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INTRODUCTION

The objective of this investigation was to determine the tem-
perature response of the "U-shaped" folded cartridge. Figure 1
pPresents a compurison of the conventional and folded cartridges.

The interpose, cr web region between the projectile and propellant
reservoir, is of particular interest, Because of the unique geometry
of the folded cartridge, this region of the weapon will exparience
heating on both sidas, and the possibility of excessive temperatures
or structural distortion exists.

To determine the ..mperature responae of the interpose
region, the heat input during a typical firing of 100 msec had to be
established. In addition, analytical models describing the heat
transfer of the folded cartridge geometry had to be developed. These
models, one and two-dimensional, describe the transient temperature
distribution using a finite difrerence technique. The models have
been checked numerically to insure that nodal size provides an ac-
curate representaticn, Since a time period longer than 100 msec ia
required for the wenpon's structure to experience tempervature change,
the analytical model includes multiple firing bursts.
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HEATING ANALYSIS

The heat input cycle is 100 msec in duration. This period
includes the firing of one cartridge, a dwell period, the extraction
of the spent cartridge, and the insertion of a now cartridge. The
highest heat fluxes occur during the firing time, or ballistic por-
tion of the cycle. During this period the cartridge case is heated to
its maximum temperature. Following this ballistic period, the energy
deposited in the cartridge case dissipates into the weapon. To deter-
mine the heat transfer coefficient and gas temperature during the
initial period, the local gas pressure, temperature, and velocity muat
be determined using the applicable ballistic model.

The balliastic model used in this study was supplied by U.S.
ARRADCOM, This model, in the form of a computer code, is described in
detail in reference 1, The code was developed for standard shape
ammunition, The code, as supplied, has been modified to incorporate
methods for determining thermochemical properties (ref. 2). Figure 2
preaents the space mean pressure history for the folded cartridge
calculated with the computer code,

As stated gbove, the model wis not developed for ammunition
of the present geometry; however, a r>view of reference 1 indicates
that the model is insensitive to shape. The model 4:2s not provide
for flame propagmtion through the prepellant bad, Nonsimullansous
ignition is provided by the surface ignition function, which is aqual
to the total propallant surface area divided by the ignition time
range. The latter quantity, ignition time range, is detemmined Ly
experiment. Since the test case for the folded cartridge compares
favorably with test firings, it appears that the ignition time range
currently in the program is aatisfactory., The three major pressures
calculated by the program are the space mean prassure, the breaech
preasure, and the projectile bame preasure, Both the breech and pro-
Jectile bame pressures are constant functions of the space mean
pressure. All three pressures are made equal prior to movement of the
projectile (approximately O.34 msec for the present case).

The test case conaiders the breech to be 9,14 in, from the
projectile, This corresponds to a straight cartridge 9.14 in., long
from the base of the projectile to the end of the certridge, A test
case with the breech located 1,5 in, from the projectile was run,
This corresponds to the folded geometry. The resulting presmires,
temperatures, and muzgle velocities wers not affected. It appuars,
therefore, that the only significant parameter is the propellant
volume. The gas tempersture and velocity are uniform over the entire
region behind the projectile, This is significant because it indi-
cates unifom heating.
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To accurately molel nonuniform heating, a new bnllistic model
would have to be developed. This model would have to conaider a one-
dimensional transient flow allowing for finite flame propagation.

This model could correctly position the initiation point and yield
space depandent velocities, temperatures, and pressures, The decision
regarding whether such a model should be developed will depend upon
the need for improved ballistic data and the magnitude of the heating
problem, However, the decision was made to use the existing model to
establish the heating conditions in the folded geometry,

The flow conditions and temperature levels in the folded cax-
tridge pome a severe heating environment for the cartridge case and
surrounding weapon., Prediction of the heat tranafer coufficient is
also difficult because of the unique operating conditions.

Reference 3 provided heat tranafer coefficients and tempera-
ture data for an environment similar to the present case, Unfortu-
nately, the method used to make the calculationa is not giyen, Th
maximum heat transfer coefficient is approximately 35 x 107 Btu/ft hr
F. In addition, the maximum adiabatic wall tempergture is STOO"F,
This is considerably higher than the value of 4065 F obtained with the
balliastic code, and it is also higher than the adiabatic flame tempera-
ture of the propellant.

(o]

Reference 4 was reviewed as a possible source of a heat trans-
fer coefficient prediction method. This report examined s variety cf
posaible prediction methods, but all required more flow field informa-
tion than presently available, In addition, the report was more in-
volved with the gun barrel, rather than the breech area, Some of the
data prgsented ind%cated heat gsansfer ioegficienta in the range from
30 x 107 Btu/ft“hr F to 70 x 107 Btu/ft"hr F. It should be noted that
these extreme levels exist for only 1 or 2 msec., Reference 5 evalu-
ated the results of a method of characteristics satudy of the interior
balliatica problem. The Colburn analocgy, which is given by:

St p(2/3= C-&/Z

where,.

st
Nu
Pr
Re
cr

Stanton Number = Nu/Re Pr
Nusaclt Number

Prandtl Number

Reynolds Number

Friction factor

Waan

was used, The resulting heat tranafer coefficients were in the same
range as the previous references,

Reference 6 considered the problem of flow field development
in a solid rocket motor. The operating conditions and dimensions were
similar to the folded cartridge problem. This raference recommends
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the Dittus Boelter correlation for local heat transfor coefficient.
The Dittus Boelter equution is

8 o4
Nu = o o023 Re E

The above equation ia widely used in turbulent heet transfer calcula-
tions, and is relatively easy to apply to the present case. The
decision was therefore mads to use this relationship.

Assuming the gas to be ideal, and that the viscosity varies
with the temperature to the 0,65 power, the heat trangfer coefficient

is given by: e o 2
) PV\® ¢ p- . (_M‘ _.) -Q0
2 o0.023 ( = ) P (oS T

whare,

P = pressure

V = gas velocity

Cp = spscific heat o
Ao viscosity at 530 R

D = diameter of chambex.

For the present case, the various constants are given by:

R 5 .S :
o = f"xlo‘ M~ (536) (ref. 6)

R =1 = propellant impetus , .
T = r~l. 2)
flame temperature

M = R./R

Using th» themochemical properties for the folded cartridge
propellant and the ballistic data from the computer code, the heat
transfer coefficienta can be detexmined as a function of tims.
Figure 3 presents the variation of heat transfer coefficiunt versus
time, based upon space mean pressure. Figure 4 preaents the same
data based upon projectile base preasure. For space mean prassure
conditions, the geak heat transfer coefficient is approximately
52,500 Btu/ft“nr F. Thia method for calculating heat tranafer coef-
ficient has been incorrorated into the ballistic code. In addition,
the stagnation temperature, which will be used in camputing the con-
vective heat inpute, has als¢ been determined and is represented
graphically in figure 5, It is worth noting that the maximum tempera-
ture in figure 5 is below that given in reference 3. This aspect of
the results in »eference 3 is difficult to explain, The peak tem-
peratures reported in that reference are higher than the adiabatic
flame temperature of the propellant used for the folded ammunition,

The neat tranafer coefficients caloulated with the Dittus
Boelter equation are higher than those cited in reference 3, but are
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well within the range reported by aother references.

The heating conditions presented in figr—a 3 and 5 occur
during the initial ballistic portion of the cycle, and last for
approximately 3.5 meec, The peak surface temperature of the car-
tridge occurs during this portion of the cycle. Howaver, the total
time for the firing of a single cartridge is approximately 100 msec,
It is during this longer period that the heat permeates into the
weapon's structure and causes the highest structural temperatures,

The time history of a firing cycle is composed of the follow-
ing four periods:

Time Event
0 to 3.5 msec Firing of projuctile (ballistic portion)
3.5 to 35 maec Dwell time
35 to 65 msec Extraction of expsndsd cartridge
65 to 100 msec Ioading of ungpent cartridge

For the precading firing cycle, the following heat inputs
have been developed:

Time Heat Inputs
0 to 3.5 mssc Convective hoat input based upon Ditzus

Boelter equation (ref. 1). Figures 7
and 5 preeeant tha heat tomnstior cvesfi-
cient and gas temporsture profile.

3.5 to 35 usec Exponential decay of the ea% trunafoer
coefficient to 100 Btu/ft"hr°F and of
the gus temperature to 200°P,

35 to 65 msec ¢onstwit heat transfer coeffigient and
gas_temperature at 100 Bta/f+“hr F and
2007F, respectlively.

65 to 100 msec Zero extorasl heating, In addition, ths
cartridge nodes are returueld to 104 F at
€5 mzec and thsn allowsd to heat up dus

%o the heat flow fram the ptructure.

During the dwell time (3,5 tc 35 mzec), sxponsmsial fecay of the gus
pressurcs, ras ftousperatury, and gas velocity ile felt t¢ Lo & renmon-
able appro;imatinn following the prevsure dscay. The value of

100 Btu/ft7 5 P Yor the heat tranafler coolficient nt 3% msoc i Cone
nervative, The form of the heating boundary condition, during
extraction and loeding, inm wory $iffiouit to describe, Juwing futvre
wstudles, experimental data would be examiied to provids batter insight
into the thermal conditions during theae phases of the operaiing cycle
For the prwgent eoffort, the daclieiun waw malz 4o uzé a conservative

10



WXL o et < s

approach and cambine extraction and loading into a single instan-
taneous event at 65 msec. At 65 masec, the heat transfer coefficient
was set at 52€T0s and the nodes representing the cartridge case were
set to 100°F, This simulates the chambering of an unspent cartridge,
During the period from 65 to 100 msec, the cartridge case is cooler
than the structure, and the heat flows into the cartridge.

Although the heat input profile used for this study is con-
sidered to be conservative, it should be examined further to deter-
mine the significance of the various assumptions made, This activity
would be an interesting area for further effort.

ANALYTICAL MODELS

The detalled geometry of the folded cartridge case is given in
figure 6, Since the heating during firing is wniform, based upon
the present model, the problem reduces to the determination of two-
dimensional temperature distributiona. However, the resulte pre-
sented in reference 3 indicate that the depth of penatration of heat
wan gmelli therefore, the heat flow was easentially one~dimensional,
Inivial studies during this investigation verify this result. The
majority of the results presented in the report will therefore be
based upon one-dimensional models., However., in the web region near
the breech, the goometry causes two-dimensional effects to occur,
T™wo-dimensional results were obtained for this region,

Cne~Dimonaional Model

Tho one-dimensional model consists of a 0.04 in, cartridge
cage thickness, and 0.50 in, of steel, which represents the weapon
structure. The properties of the camse material, cartridge bresss and
atee) (SAE 4340), were chtained from reference 3. The temperatures
wors Gdetermined vy dividing the model intou a number of isothermal
nodez, and eolvirg the following equation using a digital computer:

Tf“‘* tL kT #“\ALT;S { at ( Enl*“"m)g

'f‘ﬂ o
wherg, LR meg

_:"5-‘«') the couductive coupling between nodes
nix3

"'\'i_ w tempsruiuie of the L"*body at tine X +ot

N s marfaoe erek of nodem expcsed to convective (zero for
all tut surface node) heat transfer

&

w convective haeay transfer coefficlent

TTw » E2s tamperature,

11
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Appendix A presentr a listing of the computer program. In this
analysis, both the neat tranafer coefficient and the gas tenperature

. are functions of time, as described in the Heating Analysis section
of this report.

. Two grid systems were initially used in the analysis. Theae
are prasented in tatle 1. The first system contains 26 bodies, with
11 bedies in the cartridge case, while the second contains 31 bodies,
with 21 in the cartridge case, The use of more bodiss in the car-
tridge case was initially felt to be necessary because of the rapid
tempsrature changes occurring in the region. However, examination
of the resultsz from both grid aystems did not yield any significant
differences (ref. 7). Since the 26 body model could be run at a
larger time atep, and therefore require leas ocomputer time, it was
used for most of the analysis.

Table 1, O(ne-dimengional model

let Grid (26 vodies) ond Grid (31 bodies)
Node Number Thickness (in., ) Node Humber Thickness (in.)
2 to 10 004 ] 3 to 20 . 002
(’fgﬁ:’)" 11 coop  (faver- 5 . 004
® e 004 o2 . 004
13 . 008 2% . 008
14 <012 24 .012
15 .Q20 25 o Uch
15 to 2% 040 26,217,728 N5
26 «054 2G,30,71 1

Two~Dimatisiongl Model

AMthough cne=diramsional medeling 1e edequate for momt of the
folded geometry thermal snzliysie, certasin regiumo reguire twie
dimennions] siudies. The webk, ur interyoss reglon nasy the brwsch
end, will experi¢nce two-dimensionnl heating. Yo ansiyee this sogloa,
an izotheimal model, shown in figare 7, hes been Jovelopud., Thie
podal consisis of 62 bodiss, with 50 bodlies in the ceviridge cume,
Initially a &ssallol model copmipling of 57 bodies. with 29 btodles in
cartridge cesv, wae conridered, However, nodslivation studies showed
that thia grid was toc large., Brosuse of tae symretvy in tiw web,
only helf of the wed was medulod, The racianguler regisn is 0.23 in,
by 0,56 in. end conieine the web woegicu up 4o the bess of the pro-
jectila.

The cumputer progrsa uged to paalyze the two-dimeneionet
problen is gpzentinlly the seas es the one desoribed in the One
Digmensjiorsl Model secticn, The wejor differenca is thsat suzface and

s e P \ e oA MM B T A g W R % IR ¢ sy i e e mp i 8t . A - C o S S S
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interior nodes are identified, and surf{ace nc’':m are =llowed to ex=-
perience convection, Appendix B coatairn- 1%.. Fortran listing of the
progranm.

RESULTS
One~Dimensional

Using the one-dimensional model deacribed previously, tem-
perature profiles have been determined for 29 cycles or rounds,

During any cycle, the surface of the cartridige exposed to the
hot gases experiences a rapid temperature rise, with the peak occur-
ring at approximately ? msec. Figures 8 through 11 present the
surface temperature history for rounds 1, 10, 20, and 29, These
profiles are similar, with ghe Peak temperature reaching a maximum
value of approximately 1346 F, The mharp drop in temiperature, ocour-
ring at 65 msec, results from the extraction of the spent round and
the insertion of an unapent cartridge with the cartridge case at
100 F. The unspent cartridge is then heated by the warmer weapon
chamber, Figure 12 presents a compoaite of the profile for rounds
1, 10, 20, and 29. From this figure it can be seen that Ly the tenth
round, the surface temperature profile is stabilized, Figure 13
presents the peak surface temperature as a function of round number.
It would appear that by round 4, the peaknsurface temperature has
reachsdl equilibrium at approximately 1345 F. MNowever, examinaiion of
the detailed computer printouts ahowaothat between rounds 19 and 29,
the peak surface temperature rose C.5 F, This rate, of courae, ia
decreasing with each round, but extrapolation would yield a conser-
vative estimate of the peak temperature after a one minute burst of
600 rounds, Using a rate of 1 F ror 20 rounds, the extrapolated
peak surface temperature is 1374 F.

During the ballistic portion of any firing cycle, thare is
very little penetration of the thermal wave into the weapon chamber,
Reference 7 states that at the conclusion of the ballistic period
(approximately 3.5 msec), the interface between the cartrjidge case
and steel portion of the weapon experienced less than a 1 F rise.
Over the 100 msec firing cycle, however, the thermal wave does pene-
trate into the steel structure, Figures 14 through 17 present tne
temperature distribution across the model at the end of the cyele for
rounds 1, 10, 20, and 29, After 20 rounds, the temperatsra rise in
the steel, at a depth of 0.25 in., 1t still less than 20°F, Figure
18 presents a composite of figures 14 through 17. From this figure,
the propagation of the thermal wave can be seen. The peak tempera~
ture shown in figure 18 is not the higheat ateel temperature, tut
rather the condition existing at the end of the cycle for a particu-
lar round, Figure 19 pressnts the peak interface temperature us a
function of round number. This represents the maximum stesl

15
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temperature, The peak temperature is still increasing at the rate of
0.3 F per round at round 29. Extrapolation of this rate out to 600
rounds is very dmgeroua.o It vould result in a peak asteel tempera-
ture of approximately 700 F. This is an unrealistically high value,
In addition, the question of depth of pengtration must be considered,
Examination of figure 18 shows that a 100 F temperature rise over
the initial temperature has penetrated only 25% of the steel th.ck-
neass, During future studies, additional cycles would be run.

The results of the one-dimensional analysis show that the
penetration of the thermal wave is very slow, and therefore in those
regions where this analysis is valid, conditions for the folded
geomatry are no worse than for conventiongl ammunition., 1In addition,
since the severe heating during the ballistic phase is very short,
this environment will heat the weapon uniformly and result in one-
dimensional heat flow, A major factor affecting the structural tem-
perature is the timing of the firing cycle. A shorter dwell time
would greatly reduce the peak temperatures.

The major effect of the folded geometry is evidenoccd at the
small interpose region near the base of the projectile, In this
region the two-dimensional effect may be significant., The fullowing
section presents the two-dimensional results obtained for this region.

Two-Dimenasional

Temperature distributions have been obtained for the model,
and are described in the Two-Dimenesional Model Section., The region
examined is the base of the interpose region near the projectile base.
Since the heating is uniformm, only half of the web has to be con-
sidered. Figures 20 through 23 preament the peak temperature occur-
ring in this region for 4 complete cyclea. The peak surface tempera-
ture in the cormer is slightly higher than the peak temperature for
the one-dimsensional analysis. However, the temperature difference is
approximately 1%, well within the accuracy of tho analytical model.

In figure 23, to the right of the model, the maximum temperatures
correaponding to the same approximate location in the steel are given,
For instance, the maximum interface temgoraturo for round 4, node 24,
ir. tho one-dimensional analysis, is 493 F,  The highsst two-dimension-
al interface temperature at node 10 is 628°F. Node 10 is in the
comer. However, node 24, located 0641 in. from the comer, has a
maxioum of 521 F, as compared to 493 P in the one-dimensional
interface temperature.

The results obtained lrom the two-dimensional calculations
indicate that the temperature will be higher near the base of the
interpose region. However, this level, at least after 4 rounds, is
not prohibitive. In evaluating the temperature profiles, it will be
uscenasary to assess the atructural effect of small penetrations of

high temperatures into the steel. This would be a major part of
future efforts,
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CONCLUSIONS

The thermal respouse of the folded geometry cartridge has
beenn determined for one snd two-aimensional models, and also for
single and multiple firings. The resulte show that the surface of
the cartridge case heats very rapidiy due to the propellant com-
bustion. The one-dimensional model has bgen run for 29 rounds, and
the two~dimensjonal model for 4 rounds,

The peak cartridge case temperature occurs at the baas of
the interpose region, baaeg upon two-dimensional calculations. A%
round 4, this peak 15134}°F. For the one-dimensionsl model, the
corresponding peak is 1331 F. The two-dimensional effest on peak
cartridge temperature is therefore very small. Extrapolating the
one-~dimensional results to 600 rounds would yield s peak of 12370 F.
By applying the same difference of approximately 1,0, for the worat
two-dimengional results, the peak cartridge temperszture would be less
than 1400°F after 600 rounds. This result would indicate that with
regpect to peak cartridge temperature, the folded geometry cartridze
is no worse than conventiocnal iounds.

With respect to the weapon chamber, the interface temperature
at the base of the interpose region will be hotter, due to the fglded
geometry, After 4 rounds, the peak interface temgerature is 6287F
for the two-dimensional analysia, compared to 493 F for the one-
dimensional analysis. Extxrapolation of these results, to conditions
after 600 rounds, is not possible at this time. However, it secems
reasonable to conclude that the base of the interpose region will
experience more severe temparatures than would exist with conventional
amunition.

Future effort should concentrate on additiocpal firings with
the two-dimensional model, an investigation of the heating cycle
during the period after the ballistic portien of the cycle, and
thermal atreas calculations of the effect of thermal distortion and
clsvatlsd {emperatures upon material strength.
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