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This is Phase II of a technology demonstration program for the Generic
Ammunition Loading System (GALS). The work done by FMC, Northern Ordnance
Division, in converting a conceptual design to a breadboard demonstrator
is presented. A potential future ammunition resupply/rearm scheme was
synthesized, and advanced technologies were applied to ammunition packaging
and autoloader elements to demonstrate the application for a main battle tank.
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High energy-density electric motors were applied and custom robotic
transfer mechanisms were developed. Testing of the demonstrator was
performed.
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This report discusses some aspects of the stability problems of a free-flying
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Experimental and analytical stud'es have verified the existence of high
amplitude dynamic strains in large caliber gun tubes. These strains have
been observed to travel with the projectile as axially symmetric waves and
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author. These waves not only create strains higher than those for which the gun
tube is designed, but are capable through coupling of producing beam-like
motions affecting projectile launch conditions. Muzzle motions affecting round
accuracy have long been suspect and their spurious character has evaded the most
arduous attempts to predict them.

The existence of large amplitude dynamic strains in gun tubes implies a
projectile environment more hostile than previously supposed. Designers of
projectile casings, warheads, fuzes, etc., should be interested in these
ramifications as should those concerned with projectile/tube friction and wear.
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Specimens were taken from gun steel which is very similar to ASTM A723-
grade 2- class 4 with a yield strength of 165 Ksi in the quenched and
tempered condition. Notched tensile bars were charged with hydrogen by
electrolysis. After charging, the specimens were plated with cadmium to
a thickness of 0.36 mil to provide a barrier coating which would retard
the loss of hydrogen. After pl-- ig, the specimens were given a heat
treatment at 300OF for 35 minutes to homogenize the sharp gradient of
hydrogen within the specimen.

Notched tensile tests were conducted at room temperature and at a slow
strain rate, 0.00026/min, to detect hydrogen embrittlement. With a
specimen charged for 16 hours, the Notched Tensile Strength (NTS) was
97.0 percent of the original NTS and the fracture did not show embrittle-
ment. Two specimens with a 20-hour charging time were tested with
68 percent and 77 percent of the original NTS and the fractures clearly
were embrittled. Scanning electron microscopic photographs of the
fractured surface verified intergranular fracture typical of hydrogen
embrittlement. Hydrogen analysis was conducted on a LECO HW-100
hydrogen analyzer and diffusible hydrogen was extracted at 200 0C.
Hydrogen was measured for five specimens charged for 16 hours and the
mean value for the critical concentration for hydrogen was 1.71 ml/100g
or 1.53 ppm. Using a pickling solution of 50 percent hydrochloric acid
in corrosion tests at room temperature, it was determined that it would
take approximately 110 hours for the hydrogen concentration to reach the
critical concentration of 1.7 ml/100g (1.5 ppm) for this gun steel.

UNCLASSIFIED
80 SECURITY CLASSIFICATION OF" TMIS PAGIrW'hen Does' Enferod)

• 1*



. ,W;' - -, - -.- ,, , , ,; ,.W :k ' ._. , .. ,... ,. . . -- °* . -, _, . . .

SECURITY CLASSIFICATION OF THIS PAGE (Whien Data Entered)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORT NUMBER I2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

ARCCB-TR-87031 -- _I
4. TITLE (and Subtitle) S. TfyPE OF REPORT & PERIOD COVERED

STRUCTURAL INTEGRITY OF METALLIC ARMATURE Final
RAIL GUNS

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(e)

G.P. O'Hara and M. Cascio

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT PROJECT, TASK

AREA & WORK UNIT NUMBERS
US Army APDEC AMCMS No. 6126231BL
Benet Laboratories, SMCAR-CCB-TL PRON No. D07C4L5707DO-A
Watervliet, NY 12189-4050 PDD

71. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

US Army ARDEC November 1987
Close Combat Armaments Center 13. NUMBER OF PAGES

Picatinny Arsenal, NJ 07806-5000 21
14. MONITORING AGENCY NAME & ADORESS(II different Iom Controlllng Office) 1S. SECURITY CLASS. (of thle report)

UNCLASSIFIED
1s. DECLASSI FICATION/OOWNGRADING

SCN EDULE

16. DISTRIBUTION STATEMENT (of thie Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abetact entered In Block 20, It different from Report)

1S. SUPPLEMENTARY NOTES

Presented at the Fifth U.S. Army Symposium on Gun Dynamics, The Institute
on Man and Science, Rensselaerville, New York, 23-25 September 1987.
Published in Proceedings of the Symposium.

I9. KEY WORDS (Continue an reveree side If neceeeary nd identify by block number)

Rail gun
Electromagnetic
Launcher
CompositeStnrtu.rp

2G. AIST'RACf ViantAf - re.mi f newwr e nidenetiy by block number)

The design of a rail system for an electromagnetic gun becomes more compli-
cated when the transfer from a laboratory to a tactical system is considered.
In the laboratory, weight and volume are not important and the system must be
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guide and an electrical conductor. The first crude prototype 'barrel' must be
manufactured from available materials which do not have the optimum properties.
The design then becomes a series of compromises which are performed in the hope
of a successful result.
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dependent loads. 16

In the Uniform Segment Method the spatial domain is divided into a finite number
of prismatic sections within which the Euler equation is applied. Solutions to
this equation yield functional relationships for mode shapes in the form of
trigonometric and hyperbolic functions. The overall structure is modelled as a
free-free beam with intersegment continuity assured by the matching of displace-
ment, slope, moment, and shear transfer at segment boundaries. Applying the
free-free boundary and continuity conditions results in a system of equations in
the unknown frequencies and coefficients. The solution of this system yields the
natural frequencies and mode shape coefficients within an arbitrary constant.

The main advantage of using this method over finite elements lies in the reduced
number of degrees of freedom needed to model the structure. Real prismatic
sections model one to one. This is not the case in finite element methods.
Additionally, a number of the transient loads known to drive gun vibrations are
functions of the mode shape derivatives. Since these functions are represented
analytically, which is a characteristic of the Uniform Segment Method, the need
to calculate derivatives by numerical algorithms is eliminated. Thus, exactness
in derivative calculations is assured.
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In a related paper published in the Proceedings of the Fourth US Army Symposium
on Gun Dynamics (Sneck and Gast, "Normal Modes Analysis of Gun Dynamics"), the
Euler-Bernoulli equation for a prismatic gun/beam elastically supported
(transverse and rotation) at the breech was solved for its normal vibration
modes and response to various transient loadings. This report is an extension
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dependent loads.

In the Uniform Segment Method the spatial domain is divided into a finite number
of prismatic sections within which the Euler equation is applied. Solutions to
this equation yield functional relationships for mode shapes in the form of
trigonometric and hyperbolic functions. The overall structure is modelled as a
free-free beam with intersegment continuity assured by the matching of displace-
ment, slope, moment, and shear transfer at segment boundaries. Applying the
free-free boundary and continuity conditions results in a system of equations in
the unknown frequencies and coefficients. The solution of this system yields the
natural frequencies and mode shape coefficients within an arbitrary constant.

The main advantage of using this method over finite elements lies in the reduced
number of degrees of freedom needed to model the structure. Real prismatic
sections model one to one. This is not the case in finite element methods.
Additionally, a number of the transient loads known to drive gun vibrations are
functions of the mode shape derivatives. Since these functions are represented
analytically, which is a characteristic of the Uniform Segment Method, the need
to calculate derivatives by numerical algorithms is eliminated. Thus, exactness
in derivative calculations is assured.
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Aquo-complexes of chromium and iron in chromium plating and polishing solutions
of individual concentration levels above 7.5 g/1 resul,. in a poor quality plate
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will not be discussed in this report.

The solid armature gun replaces the plasma armature with a conducting metal
armature. Since the plasma arcing is reduced or eliminated, the projectiles are
accelerated mainly by the Lorentz force. Thus, solid armature rail guns operate
at lower projectile velocities. The important tradeoff is that there is a
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contactors and monolithic metal contactors, and new developments in barrel
technology, such as superconducting augmentation, are presented in this report.

r',.

UNCLASSIFIED

90 SECURITY CLASSIFICATIlON OF TImis POAGEr'Wen Data Entered) _



SECURITY CLASSIFICATION OF THIS PAGE (Whai Dama £nte r*

REPORT DOCUMENTATION PAGE BEF D COMP os FRM
I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

ARCCB-MR-87036 I.

4. TITLE (aMd Subtitle) S. TYPE OF REPORT & PERIOD COVERED

LAUNCHABILITY OF BASE-DRIVEN ELECTROMAGNETIC
PROJECTILES Final

6. PERFORMING ORG, REPORT NUMBER

7. AUTHOR(*) 8. CONTRACT OR GRANT NUMBER(@)

C. G. Homan and P. M. Vottis

S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
AREA & WORK UNIT NUMBERS

US Army ARDEC
Benet Laboratories, SMCAR-CCB-TL AMCMS No. 611102H61
Watervliet, NY 12189-4050 PRON No. A172026502AllA

I. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

US Army ARDEC December 1987
Close Combat Armaments Center 13. NUMBER OF PAGES

Picatinny Arsenal, NJ 07806-5000 14
14. MONITORING AGENCY NAME & AOORF.S(If differmt rom Contr-olling Office) IS. SECURITY CLASS. (of this report)

UNCLASSIFIED
IS. DECLASSIFICATION/DOWNGRADING

SCHEDULE

IS. DISTRIBUTION STATEMENT (of thlo Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abetact entered In Block 20, If dilffrent hom Report)

18. SUPPLEMENTARY NOTES

I-

IS. KEY WORDS (Continue an revere* side It neceeary ad Identify by block numnber)

Electromagnetic Launch
EM Projectile Launch
EM Projectile Stresses

2L A8mI-NAC? (Cin.mwUw www ft- I y so f deatty by block nmber)

The launchability of penetrator projectiles at the velocities attainable in
electromagnetic (EM) launch is examined. By assuming a base-driven model,
theoretical expressions are derived for the ratio of projectile mass to the
mass of the penetrator core (MT/Mp) as a function of the ratio (x) of the N
length of the penetrator (z) to the unsupported length of the penetrator (40).
This analysis relates the specific strengths and densities of the penetrator
and sabot materials to A and lT/MP. (CONT'D ON RaVERSE)

D Fome 1473 Eonoso or, I-ov s is o esoL-r
JN 473 UNCLASSIFIED

91 SECUNITY CLASIFICATION OF THIS PAGE (When Do-e Entered)



SE3CURITY CLASSIFICATION OF 'HIS PAGE(Thm, Data EntereQ

20. ABSTRACT (CONT'D)

It is shown that an electromagnetic projectile made from materials used in
fielded penetrators and launched with a maximum acceleration of 150,000 G's can
have an unsupported length (zo) of 5 to 7.2 cm dependent on the material yield
criteria used. Using conservative design criteria similar to those used in the
XM829 round, we show that a projectile of 2 kg mass having a I kg penetrator
core may be launched in the base-driven mode without exceeding material
properties.

9..

o,

5°,

I.

o.

UNCLASSIFIED
92 SECURITY CLASSIFICATI'N OF THIS PAGE en Data Entered)



VVVI%*.

SECURITY CLASSIFICATION OF THIS PAGE (When Does Entered)

REPOR DOCMENTTIONPAGEREAD IN~STRUCTIONS
______ REPORT___DOCUMENTATION ____PAGE_ BEFORECOMPLETlINGFORM

I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'$ CATALOG NUMBER

ARCCB -TR- 87037I
4, TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

A POSTERIORI ERROR ESTIMATION IN A FINITE ELEM1ENT Final
METHOD FOR PARABOLIC PARTIAL DIFFERENTIAL _______________

EQUATIONS 6. PERFORMING ORG. REPORT NUMBER

* 7. AUTHOR(&) S. CONTRACT OR GRANT NUMUERfe)

J. M. Coyle and J. E. Flaherty (See Reverse)

3. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

US Army ARDEC AREA & WORK UNIT NUMBERS

*Benet Laboratories, SMCAR-CCB-TL AMCMS No. 6920.OR.8970,021
Watervli et, NY 12189-4050 PRON No. 1A62ZHFCNMLC

1 1, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

US Army ARDEC December 1987
Close Combat Armaments Center 13. NUMBER OF PAGES

Picatinny Arsenal , NJ 07806-5000 23
14. MONITORING AGENCY NIAME II AOORESS(If diffe.rent from Countrolling Ollie*) 15. SECURITY CLASS. (of thi epWort)

UNCLASSIFIED
154S. DECL ASSIIlCATION/ DOWN GRAI N G

SCHEDULE

IS. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, If different fromi Report)

IS. SUPPLEMENTARY NOTES

Presented at the Fourth Army Conference on Applied Mathematics and Computing,
Cornell University, Ithaca, New York, 27-30 May 1986.
Published in Proceedings of the Conference.

19. KEY WORDS (Continue an reverse aide It neceeem7 and Identify by block nsinbor)

Error Estimation Finite Element Method
Superconvergence Backward Euler Method

WMesh Refinement Trapezoidal Rule

24. AIIITRAC? (Coot~ am revers ebb Nf rimoy an deatitif~r by block nusbet)

Superconvergence properties and quadratic polynomials are used to derive a
computationally inexpensive approximation to the spatial component of the error
in a piecewise linear finite element method for one-dimensional parabolic
partial differential equations. This technique is coupled with time integratior
schemes of successively higher orders to obtain an approximation of the temporal
and total discretization errors. Computational results indicate that these
approximations converge to the exact discretization errors as the mesh is

(CONT'D ON REVERSE)
AN I~~S73 EI~WFIOSIOSL UNCLASSIFIED

93 sectaTY CLASSIFICATIOpt oF THIS PAGE (When Date Entered)



V-Y Ji M. , w -r '7 V - UU

SECURITY CLASSIFICATION OF THIS PAGO(Whun Doe Anltor&dQ

7. AUTHOPS (CONT'D)

J. E. Flaherty 'p..

Department of Computer Science
Rensselaer Polytechnic Institute
Troy, NY 12180-3590

and ",-

US Army ARDEC 
.

Close Combat Armaments Center
Benet Laboratories
Watervliet, NY 12189-4050

20. ABSTRACT (CONT'D)

refined. The approximate errors are used to control an adaptive mesh

refinement strategy.

•"pN

"S "

UNCLASSIFIED
9 4 S C U I TY C L A S I FI I C A I O N O F TH I S I M G Er ( W n D a t e Er n t r d ) -t ,

Arv
If %-I

% - % -

ieZS



TECHNICAL REPORT INTERNAL DISTRIBUTION LIST

NO. OF

COPIES I

CHIEF, DEVELOPMENT ENGINEERING BRANCH
ATTN: SMCAR-CCB-O I

-DA 1

-DC 1
-DM 1
-DP 1
-DR 1 a
-DS (SYSTEMS) 1

CHIEF, ENGINEERING SUPPORT BRANCH
ATTN: SMCAR-CCB-S 1

-SE 1

CHIEF, RESEARCH BRANCH
ATTN: SMCAR-CCB-R 2

-R (ELLEN FOGARTY) I
-RA 1
-RM 1
-RP 1

-RT 1

TECHNICAL LIBRARY

ATTN: SMCAR-CCB-TL 
5

TECHNICAL PUBLICATIONS & EDITING UNIT 2

ATTN: SMCAR-CCB-TL

DIRECTOR, OPERATIONS DIRECTORATE 1
ATTN: SMCWV-OD

DIRECTOR, PROCUREMENT DIRECTORATE 1
ATTN: SMCWV-PP

DIRECTOR, PRODUCT ASSURANCE DIRECTORATE I
ATTN: SMCWV-QA

NOTE: PLEASE NOTIFY DIRECTOR, BENET LABORATORIES, ATTN: SMCAR-CCB-TL, OF "

ANY ADDRESS CHANGES.



TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST of

NO. OF NO. OF
COPIES COPIES m

ASST SEC OF THE ARMY COMMANDER
RESEARCH AND DEVELOPMENT ROCK ISLAND ARSENAL ,
ATTN: DEPT FOR SCI AND TECH 1 ATTN: SMCRI-ENM 1
THE PENTAGON ROCK ISLAND, IL 61299-5000
WASHINGTON, D.C. 20310-0103

DIRECTOR
ADMINISTRATOR US ARMY INDUSTRIAL BASE ENGR ACTV

DEFENSE TECHNICAL INFO CENTER ATTN: AMXIB-P 1
ATTN: DTIC-FDAC 12 ROCK ISLAND, IL 61299-7260
CAMERON STATION
ALEXANDRIA, VA 22304-6145 COMMANDER

US ARMY TANK-AUTMV R&D COMMAND
COMMANDER ATTN: AMSTA-DDL (TECH LIB) 1
US ARMY ARDEC WARREN, MI 48397-5000
ATTN: SMCAR-AEE 1

SMCAR-AES, BLDG. 321 1 COMMANDER •
SMCAR-AET-O, BLDG. 351N 1 US MILITARY ACADEMY 1
SMCAR-CC 1 ATTN: DEPARTMENT OF MECHANICS
SMCAR-CCP-A 1 WEST POINT, NY 10996-1792
SMCAR-FSA 1
SMCAR-FSM-E 1 US ARMY MISSILE COMMAND
SMCAR-FSS-D, BLDG. 94 1 REDSTONE SCIENTIFIC INFO CTR 2
SMCAR-IMI-I (STINFO) BLDG. 59 2 ATTN: DOCUMENTS SECT, BLDG. 4484

PICATINNY ARSENAL, NJ 07806-5000 REDSTONE ARSENAL, AL 35898-5241

DIRECTOR COMMANDER
US ARMY BALLISTIC RESEARCH LABORATORY US ARMY FGN SCIENCE AND TECH CTR
ATTN: SLCBR-DD-T, BLDG. 305 1 ATTN: DRXST-SD 1
ABERDEEN PROVING GROUND, MD 21005-5066 220 7TH STREET, N.E.

CHARLOTTESVILLE, VA 22901
DIRECTOR
US ARMY MATERIEL SYSTEMS ANALYSIS ACTV COMMANDER I
ATTN: AMXSY-MP 1 US ARMY LABCOM
ABERDEEN PROVING GROUND, MD 21005-5071 MATERIALS TECHNOLOGY LAB

ATTN: SLCMT-IML (TECH LIB) 2-"
COMMANDER WATERTOWN, MA 02172-0001
HQ, AMCCOM
ATTN: AMSMC-IMP-L 1
ROCK ISLAND, IL 61299-6000

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.

.1 ..



TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

NO. OF NO. OF
COPIES COPIES

COMMANDER COMMANDER
US ARMY LABCOM, ISA AIR FORCE ARMAMENT LABORATORY
ATTN: SLCIS-IM-TL 1 ATTN: AFATL/MN
2800 POWDER MILL ROAD EGLIN AFB, FL 32542-5434
ADELPHI, MD 20783-1145

COMMANDER
COMMANDER AIR FORCE ARMAMENT LABORATORY
US ARMY RESEARCH OFFICE ATTN: AFATL/MNF
ATTN: CHIEF, IPO 1 EGLIN AFB, FL 32542-5434
P.O. BOX 12211
RESEARCH TRIANGLE PARK, NC 27709-2211 METALS AND CERAMICS INFO CTR

BATTELLE COLUMBUS DIVISION
DIRECTOR 505 KING AVENUE
US NAVAL RESEARCH LAB COLUMBUS, OH 43201-2693
ATTN: MATERIALS SCI & TECH DIVISION 1

CODE 26-27 (DOC LIB) 1
WASHINGTON, D.C. 20375

'p'

-- V

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.


