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ARMAMENT RESEARCH SSTAELISHMENT.

MEMO. No.1C/L9

g
&
b (Weapons Rescarch Mcmo. No.5/49)
. Closcd Vesscl cxamination of Four Scrics of Cool Propcllants.,
P H.A. Flint.
r{ Summary.

The main objcct of this investigation was to cxamine, by Closcd
Vesscl methods, the burning characteristics of four propellants with
adiabatic flame tomperatugus considerably lower than that of any cxisting
Scrvicc composition, but manufacturcd from conventional propcllant
ingrecdicnts.

Lach propollant sorles so cxaminod containcd four compositions with

flemo tompornturcs of 2450°, 2200°, 1950°, and 1700°%K roagootivoly, tho
uppor limlt oorrecsponding to cordlte N and the lower limit to compositions
whioch, for vnrlous rcasons, are probably too cool for Service uso.

Tho first sorics contained plerite as main ingrediont, guncotton,
oorbamito as stubilisor, and diothylonc glyool dinitrate (D.G.N) and
dibutylphthalato (D.B.PS as coolants. The sccond sorles was simllar to
tho first, but with tho D.G.N. replaced by D.B.P. with tho addition of
nitroglyoorine (N.G). Tho third and fourth sorios containod guncotton as
moln ingrodiont, with N.G, D.B.P. and carbamito in tho third, and D.G.N,
D.B.P, and occrbrmito in the fourth.

It is oonoluded thet all of thosc ccmpositions burn normally in tho
Clozod Vossol whon they are of such o shapo (viz. slottod tubo or cord)

Yy '*’m.wi’:ﬂ'v m* Ay .

;ﬁl that thero is no gns flow across the propellant burning surface,in whigh
i onso the rate of burning con bo oxpreossed in the form 0P% whoro P is
ﬁ' the prossuro at eny instant, and # and @ arc constants for any ono
R 4 composition and charge tomporaturc. For the picrite compositlons « »
Eigﬁ‘ was loss than unity in onch cnsc, and docrcnsed with roduotion in
Y - propcllant flamo temporaturc, but was vory nenrly unlty for all tho non=-
2 plerito samples. In onch scrdes, rocduction in propellant flame tomporaturo
. 4" reduoed tho rate of burning over tho wholo prossure range. This offoot
» wns rost pronounoccd with the picrite - D.G.N. sories, and, in tho gun,
ot londs to tho nood for a reduction in propollant size, for tho samo
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balllstiocs, as propollant flamo tompernturo is rcduced. Tho tomporature
oocoffioiont of rate of burning was comparatively inscnsiltive to chenge in
propcllant flamo tomperature.

o
-

Change in propollant shapc, cxaminod in thc case of the picrite
compogitions only, wns found to have a marked offoct on burning. Tho change
~ Was ¥rom the parallel-burning slotted-tube to granular multitube, in which
grs-flow tangenti:l to the propellant surface inside tho perforations occurs
daring burning. It is concluded that in somc cescs, and particularly at
dow initial tcemporaturo of the charge, the velocity of such gas flow was
sufficiently high to crusc a considerablo incrensc in ratc of burning, duo to
icecelled propcllant crosion. This phecnomenon, together with the
difficulty of cnsuring o sufficiently high rate of flow of ignitcr goses
/ into the perforctions for cfficicnt ignition,lcads, in most cascs, to a
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complicated relationship betwecn ratc of burning and pressure which
could not be roduccd to a form suitablc for usc in intcrnal ballistic
cquations. Thc relationship became increasingly compléx as the
propcllant flamec tcmperature was reduced, and also as the charge
temperature of any onc composition wns recuceC. In general, thce broad
conclusions rcgarding thc dependence of crosive burning on the propcllant

flame temperature which may be drawn from the results of thesc firings . ?

"/ arc in agrecment with thcory.

The general conclusion is that, on grounds of accuracy of ballistic
prcciction and cfficicncy of ignition, thc granular pecrforated propellant
shape is inferior to slottcd-tubc.
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1. Introduction.

Towards the end of World War II, it became clear that, for
successful future decvelopment of high-perforance automatic guns, (for
the A.A. role, in particular), some solution to the gun-wear problem
was esscntial. ‘Ixpericncc during the war had shown that in singlc shot
firing, and at slow ratcs of automatic fire, gun life could be considerably
cxtended by using cooler propcllonts. The develorment of propcllent
compositions cooler than any then in Service use appoared thercfore to
offer at least o partinl solution to the problem of designing high-
performance guns which would have a rcasonnbly uscful life.

There was in cxistence at that time an Armamont Rescarch Department
Committce known as Propcllants Rescarch Pancl B, the function of which
was to co-ordinatc problems of the performancc of propcllants used at
high pressurcs in rcletion to their manufacturc and their chemical,
physical and mechanical propertics. At that datc, the present Explosives
Research and Development Establishment had not yct becn formed, and its
personnel was included in the A.R.D. The membership of the above Pancl
was nade up of Chemists, Ballisticians, and Scrvice Representatives.
Towards the cnd of 19L5, thc Porncl considercd thce question of developing
cool, lecss crosive propcllants for guns, and procceded to appoint, from
among its membership, ~ sub-comaittcee (enlled the sub-cormmittcc for
Rescarch on Cool Propellants for Guns) to deal with this problem. The
terms of rcfeorcence of the sub-committee included:-

(a) The plaming of thc investigation.
(b) The ordering of the nceccssary storcs.
and (c¢) The progressing of thc work. .

At the first mecting of the sub-committcec, hcld on 8th October, 1945,
it was decided to cxaminc a scrics of four propellant compositions, bascd
on Servicc materials and dicthylenc glycol dinitratec (i.c.D.G.N) and
having adiabatic flamc tcmporaturos(To) of 1700, 1950, 2200 end 2450°PK
rcspectively. Thesc compositions werce designated Series I Cool Propellants,
and small samples werc manufacturced by the Propellants Branch for Closed
Vessel examination. In formulating thesc compositions, the Propellants
Branch were rcquested to bear in mind the question of flash and the
necessity for o high nitrogen content in the products of combustion.

The following is an cxtract from the recport by the Propellants
Branch on design and mnnufacturing aspects of thesc four compositions:-

"The ingredicnts for this scries of propellants were choscn from
Service matcrials and Dicthylene Glycol Dinitrate (D.G.N); the latter
ingredient was chosen because it is norc suited than Nitroglycerinc for
use in cool and ultra-cool propell:..ts on account of its lowecr calorimctric
value (Gnl.Val.), and therc is also cvery rcason to belicve that in a
rcasonablc period of time it will be available for large-scale manufncturing
trials. The propellant shapes requested for Closcd Vesscl examination
(multitube and slottecd-tube) nceessarily implicd manufacturc by the
solvent process, and it woas accordingly deciled to base the compositions
on the following ingredicnts:-

Ficrite

Guncotton

D.G.N. )
Dibutyl Phthalatc (D.B.P)
Carbanite

ETm—— ],




"The method of formulating thec compositions was as follows:-

(1) A1l the compositions contain 60% Picritc and 207 guncotton; by this
mcans the optimum guncottonliquid ratio is combined with a favourable
proportion of crystallines, thus assisting in the production of
compositions with satisfaetory manufacturing and physical charaeteristies
and yielding a high proportion of nitrogen in the produets of deeomposition.

(ii) 411 the compositions are bascd on a rcasoncbly low carbamite eontent

" and dibutyl phthalate is employed as a liquid coolant. The proportions

of carbamite alone ncccessary to formulate the cooler compositions would
be liable to lead to manufacturing difficultics arising from the formation
of thc picrite - carbamitc complex and an abnormally high content of
crystallines.

(1ii)The hottest composition (To=2450°K) contains no dibutyl phthalatc;
"i.0. the proportions of De«G.N. and carbamitc are adjusted to give the
required flame tcmperature.

" (iv) The threc cooler eompositions are then cbtained by the replaecement
of D.G.Ne by dibutyl phthalate, kceping the proportion of carbamitc as
in the hottest composition.

"The solvent ehosen for this manufacturc - .icctonc/Alcohol 60/40 parts
by weight - is that normally employed in 4LeR.D. for compositions of this
type in which the liquid constituent (in this case D.G.N. % D.B.P) is a
good gelatiniser for nitrocellulose, since the processing propertics are
then somewhat supcrior to thosec obtainecd with thc more conventional icetone/
Water solvents. It is likely,- howcver, that should compositions of this
type ever reaech bulk production stagec, it would bc desircd to employ iLcetonc/
Water solvents whercver possible, sccordingly, duplicate batches of the-
.two extreme compositions F.487/4) and F.487/47, have becn preparcd using
Lcetone/Wator 90/10 parts by weight as solvent in order to asscss any
differenee in burning properties rcsulting from a change of solvent".

it the time this investigation was initiated, D.G.N. was availablc as
an ingredient for gun propellants in quantities sufficicnt only for
experimcntal work, and it was considercd that a supply which would be
adequate for Service compositions would be difficult to arrangc. On the
other hand, D.B.P. was in fairly good supply, which could be increased
if neccssary. sccordingly, a sccond scries of propcllant compositions
similar to the first, was designed, the differcnce being that, instcad
of D.G.N, suiteblc proportions of D.B.P. and N.G. werc cmploycd tu adjust
the adinbotie flame temperaturcs’tofthe original values,v¥ig. 24,50, 2209,
1950 and 1700°K respectively; the proportions of picritc, nitrocellulosc and
carbamite werc kept thc same. Small samples of this second scries,
designated series I... Ccol Propellants, werc mamufactured by the Propellant
Branch, in both slottcd tubc and rultitube shapes, for Closed Vesscl
Examination.

In view of possiblc difficultics in thc future supply of picritc, it
was decided to investigate a third series of compositions, of thc same
flame temperaturcs as the previous series, but manufactured from xngredients
other than picritc. Nitrocellulose was chosen as thc main constituent:
the scries I.B. Cool Propellants contained 657 of this ingrcdicnt, and 2%
carbamite, the proportions of the remaining ingrecients, N.G. and D.B.P.
being adjusted to give the rcquircc flame tempcraturcs.

In series I.C. thc percentagec of guncotton was increcascd to 70, but
the same carbamite content of 2% was uscd. The remaining ingrelicnts were
D.G.N. and D.B.P, and thcir proportions werc adjustec to give the same four
flame temperature lcvels as beforec.

R /Samplcs



Samples of Series I.B. and I.C. Cool Propellants in cord form, were
manufactured by the Propellants Branch (which now forms part of the
ExplosivesRescarch and Development Establishment) for Closed Vessel testing.

The compositions and dimcnsions of the above four propecllant scries,
together with calculatcd data, arc tabulated in Appendix A.

2. Ohjcct of the investigation.

In gencral, the object of thc investigation was to examine, by
Closcd Vesscl methods, the hurning characteristics of propcllants with
adinbntic flamc tomperaturcs considcrably lower than that of any
propcllant at prescnt in Service use.

-~

In particuler, with Scries I Cocl Fropecllants the objccts were to:-

(2) Examine the burning characteristics at various flame tempernture
lcvels, of propellants containing picrite ns main ingredient and
D.G.N. as a subsidiary ingrcdient.

(b) Study thc cffecct of initial temperaturce on the burning of such
propcllants.

(¢) Study the cffcct of shapc on the burning.
(d) Study the cffect of change in processing solvent on the burning.

(¢) Comparc thc cxperimentelly -~ dctermined force:ocnstarts ‘for’ the
propcllants with the calculated values.

The object of firing thc Scrics I.A. compositions was to cxamine
the cffccts, in commection with (a), (b), (c) and (&) above, of
substituting N.G. and D.B.P. for thc D.G.N. in thc Scrics I. compositions
without altering the flamc tcmperaturcs,

wWith the Scries I.B, compositions thc objecc: was to study the
characteristics, as at (2) and (¢) above, of a scrics of compositions
having the samc flane tempceraturcs as thosc of Scries I. but with gun-
cotton as moin ingredicnt and N.G. and D.B.P. as sccondary ingredicnts.

The object of Serics I.C. wns to examine the effcct, under (a) and
(¢), of substituting D.G.N. for thc N.G. and some of the D.B.P. in Seriecs
I.B. compositions, and slightly incrcasing thc guncotton content, without
cltering the flamc tcaperaturcs.

3 Method.

The firings were carricd out in the standard design of Closed Vessel
uscd for routinc investigations, w .ch has a chamber capacity of 700 cc.

For Scries I. and I.A. Piczo~-Elcctric prcssurc-té:+ rccording was
erpleyed, but thc newly-installcd apparatus for rccording ratc of pressurc
risc (i.c.dgp) against pressurc (P) was used.

dt

In the casc of Serics I, %hree rounds ef'cach sample verc
fired, 2t a londing density of O.. grams peér tc. (i.c. % & charye welipizt -of
140 grans) at charge temperatures of 359F and 120°F. Sinilar firings were
carricd out with the Serics I... compositions, the only difference being
that, with the 1950° and 170C%K samples the loading density was increased
to C.25 grams per cc. in order to incrcasc the maximum pressurec.

The main object din firing at two charge taaperaturcs was to cxamine

/the



the effect of shape on temperature cocfficient, as samples were provided

in both slotted-tubc and multitube form, but Scrics I.B. and I.C. werc
supplied in cord form‘only. As the ratc of burning temperaturc cocfficients
of these two series, in cord form,werc not likcly to differ grecatly from
those for the slotted-tube form of Scrics I. and I.4A, they werc fircd at

the standard temperaturc of 8C°F only. In thesc two cascs, thrcc rounds

of cach sample were fired, at leading densitios of 0.2 grams per cc.

for the 245(° and 2200°K compositions, and 0.25 grams per cc. for the

195L° and 170K compositiors.

Final rcsults were cnlculnted from the mean results of the threc-
round series. In each casc, the burning law was dcrived in the form:-

Rate of burning = gp%, - -
wherc P is the precssurc and £ end @ arc constents for any particuler
sample and charge temperaturc. The use of an index burning-law in

" internal ballistic theory leads to considerablc complication, and it is

preferable to reducc it to the cquivalent lincar form, % B B,
is sensitive, to some cxtent, to the maximum gun-pressurc, and in the

" present instance the maximum truc gun-pressurc wns token to be 24 tons

=

per sq.in. (i.e. 20 tons per sq.in. "copper'pressurc). Also, in the
Closed Vessel £ is scnsitive to loading-dcnsity. Pike (1) has shown

that the Closed Vessel loading-density should be such that the maximun
pressurc is cqual to that at all-burnt in thc gun; as an approximation,
this can be token as being 757 of the meximum gun-pressurc, cr 18 tons
per sqg.in. in the present casc. Thus, if the Closed Vessel maximunm
pressurc differs from this figurec, it is nccessnry to make an approprinte
correction to the derived value of £ .+ It is customary to denote the
corrccted constant in the lincar burning law by the symbol'ﬁ1(24)

Pike (1) has «lso shown that thc corrcet value of forecc-constant
(N)to usc in R.D.38 intcrnal ballistic thecory (which cmploys the fictitious
co-volumc= the reciprocal of the propcllant density) is that corresponding
to the prossurc at all-burnt in thc gun (assuncd to be 18 tons per sq.in.
in thc present instancc). This force constant is dcnoted by'l1{,0)

Values off%(aonnd)ﬂegrwcrc cnlculated for each set of firings.
Also, values of' N, 'werc deduced frem the cxperimental results for
comparison with the figurcs calculated from the nominal compositions and
thernccherical data.

In the casc of the slotted-tube samples, tempecrature cocfficicnts
of burning ratc werc calculatel from the constants g, (24)and Kiba). G
was not possible to usc this mecthod for the multitube samples, ror
which, in most cascs, it was not possible to deduce simple burning laws.
In such cascs, temperaturc cocfficients were calculatcl by a previously
reported method, in which time intcrvals, at the two charge temperaturces,
for cquel increments in pressure, arc comparcd.

e Results.
The Closcd Vessel rcsults are sumnmariscd in Tables I to IV.
In most cases thc burning of the multitube samples vics . abnormal, and

it was not possiblc to obtain a simplc relationship between ratc of burning
and pressurc. In such cases, thereforc, it was not possible to deducc

valucs for 2,(2a.

In trcsc cascs in which two shapcs of thc samc composition wcre
provided, the figurcs for-x&w)arc the mcan for the two shapes.

- 4 -



In the present instance, "tcmpcreturc cocfficient" of burning rate

is defined as being the 1ncrease in quickness when the charge tcmggrature«l‘
is raiscd from 35° to 120 OF, quickness bcing the ratio Ag/D, W

and 0 are, respectively, the force and ratc of burning constants,-as
beforc, and D is thc smallest dimcnsion of the propellant.

A, and A, arc in units of tons pcr sq.in./grams per cc. and g, (eaa)
is cxpressed in inches per scc./tons per sq.in.
@ is thc index in the law:- Ratc of burning = BP%.

Closcd Vessel Firing Results.

Tablec I. Series. 1. Cool Propcllants.

Fompos1- Lot Nb.:Solvcnt i | ﬁmﬁﬂ._n SLOTTED TUBE ;MULTEFUBE
tion i 0% Mie) kxperi- Calcd. ﬁ1(24% Temp. | Temp.
No. . ' mental | |pt8oo Co%;f. Cog;f.

= : | ) | ._ b7 T 2

P87/ | ARD2079) 0.835 70, 6' 63.6 |62.5 [0.590 | 1L | 5

,87/45 | ARD2080 | Acctone/0.814 | 65. u 58.0  |58.0 | 0.473 | 2w L8

Ems?/as ARD2081 | Alcohol 0.764|61.8] 54.0 |53.3 |0.393 | 17 | O

FUB7/47 | ARD20B2 0.667|55.6 | 47.3  |L7.6 |0.303 , 19 | 19

};487/44 ARD2092; Acctone/0. 842 71.4? 6lyoly |62 5 io.584 | 13 | 6

UBT/LT | ARD2093 [inter  0.795[5ke7( 46.5 [47.6 10.329 | 16 | 18
Tablec IT. Series l.A. Cool Propellants.

Composi-| Lot No. | i A, | SLOTTED TUBE | MULTITUBE. |

tion 5 h ik&a)hxpcrl-iCalcd (e 3 [Tcmp. Temp.
No. E | mental | at 80%F. Cogff. Cocff.
B Ea B 0T |
F527/153| ARD2408|0.801.70.6[63.5  (62.2 |0.55L 5. 06
'527/15l | ARD2409| 0,770 654 157.9  |57.9 | O-L8l | 10 i
527/155| \RD2410[0.775160.8(52.9  152.9 |C.43 12 2
527/156 | sRD2411 0. 765 55.0147.7  '47.9 [0.376 | 14 6
Table III. Series I.B. Cool Propellants.
F O BRI / SE o et Joe '}\o 1 /31 (24) ——
Composition | Lot No.| M(te) Experimental | Calculated | at 80°F.
N’Oo : ‘
| :
: i | ! 3 ¥

¥1,28/178 KRD246010.983(69.3 | 62.7 | 61,20 1063

FL.28/179 | ARD2461 {0,982 6L..1 57.3 57.C | 0.542

F,28/180° | A.RD2462|1 009 |60.3 52.9 52.0 0.467

71.28/181 ;;’31)2463 1.042(56.9 | 49.3 47.1 0.408

Table IV. Scries I.C. Cool Propellants.
s Mo | 8y(24) i

Composition Lot No. | «a k&m)|Experimental ' Calculated iat 80°F. |

No. | c l 1% "

,87/66 CRDD26Qk| 0.950 68.0’ 61.5 1 814 | 0.666 !

§‘48-7/67 CRDD2605' 0.951 163.8 |  57.0 | gges it L oLkke I

187/68 _ CRDD2606!1.008160.4 | 53.4 52.3 | 0.47€ i

187/69 : CRDD26O7'E 1.003!56.7 | L7.5. 0.418 |

49.2
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5. Discussion of results.

(a) Series I. Compositions.

Figure 1, in whieh rate of burning is plotted against pressu:e,
shows that all the slotted tube samples burncd in a normal manner
at both echarge temperatures. These eurves also indieate that the use
of Acetone/Water solvent in plsec of Acctone/Alcohol had little effeet
on the burning of eompositions . 487/L4 and L7. The greater difference
in this respcet was with thc eoolest composition, as indieatcd by the
values of G,(24), the change in solvent eausing a differencc of some 8%.
This is not readily opporent from the plotted rate of burning eurves,
which have to be cxtrapolated for 3,(29to be deduced . Sueh extrapolation
is, of eourse, undesirablc, and it was for this reason that, in subsequent
firings of very eool eompositions, the loading density was inereased from
0.2 to 0.25 grams per ce.

The values of‘ﬂ (24), for thc slotted-tube shape of propellant, and a
‘eharge temperaturc of 80°F, arc plotted against a“inbatie flame temperature
. in Fig.9. This curve shows that the rclationship bctwecn/z(zﬁwnd flame
tempcrature is very nenrly linear.

Table I. shows that the tcmperature coefficient of the slotted~tube
shape tends to inerease as the adiabatie flame temperature is reduced.
The zctual figures ¢all!férilittic eomment, being représentafive of the N-type
of propellant. Thrcec of the multitube samples, however, had tempercture
coefficients whieh were very low (zero in one ease), but the remaining
multitube sample (the coclest eomposition) had the same temperature
ecocffieient as the eorrcsponding slotted-tube sample.

In the two eases cxomined,the use of Acetone/Water solvent in place
of heetonc/Aleohol had no slgnlflcant effect on the temperature eocffieient
of either the slotted tube or the multitube samples.

It has previcusly been stated that, in most eases, thc ‘burning of the
multitube samplcs was so abnormal that it was not possible to deduce
simplc burning laws, and that, in such cases, it was neecessary to resort
to a comparison of time intervals to determine temperature cocffieients.
In the prescnt instance, this method may not give a reliablc indieation.
of the performenec of the propcllant in the gun.Basically, the reason
for this liecs in the differcnee in loading decnsity between the gun and
thc Closed Vessel and the erosive burning whieh oecurs in thc perforations,
during the early stages of burning.

It is well known that turbulent flow of propellant gases tangentisl
to the propellant burning surfaec ean considerably enhance the rate of
burning by inercasing the eonduetion cf heat back to the propellant,
surfanee. This inerensed burning is additional to any meehanieal rumoval
of rropellant from the burning surf cc due to the friction of the fast-
moving gnscs. These two phenomena are frequently referred to jointly
as crosive burning, although it is of eoursec, an aeeurate deseription
of cnly the sccond of thesc two phenomena.

The gases produecd by combustion insidc the perforations of the
multitube shape of propellant are aeceelerated until thcy emerge from the
grain, and,in eertain cireumstanccs, mnay aequirc considerable velceity
tangential to the propellant burning surface. TIrosive burning, therefore,
may oecur in propellants of this shape. The slotted-tube shapc, however, may
be eonsidered to be free from erosive burning, in the Closed Vessel, as
the gases formcd inside the perforations are free to come out through
the slot, and the eonditions arc such that any veloeity tangential to the
burning surfdee ean bc of only a very low order. In thc ease of the
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slotted-tube shapc, therefore, burning may be assumed to be pressure-
dependent only, and to procced by parallel laycrs. This is, no doubt,
an over-simplification of the modc of burning, but it provides a means
of cxamining whether, in any particular cascs, therc is any appreciable
crosive burning,

In the prescnt instancc, we have two scts of samples, pressed from
the same mixture of ingredicnts, onc in slotted-tube form and the other
multitubular. If,at any pressurc, the rate of burning of the M.T.
sample is apprecinbly greatcr than that of the S.T. sample of the same
composition, then the suspicion ariscs thot the cxcess may be due to
crosive burning. Thus, in Fig.J, in which thc ratio(Rate of burning of
M.T.)/(Rate of burning of S.T.) is plottcd against the amount of charge
burnt (i.c. a mecasurc of the prcsgurc) for cach of the four compositions
and cach of the two charge temperaturcs, the shapcs of the curves suggest
that, in most of these cases, there was some erosive burning.

It should be mentioncd that in enlculating rates cof burning for
the .T. somples, the geometrical form function was used, assuming
parallel-laycr burning of the propellant. As the accuracy of such
assurptions depends upon the absence of crosive burning, then if
crosive burning does, in fact, occur the calculated figures arc not
truc rates of burning but apparent rates.

Before attempting on explanation of Fig.3, it is necessary to
consider ignition phenomcna, and theorics of crosive burning. It is
well known that, gqualitatively, hot propellants arc more readily ignited
than cool compositions. In the present cxperiments, the same ignition
system was uscd for all compositions, and its "efficicney" may have
dccrcased with rcduction in propcllant flame temperaturce. The complete
mcchanism of propellant ignition is not fully undcrstood, but therec is
little doubt that in certnin eircumstances, the charge;is,to some extent,
sclf-igniting, i.c. the igniter ignites part of the charge, and the
propellant gases assist in igniting the remainder. Closed Vesscl
cxpericnce suggests that the corncrs of a stick of propellant are more
rendily ignited than the surfaces, as, on thosec occasions in which the
charge has failed to burn in spite of the igniter having functioned,
some burning at the corners of the sticks of propellant hns frequently
been obscrved. In particular, in & recent series of Closed Vessel
firings of & cool propellant (D.B.P.560.), the rcduction in stick lcngth
from 5 ins. to 1 in., in steps of 41-in, had a marked cffeet on the very
carly stages of burning, with a progressive improvement in ignition.

At the sharp corners of a propellant stick, the heat input during ignition
is in two dircetions and the propcllant temperaturc increases more

rapidly at this point then over thc remainder of the propellant surfaco.
It scens rcasoreble to supposc,therefore, that ignition commences at

the stick corners, and then spreads over the remainder of the surfacc.

The "corncr-burning" effcct iz an additional complication in the
comparison attempted in Fig.3, as the fired length of the slotted-tube
was 5-ins., and the multitube was,of course,cliopped to a much shorter
length (about 0.6 to 0.65-in.). This would tend to favour the ignition
of the multitube.If *hc ratle of burning curves for the slotted-tube
shape in Fig.1.arc extrapolated back in the direction of the origin,
it is fourd that in nearly every case the curve intersects the pressure
axis at sero rate of burning. 1In general, the intcrcept tends tc increasc
as the propellant adiabatic flame temperaturc is reduced, or as the charge
temperature is reduced. This points to non-uniform ignition ovcr the
charge surface. This effect is less marked with the multitube shape,
(presumably beeause of the corner-burning effect), as can bc scen from
Fig. 2. In this case, the hottest composition, F.487/44, appears to be
the worst offender in this respect, but the burning curves for the
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remaining compositions, when extrapolated, pass through ,or very ncary
the origin. (In the cxperimental technique used in this propellant
scries,the early part of the rate of burning curve is lost in the
differentintion of the pressurc-time curve). Thus, in somc cascs

the multitube sample appears to burn considerably faster than the
slotted-tubc, as can be scen in Fig.3.

As burning proceceds, at a faster rate initially at the corncrs than
elscwhere, thc corncrs bececome rounded off and the "corner-burning" cffect -
dies away. At this stage, the multitube is apparently slowecr-burning
than the slotted-tube, duc, it is suggested, to incomplction of ignition
in the perforantions. The conditions for ignition cre much less fovourable
inside the multitubular propecllant grain than outside. The outer surface
can draw upon the hecat cncrgy of a comparatively large amount of igniter,
but the amount of hot igniter gascs available to the inner surface is
limited,as it has to be forccd into the perforation. In this conncction,
* the perforation diameter is important, as it has a bearing on the amount
of heat available per unit arca to be ignited. Thus,for a pcrforation
fillcd instantancously with igniter gases of a ccrtain heat cogtont jechy

"unit volume, the total hcat available for ignition varies os DS, where
D is the perforation diameter. The arca to be ignited varies as D and

the hoat available per unit surfacc must thercfore be proportional to D
also. Thus, the time lag in igniting down the perforation increasecs as
D is rcduced. 1In the prescent series, the perforation diamctcrs of the

four samples were very ncarly cqual, as were the cut lengths.

The propcllant itself probably plays a lorge part in ignition dovm
thc perforation, the flamc crecping clong the propellant surface, from
both ends. By thc timec internal ignition is completed, thc perforations
have probably becomc slightly conical in shape. Bceforc this stoge is
rcached, the gascs generated inside the perforations acquire considcrable
velocity in their offorts to emecrge from the grain, and in somc circum-
stances this velocity mny be sufficiently high to cause crosive burning.
In the present scrics, in thrce of the four cascs the gas velocity was
sufficiently high to cause a very considcrable amount of crosive burning
at a charge temperaturc of 35°F, and some crosive burning in other cases also.

In a mathematical treatment of the effect of gns flow tangential
to the burning surfacc of a propellant, Lemnard-Joncs and Corner (2)
concluded that "turbulent" burning is a function of the thickness of
the recaction zone of the propcllant, and the vclocity of the gascs
tangential to the propecllant surfacc. As the pressurc increascs, the
reaction zone decrcascs in thickness, and erosive burning would be
cxpected to decrcnse also if the gns velocity remained unaltercd.
Somewhat surprisingly, however, the gos velocity in the perforation of
a multitubular (or any othcr) grain decrcascs as the pressurc rises.
The propellant ratc of burning incrcascs almost linearly with pressure,
but the gas density increascs also, and the volume of gas gencrated
in unit time,per unit burning surf. :c, remains nearly constant. As
the perforation dismeter D increascs the gns vclocity actually decreases,
as the volume of gas produced in the perforation varics as D and the
arca of the hole varics as D*. Thus, the.vclocity of flow verics as 1/D,
very ncorly. Thus,, if the whole of the intcrnal surfacc could be ignited
instantaneously at the same time as the external surface, the conditicas
fcr erosive burning would be at their most scvere, as the gas flow
would be at the moximum velocity and the thickness of thc combustion
.zone would be ot its maximum also. In practice, it is not possible to
achicve this ideal ignition, and thc maximum gas velocity, ot thc cnds
of the grnin, incrcascs as ignition proceceds along the perforation. In
som¢ circumstnnces, the gos vclocity can become sufficicntly high for
crosive burning to occur beforec ignition in the perforation is complcted.
Thus, in Fig.3, in thosc cascs in which the M.T. burns fastcr than the
S.T. over part of thc burning rongc, therc is probably some crosive
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burning of the ¥.T. cven before the ratio of the burning ratos (R)
rerches unity. In thosc cnscs, it scems likely that ignition in the
perforation is completcd at or about the moximum value of R.

Charge temperoaturc oppears to have a marked cffect on crosive

burning. It wns thought,~t onc time, that a possible oxplanation of

this might be that thc law of c¢rosive burning is dependent upon charge
. temperature. In ordcr to tcst this thecory, the crosive burning of
corditc N under known conditions of gns flow wes examined, using a low-
pressure interrupted-burning technique, at charge tempcratures of -5°,
60° and 140°F. Certain tcchnical difficultics werc cncountcred during
thcsc experiments, but the broad conclusion that therce was no apprcciable
chaige ini the erésion rates with tcempcrature may be expressed with some
confidence. The actual figurcs, cxpressed as ratios of ratces of burning
with and without crosivc burning, werc 2.60, 2.58 and 2.55 for charge
temperatures of -5°, 6U° and 140°F. respectively. It is thercfore
concluded that the increascd crosive burning at low temperature, in the
prescent instance, is not duc to any tempcraturc dependence of the crosive
burning law. An alternative cxplanation is that, with reduction in
charge temperaturc, ignition becomes more difficult, and ignition down
the perforation after ignition of the cxtcrnal surface becomes longer
dclaycd. 1In effect, as the charge tempcrature is reduced, ignition in
the poerforation i1s completed at a progressively higher pressurc, and

this lcads to the maximum ratc of grns flow, and crosive burning, occurring
at ~ higher pressurc nlso. In other words, in thc carly stnges of burning,
at thc samc pressure lcvel the perforation diameter is smnller with o
cool charge than with o warm charge, and this so influences thc gos flow
in the perforation that therc is incrcascd crosive burning as the chargo
is cooled.

The above phenomenon may have some bearing con the ignition of
perforated cool propcllonts in guns. By adjustment of thec quentity and
position of thc igniting matcrial, it should be possiblc to acceclerato
or dclay ignition in the pcrforations. Follovding from Closcd Vesscl
cxpericnce, a long dclay would bec cxprected to cause e large ~mount of
crosive burning. A heavy ignitcr would producc an cffcct similar to
this,as it would raisc the pressurc at which ignition in the perforation
is completcd. ZErosive burning, of coursc, causes thc perforntion
diometer to increcasc at an abnormally high rate, and could result in an
increcascd charge burning-surfacc, with a conscquent increcasc in
neximum pressurc and muzzle velocity. With a very guntle igniter, the
conversc would hold; ignition in the perforations would be completed at
an carlicr stage, the conditions would approach thosec of normal pressurc-
dependent burning, and thc ballistics would be lower than in the previous
cnsc. In practicc it is found that o comporetively weoak ignitcer does,
in fact, give smoothcst ignition and minimum ballistics, and the ballistic
increase and pressurc waves become morc scverc if the nmount of igniter
is incroascd. It is possiblc, therefore, that crosive burning ncy be
onc of thc mony factors which cont.ibute to the difficulty of obtaining
satisfactory 'ighition.of perforéted cccl,propéllantsiinithe gun; 'if this
is truc, the Closcd Vesscl nny be of some assistancc in this ruspect.

Fig.3. shows very clearly that at low charge-temperaturec, the
nmaximum rate of crosive burning occurs at a progressively higher pressure
as the propellant flame temperaturc is rcduced. This is to be cxpeccted,
fron the supposition that the prepellant becomes increonsingly difficult
to ignitc, with a corrcsponding increcasc in ignition dclay. In the case
of thc coolest composition, it is presumcd that the rato of burning is
so small and the ignition dclay so great that the gas flow in the
perforation docs not become turbulent and there is little crosive burning.
During thc process of internal ignition the perforation becomes tapered
outwards in lorgitudinnl cross-scction, and this, of coursc, influcncecs

the ratc of flow.
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In view of the above results, it was decided to use the S.T. shape
in preference to M.T. for early trials of cool propcllants in guns.

Series I.A. Compositions.

In Fig.4, the rates of burning of the S.T. samples arc plotted
against pressure, for the two chargc temperatures of 35°F and 120°F.
The curves arc of normal shepe, and do not disclosc any peculiarities
of burning. The values of B, (24)for thesc compositions (for & charge
temperature of 80°F) werc less scnsitive to propellant flame temperature
than were thosc of Series I, as is shown in Fig.9. In particular, B, (24)
for the coolest composition.wns considerably greater than that of the
corrcsponding Serics I. composition. The reversce was truc at ‘the
highcst level of flamc tcmperature, with the result that the deercasec
in B,(24) from the hottest to the coolest compositions was much less than
in the previous scrics. )

The temperaturc coefficicnts of all four samplcs in S.T. form were
of the same order of magnitude, and rather lower than thosc of Scries I.

The experimental values of A, were in gcod agreement with the
caleulated figures.

As in Scrics I, the M.T. samples burned abnormally in some instences,
particularly ot low charge-temperaturc, as shown in Fig.5.

The erosive burning of the IM.T. samples was cxamined, as beforc, by
plotting the ratic (Rate of burning of M.T. sample) / (Rate of burning
of S.T. samplc) against the amcunt of charge burnt, as in Fig.6.

In general, the two scts of curves (Fig.3 and 6) displey very similar
charncteristics. The chicf differcnce is that, with Scries I.A, there
is greater cmphasis on tle "corner-burning" effect, but there is the
same enhanced crosion at low charge-tempcrature, the same increased delay
in internal ignition as the charge temperaturc is reduced, and thc same
increcased dclay in rcaching the maximum rate of erosive burning.

Within the 1limits cf experimental accuracy, the temperaturc cc-
officients of the M.T. samples were equal, and were only about one-half
those of the S.T. samples.



Series I B Compositions

In calculating A, and T, for this series and series I.C, improved thermochcmical
date was used. This had the cffect of increasing, both T; and A, by about 1 %, in
comperison with the previous data.

The rate of burning curves are shovm in Fig 7. For this series, and also for
series I,C., the new recording apparatus was employed, Comparison of Pigs 1 and 7
shows that thc ehange in method of recording, from pressurc-time to %¥ ~ pressure,
has led to a considcrable smoothing of the rote of burning cruves.

Values of [, (24), for a charge temperaturc of 80°F, are plotted in Fig. 9, from
vhich it is seen that the present non-picrite compositions are appreciably faster-
burning than the corresponding samples containing picrite (Series I and I A). This
is not unexpected, as it is knowm that, in the ceose of cordite N, for excmple,
picrite size has a considerable effect on rote of burning. The index ¢ in the
burning law may be as low as 0.85 if very coarsec picrite is used,but tends to approach
the normel figure of epproximately 1.C for the hotter colloidal propellants as the
picrite is made increasingly finer. In the present instance, the vrlues ‘of =
for thc series I.B compositions (i.e. non-picrite) were ~ll close to 1.0. On the
other hand, the as for the series I and I.A compositions (i.e. picrite) veried
between 0.67 and 0.83.

In three of the four cases, the experimental A, was in good ngreement with
the calculated value. The experimental A fer the coolest composition, however, was
some 49 greater than the calculeted figure,

Series I,.C, Compositions.

The rate of burning curves shown in Fig. 8 indicate no abnormalities of burning,
and are very similer to those for series I.B, From Fig. 9 it is seen that the
veluesof B, (24) for the series I.C. compositions are not very different fron those
of series I.B. In no case is the differcnce any greater thon lot to lot differences
of the scme nominal composition. 4as with the other non-picrite series (I.B), the
values of & were very nearly unity, and in this cese clso there was ¢« slight tendency
for -a to increase as the propellant flame tenperature was reduced.

Here again, the calculated Aswere in good cgreement with the experinental
velues except in the cose of the coolest composition, .where the difference was
nearly 4 %, the experimentcol value being the greater, os before.

Conclusions

(1) In all four series of propellent compositions exomined, reduction in adiabatic
fleme temperature, over the ronge from 2450° to 1700¥K, does not introduce eny
abnormality in burning, provided that the propellant is of such o shope that high-
velocity gos flow tangentiol to the propellant surface does not occur during
burning; in these same circumstances, reduction in charge temperature produced no
cbnormal effects with the picrite comp. itions, and there is no reason to suppose
that the non-picrite propellents would no® burn normelly at low temperature olso,
although they were not exnamined in this respect.

(2) In all four serics, the rate of burning c.nstant, fO,(2¢)decreased vith reduction in
propellant flame tempcrature when burning was ty parallel layers (i.e. in either S.T.
or cord form)., The picrite - D.G.N. series was the most sensitive in this rcspcct,
ﬁ}(u)dgcreasing, on an average, by about 20% for = reduction in flane temperature

of 250°K: )

(3) The usc of N.G. + D.B.P (series I.A) in place of D,G.N (Series I) reduced (,(24)
at the 2450°K flane temperature level, and increased;%@@at the 1700¥K level. '
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s All the compositiong of the non-picrite series containing D.G.N. (i.c. series
I.C.) burned appreciably faster than the corresponding picrite compusitions
(Series I), this difference increasing with reduction in propellant flame tempera-
ture .

5. The substitution of N.G, + D.,B,P. (series I,B.) for D.G.N. (series I,C.) in
the non-picrite series produced a slight reduction in B(es), of the order of 2 or 37.

6. The temperature coefficients of rate of burning for the two picritc series

in S.T. form were of the normal order -of magnitude; in the D,G,N, serics there weas
a slight upward trend as the flame temperature was reduced, but in the second
series the temperature coefficients of .the four compositions were equal, within the
accuracy of the experimental method.

7. The use of Acctone/Water in place of Acetone/Alcohol as processing solvent had
no appreciable effect on the burning of the S.T. form of the hottest composition of
the picrite % D.G.N. series either at high or low charge tempercture. In the case
of the coolest composition of this series, howcver the above substitution incrcased
ﬁ,@u)at 8CCF charge temperatures by ncarly 9%, and slightly reduced the rate of
burning temperature coefficient.

The above conclusions refer specifically to those propellant shapes which burn
by parallel layers in the closed vessel, viz. S.T. and cord., The following remarks
refer to the multitubular shape; only the two picritc series of propellants were
supplied in this shape.

3, In most cases, and particulcrly at low charge temperature, the relationship
between rate of burning and pressure for the M,T. samples of the series I and T A
compositians was too complicated for it to be expressed in tcrms of o simple index
law, and velues of g #@)could not, thereforc bec deduced.

9. At the same charge tempcrature, the M,T, samples were, in general, faster burning
than the corresponding S.T. samples.

1. The temperature coefficients for three of the picrite - D,G.N. compositions of
M.T. shape were very low, zero in one case, but in the remaining case, that of the
coolest composition, the temperature coefficicnt for the M,T. was thc same as for

the S,T. On the other hand, the temperature coefficient for the four picrite - N.G. -
D.B.P compositions of M,.T. shape wcre ncarly equal, and wcre about one half of those
for the corresponding S.T. samples. )

11, The use of Acetone/Water in place of Acetone/Alcohol as processing solvent
during the manufacture of the M,T., shapes of the hottest and coolest picrite - D.G.N.
compositions had the effect of slightly reducing the rate of burning at both high
end low charge temperature, without affecting the temperature coefficient.

12, In the igniticn stage, departure from the assumed parallel-layer burning at
the corners of the propellant grenules hod an apprecicblc cffect on the apparent
rate of burning of the M,T. samples, in c aparison with the S,T, samples which were,
of course, fired in considerobly longcer stick lcngths.,

13. Ignition in the perforations of the M.T. samples wes not completed until an
appreciable fraction of the charge hod been consumed,

14. The ignition delay referred to in (13) cbove incrcased as the propellant flame
temperature was reduced.

15. The ignition delay referrcd to in (13) cbove increcsed as the charge temperature
was reduced.
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(16) A4t the lower charge temperature, and, in some cases, at the higher charge
temperature also, the gas velocity in the perforations of the M.T. samples wos
sufficiently high to eause erosive burning of the propellent to occur.

17. The erosive burning referred to in (16) sbove reached its maximum value at a
progressively later stage of burring os the propellant flame temperature was
reduced.

18. The erosive burning referred to in (16) cbove recched its maximum value at a
later stage of burning vhen the initinl temperature of the chorge wes reduced.

19. After reaching a maximum value, erosive burning gradually diminished as burning
proceeded, due mainly, it is though, to the decrease in velocity resulting from
the inereasing perforation diaometer.

20. Erousive burning was more pronuvunced ot low temperature thoan at high temperature,
with the result that by the particular nethod of assessment employed, the tempera-
ture coefficient for the M,T, shape in most caoses eppeared to be lower thon that

of the sane composition in S.T. form. :

6. Further Work

Further evidence of erosive burning of o perforated propellant sheope, in this
case tube, has since been ubtzined with non-picrite propellints of 1950°K flame
temperature, series I.B and I.C. In each case two propcllont sizes were exonined,
ond the results ere discussed in Appendix B.

It is pussible thet erosive burning, and the lag in coumplceting ignition of the
interior burning surface, ore foctors whieh contribute to the difficulties of
satisfoctorily igniting charges of cool gronular propellonts in the gun. The
suggestion here is that if the rate of burning is a discountinuous function of the
pressure, this may serve to aecentuate any disturbing factors which moy ~lready be
present. '

In .ppendix B, it is shown that, in some circumstances, the effect of erosive
burning on the burning low approximates to a change in form funetion 8 i.e. if we have
the same propellant composition in two shapes, one of which burns in parallel layers
and the other burns erosively, then we can use the same law of burning for both
by using o fictitious 6 for thc.erosively— burning shape.

In view of the importance of cool propellants for the extension of gun life, and
the well-known adventages of the nultitubular shepe porticularly in its application
to cool ccmpositions when it is necessary to fill necked cartridge cases to a high
loading-density, further investigation of erosive burning is highly desirable on
two main grounds, viz:-

(a) its effeet on the gun ignition problem, and
(b) its effect on the law of propellant burning.

Much work is now being earried out en propellants of the 195C°K flame tempera-
ture level, at which level the pierite eomposition appears to be much less erosive than
the non-picrite types. Laek of sufficient supplies of D.G.N. appears to rule out
the use of this material as a propellant coolant, in the immediate future, leaving
the alternative of D,B.P + additional N.G. It has therefore been decided:to
explore the erosive burning charccteristics of the series I.A. eomposition F.527/155,
containing 605 picrite, 20% guncotton, 8.86% N.G. 8.50% D,B.,P. and 2.64Y carbamite.

Samples of this composition have been made by E.R.D.E on the small-scale plent
ot Woolwich, as follows:- (a) slotted tube.(b) eord (e) four samples of multitube,
2ll of the some web size and perforation diameter, but in different lengths (d)Three
sizes of tube, with different perforation diameters but the same annulus.,
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(2) and (b) above burn non-erosively and their two shapes should follow the same
lawr of burning. They serve as a standard of compoarison for the remaining shapes, so
that the cxtent of erosive burning may be assesscd. With samples (c) the dependence
of ervusive burning on the ratio (stick length.y$erforation diameter) for a particular
perforation diameter, may be assessed. It is intended to fire different stick lengths
of semples (d) viz, stick lengths of 1, 2, 3% and 5 ins, the last being the longest
stick length which cen be accommodated in the present design of Closed Vessel. rIere,
agein, it will be possible to examine the effect of the (stick length )/(perforation
diocmeter) ratio on erousive burning, but in this case there is the additional variant
of perforation size which is thought to have an important bearing on ignition and
erusive burning. .

It is intended to fire the above somples in the Closed Vessel at two cherge
temperatures, viz. 35°F and 8C°F, in order to obtain o better understanding of the
quontitative effect of cherge temperature on erusive burning. Most of the firings
hoeve, in fact, olready becn carried out, but the analysis of results hos not yet
. proceeded far enough for any conclusions to be drawn. In the case of the M.T.
semples, there was a very marked increase 1in erosive burning as the stick length
was increased,

In connection with the above investigation, the manufacture of further M.T.
somples of the same coumposition has been arranged. In this case, the variant is
the perforation diameter, the ratio (Stick length )/(perforction diemeter) being
constont.

The M.T. shape of propellant is usually so dimensioned:that, initially, the
perforations account Hr about 407 of the total surface area of the grain. On the
other hand, the corresponding figure for the tubular shape is only 25%. Thus,
in this respect, tube is the better shape, but this advantage of a smaller proportion
of internal burning surface is lost, in practice, by the use of larger stick-lengths.
In the experiments outlined above, it will, of course, be possible to meke a direct
- comparison of these two propellant shapes from thc standpoint of their susceptibility

to erosive burning. ’

In connection with the problem of developing satisfactory methods for igniting
granular propellant chorges in the gun, samples of two of the scrics I (i.e. picrite
+ D.G.N.) compositions, with flome temperctures of 220C° ond 1700°K .have been
manufoctured in the M,T. form with unconventional dimensions. One of the 1700°K
M.T., somples has a length/perforation dismeter ratio of 27.5, which is close to the
normal figure of acbout 25. .

The second M.T. sample of this composition has a perforation diameter about
five times that of the first and the groin is ebout twice os long, so that the length/
perforation dicmeter in this case is opproximately twelve. These two semples are
ballistically equivalent. A third somple of this composition in ¥,T. form mede for
Closed Vessel firings only, has opproximatcly thc same web thickness and perforaton
dismeter as the second, but is twice as long, the length to perforation diametcr in
this case being the normal figure of about 25. One sample of the 2200°K composition,
in M.T. form, has a lcngth to perforatic diameter ratio ¢f 25. The second sample
of this composition is in thc form of chcepned tube, with the length to perforation
diameter ratio the same as for the M.T. sanple. The third sample, also tubular in
shape and with the same internal and cxternal diometer as the second,. was supplied
in 6~inch lengths for Closed Vessel firings so that chrrges with different ratios
of stick length to hole dicmeter may be fired. It is proposcd to fire all of these
specinl semples in the Closcd Vessel, as viell os in the gun, in the hope that it may
be possible to obtain some qualitativé correlation between phencmena disclosed by
the Closed Vessel technique, and factors which have a disturbing influence in the
propellant ignition and burning in the gun.

14.
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APPENDIX

A

Propellant Data

(a) Series I Cool Propellants

Composition No. F.487/bL F.487/45 F.487/46 F.487/47
ngpgr‘j -tj ons -
Picrite 60 60 60 60
Guncottun 20 20 20 20
D.G.N. 17.36 | 14,22 11,16 7.90
D.B.P. & 3.4 6.20 9.46
C&rba:mi'te. 2-61.}- 2-61.}- 2 62.}. 2-61.}-
T, - K 24149 2200 1957 1693
Ap. - tons per Sqeine/r=s or G.ce 02+5 58.0 SO0 L7.6

N - CsC.Se¢ PET gM 1.000 905 1.06 1.09
ot 1.265 1.280 1.295 1.312

" i /
Dimensions: - :

(i) Samples processed with Acetone/Alcohol Solvent

Slotted tube
Lot No. ARD 2079 A 2080 A 2081 A 2082 A
Finishcd size (ins) .155-.054 |.1515-.0515!.150-.051  |,1485-.0495
Mean anmilus (ins) .0505 .0500 .0495 .0495
Annulus variation (ins) .048-.054 .047-.053 | .047-.054 [.0465-.053
Wt.per 100" {grains) 599 583 567 559
Density (gms/c.c.) cEia 1.5620 602 1,581
Breaking diameter ratio 13.5 15 1565 170
V.M. (per cent) @io @10 0.09 -, 0,10
Multitube
Lot No. A.R.D. 2079 B 2080 B 2081 B 2082 B
Finished size (ins) «2665=-.0235 |. 2625-,0230 | . 2660~.0235 | .2630-.0255
Meon web (ins) 049 . 0485 049 .0L65
80% web limits (ins) .047-.0505 | .O46-.051 | .O4b-.(C52 .OLL-.0L95
Mcan outer web (ins .0495 .0485 .050 048
Meon inner web (ins; .0485 048 . 0475 045
Yeen cut3r hole ' .0235 $025 .0235 L0245
Mean inner hole. .0235 023 .0235 .028
Densily (gms/c.c) Tab>T7 1.620 1.602 1.580
Granules per 1b. .88 523 r53 . T62
V.M. (per cent) @5 ik6) 0.10 0.09 0.11

16.




(ii) Somples processed with acetone/Water solvent
; oy

{

Composition No. | F.487/uk ! | F.u87/L7
Slotted tube : |
Lot No. L.R,D. 2092 A i L2098 Tk
Finished size gins; -151-.053 .+ 148-.050
Mean innulus {ins 049 . +CL9
.nnulus variation (ins) JOL7-.052 .CL6-,052
Wt. yer 100" (grains) 591 | 569
Density (gms/c.c) 1.643 1.582
Breaking diameter ratio 24..5 2055
V.M, (per cent) 0.05 0.07
Mul titube _ |
Lot No. 4.R.D, | 2092 B. 2093 B
Finished size (ins) | .268~.026 «269-.0265
Mean web (ins) JOL75 CLT75
80% web limits (ins .0L45-.050 5= . 050
Mean outer web (ins .04 85 .04 85
Mean inner web Ein$ ' .06 CL6
Mean outer hole %insg , 4Cebb .026
Mean inner hole (ins .0275 | .028
Density (gms/c.c. ' 1.641 | ! 1,581
Granules per 1b, i i ' B3
V.M. (per cent) | 010 | G
, | -
(b) Series I.h, Cool Propellants
] i
Composition No. | F.820016% 1 F.527/454 [F.527/155 F.527/156
: i
Composition:-
Picrite 60, 60 | 60 60
Guncotton (13.293, C.W.) 20 : 20 20 20
N.G. 155072 14.33 8.86 6.38
DEBLERS 3.6L 6.G3 8450 10.98
Carbamite 2.64 ! 2.64 2,64 | 2.6
To - °K 25449 2206 195C 1710
Ao - tons per sq.in./gms per c.c 62.2 l 57.9 52.9 47.9
n - c.c.s per gnm. 1,00 | 1,03 1.06 1410
Y 1.28 1&ay 1.31 1.32
Diciensions :-
Slotted tube
Lot. No. HORSD, 2,08 B 2409 B 2410 B 2411 B.
Finished size (ins) cAULS5-00 JALT- 042 | L A465-.0445 «152-,0465
Mean annulus (ins) .050 .0525 S R .052%
804 annuli limits(ins) .048-,053 J049~-.046 | .O48-,053 | .CLB-.055
Density (gms/c.c) 1,652 1.631 B0 5 I 1.585
Wt. per 100" (grains) 591 | 613 677 ' 597
V.M. (per cent) 0.08 | 0.08 0.08 i 0.08
Mul titube | l |
Tt 6. Rl o | 2408 . 1409 & N 2440 i | 241 4
Finished size (ins) .265-.026 | ,2695-,0265 .270-.026 | .270~.026
Mean web (ins) 0465 0475 .08 | .48
80% web limitsginsg «O43-.050 I O~ ., 0505 .046-.052‘ «O45-,051
lMean outer web(ins LCL9 0465 L9 | .0L95
Mean inner web (ins) LOLL5 i .0L8 ST ! L0465
Mean outer hole Eins) .025 ,0265} .0255 .0255
ifean inner hole (ins) .028 027 | 50275 l 027
Density (gms/cc) 1.648 | 1.627 | 1.609 | 1.587
Granules per 1lb, 1320 1345 | 1340 . 1335
Cut length (ins) 0,615 | 0.615 | ).615 ! 0.62
V.M. (per cent) e o S 0.08 | % A N.08
! ' |
W7 |




Note the above lots were prepared from normal Naval grade picrite, of

measured specific surface 20,00C sq.cms,/c.c.

(c) Series I.B. Cool Propellants

Composition No, F.428/178 F.428/179 F.428/180 F..426/181
Composition:-
Guncotton (13.29N, C.W.) 65 65 65 65
N.G. 2007 Wi 1554 13.1
D.B.P. 12.8 A5 17.6 19495
Carbamite 2 2 2 2
=l 2462 2221 1961 1722
Ao - tons per sq.in/gms per cc. 61,2 557+6 52.0 47 .1
N - c.c.s. per gram PGS 1.C4 1.080 1.097
¥ 1,278 1,290 1.308 Teoa!
Dimensions:-
Cord shape
Lot No. 48R ,.D. 2469 2461 2462 2463
Finished size (ins) .0520 .0523 L0500 o D5 RS
809 diameter linits (ins) .0510-,0526 .0510-.0527 | .G500-.0513 .0497-.0511
Wt. per 100" (grains) 82.5 82.6 el 76.8
Density (gms/c.c.) 13558 e 1,500 1.486
Breaking diameter ratio 6 6 6

(d)Series I.C. Cool Propellants
Composition No. F.487/66 FL87/67 F.,87/68 FL87/69
Composition:-
Guncotton(13.2% N) 70 70 y8) 7C
D.G.N. 20.2 .3 145 e
oL B P, e 10.7 1547 16.6
Carbamite 2 2 2 2
V.M.(per cent) 0.06 0.08 0.15 0.13
To - g 2465 2227 1966 W2
Mo - tons per sq.in/gm.per c.c.| 61.4 e Dy b5
M - c.c.s. per .m. TG 1.035 1.060 1.091
Y 1276 1.289 14303 ARt
Dimensions:-
Cord shape
Lot No. C.R.D,D. 2604 2605 2606 2607
Finished size (ins) 0.050 0.051 0.050 0,052
Wt. per 100" (grains), 76.0 76.6 74,5 2.3
Density (gms)/cc.) F.536 T 1.496 1483

D.G.N, = Diethylene glyccl Dinitrate -

D.B.P = Dibutylphthalate

N.G. = Nitroglycerine

V.M. = Volatile material

e = Propellant adiebatic flame temperature

Ao = Propellant force constent, calculated from nominal «cmposition
and thermochemical data

2 = Co-volume of propellant gases

Y = Ratio of secific heats of the propellant gases.
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Appendix B

The original manufacture of the four series of cool propellants was in small
guantities only, for Closed Vessel testing, and was carried out on the small scale
plant at E,R.D.E. Woolwich, Manufacture on a large scale, for gun trials, has had
to be carricd out on plant of higher capacity, bccause of the quantities involwved.

It is well known that differences in propellant burning can occur between the products
of diffcrent factories producing thc same nominal composition, and such diffcrences,
thercfore, may give rise to misleading results when propellants made at different
factories are compared, Keeping this in mind, the rate of burning of the E,R.D.E.
sample of composition F.428/18C was compared with the rates of burning of two

samples af the same composition manufactured at Waltham Abbey, lots WACX. 1864 and B.
The E.R.D,E. sample was in cord form, and the Waltham Abbey somples were both in
tubular form., In Fig. 11, the ratios of the rates of burning of the W,A.C.X. lots

to the rate of burning of the E.R.D.E. lot are plotted against the amount . of

charge burnt. From Fig. 11, it is seen that, as in the case of the M.T. samples

of series I and I.A compositions, there is an appreciable time lag before ignition

is completed in the perforation of the tubular shape. This is shown by the shapes of
the curves in the early stages of burning,the plotted ratios reaching unity only ofter,
an appreciable amount of charge has burned away.

The hole diameters for WACX 186A and B were 0,0187 in. and C.0207 in. respectively.
As the same stick length of 5-in. was used in both cases, the ratios of stick length
to perforation diameter were.267 and 241 respectively. From Fig 11 it is seen that
the lot witht he larger perforation diamcter i.e. WACX 186 B, burns at about thc same
rate as the E.R.D.E, cord sample over a large part of the burning range. Shortly
af'ter the completion of ignition in the perforation of lot WACX 1864, the rate of
burning of this sample reached a value nearly 10% greater than the E.R.D.E. cord
sample, but as burning continued this difference decreased until the rates of
burning werec the same at about 65% burnt. From the shape of the curve, it is
probable that this difference in burning rates is duc to erosive burning of the
tubular sample, Thus, erosive burning occurred only in the casc of the sample
with the larger ratio of stick length to hole diameter. There is further confirmation
of this in Fig. 11, burning - through of the annulus, as shown by thc dccreasing
ratio of rates of burning, occurring first in the case of the sample with the
smaller perforation diameter.

Erosive burning has the effect of altering the constants & and £ in
the burning law - Rate of burning =pP%*. The actual volues of &« and B in the
present instance were:- '

Lot No. R a
WACX 1864 0.602 0.891
WACX 186B 0,500 0.966

These two laws cross at dbout 12 tons per sq.in. pressure., This is very nearly
the some pressure ot which either law will intersect the equivalent lincar law
corresponding to gun conditions. Thus, the values of for the two samples would
be expectcd to be very nearly equal. Th~ celculated values were, in fact, 0.462 and
J.461 for WiCX 1864 and B respcctively. The figure for the E,R.D.E. lot, of cord
shape, was 0.467.

Two somples of composition F..487/68, in tube form, were manufactured at
Walthonm ibbey for gun trials. These two samples were of different size,
lot W.CX. 181 having a perforation diometer of 0.0345 in., and lot WaCX 182 o
perforation diameter of 0,048 in. These lots also were fired in the Closed Vesscl,
the charge length being 5-ins, as before., Thus, the ratio of stick length to holec
diameter was 145 in the first case, and 14 in the secqnd.
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The ratio of rate of burning of lot W:CX 181 to the rate of burning of the
E.R.D.E. cord sample is plotted against the amount of, charge burnt in Fig.12. It is
scen that as in previous examples of. perforated propellant, there is a considerable
delay before ‘ignition in the lole is completed. In the present case, very shortly
af'ter this stage was reached the rate of burning of the tubular sample reached a
velue about 13% greater thon that of the cord. This peak value, however, soon comnenced
to foll until, at about 65% burnt, the tube burned at the same rate as the eord.
Beyond this stage,’ the ratio of rates of burning continued to decrease, indicating
thet the erosive burning present in the early stages had chonged the geonetry of «the
propellant sticks in such o maenner thet they were now burning through in plcoces
while there was still an appreciable anmnular thickness at other points.

In comparison with a propellant shape which burns non-erosively, erosive burning
of the perforated shape is equivulent in effect, to a chonge in form function
9, the constoant term in the expression:-

Fraction of eharge burnt = ({4~f)(1+€f)

Where f is the remcining fraction of the smallest- dimension of the propellent at any
stage during burning. If © is positive in sign, it follows that the charge area
deereases as burning >proceeds. Ignoring the small area of the .sticks, and  assuming
parallel-layer burning, the surface area of tubular propellant is constant as

burning proceeds, and © = 0.

Erosive burning is equivalent to a fictitious increase in charge area during the
early stoges of burning. However, as the chorge burns away, erosive burning deereases
as the perforation diometer becomes lorger, i.e. the fictitious burning surfoce decreases
elso. Thus, the variation of erosive burning with the amount of chorge burnt is
similar, gualitatively, to a change of 9 with parcllel-loyer burning.

In the case of lot WiCX.181, the use of 6 = C.2 instead of 8 = 0 in the
Closed Vessel anclysis leads to better agreement between the rate of burning of the
tubular sample and the rate of burning of the E,R.D.E. cord sample, as shown by the
dotted curve of Fig.12. (ictually, the cgreement would be a little better if Q were
o little less then 0.2). Thus, the law of burning for the E.R.D.E, cord sample
would agree very clusely with that for the W..CX.181 tube, using & = 0.2 for the tube.
Using the true geometrical form function, however,the burning laws were:-

0.4,76)

For the E.R.D.E. eord, rate of burning = 0.487 p |+903 - ?ﬁ, (24; ’
-— Oo}+99.

For the WiCX 181 tube, rote of burning 0.609 p 0-916 0, (24

The seeond sample of F.487/68 menufactured at Walthem .bbey (lot W.CX 182) had a
larger perforation diameter than the first: the stick length, as fired, being the same
in tte two mseesfhe gas velocity in the perforation, for the same pressure, would be
lower in this case than in the previous one, and this wwould be expected to cause
less erosive burning thon before, It can be seen from Fig.10, in which the ratio
of the rate of burning of lot W..CX.182 to the rate of burning of the E.R.D.E. cord
sample is plotted ageinst the amount of ch cge burnt, that there vwas, in fact, very
little erosive burning in this case. The. stiiking differences between figs. 10 and 12
ere in the peak values of the plotted rctios, and in the rates ot which the ratios
decrease in the later steges of burning. When 8C% of the charge is burnt, lot
W.CX 181 is apperently burning at a rate of only 86% that of the cord, but the
corresponding figure for lot WiCX.182 is necrly 93%. . The adoption of ¢ = 0,05 for
1ot w.CX 182 brings the index *{ in the burning law fcr this 1ot into tetter agreement
w1th thet for cord, but # fur the tube is lower than for the cord scmple. For @ = O,

.988 cnd B =0. 496 for w.CX 182, cndf(a4)= 0.481. Thus, if these figures are
CUmpared with those for W.CX.181 end the E R.D.E cord sample, it is seen that, as in
the case of F.428/180. 0 ocndf,(24decrease, and & increcseS,  and tends to approach
the values for the cord sample, os erosive burning is reduced from one sample to another.

.. somple of F.487/46 (lot 1.CX.169) nenufectured in slotted tube form at Welthom
+bbey was found to be slowér burning then the origineal sample made at E.R.D.E,.Woolwich
(lot .RD.2079 .). The WiC lot burned according to the law 0.707 PO+721 ynereas the
law for the ...R.D. lot was C.726p O- 764 The corresponding va luesoff&?@wcre, respect-
ively,. O 393 end 0.354. The value of Xo for the W.C scmple, deterwined experimentclly,
was cbout 2% % smaller than the calculated value, whereas with the ...R.D. sample the
differenee wos of opposite sign and about half this magnitude.
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Defense Technical Information Center (DTIC)
8725 John J. Kingman Road, Suit 0944

Fort Belvoir, VA 22060-6218

USA.

AD#:
Date of Search: 16 February 2007

Record Summary:
Title: Closed vessel examination of four series of cool propellants
Covering dates 1950
Availability Open Document, Open Description, Normal Closure before FOI
Act: 30 years
Former reference (Department) Memo No 16/49
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).

This document may be treated as UNLIMITED.






