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Report.31 Although black powder waa not considered, this document does
reflect closed-bomb evaluation methods and the deacriptian is & viluable
reference tool. The calculated 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 case of black
powder, the composition of charcoal, as well ﬂ the other including ash.
ingredients,must be specified. Eli Freedman®" performed such calculatioas for
the Indiana, GOEX, and DuPont samples. For the first time, charcoal was
represented by its elemental composition as opposed to only carbon as had been
t''e custom. For the GOEX and. DuPont !gmpleu, Freedman used the elemental’
composition of charcoa) given by Rose "Roseville B" made by the Roseville
Charcoal Co. of Zanesville, OH, and obtuned the potassium
nitrate/sulfur/charcoal concentrations from the data sheets supplied by
Indisna. In a like manner, the chemical composition of the charcoal used at
Indun!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/ charcosl concentrations werg obtained from Indiana data
shsets. The computed results were coupared32 to closed bomb data where an 88
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, thermodynamic quantities were used,and the grains were considered

to be perfect spheres with a dismeter 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 betveen 136 and 408 atm.

One 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, !2‘
they have been discuued, first by Rose"” and later by White and Sasse',

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

In the -trand-burnmg upcrmnto. room tcnporacuu gu pte-prauutiud‘
the chamber and sample as contrasted to tln closed bﬂ wvhere hot codnu:ion

31, 08| Combustion Subcommittee, Burn nﬁta 'Moaburdnnt"ald Data Reductiom .
Procedures Panel, "Round Robin Results of the Closed Bomb and Strand
Burner,” CPIA Publication No. 361, edited by A. Juhass, July 1962.

32(a) K.\ Wnite and R.A. Sasse, "Combustion and Flame chémctcriatioa of Black
louder,” Proc. of the 18th JANNAF Canbuction Meetling, CPIA Publication No.
347, Vol. II, p. 253, October 1981. ,

(b) K.| White and R.A. Sasse, "Relationship of Combustion and Physical

Properties of Black Powder,” ARBRL-MR-03219, Ballistic Research mbomtory
USA- 0N, Aberdeen Proving qund m, November 1983, ' (AD .4123 '264)
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TABLE 3. COEV¥FICIENTS FOR THE BURN-RATE EQUATION AND QUICKNESS VALUES.

b n Peak = = Average

Sample Pressure Quickness
Type cm/8 atm atm/s
SOEX r.253 0.671 454 44,48
C 0.551 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-an where pressute, P, is in
atnocpheres.

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 experimeuts. From this relationship it was concluded that 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
rocket motor experiments. Thnerefore, the lerge burning-rate exponent must be
an’ artifact cf burning a collection of grains of black powder.

To explain this discrepancy, one wust 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 area, and a s2cond hypothesis is all black pouder grains do
not ignite at the instant of ignitica. Either explanation could account for a .
high value of the exponent “n tle burning-rate equation. Another approach to
this problem is to consider rhat the gfapht:e cozt acts as an inhibitor and
combustion progresses from a sirngle point ignition source that results in-
increasing surface area during ctc burn. Hzgh-apeed 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 smalicr burn rite-exponents than graphited material,
Closad-bowb experiments exerting # maximwm pressure of 100 atm followed this
pattern and the approach seemed promising; houever, in the preseat work, and |,
at pressures to 500 atm, green an¢ graphited grains gave the same combustion

cugvga. The contradiction of the two sets of experiments ia‘unrecolved and
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the concept of aingle-pomt ignition is not supported eveﬁ though this process
may be operative. Work in this area should continue for this contradiction is
the behavior of black powder. .

” ‘(,
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iy

In dealing with combustion of black powder,it is recognized that
combustion rates are proportional to grain size and the size distributisn : O
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 seemed worthwhile to perform a mathematical
sengitivity analysis using different radii. This was accomplished using omne
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 where 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 buraing-rate exponent.

e
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VII. QUICKNESS VALUES

The derivative of the closed bomb pressure-tima curve was formed as a
function of the percent of maximum pressure achieved. Each poiat o* the curve
is a quickness value related to a particular correspondirg pressure. Four
such points at 25.0, 37.5, 50.0, and 62.52 of maximum pressure are customarily
selected to represent quickness and the average of these fsfr 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 co-pensatec for different
burning modes, whatever they may be.

VIII. PLAH!SPREAD RATES

Open air flsmespread rates were obtaxned by measuring the time required

to burn 16 g of class one black powder strung in a straight iine 46 = long.
A recording TV camera was gsed to measure burn times. Examples are given by
Vhite, Holmes, and Kello. The techniocue was improved by placing the grains
on a plastic strip and using a mirror to phoeograph the underside of the
silhouetted buvning string. This placed the black powder between the camera

and the light. Flamespread rates of 63 cu/s were Inllutad ﬁor DnPon:, 74 cn/s,
- for GOEX and 63 cu/l for Indiena samples.

33, White, H.E. Holmes, and J.R. Kelso, "Eﬁfhcﬁ of Black Peowder Combustion on
High and Low Pressure Igniter Systems,” Proc. of the 18th Combustion
Meeting, CPTK Phblicatianl%q. 308, Vol. I, p. 477, September 1979 .
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Kevin White”a extended these measurements to different classes of black
powder and his results are shown in Figure 6. The very small grains had tle
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 BRI
flamespread rate noted was suggested to be the result of individual grains ‘

oscillating, causing the gas-p»=.ticle jets to interact to a greater degree with ti?: .
adjacent surfaces. This concept was confirmed by gluing grains to a plastic ; A ::?}:ﬂ
sheet and tnen the flamespread rate dropped to 20 cm/s from the free value of gxig)
60 cm/s. When two sheets were placed in opposition, such that the gas- #Qﬁ}g
particle jets from one sheet sprayed on the other, then the flamespread rate N .
increased to its free value of 60 cm/s. ‘ i B
A great deal of effort has been devoted to develop a flamespread "tester" ;ﬁ;.‘
where most of the gzrk was performed bgathe Princeton Combuscion Research ) .{i{i--
Laboratories of NJ°  and White, et al.”~ coatributed to this gabjett, These ' el
results have been extended and summarized in a recent report. The overall , RO .

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 aaterial changes were required. Most experiments measured 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 fumctional
‘design of the Princeton Research Laboratory "Flamesp:iead Tester." Other
applications have used this tube as received with the holes plugged with a
"wax-like" substance, and measurements have been made with an electric match
or a brisant configuration using the M6l primer as found in the M28B2 ignition
system of the 105 mm Eowitzer. Since these experiments are very specific in
rature, and strongly depend on the particular geometry and venting counditione
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 combustioaz, and flamespread rates of 2000-
3000 cm/s whereas plugged tubes and soft igrition gave pressures to ’'J00 atm

- and rates to 10000 cm/s. In this latter case, non-uniform combustion was
indicated by the rear pressure gauge, whic!.,, at times, recorded pressure
pulses twice as large as normally recorded. Harsh ignition and'plugged tubea
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 of
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»qf.‘i

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

5 .a. Mbaqina, L.S. Ingram, M. Sumerfield, and J.C. Allen, "P lamespread
Propagation Rates of Various Black Powders Using the FCRL-Flames E -
Testor,” Seventh Intermatiomal Pyrotechnics Seminar, Vol, I, ITT Research NG
Institute, Chicago, IL, p. 388, July 1980. o , ' : Y
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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 co-pteued on & Materials 'reotmg

. 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 uilso 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'ioctu'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,
and 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 G‘mwud 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 Powder, P’uu I.
Proo. of the 16th JANNAF 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) funded 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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