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I. INTRODUCTION

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

In essence, black powder is made by grinding potassium nitrate, sulfur,
qnd[cha;coal into a fine powder. This meal is transformed into a cohesive
conglomerate 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
subsequently broken into pieces of .a particular size. The small lumps or
grains of black powder are then coated with graphite to retard the sbsorption
of moisture and to prevent the grains from adhering. This process has been
standardized t) some degree, in accordrace with prevailing technology, but the
operator adds water, adjusts temperatue, selects grinding time, or changes
compression pressur. based on personal experience, vhich 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 operator to Joutneynan :

A&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 explosxons, has resulted in the closing of most manufacturing
facilities in Ncrth America. The only production 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 incorpotateo a ball and wheel-mill to prepare the meal. Thé

17, yrbanski, 2 _muammmmn vol. 3, Pcramn Pma.
NY, pp. 522-346, 1837,

24. Marshall, ..nrn..m:‘.nn, end. B., Vol. 1, Blakiston s Som and Co.,
Philadelpha, P4, 19i7.

wwm, Vol. 8, Chapter 2 by P.. vieille, Gauthier- ’

Vallare Bt File, imprimeurs-Libraires, Paris, pp. 256-391, 1893.

45.7. Fedoroff and 0.E. Sheffield, Enayclapedia of Erplogives aud Related .
~Jtans, Vol. 2, PATR 2700, Piaatimxy Avsenal, Dover, NJ, pp. B165-B178, 1962.

5g. Gray, H. Marsh, and M. MoLaren, J..&tlzfal_&nm vol. 7, pp. 3385,
Dcccmbcr 1982,

64.p. Vangelder and H. &Mttar,_mwmmm,
.Columbia Univereity Prese, NY, 1937, ST
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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 Corps of Engineers 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
povder manufacturing process and to make production as safe as possible.

These concepts were translated into hardware that resulted in the first
production cycle completed in early 1983. In the planning stage, various
studies wers 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‘TB by the Chromalloy Corgl, Battelle Memorial
Institute,” Olin Corp.,” and I(i Americas Imc. 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 was used as & foundation for the design of the Indiana.
Plant. R

The performance of black powder, in contrast to‘ii"!sepatation, hps been
charactgiz:ed in the classic papers of Noble and Abel.*“? Recently, '
Williams " summarized burning characteristics and discussed several foreign

K. Lovold, U.S. Patent No. 3660546, "Process for the Preparation Black
Powder,” 2 May 1972. ’ ' of

Schmomallo " A 1 :

oy Corp.,"A Study of Modenized Techniques for the Minufacture of
Black Powder,” Propsllex Chemical Divieion, Pinal Report No. DAI-23-072-501-
ORD-P~-43, Qwomlloy Corp., Edwardsville, IL, January 1960. :

9!1..8. Carlton, B.B. Bohrer, and H. Nack, "Battelle Memorial Imtitufd
;tmmcgor:oz:d Agv;:ory Sefrvw‘ es on Comceptual Design and Development of
ew and Imp esses far the Manufacture of Black Powder,” Battell

Memorial Institute, Columbus, OH, October 19?0.,1" : _ > eile

10 . t - . ) B N B '~
J.R. Plessinger and L.W. Braniff, "Final Report om Development of Improved
Process for the Wacture eof B’lack Powdew, " RCS AMURE-109, -aui Corp.,
Indiana Army Ammaiition Plant, Charlestowm, IN, 31 December 1971.

indiana ammunition Plant, "Black Powder Manufdsturing Meility,” Vols. 1 and

2, Indiam Army Ammurition Plant, C’harle@tom, IN, 1975,

12R.4. Noble and P.A. Abél, Phil. Teans. Roy. Soc,, Lomdon, Series A, Vol. |
185,'pp. 49-155, 187¢. ‘ : .

- 13p.4. Noble and F.A. Abel, Pril. Mw Serigs 4, Vol..
171, pp. 203-279, 1880. ,‘ -

P.A. Williams, "The Role of Black Powder in Propelling Charges,” Picati
- Arsenal Tech. Report Ho. 4770, Picatimny Arsemal, Dover, W, M;y 1975. fisd

I

.
LY

PR

T
0
0%
0

IO RS
ROl

R RN
o.u.cl.vl.-lo
Rt

.

5%

A

P :
. ":“{' ."" .
“areod b




references. Roael‘~5 studied the effects of various charcoals oan 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
chsrcoal 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 ptggerty 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 present to induce the
low temperature preﬂignitingexothetm. Clearly, volatiles affect burning rates
and this is shown by Hintze"~ who recommends 822 carbon while Blackwood and
Bowden suggest 70%. Neither work relatc¢s 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 materiul; 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. No American specification exists citing volatile content but
wurrent practice uses material of 20-30%. 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 conform to the :

" density range of 1.72 to 1.80 g/cn3. The amounts of potaosiun nitrate/sul fur/
charcoal are given, but co-pact1on pressure and particle size are not. Such

‘general criteria result in a large latitude of allowable variance in mnkxng
black powder.

From the historical significance of black powder, it would appear that
the manufacturxng technology has been developed; hovever, one general .
obgervation is the same manufacturing procedure, using the same 1ngred1ents,
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 soms of the factors that affect burn
rate are known, the lot-to-lot variations have not been identified. It was

15J E. Rbse, "Invastzgatton qf Black Powder and charcoal," IHTR-433, Maval
Ordnance Station, Indian Head, MD, September 1975. -

4.8, Roae, "Black Powder - A Modem Commentary,” Proc. of the 10th Sympoazum

on Exploeives and Pyrotechnics, Franklin Research Institute, thladelphm,
PA, pp. 14-16, 1979.

17 4.0. Ktrshenbawn W Vol. 18, p. 113, 1977,

187.p, Blackwood and F .P. Bovden, w A213, p. 285, 1953.
19:.' Hintze, wm vol, 2, p. 41, 1968.
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for these reasons that the Bui.listic Research Laboratory. (BRL) has initiated
several black powder studies to elucidate the sensitive parameters that

control combustion. From scanning electr.n microscopy (S.E.MJ, it was Lo
inferred that structure was important; aci in developing this hypothesis, it
soon became clear that correlations e:>st betweean physical properties and =
combustion. This review will blend both past and current research, focusing E’”’J
on ingredients, physical structure, and combustion, in an attempt to replace ‘.}:.:]‘
some of the mysticism associated with black powder and black powder I
production. - o
' . e
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" constitueats,
varies from one source to another and from one_lot to amother. Such variance
has been studied in detail for mple charcoal ,2 where tea nnples from
material supplied by one producer and used by tlie I.diana 8lack 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-percent basis. Physical properties were determined and
include true density, volatiles, heat conteant, surface area, and pore
volurz., The extreme ranges of ten samples are summarized in Table I, whﬁeu
individual values for each analysis are given in Reference 20. tteedlun
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 dats base or ¢loged bomb evaluacionayar The empirical formula used to
cepresent DuPont and GOEX charcoals was ca.“n,h%ol.oo.

An mter’estmg obscrvation is the low surface area of this charcoal, and
thus, it is inferred that most of the pores must be plugged, £ ng a cmpletely
carbonized material would have a sirface ar2a 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 & reproducible product using an ingredient the composition of which

20R.4. Sasse’, "Characterization of Maple Charcoal Used to Make Black Pouder,"
ARBRL-MR-0332 Ballistic Researsh Laboratory, USA-ABIWX.‘ , Aberdeen Proving
round MD, Novembcr 1983, 404-136’-513. o

' 215’ Freedmn "The Thermodynamice of Real and Unreal Black PM@,"‘ Proc. v
of the 20th JANNSF Canbuatwn Meeting, CPIA Publwatm No. 388 s Vol. I,\pp
511, Octaber 1983.

22R.4. Sasse’, H. Holmu, D. Haneen, W. Aungst, 0. Doali, and R. Bowman,
"Evaluation of Slack Powder Produced by che Indiama Amy Ammunition Plant,” N
ARBRL-TR-in press, Ballistic Rcaeamh taboratory s USA-ARRADCOM, Abcndm : LT
Prmnng Graund, MD, 1984. B
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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 0.30-6.48 Al1704 12----14 gurface area 2.2-15.7

sulfur  0.01-0.02 K,0  8.4-12.9  MZ/g
oxygen 12.6-15.4 Na,0 1.0--1.8 pore volume . 2f-510
ash 2.5--10.4 Pe,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. Sasse T, "Onganic Subetitutes 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 DISTRIBUTIOR

Largest Size  4.75 4.00 3.35 © 2.80 2.36 2,36 .;ﬁlﬁ;.j ’
in am . -
. GOEX ' 00 31 9048 26.69 22025 28;‘6 11.70 . .
. :'.' " A
DuPont ' - 3,39 33.23 36.13 17.31 8.82 0.65 RN
Indiana 2.26 22,20 29.80 25,58 18,02  1.53
another, and' a second role is to prevent absorption of vater. From high speed %:i;.:

cinematography of a single burning grain, it appears that the coating acts as O
an inhibitor,and as such, it is a very important part of black powder. To RN

show the influence of this coat, samples of black powder were obtained just G
befors graphite was added to the glaze barrel; these are called green grains, RSy
and later the corresponding graphited material was also selected. The flame- T

spread rates of these two samples differed by a factor of two showing rhe "‘

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,
techaniques. Microphotographs were taken of the flat side of the hemisphere . R
created by cleaving the grain in half, much like scapping a twig, such that e
the surfaces were not marred by a tool. From the pictures, the graphite coat -
was judged to be about five microns thick. Future work will attempt to
correlate electr1c 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‘ were obtained by —
first cleaving the grair in half as described. Two ssmples from the jet and e
wheel-mill are given in Figures 1 and 2 at two differeat magnificatious. . {Z}'
Comparison of the figures shows the jet-mill produces a smaller and wore . iiﬁ
uniform distribution of particles. 1In addition, the charcoal nores were not ‘ :\;
filled with either potassium nitrate or sulfur, csptopetty that had been i..i*
aacribed to. the pressing action of the wheel-mill™ by the coacept termed : T

“iacorporation."” From these ard other such photographs, i%. was noted that the. -
.+ degree of openness of the grain increased as did its burning rate. A

*-*'tevearxng feature of the photographs was the lack of crystalline sharp edges, ‘ |
and it became apparent that a dominant feature wvas plastic flow that created ‘ e

voids and porosity in the grain. This feature was quantified by determiuing
" internal surface area and pore volume. Brunauer, Emmett, snd Teller, B.E.T.,
gas absorption techniques were used to messure surface ares,and values of 0.5

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

7‘(a) R.A. Sasse’', "The Influence of Physical Propertics of Black Powdsr om

Burming Rate,” Seventh Tmtermatiomai Pyrotechnics Semimar, Vol. 2, ITT . | : ,
Research Institute, Chicago, IL, p. 538, July 1980, o - ;j:-f;:

. otk 2
(b) R.A. Saasc' "The Influence of Physical Px-opcmu of Black Powder on R
Burning Rate,"” ARBRL-TR-02308, Bullistic Research Laboratory, USA-ARRADCOM, [

 Aberdeen Proving Ground, MD, March 1981, (4D A100273). L S




H;ur@ 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 0.0l
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 paasagewaya
had mean dxaneter- of about 0.1 micron at the narrowest cronl-sectxon.

" Another method of determining the degree of openness 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 equcl 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 differeniiu can be related to void space. Indiana, DuPont and GOEX
black powderse had bulk densities of 1.75 to 1.79, true densities of 1.94 to
1.97, end internal frec volumes were 4.10 to 5.752. Also, the maximum
theorencal density for this black powder would be 1.97 using the average true
density 'of 1.45 for charcoal (see Table 1) and the density values for sulfur
and potassium nitrate. The calculated value is alwmost equal to the measured
values of tru: density.

All of these measurements support the conclusion that the compaction step
used in making black powder induces local plastic flow producing a fused
conglowerate and cohesive mass containing a matrix of interconmnecting
passagevays and that the degree of openness of a black powder grain is
directly related to burning rate. These concepts immediately suggest the
question addressed in the next section, "How do we quantify the compaction
proce.s and apply this knowledge to nkc reproducible laboratory samples and
reproducible producnou lote?" - .

III. COMPACTION OF BLACK POWDER -MEAL

Black powder meal is pressed into a cake using various pressures and
differeat moisture contents to gchicvc s perticular grain density. This
process was examined in detail?
instrument, an Instrom, and recording both the pressure and density of the
sample. The smal] displacement rate of 0.254 mm/min was selected and a total

" load of 3,000 g/cm was applied slowly to ssmples of differeat moisture -

content. Results are given ia Figure J,vhere the early portiom of the curve
represents movement of ssterial into & close packed geometry and the linear .
portion reflects plastic flow. Hed thc‘oxporiun’t,b«u extended to higher

25(4) R.A. Sasse’|, "Strand Bum Rites to One iundred Atmophanc," Bighth
Intermational P, echnice Seminar, ITT Researoh Inctitutc, Chioago, IL.,
p. 588, July 1982

(5) R.A. Sasse’, "Strand Bu'n.lhtn to One Mundred Atnocphcnc," Proeo. Of
the dz:th JANN | Combustion mcctng, CPIA Pubuoation No. 388, Vol. I, p. 13,
October 1982. o ' _ .

(6) R.A. Sasse’, "Strand Burm Rates to One Hundred Atmoplm'n,

ARBRL-TR-02490, Dallue(c Research Laboratory, usn-mwav, Abcnd“n
Proving Ground,| D, May 1963, (AD-AI“-OO?).
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pressures, the curve would approach a vertical asymptote near values of 651

compaction. A direct relationship is shown between the logarithm of applied
global pressure to density; this functionllity was suspected to bezghe result
of compressing bounded spheres. This idea is aupported by Knudsen®" 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
superinposed one upon the other.
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 preparation of laboratory samples. Since
plastic fluw was found to be dominant, an equivalent process was adopted where
samples were pressed in a constant volume die using a spacer to control piston
travel; this avoided the Cifficulty 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 mm. 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-xcal and physxcal ﬁtopertxe. of
. blael powder, aubaequent data and dxacuu.xon will pertain to conbuotzon.

IV, AJHOSPR!RIC STIAHD BURN RATES

Inhibited black powder sticks of different densities vere made from maple
and osk charcoal mesals that were ground in the Indiana pilot plant jet-mill.
They vere burned in air at atmospheric prigoutu and photographed by
cinematography at 2000 fremes per secound. The position history of the

burning incerface was plotted as & 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 & poor imhibitor coat, indicated in the
movies by a growing crown forming at the burning xntcrfac'. These instances
could be identified and discarded. Prom the remsining cubset, 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
about 20X faster than osk. One additional experimen: was performed to compare
the burning rates of two sticks of black powder that were made to equal
densities vhere one was compressed damp and the other was pressed dry at a

2p P, Xudeen, Jo_Am, Ceramio Soo,, Vol. 43, Wo. 8, p. 376, Agust 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
pteparntxon histories.

In a further attempt to evaluate class one black powder, Indiana
graphited class, grains were ground, sieved, pressed into sticks, and strand-
burn rates measured. A similar sample was made using Indiana green grains, and
the two burn rates were similar, 0.89 and 0.91 cm/s. It was concluded that
the small amount of graptite in one sample ‘did not effect the result. GOEX
and DuPont samples had equal but slightly higher values of 1.00 cm/s. In
these measurements, original grain size or distributi>a of sizes is negated as
is any effect related to the graphite coat or original density of the '
grains. 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 burning, one can be certain of the
mode of combustion and insure that the inhibiting coat is adequate. 7For these
reasons, the test appears to have merit and parallels the older DuPont and
GOEX wmethods in which black powder is placed in a lead tube, and its diameter
is reduced by drawing the sample through an extrusion bench.

, Even though few samples were evaluated, this intrinsic combustion

. measurement ranks Indians black powder slcwer than the others. This is
somevhet surprising, for the Indiara meal was ground to a smaller particle
size, ca 15 microns, than the other meals; hence its burning rate, now
dependent 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 o~»*ain surface butn'ratec.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 bottom of the die burned six times
faster than the bLulk burn rate.

» One 16mm motion picture frams was enlarged and pcrticlc sizes were
measured by Nathan Klein of the BRL using a Quantimet 720 I-ngeAnnly:Cr.zs

- 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 distridbution 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 micron,
and' these bodies are thought to be tbc result of condcn.ation of rolction
-products.
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V. HIGH PRESSURE S"'RAND BURN RATES

Inhi.bued mple stick samples were b”ned while being photograrhed in a
windowed chamber of the digzgn of Kubota. Pairs of ssmples. 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 a aygrage response curve derived from several sefetencea summarized l)y29
Williams™" using tga values of Belysev and Haznev, Glaskove and Tereshkin
and Belyaev et al. The excellent agreement between the Russian and present
study is surprising considering the different charcoals and different
preparatxon 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:

r=1.72 P(O.l“ + 0.017) ' v (1)

vas obtained. The burn rate curve exhibited a sharp decrease in slope at

- pressures of a few atmospheres. The films were examined to see if a different
combustion mode, such as deconsolidation, was associated with this transition
and no change was recorded. The only physical difference noted was that at
low pressures the cell had & carbonaceous dopolir. on the walls, vhereas at
high pressures, large frozen droplets were seen; however, films in either case
Ilool:ed much alike. 1In ot!ss experiments, where phenolphthalein wvas
substituted for charcoal, its burn-rate curve also had a decresase 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, are both balow the
ignition teamperature, ca 450 C, the subatituted system could be & 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
che-utry as opposed to the nuaaces of charcoal.

VI. CLOSED BOMB EVALUATION
Closed~bomb techniques sand subsequent data reduction have been a concern’

of several laboratories. To ineure equivalent data processing, laboratories
exchanged ptopcllant unplu and results are given i.n s JAIIA! Combustion

7y, xubota, T.J. Chlemiller, L.Il. Cavcny, and M. &unn-ficld, "The Mechanism.

" of Super-Rate Burming of Catalysed Double Base Propellants,” Report No. ANS
1087, Dept. of Aerospace and Mechanical Soisnces, Primceton Univmity »
‘Princeton, NJ, Maroh 1973. .

2pp. Bctyacv and SF. Masneuv, Dcpcndcnoc of au-m'. Rate of S:nkc-?onn'.ng
Powder on Pressure,” Dokl. Akad. Nauk SSSR, Vol. 1, p. 887, 1960.

”A,P. Glaskova and I.A. Tereshkin, "Relation Between P&um and. &u-'m".ng
Velooity of Explosives,” Zhur, Fis. Khim., vol. 35, pp. 1682-1638, 1961.

304, Bclyacv, AJd. Karotkov, AKX, Mfcrfcnov, and A.de adimv *The
" Burning Rate of Some Explosive Substances and Niztures at Im-y lligh

Pnuuru, M, giz. Khim., Vol 37, p» 150, 1963..
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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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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.

XII. ACKNOWLEDGMENTS
To my friends Kevin White and Eli Freedman, I extend my gratitude for

their personal and scientific eupport. I also dedicate this report to my
daughter Chris.




1.
2.

3.

4.

5. .

6.

7.

'9.

10.

3§ P

12.

13.

14,

15.

PRAN RN

- - o
S, AN AN A A AR

REFERENCES

T. Urbnnsk;, Chemistry and Technology of !xplonint,_ Vol. 3, Pergmn

Press, NY, pp. 322-346, 1967.

A. Marshall, Explosives, 2nd. Ed., Vol. 1, Blakiston's Son and Co.,
Philadelpha, PA, 1917,

Memorial Des Poudres Et Salpetres, Vol. 6, Chapter 2 by P. Vieille,

Gauthier-Vallars Et Pils, Imprimeurs-Libraires, Paris, pp. 256-391, 1893,

B.T. Pedoroff and O0.E. Sheffield, !nclclol;edxa of Explosives and Related
Items, Vol. 2, PATR 2700, Picatinny Arsenal, Dover, NJ, pp. 3165-3178.
1962.

E. Gray, H. Hauh, and M. McLaren. J. Material Scxence, Vol. 17, p. 3385,
December 1982,

A.P. Vangelder and H. Schatter, History of the Explosive Industry in
America, Columbia University Press, NY, 1927.

K. Lovold, U.S. Pateat No. 3660566 "Process for the h.paratxou of Black
Powder," 2 May 1972,

Chro-nlioy COrp.,"A, Study of Modernized Techniques for the Manufacture of
Black Powder,”" Propellex Chemical Division, Pinal Report RNo. DAI-23-072-
501-ORD-P-43, Chromalloy Corp., !dvard-vilh. IL, January 1960C.

H.E. Carltonm, B. B. Bohrer, and H. Nack, “Battelle Iluorial Institute
Final Report on Advisory Services on Conceptusl Design and Development of
Nev and Iwproved Processes for the Manufacture of Black PM.:," EBattelle
Meworial Institute, Columbus, OH, October 1970.

J.R. Plessinger and L.W. Braniff, "riul Report on Djvclop-eut of
Improved Process for the Manufacture of Black Powder," RCS AMURE-109,
Olin Corp., Indians Arezy Ammunition Plant, Charlestown, IN, 31 December
1971. . v

Indians Ammunition Plant, "Black Powder Manufacturiag ‘hei'lity,?' Vols. 1
and 2, lndiann Army Ammunition Plent, cturlutovu. ll. 197s.

R.A. Noble and F.A. Adbel, !M.l. Trane. !_oz. Soc.. London, Secies A.
v°la ‘65. PP ‘9"53. 1‘750

R.A. 'Ob,.. M F.A. Ab‘lg Phil. Trans. ._o!c 80e¢. m‘“’ 8.!1“ ‘.

Vol. 171, pp. 203-279, 1880.

F.A. Williews, "The Role of Black Povdot in Ptonlung Clut;u.
Picatinny Arsenal Tech. lopott No. 4770, Pieathay Ar«ul. Dover, IJ.
May 1975.

J.B. Rose, "Innuclution of lhck Powder M Chreul," tm-&ss. Naval
Orduncc Station, Indian llud. MD, September 1015.




16.

17.

18,

19.

20.

21.

22.

23.

24.

2s.

REFERENCES (continued)

J.E. Rose, "Black Powder - A Modern Commentary,"” Proc. of the 10th
Symposium on Explosives an! Pyrotechnics, Franklin Research Institute,
Philadelphia, PA, pp. 4-16 1979.

A.D. liuhenbah, Thermocnimica, Acta, Vol. 18, p. 113, 1977,

J.D. Bllckvooil ana P.P. Bowden, Proc. ioy. Soc., London, A213, p. 285,
1952,

W. Hintze, Explosivsetoffe, Vol. 2, p. 41, 1968.

R.A, Snsé'_. "Characterization of,lhple Charcoal Used to Make Black
Powder," ARBRL-MR-0332 Ballistic Research Laboratory, USA~ARRADCOM,
Aberdeen Proving Ground, MD, November 1983. (AD Al136 513).

E. Pree‘d-'a’nb, “The mer-odynuxci of Real and Unreal Black Powder," Proc.
of the 20th JANNAF Combustica Meeting, CPIA Publication No. 388, Vol..I
pp. 511, October 1983,

ReA. Sasse', H. Holmes, D. ‘Hanseun, W. Aungst, O. Doali, and R. Bowman,
“Evaluation of Black Powder Produced by the Indiana Army Ammunition
Plant," ARBRL-TR-in press, Ballistic Research Lnboutory. USA~- .
Aberdeen Proving Ground, MD, 1984.

(&) S. Wise snd R.A. Sasse', "Organic Substitutes for Charcoal in Black -

Powder Type Pyrotechmic !‘omlnt ious,” Proc, of the 19th JANNAF
Combustion lbctm;, CPIA Publication Mo. 366, Vol. II, pp. 305, Octobcr
1982, .

(b) s. Hiu, 2.4, %23235', and H.E. Kdlmes, "Orzaaic ﬂubttitutu for
Charcosl in 'Black Poudu' Type Pyrotechnic Formulations,” ARBRL-TR-
02569, Ballistic Research Lnbontory. USA~ARRADCOM, Aberdeen Provin;
Grouud. MD, July 1984, ,

(a) R.A. Snu "IThe lnflucnco of l‘hyoieal Properties of Black Powder on

: Burning Rate,” Sncnth Iaternational Pyrotechnics s.-iun. Vol. 2, rn

Research lnctxtutc, Chicago, IL, pe 336, July 1980.

(b) R.A. Suu "Tha Influence of Phycical Properties of Black Powder on
Burning h:e, mu.-n—oz:os. Ballistic Research Ladboratory, USA-
ARRADCOM, Aberdeen Ptovin. Ground, MD, Hatch 1981, (AD A100273). :

(a) I.A.v Sasse’, "Strcnd Burn Rates to One Hundred Atmospheres,” ligheh
International Pyrotcchaics 8-1111:, rrr Research Institute, Chicngo.

(b) R.A. Suu , "Strand Burn Rates to One Hundred Atmospheres,” Proc. of .

the 19th JANNAF Combustion Meeting,. CPIA Publication No. 366, Vol. I, p.
13, October 1982.

(c) R.A. Sasse’, "Btrnd Burn Rates to One Rundred Atmospheres,” ARBRL-

"~ TR-02490, Ballistic Research Laboratory, USA-ARRADCOM, Aberdeen Proving

Ground, MWD, llny 1983, (AD A129 087).

| in.-




26,

27.

28.

’ 290

31.

32.

33.

‘35.

36.

37.

38.

REFERENCES (continued)

F.P. Knudsen, J. Am. Ceramic Soc., Vol. 42, No. 8, p. 376, August 1959.

N. Kubota, T.J. Ohle :iller, L.H. Caveny, and M. Summerfield, "The
Mechanism of Super-i ite Burning of Catalyzed Double Base Propellants,”
Report No. AMS 1087, Dept. of Aerospace and Mechanical Sciences,
Princeton University, Prince;on. NJ, March 1973.

A.¥. Belyaev and S.F. Maznev, '"Dependence of Burning Rate of Smoke-
Forming Powder on Pressure," Dokl. Akad. Nauk SSSR, Vol. 1, p. 887, 1960,

A.P. Glazkova and 1.A. Tereshkin, "Relation Between Pressure and Burning
Velocity of Explosives,” Zhur., Fiz. Khim,, Vol. 35, pp. 1622-1628, 1961.

A.F. Belyaev, A.I. Korotkov, A.K. Parferfenov, and A.A. Sulimov, "The
Burning Rate of Some Explosive Substances and Mixtures at Very High

. Pressures,” Zhur. Fiz. Khim., Vol 37, p. 150, 1963.

JANNAF do-buotion Subcommittee, Burn Rate Measurements and Dats Reduction
Procedures Panel, "Round Robin Results of the Closed Bomdb and Strand
Burner,” CPIA Publication No. 361, edited by A. Juhass, July 1982,

(a) K. White and R.A. Sa.ue, "Combustion and Flame Characteristics of
Black Powder,"” Proc. 18th JANNAF Combustion Meeting, CPIA Publicltion
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 Rssearch .
Laboratory, USA-ARRADCOM, Aberdeen Proving Ground , MD, November 1982,
(AD A122 264).

R. White, H.E. Bolmes, and J.R. Kelso,  "Effect of Black Powder
Combustion on High and Low Pressure Igniter Systems," Proc. 16th of the
Combustion Mseting, CPIA Publication Ko. 308 Vol. I,p. 477, September
1979. _ :

N.A. Messina, L.S. Ingran, M. Summerfield, and J.C. Allen, "Flamespread
Propagation Rates of Various Black' Povden Using the PCRL-Flamespread

Testor,” Seventh International Pyrotechnics Seminar, 101. I, ITT Research

ln-titun, Chicago, IL, p. 388, July 1980.

R.J. Lub and J.J. Rocchio, "snndurdintion of a Drop !hight: lhclunicnl
Properties Testor for Gun Propellants,” ARBRL-TR-02516, Ballistic

,Research Laboratory, USA-ARRADCOM, Aberdeen Proving Ground, MD, July

1983, (AD Al 32-966).

L.E. lhrrio, JeA. Lannon, R. Teld, and D. &utcd. Jo of ulliotic.,

- Vol 1, p 353, 1977.

c. hnch{t: end K, Hayes, ”!gnition Propérties of Black Powder, Phase I,"
Proc. 16th of the 'JANNAY Combustion Meeting, CPIA Publicatioa No. 303
Vol.. 3, p. 169, Docubcr 1979,

A.D. Kirshenbaum, J. of lalliotien, Vol. 1, p. 171. July 1978,

32,

. .
A B S—————— W W—— ® . AR D S—— A 0 it i - 5 e

W




) , .
mwm " 4 B "y - a2 P Rp— - "
e T AT 2 a2t AT A AT AP L a TR P N AT TACATS R s e T TS AT T e -'.l. P DA SRy

No. Of
Copies

12

_Washington, DC 20310

DISTRIBUTION LIST

Organization

Administrator

Defense Technical Info Center
ATTN: DTIC-DDA
Cameron Station
Alexandria, VA. 22314
Commander

US Army Materiel Command
ATTN: AMCDRA-ST

5001 Eisenhower Avenue
Alexandria, VA 22333

Commander

Armament R&D Center
USA AMCCOM

ATTN: SMCAR-TDC
Dover, NJ 07801

Commander

Armament RED Center
USA AMCCOM :
ATTN: SMCAR-TSS
Dover, NJ 07801

Commander
USA AMCCOM, ARDC
ATTR: SMCAR-ESK-L
'AMSMC~1RC, G. Cowan
AMSMC~-ESM-MM,
~ Jo Maciejewski
Rock Island, IL 61299

. Director

Benet Weapons Laboratory
Armament RED Center

USA AMCCOM .
ATTN: SMCAR-LCB-TL
Watervliiet, NY 12189

Commander

USA Aviation Research and
Development Command

ATTN: AMSAV-E

4300 Goodfellow Blvd.

8t. Louis, M0 63120

HQDA
DAMA-ART-M

l'(’o ‘,‘5
Copies

3

Organization

Commander

USA AMCCOMs ARDC.

ATTN: SMCAR-BPE-P,
R. Collins

Dover, NJ 07801

Director . .

USA Air Mobility Research and
Development Laboratory

Ames Research Center

Moffett FPield, CA - 94035

Commander
US Army Research Office
ATTN: R. Ghirardelli
D. Mann
R. ‘Singleton
R. Shaw
P.0. Box 12211

Research Triangle Park, NC
27707-2212. -

Co-nndef

" USA Communicat ions Research

and Development Command
ATTN: AMSEL-ATDD
Fort Monmouth, NJ 07703

Commander :

USA Electronics Research and
Development Command =

Techunical Support Activity

ATTN: AMDSD-L

Fort Monmouth, NJ. 07703

Commander’ ,

USA AMCCOM, ARDC

ATIN: SMCAR-LCA-G
" De8s Downs
J. Haberman
He. Mitsuguma -

' Dover, NJ 07801

_33 B

Commander

USA AMCCOM, ARDC -

ATTN: SMCAR-QAR-R
' - De Hansen

Dover, NJ - 07801

0
Yt}

e
AP
RN
-

e D7
<

o
on el
S
*e

-

5 ve e

.,.
‘
i

N
. .
AN

£S5
.' L

e
B

.
o
‘4; L X 4! i

-
-

.
vl )‘i

s -
O 4
AR AP P S

A

Ak o

" CeeNwY
e @ v )
B ATRE RRT R

U R

8 .n::

<-
.
LAY

R d
)
»%e

o, e "0
& -

TE

e

et .t
2 .J-‘lé:.' .f .-'

T

w, f}rf";!'
.';'J‘Q\-" oy

b

.

TR ]
2

_.’d’g'-\"

’_ .
=]

Jd7T




No. Of
Copies

1

‘Dover, NJ

DISTRIBUTION LIST

Organiuc ion

Commander _
USA AMCCOM, ARDC
ATTN: SMCAR-LC, L. Harris
Dover, NJ 07801

Cosmander

USA AMCCOM, ARDC .

ATTN: SMCAR-SCA~-T

L. Stiefel
07801

Commander
USA Migsile Comsand
ATTN: AMSMI-R

Redstone Arsenal, AL 35898
Commander

USA Missile Co-nnd

ATTN: AMSMI-YDL :
Redstone Arsenal, AL 35898

Commander

USA Missile Command
ATTN: AMSMI-RK, D.J. 1lfshin
Redstone Arsenal, AL

Commander

USA Tank Automotive
Command

ATTN: AMSTA~TSL

Warren, MI 48090

Director

USA TRADOC Systems Analyoil '

Activity
ATIN: ATAA-SL
WEMR, MM 88002

CO-nndant: '

US Army Infantry School
ATTN: ATSH-CD-CSO-OR
Port Benning, GA 31905

Commander

35898

Indiana Army Ammunition Plant
ATIN: SMCIN-EN, G. McCloskey .

Charlestown, IN 47111

34

' No. Of

Copies
1

8ilver Spring, MD

Organization

Office of Naval Research
Departwment of the Navy -
ATTN: R.8. Miller, Code 432
800 N. Quincy Street
Arlington, VA - 22217

Navy Strategic Systems
Project Office '
ATTN: R.D. Kinert, SP 2731

Washington, DC - 20376

Cosmander : ’

Naval Air Sycteu Command

ATTN: J. Ramnarace,
AIR-54111C

Washington, DC 20360

Commander ‘

USA AMCCOMs ARDC '

ATTN: AMSMC-LCB-L

Rock Illand IL 61299

cm
Naval Ordnance Station
ATIN: C. Irish
8. Mitchell:
R.L. Stang, Code 515
Jeo .O_.Q
Indian Head, MD 20640
Commander -
Naval Surface Huponc Center
ATTN: J-Lo Bast, JEe,: 0-20
Dahlgres, VA 22448

Commander

Naval Ssrfacs Wocpm Canr
ATTN: G.B. Wilmot, R-16 -
20910

Commander S
Naval Wespons Center

 ATIN: R.L. D.gr, Code 389

China Lske, CA
Conmander

93555

US Army Dcvalap-en: & nnployunt
"ATIN: MODE-TED-SAB

Fort Lewis, WA 98433

-

. -
-"..“..l o
'. LR
LR R

h

P R ACRT
AR
oy P
EAS ‘
o ol a
"" a¥V e

3
L)

‘at’e
.,
:
S
g

J"/‘)’ VA
e

X2
7.

R
3

2L RTY
SRR WA R

S

LAY A XN ﬂ'. 7,
3‘:.:..;(:‘.#‘.;. ) fonty ' .



No. Of

Copies

2

~ Edwards AFB, CA . 93525

Kirtland AFB, WM

Organization

Commander

Naval Weapons Center

ATTIN: Code 3891, T. Boggs °
K.J. Graham

China Lake, CA 93555.

Commander : .
Naval Weapons Support Center
ATTN: Bernard E. Douda,

- Ccde 50C

Crane , Ind. 47522

Counander
Naval Research Laboratory
Washington, DC 20375

- Commander

Neval Undervater Systems
Center Weapons Dept.

ATTN: R.S. Lazar/Code 36301

Newport, RI 02840

Superintendent .
Naval Postgraduate School.
Dept. of Aeronautics

ATIN: D.W. Netzer
Monterey, CA 93940

AFRPL (DRSC)
ATIN: R. Geisler
D. George:
B. Goshgarian
J. Levine
“- lo.'
D. Weaver

AFATL/DLDL A
ATTN: 0.K. ﬂ.in‘y
Eglin AFB, FL 32542
‘AFOSR

ATTN: L.H. Caveny _
J.M. Tishkoff
Bolling Air Force Base
Washington, DC 20332
AFWL/SUL '
87117

DISTRIBUTION LIST

No. Of
Copies

Organization

NASA

Langley xesearch Center
ATTN: G.B. Northam/MS 168
‘Hampton, VA 23365

National Bureau of Standards
ATTN: J. Hastie ‘
M. Jacox,
T. Kashiwagi
_ H. Semerjian
US Department of Commerce
Washington, DC 20234

Aerojet Solid Propulsion Co.

ATTN: P2, Micheli :

Sacramento, CA 95813 -

Applied Combustion
Technology, Inc.

ATTR: A.M. Varney

- P.O. Box 17885

Orlando, FL 3286Qv
Atlantic Research Corp.
ATTN: M.K. King

5390 Cherokee Avenue
Alexandria, VA 22314

Atlaatic Iaiearch Corp.
ATIN: R.H.W. Waesche
7511 Wellington Road

'“ Gainesville, VA. 22065

, ssﬂ%h“

AVCO Everett Rsch. Lab.
ATTN: D. Stickler :
2385 Revere Beach Parkway
Everett, MA . 02149

Battelle Memorial Institute
Tactical Technology Center
ATIN: J. Huggins

505 King Avenue
Columbus, OH 63?01.4
CEMCO'

ATTN: Sean Wise :
9901-K Palmer Highway
Lanham, MD 20706

1“7
o

! ‘:3:. N
S0 EC

4
L0
Tatar

.,,4
¥ -"'
[}

)

Se o
"

':. 2 -'." )
K %)
X0ty 4 !. aks!

4
T EY W

ﬂj;qv
e 0

X

a';'

o5

.- .
)

J T

:"“.‘

~

N

AR
)

.- .
i ke

¥



No. Of
Copies

1

DISTRIBUTION LIST

Organization

Estes Industries
ATIN: E. Brown
Pearose, CO . 81240

Exxc:t Research & Eang. Co.
ATIN: A. Dean
M. Chou

" P.D. Box 45

Tinden, NJ 07036

Ford Aerospace and
Communications Corp.

DIVAD Division

Div. Hq., Irvine

ATIN: D. Williams

Main Street & Ford Road

Newport Beach, CA 92663

General Electric Armament
& Electrical Systems
ATIN: M.J. Bulman
Lakeside Avenue
Burlington, VI 05401

General Electric Company
ATTN: M. Lapp
Schenectady, NY - 12301

General Motors Rsch Labs
Physics Department
ATTN: R. Teets

Warren, MI 48090

. w“. Inc. . \ . :
"ATIN: E. Fahringer
Berlin Plant

quaic. PA 18507

GOEX, Inc.

ATTN: D. lLevey
Route 3, Box 423
Cleburne, TX 76031

No. Of
Copies

3

Organization

Hercules, Inc.

Allegheny Ballistics Lab.

ATTN: R.R. Miller
P.0. Box 210
Cumberland, MD 21501

Hercules, Inc.
Bacchus Works

ATTN: K.P. McCarty
P.0. m 98

Magnsa, ‘UT 84044

Hercules, Inc.
APATL/DLDL

ATIN: R.L. Simmons
Bglin APB, FL 32542

Honeywell, Inc.

Defense Systems Division

ATIN: D.E. Brodeun/ '
M8 MN50-2000

600 2nd Street NE

Hopkins, MM 55343

IBM Corporation
ATTN: A.C. Tam
Research Division
5600 Cottle Road

San Jose, CA 95193

Charlestown, IN | 47111

. D Bund
le-in;tna. DE

Director S
Lavrence Live e
National Lazzaztory
ATTN: C. Westbrook.
Livermore, CA 945

l--.’a
. ) \
B

Ty,

{

MO N
SA IS LP l;
RPN A

TE

¢
F s
2 Y

.ﬂr
(N

57
o
Bt

(4

R

g
R A7
e

LV A

e

Ly .3 4
YO
YA

a5 e

efete
AR

.,‘:,.;-'
(S )
XA

,..l.l:'.e k

'.fi;’:l'f:{l °

T

4

-
L]
* P re.

a'.‘.' ;) ~‘;‘
K]

Lt ]
)
v

-a

LY W
T o

[T
5‘.5"¥'. P

'S

o
b4
at

o0
PR &

- -
e, Yol
o'ae o

.

A

hibsd
(XY

Py

ARSI

el

»
.



No. Of
Copies
-2

DISTRIBUTION LIST

No. Of
Copies

Organization

Lockheed Missiles & Space Co.

ATIN: George Lo 1
Alexander, Hart

3251 Hanover Street

Dept. 52-35/B204/2

Palo Alto, CA 94304

Los Alamos National Lab 1
ATTN: B. Nichols
T7, MS-B284
P.0. Box 1663
Los Alamos, NM 87545 1

Olin Corporation :
Smokeless Powder Operations
ATTN: R.L. Cook

P.0. Box 222

_ St. Marks, FL 32355

Paul Gough Associates, Inc. -

ATTN: P.S. Gough : 4
1048 South Street

Portswmouth, NH 03801

‘Princeton Combustion ,
Regearch Laboratories, Inc.

" ATTN: M. Summerfield

N.A. Messina S :
475 US Highway One :
Monmouth Junction, NJ 08852

Hughes Aircraft Company ,
ATTN: T.B. Ward L 1
8433 Fallbrook Avenue

Canoga Park, CA 91303

Rockwell International Corp. ,
Rocketdyne Division 1
ATTN: J.E. Planagan/HB02 : '
6633 Canoga Avenue
Canoga Park, CA 91304
3§§E§°§.:ion.1 Laboratory

Combustion Sciences Dept. 3
ATTN: R. Cattolica

D. Stephenson

P. Mattern

hiver-orc. CA 94550

37

rfLSRI International
- ATTN: 8. Barker

" Teledyne McCormack-Selph

Am: c. metitt ‘ - .}'7'_\"
. 3601 Union Road - -

Hollister, CA 95023 S |
’ L : LS

‘Thiokol Corporation o

Elkton Division . : i%;

ATTN: W.N. Brundige S Y

P.0. Box 241

"ATTN: Billy Graham

- Organization

2}5 ggoﬁational Laboratory

_ATIN: M. Smooke

Division 8353

N - Livermore, CA 94550

Science Applicationo, Inc.

ATTIN: R.B. Edelman
23146 Cumorah Crest
Woodland Hills, CA 91364

. Science Applications, Inc.

ATTN: H.S. Pergament .
1100 State Road, Bldg. N

Princeton, NJ 08540

D. Crosley

D. GOIdCﬂ

Tech Lid
333 Ravenswood Avenue
Menlo Park, CA 94025

Stevens Institute of Tech.
Davidson Laboratory

ATIN: R. McAlevy, III
Hoboken, NJ 07030

Elkton, MD 21921

Thiokol Corporation
Huntsville Diviaion

Euntsville, AL 35807




No. Of
Copies

3

-

DISTRIBUTION LIST

Ofgani:ation

Thiokol Corporation
Wasatch Division

ATTN: G. Thompson

P.0. Box 524

Brigham City, UT 84302

Thiokol Corporation
Longhorn Division
ATTN: D, Dillehey

. P.0. Box 1149

Marshall, TX 75670

United Technologies
ATTN: A.C. Eckbreth
East Hartford, CT 06108

United Technologies Corp.
ATTN: R.S. Browa
R.0. McLaren
P.0. Box 358
Sunnyvale, CA 94086

Universal Propulsion Company o

ATTN: H.J. McSpadden
Black Canyon Stage 1 |
Box 1140

- Phoenix, AZ 85029

Veritay Technology, Inc.
ATTN: E.B. Filhct

'Bow-anlvxlle, 14026

Brigham !ohng Uniicriity

Dept. of Chemical Engineering
‘AITR: M. W, lcckntecd

. M. Lee
Provo, . UT 84601

California Institute of Tech.
Jet Propulsion Laboratory

" ATTN: MS 125/159

4800 Oak Grove Drive
Pasadena, CA 91103

39

No. Of
Copies

1

Organization

California Institute of Tech.
ATTN: P.BR.C. culiCkI
. MC 301-46
204 Karman Lab.
Pasadens, CA 91125

University of California,
Berkeley

Mechanical !nglnoer;ng Dept.

ATTN: J. Daily

Berkeley, CA 94729

University of California
Los Alamos National Lab.
ATTN:  T.D. Butler

P.0. Box 1663, Xail Stop B216
. Los Alamos, NM 87545

University of California,
~ Santa Barbara ‘
Quantum Institute’
ATIN: K. Schofield
M. Steinberg

- Santa Barbara, CA 93106

Univerlity of 8°uth¢rn
California -

Dept. of Chenxttry

ATTN: 8, Benson

Los Angeles, CA 90007

Case Western Reserve Univ.
Div. of Aserospace Scicnccl
ATIN: J. Tien

Cleveland, OB - 44135

Cornell University . =
Departmént of Chemistry

"~ ATTN: B. Grant

Baker Laboratory'
Ithacs, NY 14852

Univ. of Dayton Rsch Inst.
TTN: - D. Campbell ’
APRPL/PAP Step 24

Edwards APS, CA 93523

LS o
8,8,

od e
4 .
LEARERLS e
R R R
LA AR
%y pte e otas by A

D
.,
'

NI aal

‘l
N ]
¥

«
e
.

LA
...l.
)

i

vy

U |

S
ity

by
q.'..o.' ;.




OIS0 T’ Il L TR TP TG PRSI ILAT - LA DL I W Rl e e 8

' No. Of
Copies

1

‘. ATTN:

- ATTN:

'j\‘~

LY

. DISTRIBUTION LIST

Organization
University of'qufida
Dept. of Chemistry

ATTIN: . J. Winefordner
Gainesville, FL 32601

Georgia Institute of
Technology

School of Aerospace

_-Engineering

\ E. Prize

Atlanta, SA 30332

Georgia Institute of
- Technology

School of Aerospace
Engineering

ATTN:' W.C. Strahle

", Be.T. Zinn
Atlanta, GA 30332

University of Illinois
Dept. .of Mech. Eng.

ATTN: H. Krier . :
144MEB, 1206 W. Green St.
Urbana, IL 61801

Johns Hopkins University/APL

Chemical Propulsion
Information. Agency

ATTN: T.W. Christian

Johns ‘Hopkins Road

. Laurel, MD , 20707

University of Minnesota
Dept. of Mechanical
Engineering o
E. Fletcher L
Minneapolia, MN 55455

Pennsylvania State University
- Applied Research Laboratory

ATTN: G.M. Faeth
K.K. Kuo
H. Palmer

M. Micei

University Park, PA 16302

..39.

No. Of
Copies

1

Troy,

-

a . ¢ -, .
AR AN AL AN AU XSRS A D S A

Organization

Polytechnic Institutz of NY
ATTN: S. Lederman
Route 110
Farmingdale, NY 11735
Priaceton University
Forrestal Campus Library
ATIN: K. Brezinsky

I. Glassman
P.0. Box 710
Princeton, NJ 08540
Purdue University
School of Aeronautics

and Astronautics

ATIN: R. Glick

J.R. Osborx ‘
Grissom Hall

‘ West Lafayette, IN 47906

Purdue University
School of Mechanical
Engineering

ATIN: N.M. Laurendeau

© SeNoB. "urthy
D. Sweeney

TSPC Chaffee Hall

West Lafayetze, IN 47906

Rensselaer Polytechnic Inst.

Dept. of Chemical Engineering

ATTNR: A, Pontijn

M 12181

' Southwest Research»tqstitute

ATIN: .R.E. White
A.B. Wenzel
8500 Culebra Road

San Antonio, TX 78228

- Stanfofd University

Dept. of Mechanical
Engineering

ATTN: R. Hanson

Stanford, CA 94305




DISTRIBUTION LIST

No. Of A
Copies Orgsnization

2 University of Texas
Dept. of Chemistry

" ATTIN: W. Gardiner
Austin, TX = 78712

1 University of Utah
Dept. of Chemical Engineering
ATTN: G. Flandro
Salt Lake City, UT 84112

1 Virginia Polytechni.
Institute and
State University
ATTN: J.A. Schetz
Blacksburg, VA 24061

10 Coumanding Officer
Naval Weapons Support Center
AITN: Code 50C, Bernard Douda
TTICP Offic-r
Crane, IN 47522

Aberdeen Proving Ground

Dir, USAMSAA
ATTN: AMXSY-D
_AMXSY-MP, H. Cohen
Cdr, USATECOM
ATTN: AMSTE-TO-F
Cdr, CRDC, AMCCOM
ATTN: SMCCR-RSP-A
SMCCR-MU
SMCCR-SPS-IL

.40

s .

{
.l

LA
:‘
"2
'
'S

PN, et itio
Dy I e
. o5 .:_‘:l‘l"

U}

reese-o

io;o{
L)
‘.»"a"l

.,
)

NIY31
¥
MRS

.0 s v-e
NN N
Yo fuke el

'

%

;‘. L/
.
W
o
-

>
A

s v v
. ,I'.‘.‘n“,'v 4
AR

. - .
LN
..

!

‘end-

L}
7,

X AN

TaoLY,
Xy




Rt 7 N

DA T AR RN L AL E R T

"reports? (Indicate changes to organization, technical content, format, etc.)

USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to imprcve the quality of the
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