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I- INTRODUCTION

In these times of rapid digital computers ahd sophisti-

cated analytical techniques the need for meaningful experi-

mental correlations is often ignored. Reports typically

present a comparison of numerical solution versus "closed-form"

Ssolutions. Little significance is placed on predicted results

versus hardware performance. Parodoxically, designers continue

to express lack of confidence in analytical predictions and

demand a stronger emphasis on experimental evaluation. This

situation is further complicated by the decrease in documented
test results. Hence it is virtually impossible to obtain ac-

curate experimental thermal data for small arms guns from the

current literature.

It is interesting to note that any useful theoretical

analysis depends on at least semi-empirically determined

W boundary conditions, Yet it is most difficult to obtain

measured barrel temperatures, bore heat fluxes, or pro-

pellant gas temperature and convection coefficient data in

the literature. Therefore, it is the purpose of this report

to document some recently measured gun barrel thermal data,

and to describe the test procedure involved in obtaining these

data. It is hoped that these data can be applied as a tool

In the design and analysis of future small arms gun barrels.

Further, it is hoped that the publication of these results may

encourage others involved in the experimental evaluation of

gun systems to record and document these much needed thermlil

data.

Results from these experimental efforts are beinq

applied In the verification of calculated data for past

* and curi "nt analytical efforts. Also, such boundary con-

dition data as bore heat flux, propellant gas convection

i•',



coefficients, and temperatures are determined by use of mathe-

matical inverse schemes itilizinq these temperature data. in

addition these data, as described In this report, afford some

initial insight into the strong relationship between barrel

F temperature and barrel erosion.

DESCRIPTION OF THERMAL TEST PROGRAM

The general philosophy of this test program was that of

evaluating representative small arms machine guns that were

economical to fire, readily available, and easy to instrument.
On that basis the Browning 1919-A4 and A6, and the M160 machine

guns were selected as the most suitable test vehicles. Ti.e

three tasks of this test program involved the measuremen. of

barrel life and temperature As a function of geometry, barel

temperature as a function of rate of fire, and barrel temer-

, ature as a function of barrel material. A general dýecri.,tion

of these three tasks follows;

A. Barrel Life and Temperature as a Function of Barrel
Geometry

This experiment involved firing six barrels. two ,-ith

"con constant dirameter, two with a moder-ate axial taper, and t-Io

with large tapers. These barrels which can be seen in Filure

I were fired to failure based on repetitions of a 750 rd firinq

schedule consistint of six 125 rd bursts with 10 seconds cool-

ing between bursts. After each 750 rd schedule the barrels
were allowed to cool to ambhient temperature prior to initiat-
ing the next schedule. Failure determination ý;a s based ofn

accuracy and yaw mrurerents. Tarqeting, cnnittinn of ,i

10 rd uorst. was t•ken after every 1500 rds.

Gun barrel qeometries are shown in Figu-e 2. 6arrels

01 and 03 had a constant outer diameter of 1.22t inches "ithI a wall ratio and wall thickness of 4.07 and 0.460 inches re-

spectively. Moderate taper barrels 04 and 05 measured 1 .211

inches at the breech end and tapered down to 0.769 inch yield-

ing a muzzle end wall ratio of 2.56 where ihe wall thickness
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1,220 DIAV 1.222 DIA 0.461 WALL

73" I" 7 9 9" 1," 13" 1"_ 17" 19" 21"

STANDARD BROWNING 1919A4 GUN BARREL 7148399
NO TAPER (81, 82, AND 83)

HERMOCOUPLE LOCATIONS

0.769 DIA
fl ,2,,DIA 0.234 WALL

~M
• . J •- • • ..--- I--• I- -• \ \ \ \ \\ \ \ \ \ \ •

".STANDARD BROWNING 1919A6 GUN BARREL 7148400
0.72 DEGREE TAPER (84 AND 85)

MODIFIED BROWNING 1919A6 GUN BARREL
1.07 DEGREE TAPER (86 AND B7)

Figure 2 Cross Section Views and Thermocouple Locations

was 0.238 inch. The large taper barrels B6 and B7 had breech

end cuter diameters of 1.205 inches and tapered down to 0.550
inch where the muzzle end wall ratio was 1.83 and the wall

thickness was 0.125 inch.

Gun barrel temperature measurements for the barrel life
test were recorded every second at two inch intervals along
the barrel length. Physical location of thermocouples is

z, shown in FigUre A detailed description of insteumentation
and recording techniques is given in the experimental method-

ologies section of this report.
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B. Barrel Temperature as a Function of Rate of Fire
The second task of this effort was that of investi-

gating thv relationship between barrel temperature and rate
of fire. Firing rates selected for these tests as presented
in Table 1 were 75, 150, 300, and 600 rds per minute. Because
the machine guns fired at a fixed rate of 600 rds per minute,
sporadic schedules involving short bursts were fired to achieve
the other desired effective rates of fire. An effective rate
of 75 rds per Olnute was obtained by firing 15 rd bursts every
12 seconds for a total of 600 rds in eight minutes. The ef-
fective rate of 150 rds per minute was accomplished by firing
15 rd bursts every six seconds giving a total of 795 rds fired
in 318 seconds. The 300 rd per minute rate was obtained
by firing 25 rd bursts every 5 seconds for a total of 1000 rds
in 200 seconds. For the 600 rd per minute rate, following every
200-rds the time was checked to determine if firing was on
schedule, and any required correction was made. Barrels MI and
N2, Table 2, were fired ,a the M60 machine gun and constant
diameter barrel 82 was fired in the Browning 1919-A4 machine
gun. As in the previous test, external temperature measurements
were taken every two inches along the length of the barrels.

C, Barrel Temperature as a Function of Material

The last task was that of determining the influence
of barrel material on temperature. For these tests, five ma-
terials were used: Chrome-Moly-Van Steel (chrome plated),
Chrome-Moly-Van-Steel (chrome plated with a stellite liner),
Crucible CG27, Inconel 718, and Pyromet X-15. The barrels
were fired in the M60 machine gun at a schedule conslstlng of
six 126 rd bursts with a 10-second dwell between bursts for a
total of 750 rds (referred to as the 750 rd firing schedule).

These barrels, which were instrumented similar to barrelsJ of the previous tests, were fired sufficient repetitions of
the above schedule to give a statistical representation of

the data.

5



TABLE 1 FIRING SCHEDULES

76C SDS schtodue (333 rds/inin) .. 70rs15sc125 rds - 10 sec cool - 125 rds.*.75) rds/125 sec
I A 125 Yd burst Is fired every 22.S sec)
lest accuracy every 1500 rds.

TeMEpture vs rate of fire
'J: 15 rds - 10.5 sec cool - 15-..600 rds/8 miin (75 rds/min)

(A 15 rd burst is fired every 12 sec)
15 rds - 4.5 sec cool - 15...795 rds/5.3 min (150 rds/min)

(A 15 rd Wirst Is fired every 5 sec)
25 r•s - 2.5 sec cool - 25--.1000 rds/3.3 min (300 rds/min)

(A 25 rd burst is fired every 5 sec)
200 rds - 200 rds - 200 ... 1400 rds/2.3 min (600 rds/mun)

(A 200r•d burst is fired every 20 sec)

- &trial vs Mwerature

750 rds schedule (333 ý*ds/min'
125 rde - 10 sec cool - 125 rds-..750 rds/125sec

(A 125 rd burst is fired every 22.5 sec)

TABLE 2 TEST BARRELS

.BORNING MACHINE GUN

1-STANDARD 1919A4 7148399 CH.NOLY.VAN. STELLITE LINER C.P.

B2 STANDARD 1919A4 7148399 CH.NOLY.VAN. STELLITE LINER C.P.

V3 STANDARD 1919A4 7148399 CH.MOLY.VAN. STELLITE LINER C.P.

84 STANDARD 1919A6 7148400 CH.HOLY.VAN. STELLITE LINER C.P.

85 STANDARD 1919A6 7148400 CH.MOLY.VAN. STELLITE LINER C.P.

d306 MITNDD 1919A6 CH.MOLY.VAN. STELLITE LINER C.P.

57 MODIFIED 1919A6 CH.NOLY.VAN. STELLITE LINER C.P.

wMS MACHINE GUN

NI STANDARD M60 7269028 CH.MOLY.VAN. STELLITE LINER C.P.

N2 STAflDARD M60 7269028 CH.MOLY.VAN STELLITE LINER C.P.

N3 STANDARD M60 7269028 CH.MOLY.VAN STELLITE LINER C.P.

144 HOMOGENEOUS M60 CH.M)LY.VAN C.P.

MS PYROMET X-15 1460 HOMOGENEOUS

NO INCONEL 718 HOMOGENEOUS

K7 INCONEL 718 HOMOGENEOUS

NO CRUCIBLE C627 HOMOGENEOUS

N9 CRUCIBLE CG27 HOMOGENEOUS

NOTE: All guns fire at a rate of approximately 600 rds/min

6



EXPERIMENTAL METHODOLOGIES

Instrumentation procedures and data acquisition techniques

applied in this program have evolved as a consequence of per-

forming similar testing on a large number of past projects.

The overall instrumentation schematic is given in Figure 3.

Type K, 30 gauge chrnmel-alumel thermocouple wire was

selected because of its temperature range, low error, good

weldability, and excellent corrcsion properties. This wire,

which has a stated accuracy of .375 percent, was shielded

with a glass-wrap copper braid as supplied by the Claude

, Gordon Co.* Intrinsic type thermocouples were used

where the Junction• was formed by fusing a one-eighth inch

length of chromel-alumel wire to the barrel with a capacitive

discharge welder. Birrel preparation involved grinding a

one--'urth inch diameter pad, removing only the barrel Sur-

face firtish and oxidation. At a location one fourth of an

Inch feom the junction a stainless steel strap was positioned

across the wire shield and welded to the barrel. This strap

served a twofnld purpose. First, it functioned as a support

for thL wire thereby removing any dynamic loading from the

thermocouple JL.,ction during firing. Secondly, by heating

the wire leading to the junction, heit transfer from the

thermocouple wds reduced resilting ii a lower thermocouple

error. Wire rvutinq from the tharmocouple wire into the

extension leau'- and ultimately to the data eacquisition system

is shown in Fig,,re 4.

The dig'tal iata acquisition system utilized in this

investigation consisted of the following Vidar*components:

1. 10 char~nel digital 5401-2 unit

2. 641-02 -.ontroller

3. 624 digital :lock

4. 604 scanner

5. 502 integrating digital voltmeter

6. 661 printer

=rhis does nut constitute an official endorsement

7



COPPER LEADS

o nSCANNER

i VOLTMETER

CLOCK

S REFERENCE PRINTER
• --- " "JUJNCT ION 1

ICIE BATH REAOU

Figure 3 Thermocouple Instrumentation Schematic

Figure 4 Instrumented Browning 1919A4 Machine Gun
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Figure 5 shows the mounting fixture and the digital data ac-

quisition system. For these tests, the ten channels were

scanned at a rate of one cycle per second for the first

thirty seconds followed by a scan rate of one cycle every

two seconds for the remainder of the firing. Temperature

data in the form of millivolt readings were printed out and

subsequently reduced to temperatures. Syttem calibration

was accomplished by the RIA calibration lab prior to the

start of testing und at prescribed time intervals during the

test.

A conscientious effort was undertaken to minimize overall

measurement error. Stepstaken, some of which have been

previously discussed, included:

1. Judicious routing and attachment of thermocouples.

2. Using highly accurate thermocouple (rated error

of 0.375 percent) wire.

3. Periodic system calibration.

4. Firing based on accurate round count and digital
timing.

5. Water-ice thermocouple reference bath.

One factor not corrected for was wind velocities across the

biarrel which tvpically varied from 10 mph at the breech end

to 20 mph at the muzzle end. Simplified calculations have

shown that the influence of these winds was not significant

relative to the large gun barrel heat dissipation.

9
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RESULTS AND CONCLUSIONS

Temperature data for these tests are shown in Figures 6

through 41. The influence of barrel geometry and likewise
barrel temperature on barrel life can be seen in Figures 6

through 10 and bore surface replica photographs 13 through

15.

It can be seen the.t for a given firing schedule, barrel

"ivtiperature is a function of barrel g•ometry, and barrel

life Is dependent on temperature. As the wall ratio decreases

there is less material to absorb the heat and less surface

area to transfer the heat, resulting in higher material

temperatures. As the barrel temperature increases, Fiqure
12 shows that material strength severely decreases. It

is believed th&t this plus melting accounts for the accelerated

bore erosion at elevated temperatures, as indicated in Figurcs
6. 7c, and 17.

At the completion of firing tests when a barrel failed

accuracy requirements, bore surface replicas, shewn in
Figures 13, 14, and 15, were made. These silicone ruibber cast-

ings of the gun tube bore give a visual indication of land

wear, which, together with temperature histories of the barrels,
illustrate the relationship between barrel temperature and
erosion. Results show that land wear increases dramatically

with temperature until an upper material limit is reached

and catastropic failure occurs. Figures 7, (a, b, c) show

temperature distribution along the three barrel geometries
and Figure 2 shows the three barrel cross sections.

Replicas from the constant diameter barrels dl and 93

show that the rifling is completely eroded for the first four
inches with notable wear in the remaining two inches of the

liner. Rifling is again completely ablated at eight inches
but improves a little toward the muzzle end due to the lower

temperatures.

11



*BARREL 81,83 NO TAPER

A BARREL 84,835 MODERATS TAPER

- BARREL 86,87 FULL TAPER

BROWNII- A4 S A6 MACHINE SGU

750 ROUND FIRING SCHEDULE

10,000

JG

* ~ * 6,000
-:j-

00

0 I .2 3 4

WALL RATIO AT MUZZLE END

Figutre 6 Geometry Effect on Barrel Life
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3" 7

BARREL BI

BARREL B3

BARREL 134

BARREL B5

BARREL B8

• BARREL B7

Figure 13 Bore Surface Replicas - Breech End (" - 8")
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U•• 15N

BARREL BI

... BARREL B3

BARREL B4

• BARREL B5BARREL 84
S--.--.'-.•........

g•.. . . . .. . ......

BARREL B7
F u 1

iii BARREL 87

f:: Figure 14 Bore Surface Replicas - Mid Section (9B - 16")
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BARREL BI

BARREL _3

BARREL 84

BARREL B5

BARREL B6

BARREL B7

Figure 15 Bore Surface Replicas - Muzzle End (17" - 24")
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1600 G00 5PM

• i~~~~oo _oosi
I!I

51 BARREL M2
M OO MACHINE 6UN4

S/MEASUREMENTS AT 9 IN.

0400 800 1200
ROUNDS

Figure 18 Temperature vs Rounds Fired for Various Firing Rates of Barrel
M2. .easut.d at 9 in.

1600 0GP

0 •I OPM

: -_._- ISO SPM

. 500"

I BARREL M2
1 ,,' MOO MACHINE GUN

MEASUREMENT$ AT 21 IN.

0

Figure 19 Temperature vs Rounds Fired for Various Firing Rates of
Barrel M2, Measured at 21 in.
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'1V N., ARREL M2

75 RDS. P7w MIN. FIRING SCHEDULE

moo MACh46NE a IN

~ k~ 1000

40 -~l

0.

0A' go4004030 0
44

TIME MOIC

Figure 22 Temperature vs Time at Various Axial Positions for Barrel M2
Firing at 75 rds/min

AAto

~400 ISO Stat Kit "IM 1101,14 SCMOULA

0 so ISO 240
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Figure 24 Temperature vs. Time at Various Axial Positions for Barrel N2
Firing at 300 rds/mln
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Figure 25 Te~aprature vs Time at Variouis Axial Positions for Barrel 142
Firing at 600 rds/rain

25



300 5PMA

•~IS Will'•O
II ARREL *2

UA RWtfN6 IN 19A4 MACHINE GUN
MEASUREMENTS AT 9 14.

ROUNOS0" 400 BO.O..:o.

Figure 26 Temperature vs Rounds Fired for Various Firing Rates of
Barrel 82. Measured at 9 in.
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figure 27 Tcuaperature vs Rounds Fired for* Various Firing Rates of
Barrel 82, Measured at 21 in.
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Figure 29 Tempverature vs Tim~e for Various Firing Rates of Barrel a2*lasured at 21 in.
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A stellite liner is now used In the 30 cal. Browning
Machine Gun to give improved breech end wear. Test results
show, as mentioned above, that a' the liner-barrel interface
the rifling is in significantly better condition in the stel-
lite, indicating desirable results. Proceeding from breech
to muzzle end, Finure 7a, there is an almost linear temperature
drop for the constant diamete, barrels. Test results show
that land wear decreases alooo the barrel, lending support
to the relationship between tamperature and erosion.

Tapered barrels B4 and a~5 were fired 3818 and 4523 rounds
respectively. Bore surface replicas reveal that the stellite
liners have slightly better rifling, but the lands are absent
along the remaining bavrril length. The B4 bore replica, with
15 percent fewer rounds-than 35, shows a trace of rifling.
The muzzle end of thest barrels were 300*F hotter than Bl
and 83 at the end of a 150 round schedule, further illustrat.
inq the relationship between barrel temperature and erosion.
Barrels Rl and 03 hAd a life of over twice that of 84 and 85.

Full tapered barrels 86 and 67 failed at 2628 and 2399
rounds respecti~velty. Bore surface replicas show that the
liner rifling is in relatively good condition with the re-
mainder of the barrel containinn a trace of rifling. Muzzle
end external temperatures -eached 1760OF causing catastrophic
failure withi iii~rrased barrel diameter, bending, and loss
of bore mL.eal as con be seen in Figures 16 and 17.
Those light barrels caus.-I many nun malfunctions by not pro-
sOding suff'~cient momeotum c~o recycle. Failur~e to complete
the schedule no doubt prolon'ied barrel life, since the barrel

* temperature staved below the critical temp-erature limit until
complete 750 round schedules were achieved. Table 3 shows

* the history of these barrels.
Historically, barrels failed from severe breech end

erosioit however, this problem has been improved with the
use of liners made of high strength, high temperature
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TABLE 3 ROUNDS FIRED PER EACH SCHEDULE

SAAL 81 83 04 85 16

12 14 750 121 12....

5372 130 22 12' 456 317

10+20 100 750 320 63 584

198 20 260 417 16 750
628 750 750 750 80 750

18 640 500 750 130 12'
307 750 12' 12' 760" So00
627 250 750 750' 369 2399
602 12' 750 i5o 12'
375 750 12' 12' 750'

-: 13 750 3818 4523 2628

65 12'
170 750

185 I50

13$ 120

315 760•" :•1 50' 750

19' 124

M5 125
12 625

750 150

750 12'
121 ISO

50+700 9474

9772

-OTES:

1. Target. two rds fired for pqlce*"tt and ten rds for
accuracy.

2. e rst length& less than 750 rds are the result of a gun
"mW1 function.

3. New qun
4. rovant•g 1919A6 for reautuder of test.
5. amaged brrel.
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materials. On many tapered barrels the problem is now

erosion at the muzzle end due to high temperature and pro-

jectile velocities. Tapered barrels are clearly desirable
due to the weight savings, but Figures 6 and 7 show that

adding a taper adversely affects barrel life and temperature

distribution. An ideal barrel design would distribute mater-

ial for optimum external axial temperature distribution,
thereby yielding maxiumum life.

.1 The temperature as a function of rate of fire tests shows

that on a round-for-round basis the firing rate has minimal
effect on barrel temperatures, as can be seen in Figures 18,
19, 26, and 27. For an equal number of rounds, approximately

equal barrel temperatures are achieved. Each time the firing

schedule (Table I1 Temperature vs Rate of Fire) is doubled

(75 to 150 to 300 to 600 spm), one might expect the barrel
temperature to double, on a time basis. However, results
show a temperature increase of only approximately 80%. It is

- believed that on a time basis, the temperature does not double

along with the firing schedule sInce the hotter average bore

temperature with the faster schedule yields a lower effective

bore heat transfer coefficient. There is a relatively small

amount of heat given off during a firing schedule (verified

by cooling curves) which accounts for slightly lower tempera-

tures on a round-for-round basis for a slower firing schedule.

The muzzle end of the 160 barrel, Figures 34 and 19, does

not follow this consistent temperature level for a given

number of rounds. It is believed this temperature spread is

due to the fact that the thin high temperature barrel wall

has a significant level of radiant cooling and because of

conduction to the more massive, lower temperature flash

suppressor and sight.
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The last task was determining the influence of barrel

material on temperature. The five materials investigated

were in a rather narrow temperature envelope indicating that

the material choice has little effect on resulting temperature

levels. Material structural properties at these elevated

temperatures are more significant parameters in the selection

of barrel materials.

Table 4. which lists thermal properties of these materials,

shows that the thermal conductivity increases with an increase

in temperature for Crucible CG27 and Inconel 718 while the

reverse is true for Cr-Moly.Van and Pyromet X 15. Figure

36 demonstrates the effect of this where the temperature of

barrels M6 and M9 initially lagged ahd then surpassed the

temperatures of the other barrels.

TABLE.4 THERMAL PROPERTIES OF BARREL MATERIALS

WATIY N' OKJ,

Wo. U_ of M. - kh WOi-

I~wI 16 d 0it1. ? t 16.0 16.0

8NK 1-4ct 1 2$411 0S SA 1 132 1211,S4

ita11 ism 0.0-1 12. 13 134.0
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APPENDIX A

TADOi 5 GUNS FIRM5

60O &cltin. Gun Lot ThlE27-49 ?.62 KATO HBO
Rromond Itachine Gun Lot LC L39293 CAt 30 MALL 142

Bevunitg 1919A4 SA 15?072 Saginzw Gz*nral Katon Steering Gear Olvitton
&ocwing 1SI9AI SM 796320 Saginaw General lMflon Stetring Gear Division
-6Bmtng 1919A !4 V ,131) ig91tw Central ttors Stnrtng Gear Wivistos

8rmo 19$A6 M 9W651? stock 41WM Arsenl
MEO SA 62%2 $mc Lowell WWIp Kvartit Caop
MWG M 9i00 S4`0 Lokull Shops Rersmoet Ca4rp
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"* TABLE 6 BARREL DIAMETER AT THERMOCOUPLE LOCATIONS

_•.AO.. B1 82 S3 Q4 B,5 86 B7F- T

S 1.226 1.222 1.222 1. 211 L.208 1.200 1. 205

S 1-221 1.2i0 1.226 ).J65 1.154 1.126 1.132

7 1.219 1.221 1.212 1,116 1.099 1.052 1.160

9 1.220 1.2W0 1.216 1.066 1.070 0.901 0.98

11 1.224 1.221 1.218 1.020 1.O 0.909 0.913

13 1.218 .1.216 1.218 0.977 0.94-1 0.838 0.840

is 1.219 1.214 1.220 k.926 0.943 01165 0.17

17 1.218 1.215 1.221 0.871 G.='Ž 0.633 0.73

-13 1.2 • 1.220 1.217 0.827 0.8&7 0.618 0.623

21 1.218 1.219 1.220 0.,69 0-166 0.54 0ASO

LM'ATIO'$ HI N3 F4R~. 496O

T.4 7 MS 1.4 6tS(:C.

3 1.19) 1.192 1.195 1.192 1.190 1,196 1.ý194

1.190 1.192 1.195 1. 195 1.19.0 1.19? 1.1is

Sj 1 .1 1.06 1.108 l.m 1.122
9 1.05 1.065 1.05 1.00 1049 1.052 I.W

1 .1. 1.00? i.0 1.005 1041
13 S62 0-909 0.1-55 0.991 Q.S OS 0,

is 0654 076 0-05A 0-TS4 o0eau0)6

\.ou 0.631 0.Ufi 0.83? 0.1s 0.840 n.8fl

19 O.a36 0.530 0. L74 0OflA 0.CZi 0.1)

21 0.702 0. C47 0.69 0,700 0,704 0.11. 0.111

TABLE 7 10(0TH Of BURSTS (S-EC.)

I 11.4 10. I.2 13 I 13.

2 13.4 10.0 121.2 4t.1 12. 1

3 13.2 9.4 124lI 3.

4 ). 96 12.0 It1 1U.1

j LCis . 11.6 1*.) 12.1j 12.2 9* 1.0 12.:1.l
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