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I. INTRODUCTION

Successful performance of a traveling charge gun requires propellants
with very high burning rate characteristics, much greater than conventional
propellants. A new class of very high burning rate (VHBR) propellants are now
under development.l The purpose of this work is to estimate the suitability
of new boron-hydride formulations for this purpose and to understand the
mechanisms that control the burn rates of these materials.

This report describes closed chamber studies of the combustion
characteristics of several VHBR formulations, Additionally, tests were
carried out in an optically transparent chamber using high speed
cinematography and time correlated pressure measurements. These techniques
help characterize the burning characteristics of VHBR compounds.

II. CLOSED CHAMBER STUDIES

A. Experimental

Closed chamber combustion studies were carried out on nymerous new
formulations at loading densities of approximately 0.08 g/cm’, Samples, as
received, were in the form of cylinders or slabs. For all tests, samples were
end ignited with an Atlas, M100 electric watch and 1 g of class 6 black powder
(FFFG). Samples, at first, were inhibited on the sides with asphaltum. As in
previous studies2 it was found that circumferential confinement of the sample
was very important in obtaining rapid burning rates. Consequently most of the
tests were conducted with 12.5-mm diameter, 25.4~-mm long samples mounted in
steel sleeves, with a wall thickness of either 1.2 mm, or 3.2 mm, in a closed
chamber of volume 54.5 cm’. The samples were held in place using a liberal
application of slow-curing epoxy. The samples which were in the form of slabs
were trimmed, coated with epoxy and fitted into the standard sleeves. The
experimental set-up is shown in Figure 1.

Pressure measurements were made using Kistler 607C3 and 607C4 transducers
along with Kistler 504E charge amplifiers. Data were acquired using dual
Nicolet Explorer III digital oscilloscopes. Data were then transferred to a
P?P 11/34 minicomputer., Propellant burn rates were calculated using the CBRED
24 program, assuming end burning of the samples.

The samples used in this study are identified in Table 1, which lists the
details of the composition and their density as a percent of theoretical
maximum density (TMD). The reasoning governing the choice of composition and

*A.A. Juhasz, S.T. Peters, R.E. Hanson and L.K. Asaoka, "Development of VHBR
Propellant Formulations with Improved Safety Characteristics,” 21st JAN%YAF
Combustion Meeting, Johns Hopkins University/ Applied Physics Laboratory,
Laurel MD, 1-5 October 1984.

2A.A. Juhasz, 1.W. May, W.P Aungst and F.R. Lynn, "Combustion Studies of Very
High Burning Rate (VHBR) Propellants,” Ballistic Research Laboratory
Memorandum Report, ARBRL-MR-03152, February 1982.
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e density is discussed by Juhasz.l
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1; B. Results

)

‘ Table 2 gives the results of closed chamber firings for a large number

'S of compounds defined in Table 1. This table contains the sample ID, loading

? density, measured maximum pressure (Pmax), the percent of the calculated

" Pmax, rise time from 16-90% of Pmax, and the transition pressure which will

b be discussed later. No calculations for Column 4 were carried out for

| samples TC-003-011. Rise time was chosen as the measurement to compare
compositions. Nominal average burn velocities can be estimated using these .

;‘ rise times and sample dimensions. Also, burn rates can be determined by

*q standard closed chamber reduction techniques. However, both of these
calculations assume a laminar cigarette-~type burning of the compound. A

E] later section will show that this is probably not the case. Furthermore, it

> has been observed both in this study and previous ones“ that the pressure
measured in the chamber by the gauge 1s not the same as the pressure at the

. burning surface. This is shown by the fact that the steel sleeves

. surrounding the samples are badly distorted during the burning of the fast

N

) samples. Thus, the pressure internal to the sleeve is not the same as
measured by the gauge at the chamber wall. Nevertheless, it is instructive
X to calculate apparent burn rates as a function of chamber pressure for
comparison of formulations and evaluating reproducibility.

An example of a pressure~time history is shown in Figure 2. A very

2y sharp discontinuity is observed at approximately 130 ms. This 1is defined as
e a transition pressure, and is listed in Table 2. The rise time is measured
- beyoand this transition. This abrupt change was not always observed,

especially for the slower burning compounds. Burn rates were calrulated
using data that were beyond this transition point.
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Several observations can be made from these data obtained from the
standard CBRED 2 closed chamber burning rate reductions of the pressure time
data. Reproducibhility from run—-to-run was at best, fair. This is iilustrated
in Figure 3, sample TC-016 (100% TMD). For conventional slow propei.: s,
reproducibility is on the order of 1 to 2 %. 1In this case the scatter was
from 10 to 15%. For the lower density, faster burning samples the scatter was
larger.

Additionally, it was observed that the low density 1086-7B burned much
slower (6 seconds) under ambient conditions, even when the side walls were
confined. Consequently, for these compounds, pressure is required for rapid
burning. Under closed chamber conditions with self-pressurization,
confinement of the sides of the compound is also required for rapid burning.
This 1is seen in Tabhle II for formulation 1086~7B. Samples burned 1in the
chamber without confinement burned substantially slower. As a consequence of
these tests, all subsequent compouuds were burned in a confined configuration,

The compounds identified as TC-014,015 and 016 form a family wherein the
ditference between them is in the percent binder., Tabhle 1 shows that TC-01l4
contains 15% Kraton binder whereas TC-01l5 has 10% and TC-016 5% binder. There
i{s a corresponding increase in the amount of RDX. All of these compounds were
also pressed to 100%, 95% and 90% of the T™MD. 1t is clearly shown that the
burning veloclity increases as both the ZTMD and binder content decrease. An
increase 1s also observed in the apparent burning rates and is shown in
Figures 4 and 5.

Figure 4 illustrates an abnormal behavior for the burn rate which has
also been observed in previous studies. The rate decreases as pressure
increases. This is seen priwmarily for the fast burning compositions. The
assumption in these calculations is that the propellant burns cigarette-
fashion and that the surface area remains constant during the combustion
process. In fact, 1f the sample were burning porously with subsequent
deconsolidation, the surface area would start to decrease leading to an
apparent decrease in calculated burning rate. This phenomena, due to form
function mismatch, 1is sometimes observed in conventional multi-perf
propellants when slivering occurs, i.e. when the perforations burn through.
The surface area of the slivers decreases as they burn leading to an appareat
computed decrease in burning rate. More discussion on porous burning will be
given in the section entitled Optically Transparent Chamber.

As shown in Table 2, the effect of density is also observed with sample
1086~7B which was pressed at both 100% and 88% TMD. The latter burns ia a
much shorter time,

The degree of confinement also has an effect on the burn time and this is
tllustrated in Figure #. 1In these runs, one sleeve had a wall thickness of
1.6 mm and the other 3.2 mm. The stronger confinement induces a faster burn
possibly due to higher internal pressures permitted by the stronger sleeves.

Evidence of overpressure within the confining steel sleeves 1is shown in
Figure 7. Generally, the degree of deformation of the sleeves iuncreasel with
decreasing % T™D for a given composition. However, in one case (TC-016,95%
TMD) the sample produced complete fracturing,

12
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The last entry in Table 2 demonstrates the importance of composition.
TC-014, 015 and 016 differ only in the binder content. Composition TC~020
contains an energetic binder.® Formulations TC-0Ql4 thru 016 had an inerc
binder, Kraton. Further the oxidizer in these formulations was RDX. T
contrast, composition TC-020 had an active (energetic functionality) biunder as
well as an oxidizer composed of TAGN/HMX. Both the energetic binder and TAGN
were used to increase in their burn rates. The burn time for this formulation
was by far, the shortest measured for any of the formulations in this
series. It should also be noted, that the trausition pressure for this
formulation was approximately 1/2 that of the other compounds. The speed of
burning appears to correlate roughly with the transition pressure, i. e. the
faster formulations have a lower transition pressure,

Formulations designated TC-007 through TC-01ll gave very long rise times,
from 300 ms to 3 seconds. These long times correlate with the high binder
(and lower oxidizer) content which varied from 25 to 33 Z%.

Column 4 in Table 2 gives the percent of the calculated wmaximum pressure
reached by the experimentally measured maximum pressure. A relatively low
value is found for the slower burning formulations which may be attributed to
a large heat loss. Nevertheless, even fast burning formulations such as 1086-
7B (88% TMD) and TC-015 (90% TMD) substantially deviate from calculated
values,

C. Conclusions

The burn times of these samples under closed chamber conditions were
found to depend on a number of factors:

Composition — burn times varied by several orders of magnitude depending
on the composition, Increased solids loading, the use of Hivelite 498 (as
opposed to Hivelite 466) and the use of an active binder, GAP (in place of
Kraton, CTPE and HTPB) all aided in obtaining faster burning rates. The
reasoning behind the choice of composition will be discussed in another
paper.

Density - densities were varied from 88% to 100% of the theoretical
maximum density. Over this range of densities the burn times changed by more
than a factor of 20,

Confinement - side confinement was found to be essential for rapid
combustion. The degree of confinement was also found to be important as
lightly confined samples burned slower than those confined in heavy-walled
tubes.

Pressure ~ samples confined only on the sides and burned at ambient
pressure ylelded very low burn rates demonstrating the need for pressurization
before rapid combustion can take place.

.-

AR

Transition pressure - for many samples, there appears to be a transition
pressure where slow combustion changes to a more rapid combustion. This is
generally no greater than 7 MPa. At this point one can only speculate on the
nature of the chemical and physical causes for this observation.
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gkﬂ ITI. OPTICALLY TRANSPARENT CHAMBER STUDIES
) ]
;“‘ A. Experimental
Ui
To complement the closed chamber and x-ray transparent studies3 on these
om compounds, experiments were conducted employing a horizontally mounted,
} ; optically transparent chamber shown in Figure 8. The inside diameter of the
?*: plastic chamber was 12.5 mm, just large enough to accommodate the samples.
1?* The outside diameter was 50.8 mm. The chamber length was 130 mm giving a
55; nominal loading density of approximately 0.25 g/cm”. The forward end of the
chamber was fitted with a blow-out rupture disc consisting of two thicknesses
I of 0.48-mm aluminum. The blow-out pressure was calculated to be 2] MPa. The
YI° rupture pressure of the plastic chamber was calculated to be ahout the same,
1% . 2] MpPa. The samples were ignited with an electric match, and 0.2 grams of
b, Class 6 black powder.
Y
A pressure gauge was mounted in the forward section of the chamber, just
A before the rupture disc, 11.3 cm from the front surface of the sample. A
s second gauge was mounted at the rear of the chamber, beneath the end of the
;%; sample. Both gauges were recessed so as not to be impinged upon by solid
A% particle combustion products. The sample was epoxied to the sides of the
Ny transparent plastic chamber, and to the bottom of the end wall containing the
_ second gauge. On some tests the epoxy covered the end wall gauge hole,
ey resulting in either a zero pressure reading, or a sudden jump in pressure when
,ﬁ%- the =2poxy film was ruptured by the rising pressure. Consequently, the first
13 gauge was used as the primary data source. Time zero is defined as the time
4 of application of the voltage to the electric match. For some measurements
; time zero 1s arbitrary, due to the triggering mode of the data acquisition
system.
:fﬁ A high speed cinematography system was used to record photographic events
j}; at 5000 pictures per second. Thus the time between frames was 200 micro-
-;j seconds, and the exposure time for an individual frame was 80 microseconds. A

strobe light source was used to provide external lighting to the chamber.
This source had a pulse width of approximately 1.5 microseconds and was

-

r; triggered by the camera to give lighting to every other frame. Thus, the
AY resulting pictures consisted of alternate frames of self-illumination and
k;j external illumination. To increase contrast and visibility of the event, a
pﬁ reflecting tape was mounted on the plastic chamber wall, opposite to the
b camera.,

0t B. Results

.sl -

4: Numerous tests in the optically transpareant chamber were carried out on
L the TC-014, 015 and 016 family of formulations. As seen from Table 1, they
) represent a systematic approach to studying the effects of formulation and
— density variation. Additionally, as seen in Table 2, the results from the

i closed chamber tests showed a systematic sequence of burn characteristics.
o:f °J. Trimble, R. Frey, K. White and A. Bines, “"X-Ray Studies of the Combustion
of Some VHBR Propellants,” 21st JANNAF Combustion Meeting, Johns Hopkins

32 University/ Applied Physics Laboratory, Laurel MD, 1-5 October 1984.
3

N 19

b ]

M

R

B
)

N L A S S W T A o S NN AL RS S LS
Q% 3 R A R A AL AN A R AR R A B
Ylae \ah e €% LAY e . A g (5 e oglf < g ™ x -0 h 3 A Z - %

ey
. oL

T A TG
LN TETEL, TS PX RS RN



i

a5,
g
5
891pN1S YGHA 103 uoyieanByjuo) iaquey) juaiedsuea] Ayyeoyido °g aandr4 m
3ONVO UNSSIUd o =5
m
wuw § ' 2
= 7 7
¥31INOI ; Aw - @g33dS HOIH
. S B §] S< .
glwwzL B ™\ S~
ww gg1  IAIAS ALONTP . ww g'0g X ZOL  ~~ _ o S
3dvl m YIAWVHD ~oY 2
EV U EAEE]] \ 1om % =
3g0¥10313 " ™ =
il T— = 3IONVO 3¥NSSINd &
& ww 96°0
NSIA 1NO-MOTE

ww G'Z|

¥IGWVHD
NOISNVdX3
I r_’

ol P TR g Pk pien $7 e o ot M - 52 R IR NP . e " 2 s s s " o o o g
e < P> 3 . Chets 2 be e g SRy [ - - — e - -~
T~ o5 = fe ! - - 8 J\.\-., A %m R T s o uﬂ.ﬂ -\\.wknﬂ\d% " x h.i#l‘\." 1‘)!. Lol -a. o - 14.“ -H N 4 r .-L.'.,-n.!.d- !

v Ve et



« o B N

Vot

b » o0

PPl . ~ «

.
u
o
i3
¥

Sfi?& 3

t‘:.}m} 0, .{?.{»:f-'ﬂ A{ TSR IS

An optical study of the combustion of these formulations sheds light on the
VHBR combustion mechanism.

The pressure-time history for sample TC-014 (100%Z TMD) is given in Figure
9. It is seen that there is a slow steady rise in pressure until the blow-out
disc ruptured, at 20 MPa. These results are qualitatively similar to those of
the closed chamber. A sketch of several frames from the high speed
cinematography recordings is shown in Figure 10a. The original color film
does not reproduce well enough to show the important details. It may be noted
that during the entire combustion sequence, the front surface does not
regress, even though the pressure-time hi . ; and the gas flow observed in
the film indicates substantial gas gencration. As time progresses, light from
combustion appears further from the front surface of the sample until, finally
burning is observed throughout almost the entire sample. At this time, the
blow-out disc ruptures and the combustion light disappears. Post firing
examination of the chamber revealed a black, porous residue, approximately the
same overall dimensions as the original sample. A photograph of the cross
section of this residue is shown in Figure 11l. From both the high speed films
and the residue it is clear that a porous burning of the sample was taking
place, and that there was little or no front surface regression. The sample,
therefore, was not burning in a laminar, one—dimenzignal manner. This mode of
combustion has been suggested by previous authors.

The next sample tested was TC-016 (100% TMD). The density was the same
as the previous sample, but it contained 5% binder instead of 15%. Although
no quantitative measurements have been made, this material could be cut more
readily than TC-0l4 The pressure~time history is shown in Figure 9. Although
faster burning than the TC-014, (100%) sample, it still was slow, consistent
with the closed chamber results. A sketch of the high speed cinematography 1is
shown in Figure 10b. This shows the evidence of porous burning, with no front
surface regression, but combustion 18 observed throughout the sample (second
from left). A later time sequence of the film (Figure 10b) shows that the
combustion front reached the end wall and the remaining propellant was forced
towards the blow-out disc, maintaining a cylindrical form. This movement was
probably caused by the combustion taking place in the small volume at the end
wall, causing the sample to be pushed down the chamber, and out through the
blow-out disc. Again, the films show clear evidence of porous combustion.

The pressure-time history for TC-015 (90% TMD) is shown in Figure 12, No.
9. The pressure rises slowly from 22 to 46 ms, increases more rapidly from 46
to 51 ms and rises abruptly from there until both the blow-out disc and
chamber ruptured. Figure 13 shows the same run at a higher time resolution
(arbitrary time zero). Figure 10c shows a sketch of the high speed films.

¥R. Price and J. Ward, “High Burn Rate Propellant as Applied to Recoilless
Traveling Charge Gun,” Naval Weapons Center Report No. NWC TM 3062, February,
1977.

5R.A. Fifer and J.E. Cole, "Transitions from Laminar Buruing for Porous
Crystalline Explosives,” Proceedings Seventh Symposium (International) on
Detonation, Naval Surface Weapons Center Report No. NSWC MP82~334, 16-19 June
1984.
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Porous burning is observed throughout the entire length of the sample without

surface regression. In the last frame the sample appears to burn all at once

with the chamber rupturing. This coincides with the sudden pressure drop seen
in Figure 12,

The fastest burning sample of this series was TC-016 (907 TMD). The
pressure—time history 18 seen in Figure 12. The same observations can be made
here as for TC-015 (90% TMD). The sample burns porously with some
pressurization and at approximately 5 MPa changes to a very rapid burn/breakup
of the entire sample with a sharp rise in dP/dr,

It should be noted here that the uxpected peak pressure for the loading
density used in these tests was between 300 and 400 MPa. As seen in Table II,
the transition pressure is less than 7 MPa. Consequently only a few percent
of the propellant has burned before the traunsition to a very rapid burn takes
place. Thus, the initial porous burning takes place in only a small volume of
the propellant.

C. Conclusions

The optically transparent chamber results confirm and help explain some
of the closed chamber results, and add some insight to the VHBR combustion
mechanism. The model postulated here is that these compounds do not burn in a
laminar, one dimensional manner, but rather burn porously, at least during the
early phases of combustion when only a few percent of the propellant has
burned. There is little or no one-dimensional surface regression. This
process 1s relatively slow. After this phase the remaining material (well
over 90%) 1is somewhat porous. If conditions of density/porosity and
composition of the original sample are right, the remaining material w’i. burn
very rapidly. This transition to the rapid combustion may require
pressurization. The porous burning comes about because one or more components
of the formulation (for example, the fuel) burn before the others, or burn
incompletely, forming pores throughout the sample filled with hot combustion
products. If the formulation has some porosity before combustion, say 90%
TMD, this will create a large surface area and subsequent rapid combustion.
Under these conditions it is difficult to talk about apparent or effective
burning rates when bulk or indepth combustion 18 occurring.

The inherent combustion characteristics of the material may also play a
role in the rapid combustion process. Note that the fastest burning
formulation in Table II, TO—OZO2 containg an energetic binder. Earlier work
has also shown this phenomenon.

This model is consistent with the closed chamber results. A slow porous
burning mode is followed by a transition into a very rapid mode. The slow
mode yilelds a burn rate that increases with pressure (Fig. 3), and the fast
mode yields a burn rate that indicates the possibility of a decreasing surface
area as the propellant burns (Fig. 4). These arguments were discussed in the
section Closed Chamber Studies.

From these relatively slow burning samples a consistent picture of the
combustion mechanisms of pressed boron hydride containing formulations has
evolved. The data are, however, only a beginning. For faster burning
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compositions, such as TC-020, there may be further facets of the mechanism,
such as earlier sample breakup or a faster transition from igniticn to
porous burning. Further diagnostic tests will clarify this situatica,

Attempts at replacing the Hivelite fuel with other materials have .roven
unsuccessful.” To produce porous burning, a material with sufficiently
different burning characteristics from the rest of the matrix may be
required.

At this point all this must be considered to be somewhat speculative, and
many questions remain unanswered. What is the effect of sample length on this
process? 1In tests conducted thus far the porous burning reaches the end of
the sample before the transition takes place. What will happen with longer
samples?

What is the composition of the porous matrix that is left behind after
the first phase of combustion? An analysis of this residue, both physical and
chemical is important in determining the combustion mechanism of the early
porous burning mode. Since porosity can be either closed cell or connected
cell, is the type of porosity important in the combustion of these compounds?

Frey3 has seen a strong dependence of high burning rate on the bonding
of the sample to the walls of the chamber. Why is this important? We have
found that sidewall confinement 18 necessary for rapid combustion. What role
does this play in the transition to rapid burning? Although this is true for
many compositions, some very fast buraning compositions (such as 1086~5A, see
refereace 2) vequire neither pressurization nor circumfereatial coafinement to
achleve very fast burning. Thus the role of confinement is not at all clear.

How does the present model explain/fit the thrust bomb data® found with a
series of VHBR formulations? Can thrust be generated by this mechanism?

The compound with the lower binder content and higher solids loading,
TC-016, always burned faster that TC~01l4 for an equivalent TMD. Are
mechanical properties important? Does the transition pressure have anything
to do with the pressure dependence of the ignition of some propellant
materials? Thus, much work remains to be done, but at this point we have a
better understanding of at least the initial steps of how these compounds
burn.

6I.W. May, F.R. Lynn, A.A. Juhasz, E, Fisher, P.S. Gough, "Thrust Character-
ization of Very High Burning Rate Propellants,' USA ARRADCOM Ballistic
Research Laboratory Report No. ARBRL-MR~03359, July 1984.

28

.........

- o, P PR

b - .! "

RS ST A o .
RS AT A . e W, e,
N IFIPIPRPIT LRI, éh._._,_'-.u.u:d'- R NI




3 : T ————— Biiniiahitidnd st

g ACKNOWLEDGMENTS

The authors wish to thank E. Freedman and H. Polak for the thermoche:.cal
calculations, D. Devynck for the design of the optically transparent chamber
and S. Peters, NOSIH for the VHBR samples. We would also like to thank I. May
for useful discussions on this subject.

Bote 4 = &

[ PP

g o o

N S Yoy

-l . e~
S P N S

- -
»

P v 'n_.l_'-A. L e

et sl

29

Srarel AT T SO ENAG
R ATy 0 e AR AT T T




k' REFERENCES

Ie l. A.A. Juhasz, S.T. Peters, R.E. Hanson and L.K. Asaoka, "Devel.n. nt of
VHBR Propellant Formulations with Improved Safety Characteristics, Z.a:
JANNAF Combustion Meeting, Johns Hopkins University/ Applied Physics

) Laboratory, Laurel MD, 1-5 October 1984.

. 2. A.A Juhasz, 1.W. May, W.P. Aungst and F.R. Lynn, "Combustion Studies of
D Very BRigh Burning Rate (VHBR) Propellants,” Ballistic Research Laboratory
* Memorandum Report, ARBRL-MR-03152, February 1982.

; 3. J. Trimble, R. Frey, K. White and A. Bines, "X-Ray Studies of the

s Combustion of Some VHBR Propellants,” 21st JANNAF Combustion Meeting,
) Johns Hopkins University/ Applied Physics Laboratory, Laarel MD, 1-5
5 October 1984,

4, R. Price and J. Ward, "High Burn Rate Propellant as Applied to Recoilless
Traveling Charge Gun,"” Naval Weapons Center Report No. NWC TM 3062,
February, 1977.

i S. R.A. Fifer and J.E. Cole, “"Transitions from Laminar Burning for Porous

¢ Crystalline Explosives,” Proceedings Seventh Symposium (International) on
- Detonation, Naval Surface Weapons Center Report No. NSWC MP82-334, 16-19
b June 1984.

~: 6. I.W. May, F.R. Lynn, A.A. Juhasz, E. Fisher, P.S. Gough, "Thrust

3 Characterization of Very High Burning Rate Propellants,”™ USA ARRADCOM

) Ballistic Research Laboratory Report No. ARBRL-MR-03359, July 1984.

g

5

i

-

o

oM i "

I e aaa, % 0

30

o o
e




,‘?,

A

ot
i
wtea

.

RN XK.

-
et WY

P X 4,5,
R R

’

B e 8- e
Rk
B e

e
Py, .
T w e A .

I

e

No. of
Copies

12

DISTRIBUTION LIST

Organization

Commander

Defense Technical Info Center
ATTN: DTIC-DDA

Cameron Station

Alexandria, VA 22304-6145

Commander

USA Concepts Analysis Agency
ATTN: D. Hardison

8120 Woodmont Avenue
Bethesda, MD 20014

HQDA/DAMA-ZA
Washington, DC 20310

HQDA, DAMA-CSM, E. Lippi
Washington, DC 20310

HQDA/DAMA-ART-M
Washington, DC 20310

HQDA/ SARDA
Washington, DC 20310

Commander

US Army War College

ATTN: Library-FF229
Carlisle Barracks, PA 17013

Director

US Army BMD

Advanced Technology Center
P. 0. Box 1500

Huntsville, AL 35807

Chairman

DOD Explosives Safety Board
Room 856-C

Hoffman Bldg. 1

2461 Eisenhower Avenue
Alexandria, VA 22331

Commander

US Army Materiel Command
ATTN: AMCPM-GCM~-WF

5001 Eisenhower Avenue
Alexandria, VA 22333

n

RGO N0 COTI TR T I & DO vy OOl
R :.‘?L‘?‘ﬁs.!::‘,h'n !.- Ql'.gi 4'!6’.?‘5‘.'5-05;?"“.l'-’el'-'i.!’:“’ D4 :‘n « 5‘3'11'.* ‘l‘-l& -,‘?'\‘ b L *fi "““‘V“‘L "

No. Of
Copies Organization
1 Commander

US Army Materiel Command
ATTN: AMCDRA-ST

5001 Eisenhower Avenue
Alexandria, VA 22333-0001

Project Manager

Cannon Artlllery Weapons
System, ARDC, AMCCOM

ATTN: AMCPM-CW,

F. Menke
AMCPM-CWW
AMCPM-CWS

M. Filsette
AMCPM~-CWA

R. DeKleine

H. Hassmann

Dover, NJ 07801

Project Manager

Munitions Production Base

Modernization and Expansion

ATTN: AMCPM-PBM, A. Siklosi
AMCPM~PBM~E, L. Laibson

Dover, NJ 07801

Project Manager

Tank Main Armament System

ATTN: AMCPM~TMA, K. Russell
AMCPM-TMA-105
AMCPM~-TMA~120

Dover, NJ 07801

Commander

US Aramy Watervliet Arsenal
ATTN: SARWV-RD, R. Thierry
Watervliet, NY 12189




tou

S

o™ "U_’i

,‘
a
3

No.

Copies

22

DISTRIBUTION LIST

Organization

Commander
Armament R&D Center
US Aray AMCCOM
ATTN: SMCAR-TSS
SMCAR-TDC
SMCAR-~-LC
LTC N. Barron
SMCAR-LCA
A. Beardell
D. Dowms
S. Einstein
S. Westley
S. Bernstein
P. Kemmey
A. Bracuti
J. Rutkowski
SMCAR-LCB~-1
D. Spring
SMCAR-LCE, R.Walker
SMCAR-LCM-E
S. Kaplowitz
SMCAR-LCS
SMCAR-LCU-CT
E. Barrieres
R. Davitt
SMCAR-LCU-CV
C. Mandala
SMCAR-LCW-A
M. Salsbury
SMCAR-SCA
L. Stiefel
B. Brodman
Dover, NJ 07801

Commander
US Army Armament Munitions
and Chemical Command
ATTN: SMCAR~-ESP~L
L.Ambrosini
AMSMC-IRC, G. Cowan
AMSMC-LEM
W. Fortune
R. Zastrow
Rock Island, IL 61299

32

Organization

Director

Benet Weapons Laboratory
Armament R&D Center

US Army AMCCOM

ATTN: SMCAR~LCB-TL
Watervliet, NY 12189

Commander

US Army Aviation Research
and Development Command
ATTN: AMSAV-E

4300 Goodfellow Blvd.

St. Louis, MO 63120

Commander

US Army TSARCOM

4300 Goodfellow Blvd.
St. Louis, MO 63120

Director

US Army Air Mobility Research
And Development Laboratory

Ames Research Center

Moffett Field, CA 94035

Commander

US Army Communications
Electronics Command

ATTN: AMSEL-ED

Fort Monmouth, NJ 07703

Commander

ERADCOM Technical Library

ATTN: DELSD-L(Reports Section)
Fort Monmouth, NJ 07703-5301

Commander

US Army Harry Diamond Lab.
ATTN: DELHD-TA~L

2800 Powder Mill Road
Adelphi, MD 20783

Commander

US Army Migsile Command
ATTN: AMSMI-R

Redstone Arsenal, AL 35898




- o
P

b 4

-
Poa st~ o

LR -;"

2

PR R R g

PR SN

|

R
| ol TR,

S A P g B
- -

Ry

¥

-

1 .

No. Of
Copies

Bl GOCEIOCRON "‘v—i".":‘w*‘.»“:.’:“.!:-A«, \

DISTRIBUTIUN LIST

Organization
Commander
US Army Missile Command
ATTN: AMSMI-YDL
Redstone Arsenal, AL 35398
Commandant
US Army Aviation School
ATTN: Aviation Agency
Fort Rucker, AL 36360
Commander
US Army Tank Automotive
Command
ATTN: AMSTA-TSL
Warren, MI 48090
Commander
US Army Tank Automotive
Command
ATTN: AMSTA-CG

Warren, MI 48090

Project Manager

Improved TOW Vehicle

ATTN: AMCPM-ITV

US Army Tank Automotive
Command

Warren, MI 48090

Program Manager

Ml Abrams Tank System

ATTN: AMCPM-GMC-SA,
T. Dean

Warren, MI 48090

Project Manager
Fighting Vehicle Systems
ATTN: AMCPM-FVS
Warren, MI 48090

President

US Army Armor & Engineer
Board

ATTN: ATZK~AD-S

Fort Knox, KY 40121

) ~ 1 . = - ’
71‘;’%‘%@”5 s e

s, 5 Tt R R R
N AWE, 3 X N

A "
hY M §
57030900 £ R

No. Of
Copies

33

1

Organization

Project Manager

M-60 Tank Development
ATTN: AMCPM-M60TD
Warren, MI 48090

Director

US Army TRADOC Systems
Analysis Activity

ATTN: ATAA-SL

White Sands Missile Range,

NM 88002

Commander

US Army Training & Doctrine
Command

ATTN: ATCD-MA/ MAJ Williams

Fort Monroe, VA 23651

Commander
US Army Materials and
Mechanics
Research Center
ATTN: AMXMR-ATL
Tech Library
Watertown, MA 02172

Commander

US Army Research Office
ATTN: Tech Library

P. 0. Box 12211

Research Triangle Park, NC
27709-2211

Commander
US Army Belvoir
Research & Development Ctr
ATTN: STRBE-WC
Tech Library (vault)
Bldg 315
Fort Belvoir, VA 22060-5606

Commander

US Army Logistics Mgmt Ctr
Defense Logistics Studies
Fort Lee, VA 23801




A A4

. DISTRIBUTION LIST
- Coj les Qrganization Copies Organization
; 1  Commandant 1 office of Naval Research
US Army Infantry School ATTN: Code 473, R. S. Miller
ATTN: ATSH-CD-CSO-OR 800 N. Quincy Street
; Fort Benning, GA 31905 Arlington, VA 22217
. 1 President 2 Commander
3 US Army Artillery Board Naval Sea Systems Command
¢ Ft. Sill, OK 73503 ATTN: SEA 62R
R SEA 64
p 1  Commandant Washington, DC 20362~5101
US Army Command and
General Staff College 1 Commander
. Fort Leavenworth, KS 66027 Naval Air Systems Command
ATTN: AIR-954-Tech Lib
{ 1  Commandant Washington, DC 20360
5 US Army Special Warfare
« School 1 Assistant Secretary of the
- ATTN: Rev & Tng Lit Div Navy (R’ E, and S)
? Fort Bragg, NC 28307 ATTN: R. Reichenbach
- Room 5E787
i 1 Commander Pentagon Bldg.
) Radford Army Ammo Plant Washington, DC 20350
b/ ATTN: SMCRA-QA/HI LIB
. Radford, VA 24141 1 Naval Research Lab
! Tech Library
1 Commander Washington, DC 20375
US Army Foreign Science &
D)
W Technology Center 2  Commander
) ATIN: AMXST-MC-3 US Naval Surface Weapoas
220 Seventh Street, NE Center
: Charlottesville, VA 22901 ATTN: J. P. Consaga
; C. Gotzmer
R 1 Commandant Silver Spring, MD 20910
h US Army Field Artillery
! Center & School 3 Naval Surface Weapons Center
) ATTN: ATSF-CO-MW, B. Willis ATTN: S. Jacobs/Code 240
Ft. Sill, OK 73503 Code 730
K. Kim/Code R~13
; 1 Commander R. Bernecker
‘ US Army Development and Silver Spring, MD 20910
5 Employment Agency
‘ ATTN; MODE-TED-SAB 5 Commander :
ﬂ Fort Lewis, WA 98433 Naval Surface Weapons Center
Y ATTN: Code G33, J. L. East
‘ W. Burrell

, J. Johadrow
‘ Code G23, D. McClure
Code DX-21 Tech Lib

1
“ 1 Dahlgren, VA 22448
}

- -, 7 ! L ad o -
UCR 0 R .45,‘"” N 4
; >

[N RSN A




I M TS e e

DISTRIBUTION LIST

No. Of ' No. Of
Copies grganization Coples Organization
Commander 1 AFFTC
Naval Underwater ATTN: S5SD-Tech LIb
Systems Ceater Edwards AFB, CA 93523
Energy Conversion Dept.
ATTN: CODE 5B331, R. S. Lazar 1 AFATL/DLYV
, Tech Lib Eglin AFB, FL 32542-5000
$ Newport, RI 02840
¢ 1 AFATL/DLJE
b Commander Eglin AFB, FL 32542-5000
ot Naval Weapous Center
¥ ATTN: Code 388, R. L. Derr 1 Alr Force Armament Lab.
' C. F. Price AFATL/DLODL
B T. Boggs Eglin AFB, FL 32542-5000
. Info. Sci. Div,
; China Lake, CA 93555 1  AFWL/SUL
3 Kirtland AFB, NM 87117
Superintendent
Naval Postgraduate School 1  General Applied Sciences Lab
2 Dept. of Mechanical ATTN: J. Erdos
b Engineering Merrick & Stewart Avenues
k- Code 1424 Library Westbury, NY 11590
t_ Monterey, CA 93943
: 1 Aerodyne Research, Inc.
‘ Program Manager Bedford Research Park
y AFOSR ATTN: V. Yousefian
" Directorate of Aerospace Bedford, MA 01730
5y Sclences
E. ATTN: L. H. Caveny 1  Aerojet Solid Propulsion Co.
. Bolling AFB, DC 20332 ATTN: P. Micheli
Sacramento, CA 95813
A Commander
R Naval Ordnance Station ]  Atlantic Research Corporation
¢ ATTN: P. L. Stang ATTN: M. K. King
J. Birkett 5390 Cheorokee Aveuue
s S. Mitchell Alexandria, VA 22314
Ny D. Brooks
- Tech Library 1  AVCU Everett Rsch Lab
s Indian Head, MD 20640 ATTN: D, Stickler
> 2385 Revere Beach Parkway
X HQ AFSC/SDOA Everett, MA 02149
Andrews AFB, MD 20334
3 1 Calspan Corporation
! AFRPL (DYSC) ATTN: Tech Library
ATTN: D. George P. 0. Box 400
J+ N. Levine

D. Thrasher

N. Vander Hyde

Tech Library
Edwards AFB, CA 93523

35

Buffalo, NY 14225

-, k L D TR DAL R TN - AT LRI LRI
ATl T -«.}-._' . :\:’* :\:\_»\ > - ._ e AR X

Ly A B L A AT RN

VG e




s

b e T T S

‘g gt et il ot

3 Sl A N Yol W

iy

-

DISTRIBUTION LIST

No. Of
Conies

No. Of
Copies Organization
1  Foster Mlller Assoclates 1

ATTN: A. Erickson
135 Second Avenue
Waltham, MA 02154

1 General Electric Company

Armament Systems Dept.

ATTN: M. J. Bulman,
Room 1311

Lakeside Avenue

Burlington, VT 05401

1 TITRI
ATTN: M. J. Klein
10 W. 35th Street
Chicago, IL 60616

1 Hercules Powder Co.
Allegany Ballistics
Laboratory
ATTN: R. B. Miller
P. 0. Box 210
Cumberland, MD 21501

1 Hercules, Inc
Bacchus Works
ATTN: K. P. McCarty
P. O. Box 98
Magna, UT 84044

2 Director
Lawrence Livermore
National Laboratory
ATTN: M. S. L"355,
A. Buckingham
P. 0. Box 808
Livermore, CA 94550

1 Lawrence Livermore
National Laboratory
ATTN: Mo S. L_355
M. Finger
P. 0. Box 808
Livermore, CA 94550

1 Olin Corporation

Badger Army Ammunition Plant

ATTN: R. J. Thlede
Baraboo, WI 53913

EEER R c"'n AL

N .
\'“Mh‘ﬂﬂﬂw&'ﬁ

36

' (hy
"h’h v’\‘l 'H

Organization

Olin Corporation

Smokeless Powder Operations
ATTN: V. McDonald

P.0. Box 222

St. Marks, FL 32355

Paul Gough Associates, Inc.
ATTN: P. S. Gough

P. O. Box 1614,

1048 South St.

Portsmouth, NH 03801

Physics International Company
ATTN: Library
H. Wayne Wampler
2700 Merced Street
San Leandro, CA 94577

Rockwell Iaternational

Rocketdyne Division

ATTN: BAO8 J. E. Flanagan
J. Gray

6633 Canoga Avenue

Canoga Park, CA 91304

Princeton Combustion Research
Lab., Inc.

ATTN: M. Summerfield

475 US Highway One

Monmouth Junction, NJ 08852

Science Applications, Inc,
ATTN: R. B. Edelman
23146 Cumorah Crest
Woodland Hills, CA 91364

Thiokol Corporation
Huntsville Division
ATTN: D. Flanigan
R. Glick
Tech Library
Huntsville, AL 35807

Scientific Research
Assoc.,Inc.

ATTN: H. McDonald

P.0. Box 1098
Glastonbury, CT 06033

R, St

TSI

N . . .
> }*\l*\q ‘-“\ '- ‘ l- !.- ‘\T \\ \'r '

3




';\
P:ﬁ
i
’% DISTRIBUTION LIST
;v: No. Of ' No. of
G Copies Organization Coples Organization
: 1 Thiokol Corporation 1 Califoruia Institute of Tech
N Wasatch Divigion Jet Propulsion Laboratory
<3 ATIN: Tech Library ATTN: L. D, Strand
+ P. O. Box 524 4800 Oak Grove Drive
. Brigham City, UT 84302 Pasadena, CA 91103
’é{ 2 Thiokol Corporation 1 Professor Herman Krier
e Elkton Division Dept of Mech/Indust Engr
5 ‘ ATTN: R. Biddle Unlversity of Illinois
}? Tech Lib. 144 MEB; 1206 N. Green St.

P. 0. Box 241}

Urbana, IL 61801
Elkton, MD 21921

o
—

University of Minnesota

Tech Library
P. 0. Box 358

',ﬂ 1 Universal Propulsion Company Dept. of Mechanical
Ere ATTN: H. J. McSpadden Engineering
X Black Canyon Stage 1 ATTN: E. Fletcher
X Box 1140 Minneapolis, MN 55455
v Phoenix, AZ 85029
3 1 Unilversity of Massachusetts
48 2 United Technologies Dept, of Mechanical
’ﬁ Chemical Systems Division Engineering
- ATIN: R. Brown ATTN: K. Jakus
[}

Amherst, MA 01002

e Sunnyvale, CA 94086 Case Western Reserve
") University

;j 1 Veritay Technology, Inc. Division of Aerospace
+1 4845 Millersport Hwy. Sciences

Ly P. 0. Box 305 ATTN: J. Tien

East Amherst, NY 14051-0305 Cleveland, OH 44135

1 Battelle Memorial Institute

3 Georgla Institute of Tech
ATTN: Tech Library School of Aerospace Eng.
505 King Avenue ATTN: B. T. Zinn
Columbus, OH 43201 E. Price
W. C. Strahle
1 Brigham Young University Atlanta, GA 30332
Dept. of Chemical Engineering
. ATTN: M. Beckstead 1 Institute of Gas Technology
Provo, UT 84601 ATTN: D. Gidaspow
3424 S. State Street
‘ 1 California Institute of Tech Chicago, IL 60616

204 Karman Lab

b Main Stop 301-46

J ATTN: F. E« C. Culick

) 1201 E. California Street

Lo, Pasadena, CA 91109

:zt 37

¥

4

X

RN LR SRSy VERTRER LR RN

TS e T N 2NN LY '*.1-_::.'..:_ _‘_-. o
VT .%%mgkﬁxtl 5 et {asmfgxg{g<Ai-a{A AT 1&X5J\x-1x AR TNERER S S WL G SN



. ol

P ‘.' Ji

DISTRIBUTION LIST

' No. Of . No. Of
- Copies Organization Loples Organization
e 1 Johns Hopkins University
h Applied Physics Laboratory 1 Stevens Institute of
" Chemical Propulsion Technology
: Information Agency Davidson Laboratory
A ATTN: T. Christian ATTN: R. McAlevy, III
Johns Hopkins Road Castle Point Station .
? Laurel, MD 20707 Hoboken, NJ 07030
i
u 1  Massachusetts Institute of 1 Rutgers University
gl Technology Dept. of Mechanical and
3 Dept of Mechanical Engineering Aerospace Engineering
ATIN: T. Toong ATTN: S. Temkin
- 77 Massachetts Avenue University Heights Campus
T Cambridge, MA 02139 New Brunswick, NJ 08903
N
¢ 1 Pennsylvania State University 1 University of Southern
- Dept. Of Mechanical California
: Englineering Mechanical Engineering Dept.
b ATTN: K. Kuo ATTN: O0HE200, M. Gerstein
. University Park, PA 16802 Los Angeles, CA 90007
. 1 G. M. Faeth 2  University of Utah
3 University of Michigan Dept. of Chemical Engineering
Aercospace Engineering Bldg ATTN: A. Baer
e Ann Harbor, MI 48109-2140 G. Flandro

gy

e

Salt Lake City, UT 84112

a
—

Purdue University

be 4

J School of Mechanical 1 Washington State University

N Englneering Dept. of Mechanical
ATTN: J. R. Osborn Engineering

™ TSPC Chaffee Hall ATTN: C. T. Crowe

;2 West Lafayette, IN 47906 Pullman, WA 99163

)

N 1 SRI International

& Propulsion Sciences Division

o ATTN: Tech Library
333 Ravenswood Avenue

;‘ Menlo Park, CA 94025

4. 1  Rensselaer Polytechnic Inst.

E Department of Mathematics

; Troy, NY 12181 .

" 2 Director

Iy Los Alamos Scientific Lab

o ATTN: T3, D. Butler

¥ M. Division, B. Craig

- P. 0. Box 1663

- Los Alamos, NM 87544

y 38

{l

<

i

™

¥

[T PRI PP P LY L PR TREALOE . AL
"\:‘-"\"I*{ b n"'-‘ N \" *i\-. S <. sl : ‘. TR - 0t “-‘

74 *11‘.. -‘\"'k"""‘\\, Ve 'T ‘a -_.-_',-_,‘..' " '.-' ..y -“." '._'.W‘
Sk A Oy 5% 50 AT G T *{l. a4



Bt N

S
=4

AR

CAR

.
13 A
TN I s

L. g oo o anl aak Sui saih dal ol mab Gnil 4

DISTRIBUTION LIST

No. Of : No. Of
Copies Organization Copies

Aberdeen Proving Ground

Dir, USAMSAA
ATTN: AMXSY-D
AMXSY-MP, H. Cohen
Cdr, USATECOM
ATTN: AMSTE-TO~F
Cdr, USACSTA
ATTN: S. Walton

G. Rice
D. Lacey
C. Herud
Dir, HEL
ATTN: J. Welsz
Cdr, CRDC, AMCCOM
ATTN: SMCCR-RSP-A
SMCCR~-MU
SMCCR~-SPS~1L

39

R
A
RO

LCank Yl and il Sadh SaallhuBalic Sy Sl Shall St

Organization




3
by & Ay
AR
L YNy

o
T

’
8,

fA il
» a

Sl
E e
-l A

[d

a e
2 4
W Ao

Ay 45ty
‘
)

4
.

PR
h
'

> -

I3
2 te

.A‘
- - » .
o A,

.b‘l"-‘. A
LR

¥
2 3.

<y

r
RS

EEE
ATty K 'ty

st a’,

i

.-
.

USER EVALUATION SHEET/CHANGE OF ADDRESS

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

reports it publishes. Your comments/answers to the items/questions below will
aid us in our efforts.

1. BRL Report Number Date of Report

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or
other area of interest for which the report will be used.)

4. How specifically, is the report being used? (Information source, design
data, procedure, source of ideas, etc.)

S. Has the information in this report led to any quantitative savings as far
as man-hours or dollars saved, operating costs avoided or efficiencies achieved,
etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future
reports? (Indicate changes to organization, technical content, format, etc.)

Name
CURRENT Organization
ADDRESS Address

City, State, Zip

7. If indicating a Change of Address or Address Correction, please provide the
New or Correct Address in Block 6 above and the 0ld or Incorrect address below.

Name
OLD Organization
ADDRESS

Address

City, State, Zip
(Remove this sheet along the perforation, fold as indicated, staple or tape
closed, and mail.)

o '.- ‘#

oo r

Mt W LW L L T LT ot T T AT AT W T E L, T W LT e P AR e et e A Tyt
A T R e N R G G L Y
(X e X o o e A 5 . LA a - X X N »




- — — — — — — — — FOLDHERE — — ~— — — — — — —

.- Director
(<] US Army Ballistic Research Laboratory I " " ggcgggxﬁsls
i+ Aberdeen Proving Ground, MD 21005-5066 IN THE

UNITED STATES

OFFICIAL BUSINESS

‘ }.‘i PENALTY FOR PRIVATE USE. $300 BUSINESS REPLY M AIL

FIRST CLASS PERMIT NO 12062 WASHINGTON,DC
POSTAGE WILL BE PAID BY DEPARTMENT OF THE ARMY

L Director

f;; US Army Ballistic Research Laboratory
") ATTN: AMXBR-OD-ST

,',3 ! Aberdeen Proving Ground, MD 21005-9989

s

L% ‘5.“ T 9
Siiion

ISR T DTS % o b A5 . A
A2 EONA AR B ) S N Y ""A‘\'ﬁ; .4 ,3! Xy



r
' - .
v a
] .
r -
' -
»
’
»
L. .
) A
» .
r
9
b
J
i l
F
o
.
p .
. 5 .
*
L)
PR st S I & R e LG R A ¥, B - - EREE NS ST 2% - -
‘ _-Q.-. ..n-.,\‘...-.‘..wl, ’.h\.n.\,- LA . ‘-.p.t-.»..-‘..q.- .nl : \M- J.-dl-hup-) llw 1 ........ -. ..J....l rl‘!vtllb|l “‘-— ..~ \u‘;i” -




