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1. INTRODUCTION

Black powder was made in production mills in Burope as early as 1340 in
Augsburg, 1344 in Spandau and 1348 in Legnica. The process, traceable to the
" early B.C. efforts of the Chineoe, ‘evolved as an “art form" haviag historical
rather than scientific origins. The development of the craft has been
reconstruited by variouu authors apd excellent accounts have been given by
Urbanski, zhall and Vieille.” The subject has been revievad by Pedoroff
and Sheffield,” who provgde numerous references and a very recent work by
Gray, Marsh and McLaren ~ reproduces detailed htstotzcal drawings of the early
gun powder facilities.

In essence, black powder is made by grinding potassium nitrate, lulfur,
and charcoal into a fine powder. This meal is transformed into a cohesive
conglo-erate mass by either forming a paste which is forced through and
divided by a screen, or it is directly pressed into a cake. Both forms are
ouboequently broken into pieces of .a particular size. The small lumps or
grains of black powder are then coated with graphite to retard the absorption
of moisture and to prevent the grains from adhering. This process has been
standardized t) some degree, in accordrace with prevailxog'technology, but the
operator adds water, adjusts temperatuce, selects grxndzng time, or changes
compression pressur. based on personal experience, wvhich is guided by
individual judgment of color, odor, or general perception of the condition of
black powder as it undergoes its various transformations. Such judgments are
-exchanged fro- experxenced operltot to Journeynnn »

%though the productioa of black powder was as great as 10 6 -tllxon
pounds” during World War I, the advent of smokeless powder diminished ‘
demand. This fact, tcgether with the inherent dangers of production marked by
occasional explotxoua, has resulted in the closing of most manufacturing
facilities in Ncrth America. The only productioa plant supplying the military
is the Belin Powder Works in Moosic, PA, which was built in 1911-12, embracing
the technology of 1850. The method of manufacture is termed the "standard
process”" and xncorpotateo a ball and w@eel-ill to prepare the meal. Thé

1. urbanski, chamiatr _znd_zmhmlaau_af_&nmn vol. 3, Pcrgamn Pun.

", pp. 022'348’ 1“37.

2. Marshall , ..kn..m:’.nn, ond. Ed., vol. 1, Blakiston '8 Son and 00.,
Philadelpha, PA, 19i7.

Semonial Des Puudves Bt Salpatras, Vol. 8, Chapter 2 by r. Vieille, Gauthier-

Vallars Bt Fils, Imprimeurs-Libraires, Paris, pp. 256-391, 1893.

43.7. Fedoroff and 0.E. Sheffield, mmmmmmmm;.m_mm ‘
~Jtams, Vol. 3, PATR 2700, Pioatinny Avsemal, Dover, NJ, pp. B165-B178, 1963.

S5E. Gray, H. Marsh, and M. Molaren, oL Material Sciguce, Vol. ©7,. po. 3365,
Dcccmber 1982,

€4.p. Vangelder and H. &Mttcr,wwma

.Columbia Univcuity Preges, NY, 1927,
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11 tniiana Ammunition Plant, "Black Powder Wutun'.ng Roility,” Volc. 1 and. | | -.

12g.4. Noble and P.A Abel il w

oMe (Y. O * & A . . g
165, pp. 49-155, 187%, ’ ries 4, Vol )
38,4, Noble and P.A. Abel, ﬂw_m Serics 4, Vol«

plant was operated by E.I. DuPont de Nemours & Co., who sold the facility to
GOEX Inc. in April of 1973. Because black powder still plays an important
role in fuses and ignition devices, the U.S. Army Corpu of Bagineers started -
to construct a production plant in Charlestown, IN, in 1974. The installation
was completed in 1978 and it was operated by ICI Americas Inc. One principal. -
departure from standard practice was ’he inclusion of a jet-mill to grind
material as developed by Kjell Lovold, which has been used in Norway to
manufacture black powder. Every effort was made to modernize the new black
powder manufacturing process and to make production as safe as possible.
These concupts were translated into hardware that resulted in the first
production cycle completed in early 1983. In the planning stage, various
studies were conducted to: (1) elucidate the ball and wheel-mill processes,
(2) investigate new techniques and equipment, and (3) compare the ballistic
properties of black powder originating from this agd other countries. This
work was rsported'in p‘i& by the Chromalloy Corgl, Battelle Memorial
Institute,’ Olin Corp., " and I(1 Americas Inc. Battelle published
abstracts of 50 articles and 60 patents describing the wheel-mill process in -
fine detail and gave particle size distribution as a function of grinding time
and moisture content for both the jet and wheel-mill processes. The
accumulated knowledge wes used as & foundation for the deazgn of the Indxaua
Plant. .

The perfornnnce of black powder, in contrast to, ii! !sepatatxon, has been ' S
characteit:ed in the classic papers of Noble and Abel. Recently, ‘
Williams'® summacized burning chatactertntzco and discussed several. fore;gn

7x
K. Lovold, U.S. Patent No. 3860546, "Process for the Prepamtwn Black
Powder,” 2 May 1972. ’ o

8chromall "

oy Corp., "A Study of Modermiszed mchmquae for the Manufacture of
Black Powder,” Propsllex Chemical Divisiom, Final Report No. DAI-23-072-501-
ORD-P-43, alromlloy Cm-p., Edwardsville, IL, January 1960.

98.E. carlton, B.B. Bohrer, and H. Nack, "Battelle Memorial Imtttuté
Final Report on Advisory Services on Comceptual Design and Development of

New and Improved Processes far the Manufacture o Black Powder," Batte
Memorial Institutae, (.'alumbua, OH, October 1970. d te

10 '
7R Plcssinger and L.W. Braniff, "Final Report on Development o Improvcd
Process for the Manufacture of Biack Powder, ™ RCS AMURE-109, Ohj’: Corp.,
Indiana Avmy Ammaiition Pla.nt Charlestowm, IN, 31 December 1971.

2, Indiam Army Ammurition Plant, C’harlutom, IN, 1975.

171, pp. 203-279, 1380.

14 |
P.A. Villm, "The Role of Black Powder in Propclliag Chargee, * Pioati
- Arsenal Tech. Raport No. 4770, Picatinny Arsemal, Dovew, WJ, May 1975. W
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references. Rose15 studied the effects of various charcoals on performance

and concluded that volatile antent was an i,portant parameter; he also wrote
~ an excellent review article.”” Kirshenbaum ' concluded from differential
thermal analysis, DTA, that even when volatiles were removed from various
charcoal samples this treatment did not alter the order of ignition; thus, it
was concluded that some property other than volatiles also affected

ignition. He also reported that ignition was not a pthetty of surface area,
ash content, or sulfur content. Blackwood and Bowden'® suggested sulfur
reacts with volatiles as an initiation step, but Kirshenbaum showed all three
components, potassium nitrate/sulfur/charcoal, must be preseant to induce the
low temperature pteuignitingexotherm. Clearly, volatiles affect burning rate,
and this is shown by Hintze'” who recommends 82% carbon while Blackwood and
Bowden suggest 70, Neither work relatcs these values to the standard form of
water or ash-free basis, and it is not clear as to the exact state of the
starting materisl; therefore, these recommendations cannot be compared
directly. However, both studies recommend a high volatile content. DuPont
has maintained 'a.standard of 75 carbon since the 1930's and this practice has
been followed by GOEX. .

In this discussion it is emphasized that che properties of charcoal are
important, but the exact requirements to make a good ballistic' product are
elusive. Present practice is that charcoal be made from hardwood, currently
maple being selected in the United States, and that it be of low, 5% or less,
ash content. WNo American specification exists citing volatile content but
turrent practice uses material of 20-302. The current specification does not
cite the type of wood, particulars relating to pyrolysis, nor any required
physical property. One control on,black powder is it must couform to the
" density range of 1.72 to 1.80 g/cn3. The amounts of potassium nitrate/sul fur/
charcoal are given, but compaction pressure and particle size are not. Such
' general criteria result in a large latitude of allowable variance in making
black powder. '

From the historical significance of black powder, it would appear that
the manufacturing technology has been developed; however, one genmeral .
observation is the same manufacturing procedure, using the same ingredients,
results ‘n lots exhibiting iifferent burning rates. This has been the '
experience of GOEX and DuPont where fast and slow lots have been blended to
achieve a particular result. - Although somes of the factors that affect burn
rate are known, the lot-to-~lot variations have not been identified. It was

154.8. Rose, "Investigation of Black Powder and Charcoal,” INTR-433, Naval
Ordnance Station, Indian Head, MD, September 1975. B

1.5, Rose, "Black Powder - A Modern Commentary,” Proc. of the 10th Sympoaium‘

on Explosives and Pyrotechnics, Franklin Research Institute, Philadelphia,
PA, pp. 14-18, 1979. . . ,

17 4.0. Kiréhenbawn, JThermochimica, Acta, Vol. 18, p. 113, 1977.
18;.p. Blackwood and F .P. Bowden, Proc, Rou, Soc., Londom, A213, p. 285, 1953,

?9H. Hint:c,'jznzggiggzgzzg,bel, 2, p. 41, 1963.
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' 21g, Preedman, "The Thermodynamics of Real and Unreal Black Pouder,” Pros.|
of the 30th JANNAF Combustion Meeting, CPIA Publication No. 388, Vol. I,|pp

for these reasons that the Bu.i.listic Research Laboratory. (BRL) has initiated
several black powder studies to elucidate the sensitive parameters that
control combustion. From scanning electr.= microscopy (S.E.MJ, it was

inferred that structure was important 4 ace in developing this hypothesis, it

soon became clear that correlations e:>st between physical properties and
combustion. This review will blend both past and current research, focusing
on ingredients, physical structure, and combustion, in an attempt to replace
some of the mysticism associated with black powder and black powder
production.

II. CHARACTERIZATION OF BLACK POWDER

A. Ingredients

No comment is directed to sulfur or potassium nitrate; these chemicals

/propose no particular technological problem. However, charcoal, a naturally

derived substance which contains approximately 35% "tar-like™ constituents,

varies from one source to &nother and from onezbot to another. Such variance
has been studied in detail for maple charcoal,*’ where tea samples from .
naterial supplied by one producer and used by tle I.diamna Black Powder Plant

. were analyzed. Hydrogen, carbon, .itrogen, sulfur, and oxygen were measured

and the elemental composition of ash was determined. Results are given in
Table 1 on a weight-perceat basis. Physical properties were determined and
include true density, volatiles, heat content, surface area, and pore

volura. The extreme ranges of ten 3samples are summarized in Table I, whﬁeu
individual values for each analysis are given in Reference 20. Freedman

used averages of this data, where the empirical formula for charcoal was taken
to be C H 0 to compute thermod ic properties; his results were
the datyinghan 413064 bomb evaluationc).q!. The empirical formula used to
cepresent DuPont and GOEX charcoals was c8.6884.96°1.00'

An interesting obscrvation is the low surface area of this charcoal, and
thus, it is inferred that most of the pores must be plugged, for a ccmpletel
carbonized material would have a surface area of about 1000 M“/g.. !

Another disturbing aspect of this data is the range of carbon and
volatile content where some values are at the extreme limits of what is
believed to make good black powder. The data illustrates the problem of
making a reproducible product using an ingredient the composition of which

201?.4, Sasse’', "Characterization of haplc Charcoal Used to Make Black Powder,"
ARBRL-MR-0332 Ballistic Research Laboratory, USA-ARRADCCM, Aberdeen Proving
Ground, MD, November 1983. ADA-136-513. : v o

511, October 1933.

22R.A. Sasse’, H. Holmes, D. Haneen, N. Mungst, O. Doali, and R. Bowman,

- "Bvaluation of Black Powder Produced by che Indiama Arvmy Ammunition Plant,”
ARBRL-TR-in press, Ballistic Researsh Laboratory, USA-ARRADCOM, Aberdeen
mny Gm’d,' m, 19840 ' _’ o ' o tor
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TABLE 1. CHARACTERIZATION OF MAPLE CHARCOAL
cacbon 72--—-81 8i0,  16-——43 enthalpy  11400-13¢G0
hydrogen 2,9---3.5 Ca0 28--—-44 Btu/lB'

nitrogen  0,30-0.48 Alp0; 12-——-14 surface area 2.2-15.7

sulfur  0.01-0.02 K,0  8.4-12.9  M/g
oxygen 12.6-15.4 Na,y0 1.0--1.8 pore volume . 2f-510
ash 2.5--10.4 Fe,05 2.3—4.9  mm’/g

volatiles 22---—30 Mg0 1.9-~3.7 true dgnsity 1.44-1.56
© PyOg 1.2--2.1 g/cm :

Values .are in weight percent unless otherwise noted.

cannot be closely controlled. To address this problex, reiéarch has been

directed to issntiry pure organic compounds that could be substituted directly
for charcoal.®” Polyphenols, diacids, and phthaieins gave promising results.
Testing must be conducted before such propellants can be properly considered
as viable bilack powder substitutes to include: card gap, drop weijht, aad
friction sensitivity. ' ' . :

B. External Structure of Grains of Black Powder

The size latitude of class one black powder: is largq.ind it is defined as

‘meterial which will pass through a number four sieve (4.75 mn) and not a

number eight sieve (2.36 mm). Even though lots of black powder met this
criteria, some lots appear to be composed of different size grains from
others, suggesting that a notg quantitative meas:ce be undertaken. Size
distributions were determined 2 ¢or DuPont 111-12, GCEX .75-44, and Indiana
1983 .lack powders and results are given in Table 2. These materials are

referred to later without using 1.t identifiers. Each cample had a slightly

different distribution, and in all cases, the function vas not pronounced.
This broad distribution should be taken into account in combustion modeling
studies and will be addressed later. '

‘Another characteristic of black powder is its-graphiie coat, and 1ittle
information exists to describe this envelope or its function. One
characteristic of the coating is to keep the grains from adhering to one

237a) 3. Wise and R.A. Sacse T, "Onganic Substitutes for Charecal in Black
Powder Type Pyrotechnic Pormulatioms,” Pruc. of the 19th JANNAP Combustion
Meeting, CZIA Publication No. 368, Vol. II, pp. 305, October 1982,

(b) S. Wise, R.A. Sasse', and H.E. Holmes, "Omganic Substitutes for Charcoal
in 'Black Powder' Type Pyrotechniec Formulationms,” ARBRL-TR-02569,

Ballistic Recsearch Laboratory, USA-ARRADCOM, Aberdeen Proving Ground,-

MD, July 1984. . ' : o
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TABLE 2. GRAIN SIZE DISTRIBUTION

thgett Size . 6- 75 4000 3.35 ' 2.80 2036 '2036

in um ,
. GOEX 031 9,48 26.69 22,25  28.46  11.70
DuPont = 3.39 33.23 36,13 17.31  8.82  0.65

Indiana 2,26 22,20 29.80 25,58 18,02  1.53 -

another, and'a second role is to prevent absorption of water. Prom high speed
cinematography of a single burning grain, it appears that the coating acts as '
an inhibitor,and as such, it is a very important part of black powder. To
show the influence of this coat, samples of black powder were obtained just
befors graphite was added to the glaze barrel; these are called green grains,
and later the corresponding graphited material was also selected. The flame-
spread rates of these two camples differed by a factor of two showing the
retarding effect of the graphite coat. One attempt to examine this coating
was undertaken in which but one DuPont grain was examined using S.E.M.
techaiques. Microphotographs were taken of the flat side of the hemisphere
created by cleaving the grain in half, much like scapping & twig, such that
the surfaces were not marred by a tool. From the pictures, the graphite coat
was judged to be about five microns thick. Puture work will attempt to

correlate electric conductance of a black powder bed to graphite film
thickness. '

C. Internal Structure of Black Powder

S.E.M. microphotographs of class one black povdetz‘ ware obtained by
first cleaving the grair in half as described. Two ssmples from the jet and
vheel-mill are given in Figures 1 and 2 at two differeat magnificatiouns..
Comparison of the figures shows the jet-mill produces a smaller and wmore
uniform distribution of particles. 1In addition, the charcoal pores were not
filled with either potassium nitrate or sulfur, a_property that had been
ascribed to the pressing action of the wheel-mill by the coancept termed
“incorporation." From these ard other such photographs, i%. was noted that the

+ degree of openness of the grain increased ss did its burning rate. A '
~“revealing feature of the photographs was the lack of crystalline sharp edges,
and it became apparent that a dominant feature was plastic flow that created
voide and porosity in the grain. This feature was quantified by determining

' internal surface area and pore volume. hmmc,hnu,ndhun.mhhf
gas abo;Eption techniques were used to messure surface area,and values of 0.5

to 1.0 M°/g were obtained where the larger surface areas wre proportional to

24(cx) R.A. Sasse', "The Influence of Physical Propertics of Black Powder om
5urming Rate,” Seventh Tnternationai Pyrotechnics Semimar, Vol. 2, ITT
Research Institute, Chicago, IL, p. 538, July 1%80. o

(b) R.A. Sasss’, "The Influence of Physical Properties of Black Powder om

Burning Rate,” ARBRL-TR-02308, Ballistic Research Laboratory, USA-ARRADCOM,
- Aberdeen Proping’around; MD, March 1981, (AD A100273). . .




H;u& 1, Interior of Black Powder Grain Produced by Wheel Mill Process
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the faster burning material. The same result was found with pore volume as
deterrined by mercury intrusion pirosimetry, where values ranged between 0.01
to 0.04 cm~/g for both whole and cleaved grains. Thus, the mercury penetrated
the entire grain without hindrance from either the graphite coat or ‘internal
structure. . In addition, the mercury intrusion data showed that passageways
had mean diameters of about 0.1 micron at the narrowest cross-section.

“Another method of determining the degree of opsuness of black powder is
to determine internal free volume. This quantity can be calculated from the
bulk and true densities where sample volumes are measured two different ways:
bulk density is determined from the volume taken equel to the amount of
mercury displaced by the sample, and true density is given by the amount of
helium displaced. Since mercury does not enter the pores as does helium,
these differenﬁo can be related to void space. Indiana, DuPont and GOEX
black powders had bulk densities of 1.75 to 1.79, true densities of 1.94 to
1.97, and internal frec volumes were 4.10 to 5.75%. Also, the maximum
theoretical density for this black powder would be 1.97 using the average true
density of 1.4% for charcoal (see Table 1) and the density values for sulfur
and potassium nitrate. The calculated value is almost equal to the measured
values of tru: deasity.

All of these measurements support the coanclusion that the compaction step
used in making black powder induces local plastic flow producing a fused
conglomerate and cohesive mass containing a matrix of interconnecting
passagevays and that the degree of opennese of a black powder grain is
directly related to burning rate. These coucepts immediately suggest the
question addressed in the next section, "How do we quantify the compaction
procevs and apply this knowledge to mske reproducible laboratory samples and
reproducible production lots?” '

TII. COMPACTION OF BLACK POWDER MEAL

Black powder meal is pressed into a cake using various pressures and
differeant moisture contents to gchicvo s particular grain density. This
process vwas examined in detail?
instrument, an Instrom, snd recording both the pressure and density of the
sample. The smal]l displacement rate of 0.254 sm/min vas selected and a total

' load of 3,000 g/cm was applied slowly to semples of different moisture -

coantent. Results are given in Figure 3,vhere the early portion of the curve
represents movement of material into & close packed geometry and the linear .
portion reflects plastic flow. Hed :bc'oxporiun.t‘bnu extended to higher

25(a) R.A. Sasse’|, "Strand Burm Rates to One Hundred Atmospheres,”. Dighth
Intermational Pyrotechnics Seminar, ITT Research Institute, Chiocago, IL.,
p. 588, July 1982 | : 4

(5) R.A. Sasse’|, "Strand Bum Rates to One Mnd Atmospheres,” Proo. ofA

the 19th JAINA Combustion Neeting, CPIA Publiocation No. 388, Vol. I, p. 13,

October 1982,
(6) R.A. Sasee’|, "Strand Burm Rates to One Hundred Atmospheres ,”

ARBRL-TR-03490, Ballistic Research Laboratory, USA-ARRADCOM, Aberdeen
Proving Ground,| M, May 1983, (AD-A139-087). : ' -
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pressures, the curve would approach a vertical asymptote near values of 652
compaction. A direct relationship is shown between the logarithm of applied
global pressure to density; this functionslity was suspected to be ghe result
of compressing bounded spheres. This idea is supported by Knudaen who shows
that porosity is a logarithmic function of the contact area between aphetea.
To evaluate these concepts and assess the effect of particle sxze, ‘a )
collection of two differeat diameter copper spheres, 50 and 125 microns, were
individually compressed. The resulting curves were logarxthnlc and could be
superiuposed one upon the other. Apparently, particle size does not influence -
grain density at particular compaction pressures and particular water:
contents. Also, these experiments indicate the logarithmic relationship is
the result of plastic flow among a collection of spheres. This same
relationship was even shown for the much larger class one grains where such
results can be applied to the fabrication of fuse and time delay elements.

. The application of physical testing to evaluate the compaction process
has been successful, and the results can be applied to fabrication. technology,
dwell-time studies, and to the prepsration of laboratory samples. Since
plastic fluw was found to be dominant, an equxvalent process was adopted where
samples were pressed in a constant volume die using a spacer to control piston
travel; this avoided the ¢ifficulty of simultaneously controlling both
pressure and water content. The technique offered the ‘advantage of
, fabricating a series of samples having predictable densities by placing known °

weights of meal into a parallelepiped die forming "sticks" 4x5x20 sm. Due to
a slight degree of elasticity, bulk densities were calculated from the final
measured dimensions of the extruded samples. These samples were inhibited
with a coat of cyanoacrylate-based glue for strand-burn rate studies.

The preceding sections presented the Ehe-ical and physical ﬁ:opertie- of
- blacl powder; subsequent data and discussion will pertain to combustion.

IV. ATMOSPHERIC STRAND BURN RATES

Inhibited black powder sticks of different densities were made from maple
and oask charcoal meals that were ground in the Indisna pilot plant jet-mill.
Thuy vwere burned 'in air at atmospheric prsgoutu and photogtaphed by |
cinematography at 2000 frames per second. The position hiatory of the -
burnxug incerface wvas plotted as a function of time and the least square slope
was used to calculate burning rate. The deviation of the slope was takea as
thc precision of one measurement and is given as an error bar on the data
‘points drawn in Figure 4. Later, it was found that some deviations among
these measurements was traceable to s poor inhibitor coat, indicated in the
movies by a growing crown forming at the burning xntcrfac'. These instances
could be identified and discarded. From the remaining zubset, burn-rates of
about one centimeter psr second were obtained, and they are shown to be a
linear function of density. Black powder contlining maple charcoal burned
sbout 202 faster than osk. Omne additional experimen: was performed to compare
the burning rates of two sticks of black powder that were made to equal
denoiticl vhere one was co-prcolcd damp and the other was pressed dvy at a

20p .p. Kudsen, Jo_Am, Ceramio Soo,, Vol. 43, No. 8, p. 378, August 1959.
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hxgher pressure. Both vere dried and the two burning rates were found equal,
and, in effect, the samples did not reflect thexr dxfferent respective
preparation histories.

In a further atteupt to evaluate class one black powder, Indiana
graphited class, grains were ground, 'sieved, ptessed into ntxcks, and strand-
burn rates measured. A similar sample was made using Indiaaxa green grains, and
the two burn rates were similar, 0.89 and 0.91 cm/s. It was concluded that
the small amount of grapkite in one sample ‘did not effect the result. GOEX
and DuPont samples had equal but ulightly higher values of 1.00 c-Ia. In
these measurements, original grain size or distributia of sizes is negated as
is any effect related to the graphite coat or orlgxnal density of the ’
gtaxns. Under these circumstances, burn rate is only proportional to chemical
composition, original fine degree of grinaing, and density of the stick.

Thus, these measurements reflect an inhereat burning quality. Advantages of
the technique are that in photographing dburning, one can be certain of the
mode of combustion and insure that the inhibiting coat is adequate. For these
reasons, the test appears to have merit and parallels the older DuPont and
GOEX methods in which black powder is placed in a lead tube, and its diameter
is reduced by draving the sample through an extrusion bdench.

Even thougﬁ few samples were evaluated, this intrinsic combustion

_ measurement ranks Indiana black powder slcwer than the others. This is

somevhet surprising, for the Indiata meal was ground to a smaller particle
size, ca 15 microns, than the other meals; hence its burning rate, now
‘depeadent on' just particle size, chemical composition and density, should be
the fastest. Such a result must be attributed to either a non-optimum
volatile content in the charcosl or some other unidentified variable.

To =»*ain surface butn'rate'.zs non-inhibited sticks were evaluated. The
surface burned faster than the bulk material and thus a pyramid formed, the
sides of which became steeper as combustion progressed. This resulted in four
distinct gas plumes jutting outward and normal to the burning surface. The
surface that had been adjacent to the movable piston burned three times
faster, and the surface forwed by the Yottom of the die burned six times
faster than the tulk burn rate.

One 16mm motion picture frame was enlarged nnd'pcrticlc sizes were

‘measured by Nathan Klein of the BRL using a Quantimet 720 ImageAnalyzer. 25¢
+ The. larger particles were found to be near perfect spheres having a size

distribution that peaked at diameters of 225 to 300 microns; they are believed
to be frosen droplets of unreacted material. A second distridution of small
porous materisl of irregular shape and sharp edges was collected and examined
by 8.E.M. techaiques. In this case diameters were between 0.4 to 1.0 micronm,
asad’ these bodies are thought to be tbc result of condcn.ation of roaction

-productl.
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V. HIGH PRESSURE STRAND BURN RATES

Inhibited maple stick samples were b”ned vhile being photograrhed in a
wvindowed chamber of the digign of Kubota. Pairs of semples. of different
densities - were evaluated”’ at several different nitrogen pressures to 100
atmospheres. To minimize the obscuration effects of smoke, the optical path
inside the chamber was reduced to 8 mm by inserting two plastic spacers.
Results are given. in Figure 5. The data contain some scatter and are compared
to the 'Y rage response curve derived fram oevetalzseferencea summarized l)y29
Williams"” using tga values of Belyaev and Maznev,“" Glaskova and Tereshkin
and Belyaev et al. The excellent agreement between the Russian and present
study is surprising cousidering the different charcoals and different
preparation procedures employed. The burn rate, or more precisely, the
regression rate function, r (cm/s), vas determined for pressures, P (atm),
between 3 to 100 atmospheres. The relationship: '

vas obtained. The burn rate curve exhibited a -lutﬁj decrease in slope at
- pressures of a few atmospheres. The films were examined to see if a differenmt

combustion wode, such as deconsolidation, was associated with this transition
and no change was recorded. The omly physical differeance noted was that at
low pressures the cell had & carbonaceous deposit on the’ wvalls, whereas at
high pressures, large frozen droplets were seen; however, films in either case
looked much alike. 1In “95‘ experiments, where phenolphthalein was

its burn-rate curve also had & decrsase in elope
and wvas similar to those reported here. Since the melting point of the
organic, 258 C, and that of potassium nitrate, 334 C, sre both below the
ignition temperature, ca 450 C, the subatituted system could be a liquid=-
liquid reaction in contrast to the liquid-solid black powder system. This
could imply that the "break” in the burn-rate curve could be due to nitrate
chemistry as opposed to the nusaces of charcoal. ' '

VI. CLOSED 3OMB EVALUATION

., Closed-bomd techniques and subsequent data reduction have been a concern
of several laboratories. To ineure equivalent data processing, laboratories

exchanged propellant samples and results are given in a JARNAF Combustion

75, Kubota, T.J. Chlemiller, L.H. Caveny, and M. Suwmrfield, "The Mechaniem.

~ of Super-Rate Burming of Catalysed Double Base Propellants,” Report No. ANS
1087, Dept. of Aerospace and Mechanical Socisnces, Primceton University,

Princeton, NJ, Maroh 1973. o

2. Belyaev and SF. Masneu, "Dependence of mrﬁing Rate of Snokc-ronria}; e

Powder on Pressure,” Dokl. Akad, Nauk SSSR, Vol. 1, p. 887, 1960.

3’A,P. Glaskova and I.A. Tereshkin, "Relation Between Pnum ad. Ming
Velocity of Explosives,” Zhur, Fis. Khim., Vol. 35, pp. 1632-1828, 1961,

30,7, Bclyacv, Ad. 'Ka'rotkob, AX. Parferfenov, and A.A. &ZM, *The

' Burning Rate of Some Explosive Substances and Niztures at Very High
.Pnnmc," Zhur, Fis, Khim., Vol 37, p. 150, 1963.. B
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Report.31 Although black powder waa not considered, this document does
reflect closed-bomb evaluation methods and the description is & viluable
reference tool. The calculsted maximum pressure, flame temperature and other
quantities have been predicted by various thermodynamic computer codes that
require the chemical composition of the propellant. In the csse of black
powder, the composition of charcoal, as well ﬂ the other including ash.
ingredients,must be specified. Eli Freedman®" performed such calculatiois for
the Indiana, GUEX, and DuPont samples. For the first time, charcoal was
represented by its elemental composition as opposed to only carbon as had been
ti'e custom. For the GOEX and. DuPont !gmple-l, Freedman used the elemental’
composition of charcoa) given by Rose ° as "Roseville B" made by the Roseville
Charcoal Co. of Zanesville, OH, and obtained the potassium
nitrate/sulfur/charcoal concentrations from the data sheets supplied by
Indisna. In a like manner, the chemical composition of tke charcoal used at
Indian,o(alao made by Roseville) was taken by averaging the values reported by
, Sasse'”” and summarized in Table 1 of this chapter. Again, potassium
nitrate/sulfur/ charcoal concentrations wrizobtnined- from Indiana data
shgets. The computed results were compared;‘ to closed bomb data where an 88
ca” bomb, at a loading density of 0.14 g/cm”, was employed to produce peak
pressures of 472 atmospheres. For one example, a flame temperature of 1765 C
and an impetus of 95583 (FT-1b/1b) was calculated. To calculate burn-rate
equations, thermodynsmic quantities were used,and the grains were considered

to be perfect spheres with a diameter chosen at the midpoint of the size range

of the original screening,and a value of 0.14 inch, or 0.55 mm, was assumed.
Closed bomb burning-rate equations were derived for four samples each of GOEX,
DuPont, and Indiana black powders and they are giveu in Table 3. Equations
were fitted to the data between 136 and 408 atm. o ‘

Oue major concern of this and other closed-bomb black powder experiments
is the large value of the burning-rate exponent, 0.5 to 0.6, in the burning-
rate equation,as contrasted to the supposedly equivalent value derived from
strand burn-rate experiments vhere s smaller value of 0.164, Eq. 1, has been
reported. Such differences have been pigvioully observed in other work, g!d
they have been discussed, first by Rose ” and later by White and Sasse'.

The different values in exponents has to reflect a different burning mode in .
the closed bomb than is normally assumed, and hence, these burning rates
should considered as pseudo-burning rates. -

In the ltr'and-burning c'xpc'ri-entl'. room tenpoucixtc gas pre-pressurized
the chamber and sample as contrasted to the closed bomb where hot combustion

”met Combustion Subcomwittee, Burm Rate Neasurements and Data Reduction

Proc Panel, "Round Robin Results of the Closed Bomb and Strand
Burner,” CPIA Publication No. 361, edited by A. Juhass, July 1962.

32(a) X.|White and R.A. Sasse, "Combustion and Flame chémctcriaticc of Black
Powder,” Proc. of the 18th JANNAF Combustion Meeiing, CPIA Publiscatiom No.
347, Vvol. II, p. 2353, October 1981. . : o

(b) K. White and R.A. Sasse, "Relatiomship of‘ Combustion and Phyaical

Properties of Black Powder,” ARBRL-MR-03219, Ballistic Research Laboratory,
USA- O, Aberdeen Proving Ground , MD, November 1983. - (AD A123 264)
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TABLE 3. COE¥F.CIENTS FOR THE BURN-RATE EQUATION AND QUICKNESS VALUES.

b n Peak . Average

Sample Pressure Quickness
Type cm/s atm atm/s
SO0EX r.253 0.671 454 44,48
o 2.551 0.531 455 44,81
0.287 0.660 454 44,65
0.326 0.641 453 - 45,63
DuPont -~ 0.561 0.493 469 38.41
' 0.518 0.485 466 34.03
0.457 0.503 462 32,05
0.251 0.547 ° 465 32.19
"Indiana 0.179 0.661 459 29.14
0.309 0.553 459 28,34
0.328 0.542 463 28,27
0. 345 0.533 467 29.09

Burning rate, r(cm/s) is given by the function r=bP" where pressure, P, is in
atmospheres. ~

gases had this effect. It was thought that this different temperature and
pressure history might influence combustion to a degree that would change
burning-rate exponents. Unpublished data of a single inhibited black powder
cylinder, burned in the same closed bomb at pressurcs to 110 atm, had an _
exponent of 0.192, a value near 0.164 derived by cinematography from strand-
burner experiments. From this relationship it was concluded tha: the

~ difference in gas temperature and pressure history does not induce a different

combustion mode and furthermore, deconsolidation or porous burning does not
take place. Similar confirmation was obtained in high pressure steady-state
tocket motor experiments. Therefore, the lerge burning-rate exponent must be
an' artifact of burning a collection of grains of black powder.

To explain this discrepancy, one must invoke mechanisms whereby surface
ares increases during combustion and two substantive suggestions have been
offered. One is that grain break-up or fracture is the root cause for:
increasing surface ares, and a second hypothesis is all black powder grains do
not ignite at the instant of ignition. Either explanation could account for a
high value of the exponent “n th: burning-rate equation. Andther approach to
this problem is to consider rhat the graphite cost acts as an inhibitor and
combustion progresses from a single point ignition source that results in-
increasing surface area during ctc burn, High-speed movies of single burning
grains suggest this effect. If this idea is mechanistically correct, then
green grains (where surface hurn-rates are greater by a factor of 5 than bulk
values) should burn with smalier bucn rite~exponents than graphited material.
Clos2d-bowb experiments exerting s maximm pressure of 100 atm followed this
pattern and the approach seemed promising; however, in the present work, and
at pressures to 500 atm, green an¢ graphited grains gave the same combustion

cutrves. The contradiction of the two sets of experiments ia‘unrecolved-and
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the concept of single-point ignition is not supported even though this process
may be operative. Work in this area should continue for this contradiction is
the behavior of black powder. : .

In dealing with combustion of black powder, it is recognized that
combustion rates are proportional to grain size and the size distribution
should be known. These functions were measured for all samples and they are
given in Table 2. Each sample had a slightly different distribution and in
all cases the function was not sharp. Under these conditions one worries that
the numerous small or large grains dominate the calculation and invalidate the .
assumption of "average radius." Since an average and particular radius was
chosen for data evaluation, it scemed worthwhile to perform a mathematical
sensitivity analysis using different radii. This was accomplished using one
set of GOEX data and the various radii of the sieve sizes, four through eight,
embracing the sub-sizes of class-one black powder. The burn-rate curves had
similar exponents but were displaced one from another vhere the pre-exponent
changed by a factor of 2.5. Clearly, the distribution function should be
folded into the calculation, but the main point is grain size distribution
relates to the pre-exponent and not to the butning-ra;n exponent.

VII. QUICKNESS VALUES

The derivative of the closed bomb pressure-time curve was formed as a
function of the percent of maximum pressure achieved. Each poiat oF the curve
is a quickness value related to a particular correspondirg pressure. Four
such points at 25.0, 37.5, 50.0, and 62.5% of maximum pressure are customarily
selected to represent quickness and the average of these f“r points is
termed, by the propellant community, as average quickness. Such values are
given in Table 3. Since these values are extracted from the closed bomb data,
comments concerning burning mode in that device also apply to the
interpretation of quickness. In presentation of relative quickness values,
test samples have been normalized to a reference standard run under exactly
the same conditions. The quotient between these values renders a relative _
gasification rate that to some degree integrates and compensates for different
burning modes, whatever they may be. ' :

VIII. FLAMESPREAD RATES

Open air flsmespread rates were obtained by measuring the time required
to burn 16 g of class one black powder strung in a straight iine 46 cm long. ‘
A recording TV camera yu3§sed to measure burn times. Exsmples are given by
White, Holmes, and Kelso.”” The technioue was improved by placing the grains .
on & plastic strip and using a mirror to photograph the underside of the -
silhouetted buvning string. This plzced the black powder between the camera

and the light. Flamespread rates of 63 ca/s wire measured for DuPont, 74 /s

for GOEX and 63 cm/s for Indiana semples.

33y, White, H.E. Holmes, and J.R. Kelso, "Effccf of Black Pewder Combustion om
High and Low Pressure Igniter Syetems,” Proc. of the 18th Combustion
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Kevin Hhit:e”a extended these measurements to different classes of black
powder and his results are shown in Figure 6. The very small grains had the
slowest rates, for the burning grains emitted gas jets that blew light material
out of the straight propellant line and retarded fleme propagation. The fast
flamespread rate noted was suggested to be the result of individual grains
oscillatings causing the gas-ps.ticle jets to interact to a greater degree with
adjacent surfaces. This concept was confirmed by gluing grains to a plastic
sheet and tnen the flamespread rate dropped to 20 cm/s from the free value of
60 cm/s. When two sheets were placed in opposition, such that the gas-
particle jets from one sheet sprayed on the other, then the flamespread rate
increased to its free value of 60 cm/s. ‘

A great deal of effort has been devoted to develop a flamespread "tester"
where most of the gzrk was performed bgathe Princeton Combuscion Research
Laboratories of NJ”" and White, et al. coatributed to this 2!hje¢:, These
results have been extended and summarized in a recent report. The overall
objective was to devise a relatively quick and functional test that could be
exercised during the production of black powder such that results would be
available before material was packaged. It was envisioned that this test
would enable one to determine, in a timely manner, if a production cycle
produced a ballistically acceptable product or would indicate if process or
raw daterial changes were required. Most experiments messured black powders
flamespread rate in a 19 cu tube with open slits and used soft igniters that
first vented into a small plenum expansion chamber. This is the functional
'design of the Princeton Research Laboratory "Flamesptead Tester." Other _
applications have used this tube as received with the holes plugged wich a
"wax-1like" substance, and measurements have been made with an electric match
or a brisant configuration using the M61 primer as found in the M28B2 ignition
system of the 105 mm Howitzer. Since these experiments are very specific in
Lature, and strongly depend on the particular geometry and venting conditione
emplnyed, they will not be described here but are in Reference 22. In .
general, it was found that soft ignition using vented tubes resulted in
pressure pulses of 34 atm, uniform combustioi, and flamespread rates of 2000-
3000 cm/s whereas plugged tubes and soft igrition gave pressures to 'J0 atm
- and rates to 10000 cm/s. In this latter cases, non-uniform combustion was
indicated by the rear pressure gruge, whicl., at times, recorded pressure
pulses twice as large as normally recorded. Harsh ignition and ' plugged tubes
resulted in fracturing the grains that led in some cases to plugged flow and
slow propagation rates, 5000 cm/s, non-uniform combustion, and thermal
excursions. It would appear that using soft igniters and either open air o¢
semi-confined conditions result in reliable flame propagation rates.

IX. STRUCTURAL STRENGTH OF BLACK POWDER
In semi-confined plugged tubes and closed-bomb experiments, occurrence q£<‘i

grain fracture could, in itself, explain both extraordinary pressure pulses
and enhanced gas generation rates. Such fracturing will be dependent on the

WA, Messina, L.5. Ingram, N. Swmerfield, and J.C. Allem, "Plames .
Propagation Rates of Various Black Powders Using the FCRL-Flamespread .
Tbstqr," Seventh Intermational Pyrotechnics Seminar, Vol. I, ITT Research
Institute, Chicago, IL, p. 388, July 1980. o , '
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~ intrinsic QCrength of the propellant. To assess this parameter, aeveril 1.0 . .

ca lorg black powder cylinders having diameters of 1.3 cm were prepared each
of a different density. They were slowly compressed on s Materials Testing

. Machine until they shattered and that pressure is given as a function of

density in Figure 7. Additionally, dynamic effects were obtained with a.

"similar series of samples using a modified Drop Weight Testor where samples

were mounted on top of a piezo-electric force gauge. A 2.0 kg weight was
dropped on the cylinders from a 20 cm height and force was recorded as a

- function of time; dinpluce.ent was ilso measured byan Optron Electze-Optic,al

Displacement Pollower using the technxque described by Lzeb. The dynamic

crushing sttengths are also given in Figure 7 and they are slightly smaller .

than quasi steady state values where both functions are steep functxons of
density. By extrapolating the data, it is inferred that black pcwder must be
at least as dense as 1.3 to form a cohesive mass. From heliuwe density
measurements of carbon, density of 1.45, and density values for sulfur and -
potassium nitrate black powder can be no more dense than 1.97. The military
specification requires the higher values, and it is suspected that the
specification was originally cited to achieve a miniwum strength for black -
powder. From these dynamic experiments, stress-strain curves were derived
that were nearly linesr, indicating that black povdet crushes by & brittle
fractun mode, much lxkc glasa.

' X. COMBUSTION TEMPERATURE

Although combustion rates and mode have been d'i.ctu'ud, no co-eﬁt has
been directed to the heat relessed by various exothermic reactions. ' The

temperature of the 82 ‘stream was measured by the sodium line reversal

technique by Harris,~ and he reported a value of 1549° & 25 C for burning
black powder in air at one atmosphere. From arc image experiments, ’Lanchits”
found an ignitiom t-pesgtuu of 469 £ 50 C for a DuPont sample which agrees
well vith Kirshenbaum's™® value of 420 C obtained by differential thermal
anslysis. Another, but simpler, experiment was attempted, where a thin

0.127 diswmeter chrowel-slumel thermocouple was placed in the center of meal
just before being pressed into & stick. Even within the general limitations
of thermocouple messurements, the burning of this composite should give some
lower bound estimste for heat propagation within the stick. During combustion
the indicated temperature rose to 480 C in 22 ws before the bead entered the
gas stream and melted. Assuming the bead was twice the thickness of the virc,
snd a burning rate of 1.0 aln. heat peaetrated about 220 microus into the

35,7, Lieb and J.J. Rocohio, "Standardisation of a Drop Weight Mechawical
Properties Testor for Gun Propcllantc," 'ARBRL-TR-03518, Ballistic anh
_ Laboratory, USA-ARRAwal, Aberdeen h'om’.ng Gmwud s ND, July 1983,
(AD 4133-968).

S6r.x. Karris, J.A. Lanmon, R. Ficld, ad D. Mcd mum Vol. 1,

p 353, 1977, ,

370, Lenohits and E. Hayes, "Ignition Properties of Btack Pouder, P’uu I.
Proo. of the 16th JANNF Combustion Nuting, CPIA Publioation No. 308, Vol.
3’ p. 1”‘ mm’ 1’790

‘“A.D. Kinhcnbuwl oot mllistioa, Vol. 1, p. 121, .mzy 1978.
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‘grain. Clearly, the thermocouple was too thick, and the measurement was not
corrected for heat losses, dut one caa conclude that the heated black powder
shell is very thin.

XI. GENERAL COMMENTS

The several functional and physical tests, each of which relates to a
particular combustion mode, have been presented. The relationships and
properties discussed in this chapter each characterize black powder; however,
complete characterization will only become finalized when this work is coupled
to gun performance. . This latter program is now in progress and is sponsored
by an Engineering Study (ESP 1A-3-8428) fuanded by the office of DRSMC-LE(R).

'FPirings of DuPont, GOEX, and Indiana black powders will be evaluated in
.relation to actual ballistic performance of igniting a propellant, and only

from these results can we determine the adequacy or inadequacy of the black
porder. It is hoped that from the merging of laboratory and performance data

.~ one or more of the laboratory tests can be identified to predict this quality.
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