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ANALYTICAL BACKGROUND

Available at Watervliet Arsenal are various computer programs used

for calculating gun tube temperatures. All of these codings have their

basic uses and restrictions . The particular program used in this analys4s

is entitled h EMP and is applicable for closed breech systems which fi re

at a rate of three rounds/minute or less. The program is divided into

two parts . In the firs t part ,a ballistic computation is made and the

• hydrodynamic flow situation analyzed for purposes of determining heat

transfe r parameters . In the second part these parame ters are used as

driving functions and the tube wail heat balance and conduction problem

• is sol ved .

The gun tube is represented geometrically by subdividing it into 15

axial sections (see Fig 1). Each section is defined by its axial dis-

tance (X) from the breech face , and both its inner and outer diameters.

Geometric representation is set up by the analyst. Wi th the exception

of section 3 (which is centered at the origin) , all other section locations

• are arbitrary .

In part one ,the method of Hicks and Thornhi ll as presented by Corner 1

C 
is followed with minor modification to find the boundary l ayer thickness,

the skin friction , and the heat transfer coefficient. The effect of non-

unifo rmi ty and non-steadiness of the flow is included and heat transfer

coefficients are produced for the mi dpoint of each axial section as a

function of time . Monitored also is the gas core temperature and the

1’Theory of the Interior Ballistics of Guns ” , J. Corner , John Wiley &
Sons , NY , NY , 1950
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cumulative time of exposure of each section through the entire ballistic

cycle ,including the post—ejection phase. The average heat transfer co-

efficient , average gas temperature , and exposure time for each section

are transmitted to part two . 

In the second part of the program,a bul k section temperature is

calculated based upon the various heat flows through each section . A

uniform distribution of heat ene rgy within the section is assumed. This

calcul ated temperature is approximately at the secti on ’ s mid-wall and is

assigned to the sect ion ’s axial center of mass location . In actuality ,

a temperature gradient exists from the bore to the outer surface of the

tube .

At actual gun tube temperature levels of 325-350°F experienced in

the 8hI M201 cannon firing at a rate of one round/two minutes , calculated

temperature s are roughly 2—3% below actual bore temperature s and 2-3%

above actual outside tube surface temperatures just prior to firing the

next round . At this tirne,a temperature gradient of 15-20 °F exists through

the tube wal l .

Figure 2 is a sketch of the Pith tube section when firing round number

(k) . The various heat fl ows (Q) are represented at time t=t k.

Q i n ( N ,t k) is a func t ion  of the propellant gas properties (calculated

in the firs t part of the program), bore surface area and the difference

between the gas and the tube section tempe rature at time t t k. It is the

• effective heat input rate to section N for round (k). An auxiliary

analytic solution has been used to determine the total heat input to
I.. 

— section N during the relatively short ballistic pulse. This heat quantity

L . _ _ _ _ _ _ _ _ _ _ _ _



• is divided by the time between rounds and the resulting average heat fl ow

rate is allowed to enter section N slowly and uniformly during the time

between rounds . This is for consistency and coniiionality of sol ution

format with the other heat fl uxes which are non—pulsed , slowly varying

flows . By the time of firing the next round,all the required heat is in

the section and the uniform temperature is computed . Thus ari ses the

fi ring rate restriction for this model . At faster rates in a real gun ,

the radial distribution departs too far from uniformity . The wall  tem-

perature is set equal to the section average ,and the controlling variable
[Tgas-T (N ,tk+l)] is formed for use in the auxiliary analytic solution for

compu tation of heat inpu t on the succeeding round .

~out (N,tk) is a function of the velocity and density of the ambient

a i r , outer surface area of tube ,and the difference between section tern-

perature and air temperature.

~1ong(N ,tk) is a function of the thermal conductivity of tube material ,

in te rsec t iona l  area ,and temperature difference between adjacent sections.

~.~ n(N) is a constant source of radiant heat from the sun and sky .

Its va lue is calculated based upon a clear sky condition and a sun

location of 600 from horizontal .

To calculate the temperature of section N at time t~tk+l , the fol-

lowing equation is evaluated:

T(N ,tk+1)= T(N ,tk) + [Dt~NE T Q (N ,tkfl / [M(N)~C( N) ]

where :

T ( N ,tk) = temperature of section N at time t k
T(N ,tk÷ l)  

= temperature of section N at time ‘k+l 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Dt = iteration time interval

NET Q( N ,tk) = 5o f  various heat fl ows occurring during time interval

M(N) = mass of secti on N

C(N) = specifi c heat of section N at temperature T(N,tk)

The model has been calibrate d by comparing its predictions wi th

measured temperatures from a variety of guns . The model was adjusted

to predict centrally within the mass of data . An adjustment was effected

by increasing the heat transfer coefficient since this is the weakest

part of the computation . The model predicts temperature rise within

5 to 10% .

APPLICATION TO XM2O 1 PROGRA M

The program has been used successfully for matching experimental

data . During the XM188 cook-off test at Aberdeen Proving Ground in

January 1975, thermal analysis by Watervliet saved the time and cost of

refiring the test. The test plan required that the XM2O1 cannon be

fired continuously at one round per minute until one of the three thermo-

couples in the tube wall recorded a temperature of 350°F. The charge

used was XM 188 zone 8 conditioned to 145°F , along with unconditioned M106

projectile.

In actuality , the firing rate was less than one round per minute ,

the firing was not continuous , and none of the thermocouples reached the

350°F level as required by the test plan . At the end of the day ’s fi ring,

thermocouple numbe r 3 , which was located over the forcing cone at a

4
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depth of 2 .25 11  into the wall , recorded 282°F. Based upon previous corn-

puter stud ies , it was deci ded that enough data was ava i la b le to reas onably

predict the number of rounds needed to achieve the required 350°F tem-

perature level .

Figure 3 is a graphical representation of raw temperature data

(recorded at forcing cone ) vs time . Time axis begins at 1054 hours on

7 January 1975. Initia lly, 35 rounds were fired at the approximate rate

of two rounds per three minutes before a break was taken . At this point

the tube began cooling at a rate of .17°F/minute . When firing was re-

sumed , it took seven or eight rounds to “catch up ” to the temperature

achieved before the break occurred . A second serie s of  rounds (36-89)

were then fi red at approximately the same rate before another 15 r~i nute -
:

break was taken . This time the cooling rate was .26°F/minute and it took

9—10 rounds to “catch up ” to the temperature which was achieved before

the break . Of the 136 rounds fired , only 120 were usa b le for computer

anal ysis since 16 rounds were needed for “catching up ” af te r b reaks in

fir ing. The experimental data was modified by eliminating the 16 “catch

up ’ rounds and reporting temperature against the number of rounds.

In Fi gure 4,the modified experimental data and compute r analysis

are superimposed . The bull ’ s eye po ints represent the mod if ied forc ing

cone temperature data . The overall firing rate for the test schedule

was taken to be two rounds per three minutes . Wind data for the day was

an avera ge of 10 MPH . The curve in Figure 4 represents the compute r

analysis of the modified firing conditions. It can be seen that there

is close correlati on.

5
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During the zone 9 wear test (Yuma Proving Ground 12239) of the 8”

Howitzer , XM2O1 , (Serial #5) forcing cone temperatures were recorded

during expenditure firing. This output is plotted as a function of time

in Figure s 5 and 6.

In Fi gure 5, firing schedule begins with tube round number 350 at

0905 on 5 September 1972 . A break of approximately one hour occurred

after round 390 and a 20 minute break occurred after round 410. Tube

cooling between rounds 390 and 391 is .26°F/minute and between rounds

410-411 , it is .38°F/minute . In Figure 6,the fir ing schedule begins with

round 435 at 0915 on 6 September 1972 wi th a break of 50 minutes occurring

after round 475. Tube cooling rate between rounds 475-476 is .42°F/minute .

The analys is follows the same format as analysis of cook-off data .

All “catch up ” rounds w e re eliminated , an overall fir ing ra te an d amb ient

cond i tions were assume d, and computations made . Figure s 7 and 8 show

experimental data and computed results plotted as a function of round

number with fi ring rates and ambient conditions fixed at roughly the same

conditions as achieved during fi rin g. Again , the data and anal ysis are

shown to be in close correlation.

Figures 9—17 present calculated origin of rifling temperatures vs

numbe r of rounds for the 81 M20l cannon . Var i ous zone s , firing rates ,

ambient and tube initial tempe ratures are used. The parameters include :

1 . Zones: 7 , 8, 9

2. Firing Rates: one round /minute; three rounds/four minutes ;

one round/two minutes

3 . Ambient and Initial Temperatures : 50°, 70°, 100°, 145 °F

6
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In Figures 9-17, the computed effect of firing rates and ambient

temperature s on tube temperature is clearly seen . Wind velocity , another

input varia b le , has a si gnificant effect on tempe ra ture res pon se . For

these computations , it has been set at 10 MPH and directed perpendic ular

to the tube axis. These curves are helpful for a close determination of

temperature levels that would occur in fi ring programs with the indicat ed

parameters (i .e., fir i ng rate , win d velocity , etc .). Experimental data

can also be modifie d ana ma tched with curves as was demonstra ted earl ier .

.
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TECH EVAL CEN) US ARMY ELCT COM[)

[)OVER , NJ 0780 1 FT MONMO UTH , NJ 07703

CDR CDR
FRANK FORD ARSENAL REDSTONE ARSENAL
ATTN : SARFA ATTN : AMSM I-R R S
PHILADELPHIA , PA 19137 A~~MI-RSM

• ALABAMA 35809
DIRECTOR
US ARMY BALLIST IC RSCU LABS CDR
ATTN : AMXBR -LB ROCK ISLAND ARSENAL
ABERDEEN PROVING GROUND ATTN : SARRI-RDD
MA RYLAND 21005 ROC K ISLAND , IL 61202

CDR CDR
US ARMY RSCH OFC (DURHAM) US ARMY FGN SCIENCE ~ TECH CEN
BOX CM , DUKE STATION ATTN : AM~ST-SD
ATTN : RDR [)-IPL 220 7TH STREET N.E.
DURHAM , NC 27706 CHARLOTTESVILLE , VA 22901

CDR DIRECTOR
WEST POINT MIL ACADEMY US ARMY PDN EQ. AGENCY

• ATTN : CHNV , MECH ENGR DEPT ATFN : AMXPE-MT
WEST POINT , NY 10996 ROCK ISLAND , IL 61201

CDR
• HQ, US ARMY AVN SCH

ATTN : OFC OF THE LIBRARIAN
FT RUCKER , ALAB AMA 36362
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I
EXT ERNAL DISTRIBUTION LIST (Cont)

l copv to  each 2 cop ies to each
(:DR CDR

• ~~~~ \\VA[. I~~PNS LAB US ARMY MOB EQUIP RSCH ~ DEV COME)• ñiIEF , MA T SC IENCE DIV ATFN: TECH DOCU CEN
\I F N :  MR .  I ; . MALYEVAC FT BELVOIR , VA 22060

i - \ I I U ; I IEN , VA 22448
CDR

‘ I ~1 1:1DB US A RMY MAT RSCH AGCY
‘~ \ \  \j , BSC}I LAB ATTN : AMXMR - TECH INFO CEN
V I  I \ :  D I R .  MEC1{ I)IV WATERTOWN , MASS 02 172
~ ‘~~i i\CTON , D.C. 20375

CDR
I k I C I O R  WRIGHT-PATTERSON AFB

\\VA I. R SC II  LAB ATTN : AFML/MXA

~~DI _~~ ‘
- 27 (I)OCU LIB.) OHIO 45433

~.A S I ! I N G T O N , [).C. 20375
CDR

~.-\S \ S C I E N T I F I C  F1 TECH INFO FAC REDSTONE ARSENAL
~~) BOX 6757 , A1TN : ACQ BR ATTN : DOCU F1 TECH INFO BR
h \ I , T T M ORE /WAS II I N G TON INT L AIRPORT ALABAMA 35809
MARYLINr) 21240

!)LFLNSL METALS INFO CEN
~AT f t LLE INST ITUTE

505 kINC AV E
i :OLIJMRU s , OHIO 43201 12 copies

~t -\NI JL L E. PRADO / G. ST 1SSER CDR
I.-\WR ENC E LIVERMO RE LAB DEFENSE DOCU CEN
PU BOX 808 ATTN : DDC-TCA
L I V E R M O R E , CA 94550 CAMERON STATIONa ALEXANDRIA , VA 22314
I ) R .  ROBERT QUAT~RONE
~hII LU , MAT BR
US ARMY Rf~S GROUP , EUR
BOX  65 , FPO N .Y. 09510

.~OTL : PLEASE NOTIFY CDR , WATERVLIET ARSENAL , ATTN : SARWV-RT-TP ,
WATERVLIET , N .Y. 12189 , IF ANY CHANGE IS REQUIRED TO THE ABOVE .
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