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, ' ,CloHd-boab technique. and subsequent data reductioll ba.e been, a concern'
of 'eYeral laboratorie.. To in.ure equivalent ~ata p~••iD&. laboratorie.
achaqed pr~pell.et Naple. and n.ul t8 are .iveain a JAIIU Coabustion.

Inhibited .-ple stick samples were b~~ed while beiaa pbotoararbed in a
windowed ch..ber of the d!!ign of Kubota. Pairs of ...,le.. of different
densities were evaluated at several different nitroaea pre.sure. to 100
ataospheres.. To mniatbe the obscuration effects of ..... the optical path
inside the chamber vas redUCed to 8 mm by inserting two plastic spacers.
Results are aiven, in Figure 5. The data contain some ecatter and art cQapared
to the allrage response curve der~'ed frna severa12ieferencea .umaarized bY29
Willi... using t~6 values of Belyaev and Maznev. Glaakova and Tereahkin
and I.lyae. et ale The excellent agree-ent between the au.aiam aad present
study ia surprising considering the different charcoal• .a4 differeat
preparatioo.procedures eaployed. The burn rate, or.ore precisely. ·the
reares.ion rate t~ction. r (ca/s>, was deterained for pEe88are•• P (ata).
between 3 to 100 atmospheres. ~e relationship: '

wa. obtained. The burn rate curve· exhibited a sharp deer.... in slope at
. pressures of a fewataospheres. The fil•• were ex..;n" to ..e if a different
coabu.eion -ade, such as deconsolidation. vas a••ociated with this transition
Uci no chan.e wa. recorded. 'l1le only physical difference DOted was that at
low pres.ure. the cell haa a carbonaceous deposit OR t..·..l1•• whereas at
bigb pres.ure., lar.e fro.en droplet. were seen; bowe.-r. fil.., in either ca.e
looked laUch alike. In ot~!~ experiaenu. vhere phenolphthalein. v.. '
·sub.tituted for charcoal. it. burn-rate curve al.o ... a decree.. in .lope
and vas si.ilar to those reported' here. Since the _ltiaa point of the
organic, 258 C, and tbat, of potasdua nitrate. 334 C, .e both below the
ianitiOD t_perature, ca 450 C, the subatituted syst. could be a. liquid­
liquid reaction in contra.t to the liquid-.olid black po.4er s,.tea. Thi.
could iaP,l, that the "break" in the burn-rate curve coaW be ·d_ to nitrate
c~.i.tr1 .. oppo.ed to the auaace. ,of charcoal.

I

a ,a S '--e..L.f. ..! .... _~._••.~.£.4! .. )_ ...4?,.!... '~_ ...._. -, __,-.,,·t ..._. i..... __:. t.3......__ ~_._' ..~ ..... :: ...!._;.,••~~.,,_•...)_~_~ ......~'-~••__..,..._'. __-.,..j .._~i.. ...:c. .._t~.:aJ_,.\. __ .... _~....;_.;,..'S'__\••':u~

20·

" '.

.. 1
I" t'.
• J
, \.~

,'f'

~.
. "



10

",

~ "-., -. •.... "to,;. -.....:, -_ ...... '- "_ •• "- -. _. -.. -. ""'- •

-­,.---'!:Il~':L

21

Strand Burn Rate. at High Pre••ure.; De.hed Line
leferenee. 14, 2~,· 29, and 30.

Figure 5.
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Report. 31 Although black powder va. not considered, tbi. docu.ent does
reflect closed-bomb evaluation methods and the descriptioa i. • v~l~ble

reference tool. The calculated maxiaua pressur~, fl... te.,erature emd other
quantities have been predicted by various thereodynaaic ca.Puter code. that
require the chemical composition of the propellant. In theca.e of black
powder, tbe composition of charcoal, .. veil !! tbe otber including a.b,
ingredients,alst be specified. Eli Freedman perforMd lOch ca1culati~l.ls for
the Indiana, GOEX, and DuPont s.ples. lor the fint tiM. cbarcoal vas
represented by its elemental co-po.ition .. oppo.ed to oa11 carbon .. bad been
t:'e custom. lor the GOEX and, DuPont nllples, lreedJI-. ua'" the eleaental'
cOllpOsi tion of charcoal given by Io.e as "Ro.eville B" Mde by the Io.eville
Charcoal Co. of Zanesville, Oil, and obtained 'the pota.si.­
nitrate/sulfur/charcoal concentration. fro- the data sheet. supplied by
Indbna. In a like unner, the chemical cClllposition of the charcoal u.... 'at
Indian!O (also _de by Io.eville) •• taken by averegina the value. reported by

, ,Sasse' and s....rized in Table 1 of this chapter. Asain. potassima
nitrate/sulfur/ charcoal concentration. wer!2obtained fra. Indiana data
Sh!ets. The computed re.ult. vere compared

3
to clo..... ba-b data where an 88

cm boIab, at a loading den.ity of 0.14 &lea , va••ployed to produce peak
pres.ures of 472 atmo.pheres. lor one exaaple, a £1... t..peratu~ of 1765 C
and aD Lapetu. of 95583 (rT-lb/lb) ... calculated •. To calculate burn-rate
equation., thereodynaaic quantities vere used,and the grains were' considered
to be perfect sphere. with a'diaaeter cho.en at the llidpoint of the .ize range
of the original .creening,and a value of 0.14 inch, or 0.55 _ ••u ...uaed.
Closed boab burning-rate equations 'vere, derived for !our ...,le. each of GOEX,
DuPont, and Indiana black powder. and they are giveo in Table 3. Equations
were fitted to the data between 136 emd 408 atm. .

,One ..jor concern of this aDd otber clo••d-boab black powder experiment.
i. the large value oltbe burning-rate exponent, 0.5 to 0.6, im the huminl­
rate equation,a. contra. ted to the .uppo.edly equivalent value~ derived fro.
.trand burn-rate experiment. Where a ...ller value of 0.164, Iq. I, bas been
reported. Suc~ difference. have been pnvioudy ob.ened in otber' von.!rt
they bav, been discu••ed, first by ~.e and later by ibite emd Sa..e'.
The diff re~t value. in exponents has to reflect a different burning, aode in,
the cia. d~ than i. normally •••~d.emd bence, the.e burDin. rate•
•hould conaidered as ~••udo-burniDl rate••

•t~and-burninl ~p8ri.aentl, 1'00II t_perature ... pre-pre••urized
and .aapl. al contr••ted to the closed ba.b where hot cG.bu.tion

:U"AlfIl' COIrflnwtiort ~tt••• amt lht.MrasKNillnt. 'and~ Wuat;ian
PJto(J Pand. "Rmutd Robin R• ..,U. of tM C7.oHtl~ and Stl"ClJltl
~. "CPIA M7.iodiort lIo~ 161. aditad bN A. JUllaa. JUl, 198'..

32(aJ K. lI1Iiu artd R~A. Sa•••• "Combwation awl Ftan.. c~m.UC8 of B1aoJc
:'eNd• •" PJtoo. of tM lStIl "ANNAP CDmbwatiort _.ting. CPIA M7.ioation No.
341. V 7.. II, p. 2S3, oato~ li81.
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TABLE 3. cor"'F~CIENTS FOR TIIl$ BUlUf-RATE EQUATION AND ~ICIHESS VALUES.

Burning rate, r(cm'/s) is gben by the 'function' r-bpn where pressure, P, b in
atmospheres.

gases had this effect. It ..sthought that this different temperature and
pressure history might influence co-bustion to a degree that would change
burning-rate expone~ts. Unpublished data of a singl~ inhibited black powder
cylinder~ burned in the s.. closed bomb at pre••ures to 110 ata, had an
exponent of 0.192, a value near 0.164 derived by c~ne..tography fro. strand­
burner experime~t~. Fro- this relationship it was concluded tha~ the
difference in gas temperature and pres.ure history does no~ induce a different
coabustion mod~ and furthermore, deconaolidation or poroua burning does not
take place. Similar confirmation was obtained in high pre.snre ateady-state
rocket -otor experiments. rneref~re, the l~rge burni~g-rate exponent muat be
an' artifact of burning a collection of grains of black powder.

.'.-

"

• ,t. ) • .t..l. _S. _:. .t....t••••••• '••• J.. _. '.. _.. ' -• -. - ..<. :.,:.':

Peak Average
Pressure Quickness
atm atm/s

454 44.48
455 44.81
454 44.6')
453 45.63

469 38.41
466 34.03
462 32.05
465 32.19

459 29.14
,459 28.34
463 28.27
467 29.09

,23
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,', I

cm/s

r.,2~3 0.671
0.551 0.531
0..287 0.660
0.326 0.641

0.561 0.493
0.518 0.485
0.457 0.503
0.251 0.547

0.179 0.661
0.309 0.553
0.328 0.542
0.345 0.533

Indiana

DuPont

Sample
JYpe

To explain this diacrepancy, one must invoke aechani... whereby surface
area increases during coabusti~n and two substantive .ugge.tion. have been
offered. One iathat grain break-up or. fracture is thft root cause for'
increaaing surface area,and a .,:ond ~ypothesis ia all black powder graina do
not ignite at the instant of i~ition. Either explanation could account for a
high value of the exponent ~n t~~ burning-rate equation. Another approach to .
th~a proble. ia to consider that 'the gra~hite co=t acta aa an inhibitor and
combuation progre.sea, from a,sicgle point ignit!?n eource that results in'
increaaing' aurfaceareaduring (~e burn. High-speed movie. of aingle burning
Irain, suggest thi, effect. If this idea i, mechanistically correet, then
green grain. (where .u~face bur~-rat~' are greater by a factor of S 'than bulk
value,) should'burn with saal1er b~rn r~te-exponenta than I~aphited ..terial.
Clo.ad-bo-b experiment. exerting 8 maxLA'8 pressure of 100 ata followed this
pattern and the approach ..ented promising. hovever, in the pre.ent wrk, and
at presaure. to 500 ata, Ireen ant graphited srains gave the .... co.bustion
curve.. Tlie contradiction of the two set. of expedaent. is unreaolved· and

4L4.e, c.c ••••c_.•._.•q.~'\,C .•_$•••._•• ,•.1. ', ':":.'. .' .t...:'.__.... a .... __ _ ....



the concept of sinale-point ignition is not supported eYea thoulh this process
may b~ operative. Work in this .rea .hould continue f~ this contr.diction is
the behavior of black powder.

In dealing with combustion of black powder. it i. ~ecognized that
combustion rates are proportional to ~rain 8ize and the aize di8tribution
should be known. Theate functiona were iDeasured for all a.ples, and they are
given in Table 2. Each a.ple had aalightly different di.tribution and in
all c.sea the function waa not aharp. Under the8e condition. one worriea th.t
the numerous 8mall or large grains dominate the calculatiom aqd invalidate the
aS8umption 'of "aver.ge radiu••" Since an average and particular radius _a
choaen for data evaluation, it '~88ed worthwhile to perfo~. aatheaatical
aensitivity analy8ia using differentr.dii. Thia va. accu.pliahed using one
set of GOEI data and the varioua r.dii of the aieve .ise., four through eight,
embracing the aub-aizea of claa.-one black powder. The bUrD-rate curvea had
aimilar exponenta but vere displ.ced one fra. .noth~ where the pre-exponent
changed by a factor of 2.5. Cle.rly, the distribution function 8hou1d be
folded into the calculation. but the main point is gr.in .izediatribution
relatea to the pre-exponent and not to the buraing-race exponent.

V11. QUICmSS'VALUES

The derivative of the cloaed bomb pre.aure-time curve was for.ed .. a
function of the percent of maximum preaaure achi6ved. Each poiot 0: the curve
is a quickne.a value rell'ted to a particular corre.poadira preaaure. 'Four'
auch pointa at 25.0. 37.5. 50.0. and 62.5% of aaxiDua prea.ure are cu.to-arily
ael~cted to repreaent quictaeaa and the av.r.ge of the.. ~yr points ia
termed. b1 the prop.l1ant cam.unity••• av.rage quicta.... Sucb value. are
given '\n Table 3. Since theae valu•• ar. extr.ct.d frOll the c:'o.ed boIIb data,
cOlllent. 'concemiaa burning mode in that device allO apply to the·
interpretation of quicknesa. In pre••ntation of relative quickn••avalue.,
te,st a.ples have been normalized to a ref.rence ataadard ,run uader exactly
the a..e condition8. The quoti.nt between theae value. reader. a relative
gaaification rate that to .ome degree int.grate. aad coapea.ate. for different
b~rninl lIOCIe., whatever they may be. .

VIII. FLAMlSPREAD RATES

Open air fl....pre.d rate. were obtained by ....urine the ~'required

to burn 16 I of cia•• one black powd.r .trung in a .traight li_ 46 CIl long.
A recording TV c...ra ~. JAed to _ ••ur. burn ti.... lxaple. are liven by'
Whit..!, Bol•• , .and lteho. 3 , Th. techniQue, va. improved by placina the araiD'
on a pla.tic atrip and usinl a air~or to photograph the UDder.ide of ,the
silhouetted bu~niUl .trina. Thi. p12ced the 'black,o.der betveeD the c...ra
and the lilht. F1...pread rate. of 63 cal. wre ,."UrM for DuPOnt, 74 ca/fJ,
for GOEX and 63 cm/. for Indiana _.p1... ' .

33g • Jlhit". H.B. Hot".B. and .l.R. 1CtI'LBo. "rff"en of BZ4cIc Pcvlw Comblwtimr eM

High awl Lou Pl'''BBUN Ignitn SIlBt••/' P1.'oc. of • IltIJ CCIIfbtuJ'bioJt
N."ting. CPIA PubtiOlJtiora IWo. 308. Vol. 1. p. '411.. Sqt.... 1S1'~
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Ke~in White37a extended these measurements to different cl.~.e. of bl.ck
powder anci his results are shown in Figure 6. The v"!ry ...n gr.ins had tIle
slowest rates. for the burning grains emitted gas jets th.t blew light materi.l
out of the 8traight pr~p~llant line and ret.rded fle.me propag.tion. The f.st
fl.mcspread rate noted wab euggested to be the result of individual grains
oscill.ting.causing the gas-~·~ticle jets to interact to a gre.ter degree with
adjacent surfaces. This concept ~s confi~ed by gluing grain, to • pl.st~c

sheet .nd tilen the flames pre.d, r.te dropped to 20 cm/s frca ~he free v.lue of
60 em/s. When tvo sheets were pl.ced in opposition, such that the g..­
p.rticle j.ts fraa one sheet spr.yed on the othar, then the ila.eepread r.te
increased to its free v.lue of 60 em/s.

A great de.1 of effort baa been devoted to develop. fi_spre.d "tetter"
where lDOat of the !2rk waa performed b~ the Princeton COlIbuecion Research
Laboratories of NJ and White, et ale 3 "ontribut,ed to this !!bject. These
reaulta h.ve been extended and summ.rized in a recent report. The overall
objecti¥e vaa to devise a relatively quick and functiDn.1 test that could be
exercised during the production of black powder such th.t results would be
av.ilable before material vas packaged. It vaa envisioned that this test
would enable one to determinll!, in a tim..ly unner, if • production, eycle
produced a ballistically acceptable product or would indic.te if proceaa or
raw 3&terial changes were required. Moat exp6riment.....ured bl.ck powder.
flameapre.d rate in a 19 em tube with open slits and used 10ft igniters that
first vented into 'a small plenua expansion chamber. This i. the functional

'design of the Princeton Rese.rch Labor.tory "Flamespte.d T••ter." Oth.r
.pplications have used this tube as received with the holes plugged with a
"wax-like" subat.nce. and measurements have been ude ¥ith an eleetric _tch
or a briaant configuration using the M61 primer as found in the M2812 ignition
system of the lOS mm Howitzer. Since these experiments .re very specific in
Lature, and strongly depend on the p.rticul.r geometry and venting conditione
emplt\yed, they will not be described here but tice in Reierence 22. 'In
general, it was found th.t soft ignition using vented tubes resulted'. in
pressure pulses of 34 .tm, uniform combustion, and fl....pr••d r.te. of 2000­
3000 em/a whereas plugged tubes and soft i~ition gave pressures to ,~ .tII
and rates to 10000 ca/s. In this l.tter <:ase. non-unifora coabustion. ..s
indicated by the rear preS8ure grouge. whic;;~" .t times, recorded pres.ure
pul8e8 twice as large a8 normally reco~ded. Bar8h ignition and'plugged tube.
re8ulted in fr.cturing thegrai1'1s that led in so. ca.e. 'tcLP1~ggecl flow and
slow propagation· rates, 5000' em/., non-unifom cOllbu.tioa; and therllal '
excursions. It would .ppear tha~ using soft igniters and either opea .ir ot
8emi-confined condition8result in reliable fl... propaaation rate••

IX. STlUCTURAL ST!ERGm OF lLAa PONDD

In .~mi-confineci plugged tubes and c1osed-bOllb expel't.ent.~ occurrence of .
gr.in fracture could, in itself, explain both extraordinary pre••ure pulses
and enhanced gas generation r.tes. Such fr.cturing will be de~ndent on the
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intrinlic strength of the propellant. To allell thil par...ter. leveral l.n
CIa locg black powder cylindera h.ving di...ter. of 1.3 CIa vere prepared e~ch

of a diff~rent denlity. They were Ilowly co.pre~led on • Materiall Telting
Machine until they Ih.ttered .Dd that pre..ure ia givm ....function of '
denlity in Figure 7. Addition.lly, dyn..ic effectl were obtained with a,
It-it.r leriel of I..plel uling • -edified Drop weight Teltor where 1..?I.I' '
were ..unted on top of a piezo-electric force g.uge. A 2.0 kg weight .1

dropped on tbe cylinders fra. a 20 CIa height aDd force vas recorded as a
function of ti.. ; dilplaceMnt .1 Mho .a.ured by:m Optroft

3
Jlectt'c-<>ptical

Di.pl.ceMnt rollover u.iaa the technique delcribed by Lieb. The dyn..ic
cruahina Itrength. are aho given in Filare 7••ci they are .lightly ..Uer
thaD quali .teady .tate v.lue. where both function. are .teep functions of
density. Iy extrapolating the data. it is inferred that black ~er luat he
at least •• den.... 1.3 to fona a cohesive ..... Fro. heli~ denlity
.asureaent. of carbon. denlity of 1.4S. and den.ity value. for sulfur aDd
pot.lliua nitrate black powder caa be no .ore denae thaD 1.97" The .ilitary
specific.tion requires the higher' value••d it is .uspected that the
lpecification v.. origin.lly cited to achieve a .ini...trength for, black '
powder. Pro. the.. dyn..ic experi.ents~ stress-.train cu~e. -.re deri.ed
th.t vere nearly line.r, inelicatina that bl.ck powder cru.he. by • brittle
fr.cture .ode. -ach like 11••••

x. CCIIIOSTIOif TDlPIIATU'l1

Although coabu~tion r.te. and .ode ha.e been di.cu••ed. no coa.ent hal
been directed to the be.t relea.ed by ••rioua e.otheraic reaction•• 'The
ta.,erature of the !r ·.tre.....a.ured by tbe eocIi.. line reveraal.
technique by Hard.. .Dd be reported a .alue of 1549· t 25 C for. burning 37
black powder in air at ODe at.o.phere. ProIa arc iaqe aperiaent.. Lanchitt&
fquod .. ipition t_peSlture of 469 t SO C for a DuPont. ...ple which' qre•• '
veil with Kirlhenbaua'. .alue of 420 C obtained by differenti.l theraal
.alYlh. Another. but ••pler, uperiMDt .a. att.pted, ""ere a thin
0.127 .. di••ter chroael-alUMl t"'raococple •• placed in the center of .al
ju.t before beiDl pre••ed into a .tick. I.en within t'" leneral It-itation.
of t"'rllOCouple .a.ur.-nea, the burninl of thb e-po.ite ahouldlive 10M '

lower bound ••ti8ate for beet propagatioe within the .tick. Ouriaa co.bu.tion
t'" indicated teaper.ture ro.e to 480 C ill 22 • before the bead entnecl the ,
I" stre...nd Mlted. Allu.ina the bead va. twice the thickne•• oft_ wire,
aad a burninl rate of 1.0 cal., ....t penetrated about 220 aicrona iIlto the

'.'.

. .,
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.raiD. Clearly. the ther1lOCouple •• too thick. and the .a.urellent .,.. not
corrected for heat 10••••• ~ut one caa conclude that the heated black powder
abell is very thin.

XI. GElIElAL COtMENTS

The .everal functional aad physical t~.t•• each of which relates toa
particular coabuation .ode. bavebeen prelented. The relationship. and
propertie.di.cu••ed in this chapter each characterize black powder; however.
co-plete characterization will only beca.e finalized ~en this work is coupled
to IUD perfor.&nce. ,Thi. latter pro.r.. i. nov in progress and is 'pOD.ored
by .. In&ineerinl Study (ISP !A-3-8428) funded by the office of IIlSMC-LE(ll).
Pirina' of DuPont. COlI. aad Indiana black powders .ill be evaluated in

,relation to .ctual ballistic perfor.ance, of i.niting a propellant.and only
fra- thes. re.ults can ~ deteraine the adequa~y or inadequacy, of the black
pG'."der. It is hoped that frOil the _r.in. of laboratory and perfor.&nce data
one or -are of the laboratory t ••t. can be identified to predict tbis quality.
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