mirute was assumed. As may be noted, the peak surface temperatures
increase several tens of degrees from round-to-round which is expected.
The material layer experiencing significant temperature changes increases
with each round. With configuration 10, after the third round6 the last
node farthest away from the surface is at a temperature of 54°C. This
shows that 3-dimensional effects are becoming important. The temperature
rise from round-to-round does not result entirely from the multiple firing
condition, but also from inadequate modeling for this case. Further
study is required to determine more exact temperatures.
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Section 6

CONCLUSIONS AND RECOMMENDATIONS

The results presented and discussed in this report showed that,
in the case of a single firing, 1-D and 2-D analyses were sufficient to
describe peak surface temperatures in non-corner and corner regions re-
spectively. A 3-dimensional analysis did not result in any better esti-
mates of peak temperatures for the case of a single round of firing, but
may be important for long-term temperature variations in the web region
and for cases of multiple firings.

The interior corner of the web region was shown to reach a peak
temperature 70% higher than the non-corner region (1099°C vs. 660°C§
However, since the spatial detail of the heat transfer coefficients was
insufficient and the available boundary conditions were inappropriate
for the folded ammunition geometry, significant approximations were made
which prevent an accurate determination of the peak surface temperature
of the corner. Further work must be done to obtain more suitable boun-
dary conditions for input to the TRUMP code.

For the case of multiple firings the folded geometry may have a
significant effect on the peak temperature of the web region. Such a
case requires a more detailed analysis than presented in this report.

A number of improvements are possible with the presently available tech-
niques. Temperature distributions can be generated with boundary condi-
tions specific to the folded ammunition case. This may require a slight
modification to the TODXY program in order to handle the more detailed
spatial resolution. With a good set of boundary conditions the multiple
firing case can be evaluated in more detail and 3-dimensional effects
can be included properly. Such cases require considerable computer time
and memory. Areas within TRUMP have already been identified where
significant improvements with respect to these two items can be made.
The effects of web thickness, cartridge thickness, contact resistance
between brass and steel, bore surface coatings, radiation between the
propellant gases and the chamber surfaces, friction of the projectile
with the gun barrel can all be investigated with the present methodology.

The general nature of problems that can be analyzed with the
TRUMP program should make it a useful tool for inverse heat transfer
applications. For gun barrel applications, where it is very difficult
to measure bore surface temperatures, it is desirable to use measured
temperature histories to backout the surface temperatures or heat flux
into the solid. Methods such as given by Beck (5) and Lavrentiev, et al (6)
could be used with TRUMP to analyze barrel temperature data such as given

by Elbe (7).
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