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i. INTRODUCTION

The response of gun propellant to mechanical stress plays a critical role in the evolution of pressure

during the ballistic cycle. Attempts to link the relationship between mechanical measurements

performed in the lab and both gun performance and vulnerability have made considerable progress" 2 -.

Recent work has revealed that at low temperatures, the change in magnitude of failure parameters

measured on a single propellant grain correlated well with the change in magnitude of the explosive

response of propellant beds upon impact with shaped charge jets 1 .. However, the mechanical response
measurements were performed at rates of about 100 s", whereas the rate of mechanical deformation

during the jet interaction is estimated to be between 101 and 106 s-. This observation led to studies,

completed within the last year, in which compressive stress relaxation measurements4 were performed

and, time-temperature shift factors were employed to obtain master curves for the four basic propellant
types. This information provides the temperature shift required to simulate the mechanical response

characteristics of the propellant undergoing deformation at the corresponding higher strain rate.

There are, however, two questions that, if answered, would help establish much greater confidence

in the shifted results. First is the behavior actually simulated when these shifts occur, and second, if the

simulated behavior is represented, does the correspondence extend outside the strain level at which the
relaxation measurements were made, that is, into the region of failure? In seeking answers to these

questions, four series of tests were performed using the same propellant lots that were used to establish

the relaxation curves. Each propellant response was characterized at conditions predicted by the shift

factors to be equivalent. The mechanical responses were then compared to reveal what similarities and

differences existed.

2. EXPERIMENTAL PROCEDURE

2.1 Es0 li'h1j. , ot"1 esting Conditions. The strain rates for the uniaxial compressive measure-
ments were selected to be 100, 10, 1, and 0.1 s'. The temperatures corresponding to these rates were

determined by the time-temperature shift factors measured earlier for each of the propellants and were

selected so that each propellant would maintain the same mechanical response at each strain rate. Figure
1 shows the logarithm of the shift factors versus temperature take!n from earlier work4. The stress

relaxation curves used to generate the values of A(T) were not corrected for temperature. These

uncorrecied curves were used since the comparisons being made here are among tests performed at

different temperatures. The corrections need to be applied when constructing master curves representing

responses at the same temperature but at different rates. Testing conditions were determined from the

curves in Figure 1 and are presented in Table 1.

1



8 6'

6' 4

4

22

-2

-2 y = 2.8709 - 0.10024x y - 1.7187 - 8.1814e-2x

x = 27.981 - 9 .70 9 1y x = 20.930 - 12.172y
-4 -. -, ---- ., -4

-40 -20 0 20 40 60 -40 -20 0 20 40 60

Temperature (0C) Temperature (°C

6 a. Ml4 b. JA2

6
4

4-

211
2j

-2 -2 y = 1.6424 - 8.8599e-2x + 3.7299eC4xA2 -2 y = 2. 1 23 4
- 0.10768X + 5.7608e-41x2

x = 21.604 - 14.569y + .7 78yA2 x = 24.954- 13337y + 0.64334y"2
-4 " - • - • - ,

-40 -20 0 20 40 60 -40 -20 0 20 40 60

Temperature (CC) Temperature ('C,

c. M30 d. M43
Figure 1. Log[A(T)] Versus Temperature Determined from Stress Relaxation Experiments

[A(T) values are not temperature corrected]

2.2 Description of the Tester and Procedure. The propellant riechanical response was measured

using a specially designed servohydraulic tester, illustrated in Figure 2. The machine allows compres-

sion measurements to be performed from quasistatic rates to rates as great as 10 s'2 for a specimen with

a nominal length of I cm. Compression can be arrested at a predetermined strain by adjusting the anvil

height and permitting contact between the impact bell and cone (which shunt-, the force around the

specimen). Temperature conditioning was obtained within an environmental chamber surrounding the

compression tool and was able to be controlled to within ±IIC. A complete description of the device

is given in Reference 5.

2



Table 1. Equivalent -cmpcrature Shifts
from Strain Rate of 100 st

Propellant Strain Rates

S0os I s 01 s'

M14 -IO0 C -20 0 C -30*C

N1An Sr, , J A2 -12 -24 -37

M30AI -14 -26 -37

Figure 2. Servohydraulic Tester Schematic M43 -13 -24 .34

Table 2. Nominal Percent Composition of Propellants

MI4 JA2 M30AI M43

Nitrocellulose (NC) 89 59 27 4
NC Nication Levcl 13.0 13.1 12-6 12.6

Nitroglycerin (NG) 15 23.4
Nitroguanidhtie (NQ) 47.2
DNT 8
DBP 2
DPA I
Ethyl Centralite IEC) 1.4
Diethy!ene Glycol Dinitrate 25
Akarddt 11 1
K2SOI
RDX (Ground) 76.0
Cellulose Acetate Butyrate 12.0
PLasticizer 8

The specimens were prepared from multiperforated gun propellant grains whose formulations are

listed in Table 2. To make the sample suitable for stress and strain measurements, the grain ends were

cut with a diamond saw so that they were flat, parallel, and perpendicular to the grain axis. The specimen-

length-to-diameter ratio was made equal to 1 so that grains of different diameters have nearly the same

end effects. Temperature conditioning was achieved by placing prepared grains inside the environmental

chamber for a time at least twice that needed to reach thermal equilibrium (30 minutes in most cases).

Testing of the specimens took place within the conditioning chamber, so no transfer was required, and

therefore, no thermal disruption occurre-.

The tests were conducted in accordance with a proposed NATO draft STANAG entitled "Uniaxial

Compressive Test", which is an updated version of the test entitled "Uniaxial Compressive Gun

PropellantTest" in CPIA Pub 21. Five specimens were tested at each temperature, and all reported results

3



sv of t , Lmmtheare the average of the five data sets. The mechani-
SComnp.•i e Mai~ho

S100,S r. of 1"0Lt. cal parameters, maximum stress, strain at maxi-am0 im - SWI , F hr Modulum

YK,, •. .. '.m-mum stress, yield stress and strain, modulus, and
"failure modulus, were recorded. A diagram illus-

trating these parameters is presented in Figure 3.

s •Note that the failure modulus is defined as the

slope of the stress-strain curve in the linear region
between yield and twice the strain at maximum

stress. If no maximum stress is observed in the
Sta 10.0) 15.0 vicinity of yield, as is sometimes the case with JA2Strain (Pet)

and other propellants with plastic responses, the

Figure 3. Stress-Strain Dia ram Illustrating slope is taken between yield and three times the
the Measured Parameters yield strain.

3. RESULTS AND DISCUSSION

The mechanical response curves for each propellant are presented in Figure 4. Each curve in the plots

corresponds to one of the four conditions predicted by the stress relaxation data to have an equivalent

mechanical response, as outlined above.

To provide a basis for comparison, eAamples of the effects that strain rate and temperature have on

the response of propellants are shown in Figure 5. The response of JA2 at constant temperature for

various strain rates is shown in Figure 5a, and the response of M43 at constant strain rate for various

temperatures shown in Figure 5b. Note the changes in the level and form of response. For JA2, the

form of the response remains about the same, while the stress levels show dramatic increases. This is

a result of the viscoelastic-plastic response of JA2. Failure here is plastic with an increasing degree of

work hardening with strain rate. For M43, both the level of the response and the form change with

temperature. At high temperature, stress levels are lower and the response is more plastic. As the

temperature decreases, the suess levels increase and tie response becomes more brittle, as indicated by

the more rapid decrease in stress level after maximum stress is reached. At the lowest temperature, the

response has become very brittle with the highest stress levels attained, earlier failure strain realized, and

a total loss of load bearing ability occurring after failure. Similar response changes have been observed

for JA2 at temperatures below -20'C at rates of about 100 s'. The temperature at which this transition

to brittle response occurs has been observed to depend on the strain rate.

4
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Figure 4. Mechanical Responses of Each Propellant at Equivalent
Strain Rate and Tempeniture Combination

Listed in the top section of Table 3 are the mechanical response parameters derived from the curves
in Figure 5. Note that for JA2, the yield stress increases by a factor of more than three, the modulus by

Sfactor of more than four, and the failuic modulus by a factor of more than five as the rate goes from

0.01 to 100 s". These numbe.rs reflect what is shown in the curves and indicate that the propellant is
becoming stifler and stronger wi,,.i strain rate. For M43, the observed maximum stress, the yield stress,
and modulus all decrease by about a factor of twi, while the failure moduius shows dramatic change as
the temperature goes from -20'C to 49'C. These numbers indicate the change from very brittle behavior

to more plastic response, and again rcflect the form of the curves presented in the figure. These plots and
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the associated nur..bcrs show that characteristic response changes are significant wit anges in Oither
strain rate or temperature and that these changes can be demonstrated with stress-strain curves and their

derived parameters.

Using the above asa preface for comparing the results shown in Figure 4, it can be stated that the form

and stress level of each set of curves were very much the same for a given propellant type. This

observation is further supported when the parameters derived from those curves (shown in Table 3) are

compared. Again, for each propellant, no significant change or difference was observed. The similar

modulus values indicated that the mechanical responses in the strain region where the stress relaxation

measurements were taken, between 2% and 5%, were the same. In addition, it was also shown that the

equivalent response extends outside this strain region into the region of failure. Maximum stress and

strain values were the same, as were the yield stress arid strain values. The equivalent response has been

shown to extend significantly into the region of failure. Note that failure modulus values, which measure

the change in load-bearing capability of the material after yield, were the same for each propellant. These

results ,'.rongly indicated that the temperature-rate equivalence determined by stress relaxation data

predicted the mechanical response and failure modeý at each corresponding temperature and rate.

One set of restilts appears to be out of line with these observations. The test conditions at the strain

rate of 10 s" proved to provide the mechanical impedance match between the machine and specimen,

which caused problems in maintaining constant strain rate during the deformation of the specimen. At

higher rates ( 100 s- ), the kinetic energy of the ac uator was sufficient to maintain a constant rate. At lower

rates (I and 0.1 s'), the I ate was low enough so that the pressure regulation within the actuator of the tester

matchet the stress changes in the specimen. At 10 s", however, stress changes were rapid enough and

kinetir energy values were low enough to cause nonuniform strain rates in the early portion of the

deformation. Adjustments were performed to minimize the nonuniformity, but some variation of the

strain raie still occurred within the first 2% to 3% of deformation. The result, since the material is rate

sensitive, was a systematically lower modulus and corresponding higher strain values for results at 10

S1. Note that the maximum and yield stres.,;es, and the fai ure modulus values were more in line with the

other v•luec because of the strain rate reaching proper levels at higher strain. Several sets of data were

taken at 10 s` with procedure modifications to minimize the strain rate variation. From the results of these

several data sets, it is believed that if the strain rates had remained constant during the entire grain

deformation, then the curves and the associated parameters would have fallen into more exact agreement

with the results from other rates.

6



Table 3. Mechanical Response Paiameters

Propellant Temperature Strain Rate Maimnuni Str-,un at Yield Yield Modulus Failure
Rate Stress Max Stress Stress Strain Modulus

(0C) (s') (MPa) (%) (MPa) (%) (GPa) (GFa)

JA2 23 0.01 4.49 1.9 0.19 0.012
23 1.0 10.0 2.7 0.41 0.034

23 100 18.3 2.6 0.83 0.067

M43 -20 100 121.0 2.9 110 2.0 5.76 -31.7
23 100 93.5 4.1 87.0 2.6 4.40 -0.61
49 100 64.0 4.0 60.2 2.4 2.61 -0.20

MI4 21 100 122.2 7.0 115.0 5.0 3.10 -0.21
11 10 124.4 8.5 112.2 5.6 2.30 -0.12
1 I 108.3 6.0 93-5 3.5 3.13 -0.10

-9 O.1 112.6 6.0 102..0 3.6 3.34 -0.16

JA2 22 100 - 21.2 2.7 0.82 0.021
10 10 15.7 3.2 0.63 0.029
-2 1 18.5 2.8 0.72 0.023

-15 0.1 - 17.6 2.5 0,76 0.022

M3OAI 21 100 96.5 7.5 92.2 5.7 1.88 -0 34
7 10 95.8 8.0 90.1 5.8 1,61 -J.2,4
-5 1 10 0 8.0 93.1 5.2 2.41 -0.30

-16 0.1 1023 8.0 942 5.3 2.33 -0.36

M43 21 100 99.7 4.1 93.9 27 440 -0.41
8 1') 105.1 5.0 102.2 4.2 3.23 -0.59
-3 1 98.4 4.4 88.7 3.3 3.60 -0.52

-13 0.1 94.3 4.4 88.4 3.1 3.83 -0.49

100o 23C

200S

60 oa01s L 0 -2

0 10•20030040 0o5O0 15e 20e

Strain ()Strain (%)

a. JA2 at Constant Temperature b. M43 at Constant Strain Rate

Figure 5. Mechanical Response Differences for JA2 as a Function of Strain Rate and
M43 as a Function of Temperature

U 7
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Figure 6. The Appearance of Tested Specimens from Each Test Condition

In Figure 6, the physical appearance of tested M14 and M30AI specimens is presented The

indication is !hat the mechanical damage suffered by each propellant type is nearly the same. These

grains suffered a combination of plastic failure and lateral fracture. (Note that the lateral fracture begins

adjacent to the grain perforations.) The physic,,] appearance among each of the other propellant types

was also the same. All the JA2 specimens remained intact without any fracture. The M43 specimens

fractured into many chards, with each specimen having about the same size distribution of chards. The

condition of these specimens reinforces the conclusions drawn above.

4. CONCLUSIONS

The temperature and rate equivalence for mechanical response in gun propellants as determined by

compressive stress relaxation procedures has been dcrnoiistrated. Mechanical response measurements

were performed on the four hasic gun propellant types (single-, double-, and triple-base, and a nitramine

composite) at four ditlerent strain rates (100 s' to 0.(Jl s1) and at the corresponding temperatures that

were predicted to provide equivaleni mechanical response. In each case, the mechanical response of the

propellant type remained nearly identical. This was true for the response measured in the strain region

where the relaxation measuren-ents were performed, and more importantly, thisequivalent response was

found to exter.d into the regions of strain coiresponding to failure. For each propellant, very similar

values for maxinum st.re.,.s, strain at maximum stress, yield stress and strain, compressive modulus, and



failure modulus were observed among each propellant tested under equivalent conditions. These values

of these parameters for the different curves were within the scatter found for specimens tested under

identical conditions. The plots of stress versus strain characterized the response as virtually identical.

These results provide great confidence in the ability to predict mechanical and failure response of

materials at rates outside those available within the laboratory by employing time-temperature equiva-

lence.

5. FUTURE EFFORTS

In earlier studies2", a strong correlation was discovered between the change in the mechanical failure

response of the propellants studied in this report and the vulnerability response change that was measued

when a bed of these same propellants was subjected to hyrervelocity impact by a shaped charge jet (SCJ).

Each propellant tested in those reports showed a similar trend between the failure parameter and impulse

measurement, which indicated a SCJ response dependerce on the mechanical failure mechanisms.

However, there was no direct correlation between the values of the failure parameters and the impulse

results among the propellants. One possible reason for not being able to discover a direct correlation

could he the rate differences experienced by the propellants in the mechanical propelties and the

hypervelocity impact procedures.

It is estimated that the rate of deformation of the propellant while being deformed by the jet is between

l01 and 106 s-. The mechanical response measurements typicaily are performed at 100 s-. The rate

difference between the tvwo processes corresponds to a factor between 103 and I 0. Wi'h the information

gernerated in earlier stress relaxation experiments and the demonsuation of actual eqtivalent responses

shown here, each propellant could be tested at a temperature appropriately lowered to see if the

mechanical response tracks more closely to the vulnerability response. This will require tests at

temperatures near -70'C. which will present new problems. However, if successful, the role that

mechanical response plays in the area of vulnerability response should be made more clear. Tests are

now scheduled for these propellants and will be reported.
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Picalinny Arsenal. NJ 07806-5(M0 A Beardell

D. DowIn,
3 Pro.tecl Mana,_ecr S. Einstein

Advanced Field Artillery System S. Westlcy
ATTN: SFAE-ASM-AF-E. S. Bernstein

LTC A. Eilis J. Rutkowski
T. Kuiiata B. Brodman
J. Shields P. O'Reilly

Picalinny Arsenal. NJ 07801-5000 R. Cinincione

A. Grabowsky
Project Mlaniagcr P. Hui
Advanced Field Artillery System J. O'Reilly
ATrTN: SFAE-.ASM-AF-Q. W. Warren SMCAR-AEE-WW.
Picatinny Arsenal. NJ 07801-5000 M. Mezger

J. Pinto
2 Commander D. Wiegand

Production Base Modernization Agency P. Lu
U.S. Army Armamen, Research. C. Hu

Development. and Engineering Center SMCAR-AES. S. Kaplowitz
ATTN: AMSMC-PBM. A. Siklosi Picati ny Arsenal. NJ 07806-5000

AMSMC-PBM-E. L. Laibson
Pecatnny Arsenal. NJ 07806-5000 1 Commander

U.S. Army Armament Research.
Development and Engineering Center

ATTN: SMCAR-HFM. E. Barmeres
Picatinny Arsenai. NJ 07806-5000
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9 Commander I Program Manager
U.S. Army Armamcen Rescaich. U.S. Tank-Auiomolivc Command

Dcvelopmen: and EIgincering Centcr ATTN: AMCPM-ABMS. T. Dean
ATTN: SMCAR-FSA-F. LTC R. Riddlc Warren,. Mil 48092-2498

SMCAR-FSC. G. Ferdinand
SMCAR-FS. T. Gora I Pioject Manager
SMCAR-FS-DH. J. Feneck U.S. Tank-Auiomorive Command
SNiCAR-FSS-A. Fighting Vehicle Systems

R. Kopmann ATTN: SFAE-ASM-BV
B. Machek Warren. MI 48397-5000
L. Pinder

SMCAR-FSN-N. K. Chung i Project Manager. Abrams Tank System
Picatinny Arsenal. NJ 07806-5000 ATTN: SFAE-ASM-AB

Wanren. MI 48397-5000
3 Direcior

Benci Weapons Laboratories I Dirctor
ATI-N: SMCAR-CCB-RA. HQ. TRAC RPD

GOP. O'Hara ATTN: ATCD-MA
G.A. Pllcgl Fori Monroe. VA 23651-5143
SMCAR-CCB-S. F. Heiser

Watervl'et. NY 12189-4050 1 Comnmandcr
U.S. ArmN Belvoir Research and

2 Commandci DEvrlopment Center
U.S. Anny Research Office ATTN: STRBE.WC
ATTN: Technical Libr:iy Fori Bclvoir. VA 22(60-5006

D. Maim

P.O. Box 12211 1 Di'lco
Research Tr,:iiiel Park. NC 27709-2211 U.S. Airny TRAC-Fi. Lee

ATTN: ATRC-L. Mr. Cancron

Director Foit Lee. VA 23801-6140
Army Re!search Olfice
ATTN: AMXRO-MCS. Mr. K. Clrk I Commandant
P.O. Box 12211 U.S. Army Command and General
Research Trianile Park. NC 27709-2211 Slaff College

Forl Leavenwoidh. KS 66027

Directlor
Army Rcscarch Otfice I Commandaln
ATTN: AMXRO-RT-IP. Library Services U.S. Army Special Warfare Schxol

P.O. Box 12211 ATTN: Rev and Trng Lii Div
Research Triangle Park, NC 27709-2211 Fort Bragg. NC 28307

Commander. USACECOM Commander
R&D Technical Library Radlord Army Ammunition Plant
ATTN: ASQNC-ELC-IS-L-R. ATTN: SMCAR-QA/HI LIB

Mycl Comeici Radfod. VA 24141-0298
Fort Munmouih. Ni 07703-5301

Commandaint
U.S. Arm% Avial1on Schux)l
ATIN: Aviation Agveicy
Fort Ruckc,. AL 36360
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Commander I Office of Naval 1-!chnology
U.S. Armv Foreign Science and ATTN: ONT-213. D. Siegel

Technology Center 800 N. Quincy St.
ATTN' AMXST-MC-3 Arlington. VA 22217.5000
220 Seventh Street. NE
Charlottesville. VA 22901-5396 2 Commandcr

Naval Surface Warfare Center
2 Commandant ATTN: Code 730

U.S. Army Field Artillery Center and Code R-13,
School R. Bernecker

ATTN: ATSF-CO-MW. E. Dublisky Silver Spring. MD 20903.5000
ATSF-CN. P. Gross

Ft. Sill. OK 73503-5600 7 Commander
Naval Surface Warfare Center

Commandant ATTN: T.C. Smith
U.S. Army Arnoi School K. Rice
ATTN: ATZK-CD-MS. M. Falkovitch S. Mitchell
Armor Agency S. Peters
Fort Knox. KY 40121-5215 J. Consaea

C. Gotzmer
U.S. Army Eurol an Research Office Technical Library
ATFN: USARDSG-UK Indian Head. MD 20640-5000

D!. Roy E. Richenbach
Box 65 4 Comrnmandcr
FPO Nev York 09510-150(I Naval Surface Warfare Centei

ATTN: Code G30. Guns & Munitions Div
2 Commander Code G32. Guns Systems Div

Naval Sea Sys.tcm Command Code G33. T. Doran
ATTN: SEA 62R Code E23 Technical Library

SEA 64 Dahlgien. VA 22448-5000
Washington. DC 20362-5101

5 Commander
Commander Naval Air Warfare Center
Naval Air Systems Commnand ATTN: Code 388.
AITN: AIR-954-Tech Library C.F. Price
Washington. DC 20360 T. Bo,,ps

Cod2. 3Y95.
4 Commander T. P:irr

Naval Research Laboratory R. DerT
ATTN: Technical Library Information Science Division

Code 4410. China Lake. CA 93555-6001
K. Kailasanate
J. Boris I Commanding Officer
E. Oran Naval Underwater Systems Center

Washington. DC 2037/5-5000 ATTN: Code 51331. Technical Library
Newpon. RI 02840

Office ol Naval Research
ATTN: Code 473. R.S. Miller I AFOSR/NA
800 N. Quincy Street ATTN: J. Tishkoff
Arlington. VA 22217.9999 Bolling AFB. D.C. 20332-6448
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OLAC PLUTSTL 2 HQ DNA
ATTN: D. Shipleitl ATTN: D. Lewis
Edwards AFB. CA 93523-5000 A. Fahey

6801 Telegraph Rd.
3 AL/L.SCF Alexandria. VA 22310-3398

ATTN: J. Levine
L. Quinn I Director
T. Edwards Sandia National Laboratories

Edwards AFB. CA 93523-5000 Energetic Materials & Fluid Mechanics
Department. 1512

WL/MNAA ATTN: M. Baer
AT"N: B. Simpson P.O. Box 5800
Eglin AFB. FL 32542-5434 Albuquerque. NM 87185

1 .WL/MNME I Director
Energetic Materials Branch Sandia National Laboratories
2306 Perimetcr Rd. Cormbustion Research Facilily
STE 9 ATIN: R. Carling
E2lin AFB. FL 32542-5910 Livermore. CA 94551-0469

WI_/MNSH I Director
ATTN: R. Drabczuk S:a(.i Ntnional Laboratories
Eglin AFB. FIL 32542-5434 ATTN: 8741. G. A. Beneditti

P.O. Box 960)
2 NASA Langley Research Centei Livermore. CA 94551-0969

ATTN. M.S. 408.
W. Scallion 2 Director

D. Witcofski Lawrence Livermore National
Hampton. VA 23605 LahoraiorN

ATTN: L-355.
Central Intelligence Agency A. Buckingham
Oftice of the Ceiiral References NI. Finoer
Dissemination Branch P.O. Box 808
Room GE-47. HQS Livermore. CA 94550-0622
Washington. DC 20502

2 Director
Central Intelligence Agency Los Alamos Scientific Lab
ATTN: J. Bickofen ATTN: T3iD. Butler
NHB. Room 5NOI M. Division/B. Craig
Washington. DC 20505 P.O. Box 1663

Los Alamos. NM 87544
SDIO/rNI
ArTTN: L-H. Cavccimy Bjitclle

Pcntagon ATTN. T'WSTIAC
Washington. DC 20301-7100 V. Levin

505 King Avenue

SDIOiDA Cu!urnbus. OH 43201-2693
ATTN: E. Gerry
Pentagon I Bjttclle PNL

Washington. DC 21301-7100 ATIN: M.C.C. Bampton
P.O. Box 999
Richland. WA 99352
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I Institute of Gas Tcchnolony 2 Uilivcrsitv of Illinois
ATTN: D. Gidlaspow Dcpartmen, of Meehanical/Indlus"r
3424 S. State Street Engineer-ing&
Chicago. IL 60616-3896 ATTN: H. Krier

R. Beddmin
Institute for Advanced Technology 144 MEB: 1206 N. Green St.
ATTN: T.M. Kichne Urbana. IL 61801-2978
The University of Texas of Austin
4030-2 V.. Braker Lane I University of Maryland
Ausfin. TX 78759-5329 ATTN: Dr. J.D. Anderson

College Park. MD 20740
2 CPIA - JHU

ATTN: H. J. Hoffman I University of Massachusetts
T. Christiani Dupartient of Mechanical Engineering

10630 Littlc Paiuxent Parkway ATTN: K. Jakus
Suite 202 Amherst. MA 01002-0014
Columbia. MD 21044-3200)

I University of Minnesota
I Brielham Young University Departnent of Mechanical Engineering

Dcpartmcnt of Chemical Engineering ATTN: E. Fletcher
ATTN: N1. Becksiead Minneapolis. MN 55414-3368
Provo- UT 84601

3 Pennsylvanlia State University
I Jet Propulsion Laboratory Dcpartmcnt of Mechanical Engineering

Califoniia Institute of Technology ATTN: V. YanL,
AlI IN: LI). Stand, MS 125/2-4 K. Kuo
48W0 Oak Giove Dim~e C. Mlerklc
Pasadena. CA 91109 Uiiivcrsiiv Park. PA 16802-7501

1 Calitornia Istuitut ol Technology I Rensseiacr Polytechnic Institute
204 Karman Lib Departmet of' Mathematic%
Main Stop 301-46 Troy. NY 12181
ATTN: F.E.C. Culick
1201 E. California Street I Stcvens Institute of Technology
Pasadcnj. CA 91109 Davidson Laboratory

ATTN: R. McAlevy I11
3 Georgia Institue of Technoloey Castle Point Station

School of Aerospace Engineering Hobokci.. NJ 07030-5907
ATTN: B.T. Zini

E. Price I Rutecrs University
W.C. Strahlc Dcparlment of Mechanical and

Atlanta, GA 30332 Aerospace Engineering
ATTN: S. Tenk-in

I Massachuseits Institue o1 Technology University Heights Campus
Dcpartmnte of Mcchanical Eneineer'ine Nei Brunswi~ck. NJ 08403
ATTN: T- ToonLe
77 1. ;isschti~cti% Avenue I Uniwersiiy of Southern California
Cambridge. MIA 012139-4307 Mecchanical Engineeritng Department

ATTN: OHE200. M. Gers.:.ini
Loi Angeles. CA 90089-5199
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Untversitv ol Ulah 4 Hercules. Inc.

Dcparnment of Chemical Eniincering Radford Anny Ammunulion Plant

ATTN: A. Baer ATTN: L. Gizzi

Salt Lake Ciiy. UT 84112-1194 D.A. Worrell
W.J. Worrell

Washington Staic University C. Chandler

Department of Mechanical Engineering Radford. VA 24141-0299

ATTN: C.T. Crowe
Pullman. WA 99163-5201 2 Hercules. Inc.

Allevheny Ballistics Laboratory

AFELM, The Rand Corporation ATTN: William B. Walkup

ATTN: Library D Thomas F. Farabaugh

1700 Main Street P.O. Box 210

Santa Monica. CA 90401-3297 Rocket Center. WV 26726

Arrow Technology Associates. Inc. I Hercules. Inc.

ATTN: W. Hathaway Aerospace

P.O. Box 4218 ATTN. R. Carivrighli

South BurlinLnon. VT 05401-0042 100 Howard Blvd
Kcnville. NJ 07847

3 AAI Corporation
ATIN: J. Hcl'rt I Hviculcs. Inc.

J_ Franklc Hcr ules PI;iza

D. Cleveland ATTN: B.M. Riggleman

P.O. Box 126 Wilimmntoi. DE 19894

Hun, Valley. MD 21030 0126
MBR Research Inc.

2 Alliant Techsvsieins. Inc. ATTN: Dr. Moshe Ben-Reuven

ATTN: R.E. Tompkins 601 Ewin.g St.. Suitc C-22

J. Kennedy Princeton. NJ 08540

7225 Northland Dr.

Brooklyn Park. MN 55428 1 Olin Corporation
B ad etci Army Ainiunition Plant

Textron ATTN: F.E. Wolf

ATTN: A. Patick BaraNKx. WI 53913

2385 Revere Beach Parkway
Everett. MA 02149-5900 3 Olin Ordnance

ATTN: E.J. Kirschkc

General Applied Sciences Lab A.F. Gonzalez

ATTN: J. Erdos D.W. Worthinglon

77 Raynor Ave. P.O. Box 222

Ronkonkanma. NY 1 1770-664C) St. Marks. FL 32355-0222

General Electric Comnpan 1 01111 Ordnance

Tactical System Departmenl ATTN H.A. McElroy

A"TN: J. Mandzv 10101 9th Street. North

100 Plastics Ave- St. Pctersburv.. FL 33716

Pittsfield. MA 01201.3698
I Paul Gou-h Associates. Inc.

IITRI ATTN: P.S. Gough

ATTN: M.J. Klein 1048 South St.

10 W_ 35th Strcet Portsrmouth. NH 03801-5423

Chicaco. IL 60616-3799
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Physics International Library I VerIay Technology. Inc.

ATTN: H. Wayne Wamper ATTN: E. Fishei
11.0. Box 5010 4ý845 MiIlcrSIKwl Hwy.
San Leindio. CA 94577-0599 East Amherst. NY 14501-0305

2 Princeton Combustion Research I Universal Propulsion Company
Laboratories. Inc. ATTN: H.J. McSpadden

ATTN: N. Mer 25401 North Central Ave.
N.A. Messina Phoenix. AZ 85027-7837

Princeton Corporatc Plaza
i I ce."park Di.. Bldg IV. Suile 119 1 SRI Inteniational
Mo;:.,:utlh Junction. NJ 08852 Propulsion Sciences Division

ATTN: Tech Library

3 R.ckwcll Inicit io;nal 333 Ravenwood Avenue
Rockeitd.ne Divi,';o Menlo Park. CA 94025-3493
ATTN: BAUS.

J. Flanwunn Abeideen Provin._, Ground
J Gfay

R.B. Edelman I Cdr. USACSTA
6633 Canoga Avenue AT-N: STECS-PO/R. Hendricksen
Cano!a Park. CA 91303-2703

2 Rtokkwcll InIcinatinoval Science Center
ATTN: Dr. S. Chakraxvamhv

Dr. S. Palamswam.n
1(49 Camino Dow Rio,
P.O. Box 10)S5
Thous:md O:akx.. (A 91360

Sciocc Appi:h.n ;onr Inimc lli lonal Corp.
ATTN: M1. Pallnic
2109 Air Park Pi.
Albuquerqbu, NM 87106

Souihwest Reseirch Institule
ATTN: J P. RicdCl
6220 Culebra Road
P.O. Drawer 28510
San Anlonio. TX 78228-0510

Sverdrup Technology. Inc.
ATTN: Dr. John Dcur
2001 Aerospace Parkway
Brook Park. OH 44142

3 Thiokol Corpoialion
Elkion DItvI Si1;n
ATTN: R \V;lct

R Biddi-
TccI; Lib;.u)

P.O. Bo.x 241I
Eli:ion. NiD 21921-0241 I
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Emst-Mach-Insiut 2 Insmttul Saitn Louis
ATTN: Dr. R. Heiser ATTN: Dr. Marc Giraud
Haupsirasse 18 Dr. Gunther Sheets
Weil am Rheim Potlach 1260
Germany 7858 Weail am Rhein I

Ge.rmnany
Defence Research Agency, Military

Division I Explosive Ordnance Division
AITN: C. Woodley ATTN: A. Wildegger-Gaissmaier
RARDE Fort Halstead Defence Science and Technology
Sevenoaks. Kent, TN14 7BP 02anisaliOn
En% and P.O. Box 1750

Salisbury. South Australia 5108
School of Mechanical. Materials. and

Civil Engineering I Armaments Division
ATTN: Dr. Bryan Lawton ATTN: Dr. J. Lavigne
Royal Military College of Science Defence Research Establishment Valcartieh
Shrivenham. Swindon. Wiltshire. SN6 8LA 2459. Pic XI Blvd., North
England P.O. Box 8800

CourcJette, Quebec GOA IRO
Canada
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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. ARL Report Number ARL-TR-228 Date of Report September 1993

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. Specifically, how is the report being used? (Information source, design data, procedure, source of

ideas, etc.) __

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved,

operating costs avoided, or efficiencies achievcd, etc? If so, please elaborate.

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

Organization

CURRENT Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address
above and the Old or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this shcel, fold as indicated, tape closed, -'id mail.)
(DO NOT STAPLE)


