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A-BSTRACT

Bore al)d chamber surtioce, as well as subsurface, temperature predictions are made for the US Army M256

120 nun chromium-plated cannon firing M865, M829, and DM 13 cartridges. The surt.ace temperature predictions

are validated by co/nparison wi th other numerical modelling results, 'fhi le the subsurface temperature predictions

are compared directly with experimental measurements. made by in-wall thermocouples. The surface

temperature predictions fall in line with other numerical estimates, and, in general, the simulated probe

temperatures at each axial location are within the circumferential' and round-tolround variation in the

experimentalli'robe temlJt;rdtures.
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I. INTRODUCTION

Bore erosion models I require accurate predictions

of surface and subsurface (e.g., chromium-steel

interface) barrr temperatures. To validate such models,

it is necessary to fire live ammunitio\l. Three 120 mm

round types, yiz., M8~5, M829, and DM 13 were us~d

for this purpose. ,The rJt865 is a US-made,

cone-stabilised, discarding sabot, kinetic energy (KE)

penetrator designed fo~ target-practice. tThe M829 is a

US-made, fin-stabilised, discarding sa~ot, KE service

round, as is the German-made DM13. All three rounds,
use different propellant formulations, and this factor

provides a r4nge of heat input to the barrel.

The M~65 and ~829 Icartridges were fired in a

chromium-plated gun tube jnstrumented by personnel

from the US Army Comblat Systems Test Activity

(CSTA), usling Veritay Technology, Inc., in-walJ

thermocouple 1(IWTC) probes (Fig. I ). The probes were
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the tube (RFf). Figure 3 displays a repr4sentation of the

welded IWTC, which was attached to,the barrel by

IIrcillg thc constantnn ~irc to thc grounded bnrrcll,

Figure 4 displays a drawing of the ill~trumclltcd gull

tube. ltis rioted th:)t the 457 Rim ( 18 in) probe location

for this DMl3 round actually corresponds to the
,

chamber surface, and not to the bore surface.
, ,

P~OBE LOCATIONS: NOMINAL
THICKNESS FROM CHAMBER WALL

I 1'1.524 mm

1.S24j ~ 2.286 mm
mm -

installed at each of three circumferential positions

(starting at the top and spaced] 200 apart) at each of

four axial lututiuns along thc gun tuhc. Thc wull

thickness was measured llltrasonically, and the IWTC

holes were drilled to within] .27 mm of the bore

surface. A spring tensioner was used to'hold the
,

thermocouple (TC) junction against the botto~ of the

hole. Prior to firing, the M865 rounds were conditioned

at 2] °C, and the M829 rounds were conditioned at

21 °c and 49 °C. Figure 2 displays a drawing of the

instrumented gun tube.

A second gun tube was instrumented with welded
thermocouples, and a preliminary DMI3 round

conditioned at about 21 °C was fired: this rbund served
as a warmer round as well as a preliminary lWTC
instrumentation checkout round. Due to unexpected
data acquisition problems for this DM 13 round, only

one data channel was recor~ed, corresponding to an
IWTC probe location at 457 rnrn from' the rear face of

~ 457 mm
610 mm-

~~~~~ZZZZ

~~.NOMINAL WALL THICKNESS 44.5 mm

~

PROBE LOCATIONS: 1.27 mm NOMINAL

THICKNESS FROM CHAMBER WALL

Figure 4. Modifications to M256 120 rnrn gun, serial no.1910.

640 mm ~

~ !9;50 m;;[ .11 'I'

95.0-74.9
THICKNESS mm mm

NOr.,INAL WALL

Figure 2. Modifications to M256 120 mm gun, serial no.91.

All simulations ate derived from XKTC and

XBR2D- V29 fi'nite difference calculations2,3, (This
,

version of XBR2D-V29 code is based on the program
I

originated Iby Veritdy Technology, Inc., and now

incorpdrates revisiol1s introduced by the US Army

Research LaboratoJfy (ARL). The thermal output of this
.1

calculatlonlmethod has been successfully demonstraled

in past simulation st~di~S4,5

In this s~udy, we chose the following thermal and

mechanical properties fqr the parrel as input for the
XBR2D- V29 code: 'r

.,
Chromium thickness: O.~4 mm

I
Chromium thermal con~uctivity: 84 J/(m-s-K)

,
Chromium thermal diffusivity; 2.3E-OS m2/s

I
Steel thermal co~ductivity: 38 J/(m-s-K)

Steel thermal diffus~vity: I.OE-OS m2is, .

2. SIMULATED BORE SURFACE

TEMPERATURES

Figures 5(a)-(cJ) display four plots qf the simulatcd

bore surface temperatures for M865 (21°C), M829
I

(21 °c and 49 °C)'I and DM 13 (21 °C) cartridges. The

M865 and M829 plots show curves for four axial
locations along th~ gun tube, whcicas thc DM 13 plot

displaystonly a single location, and this location

correspo?ds to the chamber instead of the bore.Figure 3. Typical welded I\VTC installation.
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Figure Sa. Simulated bo~e surrace temperatures ror M865
(21 °C). I Figure Sc. Simulated bore surface temperatures for M829

(49 °C).
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Figure Sd. Simulate~ chamber surface temperatures for

DM 13 (21°C).

Figure Sb. Simulated bore surface temperatures for M829

(21°C).

It is observed from these plots that the predicted
I.

bore surface temperatures generally decrease wIth

increasing disr,ance from the chamber. However, in the

case of M8651and M829 rounds at 211°C, the I ,350 mm
I

curve is showr to be slightly ~igher thah the I ,050 mm

curve.
I ,

From Figure 5(b)~ the predicted pe~ak bore surface

temperatures, after firing an M829 at 2:1 oC, are about

1 ,405 K and I ,225 K at 640 mm and I ,3$0 mm from the

RFf, respectively. A similar calculation was done by

BuDdy, Gerber, and Bradley for the same ammunition

and initial :conditions, hIlt ii ~iffcrcnt chromillm

thickness, using a different humerical treatment(). For a

chromium thickness set at 10. 10 mm, they predicted
I

peak bore surface temperatures of about I ,650 K and

1,425 K lat 700 mm and I ,400 mm from the RFT,

respectively. With the chrome thickness set at 0.16 mm,

they predicted about I ,200 K and 1,050 K, respectively.

!bus, the predictions of Fig. 5, which are based on a

chromium layer of 0.14 mm, are in close proximity to

the Bundy, Gerber, and Bradley calculations6. This also

shows how sensitive the peak. surface temperature is to

chrom'e thickness.
,

It was noted that in no case is the'predicted bore

surf:lce iemper:lture high enough to melt the chromium

I!lycr (llilviug !I 11ICllillg Iclllf>c;r!lturc; 1I1.:!lr 2,IJU K). 'l'llis

is consistent with the fact that even though chromium

can bc foul1<l mi~~ing in M256 gull bafrcls, thcre ha~

225
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never been any 'indication that it is missing due to
melting; rather, it appears to spall-off.

The predicted bore surface temperature is the
lowest for M865 at 21 °c and the highest for M829 at

49 °c and is confirmed to be true by experimental data
(as is shown later).
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3253. EXPERIMENTAL IWTC PROBE
TEMPERATURES

Figures 6(a)-(d) display individual plots of
experimental probe measurements at 2.1 °c for each of
two different cartridge types (M829 and DMI3). In the
case of M829 cartridge type, plbts for three different
test rounds are displayed, i.e., for round no.2, round no.
6, and round no.10, all at 640 mm from RFT t(other
round numbers corresponded to different ammunItion).
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Figure 63. M829 experimental probe temperatures at 21°C for
circumferential positions at 640 mm from
RFf-round no.2.

Figure 6d. D M13 experimental probe te~peratures at 21°C at

.457 mm from RFt .

475

9
w
~
:;)

~
~
w
Q.
~
w
1-

425

r ~
.Each cur~e within eacfi plot is designated by its ~

round number together with its circumferential position t

in degrees. Forexainple, No.'2/120 represents round no. i

2, for the probe positioned at 1200 from the top of the f

gun tube in the Clock~ise direction, loQkin'g from the i
I rbreech to the muzz e. , l

From the data, it is obvious thaJ the temperature at I

the three circumferenfial locations va~y significantly I

and that the fo'ariations are estimated from the visual

appraisal of their (pooled) mean profile to be as muchI
,as 25 per cent. In addition tq the difference in

ma¥nitude, the initial rise rate of the 00 probe is

,distinctly different from the 120° a~d 240° probes.
I

Furthermore, the ordel1ing of the discrepancies in the

circumferential probe. te~peratures is' the same for all

three M829 rounds (i.e., 120° > 240° > 0°) at this axial

I r
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Figure 6b. M 829 experimental probe temperatures at 21°C ror
circumrerential positions at 640 mm rrom
RFT -round no.6.
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A single plot for'the DM 13 rou.nd is included

within Fig. 6 -to compare with the M829 round. The

plots are expected to differ from the standpoints of
probe location and probe type (i.e., locations at 640 mm

versus 457 mm, and Veritay versus welded IWTC

probe types, respectively).

4. SIMULATED VERSUS EXPERIMENTAL
IWTC PROBE TEMPERATURES

The authors are unable to display a complete set of

circumferential probe measurements at each axial
location, nor give, .with confidence, the
circumferentially averaged probe temperature at each
axial location, due to improper functioning of .one or
more IWTC probes at each axial location, except
640 mm. Nevertheless, at least one experimental probe
temperature at every axial location in the comparison

of theory with experiment, is presented here.

Simulated temperature estimates with IWTC probe
for four different rounds (DMI3, M865, and M829 at
21 °c land 49 °C) along with measured temperatures are

presented in Figs 8, 9, 10, and 11.

For all plots, simulated curves, differing by depth

increments of 0.254 inm, are superimposed over each

experimental curve for the specified axial location.

Thus, the experimental curve, with. assumed probe
depth, say, of 1.27 mm, is bracketed by simulated
curves 9f lesser and/or greater presumed depths. In
addition,. the initial barrel temperature has been

simulated to match t-he initial measured" barrel
temperature at the circumferential and axial location of
the rou.nd identified in the experimental curve on each
plot, in every figure.

location. Several reasons for such discrepancy may I be

speculated, and these include: .I

(a) Nonunifonn tJ1ickness of metal (steei and chromium)

between the bore surface and the probe tip.
I

(b) Variation in ~ontact resistance between steel and

chromium interfaces (e.g., partial chromium
.

delamination). .
I

(c) Nonunifonn corttact between IWTC probe tip and

metal substratC (e.g., oil/dirt contamination).
j

(d) Nonunifonn circumferential heat input-
.I

Most likely, reason (a) if the largest contributor to

the discrepancy in circumferential probe temperatures.

In subsequent plots, it is showfl that a Ivariation in the

metal thickness between t~e probe .tip and the bore

surface of from 0.25 to 0.50 mm w,Ould account for the

circumferential temperature inconslistency. In this

regard, an error is anticipat~d in the IWTC depth (due

to an uncertainty in .the barrel wall thickness at the

location where each probe hole was drilled) of from 0. I
,

to 0.3 mm. The data further indicate that the prob~

temperatures at the same axial and circumfere,l1ti.al

location can vary by as much as 20 per cent from one

round to the next. I

Even though it is unlikely the cause of the

circumferential temperatute differences in Fig. 6,
I

variation in 'contac;:t resistance at the chromium-steel

interface, reason {b) could be caused by localised

delaminatiop of chromium from steel. Figure 7

illustrates, from a different barr~l, 1\ow the chromitum

layer can Idcally separate flrom the ~teel. leading to

filling up of the voids by non-thernially conducting
~

material, such as pla~tic from the obturator band.
1

i I
FIKure 7. l'holonalcroKrIlph of chrome-lleellnlertllce Mhuwln41

debond\ng void. filled by .abot nJaterlal re~ldue

(courleNy: Joe Cox, Ilcnet l,alJOrutory). I

4.1 DM13 Round (21°C), .,
Figure 8 displays simulated curves corresponding

,
to prope depths of 1.016, 1.27, and 1.52 mm. Also

superimposed on this plot is the experimental curve

.corresponding to an assumed depth of 1.524 mm. Noise

.in this experimental curve is believed to be due to the

large distance between the IWTC 'probe and- the

amplifier. The other probable reasons dould be induced

currents caused by ground I()op from Vo{et lines and line

whipping during gun recoil. Underlying the noise, the

experimental curve matches the. rise rate and magnitude

of the 1.27 mm simulated depth curve better than the

1.52 IJ1II1 Nimtllnlion.

It should bc notcd that, in this compurison, thc

IWTC probe is located in the chamber region of the

,
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Figure 8. D M 13 simulated a nd experimental probe tempera-
tures at 21 °C.

barrel, where, presumably, the combustible cartridge

case partially insulates the surface from direct exposure

to the propellant gases until the cafe has been

consumed. The effect of the randomly breaking/burning

cartridge case has not been incorporate~ into

XBR2D- V29 , as yet. Thus, it is not surprising that

theory and experiment are not'in agreement in the

chamber region, even if {he probe depth is, indeed,
.I

1.52 mill.

Figure 9b. M865 sim~lated land ex~rimental probe

temperatures at 1050 mm rrom RFT at 21

°C-round no. W2/120.
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Figures 9(a)-(d) display four plots for the M865

round, co;ditioned to 21 °c at axial probe locations of
640, 1,050, 1,350, and 1,600 mm. The simulated curves
represent depths of 1.27, 1.52, and 1.78 mm with the

exception of Fig. (9b), where an additional depth of
1.016 mm is also displayed. It is apparent that these
curves generally bracket the superimposed
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Figure 9a. M865 simulated and experimental probe

, temperatures at 640 mm rrom RFT at
2} °c -rou 00 no. W21240. ,
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The differences in shape and magpitude of the

simulated tentPerature versus ~ime plots from a probe

depth of 1.27 mm to a probe depth of 1.78 mm are

nearly identical to the range of shape and magnitude

differences showh in Figs 6(~)-(c). This supports the

conjectl1re that circumferential temperature

discrepancies are most likely due to circumferent}al

variation in the probe depths. I

4.3 M829 Round .(21 °q> .

Figures 10(a)-(d) displ1lY four plots for the M829

round, conditioned :at 21 °C, at axial probe locations of

640, 1,050, 1,350, and 1,600 mm. It is noteworthy that

horizontal (time) tranlslation of all simulated curves by
I

approximately 40 mJs would yield 'better agreement

Figure 10c. M829 simulated and experimental "probe
temperatures at 1350 mm rrom RFT at 21
°C-round no.610.
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Figure lOa. M829 simulated and experimental probe

temperatures at 640 mm from RFT at 21

°c -rou nd no.61240.
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Figure 10d. MS29 sil1)ulated and experimental probe

temperatures at 1600 mm from RFT at 21
°C-'round no. 10/240.

between experimental and simulated c.urves in most

cases. Though some of this temporal disparity may be

due to all! ovetly simplistic model of the ignition delay.

and flame'spreading process, it is believed that the

majority of,time difference is due to uncertainty in the

experimental ignition fiduciary.

It can be seen from Figs 9 and IO that the M829

round produces a greater barrel temperature rise than

the M865 round at all axial locations. This experimental

result' is consistent .wtth the 9rdering o'f the simulated
bore su~face temperatures in Fig. 5. t

I t; I I

~'-I

250

4.4 M829 Round (49 °C)I

l;i£llfC~ 11(11) «(I) IIrc II ~cl or 1)lol~ wllicll IIrc

counterparts to Figs IO(a)-(d) (i.e., samd type of round)

hIlt at higher conditioning temperatIlre.IThe hehaviollr

io 50 100 150 200 250 300
~ TIME (ma)

NOMINAL EXPERI~ENT~L THICKNESS = 1.27mm

Figure lOb. M829 simulatbd and experimental probe
I

temperatures at 1050 mm from RFT at 21

iC-rIJuII~ll1u.61120.
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Figure 11a. M829 simulated and expt!rlmental probe

temperatures at 640mm from RFT at 49

°C-round no. 4/240.

Figure llc.. M829 simulated and experimental probe
temperatures at 1350 mm from RFT at 49
°C-round no. 4/240.
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Figures 9(c) and 10(c) 'indicate the probe depth at

1,350 mm and 0° (top) fJom RFf is between 1.52 and
.,

I.78 mm below the bore surface. Furthermore, Figs 9(d)

and 11(d) point to the' same depth .for the probe

1,600 mm and 0° from RFT. Figures 9(a), .10(a), and

II (a) all reference t~e IWTC at 640 mm nrid 240° from

RFT. In all cases., the temper~ture rise rate of the

experimental curve'matches with the of the simulated

curve for a probe depth of between 1.27 and 1.52 mm.

However,tthe magriitude of the exJerimental curve is

between the simulated curve depths of 1.52 and 2.03
,

mm. Unlike the other axial loTations. the probe at 640

imm is in the saddle region of the sabot, which means

the fron~ bore rider on the sabot tloes not cross under

the IWTC. Does th~s make a diff~rence or is the flow

pattern just downstr~am from the' chambrage different
I'

Figure lIb. M829 simulated and experimental probe
I

temperatures at 1050 mm from RFT at 49

°C-round no.41120,

is similar at both the conditioning temperatures except

that the required temporal translation of the time axis is

not as great for the 49 °C'plots as for the 21 °c plots.

Even though the simulated bore surface temperatures

are higher for the higher preconditioned round

temperature, a noticeable dIfference was not detected in

the IWTC measurements between an M829 at 2l °c and

an M829 at 149 °C. It is suspected thaI the effect of
,

preconditioning is masked by the inherent round-to-

round variation (Fig. 6) in barrel heat input and the

small sample size tested. ,

Overall, the experimental temperature histories, in

conjunction with the simulations in Figs 9-11,

corroborate each other, wherever two or more plots

reference the same probe, with regard to indicating the

probable IWTC depth. The examples are as follows:
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combustible cartridge casT effects in the XBR2D- V29

code, (ii) a refinementlof the timing involved in the

ignition delay and flame spr~ading p~cess in the XKTC'

code, and (iii) a reasscssml:.nt of the downbore flow
I

field model near the chambrage.
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