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DISCREET

Ministry of Supply
ARMAGKNT  RESEARCH BSTABLISHWENT “(

MEMG 9/50

Weapons Research Memo 3/50

Closcd Vesscl exauination of two samples of american
cool prupellant,

H.,&, Plint.

Suuwary

Iy connection with U.S, - U,k, collaboration in thc gun wear problem, two
sauples of a cool propellent, supplied by the U,S, authorities, have bcen
examincd by the Closed Vessel method for comperison with the British
equivalent, The composition was similar to the British F.%27/155 formulation
consisting wainly of nitrocellulose, nitroglycerine, picrite and

dibutylphthalatc, with a nomical flame temperaturc of 1950°K., Onc samplc
was in corc form, and the other was multitube, Por the purpose of the

comparison, rcsults were alrcady available for cord, multitube (M.T.) and
slotted tune (S.I.), F.527/155 manufactured by C.S./E.R,D.E. from the same
mix of ingrcdients,

The rate of burning constant for the Amcrican cord sample was found to
bc about 5. greatcr than that of the British, This is considered to be a

reasonably good watch,

To cvidence of erosive burning of the American w.l., sample was apparent,
and thc geouwctrical fora function was thercfore uscd ia deducing rates of
burning fro. the Clos;d Vesscl cxperimentel rcsults, On this basis, the

hucrican M,T. was sone 13 . slower-burning than the awerican cord.

In the case of the dritish 1,0, , there was sowc cvidence of erosive
burning; consequently, as i1s usual in such cascs, constont burning surfecc,
associatcd with an epproprisrte increcesce in web thlckncss vas assumcd in the
rate of burning calculations, On this basis, the ratc of burning constents
for the Sritish cord and uultltubc were in very close zgrccuacnt: the prcnd
between the cord, ...I'. and 5.7, was, in fact, littlce worc than 1 Je, pearing
in wind the dlffcrcnt ~ssiuptions nade, the Aritish i.T., was about 9 j
fastcr-burning than the Jdwcrican i, T.

When fired at o londing density of 0.2 graws per c,c,, the axi.md

pressurc produccd by the auerican i,T. sanplc is a

vesscl then in the considerably larger British Vessel, Of this, little ..ore
thcnbj Dlls attributeblc to dL%fcru%co in heat lost bv conduction to the vusscl

HAECH ‘And the rca~indor is thought to be duc either to a greater energy loss
whrough cxprasion of the vesscl or coupression of the obturation in the ...crican
design, or to an iaaccurantc assess.ent of vesscl voluuc,
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CONETOmTPTAT,

DISCREEL

A.R,E.Refcrenee - File W.R. 111/2.

Closcd Vessel examination of two samples ~ Ex.6638 and Ex,6641 - of an
American cool propellant, and a couparison with the equivalent British
couposition.,

(1) Introduction

In eonneetion with the development of  cool propellaants for prolonging
gun life, the U,3, and U.K. have recently cxchanged samples of the F,527/155
formulation for gun trials, this composition showing some promisc of being
suitable for ultimate Scrvice use, The U.K. have sent the U,S. 750 1b,
semples of eaeh of thrce sizes of umltitube and one size of slotted tube for
trial in the 3-inch/70 gun; and approximately the ssaue quantity of each of
thrce sizes of wmltitube for trial in the 17 pr. gun, together with a small
samplc of O0,1-inch diametcr cord for Closed Vessel test, have becen received
in this eountry.

In addition to thc specinl snmplc of eord, (lot Ex.6641), a sample of
the smallest size of multitube supplicd by the U.S. (lot Ex.6638), wes
reccived for Closed Vesscl cxamination,

Closed Vessel results for composition F.527/155 in both multitube and
slctted tubc form have already been reported (ref.1), In addition, semples
of this composition in all four of the cowuwon Service shapes, (i.e. cord,
tube, slotted tube and rmltitube), pressed from the same wix of ingredients,
have recently been the subject of another investigation, not yct reported.
Thus, it is possible to .iake s coiparison betwcen Awmeriean and sritish

F.527/155,

During the visit of the U.S./Canedian siission to this eountry in the
autu.n of 1949, the U.S.Burceu of Ordnanec rcpresentative referrcd to a
discrepancy of sowe 200 betwcen the force coastant for F.527/155 as
calculated frou theruocheuistry and the figure deduced froia the results of
closcd boub tasts in the U.S. This watter was given partieular attention
in the prescat cxperiuments,

(2) cropellant deote,

(a) WNominal coupositions:-

Aucrican British r,527/155
/v o

.Nitroeellulose 20.0(13,154 N2) 20(13.2: N2)

Nitroglyccrine 8.28 8.86

Picrite 60.0 60.0

Dibutylphthlatate 9,72 8. 50

Centralite 2:0 2.64
Calculated flave temperature (7,) 1889 ©k 1950 Ok

Calculated foree eonstant (A, ),
tons per sq.in./g.u.per c.c. 51,59

Co-volu.e (71, €.€8. peET gul, 1.068
Ratio of specifie heats (y) 11
5
ISR RS,



(b) American lot no, Ex.6638: shape, multitube.

Analysis: - . 7o
Nitrocellulose (13.15: N) 2ol
Nitroglycerine 9:35

Picrite (British, 20,000 em®/c.c.)  59.05

Dibutylphthlatate 9.50

Centralite 795

Total volatiles 0.0

Ash 0.11
Density 1.65 grans per c.c.
To (calculated from analysis) 19,1 °K
Nk g i BRS ) 52,66 tons per sq.in./gm.per c.c.
n 1.068
Diuensions: - inches

External diamcter 0.13%18

Dinumeter of perforations 0.0129

Inner web G023

Quter web 0.0242

Lverage web 0.0233

Length RG]

(e} MEY1CAI ot no, X, H shapc coxr
(c) Ameri 1ot Ex,.6641; shape, d

Lnalysis: - /o

Nitrocellulose (13,150 N2) 20,21

Nitroglycerine 9t

Picrite (British, 20,000 cm%/c.c.) 59. 5L

Dibutylphthlatate a2

Centralite E)

Total volatiles 0.34

«.8h 0.06
Density 1.66 grams per c.c,
Ly (caleulated from analysis) 1957 %k
R " g =Sy 52,98 tons per sq,in,/gm.per c.c.
n ' 1.068
Diwensions: - incheg

e -

g

feo

S
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dowinal composition, g

(d) British ¥, 527/155, lots 3,2, D.B, 28112 (cord) , 2811C(mltitube) and

2811 I(slotted tube).

lngrecaients.,

)

Picritc used - norual Naval gradc.
Density - 1.609 graws per c.c.

Diwmcnsions: -

Ao .and N assumed, i.e,

Lot ®B.x.D.E, 2811 4 cord -

.11 three samplcs proccssed from the samc single incorporation of frcsh

To = 1950 Ok
Ny = 52.9
n =1.06

0.052 ins. diamcter.

Lot Z.4.b,is. 2811 C multitube - external diauweter 0.290 ins.
perforation diemeter 0,030 ins.
mean web 0.050 ins.
length of grain 0,697 ins,

Lot E.R.D.15, 2811 I slottcd tube-external diameter 0.159 ins,
hole diamcter 0.053 ins,
annulus 0.053 ins.

slot area = 184 of total,

(3) Expcrimental mcthod (see Ref. 4,5.and 6 for descriptions of apparatus).

For convcntional propellants, a Closed Vessel loading density of 0.2
graus per c.c. is employcd., At this loading density, A , however, the very
cool propcllants (e.g. those with an adiabatic flame tcuperature less than
2200 OK) produce comparatively low waximum pressures, (less than 14 tons per
sq,in.) and it is now the practice, in such cnscs, to increase the loading
density to 0,25 graas per c.c. for norusl determinations of the rate of
burning lew, .s the nowinal volu.e of the vessel is 700 c.cs., this loading
density corresponds to a charge weight of 175 graus. Ignition is cffected
by ..cans of a bag containing about 1% grei of gunpowder wrappcd around a
fusec-wirc, with an additional gro. of gunpowder sprinkled over the charge.

The vessel body is cnclosed in a water-jacket for Laintaining the
stencerd tcaperature of 809 for nor.al ratc of burning asscssiucnts, and
the charge is kept at this te.perature in en incubator for about 24 hours

before firing.

he piczo-elcctric recordiag apperatus records the rate of pressure risc

4t
( ;E.) egainst pressure, and is so designed that a calibration grid is
a

superiuposed on the record, ecach pressure step correspoading to onc ton ‘per
8q.in., and enrch 4~ step corresponding tc & pre-sct nuw.ber of tons per sqg,in,

dt

per scc., in the present case 200 for Ex.6638 and 50 for Ex.6641. Speciuen
records nre rcproduced at C and D in Fig, 1,

Thus, for the dcter.dnation of rate of burning laws, three rounds of
ench of the two U.5. sa.iples, Ex.6638 and 6641, were fired in the 700 c.c.
Closed Vesscl at a nouinal loading density of 0,25 gra.is per c.c. and a
charge te.pcrature of 80°F, In every case, a travelling .iicroscopc wes uscd
to ..easurc d2 at pressure intervals of onc ton per sq. in, The

at

calculations for rate of burning, ctc., wcre carried out on the ..ean results

for the threc rouads in cach case.

Siuilar results for F.527/155 lots E.R.D.E.

2811 .. (cord), 2811 C (w.2.) and 2811 I (slotted tube) werc alrency availablc

fro.i a previous investigation,

3.




The American Closed Vessel firings of 1x,.6638 were carried out in a .
vessel of 200 c.cs. nominal capacity, (U.3. refcrence: File no. 8L - 138 - 100 -
1), at a nouinal loading density of 0.2 grams per c.c. In this case, also 3P _ P

dt :

reccording was used, calibration being in the form of a scries of dots on the
record, at distances apart corresponding to known voltages. Thus, for the
American type of rccord, en cxanple of which is given at A of Fig, 1, it is
nccessary to perform simple cnlculations to convert the calibration voltages
into units of toas per sq.in, and tons per sqg.in. per second before rates of
burning ean ve calculated,

for direct coumparison with the American record, a single round wns fired
2t the American lcading density of 0.2 grams per c.c. The maximum pressure
renched in this round was eonsiderably greater than the mean of the three
Aaerican rouands, An estimate wns then made of the loading density required
in the British vecssel to give the saue maximum pressure as that reached in the
Americen firings, and threc rounds were fired et this loading density, The
three records so obtained are reproduecd at E, F and G of Pig. 1.

(4) nesults

(n) Cord sunge.

-

Froa the menn weasurcments of each of the three sets of records, rates of
burning were celculated as follows: -

-

-~D, af* = Db , & = 1
dt 20 dt / fl ol
L
where D = the initial cord dinmeter
Df = the cord dicaetur at some stage during burning when
P = the pressure, (i.e. £ = 1 initially, and = O at the end of
burning),
“m = the maximua pressure of the firing, and the value of

4dr = that corresponding to the pressure P,
dt

- D, af 1is, of course, the rate at which the propellent stick diameter
dt
is decreasing during burning,

This calculation does not take into account burning at the ends of the
propcllant sticks. To correct for this, the approximate rate of burning is
divided by 1 - a(1 - 2f) , where a = cord dismeter

2 -a(1 -1) stick length

[T

3

and £ = [1 - P , In the present instaace, a = 0,02 for the Aduerican

P
sauplc, and 0.0104 for the British sauple, Thus, the correcction is silall, being
the greater for the Aueriean sauple, for whieh it anounts to - 1% at the

cowence.cnt of burning (i,e, at £ = 1%, and + 1, at the end of burning, when
f = 0, changing sign at f = 0.7525. he corrected rates of burning are then

uultiplied by + n;i&;to correct for the effect of the propellant shape,
(ref.E). In this las® expression, » is the pressurc, ns before, §is the ceasity

of the solid propellant, 7 is the co-volu.e of the propellent gases, aad Ay is
the uncooled force constant for the propellant, using the correct eo-voluue;

e f(ji -7 R

where ¢\ = the loading density. :



The corrected rates of burning are plotted legarithmically against
rressure in Fig. 2, In both cases, the rlotted points lie on good straight
lines up to a pressure of about 3.5 tons per sq.in., and on different straight
lincs at pressures in exccss of this valuc: i.e. in both cases there is a
1:ed change in burning law (which ma; be expresscd in terms of AP % by virtue

of the linear relationships in Fig.2, P being the pressure and /4 and @ constants),
in the region of 3.5 tons pecr sg.in. Fig.2 indicates that there is a marked
difference in burning law between the Amcrican and British samples in the

pressure range of from 1 to 3 tons per sq.in., but this is not important in the
gun, as only a small fraction of the charge is consumed when the pressure has

reached 3 tons per sq.in. It is at oncc evident from the graph that the
index « 1in the burning law for the American sample is a little greater than
for the British sample. The values of a and 0 for the two samples werc
determined by a least-squares mcthod, with the following results:
0.740
for Ex 6641 SR = ORF7 i
dt
’ 0.698
for F.527/155, lot E.R.D,E. 28114, - D 4f = 0.820 P
dt

These index laws of burning are, of course, of little use for internal
ballistic purposes, for which linear burning laws arc required on grounds of
mathematical simplicity. It is customary to convert such index laws to thecir
linear cquivalents, by a method described elsewhere (ref.2).

f.e. =~ Di-af = g (zd)P
dt

the suffix 1 denoting that a has bcen adjusted to unity, and the suffix 24
denoting that this adjustment has becn madc for a meximum true pressurc in
the gun of 24 tons per sq.in.

For Ex.6641, §,(24) = 0.395 inches per sec./ton per sq.in.,
and for P.527/155 1o® E.R.D.E. 28114, 5, (28) = 0.376

Thus, in effect, the American sample burns some 5% faster than thc British
sample.

In some intcrnal ballistic theories, (e,g. the British R.D.38), the force
constant used is that for vhich the co-volume of the propellant gases is
assumed to be equal to the reciprocal of the propellant-density. This form
of force constant is dcnoted by A4

i.e. = )\.1

i

(""5
M will, of course, vary with & (i.e. with the maximum pressure), but it has

been shown (ref.2) that the appropriate value of M to use when certain assumptions

@ncludlng n=1,i{ Javemade is that corresponding to the pressure at all-burnt,

i.e. 75% of thc maximum pressure. approximately, Thus, for a maximum gun

pressure of 24 tons per sq.in., M at 18 tons per sq. in is required. This

is denoted by M (18). It should bc mentioned here that ratc of burning is
slightly sensitive to &, i.c, to My, but M {% D dfﬁyls constant for any

given pressure. For calculating [0, (2s) , Ny (1s) is the correct force constant
to use, and it is neccssary to introduce a correction for this when thc

maximum pressure of the Closed Vessel firings differs from 18 tons per sg.in.
Such corrections have been made in arriving at the above valucs of £1 (24



Before K10°) can be assessed from the results of Closed Vessel firings,
it is necessary to cstiumate the hcat lost to the vessel walls during the
burning of thc propellant, From the results of hcat loss expceriments carried
out in thc past, thc cstimates are:-

For Ex.6641, heat loss = 5,2, ~
For F.527/155, 1lot E.i.D.E,28114, heat loss = 4,5,

Thus, the assessments of M(18) arc: -

For Ex,6641, N (18) = 60.1 tons per sq.in./grem per c.c.
For F.527/155, lot E.R.D. B, 28144, )1(1e)= 58,9 tons per sq.in./gran per c.c.

It is now possiblc to make an assessment of Ao from the relationship
M= hos(n=1) Py
This gives: -~ 0
for Bx.6641, Ao = 51.7 tons per sq.id./gm,pcr c.c. (compared with 53
calculated froa thcrmochemistry)

for F.527/155, lot ¥.R.D.F.28114, Mo = 51,0 tons per sq.in,/gm.pcr c.c.
(compared with 52,9 calculated from thermochemistry

i.e. 01 an average, the experimecntal A, is some 3+ less than the cnlcu-

lated value, Part of this discrepancy may be duc to inaccurate assess-

gent of heat loss. However, this does not affect the comparison of the

two samples, and it is secen that the "force" of the Americen semplc is

1.4+ greater than that of thce British snmple,

Intcrpreted in terms of gun ballistics, the differences in rate of
ourning and forcc between the Amcrican and Sritish samples are such that,
for a normal ballistic lcvcl, equal cherge weights of the saue
propellant size would be expected to produce muzzle velocities differing
by souwe 3, the American sauple giving the highcr value,

The ratio Ratc of burning of JAmerican sample is plotted against
Rate of burning of British sample
pressurc at D of Fig. 4. This retio, originally very high, decrcases
aluost to unity at a pressurc of )4 tons per sqg.in., and therealter
gradually increascs with further rise in pressurc.,

(b) Slotted-tubc shapc

In this casc, the epproximate rate of burning (ignoring cnd-burﬁing)
is given by:-

= ID)-@gtr | = L0 | (eld 1
G5 =L G w/(1+6)2 N
Pm

al
where D = the annular thickness of the propellaat,

and 6 = D2 s D2
arca of cross-scction of propellant stick i

0.159 in the present casc.

This expression for rate

of burning follows frou the asswuption that
the fraction of charge burnt

F "
(1 - £) (1 + D%¢).

24

i

The exact relationship betwcen F and f ig:-

B 2
P = (1 - f) _1 + (p_ + g - D2 ; a) P N D2 a f{l
41 o I.

La

6.
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where o = D A Thus, terms containing "a" have been ignored
’

stick length
for thezpurpose of obtainingzthc approximnnte relationship. By assuming that
& = D° + =a instecad of DY soue allownnce is made for end-burning of the

n
L 43

sticks, and will lead to a high degree of accuracy in thc present instance, as
"a" is very small {= 0,01), i,e, 6 = 0,169, This more accurate value of
6 was actually employed in calculation of ratcs of burning, leading to the
following burning law;-
0,70 . , 0.6
- Daf = 0,7% ¥ e (compared with 0.820 r oee
dt :
For the equivalent linear burning law, ﬁ%(z4) = 0,380 ins.per sec./ton per
sq.in, (compared with 0,376 for the cord). The difference in A3, (24) between
the cord snd the slotted tube, being little more than 1%, may be cue to errors
of propellent size measurement, as there is no significant difference in ¢

for the cord).

Tstimated heat loss = 4.5/, and when this is allowed for,

A\ {(1s)= 58,8 tons per sq.in./graa per c.c., corresponding to

k . = 50. 9 i " " " " Ll
compared with A, = 52,9 calculated from thermochemical data (i.e, &
difference of L%),

(¢) Multitube shape.

The expression for calculating the approkimatc ratc of burning, up to the
pressure at which the web comuences to burn through, is:-

=D cf =10 . 4d°. 1
¢t C..L“m dt "/-(6+1)é" iB. P
where D = iiean web thickness, C Pm
8 e Ol 2l = 20ial = 6 - 208 = 20 b where y= 14+20b4+2
D = = y= )+'+ +28
A4 + 20b + 22 + L4 ab + 2ab " +4ab+2ab?
C= 44 + 20b + 2a+hab + 2ab° A v
16 + 24b + 20¢ 16 + 24b + A°
a = wean web and b = perforation diauacter
grain length mwean web

For the iuericen smaple, Ex.6638, a = 0,07, b = 0,554, C = 0.85 and
6 = - 0.150. With pcrfect ignition, Burning by parallel layers, and all webs
cqual, web break-down woull occur at 8%% of the unaxiuua pressure, As the webs
were not, in fact, equal, in the ideal case the thinnest web would burn through
at 81% of the .axiimu pressure,

For the British sauaple, lot E;R,D.E.2811C, a = 0.072, b = 0.600,
C = 0,847 and ® = - 0,137, 1In the ideal case, the web would burn through at
84,7k of the .axiimi pressure,

The correct rates of burning are obtained by dividing the approxi.ate
rates by:-

1 « _12af (1 : 1'5 Q
y [(1 -0) + 26f]
.

565 - 5.85¢ for the U.S. sauple,




2
L4320 - 648F
o Tl e S0 2 . for the British.

15.C3 - 3,70f

Appropriate values of 'f!' are calculated, with sufficient accuracy, from:-

L = C(1 -f) (1 + of),

-

Thus, the correction amounts to about %o at £ = 1, and to zero at £ = 0 (f,e.
web breakdown, with equal webs),

The rates of burniang, corrected in this manner, are plotted against
pressure on logarithmic axes in Fig.3. In the case of Ex.6638,the points
over the pressure raige froa 4 to 10 tons per sq.in, lie oca a good straight
line, suggesting a burning law of the usual index form, but this is not true
of the British sraple,

In Fig. 4A, the ratio date of burning of American multitube (=R ,say)
Rate of burning of American cord i

is plotted against pressure. Ihis ratio comaences at a value appreciably less
than unity, preswnably because of the delay in coupleting ignition down the
perforations of the multitube shape, which lealds to an under-assessment of rate
of burning, it being assumed in the calculation that igaition over the complete
charge surface is effected instantaneously., The shape of ‘the graph suggests
that ignition in the perforation is completed at a pressure of about 4 tons per
sq.in., after which the multitube burns for a time at a rate about 13 less
than that of the cord, with no indication of erosive burning, Due to the
change in grain geometry brought about by the long ignition interval, web
break-down occurs at .a much earlier stage than would have beea the case in
ideal circumstances, The resultant reduction in charge turning-surface leads
to an apprrent decresrse in burning rate in comparison with cord, and the ratio
R consequeatly commences to decrease.

From the straight portion of the appropriate curve of Fig.3, the lew of
burning for Ex,6638 is:-

- Daf = 0,664 30'73h (@ 0780 por the cord)
ait
end By (24) = 0,343, (0.395 for cord)

using the geometrical form function, .
i.e. the American multitube is, in effect, 13% slower-burning than the American
cord,

For Ex.6638, M(18) = 59.9 (cowpared with 60,1 for the cord) after allowing
for e heat loss of 4.1, This correspoands to a My of 51,3, comparcd with 51.7
for the cord. Thus, multitube and cord agree well in force constant,

In Fig.48 (1) the ratio Rate of burning of British uwultitube
Rate of burning of British cord

is plotted against pressure, The ratio commences at a value much greater
than unity (due, it is suspected, to & corner-burning effect), decreases
rapidly to about 0,9 and then comaences to increasse, reaching a waximum of about
~1.08. This second excess over unity is thought to be due to erosive burning
of the propellant in the perforations, brought about by gas flow over the
propellant burning surface, the result being to increase hent input to the
propellant surface with a consequent increase in rate of burning, It 1is
probable that erosive burning has couaenced before the plotted ratio has
reached unity for the second tiae, which occurred at about 3.5 tons per sg.in.

8'

leg, £ = = (1-8) +\;(1+6)2‘ L %. Bmax.



In any cvent, it is clear that ignition in the perforations was completed at
an ecarlier stage with the British samnple than with the Ameriocan ssauaple.
This is to be expected, as the British sample was of a larger grain dimensicn
by a faetor of more than two, Other COﬂdlthgS being equal, it seems likely
that the ratio perforation surfacc area - ( . d i)

perforation volune d} d

has some berring on the time lag in igniting down the perforation; if taken
to the ridiculous extreme of equal heat energy available from the igniter, per
unit surface area of the charge, both ianternally and externally, there would be
no ignition lag of the type under discussion, and it would seem reasonable to
suppose that the lag would decreasc with ineresse in perforation diameter (d).

The earlier internal ignition of the Sritish multitube, relative to the
American manufacture, has an adverse effect so far as er051ve ourning is
‘concerned, as er051ve burning is a function of (a) gas velocity, which
‘decreases as burning procecds, and (b) thickness of combustion zone, which

also decreases with increase in pressure. These two factors are thoaght to
be the explanation of the reduction in the plotted ratios (R) after the
maximun is reached, R remains nearly constant at a value of about 0,97 over

a liaited pressure range, presumably when erosive burning has ceased, and then
comnences to decrease when the web pegins to burn through at a .wuch earlier
stage than would have be.n the case if the assuued ideal conditions had
existed,

It is apparent that, with the British sauaple, the use of the aecurate
geouetrical form function makes it impossible to deduce a siaple law of
burning. For the iwltitubular propellant shape, it has oeen the practice, in
the past, to overcoue this difficulty by increasing the web size by 15% for
the rate of burning ealeulations, and tv asswae that @ = O (i.e. that the
burning surface is coinstant),

i.es -Ddf = 1,35 D | de .,
at P, at
The factor 1,15 takes the place of 1 in the aeeurate expression, The use of
C

@ = 0 instead of the calculated value of - 0,124 is equivalent to a 12, 4%
inerease in burning surface (and therefore a curresponding decrease in
ealculated rete of burning) at the co.uienceuent of burning, and a 12,40
decrease in burning surface ( with a corresponding increase in calculated rate
of burning) at burning-through of the web, with interuediste acdjustaeats between
these two stages, This is intenced to represent an approxiuate correction
for erosive burning, The rates Jf burning for the British .mltitube s~.iple
were recaleulated on this basis, 2nd the new figurcs, divicded by the g
corresponding results for the cur¢ saaple, are plotted in Fig.h B(2). It is
seen that the hwip due tv erosive burning is now very .wch reduecd, anc the
rate of purning of the .ultitube is cuaparable with that of the eord over a
.Jueh wider pressure range. Also it is poussible to calculate a rate of
burning law for the :mltitube, which is:-

-D. ¢f =0.846 PO i (coupared with 0.820 fo'698
t

for cord, and

o

c.79€ #9705 £or s1ottea tube).

This corresponds to G,(24) of 0.375, cuupared with 0,376 for cord, and 0.380
for slotted tube,

M (18) is 58.5, correspunding to Ay = 50.6, the estinated heat loss being L, 6k,



(d) General remarks

To complete the comparison of shapes, the ratio:-

rate of burning of slctted tube
rate of burning of cord

is plctted against pressure in Fig. 4B (3). The constancy cf this ratio over
a wide proportion of the burning range, in comparison with the multitubular
shape, clearly demonstrates the superiority of slctted tube, on internal ballis-
tic considerations, in this instance.

The ratic between the rates of burning of the twe multitubular samples,
plotted against pressure in Fig., 4C, shows once again'the large difference in
rate of burning between the two samples, whereas Fig., 4D shows that the
difference between the two cord samples is much smaller,

The results are summarised in the following table,

Closed Vessel results for American and British samples of F.527/155 propellant

Burning law B, (24) Experimental
Lot Shape Size Ap.% . |ins.per sec.|force con- | Calcu-
Mok ton per sq.in stants lated
g o1 5 ORI Y
American !
X, 66LT Cord 0.1002- | 0,771 '[0.740 Ol 60l BT | 5Bk

Ex.6636 Hultitube| 0.0253 | 0.664%%0.736\%7 0.343'%) | 59.9 | 51.3| s52.7

E.R.D.E. Slopted *
2841 I ube

British I
Z.R.D,E, Cord 0.052 | 0.820 10,698 0.376 58.9 | 51.0])
2811 A t 3
S ) ., P B : ]
E.n.D.E. sultitube| 0,050 O.SAé /0.676(b) 0,375(b) 58.5 | 50.6 ﬁ D2
2811C ‘ Jnominal
N\
)

0.053 | 0.796 |0.705 |  0.380 58.8 | 50.9

% Units - tons per sq.in./gram per c.c.
a;-using geometrical form function,
b)-assuming constant burning surface, and web increased by 15k,

Differences between experimental and calculated values of N, may be due t>
inaccuracies in thermochemical data, estimation of heat luss, gauge
sengitivity, vessel volume, recording apparatus, record measurement, etc.

(e) Comparison between Americen and British Closed Vessel results
for propellant lot no. ¥x,6638.

The data received from the U.S. on the four samples of cool propellant:
sent to this country (U.S. reference - File BL,-138 - 100 - 1) included the
reproduction of an American Clos=d Vessel record (no. A.S.372g for propellantt
Ex.6638, together with various measurcments of this and five similar records

(nos. AS. 376, 38Q, 384, 388, ani 392),

i
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The following information on the American Closed Vessel firings was given
under the above reference: -

"Actual bomb volune 181.4 c.c.

# Weight of cherge-Nitrocellulose 0.10 gm.

¥ Weight of charge-blaakfire 1.00 gm,

Weight of charge-smokeless powder 35.18 g,

¥ The approxiuate contribution of the igniter charge to the total pressure
is 800 p.s.1i. 10

riezo gauge crystal constant 255 55 1@ 1b./coulomb.

riston aren 0.1105 sq.ins.

The closed bomb test records give the rate of pressure rise and pressures

in terms of volts, In order to convert pressure to p.s.i. and rate of
pressure rise to p.s.i./sec., the following formulee sre used:-
(1) p=kKEC
A
(2) a8 =@
dt AR
where: - P = rressure, in 1b./sq.in,
K = Gauge constant, in 1b./couloumb,
% = fressure or rate of pressure chnnge in volts,
A = Arer of piston in sq.ins\
C = Circuit crpacitance, in farads,

2 = Circuit resistance in ochms,

For record AS., 372 (of propellant lot Ex.6638),
R = 180,000 ohis
C = GROte Wil

Zach interval on the rrte of pressure cheange or burning rate ordinate
represcnts a value of 0.5 volts.

The first and 1nst iatervals on the pressurc ordinate represeat 0.50
volts, while all the other intervals represeat 0,25 volts."

Assuming that the 0.1 g, of nitrocellulose used for ignition is
equivelent in force to 0.1 gm., of Ex,6638, and that the 1 gm, of blank-fire
is equivalent to 0,33 gm, of Ex.6638, then the total charge is equivalent to
(0.1 + 0.33 + 35,18) gms. (= 35.61 gas.) of Ex.6638. The vessel volume is
given as 181.4 c.c. fhus, the loading density is

35.61 on./c.c = ©.196 ga./c.c.
181 . &

10 e,
In the pressure direction, 1 volt = 2,51 x 10 " x 0,060 tons/sq,in. = 6,084

2o o2 1010 tons per sq.in,
0.1105 x 180,000 x 2240 per seoa.

1y

In the d° direction, 1 volt
dt

563.4 tons per sq,in,/sec.

From the photostat copy of the American record no, AS. 372, values of 4o
dt
(in volts) were read at pressure intervals correspoading to 0.12% volt, and
the messureaents, converted to tons per sq.in./sec. and tons per sq.in,
respectively, are plotted ia Fig. 54 (b). In the srume graph are plotted the

11 ¢

0.1105 x 2240 x 10° tons/sq. in.




mean values of the measurements made by the Americans on the six records for the
evaluation of relative gquickness and relative force, These points are
eaclosed in squarcs in the graph.

I, charge of Ex.6638 was then fired in the Biritish 700 c.c. vessel, at a
loading density approximating to that used by the Americans, Due to round-to-
round differences in vessel volume, the loading deasity was not exactly equal
to 0,196, but the differencc was insignificant, The weight of gurpowder used
was 4.5 gios., (assuned to be equivalent, in force, to 1.5 gus. Ex,6638), with
136.34 gms, of charge. Thus, the loading density weas 137,8b.gms./c.c. = 0,197

701,2
gms./c.c., the vessel volume being 701.2 c,cs, The record obtained for this
round (no.1745) is shown plotted at (a) of Fig. 5A, for comparison with the
American record, It is seen that there is a considerable difference between
the two records. The maximum pressure indicated by the dritish record
corresponds to a Ay of 50.9, compared with a mean figure of 51.3 for the three
rounds at a loading density of 0,25 grams per c.c., and the value of 52,7
calculated frou the thermochemical data,

Thus, the single British record for a lcading density of 0,197 gns./c.c.
does not appear to be in any considerable error, so far as maxiaum pressurec is
concerned, the measured value being 12,161 tons per sq.in. The figure given
by the Americans for the waxiuwi pressure of round AS. 372, in terws of volts,
is 1.729, corresponding to a pressure of 10,519 tons per sq.in., i.e, about
13.5% less than thet of the British round fired at very nearly the sa.ec loading
density, Also, the American values of Of' are, on an average, sbout 17% lcss

dt
than the British values for the same pressures. In attempting to explain
these discrepancies, the following possibilities may be considered:-

(a) Heat 1loss very auch grester in the .uierican vessel than in the
British Vessel

(b) Inaccurncies in (i) ieasurement of vessel voluuec
(ii) gauge calibration
(iii) circuit cepecitance, C, and circuit
resistance, R.
(iv)  calibrating voltage
(v) gauge piston size.

With regard to (a) ebove, the heat loss in the British vessel was

estiuated to be 5,1%, At a rough estiuzate, the heat lost to the vessel walls
might be expected to be prorortizonal to the ratio of the cooling surfacec arca

to the vessel voluie, if the only variant is the vessel volu.e (i.e. the propell-
ant type, shape, size and loadiag density are unaltered), For the British
~wessel, this ratio is 1,667 ins.'1, and the figure for the Auerican vessel is
esti.ated to be 2,72 ins.” 1, Thus, the order of magnitude of the heat loss

in the .uierican vessel would be expected to be 5.1 x 2.72 % - 8.3b, ie. 3.2

1.667
greater than in the British vessel., is en approximate check on this figure,
sone figures given by Crow and Grimshaw (ref.}) arc of interest, The figures

they quote are for a nitroccllulose propellant (flaile temperature, 2998°K) in
cord form 0,071 cu, in diaueter, fired at various densities of loading in two
vessels, of 649 cu? and 130,7 cul capacity respectively (i.e. fairly close to
those of 701,2 cud and 181.4 cud now under consideration), At a loading
density of 0,205 grauis per c.c., the .axi.wai pressures were 2616 kgth? in the
laxger vessel, and 2523 kg./cd? in the sualler vessel, a differcace of 3,6/ which
is in good agreement with the previous estiuate of 3,24,

12,



As a further check on the heat lost by conduction to the vessel wallsg,
the area of the cooling surface in the British vessel wss artificially iacreased
by introducing into thc chamber a stegl cage of such a shape that the ratic
cooling surfece arca was 2,732 ins.” | i,e, very nearly equal to the figure

vessel volume
SRN2LH 28 NS 1 cstimated for the American vessel, This reduced the vessel
volume to 661,7 c.cs. A singlec round of Ex.6638 was then fired, the weight
of gunpowder being 3.6 grems, and the weight of propellant 127.8 grams,
Thus, the effective londing density was 0,195 grams per c.c. The messurecd
maximum pressure was 11,818 tons per. sq.in., compared with 12,161 tons per
sq.in,, for the single rouad fired at » loading density of 0,197 grams per c.c.
under normal conditions of heat loss, Correcting for the slight difference
in loading density, the difference betwecen these twe pressures, que to the
different amounts of cooling surfacc, is a little less than 2 %. Bearing in
mind the fact that it is based on single firings only, this figure is in
rcasonable agrecement with the previous estimates of 3.2 % and 3,6 %, and shows
fairly eonclusively that only a rclatively swall fraction of the amount oy
which the aaximua pressure in the Amcrican vesscl falls short of that ia the
British vessel when fired at the seie deansity of loading (iﬂe. about 13.5 ﬁ)
is attributable to a greatcr loss of hert by conduction to the vessel walls,
There still remains a difference of the order of 410x to be accouanted for,

t should be explained that the cstianted 5.1% heat loss in the British
vessel is intended to include all the encrgy losses, In addition to the loss
by conduction to the vessel walls, scuc of the available energy is expended
ia expandiang the vessel, =nd it 1s provablc that the proportion of energy so
avsorbed is iwuch greater in the Aicrican vessel than in the British vessel.
Also, owing to the resilient nature of the obturating system euaployed,
co.pression of the obturator in the Alerican vessel may absorb an apprecisble
proportion of the available encrgy.

Thus, thc method adopted above of scaliag up the total heat loss in
the proportion of ratios of cooling surfacc ey well be mislending. rhe
vessel voluue
:@lost satisfactory ncthod of estinanting heat loss is froa firings of a wide
range of sizes, at thc sauc loading deasity, of propellants of accurately-
knowa coupositions,

The sccoal possibility b (i), that the volwaie of the Aucrican vessel had
been inaccurately assessed, was next cxplored, A charge of Ex.6638, to give
the se.ic wuaxiimul pressurc in the dritish vessel as that procduced in the
alerican vessel, was assessed, and the loading density required wes found to
be 0.176 gra.s per c.c. The charge consisted of 4 graus of gunpowder and
121,1 graas of Ex,6638, Three rounds wcere fired at this loading density,
and the w.ean .easurcaents of the three records are plotted in Fig. 5 4 (c).
The wean waxi.ml pressure cniac a little below that of the .u.erican firings,
(10.428 tons per sq.in., coapared with 10.653), but agrec.ent with the _ican
of the Auerican firings, (the points enclosed in squares), is quite good,

For a .ore exact couparison, curves of ratc of burning ageinst pressurc,
Ceduced fro. the uritish firings at 4 0,176 ~nd frou the Alerican firings at

8 0,19, are plotteC in Fig, 5 B, at (b) and (a) respcctively., For .ust of
the pressure range, agree.cnt is fairly good, but, as is to be expected, the
two curves diverge considernbly at .axi.ua 2, i,e,, when the propellant web

at

has cuucienced t. burn through, This follows froa the fact that the .iean
«axi.u.a pressures were Cifferent, with the result that web break-Cown
«co.enced at Qifferent pressures in the tw. cascs, £he wethod used for
calculating ratcs f burning is n.t npplicable beyond. the stege of web
break~c v,

13.




Much can be deduced from the relstively good agreement between the :
American and Sritish rate of burning curves, In the first place, rate of
burning is unaffected by heat loss, and the possibility of dlfferent heat losses
in the two cases still remains, Sceondly, rate of burning is independent of
vessel voluue, so it is possible that the volume of the American vessel has
been under-assessed, Thirdly, any inaccuracy in the gauge calibration would
have appeared as a consistent difference between the two rate of hurning curves,
for the following reasons. The approximate rate of burniag at pressure P
is given by the expression

1

CPy at /(@ +1)é- ke, 2
c P
¢ and C are funccions of the grain gecnstry only. The ratio £ is unaffected
Fhl
by inaccurate gauge calibration, as P and P; would be equally in error. For
this same reason, the ratio do /Bﬂ would be unaffected, and the calculated
at
rate of burning woulu therefore be the sane, The pressure £, however, would

be in error to the same extent as the gauge calibration, and this would, of
course, result in a consistent difference between the two rate of burning curves.
As no such consistent difference is found, it is presumed that the American and
British gauges are in agreement. Fourthly, this same reasoning may be

euployed to reuwove suspicion from the celibration voltrge and the gauge piston ¢
dieauieter,

The remaining possibilities are inaccuracies in C and R, For the
american recorded curve to agree with the British, C would need to be increased
by 11.6 % (allowing for a 4 /. difference in coollng), making C=0,067 wf, and
at the se.e tiue, R would have to be reduced by about 16 % (with the sane
Cifference in cualing), making R = 151,000 ohig, The possibility that C and
R are both in error by the requisite aaounts would appear to be too renote
to Justify serious consicderation,

We are left, therefore, with some doubt regarding the heat loss and
chauber v.olwae of the Anericean 200 c¢, vessel, Incidentally, for the
Giscrepaney to be Cue entirely to heat luss, the heat loss would be 19.4 ﬁ
if the British experiuental value of A, , whlch ig about 2% % less than the
calculated value, is assu.ed to be correct.
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Conclusions

Anerican F, 527/155-type propellant

(1)

(2)

(6)

(7)

(9)
(10)

(11)
(12)
(13)

For cord sample, rate of burning
constant 31(24) = 0.395 ins. per

sec./ton per sq.in.

The multitube sample durned non-
erosively, and the geometrical
form-function was therefore used
to calculate rates of burning,
from which it was deduced that

Ay (24)= 0.343,
(No slotted-tube sample supplied)

The multitube was about 13 %
slower than the cord in rate of
buming

The experimental value of 11(10)

(i.e. the force constant correspond-
ing to the use of the fictitiocus
co-volume, at a pressure >f 18 tons/
sq.in. ) was approximately 60.0 tons
per sq.in./gm.per c.c, for both
samples,

The mean experimental value of Ao

for the two samples (i.e. the

force coastant corresponding tc the
correct co-volume) was 51.5, the
differcnce between the two sawples
being less than 1 %,

The nean value of Ay , calculated

from analysis and theruochemical data,
was 52.85, the difflereace between the

two samples being less than 1 /4,
fhe experiuental M, was 2.6 % less

than the calculated value,

(1)

(3)
(&)

British F, 527/155 propellant

For cord sample, ﬁ,(24) =10 36

(i.e. nearly 5 % less than
that of the American)

Ercosive burning in the
perforations cf the multitube
made it necessary to assume
constant burning surface for
the calculesticn of a burning
law, from which it was
deduced that 4, (24) = 0.375

4, (24) for the slotted tube

was 0.380.

The rates of burning of the
cord, multitube and slotted
tube were in good agreement,
the spresd obeilag little more
than 1 % .

The meen value of X1(10) foxr

the three samples was 58.7,
and the difference from sauple
tc saumple was not significant,

(6) The imean experimental value

(7)

(8)

of Ay for the three

samples wes 50,8, the spreesd
being less than 1 %,

The value of Ag calculated

3

fro. nouinal couposition and
theriiccheaical data, was

52,9

The experi.ental A, was

4 ;o less than the calculated
value,

The Alerican cord burned about 5. faster than the British corad.
The Auwerican .ultitube burned cbout 8.5% slower than the British mul ti tube,
(fhis conclusion, however, is based on different propellant foru

functions).
The mean experiaental value of M, (1g)

for the Auerican sauaples was

about . grester than that of the British sauples.

The :xean experi.ientel value of Ao

17> greater than that of the British saumple,

The .xean calculated value of - A,

for the Alerican sauples was about

for the Anerican sanples was not

significantly different froa that of the nocuinal British cowposition,
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(14) The rates of burning for the Amcrican multitube sample, deduced from
the American Closed Vessel firings, are in rcasonably good agreement
with those deduced from the British Closed Vessel firings.

(15) When fired at a loading density of 0.2 graums per c.c., the waximum
pressure produccd by the Amcrican multitube samplc in the Amcriean
Closed Vessel is 13 ¢ lcss than that produced in the British vessel,

(16) By virtuc of its sanller chember wolume, a greater proportion of the
available heat encrgy is locst by conduction to the vessel walls in the
American vessel than in the British vessel, the difference being of
the order of 3 %, reducing the discrepancy referred to in (15) above
to 10 70.

(17) In view of (14) above, the 10 % discrcpancy referred to in (16) may be
due to:-

(4) a higher proportion of energy loss in the Americen vessel in
expanding the vessel body or in coampressing the obturators,:
or both,

or (ii) an inaccurate asscssment of vessel voluue,

or (iii) a combination of the above factors.
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Date of Search: 16 February 2007

Record Summary:

Title: Closed vessel examination of two samples of American cool propellant

Covering dates 1951

Availability Open Document, Open Description, Normal Closure before FOI

Act: 30 years
Former reference (Department) Memo No 9/50
Held by The National Archives, Kew

This document is now available at the National Archives, Kew, Surrey, United
Kingdom.

DTIC has checked the National Archives Catalogue website
(http://www.nationalarchives.gov.uk) and found the document is available and
releasable to the public.

Access to UK public records is governed by statute, namely the Public
Records Act, 1958, and the Public Records Act, 1967.

The document has been released under the 30 year rule.

(The vast majority of records selected for permanent preservation are made
available to the public when they are 30 years old. This is commonly referred
to as the 30 year rule and was established by the Public Records Act of
1967).
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