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HEAT TRANSFER, BARREL TEMPERATURES AND THERMAL STRAINS IN GUNS

ABSTRACT

Data on temperature distribution and heat input in & 37mm gun during
firing are presented. These results are discussed and compsred with
theoretical values obtained by using the Nordheim, Soodsk and Nordheim method
of calculation.
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I. INTRODUCIION

Many text books on Interior Ballistics contain theories which permit the
calculation of heat transfer rates, barrel temperatures and thermsl strains
in gun barrels. These theories are developments from the extant theories of
heat transfer 1ln tubes or to flat plates and are valid strictly for fully
developed, steady flow. The situation in a gun barrel during operation of the
gun is by no means steady. The boundary layer is very thin and the surfece
is not smooth. The validity of the theories and the accuracy of the derived
results are open to some question. There does not exist much published experi-
mental data by which one can evaluate the theories in guestion or arrive at

empirical correlations among the parameters of importance to the phenomena in
question.

The Ballistic Research Laboratories have for csome years been interested
in the problem of the measurement and control of heat transfer in guns and
have made many firings on a laboratory scale in rather well instrumented 37mm
guns under various conditions of propcllant type, projectile mass, muzzle
velocily, ete. Measwrements were made, not only of the usual pressure vs.
time and muzzle velocity, but ulso of external barrel surface temperatures,
internal bore surface temperatures und external barrel thermal strains, and
in some cases erosion rates. The temperature and stroin measurements make 1t
possible to calculate the overall heat lnput and thermal dilatation coefficient
of the barrel. Comparison cun also be made with the values calculated by the

extant theories and estimates made s to the accuracy and utility of the latter.
[L. BXPERIMENTAL PROCEDURES

The temperature of the external surface of the barrel was measured with
gages known us RAF Otihons. These puges (monufuctured by Arthur C. Ruge
Associates, Ince,, Hudson, New Hampshire) essenlially are resistance ther=-
mometers and are very convenient for the purpose, and yleld consistent results.
They are similor in appearance Lo cemented ctrain gages and are appllied in a
simlilar manner. The model used i designated as type PN-1 und has a resistance
of %0 ohms at YOOF. A used Ln heat cexperiments, the guge forms one arm of a
Wheatstone bridge clrecuit, When the gage Ls heated the resulting unbalance of
the bridge 1. indicated by the current in a microammeter and is a measure of

the temperature ri.e of the gapre
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The following procedure was used to calibrate the PN-1 gages. The
Wheatstone bridge circuits were all constructed with 0.1% precision resistors
of the same value. A precision decade resistor is substituted for the PN-1
gege, and with constant voltage in the bridge, the resistance is changed by
one ohm steps, and a plot of reslstance vs. current on the microammeter is
made. Each bridge was calibrated in this manner, and the slopes were compared.
All of the bridges used were exactly alike. The PN-1 gage manufacturer supplies
& calibration chart showing resistance change as a function of temperature
change., Now if one of these gages is waterproofed and placed in a water bath
the temperature of the gage can be determined, and when 1t is connected into
one of the bridge circuits, the change in resistance as a function of temper-
ature can be measured as a change in the current in the microammeter. From
this, a plot of temperature vs. current can be made with the slope belng the
gage calibration factor to be uscd with that particular bridge. Since all of
the bridges are alike, only one gage need be completely calibrated.

To protect the gages from the effects of changes in temperature of the
environment they were covered with a layer of plastic foam fastened down with

several layers of electrician's tape.

The thermal strain measurements were made with Baldwin Southwark SR-4
cemented on strain gages, type C1l0, 1000-ohm resistance. They were first
applied in the ususl way using Duco cement, It was found, however, that their
indications were quite variable from round to round. The thermal strains are
very small and are preceded by relatively very large strains due to the gas
pressure and the pressure due to the rotating band. It is probable that this
large pressure causes some slight slippage ot the gage whlch affects the sub-
sequent measurements of the small thermal strain. It appeared to be necessary
to cement the gages more securely to the barrel. This was done in the following
way. A thin layer of epoxy resin (Araldite GN 502 manufactured by Ciba Co.,Inc.,
Kimberton, Pa.) was applied and the gage pressed firmly into the cemert until
any excess was removed along with any air bubbles. The gage was then covered
with 8 piece of waxed paper upon which was placed a plece of sponge rubber.

This assembly was bound tightly to the gun barrel with several turns of No. 1k
wire and was allowed to cure for several days under an infrared lamp. After




curing was completed, the gage was coated with several leyers of insulating
varnish, Finally, as a protection, several layers of electricilan's tape were
wrapped over the gages. Gages applied in this manner gave consistent readings
for several hundred rounds. Two active gages were used in a Wheatstone bridge
circuilt so as to enhance the signal.,

A typical record is shown in Figure 1. The signal from the gage was
displayed on a cathode ray oscilloscope and photographed with a Polaroid Land
Camera. The sweep time is 1.3 sec/cm measured on the record. The record shows
that the full strain is reached in about 0.4 seconds and is effectively constant
as the heat diffuses through the barrel., This 1s to be expected slnce the straln
depends on the total heat input and is independent of its distributlion. The
"hash" on the early part of the record is due to the shock of firing and the hash
near the center of the record occurs when the gun comes back into battery. The
dots at either end of the record are calibration steps taken at the beglnning
and end of the cycle. BEach step is due to a voltage change of 0.4 millivolts.

Usually the strains were measured circumferentially. In some cases longi-
tudinal strains were measured simultaneously but were found to be equal to the
circumferential strains.

The internal or bore surface temperature measurements were made with surface
thermccouples of the Hackemann type. These thermocouples were first designed by
P. Hackemann in Germuny during World War II and have been extensively used and
are described in several references.l"2 Several models were used in the work
reported here. The earlier ones were supplied by the Midwest Research Institute,
Kansas City, Missouri. OSubseyuently others were fabricated at the BRL using
essentlally the same techniques as were used by Midwest. The main features of
this model are shown in Figure 2. The thermojunction is the interface between
the nickel plate and the steel base. This is essentially a Ni-Fe couple. The
temperature is measwred & tew microns (the thickness of the plate) below the
actual surface, The average thickness of the plate on the couples used was
two microns. Since the Junction has csscntially zero heal capucity, the

response of the couple is very rapid. A typical record is shown in Figure 3.
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The four traces arc from four thermocouples at different positions along the
barrel. Timing marks also appear on the record so that the variation of temper-
ature with time can be followed. The record shows that in this case the maximum
temperature is reached in about 100 microseconds.

Unfortunately, these thermocouples are very fragile and must be renewed
frequently if conditions are severe as they were in the work described here.
Considerable effort was expended in trying to improve their ruggedness, particu-
larly in the matter of adhesion of the plate. Although improvement was attalned
they remained too fragile for extensive use under the severe cconditlons to which
they were subjected, The thermocouples were mounted in plugs which could be
screwed into the barrel in the desired locations until they made contact with &
specially designed instrument inserted down the boure. The contact was indicated
by the completion of an electrical circuit, The thermocouple was then retracted
three turns of the plug (about 3.8mm). It was observed that the lack of close
match between the surface of the thermocouple and the bore did not slter the
measured temperature significantly. Such behavior has also been reported in

the literature by other users of similar thermocouples.

The model shown in Figure 2 was the most rugged and effective of those
tested. The nickel plate was deposited with the thermocouple element mounted
in the plug so that the plate covers not only the thermo element but also the
full surface of the plug. In fabrication, the entire surface to be plated was
ground and polished on a metallurgical polishing wheel, then cleaned with
alcohol, The unit was then mounted in the evaporator and heated by & specially
designed furnace to a temperature of 700 to YSOOF. The surface was further
cleaned by an electric discharge and then the plate deposited while the thermo-
couple element was still hot. The apparatus was so designed that six units
could be fabricated simultaneously. The general procedures for determining
plate thickness were those given in Reference 5. In some cases the thickness

of the plate was checked by microccopic examination and found to agree with
the predicted thickness.

Part of the improvement of the ruggedness of these thermo elements may be
due to the fact that the plate extends over the end surface of the housing as
well as the end of the thermo element itself, The plate is continuous and the

larger area and circumference may make 1t more difficult for the gas to remove
the plate.
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Because of the difficulty in keeping the plate in place when these
thermocouples are used in guns,it has been the practice in several laboratories
to establish and maintain the thermocouple operation by simply abrading the
swiace by filing or rubbing on fine abrasive paper instead of plating. Enough
metal is swaged across the gap between the nickel wire and the steel tube to
make the junction. This technique was used in this work slso, but, although
such junctions are very simple to produce (and will successfully record temper-
ature and are often more durable than plated junctions), the results of a large
number of firings showed that the recorded maximum temperatures are much more
variable than those produced by the plated thermocouples. Theilr use was, there-
fore, not continued.

In all, four different 37mm gun tubes (Model M-3) were inst;umented. Two
had the rifling removed for another program which made i1t simpler to mount the
thermocouples as it obviated the problem of matching the thermocouple with the
bore surface. For the earlier work only one station was provided but later
five stations were instrumented on three of the tubes. Only one of these had
provisions for employlng the bore surface thermocouples. The locations of the
different instrumentation are given in Table I. Chamber pressure also was
recorded by & gage located f'ive inches from the breech face, Muzzle velocities

were measured by velocity coils in most cases but for some firings by lumiline
screens,

Firings were made with M-1 and M-2 propellants and the charges were
adjusted to several velocity levels. In some cases mixtures of M-l and M2
were used to study the aftect of the propellant gas temperature upon the heat
input and barrel temperatures. In these cases the lots of propellants used
were such that the burning times were approximately the same. It was not

possible to make the times equal using the available lots (standard production
lots).
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TABLE I

DISTANCES OF INSTRUMENTATION FROM THE BEREECH FACE

(Inches)
Tube No. Instrumentation STATIONS
1 a 3 b 5
1099€1 PN-1 and Strain Gages 22-3/}4
Thermocouple 17-3/4
10997k PN-1l and Strain Gages  20-1/4 29-1/4 37-1/h 51-3/k 6h-1/}
Thermocouples 16=1/4 23«1/4 32-1/4 58-1/k 82-1/Y
97551 PN-1 and Strain Gages 18 30 46 59 2
120023 PN-1 and Strain Gages 18 30 46 59 72

15
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III. DATA AND RESULTS

The data and derived results are glven in Teble IL. The column headings
are in genersl self-explanatory. The values recorded for the messured quanti-
ties are average values; in most cases for numerous firings and, in sll cases,
for not less than six., The muzzle velocities are neminal values rounded off
from the average values and are presented to classify the firings.

The easlest to meassure and the most sccurately determlaed quantity 1s the
external barrel temperature rise. On firing, the indicator (the microsmmeter)
rapldly reaches a meximum value and then slowly declines as the barrel cools.
The rise time 1s about five seconds from the time the heat pulse reaches the
outer surface and the rate of cocoling is about O.lo per second. The section of
the barrel on which the gage is mounted and the gage itself are well insulated
from the surroundings. Also the rise in temperature is never more than 500.

It was therefore assumed that the temperature gradients through the barrel wall
were small, as were the heat losses, and that the gage recorded what was, in
effect, the average temperature rise produced by the amount of heat supplied.
From the density and specific heat of the steel, it 1s possible to estimate the
total heat input per round. These estimates are given in Table II, the values
of the specific heat and density are those glven in Metals Handbook3 for the
type of steel used for the barrels.

A measurement of the temperature rise and the simultaneous strain allows
& calculation of the thermal dilatation coefficient of the barrel. The strains
are much less well determined than the rises in temperature. The precision,
estimated from the average deviatlon from the average values 1s, for the temper-
ature rise, about 5 per cent, and for the strains, about 1% per cent. The
average estimated dilatation coefficient for the barrels is considerably higher
than that (about 1.1 x 10'5/°C) given in the Metals Handbook for barrel steels.
Assuming that the stralns are properly measured, this may be due to the fact
that the measured temperature rise is too small because of thermal gradients
to the surface, or the thermal expansion of the barrel may depend on the method
of fabrithtion. That the latter alternative msy be valid is supported by infor-
mation from Watertown Arsenalu, which states that the thermal dilatation coef-
ficient of similar barrels was measured to be about 1.5 X 10'5/°c. This value

16
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was not determined from the thermal strains due to firing but rather by uni-
formly heating the tubes, The BRL values are still greater than the Watertown
values, on the average, so that there still may be some discrepancy in the
assumption that the measured temperatwre rise is equal to the average temper-
ature through the barrel wall.

The total heat input per round falls rapidly with distance down the barrel
as shown in Pigures L4 and 5. The data sre not extensive enough to determine
the functional dependence accurately. It is probable, that as the measurements
are taken closer to the muzzle, the functional dependence will change because
as the muzzle is approached the heating is more and more that due to the gas
flowing out at the muzzle as the tube empties, after exit of the projectile.
After exit, the character of the gas flow is different and depends on different
parameters. The graphs show that the heat input reaches a minimum at about

six-tenths of the travel and subsequently rises somewhat toward the muzzle.

In all cases for constant ballistics (i.e. constant pesk pressurc and
muzzle velocity) for which measurements were made the total heat input turns
out to follow closely a linear dependence on the adiabatic flame temperature
of the propellant. The data for one series (muzzle velocity 2700 ft/sec) are
plotted in Figure 6. The figure shows also that the slopes of the graph for
the different stations are equel within the precision of the data. The same
is true for data taken at 1800 ft/sec. In this case, only one statlon was
instrumented. The dependence on flame temperature iz not very strong., This
is due to the fact that as a cooler propellant is used it is necessary to use
& larger charge. This increases the mean density of the gas which increases

the heat transfer coefficient, thereby tending to compensate for the decreased
gas temperature.,

The bore surface temperatures indicated by the thermocouples are subject
to large round to round variation and to obtain consistency in the readings an
average over & number of firings must be taken. Figure 7 is a plot of the
average maximum bore surface temperature for four of the five stations. It
was found to be not possible to make messurements at the fifth station. The
thermocouples were too fragilc to withstand the shoék of firing. The plotted
points are sversged over sixteen rounds and, except for station 2 for M.l

18
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propellant, they follow a consistent pattern, The data for the exceptional
point have been checked. The rounds from which this point was derived were
not all fired consecutively. They were distributed over a period of more
than a year and any oue thermocouple rerely lasted more than five rounds. It
would seem that the deviatlon of the point from its eppropriate value is
statistical. The precision, as measured by the aversage deviation from the
mesn value, averages about :15000 for the different stations so that the point
is not outside the indlcated preclision of the data. The results lndicate that

one should use these thermocouples for bore surface temperature measurements
wit . conslderable discretion.

It is the opinion of the writers that the wide fluctuations in the thermow
couple indications are real, There 1s considerable contamination of the thermo-
couples due to deposits from the propellant gases and also copper from the
rotating band., It is also doubtful that a uniform surface temperature exlsts.
The gas is not all at the same temperature. The firing cycle 1ls so short and
the mixing process relatively so slow, that the thermocouple may sense quite
different maximum temperatures from round to round. The roughuess of the
surface, which varies from round to round, will also influence the rate of heat

transfer locally, so that, in effect, a uniform surface temperature does not
exist.

The data tsken for the mixed propellants M-l and M-2 bear out these ideas.
The thermocouple readings do not follow a consistent pattern as do the data on
total heat input. 1In this case, the variations in the gas temperature during
firing will be much more drastic than for a single propellant and one would

expect the data to show wider and more i:regular fluctuations than for a single
propellant,

IV. COMPARISON WITH THE THEORY OF NORDHEIM, SOODAK AND NORDHEIM*6

It has been pownted out earlier that the extant theories of gun barrel
heating assume that the existing theories of heat transfer by forced convection
between a 580114 boundary and & steady turbulent fluid flow can be applied to

In this report abbrevisted NSN
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the case of the gun. The problem ls to calculate the rate of heat traansfer

to the barrel wall as & function of the interior ballistic parameters which
specifies the boundary condition on the solution of the Fourier Heat Conduction
equation. It is assumed that the rate of heat transfer H(t) is given by:

H(t) = h(:r.'8 - Tw) (1)
where ’I‘g is the gas temperature in the gas away from the wall, Tw 1s the wall
temperature and "h" a heat transfer coefficient. In the case of the gun, h,

Tg and Tw are all functions of the time but it is assumed that equation (1)

is "quasi steady" that is, it holds over each small interval of the integration.

There exists an extensive literature on the specification of h, Nordheim,
et al , adopt a very simple formula for h, namely:

h=2§cp oV (2)

where Cp is the specific heat of the gas at constant pressure, p the density

of gas and V its velocity. The quantity A, which they call the friction factor,
is, in their theory, essentially a "fudge" factor to be determined experimentally.
Corner' presents an estimation of h from boundery layer theory but finds thet

the results have to be corrected empirically in any case.

The usefulness of the theory will depend, obviously on how well A\ can be
estimated for a particular situation. Thig will depend on o sufficiently
extensive accumulation of experimental determinations of A, for a wide variety
of cases so that, for a particular case, a reasonably reliable value of A can

be specified. Unfortunately, at this time, very few data have been published
which permits an adequate evaluation.

A rather detailed discussion of NSN theory as applied to guns is lncluded
in an attached appendix. NSN solve the Fourier Equation in one dimension, that
is, they assume that the curvature of the bore can be neglected. Following
thelr procedure we have coded the probtlem for machine computation. The values
of )\ vere adjusted to make the theoretical values of Q agree with the measured

values to within the precisicn of the latter. These values of A, as well as
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the measured values of Q, for a series of firings at 2400 ft/sed are plotted
in Figure 8 for both M-l and M-2 propeliant. They decline steadily with
distance down the bore but not so rapidly as the measwred values of Q. Near
the muzzle, they tend to decline less rapldly than does Q. This effect may
be real 1n part. The bore 1s more eroded toward the breech and muzzle and

one would expect A t0 be larger for a rough surface. ) does not depend on
the surface condition only however, as is evident from the treatment of Corner
given in Reference T.

From Figure 8, one can estimate the values of ) at the positions of the
thermocouples and calculate the bore surface temperatures at these locations
for comparison with experiment. When this is done, it is found that the
maximum bore surface temperatures calculated are, in general, quite close to
the measured values. In no case is the difference greater than the estimated
error in the measuwred values and, in mosl cases, it is considerubly less Lhan
this. The values are plotted in Figure 9,

The average observed bore surface temperature is plotted as a function
of time along with the calculated values for some typlcal cases in Figures
10 through L7. The agreement is satisfactory since the divergencies are not

greater than the estimated precision of the observations.

It should be noted that the maximum temperature plotted in Figures 10
through 17 does not correspond cxactly with the maximum temperature shown in
Figure 7. The reason for this is the following: The temperatures determined
by the thermocouples were recorded by means of a 35mm moving film oscilloscope
recorder. After the records were developed, the peak temperature only was
read. The records were then stored in a record file for future ref'erence.
Sometime during storage about one half of the total records, some 15 round.,
were elther lost or destroyed. Hence, when further study of the records was
started, the average values of the temperatures were different than those
shown in Figure 7. Unfortunately, there was no requirement to determine
temperature as a function of time when the firings were first made.

However, in view of the rather wide scatter in the bore surface tempor-
ature as measured by *he thermocouples, 1t is the opinion of the authore that
data ac shown in Figure 7 and Figures 10 through 17 are compatible and are of

considerable value,
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In Figures 10 through 17 the solid line indicates the average bore
surface temperature ac measured by the thermocouples, and the dashed line,
the surface temperatures as computed by NSN theory using & value of ) esti-
mated from Figure 8. The time scales were adjusted arbitrarily so that
maximum temperature occurred at zero time.

In view of the difficulty of making accurate bore temperature measure-
ments, it would appear from the present work that one could make external
barrel temperature measurements and use. the value of A (adjusted to match the
external temperature) to calculate barrel temperature distribution. This
would not require the drilling of holes in the barrel and wowld probably give

as reliable a determination of the barrel temperature distribution as one could
obtain from thermoccuples.
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APPENDIX A

NORDHEIM, SCODAK, AND NORDHEIM THEORY OF HEAT TRANSFER IN GUNS
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I. SIMBOLS USED IN THIS APFENDIX

8YMBOL UNIT

Propellant Constant

F (cud /sec®)
n mole/gm
R erg/°K
[o]

To K
7
7
c, Ccal/gn’C
¢, Cal/gn’C

o 3
P gn/Cm

Gun Constants

m grams

m grams

c grams
3

UB Cm

A Cn®

Xy Cm

¥ Cn

Lo

DEFINITION

[ = nRT ], the "impetus" or force
of the propellant.

Number of moles of propellant gas
formed per gram of propellant.

Gas constant
Adiasbatic Gas Temperature

True ratlo of specific heat Cp/cv

Effective ratio of specific heats
which corrects for heat loss

Specific heat at constant pressure
Specific heat at constant volume

Density of Solid Propellant

True mass of projectile
Effective Mass of Projectile
Mass of Propellant Charge

Volume of the gun from the breech
to a specified point s

Cross sectional area of the bore
[Us/A] Coordinate along the bore

[xs - C/Ap ] Reduced coordinate
P along the bore

m—

Lt
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SiIMBOL UNIT
Ballistic Notations

v cm/sec

P dyn.ea/cm2
N(+) &

B en? sec/gm
v cm

Reduced Ballistic Quantities

J -

A gn/cm

) cn/sec

L4l

DEFINITION

[ax/at - ay/at | Projectile Velocity

Pressure

Mags of Propellant burned up
to twice &

Burning constant

Web thickness of propellant

[M/c The ratio of projectile
effective mass to charge
mass

[6/v, ] = c/ax, Density of 1caaing

‘[ 2 %’ :ll Reduced burning constent

Z—-T':E %2 Burning parameter

Reduced length of gun

o3 ]




II. ASSUMPIIONS

In oxder to apply the theory of heat transfer to guns, the following
assunptions are necessary:

1. The equation of state for the propellant gases 1s assumed to be
a simplified Van der Weals equation,

1l
P = (Z- )= uRE (1)
where P 15 the pressure, p the gas density, 7 the covolume, R the gas constant,

n the pumber of moles per gram of propellant gas, and T the absolute tempera-

ture of the propellant gas, in degrees of Kelvin, The "force" of the propellant
gas is determined by

F = nRT_ (2)
where To is the adiasbatlc flame temperature, The specific heat CP and Cv

and “helr walio y are assumed to be independent of temperature.

18]

2, The stcady staute formulu,

It= (8, -8 ) (3

holds for the wisteady situation in a gun, that is:

H(t) - h(t) [Og(t) - Bw(t)] (%)
where 8 Is the temperoture relative to some initial temperature.

5. That the heat trensfer coefficient h(t), is given by

H(e) = 3¢ (o) (%) (5)

which expresses the heat transfer in terms of the mean specific flux (pv) of
the gas, the specific heut Cp and the hydrodynamic factor A. This factor is
called the Fanning Coefficient in the literature, and is & dimensionless
constant that connects the pressure loss dp/dx along & pipe due to friction
with the dynamic pressure in the fluld according tu the formula
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/ % 0.8

o v (6)
vhere To is the o called hydraulic radius, that is, the cross sectional
area of the plpe dilvided by one half of its clrcumference, However, in the
case of a gun, M\ 1s essentially a "fudge" factor introduced to account for
the differences in heat transfer due to undetermined roughnesses on the sur-

face of the gun bore. A method for determining & value of » from heat input
date i1s dlscussed in the body of this report.

4., The next assumpbion is that the curveture of the bore can be neglected

and the solution of the problem is that of solving the Fourier Heat Conduction
Equation in one dimension.

28(zt)  x 389§zt2
5 " Tp o2 (7

with the boundary conditions

29(zt

E(t) +k = =0 (8)

and 8(2,0) = O as an initial condition.

III, FLUX OF THE PROFELLANT GASES

The basic problem to be solved prior to a calculation of gun temperature
is the determination of the heat-transfer coefficlent for a given position
along the bore asg a function of time,

In section II, equation (5) is the besic formula for the heat trensfer
coefficient.,

B(t) = 3 Cp, (9)

L3




Wnere o, is the specific £lux of the propellant geses, the
friction factor ) 1s & constant fox a parileular gun, and C:13 is the constant
specific heat of the propellant gas. It les asesumed 'bha._t the unburned
propellant does not contribute measurably to the heat transfer,

Let ue assume that the density of the propellant gases remain constant
throushout the whole gun. However, the flux, and vith it, the heat transfer
will depend on the distribution of the unburned propellant during the
firing. Therefore, to describe the distridution, we introduce a form
function G(xst) that gives the fraction of unburned propellent between the
breechblock and the point X in the gun, While G may be a function of Xy

and time,; 1t also must satisfy the following conditions

l]a co=0fe], o = (20)
xs =0 x.s = X
vwhere x 1s the coordinate of the base of the projectile, the fractional

deneity of the solid at x_ will be %G_ ’
8 X
We can determine the flux by the following consideration, Let us
divide the volume of the gun up to the base of the projectile to point x inte

two parts -- I back of, and II ahead of the polnt X, in the following sketch,

| I : I )

X, X

The specific flux through a cross section at X that is, the nmass
per unit area and time, will be given the excess of propellant burned per
unit time in I over the rate of change of gas mass in I divided by the
effective cross sectlional area A* for the gas at Xge A* 1p defined as the
volume per unit length available for the gas.

Ly




By definition of G, the amount of propellant burned in T per unit time
is QdN/4t, where N is the amount of propellant burned as & function of t;
the total mass of gas in I equals its density N/[Ax-(C-N)/pp] , times the

available volume, Ax - G(C-N/pp. This expression 18 obtalued by subtracting

the space occupled by the propellsnt in I from the volume in I, We obtain
thus

aN 4 Ax, -G(c-N)/EL.J

* = — - —
=~z (V= ST s, (12)
aN d aG
which with G == = Z= (GN) - N T oen also be written as
A(Gx~x_)
s 5 a
1A% = 3% [ L v RO ] N (22)

Since the effective cross sectional area is defined as the volwme per
unit length availuble for the gas, that 1s the true volume per unit length
minus the volume of solid propellant per unit length, we have

.- 0, (. Sl g
A% = A - [(C-N)/pp = - A (1 -y, (13)

These formulas allow us to write down the flux and thus the heat transfer
coefficient under any assumpbtion regarding the distribution of the unburned
propellant if the ballistice are known; that is, if we have the functional
dependence of x and N on the time t,

We ghall consider only the assumption that the unburned propellent is
alvays equally distributed over the whole avallable space, In thls case a(a)
is the ratio of the volume I to the total volume, or

¢
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Uaing equations (1L4) and (13) in (12) we obtain

4, . & N a_ . % N (15)
(B.) Bx Ef mm E X[AX—(C—N)/FDQ

This expression can be directly lnterpreted as the deneity of the gas
N/[Ax - (C-N)/pp] times a local veloeity that stands in the matio xs/x to
the velocity of the projectile.

IV, NORDHEIM, SOODAK, AND NORDHEIM (NSN) REDUCED BALLISTIC SYSTEM

The calculation of bore temperature and heat transfer for & gun becomes
the problem of integration of the Fourier equation as soon as & definite
ballistic system has been developed and definite values have been assigned
to the parameters involved « e.g., the friction factor, and the thermal
constant of the steel. Since some of the gun parameters are uncertain, it
would be rather lmpractical to solve the problem of gun heating and temperature
by treating each gun individually, that ls, working out a separate ballistic
system for each gun, and then solving the heat conduction equation under all
possible assumptions in regard to the parameter concerned.

In order to get sround this situation, it is desirable to use a slightly
simplified ballistic system in which cimilarity relatlions can be used to
reduce the number of necessary integrations, This becomes possible because
the ballistlc curves, (velocity - travel - pressure - and temperature - time
curves) are of & similar type for all guns.

The assumptions that are necessary to allow the simplification are the
following:

1. The burning rate is proportional to the pressure and the burning
surface of the propellant remains constant until it is all vuined.

2, In the eguation of motion, the covolume of the gas is assumed 4o
be equal to the volume of the same weight of unburned propellant.
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3, The starting preesure ls assumed to be zero.

4, The effects of mechanical friction and the kinetic energy
of the propellant gases can be accounted for by introduction of an
effective mass of the projectile in place of the true mass.

5¢ The effect on bvallistics of heat loss by the propellant
gases can be accounted for by the use of an effective ratio for the
specific heat of the propellant gases in place of the true value.

In this resume the subscript o (vo, X ) refers to the base

s ¥
of the projectile at rest; the subseript s zo pgints along the bore
surface; coordinate without subscript refer to the position of the
base of the projectile during firing; subscript m (xm, Y etc.) to
the muzzle of the gun; the subseript b, to the position of the base
of the projectile when all of the propellant is burned. The symbols

and deflnition appear at the beginning of this appendix.,

According to assumption (l) the burning lav 1ls expressed as

AN

B
‘E-Cwe

In sctting up the bullistic equations, three time intervals must

(16)

be treated separately. The first ends at the time all of the propellant

is burned, the second extends from all burat to the time the projectile

leaves the gun, and the third, (need for heat transfer purposes) beglns

after the projectile leaves the gun.

The position at which the propellant is all burned is determined

by the following equation:

2
7-1

itzﬁ[L]
v 1-E

b7

(17)

g |
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The velocity of the projectile as a function of travel is gi;rén by

Y=1
vV = %‘.jl [1 - (;2) 2 ] - before burning (18)

‘. ( oG >1/2 [ L <y_b >(7_1)/2(E>7'1 ]1/2 (29)
KICZ50) Yo < Y.
after burning.
The travel time curves can be obtained by integration of (18) and
(19).

The amount of propellant burned, as a function of projectile position
is given by

21

g e ()T Jvey @)

The pressure as a function of travel is given by

¥, <
'%@%(7)

o)
1

7+1)/2 [ 1. (_yyo >('7-l)/2] - before (21)

burning.

o
I
I
5|5
'D
/\
<
U‘
\_/
‘~l
£
~
n
~
«lo®
N
~it

after burning. (22)

The maximum pressure occurs at
- ( 2y 2
1) )
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independent of all other conditions, provided Yp max < Ype Otherwise

the maximum pressure occurs when the propellant is all burned. The value
of the maximum pressure is

F+1
B g0 2 (@Y 52 ayes (25)
wax ~ T= 476, 7y By 7 3

o
i

l:l_E-J(i+l)/(9-l)

- ] ) .
Pmax=Pb'1TA75; s E>p2/2y . - (2h)

The temperature T°K of the gas is given by

7-1)/2
T=T, (;—9)(7 / before burning (25)
-1)/2 7-1
T=T, C;—E- (7-1)/ C—Z-g)(y ) after burning. (26)

In order to udapt the system to any particular gun the following
procedure is followed. For the connection between m and s the relation

m o= 1.0k (m +C/3) is used. (27)

For the effectlive ratio of the specific heats, an average value 7 = 1.%6

J
ils used, The values of mo Vo’ J» & and F are known gun constants,

The value of @ and E are determined from observed meximum pressure accord-
ing to equation (21) or (22). Finally & check on the ballistics is

obtained by comparing the muzzle velocity as calculsted from equation (19)
with the obsexrved value.

The absolute size of the gun has been completely eliminated in the
ballistic formulss given by equations (16) through (26). This system
contains only one parameter, namely y.b/yo ; or the constant E. If this
quantity is kept constant, the ballistic curves (travel, velocity,

L9
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1

tempereture, and pressure - time) will be sinilar no matter what

values are gliven to the other parameters. Thus by using

- L through 5, a one paraneter group of possible travel-time curves under

' variation of all conditions such as ratio of projectile mass to charge mass,
loading density, web thickness, and composition of the propellant are
possible.

As alyeady pointed out, guns of different absolute size will have similax
vallistic curves. Then by rewriting equation (19)

(7-1)/2

and introducing a nev reduced time

ol 20 29 A

; =Ly, (29)
o ‘o (7-1)y, (7’-1)(1-A[pp) U,

We get

7.1)
L ( g—o)(y D (50)

vhich states that the velocity-time curves are the same for all guns if
describved in the reduced time scale Te

V. REDUCED EQUATIONS OF HEAT CONDUCTION

It is assumed that the thermal constants can be considered as inde-
pendent of temperature that is, sultable average values for the temperature
range in question can be introduced, The equatlion fox heat conduction 1s

20 kK 2%9
g=55; = (31)
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The boundary wiamditions are
1] ’
h(ea-as) + k % = 0. (32)

The heattrwmnsfer coefPficient h contains the friction factor A
a3 a multliplinesss comstarat, h = Xho.

If ve cosiiiier s ghan with definite ballistics, then ho and 0 are
universal fupt¥-jons of —the reduced time variable

Ty (33)

In orderte=¢ mske \se of thls correspondence, s new system of time
and spece varda amiles {8 introduced

1 =o0t,and § =B V (3’*)

2

where the rdatiion of £ to a is gilven by

2 <) 1/2
%p- g—=lor(3=<c—é-k—sa> . (Zha)
5

Then equatime  (31), ( 3), and (33) become

60 l e (35)
HC 6,-0,) + 57 = (36)
BE
] (0l ) =0 (37)
Whexre the rdx_yed heats transfer coefficient H is
g b I (38)
* CkCp /=) ~ lakaBk)'?1

51




ot

These equatlions are now unlversal except for the multiplying

A
factor Wk@ﬂ‘ « This factor conteins the friction factor, the

thexmal constants of the steel, and the time parameter ¢ which is determined
by the size of the gun, All combinations that glve the same h° factor

will give the same temperatures in the 1{ system and the results in the
actual xt system can then be obtained by simple conversion of scales,

Now we can collect the complete formula for the heat transfer

coefficient as functions of the reduced travel variable y, which in turn

is a universal function of 7, The assumption of equal distribution of

unburned propellant is used,

By use of equations (5), (13), (18), (20), and (33) we £ind

(1) = ;‘i LE( ) (39)
where
AC 1/2 1/2
L=T’Z§@' <%> %(l-AApP §£'> (ko)
Yo 2-1/2
. [“(.7) T

(42)
a/ ~2-1/2 o/
G-k g -G ©- 135 ]

vefore burning.
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32 [
£(1) = — l"‘-’ﬁ( )

1.-a/p L+I—77"
¢ 5k

Using equation (25) and 26) we find that the gas temperature 9
referred to an initisl temperature of the gun of 500 K 1s glven by

after burning, (42)

1/2 (7-1)
9 + 300 = T < > before burning, (43)

o n (2T (BT & (2T W

after burning.

In H{1) the factor xs/xO gives the location along the bore for which

the gun temperature ic to be determined, The factor L which is called the
heating parameter depends on the friction factor, themmal conductivity of
the gun steel and ballistic constant of the gun., The absolute size of the
gun is contained only in the factor (C/A)l/a, while the other quantities
-- Ay ® E, huve the character of specific quantities. The integration
must start at the vulue of 1 corresponding to the selected %y (where

Vg = K - C/App) and must continue using cquation (4%) and (44) until the

time when the projectile is at the muzzle or to point Yo

VI. THE CHOICE OF THE FRICTION FACTOR A\

The friction factor is theoretically calculable only for certain
relatively simple cases of steady state fluid flov over smooth walls, It
is obvious that these conditions do not hold in guns., However, as a first

approximation, formulas based on analogy to those cbtained for steady flow
over smooth walls are used by NSN,
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NSN used two methods for determinmation of a value of A\, The first
used the eqpation?

M= (346 + 4 108, ro/:r:)"2 (4s)

vhere thickness of the boundary layer 3 for smooth surfaces is replaced
by & roughness parameter r that measures the size of the irregularities.
The exact meaning of r is not well defined, since the friction factor

will depend also on the form and arrangement of the irregularities. NSN

made an attempt to determine a value of A for guns from data on the

ercsion of nozzles. They vere not successful in making a satisfactory

transitlon.

The other method NON used was to determine values of A from heat
transfer data obtained from .50 caliber machine gun firings. A value of
A vas computed from heat input data obteined at the origin of rifling.
The values vary widely because of imperfection in the insulation of the

calorimetric ring used. Corrections were made for these variations, but

values of A sti1ll varied from round to round.

Workers at Catholic Un.«L\rerasi‘cya applied the NSN theory to the calcu-
lation of the friction factor for several guns of different calibers.
They used heut inpub data derived from bore surface and embedded barrel
thermocouples. The resulte indlcate that M varies over the boxre surface
from breech to muzzle and varies for different guns of the same caliber.

It is the opinion of the writers that A is a "fudge" factor that must
be experimentally determined for the gun in question, and at the desired
locations along the gun barrel. A discussion of our technique for deterw-

mining A from heat input data is contained in the body of this xeport.
VII . THE CAICULATION OF THE HEAT INPUT. Q

If one has knowledge of the temperature distribution in a gun barrel,
he also can determine the total heat input Q to that sectlion of the bore
surface by either one of the following formulas:
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% r h(® -8 ) dat (46)
L] o s 5
R R L (7
[»}

Since equllryon (U)i==sS tie easier of the two to integrate, no further
use of (4 () will ene=side,

Equaimt {py (U47) amen be expressed in the form

(b =4 ] az0az = op(2x/ee )2 [ e(toat
0 o

= ace /1I(7,y,/y,) (48)

The pth tegral 1 (===, ys/ ¥,) should be evaluated at & time when any
later heyt, ypansfme =md can be neglected, When this is done a value of all
of the hui it 4ranur =ed from the propellant gases to the gun is obteined.
These Llngypels sxn = ot sensitive to changes in the length of the gun,
ym/yo, 84t they wb - ¢ evaluated for all guns.
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