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FOREWORD

This volume is the third and final installment of Ballisticians in War and Peace, the history of the
Ballistic Research Laboratory and its predecessors. While the activities chronicled in this account are
a source of pride to those who participated in them, there is also some sadness to realize that this
history is now a completed work.

The 54-year period from 1938 to 1992 marks the formal life span of the Ballistic Research
Laboratory, but neither year witnessed a dramatic change in the scientific work of the ballisticians
charged with its accomplishment. Perhaps the most significant change was in the simple
acknowledgment of a historical turning point and the need for a new vision. The acquisition of a new
organizational name in 1938 was a milestone along a continuing path of scientific endeavors.
Reconstitution into the Army Research Laboratory in 1992 was a further milestone along that same
pathway. Together they marked the onset and culmination of a long historical era of global military
confrontations which paralleled and vitalized the work life of the Ballistic Research Laboratory.

As the world moves into the new post-Cold War era, the course of that path is not at all clear, but
will certainly hold new challenges for the ballisticians of the Army Research Laboratory. I have every
confidence that the pride and tradition of excellence recorded in these pages will continue
undiminished, and the torch will be passed on to shine as brightly as ever.

JOHN T. FRASIER
Ballistic Research Laboratory
Director, 1986-1992
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EDITOR’S NOTE

In some cases, parts of quoted material were reformatted to conform with the style practices of the
rest of the volume. Any possible misrepresentation is regretted.
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PROLOGUE

John Schmidt has told the two-volume story
of the Ballistic Research Laboratory (BRL) from
World War I with the early work of R. H. Kent,
through its official start in 1938, until its
joining the Armament Research and
Development Command in 1977.

Now, with volume III, we close the book on
BRL—the specific organization—and leave it to
a later date for others to write the history of the
Army Research Laboratory (ARL) into which
the BRL has been assimilated. While the
specific organization has been decommissioned,
the people remain with their facilities, their
dedication, and their professionalism.

Earlier in the day during the closing
ceremonies, Don Eccleshall put it well when he
reminded the assembly that the ARL was being
made up of a number of organizations, each of
which had a proud name and heritage. There
certainly is every reason to believe that this
synthesis and metamorphosis will result in new
accomplishments in new horizons.

There is also a certain irony to these
changes.

The BRL was created just prior to World
War II and was staffed and assisted by many
outstanding scientists who felt the importance
of that struggle. The years after World War II
were dominated by the Cold War, which posed
the serious threat of the massive military force
of the Soviet Union—a threat that drove the
program of the BRL. Certainly, the BRL made
major contributions to the winning of the Cold
War—some of those contributions were
manifested in the Persian Gulf War that
immediately followed the end of the Cold War.
By 1992, the world situation has changed
dramatically with new promises and new
dangers. The U.S. military is rethinking its
roles and needs; a fresh look at military
research seems appropriate.

Regardless, this is not a twilight for the
BRL. Through all the years, it has advanced
the understanding of the complex processes of
ballistics, it has remained at the cutting edge of
the associated technologies, it has made major
contributions to the fighting ability of the U.S.
Army, and it has become renowned throughout
the defense establishments worldwide.
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THE BALLISTIC RESEARCH LABORATORY

THE PROGRAM

The Ballistic Research Laboratory (BRL)
[now part of the Army Research Laboratory
(ARL)] was created to conduct research in the
field of ballistics and in related areas of
technology as applied to U.S. Army weapon
systems. Volumes I and II of Ballisticians in
War and Peace' describe the BRL’s program
from its nascent days during World War I,
through the formal creation of the BRL in 1938,
through World War II, and on through 1976.

The 1970s saw the emergence of a number
of important new developments in ballistics—
the silver bullet and its ultimate progeny, the
M900 and M829 series of kinetic energy (KE)
tank rounds; low-vulnerability ammunition
(LOVA); the maturing of the armor and
ammunition compartmentation for the Abrams
tank; and explosively formed penetrators (EFP).

In the case of vulnerability analysis, the
1970s saw the introduction of the point-burst
methodology, and we should also mention that
the 1980s saw the emergence of the
regenerative liquid-propellant gun (RLPG) and
live-fire testing with a rejuvenation of the
aging vulnerability data base.

As with so many other scientific and
engineering endeavors, the activities of the BRL
from the late 1970s were strongly influenced by
the burgeoning computer technology. The
organization that sponsored the world’s first
electronic digital computer, the ENIAC
(Electronic Numerical Integrator and
Calculator), now made significant contributions
to interactive computing, networked computing,
computer graphics, and the applications of
supercomputers to solving large-scale scientific
and engineering problems. The late 1970s saw
the emergence of the Cray supercomputers,
although it took another decade for the BRL
actually to have its own.

While the computers opened the possibilities
of making more detailed and complete solutions
of the problems in ballistics, these possibilities

could only be achieved with a more complete
understanding of the physical and chemical
processes involved, with more complete data on
the properties of materials, and with an
understanding of the validity and stability of
the associated mathematical models.

Certainly, the process of rationalization of
the field of ballistics continued by Kent and
others has reached a level that was probably
not expected by those pioneers. But
expectations change, and, as in so many other
areas of endeavor, the more one learns, the
more one finds new areas of ignorance.

As this process of rationalization continues,
it becomes more and more the province of
people with deep knowledge in highly
specialized technical areas; the complete
ballistician becomes almost an impossibility.
The connections between the research and the
application become less obvious to the non-
specialist, and considerable vision, patience, and
trust are required to stay the course. It is thus
to the credit of the leaders of the BRL that, over
the years, they have been able to see and to
articulate the needs for the research and that
they have been able to build a world-class
laboratory and related program in ballistics.

It is also important to understand that the
analytic process is still limited and that the
dream of calculating the effects of ballistic
processes ab initio is far from attainable in the
foreseeable future. The processes are
complicated, some such as fracture are not
easily manageable in an analytic framework,
and many of the basic material properties
involved must be measured at extreme
conditions of loading and rates of loading.
Thus, there has been a concomitant need for
new and more capable experimental facilities.
The demands on experimentation have been
heightened by a new awareness of the need to
validate engineering predictions and to prove
the performance and survivability of military
equipment in live-fire tests (LFTs). These
concerns have been particularly emphasized by



the ballistic research laboratory

LEADERSHIP

the Congressional mandate to conduct LFTs on
the survivability of major military systems.

Thus, over the last decade and a half, the
BRL has had considerable growth in its
experimental capability, its analytic capability,
and its computational facilities.

ORGANIZATIONAL ASPECTS

The Army has created a variety of
organizational concepts for the conduct of
research and development (R&D) and for the
management of its laboratories. As a result, the
BRL has reported to a number of different
organizations and levels of command. At the
beginning of this portion of our history in 1977,
the BRL had just become part of the newly
formed Army’s Armament Research and
Development Command (ARRADCOM) with
headquarters at Picatinny Arsenal, NJ. In
1983, the BRL was taken out of ARRADCOM
and reported directly to the Army Materiel
Command (AMC). In 1985, the Laboratory
Command (LABCOM) was formed and became
the manager of the Army’s corporate
laboratories—to include the BRL. Finally, the
ARL was formed in 1992, and the BRL lost its
identity as did the other corporate laboratories
as they were incorporated into the ARL.

This number of changes over the decade and
a half was not all that unusual as the reader
will notice in the other two volumes of this
history. Interestingly enough, none of these
changes had a significant effect on the technical
accomplishments of the BRL, and none of them
(with the exception of the creation of the ARL)
has had much of an impact on the BRLU’s
internal organization.

For example, prior to joining ARRADCOM,
the BRL was composed of seven laboratories.
In that reorganization, the laboratories became
divisions. The Terminal Ballistics Laboratory
and the Detonation and Deflagration Dynamics
Laboratory were reunited to form the Terminal

Ballistics Division (TBD); the Concepts Analysis
Laboratory and the Applied Mathematics
Laboratory were joined to form the Ballistic
Modeling Division (BMD); the Exterior
Ballistics Laboratory was renamed the Launch
and Flight Division (LFD); the Vulnerability
Laboratory was renamed the
Vulnerability/Lethality Division (VLD); the
Interior Ballistics Laboratory was renamed the
Interior Ballistics Division (IBD); and a
Computer Support Division (CSD) was created.
Bob Eichelberger, the Director of the BRL,
assumed the additional position of
ARRADCOM'’s Associate Technical Director for
Research and Technology. dJohn Frasier, the
Chief of the Penetration Mechanics Laboratory,
became the Deputy Director of ARRADCOM’s
Large-Caliber Laboratory—later to return to the
BRL in 1986 as its director. The major effect of
this reorganization was to bring the
development community for armaments and the
BRL closer together, but there was a certain
(albeit slight) stifling effect on some of the
activities of the BRL in areas other than
armaments.

The organization of the BRL remained
essentially unchanged when it came out of
ARRADCOM. Probably the main effect was a
boost in morale since the BRL reported at a
higher level in the Army’s chain of command.

The heady feeling was short-lived, and two
years later another level of command
(LABCOM) to which the BRL reported was
created. Again the internal organization of the
BRL itself remained essentially unchanged.

LEADERSHIP

Dr. Robert J. Eichelberger was the Director
of the BRL from 1969 until 1986.

"Dr. Eichelberger was born in Washington,
PA, in 1921. He graduated from Washington
and dJefferson College in 1942 with his
bachelor’s degree in physics. He also earned




Dr. Robert J. Eichelberger.

both a master’s degree and a doctorate in
physics at the Carnegie Institute of Technology
[now the Carnegie-Mellon Institute].

"Dr. Eichelberger joined the BRL in 1955 as
Chief of the Detonation Physics Branch, a unit
of the BRL’s Terminal Ballistics Laboratory.
Prior to 1955, Dr. Eichelberger had served 12
years as a research supervisor and research
physicist at the Carnegie Institute of
Technology, Pittsburgh, PA, managing contract
research for the Army and collaborating with
the BRL. In 1962, he became the BRL’s
Associate Technical Director, serving in that
capacity until 1965. In that year, he became a
consulting physicist with the BRL. In 1967, he
became the BRL’s Technical Director. In 1969,
the top leadership position at the BRL was
converted from a military assignment to a civil-
service post, and Dr. Eichelberger became the
BRL’s first civilian director.

the ballistic research laboratory
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"Dr. Eichelberger’s technical achievements
include work in detonation physics, combustion,
high-speed and high-pressure fluid dynamics,
and development of computer models and
systems engineering. He retired from the BRL
in 1986 and now resides in the local area."?

Dr. John T. Frasier.

Dr. John T. Frasier served as the Director of
the BRL from May 1986 until its closing in
September 1992. At that time, he became the
Director of the newly formed Weapons
Technology Directorate of the ARL.

"From 1962 until 1977, Dr. Frasier worked
at the BRL as a scientist and engineer and
served as Chief of the Terminal Ballistics
Laboratory during the last 6 years of his
assignment.

"He then joined the U.S. Army Armament
Research and Development Center where he
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served as Deputy Director of the Large-Caliber
Weapons Systems Laboratory (LCWSL) from
1977 until 1983.

"From 1983 until 1986, Dr. Frasier worked
in the Naval Surface Weapons [now Warfare]
Center (NSWQ), first as head of the Research
and Technology Department, then as head of
the Weapons Systems Department.

"A native of Arlington, VA, he holds a
bachelor of science degree in civil engineering
from Virginia Polytechnic Institute and a
master’s degree and a doctorate in engineering
mechanics from Penn State University.”2

Dr. Lawrence J. Puckett.

Dr. Lawrence J. Puckett was the Assistant
Director and later Associate Director of the BRL
from 1978 through 1992. He received his
bachelor of science degree in physics from the
Virginia Military Institute and his master’s and

doctorate from the Georgia Institute of
Technology.

COL Robert H. Gomez was the Deputy
Director and Commanding Officer from 1976
until 1981. He was a 1954 graduate of the U.S.
Military Academy and received a master of
science degree from the Georgia Institute of
Technology.

COL Robert N. Mathias was the Deputy
Director and Commanding Officer from 1981
until 1983. He was a graduate of the U.S.
Military Academy and received a master’s
degree in nuclear physics from Tulane
University in Louisiana. He also completed the
Command and General Staff College, the
Defense Systems Management College, and the
Army War College.

COL James Wasson was the Deputy
Director and Commanding Officer from 1983
until July 1987. He earned a bachelor’s degree
in business administration at Lehigh University
in 1958 and a master’s degree in science and
technology management at George Washington
University in Washington, DC. He also
completed the Armor Officer’s Career Course
and the Command and General Staff College at
Fort Leavenworth, KS.

MAJ Gary R. Davis was Deputy Director
and Commanding Officer from July 1987 until
November 1987; LTC Charles K. Gailey, III,
from November 1987 until April 1991; MAJ
Andrew G. Ellis, from April 1991 until July
1991; MAJ Richard A. Koffinke, Jr., from July
1991 until January 1992; and LTC David L.
Meeks, from January 1992 until August 1992.

COMPUTER TECHNOLOGY

Computers have been an important tool of
the BRL from its early use of the Bush
Differential Analyzer and the creation of the
ENIAC.2  While its main association with
computers has been with using them to solve
the massive computational problems of ballistics




in propulsion, flight, terminal effects, and
vulnerability analysis, the BRL has also
developed a powerful capability for using
computers in daily tasks, and it has also made
significant contributions to computer
technology.

At the inception of ARRADCOM, the CSD
was created in the BRL with Ingo Rucker as the
chief of the division. CSD was responsible for
acquisition, maintenance, and support of the
BRL computer assets—hardware and software.
The major computer asset was the newly
acquired CYBER 76 computer.*

Meanwhile, the System Engineering and
Concepts Analysis Division (SECAD) was
becoming involved in the development of
interactive, networked computing which
eventually led to the creation of BRLNET as
discussed in the following text. In 1984, CSD
was merged into SECAD to bring the
technologies together and to form the concerted
effort for bringing supercomputers to the BRL.

At the time of writing this history (1992),
"the BRL operated the Army’s largest based
campus-area computer network (CAN),
BRLNET, with six nodes currently operative
that linked the major BRL buildings, the Army
Human Engineering Laboratory (HEL), the
Army Materiel Systems Analysis Activity
(AMSAA), and the Army Chemical Research
and Development Center [now the Chemical
Research, Development, and Engineering
Center (CRDEC)] located 12 miles away. The
network linked computers as diverse as the Sun
Workstations and the Cray-2. This network
was constantly being improved and upgraded
(e.g., recently with 80-mb/s fiber optics) and was
largely the creation of in-house BRL computer
scientists who enjoyed national and
international reputations in network theory and

™
topics such as UNIX operating-system
development and improvement. BRLNET was
connected to MILNET/ARPANET and the
world-wide InterNet. BRL scientists recently
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completed the responsibility of implementing
ASNET, the Army Supercomputer Network."d

As of 1991, the BRL’s computer
configuration consisted of the following:®

Supercomputers . ........... 2
Superminicomputers ........ 8
Minicomputers . ............ 30
Work Stations ............. 202
Personal Computers . ........ 525
Terminals ............... 1,100
Local Area Networks ........ 15
Campus Network . .......... 1

"As a result of its unique position among
Army Laboratories both with respect to its
exploitation of computer technology, and the
excellence of its staff in Computer Science, the
BRL was chosen to be the home of the Army’s
first two supercomputers, a Cray X-MP/48 and
a Cray-2. These two supercomputers were
being extensively exploited to extend the vistas
of computing to both compute old on-going
problems in a more efficient extended manner
plus new problems not envisioned prior to the
availability of this new resource.”® These
supercomputers "had single processor speeds
(with properly vectorized code) in excess of 500
million floating point operations per second and
dynamic fast memories of from 8 to 256 million
words. Each BRL supercomputer had four
processors.”

"Networks were the backbone of the BRL
computer environment. The BRL network
consisted of a group of local-area networks
(LANs) which were connected to each other via
a ProNet-10 ring network. Most of the BRL
LANs were ethernet with a 10-Mbps (Megabit

per second) transmission speed. The
supercomputer LANs were 50-Mbps
Hyperchannels.

"A major change in [unclassified] scientific
computing in the last 10-15 years or so has
been the real-time interactive manner in which
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scientists can exploit modern computing. This
greatly has enhanced productivity in that
scientists can quickly go from an idea to
processing a computer application (from their
desks) and in a matter of minutes turnaround
a computer run which furthers their thinking or
otherwise advances the project toward quick
completion. ... Recently, the BRL implemented
a secure network that permits scientists to work
from several secure enclaves which are
networked securely to classified computers."®

Typical of the BRL’s firsts in computing was
the BRL’s support of Denelcor’s heterogeneous
element processor (HEP) computer. The HEP
"was developed as a result of a BRL contract
designed to research the possibility of
specialized parallel hardware architecture. The
BRL HEP was used by several teams of
university and Government researchers as a
tool to develop and exploit specialized parallel
algorithms appropriate to the HEP-type
architecture.

The nature of the BRL’s mission required a
continuous striving to acquire and exploit the
most powerful computers that vendors can
provide. To achieve this end, the BRL was an
active participant in an Army project with the
Army High Performance Computing Research
Center. This project is aimed to better
understand the complex algorithm and
hardware issues in exploiting emerging parallel
computer architectures such as the connection
machine, NCube, etc. Through this project the
Army research development test and evaluation
community will have ASNET access to the most
advanced computer architectures the industry
provides.

SUPERCOMPUTERS

Over the years, the acquisition of computers
has often been a frustrating process. For
example, by the time that the cumbersome
procurement process ran its course, the BRL
acquired the last CYBER 76 off the production
line at the time that the Cray supercomputers

became available. While the CYBER was an
important step for the BRL, its limitations in
speed and memory soon became apparent, and
the ballisticians looked longingly at the newly
emerging supercomputers in the Department of
Energy (DOE) and National Aeronautics and
Space Administration (NASA) facilities.

The people in the BRL had been able to use
the supercomputers at other installations and
found, among other things, that their analyses
of armor was inadequate with the BRL
computer—important effects had been found
from calculations done on the DOE
supercomputers.

As the armor and antiarmor competition
escalated, it became clear that the BRL needed
a much greater computational capability.
R. J. Eichelberger recognized that the newly
emerging class of supercomputers, such as the
Cray-2 or ETA’s GF-10 with their huge
random-access memories, represented the
appropriate capability and campaigned hard to
bring that capability to the BRL. Finally, in
December 1984, AMC asked the BRL to develop
specifications for a supercomputer.

Thus began a remarkably aggressive
acquisition program that resulted in the
acceptance of a top-of-the-line Cray X-MP/48
computer 2 years later and a cutting-edge
Cray-2 supercomputer after an additional
6 months. The success in pushing this action
forward and in bringing the supercomputers
into full operation immediately upon their
arrival is due to the combined efforts of Harold
Breaux and Ingo Rucker.

Since a Cray-2 or GF-10 class computer was
not immediately available, the Deputy Under
Secretary of the Army (DUSA) defined a
three-phase program in April 1985 to expedite
the arrival of supercomputing at the BRL. The
phases were to take advantage of time-sharing
with supercomputers at other installations, to
acquire an interim supercomputer, and to
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acquire a next-generation machine when
available.?

The interim supercomputer came to be a
Cray X-MP/48 which was an extremely powerful
computer in its own right. In fact, there was
considerable debate within the BRL over
whether the Cray X-MP/48 or a larger-memory
computer was better for the BRL. (The concern
was over the speed with which individual words
could be accessed in the memories.) Later
experience did, however, prove that the
eight-million word memory of the X-MP was a
serious limitation for many problems, and
Eichelberger’s decision to go with a larger-
memory machine has been more than justified.

In November 1986, the X-MP was delivered
to the BRL. From the beginning, the computer
was essentially used full time for research and
development. The original configuration was to
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use the CYBER front-end computers to interface
with the X-MP and to use the Cray operating
system (COS). Mike Muuss ported the Cray-
station software, originally targeted for the Sun
environment, to the VAX and Gould systems in
use at the BRL, thus paving the way for an
interactive UNIX environment (UNIX Cray
operating system [UNICOS]).” Initially, three
of the processors ran under COS, and the fourth
ran under UNICOS. Eventually, all four
processors went under UNICOS. This
arrangement was dictated by the fact that
UNICOS was not very mature and that many of
the BRL’s applications had been developed
under COS on other supercomputers.

Finally, in June 1987, the BRL’s Cray-2 was
operational.’> This was only about 6 months
after its sister machine was delivered to
NASA/Ames and was celebrated on national
television as a major technological achievement.

To give some idea of the ability of the BRL’s
scientists to lead in supercomputer technoclogy,
we offer the following: "In mid-1987, Muuss
initiated a file-migration and archiving project
for UNIX, intended to be generic for all major
versions of the UNIX system. The intention of
this software was to provide the users of a
UNIX system with the impression of having file
systems that are significantly larger than the
underlying disk hardware that contains them.
This additional storage being provided by a
hierarchy of storage devices that are hopefully
progressively cheaper and probably slower than
the system disk hardware. The presence of the
additional storage will be generally invisible to
the user, except when additional time is
required to access a file that has been moved
from the system disk to a secondary storage
device. This project was done jointly with the
U.S. Naval Academy and with the Software
Division of Cray Research. While this work was
intended primarily to address the need for
massive storage on the supercomputers, it is
intended that this software will be placed in the
public domain, and thus will represent a major
contribution to the UNIX community. This
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BRL’s Cray-2 Supercomputer.

work formed the basis of Cray’s standard data-
migration software, and will benefii users
worldwide."”

INTERACTIVE COMPUTING AND
BRLNET

A relatively simple event in 1977 had a
profound effect on the development of
computing in the BRL. Steve Wolff and Bruce
Henriksen proposed that SECAD (then BMD)
acquire a Digital PDP 11/70 minicomputer,
install the UNIX operating system on it, and
thus furnish interactive computing for the
division—to include scientific computing,
document preparation, etc.

Prior to coming to the BRL, Wolff had been
a professor at The Johns Hopkins University
(JHU). He maintained contact with a group at

10

JHU that had developed a version of UNIX and
installed it on a PDP 11/45. One of the
undergraduate gurus in that group was Mike
Muuss who joined the BRL upon his graduation
and became a key player in computer-related
development in the Laboratory.

With help from the JHU group, with
enthusiasm and persistence, and after
numerous crashes, the SECAD people were able
to make the computer system (called the BMD-
70) with the JHU UNIX into a highly successful
venture. As one might expect, this system
created a demand that far exceeded its
capabilities, and the rest of this section outlines
some of the things that followed. The BMD-70
has been replaced with several generations of
hardware such as VAX, Gould, Alliant, Silicon
Graphics, ete.



The selection of UNIX has turned out to be
extremely fortuitous. Its applicability to a wide
variety of hardware has allowed relatively easy
porting of software, and one can see the same
operating environment on the wide spectrum of
computers from a work station to a Cray-2
supercomputer. There also was a treasure trove
of software that was freely exchanged by a
user’s group during the initial days of UNIX.

One of the conditions for the approval of the
acquisition of the BMD-70 was that SECAD
would demonstrate computer networking,
Initially, there were not too many computers to
join together, so Harry Reed and Henriksen
created a somewhat crude, but workable,
connection and software suite that allow the
users of the BMD-70 to work interactively with
BRL’s CYBER computer and to transfer files
between the two computers. This not only
satisfied the immediate requirement, but it also
proved to be a useful capability.

In a more systematic approach, which grew
into a powerful CAN, Muuss et al. set about
forming a network as various minicomputers
were introduced-—at first in Building 394, which
housed SECAD and the Vulnerability
Methodology Branch of VLD and then
throughout the BRL compound with connections
to the Department of Defense’s (DOD) computer
network (MILNET).

By September 1979, "The prototype
BRLNET was a highly efficient homogeneous
network of UNIX systems on a 16-Mbps LAN,
with network protocols implemented in the
UNIX kernel to support transparent device-level
access across the network."’

In 1979, considerable work went into
"modifying BRL/JHU PDP-11 UNIX to support
real-time man-in-the-loop interactive response.
The capability was necessary to permit graphics
applications to successfully coexist with a time-
sharing load on one general purpose computer.”
In 1980, the necessary operating system driver
software and user-mode interface routines were
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developed "to allow direct user control of ...
Vector General 3300 3-dimensional display
hardware."” We leave the discussion of further
work in graphics to the section on VLD.

Early on, the BRL became interested in the
ARPANET, which was the precursor to DOD’s
MILNET. "In early 1980, ... the prototype
BRLNET protocols were extended to deal with
heterogeneous LAN and routing issues. In late
1980, .. a three-man team ported the
University of [llinois ARPANET NCP capability
to BRL’s PDP-11 UNIX. The team installed a
PDP-11/34 system running UNIX to replace
BRL’s ARPANET Terminal Server (ANTS)
system to provide continued ARPANET access
to the BRL after the ... conversion of the
ARPANET to the new 96-bit leader protocol” on
1 January 1981.7 The BRL was one of the few
DOD sites that could handle the new protocols,
and, for some time, it acted as an intermediary
for a number of sites for electronic mail, etc.

Electronic mail became a way of life in the
BRL; no one could escape from the director’s
messages—a busy phone was no longer an
excuse. In 1981, Muuss adapted the University
of Delaware’s MMDF Version 0 to BRIL/JHU
UNIX system, providing the BRL with an initial
ARPANET mail system." This included
"MMDF’s Phonenet capability, allowing all of
the BRL UNIX systems which did not enjoy
direct ARPANET connections to automatically
exchange electronic mail with ARPANET in a
store-and-forward fashion, using dedicated
serial lines.

"In late 1981, with the prototype BRLNET
a success, the Defense Advanced Research
Projects Agency’s (DARPA) experimental
Transmission Control Protocol and Internetwork
Protocol (TCP/IP) suite was identified as
meeting the BRL’s present and future needs in
a networking protocol. Rather than extending
the prototype BRLNET protocols, Muuss began
a project to implement TCP/IP capability for the
BRL/JHU UNIX on the PDP-11, to replace the
prototype BRLNET."” This was an extremely

11
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important step since it made the BRL
completely compatible with the emerging
MILNET and offered all the technology from
that project for inclusion in the creation of the
BRL’s CAN.

"Working with various DARPA committees,
Muuss participated in the early development
and implementation of these protocols. These
protocols have subsequently been published as
MIL-STD-1777 and MIL-STD-1778, and form
the technological foundation upon which the
entire InterNet system (MILNET, ARPANET,
ete.) is built. It is estimated that there are over
500,000 computers in the world that use these
protocols. Approximately 2/3 of these computers
include protocol software and techniques ...
developed at the BRL.

"On 2 January 1983, the BRL was a full
member of the DARPA InterNet, operating the
first LANs interconnected to the ARPANET
within the DOD. Over the remainder of 1983,
the team remained very active in the ARPANET
research community, identifying network
operational problems, assisting other sites in
debugging their network implementations, and
refining the BRL implementation. Numerous
copies of the BRL's PDP-11 TCP/IP software
were distributed throughout the country."”

The BRL had modified the JHU UNIX to
meet its needs, especially in the area of
security. From a report from FY82, we find,
"Copies of the UNIX computer operating system
as meodified and improved by BMD [SECAD)]
systems engineers were transferred to
numerous requestors including Moravian
College, University of Maryland Eastern Shore,
JHU, National Institute of Health, National
Library of Medicine, and Lincoln High School,
Sudbury, MA."8

"In 1983, Muuss and Howard Walter
developed the plans for a CAN to span the
buildings in the BRL, using existing technology
(twisted pairs) for Phase I and fiber optics for
Phase II. ... BRLNET Phase I (a small-scale
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ARPANET replica) was
installed."’

acquired and

In 1983, the BRL was chosen to be a
beta-testing site for the "DARPA-sponsored
Berkeley 4.1¢ BSD UNIX for the VAX."" The
BRL continued to be the beta-testing site for a
succession of versions of Berkeley UNIX.

"In late 1983 and early 1984, the BRL team
developed and implemented the BRL-
GATEWAY and its supporting operating system
LOS. This gateway software allowed the
long-haul/CAN/LAN interconnection to be off-
loaded to small dedicated processors to provide
for maximum reliability. The BRL-GATEWAY
package has been exported to numerous other
agencies including NASA, and to industry and
universities. The BRL-GATEWAY systems at
the BRL experienced a mean time between
failure of 400 hours (most failures due to loss of
electricity), where each system processed in
excess of 1.5 million packets/day.

"Also in late 1983, the BRI assumed the
lead in MMDF development nationwide,
culminating in MMDPF II being released in late
1984."7

In September 1986, Howard Walter and
Dave Towson began the implementation of a
new network called Secure BRLNET, intended
for continuous high-speed communication of
classified data between the BRL’s secure
computing resources.

"In November 1986, with the delivery of the
Army’s first supercomputer, a Cray X-MP/48,
Muuss coordinated all the network installation
activities to provide immediate access to the
supercomputer from BRLNET and MILNET.
This included detailed planning of the
Hyperchannel hardware and substantial
extensions to the existing VAX UNIX
Hyperchannel driver software to provide the
required level of reliability. He also made the
Gould UNIX Hyperchannel driver compatible
with the Cray link-level protocol format and
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Diagram of BRLNET.

added the necessary reliability modifications.
Finally, he ported the Cray-station software,
originally targeted for the Sun environment, to
the VAX and Gould systems in use at the BRL.

"In early 1987, as part of a joint project
with NASA in distributed processing and
telescience, the BRL became connected to the
NASA Science InterNet (NSI) via a dedicated
56-kbps trunk.

"By mid-1987, BRLNET was comprised of
nine main BRL-GATEWAY processors and a
significant collection of network links providing
MILNET access to many other Aberdeen
Proving Ground (APG), MD, tenants, including
Test and Evaluation Command (TECOM)
Headquarters, HEL, AMSAA, and CRDEC. In
early 1988, there were over 150 hosts operating
on BRLNET, on the BRL campus alone."

"During FY87, the BRL served as technical
consultants to AMC on computer networking on
the Army Secure Automated Research,
Development, and Acquisition/Information
Management Plan (ASARDA/IMP) project. The
BRL developed the scientific-computing network
program (LABNET) that was selected as one of
the joint LABCOM cooperative programs. This
program established interconnectivity between
all nine of the LABCOM organizations for both
classified and unclassified data exchange by
taking advantage of the Defense Data Network
(DDN). Provisions for high-speed data
communication, 1.544 Mbps, which is beyond
the Defense Communications Agency’s (DCA)
current capability, will be provided where
requirements exist. More importantly, this
program was a vehicle to educate all the
LABCOM agencies in computer networking.
During FY87, two laboratories, Atmospheric
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THE HETEROGENEOUS ELEMENT PROCESSOR (HEP) COMPUTER

The Army’s Supercomputer Network.

Sciences Laboratory (ASL) and Materials
Technology Laboratory (MTL) became
operational on the networ 9

THE HETEROGENEOUS ELEMENT
PROCESSOR (HEP) COMPUTER

In June 1973, a technology report was
published by AMC concerning an advanced
hybrid computer system (AHCS). This report
described a need for and the advantages of a
state-of-the-art patched hybrid computer. The
original AHCS committee was enlarged in early
1974 to include all interested parties in AMC,
DOD, and NASA. The BRL was represented by
Clint Frank and Bill Barkuloo.™

Three companies submitted proposals for

AHCS, two of which were for systems that were
analog in nature with auto-patch in place of the
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traditional patch panel and cords. The third, by
Denelcor, Inc., was for a 32-bit floating-point
digital version of an analog computer. A
decision was made to pursue all three concepts,
but we shall only concern ourselves with that of
Denelcor.!?

The BRL was impressed with the potential
for the higher-risk Denelcor concept, and, at its
request, the BRL was selected for the site for
the prototype evaluation of that concept, which
became known as HEP. In response to concerns
about the high-speed bus as a limiting factor in
the performance of HEP, Denelcor created a
concept that not only alleviated the bus problem
but also created a computer that could have
much broader application that included the
solution of partial differential equations. A
contract for a demonstration prototype of HEP
was signed in April 1975. Frank and Barkuloo,




were major proponents for the HEP concept and
made important contributions throughout the
BRL’s involvement.!?

The demonstration prototype effort
originally planned for 4 months was not
completed until February 1976, partly because
of a major change in the scope of work to make
the algebraic unit more powerful with
floating-point arithmetic, a program memory,
and other features. In the demonstration, HEP
ran a set of problems including a
five-degree-of-freedom missile problem, but it
was only able to run at 1/8 the design speed due
to noise and timing problems. However, these
appeared to be solvable. 19

After considerable trials and tribulations,
the BRL received and conducted benchmarks on
a HEP computer with four program-execution
modules in January 1983. Circa 1985, the HEP
was advertised to be the fastest scaler computer
in the world (four to eight times faster than a
CYBER 76). It was completely air cooled. It
had considerable multi-user and multi-task
possibilities including acting as an interactive
graphics engine for high-resolution graphics. It
had large amounts of memory including the
ability to handle a gigabyte of random-access
memory, four 64-megabyte cache memories, and
about 75-gigabytes of disk memory. 10

Most interestingly, HEP’s architecture was
such that each of the four program-execution
modules handled up to eight programs by
performing an instruction from each program in
sequence. HEP appeared to a user as a set of
32 parallel processors, and, as such, it was very
useful in studying parallel processing. HEP
was available on the MILNET and was used by
a number of researchers in computer science,
including investigators from Rensselaer
Polytechnic Institute, Los Alamos National
Laboratory, and the Fermi Laboratory.!® The
Army Research Office (ARO) sponsored a
workshop on parallel computing at Stanford
University in January of 1985; a large number
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of the papers presented at that meeting were
based on experiments using the BRL’s HEP.!!

While several other HEP computers were
produced, the machine did not mature to a
highly reliable computer. Thus, while Nisheeth
Patel had considerable success using HEP for
research in parallel processing of partial
differential equations and Mike Muuss had
similar success in using HEP as a graphics
engine, the BRL’'s HEP was extremely difficult
to keeg working and was decommissioned in
1985.1

Starting in 1982, Muuss and co-authors
developed a version of "UNIX for the Denelcor
HEP." They "implemented a PCC-based C
Compiler for HEP, wrote drivers for the LSB
and Pl interfaces to HEP, implemented a simple
HEP/front-end I/O protocol, implemented a HEP
hardware debugger and logic tracer, and
created a stand-alone test environment on
which to base further development. ... creating
an assembler for HEP, and porting formula
translation (FORTRAN)-77, the loader, archiver,
and the C runtime library to the HEP
environment."”

SUPPORT FUNCTIONS

As with any laboratory, the BRL needed
considerable support to provide the fabrication
of special equipment and facilities, a complete
and current supply of relevant literature, a
careful accounting of assets, and a responsive
supply system. In fact, the BRL might be
considered to be at the high-end of
requirements for support in view of its
involvement with energetic materials, high-
pressure gun systems, materials under very
high stress and rate of stress, projectiles in
high-speed flight, and materiel systems
subjected to severe damage, etc. The BRL has
indeed been very fortunate in having an
extremely capable and dedicated staff to
support its efforts in all of these areas.
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In 1992, the BRL’s Administrative Support
Division had 110 people who represented the
Library, Fabrication Shops, Graphics, Resource
Management (Budget, Manpower, Program
Analysis), Logistics, and a Data-Base
Management Team. The shops and the library
were added to the division in February 1992.
Dave Ore was the chief of the division from
March 1988 through September 1992.12

The Shops. The Experimental Fabrication
Branch operated machine, wood, and welding
shops with a staff of approximately 45 people.
These shops provide a wide variety of functions
from fabricating specific experimental devices
and models to providing very broad construction
and supgort for the BRL’s ranges and
buildings.!?

Work related to the Abrams tank and the
Bradley fighting vehicle (BFV) placed numerous
demands on the shops for such things as
configurations, targets, test fixtures, and stands
to support the development of ammunition
compartmentation; fabrication of reactive armor
(RA) and armor appliques; and projectiles and
sabots to support the development of advanced
ballistic systems.!3

An example of work on a grander scale is
the BRL’s closed range for firing depleted-
uranium (DU) rounds (Range 14). This range
was constructed completely in-house. All the
shops contributed; the wood shop and the
welding shop built the building; the machine
shops made special fixtures such as X-ray
holders and the hinges for the heavy doors. 13

The shops have maintained a very stable,
skilled work force. The people generally stayed
until retirement or until they moved into other
BRL functions. They seemed to enjoy the
challenge posed by the technical programs, and
they appreciated the enthusiastic and
cooperative working environment of the
laboratory.13
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Wood Shop. A major new wood shop was
finished in May of 1991. The wood shop made
a variety of things such as wooden mock-ups of
rounds and sabots; Plexiglas mock-ups of
ranges, blast facility, shock tubes, etc.; model
houses (complete with furniture) as test targets
in shock tubes; and manikins (by the hundreds)
for live-fire tests. And there was always the
need to move partitions around as functions
changed in the BRL’s buildings.!3

The construction of mock-ups prior to the
construction of new facilities was of particular
importance both in the sale of the project and in
its design. These facilities were often quite
complex with such items as X-ray rooms, shock
tubes, firing fixtures, etc., and the ability to see
the facility and to adjust its configuration prior
to construction was invaluable. This was most
recently the case with res?ect to the new Large
Blast/Thermal Simulator.?

Machine Shop. Prior to 1976, there were a
number of machine shops which were scattered
around the BRL. These were then consolidated
into Building 331 (and were still there in 1992).
The machine shop started with computer
numerical control (CNC) in 1977. This was
done both to facilitate the fabrication of delicate
parts (such as high-explosive [HE] molds and
projectile sabots) and to make up for the loss of
personnel spaces.!3

The shop has always been called upon to
create strange shapes (such as twisted, non-
conical shapes for experimental artillery
rounds) and to solve tricky problems (such as
drilling the complex holes for base pressure
measurement of base-bleed projectiles).!®

A major, recent project for the machine shop
has been the hybrid in-bore RAMjet accelerator
(HIRAM) facility. Among other things, the
machine shop fabricates aluminum projectiles,
adds gage holes to the 120mm gun tubes, and
fabricates collars that are used to join gun tubes
to make a long accelerator.




Welding Shop. The welding shop has moved
around a good bit—to Spesutie Island, to the
former wind-tunnel building, and finally back to
a new facility on the island. It too has moved
toward automation with a computer-controlled
robotic welder and computer-controlled cutting
tables.!3

Since the late 1970s, the shop has been
especially busy fabricating targets for the
design of improved armor for the Abrams tank
and the BFV and also configurations for
ammunition-compartmentation studies.!?

The Library. The BRL Technical Library has
provided support not only for the BRL but also
for the other organizations at APG. In 1992,
the collection included over 35,000 books and
monographs, 800 periodical subscriptions,
350,000 technical reports, 1,000 dissertations,
2,000,000 firing records, and 1,500 archival
records. The library had access to over 800
data bases, which resided on 20 retrieval
systems.14

In 1992, the library was in the process of
installing the Scientific and Technical
Information Library Automation System
(STILAS). STILAS is a commercial system,
which is compatible with the Defense Technical
Information Center and is also used by a large
number of facilities—universities, defense
establishments, and other libraries.!®

STILAS maintains local catalogues. The
BRL library can access any other STILAS user
on the network. The BRL built the system for
multi-library applications—any library’s
catalogue could be mounted on the system.
Since it is on the BRLNET, any user in the BRL
could easily access the catalogues. At the time
of this writing in 1992, the on-line public-access
catalogue for books and journals was
operational. Work was progressing on a
catalogue of the BRL reports, and an acquisition
module was yet to be added by which an
individual user can initiate a network-wide
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request to acquire a document, acquire a
bibliography, ete.1®

Supply Functions. Those who have had
experience with the Government’s ordering
system can appreciate the ordering process that
the BRL has been successful in installing. This
automated ordering process, which is all done
electronically, has reduced the reaction time
from 124 days to 21 days. A credit-card concept
was installed for items less than $25,000.12

Resource Management. The Data-Base
Management Team (four programmers with
Mary Leiter as team leader) has written the
software for a financial-management data base.
With this data base, all employees can look at
financial data related to them. Managers can
also access the data base with tools to look at
staffing data—demography, etc.—and the
Director can get various breakdowns on the
basis of such categories as source and type of
money, amounts (e.g., over a certain amount),
expiration dates, what is needed for labor,
obligations, and dispersements.!®

The data are available to the individual
worker for his account. He can do audits on his
money—what he spent it on, what is left, etc.
There are also sub-bases such as:

1. A travel data base - who went where,
when, how much was spent.

2. Awards - who got what award, when,
how much was spent.

3. Supplies - can be ordered from a
terminal - certification by accounting is
also done by computer as is the rest of
the process.

4. Labor - electronic time cards -
timekeeper submits data, which go to
payroll, come back to the BRL, and are
posted in electronic data base.

5. A contract data base.1®
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The Plexiglas Model
Made by the Wood Shop.

6-in Armor Plate,
Cut by the Welding Shop,
Being Hoisted Into Place.

The Main Structure of the Test Cell. The Finished Product
by the BRL Shops.

The Evolution of Range 7-A. A Plexiglas Model Was Used to Design the Structure,
Which Was Made From 6-in Armor Plates With Mortise-and-Tenon Joints.
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Model of a Cartridge and Propellant Grains.

Eia e e e
Control Room for Compu d Design and
Computer-Aided Manufacture (CAD-CAM) System.

Pféparing to Machine Gun Ports Flame-Cutting Opérdtion
in a Gun Tube for HIRAM. on 6-in Armor Plate.

The Evolution of Range 7-A. (continued)
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AS OF: 31 OCT 1991

THE PROCUREMENT/SUPPLY PROCESS
SMALL PURCHASE PROCUREMENT CELL
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AVG: 2 DAYS AVG: 15 DAYS
VISA
— > .8 BPA
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NOW: 21 DAYS PROCUREMENT
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Computer Technology Has Streamlined the Supply Process.

Money comes into the BRL in hard copy.
The data are then entered electronically and
sent to the performer who breaks out his
planned budget electronically. This then goes
back into the financial data base.®

Graphics. Quality graphical material for
reports, briefings, and displays is vital for any
organization that must foster its programs and
communicate its accomplishments with its
clientele. In earlier times, the BRL had the
stylish hand work of the likes of Don Kimbell;
more recently, more sophisticated techniques
have taken over.
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In 1980, the graphics group had five
drafting tables, a photo typesetter, a color Xerox
machine, and a black-and-white self-contained
camera. By 1992, they were down to three
drafting tables but had seven computer work
stations (with color and black-and-white
scanning, printing, video editing, and special
effects), and a self-contained color camera. The
1992 output was about four times the 1980
output with the same number of people and
with a Dbetter product (e.g., higher
resolution).1”
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Heatin

Artist’s

Concept

The Artist and the Computer Join to Give Life to a System Concept.

BUILDING DEDICATIONS

On 24 September 1974, the Supersonic
Wind Tunnel Building (Building 120) was
dedicated to Dr. Robert Harrington Kent, "the
country’s foremost expert in the science of
ballistics throughout 40 years of outstanding
service to the U.S. Army; a master in gathering
competent people and inspiring them do
creative research. Ballistician, mathematician,
and scientist, R. H. Kent achieved well-merited
fame for bringing rigorous scientific methods to
ballistics."®

On 12 September 1985, the main BRL
building (Building 328) was dedicated

to MG Leslie Earl Simon, "soldier-scientist,
researcher, Director, the BRL 1941-1949;
advocated strong technology base program as
the key to timely, cost-effective weapons
development; attracted international recognition
to the BRL scientific staff for development,
acquisition, and installation of first U.S.
supersonic wind tunnel for ballistic testing in
Building 120, and world’s first digital computer
in this bulldmg

On 28 September 1988, the Terminal
Ballistics Building (Building 309) was dedicated
to COL Hermann H. Zornig," pioneering soldier-
scientist, complete ballistician, and foremost
authority on ammunition. Studied ballistics in
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Germany under the eminent Professor Cranz in
the early 1930s and conceived the idea for
American research in ballistic technology.
Planned, organized, and developed the initial
BRL. First Director of the BRL from 1938 to
1941. Set the standards for excellence and laid
plans for Ogrowth and major BRL research
facilities."?

Finally, on 30 September 1992, the BRL’s
Conference Center (Building 330) was dedicated
as the BRL Hall, "to the men and women, both
past and present, of the BRL. Their expertise,
loyalty, and zealous pursuit of excellence
combined to build a laboratory of world-wide
reputation, trusted and respected for its
significant contributions to the U.S. Army and
the nation. The BRL, 1938-1992."%!

AWARDS

The BRL continued to develop its reputation
for quality work through its last decade and a
half, winning the Department of the Army (DA)
Award for Excellence in 1977, 1978, 1979, 1981,
1982, 1983, 1984, and 1988.

Program for the Disabled. One area of pride
for the BRL was in its efforts in supporting the
APG disabled awareness program. In 1989 and
again in 1990, the BRL received the APG
organizational award recognizing its
accomplishments in supporting the disability
awareness program. "The APG Committee for
the Disabled honors the BRL for demonstrating
outstanding support and accomplishments to
the disabled awareness program."22

Interestingly enough, one of the BRL’s more
remarkable efforts in this area (and one which
shows its compassion and dedication to
community service) began in 1990 when
Dorothy Kirk, the BRL’s Handicap Program
Coordinator, made the following suggestion to
John Frasier: "I would like to get your thoughts
on a proposed program that I would like to look
into and develop for your handicap program.
There is a program known as Adopt a School

22

that I would like to pursue with the principal of
John Archer. With this program, the BRL
would adopt John Archer and would support
some of [its] programs and functions during the
year. The BRL would provide volunteers to
help out with programs in the evening and
would also provide people to go to the school
and do presentations or demonstrations for the
students, and also we would have students visit
the lab. I know we are very scientifically
oriented, but I think there are people in this lab
who would be interested in this program and
would be very supportive of John Archer."??

The John Archer School in Bel Air, MD, "is
a public school designed to meet the needs of
students with emotional and physical
disabilities.  Classes at John Archer are
grouped by instructional departments consisting
of classes of students of similar ages. The
teachers in a department work together to
benefit the students and the instructional
program. The departments are Preprimary,
Primary, Intermediate, Secondary, and Work
Experience. The Work Experience Department
serves 17-year-old to 21-year-old students. The
principal of the school indicated that the
emphasis at John Archer is to develop
independence and to be able to meet as many
daily needs as possible. These daily needs
include vocational, social, and self-care skills
also known as functional application skills."?*

John Frasier made the notation "proceed,
keep me informed" on a copy of the message,
and the following news item that appeared in
1991 tells what resulted: "The BRL recently
formed a partnership with the John Archer
School in Bel Air. The partnership is a
voluntary relationship designed to allow the
laboratory to actively participate in the
education of John Archer students, while
offering them work experience in a closely
supervised environment.

"The students, who are paid minimum
wage, work 4 hours during school days and
8 hours a day when school is not in session.
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John Archer Students Decorating the Lobby of the Main BRL Building.

The students are recommended by a
representative of the Harford County School
system, and laboratory supervisors interview
the prospective employee for selection.

"The purpose of the partnership is to
provide mutual benefits to both the Laboratory
and the school. The Laboratory’s involvement,
in addition to providing employment and
training, will include providing volunteers to
assist with John Archer May Day on 11 May
and Field Day in mid-June, host the Student-
for-a-Day program with selected students
visiting the Laboratory, and host the 1991 John
Archer Graduation trip to the Laboratory on
24 May, to include a tour and luncheon at the

APG Officers Club. The students will provide
clerical and light labor services and participate
in Laboratory events, as appropriate, by
providing choral-group entertainment, bulletin-
board material and handouts, computer-
generated banners, signs, and the like.

"Two students from John Archer worked at
the Laboratory [in 1992]. Shannon Dowden was
assigned to the Administrative Support
Division, where she assisted with filing, typing,
and mail delivery. She also assisted with tasks
related to training, personnel, and awards.
Shawn Walker was assigned to the
Experimental Fabrication Division, where he
performed light maintenance services in the
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Machine Shop, such as sweeping, taking out the
trash, and oiling certain machines. Safety
requirements were strictly adhered to, and
Shawn was issued gloves, safety glasses, ear
plugs, and safety shoes.

"Rod Ewing, principal of John Archer,
recently visited the students at their work sites
and said he was impressed with the work
assignments and the growth of the students
since they began their work at the Laboratory.
The [BRL] has been cited for its commitment to
the Equal Employment Opportunity program by
being named for the past two consecutive years
as the winner of the APG Organizational Award
for support of disability awareness programs.
The Laboratory was also the recipient of the
Public Employer of the Year Award for 1990 by
the Harford County Committee on Employment
of People with Disabilities. Most recently, the
Laboratory was recognized as the Medium-size
Public Employer of the Year by the Maryland
Governor’s Committee on Employment of People
with Disabilities."25

The BRL was even more creative when they
"extended their partnership with the John
Archer School by establishing a maintenance
service contract with the school in September
1991. Twice a week, 4-5 students and a
supervisor arrive at the Laboratory to create
and maintain various horticultural projects.
Indoors, they are responsible for maintenance of
live potted plants/flower gardens, artificial
plants and arrangements, and relocation of
indoor flower beds, etc. The students create
many seasonal decorative projects, i.e., for
Memorial Day they made arrangements that
included small American flags. The program
was extended through the summer months so
they could maintain the outdoor projects that
were started when the contract was awarded.

"The BRL specially leased and outfitted a
modern trailer (with heat, air conditioning, rest
room, hot/cold water, and refrigerator) for the
students to use as a work area/classroom. This
trailer provides a comfortable environment for
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the students to do all the work needed to
transplant plants, make seasonal arrangements,
grow seedlings, etc. Their tools and equipment
are stored in the trailer. These special
provisions have enabled the students to get a
lot accomplished in a short amount of time,
with noticeable results. The students show
pride in their work. Many complimentary
comments have been received from within the
BRL and outside the BRL on this special
partnership.

"The expansion of this partnership has been
very rewarding, for the BRL as well as the
students. For the students, it is a learning
opportunity, a chance to practice new skills, to
demonstrate teamwork, and a chance to earn a
paycheck. For the BRL, it is an opportunity to
reach out to the installation, to the community,
and to these special students. Through the
students’ efforts, a more attractive environment
has been created. All those entering the
grounds of the Laboratory can see the work that
has been accomplished through the efforts of
the John Archer students. The students were
treated at the end of the school year with a tour
of the [APG] Ordnance Museum. The John
Archer School presented Susan Johnson?® a
Certificate of Appreciation in June 1992 for her

support of the program."27

The Harford County Chamber of Commerce
gave its Partnership Award for Administrative
Services given to Harford County Schools
during 1991-1992 to the BRL, and Dr. John T.
Frasier, Director of the BRL, was cited for his
"sincere interest and participation in the
Aberdeen High School Partnership Program,
1991-1992."2

Awards to the People of the BRL. Over the
years, the people of the BRL have received
numerous prestigious individual awards
including the Army’s Exceptional Civilian
Service Award, the Army’s Meritorious Civilian
Service Award, and the Army’s R&D
Achievement Award. Of particular importance
have been the awards that have been bestowed




by their peers, the Kent Award, the Zornig
Award, and the Director’s Award.

The Director’s Award. The Director’s Award
was established by Dr. Robert J. Eichelberger in
1985 to provide recognition for outstanding
accomplishments made in direct support of the
technical or administrative mission of the
Laboratory. Those who have received the
Director’s Award are as follows:

1985 Mr. Lyle Kirkendall
1986 Mr. Richard Markland
1987 Ms. Joan Ege

1988 Mr. William J. Taylor
1989 Mr. Hughes E. Holmes
1990 Mr. William Thompson
1991 Ms. Diana R. Abbott
1992 Mrs. Nancy Testerman,

The Zornig Award. The Zornig Award
commemorates COL H. H. Zornig, the first
Director of the BRL. It was established in 1959
by Dr. Curtis Lampson to acknowledge
significant achievements in work done by the
BRL personnel in a management or
management support role. The recipients of the
Zornig Award are the following:

1959 Mr. Frank H. Sirangelo
1960 Mr. Herald H. Lambert
1961 Mr. Oliver Steele

1962 Mr. D. C. Jackson

1963 Mrs. Anna Long

1964 Mr. Leonard Stansbury
1965 Mr. Chester W. Wallin
1966 Mr. Howard A. Ricci
1967 Mr. William L. Moody
1968 Mr. Leroy Stansbury
1969 Mr. James D. Wallace
1970 Mrs. Ester Johnson
1971 Mrs. Darlene J. Wilson
1972 Mr. Richard L. Hughes
1973 Mr. Arlington Young
1974 Mr. John Schmidt

1975 Mr. Clarence Bush
1976 Mr. Dale Smith

1977 Mrs. Patricia Roberts
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1978  Mr. Julius Meszaros
1979  Mr. Donald Kimball
1980 Mr. John Hurban
1981 Ms. Alice C. Perry
1982  Mr. R. Paul Ryan
1983 Mr. Fred Brandon
1984  Mrs. Myra Hartwig
1985 Mr. David L. Rigotti
1986  Mr. Gary Holloway
1987 Mr. Louis Giglio-Tos
1988 Mr. John R. Jacobson
1989  Dr. Walter F. Morrison, Jr.
1990 Mr. Robert Lieske
1991 Dr. William Gillich
1992  Mr. William Johnson.

The Kent Award. The Kent Award was
established in 1956 at the suggestion of
Dr. Raymond Sedney to commemorate
Dr. Robert H. Kent, the acknowledged founder
of the BRL, and is the oldest peer award of the
Laboratory. Although its initial purpose was to
honor a singular outstanding scientific or
engineering feat, the award is now given to
acknowledge a career of technical achievement.
Those who have received the Kent Award are as
follows:

1957 Mr. Howard W. Zancanada
1958  Mr. Frederick Kaufman
1959  Dr. Boris M. Garfinkel
1960  Dr. Joseph Sperazza

1961 Mr. Morgan Smith

1962 Dr. Helmud H. Schmid
1963  Dr. Turner L. Smith

1964 Mr. David C. Hardison
1965  Dr. Lester P. Kuhn

1966 Mr. Harry L. Reed, Jr.
1967 Mr. Arthur E. Thrailkill
1968 Mr. Herman P. Gay

1969  Dr. Charles H. Murphy
1970  Dr. Ceslovas Masaitis
1971  Dr. John T. Frasier

1972  Mr. Leonard J. MacAllister
1973 Mr. Roland G. Bernier
1974  Dr. Franklin Niles

1975  Mr. George D. Kahl

1976  Mr. Orlando T. Johnson
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1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
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Mr. Donald F. Menne
Mr. Jerome Frankle

Dr. Raymond Sedney
Mr. Charles Lebegern
Dr. William J. Gillich
Dr. Donald Eccleshall
Mr. Alexander S. Elder
Mr. William Mermagen
Dr. Walter B. Sturek
Dr. Terrence Klopcic
Mr. Harold Breaux

Dr. Judith K. Temperley
Dr. Edward M. Schmidt
Dr. Bruce P. Burns

Mr. Albert W. Horst
Dr. Joseph Rocchio.

The BRL Fellows. The organization of the
BRL Fellows was established by Dr. Robert J.
Eichelberger in 1969 to recognize people in the
BRL with outstanding technical achievements
and to provide the Director with a core of people
who could provide technical guidance advice.
As of September 1992, the BRL Fellows were as
follows:

Mr. Harold J. Breaux

Dr. William J. Bruchey

Dr. Bruce P. Burns

Dr. William P. D’Amico
Dr. James T. Dehn

Dr. Andrew M. Dietrich, dJr.
Dr. William H. Drysdale
Dr. Donald Eccleshall

Mr. Konrad Frank

Dr. Gordon L. Filbey, dJr.
Dr. Robert B. Frey

Dr. William J. Gillich

Mr. George E. Hauver

Mr. Thomas E. Havel

Mr. Albert W. Horst, Jr.
Dr. Norris J. Huffington, Jr.
Dr. Arpad A. Juhasz

Dr. Nathan Klein

Dr. Terrence J. Klopcic

Dr. Walter F. Morrison, Jr.
Dr. Lawrence J. Puckett
Dr. Joseph J. Rocchio

Dr. Edward M. Schmidt
Dr. Walter B. Sturek

Dr. Judith K. Temperley
Dr. William P. Walters

Dr. Thomas W. Wright.
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NOTES
The first two volumes of this trilogy were prepared by John Schmidt.

Rebecca M. Roling (compiler), Directors of the Ballistic Research Laboratory, 1938-1991. The BRL
Technical Library Archives, Aberdeen Proving Ground, MD.

John Schmidt, Ballisticians in War and Peace, Volume I, U.S. Army Ballistic Research
Laboratories, Aberdeen Proving Ground, MD, 1956.

John Schmidt, Ballisticians in War and Peace, Volume II, U.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, MD, 1976.

From papers furnished by Harold Breaux on 22 July 1992.

Arthur D. Coates (editor), Ballistic Science and Technology, Tutorial, System Engineering and
Concepts Analysis, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD,
May 1991.

"Experimental Development and Research: Factor IV,” Submission for Michael John Muuss,
16 October 1991. ‘

BRL Program Accomplishments, FY82, Laboratory of the Year Submission.
Principal Technical Accomplishment, FY87, Laboratory of the Year Submission.
Discussion with and papers from Bill Barkuloo on 19 October 1992.

At the workshop that followed in 1986, Intel’s Hypercube computer was the basis for most of the
experimentation.

Discussion with Dave Ore on 10 November 1992.

Discussion with Bob Callahan (Chief of the Experimental Fabrication Branch), Dean Jarvis
(Wood Shop), and Mike Rose (Machine Shop) on 17 November 1992.

The ARL Technical Library (APG), October 1992.

Conversation with Ida Johnson on 17 November 1992.

Discussion with Nancy Testerman, budget officer for the BRL, on 17 November 1992.
Discussion with Ted Lariviere on 17 November 1992.

From the dedication plagque on Building 120.

From the dedication plaque on Building 328.

From the dedication plaque on Building 309.
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From the dedication plaque on Building 330.
Based on a discussion with Dotti Kirk and Susan Johnson on 4 December 1992.
E-mail from Dotti Kirk to John Frasier, "BRL Handicap Program - 1991," 26 October 1990.

1991 BRL Application for the Organizational Award Recognizing Accomplishments Supporting
the APG Disabilities Program.

From the APG News in 1991.
Susan Johnson took over as Handicap Program Coordinator from Dotti Kirk in July 1991.

1992 Nomination of the BRL for the Organizational Award Recognizing Accomplishments
Supporting the APG Disabilities Program, October 1992.



INTERIOR BALLISTICS

The first thing that Ingo May (the Chief of
the Interior Ballistics Division [IBD]) did in an
interview! for this history was to show a video
tape of a variety of time-dependent computer
simulations. He was very excited about this
capability that allowed the researcher to gain
new insights into complicated events, which
could not be achieved with previous stacks of
tabulations or even with static snapshots. For
example, one segment was a simulation of the
combustion process in a liquid-propellant gun
(LPQG); one could clearly see the motion of the
combustion waves and get a feeling for the
process.

IBD’s interest and exploitation of computers
is not new. Its interests have spanned the
spectrum from the more exotic
quantum-mechanical calculations of George
Adams to applications for the gathering and
analysis of experimental data. For an example
of the latter, we find in 1980: "Significant
achievements in data analysis were attained,
both in the completion of software and in the
acquisition of hardware. Specific applications of
digital-filtering techniques to diverse problems
were completed, including those for tank
ammunition-compartment blast data and for
accelerometer base-line "shift" corrections. A
mobile experimental research facility was
completed, and more sophisticated data
reduction and analysis equipment is nearing
delivery. These accomplishments permit the
rapid analysis of data, intelligent separation of
noise from measurements, salvage of heretofore
unusable data, tailoring the data analysis to the
specific phenomena, and the interfacing with
the CYBER system where advanced numerical
models can be used to analyze data. The
savings projected through enhanced personnel
productivity, salvaged experiments, and
enhanced assessment of ordnance components
are partially intangible, but potential cost
savings are believed to be large."

Much has happened in interior ballistics
(IB) in the period from the mid-1970s until
1992:

Mr. Leland A. Watermeier, Chief of IBD From
1969 to 1986, Received a Bachelor’s Degree
From Blackburn College, a Master’s Degree in
Physical Chemistry From the University of
Delaware, and the Diploma of the Imperial
College (DIC) From the Imperial College of
Science and Technology in London, England.

When Lee Watermeier, Chief of IBD, retired
in 1986, John Frasier used a series of rotational
assignments to allow all the branch chiefs of
IBD to act as the chief of the division. Mr. John
Hurban served from September 1986 to
December 1986; Dr. Bruce Burns, December
1986 to March 1987; Dr. Ingo May, May 1987 to
June 1987; Mr. Albert Horst, June 1987 to
August 1987; Dr. Austin Barrows, September
1987 to December 1987; and Dr. Joseph
Rocchio, January 1988 to March 1988.
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Dr. Ingo W. May, Chief of IBD From 1987
to 1992, Received a Bachelor’s Degree in
Chemistry From Gannon University, a
Master’s Degree From Western Reserve
University, and a Doctorate in Physical
Chemistry From Case Western Reserve
University.

In interior-ballistic modeling, the one-
dimensional, Nova 1-D, code was introduced
and now [1992] Nova 2-D has provided the
ability to understand catastrophic behavior.
The BRL is using interior-ballistic codes to
determine the sensitivity of various components
and design parameters for such things as
unitary-charge design and to evaluate changes
to parameters on the computer.1

The ideas for LOVA propellants emerged
circa 1973, starting as an appreciation by May,
Rocchio, and Juhasz of the results of the
Arab-Israeli War in which many armored
vehicles were destroyed due to the initiation of
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ammunition. The efforts on LOVA finally have
produced the M43 propellant, which was used
in Operation Desert Shield/Storm.!

The work on LOVA resulted in
revolutionary thinking about propellant.
Vulnerability could no longer be something only
the charge designers had to think about. The
total system must be considered: igniter,
packaging, composition, stowage, etc. Now this
concept is appreciated worldwide.!

This is also the period that saw liquid
propellant (LP) move from a laboratory curiosity
that was difficult to control to the system of
choice for the Armys new howitzer (the
Advanced Field Artillery System [AFAS]), which
is in engineering development.

However, much remains to be learned about
LP systems. The tolerance for failure is high in
solid-propellant systems; if there is a problem,
conventional wisdom expects it to be solved.
There is no such confidence for LP technology,
which is new and largely unknown. Note that
even for solid-propellant systems (with their
history of many firings under myriad
conditions) there are still surprises for the
unwary who innovates.

Sabot design is highly critical for
high-performance KE tank-gun rounds. The
conceptional rethinking of sabot design from
saddle to double-ramp design has resulted in a
40% reduction in mass, and the associated
design process is now flying on the computer.
Even more important is the appreciation for the
total design of propulsive systems. There has
been outstanding cooperation among the
military and industrial communities in an
incredible program of bringing together the
charge, sabot, and penetrator.1

In addition, advances in instrumentation
and computer simulation have led to a new
capability for understanding the in-bore
dynamics of projectiles, which has significant
influence in their accuracy and their
survivability.!



Finally, there are exciting new possibilities
for novel propulsion concepts such as
electromagnetic (EM) and electrothermal-
chemical (ETC), which offer the possibilities of
not only increased muzzle energy but also of
hypervelocity performance. 1

ADVANCED CONCEPTS

Rick Morrison was the Chief of the
Advanced Concepts Branch of IBD until 1992
when he became Acting Chief of TBD, and Tom
Minor became the acting chief of the branch.
The principal activities of the branch have been
LP, ETC proyulsion, and hypervelocity
solid-propulsion.

Liquid Propellant Guns (LPGs). The BRL
had been working on the concept of using liquid
propellants (sharing the acronym "LP" with
liquid propulsion) in guns since the 1950s.
From that time until the mid-1970s, the
approach was limited to bulk-loaded systems.
While much good research was done, and much
useful experience was gained, a practical system
was elusive.

Bulk-loaded systems are deceptively simple.
The chamber is filled with the liquid, and it is
ignited at the breech end. The goal is to have
the hot gasses accelerate the unburned
propellant which remains in contact with the
projectile. This keeps the combustion process
(and its high pressure) close to the base of the
projectile. However, once the ignition process
occurs, the simple configuration becomes
complicated. The hot gasses that push on the
higher-density liquid produce a large cavity
(Taylor instability) in the liquid, and there is
further fine-scale turbulent cavitation
(Helmholtz instability). All this has a serious
effect on the burning surface area and often
leads to catastrophic instability.

Dick Comer (then Chief of the Deflagration
Physics Branch) had been working on
bulk-loaded LPGs with support from in-house,
the Navy, and DARPA. There were three
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projects running: an automatic cannon for the
Naval Air Command (NAVAIR), a 75mm
antiarmor gun for the high mobility and agility
(HIMAG) vehicle, and a large-caliber cannon for
ship use for the Naval Sea Command
(NAVSEA). The hydroxyl-ammonium nitrate
(HAN) family of propellants came from this
latter effort. They were originally torpedo
fuels.?

In the summer of 1976, Pulse Power
Incorporated blew up two 75mm, DARPA
cannons in two tries.? One possible culprit was
adiabatic compression, heating, and ignition of
bubbles in the liquid.!

There was a multiyear hiatus in Army
funding for LP weapons. Congress decreed no
work on LP systems until ignition, combustion,
and explosive properties of LP were properly
understood.?® Bulk LP systems rely on a
fortuitous combination of Taylor and Helmholtz
instabilities. It is not realistic to expect them to
be "reproducibly unstable.”! The problems
seemed endemic to bulk-loaded LP, although
there probably had also been too much hurry in
the program.

Circa 1974, General Electric (GE) started on
an internal R&D program on LPGs and
marketed their ideas to the Navy and Army
circa 1976-77. Chuck Church (Advanced
Concepts Team in the DA) decided to fund GE
for a 105mm demonstration of an RLPG. This
started out as a tank cannon but became more
of a generic cannon demonstration. Dick Comer
became the technical monitor for the program,
which lasted through 1981. (Comer left the BRL
around the summer of 1980.) GE fired the
105mm about 1982 and achieved full artillery
perf'ormance.3

The issue was, "How do we control the
combustion process?” GE proposed metering in
propellant with a controlled injection like a
liquid rocket motor. In the case of the RLPG,
the pressure of the combustion powers the
injection process by driving a piston into the
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propellant storage chamber. "We trade off
mechanical simplicity for combustion control.
By buying into mechanical complexity, we must
pay attention to reliability, seals, ete."!

R. J. Eichelberger put money into the RLPG
around 1982-83 and asked for an Army LP
program. May, Larry Puckett, and Morrison
laid out a strategy. They put together a
technical briefing that including all system
aspects. They contracted with the Naval
Ordnance Station (NOS), Indian Head, MD, for
a production study to include the cost of the
propellant. BMD did the logistics part. GE did
weapon-system layouts. Work was also done on
hazards, toxicity, etc. Fortunately, Nate Klein
et al. had developed considerable data on
HAN-based propellants in the late 1970s, and
the program focused on the use of these. Also,
due to Comer’s foresight, there was a
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considerable amount of useful data on many
practical issues such as safety, shipping, ete.d

The following item appeared in the BRL'’s
accomplishments for 1982: "LPG technology
has been advanced on several major frontiers:
(1) The BRL developed a new class of LPs that
satisfy the Army’s temperature specifications,
and with performance characteristics greater
than M30 solid propellants; and (2) IB and
muzzle velocity have been shown to be
controlled, and as reproducible as solid-
propellant guns. Major cost savings are
associated with the production and use of new
LPs."

During 1983-84, the BRL developed the
RLPG program in conjunction with the rest of
the Army and with GE. Work actually started
about 1985.3




In January 1986, LABCOM requested a
Memorandum of Understanding (MOU) with
the Army’s Armament Research, Development,
and Engineering Center (ARDEC) to create a
joint effort with the BRL demonstrating the
RLPG cannon and then transitioning the
program to ARDEC for further development. A
joint program office was set up between the
BRL and ARDEC to accomplish the task.?

For 1986, we have: "The goal of the LPG
demonstration program is the technical
demonstration of a 155mm RLPG system for
artillery applications. Both gun and propellant
development are addressed in this program.
Progressive testing will be accomplished in
30mm, 105mm, and finally in 155mm
configurations. In FY86, the principal
accomplishments were successful completion of
high (+65° C) and low (-50° C) temperature test
firings in a 30mm RLPG. The results indicate
that due to the temperature insensitivity of LP,
no propellant-temperature correction is
necessary in the fire-control procedure, as is
traditionally required for solid propellants.
Moreover, the lack of dependence means that
LPGs may be operated safely at higher chamber
pressures than solid-propellant guns and,
therefore, achieve higher muzzle velocity. The
first successful test firings of an advanced-
concept 105mm RLPG wusing HAN-based
propellants were accomplished including firing
at full charge. The first phase of an LP
packaging and handling study has been
completed, resulting in the development of
alternate concepts for packaging of LP in the
Army logistics system. A demonstration of the
feasibility of chemical-analysis procedures, both
for the Laboratory and for the control of a fully
automated LP production facility has been
completed. The first phase of an LP production-
process development has been successfully
completed."5

For 1987: "The objectives of the LPG
demonstration program are to develop and
demonstrate 155mm brassboard LP artillery
fixtures, and, in parallel, develop the propellant
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and gun-technology bases required to support a
decision to proceed with proof-of-principle and
full-scale development (FSD). Technical
achievements this year included: (1) safe firing
of a 30mm LPG from -45° C to +65° C, with
zero temperature coefficient; (2) testing of
advanced gun concepts in 105mm, with muzzle-
velocity repeatability better than an equivalent
solid-propellant gun; (3) fabrication of internal
components for the first 1556mm LPG; (4) the
second phase of a propellant process-
development effort successfully completed by
Olin Chemical; (5) a state-of-the-art analytical
laboratory completed at the BRL to support
propellant research projects and to provide
detailed chemical analyses for all LP used in
the program; (6) an engineering concept study
addressing the packaging and handling of LP
from the production facility to the combat
vehicle completed by Bell Aerospace Textron. A
follow-on program to demonstrate a large-
caliber, high-performance LP cannon for
antiarmor applications was initiated at the BRL
in August 1987; the ultimate goal of this effort
is to exploit the synergism of all gun systems on
the battlefield using a single propellant. In
summary, the BRL has brought LPG technology
to a level of maturity where, for the first time,
the transition of this technology from the
Laboratory to the development and engineering
center is in sight. [The technology has been]
transitioned to ARDEC."®

For 1987: "Characterization of HAN-based
LPs was carried out in areas related to the (1)
analysis of chemical composition, (2)
characterization of the destabilizing effects of
metallic impurities, (3) spectroscopic
measurements of structure and bonding in the
aqueous HAN solutions, (4) characterization of
conditions required for phase separation
including crystal polymorphism in crystalline
HAN, (5) measurement of physical/chemical
properties of the propellants as a function of
concentration, temperature, and pressure, and
(6) characterization of droplet evaporation/
ignition. These studies are providing the data
required to predict and model the behavior of
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the propellant during manufacture, storage,
transportation, injection, and ignition/
combustion in the RLPG."®

Full-scale tests were successful in 1988:
"During FY88, the first full-scale 155mm RLPG
was test fired. In the ensuing successful test
series, an outstanding record of muzzle-velocity
reproducibility (standard deviation of 0.2%) was
achieved (almost twice as good as the artillery
acceptance standards)."”

The program is summarized in a 1989,
Update article by Charles Leveritt: "The
objective . of the present program is to
demonstrate a brass-board 155mm RLPG and
propellant system, and to develop the
supporting technology base in preparation for
the gun system propulsion decision for the
AFAS in FY91.

"The LP, a mix of materials similar to those
found in common fertilizer, will compete with
the current solid-propellant system that uses a
more sensitive granular charge.

"The Army’s Production Base Modernization
Activity has confirmed the BRL’s estimate that
the LP can be manufactured and packaged at
25% of the cost of current solid systems besides
being safer to manufacture, store, and handle.

“It remains to be seen whether these
advantages offset the increased complexity of
the LPG. If the gun proves reliable, the next
decade could see it begin to replace the Army’s
standard self-propelled howitzers. The LP
technology can also be used by other guns, as
well as by fellow members of the North Atlantic
Treaty Association (NATQ); Great Britain and
West Germany are also experimenting with
LPs.

"Gun component development and testing
has been conducted in 30mm, 105mm, and
155mm fixtures. Performance and muzzle-
velocity repeatability equivalent to fielded
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systems [has] been demonstrated. Burst-firing
tests are now being conducted in 30mm.

"Firing tests in the first 155mm artillery
fixture were initiated by the Army in July 1988.
Excellent performance and repeatability have
been demonstrated at the equivalent of zone 5
and zone 7 firings. Zone 8 equivalent firings
are now in process. Testing will continue
through FY90. Design of the second-generation
155mm LPG is underway. Testing will begin in
May 1990 and continue through the end of the
program in FY91.

"The propellant development program has
paralleled gun development with focus on
characterization, production, and logistics. In
addition, efforts are underway to identify and
evaluate potential issues associated with the
future fielding of an LP weapon system.

"The LPG program is a joint
ARDEC/LABCOM effort, with the BRL
currently having overall program responsibility.
As a result of the technical progress in the
program, transition of program responsibility to
ARDEC is planned for this mont -8

Transition to ARDEC occurred in June
1989. The BRL remained in a supporting role
(interior-ballistic modeling, propellant
development, ignition studies, combustion
studies, vulnerability aspects, etc.).3

The RLPG program started as a BRL
program (with ARDEC as deputy) in which the
BRL developed the propellant and GE developed
the gun under contract. After the system met
the transition criteria on performance,
repeatability, and the ability to model, the
program became an ARDEC program with the
BRL as deputy. After the transition, the BRL
maintained the lead in propellant-producibility
studies, interior-ballistic modeling and basic
phenomenology, and pressure-oscillation
studies.?




In March—June of 1991, firings of the
155mm RLPG at Yuma demonstrated a 45-km
range with the M549 rocket-assisted projectile.?

In September 1991, the RLPG was
established as the propulsion system of choice
for the AFAS, which is currently [1992] in
engineering development.®  The RLPG is
preferred for AFAS (which still needs time and
patience) with a modular charge as a backup.!

While regenerative LP eliminates the
low-frequency longitudinal oscillations of the
bulk systems (which are also the high-energy
oscillations), high-frequency oscillations have
been observed in RLPGs. These radial
oscillations are of lower energy and do not
produce effects other than in heat transfer and
in shock on the round. Similar high-frequency
oscillations were common in LP rockets, and
baffles were used to reduce them.!

Solid propellant has longitudinal pressure
oscillations with frequencies on the order of
a couple hundred hertz. RLPG has radial
and tangential in the frequency range of
1 kHz-100 kHz. The current [1992] concerns
are as follows: What’s causing them, how to get
rid of them, how to live with them, can we live
with them, will they will affect fatigue life, and
with respect to wear and erosion, do the
oscillations reduce the cooling effect of the liquid
boundary layer? Fortunately, safety is probably
not an issue; the energy content is low.?

The effect of the high-frequency oscillations
on the payload (e.g., improved conventional
munitions [ICMs], fuzes, sensors) is unknown.
Reliability is easy to satisfy on a one-time basis
for a particular round, but a more general basis
for safety is a problem.! There is such a wide
spectrum of frequencies. How they interact
with various components in the fuze and
guidance devices (springs, small parts, HE, etc.)
is an open question,

Work in the Laboratory includes a
spray-splitting device to spread the propellant
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spray, using other formulations with higher
burning rates (which decreases the level of
oscillations as predicted by modeling), and
absorption of the oscillations. by flexible
chamber walls (but the walls wear out quickly).
Note the difficulty in igniting the propellant at
low pressure (a good property from the LOVA
stand point) exacerbates the problem. At a low
point in the oscillation, propellant builds up and
then burns in a spurt when the pressure rises.

There is a spectrum of models for LP
(similar to those for solids) including bulk
parameter models and a two-phase, two-
dimensional model, which has been used to
identify appropriate parameters, ete.?

The following excerpt is from a 1992 Update
article by John Knapton and Aviezer Birk on
spray combustion: "Numerous power and
propulsion systems involve liquid spray
combustion. They range from the ubiquitous
residential oil furnace to diesel and turbine
engines and culminate in powerful rockets such
as the Saturn V, that placed men on the moon,
and the present day space shuttle. The RLPG
is arguably the most exotic propulsive system
utilizing liquid injection and spray combustion.
The RLPG operates at pressures at least an
order of magnitude higher than other
propulsion systems and achieves combustion
intensities as high as in the Saturn V rocket.
While RLPG technology has matured to the
point where a fieldable 155mm howitzer
developed by GE is routinely fired successfully,
technical issues remain, among them
high-frequency pressure fluctuations.

"Virtually all RLPG systems developed to
date, from 30mm up, exhibit large high-
frequency pressure fluctuations 1in the
combustion chamber at some point in the
combustion cycle. While overall performance is
little affected by these fluctuations, they may
have an adverse effect on projectile components.
Of course, pressure fluctuations in liquid-spray
propulsion systems are not new, having been
encountered in many liquid-rocket engines.
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Analysis of pressure fluctuations reveal that, in
general, they have coherent as well as
incoherent content, the latter sometimes
referred to as combustion noise. The coherent
structure, in most cases, relates to acoustic
waves which depend on the global geometry of
the particular combustion chamber. In liquid
rockets, most of the energy in the pressure
fluctuations is stored within the coherent
fluctuations, while in RLPGs the opposite is
true. (It is interesting to note that the coherent
fluctuations in RLPGs are transverse acoustical
waves, while the pressure waves which were
encountered in the past in solid-propellant guns
were longitudinal and had substantially lower
frequencies.) Engineering solutions to date
have been successful only in the elimination of
coherent fluctuations in LP systems, including
RLPGs. For example, a recent application of a
jet dispersion device in an experimental 30mm
RLPG in the BRL resulted in the elimination of
coherent transverse fluctuations.

Nevertheless, the high-frequency, incoherent
fluctuations persisted, rendering the modified
P-t curve indistinguishable from the base curve.

"Substantial research effort is currently
focused on eliminating the pressure fluctuations
in RLPGs. The mechanisms driving pressure
fluctuations in RLPGs are controversial but can
be related to the temporal distribution of LP in
the combustion chamber. That is to say, that if
the liquid burned instantaneously upon
injection there would be no pressure
fluctuations since they arise from the
interaction of gas dynamics with the combustion
process of the liquid being dispersed within the
chamber. The characteristics of liquid
dispersion and burning, referred to here as
spray combustion, are therefore a most
important aspect of research within the overall
effort for pressure fluctuation elimination.

"Spray-combustion research as related to
guns was initiated in the BRL in the mid-1980s.
While spray research is perennial with many
research organizations, experimental work with
liquid-monopropellant spray combustion at gun
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pressures is unique to the BRL. Within the
BRL, emphasis is placed on visualization of
gun-type combustion processes in clear gas such
that liquid dispersion and the mode of burning
actually can be seen. Visualization of the
combustion process in actual guns has been
very poor due to their restricted geometry and
the optical density of the combustion process.
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"A first-generation spray research facility in
the BRL has been in operation now for 2 years.
The facility provides test times as long as 1s
and is rated for operation up to 45 MPa at
propellant injection rates of one to two orders of
magnitude smaller than typical 30mm RLPGs.
While studies of liquid atomization at high
pressures are routinely done elsewhere at room
temperatures, the BRL facility is unique in
enabling such studies in gas temperatures as
high as 550° C. This extends its utility to the
study of liquid-spray evaporation, ignition, and
combustion, albeit at the low end of the typical
RLPG pressure ranges. The operation of the
facility is as follows. A flow of nitrogen is
regulated from a high-pressure reservoir, heated
by a particle bed heater, and introduced into a
windowed test chamber to provide the
environment for spray combustion. A
regenerative-type injector injects either solid




circular or annular jets of liquid
monopropellants into the hot compressed
nitrogen. The propellant jet is photographed as
it breaks, atomizes, and burns by means of
high-speed cinematography employing
copper-vapor-laser stroboscopy. Large
rectangular sapphire windows (3.9 in x 1.4 in)
provide excellent access for visualization and
spectroscopy. Instrumentation measures
injection velocity and pressures in the system.
To date, experiments have been conducted to
38 MPa in 500° C nitrogen with injection
velocities approaching 250 m/s. Test data have
provided clues to the combustion mechanism in
the RLPG at higher pressures where pressure
fluctuations are most evident.
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"An important goal of the experimental
program was to determine whether LP burns
supercritically. In supercritical processes as
related to sprays, surface tension between the
liquid and the gas disappears as there are no
clear boundaries between gas and liquid
particles. This results in disintegration into
even finer droplets which would enhance the
pressure sensitivity of supercritical combustion
and, therefore, the sensitivity to pressure
fluctuations. Experiments conducted to date
with LP reveal that they burn subcritically at
the lower gun pressures, with the attainment of
surprisingly large globules of liquids being
locally in vortices shed away from the jet spray
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boundaries.  Investigations of supercritical
evaporation of liquid (ethanol and nitro-
methane) jets revealed liquid dispersion
patterns quite distinct from subcritical ones.
Considering that in guns the LP consumption
rates are far higher than presently tested,
random poppings of localized burning are
consistent with pressure fluctuations at high
pressures. This tends to confirm an hypothesis
that measured pressure fluctuations are
manifestations of combustion noise, which
would explain why pressure fluctuations in
guns are most prevalent at frequencies above
25 kHz, and are independent in this range of
combustion-chamber geometry. This picture of
spray combustion in an RLPG was first
proposed by Professor Martin Summerfield in
1983. Flow recirculation patterns in the
chamber are also clearly important. High-speed
photography has revealed that burning is highly
turbulent and can reach very near to the
injection port despite the high liquid-injection
velocity.

"A second-generation spray research facility
in the BRL is intended for operation up to
150 MPa, i.e., at more realistic gun pressures.
Unlike the present facility, the new facility will
employ a ballistic compressor process which will
compress and heat selected test gases into
which the LP will be injected. Based on the
experience with the present facility, the
visualization to be obtained with the new
facility should be excellent. The new facility
will enable exploration of combustion processes
at pressure ranges where there is experimental
evidence that the propellant burn rate becomes
very sensitive to the ambient pressure. It will
also reveal if the LP burns supercritically.

"Because of the excellent visualization
obtainable in the present facility, it has been
used to assess the combustion characteristics of
an alternative LP developed recently which is
more reactive than the standard LP.
Rationally, if a particular propellant burns
faster at any given pressure, then, at any given
time, less of it is expected to exist in unreacted
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form in the combustion chamber, thus
eliminating the energy sources for sustaining
the pressure fluctuations. The alternate
propellant tested was found more reactive, and
it awaits testing in actual gun firings. It is
expected that both the present spray facility
and the planned new facility will continue to
provide valuable information for the effort to
eliminate pressure fluctuation. The physics
which will be revealed experimentally will be
utilized for the more detailed interior-ballistic
modeling required for the next generation of
high-performance RLPGs. The BRL efforts on
the understanding and reduction of pressure
fluctuations are an important part of a
coordinated liquid-propellant program managed
by the Program Manager (PM), AFAS, ARDEC,
and a cooperative DOD/DOE 0program with
Sandia National Laboratories."!

Looking to the advantage of having only one
propellant on the battlefield, the BRL has
established a small task to look at
high-performance RLPGs for application to tank
cannon, etc. The concept, which is in the very
early stages of experimentation, involves the
use of a reverse annular piston. ~ This more
compact design is appropriate for automatic fire
and can squirt propellant down the bore,
allowing higher pressures to be maintained at
the base of the projectile. A 30mm firing fixture
has been built in the hope of developing
interest.”

Electrothermal-Chemical (ETC).
Electrothermal (ET) propulsion concepts, in
which an inert fluid is vaporized and heated by
plasma arc, appear in the hypervelocity
literature in the 1960s.2 However, the entire
energy must come from the electrical power
source with the attendant problem of obtaining
an adequately portable source.

But there has been a serious quest for a
propulsive system that can produce significantly
higher velocities than conventional chemical
propulsion systems. "The armor/antiarmor
battle has raged for centuries. Steel body
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armor, the longbow, muskets, tanks,
the German flak 88, and the Russian T-72 tank;
each was an attempt to better the enemy’s
armor and antiarmor capability. We now have
a modern battlefield with composite, RA, and
long-rod penetrators. One potential
improvement for many Army cannons, not just
the tank, may result from the ETC program.
Since 1983 ..., the BRL has been involved in the
development of the ETC concept for future
tactical weapon systems. It is projected that
the Army will need increased penetration to
defeat future threat armored vehicles, artillery
with greater range to deliver and avoid
counter-battery fire, and antiaircraft cannons
with high velocities and rates of fire. The ETC
gun offers the potential to meet many of these
needs in existing cannons.

"As the name implies, ETC does not do
away with chemical propellant, but uses
electrical energy to augment and control the
rate at which the propellant reacts. The pulse
forming network (PFN) delivers a high-energy
electrical pulse to the gun breech. This initiates

a plasma arc in the cartridge. The arc ablates
the material of the cartridge walls, feeding
material into the plasma, which is then injected
into and reacts with the propellant. By
controlling the amount and duration of
electrical energy discharged into the cartridge,
the feeding of the plasma into the propellant
bed can be controlled, theoretically controlling
the rate of propellant-gas generation to take
advantage of the gun tube’s ideal pressure
profile. Initial investigations indicated
potential projectile KE increases of up to 50%
over conventional guns."!1

Around 1984, the BRL had a contract with
GT Devices to work on ET, and by 1987 theg
had begun using energetic working fluids.
There was a clear need for a research role to
determine if there was a good thing here. "Is
there a pony in this technology?"1

FMC started their own program around
1986, and by 1989 they had scaled up to
105mm. The BRL had given them a gun tube
under an unfunded study agreement.?

39




interior ballistics
ADVANCED CONCEPTS

General Dynamics Land Systems (GDLS)
became involved with GT Devices around 1988
and was testing a 120mm device by the spring
of 1989.3 GDLS saw big production opportunity
for retrofit in the M1A1 tank if they could get
the %erformance of a 140mm gun from a 120mm

gun.

Bill Oberle, BRL, manages the ETC
propulsion research for the Electrical
Armaments Program Office at PA, NJ, which, in
turn, manages all electric gun programs.

For 1988, we find the following report: "A
new computer-analysis capability for
determining the thermochemical properties of
plasma-working-fluid combinations for ET guns
was established. This capability was utilized in
establishing a thermodynamic basis for
evaluating ET gun propulsion potential on
behalf of the Army. A systems evaluation of
military apglications of ET gun propulsion was
completed.”

From an Update article on ETC by Steven
Bunte and William Oberle, we have: "The ET
accelerator is an advanced hypervelocity gun-
propulsion concept currently under study jointly
at the BRL and ARDEC. In the ET process,
electrical energy is introduced into a
plasma-generating capillary through a wire
connecting the forward and rear electrodes on
the capillary. A high current flows through the
wire, causing it to explode, thereby establishing
the plasma. The plasma flows rapidly out to
the capillary and into the chamber containing a
working fluid. The resulting dissociation of the
working fluid results in a pressure rise and
subsequent acceleration of the projectile. The
ability to introduce controlled amounts of
electrical energy permits a tailoring of the
impetus (force) of the resultant gases.

"A theoretical study was undertaken using
the BLAKE thermochemical-equilibrium code to
evaluate the relative merit of potential working
fluids through an analysis of their
thermochemical properties. These properties
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were then used in interior-ballistic codes to
estimate the performance of the fluid as a
propellant in an ET weapon by computing the
velocity of the projectile. ... This study has
shown that ET, even with common chemicals
such as octane/peroxide, would obtain impetus
levels approximately 50% greater - than
conventional propellants. Although substantial
assumptions are involved, interior-ballistic
modeling predicts muzzle-velocity increases up
to 25% above conventional propellants. With
exotic chemical fuels, it may be possible to
triple conventional propellant impetus levels,
with correspondingly higher gun performance.
Experimental and theoretical studies are
currently underway to provide the required
detailed characterization of these high
performance systems."12

With claims of a breakthrough, it became
necessary for a moment of truth. In the
summer of 1989, the BRL supported the
creation of a firing facility at the Defense
Nuclear Agency’s (DNA) Green Farm facility to
allow experimentation with the FMC and GDLS
concepts. The BRL managed the firings in
which each contractor fired several dozen shots.
Each experienced severe pressure excursions,
and, while no guns blew up, both concepts
experienced stretching of the guns.3

"Large-caliber tests conducted at Green
Farm (spring 1990) demonstrated the feasibility
of ETC, but also exposed serious problems with
the technology. The flaws showed that the ETC
process was not well understood. These tests
added impetus to an ongoing, coordinated
diagnostic and modeling effort. The initial
diagnostic phase included the development of a
multiple-electrical-pulse system to produce a
variety of pulse shapes with flexibility for
future applications. In concert, a model to
predict plasma capillary performance was
developed and validated to aid in the PFN
design."11

The contractors saw that there was a
possibility to get the performance of a 140mm




tank cannon in a 120mm gun. The Army had
to sort out fact from fiction, and thus the tests
at the Green Farms facility. After the frenzy,
we are back to a more sensible program.

While there still was heavy contractor
participation (GDLS and FMC) after the
unsuccessful crash program, the effort went
back to a more orderly technology-based
program. First, work was to be done in medium
caliber (with an eye to either tank or artillery
application—contractor’s choice). That work
had to meet requirements on performance (an
increase in muzzle energy) and on the
controllability of velocity, pressure, and
pressure rise. Additionally, there must be no
obvious show stoppers for the propellant [e.g.,
red-fuming nitric acid would not be acceptable].
Only then could the contractors go to a large-
caliber system with a new set of tighter
specifications.?

The BRL is doing ETC modeling much like
LP modeling. They are also doing diagnostics
in closed bombs (e.g., looking at the ETC
capillary that is used for ignition). They are
also using an ignition simulator with a sapphire
window (to observe the ignition process) and
with a blow-out panel (to preserve the sapphire
window).?

"A ballistic diagnostic system has been
developed at the BRL to examine propellant
and electrical-energy (plasma) mixing processes
under closed-bomb (static) and dynamic gun
(moving projectile) conditions. Tests have
demonstrated that charge geometry is critical to
ETC propellant performance. Initial testing
was also used to provide a basis for the
modeling effort and to validate programs as
they were developed. These tests also exposed
flaws and suggested improvements in the
design of the PFN. A higher energy PFN
incorporating improved design has been
completed in the Laboratory; low-energy tests
have validated the improvements. This PFN
will be joined with a recently delivered 30mm
test fixture for additional small-caliber gun
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testing. This fixture will be used to examine
distribution of plasma energy in the propellant
bed and to examine the initiation of potentially
destructive pressure waves in the chamber, as
well as other ballistic phenomena. Both small-
and large-caliber diagnostic work is planned
under contract with the FMC and GDLS
corporations. In preparation for this, IBD of the
BRL and FMC tested a 120mm ETC cannon at
Range 18, the large-caliber gun test facility, in
November 1990. This test demonstrated the
capture of in-bore ballistic data without EM
interference from the high-energy pulse of the
gun firing.

"The BRL modeling effort incorporates
several issues involving ETC technology. A
significant area of concern at Green Farm was
the development of pressure waves in the
chamber. The fundamental cause of these
waves is unknown. Investigations using a
one-dimensional ETC interior-ballistic code
provide general agreement with the structure of
the experimental observations. The planned
incorporation of chemical kinetics may provide
better understanding of the pressure waves.
Inverse codes, which accept experimental data
as input, have been used to determine more
ideal ballistic-component configurations. Using
first principles of plasma physics, a steady-
state, one-dimensional model of the plasma
cartridge has been developed. This code
provides good agreement with experimental
data produced in testing at the BRL and North
Carolina State University, and can provide
feedback to a model of the PFN. Ultimately, all
of these separate codes will be modified to
develop a multicomponent {(power system,
plasma cartridge, combustion chamber, and
tube), multiphase, interior-ballistic model of the
dominant physical processes in the ETC gun."11

The BRL is also looking at solid propellants
for application to ETC since burning surface
(plasma interface) control is such a problem for
LPs—ergo, solid-propulsion = electrothermal
chemical (SPETC). To get the appropriate high
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density of loading, they wuse compacted
propellant and break it up with the plasma.9

ETC research has also entered the
international arena, "Under a joint BRL/Israeli
program, a 16% increase in muzzle energy was
demonstrated by using an ETC technique vs.
the standard powder technique to ignite a
benchmark propellant. The perfermance gain
was even 2% higher than for the optimized
conventional propellant (first time this has been
demonstrated). The goal of the program is to
demonstrate a 25-45% increase in muzzle
energy over the optimized conventional
propellant."13

Traveling Charge (TC). One of the long-time
problems for ballistics was to realize a TC
propulsion system in practice. In the simplest
terms, TC involves attaching the propellant to
the base of the projectile. It burns throughout
the projectile’s travel in the gun tube, and thus
the high-pressure products of combustion are
kept at the base of the projectile where they are
needed. In conventional systems, the high-
pressure gasses in the chamber lose much of
that pressure expanding to catch up with the
projectile.

The need to attach and maintain the
propellant at the base of the projectile means
that the propellant cannot have many small
grains. This creates the requirement for a very
high burning rate (VHBR). Clearly, the
propellant also has to have sufficient
mechanical properties to remain intact during
the acceleration process. For decades, people
had tried to create suitable propellants and
demonstrate TC propulsion.

Such propellants, based on the use of
Hiverlite, were demonstrated in 1984. "In the
area of advanced propellants, BRL research has
developed the methodology for formulation of
VHBR propellants for TC application. One such
formulation has demonstrated a five-fold
increase in burning rate (to 250 m/s) over last
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year, thereby removing the ma‘lijor obstacle for
the hypervelocity TC cannon."!

"This year {1987] saw the experimental and
theoretical demonstration of the TC and its
beneficial effects on muzzle velocity in a 14mm
test gun. Measured pressure-time profiles
clearly indicated the contributions to pressure
due to TC burning. Projectile velocity profiles
demonstrated the accompanying acceleration.
Theoretical computations using a two-phase
hydrodynamic interior-ballistic code closely
matched experimental firings. Potential payoffs
of 20-25% muzzle velocity improvements for
high charge-to-mass ratio systems, at no
additional maximum pressure, are indicated by
the theoretical simulations."®

That year also "saw the first application of
a state-of-the-art technique to determine the
combustion mechanism of VHBR propellant. In
an attempt to incorporate a VHBR propellant in
a monolithic grain configuration into a
propelling charge, irreproducible results and
anomalously high pressures were obtained,
indicating potential propellant breakup or
burning in an extended reaction zone. A joint
program between the BRL and Aerojet
Ordnance Company was put in place to
investigate the burning of VHBR propellants
under conditions of interior-ballistic relevance.
Pennsylvania State University was contracted
through ARO to apply an X-ray
cineradiographic system to the problem. The
first X-ray movies taken of the burning grain at
low pressures indicated normal, laminar
burning with no indication of grain breakup or
burning in an extended reaction zone,
corroborating the behavior seen in other
diagnostic testing at these pressures.
Additional tests at higher pressures, where we
would expect to see differences in the
combustion method, are scheduled."®

"The TC concept for achieving velocities in
excess of 2 km/s from solid-propellant guns has
been demonstrated for the first time [in 1988].
Experimentally measured pressure-time and




projectile velocity and acceleration profiles
clearly indicated a velocity boost in a solid-
propellant gun. The research team received the
DA R&D Achievement Award for this work."?

Shortly after this, the program died for lack
of funds.®

APPLIED BALLISTICS

_ Presently [1992], Al Horst is Chief of the
Applied Ballistics Branch, which has
responsibility for the development of interior-
ballistic models, work on advanced solid-
propellant technology, and Range 18 at which
the in-bore RAMjet is being tested.

Interior-Ballistic Modeling. "Over the past
three decades, the field of interior-ballistic
modeling has undergone a number of major
advances. Early lumped-parameter models,
which began to appear in the early 1960s (e.g.,
the Baer-Frankle code, 1962), provided the
charge designer with a powerful tool to perform
large, parametric interior-ballistic studies
rapidly and efficiently. These codes embodied
such assumptions as uniform and instantaneous
ignition of the entire propellant charge, with
combustion taking place in a temporally varying
but spatially uniform, well-stirred mixture of
grains and gases. A pressure gradient within
the gun tube was typically superimposed on this
picture of a space-mean pressure to provide an
appropriately reduced pressure acting on the
base of the projectile, but such codes were
unable to address the physical hydrodynamics
of such problems as ignition-induced pressure
waves. Nonetheless, lumped-parameter codes
have been and still are used [by organizations
and people] throughout the world (including the
BRL) for most basic interior-ballistic systems
and charge-design studies. Today’s applications
may even combine their use with
thermochemical codes and perhaps other
constraints as expert systems (ES) for solution
of the overall propellant formulation/charge-
design optimization problem."1%

interior ballistics
APPLIED BALLISTICS

"In the early 1970s, the world of interior-
ballistic modeling, however, was forced to
change. The prevalence of gun malfunctions,
particularly charge-related breechblows (rather
than projectile in-bore explosions), the origins of
which were ultimately traced to ignition
anomalies and pressure waves, motivated
serious development of multiphase-flow interior-
ballistic models."'®> Two-phase codes were
emerging; by the mid-1970s there were
multiphase codes that used average phenomena
(essentially separate amorphous entities
competing for space and exchanging energy and
momentum), and now codes are addressing
issues regarding individual grains, etc.16

"First on the scene were one-dimensional,
two-phase flow models, the primary purpose of
which has to assess the influence of the ignition
stimulus on flamespreading and pressure
waves. At least in the United States, probably
the most successful and certainly the most used
of these models has been the NOVA code,
developed and advanced by Paul Gough
Associates (PGA) in conjunction initially with
the NOS at Indian Head, MD, and subsequently
and more extensively with the BRL. NOVA
provides a macroscopic treatment of two-phase
flow in the gun environment (a local description
but still averaged over regions large with
respect to the scale of heterogeneity, i.e., the
individual propellant grains) and is commonly
called an inviscid model, as the governing
equations are formulated to neglect the effects
of viscosity and heat conduction in the gas
phase. Essential to the model, however, is the
coupling between gas and solid phases through
heat transfer, interphase drag, and combustion,
allowing for treatment of the effect of a local
ignition stimulus on flamespreading in the main
propellant charge as well as the associated
formation of potentially deleterious longitudinal
pressure waves. ‘An abundance of successful
applications of this code can be found in the
literature, with more recent efforts addressing
the incorporation of finite-rate kinetics for
treatment of unique ignition and combustion
problems associated with the use of LOVA
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propellants, and the explicit inclusion of
stress-induced propellant fracture to allow
treatment of a vital physical link between
pressure waves and breechblows."1%

We have the following report from 1980:
"The development and implementation of the
two-phase interior-ballistic computer simulation
technique, ALPHA, is another major
accomplishment. The framework of the method
now provides for the simulation of the interior-
ballistic cycle from primer burn and packed-bed
ignition to the projectile exit at the muzzle.
Using ALPHA, the BRL interior ballisticians
have predicted the complete multidimensional
flow field behind a 20mm projectile in the
Lagrange gun geometry. By assuming the
conditions of complete combustion of the
propellant when the projectile motion begins,
analysts can predict pressure history,
temperature and velocity profiles, and the
projectile velocity. The predictions of ALPHA
are in excellent agreement with an analytical
case for the core flow reported by other workers.
The advances in the simulation of multiphase,
multidimensional IB will lead to better
knowledge of input conditions used in the
prediction of muzzle-blast environments and
may provide design information for blast
suppression and muzzle brakes."?

And later, for 1988, we find: "For the first
time, the interplay between ignition stimulus
and propellant characteristics can be
investigated in an automated fashion to assess
both the detailed performance and safety of
candidate propellant designs without risking
limited test resources. This capability, which
has resulted from the expansion of XKTC, a
two-phase flow interior-ballistic code, to include
the effects of ignition-induced grain fracture on
gun performance, represents a significant
improvement in understanding and ability to
prevent breechblows."”

"Next in the progression of U.S. modeling

efforts were several quasi-two-dimensional
treatments, in which coaxial regions of
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propellant and circumferential ullage (regions of
free space in the gun chamber, external to the
propellant charge) were treated as coupled
regions of one-dimensional flow. Thus, the
influence of ullage external to a bagged artillery
charge on the path of flamespreading and the
equilibration of pressure gradients could be
estimated. Such formulations were short-lived,
however, as fully two-dimensional models soon
displaced them.

"For nearly a decade now, the BRL has been
advancing (with PGA) and applying the
TDNOVA code, a fully two-dimensional
axisymmetric treatment, to model the behavior
of both granular and stick propelling charges,
including the influences of propellant packaging
(e.g., bags, cases) as well as the distribution of
ullage. These later features were made possible
by the explicit recognition of internal
boundaries between the two-phase region (.e.,
propellant bed) and single-phase region (i.e.,
ullage), with finite jumps in mass, momentum,
or energy associated with these boundaries to
reflect the behavior and influence of the
propellant container. TDNOVA has recently
been applied with much success to various
artillery-charge configurations, including
UNICHARGE, as well as playing a key role in
investigation of the 16-in gun malfunction
aboard the USS IOWA.

"Concurrent with the [previously mentioned]
efforts, numerous other efforts at the BRL and
throughout the world focused on development of
a full Navier-Stokes description of single-phase
flow in a gun tube. One such code, known as
DELTA, was developed at the BRL during the
late 1970s and later extended through a
cooperative effort with the Ernst-Mach-Institut
in Germany, where work focused on
development of the unsteady boundary layer
and heat transfer to the tube.

"The next reasonable step was the
combination of TDNOVA and DELTA into the
VITDNOVA code, providing a macroscopic
description of flow in the two-phase region,
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coupled to a full Navier-Stokes treatment in the
regions of ullage. This code remains under
development today, but the center of emphasis
for interior-ballistic modeling is once again
shifting in response to the interests and needs
of the Army.

"While the emphasis of this section has been
on interior-ballistic modeling of solid-propellant
guns, much effort has been expended during
recent years on modeling of alternate gun-
propullssion approaches, particularly LP and ETC

guns.”

Industry is much more active in the areas of
LP and ETC, and there are far fewer
Government precedents and fewer facilities; so
the field is far more open than was the case for
more conventional systems. There is a great
need for methodology that can provide uniform
evaluations of solid LP and ETC. Also, the
recent trend has been toward complete interior-
ballistic codes—covering the phenomena from
ignition to exit (and beyond) and including the
response of sabots and projectiles.16

"While more detailed information on [LP
and ETC] is covered elsewhere, suffice it to say
here that much wuseful interior-ballistic
modeling of these approaches has come either
from modifications to the above NOVA family of
codes or from sources external to the BRL, with
a full range of attendant problems—even
proprietary issues. Interior ballisticians at the
BRL are currently considering the possibility of
a next-generation supermodel, structured to
take full advantage of emerging computational
architectures, and formulated to provide an
overall framework based on common
conservation laws, solution algorithms, output
graphics, etc., as well as concept-specific but
physically comparable levels of constitutive
physics for each of today’s propulsion
approaches. Thus, meaningful comparisons of
alternative approaches could be made, using a
code family which embodies both the best
physics and numerics, maintained, advanced,
and distributed by the BRL. This goal is as
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technically challenging, if not more so, than
anything the interior-ballistic community has
faced in the past, as well as testing the will of
investigators from what have sometimes been
competing fields to pull together to meet the yet
unclear technical and political challenges of the
future."1®

Advanced Solid-Propellant Technology.
This work includes computational and
experimental consideration of issues such as
perforations, layering, fracture, flow and erosion
in the grain, ignition, and flame spreading.16
The recent work on the ignition of
UNICHARGE that is discussed in succeeding
paragraphs is typical.

State of the Technology. The following text
summarizes the state of some of the interesting
approaches in solid-propellant technology:

Multiperforation. "[The] requirement for a
progressively burning surface has led to the use
of what are known as progressive grain
geometries.  Single-perforated, right-circular
cylinders have given way to 7-, 19-, and even
37-perforation grains, the increasing numbers of
perforations providing an increasing proportion
of the total grain surface that grows with burn
distance while the regressive exterior surface
remains relatively unchanged. ... A velocity
increase of 2-3% has been demonstrated in
numerous gun systems by replacing the
standard 7-perforated grains with those of the
19-perforation geometry."16

Deterred or inhibited propellants.
"Chemically deterred ball propellant has long
been used in small-caliber guns. Application to
large-caliber propellant configurations focuses
on the use of deterrent or inhibitors on the
outer regressive surfaces of multiperforated
grains to reduce or even eliminate burning in
these regions, thereby increasing the net effect
of burning on the progressive perforation
surfaces." While the use of deterrents is not
generally attractive, "inhibitor coatings, both
simpler in concept and perhaps more




universally applicable, are receiving
considerable current attention, but, as of 1yei;,
present formidable production challenges."!’

Consolidated charges. "[The] concept is
based on achieving higher loading densities by
compacting conventional granular propellants
through the use of solvation and/or heat. The
initial reduction in available surface resulting
from the intimate contact between grains
followed by a subsequent increase in surface
area as the compacted charge deconsolidates
during burning may also be a means of
increasing progressivity of the overall charge.
While extremely attractive in computer
simulations, the concept is hampered in reality
by an incomplete understanding of and control
over the deconsolidation and flame-spreading
events and by manufacturing and
reproducibility problems."17

Ignition of UNICHARGE. UNICHARGE is a
single-element charge that can be used to
obtain five zones in the present 155mm
howitzers (M109 or M198) and six zones in the
developmental AFAS howitzer. UNICHARGE
is the backup propulsion system for the AFAS
as well as the new system for the present
howitzers. George Keller has been using
TDNOVA to model the ignition and combustion
process of UNICHARGE and has been using
graphics developed by Ron Anderson for
visualization of the processes.17

For the calculations, Keller has been using
a Silicon Graphics workstation which takes
about 6 hours for a run as opposed to about a
half hour on a single processor of a Cray
supercomputer. Nevertheless, this is an
eminently practical and efficient approach for
this operation.!

While the presence of rigid cases on the
charges has introduced a major new level of
complexity (bag charges are far easier to
simulate), Keller has been able to develop a
model that is based largely on fundamental
physics and engineering and on measurements
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of basic material parameters. With this model,
he has been able to parallel the development
process at ARDEC. This has allowed analysis
of experiments, understandin§ of the processes
involved, and help with fixes.18

Various system parameters, such as outside
diameter, diameter of the ignition tube, length
of the charge, and propellant formulation and
geometry, can be varied. The model can also
consider hsypothetical situations such as uniform
ignition.!

Graphics allows a two-dimensional view of
the processes with multiple displays of various
parameters. The representation has allowed
the observation of a number of interesting
phenomena such as choking of the flow,
breaking of the combustible cases of the
charges, flame spreading, pressure waves, and
movement of the charges. A particularly
interesting event is the sequence of ignition
that starts in the breech end and then shifts to
the muzzle end of the chamber. This behavior
is the result of choking of flow in the ignition
tube, subsequent flow outside the charges, and
break-up to the walls of the charges.!®

Hypervelocity Solid Propulsion. A program
was conducted to use the high-energy JA-2
propellant to achieve hypervelocities. The
sticks pack well, can be used to achieve a high
density of loadingg, and can be ignited with a
base-pad igniter.

"The BRL has demonstrated in a real,
conventional-type weapon, a solid-propellant
technique for launching projectiles of significant
masses (kilograms rather than tens of grams) at
velocities far in excess of those previously
achieved.

"The performance attained with a solid-
propellant charge is the result of the
competition of the rate of gas generation by the
burning propellant and the rate of volume
expansion behind the accelerating projectile.
Since gas-generation rate is proportional to the
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surface area of the burning propellant grain,
the classic route to increasing the rate of gas
generation—and thus increasing performance—
has been to employ evermore progressive grain
geometries with multiple internal grain
geometries with multiple perforations whose
burning surfaces increase with burn distance to
more than offset the decreasing area of the
outer burning surfaces. Such multiperforated
geometries have [been] limited generally to
granular geometries with length-to-diameter
(L/D) ratios of 1-3 to 1 to ensure that gases
generated within the perforations exit rapidly
enough to avoid overpressurization of the
perforation and fracture of the grain, which
results in unprogrammed generation of burning-
surface area that may lead to potentially
catastrophic overpressurization of the weapon.
While the use of another type of propellant
grain—stick propellant—for high-performance
weapons offers many advantages such as the
reduced potential for pressure waves in the
combustion chamber and applicability of simple
base-ignition systems, the stick propellant is not
easily adapted to a multiperforation geometry.
For this reason, stick-propellant geometries
have generally been ‘limited to the slotted
single-perforation configuration, with the slot
providing the ventilation for the gases
generated within the perforation.

"The BRL has developed a new design for
propellant grains which vents combustion gases
through slots located at periodic intervals along
the length of a multiperforated grain and thus
assures that the perforations are not
pressurized to the point of grain fracture. The
technique employed, [is] called partial
cutting. ... The investigations at the BRL
focused not so much on the particular venting
technique as on demonstrating the interval at
which the perforations must be vented. In
order to reduce the initial surface area of the
charge, the number of vents must remain as
small as possible and yet be frequent enough to
prevent over-pressurization. = The venting
interval depends on the burning rate of the
propellant, which determines the rate
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propellant gasses are produced and on the
diameter of the perforation, which determines
the extent to which these gases exit from the
perforation,

"After much theoretical study of this
partially cut stick-propellant concept, lumped
parameter, and experimental test of candidate
configurations, the technology was
demonstrated at the LABCOM Technology
Symposium in June 1989. A 3-kg projectile was
launched from a 120mm, XM25 ballistic cannon
using a partially cut, 19-perforation, JA-2
propellant charge at velocities between 2,400
and 2,500 m/s at each of the technical
presentations. Immediately following the shot,
internal gas pressure data were reduced and
compared to the predictions of a multiphase
flow interior-ballistic code. In all cases, the
agreement of the model with the experimental
results was excellent, demonstrating that solid
propellants still offered considerable room for
performance growth. Furthermore, successful
multiphase flow simulations performed on the
BRL XM/P-48 supercomputer have provided a
routine capability for exploitation of this
technique for achieving hypervelocity in a
diversity of applications.

"Subsequent development and testing of the
concept with similar charges have resulted in
the successful firing of a 2-kg projectile with
velocities in excess of 2,700 m/s,"18 and a 5-kg
projectile has been launched from a 7-in, 86-
caliber HARP gun to over 2,800 m/s.

RAM Acceleration. An in-bore RAMjet is now
[1992] being tested at Range 18 with
considerable interest from many agencies (DOD,
NASA, etc.).16

In 1990, "the hybrid in-bore RAMjet
(HIRAM) concept was evaluated for feasibility
as a laboratory device for hypervelocity launch
of large-caliber projectiles. A unique
scale-model projectile to test HIRAM hypotheses
was designed, fabricated, and successfully
launched. An accelerated program has been
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started to develop and fabricate a full-scale
large-caliber gun facility for terminal-ballistic
applications of hypervelocity munitions."®

The following description of HIRAM comes
from an Update article by Dave Kruczynski:
"RAM acceleration is the most recent of high-
velocity launcher technologies being pursued
today. The same principles that are used to
propel RAMjet airframe engines are used within
a gun-like environment to accelerate payloads

“to very high velocities. This application was
first demonstrated at the University of
Washington (UW) in Seattle, WA, by Hertzberg,
Bruckner, Knowlen et al., in 1986, and research
has continued there ever since. For a little over
a year, the BRL has been working with UW to
exploit this concept and apply it to the
development of hypervelocity propulsion.

"A RAMjet airframe engine ... is only able to
operate at high speeds. It can maintain
operation at a local Mach number of about 2.5
(two and one-half times the local speed of
sound) by the injection of fuel in the
shock-heated flow. The exhaust gases are
ejected from the rear after the combustion
process and produce the thrust, which can
accelerate the airframe to even higher
velocities. A RAMjet engine contains few
moving parts, making it a simple enough
system to adapt to the gun environment.

"... The gun tube in the RAM accelerator
corresponds to the engine cowling in the
RAMjet, the function of the center body is
performed by a projectile of similar shape, and
the fuel injectors are no longer needed because
of the premixed gaseous propellant that fills the
gun tube. The projectile must be injected into
the sealed tube at a velocity sufficient to ignite
the premixed gas behind the projectile, thereby
" starting the RAM process. When properly
started, the combustion process can produce
significant positive thrust, which travels with
the projectile to accelerate it to very high
velocities. The UW researchers and others have
proposed combustion schemes that indicate
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projectile velocities above 7 km/s are possible.
They have demonstrated projectile velocities
exceeding 2.7 km/s and have conducted over 900
test firings to date.

"Like any technology capable of producing
extremely high projectile velocities, RAM
acceleration has many potential applications.
These include hypervelocity flight, terminal
effects studies, ground-based and space-based
interceptor applications, long-range artillery,
possible tactical-launcher velocity boost,
materials research, and ground-to-space cargo
launchers, to name a few. In addition, because
of the RAM accelerator’s ability to obtain very
high Mach numbers, it is well suited for the
study of the fundamental process of combustion
in hypersonic engines.

"In the hope of developing these
applications, experimental and computational
research programs have been sponsored and
conducted by the U.S. Air Force (USAF), NASA,
and the BRL. In addition, a very active research
program is ongoing at the French-German
Research Institute at Saint-Louis (ISL), France,
which now has a 90mm diameter RAM
accelerator in operation, and is constructing an
advanced design, 30mm hypervelocity facility.

"The BRL is exploiting RAM acceleration
through a HIRAM accelerator program. This
program will provide a hypervelocity (above
2.5 km/s) launcher for full-scale testing of new
projectile and armor packages. As currently
designed, the launcher will be capable of
delivering significant masses (5-10 kg) through
the use of an integrated system of solid-
propellant launch with RAM acceleration.
While the initial program goals are to provide a
low-cost, hypervelocity test bed, the capabilities
and fundamental physical processes of the
system will also be examined. As the
technology develops, higher velocity propulsion
modes will be made available for potential
strategic and tactical applications."?°
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Combustion Research. When ARRADCOM
was formed in 1977, the BRL divested itself of
its interest in aeronomy (upper-atmospheric
research). The chemical physicists who had
formed the Aeronomy Branch were dispersed.
Frank Niles who had formed the branch went to
White Sands; George Keller and Joe Heimerl
stayed on at the BRL to work on a new
initiative in combustion research in the Ignition
and Combustion Branch with Austin Barrows
as branch chief. Combustion research led to a
better understanding of the properties of
propellants and of their formulations. It also
contributed to kinetic data for use in interior-
ballistic codes.?!

The major new approach was the use of
laser diagnostic techniques for probing the
reaction zone and helping to understand the
relation of the transition phase on the surface of
the propellant to the gaseous reaction zones.2?

While lasers have the important advantage
of being a non-intrusive probe, their use is
presently limited to pressures of no more than
a few atmospheres. The propellant can be
preheated to achieve a high burning rate at
such low pressures, but the reaction zone is still
quite thick (about 1 ¢cm) under these conditions,
and the relation to very-high-pressure
combustion in guns is strained. Nevertheless,
laser spectroscopy is a very valuable tool.22

Another technique that was tried out in the
1980s was X-ray tomography (similar to the
medical computerized axial tomography (CAT)
scan) to look at the burning process inside a
gun barrel. This turned out to be infeasible. It
required high-energy X-rays (1 MeV as opposed
to 100 keV for medical applications), scattering
from iron was a problem, and time resolution
was needed in the sub-millisecond regime.

Tomography worked well, however, for bare

propellant. "CAT technology has been applied
successfully for imaging of propellant grains in
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a demonstration experiment; good propellant
grain contrast was obtained, thereby providing
a technique for direct, very short exposure time,
two-dimensional and three-dimensional
observation of processes that previously could
only be conjectured." Unfortunately,
measurements inside the barrel did not work
well. 22

The following is extracted from a paper on
the combustion research program:

"Combustion. Combustion is a self-sustained
chemical reaction that produces hot gas. The
combustion rate, the quantity of heat evolved,
and the molecular weight of the final gases
determine ballistic utility. The last two are
fixed by material properties. The rate is the
product of the surface-regression rate and the
amount of surface area. It is the surface-
regression rate which may provide combustion
control.

"For most propellants, the combustion
begins and ends at the propellant surface in
that it occurs on a scale very thin compared to
any practical dimension in the gun. Rate
control must come from control on that thin
zone.

"A Case for Chemistry. Because combustion is
a highly exothermic chemical reaction,
chemistry must be the control. But the zone is
too thin for direct chemical measurements on
burning propellants. The chemical reactions
must be removed to the laboratory.

"Clues to the combustion come from
observations that regression rate is faster when
pressure increases, initial temperature
increases, the hot product gases flow rapidly
across the surface, or when certain salts are
added. These suggest, but do not demonstrate,
that the gas chemistry dominates. Another
credible hypothesis suggests a major
contribution from the solid near the gasification
surface. -
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Combustion Research

Detector

Flame Zones

Laser

—

Solid Propellant

Laser Diagnostics for Combustion Research.

"Porous propellants present another
dimension. If combustion product gases can
penetrate the solid through interstices, heat
transfer to the solid is no longer merely
conduction. Here mechanics, heat transfer, and
chemistry can combine to produce a much more
complicated behavior,

"If chemistry is to be the means to
propellant behavior control, it must first be
understood. The reactions must be known over
the entire combustion zone. Even though the
zone is thin, it has a complete transition in
chemistry from one end to the other.
Controlling regression rate by chemical changes
in the solid implies a knowledge of the heat-
release chemistry. Control of specific reactions

requires a relatively detailed knowledge of the
reactions. A triage procedure must select from
too many candidates. Research to date has
suggested key reactions, but not their kinetics
or their exact roles.

"Evidence that the burning can be
chemically changed comes from the plateau-
burning propellants where a few percent of lead
or copper salts alters regression rate up to
about 10 MPa. The mechanism is unknown
because the thin reaction zone bars conclusive
experiment. Recent research has also found
that regression may be dominated not by
sublimation, but by intermolecular forces in the
undecomposed solid. This represents a
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potential new chemical handle for regression-
rate control.

"The attack on the chemistry must
concentrate on a few particular reactions
suspected to dominate the heat feedback from
the flame.

"Laser Spectroscopy. Laser spectroscopy can
measure temperature and concentration profiles
in steady flames. From such profiles can be
inferred the chemical mechanism. A steady
flame serves as a model for the reactions
dominating the heat feedback from a propellant
flame. The active involvement of oxides of
nitrogen (N,0, NO, NO,) differentiates
propellant combustion from the classic
hydrocarbon combustion. These nitrogen
compounds produce species (e.g.,, NH N,, CN)
well suited for laser-spectroscopic measurement.
Steady burner flames can isolate a few
reactions while keeping a temperature
variation. Lowering the pressure lengthens the
flame reaction zone to a scale where laser beam
intersection volumes allow fine enough spatial
resolution.

"Simple concept; difficult practice. Laser
spectroscopy itself is in relatively early
development. New tools and techniques are
continually being developed in several U.S.
laboratories which would like these answers.
Propellant chemistry, RAMjets, and gas
turbines, among others, need in-situ
measurements at high pressure and
temperature.

"Spectroscopic signature is known for only
afew molecules; research must precede tracking
any molecule’s role in the flame. CARS,
Raman, and laser-induced fluorescence (LIF)
spectroscopies are currently being used. More
advanced spectroscopies are being considered
such as multiphoton excitation. Each, however,
needs considerable development.

"Mathematical Models. Mathematical modeling,
needed to interpret measurements, continually
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exploits advances in computer technology. A
steady-state model incorporates the detailed
chemistry and fluid dynamics of the steady
laboratory flame. A transient model of an
inclosed highly transient combustion probes the
sketchily understood deconsolidation mechanism
in frangible propellant. This modeling benefits
from the extensive U.S. research in
computational fluid dynamics (CFD). A
boundary-layer model analyzes a convectively
driven ignition and transient combustion.

"Some key reactions must be estimated from
first principles of intermolecular interaction.
Theoretical chemistry can now provide a few
answers on estimates of unimolecular reactions.
More complex reactions must await a
considerable advance in knowledge and
computing efficiency.

"Transient Combustion. In a gun, the rapid
pressure changes may cause substantial
deviations from steady-state burn rates.
Although it is usually assumed that the burning
rate can adjust instantaneously to the
environment, this approach seems much too
simple. Calculated transient burning rate
effects during gun-chamber pressurization vary
from none to runaway. These effects are
difficult to approach experimentally, and
definitive results are not available.

"There are many opportunities for research
on transients. New propellant concepts,
especially pressed powders, raise new questions.
Propagation by mechanical response adds a new
aspect heretofore safely ignored. Two-phase
combustion, surface fracturing, stress
propagation, and convective penetration all
combine to present a potential growth of
transients even to the point of detonation. The
[detonation/deflagration] research pursued so
vigorously by the USAF/Navy now becomes an
Army concern as well. Simple experiments
confirm a transition to a new mode of
combustion under frequently encountered
conditions. New numerical approaches are
needed to handle the complicated and sensitive




set of differential equations describing the
combustion. Even for homogeneous propellants
there are unanswered, but fortunately less
crucial, questions on transient behavior.

"Ignition. Ignition uses external energy, usually
hot gas, to start the combustion. The reactants
are similar, but the temperature and pressure
are lower than for combustion. Criteria for
ignition are needed for ballistic calculations, but
can now be only crudely approximated.

"Ignition is more art than science. Striking
a balance between low-vulnerability propellant
and reliable ignition requires a better
knowledge of how igniters work and how
propellant ignites. Pressure-wave problems in
large-caliber, densely packed charges require
design rules with a firmer scientific base.
Ignition has been carefully measured only for
radiant igniters. The results are not readily
extended to convection plus hot-particle heating
of a granular bed. Questions on unreacted gas
penetration and subsequent gas-phase flame
spread have been posed for slow-ignition
anomalies. Slow ignition may also lead to a
transient combustion condition by too deep
heating of the propellant. Ignition of many new
propellants, like the pressed charges, has never
been systematically studied. Extension of
simple thermal processes has been assumed to
be adequate.

"The chemistry debate has mainly focused
on the gas phase. A potentially important but
practically unknown body of chemistry lies in
heterogeneous reactions at the propellant
surface. Autocatalysis of decomposition by NO,
attack is but one debated phenomenon. The fact
that NO, is not seen in a propellant fire, but is
seen in decomposition experiments, suggests its
consumption near or under the surface.

"Perspective. This research will provide
information to support searches for new
propellants. It will provide clues to combustion
control although not necessarily to more energy.
It will ease exploitation of new propellant
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developments, it will develop tools which can
spin-off into unforeseen applications.

"The laser-based spectroscopy research has
great potential for spin-off. Laser-based science
is itself new. It promises to probe the interior
of guns and rockets, to shrink the sample
volumes for greater spatial resolution, to locate
and map transitory and sparse species."22

Laser Ignition. In addition to studying the
process, lasers also have potential application to
the actual ignition process as considered in the
laser ignition in guns, howitzers, and tanks
(LIGHT) project.

"The wuse of non-standard projectile
configurations (e.g., long-rod penetrators),
high-loading-density (multicomponent)
propellant charges and two-piece ammunition
has increased the difficulty of achieving rapid,
reliable, and reproducible ignition throughout
the propellant bed in Army gun systems. In
order to overcome these problems, distributed-
ignition systems have been developed which
demonstrate near-simultaneous ignition
(isochronic ignition) in propellant beds. The
anticipated benefits of isochronic ignition are
the reduction of pressure waves for improved
system safety and reliability, reproducible and
uniform flame spread throughout the propellant
bed, and potential impact on performance.
Replacement of the primer in AFAS by a laser
transparent window would greatly simplify
autoloader requirements. Furthermore, a
distributed ignition system will facilitate the
accommodation of intrusive projectile
configurations in ammunition.

"The simultaneous and rapid distribution of
energy throughout a propellant bed can be
readily accomplished through the use of a laser
and optical fibers. This concept has been
investigated in the early 1980s. Unfortunately,
it was found that the propellant bed could not
be ignited directly using a distributed optical
fiber network without the incorporation
of sensitizers (igniter material) in the ignition

55




interior ballistics
IGNITION AND COMBUSTION

Plastic
Disk Seal

Breech Window

Combustible

Case
Propellant

ASE

Finger Bag (Igniter)

Finger Bag
(Snake)

Laser Ignition.

train. However, the desirable elimination of
igniter material from large-caliber gun
ammunition would lead to a substantial
reduction in overall ammunition vulnerability.
The impetus for the formation of the LIGHT
program is to achieve direct propellant ignition
without the aid of conventional igniter material.

"A number of foreign countries are currently
investigating various types of laser ignition,
including [Great Britain], who [is] currently
transferring laser energy into the gun chamber
through a sapphire window to directly ignite a
black-powder basepad, and [Germany], who
[has] successfully ignited a single module in a
UNICHARGE configuration in a 155mm
cannon. Laser ignition in a 120mm cannon is
being tested at a BRL range facility for the

56

purpose of safety and improved

instrumentation.

"The LIGHT program addresses the basic
physics and chemistry of laser ignition of
propellants and potential applications to
complete solid-propellant charges currently
under development for [the 140mm advanced
tank cannon] ATAC and [the Army’s new
howitzer] AFAS. The multiple elements and
increased length of these charges require
unique approaches to achieve rapid transfer of
the ignition stimuli and uniform ignition. In
the near term, laser ignition could solve ignition
problems with UNICHARGE and AFAS by
distributing the ignition stimulus using optical
fibers.




"In the longer term, direct ignition of
propellants may be feasible by double pulses
designed to first vaporize and subsequently
ignite the combustible gases with a laser
frequency tuned to fundamental absorption
bands of the vapor. This kind of approach
should improve laser energy requirements
(efficiency), as well as ignition timing.

"These concepts also are likely to have
application to ignition of insensitive energetic
materials, such as LOVA and insensitive high
explosives (IHEs), rocket motors, and energetic
fluids as well. The BRL has a modestly funded
6.2 effort begun in FY90 and continuing in
FY91. ARDEC personnel are very supportive of
this work and are interested in developing a
6.3A effort to work jointly with the BRL to
exploit and demonstrate this technology in the
emerging large-caliber gun systems. An MOU
between ARDEC and the BRL has recently been
signed to further these efforts.

"Recent experiments at the BRL have
shown that a Nd:YAG laser (1.06 um) could
reliably ignite propellant grain samples (JA-2
and LKL, for example) at atmospheric pressure
in ambient air with a single laser pulse (2, 3,
5 ms; 3-6 joules) coupled through an optical
fiber. It was also found that a single grain of
JA-2, which was similarly ignited as above,
could, in turn, ignite LOVA propellant (XM43
and XM39). Here JA-2 serves as a
laser-sensitizer with the primary attribute of
greatly reduced vulnerability relative to
conventional igniter material. This ignition
concept is currently being evaluated in a gun
test fixture (simulator).

"Also, the aforementioned double-pulse
laser-ignition experiments have been initiated.
The approach involves the ignition of pyrolysis
gases which are produced at the propellant
surface from the first laser with the focused
high-peak-power output of a second tunable
ultraviolet laser. Enhanced interaction has
been observed when the wavelength of the
second laser has been tuned to multiphoton

interior ballistics
IGNITION AND COMBUSTION

absorption wavelengths of both atomic hydrogen
and oxygen.

"A joint effort with Hercules Corporation
has resulted in two tests in a ballistic simulator
with a two-piece ATAC ammunition
configuration.  Simultaneous ignition was
attained, and more tests are planned. A joint
effort with ARDEC will begin shortly which will
look at laser ignition for a UNICHARGE
configuration.

"Replacement of the primer by a laser in
large-caliber gun systems wusing standard
igniter trains has been accomplished. It has
also been demonstrated that distributed laser
ignition using fiber optics works well when
standard ignition elements are incorporated. It
remains to be shown conclusively that direct
propellant ignition can be accomplished in
large-caliber gun systems."23

Quantum Chemistry. With all the other
initiatives at the BRL to model physical
processes, it should not be surprising that an
attempt should be made to understand the
fundamental properties of energetic materials
by modeling their electronic states. What was
wishful thinking in the 1970s has become a
practical tool in the 1990s with the rise of
computer power.

George Adams had been at Picatinny
Arsenal, NJ, in the early 1970s as a
theoretician in the propulsion group. He also
worked there with an experimental group in
explosive research.2* In 1973, he came to the
BRL as a quantum chemist and interacted with
people in explosive research. "The propulsion
people were more likely to be pulled off research
for fire drills." About that time, Art Gauss was
working on classical-mechanics analysis of
chemical reactions.?

In the late 1970s, most of the work in
quantum chemistry concerned looking at the
properties of isolated molecules with little
concern for reactions. Molecular dynamics was
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based on potential energy surfaces.25 Problems
such as understanding the plateau effect of
adding lead sa]ts to propellants were addressed
but not resolved.?

Even in the early 1970s, Adams tried
"somewhat harebrained" to predict properties of
molecules as complex as TNT by using the
many-body perturbation theory of quantum
chemistry along with Battelle, Columbus, OH.
The theory was new, but it worked well with
changes in energy, and some work was done
with excited states and ionization potential.2?

From 1978 to the mid-1980s, the work
turned to looking at the dissociation of
molecules and radicals (e.g., HCO) for reaction
rates in flames.?®

In the early 1980s, Adams recruited Paul
Saxe and Mike Page as post-doctoral fellows.
They learned to use minicomputers to compute
structures based on energy gradient, the
Hessian, and iteration. Some codes were
developed

In 1987-88, Mike Page (now at the Naval
Research Laboratory [NRL]) developed codes to
find a transient state and then to walk
backward to the initial state or forward to find
energy levels of the products of dissociation. He
used the Cray X-MP to do the reaction
CH,NNO, -> CHyN + NO,  Note that
CH,NNO, is a common product of nitramines,
an important class of explosives.?®

Heats of formation have been a major area
of interest recently using the many—body
perturbation theory (1982-88 techniques).??

Results of the program were reported for
1987: "Quantum-chemistry calculations can
now be conducted for much larger molecules,
those of interest in the high-energy-density
materials program. In essence, this new level of
computational power combined with continuing
enhancements in simulation capabilities, has
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generated vast new possibilities for us to
consider."®

"Quantum chemical methods for studying
the chemical stability of metastable species
have been refined and extended. This provides
the ability to predict the state lifetime and
energy release of virtually any molecular state
for any molecular species. The methods have
been used to study candidates species for the
high-energy-density materials program. In
general, those species that appear stable at a
restricted level of theory are shown to be
unstable when a method that includes all
important molecular effects is used. In addition
to eliminating a number of proposed species,
thereby canceling experimental efforts to isolate
the materials, the BRL has provided
intermolecular force data to dynam1c1sts
studying metastable species containment."®

And for 1988: "An efficient and extremely
accurate quantum-chemical technique that
predicts heats of formation of reactive
combustion molecular species has been
developed. The method uses a modestly
complex theoretical method coupled with an
extended mathematical basis to predict
molecular energies. Analysis of these results
relative to a single reference molecule provides
nearly perfect predictions of these important
thermochemical data. This program is
providing major leverage to Army and USAF
programs in high-energy-storage molecules with
potential for future fuels, propellants, and
explosives—a nationally recognized
contribution."”

The Complete Active Space (CAS) theory
has become very popular in the late 1980s with
commercial organizations including the
pharmaceutical houses. CAS involves creating
a set of basis functions, each of which is an
important part of an intermediate process. The
tool is very powerful but requires much
iteration. CAS is of particular interest for
finding transition states and is of nascent
interest for ballistic applications.25




The following, taken from an Update article,
describes the Brooklyn codes for examining the
spectrographic properties of excited electronic
states.?® "The installation of an integrated
vector processor at the BRL's Molecular
Workbench Facility has led not only to award-
wining research efforts, but to the development
of the world’s most sophisticated quantum-
chemical computational tools. The new
methods, developed by the BRL scientists in
collaboration with scientists at the JHU, are
part of the recently announced BROOKLYNS89
system of computer codes. Dr. George Adams of
the BRL’s IBD has won awards at both the
1986 and 1988 Army Science Conferences for
research performed using these codes and the
other quantum-chemical software installed on
the Alliant FX8 superminicomputer acquired
with productivity capital-investment program
(PCIP) funds in 1986.

"BROOKLYNS89 may be described as the
code that begins where well-known quantum-
chemical packages stop. The methods developed
and programmed by the BRL and Johns
Hopkins researchers provide the ability to
determine the energy-storage capability of
exotic high-energy-density materials such as
propellants and explosives. These computer
codes provide the only reliable way to determine
accurately the energy-storage capability of
many of these materials.

"When combined with the other quantum-
chemical and molecular modeling facilities
installed on the vector processor, the structure
and properties of almost any chemical species of
interest to the Army can be accurately
predicted. These tools have been wused
effectively in wide-ranging studies of chemical
agents, providing crucial information on the
toxicity of proposed systems, as well as
providing predictions of spectral information
needed for detector design. Methods developed
to solve the latter problem are now being used
to detail the interactions that dominate
mechanical properties of propellants.
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"Most of the software is available to outside
users. Thus, not only has the project generated
an average annual savings of $704,000 per year
through cost avoidance and provided a needed
facility to the BRL scientists, but an additional
benefit is provided to scientists and engineers at
other sites. Both the CADPAC and MESA
quantum-chemical packages are resident on the
Cray X-MP at the BRL, and the porting of the
BROOKLYN software is underway. When that
task is completed, Army scientists at any
laboratory should be able to use these powerful
predictive tools."2?

MECHANICS AND STRUCTURES

While most of IBD is concerned with the
pressure pulse that drives the projectile, the
Mechanics and Structures Branch is more
concerned with what happens to the projectile
and barrel when the pressure works on them.
Its varied responsibilities during the last half of
the 1970s through the mid-1980s included
continuum mechanics, automatic weapons, the
electronics of fire-control componentry,
advanced analysis of radar signals, the proof of
the precision aim technique (PAT), and the
successful prototypes of the firing-port weapon
for the BFV and squad automatic weapon
(SAW). The technologies discussed here are
those that are related to the mission of the
branch after it bifurcated in 1986.26

As an interesting aside, Bruce Burns, the
chief of the branch said that, "R. J. Eichelberger
set a new tone for the BRL around 1973 when
he got excited about system engineering. The
BRL really changed then [for the better]."?’

Modeling. The goal of the modeling effort is to
develop a total model that includes the recoil
system, cradle, gun, sabot, and projectile.
Burns hopes to have this capability this year
[1992] based on the work of Steve Wilkerson.2”

Some of the earlier efforts of the branch are

typified by the following two reports. From
1980, we have: "Efforts relating to in-bore
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structural analyses of projectiles and to the
exploratory development of projectiles, such as
the 120mm XM829, have also provided
significant advances. For example, the transfer
of the latest finite element simulation
[technology developed for] the rear of the
[Chemical System Laboratory’s] 8-in XM736
binary projectile to LCWSL and on to the PAD
ensures use of the latest interface modeling to
estimate launch stresses and, hence,
permissible manufacturing defect size [for the
entire family of artillery projectiles]. Earlier
analysis would have led to an overestimation of
the stresses and a likely redesign."? This latter
point was demonstrated by the work of Jim
Bender to rationalize the analysis of anomalies
for the M718 projectile.27 "The concept of
casting and molding sabots (both metallic and
filled composites) has progressed. The cost
saving offered by the avoidance of expensive
machining processes can open up the effective
application of long-rod penetrator technology to
automatic cannon. Initial tests are projected for
next year."?

And from 1982, we have: The "XM877 (8-in
intermediate viscosity agent [IVA]) projectile
production schedule was slipped due to
launch-related fractures in the projectile base.
The BRL analysis of the solid mechanics and
in-bore dynamics revealed areas of design
weakness. An improved design was developed
by the BRL and has been demonstrated
successfully at Dugway Proving Ground."

Circa 1987 through 1991, Mark Kregel and
Tom Erline developed the RASCAL model,
which is personal-computer (PC) based.
RASCAL uses two decoupled one-dimensional
models for the horizontal and vertical flexures
of the barrel and the projectile.27

Another model, SHOGUN, was developed by
Dave Hopkins as an offshoot of Martin Soifer’s
DYNA-GP code. It is an intermediate model
between the PC-based model and the full three-
dimensional model. SHOGUN uses a 6-degree-
of-freedom, lumped-parameter, beam-like
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representation for the projectile, the gun barrel,
and the mounting structure.

As part of the tank-gun accuracy program in
the late 1980s, Don Rabern at Los Alamos used
Dyna 3-D to model the gun, sabot, and
projectile for the 120mm tank gun. Rabern had
contacted the BRL for guidance and partial
support for his doctoral thesis. No interior-
ballistic code was used in his model; the force
that acted on the projectile was precalculated.
Projectile flexure at regions near the muzzle of
the gun was measured for actual firings using
2-MeV flash X-ray instrumentation, and the
calculated test case for this ab initio model
compared well with those measurements.2’

Circa 1990, Hopkins started using a two-
dimensional transient model with loads
calculated from a one-dimensional transient
propulsion model. He simulated the transient
hoop stress rise in the barrel (due to pressure
behind the bullet) captured at the base of
bullet. This captured energy can result in a
three-fold to four-fold increase in the overstress
and subsequent undershoot at critical velocities.
The wave velocity associated with this stress is
slower than common muzzle velocities (even
those of tank guns). The problem of holding
muzzle sights in place is one manifestation of
this problem; a second is related to launch
velocities greater than about 2.0-2.5 km/s.2”

The BRL now has a computational model of
slip obturators through a joint DA/DOE
program. The model, which was developed at
Sandia National Laboratories, Livermore, CA,
and was extensively exploited by Bob Kaste,
uses a mechanistic torque-transfer model with
supporting experimental data. It can accurately
compute the functioning of the obturator
through the forcing cone and into the main bore
for smooth-bore guns. The problems associated
with engraving for a rifled system remain to be
addressed.%’

There has been considerable interest in
thick composites. A good deal has been learned
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about the three-dimensional behavior of
composites under compression (work by Travis
Bogetti and Jerome Tzeng).?” "A three-
dimensional modeling technique employs an
analytic model to predict the effective
homogeneous properties of a representative
small section of the composite structure and
local-average stresses to build up the detailed
ply-by-ply stresses throughout the structure.
This technique represents a highly
computationally  efficient, user-friendly tool,
which permits rapid, accurate design and
analysis of thick-section, multilayered composite
structures."l® Recent work by Bogetti has
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reduced these complicated issues to color plots
of likely mode-of-failure (most critical mode)
normalized to critical-mode ply allowables.2”

The following Update article by Ken
Bannister discusses some of the history of the
modeling efforts: "The determination of the
in-bore motions of projectiles has bedeviled
ammunition designers since time immemorial.
We are no less plagued by this problem today
with modern KE projectiles such as the 120mm
MB829 round. ... The perennial problems we face
are: (1) Will the projectile survive gun launch?
and (2) Will dynamic interactions between
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Geometric Configurations Used for Finite-Element Models.
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projectile and barrel affect accuracy on target?
We need an answer to the first question because
the bullet must survive the 50,000-100,000-g
launch environment without breaking up
in-bore. Such accelerations are not uncommon
in modern gun systems. This leads naturally to
the second question about projectile-barrel
interaction effects which we have discovered
greatly affect the accuracy of tank guns and is
a problem which has come to the fore with
saboted-rod KE penetrator projectiles. Since
the rod, being long and flexible, picks up
vibrations in-bore, it will enter free flight with
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initial rigid-body motions that influence
aerodynamic flight and accuracy on the target.
The rod vibrates because it must navigate the
twists and turns of the barrel. Due to wear,
machining tolerances, and gravity droop, no
tank-gun barrel is ever straight! Also, during
the 5-10 ms it takes for the round to traverse
the barrel, the barrel vibrates so that the path
followed by the projectile changes with time.

"It turns out that the tremendous advances
in supercomputing and robust finite-element
modeling techniques in the past 10-15 years
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allow us to model transient in-bore structural-
response problems, like barrel/KE projectile
interactions, to a degree heretofore impossible
to imagine. While design improvement of
120mm projectiles is a good example where this

methodology has been applied, we also have .

applied (and are applying) the methodology to
other high-priority tasks such as (1) prototyping
of new concepts for a 105mm KE round and a
155mm sub-munition high-capacity artillery
projectile [HICAP] (lead item in a potentially
large family of lightweight 155mm
ammunition); (2) impact/fracture studies of M30
and JA-2 propellant grains for improved
interior-ballistic performance; (3) non-linear
transient structural analyses of several design
concepts for a Navy 40mm perimeter-defense
grenade; (4) transient response of the 155mm
artillery cargo projectile family subjected to LP
transient pressure loadings [currently under
extensive investigation by Erline, Hopkins et
al.]; (5) the response of projectiles to a wide
variety of EM and electric-augmented
propulsion schemes; and (6) an extensive array
of hardware troubleshooting exercises and
accuracy-related questions for 105mm and
120mm KE tank-gun projectiles.

"Since 1987, considerable progress has been
made in realizing a hierarchy of transient
modeling tools to attack in-bore response
problems. The short-term goal is to provide an
array of reliable modeling tools to bring to bear
on advanced ordnance systems, but the long-
term goal is to model the entire interior-ballistic
event, from shot start to muzzle exit.

"The hierarchy of modeling tools consists of
simpler beam-element-type gun-dynamics
computer models, plus higher-order,
two-dimensional and three-dimensional,
transient, nonlinear finite-element codes. The
beam-element codes were developed in-house,
whereas the solid-element codes were developed
by numerical analysts from the DOE and other
agencies and have been adapted for local use. ...
Work is in progress on coupling the
higher-order codes with special-purpose,
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BRL-developed (or sponsored) interior-ballistic
codes. In their present stage of development,
these are one-dimensional models, either in
lumped-parameter or continuous two-phase
format, of the propellant burning processes
inside a gun barrel. This coupling is a major
step towards a comprehensive gun model which
will ultimately allow detailed, efficient
parametric and trade-off studies for designs of
future Army weapon systems. Our experience
thus far working with the structural models in
the hierarchy shows that they are
complementary, with no one code clearly able to
replace the others. Beam models allow faster
problem setup/solution turnaround time than
the higher-order codes, thus are good for
parametric studies. In contrast, higher-order
models provide very detailed rate-dependent
information on local deformations, strains, and
stresses, but with obviously greater manpower
and computational expense.

"Ultimately, the behavior we seek to model
is three-dimensional, transient, and non-linear,
thus finite-element computer models are
de rigueur. Non-linearities creep in due to the
presence of sliding contact surfaces (with and
without friction) and large-deformation plastic
flow of obturator materials. In addition, the
three-dimensional transient nature of the
analyses requires Cray-class computer power. ...

"With supercomputer technology and the
evolving hierarchy of structural modeling tools
described here, rapid progress is being made
toward a model of the entire interior-ballistic
cycle. We are now able to handle effects of
high-rate-of-loading and barrel/projectile
interactions during in-bore travel, and predict
transient behavior of the projectile at muzzle
exit. This includes critically important initial
conditions, such as projectile cocking angle at
shot start. As further dramatic evidence of the
practicality of the transient modeling
methodology we have developed, it has been
used during the past 3 months to resolve two
difficult problems. The first problem concerned
unacceptably large flexure of 120mm rod




projectiles observed during a major
experimental program being run by the BRL’s
TBD. As was demonstrated by our beam-based
gun dynamics models, the problem turned out
to be due to unforeseen projectile/barrel
interactions, requiring a down-select to an
appropriately straight launch tube. The second
problem, of a somewhat more subtle nature,
concerned reducing dispersion of the 105mm
XM900E1 KE projectile by redesign of its sabot.
Extensive full three-dimensional, transient
analyses by the BRL Cray X-MP/48 were
required (10-20 central processing unit [CPU]
hours each) in the redesign. Results of the
analyses of the new sabot geometry, compared
with the old, showed that yaw rates at muzzle
exit were drastically reduced, hence dispersion
was reduced. ARDEC has accepted this design,
and test hardware is now being fabricated.
These real-life engineering examples thus
directly illustrate how a hierarchy of modeling
capabilities for in-bore problems is absolutely
essential "%’

Bannister, Wilkerson, Erline, and Jim
Bender are presently interested in transiént
effects on artillery shell. This includes the
effects of high-frequency LP instabilities, shot
ejection stress, etc. This also relates to the
HICAP program discussed [in the following
text].2”

Sabots. Sabot design is specially critically for
antitank KE rounds. High velocity is
important, as is every joule of energy. The
round is essentially a very slender rod of high-
density material, and any yawing motion
in-bore can have a deletericus effect on
accuracy—if it does not produce a catastrophe.

"The Arrow and Delta Programs, conducted
in the 1950s and into the 1960s furnished the
technology for the 152mm tank-gun system
(XM150) for the XM803 tank (main battle tank
[MBT]-70), which was to succeed the M60 tank.

"The medium-caliber antiarmor automatic
cannon (MC-AAAC) program was initiated
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[after] the MBT-70 program had just been
canceled, and the difficulties with the 152mm
KE projectile that was under development were
never adequately resolved."?®

Circa 1973, as part of the MC-AAAC
program, IBD, and Burns in particular, worked
out the mechanical principles for the single-
ramp sabot. It was this single-ramp sabot
concept that was used in 1974 in the Silver
Bullet program, which led to the improved
version of the 105mm XM735 round. In both
the MC-AAAC and Silver Bullet, the round was
stable in-bore (the center of gravity was behind
the hinge point), and the sabot was self-sealing
and adequately supported the monolithic, high-
density, long-rod penetrator.?’

In 1977, IBD started on improvements of
the MC-AAAC round and then addressed the
105mm KE round. This led to the addition of a
small forward ramp by Burns in the MC-AAAC
prototypes. This, in turn, was followed by the
extension to the current, now commonly found,
and highly successful double-ramp solution,
which was due to the excellent work of Bill
Drysdale, Dick Kirkendall, and Louise
Kokinakis. This was used in the initial
development of the 105mm M833 round.2’

A prototype full-double-ramp sabot for the
120mm smooth-bore gun was pioneered by
Drysdale, Kirkendall, and Kokinakis and was
used in a demonstration program for the
Germans in 1979 for a round similar to the
M829 family. The double-ramp sabot was used
in the development of the 120mm M829 family
and also in the 105mm M900. "In research
applied to projectile performance, the BRL had
two accomplishments with far-reaching effects
for munitions lethality. First, a new
BRL-designed long-rod KE penetrator, fired
from a 120mm gun, set a new armor perforation
record. This achievement provided the
foundation for the 120mm XM907 KE
technology demonstration program Honey Bee,
as well as the 105mm XM900 advanced KE
round, which is now in advanced development.
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SADDLE-BACK

DOUBLE-RAMP

Common Types of Sabots Used to Launch KE Projectiles.

These accomplishments will extend the effective
lifetime of the M1 and M1A1 armaments. The
second accomplishment is the incorporation of
rate dependency in the formulation of the
theory of plasticity, which provides a new
scientific basis for refined sabot designs to
reduce mass and increase muzzle velocity of
antitank KE munitions."*

The M829 family (including the Al and A2
versions) and the M900 cartridge have given
U.S. tanks a very powerful antiarmor
capability, and the double-ramp sabot has
become industry standard. The 25mm armor-
piercing fin-stabilized discarding sabot
(APFSDS) KE rounds M881 and M919 for the
Bushmaster automatic cannon on the BFV also
use the double-ramp sabot concept. The
extraordinary success stories of the M829A1
and M829A2 rounds (especially the sabot for the
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latter) are not yet in the public domain and
cannot be included here. It can be stated,
however, that major new performance advances
were proved with the MB829A2 sabot

technology.?’

The following Update article by Wilkerson
and R. P. Kaste discusses the design process:
"A new KE sabot design concept has been
successfully developed at the BRL. This new
projectile design was conceived as part of BRL’s
ongoing gun accuracy program and the
continuing desire to make better and more
accurate tank munitions. The design’s concept
centers around the use of longitudinal ribs
along the aft and center sections of a
modern-day sabot to stiffen the projectile’s
in-bore dynamic response. Additionally, the
concept accomplishes this task without adding
any additional weight. ...




"A significant factor in the development of
the new sabot was the use of computational
analysis on the Cray supercomputers at the
BRL for predicting the effects of the design
changes. In order to wunderstand the
significance of this accomplishment, it is
important to Dbriefly review how such
improvements have been made in the recent
past. Often, bullet designs have evolved through
iterative processes with heavy emphasis on
experimentation. That is, once a concept or new
design was proposed, an analyst would check
the design to assure that it was structurally
sound using a variety of methods. The
mathematical or engineering modeling of the
design was examined using a number of
numerical and analytical techniques. For
example, gun dynamics codes are routinely used
with good success to analyze the gun tube and
projectile interactions. Also, axisymmetric
finite-element analyses have been used to
examine the peak stresses in the projectile as it
travels down the gun tube. After such analysis,
prototypes were produced and tested. From
there on, more subtle design changes were
incorporated, and a cycle of building and testing
was continued until an acceptable bullet
configuration was derived. Much of this costly
build-and-test philosophy was necessary due to
the extremely complicated nature of interior
and exterior gun dynamics. Until now, most of
the numerical and analytical tools being used in
the design of KE bullets were incapable of
examining the effects of subtle design changes
with any degree of accuracy.

"More recently, individuals at the BRL and
scientists at the Los Alamos National
Laboratory have combined their talents to study
the problem of interior gun dynamics with the
power of three-dimensional finite-element
techniques. Much of this recent work has been
made possible by the use of supercomputers.
The new methods focus on modeling both the
projectile and gun tube with finite-element
techniques and then incorporating more
detailed and accurate boundary conditions and
assumptions. These techniques are capable of
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examining the peak stresses and strains with a
high degree of accuracy as well as predicting
the effects of balloting on the kinematics of the
bullet as it leaves the gun tube.

"Therefore, when this new sabot concept
was proposed, it was decided to try to use these
new three-dimensional finite-element
techniques to evaluate the proposed design. The
new concept ... represented substantial design
modifications, and it was desirable to predict
how these modifications would affect the
projectile’s performance prior to building and
testing it. It was also of some importance to
determine whether the new concept would
survive the in-bore environment. Therefore,
experts within the BRL’s IBD and LFD teamed
with key personnel from the Los Alamos
National Laboratory to investigate the proposed
design change. In order to ensure the
structural integrity of the new sabot design, the
BRL employees working with Los Alamos
personnel, developed a three-dimensional
transient finite-element model of the design and
subsequently analyzed it on the BRL Cray
supercomputers. The proposed design changes
not only proved to be structurally superior to
the existing projectile design, but the design
also exceeded expectations on its performance.
Since that time, this new sabot design has been
successfully built and tested at APG. In
addition to proving the performance benefits of
new sabot design, the tests served to validate
the new three-dimensional model for predicting
sabot performance. Thus, the Army now has
both a proven new sabot and comguter analysis
tools for use on future projects."?

Recently, the integration of several critical
ballistic technologies for system analysis of
advanced cartridges using both current state-of-
the-art capabilities and assessments of future
technology improvements have been
orchestrated in the branch by Larry Burton. He
has played a key role in infusing modern
technologies into a variety of contractor-
executed programs focused on futuristic
candidates for advanced propulsion concepts.?’
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High-Capacity Artillery Projectile (HICAP).
The BRL is participating in a program to look
at a new modular concept for an artillery round.
HICAP is a fin-stabilized round that will "break
the L/D ratio mold," get away from stability
problems of high L/D ratio rounds, and reduce
the need for heavy walls to produce large axial
moments of inertia. The walls can be thinner
and lighter using high strength-to-weight
materials (e.g., fiberglass or graphite in a
polymer matrix), and the round (having been
lengthened in a mass-efficient manner) can
carry twice the payload of a conventional cargo
projectile.

HICAP breaks into two pieces for handling
and tailoring for mission needs. The front and
back modules could have different payloads or
could include a rocket motor, etc. A
Memorandum of Agreement (MOA) in place
among the BRL, the MTL (formerly the Army
Material and Mechanics Research Center
[AMMRC])), the Harry Diamond Laboratories
(HDL), and ARDEC for a cooperative program
including joint contributions of funds. The 6.2
effort is managed by the BRL (first by Burns
and then by Bender). When the technology is
demonstrated to be mature, it will transition to
ARDEC.?"

In 1990, "A metal-joint concept to secure
two pieces of the [HICAP] concept was
successfully tested in 155mm launchings with
low-, medium-, and high- (85) zone charges.
Design decisions were made for a wrap-around
fin concept, and projectile roll histories were
predicted. Non-optimized graphite/epoxy aft
body prototypes were successfully tested at hi%h
stresses typical of those encountered in-bore." 0
The efforts of Bogetti, Tzeng, consultants, and
critical industrial partners were subsequently
blended to extend the strength of new composite
prototypes to levels commensurate with the
highest pressures and acceleration levels
envisioned for artillery systems.27
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A briefing to industry on HICAP was held
on 8 August 1992, and the following white
paper was prepared for that meeting:

"A novel artillery shell whith substantially
increases cargo without significant weight
increase is currently undergoing 6.2
development. Recent advances have been made
in the area of high-performance materials to
allow them to replace steel for the shell of
cargo-carrying artillery projectiles. The weight
savings are reinvested in cargo, thus increasing
the per-round lethality and effectiveness. It is
intended that HICAP be compatible with most
existing submunitions and propelling charges
and AFAS.

"This initiative exploits recent advances in
high-strength lightweight structural materials,
i.e., composites, resulting in the design of an
artillery shell capable of delivering nominally
twice the payload on target of a conventional
round. This is accomplished by substituting
lightweight material for the heavy steel shell
body and investing the weight savings in
additional payload such as grenades, smoke and
obscurant, scatterable mines, or others. The
addition of deployable fins will stabilize the
round since the flywheel (shell body) is no
longer of sufficient mass to spin-stabilize the
projectile. Alternatively, the weight savings
could also be invested in a rocket motor to
deliver a payload equal to that of current
rounds to nearly double the range of top-zone
launches.

"To obtain the desired launch weight and to
house the increased payload, the projectile
would become longer than current projectiles in
the 155mm family. The projectile would be
split into two modules, fore and aft, and
assembled just before loading and locked
together in the breech at shot start. This
modularity provides the capability of mixing
payloads in the same round, i.e., smoke fore and
grenades aft, grenades fore and rocket aft, and
the like.




"The concept has a logistical advantage over
current artillery projectiles in that an equal
amount of submunitions can be delivered on
target for half the amount of propelling charge
and using half the number of bullets and fuzes.
For example, if a mission were to call for the
delivery of 24 M483 artillery rounds, the supply
vehicle would need to deliver 24 rounds
(2,400 1bs), 24 charges (720 lbs), and 24 fuzes.
With HICAP, only 12 rounds (1,440 lbs) would
be needed and 12 propelling charges (360 lbs)
and 12 fuzes. Both missions would deliver
2,112 grenades (88 in a standard deck) on
target with a supply weight savings of 1,360 Ibs
or 43%.

"Survivability of the firing battery is also
increased since counterfire detection would have
only half the number of fires available to detect
the location of the battery.

"Early design efforts have resulted in the
successful launch of a lightweight aft body at
near top-zone charge. Also, a unique joint to
hold the two modules together has been
demonstrated to survive top-zone launch
conditions.

"This technology has been investigated for
the 155mm family but in no way is restricted to
that system. Laboratory testing has shown that
all aspects can be scaled up or down to suit
virtually any artillery size.

"The development of this technology
addresses the Army’s need for increased
lethality and enhanced survivability. The
program also has the full support of the Field
Artillery Center at Ft. Sill.

"This research effort has received start-up
funds for the BRL (lead); ARDEC, for cargo
dissemination, shell design, and compatibility
studies; MTL for lightweight-materials research;
and HDL for fuze applications.

"Once developed into a system, this
technology would enable the user to accomplish
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a fire mission of equal lethality with nominally
half the number of rounds and half the amount
of propelling charge. Additionally, enemy
counterfire assets would only have half the
opportunity to locate the source of delivery.
Using the rocket option in the rear module
would permit the delivery of a conventional
amount of payload to significantly greater
ranges—as much as double that of current
rounds depending on payload and method of
dispersal. The technology also readily lends
itself to the incorporation of on-board guidance
taking advantage of current smart or brilliant
technology.

“There is strong indication that the
development cycle for HICAP is compatible with
that of AFAS.

"HICAP will be able to use most of the
currently inventoried submunitions and can be
made compatible with any new
submunitions."3°

PROPULSION SYSTEMS BRANCH

In addition to working on propellant
systems as the name implies, the Propulsion
Branch also has a Weapon-Dynamics/Robotics
Team.3!

However, before we discuss the branch’s
programs, it seems worthwhile to note the
following quotation from Joe Rocchio, the Chief
of the Propulsion Systems Branch: "The BRL’s
involvement with ARRADCOM had at least one
positive aspect. It began to breakdown the
us-vs.-them between the BRL and Picatinny
Arsenal. They were divergent cultures, but
they came together for the time that we were
one organization. It gave us entrees into the
operation at Picatinny Arsenal, it gave them a
better understanding of what the BRL could do,
and gave an appreciation to the BRL of the
trials and tribulations of being a weapon
developer."32 This reflects the close relation
between the BRL that was especially evident in
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the development of the main armament for
tanks.

Low-Vulnerability Ammunition (LOVA).
LOVA is a concept to reduce the vulnerability of
ammunition in fighting vehicles that includes
all aspects of the system: armor protection,
locations of the ammunition, venting of the
ammunition compartment, protection against
sympathetic initiation, and the use of
insensitive propellants and explosives in the
munitions.

The idea for LOVA propellants went back to
an effort to develop caseless small-arms
ammunition during the Vietnamese War.
Cigarettes were a hazard to ammunition carried
on soldiers’ bodies. Nitrocellulose was easily
ignited; so a new material was needed.
Composite rocket propellants that use HMX
were considered, but the short reaction time for
small arms precluded adequate ignition of the
material, and the effort died in 1972. However,
when concerns with tank-cannon rounds arose,
the material looked good, and there was a good
scientific basis for ferreting out the chemical
and other properties.

The hallmark of LOVA propellants is their
difficulty in being ignited at low pressures.
Therefore, while LOVA propellants are good in
high-pressure tank guns, they are not so good in
artillery howitzers because of low pressures at
the low zones. This is not a problem for LP
(which also has LOVA qualities) when used in
a regenerative system. LP has an additional
LOVA advantage since it can be stored low in
the howitzer and pumped up as needed.'®

The concept for LOVA first started in 1974.
By 1977-78, the data were available to define
the problem and to show that it should be
tractable.32

In 1976, Rocchio was canvasing the services
for interest, but it was not until 1978, when the
DOE came up with ideas for IHE, that the
LOVA program got a real boost. Rocchio told
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some DOE representatives what he was doing,
and IHE soon became IHE and insensitive high
explosives and propellants (IHEP).32

A Joint-Service/DOE study was conducted in
the period 1978-80 to look at technology,
system applications, cost-benefit analyses, etc.,
for IHEP. The BRL data were fed into the
study, and the afterthought (low-vulnerability
propellant) became the major item for
expedition.32

AMC and ARRADCOM provided support for
accelerating the LOVA program through
1980-82. This effort defined the properties of
the material and showed that its manufacture
was practical 32 "The Army and Navy
currently have a joint program to develop a
LOVA propellant- which will help improve
weapon-system survivability. This effort is
being conducted as Task I of the IHEP program.
As part of this task, the BRL tested gun
interior-ballistic performance and analyzed
vulnerability characteristics of candidate LOVA
propellants. During FY80, LOVA propellants
used to fire KE projectiles [XM735] from a
105mm, M68 tank gun developed projectile
muzzle velocities equal to velocities attained
with standard, triple-base, M30 propellants.
Results from small-scale laboratory fixtures and
full-scale 105mm gun tests, showed erosion for
the nitramine/inert binder LOVA propellants to
be clearly less than that for the standard M30
propellant, as would be expected from the lower
flame temperatures of the LOVA propellants.
In laboratory tests with hot fragments and in
field tests with both controlled fragment
impacts and shaped-charge-jet-generated spall
and fragments, a polyurethane/HMX LOVA
propellant withstood much higher temperatures
and much higher velocities without burning.
Considerable strides were made toward the
critical goal of understanding the mechanisms
by which LOVA propellants resist inadvertent
initiation. Recognition of mechanisms which
make one inert binder far superior to another,
permits the formulation of improved candidate
LOVA propellants."?
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Spall Particles Are Shown Imbedded in LOVA Propellant Grains; Melting and
Decomposition Have Occurred to Dissipate the Energy, but There Was No Ignition.

In 1982, LOVA was sold to the Armaments
and Munitions Command at Rock Island
Arsenal, IL, and an engineering study was
established to show that a Product
Improvement Program (PIP) was appropriate to
enhance system safety. That engineering study
identified a formulation that would provide
suitable ballistic performance and that would be
producible.32

Once the technology had been
demonstrated, the PIP (including production
engineering, quality control, etc.) was conducted

from 1984 through 1987. This resulted in the
XM39 propellant for 105mm M456 high-
explosive antitank (HEAT) round. XM39 was
the first new Army propellant in about
25 years. However, XM39 was shelved since
there was already a surplus of HEAT rounds.
The BRL also started to look at a propellant for
105mm KE rounds, but the 120mm system
dominated.3?

About 1987, a 6.2 program was initiated to

find a high-energy low-vulnerability
ammunition (HELOVA). The armament
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enhancement initiative (AEI) program provided
the impetus, and circa 1988 one of the first
propellants, high-energy low-vulnerability
ammunition propellant-1 (HELP-1), performed
very well in some 105mm tests (low-
temperature sensitivity, low erosion, etc.).
There was an application to the
high-performance M900 round for the 105mm
gun. The high-energy (not LOVA) JA-2
propellant from the 120mm M829 program was
too erosive for the 105mm gun. The 120mm
smooth-bore gun was chrome plated; the rifled
105mm was not.3

The 105mm M900 was to be killed for lack
of a suitable propellant. The BRL interested
ARDEC in the possibility of using HELP-1.
Tests with M900 slugs showed not only that
HELP-1 would work but also that the nominal
pressure could be increased because of the low-
temperature sensitivity of HELP-1. HELP-1
became the M43 propellant that was type
classified for limited production for use with the
M900 in 1989 and classified standard in
1991.32

The M900 rounds with M43 propellant went
to Operation Desert Shield/Storm with the
105mm guns on the M1 tanks, which were
deployed much earlier than the heavier M1Al
tanks with their 120mm guns. M900 rounds
that were at APG for test were appropriated
and flown to the Persian Gulf.32

The BRL is now [1992] looking for a more
energetic, survivable propellant to replace JA-2
in the 120mm.3?

The BRL participated in the IB for the
120mm M829 and the ATAC 140mm systems.
This included system studies, charge design,
and ignition studies. In the case of the 140mm
system, the long chamber and two-component
propulsion system created special ignition
problems.

It is important to consider the ignition
process for LOVA. After all, LOVA propellants
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are supposed to be hard to ignite until pressure
is built up. The process is studied in stages, the
igniters by themselves, the igniters in an inert
propellant bed, and the igniters in a live
propellant bed, to map out the process.32

Now, with an Ignition Simulator, the BRL
can watch the step-by-step process at a 1-to-1
scale through transparent walls, which allow
the test to proceed to a pressure of several
thousand psi before rupture, at which point the
ignition process is well established.32

Fracture. IBD has been working on the
mechanical properties of LOVA propellants. No
one knows much about mechanical properties of
propellants; so they had to start more or less
from scratch. In this regard, the properties of
the material and a model for fracture are
needed. The properties must be defined in
relation to types of failure (e.g., the relation of
the surface created by a crack to a breechblow).
Then it is necessary to learn to design
propellant with proper characteristics.?

The following is extracted from an Update
article by Robert Lieb on propellant fracture:
"It is known that propellant fracture during
ignition and combustion causes significant loss
of ballistic efficiency, at the very least, and can
lead to catastrophic gun failure (breechblows) if
the fracture is excessive. In the last 10 years,
all breechblows, at low temperature for which
there were enough instrumentation to
determine the cause, were traceable to the
fracture failure of the propelling charge.

"Briefly, a breechblow scenario might
proceed as in the following. Assume that the
propellant is cold, which tends to embrittle
propellant. Also, assume that the igniter has
been damaged so that a good distribution of
igniter gases is prevented, and ignition is
localized at the breech end. Either one of these
conditions, by itself, may not be enough to cause
excessive pressures to occur; however, in concert
the overpressure possibilities are greatly
enhanced. The ignition gases exert a force on




the propellant grains, and in a charge such as
a tank round, a mechanical stress wave can be
started through the propellant. The drag
between the gas and grains moves the charge
toward the forward end of the chamber. The
low pressure at the front of the charge keeps
the propellant in front of the stress wave
weaker and more likely to fracture. The result
is a propellant being subjected to mechanical
shock and impact conditions that are likely to
produce fracture. As the flame front follows, too
much propellant burns too quickly, which adds
to the pressure difference in the chamber, and
promotes further fracture and even more rapid
burning. In this manner, high-amplitude
excessive pressures are generated which can
lead to gun failure.

"Efforts have been underway for some time
to characterize the mechanical response of gun
propellant under conditions as close to
operational as possible. It was recognized early
that high strain-rate response measurements
are required and that excursions into higher
pressures would have to be made if proper
propellant characterization were to be
accomplished. The part that was not known,
and in which many new understandings have
been discovered, was the proper method to
relate the measured information to the
processes that control the pressure generation
during combustion.

"Apart from the performance, other
questions with regard to system vulnerability
may also be dependent on propellant fracture.
Significant threats to weapon-system
survivability arise due to the ignition of
on-board propellant. The ignition threat comes
from two sources, behind-the-armor spall and
shaped charge jet (SCJ) direct impact.
Propellant that has a brittle response to impact
will provide a more violent response to the spall
threat. It is important, therefore, to maintain
propellant integrity as much as possible to limit
the response. The SCJ interaction is more
complex. The initiation of the grains by the
SCJ is probably not affected significantly by the
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propellant mechanical properties. The jet
produces a detonation-like response in the
propellant that it hits directly. However, in the
region surrounding the zone of direct
interaction, the propagation of this very violent
response and the time needed to transition to
ordinary burning may be heavily dependent on
propellant mechanical response.

"Within the IBD, much research has gone
into the characterization of propellant fracture
with some good results. The development of
LOVA, successfully designed to counter the
spall threat, has progressed successively to
higher and higher energy formulations to meet
the requirement for greater performance. At
each stage in the propellant development, the
mechanical properties of the candidate were
measured and evaluated. This monitoring
provides critical feedback and helps prevent
extensive development of a propellant that has
a critical flaw which will stop it from being
fielded (this happened in the 1950s). The
HELP-1 series, which evolved from the LOVA
program, resulted in a propellant that has the
energy it needs, has retained the LOVA
characteristics needed to defeat the spall treat,
and possesses mechanical Broperties that are
optimum for that system."3

Precision Aim Technique (PAT). PAT relies
on the idea that it is not necessary to hold the
gun on the target if the time at which the gun
is properly aimed at the target can be
anticipated. This is similar to the technique
taught to riflemen for off-hand shooting. PAT
requires knowledge about the motion of the gun,
the delay between the decision to fire and the
exit of shot, and the location of the target
relative to the muzzle.

PAT was first conceived by Mark Kregel in
the late 1970s as a way to provide more
accurate fire from helicopter-mounted automatic
cannons. PAT was proven to work with the
Cobra helicopter. However, air-to-air gunfire
was of more interest, and the reduction in rate
of fire associated with PAT was a drawback.
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Shooting at maneuvering aircraft is usually not
helped by high precision; in fact, dispersion is a
convenient means of making a large pattern.

The precision associated with PAT seemed
more appropriate to armored vehicles for the
main guns on tanks and for the automatic
cannon on infantry fighting vehicles.

From 1982, we have: "PAT has
demonstrated burst-fire accuracy, from a
vibrating automatic cannon, equal to single-shot
accuracy from a rigid mount."

The interest shifts to tanks, and in 1984 we
find: "The objective is to increase both the
aiming precision and armament-system ballistic
accuracy of armored fighting vehicles and
heliborne armament systems, when fighting
both stationary and on-the-move. The
expansive program involves gun-tube
manufacturing, environmental effects,
ammunition, computer-controlled PAT and
precision imaging system (PIMS). [The BRL]
field-tested PATs on the M1 discovered
unexpected gun tube vibration from vehicle
track motion; interfaced PAT with heliborne
components and conducted successful laboratory
tests; expanded gun tube dynamics predictive
capabilities; and demonstrated an integrated
PAT-PIMS system using an indoor fixture."14

From 1987, we have: "There were several
significant tank-gun developments in FY87.
The BRL developed and successfully
demonstrated 1) an automatic boresight
retention system for the M1A1l tank, 2) an
electronic module to interface PAT and
TADIRAN to the fire-control computer of the
M1A1, 3) an interface for PAT, a specially
designed gun cradle, and a modified M230
30mm chain gun, and 4) an electronic control
module that interfaced with PAT to accurately
fire a weapon system while the mount was
undergoing one type of vibration (2 Hz) and the
gun tube was undergoing a second vibration
(25 Hz) to reduce target dispersion by a factor
of 30. The improved accuracy when using a
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PAT system while firing a modified M230,
30mm chain gun from a Cobra helicopter
airframe was demonstrated. Also, an electronic
sequencing scheme was developed to prolong
the operating life of the laser transmitter and
detector of the TADIRAN. The BRL, with
Benet Weapons Laboratory, ARDEC, developed
a soft-ride mirror mount for the 120mm gun."®

The strain patches originally planned to
measure gun motion for PAT were too fragile,
indicating the use of a muzzle-reference system.
However, the sampling rate of existing muzzle
reference systems was too low for PAT.
Recently, work with Princeton Scientific on
using a laser diode has demonstrated a
capability to sample at 10 kHz. Another
problem, however, is that PAT’s algorithms can
only predict well to about 15 ms, which is short
with respect to the cycle time of the 120mm
ammunition. Circa 1991, it was found that by
monitoring tube motion and locking-out firing
during periods of excessive motion, at least 75%
of PAT’s performance could be realized. This is
similar to the practice of gunners when either
the tank is bouncing too much, or the target is
jinking too much,32

It was also found that the drift of a cold gun
tube affects the course of firing significantly.
This provides an extra argument for the use of
a continuous muzzle reference system with
PAT.32

A variant of PAT is called the inertial
reticle. In this concept, once the target is
established by the operator, an inertial system
remembers that target’s orientation. The PAT
algorithm uses that remembered position, and
the gun is fired when the PAT algorithms
predict intersection of the aim of the gun with
the inertially remembered position.3?

Robotics. The Weapon-Dynamics/Robotics
Team has been working with the DOD program
on unmanned ground vehicles (UGV). In
particular, they have been developing a pointing
and aiming system demonstration for firing a




recoilless launcher from a UGV (for the
demonstration, this would be a high-mobility
multipurpose wheeled vehicle [HMMWYV]). The
demonstration involves automatic target
acquisition with authorization by the operator
for firing. The system then aims and fires with
no complicated tele-operations involved. A
successful demonstration at APG’s Churchville
Test Area was completed in the summer of
1992.32

Shrouds. One of the contributors to inaccuracy
is motion of the gun tube due either to
differential heating by the sun or to air currents
that are generated by the heat of the tube itself

interior ballistics
PROPULSION SYSTEMS BRANCH

from firing. Thermal shrouds provide two
functions: they mitigate the direct heating from
the sun, and they help maintain uniform
temperatures in the hot gun tube.

From 1986, we have: "In order to test
thermal-shroud performance on tank cannon,
both environmental (solar heating and rain) and
firing-induced thermal loadings must be
simulated. Based on examination of existing
test practices, the BRL developed a new
procedure, which provides improved simulation
of the battlefield environment. The test

procedure was used to examine the relative
performance of four different candidate shrouds
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A Robotic System. Recoilless Rifles, Mounted on a HMMWY, Are Used
to Launch Smart Projectiles at Targets That the System Acquires.
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for the 120mm M256 cannon. To complement
the experimental results, the BRL developed a
mathematical model describing tube response to
both external and internal heat transfer. The
model explains the performance variations
observed with different shroud concepts and has
led to the design of a unique, integral thermal
shroud which has been fabricated and currently
awaits test."

And a year later: "Finally, a new thermal
shroud which compensates for external and
internal heating asymmetries was designed this
year, and four candidate shrouds were tested for
the M256 cannon."8
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LAUNCH AND FLIGHT

"The mission of the Launch and Flight
Division (LFD) [was] to perform experimental,
theoretical, and computational research in order
to improve the basic technology relating to the
aeroballistics of spinning and fin-stabilized
projectiles. In addition, LFD [was] responsible
for providing the Army with firing tables and
aiming data for all its weapon systems."! The
division was to:

"Plan, manage, and conduct studies of the
flight mechanics and aerodynamics of projectiles
and missiles from their launch through their
flight phases in order to provide improved
weapon-design technology. Mission
responsibilities include the provision of
necessary theoretical, computational, and
experimental research in fluid dynamics,
aerodynamics, and flight mechanics.

"Plan, manage, and conduct basic and
applied theoretical, computational, and
experimental investigations in the fields of
aerodynamics, flight dynamics, projectile/
payload interaction, and projectile environment.
Develop on-board instrumentation for full-range
testing of existing and proposed flight vehicles.
Operate, maintain, and extend the development
of large- and small-caliber aerodynamic range
and flight-simulation test facilities. Develop
techniques for modeling gun-launch muzzle
blast and projectile disengagement effects on
weapons systems. Develop computational
modeling techniques to provide for prediction of
complex flows such as projectiles with mass
injection in the base region, high-supersonic
velocity real-gas effects, stabilizing fins at high-
supersonic velocities, and flight at large angles
of attack.

"Provide firing tables and associated aiming
data for all land-combat weapons such as
mortars, small arms, tanks, and field and
antiaircraft artillery. Develop rational bases for
NATO and quadripartite standardization
agreements (STANAGs) with reference to firing-
table elements, theory, and applications.
Provide information to U.S. forces relative to
the interchangeability of NATO ammunition."!

Dr. Charles H. Murphy, Chief of LFD From
1970 to 1992, Received a Bachelor’s Degree,
Cum Laude, in Mathematics From Georgetown
University and a Master’s in Mathematics, a
Master’s in Engineering and Aeronautics, and
a Doctorate in Aeronautics From JHU.

COMPUTATIONAL AERODYNAMICS?

There were some efforts in the BRL on CFD
on the ENIAC in the 1950s. These were
inviscid, supersonic calculations that were
based on the characteristic equations. Much
has happened since then.

The period covered by this volume has seen
the realization of CFD techniques as practical
tools for aerodynamic research and engineering
in areas that involve viscous effects. Two
related important events from about 1977 were
the acquisition of the CYBER computer by the
BRL and the emergence of the Cray
supercomputers that were used by NASA, the
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DOE laboratories, and others for continuum-
mechanics calculations—technologies leveraged
by the BRL.

Prior to 1978, inviscid codes with boundary-
layer considerations were the usual thing.?
"Initial computational efforts at the BRL
started with two-dimensional turbulent-
boundary-layer code development in 1970. The
first efforts to predict the aerodynamic forces on
projectiles [were] performed on contract with
Professor Harry Dwyer at the University of
California-Davis in 1971. The result of this
contract yielded initial predictions of the
Magnus force for laminar boundary layers on a
spinning cone at supersonic velocity. The
predictive technique consisted of merging
solutions for three-dimensional inviscid flow
and three-dimensional boundary-layer
development. The predictive capability was
enhanced through in-house efforts to include
turbulent viscous effects for ogive-cylinder and
ogive-cylinder-boat-tail shapes from
1973-1978."1  "Satisfactory predictions for
Magnus effects for turbulent boundary layers on
ogive-cylinder shapes were achieved; however,
similar predictions for boat-tailed shapes were
unsatisfactory. The reason for the
unsatisfactory results for boat-tailed shapes was
believed to be a result of the significant flow-
field expansion at the cylinder-boat-tail junction
which was not modeled accurately l:iy the
coupled viscous-inviscid flow procedure.’

In the 1977-79 period, the first successful
development of thin-layer implicit
Navier-Stokes codes was accomplished by
NASA. At the time, there was divided opinion
over their practicality. Walt Sturek (Chief of
the Computational Aerodynamics Branch) and
Charles Nietubicz brought these codes into the
BRL, which served as a beta test site for them.
The BRL was the first agency in DOD to use
the codes for application to ballistic problems.?
"At this time, the thin-layer, Navier-Stokes
codes developed by Steger, Pulliam, and Schiff
of NASA/Ames became operational, and the
emphasis of the research shifted to the
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application and development of these
Navier-Stokes codes. The initial application
and development of these codes to Army
projectiles at the BRL [were] performed by
Nietubicz. The Navier-Stokes codes have
several advantages over the coupled-viscous-
boundary-layer/inviscid code technique. These
advantages are: (1) viscous/inviscid flow
interaction computed in a conceptually exact
manner; (2) generalized-geometry formulation
for handling irregular shapes; (3) application for
transonic and supersonic velocities. The codes
currently in use have evolved from the
Navier-Stokes codes acquired in 1978.
Improvements have been made in the areas of
numerical stability, robustness, and zonal
topology; but the codes in use today are largely
the same basic modeling concept as the initial
Navier-Stokes codes."!

Now the ballisticians could attack the
Magnus moment, which was fundamentally
related to viscosity for realistic Army projectile
shapes. This was specially important since
numerical codes were the only way to go for
general shapes. (Prior to the development of
numerical modeling techniques, the Magnus
effects were estimated by highly approximate
methods for very simple shapes, and their
subtle but important variations were not
manageable.) Originally the two-dimensional
axisymmetric codes were all that the BRL could
handle for the transonic time-marching codes.
Three-dimensional calculations were possible
using the parabolized codes for supersonic flow.?

"It is convenient to classify the application
of the computational technique on the basis of
spin-stabilized projectiles and fin-stabilized
projectiles."1

Spin-Stabilized Projectiles. "For
spin-stabilized projectiles, the aerodynamic
coefficients of greatest interest are pitching
moment, Magnus moment, drag, and pitch
damping. The capability at supersonic
velocities is much advanced over that at
transonic velocities due to the nature of




supersonic flow which allows a marching
technique to be used to predict the flow field.
At supersonic velocities, a well-established
predictive capability exists for small angles of
attack. At transonic velocities, where the
solution must be obtained through a
computationally lengthy iterative process, the
ability to predict the critical behavior of
pitching moment just recently has been
achieved. Further effort is required to verify
the accuracy for the other coefficients.”l The
application of the time-marching Navier-Stokes
codes to spin-stabilized projectile shapes at
transonic velocities was spearheaded by
Nietubicz and Jubaraj Sahu.*

By 1980, we find encouraging reports:
"Newly developed parabolized Navier-Stokes
(PNS) computational techniques were applied to
compute Magnus effects for boat-tailed shapes
at supersonic velocities. Excellent agreement
resulted between computations and experiments
from Mach 2 to Mach 4."® The Navier-Stokes
codes allowed the first satisfactory results for
boat-tail shapes. "This was a truly exciting
result."> These were limited to supersonic
calculations since the time-marching codes were
too much for the BRL’'s CYBER computer.

"These same techniques have been applied
to transonic speeds to accurately predict surface
pressures for bodies of revolution. Since critical
aerodynamic behavior occurs at transonic
speeds where complex shock-boundary-layer
interaction effects dominate, the results are
important for shell design. Three-dimensional
finite-difference flow-field computational
techniques have been used to generate a
comprehensive parametric data base for
ogive-cylinder shapes at supersonic velocities.
Cones, secant-ogives, and tangent-ogives for
projectile lengths up to seven calibers were
included in the data base. Ten aerodynamic
coefficients were tabulated and enable the
computation of static, gyroscopic, and dynamic
stability parameters. The results have been
substantiated by wind-tunnel and
free-flight-range experimental measurements."
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In a paper published in 1984, Sturek
discusses predictions of the aerodynamics for
the M549 shell using the thin-layer Navier-
Stokes codes.® This includes: "... the flow about
a spin-stabilized shell with rotating-band
effects..."” The predictions compared favorably
with experimental data from the wind tunnel at
supersonic velocities, but the comparison was
not favorable at transonic velocities.® This is
the first of three efforts on the M549 that were
made at 4-year intervals. As we shall see,
things get better, and yet better. The M549
was a round for which there were a lot of data
so it could be used to validate computational
models at transonic velocities and to determine
appropriate grid sizes. It was also a round for
which the base flow was critical.?

Prior to the arrival of the supercomputers at
the BRL (the Cray X-MP arrived in December
1986; the Cray-2 arrived in July 1987), the
people in the branch were getting what time
they could on NASA and National
Aerodynamics Simulation supercomputers (and
those at other sites). This use was important
because the BRL’s CYBER computer was
saturated. Also, the experience allowed the
newly arrived supercomputers to be instantly
used very profitably.

With the Cray-2, which has two-billion
bytes of RAM memory, great things happened.?
"[Prior to the arrival of the Cray-2], the full
capability for predicting transonic aerodynamics
about projectiles [had] not yet been reached.
There exists a limited capability for predicting
the total drag for [no yaw]. Viscous and
pressure drag are well predicted [for no yaw];
however, the base-drag predictions are poor at
low-transonic and subsonic speeds. Recent
results for the pitch-plane aerodynamics show
promise. A major limitation for the transonic
calculations has been very limited machine
memory. The availability of a Cray-2 with
256-million [8-byte] words should provide the
required machine capability. A full three-
dimensional grid, when made equivalent to a
supersonic marching solution, would require
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40 million words of memory. This is well
within the capacity of the Cray-2.
Unfortunately the time required for these large
grids is excessive. At present, three-
dimensional  calculations being run for code
validation are taking up to 30 hours on the
Cray-2. This is considered a significant problem
due to the number of runs required for
validation efforts.”®

Work on the M549 appears again in 1988:
"Computational results have successfully
predicted the critical behavior of the static
pitching moment for a secant-ogive-cylinder-
boat-tail model and the M549 artillery-shell
conﬁguration."9 "Navier-Stokes computations
were performed for the M549 projectile
configuration. The angle of attack was fixed at
2°, and results were obtained over the critical
Mach-number range. ... The shock asymmetry
... has been correctly modeled. The comparison
with experimental data is considered to be good.
These calculations were performed on the
Cray-2 computer at the BRL. Each calculation
for a specific Mach number and angle of attack
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required approximately 20 million words of
memory and 10 hours of computer time to
achieve a converged solution. The results ...
represent a historic first achievement for this
highly complex flow-field modeling problem."!
However, there still are problems: "Although
the Navier-Stokes results do well at predicting
the maximum [transonic] value of the pitching
moment, ... the behavior on either side of the
critical value does not follow the experiment.”®

And finally in 1992, we have: "A further
test of the validation accuracy [of the transonic
calculations for spinning shelll can be
established by predictions of fielded Army shell.
A series of computations have been performed
for the Mb549 configuration. ... The static
aerodynamic coefficients have been obtained
over the computed Mach-number range [0.7 to
1.5]. The critical aerodynamic behavior
computed is in generally good agreement with
the experimental data. At most, the
discrepancy is 5-7%, which is within the
experimental accuracy of the flight data in the
transonic reg‘ime."10




The Magnus moment appears to be in hand
also: "A pacing item in projectile aerodynamics
has been the accurate determination of the
Magnus effect on a spinning projectile at
transonic speeds ... Computations using the
F3D code were performed [by Sahu] for [a wind-
tunnel model] at angles of attack of 0°, 4°, and
10°, and for spin rates of 0 and 4,900 rpm. ...
The grid developed for this fully three-
dimensional problem consisted of three zones
and required 82 million words of memory. The
run time for each case on the Cray-2 was
approximately 80 hours. ... The results ... are
shown to be in good agreement with the force-
balance results."1

Circa 1984, Nietubicz and Karen Heavey
developed "a computational capability for
predicting both the external and internal flow
fields for hollow projectile conf'lg'urations."11
Nisheeth Patel was successful in demonstrating
a capability for predicting the flow in a
solid-fuel RAMjet by applying a zonal code, and
he achieved good results therefrom.2 While the
training-round application of the solid-fuel
RAMjet was abandoned, the experience has
implications for other applications such as the
RAM accelerator.

Fin-Stabilized Projectiles. "For fin-stabilized
projectiles, the space-marching technique is
applied to KE-finned projectiles, and a highly
sophisticated design capability is emerging.
Recent progress has resulted in the ability to
predict the steady-state roll rate and pitch
damping of finned projectiles."1 "The initial
predictive capability for finned projectiles as
implemented at the BRL was developed at
NASA/Ames by M. M. Rai and D. Chaussee.
This initial capability was extensively
developed, refined, and applied to Army shell by
Paul Weinacht."*

From 1980, we find: "An aerodynamic
heating and ablation code (ASCC) was acquired
under contract with Acurex/Aerotherm Corp. to
predict unsteady heat conduction of artillery
shell. This computation capability was
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successfully applied to predict nose-cap
recession and in-depth heat conduction for
several configurations of the XM797 training
round.”® "The M797 used a zine nose cap that
was to melt and permit the three segments of
the round to fly apart and thus limit the lethal
range of the round. This worked well at Yuma,
AZ, but not at Fort Greeley, AK. The
calculations helped diagnose the problem, and
the concept was dropped as unsafe. The
predictive capability for the in-depth thermal
response of shell to aerodynamic heating has
been continuously updated and refined. This
capability is now being used for a variety of
studies including: the heating of fins and nose
caps for simulated launch at velocities up to
Mach 12; the infrared (IR) signature of finned
projectiles; and evaluation of materials for high-
velocity projectiles for EM launchers."*

By 1984, the branch applied "three-
dimensional computational techniques to spin
and fin-stabilized projectiles to provide
engineering design capability. (It also]
completed aerodynamic heating code to model
thin, swept fins, and multimaterial bodies."?
The heating code was applied to the M774 KE
round to define the sweep angle of the fins.3

About this time, the KE projectiles became
quite important. The analysis of these was
particularly suited to the parabolized code since
they involved supersonic flight, low angles of
attack, and thin fins. These codes were used by
Weinacht and Guidos to analyze the M735,
M829, and M900, etc., series.> "The PNS
technique is being applied to compute the
aerodynamics of KE projectiles. The PNS
technique is suited ideally for the flight regime
of these projectiles—supersonic flow and low
angles of attack. The PNS technique allows the
flow to be computed in a single sweep through
the computational grid (from nose to tail) and,
consequently, is very efficient. A typical
computation for a KE projectile requires
between 1 to 2 hours on a Cray X-MP or Cray-2
supercomputer. These computational times
have allowed the PNS technique to be applied

83




launch and flight
COMPUTATIONAL AERODYNAMICS

MY

Computational Grid for the M829 Projectile.

to advanced KE projectiles currently under
development."!

Spin effects were of particular interest in
these calculations: "A [finned] projectile must
have a certain amount of spin to achieve
accuracy but not so much as to have structural
problems. The computational capability to
predict the roll characteristics of KE-finned
projectiles was developed this fiscal year [1987],
which includes three-dimensional and viscous
effects. This capability provides aerodynamic
performance information which cannot be easily
obtained in firing tests while the projectile is
still in the concept stage prior to fabrication.

"

In 1988, aerodynamic heating is again of
interest:  "Fin integrity on KE antitank
projectiles is a vital factor in flight stability,
accuracy, and hit probability. Unfortunately,
KE penetrator fins degrade in performance due
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to melting induced by in-bore and aerodynamic
heating. A new simulation [developed by Dwyer
and Sturek], featuring three-dimensional fin
geometry and a quasi-three-dimensional,
two-phase modeling of a melting fin, has been
used to evaluate new fin designs with protective
coatings."9 This was an extension of earlier
work on heating with the addition of in-bore
effects and of protective coatings on the fins.3

"The use of supercomputers combined with
numerical techniques for solving Navier-Stokes
equations has provided the ability to accurately
predict projectile aerodynamics and provide
insight into the associated fluid dynamics,
especially in the new frontier of hypervelocity
flight as promised by the new liquid and electric
propulsion systems. Computational results
have been obtained [by Sahu and Nietubicz] for
segmented KE penetrators exiting a parent
projectile flying at Mach 4.4. The computed
flow field has been integrated to determine the




aerodynamic forces acting on the parent
projectile and the trailing segments. Various
configurations of the parent projectile were
computationally studied [by Weinacht] to
provide the optimum aerodynamic behavior.
Trajectory simulations using the computed
aerodynamics were then conducted. These data
provide valuable design guidance and will be
used to help design aerodynamic range tests for
these projectiles."13 This computational
aerodynamics study was DARPA sponsored.
There is no way to get experimental data on
these phenomena; CFD is the only way.

Finally, by adding Coriolis and centrifugal
forces into the Navier-Stokes modeling, the
ability to predict the pitch damping of shell
from a steady coning motion was achieved.
This significant new capability was developed
by Sturek and Weinacht in collaboration with
Lewis Schiff of NASA/Ames. The pitch damping
is very important for long rod penetrators, since
this parameter is not at all easy to measure in
the spark ranges. (The bullets are so heavy
that the forces are slow acting.) Magnus effects
are not very important for the slow spin of KE
rounds.

"The stabilizing fins for [long, thin] KE
penetrator projectiles are made of aluminum
alloy. Since the melting temperature of
aluminum is approximately 960 K, these fins
are vulnerable to the effects of in-bore and
aerodynamic heating. No direct experimental
measurements of the heating rates or
temperature response of these fins are available
due to the difficult environment and thin
geometry of the fins. However, qualitative
visual and photographic observations during
flight tests, which reveal structural deficiencies
such as altered planform shape and burning of
the fins, are available to indicate that melt
temperatures [are] reached for these fins.

"Several studies to model the in-bore and
free-flight aerodynamic heating for these fins
have been performed. A recent study ... reports
results in which a newly developed finite-
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volume heat-conduction code was utilized to
predict the benefit of protective coating
materials for fins. The computations included
the effective retardation of the projectile in
flight through time-dependent boundary
conditions for convective heat transfer and
recovery t,emperature based on the known flight
traJectory

The following paragraphs from a 1992 paper
summarize the state of affairs for the KE
rounds: "The M735 and M829 are long-L/D,
high-velocity projectiles for which extensive
aerodynamics-range test data are available for
comparison with computational results.
Computational results for pitching-moment
coefficient ... show the same trend with Mach
number as the experimental data; however, the
computed results are consistently higher, by
about 5%, than the experimental data. ... The
capability to predict [roll damping and pitch
damping] is permitted through the
incorporation of the effects of centrifugal and
Coriolis force into the PNS computational code.

. In general, the computed [roll results] pass
through the scatter in the experimental data.
These coefficients were obtained with
considerable difficulty in free-flight range tests.
Thus it is of particular interest to have a
predictive capability." The comparison of pitch
damping results were not very conclusive; the
experimental data were poorly determined.®

Base Effects. In 1986, we find the beginning
of a sequence of calculations of the effects of
modified base configurations: "Recent firing
tests of the M483 projectile fitted with a
modified base configuration indicated that the
modified base significantly affected the drag of
the projectile. This modified base configuration,
called a domed base, was installed on the
projectile as a product improvement to provide
better structural performance. @ The BRL
initiated a computational study to determine if
the geometry of the base region was the cause
of the observed change in drag. A series of
computations was performed [by Sahu and
Nietubicz] using the BRL axisymmetric
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Navier-Stokes base-flow code and using one of
the NASA/Ames’s Cray supercomputers. The
results verified not only that the modified base
geometry affected the total drag of the projectile
but also that the magnitude of the predicted
change was nearly the same as that measured
in the firing tests. These results were
significant in that a sophisticated computational
predictive capability was applied to a
development problem and results were achieved
in a timely fashion to verify an unexpected
experimental observation."14

The majority of previous base-flow
computations and analytical studies considered
the base of a projectile to be a flat surface.
However, general opinion was to the contrary:
"Range firings of the M825 and computations
for the M864, both of which have base cavities,
provided evidence that the base configuration
can indeed affect the base flow and, in turn
have a significant affect of the aerodynamics."ld

The M864 and M825 both had similar
problems. These artillery rounds had recessed
bases which were modified for ease of
manufacture. In both cases, the modified
rounds showed different ranges than the
original rounds. Nietubicz and Sahu pursued
this problem. The generation of the
computational grid for the highly irregular base
cavity proved to be a significant challenge.
After a year experimenting with grids, they
were able to show that drag and lift did change
with the change in design and that these
changes were consistent with the range data. It
took approximately 2 years to complete the
project; the drag was done first with the
axisymmetric code, then lift was done in three
dimensions. Both transonic flight and
supersonic flight were considered.?

In 1987, we find: "... the capability to
numerically predict the effect of highly irregular
projectile-base configurations on the
aerodynamic drag was successfully
demonstrated this year. The predictions
confirmed an experimental observation that was
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previously unexplained."12 This was for the
axisymmetric calculations for the M825 and
M864.3

And in 1988, they were able to report:
"Three-dimensional models of irregular base
configurations have been favorably compared
with experimental flight data."”® This was for
the three-dimensional calculations for the
M825.°

"The MB825 projectile has an aluminum/
steel base which is configured as a flat
(standard) cavity. A recent PIP, undertaken to
reduce production costs and improve shell
integrity, resulted in the design of a new base
configuration made from steel and containing a
dome cavity. Range firings of the new dome
configuration indicated small but identifiable
differences in flight performance. A
computational study has been undertaken to
predict the differences in the aerodynamic
coefficient data and to further understand the
fluid dynamic mechanism responsible for such
behavior."!

"Computations were made for two versions
of the M825’s base configuration and were in
agreement with experimentally observed
differences in aerodynamics. An evaluation of
the computational velocity vectors indicated
that the changes were due in part to a
displacement of the shear layer near the base
corner of the standard configuration, which
weakened the expansion at the base corner."10

The flare-stabilized, tank-training round,
M865, had a problem in that its tracer was not
visible for the full range of interest. "In an
effort to uncover a cause for this unsatisfactory
performance, a computational study was carried
out in which the pressure distribution in the
wake of the projectile was computed. ... An
analysis of the base-flow results [by Sahul]
indicated the presence of a pressure spike
located along the axis near the base of the
projectile. The rapid pressure change [at
about Mach 3.0] was considered as a potential




reason for the premature tracer burnout. ... In
an attempt to reduce or eliminate this problem,
a modified cavity design was proposed, and
computations were performed. ...  The
comparison between the original and modified
configurations shows that the original pressure
spike has been reduced."1°

Base bleed became interesting and could be
addressed—in fact, in general, base bleed,
rocket assist, transonic aerodynamics at angle
of attack, all could now be attacked.® "The
development and application of Navier-Stokes
computational techniques have had a significant
impact in determining projectile aerodynamics.
Of particular importance is the determination of
the pressure, viscous, and base drag
components. These components form the total
aerodynamic drag of a projectile. Initial
applications of the Navier-Stokes base-flow code
have modeled the projectile base as a flat, solid
surface. Recent projectile designs have begun to
include two major changes: (1) an irregular or
dome base surface and (2) the addition of base
bleed and base burn. These additions required
an extension to the existing Navier-Stokes codes
to include these effects. The developmental
effort [by Nietubicz, Sahu, Danberg, and
Heavey] has continued to include hot mass
addition."!

CFD had gone from gee-whiz to a serious
tool that can provide customer support with
analysis of experimental results and detailed
results suitable for design, etc. (e.g., Danberg’s
work on base bleed'®!® that coupled
aerodynamic data for angles of attack and Mach
number with the simulation of flight and
described total system performance).?

Some Final Thoughts. In the last 4 years or
so, CFD has received considerable customer
interest. It has allowed such diverse things as
the design of base bleed and the analysis of the
flight of segmented penetrators. Such things
are becoming routine.
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But technology marches on as does the
demand for more complete representations.
One area of considerable promise is that of
massively parallel computers.

From 1990, we have: "The BRL and the
Army High-Performance Computational
Research Center (AHPCRC) personnel
collaborated on a project to convert a serial two-
dimensional Eulerian code into a version that
would run on a massively parallel processor
(MPP), specifically the 64,000-processor CM-2 at
the University of Minnesota. Scientific
visualization techniques were used to render
the CFD results from that code into a dynamic
simulation that has proved very useful to
aerodynamicists and to fluid-flow
researchers.”'3 With regard to the AHPCRC
MPP results, Patel had the M549 code running
in a month on the CM-2 connection machine.®

MPP studies continued in 1991: "The BRL
worked closely with AHPCRC to include
implementation of CFD computations on the
CM-2 and CM-5 investigating problems in
domain decomposition and scalable massively
parallel processing on single-instruction/
multiple-data stream (SIMD) and multiple-
instruction/multiple-data stream (MIMD)
architectures."’” Also, "as a part of a DARPA
research program, an eight-node Touchstone
iPSC 860 was acquired for the BRL. Projects
involving penetration mechanics, CFD, and
computational EMs are currently underwa,’y
with the California Institute of Technology."1

With regard to scientific visualization: "The
BRL designed, acquired, and installed both
classified and unclassified visualization
facilities and initiated (with various degrees of
completion) numerous projects for exploiting
scientific visualization for major computational
research projects in ballistic phenomena."17
Visualization techniques for CFD include the
following:
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"Besides providing aerodynamic coefficients,
the computational approach allows the
projectile designer to examine details within the
flow field. ... Each particle represents the path
followed by a particle as it travels through the
flow field."!

Flow-field visualization techniques using
density contours were also developed. In this
case, the density of the fluid is represented by
the local intensity of the plot (in somewhat the
same way as a Schlieren photograph records the
gradient of density).1

EXPERIMENTAL AEROBALLISTICS

Experimental aeroballistics is largely the
purview of the Free-Flight Aerodynamics
Branch (FFAB). The FFAB derived its name
from the Free-Flight Aerodynamics Ranges,
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which were developed early in the history of the
BRL.}® These ranges, especially the large
Transonic Range, have remained a major source
of flight data on a wide variety of objects
(models of aircraft, high-performance KE
projectiles, shell for atomic cannon, models of
reentry vehicles, etc.). The basic simplicity,
versatility, and precision of this facility have
made it a valuable tool for over four decades.

On 21 October 1982, the BRL’s
Aerodynamics Range in Building 328 was
declared a National Historic Mechanical
Engineering Landmark by the American Society
of Mechanical Engineers. "During the 1930s,
research into advanced ballistic measurement
techniques was begun at APG. Before the
German Army entered Poland, exceptional data
on the flight of projectiles were being provided.
The crisis of World War II gave incentive to

Flow-Field Visualization Using Density Contours.
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incorporate this pioneering research into the
design and construction of the Aerodynamics
Range at the BRL. The facility was unique for
its time and established the capability to study,
in detail, the aerodynamics of bodies in
supersonic free flight. The sequential,
high-speed photographic instrumentation in the
range has recorded the flight of projectiles,
missiles, and aircraft important to the national
defense. Personnel, working in this original
installation, have contributed to technical
disciplines ranging from photography and
high-speed circuit design to the theory of flight.
The range is recognized as the prototype for
similar installations in the United States and
abroad."®

In this volume, we shall concentrate more
on newer on-board instrumentation that allows
measurement of details of the performance of a
round in its full-scale flight and on a facility
that allows a round to be subjected to rigid-body
trajectory motions in the laboratory.

However, we first note that the branch
maintains a considerable capability to produce
high-velocity firings to support the development
of KE rounds for tank guns. The 7-in High-
Altitude Research Project (HARP) gun is still
healthy and is the centerpiece of this
capability.?’  All rods in the BRL's KE
developments have been tested there first. The
gun is very flexible with respect to charge
design. "Just move the bullet forward a bit and
add more powder."21 The 7-in HARP Gun is a
smooth-bore gun that features projectile travel
of up to 600 in, a maximum chamber pressure
of 70 ksi, and chamber volumes of 2,271 in% or
more. In addition to firing more conventional
KE projectiles at their usual velocities, the gun
has achieved higher performance such as
launching a 5-kg slug at 2,880 m/s.?2

There is also an extended 120mm gun that
can fire production rounds at higher velocities
with its very long barrel. This, in addition to
preheating the charge to the maximum
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operating pressure, can add 100 m/s or so to the
muzzle velocity.

Liquid-Filled Shell. Bill D’Amico, the Chief of
FFAB, quipped that his "career has been
wrapped up with sui)port of the Chemical
Center at Edgewood."?

This started in about 1968 with the binary
chemical round. In this concept, two non-toxic
liquids are stored in separate compartments.
Upon the set-back of launch, a disc that
separates the liquids is ruptured, and the spin
of the round causes mixing.

Bill Dee from Edgewood called D’Amico and
John Frasier to describe binary concept. He
wanted to make the round simple to understand
and design. They suggested using right-circular
cylinders for the compartments, and that
configuration was adopted.

The resulting system provided the first test
of theory in artillery-caliber hardware. In
particular, Edgewood wanted to change the wall
thickness of a plastic insert, and the BRL’s
analysis said that the suggested size would not
work. Edgewood tried it anyway, and the round
proved unstable.?!

Circa 1970, Edgewood wanted to fill the
M483 ICM round with its material. That round
already had a nascent stability problem—the
boat tail was too long, but the problem only
showed up under extreme conditions of high
atmospheric density such as in tests at Nicolet
in Canada. The binary application exacerbated
the problem and made the BRL consider both
the aerodynamic and internal dynamic problems
together. 1

Things came to a head around 1971 when
sheep were killed in Skull Valley, UT. This put
an end to open-air testing of rounds with the
actual materials; so Edgewood created
simulants which required considerable testing
to demonstrate their efficacy. Here the BRL’s
ability to do on-board testing became
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7-in HARP Gun Used for Experimental Firings.

invaluable. A number of properties of the
surrogate materials were important—both
chemical properties (e.g., temperature after
reaction) and mechanical properties associated
with stability. The BRL was able to show
through flight tests that even the chemical
results from paddle wheels in beakers were not
representative of full-scale conditions in the
pressure confinement of the round.?!

The M825 smoke projectile posed a similar
but new set of problems. To create a round that
would put white-phosphorous (WP) smoke on
the ground rather than high in the air, the
designers replaced bulk-loaded WP with wicks
that were essentially 6-in strips of patio wick
impregnated with WP. This turned out to be a

very difficult material to analyze, which was
dubbed a fourth state of matter by frustrated
analysts. At this time, the nuclear round’s
problems were taking a lot of attention, but,
from that analysis, Murphy noted what
appeared to be a general relation between the
destabilizing moment and the despinning
moment.2® With some assumptions as to the
validity of the large-yaw motion as a
representative of small-yaw motion, this allows
a powerful diagnostic tool in which one induces
coning motion at a large angle in a laboratory
fixture and relates the measured despinning
moment with the desired destabilizing moment.
Miles Miller at Edgewood has taken up this tool
and exploited it to great success.?!
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After the experiences with the two major
problems of binary and WP-wick rounds, there
was a clear realization that the predictive
capability was not all that could be desired.
Early in the 1980s, it was clear that something
better was needed (i.e., an ability to measure
the yaw moments at small angles or despin
moments at large angles). There was a need for
a spinning test fixture with the equivalent of a
wind-tunnel balance that could measure the
small moments and a fixture that was computer
controlled. The latter would help "looking for a
needle in a haystack” by allowing the running
of a matrix of tests to cover all the conditions of
interest. Such a facility would allow the
evaluation of payload concepts and would help
avoid premature firing of flight hardware until
a suitable design appeared to be in hand.?!

The big-gyro fixture was installed in the
early 1980s. In its original version, it could
make important measurements (e.g., internal
pressures), but the instrumentation was
inadequate to make the measurement of the
small forces of interest for detecting instability
in the rotating environment.2! We find the
facility being utilized in the late 1980s.

"A flight simulator capable of realistic
motions for spin-stabilized projectiles was built
for the BRL. A 6-HP DC motor provides
continuous roll rates in excess of 200 rev/s for
payloads as large as 50 kg. The motor is
located at the bottom of a long cylindrical tube
(the roll-support tube) that is held upright
within a conventional gimbal system. A slip
ring located at the top of the roll-support tube
provides an electrical path for power and data
signals to transducers and parts that are on the
spinning frame. The payload section utilizes
pressure or temperature transducers and
accelerometers. Pitch and yaw gimbals are
driven hydraulically and have a frequency
response of nearly 25 Hz. The orientation and
position of all axes are monitored by optical
encoders. [A PC with an analog-to-digital board
provides analog] signals to drive the gim}oals."1
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"Liquid-filled shell theoretical research
provided a firm basis for the calculations of the
frequency and damping of inertial waves within
a rotating fluid. These waves, in resonance
with the shell nutational frequency, account for
shell instability. The calculations were
validated by a reliable numerical experiment
that solved the Navier-Stokes equations. For
Reynolds numbers greater than 10,000, the
theoretical frequency and damping agree with
experimental results to within 2% and 6%,
respectively. The numerical experiment data
were analyzed using Fourier-transform and
digital-filter techniques. The techniques failed
at Reynolds numbers of the order of 100,
implying that inertial waves do not exist at this
low Reynolds number. A method for
preprocessing the data was developed and
showed that the waves do exist and that the
failure was caused by large damping in the
waves. Linear theory was used to calculate
liquid moments and yaw-growth rates. For
solid-body rotation, the Stewartson- Wedemeyer
theory succeeds at Reynolds numbers greater
than 10,000. Recent gyroscope experiments
show a departure of theory from data as
Reynolds number decreases: about 100% at
Reynolds number of 2,500. The theory was
modified to give much better agreement.

"Flight experiments with projectiles
carrying viscous-liquid payloads have shown
that instabilities marked by rapid yaw growth
and spin decay occur under certain conditions.
Laboratory experiments with viscous liquids
have produced yaw-growth rate measurements.
Cylinder aspect ratio, liquid kinematic viscosity,
rotation rate, and coning frequency were varied
for fully spun-up cylinders with liquids of
varying viscosities. The experimental results
showed a linear growth in the logarithmic
amplitude of motion for precession angles less
than 5°. The growth rates varied with the
coning frequency of the liquid-solid parts. The
The faster the coning motion, the larger the
yaw moment. The strongest correlation for
amplitude growth rate was the product of
Reynolds number and coning frequency. These
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The BRL’s Large-Gyro Facility.

experimental results for viscous liquids are not
consistent with the Stewartson model and
require the development of a new theory."5

Circa 1988, Hepner developed the necessary
instrumentation that allows the moments to be
measured in the laboratory under small yaw
conditions.?!

"Modern projectiles do not simply carry
bulk-loaded HE. Most carry ICMs such as
antipersonnel grenades or antitank mines.
These payloads normally are ejected from the
base of the projectile over the target area by the

fuze/expulsion system. Note that the shell is
not exploded. The payloads must be properly
keyed to minimize internal payload motions
that would be stimulated by the high spin and
yaw rates. Also, the sub-munitions cannot be so
securely fitted that ejection is impossible or
results in damage to the payload.- Small
amplitude residual payload motions will follow
the external yawing motion, but they must be in
phase or destabilizing moments will occur. This
problem also applies to binary and smoke/
obscurant payloads that typically are liquid.
Proper design of these non-rigid payloads is best
accomplished using a flight simulator to
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produce free-flight spin rates and yawing

motion in the laboratory under controlled -

conditions.

"One of the most important primary
variables producing destabilizing liquid
moments is the liquid pressure. The flight
simulator has been used to measure both the
amplitude and phase of the pressure. Most
theories that predict liquid moment coefficients
are linear in nature and apply only at small
angles of attack. Hence, one of the important
features of experiments is to identify non-linear
effects. Another important variable is the
Reynolds number, which is the ratio of the
centrifugal forces to the viscous forces. This
definition is different slightly for pipe flow since
the important velocity is the radial velocity, but
the basic concepts of boundary layers still apply
to rotating liquid flows. However, flight
instabilities have been demonstrated over a
wide range of Reynolds numbers. For very high
Reynolds numbers (>5,000), the response of the
pressure (and the liquid moment) has the shape
of a resonance curve. For lower values of
Reynolds number, the response curve is
broadened by viscosity such that sharp peaks do
not occur, but the magnitude of the
destablilizing moments is still dangerously
high."

On-Board Instrumentation. Wally Clay, the
head of the electronics team, is the quiet guy in
the background who has done much of the on-
board instrumentation work.2!

FFAB has done a variety of special in-flight
instrumentation tasks. The following from 1980
is typical: "An in-flight instrument to measure
fuze-function sequences and times has been
developed and applied to specific weapons
systems. The instrument uses a strain-gage
bridge mounted on the windscreen of the fuze or
the projectile ogive. The bridge output is
telemetered from projectile to ground; a
high-gain amplifier enhances the minute
signals. Flight data were obtained from tests of
four mechanical time fuzes. The data showed
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fuze clock rates, fuze events, and the times at
which events occurred, thus providing the first
such information obtained in flight. Three of
the four fuzes flown proved to be probable duds,
and further tests are planned."®

The workhorse is a BRL fuze-configured
yawsonde that has been in use for about
20 years. About 2,700 items have been fired by
FFAB alone. The constancy of the yawsonde
has allowed FFAB to be unique in the area of
high-g instrumentation. Most of the work had
been done in artillery rounds where there was
lots of space (even in the fuze).2!

The BRL Fuze-Configured Yawsonde.

"In the past when a projectile was ready for
full range testing, a number of projectiles
(normally five to a group) were fired, and
impact points and times-of-flight were recorded




by observers. If a projectile experienced poor
flight performance, little was known except that
it did not land where the other projectiles
impacted.  Cameras at the gun insured
projectile integrity, but no details were
available. Additionally, projectiles not landing
in the expected impact area often were not
found. Radar instrumentation also has been
used during full-range tests. While a radar is
designed to measure the trajectory or projectile
velocity (and spin can be obtained by special
post processing), details of the yawing motion
were not available.

"A fuze-configured yawsonde has been
designed to measure the yawing motion along
the entire trajectory. The yawsonde has two
solar cells that are specially masked and
oriented to generate a pulse when an eyeball is
directly aligned with the sun. The phase
relation between the time at which one eyeball
sees the sun and when the other eyeball sees
the sun can be obtained through a static yaw
calibration on an optical bench. The roll period
of the projectile is the time between pulses from
a single eyeball. The yawsonde ... has been
developed over the years by engineers at the
BRL. Approximately 200 yawsondes [have
been] built and tested for various customers by
the BRL each year. The yawsonde contains the
necessary electronics for obtaining sharp pulses
when sunlight illuminates the solar sensors and
a telemetry system (battery, transmitter, sub-
carrier oscillator, and antenna). No
modifications are required of the projectile. The
yawsonde simply replaces the standard fuze.
The BRL engineers also are responsible for the
set up and operation of a ground receiving
station for the yawsonde tests. Normally,
analog data are recorded and returned to the
laboratory for processing and plotting.
However, the BRL engineers do have a field
- processor that is quite efficient, and they are
often requested to produce real-time data
reductions in the field."}

"Generally, a yawsonde requires at least two
sensors and a fixture that defines an optical
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field of view for each sensor. A sensor
generates a voltage pulse every time it sees the
sun. The signals from both sensors are
conditioned, combined, and transmitted to a
ground receiving station by a telemeter on the
projectile. ... The yawsonde requires that the
projectile be spinning in order to measure the
solar aspect angle. Since the yawsonde uses the
sun and the spin rate of the projectile as a
sampling mechanism, the spin rate should be at
least 10 times the maximum yaw frequency in
order to resolve yaw amplitudes."%*

Circa 1987, people noticed spin/bending-
moment interactions in KE rounds. The
variations of the aerodynamic moment with its
four-fold symmetry were adequate to interact
with the natural bending motion of the long,
slender rods to produce truly catastrophic
deformations of the round. No one was
developing instrumentation to provide good
experimental data (other than pictures of the
catastrophes). By 1990, Clay and Burdeshaw
demonstrated that a complete telemetry system
could be placed in the tracer well of a KE
round, and spin data became available.2!
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Hole Made by a Deformed KE Projectile. A
Damaged Fin Caused Loss of Roll Control.
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"There are advanced munitions being
developed that could benefit from a yawsonde
measurement system on-board to aid in testing
during their development cycle. These include
HEAT rounds and KE projectiles; KE projectiles
are usually long, slender, solid rounds with very
small space available for instrumentation. The
... yawsondes ... are too large to use in some
advanced munitions. In some cases, the spin-to-
yaw rate ratio (steady state) of the projectile is
less than 10; so in order to sample the yaw
properly, multiple yawsondes must be installed.
This compounds the lack of space problem. For
this reason, the basic pinhole yawsonde concept
was investigated and modified to develop a
miniature multiple-sensor pinhole yawsonde
that can be used to investigate the yawing and
spinning motion of a variety of advanced
munition projectiles.”

Yawsondes with 3/4-in diameters by 3/4-in
lengths that can be stacked in a KE rod or in
the probe of a HEAT round to allow
measurements at low spin rates have been
developed.21 For example, a four-sensor
configuration can provide the resolution needed
for measuring the yaw of pr?'ectiles with spin-
to-yaw rates of 2.5 or more.

Base Bleed. "Development of extended-range
artillery systems has been invigorated recently
with the introduction of base-burn projectiles.
The BRL is deeply involved in the theoretical
modeling for these projectiles and the very
important associated experimental work.

"When analyzing the drag, or decelerating
force, on a projectile in flight, engineers
commonly separate it into components. Of
these components, base drag frequently
accounts for more than one-half of the total.
Base drag results from the low pressure
associated with the projectile’s wake. One
method of reducing base drag, and thus
extending projectile range, is to raise the
pressure in the wake. In the 155mm M864
base-burn projectile, the pressure is increased
by the gas from the burning of solid propellant.
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"The solid propellant is burned in a
chamber located at the base of the projectile. ...
The resulting gas is injected into the wake
through a hole in the chamber. Although the
mass flow (i.e., the amount of gas injected per
second) for this powered projectile is much less
than that of the conventional rocket-assisted
projectile, the effect on range is quite
significant, specifically an increase of 25%.

"While the 155mm M864 round uses
base-burn successfully for extending its range,
the current design was obtained through a cut
and try method—it was not optimized.
Optimization of the design is difficult because
there are no complete analytical or numerical
models for base-burn systems.

"In an effort to improve the base-burn
theoretical models, and then improve current
system performance, the BRL has developed a
comprehensive experimental and computational
program. This program includes CFD studies
using state-of-the-art techniques and Cray
computers, ground tests of the solid propellant
to determine effects of projectile spin and
altitude, and radar analysis of the projectile in
flight.

"The most substantial benefit to the
program, however, would come from in-flight
base pressure measurements. This was a very
challenging task because non-intrusive, in-flight
base pressure measurements had never been
made on an actual projectile configuration.

An instrumentation system "was contained
in the body of an M864 projectile. Four
measurements of pressure were made ... two on
the projectile base, one in the propellant
chamber, and one on the projectile ogive.
Temperature was measured in the propellant
chamber, ... and projectile yaw was measured
with yawsondes. ... Allthe measurements were
telemetered, via the transmitter, back to a
ground receiving station."2®




The work by Kayser in designing the on-
board instrumentation was truly exceptional.
He overcame great difficulties in making
pressure measurements in an extreme
centrifugal field. (It was also necessary to
withstand launch pressures.) The temperature
measurement was tricky because the sensor can
produce extraneous effects due to conduction.
However, those temperature measurements
were critical since chamber temperature has a
profound effect on the drag-reducing
performance and is critical to the analysis.?

"In order to make pressure measurements
in the propellant chamber and at the projectile
base, holes of 2.0-mm diameters were drilled in
the walls of a standard M864 projectile base
assembly, forming paths for pressure in one
location to be sensed at another location. ...
Each path was made in several segments by
drilling holes with split-point drills; sections of
the holes were then plugged by welding to
provide a leak-free path from the orifice to the
transducer.

"Since the base assembly had two halves, it
was necessary to form a leak-free path across
their threaded joint through careful alignment
of the holes and the use of small O-ring seals.
The alignment was secured by placing three set
screws through the threaded section at
circumferential positions between the pressure
paths.

"The pressure transducers used in these
experiments were purchased from the Kulite
Corporation and are miniature, solid-state
semiconductor strain-gage sensors with a four-
element bridge circuit. The transducers are
rated for 25-psia full scale; however, they are
equipped with mechanical stops for an overload
protection of 40 times the rated pressure. The
transducer sensitivity to acceleration is very low
and is quoted to be typically 0.0005% of full
scale per g perpendicular to the diaphragm and
0.0001% transverse to the diaphragm.
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"A hole was drilled through the transducer
fixture and the front wall of the base assembly
so that a thermocouple could be inserted into
the propellant chamber. A tungsten, tungsten-
rhenium thermocouple was used to measure
temperature inside the propellant chamber. A
slightly non-constant cold junction temperature
of approximately 80° F inside the
instrumentation canister was considered
adequate for the much higher temperatures to
be measured."2®

"In late August 1988, the first instrumented
projectile was fired at APG, and all systems
performed very well. These first measurements
of in-flight temperature and pressure are being
used to validate ground test results and to
validate CFD calculations. Five more
instrumented projectiles will be fired during the
first quarter of 1989."25

From 1987, we have: "Innovative test
procedures were used to measure, for the first
time, motor temperature pressure, and duration
of burn [of base-bleed motors]. Initial tests
have considered ambient temperature and
pressure and the effects of high spin rates. The
results were of such high quality that the test
matrix will be expanded to study the effects of
temperature and pressure variations as well as
high spin. These data will form the base of
propulsion models that can be incorporated into
CFD models to understand the details of the
base-bleed concept."12

And from 1988: "A 155mm M864 base-burn
artillery projectile was instrumented with
sensors to measure the internal motor pressure
and temperature and the external base pressure
during flight. These measurements have
previously been precluded by technology
limitations and represent a unique data base
that will be expanded with more flights during
FY89. Additionally, two techniques (one using
a simple fuze-located RF transmitter and
another using doppler-radar data) have been
able to determine motor burn-out time. These
data and comparisons with firing-table range
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tests have provided insight for CFD solutions
for this complex problem."

Tank-Training Munitions. The muzzle
velocity of KE rounds was so high and the drag
so low that it was difficult to find training
ranges large enough for safe operation. A
rather clever concept for a training round for
these KE rounds was conceived. This involved
a solid-fuel RAMjet (SFRJ) that burned during
the early phase of flight and maintained the
proper velocity; when the fuel was spent, the
round choked, and a high drag resulted. For
1982, we find: "SFRJ technology has been
developed for use as a training round for the
105mm APFSDS penetrators. Full-scale tests
demonstrated ignition, thrusting, flight
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stability, and a ballistic match to the M735 and
the M774 penetrators to the maximum desired
range, and then fell safely to earth within the
limits of the range. Confirmatory firings are
underway to validate the low-dispersion
characteristics of the munition.2” This was a
good idea, but it was decided to use a flare-
stabilized training round instead.2! The SFRJ
story had a happy ending of sorts after all.
Mike Nusca was able to translate his
computational capability, that was developed for
the RAMjet training round, to the analysis of
the RAM accelerator.28 Nusca was able to help
in scaling the 37mm UW device to a 105mm
system. This was a difficult task since RAMjets
do not scale linearly.21




In the flare-stabilized training round that
the Germans developed, they had included
perforations in the flare, which they said were
necessary to reduce base pressure and must be
canted to control roll. Mermagen and
Yalamanchili shot similar rounds without holes
and demonstrated adequate ballistic
performance. (A trajectory match was only
needed for 2,000 m.) ARDEC realized that
flutes could be easily milled at the edge of the
flare for adequate generation and control of
roll.2l  "The Army has recently adopted a
flare-stabilized projectile, .. as training
ammunition for 105mm tank cannon. .. A
series of experiments {was] performed to
measure the practical effect of the perforated
flare on the overall flight performance of the
projectile. No improvement in ballistic match
was observed between rounds with solid flares
and rounds with perforated flares. Since the
perforated flare is expensive to produce, a
considerable cost saving (estimated at
$60M/year) would accrue if the Army adopted
the solid-flare configuration. GE and General
Defense Company have submitted PIPs to the
Project Manager-Tank Main Armament System
(PM-TMAS) on the basis of these experiments.
An experimental program to determine the
ballistic performance of similar projectiles for
the 120mm smooth-bore tank cannon are
ongoing at present, with the potential for
demonstrating even greater cost savings."14

FIRING TABLES

"The primary mission of the Firing Tables
Branch (FTB) is the development of firing
tables and associated aiming data for all
unguided Army land-combat weapon systems.
Other responsibilities include the generation of
data for fire-control devices and the
development of a rational basis for NATO and
quadripartite STANAGs involving firing-table
elements, theory, and application."!

To give some idea of the scope of the
operation of FTB, we have listed some of the
systems for which they have been responsible:

launch and flight

FIRING TABLES
Infantry and Aircraft Weapons Team

* U.S. infantry small-arms weapons and
ammunition

* 30mm munitions for AH-64 (APACHE)
helicopter

* 40mm, MK-19 grenade machine gun

* 60mm, 81mm, and 120mm mortar systems

* Aeroballistics of small-caliber munitions.

Tank Weapons and Fire-Control Team

* 25mm, M2, and M3 fighting vehicles

* 105mm, M1, and M60 series tanks

* 120mm, M1A1 Abrams tank

* Ballistic data bases to support field-
artillery computers (advanced field
artillery tactical data system
[AFATDS], battery computer system
{BCS], backup computer system
{BUCS], etc.)

* Delivery accuracy analysis and data base

* Fire-control software engineering.

Heavy Artillery Weapons Team

* 105mm, M119, M102, and M101 series
howitzers

* 155mm gun and howitzer systems

* Artillery projectiles including base-burn
and rocket-assisted projectile
howitzers

* 155mm, M721
(Copperhead)

* Artillery rockets and missiles

* Foreign and special purpose weapon
systems

* Ballistic test design and analysis.

guided projectile

29

Field Computers. "FTB not only produces
firing tables; it also provides the data necessary
to create computer data bases and to build
ballistic-weapon aiming devices. Basic
information found in a firing table, such as
range and elevation to attain the range, is used
to build the weapon aiming devices, but
additional information is required to support
computer data bases used in field computers.1
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"There are two basic sets of data for field
computers: fire-control inputs (FCIs) and fire-
control trajectories (FCTs). FCTs contain the
same type of information required in the
mathematical trajectory models; namely,
aerodynamic coefficients and ballistic
performance parameters. FCTs are grouped by
propellant charge, and in each group is a set of
five trajectories which are used to verify the
output of the field computers. The field
computers, which contain a program code to
compute a trajectory mathematically, use the
FCTs to determine a trajectory under current
conditions, and the FCTs are used to check the
validity of the computation.1

"FTB supports three field computers: BCS,
BUCS, and the mortar ballistic computer
(MBC)."!

The branch is trying to make life easier for
the developers of field computers. In the past,
input for the computers was in the form of
paper documents; now things are done in the
electronic mode, using tapes or electronic mail,
which makes the process easier at both ends of
the communication link between the branch and
the developers of the computers. Likewise, the
new requirement is to develop fire-control
packages in the Ada language as modules (sub-
routines) to be added directly to the computers
with no modification by the contractor;
presently each contractor has to write his own
sub-routines, and the branch has to help each of
them debug his particular system.3°

As an aside, it is interesting to note that,
while hand-held calculators were to completely
replace the much older graphical firings tables
(GFTs) (which were slide rules), GFTs are again
in demand after a hiatus of a number of
years.3¢

Trajectory Models. Presently more data
gathering is being done in the flight mode
(particularly using Doppler radar) than was
done in the early days when velocimeters and
impact conditions were the main source of data.
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Yawsondes are not used much, since the branch
is mostly concerned with projectiles that fly
properly.3°

The modified point-mass (MPM) model is
still the workhorse for trajectory calculations.
In the late 1970s, the model was extended to
account for rocket-assisted projectiles; thrust
data were obtained by Doppler radar. Next in
importance to the original work on the point-
mass model has been the addition by Lieske
and Danberg of base burn.3?

"An addition to the MPM trajectory model
for rocket-assisted projectiles ... models the
change in aerodynamic base-drag based on the
change in base pressure due to the base-burn
motor’s ejection of hot gas into the wake of the
projectile. The mass-flow rate of the remaining
fuel of the base-burn motor is modeled as a
function of the instantaneous prolj;ectile spin
rate and atmospheric air pressure.” 1

"The MPM trajectory model ... is the
primary method of trajectory simulation used in
the preparation of firing tables. This model
requires four types of input data: projectile
mass properties, motor characteristics,
aerodynamic coefficients, and the performance
parameters determined from experimental
range testing. This report presents a method of
modeling the aerodynamic drag of base-burn
projectiles with as much similarity as possible
to the approach used for rocket-assisted
projectiles. Hawk Doppler radar data for the
155mm, dual-purpose improved conventional
munition (DPICM), M864 base-burn projectile
have been analyzed and used to verify the
modeling a;l)proach for a variety of test
conditions."®

The following is from an Update article on
base-bleed modeling by Danberg: "Extending
the effective range of artillery is a priority
objective of U.S. Army R&D. The concept of
using base bleed to reduce the projectile’s drag
(and thus increase the range) is not new. But
the idea has only recently been turned into




fielded ammunition such as the M864 (DPICM)
dual-purpose shell for 155mm howitzer; with
base bleed, the maximum range has been
increased from 24 to 27 km.1?

"The Swedish coastal defense forces were
the first (1985) to introduce base-bleed
projectiles (75 and 120mm) as a way of
achieving longer range with their existing
artillery systems. Luchaire S. A. of France
(LU111), Bofors of Sweden (HEER), and
Rheinmetal of Germany (Rh49) all have similar
HE shell, and a number of other countries,
notably Japan and the Peoples Republic of
China are experimenting with base-bleed
extended range technology.

"The base-bleed technique involves
providing a small solid-propellant grain in a
chamber in the projectile’s base. The burning of
the grain produces combustion [gases] which
are discharged at low speed (unlike a rocket
motor) into the near wake of the shell. This
mass addition to the wake reduces the base
drag. Base drag counts for up to half of the
total drag of a modern high-performance shell.
Reducing the drag produces the longer range
and without additional dispersion which is
usually associated with rocket propulsion.
Despite the number of existing shell designs,
detailed analysis of the physical mechanism by
which drag reduction is achieved has been
inadequately understood. The BRL is a leader
in providing new experimental and
computational data on the base-bleed
mechanism and in developing techniques for
predicting the base-bleed shell performance.

"Earlier analysis of base-bleed depended on
scale-model wind-tunnel test or flight-test data
to deduce the relationship between the mass
flow from the gas generator and the base-drag
reduction. The development of base-flow CFD
techniques by the BRL’s LFD has provided a
new way of meeting this need. Computational
methods of solving the basic equations of high-
speed flow in the near wake of a shell with
mass addition, developed and applied in LFD by
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J. Sahu and C. Nietubicz, provided the critical
drag reduction data. The added mass stretches
the wake and reduces the flow expansion at the
base, thereby, increasing the pressure and
lowering the drag. The CFD computations have
been carried out for the M864 but can be easily
extended to other configurations. The modeling
does not consider, at this stage, the details of
the combustion of the propellant. Computations
have been performed for a wide range of
propellant mass flow and its temperature and
shell speed. These results have been put into
the form of correlation equations relating the
base-pressure increase with propellant mass
flow for use in a model of the shell flight
performance.

"A comprehensive solution of the base-bleed
shell performance has been developed
considering three major elements: (1) gas-
generator performance, (2) aerodynamics of the
shell with gas injection into the wake, and (3)
trajectory simulation.

"The gas-generator performance analysis
accounts for solid-propellant grain geometry
change with time and uses the burning rate at
low pressures obtained by M. Miller and
H. Holmes in IBD. LFD laboratory spin-fixture
tests of L. Kayser and J. Kuzan were used to
define spin effects on the grain-regression rate
as well as discharge-orifice effectiveness.

"As already mentioned, the CFD
computations were the essential element in
determining the breakdown of shell
aerodynamic drag into pressure, viscous, and
base-drag components. These computations
showed that the base pressure increases
linearly with injected gas flow and roughly
linearly with the gas temperature. However,
the effect on base pressure is highly non-linear
with respect to projectile Mach number. Since
the grain burning rate depends on the base
pressure which, in turn, depends on the gas
mass flow generated by the grain, the gas
generator and external aerodynamics are
coupled and must be solved simultaneously. In

101




launch and flight
FIRING TABLES

addition, the base pressure depends on the
flight altitude and Mach number which links
the trajectory computation to the other elements
of the analysis. A numerical solution to the
two-dimensional, MPM trajectory equations of
R. Lieske provides the final element of the
analysis.

"The above computer-simulation technique
was originally applied to the MS864, and
comparison with the extensive flight-test data
base developed by FTB provides the data for
evaluating its accuracy. The predicted range of
the M864 is within 4% of the flight
measurements over a wide range of launch
conditions. Because of the BRL base-bleed
code’s ability to model the many design
parameters of the system, studies have been
performed for ARDEC on (1) new designs,
including a long-range version of sense and
destroy armor (SADARM), and (2) an extended-
range shell for the AFAS cannon that combines
both base bleed and rocket assist. Evaluations
have been performed for Talley Industries and
on Bofors’ 155mm HEER.

"Future plans include CFD computations of
the near-wake flow with chemical reactions
which more correctly model the external
burning products of the gas generator.

"Although the current base-bleed modeling
code is not sufficiently accurate to provide
aiming data, it has already proved to be a
valuable tool for studying parametric changes in
design of drag-reducing shell. This will lead to
a new %eneratlon of effective long-range
artillery.'

International Activities. FTB has a long
history of involvement in NATO activities. Bob
Lieske, the branch chief, is chairman of the
NATO Army Armaments Group, AC/225,
Panel 4 (Surface-to-surface artillery), Sub-
Panel 2 (Ballistics). Lieske replaced Charles
Lebegern who retired in 1985 and who was
extremely active in NATO circles.3°
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The MPM model became NATO standard
(STANAG 4355) in 1988. As an aside, we note
that the model has quite an international
appeal. For example, when Murphy (the Chief
of LFD) visited China, the MPM model was the
one thmg that the Chinese most wanted to
discuss.?

The branch has also assisted in preparing a
STANAG for interior-ballistic modeling, which
has been ratified and is now in the
promulgation stage. This is for a lumped
parameter model based on work in IBD. Also,
methodology for interchangeability of
ammunition is in draft form for a NATO
document.3°

The NATO panel has been very useful for
the interchange of ideas and information. For
example, it allowed a joint test in Norway of a
variety of base-burn projectiles. This test
provided a cold-weather test as well as a chance
to examine a variety of base-burn concepts.3’

The branch is now [1992] preparing firing
tables for a Japanese base-burn projectile. They
have completed the provisional table, and final
firings are now bem§ conducted at the Yuma
Proving Ground, AZ.

Liquid Propellant (LP) Systems. LP is the
system of choice for the new AFAS howitzer
that is now [1992] in development LP raises
some interesting issues. For one thing, LP
allows continuous zoning, which in turn
requires an extension of the ballistic quantities
such as form factors, deflection factors, time
factors, etc.33 Also, LP allows time-on-target
firing from a single weapon, by firing rounds to
the same range with different combinations of
angle and muzzle velocity. One of the problems
is determining how many rounds are practical
and what is an optimal firing schedule. The
goal is to have the rounds arrive within a 3-s
interval. If truly continuous zoning is possible,
20 rounds can be delivered on target at some
ranges within that interval 3¢




Artillery Accuracy Data Base. A data base
has been developed based on tests at Fort Sill,
OK, and the Marine’s test area at Twenty-Nine
Palms, CA. The only sizeable data base of its
kind (to Lieske’s knowledge), it defines various
procedures such as the use of GFTs, the use of
BCS, the conduct of registration with other
rounds, predictive fire, ete.30

Tim Kogler and Fran Mirabelle write:
"Since 1987, FTB has been accumulating a data
base to quantify the delivery accuracy of cannon
artillery aimed with the predicted-fire technique
as requested by the U.S. Army Field Artillery
School (USAFAS). The predicted-fire aiming
technique, established by the Gunnery
Department at USAFAS, allows immediate
target engagement without the expenditure of
ammunition for registration or adjustment.
Evidence of the U.S. artillery’s reliance on the
predicted-fire technique came from televised
reports of Operation Desert Shield/Storm.
News footage showed Army and Marine Corps
artillery units firing at Iraqi targets with a
technique referred to as shoot and scoot. No
registrations were conducted from the weapon
location used to fire for effect (FFE), thereby
minimizing counter-battery fire.

"Historically, artillerymen have successfully
engaged enemy targets using tabular firing
tables (TFTs), GFTs, and BCS. BCS employs
the MPM trajectory model to solve the
equations of motion using an extensive
aerodynamic and ballistic data base developed
and maintained by FTB. Until recently, the
accepted aiming technique was known as
registration and transfer. This technique
requires rounds to be fired to a known location
to zero or register the weapon system. Miss
distances generally occur because of uncertainty
in muzzle velocity, meteorological data, and
weapon location. Registration corrections are
computed on did-hit/should-hit data and
subsequently applied to the aiming data for the
transfer or FFE missions.
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"The current trend in the field-artillery
community calls for engaging hostile targets by
means of the predicted-fire delivery procedure.
A statement contained in a recent addition of
Field Artillery reaffirms the artilleryman’s
concern with registration: 'Our doctrine
discourages the use of registrations because
they expose the battery to counterfire and waste
time and ammunition.! The five requirements
for accurate first-round FFE are accurate target
location, firing-unit location, muzzle-velocity
variations (MVVs) from standard,
meteorological data, and accurate computational
procedures. The MPM trajectory model in BCS
provides the soldier with the predicted-fire
capability. When the above are available, the
predicted-fire delivery technique is utilized; that
is, FFE is conducted without a registration.

"In an effort to quantify the predicted-fire
accuracy, FTB has coordinated several joint
U.S. Army and Marine Corps stockpile-
reliability and delivery-accuracy tests with the
Naval Weapons Station (NWS), Fallbrook, CA.
These quasi-combat tests fulfilled the
requirements of both the Navy (stockpile
reliability) and the Army (delivery accuracy)
with a minimal expenditure of funds. FTB
analyzed the test results' to quantify the
predicted-fire delivery accuracy. The fall-of-shot
and radial-miss results have been documented
in several BRL memorandum reports. These
results also provide the necessary empirical
data to statistically validate the cannon-
artillery delivery-accuracy model (CADAM)
developed by AMSAA and FTB. ... The fit of
the CADAM output closely matches the fit of
the empirical data indicating agreement
between the model and data base.

"In conjunction with the effort to quantify
cannon-artillery delivery accuracy, FTB
participated in the USAFAS delivery-accuracy
improvement analysis that was requested by
the Assistant Secretary of the Army for
Research, Development, and Acquisition
(ASARDA). USAFAS’s report indicated that
muzzle velocity and meteorological variations
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are the major contributors to inaccurate
artillery fire. Recent FTB accuracy-test results
verified the correlation among MVVs, stale/old
meteorological data, and large-radial miss
distances.

"During the Operation Desert Shield/Storm,
FTB answered numerous requests for data and
ballistic consultation from the USAFAS.
Although most requests centered on the
availability of aiming data for developmental
items, several inquiries were made concerning
field-artillery delivery accuracy. The
established accuracy data base for the
predicted-fire and registration/transfer delivery
techniques and the proven need for proper
muzzle-velocity management and frequent
[meteorological]l data provided a strong
foundation for their tactical decisions. As a
member of the Artillery Accuracy and
Effectiveness Working Group, FTB will continue
to address USAFAS’s accuracy requirements for
existing and future systems."*

Some Systems Work. The following are some
assorted tasks in which the branch has been
involved over the period covered by this volume:

Enhanced Meteorological Message. The branch
has been involved in a program to enhance the
meteorological message that is used by artillery.
The efforts are aimed at extending the altitudes
and at including spatial and temporal
variations. The concept involves a
meteorological management computer to digest
data from all sources (all services, etc.) over the
battlefield and then to provide updates as they
are warranted.3°

Multiple Launch Rocket System (MLRS). Until
recently, the firing data for MLRS had been
prepared by the contractor. The BRL is now
playing catch-up on MLRS ballistics to be able
to sup:})ort the extended-range version of
MLRS.*0

Fleet Zero. "Another area of expertise in which
FTB participates is tank-gun jump. When
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firing a tank gun, the compensation for jump is
one of the main concerns of a tank crew. Jump
is defined as all the error sources which cannot
be accounted for by the tank main fire-control
computer. As a means of quantifying tank-gun
jump under the fleet-zero philosophy, several
sources of data have been explored. Over the
past several years, FT'B has maintained a data
base which examines jump results from lot
acceptance testing (LAT) conducted on 120mm
ammunition.

"Even though LAT for tank ammunition is
not conducted specially for jump purposes, jump
data may be gleaned from the resulting firing
records. These results offer an economical (cost
free) source of jump data, and since the tests
are fired throughout the year, the LAT provides
an excellent data base of jump for fleet-zero
purposes.

"In addition to the year-round testing,
several other parameters associated with the lot
acceptance make it a desirable means for the
collection of jump information. The sampling of
results from a wide variety of lots, the use of
several different tank and tube combinations,
and the firing of some temperature-conditioned
rounds make the jump results obtained from
the LAT a useful tool in verifying the
established fleet-zero values. Further analysis
is conducted with regard to the relative
accuracy associated with various zeroing
techniques."1

From a 1987 report, we find: "A major
enhancement to the fleet-zero data base for tank
gunnery has been accomplished. Tank jump
information can now be computed from
ammunition LATs due to the development of a
new algorithmic technique. The subsequent
data reduction and analysis provides the
comparisons."12

Nuclear Spotter. From 1980, we find: "A
special range-firing program was conducted to
evaluate projectiles other than the M549A1 as
possible registration projectiles for the XM785




nuclear projectile. The program resulted in a
special GFT addendum to allow the M483A1l
and the M107 projectiles to be used for
registration."5 This was one of the early efforts
associated with the accuracy data base
previously mentioned.3°

Copperhead. From 1980: "New firing-table
entries and graphical fire-control devices were
also developed for the 155mm XM712
Copperhead projectile."5 Working with Martin
Marietta (the system contractor), the BRL
developed the firing-table data using the MPM
model. This was done first for a good-weather
firing table and then later for a target-lock logic
(or shaped trajectory) firing table (published
31 December 1990). The latter allowed the
fly-out portion to be tailored to account for
atmospheric conditions in order to optimize the
chance that the seeker could acquire the
target.so

Training Rounds. From 1987: "It was
determined that a non-conical boat-tail despin
concept, previously evolved for the 25mm
training round, allows small-arms [caliber .50]
training in locations normally deemed too small
to contain the ammunition. This design affords
a maximum range-limiting feature through
unstable flight characteristics at ranges begond
those normally associated with training."!

Helicopter Fire Control. From 1980: "Fire-
control equations were developed for the 2.75-in
MK66 rocket with XM261 warhead for use
with the Cobra AH-15 helicopter.”® These
calculations used the 6-degree-of-freedom model
and considered the 2.75-in rockets and the
20mm and 30mm projectiles. Hal Breaux did
the fitting of the trajectory data to produce the
equations.

Olympic Shooting Team. On a somewhat
lighter note, the following is offered from an
Update article by Bob McCoy: "Well before the
1992 Olympic competition, the U.S. Shooting
Team naturally had its eye on winning. To help
achieve this goal, the chairman of the team
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requested technical assistance from the BRL.
Specifically, the team wanted the BRL to
determine the effect of wind on the trajectory of
the caliber-.22 long-rifle match ammunition
used in Olympic competition. The request
resulted in a decision to conduct a limited firing
program of caliber-.22 match ammunition in the
BRL Aerodynamics Range. Determination of
the aeroballistic properties of the projectile
would then permit accurate assessment of the
effect of wind on the trajectory.

"The two commercial brands of caliber-.22
match ammunition in common use by U.S.
Olympic shooters are the British Eley Tenex
and the German RWS R-50. (No currently
manufactured U.S. ammunition is good enough
to be competitive, although this will change in
the near future.) Most of the BRL spark-
photography range firings were conducted using
the Eley Tenex ammunition, which is preferred
by the majority of our Olympic shooters; a few
rounds of the RWS R-50 ammunition were also
fired, to verify that the two brands are
essentially identical in aeroballistic
performance. Two Olympic-grade match rifles—
an Anschutz Prone Rifle and a Shilen-barreled
Remington 40-X rifle—were loaned to the BRL
for the spark-range tests. Two rifles were used
in an attempt to determine if different guns
produced any significant differences in the
observed aeroballistic properties of the Eley
Tenex ammunition. These results suggest that
the choice of rifle or brand of match
ammunition used has an insignificant effect on
the wind sensitivity of caliber-.22 long-rifle
bullets used in Olympic competition.

"The BRL 6-degree-of-freedom trajectory
program was used to determine the effect of
wind on the [caliber-1.22 long-rifle match bullet
at the 50-m range used in Olympic competition.

As a result of the precise aeroballistic
measurements and the technical expertise of
the BRL scientists and engineers, U.S. shooters
will achieve better scores on windy days during
the Olympic shooting events next year in
Barcelona, Spain."3%
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To bring things up to date, Lieske provided
the following: "In addition to the firing tests
and data analysis [described previously], the
BRL acted as an aeroballistics consultant to the
Federal Cartridge Company of Anoka, MN, who
manufacture the Ultra Match ammunition. A
few days ago, the joyful news was received that
U.S. small-bore shooters won a gold and a silver
medal in Barcelona, Spain, with the new
Federal ammunition."”

FLUID PHYSICS

The special provence of the Fluid Physics
Branch is the processes associated with the
separation of projectiles from guns. One might
say that they provide much of the "L" in "LFD."

Muzzle Blast. From 1980, we find that, new
"pressure instrumentation was developed for
testing in the near muzzle and far field of gun
blast. Weapons including the 66mm light
antitank weapon (LAW), the 75mm MC-AAC,
and the 155mm M109 were tested for blast
using a new microprocessor-controlled, digital
data acquisition system. The M109 tests
showed coupling between the blast
over-pressure pulse and the occurrence of flash
at both zone 7 and 8S, but not for lower
charges. The possibility of reducing
overpressure by elimination of flash is
suggested. A blast-mitigation effort included
testing of aqueous foam and novel muzzle-brake
deflection mechanisms. Both foams and novel
brakes produced significant blast attenuation.
A new muzzle-blast scaling law was developed
from the 20mm cannon data base. This law
predicts overpressure, positive-phase duration,
and time of arrival. Numerical analyses of
blast and sabot discard are being done under
contracts with Aerospace Corporation and
AVCO. Three-dimensional, finite-element
solutions offer the possibility of accurate flow
descriptions from realistic muzzle brakes."?

"When the projectile leaves the muzzle, the

high-pressure ... propellant gas is free to
expand. ... The structure of the muzzle flow is
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that of an under-expanded, supersonic plume
encapsulated within an expanding air blast
wave. Both flow features are of concern. The
plume drives the blast, is responsible for muzzle
flash, must be transited by the projectile, and is
modified by the presence of muzzle devices.
The air blast propagates to long distances
causing noise problems for proving grounds and
training areas, giving away friendly gun
positions, and possibly damaging surrounding
structures or injuring crew. At late times ... the
plume begins to collapse back toward the
muzzle as the gun tube empties."!

"The projectile must fly through the muzzle-
flow region. For fin-stabilized rounds, this can
be a particular cause for concern since they are
designed to be stable in forward flight, but are
unstable when flying backwards. In the muzzle
plume, the flow velocity reaches twice the
projectile velocity and the round effectively flies
backwards.

"In studying this problem, it was found that
even though the flow velocity could be quite
high, the density was very low; therefore, the
aerodynamic loads on the projectile peaked
within the first caliber of travel as the velocity
built-up and then decayed rapidly as the
density dropped. ... Integration of the lift force
demonstrates that the resultant perturbation is
quite low for rounds launched with low initial
angles of attack.

"Muzzle-blast loadings can be a problem
if ... the muzzle of the weapon comes into close
proximity to a sensitive component [for
example] the muzzle of the helicopter cannon
comes close to the optical window of the fire-
control system.

"Using scaling relations for muzzle-blast
propagation coupled to a blast-reflection model,
it is possible to estimate the overpressure loads
upon an aircraft surface. The model also
permits the effect of muzzle devices to be
computed. The model may be used to design a
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Muzzle Blast: Precursion (left) and Propellant Gas Flow (right) From a 5.56mm Rifle.

weapon system which will not degrade
structural integrity or component functionality.

"Flash can give away the firer’s position and
cause loss of crew night vision. In addition, it
can add a significant amount of energy to the
surrounding air leading to a strengthening of
the muzzle blast wave. Muzzle flash has long
been a problem endemic to cannon. During
World War II, all major combatants had
programs to attempt a reduction in the
occurrence or magnitude of flash. Currently,
work has concentrated on providing improved
analyses of the coupled chemical and gas-
dynamic processes.

"... As the leaked propellant gases exhaust
ahead of the projectile, a preflash is possible;
however, the main flash is associated with the
exhaust of the propellant gasses. These are not
fully oxidized and are rich in combustible H and

CO which will burn when mixed with air at the
proper temperature. This ignition and
combustion event is termed secondary flash, and
its suppression is of prime concern in studies.
It is also possible to observe luminosity which is
not associated with combustion, but is flow
related. The primary flash occurs right at the
muzzle as high-temperature particles are
expelled. As the flow expands through the
plume core, the temperature drops, and
luminosity decays in the muzzle glow regime.
Once the strong recompression shock or Mach
disc is passed, the gases are shock heated to
temperatures near the flame temperature, and
particulate luminosity and chemistry can
proceed.

"The secondary flash process has been
analyzed. Models are available to predict the
probability of ignition and the influence of
muzzle brakes; however, the entire process is
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not completely understood nor amenable to
exact analytic treatment."!

A major contribution was made in 1987
when, "the BRL also successfully designed,
developed, and demonstrated a noise attenuator
for the 25mm cannon on the BFV; previously,
no fieldable muffler had ever been developed for
such a gun. This attenuator will permit the
construction and expansion of Bradley ranges
allowing the crews to gain the necessary combat
training without restrictions and much greater
expenditure. More importantly, the noise
attenuator technology developed represents a
significant advance in the realm of weapon-
signature reduction. Clearly, this was a banner
year for the BRL and the BFVs."'2 "With the
aid of supercomputer analyses, a muffler was
developed for the 25mm cannon on the BFV to
reduce noise levels during testing in Europe.
The muffler provides blast attenuation without
degrading performance. Demonstrations in
Germany proved the device was effective, and
continued testing of the BFV was approved by
the German Government.”® A more complete
discussion of this project is in the section on
Field Assistance in Science and Technology
(FAST) under System Engineering.

In a related vein, Schmidt et al. have made
some simple theoretical/semiempirical
calculations on the time, duration, transient
peak overpressure, and quasi-static pressure
resulting from the entry penetration, jet
ballistic shock, and exit penetration of an SCJ.
This has considerable application to the
survivability of armored vehicles. The results
were encouraging, but, to quote Schmidt, "more
needs to be done with respect to looking at data
and developing the analysis."

Tank-Gun Accuracy. Circa 1985, the BRL’s
tank-gun accuracy program began. Jim
Walbert (then in IBD) had made careful muzzle
measurements and impact measurements for a
number of 120mm cannon. Some of the
expected correlation showed, but some gun-to-
gun variation also showed. The tube dynamics
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were similar from tube to tube, but there were
tube-related effects, which turned out to be
related to curvature of the gun tube, and these
curvature effects turned out to be more
observable in KE than in the more tightly
fitting HEAT rounds.3¢

The following is taken from an Update
article by Ed Schmidt, the chief of the branch
and leader of the tank-gun accuracy program:
"Recognizing that the firepower of modern KE
ammunition is maximized only when tanks can
achieve hits out to the maximum range at
which the ammunition can provide kills, the
BRL has established an accuracy program to
improve the hit probability of tank-fired
munitions. On the modern battlefield, U.S.
tanks must win multiple engagements in
chaotic, mobile fire fights, hitting small-point
targets such as tanks in defilade or even
selected vulnerable locations on an opponent.
In pursuit of this objective, both ballistic and
fire-control technologies are being actively
investigated under the program.

"In the area of ballistics, there are two
major factors which characterize firing error:
occasion-to-occasion variability and round-
to-round dispersion. To reduce the first, the
BRL has developed a unique experimental
capability to measure the.details of the launch
process. Through the use of instrumentation on
the tank, gun tube, and along the projectile
trajectory, it is possible to analyze the
disturbances associated with each step of the
projectile’s acceleration down the tube,
separation from the gun and sabot, and entry
into free flight."37

As reported in 1986: "With the decision to
implement a fleet-zero calibration policy for the
MI1AL1 tank, it is necessary to insure that the
system fires consistently, not only between
occasions for a given vehicle, but also across the
various tubes and tanks of the fleet. Tests on
prototype gun tubes demonstrated that when
properly mounted in the recoil system, a 120mm
M256 cannon had relatively small
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Muffler Designed by the BRL for the Bradley 25mm Cannon.

occasion-to-occasion bias; however, between
cannons, there were considerable differences in
centers of impact making a fleet-zero calibration
impractical. To resolve the sources of
cannon-to-cannon  differences, the BRL
personnel assessed the performance of both the
prototype and production M256 cannon fired off
an M1A1 tank. The launch perturbations were
quantitatively measured and associated with
tank motion prior to shot exit, gun tube
dynamics, and projectile launch and flight
dynamics. The launch data successfully
correlated with measured target impact. The
data and analysis have provided techniques and
insights for improving tank-gun accuracy."4
"... Experience has shown that if multiple
rounds are fired the strike of the projectile can
shift through the group. Investigations at the
BRL have shown that much of the shift can be
related to thermal distortion of the gun tube
due to firing-induced heating. Tube distortion
caused by solar heating is well known and has

resulted in the installation of heat shields or
thermal shrouds on all modern tank cannon.
However, the effects of firing-induced heating
were not well understood. Tests conducted on
a number of different conventional thermal-
shroud designs demonstrated that while the
influence of solar heating was reduced, thermal
distortions under rapid-fire conditions were not
adequately handled. By mathematically
modeling the heat transfer through the bore
and into the shroud, the BRL succeeded in
developing an understanding of the process
which leads to a new concept for thermal-
shroud design. The shroud was fabricated and
tested showing an improvement by a factor of
two over the best conventional design both in
terms of solar and firing-induced thermal
distortions."3”

From 1986: "In order to test thermal
shroud performance on tank cannon, both
environmental (solar heating and rain) and
firing-induced thermal loadings must be
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simulated. Based on examination of existing
test practices, the BRL developed a new
procedure, which provides improved simulation
of the battlefield environment. The test
procedure was used to examine the relative
performance of four different candidate shrouds
for the 120mm M256 cannon. To complement
the experimental results, the BRL developed a
mathematical model describing tube response to
both external and internal heat transfer. The
mode! explains the performance variations
observed with different shroud concepts and has
lead to the design of a unique, integral thermal
shroud which has been fabricated and currently
awaits test."l4

And 1988: "The influence of firing-induced
thermal distortion on the gun tube and muzzle
reference system was defined. For the first
time, temperature gradients in the portion of
the gun tube contained within the recoil
mechanism were measured. The results show
gradients associated with the nature of tube
mounting. These results are being correlated
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with other firing data to further reduce round-
to-round dispersion."9

And finally for 1989: "Research at the BRL
has improved tank-gun accuracy by
counteracting the sources of projectile
dispersion. Experiments at the BRL established
a physical basis for a temperature-dependent
gun-tube jump and developed a correction. The
resulting corrections are expected to reduce this
source of error by a factor of three, thus
improving gun accuracy by 15%. In addition,
the BRL technology resulted in the fabrication
by Benet Weapons Laboratories of an integral
composite shroud for a tank gun, which was
demonstrated to be the best available for
reducin§8thermally induced errors in the M256
cannon.

"To reduce round-to-round dispersion,
emphasis is being placed on the use of
computation rather than experimentation.
While this is partially driven by the high cost of
gun firing for dispersion measurement, the
main advantage of the computer is its ability to




expose cause-and-effect relationships which are
often missed in the real world. With the
development of validated mathematical models,
it is possible to investigate how the"details of
weapon-system design and manufacturing
tolerances affect precision. ... Development is
underway to model the details of the complete
launch process, including the projectile in-bore
vibratory motion, separation from the tube, and
sabot discard. Only through coupling these
models can the projectile trajectory be predicted
from shot start through target impact.
Application of this capability will permit
projectiles and gun systems to be designed for
accuracy.">” Eventually Dyna-3D codes were
used to predict gun-tube motion.36:39

More details of the tank-gun accuracy
program are found in an Update article by Jon
Bornstein: "The increased lethality of modern
armor systems has resulted from an
evolutionary process in which the BRL has
taken an active role. One portion of this effort
has been the BRL’s examination of projectile-
launch dynamics and its impact upon
ammunition accuracy. During launch, an
extremely short time period of perhaps 20 ms,
a number of disturbances act upon the
projectile: gun motion or vibration, in-bore
projectile balloting motion, and sabot discard.
Each in its turn influences the ultimate
trajectory of the bullet and its ability to
accurately reach a target. This article will
examine the experimental techniques used to
characterize the motion of tank main guns
during firing and the impact of gun dynamics
upon ammunition accuracy.

"Ballisticians have been aware of the
influence of gun dynamics upon projectile
launch for many years. In a seminal BRL
report on the subject, Gay and Elder refer to
tests conducted in 1899 by C. Cranz in which
the lateral vibrations of rifle barrels were
photographed. In that work, the connection was
first made between the variation of gun-tube
vibration with powder charge and corresponding
change in point of impact. Later efforts by
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other investigators extended this correlation to
both artillery and direct-fire weapons.4®

"The antecedent to current BRL
experimental efforts was a research program
conducted in the late 1950s by Gay and Elder,
examining the contribution of gun dynamics to
overall fall of shot for ammunition fired from
the 90mm T-139 tank main gun. Utilizing
state-of-the-art instrumentation and despite
significant experimental difficulties, the authors
recognized many of the key elements describing
the firing dynamics of tank cannon: the lack of
any significant turret motion until after the
projectile has left the gun; the importance of the
powder pressure couple brought about by the
offset of the gun-tube centerline from the center
of gravity of the system in initiating gun
motion; the description of the gun as an elastic
structural member subject to significant
vibration during the projectile in-bore time; and
the realization that a major portion of jump
may be due to the in-bore balloting motion of
the projectile.

"With the passage of time, instrumentation
has greatly improved, enhancing the ability of
the BRL investigators to quantitatively
characterize the motion of modern tank guns
during firing. During the mid-1980s, the BRL
conducted its first fully instrumented test
firings in support of the BRL tank-gun accuracy
program, examining the launch dynamics of
sub-caliber APFSDS and full-bore HEAT
ammunition for both the 105mm-rifled tube of
the M1 tank and the 120mm-smooth-bore tube
of the M1Al tank. A strong emphasis was
placed upon the accurate determination of gun-
tube motion. The result was a complete
depiction of tube motion that provided the data
base necessary for the verification of gun-
dynamics codes developed by both the BRL and
contractors. Four separate measurement
techniques were utilized: inductive gauges
(both eddy-current proximity probes and coils),
strain gauges, and optical trackers. The high
degree of consistency between results obtained
using each of the four techniques provided the
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necessary degree of confidence in the accuracy
of the measurements. As a result, gun-
dynamics measurements, particularly the
determination of muzzle motion, have become a
routine part of launch dynamic testing for large-
caliber ammunition, such as the recently
introduced 105mm M900AI APFSDS and
120mm M830A1 multipurpose antitank (MPAT)
rounds. [The instrumentation involves] metal
rings surrounding the gun tube [which] contain
four proximity probes encased within - a
protective plastic holder to minimize sensor
damage during firing. The comparatively small
probes, approximately 5 mm in diameter and
25 mm in length, measure the magnitude of the
gap between the sensor and the gun. The
anticipated lateral motion of the gun tube
during projectile in-bore time is exceedingly
small (<1 mm), as is the in-bore time itself
(<10 ms). Thus, sensors having a linear range
of 2 mm and a bandwidth of 10 kHz suffice for
this application.

"Instrumentation mounting also plays a

non-trivial role in testing. While motion of the
gun is very small during projectile in-bore time,
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the recoiling gun undergoes much larger motion
once the projectile exits the muzzle. Only
designs which permit the probes to roll with the
punch of the gun tube will survive to see a
second use. A minimum of three probes is
required to determine the lateral gun motion at
any location. But for ease of data reduction and
redundancy, four probes are normally employed
at each location. This permits the complete
determination of both tube motion and tube
dilation. Differencing the measurements
obtained at two tube locations permits the
average slope of the tube to be determined.

"Using strain gauges ... to measure the
longitudinal bending strain of the gun during
firing together with the proximity probes
permits a still more detailed examination of gun
dynamics to be performed. The substantial tube
vibration experienced during the final few
milliseconds before the projectile exits the
muzzle ... will produce a muzzle-pointing angle
at shot exit which differs substantially from the
muzzle orientation when the gun was aimed at
a target and can have a significant impact upon
accuracy.

“The irregular in-bore bullet trajectory ...
brought about by this vibration causes lateral

- forces on the projectile which give rise to in-bore

balloting motion. To minimize the in-bore
disturbance to a projectile, this trajectory
should ideally be a straight line.  The
dynamically indexed gun-tube concept, proposed
by the BRL, sought to utilize the bore curvature
normally created by the manufacturing process
to compensate for the vibration of the tube and
create the straightest possible in-bore trajectory
for the projectile."4°

"As a result of experimental and computer
analysis of the dynamics of projectile-gun tube
actions and reactions, the BRL was able to
deduce the most favorable gun-tube alignment.
By modifying the tube-indexing procedure used
at Watervliet Arsenal, NY, it was possible to
configure cannon assemblies to compensate for
firing dynamics. These dynamically indexed




tubes are almost twice as accurate as standard
tubes. This is perhaps the greatest
achievement in tank-gun firing accuracy in the
past two decades."? This concept of dynamic
indexing started out looking good for a few
tubes, but later full-scale tests showed less than
the hoped-for improvement.3¢

"The steady upward motion of the gun
towards the turret ... is due to rotation of the
tube about the trunnions. A moment created by
the lateral offset between the centerline of the
gun tube or center of action for the rearward
axial force of the propellant gases acting against
the breech, and the center of gravity for the
weapon system is primarily responsible for this
motion. Recent work at the BRL has focused on
minimizing the magnitude of this moment,
reducing gun vibration, and thus minimizing
in-bore progectile disturbances and improving
accuracy."4 Balancing the breech and support
on the front end to reduce torque helped—but
not as much as it should have. More work is
needed on the effects of recoil 36

"Extensive measurements for both 105mm
and 120mm tank main guns [have] shown that
the natural vibration of the tube, excited by
forces on the breech and tube supports due to
pressurization of the gun tube, is the dominant
factor determining the motion of the forward
portion of the gun, including the muzzle-
pointing angle-shot exit. Differences in
propellant temperature will alter the projectile
in-bore time without seriously affecting the tube
vibration. Thus, the phase of the vibration at
shot exit and the muzzle-pointing angle will
differ with propellant temperature.
Measurements of gun dynamics and target
impacts for full-bore 120mm HEAT-target
practice (TP) ammunition have shown a good
correlation between gun dynamics and fall of
shot. Compensation in the fire-control solution
for this effect offers another avenue for
potential accuracy improvement.

"Gun dynamics influence the accuracy of
tank main-gun ammunition in two ways: it
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moves the muzzle-pointing angle at shot exit
away from the original aim point and places
lateral forces upon the projectile as it moves
down the length of the bore which ultimately
causes the round to move away from its
intended trajectory. The experimental studies
conducted by the BRL have led the way towards
a better understanding of gun motion, the
modelling of in-bore projectile dynamics, and
the minimization of projectile launch
disturbances."°

"The BRL has developed an integrated
experimental diagnostic technique to aid in the
optimization of ammunition performance.
State-of-the-art instrumentation is utilized to
determine the contributions of gun dynamics,
projectile disengagement, and sabot-discard
disturbances to ammunition jump and
dispersion, thus permitting the engineer to
identify the principal sources of disturbance of
the projectile during launch and initial phases
of free flight. Using information obtained with
this tool, the designer can focus on
modifications to the projectile design which will
optimize performance. The technique has been
successfully utilized during the development of
25mm, 105mm, and 120mm ammunition."13

The latest effort on tank-gun accuracy is on
the use of miss-distance indicators for the
correction of fire and to reduce biases.3%

COMPLEX-PROJECTILE STABILITY

Throughout his career, Charlie Murphy, the
Chief of LFD, has been quite active in
individual research. During the period of this
volume, Murphy has been working on stability
problems associated with shell that have
moving internal parts and shell that have liquid
payloads. He has been particularly successful
in developing a unifying understanding that
allows laboratory experiments to predict flight
behavior.

In 1978, he published a paper’! on the
anomalous behavior of the 8-in atomic shell, the
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Fully Instrumented 120mm Gun Mounted on an Abrams M1A1 Tank.

T317, which did not match its spotting round.
The source of the trouble was loose-fitting rings
that slid on a rod. The motion of the rings and
rod interacted with the precession. Murphy
found that a forced gyroscopic motion was the
dominant motion of the rod rings. The solution
was to create a self-locking device to keep the
rings tight on the rod. 42

Murphy’s work is summarized in the
following: "In 1955, an 8-in shell, the T317,
showed a strange spin decay coupled with a
significant range loss. ... The T347 had the
same aerodynamic shape and mass distribution
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as the T317. ... The T317 had range losses of
between 1% and 11% and associated spin losses.
The range loss was due to a growth in the high-
frequency component of the pitching motion. A
quite similar behavior has been observed in
recent ballistic range tests of a 20mm projectile
with the M505 fuzes, which showed a growth of
the high-frequency mode and an unexplained
spin decay. Both the M317 projectile and the
M505 fuse carried components that could move
a small amount during flight.

"These phenomena have been explained by
assuming either (1) a forced circular motion of




an internal part about the axis of the projectile
(hula-hoop motion) or (2) a forced precession of
the spin axis of the internal part about the spin
axis of the projectile. In both cases, only the
Fourier component of the motion at the higher
coning frequency of the projectile was
considered. Thus, a resonance was considered
for which the amplitude of the internal motion
was constant.

"The theory predicted a relationship
between the growth of the higher frequency
mode and the spin decay, and in both cases

0.4
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excellent quantitative agreement was obtained.
Therefore, the derived expressions can be used
to set tolerances for manufacture of these
projectiles. Recently an extension of this theory
was used to predict the adverse effect of an
interior cantilever beam."3

Around 1987, Murphy developed the concept
that a despinning moment accompanied a
destabilizing side force. This concept furnishes
a useful diagnostic for liquid shell and other
rounds with possible problems with interior
motion. "Observations of instability caused by
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a moving payload—liquid or solid—have shown
that large angular motions are always
accompanied by a large spin-down moment. A
simple general relation is derived between the
side moment and the spin moment caused by
the steady-state motion of any movable
payload."** The idea is summed up in the
equation

Mspin = - tan(a) Mside ’

which says that the spin moment is equal to
minus the tangent of the coning angle times the
side moment.** Thus, large angle tests in the
laboratory with forced coning motion can be
used to predict small-angle instability by
looking at the despinning moment. The relation
appears to have rather universal applicai:ion.42
This relationship was appreciated earlier for the
case of liquid shell.®

Circa 1987, Murphy also did an analysis of
the motion of a é)rojectile with a two-component
liquid syst;em.4 In 1989, he contributed to a
summary of the motion of liquid systems: "Four
liquid-payload theories—Stewartson (S),
Stewartson-Wedemeyer (SW), Kitchens-Gerber-
Sedney (KGS), and Hall-Sedney-Gerber
(HSG)—are developed within a single unifying
framework. Equations are presented that form
the basis of interactive computer programs.
These programs apply the SW, KGS, and HSG
theories not only to their original domain, fully
filled cylinders, but to partially filled cylinders,
cylinders with a central rod and cylinders
containing two liquids. Side-moment
coefficients from the relatively simple KGS
calculations are shown to be a good
approximation to results from the more exact
HSG theory.™’

Finally, in 1988, Murphy identified some
special cases of spin-yaw lock-in. In these
cases, a non-linear roll moment can lock the
spin to the coning motion. This can happen
with the motion produced by either a mass
asymmetry or an aerodynamic asymmetry.
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This, in turn, can lead to the typical increase of
dispersion associated with roll resonance. 4248
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SYSTEM ENGINEERING

From the late 1960s to 1992, the BRL had
a division (or laboratory) that addressed system
engineering functions. Prior to the creation of
ARRADCOM, it was known as the Concepts
Analysis Laboratory, with the creation of
ARRADCOM, it became BMD, and it finally
acquired the rather cumbersome name of the
System Engineering and Concepts Analysis
Division (SECAD).

It is important to understand that SECAD
did not have a monopoly on system engineering
activities in the BRL, nor were its activities
confined to system engineering.

The system engineering efforts of SECAD
were primarily managed by the Weapon Area
Coordinators, a group of team leaders who were
concerned with the weapon areas of air-defense
systems, armored combat systems, artillery
systems, infantry systems, and aircraft systems.
The aircraft systems function moved with Don
Haskell when he became Chief of the Air
Systems Branch (ASB) of VLD because of that
branch’s special relation with its customer.

As a general proposition, the Weapon Area
Coordinators provided several basic functions
for the BRL:

1. Interface with the relevant user group to
remain abreast of the Army’s needs for
new weapons, in particular those that
might relate to the research program of
the BRL.

2. Interpretation of those needs in terms of
technical issues by application of system
analysis techniques, combat modeling,
and sound engineering principles.

3. Interpretation of new technical
developments in the BRL into possible
weapon opportunities by applying
similar techniques. Help to market
those ideas to the user communities.

How these functions were actually carried
out and the scope of the activities were quite

Mr. Harry L. Reed, Jr., Chief of SECAD
(and Predecessors) From 1967 to 1987. He
Received a Bachelor of Science in
Mathematics From the Massachusetts
Institute of Technology (MIT) and Did
Graduate Work at JHU in Physics.

different for each team and will be discussed
under the appropriate headings below. For
reasons that will be explained later, the
infantry team will be discussed under the
heading of smart weapons.

A typical example of one class of effort by
the Weapon Area Coordinators is the Propulsion
White Paper1 that compares a variety of
advanced propulsion concepts (solid, liquid, and
electromagnetic [EM]) as they might apply to
future weapon concepts for air defense, armor,

‘and artillery.
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Mr. William H. Mermagen, Sr., Chief of
SECAD From 1987 to 1992. He Received
a Bachelor’s Degree in Physics From
Fordham University in 1957 and a
Master’s Degree From the University of
Delaware in 1966.

In addition, the division always had a very
active millimeter-wave (MMW) radar group. As
part of the reorganization under ARRADCOM,
the Applied Mathematics and Science
Laboratory became part of BMD, and Don
Eccleshall formed an outstanding branch of
researchers in advanced technology. The BRL’s
Director, R. J. Eichelberger, asked Dick Moore
to form a probability and statistics branch in
SECAD. And finally in the late 1970s, BMD
became active in interactive and networked
computing, which eventually involved its
assuming responsibility (in 1984) for
main-frame and networked computing in the
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BRL. This included the acquisition and
operation of the BRL’s two Cray
supercomputers.

Although the organization of SECAD
changed somewhat in the late 1980s, it is still
convenient to use the Weapon Area
Coordinator’s interests for part of the taxonomy
as well as sections on advanced techniques,
artificial intelligence (AI), probability and
statistics, and the most recent efforts in the
FAST program. The work on main-frame
computers, interactive computing, and
networked computing has been addressed in the
general BRL section.

ADVANCED TECHNIQUES

In 1977, when the Applied Mathematics and
Science Laboratory was combined with the
Concepts Analysis Laboratory to form SECAD,
Don Eccleshall formed an Applied Physics
Branch within SECAD that addressed a variety
of advanced physical concepts for weapon
systems and advanced experimental techniques
for the study of ballistics. In 1987, this branch
was transferred to TBD. One of their projects,
the synthesis of ceramics, is reported under the
section on terminal ballistics; the others are
discussed here.

Electromagnetic (EM) Propulsion. The idea
of using EM forces to propel a round of
ammunition is far from new. Over the years,
there has been much speculation and
trial-and-error with little avail. The basic
problem has been that of finding an energy
source that could deliver the millions of
kilowatts that are needed for a practical gun
system.

Conventional chemical propulsion systems
have an upper limit (the escape speed of the
gases) to their muzzle velocity. Well before that
limit is attained, the process becomes extremely
inefficient. On the other hand, theory tells us
that electromagnetically propelled systems
become more efficient with increasing velocity.




Thus, the idea has remained alive if not
very active—that is, until about 1972 when
Richard Marshall and John Barber at the
Institute of Advanced Studies, Australian
National University, Canberra, Australia, had
a large homopolar generator that had been
acquired for a particle accelerator. The
accelerator program had faded. However, since
the homopolar generator was available, it was
used in conjunction with a shaping network to
produce suitable pulses (in the millisecond
region) to demonstrate a rail gun with a plasma
armature. Ultimately, the group was able to
launch a 3-g projectile at 6 km/s. While this
was promising, a lot of engineering was needed
before one could make this into a practical gun
system. For one thing, even though the use of
homopolar generators was a major step forward,
they were still far too heavy.2

A homopolar generator (and the variety of
generator concepts that have followed) can be
viewed as a very low impedance device that can
convert the KE of rotation into electrical energy
very rapidly. A rail gun uses two rails and the
projectile as the circuit into which the electrical
energy is dumped. The EM field tries to expand
the circuit and pushes the projectile down the
rails. In a plasma-armature system, the
projectile itself does not complete the circuit;
the plasma arc behind it does. The pressure in
the plasma provides the driving force.

Marshall came to Westinghouse which had
become interested in marketing homopolar
generators. This sparked interest in the United
States.

In the late 1970s, John Powell and Jad
Batteh developed a theoretical model of plasma
armatures. It was the first really good
understanding of the processes by which the
armature functions, providing a predictive code
for plasma properties (degree of ionization,
temperature, heat conduction, melting of the
walls, etc.). This model has continued to be
used and improved upon until the present.?

system engineering
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By 1980, a first-principles model was
developed which describes the arc dynamics of
the dynamic compaction (DC) rail gun with an
arc rather than a solid armature. The model
has been wused to calculate important
parameters such as the arc temperature for
existing experimental systems and to derive
scaling relations for use in evaluating guns that
can accelerate projectiles of ordnance interest.

Around 1980, the need arose to create a
laboratory facility for studying high-velocity
terminal effects. EM propulsion appeared to
offer some distinct advantages for such an
application: it promised a relatively constant
(low peak) acceleration for the launch of
experimental payloads, it had no theoretical
limit on the velocity attainable, and it appeared
to be more easily used for repeated shots than
devices such as light-gas guns. Of course, the
weight of the system was of no concern for a
laboratory device. The BRL and DARPA agreed
on a program to develop such a facility using a
rail gun that would be driven by a homopolar
generator.2

About the same time, the LCWSL in
ARRADCOM at Picatinny Arsenal became
interested in a homopolar system for research
in EM propulsion. It was decided that
ARRADCOM should have only one such facility,
and LCWSL was chosen.?

Keith Jamison, in conjunction with Henry
Burden and John Powell, developed a laboratory
research facility at the BRL to validate
predictions made by the plasma-armature codes.
Actually, the codes became more of an
interpolation device to wunderstand the
experimental data which were not
measurements of current density at particular
points but were some sort of spatial average
taken at a particular point from which the
density must be inferred (a parameter fitting
problem). The experimental and theoretical
work enhanced the understanding of EM
propulsion immensely.2
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During the 1980s, the BRL developed a
unique theoretical and experimental expertise
concerning the properties of plasma arcs in both
EM and ET guns. Techniques for calculating
properties of these plasmas were developed, and
approximately 10 computer programs that
solved the governing equations were written.
Emphasis was placed upon developing
calculation techniques that were appropriate
under a variety of conditions. In addition to the
theoretical work, experimental diagnostic
procedures for measuring the characteristics of
the arcs were also devised. These experimental
techniques were complemented with extensive
fitting routines which provided the capability
for extracting from the data properties of the
arcs that could not be measured directly.

"The developed technology was disseminated
to the EM propulsion community through
approximately 15 open- literature papers, an
equal number of BRL reports, and presentations
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at all major conferences concerned with the
subject. Many of the theoretical computer
programs were provided to personnel both at
universities and in industry. The theoretical
methodology for analyzing the diagnostic data
has now been adapted by investigators at the
Science Applications International Corporation
(SAIC) and has been used by them to analyze
experimental work undertaken at the
University of Tennessee Space Institute.
Maxwell Laboratories has adapted BRL
experimental instrumentation and techniques in
the design of their new facilities, and
data-reduction procedures have been
transferred to the Lawrence Livermore National
Laboratory. BRL personnel have continuously
consulted with research workers in both
industry and at universities and have upon
occasion worked together on the same project.
For example, the BRL and SPARTA
Incorporated have undertaken a joint effort to
test and analyze rail and insulator erosion. In



two instances, doctoral students at the
University of Miami and at Georgia Institute of
Technology have sought both assistance and
advice from the BRL EM propulsion group.
Information, in the form of detailed instructions
concerning how to carry out certain calculations
as well as access to the BRL results, has been
provided to those students.

"The principal use of the technology
discussed previously has been to examine how
the properties of plasma armatures vary with
gun size and acceleration characteristics.
Various types of EM guns, as well as different
types of armatures, are now in competition.
Consequently, efforts are underway to develop
end-to-end models which are capable of
assessing the feasibility of different devices for
both military and other applications. The
behavior of the plasma armature is expected to
form an integral part of these models.™

Most recently (1992), Alex Zielinski has
been working on solid armatures in which the
sabot and the armature are the same. He has
been designing these armatures for the small-
caliber gun program for an automatic cannon
for an armored vehicle. Major support is from
the Marine Corps and the Electric Armaments
Project Office at ARDEC.2

Charged Particle-Beam (CPB) Technology.
Here we are concerned with beams of
relativistic electrons that would produce a
shower of gamma rays that would in turn be
lethal to personnel, energetic materials, and
electronic devices. That such beams could, in
fact, be propagated over useful distances
through the air has been theoretically predicted
and partially verified by experimentation in
national programs.

Wide internal pulse spacing (WIPS) has
been the propagation mechanism of interest. In
this mode, pulses long enough to bore a hole in
the atmosphere but short enough to avoid
magnetic instability are to be used to create an
ionized channel. Actually the creation is a
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progressive process in which the first pulse goes
a limited distance, the next uses that channel
and adds to it, and so on. The pulses are
spaced closely enough that the previously
ionized channel does not cool too much before
the next pulse arrives.

Briefly, the national program started with
an Advanced Research Projects Agency program
called Seesaw, which ran from 1958 through
1972. Seesaw considered the application of
bolts of electrons for ballistic-missile defense.
This was followed by the Navy’s Chair Heritage
program that considered antiship-missile
defense. In 1980 to 1982, there was a national
program for all three services to look at
applications of CPBs.56

The BRL was the Army’s lead laboratory for
this effort and considered mine-clearing, air-
defense, antiarmor, and urban-warfare
applications. In addition, they also considered
the design of accelerators that mi%ht be
practically sized for tactical application.

The BRL was particularly well suited for
the task since a number of its scientists and
engineers had been members of the Nuclear
Defense Laboratory and were nuclear physicists
by training. In particular, circa 1977, Judy
Temperley and Eccleshall developed a concept
for compact accelerator cavities. This concept
has been adopted by Sandia National
Laboratories (SNL) for applications requiring
compact accelerators.2 "Excellent progress was
made using laboratory models to validate the
new BRL electron-accelerator cavity concepts
with potential for achieving small, lightweight
devices required for any tactical Army
exploitation of particle beam technology (PBT).
The BRL scientists were also able to extend the
very general analysis of charged transmission-
line cavity structures to include three-line
systems."

"They showed that, under the assumption of

ideal, lossless lines and switches, and within
the approximation of a principal-modes
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SNL Adopted the BRL’s ET2 Cavity for Its
Recirculating Linear Accelerator.

analysis, a transmission-line accelerator using
asymmetric line pairs can be designed that will
accelerate a constant-current beam pulse ..
through a constant voltage with a theoretical
efficiency of unity. In addition, ... a
lower-current beam pulse can be circulated
through the accelerator several times resulting
in a total accelerating voltage several times that
of the single-pass case and that, in this case
also, total transfer of the stored energy can be
achieved."”
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Experimental verification of the
performance of the transmission cavity was
done by Clint Hollandsworth.?2 A two-line
system was shown to be appropriate for a
recirculating accelerator that would be
relatively compact. Also, a number of three-line
cavity arrangements have been found that may
be attractive for efficient acceleration in a
single-beam pass. The cavities offer the prime
advantage of placing the switch in a region
away from the accelerating gap where the
electric field can be lower.®




system engineering
ADVANCED TECHNIQUES

Potential Applications for CPB Technology. BRL Scientists Evaluated the Molecular
Applications of CPB Technologies for Use in Military Acquisition Processes.

With in-house and contractor support, they
calculated the energetics, estimated lethal
mechanisms, considered countermeasures, and
sized systems.2 Unfortunately, the indications
were that the technology was far too immature
for most applications, and most of BRL’s work
ended around 1987.2

The BRL’s role at present (1992) is very
limited. Eccleshall and Hollandsworth are
consultants on the use of electron beams mainly
for countermine applications.?

Overhead Magnetic Signatures. "Since
1980, the BRL has actively studied the changes
that armored vehicles, particularly foreign
tanks, produce in the earth’s magnetic field
above them. The work was driven by the

Army’s interest in top-attack munitions. The
BRL'’s effort was two-pronged. The first was the
development of a theory and computational
methods that describe perturbations to the
ambient magnetic field, given the vehicle’s basic
geometry, overall material properties,
geomagnetic location, and orientation. The
second was to subject the models to
experimental test with actual field
measurements of the magnetic fields above
Soviet, Chinese, and U.S. vehicles at APG.
Essential to these tests was the creation of a
one-of-a-kind apparatus designed to map the
overhead magnetic fields and its integration
into facilities where armor could be precisely
located and oriented.
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Setup for Measuring the Magnetic Signatures of Vehicles.

"The cuing of top attack munitions has been
explored by the Program Evaluation Office
(PEQ)-Armaments for projectile applications
and by the U.S. Army Missile Command
(MICOM) and several of its contractors. The
data base developed by the BRL served as the
main resource for proof-of-principle and
exploratory-development efforts in improved fly-
over, tube-launched, optically tracked, wire-
guided (TOW) antitank missiles and other
systems. Paralleling top-attack efforts was a
U.S. Army Mobility Equipment Research and
Development Center (MERADCOM)/U.S. Army
Belvoir Research, Development, and
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Engineering Center (BRDEC) endeavor to
render U.S. armor less susceptible to top attack
by removing the vehicles’ overhead magnetic
signatures. There are two aspects to the
problem—the magnetic field due to the
locked-in magnetic moments of the tank’s steel
components, the so-called perm; and magnetic
moments the earth’s field induces in the tank’s
high-permeability steels. The former may be
removed with a one-time application of a strong
magnetic field which opposes and ultimately
cancels the perm. The second requires
continuous on-board monitoring and
cancellation via a weak magnetic field




surrounding the entire tank. Devices for
accomplishing these results were incorporated
into MERADCOM'’s vehicle magnetic signature
duplicator (VEMASID) effort. The BRL
providled MERADCOM and its contractors
(primarily Raytheon) both the BRL data base
and the BRL portions of the Magnetic Signature
Facility. Both were extensively utilized in the
design and test phases of the signature
reduction effort.

"Close fly-over, top-attack appeared to have
considerable antiarmor potential. Sweden has
recently fielded a system (BIL) which operates
in this mode and has been evaluated for
possible U.S. use. Magnetic cuing is an obvious
candidate for a multimode product
improvement. It is likely that within the
foreseeable future, U.S. assets will be subject to
magnetically cued top attack. Mitigation via
signature reduction is an obvious requirement.
The BRL has been instrumental in laying the
theoretical, computational, and experimental
foundations for the essential overhead magnetic
signature data base."

Erosion Studies. Nuclear technology was
exploited to develop a tool for erosion analysis.
This  work started in about 1973. Niiler
irradiated plugs of steel, which converted some
of the iron 56 near the surface to cobalt 56
which then would decay. By measuring the
activity before and after firing, the loss of
surface metal could be determined. This thin-
layer activation method became a very useful
technique for measuring erosion in hard-to-get-
places (gun barrels and rocket nozzles).?

In about 1980, a soft chrome plating
technique'® developed by the Benet Laboratory
preempted interest in erosion work. Now, of
course, the high temperatures and reactive
products associated with ET chemical
propulsion raise erosion questions again.9

Range Hazards Detection Device. In 1986,
George Thompson developed a simple and
effective technique for making on-the-spot
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checks for the presence of heavy-metal dust.’
"As a spin-off of the BRL's DU test program,
BRL researchers have devised a new
instrument for rapid, accurate characterization
of the composition of aerosol dust clouds. Test
firings in the BRL indoor ranges often produced
quantities of dust that contained uranium and
other elements of medium to high atomic weight
in forms that pose serious toxicity hazards.
Monitoring practices available at that time were
not only expensive but also impaired
productivity in order to assure personnel safety.
The new device collected dust and droplets from
the aerosol and pumped them through a filter
tape which was subjected to analysis via
real-time X-ray fluorescence. Elemental
concentrations as small as 0.1 parts per billion
could be read out individually or collectively.
The new device has contributed to significant
improvements in range testing productivity
while, at the same time, maintaining personnel
safety. It has the potential to be used in
similar problems encountered by mining and
industrial concerns."!1

Radar-Absorbing Coatings. "BRL research
has produced a highly effective new type of
radar-absorbing coating for protection of
military vehicles. The developed durable, thin,
lightweight coating provides significant radar
attenuation over a broad band of centimeter-
wave and MMW frequencies and, thus, a
countermeasure to EM sensing munitions.“12

AIR DEFENSE

The air-defense team was created in the
mid-1970s with Larry Puckett as the team
leader. The team was mainly concerned with
the application of gun systems to air defense
and, in particular, with the Army’s need for a
gun system to replace the aging Vulcan air-
defense system.

The BRL evaluated a number of approaches
to the problem of a forward-area air-defense
system that included hypervelocity KE systems,
high-velocity proximity-fuzed systems, and
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readily available systems. To be effective,
hypervelocity kinetic systems require muzzle
velocities on the order of 3,000 m/s, and such
systems were not expected to be practical
within a reasonable time frame. High-velocity
proximity-fuzed rounds with muzzle velocities of
the order of 1,500 m/s were highly attractive.
This velocity was within the range of existing
technology for solid-propellant guns and also
appeared to offer an exciting application of
bulk-loaded LPG technology. The latter concept
lost support when the DARPA demonstrators
blew up.!3

Sergeant York. However, a new system was
urgently needed. The Army decided to consider
only medium-caliber cannons that already
existed. Therefore, the BRL engaged in a series
of parametric studies to determine the
appropriate caliber for such a system. "In
March 1977, the Army published the first
version of a requirement for a new division air-
defense (DIVAD) gun. By virtue of its
experience in systems analysis, involvement in
HITVAL (joint Army and USAF test in 1974),
and its large data base on air-defense projectiles
which were generated in support of a
commonality (air-to-ground, ground-to-ground,
and ground-to-air) study in 1974, the BRL was
in a unique position to assume a major role in
the DIVAD development program. The BRL
had also conducted a study by this time on the
relative effectiveness of 30mm, 35mm, and
40mm rounds in the air-defense role; this
included an analysis of both point-detonating
and proximity rounds."!4

The three major results of this analysis
were that the results were quite flat over the
calibers considered, the proximity fuze was
important (especially for maneuvering targets),
and the performance of gun systems and missile
systems crossed over at about 1,500 m (guns
performed better at shorter ranges; missiles, at
longer ranges).

"In the request for proposal (RFP) for the
initial phase of the DIVAD program (a
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competitive-development effort), the BRL
contributed a technical annex that instructed
the contractors as to what information should
be contained in their proposals concerning a
technical description of expected system
performance. The BRL also developed the
technical-evaluation plan for the first DIVAD
Source Selection Evaluation Board (SSEB)
which convened in July 1977. BRL personnel
served as members of the SSEB, including
chairmanship of the system-performance and
the NATO-interoperability areas. Five
contractors submitted proposals in response to
the RFP, and the Source Selection Authority
selected the 35mm General Dynamics system
and the 40mm Ford Aerospace system to
proceed into the competitive-development phase
of this program. The contractors were free to
design their systems and make tradeoffs as they
saw fit to meet the firm requirements and
desired capabilities of the RFP.

"Proximity-fuzed ammunition was proposed
for use in DIVAD, and the PM-DIVAD
requested that the BRL coordinate a program
among the BRL, HDL, and ARRADCOM to
characterize the fuze functioning and projectile
lethality for proximity-fuzed rounds. The BRL
also had the responsibility of generating the
lethality data for the proposed point-detonating
rounds against the targets specified in the RFP.

"A deliverable item was a contractor-
developed simulation code which would model
the total performance of the system throughout
the course of an engagement. The BRL was a
member of the Government team that guided
the contractors in code development, provided
them with the required data, and recommended
appropriate methodology. The BRL also had
the responsibility of adapting the two
contractors’ models so that they could be run at
a Government facility in support of the second
SSEB."14

Shortly after the first SSEB, Puckett

became the assistant to the Director of the BRL,
and Judy Temperley became a Weapon Area
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Coordinator. "The BRL was an active
participant in planning the 1980 combined
development and operational test (DT/OT).
This participation included establishment of
test conditions, definition of data requirements
and optimum instrumentation, and construction
of the test matrix, as well as day-to-day
interaction with the test community during
actual conduct of the tests to advise in the on-
the-spot decision-making process."14
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"The second DIVAD SSEB convened during
DT/OT, and again the BRL developed the
technical evaluation plan. BRL personnel
served as board members in the area of system
performance, NATO interoperability, and
tactical suitability, and chaired the first two of
these.

"In May 1981, the Source Selection
Authority selected the 40mm Ford system to
proceed into the maturity phase. BRL
personnel continued to serve on related




committees including the DIVAD NATO
Interoperability Team which was tasked to
determine the effects on system performance of
the use of the higher-velocity U.S. ammunition
in the NATO Bofors L/70 air-defense gun
systems."14 DIVAD was renamed the Sergeant
York system.

The Sergeant York project was terminated
in August 1985. Circa 1986, the BRL
participated in AMC’s Air-Defense Team that
developed the follow-on to the York system.
This was to be a non-developmental item which
became the air-defense antitank system
(ADATS). The BRL had little involvement with
the ADATS missile system.1®

Smart Rounds. The main problem for air-
defense gunfire is to reduce the prediction error
in the future position of the target. The actual
prediction process is limited by the inherent
random nature of target maneuvers. Reduction
in the time of flight of the bullet helps by
reducing how far the target can travel
Alternatively, increasing the footprint of the
round allows larger open-loop errors to be
tolerated.

Smart rounds offer a way to increase this
footprint, and an effort to analyze their
application to air defense was initiated around
1983. While the results were encouraging,
there was little interest in developing a new
gun system for air defense.

However, there was a considerable concern
over the antitank guided-missile (ATGM) threat
posed by attack helicopters, and the use of the
tank’s main armament for self-defense against
these helicopters appeared quite practical.
After all, the tank has a good fire-control
system, the tank gun has high muzzle energy,
the round is large, and the helicopters have
limited maneuver capability. Circa 1985, the
BRL considered the basic KE rounds, proximity-
fuze HE rounds, and smart rounds to counter
the helicopter ATGM threat.!®
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The wuse of proximity rounds was
particularly appealing, since the tank already
carried a multipurpose HE round, and such a
round appeared to be quite capable against the
helicopters. ATGM-delivering helicopters
represent a growing threat to armored combat
vehicles. The Army has been considering a
concept in which an existing 105mm howitzer
projectile would be coupled with a Navy-
developed proximity fuze, resulting in a round
which could be fired from the M1 tank in self
defense against helicopter targets. To enable
the Army to assess the viability of this proposal,
the BRL developed simulation methodology.
The behavior of the projectile was modeled, and
its performance against a number of realistic
helicopter trajectories was analyzed. The
results indicate that, against non-stationary
targets, the round would enhance the tank’s
capability.

This effort resulted in the proximity-fuze
development for the 120mm M830A1 round for
the Abrams tank, which has a shorter time of
flight than its predecessor.1%16

ARMORED SYSTEMS

The Weapon Area Coordinator for Armored
Systems was somewhat unique in the extent to
which his efforts were related to the on-going
efforts of the BRL. The armor/antiarmor
business was a very major function of the BRL,
and, for the period from the early 1970s until
about 1986, he provided considerable
coordination with customers in that arena and
handled large amounts of customer money.

Abrams Tank. Don Menne was the first
Weapon Area Coordinator. The position was
created in 1973 by the director of the BRL to
act as coordinator for armor for the
development of the Abrams tank. (In June
1973, contracts for the M1 competition were
awarded to General Motors and Chrysler.
Prototypes were to be delivered in 1976.)!7 He
was to see that the two competing contractors
incorporated the BRL special armor into their
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designs properly, making sure that the basic
armor concepts were properly adapted to cover
a real vehicle with corners, holes, etc. He held
the position until he became the Chief of the
Vulnerability Methodology Branch. Larry
Johnson suceeded him and held the position
until 1987 when he became the Director of the
Benet Laboratory.

We have more to say about the armor for
the Abrams tank in the section on terminal
ballistics.

Silver Bullet. In 1974, a number of the BRL
laboratory chiefs attended a meeting in
Washington at which the forthcoming Tripartite
tests were discussed. Those tests, to be held in
September 1975 at Shoeburyness, east of
London, and at Kirkcudbright in Scotland, were
to compete the U.S. 105mm XM735 KE tank
round against the German 120mm and the
British 110mm.1” The attitude at the meeting
was that the 105mm round would lose to its
larger competitors.

However, the BRL concluded that the
technology should exist to make the XM735 a
winner and that everything possible should be
done to demonstrate this in the competition.
R. J. Eichelberger agreed to bankroll the effort,
and the Silver Bullet Project was formed. A
working group was set up that consisted of
Bruce Burns, Bill Gillich, Len MacAllister, Art
Thrailkill, and Harry Reed (chairman).

The group did the analysis and created
concepts for KE rounds that could defeat the
NATO Triple Heavy Target. While the context
of a total round had to be considered
(propulsion, sabot, flight configuration), the
emphasis was on finding a penetrator that could
be part of a practical 105mm round fired from
the M68 cannon.

Essentially over the Christmas holidays,
Gillich and Bloore made arrangements with the
Y12 Plant at Oak Ridge, TN, to make the
experimental tungsten and DU penetrators.

134

This turned out to be an extremely valuable
arrangement that gave very rapid response for
the experimental efforts.

The first efforts focused on tungsten
penetrators that were sheathed in steel. This
approach was chosen because it was similar to
the XM735 and modification of the XM735
seemed to be the best way to get to an early
demonstration of a complete round. Also
conventional wisdom said that the steel sheath
would help keep the round together as it
penetrated the complex target.

This first effort was a success. Several
improvements were found for the tungsten
penetrator:  swaging, using more alloying
material (10% rather than a few) and a longer
penetrator. These were incorporated in the
XM735, and it did, indeed, win the competition,
but that is ahead of our story.

The group also determined that the steel
sheath was more of a detriment than a help and
a tungsten penetrator was inferior to a DU
penetrator in its ability to remain intact as it
penetrated a complex target. This led to the
demonstration of a monolithic DU penetrator
using a DU alloy with 0.75% titanium.

The Silver Bullet Group disbanded in 1975,
and transferred the technology to the PEO-
Armaments. The tungsten core went into the
improved XM735 and the DU penetrator into a
series of rounds for the 105mm and later
Tripartite tests and the 120mm M829A2.

We leave the rest of the story for the section
on terminal ballistics.

Line-of-Sight Antitank (LOSAT). In 1985,
the BRL was asked to look at the concept for a
high-velocity missile system that was proposed
by LTV. The concept looked quite promising,
especially with a large KE penetrator as
recommended by Larry Johnson. The system
appeared to offer a weapon that was quite
robust, and the BRL encouraged its




development with AMC, the Ninth Infantry
Division, DA, and MICOM. In 1992, the system
was under development as the LOSAT system.

Precision Aim Technique (PAT). PAT was
originally conceived as a way to stabilize
gunfire from helicopters. However, the
technique seemed to have more application to
cannon fire from tanks and infantry fighting
vehicles, and that application was pursued. The
effort was transferred to IBD, and the work is
reported under the discussion of that division.

Tank Wars. Tank Wars I was created by Fred
Bunn in the early 1980s to provide a tool that
could assess the combat worth of detailed
engineering changes in armored combat
vehicles. It is an M-on-N combat model that
can handle small homogeneous armored units.
It is an event-sequenced model that has a
statistical terrain sub-model and considers
detailed descriptions of detection, firing, and
killing processes. The friendly force is allowed
to reorganize itself after each of a sequence of
engagements to provide a representation of
sustained combat.

Tank Wars has been distributed to
numerous U.S. Government, foreign
government, and private organizations.

Bunn has updated the model. "The
Sustained Combat Model is a computer
simulation of sequential engagements between
mechanized combatants; one side of which is not
resupplied. It has been routinely used at
various military installations and by
Government contractors for evaluating the
combat effectiveness of tanks and other fighting
vehicles. The systems being evaluated (usually
U.S. systems) defend against one or more waves
of attackers without resupply, or, on the attack,
engage one or more defended positions without
being resupplied.

"Each engagement is simulated in detail.
The critical events in such an engagement
include search, detection, selection, acquisition,
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firing, impact, damage, target disengagement,
and reengagement. Interwoven with these
events are motion events and intervisibility
events. If desired, the program will print an
event history for detailed study.

"The model includes three types of
engagement scenarios, two generic armaments,
three categories of functional losses, and two
types of false targets. The three scenarios are
attack, defense, and a meeting engagement.
Guns fire KE or HEAT rounds while missiles
may be guided-to-impact or fire-and-forget
systems. Systems may fire while moving or
may halt to fire. In either case, they may suffer
loss of mobility, firepower, or both and may be
catastrophically killed. In addition to the
weapon systems being evaluated, there may be
a number of active or passive decoys, and there
are generally some false targets in the
scenario."1®

Fire Control. For some time, the BRL had
been concerned about the limited performance
of the original M1 tank’s fire-control system
against maneuvering targets. "Tracking tests
were conducted with the M1A1 tank against
simulated maneuvering targets. The results
demonstrated unequivocally that predictions
concerning the performance of the driven-reticle
fire control system against such targets are
correct. The BRL is being funded further to
test and implement fire control modifications."®

The following is taken from an Update
article by John Groff who developed a fix for the
Abrams tank. "Since development and fielding
of the M1 Abrams tank in the mid-1970s, the
vehicle has experienced difficulties in
successfully engaging maneuvering or evasive
targets. In the early 1980s, Government field
tests and analytical work isolated the problem
to the gunner’s primary sight (GPS) and
azimuth turret drive and specifically the
manner in which they were mechanized and
linked together. After identifying the problem
in 1982, the BRL proposed a design
modification intended to greatly improve the
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tank’s performance against these types of
targets.

"In the current M1 Abrams and newer
M1A1, the problem lies in the gunner’s azimuth
sighting system being slaved to the gun. The
target lead solution is simultaneously fed into
the weapon and into the sight. In the case of
the weapon, the lead solution is processed
through a network which reverses the direction
of rotation. The net effect is that the gunner’s
reticle rotates in one direction and the weapon
rotates in the opposite direction. At steady
state, the rotation for the sight and weapon
servo are equal in amount but opposite in
direction.  The mechanization is further
complicated by the fact that the gunner’s sight
is physically locked to the weapon and moves
with it. If everything functions properly, the
gunner’s reticle appears to remain on the
target. For maneuvering targets, the lead
solution needs to be updated frequently, which
creates performance problems for the two
servos, since the sight servo and the weapon
servo have different response characteristics.

“The proposed BRL design modification
reduces the mismatch between the two servos.
This is accomplished by a relatively simple
analog signal modification which now utilizes
the residual error between the commanded
ballistic computer lead solution and the actual
weapon lead offset as an input to the azimuth
weapon drive. Effectively, the weapon system
attempts to null out this error. The overall
effect is to increase the responsiveness of the
weapon turret drive and reduce phase lag
between the weapon and sight servos. In
addition, the analog signal decoupling of sight
from the gun also permits elimination of
present ballistic computer software that
contributes substantial time delays into the
azimuth lead solutions.

"Analytical studies at the BRL indicated
more than a 50% reduction on both weapon-
pointing and gunner-tracking errors against
either ground or airborne evasive targets. In
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addition, target servicing or firing opportunity
increased by over 50% for the decoupled design
over the present driven reticle system."zo

Tests of the decoupled concept were
successful, but the decision was made to use a
gun-director system for the M1A2. This is a
more complete (and more expensive) solution to
the problem than Groffs and justifies his
analysis that showed the need for a new
approach. We might also note that one reason
for looking at a decoupled-reticle concept was an
earlier reluctance to invest in the more
expensive gun-director approach.

Composites for Armor. "The MTL,
Watertown, MA, in an effort to demonstrate the
applicability of armor composites to combat
vehicle structures, contracted with FMC Corp.
for a reinforced plastic turret for the M2/M3
BFV (1984-87). It proved to be ballistically
comparable, with a reduction in behind-armor
debris (BAD), and was 16.5% lighter than the
production turrets (BFVAL). MTL then
contracted with FMC Corp. for a reinforced
composite infantry fighting vehicle (CIFV) hull
(1986-91) which demonstrated the viability of
composites for a 30-ton vehicle and resulted in
a weight savings of 25%.

"In 1992, the BRL decided that the promise
of composites, as evidenced by the MTL/FMC
Corp. success noted previously, justified a
greatly enhanced effort in developing the tools
to evaluate this new technology. The
survivability of composite vehicle structures to
likely ballistic and blast threats had to be
determined. The composite-hull technology
program was initiated by Barbara Moore to
provide experimentation and algorithm
development for medium-caliber (30mm) KE
rounds, SCJs, EFP simulators, and the blast
effects associated with artillery rounds and
mines against composites and ceramic
composite laminates. The algorithms will be
delivered to VLD for incorporation into
vulnerability codes and implementation in
subsequent analyses. An engineering analysis




was also included in this program which will
determine the areas of research that were being
neglected if composites become serious
contenders for major structures in armored
vehicles.

"Close coordination with other LABCOM
laboratories and the research, development, and
engineering center (RDEC) community was
undertaken to ensure that researchers were
aware of related efforts (structures; ballistics;
nuclear effects; signatures; nuclear, biological,
and chemical [NBC]; etc.), that appropriate
composites technologies were being considered
where relevant, and that contractual work
undertaken by the RDECs could be
evaluated."?!

ARTIFICIAL INTELLIGENCE (AI)

Fire Advisor (FA). As part of its work in
artillery fire control, the BRL became interested
in the application of ES technology to the
process of fire-support planning. NRL had
developed a fire-support planning ES called
Battle for the Marines. In 1983, the BRL
acquired the Battle from the Navy. Initially,
Paul Broome installed Battle at the BRL.

Later, Rich Kaste took Bat