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Theme

“Insensitive Mumitions™ is an important arca to NATO 1 hght of the recent imuative by CNAD 1o
develop a NATO Insensitive Munitions Information Centre (NIMIC) in Brussels in 19910 Insensitive
munitton requirements. evolving in NATO and many individual nations, are aimed at reducing the
potential tor and cfects of unintended actnation of munitions caused by theirr exposure o
eavironmental torees. Such forees can occur either normally in situations such as transport and storage.
i accidents such as fire, or combat circumstances through impact trom bullets and tragments. The scope
of the meeting focused on hazard technologies associated with rocket propulsion hut also included other
mumtion components that woutd be mncluded mnan overall satety assessment of o messile ssstem: The
SCOPC Wi

requirements in NATO Natons
approaches for hazard assessment

studhes on hazard threat areus

studies on hazard technology areas
dovclopment of new energetic material and

deselopment of devices to reduce destructive response to sumubn

Theme

1o Mumons a Risque Attenue” estun domane desormans important pout FO TAN suite o Printiaine
prise par e ONAD viant o fa creation dun centre de renseignements OFAN car fes mamnons o tisguc
attende (NIMIC)Y o Bruxelles pour Fannec 1991

Loes speatfications des mumtions @ risgue atienuc, gur sont en cours deigboration st i de FOTAN,
s gue dans de nombreus paysc ont pour objet Ly reduction du potenuiel et des eftets de Famorcage
ivolontaire dos mumitions suite aleur exposttion aux forces externes. De teles forees se manttestent sont
entemps normal, lors des operations de transport et de stockage par exemple. soiten cas dacardent el
Ju'une mcendie, sort en situation de combat tors de Fimpact de baltes et dreclats,

Fa reumon a mis Vaceent sur fes technologies du rnisque associees & la propulsion par fusee. tout on
mcluamt les autres clements constitutits du systeme gui etatent a prendre en compte lors de Fevaluation
des nisques presentes par un systeme do missiles

Farcunion g examine les sujets suivants:

fes besomns exprimes par les pays membres de FOTAN
les approches possibles de Peévaluation du risque
= les etudes sur les domannes a grand nsque
fes ctudes sur fes technologies du risque
le developpement de nouvelles matieres energetiques
lo developpement dappararts destines areduire Ly reponse destructive aux stunuh.
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TECHNICAL EVALUATION REPORT
by

Lee N. Gilbert
Associate Department Head
Attack Weapons Department
Naval Air Warfare Center—Weapons Division
China Lake, California
USA

1.0 SUMMARY

This meeting provided a forum for technical interchangc between insensitive munitions policy
makers from the North American Treaty Organization (NATO) countries and the research and development
technologists of the Advisory Group for Aerospace Research and Development (AGARD). The objectives
of the meeting, which are described below, were achieved. It was also concluded that, although not all
countries have insensitive munitions policies, they all support insensitive munitions, at least in principle,
and that a great deal of additional work needs to be conducted to accurately predict from small-scale tests the
response of full-scale munition to hazard stimuli.

2.0 INTRODUCTION

The objectives of this specialist meeting were as follows: (a) review the insensitive munitions
policies of the NATO member nations, (b) discuss the status and results of research and development
programs in the member nations that address insensitive munitions, (c) identify new ideas for research, and
{d) stimulate interchange and communication between research and development scientists within member
countries who are addressing insensitive munitions. This meeting was very timely and addressed an
important NATO issue, in light of the recent initiative by the Conference of National Armaments Directors
(CNAD) to develop a NATO Insensitive Munitions Information Center (NIMIC) in Brussels in 1991.

NATO policy and technical specialists in the following areas were represented: (a) insensitive
munitions requirements and policy, (b) high explosives, (c) gun propulsion, (d) rocket propulsion, and (¢)
energetic materials and physical phenomena research. The meeting involved twenty four papers. plus a
keynote address, and was organized in the following categories:

« Insensitive munitions policy

« Explosives and gun propulsion

+  Rocket propulsion

+  Physical phenomena associated with insensitive munitions.

3.0 BACKGROUND

: More than 6000 people have been killed during this century as a result of hazards created by
i munitions responding to unplanned stimuli such as heat or shock. The largest of such events was the
collision of a Belgium boat with a French cargo ship loaded with ammunition in the harbor of Halifax,
Nova Scotia, Canada, on 12 December 1917, which resulted in approximately 5000 deaths (Reference 1).
In response 10 these accidents, several NATO countries initiated the definition of requirements and policies




addressing insensitive muniticns. The NATO Group AC/310, one of six cadre groups under CNAD, was
formed in 1979 1o address the need for standardization of weapons systems, with emphasis on energetic
materials. Specifically, NATO Group AC/310 was tasked to establish a coinmon intermational terminology
and develop design principles, criteria, procedures, and tests to cover all aspects of the process by which
weapons systems are assessed to be safe and suitable for service. Propulsion and ordnance systems,
therefore, are only one of the NATO Group AC/310's responsibilities (Reference 2).

NATO Group AC/310 envisioned the need for a mechanism to disseminate inforination within
NATO member countries and hosted a workshop, entitled "Insensitive Munitions Information Exchange,”
in 1986 (Reference 3). This workshop confirmed the need and justification for an insensitive munitions
information exchange system within NATO. In 1988, NATO Group AC/310 established a Pilot NATO
Insensitive Munitions Information Center (PNIMIC) to validate and justify the need and operational concept
of this information exchange system. The PNIMIC was successful, and the formal NATQ Insensitive
Munitions Information Center (NIMIC) was established in May 1991 in Brussels, Belgium m.*

At about the same time that NATO Group AC/310 was addressing the insensitive munitions
information exchange mechanism, AGARD became interested in the technology associated with alleviating
the hazards of energetic materials and its application to propulsion systems and warheads. In 1984,
AGARD hosted a Conference entitled "Hazards Studies for Solid Propellant Rocket Motors” (Reference 4).
During this meeting, technical interactions between AGARD and NATO standardization activities provided
the basis for improved hazard methodologies to be used in the design of future solid propellant rocket
motors. In addition, a basis was provided for new research and development topics to be addressed by the
different NATO countries interested in the development, production, and operation of high-energy, solid
propellant rocket motors.

The second conference, in 1986, focused on smokeless propellants (Reference 5). It highlighted
the severe problems encountered by propellant formulators in trying to develop insensitive smokeless
propellants, while maintaining performance. The need foran™ 3ARDograph” (Reference 1) to document
the status of hazard studies within NATO member nations was identified at the conference.

4.0 EVALUATION

Rear Admiral Meinig's (U. S. Naval Sea Systems Command) keynote address reemphasized the
need for insensitive munition requirements and international research collaboration which would resuit in
better solutions reached in a shorter time. The U.S. Joint-Service Insensitive Requirements, and desired
munition response, were reiterated. Munitions should satisfactorily pass the following hazard tests: fast
cookoff, slow cookoff, fragment attack, bullet impact, sympatheiic detonation, spall attack, and shape
charge attack. [t was emphasized that the requirement for ainmunition to pass these hazard tests must
compete with other system requirements, such as cost an¢ performance; all requirements must interact to
optimize the overall system and meet the users' neerds. The keynote address focused the attention of
conference attendees to the need for insensitive muniiions and the need to share information in order to more
rapidly solve problems.

The four major sessions of the conference are discussed and evaluated in the following sections.

* Number in parentheses refers to paper number in the meeting.




4.1 Insensitive Munitions Policy

This session contained four papers which addressed insensitive munitions policies and information
exchange procedures practiced by various member nations. The paper presented by Defoumeaux (1) gave an
excellent overview of the history of PNIMIC and NIMIC, as well as informing the attendees on how to add
information to NIMIC's database and have NIMIC conduct literature searches on speci”.c insensitive
munition subjects.

Shepard (2) stated that the U K. has no formal statute on insensitive munitions; however, it has a
Joint Insensitive Munitions Working Group that tries to meet performance and readiness requirements with
the least sensitive munition. Even without a formal requirement, the U.K. has a policy to analyze and
study vulnerability and its trade-off against weapon system cost and effectiveness.

Saliou (3) presented France's requirements, which are quite similar to U.S. requirements, except for
spall attack, which France does not have. France's insensitive munition reponse requirements are defined as
follows: (a) no reaction except burning for fast cookoff, drop, bullet impact, and light fragment attack; (b)
no detonation response for heavy fragment attack and sympathetic detonation; and (c) no specified response
f~r slow cookoff.

The final paper, of this session, by Lamy (4) addressed trade-off studies for projectile explosives
and propeliants. It was found that combustible cases, in place of metallic cases, reduce the sensitivity of
shells when exposed to the required hazard tests. Data on high explosives (pressed PBXs) with
triaminotrinitrobenzene (TATB) showed reduced sensitivity, but also markedly reduced performance. Some
very interesting data presented indicated that, if the design of a system allows the projectile penetrating
energetic material to stay ahead of the shock wave, then a detonation will not result from bullet impact or
fragment attack. Lamy also reiterated that a balance between performance, vulnerability, and cost has to be
achicved.

4.2 Explosives and Gun Propulsion

The second session addressed explosives and gun propellants and contained six papers. The paper
by Jenus (5), presented by Day, described the U.S. Air Force program for techniques to reduce the
quantity/distance requirements for bombs in mass storage; this wou'd result in significant increases in
comiat effectiveness at airfields. By using buffer materials between the stacks of bombs, the packing
density of the bombs could be doubled. These buffer materials could even be other types of ammunition,
such as boxes of 25-mm cartridges.

The paper by May (6) described a novel electromagnetic (EM) gun system that does not require any
energetic materials to propel the projectile. However, EM gun power trains (high-density electrical encrgy
storage and power supplics) may in themselves induce separate hazards unforeseen at this time.

Held (7) provided a review of insensitive munition testing techniques and definitions used
throughout NATO member countries. Couturier (8) presented experimental results on an especially
designed warhead loaded with cast PBX that passed all of the insensitive munition tests. This particular
warhead included an absorbing material between the explosive and warkead case and employed a venting
device; this concept proved to be less sensitive to hazard stimuli than a similar design without the
absorbing material. The design principles used were as follows: (a) use explosives with high initiation
pressures and good thermal and mechanical properties; (b) employ shock absorbing materials at the interface
of the explosive and warhead case; and (c) employ venting devices.

T-3



The last two papers (9 and 10) of this session dealt with the sensitivity of
cyclotrimethylenetrinitramin~ (RDX) and cyclotetramethylenctetranitramine (HMX) and the effects of crystal
shape and defects. Vander Steen (9) presented data showing the influence of RDX crystal shape and detects
on the scasitivity of a RDX/polyurethane formulation, while Hooton (10) (presentcd by Lessard) presented
data showing that identica: formulations using HMX in place of RDX wcre less scnsitive, yet provided
higher performance.

4.3 Rocket Propulsion

The third session addressed rocket propulsion and propellants and contained five papers. Merrill
(11) presentea an excellent summary of ongoing work in electrostatic discharge abatement. The paper
described a subscale test technique that allows samples to be tested under pressure and at varying
temperatures, Data on breakdown voltage vs. pressure and sample bulk temperawure of hydroxyl-terminated
polybutadiene (HTPB) prope!lants were preseated.

The next two papers by Lessard (12) and Menke (13) addressed formulation studies for minimum-
smoke and low-sensitivity rocket propellants. Lessard (12) presented data on a glycidyl azide polymer and
ammonium nitrate oxidizer formulation that, to date, has not met the target performance, burning rate, or
mechanical properties of the program. The program is continuing to address these shortfalls by looking at
other oxidizers and additives. Menke (13) described a nitroguanidine-oxidized formulation that has reduced
sensitivity if it is contained 1n a motor tube that ruptures easily during hazard testing. Nitroguanidine was
used to eliminate HCl from the exhaust products. However, during questioning, Menke stated that
aluminum would have to be added 1o the formulation to achieve adequate performance. The Evaluator notes
that this would result in primary smoke (Al,Os), and therefore eliminating the concern for HCI (secondary
smoke).

The final two papers of this session by Mason (14) and Hartman (15) addressed various aspects of
rocket motor hardware and propeliant hazards testing. Mason (14) gave an overview of a very large British
database of propellant formulations and rocket motor case designs that have been subjected to hazard testing.
Of interest was the apparent lack of correlation between pass/fail of Class 1.1 and 1.3 propellant
formulations when they are subjected to a 0.5-inch-diameter bullet impact. Additional data presented
showed that all elastomer-modified, cast double-based (EMCDB) propellant formulations react in
approximately 60 seconds, independent of case design, wher subjected to a fast cookoff test. Hartman's
paper (15) summarized a great deal of data on the testing of minimum-smoke propellants with ammonium
perchlorate (AP) or potassium perchlorate (KP) as oxidizers. The KP formulation has significant potential
for high-density propellant applications. A laser safefarm igniter concept was described that may alleviate
some of the sensitivity caused by the igniter components in rocket motors. Data comparing several types
of rocket motor case materials and their response to hazard stimuli were also provided.

4.4 Physical Phenomena Associated
With Insensitive Munitions

The fourth and final session of the conference covered the physical phenomena associated with
energetic materials responding to hazard stimuli, both in terms of testing and modelling. This session
contained nine papers. The opening paper of this session, presented by Boggs (16), described a
collaborative effort of The Technical Cooperation Program (TTCP), Panel W, Action Group 11 (WAG-11).
This effort consists of developing hazard assessment protocols and their uses for each of the hazard threats.
These protocols, available through NIMIC, will be further discussed in the recommendations section of this
report.




Brunet (17) compared some fragment and bullet impact experimental results with modelling results
obtained with the LS-DYNA-2D computer code. The two sets of data correlated very well and indicated that
tension waves, caused by a projecti's or fragment penetrating an undamaged propellant mass, sensitize the
propellant. If this occurs at the right projectile velocity, it will cause an XDT reaction.

The next paper (18), presented by Shepard, described an analytical and experimental program that
evaluated projectiles that transmit a one-dimensional shock into a cased explosive. Some of the variables
tested were case thickness, case material, projectiie velocity, and projectile shape.

Wanninger (19) covered the results obtained in three different study areas and summarized his
conclusions as follows: (a) an explosive material with good mechanical properties is required in order to
pass the fuel fire cookoff test; (b) the ammunition caliber and the critical diameter of the explosive have a
significant influence in bullet impact safety; and (c) the more brittle the explosive, the more susceptible it
will be to shape charge attack.

Lindfors (20) briefed the audience only on the portion of a three-part paper that regarded shock
seasitivity of propellants in the wedge test. This study led to insights into the influence of certain
components of energetic composite materials in the shock-to-detonation reaction. The other two parts of
the paper dealt with delayed detonations of propellant impacted by a projectile, and munition response
predictions using the FRAG-MAP code, which is a development based on the hazard assessment protocols
discussed by Boggs.

The degree of confinement of a plastic-bonded explosive significantly influences the degree of
reaction to a cookoff hazard stimulus. Farinaccio's (21) results demonstrated this, as well as the influence
that the heating rate has on the temperature at which the reaction will occur. Fournier (22) used one-
dimensional and three-dimensional computer analysis to model three areas of concern associated with a fire
in ship compartments: (a) heat transfer between compartments and containers; (b) hot gas/exhaust jet
impacting on a flat plate surface; and (c) thermal response of warhead and rocket units in the compartments.

Pessica (23) showed that, by adding external user subroutines to the two-dimensional finite
difference coupled Lagrangian-Eulerian PIS”ES code, it is possible to perform a very wide range of useful
shock-to-detonation transition predictions under most circumstances.

The final paper of the conference, by Nouguez (24), demonstrated that current cast PBXs, with
confinement modifications, can meet all the insensitive munitions tests, except sympathetic detonation.
Two new cast PBXs have been formulated using nitrotriazolone (NTO) as the primary energetic ingredient.
DYNA-2D models and experimental tests have shown that these cast PBXs can successfully pass the
sympathetic detonation test and can perform fairly satisfactorily in slow cookoff, fast cookoff, bullet
impact, and fragment attack tests.

5.0 CONCLUSIONS

While large-scale go/no go tests are important to demonstrate insensitive munitions compliance,
they lack in other areas: (a) they are inadequate by themselves because they cannot be well instrumented and,
therefore, valuable lessons are hard to leamn from their final outcome; (b) they are 10w costly for the amount
of infomation they provide; moreover, because they are conducted at the end of a weapon's development
program, any problems identified during these tests are also very costly to fix; and, finally, (c) they are poor
statistically (most hazard requirements demand 1: 105 probabilities).
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As a result, small-scale tests need to be validated and accepted so that their results can be included
in the statistical probability of failure prediction of the all-up system.

6.0 RECOMMENDATIONS
Recommendations based on the outcome of this meeting are as follows:

1. The use of hazard protocols should be supported and encouraged. NATO member countries
should use and evaluate the protocols, exchange the results, and, through a coordinating AGARD/PEP
working group, compare and document the outcome.,

2. All AGARD/PEP members should be encouraged to support and publicize NIMIC and its
capabilities.

3. Fundamental research on the mechanisms that trigger violent responses during cookoff should
be supported and encouraged. Of particular importance are the following: (a) the thermochemical and
thermomechanical mechanisms that trigger the violent response of energetic materials under confinement
during a fust cookoff; (b) the thermochemical and thermomechanical mechanisms that trigger the violent
response of energetic materials during slow cookoff; and (c) the elevated temperature chemical mechanisms
occurring in bulk propellant during slow cookoff.
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SUMMARY

Having proven its value during a
three-year  Pilot  phase, the NATO
Insensitive  Munitions  Information  Center
began operations in NATO Headquarters,
Brussels in May 1991, This paper presents
an overview of the evolution of NIMIC: its
concept formulation in NATO AC/310, its
Pilot phase years, and the Center as it exists
today.

These introductory comments  are
tollowed by an in-depth discussion of the
following: the NIMIC management structure
including its Steering Committee  function;

the input, content and maintenance of
intormation in the database; the background
and technical expertise of the staff of
munitions experts; the analytical capability
of the NIMIC in providing support to the
munition design community in areas of
insensitive munitions and safety; and the
procedures by which one may request
NIMIC technical assistance.

LIST OF ACRONYMS

AGARD Advisory  Group for  Acrospace and
Development
BRS Bibliographic Retrieval Services




CNAD  Conference of National Armament Directors
CPIA (U.8.) Chemical Propuision information Agency
DOD (U.S.) Department of Defense

DOE (U.S.) Department of Energy

DRIC (U.K.) Defence Research Information Center

DSIS Defense Scientific Information Service
DTIC (U.S.) Defense Technical Information Center
IHEP Insensitive High Explosives and Propellants
M Insensitive Munitions

MAS Military Agency for Standardization

MoU Memorandum of Understanding

NATO  North Atlantic Treaty Organization

NDRE  Norwegian Defence Research Establishment
NFPO National Focal Point Officers

NIMIC  NATO Insensitive Munitions Information Center
NSTIS NATO Scientific and Technical Information

Service
NTIS (U.8.) National Technical Informat'on Service
TIP Technical Information Panel (an AGARD  task
group)
1. WHY NIMIC?

All of us here may have the impression that
we are dealing with a new problem called
“Insensitive Munitions”.  Actually, we are
only seeking new solutions to an old
problem which has already caused many
dramatic accidents.

In 1911, in France. gunpowder accidentally
caught fire aboard the battleship LIBERTE,
which exploded and sunk causing the death
of 226.

In 1944, in Britain, in an RAF underground
storage, workers accidentally caused an

explosion which destroyed 3.500 tons of

bombs and caused the death of 68.

In 1967 aboard the aircraft carrier USS
FORRESTAL, a rocket accidentally started
trom one of the aircraft and initiated a fuel
tire which propagated to other aircraft and
munitions, causing the loss or damage of 64
aircraft and the death of 134.

These are only a few among the many
accidents  which  have occurred  with
munitions in  the whole world (even
regardless of wartime events due to enemy
action), and which led the munitions
community throughout the world to strive
for less sensitive munitions.

Now, explosives will never be chocolate, and
this is not what we want them for: what we
need on the hattlefield is not Easter eggs

nor even plaster grenades. Insensitivity is
not a purpose as such: the real purpose of
a munition is efficiency. You can easily
count how many casualties an ammunition
accident costs; you cannot count explicitly
how many casualties a lack of efficiency
costs, but it does. From my personal
experience, | know that zero risk does not
exist on the battlefield, but that zero
efficiency is one of the major risks. Hence
you don’t want to pay too much for
insensitivity in terms of lack of efficiency.

Now, if your munitions are too sensitive,
you don’t even need an cnemy to kill you:
you will do it by yourself, even in
peacetime. In that case, insensitivity is no
longer in competition with efficiency: it
becomes a contribution to efficiency.

Hence the rationale for IMs: we all want
“more bang tor the buck”, but only at the
other end of the trajectory.

The rationale for :

- MURAT (MUnitieas a Risgue ATténué)
- IM (Insensitive Munitions)

- LOVA (LOw Vuinerability Ammunition)

More bang for the buck...

... but only at the other end
of the trajectory

PSR




These considerations have led to an
international  approach to the problem
under the auspices of NATO, and to an
attempt for a joint definition of rules
governing the design of safer munitions,
though stilt efficient, whatever the name
they are given:

- in English. LOVA (Low
Vulnerability Ammunition) or IM
(Insensitive Munitions), although the
adjective  "insensitive” is certainly
exaggerated;

in French, MURAT (Munitions 2
Risque Atténud).

This international approach has resulted in
the creation of NIMIC, ie. the NATO
Insensitive  Munitions Information Center.
The purpose of this paper is to describe
how the NIMIC concept came out, what
Pilot NIMIC has achieved, what NIMIC is
currently doing and what it expects to do
in the future.

2.NIMIC WITHIN NATO
2.1 Position

To provide a frame of reference in
understanding  NIMIC and its functions,
Chart | presents a simplified organizational
structure for NATO. Indicated are the two
major sides of the house, namely the civil
and the military organizations. To these
must be added the International Staff (IS)
which provides support to all groups,
committees and agencies.  Only those
groups and agencies of prime significance
to NIMIC have been listed in this chart, for
clarity.

On the civil side, the main group of interest
is the CNAD (Conference of National
Armament Directors), to which the NIMIC
Steering  Committee  reports  annually.
Under CNAD are Army, Air Force and
Navy Armament Groups, the Industrial
Advisory Group and the Defense Research
Group.  Also under CNAD are several
cadre groups which are basically multi-
service (Army, Navy and Air force) in
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nature, among them two groups specitically
devoted to munitions:

- AC/258, involved with safety aspects
of transportation and storage of
ammunition and explosives, and

- AC/310, involved with safety and
suitability for service of conventional
munitions.

On the military side (i.e. under the Military
Committee), we find military commands,
and also agencies, among them:

- the Military Agency for
Standardization (MAS), and of
course

- AGARD.
22 NIMIC and AGARD

The relations of NIMIC with MAS are
essentially devoted to the preparation of
STANAGs, i.e. standardization agreements.
The relations with AGARD are of a more
technical nature.

Within AGARD. the panel most obviously

related with NIMIC is Propulsion and
Energetics, the organizer of this meeting.
Now, NIMIC is also interested in the
activity of the Technical Information Panel
TIP. Indeed, as an aside, AGARD tasked
TIP to address the need for a central
repository for all NATO scientific and
technical Information. As a result, TIP
sumiarized the problem of NATO
information as  follows: "Scientific,
Technical and other information (STI)
generated by NATO is not fully utilized
because it is not readily identifiable,
retrievable or available to NATO staff and
the nations, thereby causing great waste of
time and resources” (Ref. 1)

This concern of AGARD TIP covered the
total spectrum of information available in
NATO, and a study group developed a
concept for a NATO Scientific and
Technical Information Service (NSTIC)
(Chart 2). The proposed concept (Ref. 1)
outlines a  centralized, automated,
information service performing the function
of  acquisition,  selecting,  cataloging,
information retrieval  and  document
ordering. It has always been intended that,
should NSTIS become operational, NIMIC
would be a sub-set group interfacing with it.

Interaction of NIMIC
With The AGARD STIS
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23 NIMIC and AC/310

Now, the main link for NIMIC within
NATO is with AC/310, where NIMIC was
conceived to some extent, although NIMIC
itself is a separate and distinct entity.

AC/310’s full name is "Group on Safety and
Suitability for Service of Munitions and
Explosives”. It was formed in 1979 to
address the problem identified by CNAD as
a  major impediment t0  munition
interoperability within  the  Alliance,
specifically, the lack of an agreed safety
assessment process.

In 1984, AC/310 became aware of the
increased concern being voiced by nations
regarding the vulnerability of launch
platforms and storage sites as a function of
the reaction of munitions to combat-induced
environmental  forces. Due to these
concerns, the criteria for acceptance of
munitions as safe and suitable for service, as
stated in resulting national insensitive
munition programs, were being stated in
more stringent terms. AC/310 noted that,
without the knowledge and availability of
new technology, the task of munition
designers in meeting these criteria while
retaining operational eftectiveness - which
remains the primary goal of munitions - was
becoming increasingly more ditticult.

This is how AC/310 identified the need for
a focai puint within NATC to exchange
Technical  Information  on  Insensitive
Munitions (IM) to facilitate design eftorts in
meeting the new and evolving M
requirements. This identified need then led
to a series of actions initiated in AC/310,
leading to the formation of NIMIC.

Chart > summarizes the main three phases
of this formation:

- from 1984 to 1986, a number of
intermediate  steps toward the
concept of an IM group,

- in 1988, the creation of a Pilot
NIMIC in the United States under
a S-nation MoU,

- in 1991, the transition from Pilot
NIMIC to NIMIC and its transfer
to the NATO Headquarters in
Brussels.

Chart 3

NIMIC History

1979 Creation of AC/310

1984 US (initiative)
FR (Chairmanship) §_Concept of an
l NL, NO IM Group
1986 UK (workshop)

1988 Creation of Pilot NIMIC (USA)

1991  Transition to NIMIC (NATO HQ)
(CA. FR, NL, UK, US)

3. NIMIC HISTORY
3.1 Steps to Pilot NIMIC

The initiative for promoting the IM concept
originated in the United States, involving
both Departments of Defense (DOD) and
Energy (DOE), the main promoter being
the US Navy, which paid a heavy tribute to
sensitivity in the last decades. An
Insensitive High Explosives and Propellants
(IHEP) study was conducted to increase the
satety and survivability of munitions. This
program was given additional impetus by a
Joint Technical Coordination Group to
improve munition survivability.

Ideas developed in these studies were
presented to international and NATO
audiences by the U.S., and support in a
number of nations was evidenced. Virtually
concurrent with the U.S. Program, both
France and the United Kingdom launched
efforts in the area of interest, focusing
mainly on energetic material development
or use.

The NATO group AC/310 formed several
ad-hoc groups to validate the need for a
center for IM technology exchange and to
determine a logical location within NATO.




This  study  started under French
chairmanship, and culminated in a workshop
held in 1986 in London, which provided a
forum for potential users to assess the value
of such a center.  The workshop was
attended by 70 representatives of national
government and industrial agencies, as well
as various NATO groups from CNAD and
MAS, iucluding the Service Armament
Groups.

The workshop resulted in a consensus that
an Insensitive  Munitions  Information
Center. with an analysis capability, would be
of value. The Center should develop and
maintain  a data base of scientific and
technical information, and be stafted by
technical personnel  to interrogate  and
analyze the data base to respond to
technical questionnaires.

Since the need was immediate, the U.S.
proposed a Pilot Center be established to
meet the current need and plan for the
establishment of the permanent NIMIC. A
Memorandum of Understanding (MoU) wus
signed in May {988 by France. the
Netherlands, Norway, the United Kingdom
and the United States. Canada joined by
an Amendment to the MoU in April 1989,

The «core staff of Program Manager,
Systems Administrator, Technical Writer,
Legal Consultant, and Secretary were
provided bv the Pilot NIMIC host country,
i.e. the United Sates.  Technical statf
members were provided by secondment
from the participating nations.  Overall
administration was provided by a Steering
Committee composed of a representative of
each participating nation, and chaired by
the U.S. Representative.

The Steering Committee agreed that the
efforts of Pilot NIMIC in performing the
tasks identified in the MoU would be
assessed prior to the establishment of the
permanent NIMIC. An assessment report
was written (Ref. 2), which was statfed
within all participating nations. The report
states in its synopsis: "In May 1988 a Pilut
NIMIC program was established with the
object of determining whether the NIMIC

concept is viable. This report provides the
evidence on which is based the conclusion
that implementation of the NIMIC concept
is capable of achieving the desired
objective”. The result of national staffing
was 4 consensus that a permanent NIMIC
should be formed.

4, NIMIC Organization
4.1 Status

Another MoU was executed on 24 October
1990 establishing a permanent NIMIC.
Original participants are Canada, France,
Netherlands, United Kingdom and United
States.  Prior to this, a letter of agreement
was signed on 24 September 1990 by the
Steering Committee and NATO regarding
the provision of services and facilities by
NATO in support ot the NIMIC project.

Total tunding of NIMIC is provided by the
participating nations on a share basis,
wherein large nations pay two shares and
smaller nations one share. NIMIC operates
under a budget approved by the Steering
Committee, with NATO administering all
financial matters, including the
establishment of a NIMIC account in a
NATO approved commercial bank.

Security is governed by a NIMIC Project
Security Instruction which was developed to
provide protection of classified information
up to and including "Confidential”, in
accordance  with  national laws and
regulations provided such are no less
stringent  than the NATO  Security
Document  C-M(55)15(Final) of 31 July
1972. NATO will provide physical security
for the NIMIC facility in accordance with
normal NATO procedures.

4.2 Staff

Unlike Pilot NIMIC, the total staff for
NIMIC is being hired in accordance with
NATO hiring procedures. While the staff
members are  NIMIC  employees, ail
personnel  matters  are  processed  in
accordance with NATO procedures.  Staff
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Chart 4

performance is assessed by the Steering
Committee.

This staft is presently defined as shown in
Chart 4

- aprogram manager. with a secretary,

four technical officers, each one
specialized  in a given field, ie.
Explosives,  Explosion effects,
Warheads  design  and  Propulsion
design,

- a technical editor and @ systems
analyst, more particularly in charge
of the database and the computer
equipment.

This amounts to § staff members, to he
hired among candidates belonging to the
participating  nations. Unfortunately,  the
NATO hiring process is very lengthy, due
to the obvious security requirements and to
the inevitable political considerations to be

ool A

taken into account. Hence the theoretical
statt of & is still far trom being completed
today, which temporarily reduces NIMIC’s
efticiency. The transition from Pilot NIMIC
to NIMIC certainly was a necessary step,
but it is a ditficult one, and the full working

pace will only be attained in early 1992.

NIMIC will then resume and expand the
tusks identitied in both the Pilot NIMIC
and NIMIC MoU documents.

S.NIMIC’s tasks

51 Links with Users

These  tasks wcan be listed under  three
headhines (right to lett on Chart 4):

maintaining & specialized database,

responding to questionnaires issued
by member nations, and

performing inquiries of its own.
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All these tasks imply the existence of formal
links with the users. To this end, euach
participating nation has provided NIMIC
with a contact within the nation, a National
Focal Point Officer (NFPQO), who assists in
efforts to input data and process
questionnaires. Also each participating
nation has identified national governmental
agencies authorized direct contact with
NIMIC.  Any questionnaire from these
agencies can be received and responded to
directly by NIMIC. Other agencies and
industrial  concerns  are  to forward
questionnaires to  NIMIC  via the
appropriate NFPO, whose responsibility it is
te validate, from an administrative view, the
need for the assistance being sought.
NIMIC responses will also be sent via the
NFPQ unless stipulated otherwise.

Other NATO groups (such as the Service
Armament  Groups) and other NATO
nations can submit questionnaires to NIMIC
via the Steering Committee. The
authorization ot the Steering Committee is
necessary since many NATO groups have
nations in membership  which are not
participants in NIMIC.  The SC, it in
unanimous  agreement  to provide  the
service, will forward the questionnaire to
NIMIC for response.  Assistance provided
to  non-participants  will be subject to
payment of a fee for services, based on the
complexity of the effort involved.

52 IM Database

As far ac the database is concerned,
NIMIC’s tasks are the following:

- collect.  store and  disseminate
scientific and technical information
on IM;

- provide and maintain a
comprehensive data collection so as
to facilitate design efforts for IM
and minimize the cost of research
and development efforts;

It is important to note that, even at this
level, NIMIC already provides an analysis

function for the selection of relevant
documents, 4 characteristic which
differentiates it from other “informatioa
centers”.

Coliection and selection of information
can be effected through two different
channels:

- the main one utilizes the NFPO to
conduct searches for relevant
information in national agencies;

- an optional channel is direct
interrogation of national databases
by means of a MODEM.

The main agencies and databases of the
member nations are listed in Annex A. But
this is not to say that the NIMIC database
precludes entrance of information from
non-participating nations. To the contrary,
a significant amount of data from non-
participants resides in NIMIC having been
either volunteered by such nations or
accessed from open literature.

In September 1991, these searches had
already resulted in the review of more than
30,000 technical abstracts for relevancy to
NIMIC.  Of these, about 60 percent were
considered relevant. In addition, over 7,000
hard copies of documents were received and
a review indicated over 95 percent relevant
for entrance into the NIMIC database.
These searches will be a continuing effort
of NIMIC to provide input to the database
in as timely a manner as possible.

Information has been received in basicaily
two forms: hard copy and floppy discs. All
relevant  information is processed for
entrance into the IM database {(machine
searchable). Obviously it is of an advantage
to NIMIC to receive the information in
floppy disc or magnetic tape form, which
aids not only in timely processing as
machine readable, but also in reduction of
storage space.

Once the information is converted to
machine readable form, it is then placed in
Bibliographic  Retrieval  Services (BRS)




Search format. BRS Search is a text-based
database system residing on the hard disc of
a compaq Deskpro 386 (IBM compatible)
computer with backup onto two magnetic
tapes. BRS Search is used extensively to
query the databases listed in Annex B.

53 Responses to Technical
Questionnaires
The principal objective in establishing

NIMIC is to provide a NATO central point
for the exchange of technical information in
order to facilitate the design of munitions
to meet national and future NATO IM
requirements. While the term “insensitive
munitions” is defined somewhat ditferently
by nations, the general goal of reducing
vulnerability of launch platforms and storage
areas while retaining combat effectiveness is
generally accepted by all.  The goal is
seldom achievable by a single approach, but
requires the combination of  several
technologies  (e.g.  energetic  material
selection in conjunction  with  mitigating
devices).

In all instances, the synergistic effects of the

1

for application require consideration at a
systems level. It is counterproductive to
prevent a hazardous condition that arises
infrequently in a combat situation and
create a highly likely hazard in other phases
of the logistic cycle. NIMIC was created to
provide a source of information for the
assessment of all factors involved in arriving
at a design solution.

In the early months of Pilot NIMIC, the
majority of questionnaires were factual in

nature, not requiring much analysis or
presentation of opinions and
recommendations. In recent months, the

questionnaires have been more searching in
nature, and thus more in conformity with
the plan for NIMIC. Chart 5 lists the
activity of NIMIC in this area. It is evident
from the number of Questionnaires
submitted that pilot NIMIC was recognized
in the munitions community, and that this
community is now anxious for assistance
trom NIMIC.

A comparison of the types of information
in the database versus the subjects of
questionnaires is presented in Chart 5. Not
surprisingly, this chart indicates heavy
emphasis in data input and questionnaires

technology or technologies being proposed related to energetic materials. As time
Chart 35
Subjects of Technical Questions vs. Data
(as of 1 Qctober 1991)
Energetic

W) i
i

i

Ky i
|

70 !
|

o

40

0

Numper of (uestons Asked
-

Requirements

Munuion
(‘nmpnnents

Materials

(per subject)

Platti .
0 Atlorme 7 o Tf:chmgal S
Accidents Mitigation
0w . & Fixes L S B
Cost/
Benefit
]
1] 1 2 3 4 S
Thousands

Subject Coverage in Databases (# references)




progresses and the requirements for IM
(nationally and in NATO) become better
defined, the questionnaires to NIMIC will
reflect the compiex nature of design
problems in meeting IM requirements, and
will require an expanded database and the
concerted efforts of the technical stattf.

54 Inquiries and Studies

Last but not least, NIMIC will develop an
activity of its own (although obviously along
the lines defined by the Steering
Committee) in order to anticipate the needs
of the Member nations prior to future
questionnaires. To this end, as its statt of
technical officers is gradually completed, it
will utilize its expertise for the following
tasks:

- analyze technical requirements for
IM, and assess methods and systems
for improving IM to meet these
requirements;

- recommend  solutions  or  design
approaches to meet IM
requirements;

- identify technology deticiencies that
prevent requirements from being
achieved. and make proposals for
remedial actions; and

- analyze data provided to NIMIC,
and prepare data books and state-
ot-the-art reports on IM.

Indeed, through database interrogations to
respond to questionnaires, NIMIC may
identify technology deficiencies in its
database in a given technology area. Such
a deficiency can be indicative:

- either simply by a lack of data input
by participating nations;

or by lack of data having been
developed in that given technology
area.

NIMIC, as a first order of business, upon

identifying a deficiency in its database, will
contact participants, requesting (and aiding
when possible) in the conduct of an in-
depth search of national databases. Should
the in-depth search of the specific technical
area prove fruitless, then the deficiency
obviously is due to a lack of existing data.

NIMIC, in such a situation, develops a
proposal for a program to be undertaken
as a collaborative venture to correct the
deficiency.  Current national budgetary
constraints make collaborative ventures
more than ever desirable and even
necessary. Some specific areas identified by
NIMIC as potential for collaborative
programs are:

- analyzing the interest of some
novel explosive molecules for IM;

- assessing IM insensitivity tests in
order to get a better scientific
understanding of the real
phenomena occurring within the
munition tested;

- developing reliable small scale or
math model predictive tools;

- designing means to prevent or
reduce the potential for
sympathetic detonation in mass use
munition storage configurations.

6. NIMIC AND THE IM PROCESS
6.1 Munition Assessment Process

AC/310 pubiished AOP-15 "Guidance on
the Assessment of the Safety and Suitability
for Service of Munitions for NATO Armed
Forces” (Ref. 2), and summarized the
assessment process in Chart 6. While not
specifically addressing the IM aspect of
munition design, the same philosophy and
methodology applies to assessing a munition
to IM requirements as for safety
requirements.  Therefore, the subsequent
comments will treat the two disciplines as
one.
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AC/310 agrees that the achievement of IM
program goals can best be accomplished if
IM  characteristics are designed into the
munition, and efforts to accomplish this
should be initiated at the beginning of the
mumtion development program. In cases
where lack of technology, impact on
performance, cost.  ete.,  prohibit
achievement of IM requirements  through
design, solutions should be sought by
providing safeguards or protection to the
munitions.

Within Chart 6, we will now put emphasis
on those steps where NIMIC is capable of
providing assistance to the design agent, as
progress is made through this process.

6.2 NIMIC’s Role Within the Process
NIMIC’s assistance can he sought from the

very beginning of the process, i.e. Steps A,
B and C, where NIMIC can provide:

- input regarding current national and
NATO IM requirements:

- advice and assistance in selecting
adequate explosive and propellant
materials; and

- information  from accident and
incident data on the past history of
designs similar to that proposed, so
that known pitfalls can be avoided.

Further down in the process comes Step I.
The need for support in this step reflects
the basic purpose for establishing NIMIC.
In this ar-a of recommending actions tc
eliminate or control “hazards, NIMIC will
utilize its database and the expertise of its
staft to the fullest extent.

NIMIC assistance is also avuilable through
this design process in Steps L and K
(involving the selection of tests and test
parameters to validate that the design does
in fact meet IM requirements).

It might be even more necessary in Steps
P and R, which have an added degree of
complexity in that any remedies suggested
more than likely will be of a retrospective
nature to an already existing design.

In order to cope with these tasks, the staff
of NIMIC, though small in size, is
composed of personnel who, as a group,
have experience in total munition design
(Energetic Material:, Warheads, Propulsion
Uqits, Fuzes and Safe-Arm Devices, and
Explosion effects). Albeit that the NIMIC
data, as with any database, will always be
expanding and will lag timewise behind the
most recent technological developments,
access to these recent developments is
available to NIMIC. Indeed, one of the
NIMIC sub-databases is the PCDB, or
Points of Contact Database. This contains
a listing of several hundred technologists in
participating nations who have indicated a
willingness to assist the NIMIC staff.

In instances of lack of information in the
NIMIC database and/or lack of experience
in a given subject by the staff, appropriate
points of contact will be solicited to assist in
identification  of any new unreported
technological  advances.




Assistance ot this nature, sought from
nations by NIMIC, will be solicited 1o assist
in identification of any new unreported
technological advances, and  will be
governed by the NIMIC Security Guidelines
established and agreed by the nations.

7. FUTUPE

NIMIC is a project  tunctioning  within
NATO. It is actively solicited tor assistance
by other NATO entitics and even by non-
NATO nations. At the same time, it is
actively  soliciting  participation by ull
Alliance nations.

NIMIC, in these early months of NATO
opaerations (as in its Pilot phase), has placed
emphasis on IM considerations.  However,
recognizing the relationship between satety
and IM concerns, NIMIC pluns to expand
its database to encompass satety as well as
IM  information. This  expansion s
necessary  to dllow tull assessment of the
synergistic effects ot proposed  remedial
actions.

New, NIMIC is also solicited by other
NATO entities to expand its database and
the activity oi its technical staff to other
areas within the munitions tield. [t this is
accepted. a balance will have t be defined
between:

on the one hand. the interest for
NATO ot making the test possible
utitization of the role of expertise
represented by NIMIC, and

- vn the other hand, the need for
NIMIC to retain s primary mission
in the IM field.

Even within the ftield of IM, as previously
indicated, any assistance from NIMIC to
NATO as a whole - or to non-participating
nations - van only be sporadic in the
present  situation, where NIMIC is only
tunded by the participating nations.  This is
why  NIMIC  advocates  the  active
participation of other nations.

Full national participation will provide many
advantages such as:

- improved  cost-effectiveness  of
operating the Center;,

- expansion of the database; and

- higher potential for achieving
muniiion interoperability in the
Alliance.

Many lessons have been learned during the
Pilot Phase regarding both administrative
and technical aspects of operating an
information  center  of this magnitude.
NIMIC will continue to learn and grow in
its ability to cope with future problems both
administrative and technical as they arise.

In the near term, NIMIC will be engaged
in & vigorous campaign to inform the
technical community of its presence in
NATO and its capability to serve their
need.  You, as members of this technical
community, can assist NIMIC  within your
influence and also pass . o NIAEC staff
suggestions tor opovement.

NIMIC will function as a team member
with the nadew! and “TATO  munition
developers and  desires that a spirit of
cooperation  permeates  all of our mutual
endeavory,
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ANNEX A

National agencies and databases contributing

to the NIMIC IM database

Canada

- Defence Scientific  Information

Service (DSIS)
Erance
- CEDOCAR
Netherlands
- Prins Maurits Laboratory/TNO

- Norwegian  Defence  Research

Establishment (NDRE)
- Norwegian Defence Industry

United Kingdom

- DRIC
- IRS Daaltech
- HSELINE

United States

- Nationai  Technical  Information
Service (NTIS)
- Defense Technical Information

Center (DTIC)

- Local databases such as those
maintained for NASA, Chemical
Propulsion  Information  Agency
(CPIA), World Patent Index, etc.

ANNEX B

Breakdown of the NIMIC IM Database

»

IMDB (IM DATABASE) - Nomenclature
for the function allowing simultaneous
search of the major subset databases

NIDB (NIMIC Informational Database) -
Main database containing bibliographies
of technical reports. All documents
entered are in hard copy NIMIC files.

STANAG - Contains NATO (particularly
AC/310) Standardization Agreements.

JADB (Journal Articles Database) -

Contains  articles from  technical
periodicals.
PTDB (Patent Database) - Contains

Munition Related Patents (Worldwide).

PCDB (Points of contact Database) -
Contains  listing of  individuals in
participating nations available to assist the
NIMIC Technical Staff.

CPDB (Company Database) - Contains
information of the capability of industrial
agencies for testing, analysis, etc.

AXDB (Accident Database) - Contains
information on munition related accidents.

QSUM  (Questionnaire
Contains a compilation
referred to NIMIC.

Database) -
of questions

IR
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Summary

Ihe UK view on the raasons tor establishing an Insensitive Munitions policy and the difficulties in doing so are discussed.
Recent MOD tunded studies which throw light on th - benetits of such a policy are considered. The organization being setup in
the UK to supportsuch apoliey s deseribed together with progress towards this goal

Remark

[he tull paperas classitied NATO confidential and cannot beancluded in this Conterence Proceedings. If a reader is interested
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Discussion

QUESTION BY WEISS, US: Please expand on the benefits part of the
cost and benefits modeiling. Does it take into account the cost ot
"unreliability" of the weapon system which would dictate more
spares, more platforms, etc.? How about operational consideration
whereby incidents due to a specified level of sensitivity less than
satisfactory result in decommissioning of a platform or force
stand-down while solutions are sought?

ANSWER: Ideally life costing of platforms using insensitive
munitions should include ail these effects if they are relevant.
Indeed such costing would also normally include a period of wartime
usage. However, | do not believe that the "unreliability”

or "decommissions” aspects are currently being built into UK cost-
benefit models.

FURTHER ANSWER BY MAWBEY. UK: The cost benefit analysis
concerned with the benefits of introducing less-sensitive munitions
on ships and submarines cover both peacetime and wartime
scenarios. In the peacetime case the loss due to an accident is
based on (a) the repair cost and (b) the potential loss in fighting
availability due to the predicted damage. In the wartime case only




the potential 'oss in fighting capability resuiting from a range of
attack weapons is considered. The basic loss due to the
accidentattack alone is compared with the loss due to: (a) the
accidenVattack with current munitions, (b) the accident/attack
with munitions that meet BR8541 requirements, and (c) the
accident/attack with munitions which meet the IMP requirement.
Thus the net benefit of introducing less-sensitive munitions can be
established. Comparing the benefit factored by the probability of
the accident/attack occurring with the costs of introducing the
less-sensitive munition contributes to the judgement which has to
be made on safety policy. In the analysis it is assumed that an
uncontrolled fire in a ship’'s magazine will lead to the effective loss
of the munitions it contains.

QUESTION BY MQSES, US: In any intense conflict where resupply is
difficult or too long in time, repairability becomes a very important
term in the equation for availability. Explosions and fire almost
always render a platform non-repairable and therefore unavailable;
but repairable vehicles can often be returned in a few days (e.g.
largely tanks during the 7-day war and the Yon Kipper war). This
also has an impact on the maintenance and logistics requirements.
Does your modelling take these benefits and costs into account?

e~

ANSWER: Repairability and cost of repair is included in the UK whole
lite costing models. In a combat situation, a ship may not
necessarily become unavailable after a minor fire and even tanks and
aircraft might be more able tc accomplish their immediate mission
if the result of attack on an IM was no more that burning. However,
repairability in order to ensure reuse of a platform during the same
campaign is certainly a factor that should be built into combat
availability models though it has not yet been taken account of in
the UK modelling program.




SPECIFICATIONS ET CRITERES DE SECURITE DES MUNITIONS

DESTINEES A LA MARINE FRANCAISE
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RESUMF

Apres avoir expose la genese des specifications et des essais de sécurite applicables aux =munitions
embarquees sur navires, des criteres d acceptation sont presentes et comparés aux normes en vigueur dans

i autres pavs ou organisations.

Des evolutions possibles pour les annees a venir sont ensuite evoquées.

Enfin. d autres approches complementaires a la securisation des wunitions sont presentees.

INTRODUCTION

Un navire de combat rassemble dans un espace
restreint de nombreux risques potentiels, rfarmi
lesquels ses propres zunitions embarquées consti-
ruent un facteur de vulnerabilite particulierement
important, car elles peuvent initier des accidents
ou en amplifier les effets

La Marine Frangaise, comme la plupart des autres
Marines, a toujours ete sensible aux problemes de
securite de stockage et de mise en oeuvre des
munitions a bord. Cette priorite s est encore
accrue a la lumiere des enseignements tires des
engageients  Lavais  des dernieres annees, et
d accidents survenus a bord de batimen* de combat
zodernes du monde occidental.

La methodclogie retenue pour garantir un niveau de
securite satisfaisant consiste a realiser pour
les munitions des etudes de securite prenant en
compte les differents environnements rencontres
norzal, ancrmal et accidentel. Pour ce dernier,
qui est le seul traite ici., les accidents les plus
vraisemblables sont identifies, et des objectifs
de securite leur sont associes.

I1 est evident que les types d accidents possibles
dependent. largement du navire porteur et des
conditions d emploi de la muniticn. C est ainsi
par exemple que 1 environnement d un missile
destiné a un avion embarque sera assez different
de celui rencontre par une torpille de sous-marin,
et qu un certain degré de personnalisation des
environnements accidentels s impose.

De meme, les criteres de securité varieront
suivant que le potentiel explosii de la munition
est plus ou moins eleve, jue le navire est pluc
ou moins precieux, et que les conséquences d un
accident sont plus ou moins graves.

Neanmoins, dans le souci d'eviter les risques de
personnalisation a outrance, il est apparu le
besoin d un cadre de reference : ¢ est 1 cbjet des
specifications d esszis et des criteres standards
de securite. Dans la mesure ou les standards sontl
bien choisis, la personnalisation pourra rester
relativement limitée, et reservée aux cas
particuliers, qu’'il s agisse de la munition elle-
zéme ou du navire porteur.

lLes standards ont pour objet

- de fixer un corps de doctrine, qui reste a
moduler dans les cas particuliers,

- de servir de guide aux concepteurs de munitions,

- de couvrir le cas des munitions simples a usage
trés genéral,

- d'evaluer a posteriori le niveau de sécurite des
munitions anciennes pour lesquelles il n’avait
pas ét< etabii initialement d objectifs precis
de seécurite.

Ils doivent eétre suffisamment ambitieux pour
apporter un niveau elevé de sécuri%é, mais sans
entrainer de surcout excessif.

Ils doivent etre également compatibles, autant que
possible, avec ceux retenus par 1 0TAN et par les
Marines alliees pour faciliter 1 interopérabilité.
Une concertation permanente existe a ce sujet au
sein du groupe AC 310 de 1 OTAN "securite et apti-
tude au service des munitions et explosifs". Le
NIMIC (Centre d Information OTAN sur les munitions
ingensibles) constitue également une reférence
interessante.
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AGRESSIONS RETENUES PRICRITAIREMENT

Les accidents imaginables, en temps de paix ou au
combat, sont extremement nombreux, et il est
necessaire de proceder a une analyse prealable
pour retenir ceux qui sont les plus caracté-
ristiques des menaces rencontrees.

C est naturellement 1 incendie., susceptible d etre
rencontre en temps de paix ou comme conséquence
1'une agression de combat, qui apparait comme
i’accident a prendre en compte en priorité, mais
en distinguant deux types principaux dont les
scenarios et les effets sont assez differents

- 1l'incendie de batiment de surface, et plus
particulierement de porte-aeronefs, dans lequel le
carburant est un hydrocarbure brulant en grande
juantite avec un important apport d'air. Les
temperatures sont elevees, et les durees peuvent
etre longues,

- 1 incendie de sous-marin, dans lequel le
carburant est plutc* une huile ou un fluide
hydraulique. et ou quantite d’'air disponible
est limitee. Les tempcratures sont beaucoup moins
elevees, et les durées assez breves.

Ensuite, 1 accident de manutention apparait
egalement comme devant faire 1 objet d'une grande
attention. Il est admis que la chute de grande
hauteur en est 1 exexple le plus representatif. La
hauteur de chute est generalement fixée a 12 m, le
receptacle pouvant etre plat ou dote d obstacles
pour simuler un effet de poinconnement.

Une troisieme categorie ccmprend les agressions
representatives de 1 effet direct d une agression
de combat . sous la forme d impacts de projectiles

ou d eclats, parmi lesquels on trouve

- 1 impact de projectile bassement energetigque,
aodelise par une ou plusieurs balles de 12.7 mn
perforantes,

- 1 impact d eclat leger tres rabide,
representatif d'un missile antiaerien, modelise
par plusieurs eclats de faible masse atteignant
simultanezent la munition.

- 1 impact d eclat lourd, representatif de

zissiles antinavires ou de bombes, modelise par un
seul eclat de masse plus elevee (par exemple.
sphere d acier de 250 g).

.
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Eclat lourd : sphére d'acier de 250 g
punie de son sabot de lancement

Cette derniere agression presente un grand interet
technique, car la mesure de la vitesse limite
entrainant la detonation est un parametre tres
discriminant. La procedure 4 'essai d'eclat lourd
est largement wutilisée pour caracteriser la
vulnérabilité des nouveaux explosifs dans des
maquettes elles-memes standardisées. Le tableau 1
présente quelques resultats.

Tableau 1
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Une quatrieme categorie regroupe les agressions
representatives des effets secondaires 4 un
accident initial. On y trouve

- la detonation par influence, qui perrmet
d evaluer le pouvoir amplificateur des munitions
dans un accident, en tenant compte des
configurations de stockage et du facteur aggravant
apporte par le confinement,

- 1l echauffement lent, qui peut representer
1 effet a distance d'un incendie wmajeur de
batiment de surface, avec un faible gradient de
température et une longue duree. Cette agression
présente egalement un grand interet technique car
elle conduit aux reactions les plus violentes de
la munition en ambiance thermique.

-~ 1'incendie de munitions. dans lequel la matiere
combustible est un propergol ou un explosif. Les
températures sont alors tres elevees, et les modes
de réaction des munitions agressees sont enccre
peu connus.

Une derniére catégorie, qui n'est citee ici Jue
pour mémoire, couvre les agressions d origine
électrique ou electromagnétique. comme la foudre,
1l electricite statique, les rayonnements electro-
magnétiques continus ou impulsionnels. Elle ne
sera pas développee ici

[P




Le tableau 2 recapitule les specifications
existantes ou en cours d achevement.

Tableau 2

Liste des specifications d essais

Date
Reference Titre d appro-
bation

IT n~ 9252-1 | Echauffement rapide

incendie type

Batiment de Surface

(BS) 14-01-88

incendie type Sous-

Marin (SM)
Ton wixl -2 Izpact de balle de 28-02-38

.
PRt

TT n 3u82-% | Chute de grande lLauteur] 20-07-88

iTn @ixl-«| Izpact 4 eclat lourd 28-11-89
ITn letoinatlon par an- 10-10-89
fluence
b
T E-hauffement lent 23-1C-%0
[N 2-X | izyact 4 eclat leger En cours

CRITERES D ACCEPTATION

recentes font 1 obet de
etablies en fonction
1 presente par la munition, de
“gistique et operationrel, et
w4 aerenef qul les portent.

ti~rs

gour des zunitions d une meme
rohe securite et la technologie
isent en general a des exigences
Cette similarite est encore accrue
que 1 cn tene une etude d ensemble
rli%e de | ailocation en zunitions d un
«3t nmaturellement le cas pour les
me par exenr'e le
ie Saulle

iteres standard sen en
s yrandes arientations

ooendie e batizment de surface la reaction ne
foit pas etre pius viclente qu une cexbustion. Une

iRenoe supplementalre  est  visee pour  les
1ons i oaercnefs enbarquees sur porte-avions,

auvune reaction e doit se produire
3 prexiers2s minutes de 1 incendie,
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- incendie de sous-marin l'objectit est de
n’'avolir aucune reéaction compte tenu de 1l environ-
nement particulier,

- chute de grande hauteur : il ne doit y avoir
aucune reaction, avec poscibilité de neutra-
lisation de la munition pour enlevement,

- impact de balle de 12,7 mm : 1l objectif est de
n avoir aucune reéaction, ou au maximum une
combustion,

- impact d'eclat leger : 1 objectif est de ne pas
avoir de reaction plus intense que la combustion,

- impact d'eéclat lourd : 1 objectif serait de ne
pas avoir de reaction plus intense que la
combustion mais, compte tenu de la violence de
1'agression, il pourra eétre accepte des réactions
plus importantes sans toutefois atteindre Ile
niveau de la detonation,

- detonation par influence : 1 ’'absence de
detonation sera demandee,

Ces exigences, qui sont si besoin a moduler,
constituent une base significative | elles
apportent un degre de securite suffisant pour
qu un accident de temps de paix ou une agression
de combat ne soit pas amplifice de facon
excessive.

Bien que non entierement figes, ces «criteres
peuvent constituer un guide wutile pour les
concepteurs de munitions, leur permettant de
choisir les options techniques pour un large
éventail d'applications presentes ou a venir.

Lanceur d éclat lourd de 112,7 mm

PSR




COMPARALSON AVEC LES NORMES

ONU - OTAN - ETATS-UNIS - GRANDE BRETAGNE

La comparaison des normes francaises avec les
normes etrangeres et internationales fait 1 objet
du tableau 3 i1l est notamment fait etat des
criteres d acceptation lorsque ceux-ci existent.

Les informations preésentees proviennent de
- ONU : division 1.6

- OTAN STANAG 4325

- ETATS UNIS MIL STD 21054

- GRANDE ERETAGNE : BR 8541

La  comparaison fait apparaitre wune forte
convergence pcur les principaux essais., et une
parente certaine pour les criteres associes. Le
groupe AC 310 de 1 OTAN favorise 1 emergence d une
doctrine commune.

Détonation de bombe soumise

a 1 échauffement rapide

Tableau 3
Sayl argatesathon
GNU JQTAN ETATS UNIS GRANDE BRE TAGNE FRANCE
fnrelves
mazt oa'le (12 7 Py Tombust fon Combustian Pas ce cetonation Comouston
ireccmmancat oy Pas d ewnplosion

Combust ian
(recommangat ‘on)

frraffeme~t ranioe Lompustie

Zetoration par oftuence| Pas de detonation {Pas de cdetonation
(recommandation)

Combust ion
(recommandat on)

Impact o ec"at leger

I7pact 2 ezlat “ourd

Toute réaction
da-t étre notee

Ezhauffement lent Combust ion

Thute ge grande nauteur | NGt reaction Non reacticn

Zompust ion

Fas ce getonaticn

Compustizn

Combustion

Selon specificetions

Pas de detcnation

1) Comoustion(BS)
2) Non reacticn(SM)
Pas de detonation

Combustion

Pas de detonation

Non specifie

Non reaction

EVOLUTION DES AGRESSIONS ET DES CRITERES

Les agressions et les criteres presentes ci-dessus
conduisent a concevoir des munitions presentant un
niveau de risque attenue. Mais paradoxalement, un
nouveau type d'agression doit alors etre pris en
compte 1 incendie de munitions

En effet, les munitions a risques attenues,
congues pour bruler et non deétoner lorsqu elles
sont sourigses a des agressions du domaine
acridentel, deplacent le probleme de la securi-
sation du stockage en soute ou de la wmise en
oceuvre operationnelle des munitions. L analyse des
risques conduit desormais., pour les programmes
4 armement, futurs, a prendre en compte les
incendies de matieres explosives et de propulseurs
pouvant degencrer en incendies generalises

A cet egard

a 1 étude.

Ceux-ci s’ expriment en pratique par la notion de
quantite maximale de munitions pouvant bruler sans

les capacites

de lutte contre
1 incendie (passives et actives) d un batiment ile
surface ont une limite
limite, des environnements thermiques maxima sont

en fonction de cette

mettre en cause la vulnerabilite de la soute,

par la notion de temps de reaction des munitions
conteneurs soumises a des agressions

avec ou sans

thermiques de fort gradient de température.

La definition des criteres associes a ces exi-
gences de securite depasse ainsi la formulation

des premiers criteres, presentes precedemment.

e
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D autre part, la menace terroriste fait peser et
va faire peser pendant le temps de paix vt le
terps de crise sur 1 ensemble des naticns et de
leurs Marines en particulier un risque important

¢ est ainsi que 1 attaque terroriste type chaige
creuse irpose gue les effets du jet residuel
scient rortement attenues et que la tenue des
zunitions futures a ce 2t residuel soit etudiee.

Cet exemple illustre les nouvelles preoccupatiens
1ssues de 1 utilisation possible terroriste ou non
ies armes Je cozbat terrestre coantre les navires.

UNE AUTRE  APPROCHE
L ENVIRONNEMENT

: PRISE EN COMPTE DE

ie disponitle dans le futur permettra
s de securite
2t nouveaux

Celles-ci peuvent serbler au jourd hui tres
aznbitieuses coxpte tenu de 1 etat de 1 art
disponible en matiere de nmunitions a risques
attenues pour des couts acceptables.

Four cenir  les objectifs de securite des
programmes, 1l est donc utile de rechercher des
solutions complezentaires d azelioration des

conditicns de stockage et de mlse en  ceuvre

speraticnneile des xzunitions celles-c1 pass

ent
par le durcissement de 1 environnexent meme des

ouritions
decitne selon trols niveaux
les onteneurs de munitions

@

Loorganisation du stocrag
- la conception et 1oatenagesent des sotutes

Les

ditions de S:-’JC}-’_{.\SQ <n soute de munitions

cntentlonneiles embargques LoConsad€i Les (URTE
ues si la reaction a dentelle d une 1-
t.on peut entraliner la detonation en masse des
TunLLIOnS Uoisines, volre la perte du batiment

«a  definition  de  conteneurs  securises est
susceptible d ameliorer cette situation Des
regles de dimensionnezent ont ete etudiees elles
portent sur la recherche d une configuration de

optimisee. sur la  definition des
ilstances minimales d i1solement a respecter entre
munitions ainsi que sur les caracteristiques des
2<rans a lnterposer.

stocrage

s resultats significatifs obtenus pcur des
zunitions chargees en explosifs coules fondus

permettent d envisager, pour des explosifs moins
sensibles, des protections type conteneurs et
ecrans 4 un devis de masse notablement allege

U autre part, la c¢onnaissance des effets des
munitions soumises aux agressions accidentelles
perzet la realisation d 'etudes de securite de
stockage afin d optimiser le plan de stockage des
muniticns et conteneurs embarques

Enfin, la conception des soutes et leur
securisation sont des composantes essentielles de
1 environnement “munition”

La definition de barrieres de securite
blindage, protections thermiques, i
d evacuation des gaz contribue
securisation. La reflexion est menee au
cas en prenant en compte  chaque  couple
scute/zuniticn

Ainsi ces trols actions subsidiaires contribuent
au durcissezent de 1 environiement Tuniticn
L integration des munitions a bord des batiments
de surface a un niveau de securite satisfalsant
passe egalement par ces voies d etude elles-zexes
complementaires de 1 effort realise en matiere de
munitieons a risques attenues.

En conclusion. la convergence entre les acticns
portant sur la securite intrinseque des zunitions
et celles portant sur le durcissement de leur

environnerent devrait permettre de deboucher sur
des solutions techniques de moindre ccl cur
satisfaire les exigences de securite Jde
programme
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applicable to
standards in

eferente
e test sy

iteria

. T ot N The obijective of the standarids is
. , et - to establish a peneral poisey
Lo e e ; adapted %o suit the particular
ot trrten Tt
.t . to serve as a guide the munitions designer.
e o 1
T oy - to cover the case of simple munit
oAt hers the - for general use,
st i T nater HEIEE 2
Crfiedoapth o tter to evaluate. a posteriori, the safety level of
old munitions for which no precise safety
acci t objectives had been established initially.

and the

Thus . They must be ambitious enough so as to provide a
~issile high level of safety. yet without entailing
rather excessive costs.

Lorpedo,  so

accadent They must be also compatible. as far as is
possible, with NATO and Allied Navies standards in
order to facilitate interoperability. A permanent

arcording o dialogue exists on this subject within the NATO

minition 1g

firh Y articularly
it e r RS oot the
Yo e

group AC 310 "Safe*ty and Suitability for service
of munitions ana  explosives™. NIMIC  (NATO
Information Centre on Insensitive Munitions) also
represents an interesting point of reference




Cenceivable accidents, whether in peacetime or
during a conflict, are extremely numerous and
first need to be anarvsed to identify the most
characteristic of the threats encountered.

Fire is the most likelv accident to occur both in
peacetime and during a conflict and so must take
priosrity over the others, not forgetting to
distinguish between its two principal types, each
of which has different patterns and whose effects
are rather different

- Tire aboard a surface ship and more particularly
abeard aircraft-carriers. in which fuel consists
5 .

a large quantity of combustible hydrocarbon
hoa large propertion of air. Temperatures are

rd4 a submarine, where fuel 1s more
211 or a hydraulic fluid and where the
juantiny available air 1s limited. Temperatures
are not nearly as high and the periods of time
conzerned are rather short

“ext are the accidents which occur during handling
and these deserve a fair amount of consideration.

It 1s accepted that material falling frowm a great
height is the representative example here.
Height of drop is generally fixed at 12 =, its
landing place may bte a flat surface or one
ejuippe

d with <bstacles 1in order to sinulate a
ticn effect

A third category includes agressions represr... |
the direct effect of a combat agression - K

form projectiles impacts or fragrmep . .mong
shich are found

- Low-energy projectiles impacts - _Jelled by one

2r several shots by 12,7 xn perfe ating bullets,

ver; rapid light fragment .mpact from an anti-
aircraft sarhead modelled *: one or several shots
g low-mass fragment hitting the wmunition

tragment impact from anti-ship missiles or
ombs modelled by a single shot from a higher
mass te.g 250 g steel sphere)

Heavy Fragment : 250 g. Steel Ball
on its Launching Sabot

This last agression is of great technical
interest, as the measuring of the maximum fragment
speed leading to detonation is a very
discriminating parameter. The heavy fragment test
procedure is widely  used to characterise
vulnerability of the new high explosives in models
which have themselves been standardised. Table 1!
shows several results.

Table 1

HEAVY FRAGMENT IMPACT
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-
O Explosion
»

Detonation

A fourth category covers agressions representing
the secondary effects of an initial accident.
These include

- sympathetic detonation, which allows for the
evaluation of the amplifying power cof munitions
in an accident. whilst taking 1iun*: account
storage lavout and the aggravating factor of
the confined space,

- slow cook-off, which, with a low teuperature
gradient and over a long period of time, <an
model the effect of a major fire on board a
surface ship. This agression 1is equally of
great technical interest as it leads to the
most violent munition reactions in thermal
environment,

- munitions fire, in which the <corbustible
material is a propellant or a high explosive
In such cases, temperatures are very high and
the ways in which the affected munitions react
are still little known.

One last category. only referred to here for the

vake of completeness, covers agressions
originating from electrical or electromagnetic
sources . such as lightning, static electricity.

continuous or pulsed electromagnetic radiation
This category will not be developed here.

e



Table 2 sumrarises existing specifications or
those in the process of being completed.

Table 2
List of the test specifications
Approval
Reference Title
date
IT N° 9282-1 | Fire
type of fire
surface ship 14th
January
1988
type of fire
submarine
IT N7 9282-2{ 12,7 mr Bullet 28th
impact February
1988
IT 5 9IZA2-3 | Orop from a great 20th
height July
1988
[T N wlRZ-4 | Heavy fragment izmpact 28th
November
1389
—
DTN lss-s [ Sempathenic detonation 10th
October
1989
i IR slow Sroc-off 23rd
Gctober
1630
Noowlds-n {light fracrent impact currently
underway
the 2T safery

hed in relation te their
I~grstical and operational
wpe of o shlp o or alrcraft

E the same generaticn, safety
and availatle technology generally lead
E 1fv similar requirements. This similarity
is further inoreased each time an overall study s

carried aut oon the  whele  of  the  nunitions
alliocasion <f a ship . this is naturally the case

£
f
f2r large ship prejects such as  the Nuclear
Ahirsvate Carrvier Charles de Gaulle

At this moment in time, the standard criteria are
i the cess of being finalised. The main trends
ave as fullows

fire on board a surface ship © the reaction must

b2 no more  vielent  than burning. A further
requirement 1s intended for aircraft munition
~arried on brard aircraft-carviers :© no reaction

must occur during the first minutes of the fire,

-3

- fire on board a submarine : the objective is to
have no reaction given the particular environment,

- drop from a great height : there rust be no
reaction, with the capability of neu“ralizing the
munition for removal,

- 12,7 mm bullet impact : the objective is to have
no reaction, or at the very most a burning,

- light fragment impact : the objective is to have
no stronger a reaction than burning,

- heavy fragment impact : the objective would be
to have no stronger a reaction than burning, but.
taking into account the violent nature of the
agression, stronger reactions may be acceptable as
long as they do not reach detonation level,

- sympathetic detonation : there must be no
detcnation.

Although not entirely finalized, these criteria
can from now on act as a useful guide for
munitions designers. giving the opportunity of
selecting technical options for a large range of
present or future applications.

Gun Launching 112.7 mm Heavy Fragment

-




3

COMPARISON WITH UN - NATO - UNITED STATES -
GREAT BRITAIN STANDARDS

Comparison of French standards with foreign and
international  standards is the subject of
Table 3 © 1t notably sets out the acceptance
criteria where appropriate.

Information presented originates from

- NATG . STANAG 4328

- UN : division 1.6
- UNITED STATES . MIL STD 21054
- GREAT BRITAIN . BR 8541

son reveals a strong coenvergence for
s and a vcertain parity for the
teria. The AC 310 NATO group may
mergence of a common policy.

Detonation of a Bomb under Fast Cook-off

Table 3
E 4 it R
atron N NATZ UNITED 57A7Z% GREAT BRITAIN FRANTE
b 2t oAt Eurrny Burming Sufing
(rez 3t o0
oo Nl Surning ET¥ ek it
(r23Tmendation i
v H ez Noozetzmatien o hoosetoration N2 Sotanat -

A

SINe. fraThaet o fenant NS dotoration
- -t Soroen Eor~ing N2 ospecifien

|

H - R S R R

t

|

[ i

hava lead te the

tiuns Howevar,

agression  must
¥ nnt munitions
tire

the leower rise munitiens, designed to
ot to detonate when  submitted by
' oan accopdental nature, modifv the
safe storage in magazines or t
applirations of the runiticn  As far

]

as <ongerns future armement programmes, analisis
~f the risrs fror noe on leads us to take intae
account fires ~f explosive materials and

propellers whith may degenerate in generalised
fires

In this regard. the fire-fighting capabilities
(passive and active) of the surface ship are
limited | with regards this limitation. m
thermal environments are under study.

In practice, these are expressed by the idea of
the maximum quantity of munitions which can burn
without jepordising the vulnerability of the
magazine, and by the notion of reaction time of
munitions, whether «containerised or not., and
submitted to thermal attacks with a strong
temperature gradient.

The definition of the criteria associated with
these safety requirements thus goes bevond the
arawing up of those first «criteria formerly
presented.

e o



Moreover, threat of terrorism weighs neavily and
affects all nations during both war and peacetine,
representing a huge risx for navies in
particular : that is why terrvorist attacks of the
shaped charge tuype that effects of the
residual jet are greatlv extenaated and that
behaviour of future munitions in response to this
residual jet has to be studied.

This exazple illustrates the new pre-cccupations
arising out of possible terreorist use of weapons
designed for land combatv against ships

CONSIDERATION ~ OF THE

in the future will allow for
equirements associated with
ions and with the newly

no the

i

TEASUTINE  Up
the sear:h
ised  storage.  to
isclating  distances  to

s and  alsc  to the
te be interposed

resuits whtained fer munitions
;ast high wplosives allows for

in th 2f less sensitive high
a <ontainer or screen form of
fa notavly iighter nass

2f  muniticns

allows for
of stcrage in
sunitions and

Moarersver,  wnowledge  of

sutjectad

to aniidental
be carried out

L1Tis2 storage

T
containers taken on board

Finally, design of the magazines, and rarking thex
safe, are essential rponents in the "munitions”
environment. Definiticn of safety barriers in
terms of screening. thermal protection, devices
for the evacuation of gases contributes o
these safety; measures. Careful consideration is
given to each case, taking inte account whidch
runition is put into which magazine =ach tire.

Thus these three subsiduary actions contribute tc
hardening of munition's environment. If munitions
are to be integrated at satisfactory safetr-levels
on board surface vessels, they have to equally
undergo these study-processes, the studies
themselves being complimentary to the wory put
into low-risxk munitions.

In conclusion, convergence between :
relating to intrinsic safety of munitions and
those relating to hardening of thelr environmen
should allow technical sclutions to be deve

at minimum cost, in ordes to satisfr the safety
requirements of each programn




Discussion

QUESTION BY MAWBEY, UK: The Royal Navy requirement for the drop
test is also that there should be "no reaction”; also the murition
must be dropped from a credible drop height representative of
service use. The sympathetic detonation pass criteria implies
"explosion" is acceptable - should we not be seeking a response no
more severe than burning or deflagration?

ANSWER. As | indicated to you in the presentation, that is not
completely defined. However, | gave you a full orientation,
concerning the criterion associated with the detonation. The
announced objective is to not have a detonation of the receptor
munitions: that is the minimum safety requirements; in fact,
specifying such non-detonation implies a non-amplification of the
initial accident. But as you suggested, in other reactions less
severe than a detonation there is not less damage for the condition
of 'he munition. In case of a specific naval program, we are bringing
more specification of the reactions in which the level of severity is
not more than a comrbustion.

QUESTION BY HELD, FRG: What was the weight and velocity of your
light and heavy fragments?

ANSWER: The fragment velocity for the light fragment impact test
is defined as follows: 200 m/s for three fragments of 4 gm mass
each. For the heavy (250 gm) fragment impact tests the velocity
specified is 1500 m/s. That velocity can evolve in case people
criticize the testing conditions in Fin's evaluation of new
pyrotechnic products.




LES TRAVAUX FRANCAIS SUR LES SUB
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> INTROLUCTION

Lo secunite pyrotechmgue et un soudt permanent des
concepteurs, des fabricants ot utifisateurs de mumtions. Clest
un probleme qui est tratte deputs de nombreuses annces ¢t
qui fait Fobjet d'une réglementation trés précise et res stricte
<reunte des travalleurs, au stockage. au transport. ) (1),
Liahsence dhaccrdent important en France depus de
nombreuses anndes démontre Fefficacité des mesures
réglementaires ou des solutions technigues uttlisees

Cependant Tamélioration des performances des munitions se
tradwit souvent par un accroissement des risques guelles
présentent ¢ leurs conditions d'emplor évoluent, et les
menaces, particulierement en temps de crise, augmentent. 11
est donc primordial de rester vigitant et d'étudier toutes les
solutions permettant de adapter & 'évolution des risques
pyrotechniques

Frusce

Situe entre tes formuatiateurs, tabricants Jde produnts explosits
et les muitres docuvre concepteurs deimanitions ebsvsiemes
darmes, le STPE est done en quelgues sorte fe poimn tocs!
rangins des problemes Tids & Potdisaton des sabsances
pyrotechnigues
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Certaines soluttons technigues permettent dlassurer
aujourd’hul une sécurite satistaisante

- protections par des matérianx qui attenuent lenergie de
Uagression initiale,

cloisornements gqui ralentissent ou areétent Ja propagation
du sinistre,

- disposition des munitions les unes par rapport 4ux autres ¢t
procédures d'uitlisation,

- dispositifs dintervenuon....
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Mty toutes ves solutions portent sur lenvironnemient externe
de ta munmion. Les progres technologiques de ces deun
dermieres decennies permettent maintenant de concevoir de
nouvelles solutions pour duninuer les risques en agissant
Jdirectement sur fes materiaux explosibles etzou sur les autres
composants de la mumon, et ont conduit wu concept de
MUninons & Risques ATténues (MURAT en frangais, M
pour Insensitive Munitions en américain, ou LOVA pour
Low Vulnerabihty Ammunition en anglais (2),

Cex nisques pourront encore étre reduits en particulier par des
syatemes de decontinement qui empechent une réaction fable

3o TRAVAUN B

L nuse au pomnt de formulations moins vulnerables passe
par une analvae des agressions et des mecanismes
reactionnels gue celles-ct mettent en jeu. On en dédunt
‘ors les paramietres critgues au nnveau de fa tormulation,
cties vores dans lesguelles fa recherche doit s'orienter,

Exemples

T, '

vrands aves dettorts pilotes en France par le mimistere
s Detense pour fes ¥ arandes tamitles de sobstances
Svplosinves Cesplostfs, propergols. poudres pour armes ~ont
Pricvement indigues o apres

T Propergoels pour autoprepulsion

Les etudes sont andes sur 2 votes complementiures .

amehoration des caracténistiques de séeurite et de
vadndérahiliee des tamulles de propergols existantes
oo jouant sar e hant (aux, masse moléculaire, et les
charges (aux, granulométrie, . )
*oen recherchant des addints gur diminuent 1o vitesse de
combustion des propergols & pression atmosphénugue ou gut
dimunuent T sensihiintd de ces composiiions aux agressions
thermmigues, d Nmpact de baiis ou a Fimpact de fragments

Ces travam concernent les butargols (propergols composites
4 hant polyhutadienc) et les propergols a liants éncrgénques
fptastities par de Lo mitroghyvoénne et charges en mitramines
~tou perchlonte Cammontumg

et/ou locale de dégénérer en réuction violente ct/ou
généralisde (structures bobindes ou métalliques spirilees en
cas de surpressions internes, cordeaux découpants ou
cléments de structure fusibles en cas d'échauftements), mas
Cestoprincipalement en agissant sur la substunce
pyrotechnique elle-méme que on sassurera du respect de
ces labels d'immunité.

La ditticulté consiste alors & réduwire la réacuvie des
substances tout en conservant un niveau de performances
compatible avece ke mission de Lo munition.

- 4 partir d'éidments de tormulation (hant, huile nitree.
charge) que 'on estime devoir présenter de bonnes
caractéristiques de séeurité, amélioration des autres propricies
des propergols ohtenus (performances. discréuon., proprietes
mécanigues et balistiques, théologie, stabihite. ).

I sagit ich d'utiliser des matieres premieres peu sensibles.
notamment le nitrate d'ammonium i L place des nitrmines et
du perchlorate d'wmmontum. assocides a un liant bas¢ surun
nouveau prépolymere energétique e PAG) non plasutid pu
de la nitroglycénne.

Toutes ces ¢tudes de formalation se font en étroite laison
avec des travaux de méthodologie visant & comprendre les
phénomenes entrant en jeu lorsquon soumet les chargements
aux différentes agressions (analyse des phénomenes de
transition ¢n détonation, moedélisation de Vetfet des
agressions sur les chargements et vahidagon sar des essais
INstrumentes ).

3-2 Explosits de chargement

Les ¢tudes de tormulation sont mendes en parallele dans trois
domutnes :

* extenston de la gamme d'explosits composites & liant
polymerisé fortement chargds en oxynitrotriazole (ONTA)
wrace auxquels L detonation par intluence de munitions (3,35
et 100 kgy est évitée (5) : augmentation du taux de charges,
amclioration du vietllissement, introduction de nouveaux
ltants et plastitiants, formulations adaptées aux mumtons peu
senstbles devant procurer un effet d'éclat. de soutfle, de
relevement ou aux blindaves réacuts.

* ¢tude théorque de Tenrobage des grains d'explosif pour
compression et influence sur objet comprimé.

* dimmutton . ograce a0 Nintroduction daddiats, de
Fintlammabilhid (délan de reaction, vitesse de combustion)
des explosits § tort taus de charge en octogene ¢t en
hexogene

La encore, les études de tormulation unilisent (ou servent &
des travaux de methodologie visant & comprendre et
améliorer les réactions des munitions (ou éléments de
munition) les utihsant. On peut citer a titre d'exemple 'étude
de Tinfluence de la granulométrie et du taux des diverses
charges sur la vulndrabiliné aux diverses agressions et lex
performances

Enfin. du point de vue tonctionnement, la mise au point de
nouveaus svstemes ou principes damorgage. d'une part &
base de compositions elles-mémes peu sensibles, dautre part
capables damorcer ces nouvelles formulations moins
sensibles aux chocs, s'est ¢galement avérée néeessaire. Les
resultats les plus interessants ont ¢té obtenus avec la mise au
pont de générateurs d'ondes de Mach.

e e




3-3 Poudres pour armies

e dtudes concernent essentielfement des poudres sans
Les drud cernent entietlement des poudr 1
nitrocetlulose comportant une substance explosive, ¢n
géndral Phexogene, ¢t un lant.

Ces poudres dites composites constituent une transposition
aux armes d tube des technologies développdes pour
propergols composites. Deux voies sont cxplorées
simultanément, compositions avec ou sans solvant, et les
ravaux concement :

- Famélioration des propriétés mécaniques par optimisation
du liant

4 - EVALUATION

4-1 Essis standards d'évaluation de 1a sensibilite

On retrouve pnncipalement les épreaves préconisees par
I'ONLU pour le transport des marchandises dangereuses
(épreuves des séries 1, 2 et 1) et en cours de standardisation
au sein du groupe OTAN AC 519

- onde de choe

H“PII\‘!
- fnicnen

decharge electrostanque
- dehauttement

il dausst des ¢preun es plus spécitiquement destinées aux
substances avant le Label dextrémement peu sensibles
epreuves de Lioserie 7 ONE pour MURATY

sensibibite a Famoerce
1

le
SOTCUNC

nnpact de ha
trishidie dan

satttemenis fenes ot rapides

11

Cos epreaves vorrespondent generalement a o des st
clementaires ot permettrent de classer fes produtts de tugon

relative
Avantages

cpreunes ped cottcines o done possibihite dune large
rangue do donnees
reabisables des L mise au pomt des nouvelles formulations

peu de produit mis en jeus
foconsy cuents

2o prenrent dus on compie Jes etfets de geoméane, masse et
Conhmement

e prediction du comportement en muonition nest possible
Gite e tagon relative par compararson aved les resultats

chtenas sardes produits diee meme fanute

ATLijuetics

Ade premdre en cempte Pintluence de Ta géometrie, de ta
masse ot ducontincment des Chargements sur la rdactnivite des
sabntances explosives, Lo Brance a tance depuis un pea plus
de 3 ans L reabisation deprenves genenques sur magoetes
standardisees representanives d objets reels.

H et noter que ces essis ne se substituent en daucun cas
AUX CSNATS SUr munition et Nis tennent Compte de
lenvironnement reéel des substances explosives, ne
prétendent quen donner une reactivite relarive et
COmparnye.

- Faméhoration de l'allumage au moyen d'addinf

- Faccroissement de la torce par augmentation du taux de
charge ou utilisation de hants énergétiques

Parrallelement & ces travaux concernant les substances sont
effectués des évaluations en armes et des essais de
vulnérabilité ainsi qu'une étude sur 'allumage de ce type de
poudre.

Les maquettes utilisées sont :

* pour les explosifs
- maquette acier (€paisseur 10 mm) contenant 5 kg de
produit
- maquelie aluminium (épaisseur 1 mm) contenant S kg
de produit
- maquette acier (épaisseur 15 mm) contenant 50 ky de
produit.

* pour les propergols
- mijuette acier (@ 120 mm) avee chargement a canal
central contenant 5 kg de produit
(On peut noter la création prochaine d'une magquette
de diametre extérieur plus élevé pour tenir compie du
probleme de eftet canal (4))

* pour les poudres pour armes
- douille acier © 90 mm contenant 2 kg de produit
- douille combustible @ Y0 mm contenant 2 kg de
produit

et tes principales agressions étudides

* impact de balle cal 12,7 (vitesses varant de 400 a
120000/3)

*impact de tragment lourd thille de 250 g - vitesse
Jusqul 2400 m/s)

~ecrasement sous tatble vitesse par un boulet de X kg

*impact de jet de charge creuse © 62 num Gaved atiénua-
teur acier d'épaisseur variable H)d 360 mmy)

*ancendie de kerosene thacde 2mx 2 m)

* chauffement lent 1 3.3°¢/h)
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SOPREDICTION DU COMPORTEMEN'T

Unocertan pombre Jde modéhisations numeriues sont cn
clicde poar predite. o partir des caractenistigues
tondamentales dune substance explosive idonnees de
seasthilite nuis calement proprictes chimuques, détonigues
ot mecamyques) et de ta ceometne de L munition daos laguelle
Centre teontinement. duunetre. e comportement de cette
TUNUON SOUmINe dtine agression spécitique. elle-meme
modelisee

- N VOGRS

R BERE

e —
- —
~
p SREDVC TION G OMP RTINS U 3 NE A NN
“upe e meacon ;
\\\ il eavIronnement //
T~ A0 anL TR -

~ el -

De telles modehisations ont en cours en Franve
tprincipatement realisées par DRET. DON ¢t SNPE) sur

- fes impacts de balies
les dehauttements

- les mmpacts didelans

les jets de charge creuse.

St les résultats sont satstasants pour les phenomenes de
transition choc/détonation cprediction du type de reactiony o
d'échauttements (predicnon des delias ivant rescniond les
predictions sont beancoup plus ditticiles pour les
phénomenes de type transinon detlagranonadetonation ou
ransition retardee choc/detonation




o - LA PRISE EN COMPIE DES SOLUTIONS
STEME

Lo reactn e d'une mamuoen sounnise i ane agression depend
non sculement de i nature de la substance explosive mais
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obtenues.
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Discussion

QUESTION BY MAXEY, UK: In

the evaluations, many pressure burst

responses were noted. In France, is this an acceptable response and

what parameters (eg pressure
pressure burst?

level, fragment throw) defines a

ANSWER:. The experiments (tests) presented are the evaluation tests
and non-acceptance tests associated with the precise criterion. The

dummy utilized in these tests include safety plugs.

At the time of a

"over pressure burst” reaction type the plug is ejected but the rest
of the dummy is intact. The question is in the case of a reaction of
type 4 or 5 according to the definition of NATO (non-violent) and

then by no means comparable

to a deflagration.

QUESTION BY HELD. FRG: Shouid not the PASS/FAIL criteria correlate

with munitions - quantity, confinement, configuration - and not on

substances alone?

ANSWER: The tests in full-scale are costly and carried out in
limited quantity (for example, people only carry out bullet impact

tests of a certain caliber, at a certain velocity, etc.).

The test of

interest on a substance is allowed to extend the results obtained on
similar aggression (for example on the behavior of a model

generated for bullet impacts).

That level of acceptance criterion

enable us to look at same substances, by transportation and storage
the ONU and NATO AC 258 required, by class object 1.6, such
criterion associated with test series 7 ONU.
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The United States Air Force
Explosives Hazards Reduction Program

Mr. Joseph Jenus, Jr., Director
Insensitive Munitions Directorate
Air Base Operability Program Office (ASD/YAQl)
Eglin Air Force Base, Florida, 32542, USA

SUMMARY AND INTRODUCTION

United States Air Force
military operations require
large amounts of
conventional high-
expiosive  munitions.
These materials must be
stored in accordance with
Air Force, NATO, and
host country regulations,
and in large part consist of
hazard class 1.1 mass-
detonating  munitions.
Because of limited real
estate available in many
theaters and the current
quantity-distance  (Q/D)
requirements  for safe
storage, significant portions of the available
munitions inventory are either stored under
waivers or are malpositioned (i.e., stored in
locations remote to the airbases).

The major objective of the United States Air
Force Explosives Hazards Reduction (EHR)
Program is to gain full combat capability by
allowing required munitions to be safely
stored at the base of intended use. Reduction
of munitions hazards will significantly reduce
air base vulnerability as accidents or attacks
on munitions stocks will not result in
catastrophic collateral damage. The long
range goal of the Air Force EHR program is
to complete transition to insensitive or less
sensitive munitions in all major weapon
systems as soon as is practical without
significant loss of weapon performance or
reduction in operational effectiveness. The

Figure 1. F-16 in Hardened Aircraft Shelter

EHR Program encompasses more than the
development of insensitive High Explosives
and Desensitized High Explosives to provide
chemical solutions 1o reduce munitions
hazards. The immediate goal of the United
States Air Force is to reduce the hazards
presented to inventory munitions by
developing and incorporating energy
suppression devices such as barriers, shields
and diverters, redesigning munitions
packaging, and applying innovative storage
and handling techniques. These activities will
permit the reduction of safety imposed
restrictions (Q/D limitations) associated with
these munitions. This paper presents the
progress being made in attaining the Air Force
immediate goal including key initiatives,
ongoing and planned.




BACKGROUND

Without munitions war is difficult

-

and ineffective. Munitionssupport Mo matter how fast, sopbhisticated or
the full spectrum of conflict.  versatile the fighter or bomber may be,

Bullets,  grenades  and  rocket  without munitions it is ineffective.
faunchers permit ground detense 10 w———————————————s—

provide security from ground

attack. Air defense missiles and anti-aircraft
guns provide security from air attack.
Bombs, missiles, and bullets used to carry war
v the enemy are the tools with which the war
1S won,

Historically, explosives and propellants have
posed a major challenge to military users.
The transportation and storage of large
amounts of munitions are necessary to modern
warfare, but present significant hazards to
friendly forces because cf the possibility of
inadvertent explosion and mass destruction of
the munitions and surroundings. Large
quantities of munitions are needed to conduct
war. Additionally, storage space is needed for
bomb components: fuzes, boosters, fins, etc.
While these are relatively low in explosive
weight, storage volume required for these
items 1s significant,

[arge land areas are nceded to accommodate
the safety clear zones for explosives.  This
land, particularly in Europe, 15 expensive and
sometimes not available at any price. The
amount of explosives for each storage facility
must, therefore, be tailored to fit the land
available. Storage facilities which can
physically  contain 500,000 pounds of
explosives are limited (on the average) to
around 60,000 pounds because of land
constraints. This limitation has resulted in the
situation where munitions in the quantities
required are not at the bases where they are
nceded.  These munitions may be stored at
another base or at major Air Force central
storage areas.

Since these munitions are not where they are
needed, they must be transported, sometimes
over great distences, to the base of intended

use. Shipments may be made by sea transport
or we may have to rely on host nation civilian
transportation resources which are to be
nationalized at the outbreak of hostiiities.
Central storage areas are extremely vulnerable
to enemy action. The bulk of the stocks are
stored 1n open revetments and not in
munitions storage igloos. Destruction of these
stocks or interdiction of supply lines to the
bases needing these munitions is likely. A
number of mechanisms or stimuli can initiate
an explosion of a single round of ammunition.
and the inevitable result has been the
propagation of sympathetic  detonation
throughout the munitions storage site, with a
total loss of the munitions and, more
importantly, personnel and materiel in the
local area. Becavse of the violence of the
reaction to various stimuli, large safety zones
are required around munitions, The size of
these safety zones increases as the number of
munitions  which are likely to react
simultaneously increases. The term Maximum
Credible Event (MCE) is used to quantify the
largest  simultancous explosive  reaction
possible (in terms of pounds of TNT
equivalent) in any given situation. For
example, the MCE for a single MK82 bomb
is 192 pounds. The MCE of a stack of 312
MKB82 bombs is 59,904 pounds. The MCE
can be controlled to some extent by the way
munitions are stored, packaged and
constructed.

The goal of the Air Force
Explosives Hazard Reduction
Program is to reduce MCE
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GOAL

In order to establish a program to reduce
munitions hazards, in September 1987 a
Memorandum of Agreement (MOA) on a
Joint Requirement for Insensitive Munitions
(IM) was signed by representatives of the US
Army, Navy and Air Force. This MOA
established a joint service insensitive
munitions policy for reducing the threat (to
survivability of US ships, aircraft, weapons
carriers, tanks, other weapons platforms, and
stockpiles) posed by munitions and their
reactions to unplanned stimuli. This policy
extends beyond the development of insensitive
chemical materials [Insensitive/Desensitized
High Explosives (IHE)/DHE)] as the solution
to the problem and includes the use of
improved  mechanical/electrical  design
concepts to reduce munitions hazards. Each
Service was tasked by the MOA to implement
a system for planning, funding, and executing
its IM efforts.

As defined 1in the USAF's EHR Master Plan,
the immediate goal is to reduce the hazards
presented to inventory munitions by
developing and incorporating energy
suppression devices such as barriers and
diverters, redesigning munitions packaging,
and applying innovative storage and handling
techniques. These activities will permit the
reduction of safety imposed restrictions (QD
limitations) associated with these munitions.
The long-range goal of the program is to
complete transition to insensitive or less
sensitive munitions in all major weapon
systems as soon as practical without
significant reduction in  operational
effectiveness.  IM requirements will be
included 1n all new munition programs
through MIL Standards, Specifications, and
Program Management Directives (PMD). To
the extent practical, all munitions shall be
made to meet the IM criteria (MIL STD 2105
“Hazard Assessment Tests for Non-Nuclear
Ordnance™). Practical constraints include, but
are not himited to, technical feasibility,

EHR PROGRAM BENEFITS (PAYOFF)

8 Reduced environmental impact and
reduced need for waivers and
exemptions to explosives safety
criteria.

® /mproved air base survivability and
combat sustainability through more
effective storage of munitions.

m /mproved efficiency of munitions
storage by providing worldwide on-
scene & on-call EHR and facility site
planning assistance.

8 /mproved explosives facility site
planning capability by providing
guidance in the form of handbooks
and on-site training.

affordability, inventory, shelf life, and return
on investment. If a munition cannot be
designed to be insensitive, it will be made less
sensitive by incorporation of appropriate and
feasible IM design features. Munitions that
are not made insensitive will be cxamined
periodically to determine if emerging
technology or other factors can make the
munitions less sensitive.

The Air Force IM policy directives require
that all US munitions will be designed to
minimize the effects of unplanned stimuli.
While the standards for such occurrences
could be satisfied by insensitive energetic
materials, these materials are presently not
available and it would not be feasible to
replace the explosives in all inventory
munitions. Therefore, the long range policy,
to transition all major weapon systems to
inscnsitive or less sensitive munitions, must
await development of a chemical solution
which is several, if not many, years away.
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KEY INITIATIVES

Several key initiatives of the IM Program are listed in table 1.

Table 1. Key Initiatives

1. Buffered storage prevents propagation between stacks of bombs in storage. Tests have proven that
barrier materials placed between stacks of bombs can prevent explosive propagation. The concept has been
approved by the Department of Defense Explosives Safety Board (DDESB). Barrier matenals which have
been approved include 20mm ammunition and certain CBUs.  Since these are not universally available, a
genenic buttfer program using earth, sand, gravel, and manufactured barrier materials has been initiated.

The generic butfered storage program will allow increased munitions storage in the same land arca and limit
the effect of enemy attack and terronst actions on a munitions storage area.

2. Barriers/shields and packaging designed to prevent the propagation of one munitions item to the
next will reduce the MCE. Barriers can be placed inside or outside munitions containers or hetween bombs
on parked aircratt.  Simple changes to the way munitions are packaged, such as orienting missiles within a
container so that the warheads do not align, can also reduce the MCE.  Effective barriers can limit the
maximum credible event to one munitions item 1n a magazine full of munitions or ene homb on an aircraft.
Barner and packaging technologies will result in significant reductions in Q-D required. i will al30 feduce
the etfect of enemy or terrorist attack. The use of barriers has already proven successtul with 40mm
grenades, and propagation between two MK-84 bombs on the wing of an F-16 has been prevented. Other
munitions being addressed for barner technology are the MK-20 Rockeye, CBU-87, and CBU-89. All
munitions could benefit from this technology.

3. Flight line storage bins will reduce many of the hazards associated with explosives operations on
the thghthine. Proof of concept testing for a thght line storage bin has been completed. A significant
Increase in sortie generation s possible.

4. Hardened aircraft shelters (HAS) provide an opportunity to increase sortie generation. When
an aircraft load of munitions detonates within a HAS, massive fragments are projected and large safety
distances are required around the HAS. Scale model tests have shown that it the MCE could be reduced to
1000 pounds or less, no significant fragment hazard would exist outside the HAS.  Barrier technology could
linut the MCE of a loaded aircratt to 1000 pounds or less and reduce or eliminate the Q-D requirement
around HAS.

5. Munitions site surveys will he conducted to determine how hoth existing criteria and IM initiatives
can be best applied at the air base.  EHR initiatives needed 10 resolve specitic problems can alse be
wentihied. This evaluation wall include a site plan and storage planning documents. In addition, the site
survey team will provide munitions site survey training to those commands desiring this type of service.

6. Munitions Storage Modules (MSM) are less expensive alternatives to concretedsteei arch

tgloos. Large Scale testing on MSM was conducted 1n 1989, Engineering design changes resulting trom the
testing are beinyg completed. Small scale tests, to verify these changes, and the final design drawings need to
be completed betore MSM can be certitied by the DDESB. MSM will provide the same protection as a
concrete arch gloo, at less cost. MSM can be used cost effectively to provide covered, deep. secure storage
tor munitions at central depots.

7. Lightning protection is a key initiative for munitions storage. Lightning protection is now required
by DDESB for all munitions storage facilities, and appears to be a default requirement.  However, the Air
Force has never provided lightning protection for open storage of munitions and there is no evidence of any
accrdents resulting from hightning-caused detonation of these munitions. There is good technical evidence
that properly stored munitions do not need lightning protection. Providing this protection for open storage
of mumitions in Europe alone would cost at least 10 million dollars. A study and, if necessary, testing will
be conducted to determine if the requirement for lightning protection of open storage munitions is valid.

r.acn of the above key initiatives will be discussed in greater detail in the following paragraphs.




BUFFERED STORAGE

Previous Air Force Testing

Programs have shown that ak E — 05 = é E il = 5]
propagation between stacks of 0 | i | |
bombs could be prevented by B/ ; SO <] ; alam) = ; N
using air and or munitions items =000 | S

as buffer materials between stacks
of MK-82 and MK-84 bombs in
munitions storage igloos'.
Various densities of buffer
materials were placed between two
stacks of bcmbs in an attempt to
prevent propagation from one stack to the
other (cee ficuiic 7). Lachl Siion COLLEIRSG
avout 60,000 pounds net explosives weight
{NEW). The munitions buffers selected were
of sufficient densities te defeat fragment
attack. Areal densities of 500 pounds per
square  foot were successfully tested.
Separation distance was found to be important
because of overpressure in an enclosed space.
An acceptable separation distance proved to be
38 feet between bomb stack boundaries.
While it is convenient to us¢ munitions as
butfers, the munitions items

Figure 2. Buffer Materials can prevent
propagation between stacks of munitions

tested as buffers are not always available.
Since orly tested items may be used as
buffers, it is imperative that other reauily
available materials be qualified for use.

Several factors must be considered in
designing these buffering systems as shown in
table 2. These include cost and availability of
the raw materials or final products, the ability
to handle buffer materials with existing
equipment and the labor needed to maintain,
emplace and remove the buffer materials as
well as the performance of the buffer system.

next stack of bombs.

Table 2. Buffer Material Considerations

COST AND AVAILABILITY: Since large amounts of buffer materials will be required, it is
necessary to minimize the cost for these systems. If they can be fabricated from local, readily
available materials, significant savings in shipping costs could be achieved.

HANDLING COMPATIBILITY: The final butfer must be compatible with existing handling
equipment. Weight and size limitations will be dictated by the capacities of available forklift
trucks, door sizes of igloos and magazines, and other logistics considerations of this nature.

LABOR REQUIRED: The labor required to emplace, maintain and remove these buffer materials
is a key factor. Materials which need little or no continuing maintenance, such as concrete
blocks, are preferred over more labor intensive systems.

BUFFER PERFORMANCE: The buffer must be able to sufficiently mitigate the fragment attack
from the detonation of a 60,000 pound NEW stack of bombs to prevent propagation to the

' This concept was approved by the Department of Defense Explosives Safety Board (DDESB).
At the 299th DDESB meeting, the following subparagraph h was added to DOD 6066.9-STD Chapter
9 paragraph b.1: "If DDESB approved buffered configurations are provided, the NEW for Q/D purposes
is the explosive weight of the largest stack plus the explosives weight of the buffer material."
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BARRIERS AND PACKAGING

Currently fielded munitions containers are
designed to meet requirements defined in
MIL-STD 648A "Design Criteria for
Specialized Shipping Containers” and
XWS-32350 "Critical Item Development
Specification for Containers".  These
documents  address  specifications  for
vibration, environment, handling,
maintainability, size and weight. The
following stimuli which are not currently
addressed in container design are of
immediate and critical concern to the Air
Force: cookott (fire hazard), bullet
impact, tragment impact and sympathetic
detonation.  With the application of
modern armor technology and advanced
materials, @ munitions container can be
designed  to protect the weapons  from
unplanned stimuli; but, should a reaction
occur, sympathetic detonation from container
to container will be mitigated. This class of
physical mitigation or suppression devices is
being investigated to improve safety and to
permit reduced MCE and Q/D.

Barriers, diverters and packaging with internal
or cxternal shiclding provide a low cost
opportunity to reduce munitions hazards. It is
the mtent of the Air Force to continue to
develop and implement a comprehensive
barrier technology effort. The Air Force has
been conducting a technology investigation of
a deformable mechanical diverter which
separates MK-84 gencral purpose bombs (see
figure 3.). This barrier typically runs the
length of the weapon and varies from 6 to 12
inches in width and 2 to 4 inches in thickness,
depending on  the matenal used. The
combination of physical separation with a
shock reduction media is intended to reduce
the peak shock experienced by the adjacent
weapons to a level below the initiation
threshold for the explosive used. The diverter
also acts as a deflector for the bulk of the
weapon fragments so that either they do not

Figure 3. Barriers can prevent
propagation between munitions

strike the adjacent weapons or their impact
angles are very low. The eftectiveness of this
technique has been demonstrated in a
configuration of four MK-82 bombs in a row,
two bombs high, facing a similar
configuration nose to nose.  Tests also
included bombs configured with fuzes and
fins. In one case, 15 of 16 bombs in the test
were not sympathetically detonated bv the
donor. Many MK-82 tests were conducted;
some resulted in successes. others failed.
Diverter technology efforts to date strongly
indicate that diverters can deter sympathetic
detonation. The reasons for diverter failures
encountered with MK-82 bombs are being
investigated.

Diverters will deter sympathetic detonation in
many situations, but it is necessary to acquire
a thorough understanding of the detonation
products (fragments and blast characteristics,
etc.) and how these products affect adjacent
rounds. Only then can we select materials
and design a diverter that will reliably deter
sympathetic detonation. One of the major
objectives of this task is to define and verify
modeling and testing techniques to assist in
developing and implementing diverter/barrier
technology.

.y ——




The Air Force has an operational
requirement to store 40 MM High
Explosive Dual Purpose (HEDP) rifle
grenades in Security Police armories.
These items are Hazard Classification
t, Division 1 (C/D 1.1) because they
mass detonate and they can be stored
only in the munitions storage area.

The Air Force has conducted a series
of tests wusing a new packaging
configuration for the HEDP rounds
(see figure 4.), and has shown that,
the maximum credible event (MCE)
can be limited to one round.  Also,
testing has shown that, when the
containers are stacked, initiation of
the shaped charge in the upper
container does not propagate to a round
directly below in the lower container. This
means the grenades can be reclassified to CD
1.2 non-mass detonating, and can be stored in
the armories where they are needed.

Cluster Bomb Units (CBU’s) in the current
inventory are being replaced by the CBU-87
(Combined Effects Munitions) and CBU-89
(Gator Antitank and Antipersonnel Mines).
The inventory CBUs are assigned C/D 1.2.
However, the new CBU-87s and CBU-89s are
assigned C/D 1.1. and require large Q/Ds
because they mass detonate. Storage capacity
for C/D 1.1 munitions is already limited. The
mtroduction of CBU-87 and CBU-89 creates
additional storage problems, which can be
avoided 1f modifications can be made to the
munitions or munitions containers which allow
them to be classified as C/D 1.2. The
CBU-87s and CBU-89s are packaged two in a
CNU-327E container (see figure 5.). It may
be possible to stop propagation by modifying
the packing materal within the container or
by placing extemal mitigating material shieids
on the outside of the container. To this end,
testing will be done to better understand
close-in effects of the detonation of a CBU-87
and CBU-89. Characteristics of the individual

Figure 4. Prototype container
for 40MM (M433) grenades

submunitions are known; however, detonation
of an intact CBU-87 and CBU-89 has not been
characterized. This characterization will be
conducted both on single items and on a
standard storage configuration (CNU-327E
containing two CBU’s). Information derived
from the munitions characterization test,

coupled with known characteristics of

candidate barrier materials and the sensitivity
of the submunitions, will determine it redesign
is feasible. External modifications to the
CNU-327E may be required to ensure
sufficient mitigation of fragment, blast, and
shaped-charge effects.

Figure 5. CBU Container with Barriers
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Modeling and wvalidation of the
modification/redesign is accomplished in four
stages. Small-scale tests using sections of the
proposed container determine if the design is
feasible and obtain relative measures of the
mitigation/protection  afforded to the
submunitions. Single-puckage tests determine
if propagation can be prevented between two
CBU’s in the saine container (these tests may
be omitted if munitions characterization tests
indicate there is  little likelihood that
propagation between individual items can be
prevented). Unconfined container-to-container
tests  determine  if  propagation can  be
prevented vertically, honzontally, and front to
rear. I the foregoing tests are successful, a
standard  hazard classificat.on test series 18
accomphished in accordance with Air Force
Fechmical Order TTA-1-47,

FLIGHT LINE STORAGE BINS

Figure 6. Bins, ecch containing one
sortie of munitions, can be located
adjacent to aircraft operating areas.
Other munitions can be dispersed in bins
throughout the airbase.

Mission requirements and physical constraints
have created a requirement for waivers and
cxemptions to explosives safety criteria at
many Air Force Bases. These waivers and

exemptions identify hazardous conditions
which threaten both U.S. and other nations
assets and personnel. aggressive action must
be taken to eliinate the hazard or proteci the
personnel and assets affected.  Funds to
construct new facilities and/or purchase
additional land are not available. One
relatively inexpensive solution to many of the
conditions requiring waivers and exempiions
is the use of munitions storage bins or in-
ground munitions containers (sce tigure 6). In
addition to reducing required clear zones,
munitions storage bins will provice for
improved survivability and sustainability at
both permanent and bare base facilities.

The objectives of the bins are to:

1. Reduce environmental impacts, explosives
safety separation distances, waivers and
exemptions to explosives safety criteria, and
threat to personnel, munitions, facilities, and
other assets;

2. Increase survivability and sustainability of
combat operations by safely prepositioning
several days of munitions stocks at aircraft
operations areas; and

3. Provide alternative munitions storage
methods to support combat air operations and
increase the survivability of munitions stocks.

HARDENED AIRCRAFT SHELTERS

Barrier and ftlightline storage bins or in-
ground munitions containers have the potential
for solving the most serious operational
limitation problems facing our logisticians.
For example. hardened aircraft shelters (HAS)




are generally sited for the maximum quantities
of munitions they are permitted to store (only
10,000 pounds net explosives weight). This
limits the amount of explosives to
accommodate multiple sortie generation. The
explosives safety clear zone required to store
10,000 pounds of explosives in a hardened
aircraft shelter is 1,335 feet. If the munitions
are stored on the ground outside of the shelter
the required distance is 1,250 feet. If
munitions storage bins were used to store the
additional sorties required at the rircraft
shelter, the shelter could be sited for 4,000
pounds NEW (enough for one sortie) and the
required safety distance could be reduced to
985 feet. Proof of concept testing indicates
that the inhabited building distance required
arourd munitions storage bins would be 760
feet. The munitions storage bins could be
located within the 985 foot clear zone of the
HAS and therefore effectively reduce the clear
zone around hardened aircraft shelters from
1335 feet to 985 feet. Bins/below-ground
storage containers make it possible to store a
significant number of munitions, increase
sortie generation and not exceed Q-D for 4000
pounds NEW.

Munitions SITE SURVEYS

Airbase munitions site surveys and munitions
hazard reduction planning will identify
problems created by the presence of
munitions, and quantify the scope and severity
of the problem as it relates to airbase
survivability and operability. These data will
be used to quantify benefits gained by
application of IM technologies and wiil help
prioritize and justify funding for IM
initiatives. These surveys will identify actual
operational combat limitations and other

HAS clear zone
for 10,000 pounds
of explosives

Football Field for
size reference

HAS Clear Zone for 4000 pounds
of explosives plus 36 munitions
storage bins sited for 2500
pounds of explosives each

{a total of 94,000 pounds).

Figure 7. Expected Clear Zone
Reduction

restrictions limiting the unit's ability to
effectively complete its combat mission.
Surveys will address peacetime operational
needs, pre-hostility build-up, and sustained
combat operations. The surveys will
particularly address explosives safety waivers
and exemptions to determine what actions can
be taken to reduce or eliminate them without
degrading the mission capability. Surveys
will consist of five phases shown in table 3.
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Table 3. Five Phase Program for Munitions Site Surveys
Phase 1:

Determine munitions requirements. Raview applicable documents to determine the total munitions requirements.

Identify expiosives capacities for all storaga, maintenance, assembly, holding areas, emergency munitions storage
sites, hardened aircraft shelters and other areas that are identified as explosives locations.

Identify USAF/MAJCOM, as well as funded and unfunded MCP/NATO munitions storage/operating facilities.
Determine applicable national and international explosives safety/survivability criteria.
Review existing approved explosives site pians and Host Nation approval documents if applicable.
Obtain waiver, deviation, and exemptions documents if applicable.
Determine the total explosives capacities and operational limits for all explosives locations {currently approved).
Determine the difference between existing storage capability and requirements.
Evaluate previousiy directed (pre-direct) munitions shipment for quantity and timing of munitions shipments.
Review existing munitions pre-direct transportation plans for currency with relevant agencises.
Validate pre-direct emergency munitions storage locations and storage capabilities.
Evaluate munitions assembly and delivery capabilities.

Determine munitions personnel/equipment requirements & availability to sustain daily combat operations.

Phase 2:

Quantify survivability, sustainability, operability problems under existing operating conditions.
Determine munitions shortfalls/overages and operational restrictions caused by munitions.
Determina impact of pre-directed munitions receipt on combat operations.
Determine the hazard posed by U.S. munitions an survivahility, operability, and sustainability of the airbase.
Develop a base map depicting munitions hazards affecting survivability/operability.

Prepare documents describing operability and sustainability problems creatad by munitions
shipments/operations.

Phase 3:
Determine enhancements possible to survivability, sustainability, and operability, through improved applicaticn of
current safety criteria, re-warehousing munitions, or adding low caost enhancements such as barricades.
Review existing waivers/deviations t- determine if they are required/valid.

Develop munitions storage plans for ali munitions storage facilities, holding areas, other operating locations, and
hardencd aircraft shelters, if applicable.

Prepare a revised explosives site plan indicating peacetime and wartime munitions, if applicable.

Phase 4

Quantify survivability, operability, and sustainability gains from application of current or ongoing IM initiatives,
Develop munitions storage plans which depict storage gains through application of IM technologies.
Develop explosives site plans to quantify gains in base storage capacities.

Oevelop a base map to compare explosives hazards using EHR technologies versus current technologies.

Document survivability, operability,and sustainability gains made through use of these technologies.

Phase 5:

tdertify and quantify new initiatives/technologies which should be included in the Air Force EHR program.

Determine munitions personnel/equipment requirements & availability to receive pre-direct munitions shipments.

-



MUNITIONS STORAGE MODULE

Standard munitions storage igloos are
designed and certified to store a Net
Explosive Weight (NEW) of 500,000
pounds. These igloos cost
approximately $450,000 each. Tests
conducted under the Air Force
Munitions Hazards Reduction Program
using a modular igloo have
demonstrated the feasibility of this new
design approach (see figure 8.), which
would cost about $250,000 each. The N
igloo concept is based upon the integral N
connectioii of single precast concrete S~
panels. Steel beams are cast internally )
in the panels and are assembled to

provide most of the structural integrity.

Figure 8. Munitions Storage Module

The MSM provides an increased explosive siting capability, more
effective use of land and a substantial cost savings over standard steel

arch and Stradley explosives storage facilities.
- |

The general procedure for erecting the modular igloo is outlined in table 4:

Table 4. MSM Erection Procedure

Prepare the construction site and foundation
Place the precast floor slabs

Erect and hold in place the back wall and first section of each side wall
(wall sections are joined to the floor slab by inserting the steel members
into existing slots in the floor slab)

Place the first section of the roof (this stabilizes the first wall sections)

Continue wall erection and roof placement of each section until the basic
structure is complete (wall and roof sections are attached to previously
erected sections by slip joints)

Place door frame and doors
Place frontal retaining cap and wing walls

Cover the structure with soil overburden

(RPN




LIGHTNING PROTECTION

Currently the DOD requires lightning
protection for open munitions storage pads.
The Air Force has not implemented that
requirement and is being pressured by the
Department of Defense Explosives Safety
Board (DDESB) to do so. This is in spite of
an apparent lack of information on the effects
of lightning strikes on munitions. In fact, it
appears that there have been no Air Force
incidents of munitions exploding because of
lightning strikes. In addition, the Air Force is
unaware of any instances in service or
industry where the main charge explosive
inside unfuzed, cased munitions has exploded
as a result of lightning strikes. Because
lightning protection for open storage will cost
$10-20 M in USAFE, the EHR program
office discussed the lightning hazards with Los
Alamos, Sandia National Laboratories
Albuquerque, and the U.S. Army Missile
Command (MICOM), the latter two having
lightning  simulation facilities. These
discussions indicate that the explosives inside
unfuzed, cased munitions should not react
upon attack by generic lightning strikes. This
initiative will validate or try to eliminate
explosive safety requirements for lightning
protection.

CONCLUSIONS

The Air Force Insensitive
Munitions/Explosives  Hazard  Reduction
Program is a significant undertaking that has
the cooperation and support of the major
commands. The program serves the changing
needs of the Air Force. It will facilitate base
reductions and future operational
requirements.  Cost savings realized by
implementing EHR initiatives will more than
return the cost of this program. Improved

safety and survivability of munitions stocks
will provide significant operational benefits.
This program has been fully included in Air
Base Operability considerations to improve air
base operations, survivability, and
sustainability. The Air Force EHR program
has several key initiatives which directly
address the changing needs of the Air Force.

Key initiatives are in the barriers and
packaging area. Barriers and packaging which
can be designed to prevent the propagation of
one munitions item to the next will reduce the
MCE. Barriers can be placed inside or
outside munitions containers or between
bombs on parked aircraft. Simple changes to
the way munitions are packaged, such as
orienting missiles within a container so that
warheads do not align, may also reduce the
MCE. Effective barriers and packaging can
limit the MCE to one munitions item in a
magazine full of munitions or one bomb in a
mission ready aircraft. This will also result in
significant reductions in quantity-distances
required, and allow more munitions to be
stored in closer proximity to airbases,
flightlines and hardened aircraft shelters
(HAS) where they are needed.

Because munitions are critical to the war
fighting effort, the hazards to friendly forces
must be accepted but must also be minimized.
The Air Force Explosives Hazard Reduction
Program interfaces within the framework of
the Air Base Operability mission to defend,
survive, recover, generate and support.

Under the defend framework, explosives
hazard reduction procedures will increase
munitions storage capacity, and ensure that
base defense ammunition and explosives can
be stored at the base and locality of intended
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hazards of munitions can enhance availability
of munitions to the base defenders.

Survival can also be greatly enhanced by
storage techniques, containers designed to
mitigate propagation, and facilities which will
lower MCEs and reduce both direct and
collateral damage from enemy action.

To ensure survival of vital munitions
resources, innovative storage facilities such as
flight line munitions storage bins will disperse
munitions stocks in the operating areas,
provide protection from attack and reduce the
need for large and vulnerable munitions
storage areas.

The IM Program is recognized as
critical to the survival of our
tactical air forces, and will be
pursued with vigor and a high
priority sense of purpose.

With the advent of the Air Force IM program,
reduced munitions hazards have become a
design requirement for all munitions planned
and in development. Improved defense and
survival of munitions and user personnel make
it much easier to recover from enemy attack,
generate sorties and provide combat support to
attack the enemy.

Discussion

QUESTION BY FRECHE, FRANCE: You have shown that reduction of
risks can bring an important increase of quantities of munitions that
can be stored in a given storage area. |f you have insensitive
munitions will you be able to increase again these quantities?

ANSWER: Yes! The ultimate solution to the Air force's storage
problem is truly insensitive munitions using insensitive high
explosives (IHE). When IHE is available, there will be no problems
with storage. However, we believe that IHE will not be available for
many years, and that expedient methods, such as buffered storage
and underground bins next to hardened aircraft shelters are needed
to improve storage problems in the interim.

QUESTION BY CHIZALLET, FRANCE?: The USAF has a strong interest
with problems met in storage. This means an interest for NATO 1.6
risk division which mainly solves IM by just utilization of IHE to fill
in the munition. This is not necessary with IM policy, where the only
important point is result. What is the USAF position regarding this

question?

ANSWER: It is our position that the insensitive munitions goal to
achieve hazard classification/division 1.6 (C/D 1.6) will not be
achieved in the near future. Maybe never! However, there are many
ways to make munitions |less sensitive, to reduce hazards to a more
acceptable level and to thereby improve our storage problems and
combat capability. We are actively pursuing methods to reduce
munitions hazards to C/D 1.2 and C/D 1.4 using mechanical and
physical means while awaiting the ultimate chemical solution.
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1. SUMMARY

This survey paper summarizes current US efforts in
advanced gun propulsion technologies. The majority of these
R&D efforts today focus on advanced solid propellants
(including those specifically designed for low vulnerability
characteristes). liquid propellant guns, electric guns concepts,
and the ramjet cannon accelerator. While the motvation for
these efforts is mainly improved ballistic performance, of
almost equal concern are operational vulnerability as well as
s hazards associaled with the tansportation, storage, and
handling of munitions. A major concemn for technologists
today is how to reconcile these spparent contradictory goals.
The goal of truly “insensitive” munitons is probably
unrealisuc. Less-sensitive munitions are, however, possible
and desirable. It is now clear thai operational survivability
and vulnerability of gun<arrying weapon systems are affected
w© a significant degree not only by the sensitivity of munitions
stored on-board, but also by the packaging, storage location,
degree of confinement, compartmenuation, and overall external
and internal sysiem protection. Munitions sensitivity or
vulnerabihity can no Jonger be evalualed reslistically in
isolation from the weapon system. This has profound
umphcauons on insensitive munitions design and  test
methodology.

2. INTRODUCTION

Gun propulsion research and development efforts in
the US are currently focused on improving the ballistic
performance and achieving meaningful increases in overall
sysitem effecuveness. Reduction of wespon system
vulnerabihity has become a8 major motvation during the last
two decades with the growing realization that combat
survivability is as important a facior in effectiveness as system
lethahity. With the additional backgound of catastrophic
murutions fires on-board aircraft carners, massive ammunition
dump fires, and munition tain disasters experienced in the Jast
25 years, it is not suprising that a consensus developed with
a clearly swuied goal 10 field only munitions (Ref 1) which are
insensitive to the maximum extent possible.

Early studies showed that the eliminaton of
sympathetic detonation could significantly increase
survivability of ships carrying mined siores of explosives and
propeliants, end that the use of less-sensitive gun propellmnts
would dramatically reduce the number of M60 series tanks
killed in bartle

Insensitive Munitions (IM) Programs in the US
Services have focused pnmanly on wespon platform

survivability such as infantry fighting vehicles, tanks and
ships, reduced vulnerability of rocket propellants and reduction
of sympathetic detonation and response o cook-off of bomnbs
in stores. Each service has different prionities. The Air Force
is concerned with base magazine storage of munitions
(survivability and quantity distance). The Navy concern is
ship survivability. The Army's primary concem is combal
vehicle survivabiiity and munitions transport and storage
safety.

Since the initial efforts began, a Navy-spproved
document, MIL-STD-2105A (Rel 2) has been developed
which defines the mandatory tests and the pass/fail criteria for
the assessment of safety and insensitiv: munitions
characteristics of all non-nuclear weapon ;ysiems and
munitions, munition systems, and explosive devices. Program
managers are now responsible for planning and executing a
hazard assessment test program which includes a test plan
based on a realistic life cycle threat a hazard environmental
profile.

In virually all advanced gun propulsion programs
the dominant ballistic goa! is to achieve substantial increases
in kinetic energy. The need for higher muzzle velocities may
become clearer as the benefits and system burdens of very
high velocities become better defined. However, it is
becoming increasingly more difficult o extract more kinetic
encrgy from a given conventional gun envelope. While
conventional wisdom says that we are at the iimit of muzzle
velocities for chemical gun propulsion, velocities on the order
of 3km/s have been demonstrated (Ref 3-4). However, the
thermodynamic efficiency decreases at very high velocities to
the point that such an approach is typically not attractive from
a tactical systems perspective.

The options svailable to increase the kinetic energy
of projectiles are: (1) combine modest incremental
improvements in projectile design, gun pressure limits,
propellant energy density, snd progressivity; (2) develop a
larges, longer gun; (3) explore alierative, non-conventional
gun propulsion options for impr Lallistic performance at
a systcm penalty less than the first two options.

The challenge 10 conventiona! munitions designers
is now two-fold. In addition w the usual requirements of
increased performance and effectiveness, the requirement for
reduced wvulnershility and increased survivability of the
munition is also established by the IM policy. Increased
encrgy and lese sensitivity are not easily achievable in concert
and novel approaches and rade-offs are required as described
below.  While advanced conventional gun propulsion
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spproaches are indeed making remarkable progress, the hope
is that in the Jong term electric gun propulsion options will
result in more effective gun systems than possible by
conventional means.

3. US PERSPECTIVES ON INSENSITIVE MUNITIONS

Specific IM requirements and thus the assessment
tests must be placed in the perspective of the specitic weapon
system in which munitions we o function. Weapon systems
and threat environments differ greatly between the services.
Guns systems on board ships, aircraft, tanks, armored
personnel carmiers, self-propelled artillery, towed artillery, etc.
all face considerably different battleficld threats and msy have
different levels of acceptable survivebility. These differences
must be accounted for in eswablishing the IM criteria and
assessment tests for munitions.

In this section we briefly summarize the US Army
and Navy perspectives on Insensitive Munitions with respect
to gun propulsion technologies. The views of the US Air
Force reflect o a significant extent both Army and Navy
views. While the focus here is gun propulsion, Boggs and
Derr, (Ref 5) describe many of the same issues and problems
for hazards of solid propellant rocket motors.

3.1. Navy Perspective

The US Navy has led the way owards establishing
Insensitive Munitions requirements and test prowocols largely
as » consequence of the importance of ship survivability. To
a significant extent the requirements and protocols served as
models for the Joint Services Requirements Document. Any
advanced naval gun systems will be required o meet
Insensitive Munition requirements (Ref 1-2,6-9). To that end
the USN is collaborating with the other Services on some
advanced (non-solid) gun propulsion technologies (e.g., the
elecogothermal/chemical (ETC) gun system to meet the
emerging anti-ship missile threat in close-in weapon system
(CTWS) application). Because resources are limited, however,
and becsuse there remains a considerable inventory of solid
propellant based gun weapon systems, there remains &
continuing focus to meet the goals of IM requirements in these
more conventional systems. While much of the early effort
was based upon spplication of nitamine propellant
technology, more recently there has been added emphasis on
the ammunition as 8 wtal system. That is, improvements are
sought for the total gun munition package in its entire logistics
life cycle. An example is described below.

For fixed cartridges, substiution of PBX explosive
in the warthead should be accomplished in concert with
substituion of LOVA (low vulnerability ammunition)
propellant in the propulsion sysiem. Furthermore, at the
Sucessembly level, consideration needs 1o be given all the
componenis, s well. The relative roles of the propellant, the
igniter design, the igniter material, the case design, and even
the crimp force must be underswod and addressed as s sysiem.
Similarly, packaging, stowage arrangement, fragment and/or
fire protection systerns need 10 be given proper aftention not
only in credible event analytical sssessment but also in
specific end itemn testing.

Experience in developing an improved 76 mm
cartridge serve w illustratz many of the sbove points. A

LOVA propellant was developed (and qualified in accordance
with Ref S 10 replace the single-base M6+2 propellant (Ref
10). This LOVA propellant featured many attributes sought
in a propellant required 1o meet IM requirements (e.g., higher
igniton lemperature); yet until the BENITE igniter maienial
was replaced with a special LOVA Igniter (LI) material and
until the drawn steel cartridge case was replaced with a spiral-
wrap case design, the cartridge was unable 10 meet the Navy's
IM requirements. Regarding the igniter, in fast and/or slow
cook -off the BENTITE igniter material ignited at a temperature
well below the LOVA prepellant resulting in an igniter cook-
off and subsequent aggressive response of the cartndge.
Similarly, even when special temperature resistant LI materials
were incorporated so that the LOVA propeliant cooked-off
before the igniter (in a localized zone), there was still an
aggressive response of the cartridge unt) the drawn steel case
design was replaced with a spiral-wrap case (capable of
venting at jow pressure).

Finally, despite demonstration of the improved
cartridge to meet IM requirements, s simulated shipboard
magazine lest revealed that s characteristic of the fire
protection sysiem prevented realization of the full potential of
the improved cartridges. In testing for conformance o IM
requirements (Ref 9), it had been demonstrated that the
response of cartridges improved, typically, from an aggressive
propuisive deflagration to a mild buming response. In the
mock magazine simulation test (including sprinkler protection
system), it was learned that the IM test pamissible burning
response can stll result in catastrophic response as cook-off
propagation of adjacent munitions in a confined storage
arrangement  is  likely. The simulated systems tests
demonstrated that application of large quantities of water from
the existing sprinkler system was effective in controlling cook-
off proj agation. However, the response characteristics of the
sprinkler sensors/sysiem needed o be improved 10 prevent
cook-off propagation. In summary, then, consideration and
complete understanding of the ammunition (and all its paris)
in its entire Jogistcs life cycle is vital 1o the success of the IM
initative.

32 Army Perspective

Rocchio, et al. (Ref 11) describe one of the exrliest
attempts in the US 1o find low vulnerability smmunition
(LOVA) altemnatives to conventional tank ammumnition. Only
recently did Insenitive Munitions Requirements (Ref 1) and
the associated test protocols (Ref 2) become Army policy.
While a standard test methodology is very important and
useful, it has been found o be difficult 1o apply the Navy
standard methodology to Army sysiems. MIL-STD-2105A
specifies tests that are of marginal relevance 1o the
environment in which Army munitions may be exposed.
Another issue, however. is that passing all the required
standard tests summarized below still does no. ..—.essarily
result in munitions satisfactory for an Army threavhazards
environment.

There are three sets of tests used to assess or qualify
energetic materials/munitions with respect to hazards. The
sets of tests wre (a) IM Tests (described in MIL-STD 2105A),
(b) system vulnerability tests (developed w assess system
survivability requirements and (¢) the UN Hazard
Classification Tests, described in Army TB 700-2, used for
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shipping and storage purposes. Table 1 lists the seven
standard IM tests.

Table 1. US Insensitive Munitons Test Summary
Test Passing Crileria

Fast cookoff
Slow cookoff
Bullet impact
Fragment impact  bumning permitied

Symp. detonation no propagason of detonation
Jet impact no detonation

Spall impact no burming permitted

The latter two tests are only required if the threat hazard
ussessment determines that they are credible threats. The slow
cookoff test is also waived for Army systems if no realistic
scenario can be described. All tests are described in MIL-
STD 2105A. which has recently been spproved for Navy use
and 15 available for use by the other services

Hazard Classification tests are run in conformity with
UN procedures and are described in Army Technical Bulletin
TB 700-2. The tests are intended 10 assess the response of the
ammunition in its shipping and storage configuration. As part
of the Hazard Classification Process, all munitions are
subjected o 8 sympathetic detonation test and a bonfire (fast
cookof) test, which are very similar (but not identical) to their
IM counterparts. To qualify for Hazard Class 1.6 (Extremely
Insensitive Detonating Substance), munitions must be subject
o a slow cookofT test and a bullet impac: test. which are also
suniiar to, but not identical with, their IM counterparts.

The IM Tests do not necessarily address Army system
vulnerability problems. For instance, it would be very unusual
for an army munition 1o be hit by a 16 gram fragment at 8300
fps (the IM Fragment Test). Likewise, it would be very
unusual for an Army munition o bs exposed W & heat source
which would result in a 6 degree F pex hour heating rate (the
IM Slow Cookoff Test). On the other hand, it is quite possi-
ble that a propulsion charge could pass the IM Shaped Charge
Impact Test, butl the buming reaction could be sufficiendy
rapid to destroy s tank ammuniion compartment

While this technical view is not an official Amy
positon. efforts are underway o develop & unified. coherent
policy tailored for Army systems.

The Army positon is tha if the munition does not
pass the msensitive murution tests using the recommended
pro~edures, 1 waiver must be granted to type classify the item.
An essentia] element in approval of the waiver is an
agreement between (. ueveloper and the user W correct the
deficiency.

Recently, this policy was tested only partially for a
kinetic energy tank round which contains the propellant JA2.
The IM tests showed that the munition failed the fast cookoff,
fragment impact and spall impact tess. After review of the
alternatives it was determined thai the technology was not
readily available w0 correct all of these deficiencies and the
research centers were directed 1o allocate resources o solve
these problems. The exercise further substantiated the need to

build flexibility into the test procedures and 10 make &
distinction between logistic and tactical type tests.

The Amy is cwrently reconciling these test
methodologies in a coherent framework 1o be published as
MIL-STD-2105B.

40 CURRENT MAJOR US GUN PROPULSION
EFFORTS

In this section we survey many of the gun propulsion
technologies currently under investgation in the USA. The
discussions include brief technical descriptions, the underlying
motivation for the efforts, a summary of the current
technological status and technical challenges, and a brief
review of the insensitive munitions aspects of these gun
propulsion approaches.

4.1 Advanced Solild Propulsion
4.1.1 Energetic Materials

The energetic material is ofien the most critical
component which determines vulnerability of munitons (Ref
11). There me, however, exceptions to this rule and thus the
entire munition [projectile, case, ignition system, additve
packages, propellant, siorage systern, eic ] musit be treated as
a system and the interplay of critcal components identified.
While the sysiem aspects of vulnerability reduction of
ammunition must be always be kept in mind, the discussion
here will focus on solid gun propellanis. The goal of US
resexrch has been "low vulnerability” ammunition (LOVA),
not "no vulnerability” ammunition!

The mechanism of response of munitions to a threat
sumulus must be understood in order 1o have s reasonable
chance 1o develop improved energetic materials. The effective
threat stimulus experienced by a propellant depends on: the
inibal threat, the armor or other protection that filters this
threat, and the local stowage configuration of the rounds
themselves. For armored systems there - two fundamental
threats: fragment/spall impact and hypervelocity impact (HVI)
with the latter resulting from either chemical energy jet (CE)
or kinetic energy penetrator (KE) threats. Fire and heat are
secondary threats as they arise from prior initaton of a
munition by a pnmary threat

Spall.  The principal initiation mechanism associated with
spall impact of gun propellants has been shown 10 be thermal
igniton by conductive heat transfer from the spall. The
dewiled mechanism is very complex and is contolied by the
chemical, mechanical, and thermophysical properties of the
propeilant, Figwre 1 (Ref 12). Extensive research showed that
this threat could be mitigated by propellants with high thermal
ignition thresholds, characteristics which cannot be achieved
with nitrocellulose-based formulations but are found in
nitramine composite formulations.

The role of the thermal decomposition chemistry of
the energetic solid and polymer matrix are reasonably well
understood.  The energetic solid should have a high
temperature for onset of thermal decomposition. Nitrate esters
are inferior to the niramine and nigo groups in this respect.
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For the polymer matrix, thermal decomposition should occur
at temperatures at or slightly below that of the energetic solid
and this decomposidon should be endothermic rather than
exothermic. The most effective polymers exhibit thermal
decomposition which upon acid catalysis is shified o Jower
temperatures and becomes more endothermic.  These
characieristics are effective because they imerfere with heat
tansfer from the spall particle 10 the energetic solid.
Knowledge of this mechanism has led o effective spall
mitigation design rules for new formulations to miugate the

Figure 1. Thermophysical process involved in spall intiation of gun
propeliants

Hypervelocity Impact. The HV] mechanism, because it is
very complex and not well undersiood, is currendy the subject
of mtense research. CE HVI has been studied much more
than KE HV1 due 1o the experimental difficulues in working
with the latter.

As & jet penetrates a granular propeliant bed, an
iniense reacton occurs in the high pressure region
immediately in front of the jet. Flash x-ray studies of ts
process by Watson and by Ramsey have shown that matenals
divide into two distinct types of behavior (Ref 13-14). In
Type | matenials, the reaction at the jet tip appears o decay
significantly in velocity as it spreads radially; as the reaction
proceeds away from the jet axis. it takes on many of the
characteristics of a convective thermal combustion process
where pressure, bumning rate, surface area, and propellant
energy are controlling facwors. In Type '2 matenals, the
reachon proceeds in the radial direcoon at 3 sustained
supersonic rate, though not necessarily at the velocity of a full
detonation. Type 2 materials exhibit much greater violence of
reaction

Watson (Ref 14) has recently shown that the energy
reicased in the biast wave is roughly proportional to the
kineoc energy of the jet deposited in the propellant bed
during the penetration process as shown in Figure 2. The
kinetic energy is approximately {V* x D], where D is the final
jet diameter afier breakup. Type 1 behavior occurs when the
response deviales makedly from this correlation. While many
formulatons hsve been shown w follow this relationship, it is
not yet clear what chemical or physical properties of the
propellant most affect this response or determine the ransition
point to Type 8 from Type 1 behavior. Thus, effective design

rules 1o guide the development of new formulations to
mitigate this threal have not been developed.
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Figure 2. Energy release from granular propellant beds impacted by
shaped charge jets of varying characteristics

There are some data which indicate that the
mechanical properties of the propellant are imporaant Wise
found that elastomeric materials were less violent than the
more brittle plastic composite propellant formulagons where
energy, grain geometry and burning rates were similar (Ref
15). Both Ramsey and Liu have shown that the violence of
response increases when HVI occurs at low temperanres
(Ref 16-17). Thus a major thrust of new formulanon
development is to improve propellant wughness.

Limited experimental studies have been conducted on
KE HV1. Lyman et al. (Ref 18) have recenudy conducted an
experimental study which demonstated the cnucal role of
armor and storage on the response of 120-mm ammuniuon o
this threat. Impact of a KE penetator on target rounds with
combustble cartndge case showed a mild reaction when the
bare round was impacted and a slighty higher reaction when
the cartndge was contained in its aluminium storage tube.
When the KE penevaior passed through armor before
impacting the tube and cartridge. the reaction gave a 2 10 4
times higher blast impulse. Results similar to those without
armor, have been found for the response of 105-mm
ammunition to 65-g fragments at velocities > 800 m/s. With
the introduction of armor, the response seems o be dominated
by promp! reaction to spall impact where the large volume of
spall causes 3 much larger segment of the propellant 1o
become involved in the reaction.

Evaluation Techniques. Two tests have been developed to
examine s propellant’s response o spall: The hot fragment
conductive ignition tesLconducted in a laboratory, and the CE
generated spall range test The former allows new
formuladons o be screened rapidly while final proof of a
formulation's impect characteristics must be evaluated with the
field test where the material is exposed to a threar spectrum
similar o that expected on the battlefield.

Because of the complex mechanism, no useful
laboratory scale test has been devised o rank the response of
different propellants to HVI. Many larger scale experimental
techniques have been developed, all of which imvolve the use
of a shaped charge. These techniques differ principally in the
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amount of material used snd manner in which the energy
released is measured. Currenty the BRL is using the Plate-
Pendulum test devised by Watson where the blast impulse
from an impsacted propellant bed is measure with a ballistic
pendulum.  The jet characteristics (diameter, tip velocity.
residual energy) can be varied 1o characterize different
formulatons.

Because ammuniton comparument survival is the
ultimate pass/fail criterion for US tank ammunition, scaled
compartment tests have been developed. These tests enabie
the system environment 1o be evaluated without the huge costs
associated with full scale live fire testing. Unfortunately,
results from these tesis can only be related 0 the full scale
results by empincal correlations. Efforts 10 develop uszful
modeling tools are underway.

Current State-of -the- Ant Solid Propellants. The US has several
propeliants which have undergone extensive field testing 10
prove their abiulity to provide acceptable vulnerability levels on
the battlefield Tests include large scale component tests as
well as full scale live-fire testung.

XM39 is a low vulnerability nizamine composite
propellant developed 1o replace M30 propellant in the 105-mm
M456A2 HEAT cartndge. It was designed o survive the
severe spall impact threat environment within the M60 series
tank.

JA2 1s a convenuonal double-base formulation used in
120-mm tank cannon ammunition for the M1A1] wank. This
propeliant is very sensitve to e spall threat but this is not
sigruficant in the M1A] where the ammunition is separated
from the crew by blast doors. JA2 exhibits excelient response
to HV] as measured by both the plate-pendulum and
compartment Lests.
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Figure 3. Recent trends in US gun propellant development.

M43 is s high energy. low vulnerability nitramine
composite propeliant developed for the 105-mm M900
APFSDS canndge for the M1 tank. Like XM39, it is a
niramine composite propellent It was designed 10 provide
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greater energy than JA2 together with a lower ballistc
temperature coefficient. It maintains the HVI survivability
characteristics of the amumunition compartment and exhibits
high resistance to initiaton by spall.

New Materials for Advanced Solid Propellants. The major
emphasis in the development of new formulanons has been on
composites where an energetic solid is dispersed in a polymer
matrix. Composites allow movement away from the limiting
thermal sensitivity characteristics of nitrocellulose. Figure 3
shows trends in the development of new high energy low
vulnerability propeliants.

The search continues for new energetic solids which
exceed the energy and density of RDX but with less thermal
and shock sensitivity. Polycyclic and bridged nitramines as
well as strained ring niramines are families of new energetic
materials with much promise. Examples of these include
CL20 and TNAZ.

Many of the polymers used in rocket propellants have
been evaluated in gun propellants. While properties have been
stractve, the difficulty of contolling the cross-linking cure
reaction during mixing and extusion have not allowed these
matenials to be exploited.

Thermoplastic elastomers have great potential for
several reasons: elastomeric mechanical properties,
thermoplastic  processing properties, great flexibility
schieving specific structure and chemical properties, etc. Non-
energetic as well as encrgetic polymers are being evaluated.

Plasticizers are key ingredients because of their
influence on energy. mechanical properties, and processing
charactenistics. A wide range of energetic and non-energetic
materials are evaluaied as part of our material development
program. New materials exploit the nitramino and azido
moieties for superior energy and reduced sensitivity relative to
nitrato moietes.

Slowly, a set of design rules is being developed to
sgeamline the rather empirical process of selecting the
optimum plasticizer. One new and promising approach is the
use of molecular modeling software to elucidale polymer-
plasticizer interactions and evaluate the pntential of new
plastcizers.

Processing. The production process can gready affect the
vulnerability characteristics of a formulation through changes
in microstructure and mechanical properties. Observations of
individual grains with a scanning electron microscope have
detected mix to mix vanations in microstructure which
comrespond to observed changes in the vulnerability response
10 HV]. When the use of the emerging technology of twin
screw extrusion becomes more widespread and combined with
online measurement of rheological properties, the variations
due o processing are expected to be significanty reduced.

The HVI response of a composite formulation has
been shown lo increase as particle size of the energetic solid
increases. There are also some indications of particle shape
effects. Great emphasis is currenty being placed on stdies
in this srea.
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In summary, s prime objective of current work is 1o
discover design rules that define the chemical end physical
properties of s propellant so that it would be possible to
specify propellant ingredients s priori in order o meet
performance requirements and to mitigate a particular threar
or spectrum of threats. While achievement of this goal is still
far in the futwre, great progress has been made and extensive
material databases have been established. Along the way, two
generations of low wvulnerability propellants hsve been
developed.

4.12 Ballistic Applications

Ulimately, the performance of all gun lmmch
systems is consgained by some maximum presswe or
acceleration that can be tolerated by the payload and/or by
some maximum pressure envelope that can be withsiood by
the gun twbe. The former constraint is outside the scope of
this discussion, but the lalter is crincal in the discussion
which follows.

The basis of the mterior ballistic cycle is a
competition be veen the rate of gas generation (from
burrung of the propellant charge) and the rate of increase in
available volume (a result primarily of moton of the
projectile down the bore). Generate oo much gas early in
the ballistic cycle and the maximum pressure limut is
exceeded, in practical terms. this places & limit on the
inival bumning surface. Later in the cycle, however, the
projectile moves downbore, and a much higher mass
generation rate is required 10 keep gun pressures from
falling 30 low as 10 be meffectual  Since propellant burning
rates fall cormespondingly with the falling pressure, the
greatest possible burning surface sres is required late i the
baliistc cycle.
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Figure 4 Surface area as a function of fraction bumi for various
propeilant geometnes.

This requirement for a progressively increasing
buming mrface has led w the use of what are known as
“mogressive grain geometies.”  Single-perforated right
crculer cylinders have given way o seven-, nmeteen-, and
even thirty -seven perforated grains, the increasing numbers of
perforations providing en increasing proportion of the otal
gnin  swface that grows with bum distance while the
"degressive” extenor surface remains relatively unchanged.
Surface profiles for several such geometries sre shown in
Figure 4, while their qualitative effect on gun performance
is typified in Figure S. Note that the incresse in progressivity
allows the effective use of greater total charge weights: more

oropellant can be consumed inbore o provid mcreases m
muzzle velocity without & corresponding increase in
maximum chamber pressure. A velocity increase of 2-3%
has been demonstrated m numerous gun systems by replacing
the standard seven-peforaied grains with those of the
nineteen-perforation geometry.

HPD
~

N -
S< \SONV + TC

N

PRESSURE

TRAVEL

Figure 5. Projectile base pressure vs travel for vanous propellant
geometnes.

There are practical limits to this philosophy of
grain design. and while large (perhaps monolithic) grains
with very many perforations are under mnvestigation,
production of such configurations are difficult  Current
efforts address both extrusion and casting techniques, but
efforts remain in the early development stages. Advantages,
however, in terms of both loading density and burning
surface progressivity sre obvious. An alternate and perhaps
even more amractive spproach to providing & highly
progressive, monolithic propelling charge mvolves the use
of very high buming rate (VHBR) propellanis, and is
discussed in 8 subsequent section of this paper.

Deterred or inhibited propellants. Chemically deterred ball
propellant has long been used in small-caliber guns (Ref 19).
Application 10 large caliber propeliant configurations
focuses on the use of detlerrents or inhibitors on the outer
regressive surfaces of multi-perfyrated grains to reduce or
even eliminate bumning i these regions, thereby increasing
the net effect of buming on the progressive perforaton
surfaces. Unfortunately, deterrent technology remains as much
an art as & science, both in terms of ballistic analysis
and in terms of production and quality conuol. Further,
the concept is generally not arractive in existing gun
configuranions with limited chamber volumes, where the loss
in total energy associated with the deterred regions cammot
be offset by increased towal charge weights.  Inhibitor
coalings, both  simpler i concept and perhaps more
universally applicable, are receiving considerable current
attention, but as of yet present farmidable production
challenges.

Programmed energy release concepts. Returning w Figure 4,
we note that classical spproaches to aschieving progressivity
fall far short of the optimum profile dictated by the
volume liberated as the projectile moves downbore.
Particularly desirable would be s programmed energy release
propeliant grain,  for which en  incresse in mas:
generation rale could be programmed to commence at the

e g




=

most efficient time in the burning process. Thus, a very high
loading density charge could be employed withowt over-
pressurization esrly in the cycle, yet the programmed increase
in encrgy release afier peak pressure could assure total
bumning of the charge before projectile exit from the gun
tube.

PARTIALLY CUT, MULTIPERFORATED STICK

PROGRAMMED-SPLITTING STICX (PSS)
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Figure 6. Example of novel grain geometries

Figure 6 devicts & family of such concepts involving
either chenucal or physical programming of energy release.
The layered propellants (cylindrical or scroll) would
consist of lower bumng rate and/or energy propeliants on
outside surfaces, w0 which the buming would be limited
unti] after peak pressure. Then. & significant increase in
energy felease would be programmed to commence with
bumning of the higher burning rale and/or energy core
propellant  Conceprually. any number of lsyers could be
employed 1o schieve s desired energy release profile.
Practucally. however, even two layers have been difficult
to produce and current efforts focus on the physical analog,
known as programmed splitting stick propellant (Ref 20).
Ths version of programming felies on 8 sgnificant
increase i bumning surface afier peak pressure, achieved
when the buming of the outside lateral surface of the stick
reaches an embedded array of slits, the core separates, and
the flame envelops the additional surfaces (see Figure 4). Any
~f these concepts can be designed 10 lead to & second  .iun
w peak pressure, as shown in Figwre 5, with increased
downbore presswes accompenying the consumpton of
increased chwge weight.

Significant performance gains (+ 5-10% in  muzzle
vejocity) can  be expected from this family of concepts even
in volune-limited gun designs, since s very high loading
density i achievable using these essentially solid cylinders.
Even larger gains can be expected in sysiems currenty
limited by maximum pressure or scceleraton rather than
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by available chamber volume. The largest gains wre, of
course, obtainable in new gun sysiems designed w take full
advantage of such charge designs.

Consolidated charges. It is worth mentioning briefly that the
application of the consolidaied charge concept 10 large
caliber guns continues 1o receive some interest though with
unremarkable success 0 date (Ref 21). This concept is based
on achieving higher loading densities by compacting
conventional granular propellants through the use of solvaton
and/or heat. The initial reduction in available surface
resuling from the intimate contact between grains
followed by a subsequent increase in surface are as the
compacted charge deconsolidates during buming may also
be a means of increasing progressivity of the overall charge.
While extremely stractive in computer simulations, the
concept is hampered in reality by an incomplete
understanding of and control over the deconsolidation and
flamespreading events and by  manufacturing and
reproducibility problems. No successful large caliber
demonstration of significant performance increases via
this technique is known o these authors. Current Air Force
and Army efforts to develop consolidated charge munitions in
smaller caliber, however, appear 10 making substantial
progress.

VHBR _monolithic propeilant charge. Higher performan
sobd propeliant charges require more total energy i the
gun chamber AND proper programming of the energy
release 10 maintain downbore pressures without mcreasing the
maximum breech pressure. The VHBR monolithic propellant
charge (shown below) employs a very high buming rate
propellant, allowing the use of much thicker bum distances
(webs) without leaving unbumed propellant at the end of the
interior ballistic cycle (Ref 22).
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SINGLE-PERFORATED
VHBR

Figure 7. VHBR monoiithic propefing charge.

The propellant can then be cast into a cartidge case as
one laorge. single-perforation grain (rather than hundreds or
even thousands of much smaller granules), with the outside
suface inhibited from burning by the case itself. Since the
charge consists of a single grain, a very high loading density
can be achieved (ir. fact, the perforation configuration can be
optimized with respect o any projectile intrusion). Further,
since it burns only on the inner surface, & very progressive
geometry is schieved.

Solid propellant_traveling charge. As mentioned above,
higher performance requires more total energy AND proper
programming of the energy release. To achieve muzzle
velocities in excess of 2 kon/s, very high propellant charge
to projectile mass ratios (C’M) are required, posing
numerous burdens on the system, not the least of which is a
very large breech pressure in order to communicate adequate
downbore pressures to reach such velocities
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An altermative W inveasing the mass of the
propellant charge in the chamber is o affix part of the
chage to the projectile itself (Ref 23). Thus, gases are
generaied at the base of the projectile, and pressure losses
from gun chamber w projectile base are not suffered.
However, the mass of the traveling charge itself must be
accelerated along with the rest of the projectile. Thevefore,
2 tradeoff exists that does not favor use of the traveling
charge until very high ve.ocities sre required. Further,
severe mechanical as well as combustion requirements are
placed on the traveling charge. Current interest centers on
use of 8 VHBR (very high bumning rate) traveling charge
(shown below), so that simple geometries may be used
which provide adequaie stength to survive the launch
environmert and tansmit the accelerative forces o the
projecule.

Figure 8. VHBR travelng charge

Temperature compensation _techniques. An exwemely
atractive approach o improved performance is the removal
of propelling charge tempeature sensiuvity, allowing
operation under all ambient conditons at the same
maximum chamber pressure as that normally associated only
with hot  finngs (Ref 24). Accompanying increases m
muzzie velociues ai ambient conditions are on the order of
3-7% for most high performance gun systems. Successful
techruques mus: rehably and reproducibly counter the usual
Increase m reacton kmetcs (which ranslates into  propellant
burming  rates) associated  with  increases  in butal
propellant temperamre.  Always condiuoning the stowed
ammunition &f the hugh temperature limit on board the weapon
sysiem could provide an easily schievable snd fail-safe
techruque  for extacting the benefits of temperanme
msensiuviry To date this approach has not been accepted.

Chermucal  additves, long used in the rocket
propellant mdustry o alter burning rates snd iniluence
temperature sensiuvity, have not  been  successfully
developed for gun propellants.  Yet, it is well known
that some gun propellant formulations exhibit significandy
greater lemperature sensiuvity than do others. Successful
development of chemucal control of wemperature sensitvity
would provide one of the easiest means of improving
overall sysiemn performance possible.

A m _ _aoy mechanism may be superimposed on
the normal combustion process o achieve a net burning
rale at  ambien: lemperatures similar o that normally
occurring only a2 the hot limit  Possible spproaches include
the use of microwaves t rapidly heat the propellant in situ
to the hot limit just before or during firing. extemal gas
injection o raise buming rates for cool charges, and laser
stimulation t© aiter reaction rates.

Ceruain composite propellent formuistions which
are easily deformable under mechanical loads have exhibited

significant reductions in temperanore  sensitivity  under

cerwin  igniton/loading conditions. It is poswlated that
localized igniion may lead to severe compaction of the
propellant bed, deformation of grains, and occlusion of
some of the svailable burning surfece during flamespread.
Since the mechanical properties of the grains are highly
temperatre dependent, this effect may be much more
pronounced at high temperatures, delsying the onset of
combustion for much of the charge and significantly reducing
the increase i pressure  otherwise expected for hot

charges.  Successful exploitaton of this behavior would
require reliable conttol of the process and sppropriate
optimization of grain design.

Microctacks  are introduced into ball propellants
during the rolling process. Their presence apparently
reduces temperature sensitivity by leading 10 an increase in
buming surface when fired cold. Cold conditioning results
in enhanced bntde fracture of the microcracks m the
propellant during the early bumning process. Again, reliable
control 15 required for full exploiaton.

Deconsolidation of a compacted charge can
signuficantly impact the progressivity of the overall charge.
The temperature dependence of this deconsolidation
process, a result of the mechanical resilience of the
compacted mamx, can reduce or even eliminate the
temperanure sensitivity of the base propellant.

A vaniety of conuol wbe primers have been
suggested. An exampie of the concept is shown in Figure 9.
They provide different mital projectile positons and
velocioes, depending on temperature, prior to ignibon of
the main charge - thereby altering exrly projectile travel and
countering the temperature sensitvity of performance that
would otherwise occur. A number of projectile options are
conceivable which could alter early motion as a function
of temperanrre through such mechanisms as changes in
svailable volume or bore resistance. A breech mechanism
could be designed that senses propellant temperanme and
aliers available volume accordingly. Altematively, it could
sense pressurization rate or level and provide a rapid change
in volume. A similar device could be incorporated mio the
chamber wall, either Jocally or dismibuted circumferentially
a5 & layer of some compressible material.

CONDITION FOR MAIN CHARGE IGNITION AT 21°C:
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CONDITION FOR MAIN CHARGE IGNITION AT HOT LIMIT:
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Figure 9 Temperalure compensation using control tube primer.
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4.13 Vulperablity Implications of Advanced Propulsion
Concepts.

Each of these advanced propulsion concepts have
different and largely unknown mfluences on munitions
survivability. Based on the mechmnistic insights gained, it is
possible to make some projections about the IM aspects of
these advanced concepts. For all of these concepts, sensidvity
to spall impact inigaticn should be dominated by the basic
chemical and thermophysical properties of the formulstion
used. Thus the following discussion will focus on the HVI
response.

Progressive Grain Geometries  Propellant grain g. metry has
been shown to have a pronounced effect on HVI response.
For granulur charges, blast impulse decreases as grain size
increases and then increases again after going through s
minimuam. This effect appears 1o be contolled by surface ares
and fracture susceptibiii'y at smaller grain sizes while criucal
diameter for supportng a detonation reaction appears to be
imporant st larger dimmeters. These effects are formulaton
and threat dependent, of course. Also, for <ome formulauons,
it has been observed that stick propellant geometries can result
in 8 increase m response level; this may be due to the ability
of the reaction to spread more rapidly through the bed. Large
monolithic grains may present a particular challenge because
of theurr large diameter and because the burning rates of the
formulatons used may have o be higher than for conventior.al
grain designs.

Deterred or Inhibited Propellant. The presencs of a deterrent
o. mhibitor c.uld be beneficial w those propeliants which
exhibit the more benign Type 1 behavior because of the
simularity of this process to a convective combustion wave
where reduced burning rates should have a mtarding effect
Of course, this effect could be mitigated depending on the
delay unt! the hugher energy inner core is reached mid it is
even poss.:c for the mner core propellant properties to
grossly overwhelm the infubiior effect. As these concepts sre
used to incresse the charge loading densiry, HVI blast
response should be expected 1o increase if greater amounts of
enagy we svalabie.

Programmed Energy Release Concepts. For the layered
concepts similar consideratons should hold as for the deterred
or mhibited granc. The programuned splining stick charge
may show some benefit because of the Jow amount of initial
surface wea #'. well as the greater mechanical strength of the
sbcks.

Consolidated Charges. The effects for consolidated charges
are expected o he similm to the deterred or inhubited grain
case. The low minal surface sres of the charge in its
consolidated formn and the poor mechanical coupling for shock
tansrussion between base . may be benefical
Experimental data are few and conflicting at this time. More
extersive expeniments are 1o be conducted.

VHBR Momnolithic_Propelling Charge. The higher charge
loading density snd higher burning rates associated with this
corcept should present severe challenges o ammunition
survivabality.

Solid Propellant_Trevelmg Charge.  Application of this
COTCCPt requires matenais with very high burning raies. Like

the VHBR case above, this concept may present a senous
survivability challenge. However, this may be mitigated if the
traveling charge is limited i size/mass.

Tempeyature Compensation Techniques.  The mechanical
techniques for temperature compensauon should have htle
effect on survivability. Chemical addigves which boost low
pressure burning rates should adversely affeci the response w
HVT as should the concept of storing propellants at their upper
operanting temperature.

Because of the US requirements for IM, all new
propulsion concepts will undergo thorough evaluation in the
exploratory and advanced development slage and many of the
above projections will be evaluated.

42 REGENERATIVE LIQUID PROPELLANT GUNS

Liquid propeliant guns (LPGs) have been the focus of
peniodic research efforts in the United States since the laie
1940's (Ref 25). A wide variety of gun concepts and liquid
propellants have been investigated in the course of this
research which, untl recenty, has met with only Limited
success. Over the last ten years, LPG research in the US has
been focused on the regeneratively injected gun concept
utilizing & hydroxylammonium nitrate (HAN) based liquid
propellant. This gun and propellant combination has recendy
been selecied as the gun propulsion system of choice for the
Army's Advanced Field Arullery System, AFAS.
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Figure 10. Regenerative liquid propellant gun concep!.

The regenerative liquid propellant gun (RLPG) tuterior
ballistic cycle is conrolled by the injection of the LP mto the
combustion chamber (Fig. 10) and, thus, by the motion of the
Tegeneruuve piston. In the simple in-line piston RLPG
depicied m Figure 10, the injection orifices are initially sealed
the LP is loaded into the propellant reservoir, and a projectile
is placed at the entrance 1o the barrel. A pressure versus time
charactenstic of a simple in-line RLPG is presented at Figure
11. The IB process is initinted by an external igniter charge
which pressurizes the combustion chamber. This gas pressure
forces the injection piston rearward, compressing the LP in the
reservoir. The differential ares of the injecdon piston from
the combustion chamber 1o the reservoir serves to amplify the
combustion gas presswre, producing a higher pressure i the
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LP reservoir and, thus, providing the pressure required to
break the orifice seals and inject propeliant inw the
combustion chamber. The second phase of the IB process is
an ignition delay, during which the piston continuzs to move
rearward. injecting additional LP which accumulates in the
combusuon chamber. This accumulated LP then ignites and
rxpidly bumns (phase three), bringing the chamber to operaning
pressure and accelersting the pision o its maximum velocity.
Phase four is often characterized by a pressure plateau in the
simple in-line  RLPG configuration.  This plateau is
inierpreted as & quasi- stable equilibrium in which the volume
inctease in the combustion chamber and the flo~ of
combustion gases down tube are balanced by the combustion
of freshly injected LP. Phase four ends with the completion
of piston wavel and propellant combustion. The final phase is
the usual expansion of combustion gases after all-burnt
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The US candidate liquid propellanty, recenty
designated XM46, is s swoichiometnc mixture of
hydroxylammonium mtrale, water and tnethanolammonium
nitrate. The formulaton and chemical properties of this
propellant sre described in detail n the literanure (Ref 26).
XM46 has been shown in testing to possess a variety of
desirabie characterisucs, however, in the context of this report,
the key characteristics of the LP are the difficulty with which
it 15 1gnited if not confined, its relative insensiuvity to impact
and shock and its favorable response in a variety of hazards
and msensitve munitions tests (Ref 27-31).

The motvation behind the recurring efforts to develop
LP guns over the last forty years is the potental for realizing
the pervasive sysiems benefits offered by a fluid propellant.
These potenual benefits include reduced facilitization and
propellant costs, increased logistr efficiency and effecuveness,
increased safery throughout the military system including
reduced vulnerability on the baitlefield, si | Jied gun
automation, and increased gun system performance and
effectiveness.  Thus, the muccessful fielding of an LP gun
system would have 8 major impact on all aspects of the
military system. beginning at the production level.

The amrent liquid propellant gun program in the
United States was initiated in the late 1970°s, with General
Electric taking the lead i gun desigr. and testing and the
Army assuming responsibility for IB mvestigations and
propellant development. Since that time, several thousand test

frrings have been conducted in & variety of calibers up to 155
mm. Two generanions of 155 mm RLPGs have been built and
tested; the first generation fixture was designed o provide
ballistic data in large caliber, while the second was designed
10 demonstrate most of the funcbonal characierisucs of s
ficldable gun system. Interior ballistic investigations, both
experimental and theoretical, have been conducied in parallel
with the large caliber gun engineering and test efforts. These
experimental investigations have lead o sn increased
understanding of the RLPG process which has been
incorporated into interior ballistic computer models (Ref 32-
33). These models accurately describe the RLPG IB process
and are rounnely used in data analysis, gun design and new
concept evaluation (Ref 34.36).

In the liquid propellant area, a broad research and
development program has been conducted encompassing: basic
chemistry; extensive physical, chemical and hazards
characterization; production process development; and
applications systems studies and snalyses. As a part of this
effor, extensive hazards, insensitive munidons and
vulnerability testing has been conducted as noted above.
These tests have, of necessity, addressed only fundamental LP
properties and the characteristics of the LP in surrogate
tansportation and vehicle storage containers. At present, the
propellant has passed all the required tests of the Joint
Services Insensitive Munitions Criteria, with the exception of
a sympathetic detonation test in which the interpretation of the
limited test results does not lead w & clear conclusion.
Additonal testing is planned o address this question. While
the results of these tests have tended w confirm the potential
of the LP as a reduced sensitivity material, they have also
emphasized the systems nature of the problem, i.e. the need 1o
treat the propellant, the packaging and storage concepts, and
the vehicle design as an integral system in order 10 realize
minimum systemn vulnerability.

The key technical and engineering chalienges for the
liquid propellant gun fall generally into gun and propellant
categories. In the gun arca, the presence of high frequency
pressure oscillations in the ccmbustion gases is the key near
term technical challenge. These oscillations are not related o
the lower frequency, longirudinal pressure waves which are
responsible for breech blows in conventonal solid propellant
guns. The primary concern raised by the presence of these
oscillaiions is their effect on sensitive projectile components,
e.g. fuzes, rather than the potennal for combustion anomalies
or gun damage. In the longer term, the key developmental
engineering challenge of the RLPG is reliability in a field
environmeni.  This issue will be the focus of intense
engineering effort as weli as test and evaluation during the
development mrocess. In the propeliant area, the primary
challenge is the engineering and design of the components and
infrastructure which will facilitate successful miegration of a
liquid propellant into the field Army. These include not only
production facilities, storage snd transportation containess,
handling equipment, eic., but also the new procedures and
doctrine necessary to optimize operations with a liquid
propellant Again, in the context of this repart, emphasis mus:
be given w systems design in order o exploit the reduced
sensitivity charactenistics of the LP snd optimize sefety and
vulnerability reducton.

The regenerative liquid propellant gun has been
designated as the system of choice for AFAS, however, there




are substantial technical engineering challenges 10 be
overcome before fielding such a system. Theefore, LP
appears, at present, W be the most mature of the novel gun
propulsion concepts being pursued by the Army. As the
AFAS componen maturation program proceeds, the identified
challenges will be addressed and it is probable that, given
adequale resowrces, they will be satisfactorily resolved.
Therefore, it seerrs highly possible that fielding of an LP
srillery system could begin around the year 2000.

4.3 ELECTROTHERMAL-CHEMICAL GUN
PROPLULSION

Electothermal-chemical (ETC) guns are a broad class
of hybrid gas dynamic gun propulsion concepts which utilize
s combmation of electrical and chemical energy sources.
These concepts have their origins in the pure electrothermal
(ET) propulsion concepts which appear in the hypervelocity
literarure of the 1960's and again in the late 1970°s and early
1980°s in the work of Goldstein and Tidmann of GT Devices,
Inc. The "pure” ET propulsion concept involves the use of
electrical energy w create & high temperature plasma which
mixes with and vaporizes an inert working fluid w generate
the hugh pressure gas nceded 10 acceleraie 8 projectile.

The original motivation for the ET propulsion concept
was increased muzzle velocity. Indeed, much of the early
suppon for this work was provided through the SDI program
in which ultra-high velocities were the objective. Since the
soie energy source for the propulsion process is electrical,
materials which produce low molecular weight gas when
vaporized can be used. Thus, the ET propulsion concept can
be viewed as a single stage, electrically powered light gas gun,
with the atiendant advantages of such systems m the
hypervelocity regime.  Systems evaluations of tactical
spplicatons of the ET concept quickly lead 1o the realizaton
that electrical energy requirements are of the same order as
those for electromagnetic guns, thus making power component
and system technology & key driver and reducing the
aaractiveness of ET concepts in the tactical arena for any
near-lerm spplicasions.

In the mid-1980’s, due in large part to the rationale
outlined above, GT Devices under contract 1o the Army and
FMC Corporation using IR& D funding began exploring hybnd
elecyothermal propulsion concepts in which some portion of
the energy was provided by an energetc working fluid or
propellant. A schemanc depicting the interior ballistic process
of these concepts is presented in Figure 12. The basic
configuration is quite similar o that of a bulk-loaded liquid
propellant gun. The energetic propellant initally fills the
combuston chamber between the breech and projectile base.
The electrical energy is employed © generate & plasma in 8
capillary which is Jocated external to the combustion chamber,
usually sttached © or pant of the breech mechanism. The
process is initiated by the application of the high voltage
across a fine fuse wire connecting electrodes at either end of
the capillary. The fuse is vaporized, generating s plasma
through which additional current is passed, further heating the
plasma  As a resuht of the high pressure generated in the
capiliary, hot plasma with temperanges on the order of 20,000
- 30.000 K. is the injected into the propellant. The mass lost
through piasma injection i replsced by ablation of the
matenial ining the plasma capillary. The plasma temperature
and pressure in the capiliery are then mainiained by the
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resistive heating of the electrical current flowing through the
plasma

o Initial Configuration

o Interaction/Combustion/Vaporization
of Plasma and Propellant

Figure 12. Interior ballistic process for electrotherma’ gun proputsion
concept.

In the mid-1980’s, due in large pert o the rationale
outlined sbove, GT Devices under contract 10 the Army and
FMC Corporation using IR&D funding began exploring hybrid
electrothermal propulsion concepts in which some porton of
the energy was provided by an energedc working fluid or
propellant A schematic depicting the interior ballistic process
of these concepts is presented in Figure 12.  The basic
configuradon is quite similar to that of a bulk-loaded liquid
propellant gun. The energetic propellant imunally fills the
combustion chamber between the breech and projectile base.
The electrical energy is employed W generate 8 plasma in a
capillary which is located external 1o the combustion chamber,
usually attached w© or pant of the breech mechanism. The
process is initiated by the spplication of the high voliage
across s fine fuse wire connecting electrodes at either end of
the capillary. The fuse is vaporized, generating a plasma
through which additional current is passed, further heating the
plasma.  As a result of uc high pressure generated in the
capulary, hot plasma with temperanures on the order of 20,000
- 30,000 K. is the mjected inio the propellant. The mass lost
through plasma injection is replaced by sblation of the
material lining the plasma capillary. The plasma temperature
and pressure in the cspillery are then maintsined by the
resistive heating of the electrical current flowing through the
plasma

The ETC interior ballistic process is quite complex.
involving an initial mixing of plasma and propellant to
initisted decomposition, followed by the reaction of the bulk
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of the propellant in & highly unsuble hydrodynamic
environment driven by the injection of additional plasma
This environment sppears similar to that encountered in the
bulk-ioaded Lig-id propellant gun, and it is reasonable 1o
antcipate that rhenomenological descriptions of the IB
processes will, therefore, be similar.

The atractive features of this concept are: the
potential reduction in required electrical energy in comparison
10 the pure electrothermal and the electromagnetic propulsion
concepts; the increased Inading density possible through bulk-
joading of the propellant; the potental to utilize non-
traditonal propeliant chemistries which msy provide increased
propellant specific energies and/or  reduced propellant
vulnerability; and the potential o utilize electnical energy to
tailor the combustion of the propellant and thereby tailor the
projectile base pressure to mcrease gun performance. The
rationale for the recent interest n the ETC propulsion concept
in the Uruled Stales is based on these polential benefits. If
these benefits can be realized, significant performance
increases will be possible within existing gun envelopes. In
particular, it has been suggested that increases in muzzle
energy of 50-100% are possible in existing 120 mm and 155
mm gun systems with relatively modest investments of
electrical energy. The potenual for substantially reducing
electrical power requirements is very siractive since both
dependence on advances in power technclogy and the vehicle
integraiion burdens would be reduced, thus potentially
reducing time for realization of practical system.

These potential benefits are all based, at least in part,
on the assumption that electrical energy can be utilized to
contro! the combusdon of the propellant (either through direct
control of the propeliant reaction rate, or control of mixing
and suriace generation, or both) (Ref 37). It has been shown
that a relatively small amount of electrical energy can be used
1o initizte the ETC process. It is assumed that the application
of additional electrical energy (through a plasma) duning
propeliant combustion can be utilized to contro! propellant
combuston. Al present, it is not clear 1o what degree this
control can be realized nor is it clear how much electrical
energy would be required 1o achieve thar conwol. After
maximum presswre, il appears possible o maintain projectile
base pressure by the addition of plasma energy to heat the
combuston gases and thus realize an increase in gun
performance. The energy required, which can be estimated in
s simple thermodynamic snalysis, is large and efficiency
decreases rapidly in the latter stages of projectile wavel.

Ballistic conuro! and electrical energy requirements
have been two of the primary ETC research issues in the US
smce sbout 1986 (Ref 38). GT Devices and FMC Corporanon
have remained the primary innovaiors in ETC technology,
though recently other private firms have begun work in the
ares

GT Devices, in conjunction with General Dynamics
Land Systems. has focused their effors on low molecular
weight propellanis and reduction of the electnical energy
requirement in an ETC gun to less than 5-10% of the total
required energy. This of course means that 90-95% of the
energy is supplied by chemistry. In this effory they have
explored a variety of nonuaditonal propeliants, as well as
alternate methods to generate piasmas and 0 use them o0
conrol the interior ballistic process.

FMC Corporation has continued investigations of their
CAP;,, concept, though they hsve also explored propellants
other than their original hydrogen peroxide - hydrocarbon
bipropellant mixtures. Both groups have progressed toward
their objectives under contracts with & variety of Government
agencics a5 well as their own resources. Army-sponsored
efforts have been focused mainly on anti-armor applications,
though there it interest in other possible tactical missions.
However, the Army's goal of demonstraling controllable,
repeatable ballistcs with an acceptable propellant while
achieving a signuncant performance increase has yet to be
realized. In paralle] with, and in support of, contractor efforts,
the Army has initiated experimental and theoretical interior
ballistic research projects. The objectives of these projects are
lo identify novel propellant materials for use with an ETC
gun, to experimentally investigate the ETC interior ballistic
process in order to identify key parameters and develop and
understanding of component processes, and to develop
computer models of the IB process. Related programs have
been initiated by the Defense Nuclear Agency for arllery
applications and the US Navy as & futre Close-in Weapon
System (CTWS), ie. a potential Phalanx replacement (Ref 39).

The technical challenges faced by the proponents of
the ETC concept are outlined above. Control of the mterior
ballistic process, i.e. contro! of propellant combustion, must be
demonstrated. This requires, as & minimum, tailoring of the
pressure risc rate to limit projectile jerk and achicve the
desired maximum pressure. Performance improvement may
also require control of the IB process after maximum pressure
o permit wiloring the pressure profile. In sny case, a
substantial performance increase, i.¢. higher muzzle energy or
velocity than is possible with a solid propellant in a given gun
configuration, must be demonstrated for tactical applications
of an ETC concept to be atractive. Repeatsbility sufficient o
meet Army dispersion and accuracy requirements must also be
demonstraied. A predictive modeling capability is desired to
support ballistic research and rational gun design. Further
these criteria must be met using a propellant which is fieldable
in the Army system. This discussion does not address issues
related to the electnical power supply, nor does it address
issues gencrally addressed later in the development cycle.
However, these issues require consideration as the technology
begins 0 marure.

To this point, the potential iripact of ETC technology
on the msensitive munitions issue has not been addressed
except o note that the potential for using non-traditional
chemistries might lead to propellants with reduced sensigvity
(Ref 40). Given the very early stages of ETC research, it is
difficull 10 make substantive statements regarding the
characteristics of a system yet to be defined. This is slso the
case for the electrical power supply since little is known about
the sensitivity and vulnerability of existing components, much
less the incre. energy and power density components
required in the future for tactical applications of electric guns.

In summary, the ETC propulsion concept holds
poiental for substantial systems benefits if the key technology
issues can be resolved satisfactorily. Existing data is
inadequate 0 support rational projections of technology
maturation, however, if the technical objectives of the Army's
ongoing ETC program sre met over the neat few years,
development of an ETC gun system during the first decade of
the next century may well be possible.
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44 ELECTROMAGNETIC GUN PROPULSION

The other propulsion technologies, including the
hybnd elecoothermal propulsion, discussed in this paper rely
on the expansion of pressurized propellant gasses. An
elecromagnetic (EM) gun uses instead intense magnetic fields
applied locally to a projectile, requiring pulses of electrical
power as the ultimaie energy source.
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Figure 13 Generic geometries, magnetic belds and forces in the
raigun (lef) and the codgun (nght)

EM guns fall intc two basic classes, railguns and
coilguns. These differ in the geometry of achieving confined
magnetic fields, and of coupling the resuliant forces w achieve
projectle acceleraton (Ref 41). as schematically shown in
Figure 13. As a rule, ralguns sre conceptually and
geomeuaically simpler, and have Jower impedance (i. e.
require higher current and lower voltage for a specific
propulsion task). They have received far more developmental
auention, despite the potental for grealer energy efficiency
from coilguns. Coilguns become more attractve at larger
scale due to more efficient coupling end the difficulties
associated with precise switching may mpose velocity himits
lower than those for railguns.

Piospects for EM guns are intrinsically linked w0 the
technology for generating their power requirements. A
megajoule-scale muzzle energy requires gigawalt-scale pulses
for the mulliseconds of the acceleration event. Power supply
approaches include mainly rotating machines which provide
pulses from inertially stored energy. and capacitor-based pulse
forming nerworks.

A substanual literature is available o describe the
evoluton of the requisite component technologies over the
past decade. Proceedings of the five meetings of the biannual
"Eiectomagnetic Launch Symposium™ are conveniendy
sccessible (Ref 42-46). The rapidly growing body of
European activity was represenied at s recent Symposium in
London (Ref 47).

Because they require no propellant medium, EM guns
can in principle deliver velocities well above those of any
other guns  Velocities up © 6 km/sec have been achieved
with raiiguns in mumerous laboratonies (Ref 42.47). Energy
efficiency is not srongly dependent on muzzle velocity until
near 6 kin/s, where in practice new mechanisms apparenty
limit both efficiency and achievable velocity.
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A primary benefit of electric guns is the potential for
substantially enhanced system performance. Claims regarding
this enhancement have two major themes: Increased
projectile velocity will improve lethality against armored
targets, increase the air defense keép-out range, and extend the
range of fire support weapons. The absence of energetic
propellant will also benefit vulnerability and logistics.

Development of sn EM armament systern will need o
marry a number of advanced components and technology
areas: hypervelocity operation, new types of gun barrels, new
hypervelocity projectles, sand electrical power supply
componentry. The pacing technical challenge is reduction in
systern mass and volume, which is dominated by the electrical
power supply. There has been great improvement during the
past five years, but substantial further reduction is required.

The US Amy Armament Research, Development and
Engineering Center (ARDEC) leads the US program for
lactica; weapon applications. Ammor defeat is the focus
application driving choices of component technology
requirements. The program sims to field electric armament
systems in the 2010+ timeframe, and will involve a choice
between electromagnetic and electrothermal technology in the
interim. The Strategic Defense Initiative Organization (SDIO)
program is motivaied by strategic and theater missile defense
systems.

Two 90 mm laboratory railguns with a 9 megsjoule
(MJ) muzzle energy capability are operatonal. The one at the
University of Texas Center for Electromechanics (UT/CEM)
is powered by six homopolar generators, and is used to
develop the technology for solid projectile armanwes. The
other, at the Maxwell Labs-operaied Green Farm site, has a
capacitor-based power supply, and fires with arc armanmes.
Experiments are underway at both sites o establish a data
base in the 2 to 4 kon/sec velocity regime. They sddress mass
vs velocity tradeoffs for armor defeat, and support 90 mm
projectile development tests.

Design  and fabnicaton of 9MJ “SLEKE"
(sabot-launched electric gun kinetic energy) projectiles is
being performed contactually at the Kaman Corp and the
LTV Corp. The efforts involve variations in sabot and
armature configuration, as well as in penetration mechanism
(solid vs segmented rod configurations). Major performance
issues are launchability, sabot discard, tipoff, velocity
reproducibility, and flight and terminal effects. Railgun
testing of initial designs is underway at interim energy levels.

Hardware is coming on line which takes the
technology out of the laboratory, in two separate developments
that address first-order imtegration issues: 1 A
self-contained, multple shot “skid” railg.: .ystem weighing
25 metric tons will be tested next year. Its 90 mm railgun is
powered by 8 “compulsator™ (compensated pulsed alterator),
and is being fabricated at the University of Texas Center for
Electromechanics. The compulsator will deliver 30 MJ 1o the
railgun treech, a facior-of-ten advance over sny prior machine
of its size. (2) FMC is completing a stand-alone repeatable
banery/capacitor-based power supply, in a transporuable
trailer-like housing., which will also be ready for testing in
1992. This "Pulse Power Module™ (PPM) is designed ©
deliver 8 MJ pulses 10 an electrothermal-chemical (ETC) load,
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but applies to EM gun development also, as a first step a1
reducing total pulse forming network (PFN) energy density.

The tactical program is structured for s follow-on
advanced technology demonstration (ATD) o begin in late
1995. Entrance criteria have been defined for the ATD, and
s componeni maturation program is in place 10 meet them.
This includes the technologies required for (1) power system
downsizing to 10 klkg delivered energy density for the
TOTAL pulse power sysitem; (2) optumizaton of
hypervelocity utility, partcularly for the anti-wmor
application; and (3) development of barrel/zmature mterfaces
(and solution of related impediments) that enable robust,
high-performance wespon systems. The Armmy receives
planning and execution assistance in this component
maturation program from its Federally Funded Research and
Development Center (FFRDC), the Institute for Advanced
Technology at the University of Texas. Cross-links between
the Ammy tactical program and the SDIO strategic one have
been identified, and will be exploited.

Improved survivability and imporunt logistics
benefits are expected 1o follow from the replacement of
vulnerable chemical gun propellants with diesel fuel or its
equivalent. This will apply on the battefield and throughout
the manufacturing and logistics chain. The tradeoff is the
need for robustness and survivability in all the components of

an armament system far more technically complex than.

convenuonal propellant guns.

The electrical power system, while having lower
energy density (and therefore more "manageable” vulnerability
issues than energetic materials), is of special concemn. As the
energy density of capacitors, batteries, inductive devices, or
rotating machinery increases, ther vulnerability and damage
potenual 1s likely 10 increase as well. More specific comments
in this area must await the component mangation which will
develop specific power componentry.

There are prospects for decreased under-srmor
volume, and/or increased stowed projectile load. Presuming
ther potenual benefit can be developed and optimized,
hypervelocity projectiles sre smaller and lighter than
conventonal ones, and they will not have big propellant-filled
cartndges attached o them. These benefits multiply in &
sysiam sense because they also mean reduced ammunition
handling and loading requirements. An important technical
uncertamnty st this point is the banlefield effecdveness of
lighter, smaller projectiles with kinetic energy equal to &
heavier, larger projectiles.

Reduced recoil will be associated with EM guns for
two reasons: for s given projectile kinetic energy. smaller
hypervelocity projectiles have lower momentum transfer. In
addition no propeliant gases contribute o recoil in an EM gun.
The wnticipated factor-of-two recoil reduction will reduce the
recoil sysiem and, hence, the total system weight

Additional prospects for increased system
effectiveness involve synergism with the advantages of
all-electric drive tank sysiems, and with EM armor protection
technologies. A reduction in conventional blast and smoke
signatures can also be expected.

In sum, electhromagnetic gun propulsion promises
significant performance sdvances and benefits  over
conventional aymament systems. Moreover, significant space
and weight reduction are projected if and when the necessary
power supply downsizing has' been achieved. The
monumental challenge of developing. integrating and
weaponizing the component technologies will certainly involve
serious new difficulties, some of them not obvious now.

4.5 IN-BORE RAM ACCELERATION FOR GUNS

Higher performance chemical propellant charges
require more total energy in the gun chamber AND proper
programming of the energy release o maintain downbore
pressures without increasing the maximum breech pressure.
To achieve muzzle velocities in excess of 2.5km/s, very high
propellant charge 1o projectile mass rauos (C/M) are required,
posing numerous burdens on the system, not the least of
which is a very large breech presswre In order w0
communicate adequate downbore pressures to reach such
velocites. Electric propulsion concepts, particularly
electromagnetic, offer real hope for providing s nearly uniform
acceleration profile, thus removing the requirement for very
high breech pressures, but, as we have seen, currendy carry
with them significant other burdens.

An altemative approach to increasing the mass of the
propellant charge in the chamber is application of ramjet
technology to inbore propulsion. “The ram cannon accelerator,
depicted schematically in Figure 14, consists of 2 projectile,
resembling the centerbody of a ramjet, traveling through a
gun tube which acts as the outer cowling. The tube is filled
with & gaseous fuel/oxidizer mixture, and the combuston
process travels with the projectile, generating thrust which
accelerates the projectile down the tube 1o very high
velocities. Thus one has the major advantage of & traveling
charge without the burden of accelerating the propellant with
the projectile. Projectile velocities reaching the
Chapman-Jouguet detonation speed of the mixture have been
theoretically associated with a subsonic, thermally choked
combustion mode; University of Washington tests have
yielded velocities in excess of 2.6 km/s with 70 g projecties
in a 38-mm bore wbe using this mode (Ref 48-49).
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Figure 14. Ram cannon accelerator concept.

Several investigators predict velocities as high as 9
km/s from various detonative combustion modes theoretically




associaied  with the ram acceleralor concept (Ref 50).
Experimentation in this area, only now begimning, is of
polental interest W communities  addressing problems
associsted with hypervelocity penetration studies, the National
Acrospace Plane (NASP), and potential suategic  defense
Missions.

Efforts 1o develop largecaliber ram accelerators are
currently ongoing al the Franco-German Research Insitute m
St. Louis, France, and at the Ballistic Resexrch Laboratory,
Aberdeen Proving Ground in the US (Ref 51-52). In
addition, NASA is sponsoring sn experimental program ©
expioit detonation modes of ram/scram propulsion at velocities
above 4 km/s in & medium caliber launcher.

Numerous technical problems, both of & fundamental
and practical natwre, remain to be solved before ram
accelerston  becomes a serious coniender in the field of
lactcal gun  propulsion.  Understanding, control, and
optimization of the fluid dynamics/reaction kinetics in this
environment present s formidablc challenge. Incorporation of
thus emerging technology inio a practcal weapon with
accepiable safety, reliabibity, and survivability characteristics
as well as performance levels  offers even greater
unceriaintes. Assessment of the IM characleristcs for such
accelerators has yet o receive serious attention.

S. CONCLLUSIONS

Advanced gun propulsion effort: in the US clearly
focus on both improved ballistic perforn ance and increased
survivability.  Truly insensitive munitior . remain an ideal w
be sought but never fully sttained. Reali- ically our objective
are less-sensit .unitions when compa; “d with conventional
propellant munitions. Both certain b id propellants and
HELOVA propellants offer chemica spproaches 1o less-
sensitive munitions. For electomagneu: guns, the intrinsic
hazard of energenc propellants is re-.aced by increased
amounus of less sensitve diesel fuel cam=d on-board and the
presently unknown hazard/vulnerability ¢ . aracieristics of high
energy/high power storage devices. This -pproach promises at
least in principle major decreases in  ystem vulnerability.
Electvothermal/Chemical gun propulsion is  exploning
aliernative chemisties and unique phy cal approsches to
achieve significant reductions in munitiv: 5 sensitvity. Power
wain hazard issues, while qualitatively similer o those of
elecromagnetic guns, are expected 0 t 2 quantiatively less
significant due o the reduced electric power and energy
requirements. The in-bore ramjet cannc - is cleasly in s very
early experimenial stage snd bale can dc said definiuvely
aboul its systems potential nor its associsted hazard issues.

Current US insensitive munitions iest methodology is
likely to become more sophisticated with increased emphasis
on evaluation of system “sensitivity” against expected threats
rather than simply isolaied munitions sensitivity. This requires
realistic  descripions of the likely threats that
munitions/systems are expecied o survive. These are often
difficult to define and consensus is sometimes difficull to
schieve. Yet this information is critical to sny analysis
process and often will determine the specific test methodology
W be employed for the evalustion of s given sysiems
vulnerability.
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System survivability can be significantly increased if
less-sensiive munitions, packaging, sworage location,
compartmentation, internal protecuon, and external ermor
protection are combined in synergistc fashion. Much progress
is being made in understanding ai least qualitatively the design
guidelines for improved synergism. It is in the context of an
integraled approach to system vulnerability reduction, that
Ureat-specific “insensitive” systems are possible, even with
“less-sensitive” munitions carried on board.
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Discussion

QUESTION BY DEFOQURBRNEAUX, NIMIC: You said that electric guns would
not solve the problem of warhead vulnerability. What about using an
electric gun to accelerate (up to Mach 2, say) a solid fuel ramjet-
sustained projectile fitted with a fuel-air warhead? This system
would require no gunpowder, no rocket propellant (the ramjet uses
atmospheric oxygen) and no high explosive (same reason). This is
partly a joke, but it might constitute a line of thought.

ANSWER: But then NIMIC would be out of business! More seriously,
this is an insensitive, truly "insensitive” approach looking for an
application in the far future. Technically, solid fuel ramjet
projectiles suffer from difficult launch and flight problems which
have not yet been overcome. Fuel air explosives are limited
primarily to soft target kills. And the risks in Electric Guns

development are still formidable.

Great line of thought!
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MBB-DEVELOPMENT OF INSENSITIVE PBX-CHARGES

Dr. Manfred Held
Messerschmitt-Bdlkow-Blohm GmbH
8898 Schrobenhausen, f.R.G.

Introduction:

The designation “sensitivity” commonly used for
general test results obtained on high explosives
respectively high explosive charges comprises a
variety of different test procedures applied on
high explosives resp. H.E. charges.

With this variety in potential test procedures,
however, different high explosive and H.E. charge
characteristics are determined as they are also
applied for varying conditions and statements. In
general, the individual test procedures and test
methods must be familiar to permit recognition and
judgement of statement value, statement meaning
and a corroct assignment of the factor achieved,
as in most cases the designation chosen is the
same, that is "sensitivity".

Sensitivity Categories

The various test procedures are subdivided and
contemplated in accordance with their statement
capacity regarding:

- Handling Sensitivity (UK: sensitiveness)
- Survivability
- Initiability (UK: sensitivity).

The aspect "handling sensitivity” is the most
critical one, as when handling high explosives
resp. H.E. charges and processing them, reaction
should be avoided to the utmust extent during raw
material handling, preparation and processing of
the same and when carrying out a normal transport.

Regarding the munition "survivability” during its
utilization it is essential to preclude reaction
even under extremely strong loads and extreme
environmental conditions. The corresponding trials
simulating launch acceleration resp. extreme
stresses, such as high altitude drop tests, form
part of this criterion. For several tests H.E.
reaction may even be admissible, but if possible,
in a very moderate way as for example during the
fuel-fire-test. In practice, such stresses repre-
sent in most cases "rare exceptions”.

Notwithstanding this, reaction shall not resp. muit not
occur, even not partial detonations. A detonation always
brings about destruction of the direct surroundings and
endangers persons within the closer area.

"Initiaby ity" means the minimum pressure and also the mi-
nimum projectile velocity at which detonation occurs in full
extent. For test purposes, the 1imit between reaction and
detonation is determined, whereby this detonative induction
can also be desirable, With stimuli by for inferior all the
same, more or less violent transformations occur.

Types of Stress:

The various stress types are subdivided into five catego-
ries:

- mechanical
- electrical
- shock wave
- projectiles
- thermal.

There is a variety in different stress types and test in-
stallations for the above mentioned categories which are
only in part standardized internationally. Within the in-
dividual stress types, these stimuli often also render
varying statement values regarding a.m. sensitivity cate-
gories.

It would certainly be beyond the scope of this paper to list
and describe all standardized tests and the large number of
tests which have been conducted by several individual in-
stitutions.

But practically any test, which, in a historical point of
view certainly bases on events, has its meaning even if it
is presently not very informative as regards to all material
systems and configurations of use.

Test Matrix

Figures 2) and 3) show the problems representing the basis
for at least the major part of the various test methods and
procedures.

On one hand, varying quantities are planned and used for the
tests. Reaction probability, however, is in many cases also
a function of the test quantity provided.
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Condition of test specimen and surrounding also
has an essential effect on the resulting reaction
intensity. It is necessary to distinguish on one
hand between raw material in a powder state and
granulated material and on the other hand between
HE charge types - in most cases available in a
solid state - manufactured by casting, pressing,
extrusion etc. and most of all to determine if
they undergo tests without a casing, that is
without confinement or if they are comprised in a
casing, which means confined.

Charge size and confinement exert considerable
influence so that a number of tests should be
carried out only on the actual warheads. As, how-
ever, good comparison capacities with various
material systems are required, the test vehicles
used are chosen by random.

Another aspect is that applying a load, normally
no _reaction is desirable which is most of all
important for the handling of high explosives.

In case excessively strong loads are applied, for
example placing the munition in a fuel fire under
which reaction resp. burning-off of an energetic
substance is unavoidable, a moderate, smooth bur-
ning, but no violent reaction, most of all no
detonation with blast and fragmentation effect to
the surrounding is admissible, This means that for
the survivability tests the reaction shall be very
moderate and mild, if it is upavoidable.

This is most of all !mportant when the H.E. charge
mass is high as this renders a big radius for the
destructive effect. This is not as critical for
smaller H.E. charge masses as their total ener-
getic resp. performance capacity is also minor.

The first part (fig. 4 to fig. 21) comprises the
test and inspection procedures admissible for H.E.
charges which are explained and assigned to the
individual stimuli types.

The second part (fig. 22 to fig. 38) gives expla-
nations on specific new definitions for tests to
accept less sensitive high explosive charges or,
more precisely, less sensitive warheads.

First Part - General Tests

The tests for the handling safety render the sen-
sitiveness of the samples. As a result, we nor-
mally get the threshold between no reaction /
reaction. Specimens in a powder state are gene-
rally used for these tests (fig. 4).

With the survivability tests we obtain the vulnerability of
the HE charges or of the ammunitions. The tests are ge-
nerally conducted on the charges or ammunitions and the
threshold is no reaction or low order reaction, compared
with high order reactions.

The fnitiation tests show us initiability - i.e. how easily
the high explosive can be initiated. The threshold will be
defined between "reaction” and "full detonation". The sam-
ples are in this case commonly high explosive charges.

The samples are either powdered or solid and their stimuli
thresholds depend on a lot of parameters (fig. 5), such as
type of HE or composition, phlegmatization of granulates,
bulk density or porosity, grain size o~ grain size distri-
bution, also on the quantity and certainly, very much on the
conf inement.

All the tests for the different stimuli can be categorized
in (fig. 6):

- mechanical tests

- electrical (electrostatic) tests

- shock tests

- projectile impact tests

- temperature tests.

The different tests for each category - except for electri-
cal tests - are summarized in tables. The individual tests
for each category are listed, the samples generally used as
powder (P) or HE-charge (C) are indicated, further, if the
test is useful for handling sensitivity (Ha) or for survi-
vability (Su) or initiability (In) and, finally, the test
will render the limit between no reaction / reaction (R) and
reaction / detonation (D).

The first example is given in fig. 7 for the mechanical
tests. The individual tests which are not very famous such
as Skid, Susan, Spigot and Gun Set Back test are sketched in
fig. 8.

The same procedure is repeated for the shock tests (fig. 9).
Description is given more in detail for the instrumented gap
test, with which it is also possible to obtain the build-up
distance as a function of pressure, the so-calied pop-plot
diagrams (fig. 11), and also for the modified gap test with
typical results (fig. 12) and the muiti gap test (fig. 13).
The djfferent projectile impact tests are listed in fig. 14.
The p t law is demonstrated for a well detonable high ex-
plosive charge - PBX 9404 - with electric gun or flying
plate, results see (fig. 10).

Results of flat faced projectiles against PETN are given in
fig. 15, with shaped charge jets against composition 8 char-
ges in fig. 16.
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The various temperature tests are listed in
fig. 17. These tests can be physically subdivided
in: - Constant temperature tests

- Increasing temperature tests

- Constant heat capacity.

The sample must be carefully arranged in a con-
finement to provide always the same heat conduc-
tivity and well reproducible results, as shown in
fig. 18, with the One Dimensional Time to Explo-
sion test {(00TX). The fuel fire test is also a
typical test with increasing temperature as a
function of time. The sample should be a real
warhead (fig. 19). Surprising is that a real
brightly gluing sphere of 20mm diameter is not
able to bring a cast TNT/ROX charge to a violent
reaction (fig. 20).

A summary is given in fig. 21 on how to better

distinguish between tests and their purpose:

- Sensitivity tests witb intended non reaction

- Survivability tests with non high order
reaction and

- Initiability tests to determine the limit
between reaction and detonation.

Second Part - MIL-STD-2105A Tests

The specifications for tests on insensitive high

explosives (less sensitive high explosives) acc.

to MIL-STD-2105A carried out on 19-1-1990 are i1-
tustrated in this chapter (fig. 2¢).

The verbal descriptions of the individual explo-
sive reaction levels (fig. 23) are visualized in
fig. 24 with regard to pressure output and frag-
mentation of the casing.

A different response category was used in UK for
RATTAM tests (fig. 25 and fig. 26). But after the
presentation of my paper 1 have learnt by a
Tetter that now UK is using very similar ranking
response criteria to MIL-5STD-2105A.

The item numbers and test sequence for
MIL-STD-2105A are again shown in fig. 27.
The partially verbal description on the fast
cook-of f test or fuel fire test is given in
fig.28.

The slow cook-off test is, in the opinion of the author, an
extremely rare phenomenon. On the other hand, this test is
expensive when being conducted on real warheads. Maybe it
should be used on standard configurations as a screening
test for HE materials, but not really be seriously taken
into account as a safety or survivability test (fig. 29).

The drawing is a little bit improved for the bullet impact
test (fig. 30).

The fragment fmpact test requires fragment velocities of
8300ft/sec. with fragment masses of 16g (fig. 31). These
very high fragment velocities are not very realistic. Only
one warhead should exist with these static fragment velo-
cities. But here we should take a more realistic parameter
pair in fragment mass, resp. velocity. Survivability tests
should cover all accidents which happen exclusively with 99%
or max. 99.9%, but never with 99.999999%.

The procedure applied for the sympathetic detonation test is
clear (fig. 32 and fig. 33).

Shaped charge tests are described too much in detail with
regard to shaped charge geometry and specific shaped charge
liners. The important parameters for the reaction threshold
of SC charges are jet tip velocity and jet diameter. Gene-
rally it is not possible to receive identical raw materials
and production procedures throughout the individual NATO
countries and thus liners which are required as indicated in
the above document (fig. 34, fig. 35, fig. 36 and fig. 37).
Furthermore it is very difficult to create a high explosive
s0 little sensitive that it will not react violently by the
impact of the 8lmm shaped charge jet with tip velocities in
the range of 9mm/us or reduced to 6 - 8 mm/us by cover pla-
tes.

Summarizing the tests for less sensitive high explosives

(insensitive high explosives) acc. to MIL-STD-2105A:

- Fast cook-off test (fuel fire test), bullet impact test,
sympathetic detonation test and spall impact tests are
realistic tests for ammunitions.

Fragment impact tests with 169 and 8300 ft/s are over-
driven.

Slow cook-off tests take place only very rarely.

- The shape charge tests as described above cannot really
be reproduced because of the too specific descriptions
given for the individual parts.

But generally, the test with the 8lmm shaped charge is an
unrealistic goal for warheads.
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Temperature Tests

N Reaction T
Test Probe 1 Result
Mode Type |
T
DTATGA/DSC P{C) Ha R 1 T
Self ignition P Ha R ; T
Unc. Burning “ P Ha I LR } t. No Det.
|
Cook-Ott “2 c i Su A/LR 1‘ t=((T); Fragm.
!
Fuel Fire | CWH Su LR i t. Fragm.
Fragm. Pincer Cc Su [ A !
1 .
or Ignition
or Smail Scale Burning Test
or Stahlhiisentest
2
or One Dimensionat Time to Explosion Test (ODTX)
or Small Scale Burning Tube Test
or Time to Explosion Test
Fioure 17
oDTX
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Gland Nut
~ Tubing

22 mm Dla~

Gland Nut
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0 - Ring inserted by Cooling

10 - 190°C
- Plug
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r ————— - Microphone  pr—=—-—-——-—m——=—
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Fuel Fire Test
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Figure 19
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Heating up

Mechanical
Load

HE - Charge

Dia. 64x50 mm°

Test Set - up

Fragment Pincer Test

Thermocouples

[P

Steel Sphere Dia. 10-20 mm

Tungsten Wire

Rubber Sealing

Burner

Results

TNT/RDX/WAX 49/50/1, Steel Sphere
20 mm Dia, Mechanical Load 2000,"Sealed”

2ooup

600°C

800°C

1000°C

Figure 20




Tests

for
g . ,;I 7 (, L - A,
Sensitivity Survivability Initiability
) T
[] 11 !
- 4 e

Reactlon

( 1.’ - ( — Lv_n” — —
Hi
No Reaction ] No High Order

Full Detonation L

Figure 21
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MIL-STD-2105A (NAVY)

Explosive reaction levels.

a. Detonation Reaction (Type I). The most violent type of explosive event. A
supersonic decomposition reaction propagates through the energetic material to
produce an intense shock in the surrounding medium, e.g., air or \vater, and very
rapid plastic deformation of metallic cases. followed by extensive fragmentation. Al
energetic material will be consumed. The effects will include large ground craters
for munitions on or close to the ground, holing/plastic flow damage/fragmentation of
adjacent metal plates and blast overpressure damage to nearby structures.

b. Partial Cetonation Reaction (Type Il). The second most violent type of explosive
ever . Some, but not all of the energetic material reacts as in a detonation. An
intense shock is formed; some of the case is broken into small fragments; a ground
crater can be produced, adjacent metal plates can be damaged as in a detonation,
and there will be blast overpessure damage to nearby structures. A partial
detonation can also produce large case fragments as in a violent pressure rupture
(brittle fracture). The amount of damage, relative to a full detonation, depends on
the portion of material that detonates.

c. Explosion Reaction (Type lll). The third most violent type of explosive event.
Ignition and rapid burning of the confined energetic material builds up high local
pressures leading to violent pressure rupturing of the confining structure. Metal
cases arc fragmented (brittle fracture) into large pieces that are often thrown long
distances. Unreacted and/or burning energetic material is also thrown about. Fire
and smoke hazards will exist. Air shock are produced that can cause damage to
nearby structures. The blast and high velocity fragments can cause minor ground
craters and damage (break-up, tearing, gouging) to adjacent metal plates. Blast
pressures are lower than for a detonation.

d. Deflagration Reaction (Type V). The fourth most violent type of explosive event.
Ignition and burning of the confined energetic materials leads to nonviotent
pressure release as a result of a low strength case or venting through case closures
(leading port/fuze wells, etc.). The case might rupture but does not fragment;
closure covers might be expelled, and unburned or burning energetic material might
be thrown about and spread the fire. Pressure venting can propel an unsecured
test item, causing an additional hazard. No blast or significant fragmentation
damage to the surroundings; only heat and smoke damage from the burning
energetic matenal.

e. Burning Reaction (Type V). The least violent type of explosive event. The
energetic matenal ignites and burns, non-propulsively. The case may open, melt or
weaken sufficiently to rupture nonvio'ently, allowing mild release of combustion
gases. Debris stays mainly within the area of the fire. This debris is not expected
to cause fatal wounds to personnel or be a hazardous fragment beyond 50 feet.

f. Propulsion (Type VI). A reaction whereby adequate force is produced to impart
‘ flight to the test item in its least restrained configuration as determined by the life
cycle analysis.

Figure 23
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Explosive Reaction Levels
MIL-STD-2105A (NAVY)

“y

2
0l
1

yﬁ

Type | Detonation Type Il Partial Detonation

W

. ity mabprth, L =1 e e g 204 iyt b g £ g 2

Type il Explosion

Type iV Deflagration Type V. Burning . Type Vi

Breure 24

RATTAM Tests UK

Concern by the Royal Navy about the safety of explosive munitions
mounted or stored in ships, particularly guided weapon warheads,

fed in the UK to an assessment programme generally known by the
acronym RATTAM (Response to ATTack on AMmunition). The aim of the
programme was to obtain the necessary data to advise the RN on the
risk to RN ships carrying particular weapons, if those weapons were
subject to terrorist attack.

it was decided to use the following weapons for the tests: they are
readily available in UK service and are typical of what a terrorist

might obtain:
Code Weapon
A (i) 7.62mm AP
A (i) 0.50 in AP
B 20mm HE
Cc 84mm HEAT

The weapons were fired a explosive munitions protected by a 6mm mild
steel plate representing the ships side; in some tests the protective
plate was not used. The 0.5 in AP has been used most in ine tests.

Pigure 28
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Response Categories (RATTAM - UK)

Six categories of response were decided upon for the munitions under test:
() No response

(M) Burning - the explosive filling ignites and burns, The
munition case may open up but the munition is not moved propulsively.

(1) Deflagration - The explosive store is ignited leading to rupiure
and often accompanied by the ejection of unreacted or burning explosive

(V) Mild Explosion - The explosive store is ignited leading to violent
rupture. Unreacted or burning explosive may be ejected. Major pieces
of the store may be thrown a considerabie distance.

(V) Gevere Explosion - The explosive store is blown apart with
considerable violence. The damage from blast and fragmentation is extensive
but less than that associated with detonation, Large fragments are ejected
accompanied by unreacted or burning explosive.

(V1) Detonation

Frgure 26
Item Number and Test Sequence
ITEM
1 2 3 4 5 L] 7 8 9 10 11 12-18 17 18 19 20
! | t t 1 1 t | | H | [N | y | |
-~ e -
T O O 11 O T ¢

28 day temperatire Fast cook-off [ Slow cook-off Buliet Fragment ISympatheticil Shaped charge liShaped oharge
il and humidity test test (soe 65.1.5)Btest (sow 5.1.6) {1 Impact test {§ (mpaot J detonatian let impaot spall impsot
ises 8.1 1) {300 6.1.7) |R(s00 5.1.0)] (500 6.1.9) || (508 5.1.10) (sen 6.1.11)

— TR, TN,

Vibration test
(se06.1.2)

4-day temperature
and humidity test
(300 8.1.3)

o !5-5\.01" d”,"p,',"( ]
(soa 8.14)

Figure 27
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Fast Cook-off Test
5.1.5 MIL-STD-2105A (NAVY)

Thermocouples

Logistic Package
{< 0.1 sec) - L -

Test item
4" 4" ] [
: w N N Restrained to
@ { Ih& @‘ e S - Avoid Launching
!x w T or Fatling into Fuel
The o
- Time for 1000" F
- At Least 1600" F
- Time to Reaction
36
JP-4, JP-5, JP-8 Jet A-1
] 10 ft + Length of Test ltem - -
Figure 2N

Slow Cook-off Test
51.6 MIL-STD-2105A (NAVY)

6 F per Hour = 3,3°C/h

Start at 100° F = 37,8°C Below Predicted

Reaction Temperature

Continnously Measurement of Temperature

Figure 29
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Bullet Impact Test
5.1.7 MIL-STD-2105A (NAVY)

--r--

// JPR—— . . .
s g
% / - da
/S

7
Ny

Test item ! '

Steel Witness Plate - -

- do
‘ g,

High Speed Cameras
’ or Video

g

50 Cal Guns

Fragment
Shield

LSS S
Notes

dy = Distance 1o First Velocity Screen

do - Distance to Second Velocity Screen } vp + S0 fisec

Figure 30

Fragment Impact Test
5.1.8 MIL-STD-2105A (NAVY) “»

/ 7 7
S LSS

dg = Distance to Test item
dy4 = Distance to First Blast Gage
dg = Distance to Second Biast Gage(s)

High Speed Cameras

* or Video

‘ Gage _ > .
@\ i Witness Plate for
N A Fragment Velocity
N 0'3 )
AN 3 !
\
N
A Fragment Lunch
Projector Device

Ve, - B300 + 300 t/sec
Minimum of 2 Test tems.
iwi by 1 Steel Fragiwnl
11-2)" 2 250 gran ® 16 g
a Largest quantty of HE
b Most sensitive Location //

Figure 3

| dy = Distance trom Fragment Mat to
5 Witness Plate
»I d» = Distance from Fragment Mat to
! Tast item
’i dj = Distance from Test item to
Blast Gage(s)

i—




Sympathetic Detonation Test
5.1.9 MIL-STD-2105A (NAVY)

- N - Y 5d

-~

Sympathetic Detonation Test
Placement of Pressure Gages

Test item

da0

dio

da

d4

® - ®-@ &

-

Freure 3

Pressure Transducers
4 per string (rmin)

Distance at which peak arblast overprassure s expected
10 be approximately 40 psig if all test dems datonate

Distance at which peak anbiast uvoipressue 1s expected
to be approximately 10 psig it ail test tems detonate

Distance at which peak airblast overpressure 1s expected
to be approximately 4 psig if ail test items detonate

Distance at which peak airblast overpressure i1s expected
to be approximately 1 psig f all test items defonate

Figure 33
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Shaped Charge Impact Test
5.1.10 MIL-STD-2105A (NAVY)

e —————

-

ST Steel Witness Plate ,,(\ - Steel Witness Plate

Test tem ) [ |

Test llem

’ \
81 mm Precision Stee! Witness Plate
Snaped Charge

81 mm Precision
Shaped Charge

Figure 34

Shaped Charge Jet Impact Test
5.1.10.3.2 MIL-STD-2105A (NAVY)

The M 42/M46 grenade shall be configured as follows:

Explosive fill: 30 grams of Composition A-5 conforming to MIL-E-14970

Cone angle: Trumpet with 3" radius

Dimensions: Height of cone = 1.3 inches !
Outside diameter = 1.3t5inches

1.237 inches
0.075 inches

Inside diameter
Wall thickness

Liner description:  Copper strip, cold-rolled, soft annealed, conforming to QQ-C-576
Electrolytic tough pitch
Grain size < ASTM grain siz~ 8
Non-earring quality with suppressed cube texture

Body: M 42/M46 body load ussembly (without fuze)

Frgure 38
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Grenade M 42 /M 46

Explosive Charge Body

Cone

Figure 30

Shaped Charge Jet Impact Test
51.10 MIL-STD-2105A (NAVY)

The 81 mm precision shaped charge shall L2 configured as toilows:

Explosive fill:

Cone angle:

Dimensions:

Liner description:

Body:

1.8 pounds of Composition B conforming to MIL-C-401

42

Height of cone = 3.7 inches
Outside diameter = 3.2 inches
Inside diameter = 2.9t inches
Wall thickness = 0.075 inches

Oxygen-free copper conforming to ASTM B152 with a temper
of 05025

Grain size < 50 microns after stress relief

No shear forming

Depp drawn anneal

Standard 90-mm M371E1 recoilles rifle round

Frgure 37




Standard Shaped Charge

Plastic Aignment
Levice to Center
Boster and Detonator on

Charoe Axis Explosive

Tetryl Pellet
!

Detonator

- 26.975 =\
\,  Surface of

* Explosive Charge
(Machine smooth)

Aselline | 1990

Spall Impact Test
5111 MIL-STD-2105A (NAVY)

Shietding Plate
tan Thick
RHA Plate

Test ltem

81 mm Precision
Shaped Charge

Machined Copper Liner
1,905 mm thick

!

Drawing
42° Copper Liner ©
| o s
Y

90 mm M 371
Aluminium Casing

Aluminum Retaining Ring

Note:

Liner Thickness not to vary more that .0051mm
in any transverse plane and .05tmmm in a
longitudinal plane

Proure 38

1-in Thick
RHA Plate

Shot Line

B | 1 TF

-~

B‘ > Test Hem
S
e

- d2 -

Minimum of

- 4 Spall Fragments /1010 "
in presented area
{(up to 40 Fragments total)
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Discussion

QUESTION BY ?, GERMANY: What do you think about the value of shape

charge testing in the field of insensitive munitions?

ANSWER: The threat comes from shape charge warheads attacking
our tanks, therefore we want insensitive or low sensitivity

munitions in our tanks that will have no reaction or mild reaction to
shape charge attack.
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AN s of s mponianee o survive
provs e vt mumtions, the monipons most be considered as o
fewpt Propetiants explosives and pyrotechnies miust be ot o fess
di, i the case b acadental reacnons the mumtion s capable
wWoonerpressune inchly Boventing holes, This can beantegraed
v renades booster cup rochel motors.
cabs with the sedarch for doss seasitive high explosives,
wctab fodena s devided tomake ase of aassting eaxplosives the
i lon s ostableshed by the addivon of o ccomnmeraial
el feropiasiie inder PBYXC Plaste Bonded oNplosives
Phas roport dosonibes e rescarch done nn thes tichd, The st pant of the
Sacb i cen cintrated on e mntiuencee ol tdic bisder on the PBX system, the
seeenid s devered o the ittuence of the oxplosives masiiacturing
prowces, paitic e and particle shape

ontnes

Plastic Bonded Faplosives

Shovpeleive camponad o an e
sen et HMIN v Pand i polymiee binders The funclien ot
e protectihe caplosis e cnstabs o quack ambiion due o
oM s e e by coating the catire crsstald sardaces of the
tlaver obr This Taser can abaerb the aceidenal

e Urens cvenlc veer thie volame of the PRY
ol decnimposition and itiation Anather important
shinder tots e mechanical strengihe the binder will create
wod b pween the explosive parhicles The <o tormed PEX has
that present crack formation esen under mgh

et hieh esplosive Tikg

Lot gt

Ches s verny amportant an the presention of DD

Gon Fransitieis as this phenomenon s stmudaied

e avploane

PRYX composition

st flrdone s

aler e hase Chosen connsts of HEPR G H roxy Terminuted Pols
Fhe reason tor this chorce was the oxcellent, well-deserthed
o properiies of this biader HTPR used i ceasonable quantities
Cotock ot motor mdustey, HTPH consists of 630 molecntest cChams ot
dicres whchoare able o trme g network by ther tanctionad (OH =
Snderoaps This reaction proceeds by the addition ol socvanates

Fotuerne D lsocyanater. For this stpdy we used nophorodiso
TDPE heCnse st dess sodatrle The tun tienal NCO group al the

coanade reacts wath the O vraup of the HITPBL Depending on the
CHENC O e s possabhe e control the namber of Cross-links between
sukhen chans A Tow sumber of cros< hinks resulis 10 a sticky (a
Wt ob e e wronps are <0l present deformahic product. which cannot
b mwd i ammuniten A hieh cross-bink density onearly all the reactive
crenpis e et resalts weaosery hard, braittle product. The optimum
rovs Jmk densaty will be bega cen those extremes

S pois

R
Tt poly butadiene chan bas an unsaturated C C boad, which can react
sth owgen cstmulated by highty TNO has studhed the mbuenve of aging
e RN and the effect of the addion ot ant oxaidants 1o improve the shell-
lite Iewas proven that ant oxudanes The DYTBEC (2,5 D Terir Butyl
Hdro Quinone) and Flexzone oN pheoyEN oy lobevy] p phnylene diannney
unproves the gy behaviour of banderaon PRX

Bonding A
The imteraction between the explosive and the binder has alwo s be a
problem because of the fact that explosives are more polar in nature where
the tinder has more the characteristics from non polar maolecules, This can
be solved by the use of bonding agents; a bonding agent s a molecule with
& polur side that can mteract wath the explosive surtace, and a non polar side
that has o better aflinity o the binder system. The bonding agent (with
proven quabitios in PBX formulations, we have chosen for this study 15
Dantovol

Plustivizer

Fhe mechamicad properues of a plasuc binder can strongly be influenced by
the use of a plasticizer. Due to ws pieysical and chemical properties it can
be sitwated between the fong polyrier chains and in this way o can acl as a
hind of lubricant. It the plastcizer is too volatile it can exudate from the
binder matrix this makes the movement of the long pelvmer chains more
ditticudt, resulting i chinn rupture and consequent crack formation. As a
phistvizer we used isodeeylpelargonaat (1IDPY.

Wetting Agent

This 5 a processing aid: the preblem 5 o distribute 85 % of a sohd
lowding over a viscous hiquid. The weting agent acts like a soap: m this
way the solid explosive is moistened more quickly and the overad] viscosity
of the muxture is fowered so we still have a castable muxture. i this study
we used Leosthine as o wetting agent.

st

Lxplioseve

The unportant features of - the explosive are:

ooWell avatable 20 High densaty 3 thgh melungidecomposition
twemperature. Most promusing explosives thut fali) this demands are the
mitramines HMX and RDX In order o achiese a sohd loading of 85 % and
more 10 is necessary o make use of bimodal and multimodal particle size
distnbutions. The explosive crystals must be voud free and of a regular
shape, for practical reasons we started with ndustrab grade ovplosiees from
DyneiNop

PART 1 The influence of the binder

The influence of the binder was studicd by varying the HTPBADPT raio
rret. S, part I, m this way the cross-hnk density was varied between 0.7
and 1.0, As explosives we used RDX and HMX, the RDX originate dom
DYNO.

Deton aon velocity and pressure were determuned to check the pertormance
ol the explostve. The NOL Large Scale Gap Test was used to deermine the
shock sensitivity (3 This method demands a large number of cxperiments
and the vfore another test was used to determine the “distance t detonation’
and the “ume to detonation”. Normadly the wedge test is used o determine
these parameters, but we used a shightly different and simpler test method
With our estit is not possible o follow the acceleration of the shock wave
dunng imbation.

Experimental

To reach a solid foad of ®S wi% an the HMX and RDX with HTPR-based
PRXes, attention must he paid o the particle size distribunon of the
caplosive component. At the TNO-PML normally a bimodal mixture i~
wsed tor the RDX-based PR Xes and a inmadal nuxaure for the HMX hased
PBXes. The hrmats of the particle distributions and the pereentages used i
the bunodal and trimodal nuxtures are given in Table 1. The two kinds ot
RDX were obtasned from ddferent sources: both contain about 6 wi
HMX

oy ———
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Tabie 1 Particle size distribution of the explosives and the
percentage used in the bimodal and trimodat mixtures

Explosive P;{ldc s Cowd |

L my _ o

HAMX 1500 - 1300 533

0 - 30 334 I

0 - s00 133

|

RD\-I 00 - 50 660 |

iy 60 M0

RN 230 - 60 50.0 ;

) 500

Pobyurcthane wax used as g binder in the PBXes. The binder composition 1s
pevenon Table 20 The cross-hink density was varied by changing the
NCOMOH o between 0.7 and 1.0. The hydroxyl content of the HTPB
was checked by standard methods involving acetylation.

Table 2 Compostition of PBX (wiX;

-

Explosive NS00
HTPBRAPDL TR
CiDP 3500
Lovithim 0.260
Dantocol 0.10
_Hexzone . RRENY

Ihe PBXes were prowessed by mixing the components in a planctary Baker-
Porkims nixer for about 6 hours under vacuum at 60 °C. Next they were
cast under vacuum an teflon mouids and cured vor 7 days at the same
wemperature. Cylinders of S0 mm in diameter and about 80 mm high were
Sast AL UNOL T -tubes were filled o test the shock sensitivity of the
saplosives

The detotauon paranic lers o be determmned were the detonauon veloaty and
the detonation pressure. The Tirst was measured with the help of onization
s, The pressure was obtaned indirectly by determining the pressurc in i
i plexiglass (PMMA) plaie i contact wath the explosive. The piczo
clevire PAAA gives a polanzaton signal when a shock wave passes, The
prossire an the PMMA was calculated from the ume the shock wave
coquired Lo travet through the plate: This echnique (STP = Shock Induced
Polarizatom s descnibed extcnsively ehawhere (41 The detonation pressare
Can becaloutated from the prossure i the PMAMA G the Hugomot of the
roge Don prowfudts o8 known

The Nk Large-Scale Cap Tost was used o determine the crticad shock
prossure ot which S00% ot the experuments resuit i a detonation (3
Fplosives were cast in steel tubes of vd. = 37 mm, o.d. = 38 mm,

Vs (S0 mme Pressed eyl id = SO mm. U= SO mon m combination with
A PMAA gicenuator was used as a donor,

A very sumple test was used o obtin g measure tor the distance o
imitianon and the time o nation of the explosive (Fig DL In this testthe
wame donor system was enployed s for the NOL gap test, but now with a
bare oy hndee of explosive (d = S mm). With a streak camera the shock
front m the PMMA was tollowed (back Tighung). As soon as the shock
wave enters the explosive, hght s no longer detected by the camera.
Honvover, atter an “imtiation dotance”™ timnation tmey, a detonation wave
with intenseve hight cmisvon iy geneeated . The hight cmsaon can be
phateed by ataching i piece of Selfotape to the explosive

v
i
v
|

T '
[ [P . - 77-1
T i
o i
. ; ;
ol i .

Test set-up to determine the distance to initiation and
tire 1o initiation 1 detonator, 2-support plate, 3-tetryl.
4-PMMA_ 5.streak slit, 6-Sellotape, 7-explosive

Figure 1

Results
In Tabhle 3 the results for the different PBXes are summarized.

Table 3 Detonation and shock sensilivity for the PBXes

‘[, L o _

| Explosive _PRDX-I PRDX-[_PRDX-Il PHMX PHMX
! Cross-link density 1.0 0.7 1.0 1.0 0.7
; D (km/s) 79 8.0 7.9 8.2 ¥.1
P (GPy) 195 19.5 20.0 M0 24
E P30 %) (GPa) 3.2 3.2 3.7 30 0
! Imtiation distance ;

| (rmm) MY 1.5 209 165 196
|

inwadon time sy 41 42 7557 6.0

As might be expected, the detonation velocity (D) and pressure (P”) do not
vary for the different formulations. The detonation velocitics (7.9 km/s for
RDX-based and 8.2 for HMX-based) arc very close to theoretically predicted
values for PBXes with a solid load of 85 wi%. The pressures shown are the
pressures in the thin piexiglass transducer.

Contrary to the invariability of the detonation parameters, the shock
seasitivity 1s clearly intluenced by variations in the PBX formulation.

The NOL gap tost results (P(S0 %)) Tor a senies of explosives are given in
Table 4. The sensiivities of the PBXes lic between those of RDX/wax
(91/9) and pressed TNT at one extreme and CompB and cast TNT at the
other. A great difference 15 found for the two RDX (I and 11)-based
formulations. As far as the NOL gap test results are concerned, the cross-
link density does not have a significant influence on the shock sensitivity.

Also the measurements of the imitiation distance and imtiation ume indicate
that both RDX-based formulations differ considerably. However, the
wittaton distances obtained for the HMX-based formulations are longer
than for PRDX-I, which s 1n contrast to the NOL gap test results, The
results also show that with this test method the cffect of different cross-link
densities can be detected. A longer initiatton distance is measured for the
HMX -based formulations with a low cross-tink density.

Table 4 Shock sensitivity for several explosives as determined
by the NOL Large Scaie Cap Test
- [ ey
Explosive Density Pressed/Cast P (50O %) ‘
‘ } b Py
. RDX 1610 P Lo !
RDX/wax (91/9) 1600 P 1.7
NT 1580 P 200 !
“PHAMYX 1640 C 20 i
CPRDX 1580 ¢ 2
CPRDX-N 15380 C 37
TNT 1580 C 39
CompB 1710 C 34

Results burning tube tests and fragment attack test UK
RARDE Burming Tyt Test UK

Description of st see NATO AQP 7 202-01-006

Description of Reaction Categories

{ Deyree of Reaction Observation i
| Reaction Description k
A . A S oy
8] fasls to ignite - i
I/ buming end cap not ejocted “
i pressure burst due o ond capls) ejected i
: buming i
|2 deflagration 20 9 tube body fragmenis
i3 cxplosion 10 10 100 tube body fragments
{ ) detonation > 100 wbe body fragments
_ __ shawing cvidence of detonation

e e 1




Results

Table 5

Burning Tube Test Results (Non Standard Conditions)

Composition Pata Test Igniter Conline No Dutnbunoen ot Avg
sheet | temp ment of results per no of
ref () tests reaction category body
frags
] 1 2 3
CPX 200:Mo amb SR 856 std 2 N 3
CPX 200 M8 amb ballistite std 5 2 3 !
amb SSiclanp 3 3 1
wmb SSicavred 2 M L
HU - 23 amb bathstte sid 2 1 1 1
amb ballistite 55 mm 2 < 1
43 ballistine 5§ ain ! 1 t
47 SR X80 53 mm 2 2 1
amb bathistite S8 Clamp 10 N 2 3 i
amb ballistite S5 caveed 2 i 1 2
amb balintte Sle/cavred 3 3 H
Lits 24 amb bathstie std M 2 !
amh ballistite SS mumy 2 2 1
1 N Balintie SSmm ] 1 i
i N SR 856 33 nm 2 2 |
; mb batls b S8 damp i 1 N 1 4
‘& anb baliishie S5t cavred M N 7
i unt talis e e enod 2 2 :
:
[T s Tizstite ad its - 2 !
! wnh buihistite L2 S wall 12 4 N 1
H it SR ~hd 5 1 N i
: ot Abte sid N 2 i
i (T SR AT e sl z 2 1
f i Pt NEMOL sl 1 2 | t
| . ; l o . i .
‘ LN | P TN 5 H
‘ oo - 2 3
: [ : 1 W
i
. 1} i B t [t
; T K 3 1y
: i
‘ . i i i
i I ) :
. N H
i |
I
N B ! ol
i
f '
: . B 3 1 B
: i
: [ v
o ! I .
i i
w - 3
| ! B
| b 1
; i
i . o Y H 3
, i
N N q i
i : . i
i i -
i ; ¢ i !
, ookl

B NN

ot B
W dh

fosulbis

o hono i s st
A oftan cnnd cap o despite the heavy Clampimg that was
has ~hyghtls
S RU 6T and RU 6t batthes could be o conwquence of

ndicate

[hoee cut of the cght samples

that RU 67

lower

.
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Fragment Awack Test UK

see NATQ AQL 7 201-06-003

Lost desgription

Degree of Observation !
_ Rewction L L S
4] No visible sign of reactuon after penetration ol the
septum by the proecule 1
1 Hint of a burming reaction which has faded rapudly, no'!
obvivus consumption ot explosive !
2 Detachniert of the septum, up o 20 % of explosive |
consumed |
3 Sepiam detached, vehwele et or broken into ergc1
Tragesents, more than 20 % of explosive consumed ‘
+ 10 % of explosive consumed in a very violent|
reaction characterized by breaking up of vehcle into!
very many small fragments showing evidence of shear
taifure !
Results
Tabie 6

Round no Seplum matenial - Projectde selociy - Degree of reaction

vA”\\L ')

P evt Nt i
- &07 0
I3 97 1
1 oo 2
q 1300 2
X 142 2
2 [ERN N
< 1306 4
4 1387 -4
¢ 1H64 4

Phre et s carned out according to SCC No 36 and g range of 1est data
onviiier materrals can be tound there. While the results for RU-6T are quute
wond thes are not exeeptivnal for 4 PRXC The threshold tor gmuon s
rvery s approxamatedy SO0 mes which compares with approx. 900 m/s for
PE3 Gl approxc 700 nus for RGP tboth 88 % RDX)

Roeactens were relatvely mild unul the threshold for detonation was
reavhe I this 1ost the detonausn threshold is Jirectdy related 1o the shick
sensitaty of the explosive an the faege Scale Gap Test (LSGTY. The value
b T me s would he equivalent to a median gap of 3.3 GPaan the LSGT
and, theretore, RU-67 15 fess shock sensitive than cast creamed TNT but
inore seisitive than some other PBXS

Discussion

The dittesences m the senviuvities ot the two RDX-based tormulations
could be aserbed to the small differences i the rato ot hine and coarse
RDX used 1o obtan a bimodal mixtyre; PRDX-L contans a larger fracuon
ot e RDX vsee Table . Moulard tound distances o miation ol aboul
LS i aned 2% mm 2 iy and S 1) for the coarse and tine RDX-based
PRXces, respectivedy . These values were obtamed Lor an intiation pressure
ntabout S GPa I our experiments the pressure m the plexiglass at the
mtertace v 3.2 GPas Assummng the Hugoniot of the PBX to be U =
T3¢l Nu the pressure in the PBX 1 about 3.7 GPas Since these pressures
e about the swne s not surprismy that the resulis of both tests are
comparable. Howeser, Moulard compared e and coarse RDX
formniations whele m our cxperiments there s only o small difference i
the ratio of the bimodal mixture. The great ditterences we observe for the
dilerent tonmulations could be caused by the erystal properties of the RDX
st s the onvstal geometry

from g companson of the NOL gap test data and the inbation distanges 1t
appears that both test methods give information about different stages
the shock imtiation process The amitation distance s detesmined by
imnating the explosive with 4 pressure pulse of 42 GPa, which s
considerably higher than the pressares found in the NOL gap test. Therefore
the measurements of the detonation distance probably only pive
intormaiion about the finat stages of the pressare burdd-up to detonaton,
while the gap st results refer w the full shock initianon process.

The experiments also show that the measurements of the imtation distance
and the snstiation tinee are much more sensitive than the NOL gap test |
(.. an itiation distance of about 3 mm is found for pressed TNT). It s
our experience that smatl differences between different baiches of @ PBX can
be observed with this st method. This is also confirmed by the results for
the HMX -based formulations with different cross-link densities

Sub conclusions Part |
From the results the following conclusions can be drawn:

1- The particle size distribution and possibly the geometry of the particles
have a large influence on the sensitivity

2. Although the donor system is the sume. the resulb for the NOL gap test
and the inibation distance test cannot be compared directly. However,
because the latter test requires considerably fewer experiments and also
seeils Lo be more sensitive, furnther investigations with this est method
seem feasible

3

3. The sensivity of a PBX towards shock imuauon s not influenced
markedly by the cross-hink density vanations of the plastc binder In the
detlagration to detonaton mode as seen in the buming tube wsts there v a
visible tendency that high cross-link density give n1s¢ (0 more sensiive
explosives. The possible explanation for this difterence s the dynamise
character of the shock wave; the binder act as a kind of hiquid i this case,
so the number of cross-hinks is not of importance. From the shock
sensitivity work we notuced a rather large influence trom the explosive
particie size and shape, it was dearded w study this yn more dewud i the
seeond peniod.

PART 11 Influence of explosive particle size and shape.

Generally sty assumed that the polymer reduces the sensiiviy ot the
explosive o inadvert stimal considerably. A great deal of rescarch has been
carried out w charactenize the properties of the PBX i relation to the tvpe
of polymer used [T In part T we have seen that the influence of the binder
by dis cross-hnk density was very namor, I part 1 we concentrated on ihe
caplosive paroele stze and shape.

Initiation of Explosives

Duc 1o heat, fnction and shock waves, explosives can decompose. 1 the
number of decomposing cxplosive molecules per unit of volume exceeds 4
certain hmit the heat of reaction will decompose the remaining explosive
resulting in a self sustained reaction. Studies of the intation of explosives
have revealed that the inttiation of explosives s sumulated by the
imperfections in the explosive (6).

Fach deviation from the ideal crystal structure causes the constituent ke
10ns to tree themselves more casily from their fixed positions in the latice
The first deviation i a katice is formed by the surtace wwelf: the rons
present in the surface have lesser bonding compared 1o the ons in the
middle of the lattce, so they can be removed . with less energy. The ons at
the edges and cormers can be removed even more rapdly compared to the
normal surface 1ons.

Crystals have many natural imperfections ke vacancies, edge and screw
dislocations, faults, cracks; but also ympunties (someumes introduced to
create a spectal characteristic, we call this dopants) give rise o a crystal
structure with an increased mobility and reactivity.

From the above 1t is obvious that particle size and shape are very important
features if the level of crystal faults and impurives can be kept constant be
the production process.

The momphology of the high explosives used in the PBX and in particular
the crystal size distribution has received a lot of atiention i order o miodify
the sensitivity (2).

Hoas only recently that a more regular shape of the explosive particles 1s
constdered as a tool to deercase the sensitivity of extruded, pressed as well
as cast-cured explosive chasges (7).

Dyno has used a simple method 1o produce spherond parucles. TNO-PML
has processed cast-cured HTPB-hased PB Xes with difterent batches of RDX
and has measured the shock sensitivity.

To obtain a high solid load in the PBXes a bimodal mixture of coarse
(about 300 pum) and fine (about 20 um) RDX 15 used. In this study the
shock sensitivity of PBXces with RDX taken directly from the producuon
hne and PBXes with RDX which has gone through additional processing
steps to increase the spheroid character of the coarse and fine crystals have
teen compared.

The shock senstivity has been determined with a rather simple gap test
which determines the distance and me 1o detonavon for different imitiation
pressures.

[,



Experimental

The RDX s produced by the well-known acctic anhydride process
(Bachmann process) and recrystallized in acetone.

Spherowdizanon of the crystals is carried out by loading angular RDX
crystals in RDX sawrated acctone, Next the mix s aguated and the
temperature 1s raised and mainained at a predetermined fevel. When the
desired spheroidization obtained by partial dissolution and erosion s
reached, the suspension is discharged w a filter and washed. The reactor used
has a towal volume of 150 litres. Tt is cquipped wath a 6-bladed turbin
agitator, 2 baffles, heating jacket, reflux condeoser and a flush-mounted
dumping valve. The ageator shalt has o water seal and the agitator speed
can be continuously regulated.

The filter consist of a simple nutche cquipped with a heaung jacket and
operated by vacuum,

The reactor i first loaded with a saturated solunon of RDX in acetone at
roam iemperature. The acetone has a concentration 10 water between 90 and
HO0 <0 Approximately 30 kg of RDX 18 loaded and the agwtor started. The
temperature s rased © 30 7°C and agitation s mamtained constant for 3-5
hours. Depending on the erystal size. the agitator up speed s set normally
between 7and 14 omys. The suspension s discharged o the nutche and the
acetend s suched oft w a filrate wnk. The fiker cake s washed with water.
A~ required, the product s finally fracuoned and by mixing of fracuons the
required stze distributon s muade.

Typrad scanming electron micrographs of the non treated coarse and tine
sample tiken directly from the producuon hine and of the spherodized
sodnse and fine sample are given in Figure 20 The particle size distributions
ol these xamples are presented o Frgure 3 and som haracienstic values are
summanized m Table 7

The coarse ~sample tahen dicecdy trom the production line contains typieal
wrecularly shaped agglomerates and more or fess angular singular crystais,
Ihe spherind coarse particles are more osal and small cracks are observed at
the suttace, The particle size distnibution ol both coarse samples s abowt
the same

E———
mml @OkY 274E2 S54795-,89 SE

SR S A

10um BSOkYU S2BE3 552689 SE
Figure 2. Typical scanning electron micrographs of the non-
treated coarse (a) and tine b) sample and the
spherowdized coarse (c) and tine (d) sample

Table 7 Average particle size (d(0.5)}) and 10 % and 90 %
values of the particle size distribution of the RDX
samples (um)

L sample d10.5) dit.) dinm

ORI non-treated 2KS 1K 130
spherodized 370 238 30

lhine: no-teated b 3 30

. spherdized h 28 S0

The particle size distnbution of the fine samples difler considerably. The
non-treated smple has a very wide distribuuon with a maxtmum arcund
20 pm while the spherasdized sample has a refately narow distribution
with a maximuom at 52 pm. It was not possible 1o ohlam smaller particles.
The same type of cracks as we observed for the coarse sample ane obsencd
tor this hine sample

Both coarse samples contnn foss than 1.0 wise HMX whide the amount of
HMX a0 the fine samples s i between 6 and 7 wi@.

Bunodal mixtures with a course/tine rutio of R = 63736 ol the non-aeated
samples and the spheroidized samples have been used in the PBXes Ao o
bimodal mixture of the spherowd coarse sample and the non-treatcd tine
sample has been used o mvesugate the mflucnce of the ditterency i the
particle size distnbuuon of the fine <amples

The Gip density ot these mitures at R o= 63736 gre 13800 1380 and
1440 k/m > respectively,

10um1BOKkYU 142E3 %491-89 SE
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A polyurethane binder (HTPB and IPDL) and a IDP plasticizer are the main
ngredients of the polymer binder. Also Dantocol was added 10 improve the
honding between the non-polar polymer and the polar explosive crystals,
PBXces were cast under vacuum and after curing the density was found o be
1580 kg/m-= mdicating that hardly any voids are present in the PBX. A
tore detnled deseription of the casung procedure can be found  (8).

a
T ) - \x' —

0

’ ‘ b

S - Ca T
Figure 3 Particle size distribution of the coarse (ay and fine (b)
samples, non-treated and
- spherodized

A oample gap test s used o deteronne the time and distance to detonation
of g bare PBX Cyhinder of SO mm drameter and without any confinement. It
comsisty of a teteyl booster (= S0mam, o = SOmm and p = 1510 kg/m?y
wn combmation with a plexiglass attenuator of the same diameler.

A atreak camera records the shock wave through the plexighass (back
Irhiming) and the moment and position the shock wave enters the PBX.
Ao the posttion and tme the detonation wave emerges from the side
surface of the PBYCis recorded by the streak cameria. The initation distance
and time are determoaned for dfferent imbating pressurcs, e lengths of the
pleuglass attenuator

In contrast with the wedge test a sphencal divenging shock wave iy used to
initate the sample. Also the distance 10 detonation is not determined on the
central axis but on the surfuce of the charge. However, from the streak
recordmngs we learned that on arnval at the surface 2 detonauon wave s
propagating w the forward and backward direction. Since the velocities of
both waves are about cqual they can probably be ascribed to the sphenical
sxenson of a detopation wave starting on the central axis of the charge.
For this reason it can be assumed that the resolts obtained with the present
st w il notditter considerably from wedge test results

Results and  discussion

ihe results obunned for the three ditferent PBXes are presented in Figure 3
where the distances w detonation arc presented as a funcuon of the pressure
wi the plexiglass af the plexiglass/PBX interface. The corresponding umes
to detonaton show the same trend and will be discussed elsewhere.

As could be expected the trend observed tor all three formulabions 15 a
steady decrease of the distance to detonation with an increasing imitsating
pressufe. At low pressures an asymptotic value is reached, below which the
PRX cannot be imtated any mare. At high pressares the distance o
HRTAHON SCEMS o converge 10 a more of less constant value

The PBX with the aon-treated RDX particles shows the shortest distances
to detonaton and is the most shock sensitive. For this test contigaration
this PBX cannot be intuated at pressures below 3.3 GPa. From experence
we know that the critical pressure from this test s very close to the results
obtamned with the NOL Large Scale Gap Test.

The PBX with the spheroidized particles has the fongest distances o
detonation and its critical pressure is about 3.9 GPa for which a disunce 1©0
detonation of 42 mm is found. At slightly lower pressures no imtiation 15
vbserved.

Ihese results indicate that spheroid explosive particles reduce the sensitivity
of a PBX. It 1y assumed that the differences i the particle size distribution
are to small to take care of these effects.
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Figure 4 Distance to detonation tor the PBXes with nan-
treated RDX (o), spheroidized RDX ( D} and
spheroidized coarse and non-treated fine RDX (+)

However because the particle size distnbutions of the tine samples ditfer
considerably the sensiivity of a PBX with a bimodal muixture of spherod
coarse particles and non-treated fine particles has also been measured. I
sensitivity curve hies just below the curve found for the PBX with the
spherotd particles with a critical pressure of 3.75 GPa. This relauve
increasc in the sensitivity as compared 1o the spheroad particles 1s contrary
o trends observed elsewhere where the sensitivity decreases with a
decreasing particle size. This could also be an indicanon that also for the
fine fracuon of the bimodal mixture the particie shape 1s more important
then the particle size.

At the moment 1t s nol yet ¢lear what reasons cause the shilt in
senstivily.

Trerstty, 1t might be that, despite the vacuum casting technigue used,
microscopical voids are formed on the surface of the crystals dunny the
casting process. Atthough the densities ot ail tested PBXes are the same
within 0.2 wi% it could be that these microscopical voids are more tikely
o occur on the surface of the irregularly shaped surfaccs of the non-ticated
crystals and act as “hot spots” during itation, The role of the small
cracks observed at the surface of the spherowd particles in the imtation
process is not yet clear,

A second possibility could be the content of HMX in RDX. The HMX 1y
tound both as impuritics 1n RDX crystals and ax relauvely pure crystals in
the fine fractions of the crystat distnibution. During spheroidization HMX
is dissotved leading 1o a lower content 28 HMX n the final product. Thas
dissolving cffect might also be an explanation tor the cracks observed at the
surface of the spheroid. The relatively low perventage of HMX al the
surface of the RDX particles could be connected to the lower shock
senstlivity.

A hied possibility coutd be related to the mechanical strength of the
crystals. Angular crystals will be more susceptible 1o shear forces than the
spheroid crystal. The mechanical strength of the spheroidized samples could
abso be increased because these erystals have been stirred for severat hours
duning which the crystals with less strength are crushed down and removed

el



Sub conclusions

This study was started to investigate in how tar the partcle shape
wtluences the sensttivity of an cxplosive.

Spherosd partcles were obained with g rather sunple techingue and also the
shack sensiivities were determined with a rather siunple gap st Taken
mto aecount that the gquality of the orvstals vould be mproved by
optuniezing the spherordization process and that no atempts huave been made
to opumize the bimodal midture 1o particie size and particle size
dostribution the results are sull impressive becanse the few addisonal sieps
i the production provess resabted nareduction i the shock sensivity ot
Oy GP Lo very hikely that opranvzaton of the pradoction and the
processing pasameters widl gove at feast a comparable reducnon leading o
anevplosive which has an even fower sersaiuvaty than CompB

The spherardizaton process could be improved e several wavs bor
cxample, 1t works best it one starts wath a narrow fraction of orystils
tecause oo wide fractuons will result i either crystal break -up of the
Lirgest sized orvstals or fess spherondization ot the smatler sized erystals
Alser the reactor and surrer design and the agitstor speed could be adjusted to
the speciiied veystal size. The temperatare of the sobvent and the type of
sobvent used will alse mfluence the gualiny. e the shape and the
smoothiess of the surtace, of the orystahs

Optrnizatien o the bonodal mivure apphied could also reduce the
scusitivity s From other investigations 1t s known that particles below
20t reduce the ensativaty and ain this respect chamges i the coarse tine
rativ. within the hontatons of the castability ot the sample, could also
reduce the sensivitsy . Some resalts will be published o the near tatare

Aoadsantage of the increased spherord character s the mproved
prowessthility and castabiliny ot the PENXC This nught fead to even higher
sodnd doads o ubout 88 G which reduces the need tor encrgetic polviners. in
tora tar the spherond particles mtluence the mechani al propertes of the
Pl ey s under mvestyanen at the moment

Conclusions
The satloence o partcte sz and shape on the shock semapany af
e the aathnciee of the binder By s cross ok

piosive s oo
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Discussion

QUESTION BY MAY, US: Would you expect this effect to also hold for
much smaller particle sizes?

ANSWER: | wish | knew, but | do not know. | assume you mean 1-10
micror. size spherical particles, that size is very hard to produce
consistently. | don't think there are any really good methods to
define these size particles.

QUESTION BY MAY, US: What would be your guess?

ANSWER: 1 really don't know.




Low Vulnerability Characteristics
of an HMX-based Explosive

I. Hooton
bnergetic Materials Division
Detence Research Establishment Valcartier
P O Box 8800
Courcelette, Quebec
Canada GOA 1RO

1. SUMMARY

Castcured plastic-bonded explosives (PBXs) with a
reduced vulnerability to unplanned stimuli are currently
being developed. The explosives described in this paper
are based on HMX and an inert binder. The effects of the
solid loading, the particle size distribution of the HMX and
the curing ageni/polymer ratio on the physical, chemical,
mechanical and rheological properties of the explosive
were investigated.

The detonation properties of the most promising
formulations were evaluated and compared to Composition
B and CX-84A, a PBX developed at DREV and based on
an inert binder and RDX. The shock sensitivity was
measured by means of the DREV Gap Test. The
detonation velocity was also evaluated. The performance
of these explosives was initially evaluated by measuring
their ballistic capacity, determined from the lateral
acceleration of metal plates.

2. INTRODUCTION

Defence Research Establishment Valcartier has been
involved in the development of cast-cured plastic-bonded
explosives for approximately 20 years. This work began
with explosives based on an inert binder and RDX. The
objective of the work was to develop explosives with an
equivalent or improved performance compared to
Composition B but with an improved response to hazards.
Ome of these explosives, CX-84A, was thoroughly studied
(Refs 1, 2, 3, and 4) and was found to exhibit a lower
vulnerability to unplanned stimuli. The vulnerability of
CX-B4A to several hazards, including fast and slow cook-
off, bullet impact, heavy fragment impact and electrostatic
discharge, was tested. These tests resulted in no reaction
or buming only, as specified in insensitive munition
requirements, {or all these tests except the heavy fragment
test which produced a light partial explosion. Its shock
initiation sensitivity was thoroughly evaluaied with the
Calibrated Shock Wave Test (Ref S) and the formulation
was optimized with respect to its shock sensitivity (Ref 6).
Its performance, however, was only 87% of that of
Composition B as measured by the Standard Cylinder Test
(Ref 7).

The RDX was replaced by HMX in order to increase the
energy of the explosives but at the same time to maintain

or improve their low vulnerability characteristics. Several
aspects of these formulations have been considered at this
time, including processing, chemical, physical and
mechanical properties, shock initiation sensitivity and
performance.

3. EXPERIMENTAL

3.1 Formulations

The explosive formulations discussed here were based on
HMX and an inent binder. The binder was composed of
R45-HT hydroxy-terminated polybutadiene (HTPB), dioctyl
adipate (DOA) and toluene diisocyanate (TDI). Two
different solid loadings were investigated, 84 and 85%. A
bimodal distribution of Class Il and Class V HMX was
used and the effect of the particle size distribution was
investigated by incorporating two different Class [I/Class
V ratios, 70/30 and 80/20, into the formulations. Two
different curing agent/polymer ratios, 1.1 and 1.2, were
also employed to determine the effect of this parameter on
the mechanical properties of the explosive. The percentage
of plasticizer remained constant at 35% of the binder for
all of the formulations. The formulations are given in
Table 1.

3.2 Processing

The explosives were processed in a 4CV Helicone mixer
from the Atlantic Research Company. This mixer has a
capacity of 1 US gal. The explosives were mixed at 60°C.
The binder ingredients were mixed under vacuum and the
solids were then added in three or four increments and
mixed after each addition. The explosives were mixed for
one hour under vacuum before the curing agent was
added. The optimum mixing time was determined by
measuring the viscosity of samples from a test mixture at
10 minute intervals with a Brookfield viscometer. The
optimum mixing time was determined to be 1.5 hours. The
viscosity of all mixtures was measured before and after the
addition of the curing agent with the Brookfield
viscometer. The pot life, the time between the addition of
the curing agent and a significant increase in the viscosity,
was determined by constantly measuring the viscosity of a
sample with a Haake Rotovisco RV12 viscometer. The
explosives were cured at 60°C for 3 or 4 days.

The density of the cured explosives was measured with a




Table 1: Explosive Formulations

Ingredient Formulation 1 Formulation 2 Formulation 3 Formulation 4
HMX Class III 58.8 67.2 58.8 59.5
HMX Class V 25.2 16.8 25.2 25.5
HTPB 9.6 9.6 9.5 9.0
DOA 5.6 5.6 5.6 5.2

TDI 0.8 0.8 0.9 0.8

Quantachrome Corp. picnemeter. Helium was used as the
displacement gas,  The hardness of the PBXs was
measured with a Shore A durometer.

3.3 Characterization

The cured explosives were characterized by measuring their
mechanical properties in tension with a Insiron Universal
Testing Instument Model 1122, The samples were
conventional JANNAF dog bones. The explosives were
cast tnto slabs and the dog bones were cut with a die.
These properties were measured at both ambient
temperature and -30°C. Some samples were conditioned at
40°C for 14 days and their mechanical properties were
then measured at -50°C.  No significant change in
mechanical properties was noted as a result of the
conditioning and no embrittlement effect was observed as
is expected with an HTPB binder-based explosive.

The detonation velocity of the formulations was measured
by both ionization probes and streak camera on samples
5.08 cm in diameter and 15.0 ¢m in length. The charges
were initiated by a plane wave generator of the same
diameter. The ionization probes were placed at 5.08 cm
intervals and the velocity between each of the probes and
between the first and last probe were measured.

The shock inutiation sensitivity of the formulations was
evaluated by the DREV Gap Test on samples 3.18 ¢cm in
diameter and 7.62 cm in length.  Two tetryl pellets, 1.59
cm in diameter and 1.75 cm in length, served as the donor.
The barrier in the DREV Gap Test is made of aluminum.

The ballistic capacity of the explosive formulations was
measured by the lateral acceleration of metal plates
propelled by the explosive's detonation front. The ballistic
performance of the explosive is defined as the energy
ransferred 1o the plate. The detonation velocity, metal
plate angle, and detonation gas angle are measured
experimentally, and the optimal energy transfer, optimal
energy efficiency, Richter coefficients, chemical energy and
the Chapman-Jouget pressure are calculated (Ref 8). This
test was developed in France (Ref 9) and is used as a

preliminary step in the characterization of an explosive’s
performance before more extensive tests such the Standard
Cylinder Test are carried out. The explosive samples were
machined into slabs 26.2 + 0.05 cm by 8.4 £ 0.005 ¢m and
2.0 £ 0.005 cm thick, The charges were initiated with a
line wave generator (Ref 10). The detonation velocity was
measured by ionization probes. The metal plate and
detonation gas angles were determined from images
oblained from a flash X-ray system.

4. RESULTS

The viscosity of the explosive mixtures for the
formulations outlined in Table 1 are given in Table 2. It
can be seen that the final viscosity is slightly higher for the
formulation loaded with 85% HMX, 4.0 kP compared to
1.6 kP for 84% HMX loading. The effect of particle
distribution on the viscosity for formulations with 84%
solid loading is less pronounced. The viscosily increases
from 1.6 kP for a Class 11}/Class V ratio of 70/30 to 2.6 kP
for a Class [11/Class V ratio of 80/20. Some initial studies
with 85% HMX loading indicate that the effect of particle
distribution 1s more significant at this loading. The
viscosities before the addition of the curing agent fall in
the rarge 12.0 to 10.8 kP.

The pot life for these formulations is also given in Table
2. Once again the formulation with 85% HMX loading has
a pot life which differs significantly from those for the
other formulations. The pot life for the formulation with
85% HMX loading is 137 min compared to 285 min for a
similar formulation with 84% loading; the pot life for the
formulation with 85% solid loading being approximately
half of that measured for the others. Additional studies
have confirmed that these formulations have a shorter pot
life when 85% solid loading is used instead of 84%. The
pot lives for the other formulations fall within a shorter
range of values, 285 to 224 min, the shortest being that for
the formulation with the higher Class [1l/Class V HMX
ratio and higher viscosity.

The hardness of these formulations is fairly constant and
falls within the range 68 to 63 Shore A. The highest value




is that for the formulation with .he higher curing
agent/polymer ratio; however, as a preliminary evaluation,
these differences could not be considered significant. The
density of these formulations is in the range of 1.62 to 1.63
Mg/, the density of formulations with 85% solid loading
being slightly higher than those with 84% HMX loading.

The results for the mechanical properties testing are given
in Table 3. The values given are for the maximum stress
and the elongation at rupture, measured in tension. The
particle distribution in this case had a much greater effect
on the value for the maximum stress than ¢n the elongation
of the sample. The elongation decreased from 26.07 to
24.98% when the HMX Class IlI/Class V ratioc was
increased from 70/30 1o 80/20; however, the value for the
maximum stress decreased from 0.62 to 0.53 MPa.
Increasing the ratio of the curing agent/polymer ratio from
1.1 1o 1.2 resulted in an increase in the value for the
maximum stress, from 0.62 1o 0.69 MPa, and a significant
decrease in the clongation of the explosive, from 26.07 to
15.71%. An increase in the solid loading produced
explosives with a lower elongation, 26.07% for 84% HMX
loading compared to 20.35% elongation for a similar
formulation with 85% solid lvading, without effecting the
value for the maximum siress.

Table 2: Physical Properties of Formulations

Changing the curing agent/polymer ratio seems to have the
most dramatic effect on the elongation of the cured
explosives. The particle size distribution appears o be
slightly more effective in changing the value for the
maximutn stress than the other ;ormulation parameters. A
decrease in temperature results in an almost doubling of the
value for the maximum stress but has very little effect on
the elongation.

The deionation velocity for [formulations with 84 and 85%
loading are compared with those for CX-.84A and
Composition B in Table 4. There is an significint increase
in the detonation velocity of formulations witl, o4 and 85%
HMX loading compared to CX-84A and Composition B.
The detonation velocity for the HMX-based formulations
are 8351 and 8200 my/s for formulations with 85 and 84%
solid loading respectively, compared to 7908 and 7892 m/s
for CX-84A and Composition B respectively.

Ballistic capacity experiments have also been conducted on
a formulation with 84% loading. These results are
compared to those for CX-84A and Composition B (Ref 9}
in Table 5. The detonation velocity of 8197 m/s is in
agreement with the value measured on cylinders 5.08 cm
in diameter using both streak camera and 1onization probes.
The detonation pressure was evaluated at 27.9 GPa. This

Formulation Viscosity (kP) Pot Life (min) Hardness {Shore A)
Before Curing Agent After Curing Agent
1 11.2 1.6 285 63
2 12.0 2.6 224 67
r 3 10.8 2.0 258 68
L 4 11.6 4.0 137 65
Table 3: Mechanical Properties of Formulations
Formulation Room Temperature -40°C
Stress Elongation Modulus Stress Elongation Modulus
(MPa) (%) (MPa) (MPa) (%) (MPa)
1 0.62 26.07 5.02 1.24 22.92 23.652
2 0.53 24.98 495 1.14 24.24 19.30
3 0.69 15.71 8.71 1.35 17.48 17.48
4 0.62 20.35 6.62 1.02 16.89 26.79




Table 4: Oetonation Velocities of Formulations

[

Detonation Velocity (m/s) n

Explos:ve |
Formulation 1 8200
Formlation 4 8351
CX-84A 7908
Composition B 7892

Table S: Explosive Characteristics from Ballistic Capacity Evaluations
[ Formulation 1 CX-54A Composition B
p (g/ml) 1.618 1,554 1717
;D (mss) 8197 7908 7892
P. (GPa) 279 254 27.9
E. (J/g) 4146 4008 4586
KE (J/g) 1114 1076 1230
p - density

D - dewnation velocity

Ps - detonation pressure

E. - chemical energy

KE - maximuin kinetic energy

1s the same as the value obtained for Composition B and
is higher than the value of 25.4 GPa obtained for CX-84A.
The kinetic energy appears to be lower than that of
Composition B; Composition B having a kinetic energy of
1230 J/g compared to 1114 J/g for the fermnlation with
84% HMX, but higher than that of CX-84A (176 J/g).
However, further experiments, such as the Cylinder Test,
are needed in order to evaluate the performance of these
explosives more precisely.

The shock initiation sensitivity was evaluated with the
DREV Gap Test for two formulations with 84% loading.
One of these formulations had an HMX Ciass E/Class C
ratio of 30/70 and the other had a ratio of 20/80. These
values are comparer to those for Composition B and CX-
84A (Ref 1) in Table 6. The barrier thickness of 1.16 cm
for the shock sensitivity of CX-84A is higher than the
value for the final formulation. Improvernients were made
in the formulation to reduce the shock sensitivity; however,
the sensitivity was evaluated with the Calibrated Shock
Wave Test (Ref 6). There is a significant improvement in
the shock sensitivity of these formulations. The barrier
thickness for formulations with 84 and §3% HMX loading
were 0.79 and 0.73 cm respectively, compared to 1.14 and

1.16 cm for Composition B and CX-84A respectively. A
small difference can also be noied as a rsult of a change
1.1 particle size distnbution.

5. DISCUSSION

The development of an insensitive explosive must be
considered not only from the point of view of the
properties of the final prorfucts but also from a processing
viewpoint and for this reason these characteristics have
been included in this evaluation.  Since this is a
preliminary evaluation of this system of explosives, the
initial objective was 1o dewermine the formulation limits
with respect to processing and the resulting sensitivity and
performance characterisiics.

Since these formulations are intended for cast-cured PBXs,
the viscosity of the mixture is a very important
consideration in their processing. The particle size
distribution did not have a great effect on the viscosity of
the mixture for 84% HMX loading. Viscosity
measurements of 2.6 kP for a HMX Class [Tl/Class V ratio
of 80720 and 1.6 kP for a HMX Class Hi/Class V ratio of
70/30 werc detcrmined. A greater effect is observed for
formulations with 85% solid loading since the viscosity is



Table 8. Shock Initiation Sensitivity

Explosive

Gap Thickness (cm)

Formulation 1

0.79

Formulation 2

0.73

CX-34A

Composition B

already migher and therefore the particle distribation has a
greater cffeci on the viscosuy.

The pot tife of 137 mun for the forinulation with a higher
solid loading represents a value significantly lower than
that for formulations with 84% HMX loading. This value
1s almost half of that for formulations with 84% loading;
however, either value in this range 1s considered
acceptable. All the values {or the hardness fall within a
smalil range, 68 to 63 Shore A, and therefore this need not
he considered when finahsing the formulation. Thereiore,
the provessing ol formulations haviag parameters within
thus range of values is possible; the only restnction might
be on the particle distribution at 85% HMX loading which
could present a problem in opumizing the sensitivily
charactensiics of the explosive formulations.

Since the mechanical properties of the explosive affect
thetr vulnerablity, the optimization of these properties is
an amportant step and gives another indication of the
limutations and effects of various formulation parameters on
The effect of reducing the
percentage of fine particles in the particle distribution is 1o
reduce the maxunum value of the stress from 0.62 1o 0.53
MPa, for trmmulations with HMX Class [1I/Class V ratiss
of 70730 and 80720 respectively, without affecting the
elongation significantly.  This must be considered if the
particle ' itnbution nwst be modified o meet sensitivity
requirements since further modifications to the formulation
would be necessary to compensate for this. Increasing the
solid loading results in a decrease in the elongat,on, from
2607 10 20.35% for formulations with 84 and 85% HMX
toading respectively, without affecting the value for the
maximum stress which remained at 0.62 MPa. Increasing
the cunng agenypolymer ratio results in a significant
lecrease in the elongation of the explosive, from 26.07 to
«0.35%, for a 10% increase in the cunng agent/polymer
ratio. In addition to tuis, the value for the maximun stress
increases from (.62 to 0.69 MPa for the same increase in
cunng agenipolynier ratio.  Experience with CX-84A has
indicated that the elongation for Formulations | and 2
should result in explosives with a low vulnerability (Ref 6);
however, it #1ll be necessary to increase the value for the
maximum stress.

the explosive properties.

There is a significan! increase in the detonation velocity for
formulations loaded with 84 and 85% HI.TX compared to
Composition B and TX-84A. These values have iocreased
from 7900 mys for Composition B and CX-84A 1w 835,
and 8200 my/s for formulations with 85 and 84% HMX
loading respectively.

An imtal evaluation of the performance of the explosive
was carried out with a ballistic capacity test.  There
appears (0 be some itpprovement in the performance of the
HMX-based formulation compared to CX-84A. the kinetic
energy being 1114 J/g for the HMX-basud formulation and
1076 J/g for CX-84A, but this must be further evaluated
with a more precise test.  The detonation pressure
determined 1n this evaluation was the same as that for
Composition B. 27.9 GPa, which is higher than the value
of 25.4 GPa determined for CX-84A. It is also necessary
to evaluate a formulatien with 859 HMX loading in order
to determune if the increase in loading will result in a
significant increase in performance.  This, along with the
processing and sensitivity data, mus' be considered when
finalizing the formulation.

The particie distribution does affect the shock imtation
sensitiviiy of the explosive s can be seen ..m the
increase in barier thickness from 0.73 o 0.79 an for
formulations with HMX Class 1I/Class V ratios of 80720
and 70730 respecuively. This must be investigated further
and the effect of an increase in solid loading must also be
evaluated.

6. CONCLUSIONS

Further work must be carmied out to evaluate the shoox
sensitivity and performance of these formulations more
precisely. In particular, formulations with 85% loading
must be evaluated to detennine the effect of the increase in
solid loading on the shock initiation sensitivity and the
performance. More precise evaluations must be condu-ted
with the Standard Cylinder Test and the Calibrated Shock
Wave Test in order to optimize the formulations with
respect to processing, shock sensitivity, performance and
finally the vulneraoility of the explosive.
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Discussion

QUESTION BY LENBERGER, FRANCE: Have you utilized rubber plates

so as not to deteriorate the test facility?

ANSWER; We have never used rubber plates at the DREV. Soft steel
plates permanently protect the concrete walls and we have used

wood for additional protection.
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ESD TRAITS OF BULK PROPELLANT UNDER PRESSURE

Claude 1. Merrill, Propellant Development Section, OL-AC
Phillips Laboratory, Edwards AFB, California 93523-5000 USA
Jo Anne Askins, Research Center for Energetic Materials,
New Mexico Institute of Mining and Technology, Socorro,
New Mexico 87801 USA

ABSTRACT

Since the Pershing booster motor incident
occurred in 1985, much has been learned
about how to test for electrostatic discharge
(ESD) characteristics and what factors
influence ESD initiation sensitivity for solid
propellants. Small propellant samples have
shown enhanced ESD sensitivity when placed
under pressure. Since changes in bulk solid
propellant ESD traits under the influence of
elevated pressures were not found in our
literature surveys, equipment was fabricated
so that pressure effects on ESD behavior of a
hydroxy terminated polybutadiene (HTPB)
propellant could be observed. In addition, a
limited additive study was conducted to see if
large ion salts could reduce the ESD initiation
sensitivity of a sensitive HTPB propellant.

I.  BACKGROUND

ESD iniuation is a significant hazard with
some hydrocarbon binder solid propellants
filled by ammonium perchlorate (AP) and
aluminum (Al), especially, hydroxy
terminated polybutadiene (HTPB) propellants.
This hazard was dramatically brought to
United States (US) attention with the case
bursting "Pershing"” incident in Germany. The
violent event involved a HTPB propellant
installed in an electrically nonconducting
motor case. Some questions asked following
the incident were: Why didn’t the ESD tests
that were used indicate the degree of hazard?
How could we adequately test to see if ESD
initiation was a significant hazard? Were
other propellant types ESD sensitive? What
were ways to diminish or remove propellant
ESD hazards?

Our laboratory (Now a part of the Phillips
Laboratory and formerly named the Air Force
Rocket Propulsion Laboratory and the

Astronautics Laboratory) was one of several
laboratories that initiated solid propellant ESD
studies. Goals were to find adequate test
methods for observing ESD sensitivity, to
rank ESD sensitivities of various solid
propellants, to discover what variables
influenced ESD behavior, and to determine
procedures for reducing ESD risks. These
studies are continuing.

The US ESD test at the time of the Pershing
incident had been adapted from procedures
used with pyrotechnic and ammunition primer
materials. Solid propellant sample sizes were
not specified on the basis of their suitability
for exhibiting ESD sensitivity. In our
laboratory this was interpreted to mean that
very small sample sizes could be used.
Samples that we tested at that time were about
12.7 mm (millimeter) in diameter with
thicknesses about 0.6 to 0.8 mm. Our criteria
for a failure was the appearance of smoke
and/or fire. Since smoke or fire never
appeared in our solid propellant testing with
the small disc samples, lack of ESD risk was
assumed.

A much better ESD test was what we call the
"French test" (Ref. 1). French investigators at
SNPE (Societe Nationale des Poudres et
Explosifs, Kent and Rat) employed large
samples that provided smoke and fire indi-
cations of solid propellant ESD sensitivities.
Their samples were 90 mm diameter by 100
mm length cylinders. These samples were
roughly 7000 times larger than those
employed in our initial ESD test method.

Our laboratory adopted the French test and
found after some experimentation that
indications of bulk solid propellant ESD
sensitivity could be obtained with more
sensitive propellants using cylindrical samples
as small as 19 mm diameter by 38 mm length
(Ref. 2). These samples were less than one
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fiftieth the mass of the original French
propellant sample. See Figure 1 for ESD
sample size comparisons. This smaller
propellant sample size was adopted for use at
our laboratory because our small experimental
mix capacity made fabrication of an adequate
number of ESD propellant samples using the
larger sample size difficult. The primary
difference in test performance was that the
larger cylindrical samples bumned to
completion much more frequently than the
smaller samples. A brief bright burst of fiame
from one or more locations with the formation
of cracks was the typical positive response of
the smaller samples when they reacted to
electric charging at ambient pressures. Phil
Gibson at our laboratory also showed that
cylindrical propellant samples 9.5 mm diame-
ter by 25 mm in length were too small to
produce smoke and/or fire indications under
conditions similar to those that gave positive
responses with the 19 mm diameter by 38 mm
length cylinders (Ref. 2). Thus, the problem
with the earlier US ESD test was that thin disc
propellant samples at normal ambient
pressures were too small to give smoke and/or
fire indications. Later we came to the conclu-
sion that abrupt passage of current (electric
breakdown) through a propellant sample
always provides the possibility of ignition.
Electric breakdown became our minimum
measure of a positive ESD response. Electric
breakdown had often occurred in the earliest
ESD tests without smoke but with very minor
material ablation noted in some instances. It
is difficult to specify how sensitive a
propellant will have to be before it becomes
an appreciable ESD accident risk. However,
iaboratory ESD solid propellant tests have
been only crudely related to rocket motor
hazards by determining if a propellant under
test is more or less ESD sensitive than a
propellant involved in a prior accident.

Investigation into changes in threshold initia-
tion or breakdown voltages of bulk HTPB
propellant as a function of applied pressure
seemed a desirable area to explore. Bulk
propellant ESD hazards appeared to be more
appropniate for rocket motor hazards where
large pieces of propellant are installed rather
than for thin samples. In any event, a
pressurized bulk propellant study would
complement the work completed by Thiokol

Corp with thin (0.69 mm thick) sheet samples
of a HTPB propellant (Ref. 3). In the Thiokol
study 0.69 mm thick samples of a HTPB
propellant were mechanically squeezed
between metal plates while adjustable voltage
charges from a capacitor circuit were applied.
Pressures ranged from normal ambient
pressure up to 55 atmospheres (810 psig).
Threshold initiation voltages were recorded
for a number of thin HTPB propellant sheets
over the pressure range as shown in Figure 2.
Values ranged from roughly 5000 to 6000
volts at ambient pressure down to roughly 600
volts at 55 atmospheres (atm). Thus, the main
interest in the bulk HTPB propellant study
was to see if large samples would exhibit an
order of magnitude decrease in threshold
initiation voltages over a similar pressure
range as did the thin solid propellant samples.

2. EQUIPMENT DESCRIPTION

Several features were desired in designing
pressure application equipment for conducting
ESD studies on a HTPB propellant. (1) A
robust system that could be reused fairly
frequently without equipment failures. (2) A
test system that minimized parts replacements
and refurbishment efforts during a number of
test trials. (3) A system that could completely
contain a violent sample explosion if it
occurred. In this case the subscale bulk
propellant ESD test sample was desirable
because it was small enough to be contained
in a modest sized chamber if explosive
behavior was exhibited. (4) Capabilities to at
least 40 KV and 68 atm (1000 psia) pressure.
(5) Use of nitrogen gas pressure rather than
mechanical pressure.

Figure 3 shows a cross sectional view of
the ESD test chamber that resulted from the
considerations above. Descriptions of the
chamber parts are given below.

The cylindrical chamber was constructed
from 3140 alloy steel. Internal dimensions
with end plates installed were 178 mm
internal diameter (ID) by 424 mm length.
This was a volume of about 10.5 liters.
Chamber walls were about 15 mm thick. A
heavy electric conductor led from the
cylindrical chamber to the ESD grounding
system.
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End plates were made from 3C4 stainless
steel alloy. The upper end plate was 76 mm
thick and the lower end plate was 35 mm
thick. Segmented lock rings inserted into
cylindrical chamber grooves were used to
hold the end plates in place. Double O-
rings were used to avoid gas leakage around
the end plates. O-rings were lubricated with a
thin film of a heavy Krytox oil (DuPont,
perfluoropropylene oxide). Use of hydrocar-
bon and silicone oils resulted in such a high
friction load following propellant burning that
the upper end plate was very difficult to
remove. Perhaps, the Krytox oil had a lower
capacity for dissolving hydrogen chloride gas
from propellant combustion than the other
lubricants. The lower end plate rested against
a hard aluminum alloy ring grooved to a depth
that would fail in shear allowing the lower end
plate to be forced out of the chamber if
internal pressure exceeded about 350 atm.
This seemed an unnecessary safety feature for
the ESD tests since test pressures did not
exceed 69 atm.

Nylon electrode insulators were used to
encase 6.4 mm diameter, 304 stainless steel,
electrode rods. The insulators extended
beyond the end plates 51 mm or more 10 help
prevent sparks arcing from the electrode rods
to the end plates at test voltages up to 40 KV.
Insulator outer surfaces were tapered as they
passed through the end plates. With internal
diameters of 38 mm and exiting diameters of
25 mm the insulators were prevented from
being blown out during testing. The inside
end of the upper electrode insulator was
preferably covered with two layers of thin
Teflon tape (12.7 mm width). Teflon tape is
often used as a thread lubricant in our
experimental equipment. This was found to
be desirable when the upper insulator became
a short circuiting element due to charring
upon exposure to gaseous combustion
products during previous tests where samples
burned in the pressure chamber. Ordinarily,
the Teflon tape was reinstalled about every
other ESD test under pressurized conditions
that produced bulk sample combustion. RTY
silicone glue was used to seal the electrode
insulators into the end plates. RTV adhesive
was also used to seal around the electrode
rods.

Electrode configurations were relatvely
complicated as shown in Figure 3. At the
bottom of the chamber the lower electrode
started as a 6.4 mm diameter rod of 304
stainless steel alloy that had an integral 3mm
thick plate of 12.7 mm outer diameter located
6.4 mm from one end of the rod. At the other
end of the rod a 3.2 mm diameter hole 12 mm
deep was drilled. This hole served to fit with
a banana plug connector attached to the
ground wire that would be attached during
ESD testing. The lower electrode rod was
passed through the bottom insulator so that the
integral plate remained inside the chamber.
The plate prevented electrode blowout.
Resting atop the inside end of the lower
electrode rod was an electrode extension rod
of 12.7 mm outer diameter containing a 6.5
mm cavity to fit over the upper end of the
lower rod and terminating in a 6.4 mm
diameter end for a distance of 6.4 mm. Placed
over the 6.4 mm end of the extension rod was
a 6.4 mm thick plate of 102 mm diameter
made of 304 stainless steel alloy. A 6.5 mm
hole was drilled through the center of the plate
to admit the 6.4 mm extension rod end. These
loose connections had to be polished
frequently to remove high resistance solid
corrosion products.

On top of the plate a graphite cup was set to
contain the propellant samples during test.
Graphite’s electrical conductivity allowed it to
form the sample contacting part of the lower
electrode system. Graphite’s heat resistant
qualities also permitted propellant samples to
burn without damage to either the graphite
cup or the chamber walls. The graphite cup
was 177 mm outer diameter (OD) by 44 mm
thick at the perimeter. A cavity was formed in
the graphite by reducing the thickness to 13
mm in the center for a diameter of 54 mm.
Eight 25 mm half diameter channels were
machined vertically around the cup outer edge
for facile passage of gases around the graphite
cup.

The first upper electrode system had a 304
stainless steel alloy, 6.4 mm diameter rod
passing through an upper electrode insulator.
The upper rod through the insulator
terminated with an integral 3 mm thick plate
having a US number six threaded hole into the
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rod at the plate end and a 3.2 mm diameter
hole of 12 mm depth drilled into the other end
of the rod. The 3.2 mm hole had a banana
plug connector attached to the high voltage
system inserted in it during testing. The
threaded hole allowed a US number six screw
to hold a wire connector on the electrode rod
attached to a short length of flexible,
multistrand steel wire. As with the lower rod
passing through the nylon insulator, the upper
electrode rod was put through the insulator so
that the integral plate was inside the test
chamber. At the other end of the multistrand
steel wire, a rectangular steel plate (about 25
mm by 19 mm by 1.25 mm thick) was
attached using another wire connector and a
US number six bolt.

A terminal part for the initial upper
electrode system was an upper sample contact
measuring 25.4 mm outer diameter by 19 mm
thick. This cylinder was made of 304
stainless steel alloy. The corner of the
cylindrical contact on the side resting against
the propellant was rounded with a radius of
3mm to inhibit corner discharges. A 3.2 mm
hole was put through the center of the
propellant contact to enable acceptance of a
banana plug attached to a magnet structure as
described below.

The remaining bulk sample upper electrode
parts were a rectangular magnet (about 22 mm
by 22 mm by 5 mm thick) secured
horizontally to the bolt end of a banana plug
connecter “hat was inserted into a 3.2 mm
diameter hoic drilled into the center of the
cylindrical stainless steel sample contact.
Once a propellant test sample and upper
electrode contact with magnet structure was
placed in the center of the graphite cup, this
flexible wire structure, steel plate, and magnet
attached to a stainless steel contact served as a
magnetically formed electrical path to the
samples.

When electric arcing around the sample was
suspected during ESD testing of 0.64 to 0.69
mm thick propellant samples, an adjustable
rod upper electrode system was fabricated and
used in place of the upper electrode system
described above as shown in Figure 4. With
this electrode the diameter of the upper
propellant contact was reduced to 9.5 mm

diameter in place of the previously used 25.4
mm diameter contact. As before a 6.4 mm
diameter upper electrode rod passed through
the nylon insulator. It was much longer (350
mm) than the earlier electrode rod. No
adhesive was used to seal the electrode rod in
its path through the nylon insulator. For
sealing, the new upper electrode rod was
passed through a 6.4 mm diameter Swagelok
tube fitting that was threaded into the outlet
end of the nylon insulator. The Swagelok
fitting was equipped with Teflon ferrules that
permitted the electrode rod to slide through
the fitting when loosened and to be securely
sealed when tightened. The inside end of the
rod was threaded and an internally threaded
304 stainless steel sleeve of 9.5 mm outer
diameter by 12 mm length was screwed onto
the threaded end. The 9.5 mm sleeve
prevented electrode blowout during
pressurized operations. In addition, the 9.5
mm diameter sleeve and rod end was the
electrode part contacting propellant samples
during subsequent tests. As before, the
opposite end of the electrode rod contained a
3.2 mm diameter hole 12 mm deep so that it
could accept a banana plug attached to the
electric system hot line. This second upper
electrode system was placed in the retracted
position when the upper end plate was being
moved. Prior to testing the upper end plate
was installed, the Swagelok fitting was
loosened, ihe rod depressed until contact was
made with the propellant sample, and the
Swagelok fitting tightened. After the hot line
banana plug was inserted into the outside end
of the electrode rod, the system was ready for
electric charge experimentation. This upper
electrode system was an improvement since it
contained fewer parts and intervening
connections did not corrode. Another
difference with the new electrode system was
that threshold breakdown voltages seemed to
be approximately half that with the other
upper electrode system. No sketch of the new
upper electrode system is provided.

As can be seen in Figure 3, a gaseous
nitrogen feed line and an exhaust line were
connected to the test chamber through the
lower end plate. The operation of these lines
were controlled by remote control valves
placed in the lines. A pressure sensor was
connected into the nitrogen inlet line between
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the nitrogen feed control valve and the
chamber. A 0.7 mm wall 25 mm outer
diameter stainless steel tube about 125 mm
long was held by a fitting to the chamber
outlet hole through the lower end plate. A
stainless steel wire mesh screen was inserted
into the 25 mm tube next to the chamber
outlet port. Glass wool was stuffed into the
25 mm tube atop the wire mesh to help filter
out aluminum oxide particles carried by gases
exhausting from the chamber following
operation nf the chamber where a propellant
sample burned. The glass wool filter system
was added when it was found that aluminum
oxide particles seriously shortened the service
life of the remote control exhaust valve.

3. DISCUSSION

During ESD testing, a HTPB propellant
sample was placed standing at the center of
the graphite cup, the upper end plate was
installed, and contact made with the upper
electrode system to the propellant test sample
either magnetically or by direct electrode rod
contact depending upon the upper electrode
structure used. Test pressure was adjusted te
a predetermined value, and, through a
switched capacitor operation, the sample was
pulsed up to 10 imes with a preset relatively
low voltage. If no sample breakdown
occurred, the preset voltage was typically
raised 1000 volts for the bulk sample testing
and the pulse operation repeated. Voltage
steps for the thin propeilant sheets were 100
volts. Increasing step increases in imposed
voltages were continued until the oscilloscope
registered a large voltage drop with a massive
current surge (electrical breakdown). Under
elevated pressures bulk samples (38 mm long)
always burned to completion. With the
propellant burning a temporary pressure
increase of about 40 atm occurred and a
thermocouple placed against the outside of the
test chamber wall registered a short lived
temperature rise of 20 degrees Celsius or
more. These were all indications of a positive
test. With thin samples and bulk samples
under one atm conditions, only physical
inspection of samples and voltage and current
changes indicated propellant electric
breakdown. The lowest voltage that would
provide an electrical breakdown of the

propellant sample was recorded. Some
variations in threshold voltages were
observed, and the lowest voltage recorded for
any number of samples under the same
pressure and temperature conditions was
called the threshold initiation voltage or
threshold breakdown voltage.

For the purpose of readily observing the
effects of temperature and pressure upon
propellant ESD characteristics an ESD
sensitive HTPB propellant was formulated.
This was given the name, ESD-1. This
propellant contained 12% HTPB binder, 10%
each of Valley Metallurgical H-3 (3 Micron)
and Alcan MDX-65 (6 micron) spherical
aluminum, and a bimodal distribution of 200
and 16 micron ammonium perchlorate. This
was a good propellant in most of its
characteristics, except that it was more ESD
hazardous than desired for use in rocket
motors. A detailed formulation is provided in
Table I. The high ESD sensitivity came
primarily from its small aluminum particle
sizes (6 and 3 micron), its high aluminum
content (20%), and its high solids loading
(88%). If less ESD sensitive propellant were
desired, the formulation would use a larger
size of sphernical aluminum, a lower aluminum
cnntent, and a lower total solids content.

A large number of test samples were cut
from a block of ESD-1 propellant. These
were cylinders of 24 mm diameter with 38
mm lengths. Some thin propellant sheets of
0.64 to 0.69 mm thickness were cut from the
cylinderical samples to provide thin samples
for testing to see if our results would be
generally similar to that obtained by the
Thiokol Corporation in their HTPB propellant
tests. Since Thiokol was using a different
propellant formulation and held thin
propellant samples under mechanical force
between stainless steel plates, comparison of
the results under similar but gaseous pressures
was desired (3).

When ESD testing started at the existing
ambient pressure and temperatures found in
the Mojave Desert during June and July,
breakdown voltages often exceeded 30 KV.
This was unexpectedly high and may have
been due to the following factors: (1) The
ESD electrical test circuitry had been recently
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replaced using new components so that
voltage capability could be raised from about
40 KV to near 100 KV. This included
removal of a series resistor of 1000 ohms and
changing from a 9.5 mm diameter electrode
sample contact to a 25.4 mm diameter
electrode sample contact for the hot electrode.
(2) Much higher ambient temperatures were
being experienced, 25 to 42 degrees Celsius,
than during earlier fall and winter testing
which ranged from 5 to 20 degrees Celsius.
During one working day ambient temperatures
could often vary from about 25 to 38 degrees
Celsius. As a result a temperature controlled
recirculating air system was connected to a
cardboard box installed around the test cham-
ber. This allowed testing at relatively constant
temperatures independent of the outside
ambient temperatures. After minimal
experimentation, test temperatures were main-
tained near 10 degrees Celsius since it was
preferred to test below 30 KV.

Figure 5 contains 69 atm (1000 psig) data
exhibiting a declining trend for threshold
ESD-1 bulk propellant initiation voltages as
test temperatures were reduced. Repeat-
ability of threshold breakdown voltages were
highly variable, but average values declined
with decreases in sample test temperatures. A
series of one atm trials showed a similar
declining trend for threshold initiation
voltages as test temperatures were reduced. It
appeared that threshold breakdown voltages
were reduced from roughly 27 KV to 15 KV
in going from 35 10 10 degrees Celsius,
respectively.

ESD-1 24 mm ameter by 38 mm long
propellant cylinuers were tested at a variety of
pressures. Minimum breakdown voltages for
each sample were recorded. Figure 6 shows a
plot of this data. Some of the data points are
the same result for two experiments.

Although the data show rough vanation in
threshold breakdown voltages at any pressure,
a broad band trend toward lower initiation
thresholds with increasing prescure is
apparent. In contrast to the Thiokol thin
propellant sheet data where threshold voltages
declined to about one tenth of the one atm
values under about 55 atm conditions (Ref. 3),
bulk propellant minimum breakdown voltages
seemed to diminish only to about half the one

atm values. From a safety standpoint the
refreshing conclusion is that buik propellant
ESD threshoid propellant initiation levels do
not get overly sensitive at elevated pressures.
Even at 69 atm the sensitive bulk propellant
did not react until the voltage was many KV.
This means that as pressure is applied to bulk
propellant structures the ESD hazard
thresholds can stay at relatively high voltages.

Following the initial pressurized bulk
propellant experiments, thin sheets of ESD-1
HTPB propellant were cut from test
cylinders. Test samples were selected that had
thicknesses in the range of 0.64 to 0.69 mm.
During initial thin propellant sample testing at
one atm, electric breakdowns at one KV were
observed. Examninations of the samples under
test did not show any burn spots or cracking
that would be expected if an electrical
breakdown of the thin propellant sheets took
place. Since the voltages seemed close to that
required to jump around the propellant
sample, a new upper electrode rod structure as
described above was fabricated and installed.
With the new 9.5 mm diameter upper
electrode propellant contact, rather than the
previously used 25.4 mm electrode contact,
about 7 mm of air gap was added to the path
needed for arcing around the propellant
sample. Table II exhibits the resuits of two
pressurized tests and two tests at ambient
pressure. Electrical breakdowns of the ESD-
1 thin sheets occurred at 500 and 700 voits
under 46 (670 psia) and 38 (550 psia) atm
pressures, respectively. For the 500 volt
breakdown only a minor dark stain and a
small pit were visible evidence of propellant
breakdown in the pressurized test. Complete
sample burning was obtained following the
700 volt breakdown. Tests at one atm showed
thin sheet propellant electrical breakdown
failure twice at 1400 volts. No complete
sample burning was noted. When electrical
breakdown occurred in the one atm tests,
small smoky stains and small black pits were
observed on the thin propellant samples at the
points where breakdown took place. These
breakdown resuits were quite different from
Thiokol’s results obtained with their 0.69 mm
sheets of HTPB propellant (Ref. 3). First, the
1400 volt breakdowns indicated that the ESD-
1 propellant was more electrostatic sensitive
than the Thiokol HTPB propellant. Second,
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the violence of reaction by the thin ESD-1
propellant sheets under elevated gas pressures
at electric breakdown was much milder than
obtained in the Thiokol study with propellant
samples squeezed between metal plates.
When Thiokol’s thin samples between plates
under mechanical pressure had electrical
breakdown, loud explosive behavior was
usually observed (Ref. 3). This was probably
due to combustion gases producing much
higher pressures in small regions around
breakdown points than could be obtained
under pneumatic conditions. Third, the ratio
between threshold initiation voltages at one
atm and roughly 50 atm pressure conditions
was about 2 to 3 by the gas pressurized tests
versus Thiokol’s ratio of about ten.
Squeezing of propellant samples to smaller
thicknesses would be expected to further
decrease threshold voltages under pressure
between metal plates. Thus, the Thiokol data
would be expected to have larger threshold
voltage ratios because of the thinning effect
mechanical pressure would have on the
propellant samples. The similarity between
the ratios of threshold breakdown voltages at
one atm to gas pressurized conditions, roughly
210 3, for both thin and bulk propellant
samples seems logical if no perturbing factor,
such as sample thinning, 1s added.

Thin propellant samples exhibited a lower
tendency to sustain burning once electrical
breakdown occurred than the bulk propellant
samples. This might be caused by increased
opportunity for heat losses in electric
breakdown zones. Thus, it seems logical to
assume that sustained burning might always
result from electric breakdowns once
propellant masses became large enough.

Rocket motors without electrically conductive
motor cases or exterior coatings could have
small zones that would be more ESD sensitive
than the remainder of the motor structures.
These special ESD sensitive sites would
probably contain tapered thin propellant grain
protrusions and confinement provided by
adhesively bonded surfaces. Two examples of
ESD sensitized areas are shown in Figure 7.
Propellant grain ends terminated with feathery
tapered thin propellant projections overlaid by
bonded insulation or flame inhibiting rubber
would be probable ESD most vulnerable

areas. The thin propellant projection would
provide enhanced ESD susceptibility versus
rounded comers, the bonded rubber covering
would add increased ESD vulnerability due to
its capability to mechanically confine elevated
gas pressures once chemical reaction was
started, and the thin propellant connection to
bulk propellant would help ensure that sus-
tained burning would occur once an ESD
event was initiated. A second sensitive zone
could be on the sides of case bonded rocket
motor grains where imperfectly installed
insulaton sheets had small width cracks
between them. Again, the enhanced ESD risk
factors of thin propellant attached to bulk
propellant and mechanical confinement would
be obtained.
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During production operations stray voltages
of 1000 volts are easy to obtain, but with slow
deliberate movements during material and
equipment transfers triboelectric voltages can
be usually controlled to less than 5000 volts.
From this point of view manufacturing and
field operation ESD safety would be gready
improved if thin propellant projections on
motor grains, sharp irregular propellant edges,
mechanical confinement, and rapid frictional
movements could be avoided or minimized.

If such features could be controlled, ESD
incidents would be unlikely except with the !
more ESD sensitive propellants.

Prominent charactenistics of HTPB ESD
sensitive propellants are high metallic fuel
contents, high total solids content, and
extremely high electrical resistance. All ESD
sensitive propellants that our laboratory has
observed contained metallic fuel, usually
powdered 2luminum metal. How would the
factors of metal content, high solids loadings,
and extreme electrical resistance act to
produce ESD vulnerabilities? Metal fuel
particles would provide very high
temperatures to aid growth and sustaining of
combustion processes. High metal contents
and smaller particle sizes would mean that
gaps between metal particles would be smaller
than otherwise. Smaller metal particles would
also mean that particle heat capacities would
be small so that high particle temperatures
could be readily achieved if high temperatures
were developed by ionization processes in
binder touching the metal particles. High
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solid contents would also reduce gaps
between metal particles as compared to lower
solid levels. If electric breakdown paths
through a metallized propellant jump gaps
through binder material between conductive
metal particles, the smaller gaps would take
lower voltages to traverse the accumulated
gaps through the high resistance binder
materials. The extraordinary high resistance
of the binder would cause the cross section of
the path through binder to be very small.
Conductive paths through binder probably
involves ionized material. Ionizing processes
typically involve high temperatures, that are
well above the melting point of aluminum
oxide films that coat aluminum particles.
Melting of aluminum oxide films on
aluminum particles has been said to be
necessary for efficient aluminum combustion.
Once a localized temperature was high enough
for aluminum burning, flame propagation
without quenching would be probable.

[t the initiation scenario above is correct,
reduction in the ESD sensitivity of metallized
propellants might be accomplished by
increasing the cross sectional area of electric
breakdown paths through binder matenal.
This would decrease electric breakdown path
peak temperature and as a result, the ability to
start aluminum burning.

Increasing the electrical conductivity of a
solid propellant would spread out an electrical
breakdown path. If mobile ions could be
introduced into the binder, electrical
conductivity would be enhanced. Since
HTPB binders are extremely poor ionic
solvents, special chemical structures would be
required. Large ion salts having low melting
points would be expected to be the most
soluble.

To test this concept of ESD desensitizing salts
tetrabutylammonium tetrabutylboride was put
into a KJ-15 propellant formulation ata 0.1%
concentration. With the exception that all the
aluminum was H-3 (3 micron, Valley
Metallurgical) the KJ-15 formulation matches
that of the ESD-1 HTPB propellant. The salt
was selected because it was the only one at the
time in our chemical supplies containing large
ion structure. If the boride salt was soluble to
an appreciable degree, propellant conductivity

would be expected to decline and the ESD
vulnerability would also diminish as
compared to untreated KJ-15 propellant.

Resistances for 7.6 mm thick by 76 mm
diameter discs of both KJ-15 and the boride
doped KIJ-15 propellants were measured as
shown in Table III. A value of 8 times 10 to
the 13th power ohms was obtained with the
KJ-15 propellant. The salt doped analog
propellant gave about 4 times 10 to the 13th
power ohms. Although the propellant con-
taining the tetrabutylammonium
tetrabutylboride salt was lower in electrical
resistance, the change was smaller than
expected. This could mean that either the salt
wasn’t appreciably soluble and/or that the
dissolved material didn’t have any appreciable
free ion concentrations.

ESD testing of the KJ-15 and salt doped
analog propellants in the form of 24 mm
diameter by 38 mm long cylinders took place
at ambient temperatures of about 10 degrees
Celsius and one atm. Our ESD test equipment
at the time was the model that preceded the
one used for the pressure testing. The one
atm, minimum threshold breakdown voltage
for the KJ-15 propellant was 6 KV as com-
pared to 9 KV for the boride salt doped
propellant. Although the increase in threshold
breakdown voltage was only 50% of the
untreated propellant value, it would probably
contribute substantially to ESD safety. This
would happen because higher voltages are
more difficult to obtain and the greater
propellant conductivity would reduce the time
that an elevated electric charge on the
propellant would take to become dissipated.

Since the upper electrode system had changed
from the 25.4 mm diameter propellant sample
contact to the 9.5 mm diameter propellant
contact, retesting of ESD-1 samples seemed
proper to see if changes to the ESD electrical
equipment had changed threshold breakdown
voltages. With the new upper electrode
system minimum breakdown voltage for two
ESD-1 24 mm diameter by 38 mm length
samples under 10 degree C and 42 atm
conditions was S and 4 KV. With elevated
pressures the ESD-1 propellant samples
burned to completion. At ambient pressure
two ESD-1 samples had electric breakdowns
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at 11 and 12 KV with cracked samples being
recovered. These results were greatly
different from those obtained earlier with the
larger 25.4 mm diameter upper electrode
contact. Thatis, 12 to 15 KV under 40 to 60
atm pressure and 10 C conditions and 18 to 22
KV at ambient pressure. There was no clear
explanation on why the two to three fold
reduction in threshold breakdown voltages
would be caused by an electrode change.
Thus, propellant testing after the upper
electrode change should be referenced to the
ESD-1 propellant threshold voltage values
obtained with the same « »ctrode system.

For added soluble salt testing
hexadecyltributylphosphonium bromide was
purchased. This salt seemed desirable
because its melting point was low, 57 C, and
1ts structure contained an even larger ion than
the boride salt. An analog to the ESD-1
propellant was made by substituting 0.1% of
the phosphonium salt for 0.1% of the HTPB
prepolymer in the propellant formuladon.
This was tested in 24 mm diameter by 38 mm
length cylinders at 10 C using the 9.5 mm
diameter upper electrode contact as shown in
Table III.  Two cylindrical samples of the
ESD-1 analog propellant containing the
hexadecyltnbutyl phosphonium bromide gave
one atm and 10 C breakdown voltages of 26
and 28 KV. Inspection of the analog
propellant samples following the test showed
no damage for the 26 KV breakdown,
indicating electric arcing around the sample;
and the 28 KV sample exhibited large cracks
and a few missing surface fragments. Since
the improvement in minimum breakdown
voltage was about twice that obtained for the
ESD-1 control samples, these results indicated
even better ESD desensitization than by the
earlier tetrabutylammonium tetrabutylbonde
salt.

When the hexadecyltributylphosphonium
bromide propellant was tested at 10 C and 42
atm of gaseous nitrogen pressure, a surprising
results were obtained. There were threshold
electric breakdowns at 5 and 6 KV. This was
essentially the same as for ESD-1 propellant
control samples tested at the same conditions.
Thus, the ESD protective properties of the
phosphonium salt seemed essentially to
disappear with 40 atm conditions. No

bi-v

explanations for this behavior have been
formulated.

¢ e At e e s

4. SUMMARY

Interesting characteristics appeared duning

examination of aluminized HTPB propellant

reactions to high voltage exposures as

pressures were varied from one atm to 69 atm

(1015 psia). Propellant ESD vulnerability was
considerably reduced at one atm pressure as i
compared to pressures above 30 atm. Thin
HTPB propellant (0.64 to 0.69 mm) was
found to react at minimum breakdown
voltages about one third or less of minimum
breakdown voltages for bulk HTPB propellant
(38 mm) at one atm pressure. This ratio
decreased dramatically at 42 atm pressure
where the thin propellant threshold breakdown
voltage was roughly one eighth that for the
bulk propellant. While the bulk HTPB
propellant threshold breakdown voltage
decreased in going from one atm to 68 atm,
the change was only to about half to one third
of the one atm voltage. A similar propellant
threshold breakdown voltage ratio was
obtained with thin HTPB propellant under
gaseous nitrogen pressures. This minimum
breakdown voltage ratio for thin HTPB
propellant for one atm and 30 to 60 am
pressures, is less than for similar Thiokol data
where thinning of the propeilant samples
under mechanical rather than pneumatic
pressure can be used to explain why the
Thiokol tests showed greater sensitivity at
elevated pressures (Ref. 3). This indicates that
bulk propellant, such as in motors, can be
relatively safe to ESD conditions since many
KVs can be required for ESD initiation with
reasonable propellant formulations. However, .
bulk propellant would be substantially less

ESD safe if connected to thin propellant

projections in motors. Even sharp corners on

propellant probably have some considerable

measure of thin propellant ESD

characteristics.

Comparisons between mechanically confined

between metal plates and gas pressure

environments for thin HTPB propellants .
exhibited much more violent reactions for the

case of mechanical confinement. This is

likely due to the much greater local pressures

around internal breakdown zones because of .
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the ngidity of the confining structures.

In motors the most ESD vulnerable sites
would contain confinement and thin propel-
lant attached to bulk propellant. In these
situations confinement ESD sensitization and
thin propellant ESD sensitization would be
combined with the flame sustainability of the
bulk propellant. To minimize motor ESD
vulnerability with any given propellant, thin
propellant projections and sharp propellant
grain corners should be avoided. Since flame
inhibitor coatings on the ends of propellant
grains would add ESD sensitization through
their confining qualities, these also should be
avoided, if possible.

Perhaps, the most powerful method of
reducing propellant ESD sensitivity would be
through careful selection of components going
into the propellant formulation. If thrust
performance could be slightly compromised,
HTPB total solids could be reduced below 88
percent and the aluminum content could be
reduced below 20%. The characteristics of
the aluminum partiicles should also be taken
into consideration. Spherical aluminum is
safest for ESD conditions and the particle
sizes should be larger than that used in our
ESD-1 propellant (3 and 6 micron).

Introduction of large ion salts has been
demonstrated to have beneficial effects upon
HTPB propellant ESD vulnerability at one
atm but not at 40 atm. Since only about 0.1%
of the ionic materials are needed for
substantial ESD sensitivity improvements,
these materials are a viable way of attaining a
measure of propellant and motor ESD
resistance.

Since it is very easy to generate 1000 volts or
more electric charge during moving
operations, propellants and motors should
have threshold breakdown voltages much
greater than 1000 volts. If a propellant had a
minimum breakdown voltage greater than
10,000 volts under low temperature and
confinement conditions that might be encoun-
tered, it would probably be ESD safe in
careful (deliberately slow) moving operations.
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Discussion

OHESTION BY COLE, CANADA: Did they investigate various
concentrations of ion salts and attempt t» find a optimum level?

ANSWER: They did try 1% of ion salt but it seemed to interfere with
propellant cure since it resuited in soft propellant. However, this
propellant did seem to have reduced ESD sensitivity. Samples with
.01% of ion salt were also produced bui no" es‘ed.

QUESTION BY MAWBEY, UK: | believe that LNPE found that n:ultiple
discharges would progressively degrade the material so that
although ignition did not occur on the first discharge later events
would cause ignition. Have you found a similar behavior?

ANSWER: In our test procedure we typically treat the propellant
sample with ten pulses (voltage applications) at each voltaye level
or stop when electric breakdown occurs. If no sample response
occurs with ten pulses, ihe vo'tage is incr¢ mentailly raised until
propellant reaction occurs. It is ery common that no sample
response occurs on the ‘rst pulse, but at some later voltage
application at the same voltage ievel. That is whv we conduct
pulses at each voltage as we proceed with the testing. If you start
with a subsequent samgle with an initial voltage 15% above that
providing electric breakdown with an earlier sample, you get
predominantly breakdown on the first voltage application, but not
always.

QUESTION gY COUTUIER, FRANCE?: The present results show a great
sensitivity to *emperature. The greater risk therefore seems to be
during manipulations when the weather is dr;y and cold. Have tests
with negative temperatures been done? Wha: are the results?

ANSWER: Since someone else had determined lower temperature
influence on HTPB propellant ESD breakdown, we were only
interested in the temperature range of interest with our
experiments and our particular propellant. It is ciear that if
temperatures were further reduced that threshold or minimum
breakdown voltages for the HTPB propellant would have continued to
decline. Sc tar, we have only completed a limited amount of wurk
with the ESD characteristics associated with the large ior. salt
additives. Investigation of breakdown voltages of the large ion salt
added oropellants to lower temperatures at one atmosphere might be
interesting.




Development of a Minimum Smoke Propellant
Based on Glycidyl Azide Polymer and Ammonium Nitrate
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SUMMARY

Composite rocket propellants traditionally developed and
produced in Canada are based primarily on ammonium
perchlorate (AP) dispersed in a polybutadiene (HTPB)
binder. Depending on the atmospheric conditions, such
propellants can produce a significant amount of secondary
smoke which is undesirable for certain applications. To
overcome this problem, the Defense Research Establishment
Valcartier (DREV) has initiated the development of a
minimum smoke, low vulnerability propellant. The new
propellant uses ammonium nitrate (AN) as the oxidizer and
glycidy! azide polymer (GAP) as the energetic binder. The
efforts made and the characteristics of a baseline minimum
smoke formulation are described. This formulation meets
minimum criteria for processing safety, chemical stability
and mechanical integrity. It falls short of the performance of
an AP/HTPB propellant. Means of improving the
performance are described.

1. INTRODUCTION

All existing high-energy propellants used in solid rocket
motors are deficient in at least one of two aspects: signature
or detonability. Conventional composite propellants using
ammonium perchlorate as the oxidizer are non-detonabie
under normal conditions but generate large amounts of
hydrogen chloride, a corrosive and toxic gas that contributes
to the formation of secondary smoke under certain frequent
atmospheric conditions. Furthermore, current high-energy
minimum-smoke propellants contain large quantities of
nitramine explosive that makes them detonable in tactical
missile configurations.

One approach to resolve this dilemma is to develop a
composite formulation in which most or all of the
ammonium perchlorate is replaced by phase-stabilized
amimonium nitrate (PSAN). Unfortunately, ammonium nitrate
is not as oxygen-rich or as dense as ammonium perchlorate.
To regain the lost energy, it is therefore necessary to replace
the inert binder, typically a urethane cross-linked
polybutadiene in the AP propellant, by an energetic one. In
*" ‘s context, a bindcr tased on » mixture of a glycidyl azide
p .ymer (GAP) and one or more commercially available
nitroplasticizers is receiving a greai deal of altention, the
goal being to produce a GAP/SAN/nitroplasticizer
propellant that approaches a conventional

polybutadiene/ammonium perchlorate propellant in terms of
structural integrity, energy density, stability, sensitivity and
burning rate flexibility.

This paper discusses the progress made at the Defence
Research Establishment, Valcartier to develop such a
propellant. Specifically, the characteristics of a baseline,
minimum smoke formulation, which meets minimum criteria
for processing safety, chemical stability and mechanical
integrity, are described. This baseline formulation falls short
of the performance of an AP/HTPR propellant. Means of
improving the performance are then described.

2. REQUIREMENTS

2.1 Essential
The essential requirements for the baseline propellant were:

a. processing risk no greater than conventional
reduced smoke composite propellant. Quantitatively
this means impact and friction sensitivity values for
the uncured formulation , as measured on BAM
testing apparatuses, equal or greater than 15 J and
30 N respectively.

b. processability, i.e. reasonable end-of-mix viscosity,
curing time and the absence of sedimentation
during cure.

c. chemical stability: defined as no more thar 2 ml/g

of gas evolution when subjected to a vacuum
stability test (VST) at 100°C for 48 hours.

d. room temperature mechanical properties adequate
to cast simple test motors.

2.1 Desirable

The ultimate goal is to have a formulation with energy,
density, structural integrity and burning characteristics
equivalent or superior (o a reduced smoke composile
propellant. These values can be quantified as follows:

a, a specific impulse value (Ig;) of 240 seconds.
b. a density of at least 1.6 g/ml.
c. structural integrity: at - 54°C, elongation at

maximum strength greater than 25% and a
maximum strength at room temperature greater
than 0.6 MPa.
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3. PRELIMINARY STUDIES

Prior to formulaling a complete propellant system, numerous
studies were conducted to assess various potential ingredients
from the points of view of energy, stability and compatibility
and sensitivity. As well an exhaustive series of tests was
conducted to optimise the binder system (e.g. without
oxidizer).

3.1 Ingredients

The PSAN was procured from the Hercules Aerospace
Company of McGregor, Texas. The polymer used was
commercial glycidyl azide polymer called GAP obtained
from Rocketdyne, Canoga Park, California. The plasticizers
tested were diethylene glycol dinitrate (DEGDN), triethylene
glycol dinitrate (TEGDN), trimethylene glycol trinitrate
(TMETN) and butanetriol trinitrate (BTTN), all were
obtained from Trojan Corporation of Spanish Fork, Utah. A
50/50 mixwre of bis-dinitropropyl acetal and bis-
dinitropropy! formal (BDNPA/F) obtained from Aerojet
Limited of Sacramento, California was also evaluated. The
1socyanates were N-100 from Bayer Canada Inc. in Montréal,
Québec and isophorone diisocyanate (IPDI) from Huels
Corp. in New York, New York. The stabilizers such as
diphenylamine (DPA) and methylnitroaniline (MNA) were
procured from BDH Inc. in Montréal, Québec. In some cases
di-butyltin dilaurate (DBTDL), from Aldrich Chemical,
Milwaukee, Wisconsin was used as a curing catalyst.

3.2 Ballistic Performances

The theoretical performance of several formulations
comprising GAP, ammonium nitrate and one energetic
plasticizer were determined. Using a thermochemical code,
the theoretical specific impulse (Ig) of cach propellant
system was calculated as a function of the relative quantity
of its three components. In this way, triangular composition-
performance diagrams were developed for cach propellant
system considered, an example of which is shown in Fig.1
for a composition including TMETN as the plasticizer and
some HMX (10%) as a secondary oxidizer. The equivalence
ratio ¢ is defined as the ratio of the iotal number of
reducing valences to the total number of oxidizing valences
per unit mass of propellant. Results show that if the oxidizer
charge consist solely of ammonium nitrate, specific impulses
comparable to those of a conventional AP/HTPB propellant
can only be achieved at plasticizer/polymer ratios of greater
than 1/1. Such high values are necessary because ammonium
nitrate (AN) is a relatively poor oxidizer. Such a heavily
plasticised binder may be advantageous from a processing
point of view, .'' the mechanical properties and
vulnerability of the p . ’'ant will likely be adversely
affected.

3.3 Stability/Compatibility Studies

The method used to evaluate the stability/compatibility of
ingredients and mixtures was described elsewhere (Ref. 1).
Testing is performed in a modified mercury-free vacuum

AN + 10% HMX

sp

TMETN L L L &

Figure 1

Composition-Perfcrmance Diagram
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siability cell for 48 hours at 100°C. Gases produced are
analyzed using a gas chromatograph.

Results were first obtained for GAP, plasticizers and
mixtures of them. The BDNPA/F proved to be the most
stable plasticizer, the more energetic TMETN and BTTN
unfortunately being less stable. Further testing revealed
major incompaltibilities between AN and both GAP and
BDNPA/F as illustrated below.

Table 1
Incompatibility in GAP/AN/BDNPA/F Mixtures

Fortunately, effective chemical stabilizers, such as DPA and
MNA, were found to keep the gas evolution within
acceptable limits, as shown in Table 2.

3.4 Sensitivity Studies

All ingredients were tested for impact and friction sensitivity
on BAM testing apparatuses using standard methods.
Autoignition temperature were evaluated using a DREV
developed furnace. Results revealed that the nitrated esters
are by far the most sensitive to impact, with BDNPA/F being
the least sensitive of the plasticizers.

Small propellant batches (25 g) were prepared in a remotely
conwolled simple glass vial and stirrer arrangement and

tested for impact, friction sensitivity and autoignition
GAS VOLUME temperature. Later, 100 g batches were prepared in an
SAMPLE my/g Atlantic Research 2 CV Helicone Mixer for further
evaluation. As shown in Table 3, the sample of
GAP 0.2 GAP/PSAN/TMETN uncured mixture proved to be very
sensitive 1o impact when compared with the AP/HTPB
AN 0.1 propellant. It was found that BDNPA/F produced the least
BDNPAJF 02 sensitive propellant paste in terms of friction sensitivity.
3.5 Oxidizer Studies
P/BDN . T o - .
GAP/BDNPA/F 0.8 On the basis of its availability and good phase stability,
GAP/AN 6.0 nickel oxide phase stabilized ammonium nitrate (PSAN),
containing 3.5% NiO, was selected after a study of available
BDNPA/F/AN 4.6 materials and a review of ICT's work (Ref. 2). In the initial
propellant processing experiments, the PSAN was not dry
Table 2
Chaemical Stability of GAP/N-100/BDNPA/F/AN Mixtures
GAS GAS COMPOSITION ( % )
SAMPLE VOLUME
ml/g CcO Co, N, N,O
GAP/N-100/BDNPA/F 0.6 0 35 60 5
GAP/N-100/BDNPA/F/AN 9.0 1 24 55 20
GAP/N-100/BDNPA/F/AN +2% MNA 0.5 0 44 53 2
Table 3
Sensitivity of Uncured Propaellant
AUTOIGNITION
SAMPLE IMPACT FRICTION TEMPERATURE
Joules Newtons oC
AP/HTPB 15-25 30 245
PSAN/GAP/TMETN <1.5 192 160
PSAN/GAP/BDNPA/F 15-25 >360 203
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nor pre-treated prior to use, although care was taken to
minimize exposure to moisture during manipulation.
Discrepancies in the results obtained suggested that control
of the moisture content of PSAN could have a large
influence on the curing of the propellant. A reliable method
for determining the water conient of NiO PSAN was
developed and experimented (Ref. 3), allowing assessment of
different drying methods and control of the PSAN water
content. The PSAN, as received, shows an average particle
size of 190 um and a fairly wide distribution as determined
using a Malvern Particle Sizer.

3.6 Binder studies

Various binder systems were studied by evaluating the
effects of ingredients variation (polymers, curing agents,
plasticizers, catalysts) on the strength and strain capabilities
of the resulting binder. The resulis of the study demonstrated
that it was possible to formulate binders having mechanical
properties that approach the room-temperature values for the
current inert plasticized HTPB binder, the elongation being
higher, 800 vs 600-700% and the strength being lower, 0.06-
0.1 vs 0.2 MPa, in the case of plasticized GAP-based binders
cured with IPDI. Unplasticized GAP binders showed superior
strength  values (0.25-0.35 MPa). Systems with a
polymer/plasticizer ratio greater than one are more difficult
to cure and generally shows inferior properties.

Early experiments showed that, in a propellant, curing would
not occur with IPDI alone. So binders cured with a mixture
of 1i'DI and N-100 were prepared and studied both in
plasticized and unplasticized form. The observed tendency
was the same for both systems; a very sharp decrease in the
elongation values, from 800 to 100%, as the N-100 content
increased, while the stress values did not vary very much,
ranging between 0.05 and 0.06 MPa. The use of N-100 as
the sole curing agent resulted in harder, less flexible binders
than IPDI-based binders.

-

4. BASELINE PROPELLANT

4.1 Formulation

A baseline formulation was established by combining the
best ingredients available from the point of view of
sensitivity, stability, mechanical properties and energy. Thus
the binder selected was based on GAP cured by a mixture of
IPDI and N-100. The system was plasticised with BDNPA/F,
in a polymer/plasticizer ratio of 1/1, specifically for its low
sensitivity and good stability. In sorme cases, DBTDL at very
low concentration was used as a curing rate catalyst. The
oxidizer consisted of 70% by weight of PSAN containing
3.5% NiO. The formulation also included 2% by weight of
DPA as a chemical stabilizer.

4.2 Mechanical Properties

The mechanical properties were determined using an Instron
apparatus at a crosshead speed of 50 mm/min using standard
JANAF dogbones. The results are given in Table 4, where
€, and €, are elongation values at respectively maximum
and rupture strength, while G _ and G , are respectively
maximum and rupture tensile strength values, E being the
modulus. The uncatalysed system showed room temperature
properties that were close to those of an aluminised
AP/HTPB propellant containing no bonding agents (Ref. 4).
The properties at - 40°C were not very good, which is not
surprising in view of the relatively poor glass transition
temperature of GAP, thus elongation was very low and
strength very high. Lower properties wcre obiained with the
catalysed binder.

4.3 Processing

The baseline formulation, wken prepared in an Atlantic
Research 8 CV Helicone Mixer at 2 batch size of 10 kg,
demonstrated good processability with end-of-mix viscosities
between 4 and 5 kP and pot-lives in the 3 to 4 hours range.
Although flowability was not as good as a standard

Table 4
Mechanical Properties
SAMPLE TEMPF:RATURE €, £, c. o, E
C % % MPa MPa MPa
60 14.1 17.7 0.26 0.23 3.22
Baseline 23 16.8 319 0.28 0.23 4,13
-40 3.9 7.8 4.99 4.1 267
60 11.5 14.3 0.25 0.22 3.34
Baseline
(with cure 23 13.5 25.7 0.26 0.21 3.97
catalyst)
-40 35 7.6 5.23 4.22 313
AP/AYVHTPB
(no bonding 23 16.5 0.37 459
agents)
from Ref. 4

-
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AP/HTPB propellant, the baseline formulation was
nevertheless castable.

4.4 Ballistic

The baseline formulation has a theoretical specific impulse
(Ip) of 222 seconds, evaluated using the thermochemical
code. Burning rate measurements were performed in a strand
burner at an initial propellant temperature of 21°C and three
different pressure levels (6.89, 13.76 and 20.67 MPa).
Results were correlated using the De Vielle burning rate law.
For beth the catalysed and uncatalysed baseline propellant
formulations, a burning rate of 5.2 mm/s at 6.89 Mpa and an
cxponent of 0.63 were measured.

4.5 Stability

VST resulls of actual propellants gave a value of 17 ml of
gas produced per gram of propellant for a formulation
containing no stabilizer compared to 3.6 mlyg for one
including two percent by weight of MNA and 1.6 ml/g for
the baseline formulation that used DPA,

5. DISCUSSION

S.1 Deficlencies

The main deficiencies of the baseline formulation are a low
lp, a strength of about a third the desired value, poor
mechanical properties at low tempcrature, low burning raic
and high pressure exponent. Castability would benefit from
an improvement in the flowability of the propeliant.

5.2 Improvements

The goal was then to improve the baseline formulation in
order to bring its performances closer to the requirements set
forth at the beginning of this project. To realise this
objective, the baseline formulation was used to study the
effect of the inclusion of different additives such as buming
rate calalysts, bonding agents, stabilizers and plasticizers on
the mechanical and ballistic properties, the stability and the
sensitivity.

To improve the low temperature mechanical propertics, it 1§
necessary 1o lower the glass transition temperature of the
binder. Work in progress at DREV has already demonstrated
that the replacement of a fraction of the BDNPA/F by
TEGDN, at the cost of some energy, could provide improved
low temperature properties while maintaining sensitivity
within acceptable limits. Inclusion of the more energetic
plasticizers TMETN or BTTN did not provide much
improvement in low temperature properties and was
detrimental to sensitivity.

The work of Perreault and Duchesne (Ref. 4) on aluminised
AP/HTPB propellant has demonstrated the drastic
improvement obtainable by the judicious use of a
combination of bonding agents and it is believed that the
identification of suitable bonding agents for the PSAN/GAP
system is of primary importance for obtaining adequate
mechanical properties. Already work is in progress and
suitable bonding agents, improving the strength and showing
a positive effect on the stability, have been identified.

The addition of a catalyst will be necessary to control the
rate of burning and lower the pressure exponent. A number

of potential candidates were screened and effective burning
rate modifiers have been identified.

Small test motors have been filled with a modified
formulation (i.e. including a ballistic modifier) and were
successfully fired. Such a formulation is presently being
transferred to the industry for further development work.

6. CONCLUDING REMARKS

We have succeeded in formulating a baseline propeliant that
meets some of the requirements but not all. The new
propeliant uses phase stabilized ammonium nitrate (PSAN)
as the oxidizer, glycidyl azide polymer (GAP) as the
energetic  binder, and bis-dinitropropyl acetal/formal
(BDNPA/F) as the plasticizer. This formulation meets
minimum criteria for processing safety, chemical stability,
processability and shows enough mechanical integrity to
allow casting of simple propellant grains. However, the
formulation falls short of the performance of the AP/HTPB
propellant but work is going on to improve it.
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Discussion

QUESTION BY BOGGS. US: In one of your slides you showed that you
were using phase stabilized ammonium nitrate (PSAN) having 3.5%
NiO. Currently some people in the US are being told that they cannot
use PSAN having NiO. Are there any such restrictions in Canada on
use of NiO PSAN?

ANSWER: At this point is time, there is no formal restriction
imposed on us. We are presently in the process of procuring NiO
PSAN for continuing our work and the matter of the carcinogenicity
of NiO was raised by our own Supply Department upon reception of
the new Safety Data sheet. There is a possibility that the people
responsible for environmental questions might have their word to
say but it seems likely that we will be allowed to procure small
quantities for R&D purposes. We are aware of the situation in the US
and are looking for potential candidates to replace NiO PSAN.

QUESTION BY WHITEHOQUSE, UK: The low level and restricted range of
burning rate for AN propellants will pose problems for rocket motor
designers. What do you consider the potential for improvements to
be?

ANSWER. The baseline formulation does not include a burning rate
catalyst. The modified formulation including a ballistic modifier
shows a burning rate of 8 mm/s at 6.89 MPa and a pressure exponent
of around .5 in the pressure range of 6.89 - 27.56 MPa (1000 - 4000
psi). The inclusion of finer particle size oxidizer might help
increase the burning rate even further.

QUESTION BY MENKE, FRG: What might be the reason for the high
impact sensitivity of the PSAN/GAP/TMETN sample?

ANSWER: Our experience demonstrates that the TMETN/PSAN
combination is the source of the problem. In fact it seems that any
combination of AN (or AP for that matter) with nitrated esters will
result in an increased impact sensitivity. It is reproducible.

QUESTION BY MENKE, FRG: Which choices do you use for getting a
better performance of the smokeless AN/GAP propellant, if BDNPF/A
must be replaced and sensitivity should not increase?

ANSWER: Experience have shown that up to 30% of the BDNPF/A can
be replaced by TMETN or BTTN while maintaining the impact
sensitivity at the same level observed for the uncured AP/HTPB
propellant. This of course, would result in a slight improvement in
performance. Increasing the solids loading is another option. An Isp
of 230 seconds might be reachable through careful optimization but
this is probably the maximum that can be obtained without

jeopardizing the low sensitivity and/or low smokelessness of the
formulation.
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THE DESICN FEATURES OF ROCKET MOTORS RELATING TO INSENSITIVE MUNITION

A C Mason

Prolect Section Manager

Royal Ordnance plc,
Summerfield. Kidderminster

Summary

sine the late 1370'8 Royal Crdnance Rocket
M.t.rs Division has conducted Ineensitive

tions trials on approximately 500 solid
ellant ket motors and data from over 400

¢ "hese have bveen included in a recently

rured database. These trials preceded the
current standards of MIL-STD-210% and OB Proc

=97 and as a result most ¢f these trials were
ducred on an individual basis in order to
erstand the basic reponses to a wide range of
hreavs Although the trials were nct undertaken
45 2 halanced series of experiments analysis of
rre Jdata does permit some useful observaticn and
rarisons to be made. In particular the resu:its

T2 % inocn bullet impact trials and fuel fire
Fas® Jook- ff) tests are cinsidered r~ e
ATt Ll alarly relevant To the current UK, NATO and

e guirements arnd these are discussed in

m these trials
asise the importance bzth the propellant
pody st re {n the response to either
fasial or thermal atrtack. The database has
« ar.ed *re capability of desiging solid

rolket motirs to meet bullect impact
vt flel flire reqgquirements

jereral oonriusions fr

HESNE EA

List of Abbreviations

mintam Aliny

Huiiler lmpact

i Tase Bonded

'asr Double Base

“arbon Fibre Tompcosite

Tartridge lLoaded

orposite Modified Cast Double Base
fiastomer Modified Caat Dcubie Base
Fast Cook-Off

Hydroxyl Terminated Polybutadiene
Insensitive Munitions

Xevliar Ove.wrapped Aluminium

MOl Ministry of Defence

¥ wEE Proof and Experimental Establish-
~ant

KIX Nitramine {(used as a propellant
filler}

L Royal Ordnance

Rocket Motors Division
Siow Cook-Off
Sympathetic Detonation
Steel Strip Laminate
United Xingdom

As an aid to developing ar understanding of the
likely response of a particular rocket motor to
an external stimulus. such as a bullet impact or
a fuel fire, a large nuwber of IM trials has been
undertaken by the Rocket Motors Division of Royal
Jrdnance. The range facilities used for most of
these trails were under the control of the UK
MOD. with the majorfty being conducted at P&EE
Pendine.

Rocket Motors Division
Worcs DY1l1 7RZ UK

Approximately 500 rocket mctors have keen
consumed in these M trials and data from cver
400 of these have been compiled cnto a recentiy
structured IM database. In these trials the
effects of projectile impact. det-nating shei.s
sympathetic detrnation, fuei fires and torcn
flames have heen assessed against various
cembinations of case structure, propellant types
and grain confijuraticns. Testing began in the
iate 1970°s and continues to day with trials =
explore the reaction of morcrs to the newly
defined reyiirements of MIL n-21C% and GB Fro<-
42657,

Although ali of the data con ne the
database are of value the ¢ is were generally

ndvrred or 2y ir Yl sidal bhasd ol Were act

unde, .axen as a oalanced series of experiments.
The sample size of some data sets are at pres
too small to support diffinitive conclusions ar
in others the trial configuraticns employed
differ from the current requirements cf
MIL-STC-2105 and OB Proc 426%7 and may therefore
be of limired interest. This paper is thus
confined toc giving an outline summary cof the IM
database with detailed analysis tkeing :2stricted
to the results of the 167 half inch bullet impact
tests and the 36 fuel fire (Fast cook-off)
trials.

Cver half cf the trials on the IM database were
conducrted against motors asing steel strip
lamirate cases as this system was perceived at an
early stage of {ts development to have the
ability to atrteruate wiolent reactions: for those
unfamiliar with this methocd of case construction
further information is given in Annex A.

Since the late 1970's RO RMD has carried out IM
trials on over 5C0 rocket motors. Some of this
work was carried out under research funding. and
some was project funded. In the former the aims
were generally to investigate the reactions of a
wi e range of motor types to a variety of
stimuli, whereas in the latter the interest was
more specific. usually te comply with technicail
requirements.

To aid with analysis and intcrpretatisn the data
from these trials are now being added to a
computer database. At the same time the
opportunity has been taken to re-class{fy the
results in line with the current

MIL-STD-210%5 definitions. ie, 1 Detonation., 2
Partial Detonation, 3 Explosion, 4 Deflagration.
S Burning and 6 Propulsion. To date the results
of trials carried out on over 400 motors have
been compiled. When completed it {8 believed that
the database will help identify trends. suggest
areas for further study. highlight gaps in the
data, and eliminate unnecessary replication in
future trials.

Many of the IM trials conducted by RO RMD were
carried out before the advent of MIL-STD-210%5 and
OB Proc 42657 and followed guidelines developed
by RMD. Projectile {mpact trials have been
carried out with a variety of bullet types and
the effect of blast and fragment impact has been
simulated by detonating 105 mm shells in close
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proximity to test motors. Sympathetic detonation
experiments have been conducted by placing a
detonatcr and explosive in the conduit of donor
motors. The effects of temperature have also been
examined by repeating trials on hot and cold
conditioned motors. Motors with and without
external insulation have been subjected to fuel
fires in large and small hearths and the
influence of rig design on motor reactions has
also been assessed.

The vesults of these trials are summarised in
Tatlex Y v~ YA Thae following Table gives details
on the database composition as weii a. & flavnur
=t the wealth of information already compiled. a
canservative estimate of the cost of repeating
trese trials in 1991 would be around £10M.

Composition of the RO RMD IM Database Summary

Toral Number cof Motors

Tase Sopgtrustion 443
teel Ztrip Laminate 242
tee 157

330
FMIOTH 58
“ o £l
TEa 13
Ext te d rivve 33
ain adirg
ase Horided 296
arcry lge Leoaded 147
Mot ozt ATraci
s fofuller
Lrople Shoe 154
2.5 io0h Bulliet
tsratio Fire 13
52 mm Baller 25
Y omm Bl (e 13
4 mm Bali R
S omm Fal, 5
Fragmen*s ol
Jer caving Donars 141
Fire 40
TeTperat re
Relaw 070 63
2 - 220 350
Ak ve (570 24

Fortunately the procedures used for bullet impact
and fuel fire (Fast cook-off) trials are similar
to those required by MIL-STD-2104 and OB Proc
42657. hence the considerable data gathered from
the 0.5 inch bullet impact and the fuel fire i
tests are relevant to these. Mcre details on the
results obtained from these tests are given in
Sections 3 and 4 respectively.

- e
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3 0.5 inch Bullet lmpact Trials

A total of 154. single shot, 0.5 inch bullet
iwmpacr trials {as OB Proc 42657) are included in
the database. In a?Af%ion information on 4 trials
conducted with the simultaneous stiixe »f two 0.8
inch bullets and 9 using the automatic fire of
three 0.5 {inch rounds (as MIL-STD 2105} is also
inciuded. The data from these trials are
summarised in Tables 1 to 3. Details of the BI !
test procedure are given in Annex B.

3.1 8ingle 0.5 inch Bullet

Trials have been conducted against SSL, Steel,
KOA. CF and Al cases. The propellants tested are
Cordite. HTPB. CMCDB, CDB and EMCDB the latter
two with and without RDX. Motors have been tested
at conditioned temperatures of -50, -40, -30,
-20. 0 and +60°C.

In general these trials were conducted to examine *
the reactions of various combinations of

propellant and case construction. The objective

of the trials being to provide an indication cf

the IM performance of specific case types and

propellants together with an assessmen*t of the

effects of temperature.

The majority of motors used in these *trials were

taken from production and development programmes i
and were not specifically built for IM research. !
Hence the trials carried out do not follow an

experimental design and a number of gaps in the

test matrix shown in Table 1 will be apparent.

However. despite this limitation the results

csbrained do permit some useful observations and i
comparisons to be made and may be used to

indicate direction for future studies.

3101 Motor Temperature Effects

Regardless of the type of propellant or case
material the adverse effect of very low
temperatures is clearly apparent in the data. At
the temperature of -50°C the effects of case and
propellant type are second order. Of the seven
trials carried out at this temperature all
produced reactions more severe than burning. ie
six explnsicons and one detonation. Statistical
analysis. based on the assumption that different
propellants have no effect on the pass/failure
probability. indicates that the general
probability of failure at -50°9C is 0.91 with S0%
confidence. This {s no doubt due to the brittle
nature of all propellants at such low tempera-
tures.

3.1.2 Propsllant Classification

The prupellants represented in the IM database
have been classified using the US card gap
definition as either Class 1.1 or Class 1.3. All
of the HTPB charges are Class 1.3. as are the CDB
and EMCDB propellants which do not contain either
refractories, aluminium or nitramine fillers. The
CDB and EMCDB propellants containing refractory.
aluminium or nitramine fillers give card gap
values in excess of 70 and are therefore Class
1.1 by the US definition. However. they are all
1.3C by NATO standards. The results of the 0.5 '
inch bullet impact trials have been segregated by

USA propellant classification as shown in Tables

la and 1b.




The trials conducted on the HTPB and EMCDB motors
allow an assessment to be made of the value of
the propellant classification as a means of
predicting an IM reaction.

For a given case construction trials across the
temperature range of -50°C to +60°C trials have
been carried out on both of these propellant
types. From these reszults it can ve seen that the
IM reactions of the Class 1.3, HTPB propellant
and the Class 1.1, EMCDB propellant are virtually
identical. It should be noted. however, that all
2f the case types represented in this sample are
of a laminate type structure and caution should
be exercised {n relating these results to
hamsgencus cases.,

0103 Charge Configuration Effect

From an initial glance at Table 1 {t might be
rriought that an indication of the significance of
wherher a charge is cartridge lcaded or case
banded ccould be obtained from the results of
rhe CDB moter trials. the sample size of the

‘ /RDX and "MUDB motors being too small to
i.stity analysis. By restricting analysis to the
sreel rased motor trials the effects of
vemperature can also be filtered out as these
were all conducted at ambient. Of the 43 trials
ried out on cartridge lcaded motors 58% failed
whereas 793 of the case bonded motors failed.
nfartunately different class prepellants were
used in these rrials and this may also have
Lienced “he resuits. The propellant used in
42 rartridge lcaded chargjes was Class 1.3
reas ~nly 2 of the 14 case bonded charges used
58 ..} procpeilant. it is tempting on the basis
't the HTPR. EMCDB comparison given in Secticn
{.1.2 t> assume that the class of propellant
titrtie Jifference. However. there may be a
Jase peilant interaction. which it is not
cossibie to test with the available data. which
wouid invalidate such an assumption. hence nc
lear 1ndicarion of the affect of charge
onfiguraticn upon Bl reaction can be drawn.

TAKER

L4 Case and Propellant Effacts

iuence of the case anid

vellan® *ype upon the reactions witnessed it
18 necesgary. to fiiter nut the charge cenfigura-

crnoand temperature effects. Ideally this would
ieved by comparing only those results
trained for {dentical cenfigurations and
remgeratures. Unfortunately the sample size fur
ary jiven temperature across all case types is

87all "o make this pracrtical

T assess *he possible {nf

Howevar by considering just the HTPB and the CDB
“iass 1.1 case bonded propellant motors. reduaing
vemperature effects by ignoring those tests
~ondasted below -30°C and pooling all trials
snducted at temperatures of -309C and above (¢t
is pnssible to make some {nit{al compariscns
rer4esn case and propellant types. The data of
Table I has been simplif,ed, on this basis as
stown in Table 18, The results are classi{ified as
sither P cr F. le.. respectively. a reaction n»
move severe, pags, or more severe, fajil. than
Ceattanig

Aralysing the data in Tablie 18, row and column
wise Jives an {ndication of relative BI
performance of the various case constructions and
propellant types. For example looking at the HTPB
zrlumn shows SSL gave 2 pass results and O fail
results. compared to 2 failures and O passes for
¥OA and 1 failure and 1 pass for CF. Similarly
examining the XOA row shows that HTPB gave 2
failures and 0 passes., EMCDB. 2 passes and ©
fatiures. CDUB 2 passes and 1| failure and CDB/RDX

1 failure and O passes.

A further insight into the propellant/case
combination can be gained from a statistical
analysis of the ambient trials conducted on
EMCDBRDX/SSL. CDB CL/SSL., CDB CL/Al. CDB CB/SSL.
CDB CB/steel and C/steel. It can be concluded
from the total number of passes and failures from
this group of trials that an overall probability
of fajlure of 0.5 is not unreasonable. For the
null hypothesis, HO, of equal likelihood of pass
or failure, and the test statistic is the
probability of this outcome given HO is true.
These data and test statistics are as follows:-

Pass Fail Total Test

Statistic
EMCDBRDX/
SSL 7 0 7 0.008
CDB CL/ 18 25 43 0.12
Steel
CDB CL/Al 11 o] 11 0.000%
CDB CB/SSL 16 o] i6 Q0.00002
cpB CB/ 3 11 14 0.029
Steel
C/sSteel S 17 22 0.008
Total 60 53 113

By rejecting the null hypothesis if the test
statistic is less than 0.05 it can be seen that
only one propellant/case combination has given
results consistent with an equal likelihood of
pass/failure. ie CDB CL/Steel. Otherwise all the
above combinations using a steel body gave a
larger than expected number of failures angd
correspondingly the other bodies. SSL and Al. had
statistically fewer failures.

Pooling ambient trials across propellant types
gives the following probabilities of failure for
the SSL. Al and steel cased motors:-

SSL Al Steel

9%% Confidence p <0.12 <0.24 «0.76

31.1.5 Rig E2ffects

All of the 0.5 inch bullet impact trials included
in the database to date were conducted following
the procedures described in Annex B. The rig
degign employed on these trials holds the motor
by retaining both ends in Vee's with loose
fittings top clamps.

During discussions with Naval Weapons Centre,
China Lake, doubts on the possible influence of
rig design on the motor reaction were voiced. To
address these concerns five EMCDBRDX/SSL motors
were subjected to 0.5 inch and 20mm bullet impact
trials. In these tests the rig used was a copy of
the NWC A’ frame rig in which the motors are
supported in a simulated air carriage configura-
tion using two launch hangers, the ends are free.
All of the motors used in these trials gave
reaction typical of this motor. i{e. no more
severe than burning.

3.2 Multiple 0.% inch Bl Trials

The multiple, impact trials carried out are
limited to two case types and three propellants.
also the number of tests conducted is insuffi-
cient to support statistical analysis. However,
because of the similarity of these trials to the
current MIL-STD-2105 regquiremerts the results are
considered to be of interest.

The effect of the simultaneous strike of two 0.5
inch bullets has been examinea un four trials,
see Table 2. These were all conducted against
SSL. case bonded motors, three being filled with
CDB and one with EMCDB propellant. No reaction
more severe than burning was recorded on any of
these trials.
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Nine trials were conducted using the automatic
fire of three 0.5 inch bullets. this trial being
representative of the current MIL-STD-2105, BI.
requirement. Information on the trials is given
in Table 3. This shows that one of the
SSL/EMCDBRDX motors did not react, two gave
burning reactions and one resulted in
deflagration. All of the steel cased motors
exploded.

4 Puel Fire Trials

Data on the results of 36 fuel fire (Fast
cook-0ff) tests have been added to the database.
The case materials used in these trials were KOA.
CF. and 3SL the latter with and without external
insu.ation.

The majority of these trails were carried out in
the RC RMD "mini fuel fire” hearth. The advantage
of this hearth over larger hearths. such as
required by MIL-STD-2105, is that less smoke is
generated and it is therefore possible to observe
the store during the trial. However, on occasions
RO RMD has conducted trials in a large hearth and
the results of these have demonstrated that
comparable reaction times and responses are
obtained from both large and small hearths. The
data from these trials are summarised in Table
16. Details of the FCO test procedure are given
in Annex C. Analysis of these data shows that in
all of the 36 tests only 2 reactions more severe
than burning have been recorded. One of these
occurred with a case bonded CDB/SSL propellant
combination. representing 7% of the 14 tests
carried out., and the other was one of the two
tests conducted with a carbon fibre cartridge
loaded CDB/SSL combination.

No information is available in the RC RMD
database on steel or aluminium cased motors.
However. work reported by others suggests that
reactions more severe than burning are typical of
a homogenocus steel case. Although the KOA results
might be expected to be indicative of a
homogenous Al case it should be noted that line
curtting charges were used on four of these

trials

The success of the composite and SSL structures
in FCO trials arises from the rapid loss in
strength of the adhesive systems used in these
~ases at temperatures above 120°C. By the time
the propellant attains its {gnition temperature
~he case has little or no strength left and hence
is unable to retain the pressure needed to
support an explosion or detonation type reaction.

Far air carriage applications the sensitivity of
the adhesive to aeroheat induced temperature
increase necessitates the use of external
insulation to protect the case. Typically the
egquivalent of lmm cork has been found necessary.
This has led to fears that the advantage of
adhesively bonded structures in FCO might be lost
when the case {8 configured for an air carriage
appiication. To investigate this concern RO RMD
undertook a series of FCO trials on externally
irsulated SSL cases. The results of these trials
slearly demonstrate that the effect of external
insulation {8 to delay the time to first reaction
but does not raise the level of reaction above
*hat of burning.

5 Conclusion

5.1 0.% inch Bullet Impact

Examination of the 165 0.5 inch bullet impact
rests leads to the following conclusion for solid
propellant rocket motors

1) Temperature eaffects

At temperatures below -40°C the type of case and
propellant type have a second order influence on
the ability of the motor to meet the IM
requirements for bullet impact.

At a temperature of -50°C there is. at the 50%
confidence level, a 0.91 probability of failure.

ii) Card Qap as a predictor

The results of trials conducted on SSL. KOA and
CF cases with HTPB propellants having a card gap
significantly less than 70 cards, gave marginally
worse reactions than those conducted using the
same cases and with EMCDB propellants having a
card gap of more than 70 cards. However. only a
small number of trial results are available and
further work would be required to confirm this
finding.

It should also be noted that the case types used
in these trials were of a laminar type construc-
tion. The available data do not allow the
comparison to be made for these propellants for
homogenous cases. and hence the probability of an
overiding case influence cannot be ruled out.

iii) Configuration effects

While there is an indication that case bonded
motors are more likely to give reactions more
severe than burning. this result may have been
influenced by propellant sensitivity. More work
is needed. with standardised case and propellant
types to confirm this.

iv) Case Effects

There is strong evidence that SSL and Al cases
are significantly better than homogencus steel
cases. Pooling ambient trials across propellant
types gives the following probabilities of
failure, at the 95% confidence level, 0.11 for
SSL, <0.24 for Al and <0.76 for Steel.

There is insufficient data to enable the relative
performance of CF and KOAR cases to be assessed.

5.2 Fusl Fire

Data from the 36 Fast cook-off trials allow the
following conclusions to be made.

i) Adhesively bonded cases such as SSL
and CF provide a proven means of
meeting the IM requirements for
FCO.

ii) To survive the aercheat reguire-
ments of air carried missiles
adhesively bonded cases need
external insulation. FCO on
externally insulated SSL cases have
demonstrated that the time to first
reaction in slightly extended but
the reaction is limited to one of
burning.

5.3 Mechanism of Motor Vulnerability

5.3.1 Fragment attack

Wwhen a fragment penetrates a rocket motor case it
usually punches a hole at the entry point of a
somewhat larger hole at the exit.

1f the fragment ignites and breaks up the
propellant the burning area increases and the
presgsure within the motor will increase rapidly.
If the nozzle. fragment entry and exit areas are
insufficiently large to cater for this increased
pressure, high pressure failure, or even an
explosion. will result.
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This is the normal mechanism of fragment attack
vulnerability associated with conventional steel
homogencus rocket motor cases.

With a strip laminate case, the area of damage at
the fragment exit point is more extensive than it
would be in a conventional mctor case. due to the
strip delamination effect. This area appears to
be proportional to the weight of the fragment.
when under these conditions, the propellant
ignites, gas flows out of the fragment exit hole
rapidly. increases the area of delamination by a
peeling back of the layers, and results in the
collapse of internal pressure.

5.3.2 Fusl fire attack

when a swlid propellant rocket motor is heated
externally. it eventually ignites and an
explaosion may result due to the uncontrolled
nature of the propellant self ignition.
Whilst this Is the mechanism of vulnerability
asscciated with hcomogeneous motor cases which
retain tneir strength well above the self
igniticn remperature of the propellant., this is
so with rthe adhesive structures. When
~ted to heat, the resin used for bonding
& to break down at temperatures just above
i2127F: and at 180°C (3569F) has no
strength remaining. Most CDB propellants ignite
reximately 1209C (248°F) to 180°C (3569F)
ing upon cenfinement. and clearly. from the
s of the trials. when an adhesively bonded
is sublented to a fuel fire. the resin
:f the -ase breaks dcwn faster than the
;¢ temperature is raised. At the instant
f yrepeilant ignition only a very low pressure
(s regiived to disrupt the motor case and thus

x a wultitude of paths for gas and to
therety prevent an explosive pressure

R Design Criteria for I.M.

: has teen able, through the extensive range
~f v lais and subsequent analysis. to define

i3, "riteria for I M. which are currently

with solid propellant rocket motor

Annex A

Strip Laminate Rocket Motor Casss

1.0 What s Steel Strip Laminate?

Strip Laminate rocket motor cases are made by
teliraliy winding a number of layers of metal
strip coated with a suitable adhesive onto a
mandrel of diameter equal to the desired bore of
rthe finished tube.

wher subjected to mechanical locads bodies made by
the 33L process behave in the same manner as
homogeneous bodies of the same material strength.

Dezails of the histery behind this process and a
Jescription of the manufacturing technique are
given in the following sections:-

1.1 History

The Steel Strip Laminate (S3L) technique of
rocket motor case manufacture was perfected at
Royal Ordnance RMD in the early 1950°'s. The
simplicity. flexibility and short lead time of
the manufacturing process were the key motivating
factors driving development., but the ability to
utilise ultra high strength steels was an added
attraction of this unique method of case
construction.

Only later did the Insensitive Munitions {IM;
properties of SSL become apparent. When S3L
rocket motors were subjected to bullet impact and
fuel fire trials benign reactions. now known tc
be typical of these motors. were achieved. During
the period 197Z to 1990 in e.ucess of 200 ssSi
motors were subjected to a range of IM tests of
which around 40 were fuel fire trials with the
majority of the remainder being projiectile impact
tests.

Since its development SSL cases with diameters in
the range of 60mm to 600mm and lengths of up to
3000mm have been produced. Bodies have been
subjected to pressures of up to 600 bar,
operational temperatures as low as -54°C and as
high as 71°C, tropical storage. severe flight
lcading in missile structures and rough handling
trials.

SSL cases have been in volume production since
the late 1950's for a number of missile systems,
notably Rapier and more recently the vertical
launch seawolf. To date around 40 000 production
motors and numerous development motors have been
produced with SSL cases,

1.2 Manufacturing Process

Currently two specifications of steel strip, a
0.7%C/2.0%Ni steel and a 7%¥NI/17%Cr stainless
steel, ae used in SSL tube production. Both cf
these materials have an ultimate strength in the
region of 2GN/m2. However. the strip laminate
technique has also been successfully applied with
aluminium alloy. titanium alloy and maraging
steel.

Strip is received from the supplier in 300m
(1000ft) lengths in coil form, typical dimensions
of the strip., suitable for diameters greater than
100mm {4 inch), are 100mm (4 inch] wide by 0.Z2%mm
(0.01 inch) thick.

Prior te winding the strip is prepared by passing
it through a degreasing soclution to remove oil.
shot blasting both sides to remove oxides and
texture the surface and then passing it for a
second time through a degreasing soluticn. A thin
layer of an epoxide adhesive is applied to the
strip and dried in a heated tower. The coated
strip is then recoiled and may be stored for up
to six months without detericration of the
adhesive or metal strip.

The metal strip is helically wound onto a heated
mandrel so that there is a small gap between
succeseive turns of the helix. Rdditional layers
of strip are added until the desired thickness is
obtained, each layer is wound in the same
directien but the helices are staggered.

When winding is complete the mandrel temperature
is increased to partially cure the adhesive.
After an appropriate time the mandrel is cooled
and the tube is removed and cut to length.

End fittings and any other attachments. such as
launch feet. are then bonded ontc the tube. The
surfaces to be bonded are prepared by shot
blasting, degreasing and priming. The tube and
components are assembled into a jig, to ensure
accuracy of alignment, adhesive is pumped in to
the bonding cavities and the whole assembly
transferred to an oven for final cure.

The finished motor body wmay be lined. painted and
f{lled {n exactly the same way as a body made by
an other process.

e




Annesx B

Bullet Impact Test Procedure

The general arrangement of the test set up is
shown in Figure Bl.

The motor mounting rig is rigidly located such
that {ts longitudinal axis is at 90° to the line
of fire of a 0.5" Browning machine gun.
positioned at a diatance of 30m + 0.5m. The gun
barrel is at the same height as that of the
centre point of the target. Blaat overpressure
gauges, Plezo Electric Type 'B’'. are positioned
either side of the mounting rig at 459 right and
135° left to the line of gun fire and at
distances of 1lm, 2m and 5m from the point of
impact and exit on the motor.

Bullet velocity measuring equipment, cine cameras
and a colour VCR are located as shown in Figure
Bl.

The gun is prepared by firing "warmers’' and
zeroing rounds.

when all items are sited and their operation has
been satisfactorily confirmed the motor is taken
from the conditioning caamber and positioned into
the test rig. The gun is zeroed on to the aiming
point of the motor and an instant of strike foil
switch is attached to the motor over the aiming
point. The gun is loaded and all instrumentation
is started. When recording equipment is at
operating speed the gun is fired.

After firing. still photographs of the rocket
motor debris are taken before any hosing down or
manual disturbance. A record is also made of the
rype of damage to the motor and rig. distance.
direction., Jdimensions and weight of any debris

A tabulation of peak overpressure, shock arrival
rime and duration of pulse is obtained for each

averpressure gauge and a time trace of pressure
18 alse produced.

Annex ¢

Fast Cook Off Test Procedure

RO (RMD) Mini Puel Fire

The motor mounting rig also contains its own fuel
hearth and is constructed from 3 x 62" lengths of
157 x 4”7 RSC, welded together to form a tray 627
x 45" x 47 into which the motor support cradle is
fitzed guch that the bottom of the store is not
iess than 0.2m above the fuel surface.

This rig is placed in the centre of the fuel fire
arena. Piezo Electric blast gauges Type "'A° (2
2ff) are positioned 3m from the store (efther
sidel.

The rocket motor is securad into the rig. Two
flame remperature thermocouplea are situated 10mm
below the centre of the motor. off set 40-60mm
either side and connected to a recorder. See
Figure Cl.

sufficient fuel (AVCAT) or commercial Kerosene
Grade "B’ (DEF 2403) to sustain a 10 minutes fire
i{s poured into the hearth. Water from a low
pressure supply (s then added until the level of
the fuel {8 0.2m below the bottom of the store.
To aid ignition. petrol {s floated on top of the
fuel. The petrol is ignited by means of an
electrically initiated puffer inserted into an
opened Mortar Augmenting charge, surrounded {n
petrol soaked cotton waste.

A colour cine, framing at 100pps. running for 2.5
minutes and colour video camera with VCR. sound
and CCTV are employed to record the trial events.

The temperature from the thermoccuples. the time
from ignition to the attainment of a flame
temperature of %50°C and the time from 550°C ro
motor fallure is recorded. A graph cf flame
temperature versus time from fuel ignirion to
motor failure is produced. Data from blast
overpressure gauges are also tabulated and
plotted.
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IM Database

PROPELLANT
cbB EMCDB/RDX
CASE
MATERIAL GBcL|ge (cL
NR
SSL B 3 1
D
E
Det
TABLE 2

SIMULTANEOUS STRIKE OF TWO 0.5 INCH BULLETS

1 . PROPELLANT ‘
i \\\ cDB EMCDB/RDX | Cordite
| CASE - ‘
weier | QB | G |98, | O B | oL
NR 1 %
ssL. B 1 1 !
D 1 |
E
! Det
U S S L S (S
NR
B
Steel D
E 1 1 3
L Det J
TABLE 3

THREE ROUNDS AUTOMATIC FIRE OF 0.5 INCH BULLETS

KEY: NR No Reaction E Explosion
B Burning Reaction Det  Detonation

D Deffagration

e ¢




IM Database

1411

PROPELLANT \ .
cDB EMCDB HTPB Cordite CMCDB
CASE
MATERIAL cB | cL|{cB|cCL|CcB|CL|CB|CL|CB|OGL |
SSL 11
Steel 13 2
TABLE 4 7.62 mm BULLET IMPACT TRIALS
PROPELLANT , l
cDB EMCDB HTPB Cordite CMCDB |
CASE
MATERIAL ce |cL|cB|cL|cB|cL|cB|cL|cB|cL
SSL 9 5
....................................................................................... l
4 |
Steel 415 4 {1 i
‘
TABLE 5 20 mm BULLET IMPACT TRIALS
~~__PROPELLANT
\ cDB EMCDB HTPB Cordite CMCDB
CASE > |
MATERIAL cB|cL{cB | cL|cB|cL|cB|cL|cB|CL
SSL ‘
i
.............................................................................. ‘
Steel 12

TABLE 6 3.5g FRAGMENT PROJECTILE IMPACT TRIALS

[~ PROPELLANT }
N CDB | EMCDB HTPB | Cordite | CMCDB
CASE ™.

MATERIAL cCB{CLi{CB|CL |CBiCL|CB|CL|CB | CL
SSL
Steel 5

]

TABLE 7 17g FRAGMENT PROJECTILE IMPACT TRIALS

s e e




IM Database
PROPELLANT
coB EMCDB HTPB Cordite cMCDB
CASE
MATERIAL cCBjcCLiCcCB | CL{CB!CL|{CB|CL{CB | CL
SSL 9
Steel
L
TABLE 8 0.3 mm BALL AMMUNITION IMPACT TRIALS
PROPELLANT ]
CcDB EMCDB HTPB Cordite CMCDB
CASE
MATERIAL CB | CL|{CB | CL CB|CL | CB|CL|{CB | CL :
ssL l
{ Steel 5 \
| |
TABLE 9 20 mm BALL IMPACT TRIALS
— o
~_PROPELLANT . \
L CcDB EMCDB HTPB Cordite CMCDB
CASE “~._ ‘
mareriaL . |CB | CL|CB | CL |CB | CL |CB | CL CB | CL
SSL 72 12
Steel 2
TABLE 10 105 mm SHELL TRIALS
T PROPELLANT ;
S coB EMCDB HTPB Cordite CcMCDB |
™~
CASE ™ T
1
|
SSL 1
_____________________________________________________________________________ |
|
Steel 2 !

TABLE 11 84 mm SHELL TRIALS

i S 83 0+ e




IM Database

PROPELLANT
CcDB EMCDB HTPB Cordite CMCDB
CASE
waema, > lcB [ cLlce [ cL [ce [ oL lce [ cL|cB | cL
SSL 6
;
Steel 1
|
TABLE 12 DETONATION 109 TRIALS
“._PROPELLANT . ]
Ny CDB EMCDB HTPB Cordite CMCDB l
CASE ™ g
waera. "~ |CB | cLice [ cL s | cLjce|cLce el
i‘
ssL 17 '
. Steel ‘
|
TABLE 13 DETONATION TRIALS
" PROPELLANT ' _ O
g CDB | EMCDB | HTPB | Cordie | CMCDB |
| CASE z
waren - (B | cL|cB | oL [cB | cL[cB | cLcB | cL |
&
SSL 22 2 ‘
_____________________________________________ v%
Steel 2 |
L i S

TABLE 14 SYMPATHETIC DETONATION TRIALS

1493

e el - et
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IM Database

PROPELLANT ) !
CcDB EMCDB HTPB Cordite CMCDB "
CASE L
MATERIAL CB |CL |CB | CL |CB|CL|CB|CL|CB| CL|
—
ssL 4 f
TABLE 15 SHAPED CHARGE TRIALS
PROPELLANT )
) CcDB EMCDB HTPB Cordite CMCDB
CASE -
MATERIAL cB lcuicB|cL|cB|cLlcelcoL|cel cL
NR |
B 13 | 1 5+4AH 1 ‘
ssL D
“ E 1 |
i Det L
S S N S O
NR .
g B !1+2lC [1+1UC 1+14C | |
. KoA D ‘
E |
; Det |
1 NR
: B 1 1 1
| CF D
: E 1 ,
‘i Det |
TABLE 16 FAST COOK-OFF TRIALS
KEY: NR No Reaction t Explosion LC Line Cutting Chaige
3} Burning Reaction  Det Detonation AH Aeroheat Protected
D Deflagration
T PROPELLANT . o
| CcDB EMCDB HTPB Cordite CMCDB
| CASE ™ T
{ MATERIAL . |CB | CL [CB [ CL |CB | CL |CB |CL |CB: CL
[ e Tt
! SsL 4 ;
‘ 1

TABLE 17 FLAME IMPINGEMENT TRIALS

e

i s b dmm
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RESULTS OF 0.5 INCH SINGLE BULLET IMPACT TEST

T EMCDB |EMCDBRDX| CDB COBROX |
P P F P F Fle  F |
: = [
i ;
; f !
i SSL L2 2 7
| |
| | |
' Steel 3 10 | :
rrrrrrrr 1
!
KOA l 2 _ 1 1
|
i i
CF ‘ 2 }' :
i I
TABLE 18

I

P ¥
2

AGAINST CASE BONDED, HTPB AND CLASS 1 1*
DOUBLE BASED PROPELLANTS AT »-30'C

DFENTON BASED DN CARD GAF

CMCDB

14-1%
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Figure No Bl - Plan of Trials Arena

e e

Distance Gauge Distance
(m) No (m)

. Gauge Legend

Pictures per second

]
D
!
9]

L L 4 1 O Blast Overpressure Gauges
2 2 5 2
3 5 6 5 ;
e - T R S <+ Cine Cameras
& Video Camera
[ s Velocity Cells
2000pps
Gauge i‘,o
Gauge & O
Gauge C}
— -
I T
“ " Stfre ‘ H__!
I S R T =
Mouming Rig
Gauge 1 O
o=
‘ Gauge 2 O
.
S0m + ().S‘m
Gauge 3 O
|
\

< .27 Zeaypee- - Yachire Cun

e — 0

-



14-17

sjuamaedueaay axyJg [ang JUTIW - TIJ ON aindyg

HOLOW 40 3aIs

H3HLI3 WOYd wwQs

S3TdNODOWHIHL

———e

NVd

0H13d SNOTIVD T
3INISOU3IN SNOTIVD 0+ HIHVIH 13Nd

wugIet

o

/@
N
N
N\

S

NOILVA3I3

/ L

we

——uwuggg ——————t=

V. 3dAl 3ONVYD 1Svig y::)
OidL03713 OZ3id

13Nn4

3N FYINID MOT38 T

\ﬁ

Oe—

A p——

wwol S31dNOJOWHIHL




[4-1N

Discussion

QUESTION BY ZELLER. FRANCE: Can you give some information, even
only qualitative, on sympathetic detonation test results?

ANSWER: The sympathetic detonation trials conducted by RO RMD
differ significantly from those prescribed in the MIL-STD and
STANAG documents. In the RO RMD test the donor motor is prepared
packing the conduit with explosive and electrically initiating. The
receptor motor is placed in close proximity, in some cases touching,
to the donor motor. A total of 13 trials of this type have been
carried out, all gave violent reactions, i.e. 6 detonations and 7
explosive events.

QUESTION BY VICTOR. US: In the chart that showed fast cook-off
results the time delay for CDB propellants was longer than for both
EMCDB and HTPB propellants. | wondered if the CDB results were due
to the type or amount of insulation used in the KOA or CF cases.

ANSWER: The results presented for the times to first reaction did
not discriminate between cartridge loaded and case bonded charges.
The data has been re-examined to present the results of these
different loading arrangements separately, see figures in the paper.
The figures heading each column indicate the number of trials
conducted for each case/propellant combination. While presenting
the data in this way removes the anomaly identified in the question
in relation to CDB propellants it does not validate the conclusion
drawn from this work. That i1s that the reaction times for all three
case bonded propellants tested in SSL cases are similar and that the
reaction time for EMCDB propellant appears to be independent of the
case construction tested. The insulation standard was similar for
all case/propellant combinations and therefore the longer time to
first reaction of the KOA/HTPB motor would appear to be related to
the difference in case construction.

.




HAZARDS REDUCTION FOR TACTICAL MISSILES

K. O. HARTMAN
Hercules Incorporated
Hercules Aerospace Company
Allegany Ballistics Laboratory
Rocket Center, WV 26726-0210

1.0 SUMMARY

Substantial progress has been made over the past four
years in characterizing and understanding the response
of energetic materials and rocket motors to the energetic
stimuli specified in MIL-STD-2105A. Approaches to
reducing the sensitivity based upon that work are
reviewed. Minimum smoke propellants with an
improved performance-shock sensitivity balance have
been formulated. Partial or complete repiacement of the
nitramine with phase stabilized ammonium nitrate
reduced the shock sensitivity significantly at a
performance loss of 4-10%. A number of routes to
more extinguishable composite propellants, both reduced
smoke and high performance types, are discussed.
Replacement of the polybutadiene with alternative
polymeric backbones has yielded more extinguishable
compositions. The use of metal perchlorates in place of
the ammonium perchlorate greatly increases thermal
stability. In the area of inert components, alternatives to
monolithic metal cases, such as composites cases,
substantially improve the response to fast cook-off and,
for minimum smoke propellants to bullet impact.

2.0 LIST OF SYMBOLS

M Insensitive Munitions
AP Ammonium perchlorate
Al Aluminum

EPDM Ethylene propylene dimer
BI Bullet Impact

FCO Fast cook-off

SCO Slow cook-off

SD Sympathetic detonation

SCJ Shaped charge jet

HTPB  Hydroxyterminated polybutadiene

C, Critical diameter-smallest diameter at which a
detonation propagates

RDX 1,3,5-trinitrazacyclohexane
HMX  1,3,5,7-tetranitrazacyclooctane
PSAN  Phase stabilized ammonium nitrate

Hex Heat of explosion (cal/g)
XLDB Crossiinked double base propellant

CDB Cast double base

PMCDB Polymer modified cast double base
KP Potassium perchlorate

Vb Velocity at burnout

DOD  Department of Defense

3.0 INTRODUCTION

During the 1980’s the Department of Defense initiated
the Insensitive Munitions program, a comprehensive
effort to reduce the sensitivity of their munition systems.
The goal of this program is to develop munitions
fulfilling their performance and operational requirements
while minimizing the violence of reaction and
subsequent damage when subjected to unplanned stimuli
[Ref 1,2). Over the preceding 25 years, a series of
incidents involving carrier fires, storage depots and
rail/highway transportation accidents demonstrated the
need for Insensitive Munitions.

MIL-STD-2105A, in which the Insersitive Munitions
requirements are defined, was issued in 1991 by the U.S.
Navy [Ref 3]. The standard, which is summarized in
Table 1, defines test conditions and criteria necessary 10
determine the munition response to the principal threats.
The standard also requires the weapons system program
managers to assess the threat to the weapon system and
prepare a test plan for approval by the Service’s
Explosive Safety Review Board. The review board has
the authority to invoke or waive the criteria set forth in
MIL-STD-2105A. Meeting the IM standard is not a
matter of satisfying a single requirement rather seven
separate criteria must be met.

Designing missiles to meet the IM criteria is complex
because, in general, the nature of the response to each of
the energetic stimuli depends on different characteristics
of the missile or motor. For instance the response of a
typical rocket motor to shaped charge jet is largely
controlled by the shock sensitivity of the propellant
while the response to fast cook-off (FCO) and slow
cook-off (SCO) is dependent mainly on venting the case




1o relieve the pressure. Table 2 shows the principal  heavier walls and necessary detonability of the explosive
factors controlling the response of rocket motors to the  load. A system approach is required to meet the IM
energetic stimuli addressed in MIL-STD-2105A. Similar  goals since different features/characteristics of the motor
relationships would be applicable to warheads, although  are involved in meeting the criteria.

the relative importance would change because of the

J .

TABLE 1
iM CRITERIA ESTABLISHED IN MIL-STD-2105A
TEST CONDITION CRITERIA i
. : Detonate one of two units in .
Sympathetic Detonation shipping/storage configuration Nu detonation of acceptor
Fast Cook-Off Jet Fuel Fire 1600°F Buming
Bullet Impact Three .50 cal at 2,800 ft/sec Burning
Fragment Impact Two 1/2" Fragments at 8,300 ft/sec Burning :
Stow Cook-Oft 6°F/Hr Burning
Shaped Charge Jet 81mm shape charge or M42/M46 No detonation
Spall 81mm shape charge through armor No sustained buming
plate ;
TABLE 2

FACTORS DETERMINING ROCKET MOTOR ]
RESPONSE TO ENERGETIC STIMULI

THREAT CRITICAL RESPONSE FACTORS

Propellant Shock Sensitivity
Case - Fragmentation }
Shipping Container - Attenuation

Propagation of Detonation to adjacent Units

W

Case Venting - Temperature

Fire Propellant «

12 2

Propellant - Extinguishability, Toughness

Builets Case Configuration

DY s

p—

Propellant - Shock Sensitivity, Toughness

High Velocity Fragments Shipping Container - Attenuation

[

1. Case Venting - Temperature/Pressure
Propeliant Stability, Decomposition

Shaped Charge 1. Propellant Shock Sensitivity

Slow Heating

(S

—

Propellant Stability, Extinguishability

Spall 2. Case

L




As indicated in Figure 1, this approach ecntails a
coordinated program involving the development of less
sensitive propellants, explosivex and ignition devices as
well as venting devices and case materials that mitigate
the response to energetic stimuli. In addition, techniques
to predict the response of missiles based on material
propertics and configurations arc necded because the test
series required by MIL-STD-2105A is very expensive.
In general, a minimum of 20 missiles are required to
conduct the specified tests. Hence, the combirzd cost of
the test and missiles precludes the full scale evaluation
of a large number of options.

Significant progress has been made since the mid-
cighties in DOD and industry laboratories, as well as in
NATO countries, in characterizing and understanding the
response of encrgetic materials, rockst motors, and
warheads 1o the stimuli specified in 2105A. As a result

of this work, a number ot pion.ising approaches (o
meeting the IM criteria have been identified [Ref 4].
Government and industry have committed substantial
funds to pursue this research and initiate the
development programs necessary to incorporate IM
technology intc deployed missile systems [Ref. 5-12).
While a comprehensive program which includes all
aspects of developing missiles is needed to meet the IM
criteria, this paper focuses primarily on the rocket motor.

The propellant is of naramount concern with all of the
IM criteria. Current rocket propellants can be divided
into two broad families (Table ?) in terr's of their
behavior with the IM stimuli. The principal problem
with minimum smoke propellanis, which are based on
nitrate ester and nitramine, is shock sensitivity.
Conversely, reduced sizoke propellants, wiich are based
on ammonium perchlorate (AP) and an elastomeric

TABLE 3
TESPONSE TO INITIATION STIMULI VARIES WITH PROPELLANT TYPES

f HIGH ENERGY PROPELLANTS f
INGREDIENTS NQS{B&EM R?ﬁ‘écg AL/’f/OLDB AL/A;Z /HTP
# o

Nitrate Ester 20 - 30 - 15 - 20 --
'Nluannnc 50 - 65 - 30 - 40 -

Polymer 5-10 - 5-10 --
PModiﬁcr\‘ 2-5 2-5 2-5 2-5

AP N -- 85 -91 5-10 70 - 80

HTPB 7-12 .- 7-12

Al - -- 10 - 2J 10 - 20

PARAMETERS

Isp® (sec) 248 248 272 268

Card Gap >100 0 >100 0

Crtical Diameter <20mm >Im <20mm >lm
LC()()k-Off (Vented) Burning Burning-Explosive Buming Burning/Explosive




FIGURE 1
A SYSTEM ORIENTED PROGRAM IS REQUIRZD TO MEET IM CRITERIA
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polymer (usually urethane cured polybutadiene) are
relatively insensitive to shock but burn vigorously at low
pressure and are difficult 1o extinguish. Composite
propellants also tend to react very violently in the slow
cook-off test, even with minimal confinement. Table 3
shows that the addition of aluminum (Al) gives higher
energy propellants which largely retain the sensitivity
characteristics o e base compositions. In this paper
progress in developing both insensitive minimum smoke
and composite propellants is discussed.

4.0 RESULTS AND DISCUSSION

4.1 PROPELLANT-CASE INTERACTION

To increasc understanding of the factors that control the
response to energetic sumali and to provide guidance in
designing less sensitive rocket motors we conducted a
series of IM tests on generic motors in which the
material of case construction and the propellant were
systematically varied as shown in Table 4. Both class
1.1 mimimum smoke propellants and class 1.3 composite
propellants were compared in monolithic steel and
aluminum, geaphite composite, and steel strip laminate
cases.  The composition and characteristics of the
propetlants are given in Table 3. In addition to these
prepetlants a class 1.3 minimum smoke formulation was
tested, pnmarily in graphite composite cases. As Table
4 shows the first serics of tests involved only bullet
impuact, tast and slow cook-off.

A schematic of the five-inch diameter generic motor is
shown in Figure 2. Most of the tests were conducted
with @ onc-inch web at which the generic motor holds
approximately 4.5 kg of propeliant. Currently work is
being carnicd out with a two-inch web (6 kg of
propellant). The properties of the various case materials
in this configuration arc summarized in Table 5. The
tatlure pressure varics from 3500 to 5600 psi (25 10 39
Mpai . The insulaton is EPDM with a thickness of 0.76
mm.  Onc closure has a 22 mm diameter port to
simulate o nozzle throat.

The generic motor tests were carried out at the Hercules
IM test tacility located at Allegany Ballistics Laboratory,
Rocket Center, WV Larger scales tests are conducted
at the Bacchus works, Magna, UT. The tests were
instrumented with video camera and airblast gauges.
Thermocouples were included in the motors for the
cook-off tests and gauges to measure gas pressure in the
propellant gram were incorporated for some of the slow
cook-oft  tests. High speed (10000 frames/s)
photographic coverage was used for the bullet impact,
sympathetic detonation, and shape charge jet tests. Steel

-4

TABLE 4
MOTOR RESPONSE WAS DETERMINED AS
FUNCTION OF PROPELLANT/
CASE MATERIAL COMBINATION

PROPELLANT
CASE MATERIAL MIN REDUCED
SMOKE SMOKE

W,

Graphite Composite B, S
Strip Laminate (Steel) B, S
Al B, S,

B, S

N

s

jos B Mis s e |

s

» Iy

wwww
2R %N 8%
mT T T

»

B = Bullet Impact, S = Slow Cook-Off,
F = Fast Cook-Off

witness plates were used in the sympathetic detonation
and shaped charge jet tests. Fast cook-off and slow
cook-off were done in accordance with MIL-STD-
2105A. A schematic of the experimental arrangement
for slow cook-off is shown in Figurc 3. A single .50
caliber round was used for BI, in contrast to the 3-round
burst within 50ms specified in the standard. This was
deemed adequate for the purpose of the current study
which was to establish design guidelines rather than
qualification of a weapon system.

The bullet impact test results for Class 1.1 minimum
smoke and reduced smoke propellants are summarized
in Table 6. The case material had a very strong eftect
on the response of Class 1.1 minimum smoke
propellants to bullet impact. With the steel case the
reaction was a deflagration or explosion while with the
composite case no reaction (light or smoke) was
observed. With the strip laminate case the propellant
extinguished immediately after impact with negligible
consumpton of propcllant. A mild burn was observed
with the Al casc. Photographs of the motors after the
test are shown in Figurc 4. Clearly all of the reactions
were mild except for the steel case which was thrown
about eighty feet. These results are consistent with
those reported by Thom [Ref 13] who conducted
multiple tests with various size bulleis- composite cascs
gave no reaction or burns while Al cases gave mostly
burns, However, a small but significant {raction of the
bullet impact tests with Al cases resulted in explosion or
detonation.

With the reduced smoke composite prepellant, case
material had less effect on the response to Bl than it did
with the Class 1.1 minimum smoke propellant.



HEATING BLANKET

FIGURE 3
THE SLOW COOK-OFF TEST ARRANGEMENT

FRON/T VIEW PORT

[

PROBE FOR
777 77777777777 A4 TEMPERATURE
CONTROL
c —4H———— l— THERMOCOUPLE
’ (CASE SKIN)
| ‘s 1 \
THERMOCOUPLE
GENERIC ROCKET MOTOSj (PROPELLANT)
| = 3 THERMOCOUPLE
(AIR GAP)
\L//////////% \
\ PRESSURE
\ TRANSENSOR
SAMPLE HOLDER
TABLE 5
GENERIC CASES REPRESENT A VARIETY OF
MATERIALS AND CONSTRUCTION TECHNIQUES
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LS Laminate 15 10 9414 9379 178
i Aluminum 25 35 N/A N/A N/A
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| steel 30 35 N/A N/A N/A
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CLASS 1.1 MINIMUM SMOKE PROPELLANT Bl TESTS

GRAPHITE COMPOSITE CASE STRIP LAMINATE CASE

BURNING, FOLLOWED BY
PROPELLANT EXTINGUISHMENT

NO REACTION TO Bl

ALUMINUM CASE STEEL CASE

FPROPELLANT BURNED ] {PROPELLANT DEFLAGRATION]

FIGURE 4
GRAPHITE COMPOSITE CASE GAVE MILDEST RESPONSE IN BULLET
IMPACT TESTS WITH CLASS 1.1 MINIMUM SMOKE PROPELLANT
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CLASS 1.3 REDUCED SMOKE PROPELLANT Bl TESTS

GRAPHITE COMPOSITE CASE

rPROPELLANT BURNED |

ALUMINUM CASE

PROPELLANT BURNED,
CASE SPLIT

FIGURE 5

STRIP LAMINATE CASE

| PROPELLANT BURNED |

STEEL CASE

PROPELLANT BURNED,
CASE SPLIT

BULLET IMPACT TESTS OF CLASS 1.3 REDUCED SMOKE PROPELLANTS
RESULTED IN BURNING IN ALL THE GENERIC TEST MOTORS
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BULLET IMPACT TESTS ON GENERIC MOTORS

TABLE 6

159

CASE MATERIAL

CLASS 1.1 MIN SMOKE

REDUCED SMOKE

SUMMARY OF FAST COOK-OFF TESTS

WITH GENERIC MOTORS

Composite No Reaction Bum

Strip Laminate Extinguished Bumn

Aluminum Burmn Burn (Case Split)

Steel Deflagration Burn (Case Split)
TABLE 7

SMOKE CASE MATERIAL

CLASS 1.1 MINIMUM SMOKE

REDUCED SMOKE

PROPELLANT PROPELLANT
Graphite Burned Bumed
Strip Laminate Bumned Burned
Aluminum Burned Burned
Steed Ejected Closure Propulsive Burning

As Table 6 shows a bumning response was observed for
all four case materials, with the composite and strip
laminate giving a milder burn than the monolithic metal
cascs. A very energetic response was observed with the
monolithic steel and Al cases as the photographs in
Figure 5 indicate. Hence it may be anticipated that with
larger motors a deflagration or explosion could result.
This was in fact observed in NWC tests with Shrike
motors using steel cases. (Ref. 14).

Both the minimum smoke propellant and the composite
propeliant motors passed the FCO test with graphite
composite, strip laminate, and Aluminum cases (Table
73 With all three matenals the case thermally degraded
betore propeilant ignition, thereby providing adequate
venting,  The steel case failed viith both propellant
types, by cjecung the closure with the minimum smoke
propellant and by a propulsive burn with the composite
propellant.  These tests show that construction of the
case 1o provide adequate venting will allow the FCO
criteria to be met. Clearly, the thickness and location of

the insulation will be critical when Al is used as the case
material.

The minimum smoke propellant passed the SCO test in
the composite case with a mild reaction after ¢jection of
the end ring (Table 8). The ignition temperature for the
minimum smoke propellant was ~130°C as shown in
Figure 6. The end ring was bonded with an adhesive
that should shear or fail adhesively at that temperature.
The intermal gas pressure in the propellant incrcased by
only 10 psi (69kPa) prior to ignition.

The pressure was measured by a transensor mounted on
the case wall. With Al or steel cases the ignition
temperature was the same, as expected, however, the
response upon ignition was an explosion or detonation
since there was no venting mechanism except for the
throat opening.

The composite propellant motors failed the SCO test
with all four casc materials. The reaction in each
instance was an explosion which fragmented not only
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FIGURE 6
DIFFERENT PROPELLANT TYPES GAVE WIDELY VARYING
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TABLE 8
SLOW COOK-OFF TESTS WITH GENERIC MOTORS

CassaRL | CLASSLIMIMOMSMOKE | ReDuceD ks
Graphite Burn' Explosion
Strip Laminate Detonation Explosion
Aluminum Detonation Explosion
Steel Detonation Explosion

' = End Ring Ejected

the case but also the steel oven walls. The ignition
temperature of the composite propellant was ~190°C and
2 psi (14 kPa) internal gas pressure was observed prior
to ignition. Even though the ignition temperature was
much higher than that of the minimum smoke propellant
and the adhesive should be degraded further, the venting
was not adequate to prevent the explosive response. This
1s consistent with Diede’s work {Ref 15) which shows
confinement of only 30 psi (~200 kPa)pressure can
cause an explosive reaction for composite propellants in
the SCO. A one pound sample of aluminized composite
propellant  with  negligible  confinement  exploded
violently 1 our SCO test. The extreme violence of
AP/HTPB composite propellants under SCO conditions
is probably duc in large measure o the partial
decomposition of the propellant, and particularly the AP,
beforc ignition. AP is know (0o undergo partial
decomposition gencrating a porous, metastable product.
This  phenomenon, in  combination with partial
decomposition of the binder, will create a porous bed
that is hable 10 explode or undergo deflagration to
detonation transition upon ignition at high temperature.

In summary, the g:ienic motor test matrix showed
substantial  advantages for composite cases over
monolithic metal 1n mectung the IM criteria.  For
minimum smoke propellants the response were improved
in all three tests, ic; BI, FCO, and SCO. For reduced
smoke propellants the responses were clearly improved
for the FCO test and improvement was inferred for the
BI wst. The tests also confirmed the difficulty of
mecting the SCO criteria, and demonstrated the violence
of AP/HTPB propellants under SCO conditions.

4.2 PROPELLANTS

In the following discussion, minimum smoke and
reduced smoke propellants are treated separately, since
they present different problems with respect to meeting
IM requirements.

4.2.1 Minimum Smoke Propellants

The principal challenge with minimum smoke
propellants is to reduce the shock sensitivity while
maintaining the energy density. Current slurry cast
XLDB propellants have a theoretical Isp of ~248 sec and
a density of ~1.69 g/cc with a card gap of 140 and a C,
of ~6.4 mm. Cast double base and polymer modified
cast double base have Isp values ranging from 220 to
240+ sec and card gap values ranging from 0 to 180
depending on the composition. A great deal of work has
been conducted in the U.S.A. by both DOD and industry
to improve the balance of sensitivity and performance in
minimum smoke propellanis.[Ref. 16,6,8-11]

4.2.2 Shock Sensitivity of XLDB Minimum Smoke
Propellants
The shock sensitivity of crosslinked double base
propeliants depends primarily on the binder energy
(Hex), and nitramine content and size. It's widely
recognized that reducing the size of the nitramine in a
XLDB propellant reduces the shock sensitivity. This
was confirmed in a recent study by Schedlbauer and
Kretschner (ref 17). Hernott (ref 18) demonstrated the
strong effect of HMX content on shock sensitivity by
measuring the card gap values of a scries of propellants
in which the concentration of HMX was varied from 0
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to 50% in a high energy binder (1200 cal/g Hex). Even
though 4 micron HMX was used, the initiating pressure
dropped from 75 to 25 kbar as the HMX increased from
0 to 50% (Figure 7). The effect of binder energy from
500 w 1200 cal/g Hex on shock sensitivity at various
HMX levels is shown in Figure 8. With no HMX
present, the shock sensitivity was strongly dependent on
binder energy; i.e., increasing Hex from 700 to 1100
cal/g decreased the initiating shock pressure from 142 to
88 kbar, a 38% decrease. As the HMX level increased,
the effect of binder energy on shock sensitivity
decreased as shown in Figure 8. With 50% HMX
present, increasing the binder Hex from 700 to 1100
decreased initiating pressure from 32 to 28 kbar, only a
13% decrease. In summary, solid nitramine (HMX or
RDX) content and size are dominant effects on
propellant shock sensitivity, followed by binder energy.

4.2.3 Shock Sensitivity of Solvent Cast Double Base
Propellants

The shock sensitivity of cast double base and polymer
modified cast double base propellants shows the same
kind of dependence on nitramine content and size, and
binder energy as the XLDB propellants described above.
For instance, increasing the Hex from 700 to 1100 in an
unfilled cast double base propellant increased the card
vap from ~15 to ~45 (decreased the initiating pressure
from 130 10 90 kb), similar to the change observed with
X1.DB.

Some rate modificrs, notably Pb,0, strongly sensitized
cast double base propellants.  Addition of 3.3% of this
modifier to an unfilled CDB propellant increased the
card gap from 40 to 120. The incorporation of HMX-
RDX to CDB-PMCDB propellants increases the shock
sensitivity substanually. For example, 25% HMX in a
CDB formulation with a binder Hex of 900 cal/g
increases the card gap from 35 to 140. This implies that
the addition ot even small amounts of HMX or RDX to
CDB/PMCDB propellants will result in problems with
the SD, FI, and SCJ tests.

CDB and PMCDB propellants without solid nitraminc
can be formulated to energy levels of 233-237 s and
densites of 0.056-0.057 Ib/in3 (1.55-1.67 g/cc). This
amounts to a loss of 12% in energy density from the
XLDB Class 1.1 mimimum smoke propellants currently
in production. These formulations have card gap values
in the range of 40-50 and C;, of 12 to 18 mm.

4.2.4 Ammonium Nitrate based Minimum Smoke
Propellants
Comfort, et al (Ref 19) conducted an extensive search

for alternatives to solid nitramines such as RDX or
HMX that would provide comparable impulsc while
reducing shock sensitivity. Impulse density calculations
were made for a large number of energetic materials,
including both materials that are commercially available
and some that are only laboratory items at present. Very
few of these compounds gave propellant energies that
matched those of RDX and fewer still have been
produced in the pilot plant scale. The more promising
compounds were evaluated in slurry crosslinked double
base propellants using card gap as an index of shock
sensitivity. None of these compounds gave propellants
with comparable energy density and lower shock
sensitivity than RDX. We are currently synthesizing
new compounds that offer potential improvement in
energy-sensitivity balance for evaluation in propellant.

Among the commercially available materials, ammonium
nitrate, with or without phase stabilizer, offercd the best
balance of properties. Extensive development was
carried out in which the shock sensitivity, impulse,
ballistics, mechanicals, and aging of AN (or PSAN-
phase stabilized ammonium nitrate) were characterized.
While improvement is still needed in the areas of
mechanicals and aging, a family of Class 1.3 mintmum
smoke propellants with an cnergy density 4-10% less
than the current Class 1.1 propellants was achieved.
Current activity is focused on tailoring these propellants
to meet missile system requirements.

To optimize the energy density-sensitivity balance of
minimum smoke propellants, a study of shock sensitivity
was conducted as a function of binder energy, oxidizer
type, concentration, and size, and plasticizer type. Card
gap was used as a measure of shock sensitivity. Figure
9 shows a plot of card gap or initiating pressure versus
impulse for a series of PSAN propellants tn which the
above parameters were varied over a wide range. To a
first approximation, the card gap values were a function
of the propellant energy regardless of the parameter
varied. Two departures from the correlation in the
direction of an improved energy-sensitivity trade are
discussed below.

The nitramine particle size effect was exploited o
improve the impulse-sensitivity trade. A Sweco mill
was used to grind RDX to a weight median diameter of
--1.5 microns. This material could be used to replace up
to 20% of the PSAN while maintaining a card gap of 65
and increasing the impulse by 4 scconds. Conversely
the use of larger RDX, ~ 5 microns, resulted in an
increase in the card gap to 80. While the substitution of
20% of the PSAN with the fine RDX does not increase
card gap (or lower initiating pressure), it did reduce the
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FIGURE 8
EFFECT OF BINDER ON THE SDT SENSITIVITY OF

MINIMUM SMOKE PROPELLANTS AT VARIOUS HMX CONTENTS
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FIGURE 9
PERFORMANCE AS A FUNCTION OF SHOCK SENSITIVITY FOR
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critical diameter from 20mm to 10mm. Thus, the card
gap is a useful indicator of shock sensitivity but it does
not provide an unequivocal means of predicting the
behavior in larger scale tests-as subseguent discussion
will demonstrate.

The use of an energetic nitramine polymer i
combimation with lower energy nitrate ester plasticizers
resulted in a formulation with an improved balance of
impulse and sensitivity as indicated in Figure 9. By
replacing nitroglycerin with trimetholethanetrinitrate and
the polyglycoladipate with a nitramine polymer, an Isp
value of ~230 sec was obtained at zero cards. With the
use of a similar binder and fine RDX, a card gap of 45
was obtained at 237 sec. This combination of sensitivity
and energy is of interest for a number of missile systems
under development

A number of PSAN based Class 1.3 minimum smoke
propellants are summarized in Table 9. The table shows
formulations with card gaps values less than 70 and
impulse values in the 235-240 sec range. Aging,
mechanical properties, and burning rates are also given.
Tailonng to improve the balance of properties is
currently underway. An eight-inch diameter rocket
motor with a graphite composite case was loaded with
a PSAN based Class 1.3 minimum smoke piopellant and
successfully fired (Figure 10). This motor was fired
with a laser safe-arm igniter system which will further
cnhance the IM characteristics of the missile by
climinating sensitive pyrotechnics from the ignition train.
The delivered thrust was as predicted and represented a
combustion efficiency of 99.3%.

4.2.5 Shock Sensitivity Tests in Generic Motors

Sympathetic detonation and shaped charge jet tests were
conducted on Class 1.1 and two Class 1.3 minimum
smoke propellants in graphite composite case generic
motors (Table 10). The tests were carned out in
accordance with MIL-STD-2105A; a schematic of the
test arrangement for SD is shown in Figure 11. The
sympathetic detonation tests were conducted with and
without glass composite launch tubes (13mm in
thickness) to determine their mitigation capability. The
Class 1.1 propellant (64% RDX or 55% HMX)
detonated both with and without the launch tube.
Correspondingly, it also detonated with the 81 mm
shaped charge jet. Conversely, the Class 1.3 propellant
with 64% PSAN and no nitramine showed no reaction
of the acceptor in the sympathetic detonation test. It
also passed the SCJ test with 20% of the propellant
being recovered. Although the card gap of the Class 1.3
propellant in which the PSAN was partially replaced

with fine RDX (20% RDX and 44% PSAN) was
essentially the same as the all PSAN formulation it did
not pass either SCJ or the SD test (without launch tube).
Clearly the card gap does not provide an unequivocal
indicator of the missile response in the IM tests. The
20% RDX propellant did pass the SD test when
protected by the glass composite launch tube. In
summary the all PSAN propellant passed the SD and
SCJ tests at a one inch web in a graphite composite case
generic motor.

4.2.6 Composite Propeltants

The efforts to provide composite propellants that meet
the IM requirements have focused on improved
extinguishability, milder response in slow cook-off, and
tougher propellants. The approaches discussed in this
paper include: 1) the use of metal perchlorate oxidizers
to enhance thermal stability, 2) alternative polymeric
binders that improve extinguishability and toughness.
Energy density equivalent to those of the current
AP/HTPB formulation can be obtained with both of
these approaches.

4.2.7 Insensitive High Density Propellants

High density propellants in which the AP oxidizer was
replaced with potassium perchlorate (KP) are a
promising approach to meeting the IM requirements
while maintaining the volumetric impulse of current
rocket propellants. We have demonstrated that KP-
based propellants have much better thermal stability, less
sensitivity to impact, and a greater tendency to
extinguish at low pressurcs than comparable AP-based
propellants. Thermodynamic calculations have shown
that the volumetric impulse of KP/AI/HTPB propellant
is comparable or greater than many of the tactical rocket
propellanis now in production. Performance trade
studies were done in which potassium, lithium and
sodium perchlorate were evaluated as replacements for
AP. The impulse decreases as AP is replaced by the
metal perchlorates but the volumetric impulse increases
as shown in Figure 12. While KP has lower
performance it was selected for evaluation because
lithium and sodium perchlorate are very hygroscopic
which would present difficult processing problems.

A comparison of aluminized AP and KP propellants was
carried out over a wide range of compositions using V,
at a mass fraction of .37 as the measure of performance.
This parameter was chosen as representative of the mass
fraction typical of tactical missiles. Neither impulse nor
impulse-density is an accurate measure of rocket motor
performance because the contribution of density depends
on mass fraction. The performance of KP/A1/HTPB
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FIGURE 10
CLASS 1.3 MINIMUM SMOKE PROPELLAMT SUCCESSFULLY FIKED
IN A COMPOSITE MOTOR WITH A LASER SAFE/ARM
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TABLE 9 ’
BASELINE CLASS 1.3 MINIMUM SMOKE PROPELLANTS
OXIDERS PSAN/RDX PSAN PSAN/MOD
POLYMER PGA PGA PGA
I°sp (Sec) 240 236 235
Density (g/cc) 1.66 1.63 1.62
Card GAP 60 60 60
Cp(mm) Unconfined -- 45 -
E—
Mechanicals | |
E, (MPa) 5.0 3.0 S.1
o (MPa) 1.8 0.7 0.6
€ (%) 36 29 17
£ (%) at 45", Ignition 19 - 14
Ballistics
R at 1000 ps1 (mm/s) 6.6 6.4 12.0
Stope 0.68 0.74 0453
S S N B
MNA Depletion at " )
! 70°C {Days) 20 33 45
TABLE 10
RESPONSE OF MIN SMOKE PROPELLANTS IN GRAPHITE CASE
GENERIC MOTORS TO IM TEST STIMULI
5 CLASS 1.3
TEST CLASS 1.1
20% RDX 0% RDX
Bullet Impact No Reaction -- No Reaction
Fast Cook-Off Burn -- Burn
Sympathetic Detonation
__________________________________________________________________________________________________ ]
| Without Launch Tube Detonation Detonation No Reaction
P e SOy S
} With Launch Tube Detonation No Detonation No Reaction'
e
l Shaped Charge Detonation Detonation No Detonation
. Stow Cook-Off Bum? Burmn® Burm’
i

By Analogy

End Ring Ejection Followed by Burning Reaction




propellant optimized at approximately 67% AP, 24% Al
and 9% tinder and gave a V, within 2% of a high
performance AP/AY/HTPB (70/21/9%) propellant. For
instance, the theoretical bumout velocity of the ¥P
propellant was 1.22 kmy/s compared to 1.24 kmy/s for the
AP propellant. The properues of KP and AP composite
propellants are compared 'n Table 11. The co.nparison
was made in 88% solids HTPB propellant with 70%
oxidizer and 18% Al. As Table 11 shows, the KP
propellant had several advantagcs over the AP
composition:  ‘mproved thermal stability, reduced
initiation sensitivity and higher strain capability. These
characteristics pius the tendency of the KP-based
propellanis to extinguish at low pressures should result
in a mild response to the bullet impact and fragment
tests. The improved thennal stability and the elimination
of porosity produced by the low temperature
decomposition of AP should result in a less violent
response in the slow cook-off test. Slow cook-off tests
on the laboratory scale have confirmed this prediction;
1€., no ignition at 500°C with a 50 g samp'e and a tum
with a one pound sample at 300°C. A ten-pouna generic
motor survived a slow couk-off test to 232°C without
igrution.  After 24 hours at that temperature it was
cooled 10 ambiert and ignited - the burn was normal.

Development work ccatinues on  this family of
propellants; they are particularly suited to missiles that
require high performance aluminized propellants. Due
to the formation of KC1 in the exhaust, this formulation
is usef! cniy in missions where signature is not a
critical issue.

4.2.5 Extinguishable Propellants

The use of alternative binders to HTPY, generally
polyethers -. polyesters that enhance toughness and
extinguishability is being explored [Ref 20-22]. Reed
and coworkers have deraonstrated an order o. magnitude
increase in toughness using a polyakylene oxide binder,
making :he propellant very resistant to damage from
bullet o1 fragment impact. Using a similar binder, we
have independently developed a family of propellants
with significant advantages over HTPB pronellants. Of
particuler ‘mportance for IM is the impro=d extinguish-
ability and much lower susceptibility to electrostatic
initiation. A milder response to bullet impact was
demonstrated in both steel and graphite composite cases.
Other propellant characteristics that are critical to the
development of an efficient rocket motor alse compare
favorubly with those of HTPB. For instance, these

TABLE 1!
KP PROPELLANTS POSSESS FAVORABLE PROPERTIES
COMPOSITION CONTROL HIGH DENSITY
L“:1\}" 70 0
KP 0 70
| Al 18 18
i Polymer (HTPB) 84 8.4
r, 260 229
Iy p 16.9 172
Eo (MPa) 6.5 5.5
e (%) 23 48
¢ (MPa) 1.1 1.2
IMPACT (cm) 21 41
FRICTION (ib @ ft/sec) 16073 385/3




FIGURE 12 .
iIMPULSE Af'D VOLUMETRIC IMPULSE AS A FUNCTION OF CO-OXIDIZER
CCNCENTR."TION IN ALUMINIZtD COMPOSITE PROPELLANTS
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propellants show an increase in impulse density while
maintaining burning rate range, mechanical properties,
and cost. This family of propellants is applicable to a
wide range of tactical missiles, either those requiring
reduced smoke or high performance aluminized
propellants. Further development, including tailoring of
mechanical and ballistic properties, processing studies,
and larger scale IM testing is being carnied out at
present.

4.3 NEW INGREDIENTS

New ingredicnts are needed to meet the IM standards
while maintaining the energy density ievels of current
Class 1.1 minimum smoke propellants as shown in the
preceding section. A widespread effort in the NATO
countries and elsewhere is underway to develop and
characterize these compounds (Ref. 23-27). The effort
15 a comprehensive one, in that new energetic
plasticizers, polymers and oxidizers are being sought.
While many promising compounds have been identified
and synthesized, none have yet been demonstrated that
allow the formulation of an insensitive minimum smoke
propellant that matches the performance and other
requirements of current production propellants. A
dedicated, long term effort will be required t» scale-up
and use these materials in deployed missiles.

44 KOCKET MOTOR CASES

We are evaluating the major case construction maierials
for their effect on the response to the IM stimuli. As
the discussion on testing showed the effects are
substantial. The rclative contributions of the various
maticrials in mitigating the BI, SCO, FCO and ESD
hazards arc shown in Table 12. The benefit of the case
in mitigating the hazard is assessed on two levels: either
a dominant or contributory cffect.  As the Table
indicates the graphite-epoxy case offers some mitigating
capability over the widest range of threats. Considered
in combination with its excellent strength to weight ratio
the IM benefits make composite cases a strong candidate
for future tactical rocket motors.

4.5 LASER SAFE/ARM SYSTEM

Hercules has developed a laser safe-arm system that
climinates the need for sensitive pyrotechnic materials
such as lead azide or lead styphanate. The laser concept
1s a simple approach to arm fire systems as illustrated in
Figure 13. Photoflash lamps are used to generate the
lascr pulse from a neodymium doped glass rod. The
pulse 1s focused on the igniter material or a fiber optic
cable with a convex lens. A simple shutter scrves as the
safing device. This concept has been reduced to practice

TABLE 12
MAJOR MUNITIONS HAZARDS CAN BE
MITIGATED BY CASE MATERIAL

w»

CASE ECO | SC BI
MATERIAL O

Steel

Aluminum

X[ < jom

Strip Laminate

Glass/Epoxy
Aramid/Epoxy
Graphite/Epoxy
Hybrid

@]
ol NN NoNENe!

Koy [ X
0

X = Dominant Effect
C = Contributory Effect

in a number of systems and the resulting laser arm fire
potentiaily effective against bullet impact since it does
devices have substantial advantages over conventional
electromechanical devices:

Greater reliability

Lower cost

Less weight

No electrical connection to the initiator
Reduced sensitivity to electromagnetic radiation

Six photoflash lamps generate 2 joules with a pulse half
width of 35ms, which is more than adequate o 1;nite
typical initiator materials such as BKNO,. In ger.ral,
the output from 2 lamps is sufficient to initiate BKNQ,.
Hence the lamps are wired in two independent circuits
to provide redundancy. The laser system is readily
adaptable to remote and/or simultancous initiation of
propellant charges through the use of fiber optic cables.
The loss in energy upon transmission through fiber optic
cables is negligible, allowing the laser to be located on
the launch platform or on the missile at a location
remote from the igniter. The high energy output also
makes it possible to split the pulse into multiple cables
and simultaneously ignite separate charges.

Drop-in laser safe-arm units that replace the
electromechanical devices for Sparrow have been built
and successfully tested according to the qualification
specifications. They have also been adapted to and
demonstrated in the following applications:
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Surface and air launched rocket motors, HVM,
Sparrow

Multi-pulse rocket motors

Aircraft ejection seats (F-16)

Gur Launched Rocket Motors

120 mm gun system

All of the requirements of MIL-STD-1512 and MIL-I-
23695 were met by the laser safe-arm system. The
laser safe-arm device is a promising method to reduce
the sensitivity of missiles while improving reliability,
reducing weight and cost.

4.6 INSENSITIVE MUNITIONS MODELING
There is widespread activity in developing models to
predict the response of munitions to the energetic stimuli
identified bv MIL-STD-2105A [Ref 27-30]. Accurate
models ar: needed to greatly reduce test costs and
provide guidance for selection of sound approaches.
Victor has reviewed this area in considerable detail [Ref
4].  Our program is currently focused on the
investigation of:  slow cook-off model and experimental
diagnostics, molecular model for sensitivity prediction
and bullet impact model. These projects will provide
understanding and guidelines for the development of
insensitive tactical missiles.
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Discussion

QUESTION BY COLE, CANADA: How much gas venting is required to
get HTPB/AP propellant filled motors to pass the slow-cook off
test?

ANSWER: One China Lake test with controlled blow out disks found
that the case "back pressure” needed to be reduced to 30 psi or less
in order to pass. In another test of a Sidewinder motor with both
ends open, the motor failed. They believe the problem in that
instance is related to the high L/D ratio of the motor.

QUESTION BY HELD, FRG: What was the diameter of the shaped charge

used and the diameter of your GAP tests?

ANSWER: The diameter for the shaped charge jet is 81 mm. The
standard card GAP test was used; ~1.5 inches internal diameter and
~2.0 inches outside diameter steel pipe loaded with propellant.
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HAZARDS OF ENERGETIC MATERIALS AND THEIR RELATION TO MUNITIONS SURVIVABILITY

Thomas L. Boggs, Research Department, Naval Weapons Center, China Lake, California, 93555-6601 USA
Charles W. Dickinson, Naval Surface Warfare Center, White Oak, Silver Spring, Maryland, USA
Louise M. Barrington, Weapons Systems Research Laboratory, Salisbury, Australia
Conrad Belanger, Defence Research Establishment, Valcartier, Courcellette, Quebec, Canada
Peter J. Haskins, Royal Armament Research and Development Establishment, Fort Halstead, Seven Oaks, Kent, UK

ABSTRACT

Activitics of the Technical Cooperation Program (TTCP)
W Action Group 11 (WAG-11) on “Hazards of Energetic
Materials and their Relation to Munitions Survivability™
are described. The concept and uses of hazard assessment
protocols are presented.

This paper describes activities of many scientists from
Australia, Canada, the United Kingdom, and the United
States. The five listed “authors™ of this paper are the
national leaders of this effort, and the reader must recog-
nize that the work presented in this paper is the work of
many scientists and engineers, not just the listed
authors. Space considerations preclude listing all of the
contributors in this paper. These many scientists and
engineers have been meeting since the beginning of
1987 to discuss the response of munitions to bul-
let/fragment impact, electrostatic discharge, shaped
charge jet impingement, cook-off, and sympathetic deto-
nation. At the first meeting, the members reached
consensus that a program leading to mechanistic under-
standing of reactions and predictive capability of out-
come(s) was required. It was felt that traditional, standard
go/no-go tests did not provide this understanding nor the
predictive capability. During the various discussions a
general approach evolved. From general discussions of
stimulus, sample, environment leading to some response
we found ourselves presenting classes of output
(detonation, explosion, burning, no reaction) in terms of
input stimulus and target (includes sample and environ-
ment). This determination of hazard responses of the
target munition as a function of a wide variety of stimuli
{for example, those combinations of fragment mass,
fragment velocity and fragment shape leading to detona-
tion, those combinations leading to explosion, and
thase combinations leading to no reaction) could lead 1o
hazard assessmentresponse plots for a given munition.
These hazard assessment/response plots could be com-
pared to the specific fragment masses. velocities, and
shapes for a given threat (e.g.. warhead) to determine the
likely response of a given munition to a given threat(s).
As will be shown in this paper, this optimistic desire
has been achieved in many of the hazard areas.

It was also decided that rather than having several single
workshops, it made sense to have sequential workshops
on bullet impact, fragment impact, shaped charge jet
impact, and sympathetic detonation all at the same meet-
ing since there is significant technical overlap between
the arcas. For example all of these areas must be con-
cerned with prompt shock to detonation reactions. This
“omnibus” meeting was held in July 1988 at the Royal
Armament Research & Development Establishment
(RARDE), Fort Halstead, the United Kingdom. A work-
shop on Electrostatic Discharge was also held

Approved for public release; distribution 1s unlimited.

concurrently at RARDE, Waltham Abbey, the United
Kingdom. This workshop was scheduled because of the
great progress that was being made in this area. The two
groups convened at RARDE Fort He!stead on July 8,
1688, and presented the summary of their workshop
findings to the National Leaders. Besides technical
exchange, the major output was the establishment of
collaborative efforts between nations.

The hazard assessment plots are the output of the hazard
assessment protocol method applied to the hazard areas
listed above. What is a hazard assessment protocol? It
is an ordered procedure that results in a flow chart that
directs the user through the consideration of a hazard
area. This consideration will be of his sample in its
environment subject to the threat stimuli he thinks the
sample will encounter. The hazard assessment protocol
helps tell the designer and test personnel (1) what paths
are most likely to be encountered, and hence must be
considered, and (2) what information must be obtained in
order to perform the assessment. Because the assessment
is based on Jogic and directly associated with the ord-
nance item in a real environment and subject to real
threats, it has more value than the results of a few go/no-
go hazard tests. The protocol approach is intended to be
(1) a design tool used early in the design cycle to antici-
pate potential hazard problems, and (2) an aid to program
personnel to mitigate existing munition hazard prob-
lems. The protocol approach has been described and used
in Refs. 1 and 2.

Perhaps it is easier to understand the protocol approach
by working through a simplified example: impact of a
fragment on an idealized munition consisting of a case
wall-energetic fill-case wall. There are several possible
reactions as illustrated in Fig. 1. The first consideration
is the prompt shock to detonation. In this situation the
fragment impacts the munition, sending a shock wave
into the cased energetic material. This shock wave tran-
sitions into a detonation. If the fragment does not
impart sufficient energy to cause a detonation, we may
still have a significant problem resulting from the frag-
ment penctrating the case. If the fragment penetrates
several possibilities are likely to occur. The worst is
that the fragment ignites the energetic material and the
combustion rapidly produces gases that can’t be vented
quickly. In this instance the munition may violently
explode sending large fragments at modest to high veloc-
ities. Another situation that often occurs, nften with
less severe consequences, is the fragment because of its
high velocity and/or large mass, either penetrates
directly through the munition and doesn’t ignite the
energetic material and/or provides an extremely large
vent or breaks open the case. In these instances, a fire
may ensue but at least there was no detonation or explo-
sion. The last instance, and the most desired, is that the
fragment simply hits the case and bounces/ricochets off
causing no reaction.
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Fig. 1. Possible Reactions When a Fragment Impacts a Cased Energetic Material. '

Which reaction is likely to occur? That's where the pro-
ocol comes in. Let's take a simplified look at this
problem. Our first concern was: “Do we gei a prompt
shock to detonation?” The protocol path of Fig. 2
addresses this concern. We first start with the fragment
having mass, velocity, size/shape, and orientation; and
let’s say that this is the first fragment impacting the
munition. The first question to ask is how does the
diameter of the fragment compare to the critical diameter
of the energetic propellant (or explosive). The critical
diameter 1s the smallest diameter that will sustain a deto-
nation. If the fragment diumeter is much less that the
critical diameter of the energetic material then a prompt
shock to detonation transition is unlikely (however other
mechanisms such as deflagration to detonation transition
may be possible) and one should proceed to penetration
considerations.

If however the fragment diameter is approximately equal

to or bigger than the critical diameter, a prompt shock

to detonation may ensue; and one must compare the

shock pressure imparted by the impact to the initiation

pressure required to cause detonation. If the imparted

pressure is below the threshold, prompt shock to detona- ; g
tion is unlikely (but again other detonation mechanisms

may occur - DDT, XDT).

If however the imparted pressure is above the threshold,
a detonation is very likely and we must compare the web
thickness to the run distance. Do we have enough ener-
getic material to allow the shock wave to build to a
detonation? Unfortunately usually if we have a small
enough critical diameter and a low enough threshold, we
also have a small enough run distance that a detonation
is extremely probable, and it’s back to the drawing board
or time to consider mitigation devices or start thinking
up clever arguments why a waiver should be granted.

.

THIS A SIMPLIFIED EXAMPLE OF PROMPT SHOCK TO DETONATION
TRANSITION PATH OF FRAGMENT IMPACT HAZARD ANALYSIS PROTOCOL
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Fig. 2. Simplified Hazard Assessment Protocol for Prompt Shock Induced Detonation of a Cased

Energetic Material Subject to Fragment Impact.




Even if you come through this path relatively unscathed,
you may have to go through it again, this time with
damaged energetic fill. The damage can come from many
sources: handling, age, hit by previous fragment, etc.
Now you must go through the path, but this time with
the values for damaged material. The damaged materials
are usually more sensitive than their undamaged counter-
part. For example, 1% voids can cause the initiation
pressure to drop from 40 kbars to 20 kbars (Ref. 3).

Before leaving this path, let's think about what data are
required for the assessment. We need the cnitical diame-
ter, the initiation pressure threshold (as a function of
time), the run distance (as a function of pressure) of the
undamaged and damaged energetic material, as well as the
description of the fragment. Reference 2 discusses tech-
niques for obtaiming these data.

If there is no prompt shock to detonation, we still must
be concerned with the penetration effects [Note: we con-
sider SDT first because (1) it is usually the worst reac-
tion, and (2) if it’s going to occur it will be the first
{and last) occurrence, taking place in microseconds, for
that munition.] In the nenetration path, Fig. 3, we are
first concerned witt  » ether the fragment can penetrate
the case, that is, is there sufficient mass and velocity of
the projectile to exceed the ballistic limit of the case. If
not, we have the desired bounce-off/ricochet. However if
the mass and velocity exceed the ballistic limit, we must
ascertain by how much. If the mass and velocity greatly
exceed the ballistic limit, the fragment may pass through
the munition without igniting the energetic material
and/or over-venting the case.

But f the mass and velocity don’t greatly exceed the bal-
listic limit, e.g., the fragment lodges within the grain,
we must ask if ignition occurs. If no, that's desirable.

If yes, then we need to know the bum rate, burn area,
pressure and vent size (not independent parameters) in
order to determine if we can vent the products fast
¢nough or whether an explosion is probable. If we can
vent, we sull have a fire problem to contend with. If the
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products a e not vented fast enough an explosion can
occur and he explosion can lead to other sympathetic
reaction of adjacent stores - up to and including sympa-
thetic detonation.

To predict likely reactions in this path, we must know
the ballistic limit of the case, the mechanical properties
of the energetic material, deformation of the fragment,
ignitability of the energetic material, burn rate, and bumn
area of the energetic material, as well as case confine-
ment and venting.

This is a simplified example. The current protocol is on
a 2 foot by 3 foot chart and is described in several pages
of text. Before dismissing this as being unwieldy, the
reader must be cautioned that (1) while the protocol con-
siders all the paths, the user doesn’t “go down™ all the
paths, (2) the responses that the user gives direct him
through the path appropriate to his situation, and (3) the
protocol is being put into user-friendly, personal com-
puter compatible software. At present it is easy to use
and when the software is complete it will be even easier
10 use.

Once you have these data, what do you do with them?
The data can be used to construct a hazard assessment
plot shown in Fig. 4. Starting at the right hand of this
figure, we first determine what combinations of projectile
mass-velocity will cause prompt detonation. This region
is ameliorated at the lower values of mass (smaller diame-
ters) by critical diameter considerations (for a more com-
plete discussion of critical diameter effects, please
consult pg. 140 of Ref. 2). Also shown on Fig. 4 are
the ballistic limit lines for the case (B.L. is the single
ballistic limit line, while 2 B.L. is the ballistic limit for
penetrating one side and emerging through the second
side.). Somewhere between/near these lines is the explo-
sion phenomena (sometimes referred to as bumn to vio-
lent reaction, or BVR for short). The region to the left
of the ballistic limit line is the bounce-off/ricochet zone.
whiie the region to the right of the explosion region and
to the left of the detonation region is the zone of over-
vented reactions.

THIS A SIMPLIFIED EXAMPLE OF FRAGMENT PENETRATION ——> EXPLOSION
PATH OF FRAGMENT IMPACT HAZARD ANALYSIS PROTOCOL
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Fig. 3. Simplified Hazard Assessmant Protocol for Fragment Impact/Penetration of a Cased Energetic Material.
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Fig. 4. Hazard Assessment Plot for Fragment Impact of a Cased Energstic Material.

The actual locations of such lines on a hazard assessment
plot are going 1o be dependent on the various munition
designs, the environment, and the threat stimuli, and wiil
change as you change the design, the environment, and
the stimuli. The point to be made here is that one of our
goals has been met: you can predic( the hazard response.
based on laborafory and small-scale field 1csis. early in
the design cycle, and then if you experience ap unwanted
response, see the effects of design changes. This will be
more clear below.

While the cartoon of Fig. 4 shows the overvented zone,
in reality at present we have difficulty predicting the
exact location of this zone. We know it exists and have
specific examples of when it exists for given munitions
and given threats, it's just that we have difficulty in a
priont prediction.  So instead of the hazard plot of Fig.
4, we use the semi-logarithmic plot of Fig. 5. [This is
an actual plot for a given ordnance item.] Here the three
areas (prompt detonation, burn to violent reaction, and
ricochet) are shown and one can see the general vulnera-
bilities of this particular munition.

While knowledge of a munition's vuinerability is very
desirable, it can be extended 10 determine the vulnerabil-
ity of the munition to a specific threat such as detona-
tion of an enemy warhead or detonation of one of our
own warheads (sympathetic detonation). To do this we
need a mapping of the threa: fragments.

Figure 6 presents such a threat spectrum overlaid on
the hazard map of Fig. 5. The circles show the various
fragments in terms of their mass and velocity. The size
of the circle is indicative of the approximate number of
fragments having that mass and velocity (1, 10, 100,
1000).

This overlay plot is obviously very valuable in showing
the vulnerability of one munition to another. In the
example given in Fig. 6, there are many fragments over
1000 grains with a velocity of approximately

6800 fysec. [Note: There are 7000 grains/lb. A 1/2 x
1/2 x 1/2 inch cube of steel is approximately 250
grains.] Similarly there are several fragments of 6600
grains (almost a pound each) with a velocity of 4200
fusec. These are obviously in the prompt shock to det-
onation region and represent a serious problem that must
be designed away or mitigated.

Also shown on Fig. 6 by the square symbol 1s the stan-
dard U.S. insensitive munition fragment test fragment
(250 grains and 8300 ft/sec). Obviously this test would
say that there was not a prompt shock to detonation
problem, although the munition would fail the test due 1o
explosion.

Once you know that you're in trouble, plots can be used
to help get you out of trouble. Figure 7 shows the eftect
of using various steel barriers in mitigating the impact
of the two fragments discussed previously. For example,
1/4 inch thick steel bamiers will move the 1140 grain
fragments out of the detonation region and approxi-
mately 3/4 inch thick steel barriers will move the effects
of these fragments, not only out of the detonation
region, but out of the burn to violent reaction region.

Protocols exist in all of the areas. Reference 2 presents
several protocols that have since been tmproved upon.
The hazard analysis protocol for electrostatic discharge
(ESD) is not only found in Ref. 2, but an improved upon
ESD protocol may be found in Ref. 4. The cook-off pro-
tocol developed by this group differs from that presented
in Ref. 2, and will be published in an open forum in the
future. As mentioned earlier, the protocol for bullet/
fragment impact is well developed, significantly past
that of Ref. 2, and will be presented in open forum in the
near future. The shaped charge jet protocol is also well
advanced. Discussions are currently underway as to
whether this protocol couid be merged with bullet/
fragment protocol. In the arca of sympathetic reaction,
there are three major diversions: (1) one donor on one
acceptor, (2) one donor on multiple acceptors (stack),
and (3) stack donor on stack acceptor(s).
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Munttions. [Thor equations used in this example.]

Within each of these divisions, one has 1o worry about
spacing: (1) no space - straight shock transmission,

(2) close spacing - distance between rounds less than

172 diameter of round and transmission mechanism is
primarily “case slap.,” (3) intermediate spacing - frag-
ments are forming but not completely formed, more
strip-like, and (4) large separation - greater than 2 charge
diameters - these are fully developed fragments. Instance
4 can be handled by the fragment protocol, as can be
instance 3, if one remembers that the impaclor is a “strip
of fragments.”

o SUMN

The purpose of this paper has been to present recent
acuivities using the hazard assessment protocol method,
and to show how this method can be used. The example
given an this paper has been for fragment impact; show-
ing how hazard assessment/response plots can be created,
and how specific threat maps may be overlaid to deter-
mirie problem areas. Also shown was how to use these
overlaid plots to determine effectiveness of mitigation
efforts.

These efforts are continually evolving at a rapid rate, and
readers are encouraged to contact the various “authors”
with comments and suggestions.
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Discussion

QUESTION BY MAY, US: Wouid you please clarify your reservations

about cook-off tests. Are you referring to both siow and fast cook-
off tests?

ANSWER:; As described in the text, and the presentation, the
emphasis of TTCP WAG-11 has been on mechanistic understanding so
that we can have predictive capability. That is, we understand the
hazard situation so that we can apply our knowledge to predict
hazard responses for given stimulus + environment + sample
situations. My reservation about most large scale cook-off tests,
both fast and slow, is that they are go/no-go tests that do not yield
mechanistic understanding leading to predictive capability. While
go/no-go tests are important to demonstrate successful compliance
with IM requirements, they are inadequate in and of themselves
since they are not very well instrumented, are very costly for the
information derived, have poor statistical certainty and since they
occur near the end of the development cycle, and the "fixes" are
likely to be costly.

QUESTION BY DEFOURNEAUX, NIMIC: Thank you very much for your

faith in NIMIC. All models | have seen, including yours, for bullet
impact assumes ine bullet stays stable. A test in France showed a
bullet was stable when it entered a propellant grain and then
tumbled, however there was no reaction. But in most tests there is
a reaction and you cannot tell if the bullet tumbled or stayed stable.
What is the value of the test if you do not know how the bullet
behaves on each test?

ANSWER: That's a very good point to bring up, tests on inert
material does show that bullets do tumble. Therefore, the test is a
valid test whether or not the bullet tumbles.
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COMPORTEMENT DES CHARGEMENTS DE PROPERGOLS A L'IMPACT DE BALLES

BULLET IMPACT BEHAVIOR OF SOLID PROPELLANT GRAINS
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Résumé

Les studes de vulndrabilité xont trés importantes pour
e développement des propulseurs utilisant des
propergols discrets énergétiques. Parmi les
agressions retenues, impact rur balles est une
dpreuve bien connue §tudide depuis de nombreuses
années.

Touteteis, au cours de nos expérimentations sur
propulseurs réels, les seénarit traditionnels Slaborés
pour cette agression ont dté mis en détaut. Un
nouveau seénario a da étre imaginé et validé pour
rendre compte de ce phénomene. Le <cénario met en
avant 12 rdte joud par fe propergol mais ausst de
fagon tendumentate par 1a conception du moteur
trhargement + structure),

Lexposd présente fos travaux expdrimentaux et
déent L phyague du phénomne en s"appuvant sur
fes travat de moddlisation gui ont $té gssocids, I
exphigue Uintluence de certainy paramatres comme la
tempdrature et ha nature de i structure.

INIRODULTION

Llimpact de halle 12,7 P est, parmi les agressions de
vaindrahiite, une des plus retenues. La réponse des
hargements de propergols 3 cette agression peut

< dtendre dans une farge gamme qui va de la non
ricnoen jusyu'd 1 réaction tres vinlente en passant
par des combustions ou des dolatements plux ou
noans violents, En tant gue réaction tras violente, fa
détonation est envisagde soit directe pour des
propergols trds sensibles au choc ou suite 3 une
transition A partic de fa détlagration pour des
propergols dangereusement fragmentables. "ors du
développement de propulseurs utilisant des
propergols discrets, dnergétiques, ces deux sednarii
SONE PrIS en compte et maitrisds

Summary

Vulnerability studies are very important for rocket
motors develoﬁment using high energy and
minimum smoke solid propellant. Among the
treated threats, the bullet impact is a well known
test studied for many years

Nevertheless, during our experimentations against
true rocket motor, the well-known scenarios
failed. A new scenario has been identified and
confirmed to take into account the new
phenomenon. This scenario implies the solid
propellant but also the design of the rocket motor
(propellant grain + case).

The communication presents the experimental
works and describes the physics of the
phenomenon supported by the associated
modelisation studies. It explains the intluence of
some parameters like temperature and nature of
the structure.

A la suite de la détonation retardée d'un
propulseur échelle 1 Jors d'un tir 2 la halle 12.7
mm perforante 3 1127 m/s en 1987, des études de
compréhension du phénomene ont été réalisdes.
Cette analyse a montré que nous devions
considérer un nouvean scénario prenant en compte
la przésence d’un canal dans le bloc de propergo
(1),(2).

Comme 1'a montré 1a modélisation qui a été
réalisée, ce scénario met en jeu un phénomene de
type XDT dans fa partie arriere du chargement.
eeci est d'ailleurs contirmé par le fait que ce
scénario est comme la XDT sensible 2 la
géométrie, la tempdrature ct les propridtés
mécaniques.




Les essais de compréhension réalisés et les
modélisations associées sont présentés dans les
chapitres suivants.

1 - ESSAIS EXPERIMENTAUX

Préliminaire : rappel de I'essai

Pour expliquer la détonation retardée inattendue,
plusieurs hypoth&ses ont été formulées (2). Tout
d'abord, il a tallu reproduire la détonation et pour
cela définir une maquette représentative. Un bloc
plein de ce propergol ne détone pas dans les mémes
conditiors.

La maquette est en propergol nu de diamatre (¢ =
152 mm), de hauteur (H = 100 mm) avec un canal
central de diametre variable posée sur un biti selon
une section droite. Elle est soumise a 1'agression
radiale d'une halle de 12,7 mm pertorante modele F1
dont {a vitesse est voisine de 1050 m/s (figure 1).

Figure | : Description de la magquette.

Validation du seénario

Il semble que le scénario est plus complexe qu'un
classique scénario de SDT ou TDD. En effet, afin de
localiser endroit ob 1a détonation nait au sein du
blog, et pour suivre la propagation de 1'onde de
Jdétonation, des essais ont été réalisés avec des sondes
a ionisation. Ceci a permis de montrer que la
détonation est reproductible et a lieu aux environs de
150 s (dans la seconde partie du bloc) apres
I"impact de la halle. Ce résultat ne peut pas étre
contondu avec les phénomenes de SDT et DDT qui
ont respectivement des temps caractéristiques de
quelques dizaines de us et quelques centaines de ps.

Les photos RX montrent que la balle pénatre dans la
scconde partie du bloc aux alentours de 100 us et que
les fragments de propergol suivent la balle.

Pour déterminer les parametres qui rentrent en jeu
dans ce phénomene, des essais ont été réalisés en
fonction de différents paramatres :

- épaisseur a briler

- température

- structure

- vitesse de la balle et
épaisseur a briler.

L 'effet de |'épaisseur 2 briler (web)

Ce parametre a une grande importance puis ue
une détonation a lieu 2 50 mm alors qu'a 35, 40,
45 et 55 mm. nous observons seulement une
combustion partielle et méme fragmentation du
matériau (figure 2).

Figure 2 : Courbe Probabilité de détonation en
fonction du web

probabilité .
de détonation Zone de Ione ne Zone de
{ non détonation , non
1 détonation détonation

0.5‘ _______________________
0 \_1*5/0; o/2

35 40 45 50 55
¢paisscur & briler (mm)

résultat : /1 = O détonation/un essai

En fait. il existe une zone ol il y a une probabilité
de détonation pour certaines épaisseurs 2 briler,
d’od I'impertance de la géométrie du bloc _ur le
résultat de vulnérabilité.

NB : Cette forme de courbe peut légerement
dvoluer pour une autre fabrication du méme
matériau.

L effet de ta température

3 températures ont été étudiées : - 45, + 20 et +
65°C.

La figure 3 nous montre le changement de la zone
de détonation n fonction de la température.




Figure 3 ¢ Probahilité de detonation en tonction du
web et dela tempdrature du bloc (bloc @ = 152
mm, H = 100 mm)
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Ce role de Ja tempdinture 4 déna 8té mis en evidence
sur les tests sutvants

- en résistance 2 la fragmentation dangeseuse, le
passage de 20 & 80°C fait passer la VLI de > 288
m/s a 175 m/s. pour 18 MPa.

-aI'lAD, le nombre de cartes va de 125 cartes a
20°C a 150 cartes 3 75°C.

- a 'aptitud= 2 la détonation contre paroi plane, la
vitesse seuil évolue de 480 m/s 2 20°C i 450 m/s
A65°C

- sur la vitesse de propagation des défauts.
Effet de la structure

Quelques essais avec quaire nature: d'enveloppes
ont &té réalisées : acier, carbone, feuille d'ac.er
roulée collée, et PMMA.

[.es premiers résultats obtenus montrent que :

-1"en eloppe en acier ordinatre est pénalisante pur
rapport au bloc nu puisque le seuil de détoration
en dpaisseur 3 bruler est plus taible (40 mm au
lieu de 50 mm).

- Les envcloBFes carbone, feuille d'acier roulée et
PMMA semblent amsliorer fe comrortement des
maquettes puisque pour des épaisseurs pour
lesquelles 1l y avait détonation sur dloc nu. la
Jdtonation disparait avec ces structures. Un
programme complémentaire est en cours de
réalisation pour confirmer les résultats.

Biet de Pépaisceur 3 briler et de 14 vitesse do 1
halle,

Un nlan a'expérience a été élabord en faisant
varter les deux param?tres : “paisseur a briler et
vitesse de baile.

Trois vitesses oug dte étudides .

930, 1050 et 1140 m/s. cect aux epais.curs 3
“rller vanart de 45 2 S5 mm.

l.a figure 4 nous montre la réponse du propeigol
en tfoncdon de ces 2 parametres.

A 55 iam. on n'observe auct ne détonation quelle
gue soit la vitesce de "1 ball: dans fe domaine 930
- 1140 mos,

[es domaines du plan sont « rminer atin de
pouvoir conclure sor ius au. -es épaisseurs.




Eigure 4 : probabiiité de détonation du propergol en
tonction de la vitesse de balle et de |'épaisseur 2
brualer.
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Conclusions

De tous ces essals expérimentaux ressortent plusieurs
parametres amportants, jouant un role dans le résultat
31 ¢preuve d'[PB -

- nuture de la structure et épalsseur a briler de
aropergol architecture),

- vitesse Je la batle,

- tempdrature Ju propergol.

2SIV LATION NUMERIQUE DE L'IMPACT
DEBLLE

S Loronene de e simulation

La gdomeétrie dderite dans ce pamigraphe est celle du
sds e rétérence et se détimir comme suit ¢

- Jiameatre extérieur .= 152 mm
Sdiametre du canal - @ = S0 mm

hautear - H = 100 mm.

14 teajectoire de la balle suivant un diametre avec
des effets relativement localisés. 4 amené une
mudélisation en axisymétrique. Les cylindres sont
ainst modélisés par des spheres. Cetre modélisation
permet d'optimiser les temps de caleul tonf en restant
représentatif d'ur. point de vue phénoménologique.
On gardera ainsi A esprit que les niveaux de
pression ne sunt pas a prendre en compte dans
I"absolu. L'analyse est qualitative et donne un ordre
de grandeur quantitatit

Seul le noyau de la balle est modélisé avec une
vitesse de 1050 m/s. Cette vitesse correspond 2

une vitesse pour laquelle la maquette de référence

détone quasi sgstématiquemem 220°C. Le code
}.S‘DYNA 2 D (3) a été utilisé pour réaliser
‘étude.

2.2. Analyse du cas de référence

La maquette a été modélisée avec 1541 éléments
et 1661 noeuds en utilisant un modele érosif
(figure 5).

Figure 5
d = 152 e = 50 erosion v = 1050 m/s
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Avec ce modele, les mailles dépassant la
déformation plastique d'érosion disparaissent, ce
qui entraine 1'érosion du matériau le plus tendre.

La simulation a ¢été menée jusqu'a Ferforation
complete de la maquette. Lorsque 1'on analyse
1'histogramme de pression d'un élément placé
proche de I'axe de symétrie 2 mi-épaisseur de la
partie arri2re point A, on constate deux pics de
tension avant la compression due 2 la balle (figure
6).
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Limpact de ig balle génere une onde de compression
sphdrigue qui au niveau du cangl se déeompose en
wx endes pour le contourner. Ceos ondes s atténuent
vite en ratson en particulier des détentes
Lateraios. Elles arrivent 3 environ 70 ps au niveau du
peInt A en e tocabhisant [ ne reste plus ue quelques
drzames Je bars

Une tenston due aux détentes futdrales et an trou de
perteration endrnere de fa balle remonte ¢galement
Jdans fe propergol. Cette tension se cumule a celle
Jrie dala rétlexion de onde de compression
pricédente pour tormer le premier pic de tension.

Lorsque Ta balle attemnt e canal central. fu
compression genérde par la poinie de fa baite se
rropage dans L maguette en contournant le canal
Jivure T

Figure 7

d = 152¢ = 30v = 10~ nus

Sty
r'J compression
b I

20
a00

Ces deux ondes de compression atténudes en
particutier par des détentes latérales se tocalisent
dans la partie arridre. Cette onde focalisée passe
au niveau du noeud de mesure entre 90 et 100 us.
La rétlexion sur la surface arridre de la maquette
géndre des tensions qui redescendent dans la
partie arridre juste avant l'arrivée de la balle.

On a ainsi le deuxidme pic qui apparait sur les
courbes (tigure 6). Ce deuxigme pic de tension
{330 bar) plus élevé que te premier, atteint un

niveau tel que 1'on peut supposer le propergol

endommagé.

La détonation obtenue sur ce tvpe de maquette
peut s'expliquer par I'endommagement préalable a
I"impact de la balle de la partie arrigre du
systeme. Le matériau ainsi endommagé est plus
sensible pyrotechniquement au choc.

2.3 - Comparaison avec un ¢ylindre sans canal

La magquette pleine a été discrétisée par 2267
éléments et 2458 nocuds (figure 8).
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Le dépouiilement des calculs a été ettectué en se
plagant au méme niveau sur 'axe de symétrie que
précédemment.

On constate |'absence de deuxidme pic de tension

rtigure Yy,

brgure v
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Le schéma de propagation des ondes est un peu
différent en raison de |'absence de canal central,
L'onde de comfression qui se pr(f)‘pa € 2 environ
2200 m/s dans le propergol se réfléchit sur la
surface libre arriere donnant des tensions. Ces
dernieres sont faibles, |'atténuation de i'onde de
compression étant importante. La compression
entretenue par la pertoration de la balle empéche
d'ailleurs cette zone de tension de se développer.
L'amplitude de cette compression est, dans les
mémes conditions de calculs deux fois plus faible
que dans le cas précédent. 1l est raisonnable de
considérer que la balle pertore un matériau qui
reste "homogene" mécaniquement pendant toute
1"agression (ceci en amont de la balle).

2.4 - Corrélation vitesse de la balle - épaisseur 3
bniler

Le présent paragraphe cherche 2 montrer
l'importance de la synchronisation entre la vitesse
de la balle et le trajet parcouru par les ondes de
pression.

D autre part, la vitesse de balle induit les niveaux
de tension enregistrés. Les géométries ainsi
étudides sont :

- diamatre extérieur @, = 152 mm,
- diametre du canal :
el = 70 mm (ép. 40 mm)
P2,

- hauteur maquette H = 100 mm.

30 mm (ép. 60 mm)

—> Magquettes d’épaisseur de propergol 60 mm.

Deux vitesses différentes ont été envisagées pour
laballe : v = 950 m/s, v = 1050 m/s.

A la vitesse standard de 1'essai, ¢’est 3 dire 2 1050
m/s, on constate figure 10 que la tension qui se
développe 2 l'arriere de la maquerte est faible.
Elle n"atteint que 286 bar (t = 88 us) ce qui est
trop faible pour endommager de fagon notable le
propergol.

el e
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Cette premidre tension, due 2 Ia rétlexion des ondes
Je compressions issues de 'impact de balle en face
avant, n'est jamais sutfisante pour générer assez
J'endommagement. 11 était donc intéressant
d’envisager une vitesse de halle plus faible pour
Laisser les ondes se combiner de tagon A avoir le
Jeuxieme pic de tension mis en évidence lors d'une
ctude précédente . La compression due 2 la
perforation de la partie arriere de la maquette par la
nalle pe géndre pas de réaction pyrotechnique,
I'endommagement n'dtant pas sutfisant.

Pour une vitesse initiale d'impact de 950 m/s. on
constate figure 11 que les niveaux de tension dans la
partie arriere de la maquette restent faibles. Le
Jeuxieme pic de tension reste taible car la bafle
arrive encore trop vite. Par contre, si I'on envisage
une vitesse de balle plus faible ies niveaux de
sollicitations sont insuftisants pour ohtenir une
réaction pyrotechnique.
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Figure 11
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Le fait que la vitesse de la balle soit plus faible
permet donc de voir Fallée et le retour des ondes
dans la partie arriere de la maquette.
L’endommagement restera faible et ne rendra pas
le matériau plus sensible 2 ['impact de la balle.

A la vitesse d'impact standard. le signal de
pression tracé en tonction du temps dans la partie
arrigre de la maquette présente la méme alture que
dans le cas de la maquette picine. Le canal n'est
donc pas assez important. Expérimentalement
aucune réaction pyrotechnique n'a été enregistrée
avec une telle maquette.

~—> Maquettes d épaisseur de propergol 40 mm

Deux vitesses d'impact ont été envisagées pour
I"étude de ce type de maqueites : v1 = 1050 m/s
et v2 = 1250 m/s.

A la vitesse de 1050 m/s on retrouve bien le 2&me
pic de tension mis en évidence lors de I'étude de
comparaison entre la maquette pleine et la
magquette d'épaisseur SO mm. Cette tension plus
faible semble insuffisante pour générer un
endommagement suffisant du ?ropergol. Le signal
de pression a mi-épaisseur de la partie arriere '
point A de la maquette est fourni figure 12,
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Pour la vitesse de 1250 my/s, 1a balle arrive avant que

les ondes se soient combindes de fagon & géndrer de

la tension dans la partie arriere de 1a maquette (figure

13,
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On peut donc dire v -~ si la balle a une vitesse
trop grande elle précedera la formation du second
pic de tension empéchant I'endommagement du
plrlopergol et par 12 méme sa sensibilisation au
choc.

Inversement si la vitesse de la balle est trop faible,
on aura formation du deuxi®me pic de tension
mais d'un niveau trop faible pour endommager le
propergol. En corrélation avec cela I'onde de
compression due au second impact sera plus
faible.

3 - CONCLUSION

Ces travaux ont montré que ia mise en détonation
des moteurs a propergol solide lors d'un impact
de balle, pouvait s'expliquer par d’autres scénaru
que les traditionnels DDT et SDT. Notamment
pour les chargements 2 canal, le mécanisme de
XDT pouvait étre exacerbé pour des épaisseurs ou
vitesses de balle trés particulidres. Ce résultat
confirme une nouvelle fois que la vulnérabilité
n'est pas qu'un probléme de sensibilité du
propergol. En fait, I'immunité d'une munition
dépend de son architecture et doit étre prise en
considération comme une performance lors de son
dimensionnement.

Ce travail est financé par le STPE du Minist2re
Frangais de la Défense.
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Discussion

QUESTION BY VICTOR, US. Have you varied the diameter of the

charges tested in these bullet impact tests?

ANSWER: Yes, it is a parameter we vary. However, at the
experimental level, we have to limit ourselves as to the size we can
test. Indeed, for the charge diameters of about 200 mm, in the
barrel the bullet could deviate so that the thickness of the
propellant in the second part is not precisely known, and is
therefore a parameter for further testing. Nevertheless, we are
actually doing tests of 170 mm caliber.

QUESTION BY VAN DER STEEN, THE NETHERiLANDS: How did you model
the increase in sensitivity of the damaged propellant in your
simulations?

ANSWER: On the one hand, Tom Boggs and his colleagues at NWC have
shown that a freshly damaged propellant has a sensitivity which
may be multiplied by a factor of 10. On the other hard, through our
own modelling, we have shown that the XDT phenomenon, for example
in the gap test, can be explained by a more important sensitivity
parameter of the damaged propellant caused by the passage of the
first compression wave through the propellant and the resultant
internal stress which follows.

QUESTION BY MENKE, FRG: Does the shock modelling take care of )

ditferent mechanical properties in a propellant with viscoelastic
mechanical properties?

ANSWER:. Yes, the modelling does take into account the mechanical
properties of the propellant.
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Summary

An | ynacceptable response from, a
munition cgn be cbtained by a, variety
of mechanisms associated” with the
impact of _a _projectile, A prompt
resgonse, leading ™ in many cases to
full detcnation, “is_usually linked to
the stimulus provided by "the 1mpact
shock, Although shock  _1initiation
forms only .a part of the threat posed
by projectile impact, its 1importance
merits =~ the present study ihto, the
effectiveness’ of protective barriers

and some of the limifs associated wltﬁ
the phenomenon. This paper examlnes
the —protection gqiven by Dbarrier
thickness and waterlal agalnst a range
of %FQ]eCtlle_ geometrles for 1impacts
involvihg a givén explosive, The type
of , geopétry” which can cause shock
initiation 1s discussed and the nature
of the shock eximined. Differences
between, 1D and divergent shock
1nitiation are explored.

1. INTRODUCTION

In attemptin? to protect punitions
from projectile attack it 1s 1mportant
to ,understand the hazards, posed b
varlous,geometrles Aand orlentatlonsi

f projéctile, an the rotectio
given by different barrier thicknesses
and matéerials. 1In_this context one of
the ~major hazards to a, munition
orlglnates from_ the production of  the
1mpact sho¢k and 1its transmission into
the explosive.

In the_past extensive effort has bheen
devoted to developing criteria almed
at gred1¢t1ng the explosive's response
to the simplést of such shocks, 1e the
1D ,shock "such 6 as that produced by
flyln? plate impact, However, the
major ;g of 1mpagts that are 11ke1§ to
occur to_ a munition (such as_those
from bullets and fragments) do not
produce such, a shock, “either because
of , the projectile geometry or the
thickness and compdsjtion” of the
barrier The most likely . form of
shock to 'be transmitted  into the
explosjve is one 1p which the flow is
diverging, producing ~a shock that
instantly starts to” decay with time
and, for the majority of velocities in
the bullet/fragment regime, has a

decreasing pressure profile , linking
the, shock to the barrier of
projectile,.

A systematic experimental study is
reported 1in this paper of the effect
of" both projectile geometyy, and
barrier _ condjtions ()] inifiation
threshold, This study 1llustrates the

differences beween and  divergent
shocks , in producing _, detonation,
Theoretical work links such
differences to the _effect of the
degree of shock , divergence, _ and

formylates a criterion which predicts
tge ﬁnltlatlon theshold for divergent
shocks.

2, EXPERTIMENTAL ASSEMBLY

The majority of results reported in
this pdper were obtalned from impacts
into a qharqs that was 100mm long by
57mm | diameter, The charge ~was
contained _in @ 9mm thick steel
czllndrlcal casing, open at one_ end.
The open end of thz charge (which was
subject to 1mpact) was elthér bare or
covered by a barrier of steel or
aluminium, The_ explosiye used yas
E4,  a, mouldable Dplastic explosive
conﬁalnln%,as% RDX and,k 12% grease as
an 1nert binder, Material details are
listed 1in Table 1,

Table 1, Hugoniot data assuming, a

linear _shockaarticle velocity

relationship (w=A+Bu)

Material  Density A B Ref
(Mg/m®)  (ku/s)

Mild Steel - 3.596 1.6863 1

Aluminiym 2.68 5.21 1.37 2

PE4(solid 1.60 2.5 2.0 -

phase)

* Densities for PE4 experiments were
7.81 Mg/p® for the projectiles and
7.78 Mg for the barrier,

+ Estimated values for A and B. In
the above w 1is the shock and u the
particle velocity,

A steel projectile 25.4mm long by

A~
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13.15mm diameter was used, Three
types . of tlf geometry yere
1nvestigated; flat _éended; ° conical
tips, ahd rounded, ends. The internal
angle of the conjcal tips was_ varied
fréom 165° to 30°. The vound nosed
grOJectlles had radii of curvature of

,6mm and 8.2mm. In all instances the
tip geometry was _attached to  the
13,15Mm diaméter rod. The grOJectlles
were housed 1n a nylon sabot and fired
from a 30mm RARDEN gun,

The event was back-lit by flash bulbs
and fllmed using a 1/4 elght fastax
camera operating at about 30,000 fps.
The fi1lm record was, used to measure
the projectile velocity and, to check
for yaw, . In those ‘experiments 1in
which 1nitiatlon delays were measured

a make-foll was placed on the front of
the charge an ionisation robes
placed 1n contact with the explosive
at a number of positions on 1ts
surface,

3. EXPERIMENTAL RESULTS

3.1 Effects of Projectile Geometry
and Barrier ThicKness

Figqure . 1 shqws the tureshold
veloccities vrequired for detonatizn

when, the <charge was covered , by
aluminium barriers of various
thicknesses., The results for
flat-ended 180 and four

conlcal-tipped prriecgtiles are shown
The error kars 1ndicate the sprea
tetwaen the lowest velocity to prcduce
detscnation, and the hlqhes¥ to produce
a_ ncn-detonation, | EXperiments wer
also conducted u51qg 90° and 130
cones but  no  détonations , vere
recorded up to the maximum velocity of

the gun (about 2000 m/s). Figure 2
g &esults for {%Q ro

compares, t und-ended
reds  with those from flat-nosed
impagts, again usin aluminium

barriers of varilous thicknesses.,

Examination of figure 1 shows a nparked
difference hetwfen the 1nitiation
threshold for the flat-endea rod and
those | of e conical-tippeda
projectiles. 1In the latter type of
pro;:ct%le, ~ene  angles ketwean 120

and” 165° produce, threshold data which
are regmarKaply similar. The thresheld
velocity rises almost  linearly with
increasing barrier thickness for a
given corie angle, and_the change 1in
angle produces ‘an almost constant

shift (allowin for  experimental
uncertai ty% , n . the threshold
velocity, his 1s jn contrast to the
flat-ended projectile which shows

uite a compleX curve, although for
he thicker barriers this curve starts
to aprroach the behaviour exhibited b¥
the cbnes., The emergence of a simila

pattern is shown in figqure 2 for the
round-nosed rods, lthough the
restricted amount of data does not
permit such generalised statements,

This complexit of the flat-ngsed
ErOJectlle[s_ threshold curve raises
he possibility of changes in

initjation , mechanism_ with increasing
barrier thickness., [For large_ change
in mechanism, eqg,6 hetween ~“shock "to
detonation transition, (SDT) , and
deflagration to detonation transition

DDT{ ] it | was expected | that

ign f;cant differences in the time of
ex§1051ve respongse would be observed,
Film records, whlch have an interframe
time of about 30us, showed no
observable difference for responses
from thin and thick metal barriers,
To obtain .a more accurate assessment
of delay time, a npumber of experiments
were performed 1n which ionisation
probes vere laced at varicus
positigns on the surface of  the
explosive, These probes gave arrival
times of the _detonation wave for
1mpa¢ts.de51%ped to_be just above the
initiation hreshold. .The results
show, that for all thicknesses of
aluminium barrier tested (3mm, Smm and
10mm) there 1s less than a %us delay
for "the onset of detonation once
account has been taken of the times
for the shock to traverse the barrier
and for the detonation front to rea¢ﬁ
the probes. Consequentl there 1s
unlikely to be a large scale change of
mechanism for these “impacts, alt ou?h
changes within the SDT mechanism_will
be shown later in this paper to almost
certainly take place,

The ,efficiency of the three types of
projectile _geometry at ipitiating
covéred explosives 1s shown 1n figuré
3. Here the average of éach
detontion/non~detonatiqn point 1s
taken, is veloclty is normalized b
the | corresponding ~ bare threshol
velocity for the “particular type of

rojectile, It can be seen, that

lat-nosed rods are the most efficient
at 1initiating the explosive, although
at very thi¢k, barriers (above about
7mm  of  aluminium) the slope of the
normaljzed veloc1t¥ curve is
approximately parallel to that of the
cones, , ,Conical projectiles follow
very similar paths for cone angles of
120° and above. Less efficient than
this class of cone (although based on
somevwhat lipited data) is the
round-nossd tip.

3.2 Effect of Barrier Material

Figure 4 shows the difference in the
initiation thresholds for PE4 covered
y steel and aluminium,. , The a?parent
1ncrease in  sensitivity  ¢f, the
explosive covered by thin aluminium is
gostulated as being the result of the
arrier's Hugoniot “lying between those
of the projéctile_ and” explosive, A
more exhaustive d{iscussion of this
subject 1s qgiven in_ ref,3., The maln
polht to note 1is, that about 5mm of
aluminium is_ required to return to a
threshold veloci equal to an impact
into the bare explosive,

A limited number of experiments were
carrjed out using a 10mm thick rubber
barrier, Three  experiments _ were
erformed at about the same velocity
iZOOO_m/S,vuth the flat-ended rod):
ut with different degrees of confine-
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ment. A plastic case, and a plastic
case with steel backplate did  not
groduce detonation, whlle the charge
etonated in a steel case but witha
delay of, the order of 10-100 us, . The
combination of relatively 1ong dela
gcompared to a similar “thicknhess o

lumlnlumA and the need for
confinemeht (the response with the
aluminium barrier was _ the ., same

regardless of case materlalA indicates
a more fundamental change 1n mechan}sm
than that _observed ~ for barrier
thickness. It seems clear that the
rubber K does not transmit a sheck of
sufficient, amplitude and duration to
cause, 1nitiation at this impact
velocity. However the exact
initjation , mechanism under these
conditions is not known at present,

4, THEORETICAL INTERPRETATION

4,1, _Effect of Projectile Geometry
on Initial Shock Structure

Unless the velocity of the projectile
as 1t penetrates” the explosive 1s
supersenic (dlscussions_ about_  such
conditions, which  mainly apply, to
shaped charge jet impact§, are glven
in, ref.4), "the 1nitial 1impact, Sheck
quickly ’'separates from the ‘projectile
and, unless reaction is rlggered,
decays as rarefactions fro the
periphery move 1into the shocked
material, The quantity of explosive
shocked to glven Jlevel, and  the
subsequent histdry of that material

depends critically,K upon the 1initia

shock formation, which in turn depends
upon the ?fomefr% of the projectile,
Figure 5 shows a 2D Eulerian hydrocode
sifiulation of the shock structures
generated for the three types of
grOJectlle impacting bare explosive at
he same velocity.

A flat-nosed rod produces , a
significant volume of 1D shock which,
for relatively thin barriers, can be
transmitted into, e explosive,
Theoretical  considerations  (ref.3

show that some 10mm of aluminium 1

required to prevent any transpission
of "1D shog¢k from the 13.15mm dilameter
steel projectile., However, only very
small =~ volumes of 1D _shock are
generated 1in, the _ explosive for
aluminium barriers thicker than about
7mm, Figure 3 shows_that the 1D shock
regime 1S5 assoclated with the lowest
impagt  velocity needed to | cause
initiation, @ Fof  thicker Dbarriers a
diverging shock_ 1s passed 1nto the
explosivé, similar 1in _character,6 to
those | = generated by. conlical
proiectlles, althou%P 1fferent 1in
am? 1tude (a_ fuller discussion, on  the
differences between these erJectlles
Js given 1n the next section).

Imgacts by conical projectiles will
no prodi¢ce a 1D shock volume

although .h1qb pressures are xoducea
in the divergent shock providing the
cone angle and velocity are such as to
give a~ supersonic_ impact along the
Conical surface. Fiqure 5 shows that

[N

for guch an impact the shock structure
consists of a trarnsient, small volume
of shock which 1is at very _hlgh
pyessure. This shogck ,1s assecjatéd
with an annulus which is the 1initial
region of contact between the conical
surface and the target, and as such
moyes with this contact region,  The
main shock volume behind thls contact
rlnq 1s at a, much lower pressure, with
a flow velocity away from the axis of
sKmmetry. The divergent nature of
this shock means that “parameters sugh
as, pressure and  1internal energy, 1n
this" volume are below, those obtaiped
for an equivalent impact velocity

roducing a 1D, shock, Where the

ontact ~ ripg | is ormed in the
explosive, it is postulated that the
transient and hl%h y localized nature
of ,the_  contac shock makes 1t
unsuitable to be the 1initiatjon
mechanism, No sooner has_ nmaterial
been rajsed to this elevated pressure
than, ,1t _,expands, and c¢ools to
conditions in the,lar%gr volume.  The
theory advanced ,in the next section
assumes that it is the larger and less
volatile dlyganpt .chock Vvolume that
provides initiation, This 1s
certainly true for most _ covered
explosives where only the divergent
shock 1s transmitted across “the
barrier.

The dividing line  between  supersenic
and subsoniC cone impacts 1s obtailned
by n¢t1ng that the outward radial
veleclty &f the contagt ring, 6 along the
target surface 1s iven, b
v/t nggo-gzz , Where v 1is the impac¢
velocity and ¢ 1s the cone angle 1n
dggrees. By equating,6 this to the
amblent sound $Speed “in the target
material (apggox1mated by A,  for
paterials in Table 1), the critical
impact | velocity is obtained.
Supersonic impacts are gznerated 1n
bare PE4 for angles above 140° at 900
més, and above 100° at 2000 m/s, 1In
these impacts release, waves ' cannot
crogs _the contact ring until the
conical surface is fully in contagt
with the_targgt. In contrast subse¢nic
impacts imme 1ate1€ allow rarefactions
across the contact ring to erode the
already divergent  shock. , Hence the
difficulty of causing, initiation, eve
for bare” impacts,, with 90° and 30
cones, both ‘of which are subsonic at
2000m/s.

Round-rosed Erojectiles produce a
similar _ shoc structyre = to, that
described for the cone 1n qualjtatjive
ternms, but .have guantitative
dijfferences. Conditions at "the contact
ring start by Lelng supersonic near
the” initial “point “of ‘“contact, and
become subsonic as the angle between
the tarYet and a tangent to the curved
groject e surface Increases., Indeed
he” radial velocity of the, ce¢ntact
ring , initially tehds _to infinjty,
indicing a 1D,” or near 1D, shock 1n a
small vplume of target material. ~The
?rO]eCt le_ curvature then produces an
ncreaslingly _divergent sho¢k, and
eventually = allows ~ rarefactions to
cross the contact ring before the
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projectile  surface 1is in complete
contact with the target, For
comparison with other projectiles, the
shock |, structure eveolves from an
agprox1mat10n to ,a flat-nosed  rod,
through a supersonic cone and finishes
as a subsonic cone,

The overall degree of shock divergence
for a round-noSed impact, and its role

in . initiation 1s difficult to
estimate, Ref,%. postulates that the
near 1p portion of the shock . 1is

responsible for triggering initiation
in bare charges. Howeyer, this would
not usually "be transmitted across a
barrier, apd the divergent shock that
1s transmitted will "have undergone
greater erosion, due to the subsonic
portion ¢f the shock structure, than a
supersonic cone of the same dlameter
Hence the trend shown in fiqure 3 o
the round-nogsed projectile belng less
efficient in initiating covered
explosives than a supersonil cone,

Differences in | the bare and
unconfined) explosive response to flat
and round-nosed projectiles are given
in ref.,5, Under these circumstances
the response, as measured by blasst
output, ~becqmes more complex as the
prO]eC£lle 1s changed from flat to
round-nosed, A flat-ncsed geometry
produces elther a Dblast which 1is
equlvalent to detonation, or has no
blast  output, The round-nosed
projectile can produce an additional
resbonse which = lies ©between these
extreme s, Such | a  response was
ascriped to reaction being triggered
in the wearly stages, of ~the “shock
evolutien, but not being supported by
the subseqfent divergent” nature of the
flew which would tend to expand and
cool the  material. Sone tgndency
towards a similar trend for 120° cones
{ref,6) has  been_ noted, 1n which
reactions, which fall short of full
detcornaticen, have been measured.  The
situatjon 1n covered .and confined
cyplosives 13 not so easlly determined
since acn-shock mechanisms can give
sub-detonative responses for any  of
the projectile types.

It _appears frcm the above that a
quialitative estimate of projectile
€fficiency .and explosive résponse
aracteristics can be made on the

(9]

1s  of  the shock Sstructure
nsmitted into the explesive, The
production of a 1D shock 1s the most
icient method of initiaticn in the
Jectlles investigated (1t is
Sible that a focused, shock would
e . reater efficlency, u
perimental = data a%Fears to be
cking), Divergent shocks are less
ficiént and give less support (at
east 1n bare  explosives)  to the
reaction growth phase,
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4,2 Initiation

. Criterion for
Diveraent Shocks

Previous work has modified a critical
ener%y criterion, developed by Walker
and Wasley (ref.ﬁ) for plate ‘impacts,

to apply to flat-posed rods (ref.S%.
This " criterion 1s_ based ,on the
transmjssion of a 1D shock into the
explosive, and _has recently been
adapted to_ apply to_ impacts 1into
covered explosiveS (ref.3). K Filgure 6
shows the 1D theory to provide a good
fit to the injtial_ region_ ¢f “the
threshold curve for flat-&nded impacts
into an aluminium barrier., However,
thls theory, 1 its present form
breaks down for impact above about 7mm
barrier thickness, desplte
experimental data showing a prompt (1ie
shock) detonation,

Figure 7 shows a gsimulation of the
thick-barrier experiments using a 2D
Eulerian hydrocode. This predicts the
existence " i1n the  explosive of a
divergent but still” high, shogk
regine, ﬁowever,,the radial change 1n
shock parameters 1is small compared to
the | 'change , occurring 1n the
longitudina direction ~between the
shoCk _front _and the Dbarrier. In
proceedlng radlallx outwards along the
shock front from the axis of symmétry,
parameters, such as pressuxe, change
relatively slowly over,K a dlsfance .6f
the order of the original progectlle
radius, The 1insertion of '3 barrier
means that the shock, once 1t enters
the explosive, 1s wusually, at sope
distance from the original impact, ie
1t 1s effectively ~"a ‘"far fielg"
phenomenon in which the | shock
curvature has, |, been corsiderably
reduced, The original shock, divergence
roduced near the impact site appears
0 be translated into differencés 1in
the longitudinal rarefactiopn (see
below) . he detailed mechanisms 1n
this _translation have still to ke
1dentified,

To a_ first approximaticn, such a wave
would correspond to a plane shock with
a  longitudinal rarefaction attached
directly to, the shock front, ie the
dlvergence, s 1ignored. By assumling
that conditions corresponding to thé
average pressure on the centré-line at
a given time are egulvalent to those
in "a 1D shock_ of that amplitude, use
can_be made of existing criteria, In
a plate impact the critical energy can
be shown (ref.8) to have the form.

E. = pod wu? /(w-u) = Pud/(w-u) (1)

where Ec is the critical _ener
(derived from_flat-ended rod i1impagts
into bare eéploslve), Po the 1nitial
explosive ensity, P the shock
pressure, w and  u the shock and
particle velocities and d the shock
width. This last term 1s the distange
between the shock front and bkarrier in
the wave_ described above, For a
linear relationship between shock and
particle velocity,

w = A + Bu, and
u = [(A? + 4BP/P0)°-* - A]/(2B) (2)

Using the %arameters in Table 1 for
PE4,” and E. = 1.83 MJ/m?, equations
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réssure r a _given shock _width,
sing the 20 hydrocode to model the
shock eveolution in the explosive, and
examinin the average pressure at
about 0,2ps 1ntervals,” shows whether a
gartlcu ar 1mpact crosses this shock
hreshold. The results for flat-ended
rod | impacts 1nto thick barriers, and
165 cones _into all barriers are
compared with experiment in fiqure 6

Figure =8 _ shows the _ theoretical
threshold for A PE4, and the time
dependent relationship hetween P and d
found for, what is gudged to be

threshold impacts for the two types of
projectile.

It should be noted from fiqure 8 that
the, shock structure for the two
?ro ectiles 1s ite different., The
lat-ended rod "has, a high average
pressure which quickly  decays, _1n
contrast to the cone which has a _low
amplitude shock of relatively lon
duration.  Consequently the paraile
nature of the cone and the latter
portion  of the flat-nosed response
curves 1in figure 3 appears to, be_ due
to similarities in the changes in shock
structures with changing impact
velocity,, The off set between the two
curves ~ 1s  probably due to the
differences 1in shock amplitude.

él) and (2% define the thresheld shock
0

The inaccuracies due to approximations
embodied in the above method can be
listed as follows:-

1, .Inaccuracies in the hydrocode
sinulation,

2, Inaccuracies in the assumption
that conditions at average P match
those 1n a 1D shock of the same
amplitude.

3, . Tnaccuracies introduced _ b
assuming a plane shock 1n the radia
directidn,

In the first of these, the method
requires large, amounts of computer
time and the 'simulation output has to
be interrogated at  short time
intervals, esults 1n this paper were
obtained from the commerciall
available 2D Eulerian code AUTODY
version 2.37), run_ on a desk to
nachine for speed of turn round an
flexipllity of interrogation, However,
the code in its present form is_onl
first order accurate and so needs t
be used with care. A mesh of (.375 X
0.56mm was used 1in the K reqgign of
interest, and wave shapes investigated
at 5 cycle intervals, The pressure 1s
located at the ce]l centre and, due to
artificial v1sc051t¥, the main portion
of the shock front 1s smeared over
about three cells,  Hence the locatien
of the shock fronf is taken as the mid
oint, of the first cell past the
ocation of the maximum pressure., Then
is the distange between this point
and the  barrier, The average
pressure 1is given by

T P1/{(n-1) n/h'+1} (3)

2

P =
(P +(h/n")

i

where cell & 1 contains the
barrier/explosive interface, and h' 1s
the distance between barrier and the
edge of cell 1, The maximum pressure
is’ located at cell n, and_ h is the
cell width along the centre-line.

Comparison of the  AUTQDYN code
simulations of a 1D shock with results
from an analytic solution, using the
materials of Tabkle 1 and velocitles in
the region of _ interest, indicates
errors in P of the order of +10%, and
in d of -5%.

In the second of the above
assumptions, errors are 1introducged
because some of the explosive behind
the shock front has Dbeen partially
released, The material has come down
an adiabat from the shock position on
the Hugoniot and so the 1internal
ener is higher, and g and u differ
from those associated with a 1D shock
pressure of the sange aﬁglltude as the
average_ pressure 1in the wave, The
¢ritical energy in its most basic forn
1s

Ee/d = p [WP/2 + ¢] (4)

where ¢ 1is the specific_  internal
enerqgy, and p the shocked density of
the "éxplosive. For a 1D shock (4&
reduces to the comblnation of (1) an

{2& already mentioned. However, 1if

h average values (subscript A
throughout he wave are used, then (4

beconés

Ec/d = 0,[U2/2 + ¢,] (5)

Since E./d can be egyated to a 1D
shock préssure, then this pressure can
in turn be equated to the average
values 1n 5%. As these values can be
supglled by the hydrocode, the effects
of deviations from the Hugoniot should
be included. Hence a befter esgtimate
of the 1D pressure corresponding to
average, values in the wave can be made
by solving

2

= u
O—JA{_‘A'*GA]‘

2

P! [A2+4BP' /p )% -A] (6)

2AB+(B-1) [ (A?+4BP' /p )° -A]
where P' is the improved estimate of
1D pressure,

By obtaining the average, values for p,
u“and ¢ for a number of impacts in the
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reqgion, of _ interest, the effective
erfor 1n P is found to be of the order
of -10% to -15%.

For the third assumption, the average
values of P and d were obtalned ovér
the shock field,6 out to approximately
the orlglnal radiug of the gro;e¢t11e
This_was only carried out oh a’limited
sample, , However, the error in this
sample in P introduced only
calculating P on the centre-line) was
+8%, and the error 1n d was +2%,

It can be seen that the approximations
made in calculating and d have
introduceq errors that tend to, cangel,
at least 1n the current investigation,
This work copfirms_that the deqree of

dlvergence in ,all of the 1mpacts
investigated 1s , reasonabl low,
Consequéntly what 1s basical a 1D

theory can still be appliled with, great
success, However, a ma]qr_gortlon of
the enerqgy required for™ initiation 1s
now contalned ‘within the release wave
attached to the shock front, rather
than confined to shocked material
which has yet to be released, Hence
the calculation of such conditions has
). .reased in complexity,

3. CONCLUSIONS

0f the projectiles investigated, those
that passéd a 1D shock  into the
explesive  were most, efficient _at
causing 1nitiation. Divergent shocks
such as, _those produced, b flat-ended
ErOJectxles throygh thick plates, or

.conical projéctiles, were less
efficjent, A greater loss of
effxcxencg was found in round-posed
projectilés where part of the strikin
surface impacted’, the target a
subsonic velocities., .The least
efficient type of projectiles was the
class, of “cone  where the entire
striking surface 1m§acted at subsonic
veloc1t§. ) detonations were
recorded for any 1impact under those
conditions,

Thicker barriers obviously offer mnore
rotection  against shock™ initiation,
owgver, witHin the constraints of  a

munition, a _realistic thickness 1is
unlikely to elimlnate the problem.  In
the current experiments detonatign has
been observea at about 2000 m{s impact
velocity for both a 9mm steel barrier
and a 12mm aluminium barrier,

Better protection to shock is %iven_b
the insertion of a layer of fateria
such as rubber. However, with
barrier materials, in ~ wmich e
Hugqnlot lies between those of
prdjectile and explosive, there 1s the

osSibllity of a reduction in
grotectlon against shock,.

The differin

some
th
the

types of divergent si.uck

structure, ormed on 1mpac bg .the
differen{ ErO]eCtlle_ geopetries,
appear, 1n the “explosive maln%y as
variations in the bhehaviour of the

the shock to
of divergence

release wave connectin
the barrier, The amoun

in the shock at these relativel lar?e
distances  from_  the rojectile S
small,,  This allows a form of the 1D
criterjon to successfully predict the
explosive's response to such shocks,
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YV BARE
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10 15
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FIGURE 3. EFFICIENCY OF VARIOUS PROJECTILE GEOMETRIES IMPACTING
PE4 WITH ALUMINIUM BARRIER ,
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FIGURE 4. INITIATION THRESHOLDS FOR PE4 COVERED BY STEEL AND ALUMINIUM
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FIGURE 7. SIMPLIFIED PRESSURE CONTOUR MAP OF DIVERGENT SHOCK
IN EXPLOSIVE (2 us AFTER IMPACT) FROM 2D HYDROCODE PREDICTION
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Discussion

QUESTION BY ?: Did you ever think about a system of layers with
varying impedances to decrease the sensitivity of ammunition?

ANSWER: That is an obvious possible consequence to this sort of
thing, but the implication of what happens with aluminum barriers
is that you can match or mismatch impedance.

IX-15
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FUOEL FIRE AND BULLET IMPACT TESTS WITH WARHEADS

Dr. Paul Wannlinger
erschmitt -Belkow Blohm GMBH
83838 Schroebenhausen, FUOR.G.

TS ——

sitive am- Bullet Impact Test
vel
the Bullet impact tests are performed with a i
ret and steel tube ard filled with charges with
charqe 1m- different high explovive formulations.The

firing 1s carried cut on the cover plate
centre (diagram 6).
fuel
Different formulations are tested for
rullet impact tests. The caliber i1s half
1nch or 20 mm, the velocity 1s betweern ¢
350 m/s and 1000 m/s. The charges have
differnt Young modulus from 200 to
720 N/mm¢, different grain size
distributions, different binder systems
and, there 1s a small difference 1in the
Linder content.

Dragram 7 shows the great inflaence  f
the grain size distributiocn. This
influence is mare censiderable than the .

influence of the Y-oung modulus. Evern wi.th
the a Young modulus of 378 N/mm<, the filrst
s formulation detunates with a 1w vel
Fet ween 2f rhe bullet.

L

+
2
: changes 1n formulation are suffl-
ient to withstand the bullet impact test
(itagram 10). Tests with ~riginal
warheads have the same results as TesUs
11 the smali steel tube. A high Y ung :
dulus and 4 smail conterrs of the
rause a -det nation of the warnead
R tdiagram 115 .
L Tiagram 1J snhows the results of '
i firing and the influence of th
ey modulus as a feature for the m
properties. The brittle mater:
R ample PRX N5, LX 14, P 33)
e, with a high Young modulus with
1OC0 N mm® . Regarding the same grain size
1. distributions, there is a limit for the
roied letonaticon of about 350 N/mm*. Above this
cad point farnwlations detonate, below thi
B peint, they survive (diagram 12).
aces Conclusion:
ires T
5 Contemplating the bullet impact safety, !
93 . there 1s a considerable influence cof the
ammunition caliber, the critical diameter
of the high explcsive, the confinement of
the charge, the mechanical properties,
!

the particle size distributions and the
type of the binder (diagram 13).




Shaped Charge Impact Tast

The toughest tests for a high explcosive

charge 1s the fix f a small or larger
T 3t sample. We are

set of diagram 14.

shape charge cn i o
working with the tria

tests three different shaped
narges with an .utside diameter cf 25,
33 and 44 mm are used. Regarding the
smallest shaped charge, we can reduce the
set tip velocity to less than 2000 m/s
with plates installed cutside the copper
cuone (diagram 15 and 16). The tests were
carrired out with performace reducing

vilates, jet tip velocities of 3000 m's,
cthree different formulations with a
tinder content of 15 % and a solid

content of 895

These formulatinsns show burning or no re-
acstion, 1. e, there s only a hole in the
expliosive sample (diagram 17).

here are a.s” s me rmulant
fLn ot down to 5 % owhich
shaped charges. FBX
> first generarion like
ietonate, although we

v

. ierab
the formulatisn an
he formujiat o
Frnder, the high expicsives and all
raredients. The most 1mportant
parameters for the binder are the
mechantcal properties, the aging anid the

a.ing behaviour. As far as raw
materials are - i, the grain size,
*he grain size distribut:.on, the specific
surface of the high explesive and the
me~hanical properties of the cristals are
very i1mportant. 2ther ingredients, like
piasticizers, antioxidants and catalysts,
influence the mechanical properties of
the charge . Bonding agents have a consi-
derable influence on the coating
behaviour and the mechanical prcocperties
{(dragram 23) .

ern
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VULNERABHJTY )

FAST COOK OFF ————1 BULLET IMPACT |
| 3.3°K/SEC. 30 CAL. P&:D
50 CAL. Hif——F=
20 MM ]
HARD CORE | I
SLOW COOK QFF
3.39K/h FRAGMENT IMPACT
w2"cuBe [
SHAPED CHARGE IMPACT
SYMPATHETIC 25 MM P>
DETONATION ===
Diagram 1
Fuel fire

TNT/ROX | LX & KS 32

o /%
Heat conductivity | |
E 34107 | 439.107° —

Coefficent of

|
thermal expansion ! 5
(k] .\ 71.5-10

L8510 9.0 107

|
f
|

Diagram 2




PBX-P

VULNERABILITY
FAST COOK OFF |

HMX YOUNG'S

HE BINQER GRAIN SIZE MODULUS ELCNGATICN REACTION

TYPE (VoL %] ¢/t /uf {N/mm2] (%l TYPE
BURNING

P ! 800 21 - 246 1,05 RT 2
' BURNING

P 31F 9.43 - 21 720 102 RT 1

DETONATION
P 32 7,95 21 - 378 1,63 RT S

Diragram 3

Fuel Fire

Fuel Type: Kerosene / Petrol

No. of Attempt 1 2 3

Amount of Fuel[l]] 60 + 10|90 + 20| 100 + 20

Thermal Insulation yes yes no

of Warhead

Time to Reaction >13 17 8

[min]

Temperature on 90° failed failed

HE Surface

Type of Reaction Burning | Burning
in case HE ejected

Diagram 4




| Fuel fire
Influence on fuel fire safety

Size of warhead

Confinement

t

{

Mechanical properties
of HE-charge
-Elongation

-Tensile Strength

Cracks

Steel tube
for bullet impact trials
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PBX P l
Vulnerability |
Bullet impact
HE Sincer | 3inger ‘_::“'f‘ Joung's Elen- Tansity | Cauber . .
Type ‘ Tyee ‘ val "":‘C:r,“‘,‘/?:;e | kif?‘i.:?ﬁ] ﬁa“‘fl‘\‘c;’\ [ge;sz} ) [n‘xrn] [,:.1/51 ! Re;;.p.:n
o 25 i . ; . g i I ! 353 iDer:nat:cn
P32 i PSK i 7,95 2 1 - | 378 1,6311,796 12,7 597 i Qeranarian
| ! 1 | fi 908 | Cersnarion
1 | H |
o 32w | psxip | 2.0002 1 | ot | 13eli09r 2 |0 e
/ ! 1 , ‘ -i . L Co12, 912 | Mild reaction
o ool ! :
P32 W | PSKY 1! B,OOiZ 1 - [ 201 1,361 1,796 20,0 1055 | No reacrion
‘w E ! 596 | No reactian
P3t 8,002 1 - 266 | 1,05 1,801, 12,7 | 912 | Mo reacron
i ! ! } 915 Mig reaction
! [ ! : ":
P 18,0002 1 - 265 | 1,051,801 20,0 | 1057 e rexcton
i |
P3iF 9,43 I! 201 i\ 720 1,021,760 12,7 911 | mid reactien
. i | a
P31 = Lsow3do 2 1 720 1 1,0201,760 20,0 | 1057 | % reacon
2iragram 7
L vl
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Builet: Hard core
Caliber: 12,7 [mm]
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Bullet: Hard core
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Bullet impact

Trials with original warhead

I'alacih Young
Cat. 2.ociry 3 o .
Trial r:m) {m/s) Charge /oBinder modulys Reaction
| (N/mm?)
’ KS 22
1 12,7 { 850 ROX /AL/HTPB 15 24 Nao reaction
|
| |
o KS 32 _
2 1 27 1 850 HMX /HTPB 15 26 No reaction
5| KS 32
3 20 } 1000 HMX /HTPB 15 26 No reaction
| P32
Diagram 1!
Youngs .modulus:
ST 1000
£
N 2 ([ X114
S &0 PBX NSa_
z o BALINCEE 1
200~ '
o P3,
£C
L3 e :
20~ ? 1KS33 ,
16— - TLKS 12
104 S I — | '
5 ——
% I 1 S KS22
T : | -
2 ] - —i— — - o KSS7
1= : - ; i—-—
0 L S 10 (%] Binder 18

Diagram 2
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Bullet impact

Influence of

Laliber

i

Critical diameter

t

Confinement

t

Elongation

Young's modulus

Particle size

i

Formulation

TRIAL SET

N
3mm KSS1 KS22
mid Sreel | K532 o,
[ ) -4 7 midd Steel
L 11fp
.
o' Sl MM PTFE
e ; K\
\ |
; }
! . 10MM BRASS
L0 ] IMM PTFE
1
i
Diagram 14

T ~——
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VULNERABILITY))

SHAPED CHARGES = |

I 25MM 33MM 44 MM

Diagram 1S

)
Performance
Jetcratsor Cu - Liner Reducing
' : Plate ~

e e RCA
. e y : ¥

= [[———— ¢ S g

e L T A o S P «'! ( -

= ST T IR TN 4 |
| AT ) I x"v;\(“ < !

Jet Tip velocity 5000m/s
Jet Tip velocity 20mm Brass +2mm Steel) <2000 m/s

Dragram 16




LOVA

SC25

o Performance | Jet tip |
narge Reducing velacity _
Trial {2kg) Target Plates (m/s] | Reaction
KS 51 2mm Steet| 10mm Brass Burnin
! . +3mm PTFE 3000 :
AP /RDX/AI/HTPR
KS 32 10mm Brass
2 2mm Steell 3nm PTFE | 3000 |No Reaction
S22 ) <teel 10mm Brass 3000 |No Resct
' mm Stee . o Reaction
3 | Rox/Al/HTPS 3mm PTFE
Diagram 17
PSR
Performance | Jet tip
Charge Reducing velocity
Trial (Zkg) Target | Plates im/sl | Reactien
KS 32
R HMX/HTPB Zmm St —_ 5000 No reaction
KS 1M1 _
5 ROX/HTPS 2mm St — 5000 No reaction
PBXN3 10mm Bass
6 2mmm St 3000 Detonation
B6/14 +4mm PTFE
HMX/Nylon

Drzrram 13
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LOVA

SC25

f Performance| Jer tip
-} Charge Reducing velocity g
Trial {2ky) Target Plates {m/s] |Reaction
P31
7 96 Yo HMX 2mm Steel | 10mm Brass 3060 {Burning
L% B\ndef
e
8 95% HM X Zmm Steel | 10mm Brass 3000 Detonation
5% Binder
P31
9 96 %o HMX 2mm Steel —_— 5000 |No reaction
L% Binder
Perfarmance | Jet h
Ch p
Trial (zc;‘rg)e Reducing velocity | Reaction
g Plates [mis]
10 Comp B 2mm Steel 10mm Brass 3000 Detonation
SSM 88T
1 2mm Steel 10mm Brass 3000 | Detonation
{ Torpex)
12 {omp B 2mm Steel 20mm Brass | <2000 | No reaction
13 SSM 887 Zmm Stee! 20mm Brass | <2000 | Burning

ey

et e Y e

o —— e
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TRIAL SET

0mm

-

xa

mitd Steel

Pl

G CARANAT!
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(AR

'LOVA!

SCLL

Performance! Jer tip l
Charge Reducing velgcity .
Trial {2kg) Target Plates (m/s] Reaction
. lxs32 o | _
] HMY /HTPS 2mm Steei _ 78C0 | Cetronation
KS57/5 Violent
8 —_— 78C0
AP/ROX/Al/HTPg | MM Steel Burning
P31
9 967 HMX Lmm Steel _— 7800 |Detonation
L%, Binder

P — =
VULNERABILITY]J

1//’ - ~
INFLUENCE OF
FORMULATION

P .
BINDER l ] HE INGREDIENTS

- TYPE - TYPE - PLASTICIZER

- AGING - GRAIN SIZE - ANTIOXIDANS

- OXIBATICON - GRAIN SHAPE - CATALYST

- EXSUDATION - SPECIFIC SURFACE - BONDING AGENT
- COATING BEHAVIOUR - PURITY

- MECHANICAL PROPERTIES - MECHANICAL PROPERTIES

SlaToam D




Discussion

QUESTION BY VICTOR., US: With the 25 mm shaped charge generator,
what is the effect of the "performance reducing plate” on the jet
diameter?

ANSWERED BY HELD: It reduces velocity and it increases the jet
diameter by a factor of about 2.

19-15
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THREE EFFORTS CONCERNING FRAGMENT AND SHOCK HAZARDS TO CASED MUNITIONS

M.R. Wagenhals ct al.
Research Department
Naval Weapons Center
China Lake. California
United States

1 SUMMARY

This paper is divided into three parts and describes the work
being conducted by the Naval Weapons Center on the re-
sponse of munitions to fragment impact. The first part de-
scribed a methodology developed to model and analyze the
response of munitions to fragment impact threats. The mu-
nition response levels within the model are divided into
shock-to-detonation transition (SDT), burn-to-violent
reaction (BVR), and no response. Part Il of this paper
describes the use of the wedge test for obtaining the SDT
parameters necessary lo accurately model and predict
prompt detonation. If BVR is predicted, four basic
response levels are possible. These are bumn only, defla-
gration with or without propulsion, explosion and delayed
detonation. Part III of this paper describes a planar rocket
motor model developed to explore mechanisms related to
the possible thresholds in the BVR regime.

2 PART 1. METHODOLOGY FOR CONDUCTI® U
FRAGMENT IMPACT ANALYSES

Martha Wagenhals, 0. E. R. Heim.ahl,
Kenneth L. Woods, and Eric Lurustrom

2.1 INTRODUCTION

A methodology has becn developed {or conducting frag-
ment impact analyses of munlions in their stor-
age/stowage configurations. The sbjective of the method-
ology is to determine if the munition will respond
adversely to any specified impact threat, and if so, how
much shielding is required o prevent the adverse response.
The elements of the methrdology have been computerized

and housed on a VAX™. This paper presents the current
status of the methodology, describes the step-by-step
approach and presents .n example problem.

The methodology h:s been formalized in a compuler code
named FRAGMAP, which stands for Fragment Impact/
Munition Respons: Analysis for Guidance in Mitigation
Assessment Program. FRAGMAP is an interactive com-
puter program * Lich implements our approach for assess-
ing the likelihoc 1 of the detonation, or lesser response, of
a cased munitic 1 due to fragment impact, and the effective-
ness of scle t+ J mitigation measures. The code is written
in VAX™ r.ORTRAN, and uses the DISSPLA plotting
package. .'RAGMAP provides a means for storing frag-
ment thr at, munition response and barrier material data. It
manip'..ates these data in a systematic manner and presents
the .alculated solutions in forms of iables and plots.
Sccondarily, the program computes the probability of
.nock-to-detonation transition (SDT) as a function of dis-
tance for far field fragment impact situations.

2.2 THE FRAGMENT IMPACT PROBLEM

The fragment impact problem is depicted in Fig. 1. There
is a fragment source. It can be the detonation of a hostile
missile, or one of our own stores. Usually there are barriers
between the fragment source and the munition of concern.
The barriers can be any combination of shipping contain-
ers, decks, bulkhecads, or magazine walls. The actual threat
that reaches a munition is degraded by the penetration pro-
cess, resulting in loss of fragment mass and velocity.
There are also entrained plate fragments from the various
barrier perforations. We want to know if the residual threat
will cause the impacted munition to respond, and if so, at
what level: detonation, burn-to-violent reaction or burn
only. The steps involved in applying the primary portion
of our methodology are as follows.

FRAGMENT] INTERVENING ACTUAL MUNITION
SOURCE MATERIALS THREAT RESPONSE

ADJACENT STORES  CONTAINERS FRAGMENTS DETONATION
HOSTILE ACTION DECKS & BULKMEADS  CLUSTERS BVR
MAGAZINE WALLS DEBRIS puaw
NONE

Fig. 1. The Fragment Impact Problem.

determine the response thresholds of the munition of
concern,

determine the undegraded impact threat characteristics
in terms of fragment mass and velocity,

determine which fragments from the specified threat
will cause the unprotected munition to detonate, or
cause some lesser response,

determine an equivalent spaced array for all barriers in-
tervening between the fragment source and the muni-
tion (i.e. container walls, bulkheads, etc.),

determine the residual mass and velocity character of
the threat fragments after perforation of the interven-
ing barriers,

determine if the residual threat will cause a detonation
or some lesser response,

g. estimate what additional shielding is required to miti-
gate any adverse response.
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2.3 ELEMENTS OF FRAGMAP

2.3.1 Response Plots. The first response considered
is prompt detonation. Prompt detonation is defined as the
shock to detonation transition (SDT) regime. If prompt
detonation doesn't occur, then lesser responses are possi-
ble. Figure 2 shows the assumptions behind the responses
considered.
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1. SHOCK PROPAGATION 2. UNDERVENTED

{PROMPT DETONATION) EMBEDDED
(BVR)

J. OVERVENTED
TOTAL PENETRATION
(BURN ONLY)

4. RICOCHET
(LOW HAZARD)

Fig. 2. Response Mechanisms.

The burn-to-violent-reaction (BVR) response is dependent
upon many factors. The most violent responsc in this
regime occurs if the fragment becomes embedded, and case
confinement is not relieved. A milder response occurs
(burn only) when a fragment passes completely through the
munition, and provides sufficient venting to relcase the
pressure buildup of the explosive reaction.

We have defined a low hazard or no response regime as that
which occurs when a fragment ricochets. The assumption
is that any fragment having insufficient energy to pene-
trate the case will not cause any reaction. We realize that
this assumption does not hold true for all energetic materi-
als.

The different response regimes and thresholds are indicated
in Fig. 3 for a specific example acceptor munition. The
shock-to-detonation (SDT) threshold for the specified mu-
nition is determined using hydrocode calculations of frag-
ment impact (Ref 1). Reaction of the energetic material is
predicted by the Forest Fire burn model (Ref 2), which is
calibrated using wedge test data. The boundary for the low
hazard/no response regime is the ballistic limit of the case
material. We substitute the ballistic limit threshold for the
ignition threshold of the encrgetic material due to the case
of computing ballistic limits. Between these two thresh-
olds is the burn-to-violent reaction (BVR) zone.
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Fig. 3. Response Piot.

237 Coupling Threat and Response. The frag-
ment threat is generally obtained from warhead arena test
characterization data. An overlay of the threat upon the re-
sponse plot gemerated for a specific weapon identifies
which fragments can cause a detonation, which can cause
some response, and which can not penetrate the case.

Figure 4 shows the fragment distribution of a seclected
donor weapon overlaid onto the response plot of Fig. 3.
The size of the circles indicates the number of fragmenis
having a given mass and velocity. The large circle above
the prompt detonation line represents about 1000 frag-
ments. The circle indicating the greatest mass represents
30 fragments. We will use these two fragments in an
example later. The square shown represents the 250 grain,
8300 fps cube fragment used for the NAVSEA insensitive
munitions fragment impact test (Ref 3) Only those frag-
ments falling above the solid line will cause this specific
munition to detonate. A large number of fragments fall in
the BVR zone, including the 250 grain cube. The majority
of fragments from this donor munition will not cause any
reaction, individually, if they strike the acceptor munition.
This methodology is for single fragment impact. We are
currently conducting a parametric study to implement a
multiple fragment impact capability in the methodology.
We are also working on other improvements, which will be
discussed later.

Figure 4 serves to identify which fragments from the cho-
sen threat which have a potential to cause our acceptor mu-
nition to respond adversely. The next step is to select a
barrier that will prevent the various possible responses.
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Fig. 4. Overlay of a Fragment Threat Map onto
Responsa Plot (Fig. 3).

2.3.3 Residual Threat/Mitigation Calcuiations.
Two different sets of equations are used to estimate the
residual threat after penetration of existing barrier materi-
als. These are the JMEM (Joint Munitions Effectiveness
Manual (Ref 4)) penetration equations (also referred to as
Thor equations) and FATE (Ref 5) (Fast Air Target
Encounter) equations. Once the residual threat is defined,
the munition response is estimated. Adverse response
prevention requirements are then established by an
iterative process.

Figure 5 shows the residual fragment threat of Fig. 4 after
passing though a 1/4-inch thick steel plate, as calculated
using the Thor penctration cquations. These equations
indicate that a 1/4-inch thick steel plate will drop all but
one of the fragments below the threshold for a prompt det-
onation. The initial and residual 250 grain cube are also
shown. It has dropped below the ballistic limit velocity of
the case, and should cause no hazard 1o this munition. A lot
of small {ragments are stopped completely, and no longer
show on the plot.
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Fig. 5. Residual Fragment Threat After Passing Through
a 1/4-inch Thick Stee! Plate Using Thor Equations.

The Thor equations are the result of curve fits to experimen-
tal data from an Army test program (Ref 6). These equa-
tions follow the largest part of the fragment through the
penetration process. They do not permit an estimate to be
made 10 be made of plate debris nor secondary fragments
which have broken off the original fragment from either
erosion or shatter. Steel fragments are known to shatter on
impact above some velocity threshold.

Figure 6 also shows the residual fragment threat of Fig. 4
after passing though a 1/4-inch thick steel plate, but calcu-
lated using the FATE penetration equations. The results are
significantly more complex. While the FATE cquations are
also for single fragment impact, they do account for frag-
ment shatter and plate debris. In this case, the dark circles
represent the primary residual fragment from the original
fragments. The unfilled circles represent secondary residual
fragments from the original fragment when it met the shat-
ter criteria. The open square symbols represent entrained
plate fragments from the penetration process. The initial
and residual 250 grain cube are also shown. The FATE equa-
tions indicate that a 1/4-inch thick steel plate will drop all
of the fragments below the threshold for a prompt detona-
tion. The penetration process does create some additional
hazardous fragments though, as noted by the residual sec-
ondary fragments (unfilled circles) falling above the dashed
line representing the ballistic limit velocity threshold.
The FATE equations are also empirical equations, based on
Navy and contractor tests. While they are still for single
fragment impact, they do account for fragment shatter and
plate debris. The residual threat is a curve fit of data, and
shatter thresholds were established by actual firings.
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Fig. 6. Residual Fragment Threat After Passing Through
a 1/4-inch Thick Steel Plate Using FATE Equations.
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2.4 EXAMPLE PROBLEM.

For the example problem, we have selected the two frag-
ments from the donor weapon shown in Fig. 4 which are
considered 1o be the greatest hazard to the acceptlor muni-
tion. The first fragment is large (6,659 grains) and some-
what slow, travelling about 4,260 fisec. The characteriza-
tion data used indicated there are about 30 of these frag-
ments, and they are from the 55-60 degree polar zone.
(Most munitions have a longitudinal axis of symmetry
which is taken as the polar axis. Polar angles are then
measured through the center of the munition. The nose end
is designated zero degree, and the tail 180 degrees. An
interval between two specified polar angles is defined as a
polar zone.) The second fragment has a mass of 1,168
grains and is travelling at an average velocity of 6,830
fiysec. There are about 1,066 of them, from the 80-85
degree polar zone of the dono: weapon. The 1/2-inch cube
is also shown. As noted previously, the 1/2-inch cube will
not cause this particular munition to detonate, but the two
example fragments will.

In examining the fragment threat, it was felt that if the mu-
nition could be protected from the two selected fragments,
it would be protected from all of the fragments from the
specified donor. As such, any barrier design recommenda-
tions are predominantly based on this portion of the analy-
ses. Figure 7 shows the response plot of Fig. 3 overlaid
with the initial conditions of the two selected fragments.
The 1/2-inch cube is also shown. The next step is to apply
both the Thor and FATE equations to these two fragment
families and determine what thickness of steel is required o
protect the vulnerable munition.

. S858 grains, 4260 Ips 30 fragments,
55-30 * polar o0 (1.8 Inch cube)

1168 graine, 6830 fps.,
. 1086 tragements,

80-85° polar zons

(084 inch cube)
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Fig. 7. Two Threat Fragments Overlaying the
Response Plot of Fig. 3.

Figure 8 shows the degradation of the selected fragments as
different thicknesses of steel plate are entered into the
analysis using Thor equations. The original dots are plot-
ted, and then the residual iragment after passing though a
single plate. Plates evaluated were 1/32, 1/8, 1/4, 172, 1/
and 2 inches thick. Figure 8 indicates that a 1/4-inch thick
steel plate is required to drop the 1,168 grain fragment be-
low the detonation threshold, but it required a 1/2-inch
thick plate to bring the large 6,659 grain fragment out of
the detonation zone. A 1/4-inch thick plate takes the 1/2-
inch cube completely out of the hazard zone. To com-
pletely protect this munition, a 2-inch thick plate of steel
would be required. However, a 1-inch thick plate would pro-
tect it from 99% of all the fragments from this specific
threat. A solution based on the Thor equations is the most
conservative.
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Fig. 8. Degradation of Example Fragments as a
Function of Barrier Thickness Using Thor Equations.

Figure 9 shows the analysis using FATE equations. As you
can see, there is a significant difference in the results.
While Thor predicts that a minimum of 1/4-inch of steel is
required to bring the 1,168 grain fragment below the deto-
nation threshold, FATE says that a 1/32 inch thickness
will suffice. The difference is that the FATE equations pre-
dict that t+: thin plate will shatter this fragment. Notice
that the thicker plates actually produce smaller mass losses
than the 1/32 inch plate. This is due to suppression of the
spall phenomena during penetration. According to FATE,
the 6,659 grain fragment still requires a 1/4-inch thick
steel plate as a minimum to bring it below the detonation
threshold. The 1/32-inch thick plate appears to drop the
1/2-inch cube fragment completely below any hazard zone.
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Fig. 9. Degradation of Example Fragments as a
Function of Barrier Thickness Using FATE Equations.

The results from the FATE equations indicate that a spaced
array armor design could be quite effective as a light weight
barrier solution, provided that the spccific environment
has enough room for such a design. To make a final rec-
ommendation regarding a barricr design, one would have to
cvaluate the hit probability and other factors which are
possible with our methodology. but which are not pre-
sented due to paper length restrictions.

2.5 LIMITATIONS TO THE METHODOLOGY
2.5.1 Response Model Llmitations. The reactive
model used for the responsc plot SDT threshold requires
wedge test data for the energetic material. Wedge tests are
expensive and only work for relatively simple, sensitive
explosives and propellants. Most propellants are very
complex energetic materials and have more than one inher-
ent reaction rate. A model and a calibration method is
needed for handling such complex materials.

The response model is currently limited to single fragment
impact with axisymmetric shapes. In real situations, the
munition will be struck multiply, by wrregular fragments. A
more sophisticated response model able to account for the
effects of both multiple impacts and the irregular impactor
shapes is essential.

2.5.2 Barrfer Meodel Limitations Both Thor and
FATE are limited as analyses tools. Both equations only
permit steel fragments. If a donor were made of titanium or
some metal other than steel, viable penetration equations
do not exist. With respect to barrier materials, Thor offers
a choice of 17 different materials, including steel and alu-
minum. FATE only offers steel and aluminum.

2.6 OVERCOMING LIMITATIONS

There are ways for overcoming these limitations.
However, they are generally eipensive. It requires lots of
test data against lots of different materials. Initial efforts
are directed towards analydcal studies. Experimental test-
ing will be needed in the future to verify the analytical
results.

2.6.1 SDT Predictions. To successfully model the
response of any energetic material, wedge test data is re-
quired for lots of explosives. Wedge test data is specifi-
cally needed for the Forest Fire Burn Model used ir our cal-
culations. Gap tests and other sensitivity data are helpful
in trying to approximate burn models based on similar ma-
terials for which there is wedge test data. For the more
complex energetic materials, a model and a calibration
method needs to be developed.

2.6.2 Fragment Shape Study. The SDT threshold is
calculated for idealized fragment shapes, either a cylinder or
a sphere. The velocity threshold for a sphere is approxi-
mately twice that of a cylinder with the same diameter.
Most real fragments are neither cylinders nor spheres, but
are more of a strip segment shape. Two fragment shapes
which can be modelled with a 2-dimensional hydrocode are
a cylinder and a strip. Any intermediate impactor shape,
(one that could contain the cylinder and be contained in the
strip), should exhibit SDT behavior bounded by these two
simpler shapes. The objective of the fragment shape study
is to compare the SDT behavior of cylinders and strips in
order to obtain limits for more rezlistic shapes.

2.6.3 Mylitiple Fragment lmpact. As noted earlier,
a parametric study using the MESA (Ref 7) 2-dimensional
Eulerian hydrocode is being conducted to establish a mulu-
ple fragment impact criteria for determining when a frag-
ment acts independent of its nearby neighbors, and when
the neighbors have to be taken into consideration. The
initial study is limited to rod impactors in order to utilize
the 2-dimensional code. Small scale testing is planned to
validate the multiple fragment impact model that is being
developed.

2.6.4 Overcoming Barrler Model Limitations.
For penetration effects, different materials need to be used
as the impactor against materials already ca'ibrated, and
more barriers need to be calibrated.

2.7 FUTURE WORK

2.7.1 ERAGMAP. A cutoff point has been selected and
Version 1.0 of the FRAGMAP code is currently being doc-
umented. As a minimum there will be a users manual and
the source code. A formal report is planned which will dis-
cuss the assumptions and theories behind the various ele-
ments of the methodology. At this time, FRAGMAP has
had a limited number of users. Therefore, although the pro-
gram has been used extensively, it may still contain errors,
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incongrutties and other unpleasant surprises. The current
version is considered developmental. Distribution of the
code will contain appropriate warnings.

2.7.2 Response Model Refinements. Further work
will be done overccming the limitations described above.
This includes completing the analytical studies on multiple
fragment impact, and fragment shapes. Experuinental veri-
fication of the analytical studies in planncd using small
scale testing techniques.

Within the general community, work is being done to de.
velop a model to handle the response of complex explo-
sives and propellants to shock stimuli. Some of this effort
is being done at the Naval Weapons Center. As such mod-
els become available, they will be incorporated into
FRAGMAP.

2.7.3 Barrfers. A new version of the FATE equations is
expected imminently. As soon as it is available, it will be
incorporated into FRAGMAP. An experimental effort is
needed to develop equations for impactors (fragments)
other than steel against existing barriers, and for stcel and
other impactors against additional barriers. Complex bar-
riers such a compo e armors and the new generation of
potential armor materials need to be evalvated and cali-
brated for use in codes.

2.7.4 Stacking Configurations. A means for mod-
eiling sympathetic detonation bombs stacks is being
developed. The initial work is being done using the MESA
1-D hydrocode on a Cray computer. Significant work has
vet 1o be done to make the model a reality, but iniunal re-
~ults are very promising.

2.8 POTENTIAL APPLICATIONS

The methodc .ogy shcwn can also be used in reverse for de-
signing insensitive mumtions. If you have the necessary
data, you can examine the effects of case thickness and en-
ergetic material selection on the vulnerability of your
weapon. The results can also be used to sciect test parame-
wrs for verifying the protection provided against actual
threats, for obtaining needed materials data, and for verifi-
cation and validation of our models. A similar approach
can be used for conducting sympathetic detonation analy-
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3 PART II. WEDGE TEST FOR STUDYING SDT
IN PROPELLANTS.

Allen J. Lindfors

3.1 INTRODUCTION

A series of minimum smoke propellants were developeu at
the Naval Weapons Center to have reduced shock scnsitiv-
ity (Ref 1). These propellants were specifically designed w
replace current conventior = minimum signature propel-
lants. These conventional propellants contain as much as
67% ot high explosive (HMX or RDX) in nitrate ester plas-
ticized energetic binders, which are known to be shock scn-
sitive materials.

Three basic technigues were used to reduce the shock sensi-
tivity of the propellants. These included using low shock
sensitive energetic materials such as ammonium nitrate
(AN) increasing the level of homogencity by reducing den-
sity discontinuities, and reducing the level of participation
of the HMX or ROX in the shock to detonation reaction.

To explore the shock sensitivity of these propellant formu-
lations, the wedge test was conducted. The wedge test
series were conducted on propellant samples incorporating
different formulation variables. The variables included,
type of high explosive (RDX or HMX), and with and
without high density burn rate modifiers. The wedge test
sensitivity of these propellants were then compared 1o a
convoenitional minimum signature propeliant.

3.2 PROPELLANT FORMULATIONS

The basic propellant formulation consisted of RDX or
HMX, AN, nitrate ester plasticized energetic binders, and
other additives. All the formulations contained 60% by
weight of solids. The first formulation used RDX, as the
high explosive material, and lead carbonate as a bum-rate
modifier. The second formulation consisted of HMX,
minus the lead carbonate. The third and final propellant
contained RDX, aiso minus the lcad carbonate. The
propellants were processed using small particle size solids
and mixed extensively under a vacuum to minimize density
discontinuities. The resulting formulatinng were of very
good quality and 99% of theoretical maximum density.

Typical propellant compositions contained 60% by weight
of solids which included 15%-17% of 1.4 micron HMX or
RDX, and 43%-45% of 40 micron AN. Nitrate esier plasti-
cized energetic polymers were used as binders, and for the
purpuse of this study 0.8% of 3.7 micron lead carbonate
was added as a bumn rate modifier.

3.2 WEDGE TESTING

3.2.1 Wedge Test Description. The wedge test is a
method by which the shock initiation characteristics of an
energetic material may be determined. A planar shock wave
is introduced nto the explosive to be tested. As the shock
progresses through the explosive it generates hot-spots, in
a heterogeneous material, that build-up to a detonation.

- >




M6

The objective of the wedge test is to determine the run to
detonation point at which the detonation wave overiakes
the shock wave. This point is characterized by a unique
time and distance to detonation for a specific sct of input
conditions.

A streak camera is used to record the wedge test event. The
surface of the wedge is mirrored to reflect light into the
camera. When either the shock wave or detonation wave
reaches the surface, the surface distorts so that the light is
no longer reflected into the camcra. As the detonation
wave overtakes the shock wave the slope of the reflected
light trace on the film changes. Thus, the run to detonation
point can be determined frori the film record. A schematic
of the wedge test s=t-up is shown in Fig. 1.

TO STREAK CAMERA

ARGON BOMB
LIGHTING

ENERGETIC WEDGE
SAMPLE

PMMA TERMINAL
ATTENUATOR

TTENUATOR
BOOSTER CHARGE

Fig. 1. Schematic of the Wedge Test Set-Up.

The results of a series of wedge tests are usually presented
as plots of input pressure versus distance to detonation and
time to detonation. With these plots energetic materials
may be compared with regard to relative sensitivity. This
is done by assuming that for a given distance to
detonation, the energetic material that requires the lower
input pressure te achieve this distance is the more
sensitive,

It should be noted though, that this is just one test for sen-
sitivity and the relative sensitivity rankings between ener-
getic materials may vary for different tests. Sor example,
the Naval Ordnance Laboratory Large Scale Gap Test may
give markedly different sensitivity rankings for the same
energetic materials, as compared to the wedge test.

3.2.2 Wedge Test Set-up. As shown in Fig. 1, a pla-
nar shock wave is introduced into the energetic wedge sam-
ple. The input shock wave pressure is varied to achieve dif-
ferent run-to detonation points

3.3 WEDGE TEST DATA REDUCTION

The streak camera records were first examined qualitatively
for exposure, planarity of the incoming shock, position
and time of the transition to detonation, and the presence
of any secondary shock reverberations that could affect the
results. A schematic of a streak camera record is shown in
Fig. 2. The film records were subsequently digitized on an
optical comparator. [he required parameters for reduction
of the film data, in the order they were analyzed, are
outlined in subsequent sections.

TME 1)
j -
' DETONATION
I WAVE
SPACE ()| WEDGE TRACE
TRANSITION (x*, t*}
l SHOCK WAVE
_~"FREE SURFACE VELOCITY
NEEDLE TRACE

Fig. 2. Schematic of a Wedge Test Streak
Camera Record.

3.3.1 Free Surface Velocity. To determine the input
conditions at the terminal attenuator/propellant sample in-
terface, onc needs to measure the free surface velocity
(Ug.s.) of the terminal attenuator. This is done by watching
the reflection of the needle off the mirrored surface move
towards the actual needle. By knowing the viewing aagle
(fixed at 45 degrees), the magnification, and the camera
writing speed, the free surface velocity can be determined
using the following equation:

U= Uc tan A /2M sin 45

where
Uc. = camera writing speed (mm/ps)
A = angle formed between moving image
and real ncedle
M = magnification

The film records of the wedge traces were typically read in
0.250 or 0.500 mm increments along the time axis. They
were converted to real times using the relation:

t =Yg/ Ue

wherte

t real time (psec)
Yf = incremental film time (mm)

Uc = camera writing speed (mm/s)

3.3.2 Space-Time_Data, The film space data associ-
ated with the time readings were reduced using a similar tri-
angles method (Ref 2). In this method one nceds only to
know the actual wedge height and measure the total film
trace width to convert film space to real space. The data are
converted using the equation:

Xr  =(Wn/WpXg
where
X = real space (mm)
Wh = wedge height (mm)
Wg = wedge film trace width (mm)
X = film trace measurements (mm)

3.3.3 TIransition To Detonation and Shock
Yelocity. The transition to detonation is assumed to oc-
cur at the region of maximum acceleration along the film
trace, and is designated (x*t*). These points were read di-
rectly from the film records. While this determination can
be somewhat subjective in the case of materials whic; ex-
hibit “smeared out” transition regions, the propellants
tested in these experiments showed very well defined tran-
sition regions.
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To determine the initial shock velocity (USO) in the ener-

getic wedge sample, a plot was made of incremental average
velocities (x/t) versus time (t) up to the ransition point.
Inconsistent data points at the ends of the trajectory were
discarded. The data were then fitted, by a lcast squares
method to the relation:

x = Usot + 172 b12

where
x = real space (mm)
11 = real time (fsec)
b = acceleration of shock wave (n\m/psz)

The derivative, with respect to time, evaluated at t = 0 is
taken as the initial shock velocity.

3.3.4 Shock Properties. To determine the shock
Hu -oniot of the energetic material only two parameters are
needed. These are the shock velocily in the terminal
attenvator and the shock velocity in the energetic material.
To determine the shock velocity in the terminal attenuator
one needs to know its particle velocity and its shock
Hugoniot. The particle velocity in the terminal attenuator
is found by assuming that it is one half of the free surface
velocity,  The shock Hugoniot for Plexiglass (Ref 3) has
been well defined by:

Us  =2598 + 1516 Up

Since the shock velocity in the energetic material is known
from the film records, the particle velocity and initial
pressure in the encrgetic material can be found using the
impedance matching technique. This techniyue gives rise
to the equations:

Pe = (a7 (g4 7¢) - Ug g,
Up, =lZalZa+Z] Vs
where
Po = pressure in energetic material (GPa)
7 = shock impedance = str“'i
USj = shock velocity (mmjps)
Yoy = Initial density (gm/cc)
Upc = particle velocity in energetic

materiai{mm/us)
Ur ¢ = free surface velocity of terminal
altenuator (immy/jts)

3.4 EXPERIMENTAL RESULTS

The results of the wedge tests performad are listed in Table
I The formulation designations are as follows. RDX-
RO indicates the RDX based propellant with the lead
carbonate burn rate modifier, HMX indicates the HMX for-
mulation without the lead carbonate, and RDX is the same
as RDX PhCO1 minus the lead carbonate.

3.5 SHOCK HUGONIOTS

From the shock velocities and the calculated particle

velocities the shock Hugoniots are given helow, and the

plots in the Us-Up planc are shown in Figure 3.
RDX-PBCO3  Us = 1.44 + 304 Up

HMX Us = 1.77 + 2020p

2u-7
RDX Us =261 + 1.65Up
HEP 2 Us =245 + 1.61Up

Results of an earlier wedge test series on a high energy
minimum signature proj-‘lant, (HEP 2), which contains
67% HMX-RDX, and nitrate ester plasticized binder, are
listed in Table 11 for comparison purposes (Ref 4).
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Fig. 3. Shock Hugoniots of the Propellants Tested
in the Us-Up Plane.

3.6 SHOCK SENSITIVITY

The traditional method for ploiting the data from the wedge
test is known as the Pop-plot after Alfonso Popolato.
Popolato found that over a range of input pressures, log-
log plots of run to detonation, or time to detenation versus
pressure, are linear. The equation of the Pop plot over the
linear range, in run to detonation versus pressure form, is
then:

logx*=A+BlogP

In this form P is in gigapascals, x* is in millimeters, and A
and B are determined from a least squares fit in the log-log
plane. Similarly, time to detonation versus pressure takes
on the same form with different coastants.

For the propellants tested, Pop-plots of distance to detona-
ton versus input pressure are shown in Fig. 4. As can be
scen, at low input pressures the Pop-plot becomes non-lin-
car and pressure approaches a vertical asymptote. This im-
plics that a different type of mechanism is controlling the
reactivity and this will be discussed further in the subse-
quent section.
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Table I. Wedge Test Results

Propellant Us, Upg Py 1o x* t* Ufs.

{mm/ys) (mm/s) (GPa) (gm/ec) (mm) (us) (mm/ps)

5.40 1.15 10.00 1.60 1.50 0.22 2.92
RDX-PbCO3

4.60 0.95 7.04 1.60 6.25 1.25 2.33
RDX-PbCO3

4.50 0.93 6.73 1.60 9.60 1.96 2.26
RDX-PbCO3

4.40 0.74 5.40 1.60 11.47 2.49 1.90
RDX-PbCO3

3.75 0.72 4.35 1.60 |-} 1.68
RDX-PbCOs3

3.35 0.60 3.20 160 |- - 1.37
RDX-PbCO3

4.60 1.34 9.98 1.623 1.54 0.27 3.05
HMX

1.21 1.23 8.41 1.623 12.10 2.48 2.76
HMX

4.10 1.21 8.10 1.623 13.52 2.87 2.70
HMX

4.01 1.06 6.90 1.623 14.32 3.11 2.39
HMX

4.85 1.38 10.70 1.60 11.71 2.46 3.18
RDX

4.62 1.15 8.48 1.60 13.72 2.96 2.70
RDX

4.30 1.03 7.11 1.60 15.30 3.31 2.40
RDX

4.12 0.93 6.18 1.60 17.73 393 2.17
RDX

4.05 0.87 5.65 1.60 1 -- ] 2.03
RDX**

* Indicates Transition to Detonation

** Indicates No Transition to Detonation

Table Il Wedge Test Results for a Minimum Signature Propellant, (HEP 2).
HEP2 | Us Up, Po To x* 1* Uss.
Shot # (mm/us) | (mmpps) | (GP2) (gm/cc) (mm) (mm) (mm/us)

! 4.90 1.30 11.46 1.70 1.56 0.32 3.28

2 3.30 0.562 3.11 1.68 20.87 5.85 1.30

3e S . 1.69  fo- e b

4 3.80 0.713 4.52 1.67 5.26 1.59 1.70

5 3.96 1.16 7.73 1.68 2.35 0.552 2.60

* Indicates Transition to Detonation

**Indicates a No Data Shot.

o
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Fig. 4. Pressure Versus Run for Insensitive
Propellants and HEP 2.

The interpretation of sensitivity behavior of an energetic
material using these plots is done by observing the behav-
ior of the constants A and B for the propellants tested. In
Fig. 4 the Pop-plots for RDX-PbCO3, HMX, RDX, and HEP
2 are shown. The intercept value A defines the horizontal
positioning of the Pop-plot; thus it defines the shock
region of interest, and B is the slope of the line.

Hence, a propellant with a higher pressure intercept and
steep slope would be less sensitive compared to a second
propellant with lower pressure intercept and shallower
stope. Therefore, from Figure 4, it can be seen that RDX-
PbCO3, HMX, and RDX are all less sensitive than HEP 2.

For two propellants with different intercepts but very
similar slopes the propellant with the higher pressure
intercept is less sensitive at all pressures compared to the
propellant with the lower intercept. This can be seen in
Fig. 4 when we compared RDX PbCO3 to HMX, and HMX
to RDX.

3.6 DISCUSSION

In general, all of the propellants have steep Pop-plots.
Thus, the run to detonation will occur only over a very
small pressure region. From an experimental stand point
this small pressure region makes it very difficult to gain a
varicty of run distances. For example the pressure differ-
ence required for a 1.5 millimeter run and a 12 millimeter
run is only 1.5 GPa for the HMX formulation.

However, from an shock insensitive propellant stand
peint, this type of behavior is desirable. This is due to the
fact that if a propellant is going w detonate it should only
occur at fairly discrete high pressures, as is the case for
these propellants.

The relative low shock sensitivity of these propellants is
attributed to three basic factors. First, the amount of high
cnergy explosive, HMX or RDX, was reduced from 67% to
15%-17%, the remainder being replaced with AN. This has
the overall effect of reducing the shock sensitivity of the
propellant because AN is much less sensitive to shock than
RDX or HMX. The other two factors involved the reduction
of density discontinuities and thus the number of hot-spots
initiated. This was the resuit of the RDX or HMX being
present in small particle size, (2um), and eliminating the
high density, (6.14 gm/cc) lead carbonate burn-rate
maodifiers

20-49

The teduction of AN participation in the detonation reac-
ton can be seen from the Pop-plots. In the RDX-PbCO3,
formulation containing the lead carbonate, the Pop-plot is
well behaved and is linear until the run to detonation does
not occur. In fact if one were to plot the "no go™ point it
would lie on the same line. However, in both the HMX and
RDX formulations, at approximately 7.5 GPa, there is a
distinct change in the Pop-plot that is quite consistent for
both formulations. In the work of Stinecipher (Ref 5) on
composite explosives, the partial AN reaction was at-
uibuted to intermolecular reactions in the detonation zone
of only a thin layer of the AN. In this work however, it is
suggested that further participation of the AN can be in-
duced by higher shock pressures or high density disconti-
nuities.

3.7 SUMMARY

The shock sensitivity of several propellants were assessed
in the wedge test. The results indicated that these propel-
lants are much less shock sensitive than the conventional
minimum smoke propellants. This paper also included a
study of the effect of various formulation variables on the
shock sensitivity of this type of propellant composition.

This study provided much guidance in tailoring the formula-
tion for further reducing the shock sensitivity of these ma-
terials. The results indicated that the use of shock insensi-
tive filler (AN),and increasing thc degree of homogeneity
(use of fine particles of high explosive), minimized the
physical discontinuities and reduced the shock sensitivity
of minimum smoke propellants. These studies also led to
some insights into the level of participation in the shock
to detonation reaction of certain components of energetic
composite materials.
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4 PART III. PLANAR ROCKET MOTOR TEST
MODEL

Stephen A. Finnegan, Jan C. Schulz
and J. Kenneth Pringle

4.1 INTRODUCTION

Bullet or fragment impact against a solid rocket motor can
cause a reaction ranging from mild bumning to detonation.
Prompt detonation may occur immediately on contact
through the mechanism of shock-to-dctonation transition
(SDT). Delayed reaction (either burning or detonation) may
occur at later times. Delayed reactions are believed to be
associated with damage and fragmentation of propellant
during penetration; however, the underlying mechanisms
are not well understood.

Study of delayed reaction phenomena is complicated by the
fact that these processes occur within the motor case. A
planar rocket motor test model has been developed as an aid
in visualizing these processes. This model consists of a
steel plate, a layer of propellant, an air gap, a second layer
of propellant, and a second steel plate, as shown in Fig. 1.
A degree of confinement is provided by the addition of
transparent Plexiglas sidewalls. The open architecture of
the model allows impact and reactions within the bore (air
gap) to be photographed.
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Fig. 1. Planar Rocket Test Model.

The basis for this test model was the observation, made
from impact tests using inert simulant, that a "bubble” of
propellant debris forms at the rear of the first propellant
layer as a result of projectile perforation of the layer. As
the bubble expands longitudinally into the adjacent air
space, it elongates and eventually breaks into fragments.
The presence of a closely spaced second propellant layer
inhibits breakup and leads to the formation of “shredded
appearing” debris (Ref 1).

Planar rocket motor test model results show that ignition
of bubble debris occurs upon impact with the second pro-
peliant layer followed by a reaction ranging from mild
burning to delayed detonation, depending on the type of
propellant and the width of the air gap (Ref 2). Further
studies, including hydrocode modelling, show that the ratio
of air gap distance to bubble breakup elongation is an
important factor in determining the type and intensity of
reaction that occurs (Ref 3).

Th«? present paper reviews the work done to date on ener-
getic materials using the planar test model. In addition to

summarizing prévious work, it also discusses results from
current efforts.

4.2 HYDROCODE STUDY

A parametric study of the debris bubble expansion and
breakup process was conducted using an Eulerian hy-
drocode, CSQ III. The study was performed to establish the
basic character of the debris bubble and to establish
breakup trends as a function of various target and impact
parameters. Parameters varied included impact velocity,
propellant layer thickness, and plale material. Runs were
made against "half targets” only; impact against a second
propellant layer was not considered.

The output of each hydrocode run consisted of a sequence of
computer plots showing deformed cross-sections of the
projectile and target layers at constant lime intervals. An
example is shown in Fig. 2. At 30 ps the projectile h.'s
perforated the plate and is penetrating through the propel.
lant layer. By 60 us a bubble has started to form at the rear
surface of this layer. The layer elongates, thins down and
starts to break up at some time prior to 150 ps. The plots
indicate that the debris bubble can be regarded as an
expanding hollow shell, similar to those occurring in
hypervelocity impacts (Ref 4). The exterior shape closely
matches that seen experimentally at distances out to 3-4
inches (Ref 2).

From the computer plots, debris bubble elongation as a
function of time and at breakup can be determined. An
analysis of the computer runs for the various parameters
studied showed that breakup elongation increases with im-
pact velocity, propellant layer thickness, and plate density
(Ref 3). (A comparison between hydrocode-calculated
elongation measurements and experimentally-measured
elongation values and reaction limits is presented in a later
section of this paper.)

It should be pointed out that the debris bubble is not a
spall. A spall is the result of tensile failure when a shock
wave is reflected back into the material as a rarefaction at a
free surface. Bubble formation in the present case is a much
longer term process produced by the mechanical interaction
of the projectile with the propellant layer. This is clearly
shown by the modelling results. A comparison of initial
shock pressures in the propellant (determined by
impedance matching) with hydrocode-calculated breakup
elongation values for various case materials also shows no
correlation, indicating that the initial shock is not respon-
sible for breakup of the bubble (Ref 3).

4.3 EXPERIMENTAL SETUP

Energetic materials used in the various studies included two
conventional aluminized, one reduced smoke HTPB/AP, and
four minimum smoke propellants along with one explosive
(Composition B). Of these, two (reduced-smoke HTPB/AP
and one high-nitramine, minimum-smoke material) were
tested extensively and the others to a more limited degree.

For comparability, the thickness of the propellant layers
and cover plates (1 1/2 and 1/16 inches, respectively) were
held constant. Hardened (370 BHN) steel was generally
used for the first (impact side) cover plate, while mild (95
BHN) steel was often used for the second (exit side) plate,
particularly in latter tests. Latter tests also included some
involving uncovered (bare) propellant. Initially, the air
gap was varied between 1/4 and 7 inches. As it became ap-
parent that the most violent reactions occurred at air gaps
below 3 inches, that value became the upper limit for most
subsequent tests. Projectiles were mostly 3/4-inch-diameter
mild steel spheres, although 3/4-inch-diameter ogival-
nosed cylinders were used for two tests.

Projectiles were fired from a 20 mm smooth-bore powder
gun. The velocity range for testing was 2000-4600 fus:
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Fig. 2. Hydrocode plots for 3/4 inch steel sphere impacting 1 1/2-inch propellant layer with 1/16-inch

steel cover plate at 3800 fufs.

however, most testing was done at velocities between 3600
and 4000 fts. Projectiles were sabotted for launching.
Those for spherical projectiles were designed to separale
during flight and be stopped by a stripper plate; those for
ogival projectiles were rigidly attached to provide greater
stability during flight and target penetration. In-flight
proectile velocities were measured using a Photec high-
speed camera runming at 16,000 fraries/s in conjunction
with a backlighting system consisting of a diffusing screen
and light source (initially sunlight and reflecting mirror,
later an array of flash lamps). Impact processes and propel-
lant reactions were observed using a Fastax high-speed
camera running at 32,000 frames/s along with a separate,
similar backlighting system.

Targets were initially enclosed by Plexiglas sidewalls.
However, an analysis of delayed detonation reactions indi-
cated that most occurred too early after impact of the bubble
for pressure buildup due o confinement to be a factor in ini-
tiation.  After this was confirmed by tests of unconfined
targets, later tests were done without these enclosures.

4.4 EXPERIMENTAL RESULTS

The main data source from each test was the film record
from the high-speed camera. Space limitations prevent
these from being shown in this paper. Instead, major
events (e.g., ignition and reaction patterns) are shown in a
scries of sketches made from the film records.
Photographic records can be found in a previous report (Ref
2). Results for impacts involving violent burning and
impacts involving delayed detonation are discussed in the
following two sections.

4.4.! Byrning Beaction As shown in Fig. 3, ignition
of bubble debris first occurred upon impact with the second
propellant layer. (Tests of “half targets”, i.e., with the
second propeliant layer removed, showed no ignition of
bubble material for expansion distances up to 12-18
inche;. Bubble debris was also safely captured in cotton-
batting-filled containers.) In all cases. ignition appeared
to be associated with impact of the projectile rather than

impact of bubble debris. No ignition attributable solely to
impact of bubble debris on the second propellant layer was
observed.
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Fig. 3. Sketch of Debris Bubble Ignition Process.

For most propellants, ignition of bubble debris was fol-
lowed by a buming reaction that propagated outwards from
the center of the impast area. Two kinds of burning reac-
tions were observed depending on the width of the air gap.
An intense reaction, found at smaller air gaps (generally
below 3 inches), was associated with debris flowing out-
wards along the impact surface, as sketched in Fig. 4. In
this situation, the debris bubble appeared to be opaque
(unbroken) prior to impact and the projectile was sub-
merged within it. A less-intense reaction, found at a 7-inch
air gap, was associated with dcbris moving backwards
through the center of the incoming bubble material, as
sketched in Figure 5. In this case, the dcbris bubble was
fragmented prior to impact and the projectile was clearly
visible, traveling ahead of the debris. Crater debris associ-
ated with impacts of particulalc matter appeared to be re-
sponsible for this particular reaction pattern.
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Fig. 8. Detonation Delay Times for a Minimum-
Smoke Propellant.

To examine the relationship betwceen bubble breakup elon-
gation and the upper detonation limit (i.e., the average be-
tween the largest air gap for detonation and smallest for
burning), measured breakup elongations and detonation
limits were compared with hydrocode-calculated breakup
elengations. A comparison of breakup elongations for
covered propellant as a function of propellant layer thick-
ness is shown in Fig. 9. Agreement is quite good. A
comparison of breakup elongations for both covered and
bare propellant as a function of impact velocity is shown
in Fig. 10. Measured values for this propellant are
somewhat higher and differences between bare and covered
material larger than predicted. Data uends for both target
conditions are about the same as predicted ones, however.
Measured breakup elongations probably represent upper
bounds to the actual breakup clongations because of diffi-
culties in determining the onsct of breakup photographi-
cally.
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Velocity for a Minimum Smoke Propellant.

A comparison of measured detonation limits and
hydrocode-calculated breakup elongations for both covered
and bare propellant as a function of impact velocity is
shown in Fig. 11. Detonation limits for bare propellant
appears to be relatively constant over this velocity range
indicating that the breakup elongation remains roughly the
same. This behavior is quite different than that for covered
propellant where the breakup elongation increases with
impact velocity. These differences may be attributed to dif-
ferences in projectile deform ion for the two impact condi-
tions. Projectile deformation is relatively small for impact
against bare propellant at these velocities resulting in a
more constant bubble size. In contrast, projectile deforma-
tion becomes significant at the higher velocities for im-
pacts against covered propellant resulting in a larger bub-
ble.
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Fig. 11. A Comparison of Measured Detonation Limits
With Hydrocode-Calculated Bubble Breakup Elongations
Versus Impact Velocity for a Minimum Smoke Propellant.

The effect of propellant brittleness on the detonation limit
was cxamined using Composition B explosive. For impact
of spheres at 3800 ft/s, the measured detonation limit for
covered Composiiion B was 1.50 inches as compared to
2.75 inches for propellant. This reduction is consistent
with the smaller breakup elongation expected for a brittle
material (Ref 5).
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The effect of projectile geomeury on the detonation limit
wac examined using ogival-fronted cylinders. At an impact
velocity of 3800 fis, the measured detonation limit for
ogival projectiles against bare propellant was 1.25 inches
as compared to 1.75 inches for spheres. This reduction re
flects the lower penectration resistance for this nose shape
that allows easier perforation of the bubble wall.
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Discussion

QUESTION BY VICTOR, US: Based on the timing and the similarity of
the phenomena it would appear that what you see in the planer tests
you reported on and what Brunet reported on in the cylindrical tests
there seems to be similar phenomena that are explained by different
reasonable explanations. Have you any comment cn this?

ANSWER: Yes, it is fundamentally the same mechanism in that both
require damage to the propellant do to tension in the bubble or
coalescence with the shock wave followed by a compression shock

which then detonates the system.
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The effect of heating rate in Cook-off testing of energetic materials

Rocco Farinaccio
Defense Research Establishment Valcartier
P.O.Box 8800
Courcelette, Quebec
Canada GOA 1RO

SUMMARY

A thorough understanding of the chain of events that occur
within an ordnance when it is subjected to a thermal
stimulus is needed to describe the cook-off occurrence. It
was proposed that these mechanisms should consider i)the
system configuration, ii) materials and iii) the type of
thermal environment that poses a viable threat to the
energetic material. The attempts to satisfy these
requirements at DREV has led 1o a cook-off test that
simulates variable thermal environments on a system
configuration that best addresses our needs. The energetic
material to be tested with these tests includes all PBX's in
development at DREV.,

This paper aims to present the methodology of the cook-off
test at DREV, using guidelines from U.S. DOD-STD-
2105(NAVY) (3.3°C/h) and three other intermediate heating
rates to show the effect of heating rate on the reaction
temperature of explosives. The ordnance is defined by a
representative desiya of a 150inm ordnance system with
predefined constants of size and confinement. The energetic
material chosen for these tests was DREV's CX-84A.
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L INTRODUCTION

The cook-off occurtence of an explosive is described as an
unintended reaction of the energetic material due o a
varying thermal environment. The thermal environment may
consist of the munition's exposure in a fire to the
munition's cyclic thermal loading while being transported or
being stored. The thermal decomposition of the munition
depends on the heat exchange with the surroundings. Of

particular danger, and of special interest to many
researchers, is the slow cook-off process. The cook-off
phenomena occurring at slow heat rates or lower
temperatures depends on the mass of the explosive, the
exposed surface of the material, the applied heat rates, elc.
The reaction temperature of the explosive at low ambient
conditions is usually less than that experienced at high heat
environments. The thermal decomposition of the explosive
proceeds slowly at low ambient conditions and the heat
transfer is efficient since most of the heat generated in the
environment is transferred to the c¢xplosive. “Whereas, iv:
higher heating environments such as a fast cook-off, the
generated heat is dissipated and the heat transfer is less
efficient. In simulating realistic situations or stimuli, the
munition may be exposed to a cook-off mechanism which
can be a combination of both or an intermediate other than
the slow or fast cook-off. An example of this may be the
heat transfer from a hot gun barrel to a lodged muniton
casing. The complexity of the cook-off mechanism is also
dependant on the degree of confinement and the mass of the
explosive. The ideal scenario would include munitions of
practical size and confinement subjected to a hazardous
thermal environment. In this study, an experimental method,
with known explosive mass contained in a generic munition
casing, has been developed in order to determine a
relationship between the heating rate and the reaction
temperature of an explosive when subjected to various
heating rates.

2. METHOD

For each experiment, a metal cylinder filled with energetic
material was subjected to a controlled thermal environment
via an enclosed oven. A schematic of the cylinder is shown
in Figure 1a and a generic schematic of the test is shown in
Figure 1b. The design consideration for the cylinder was 10
simulate as realistically as possible a 155 mm warhead
containing 5 Kg of explosive. The cylinder's volume was
3L and the top cover (Cover B) was specifically designed to
burst at an internal pressure between 22MPa-24MPa, which
simulates the munition's bursting pressure. The placement
of the container within the oven was carefully considered in
order to minimize varying heat flux and large air
temperature gradients. The heat flow on all surfaces of the
container were to depict a free flowing com <ctive and
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conductive heat transfer.

As the oven was heated, four temperature measurements
were obtained by type K (chromel/alumel) thermocouples.
One thermocouple measured the lemperature of the
explosive/metal interface at the longiiudinal center of the
container. Another was placed within the oven at the mid
point of the air gap between the heating elements and the
explosive container in order to log the oven temperature.
This thermocouple was situated along the plane
perpendicular to the mid point of the longitudinal axis of the
cylinder. The third and fourth thermocouple charted the
temperature of the air gap at both the top and bottom edge
of the cylinder These two thermocouples gave the
temperature gradient of the air along the length of the
cylinder. Each thermocouple was atiached to a two wire
transmitrer (ACROGM A 1507 ) 1ne ansmitters were u~ed
. wonainon thermocouple input signals and convert the
signal to a 4 to 20mA process current output. The units
were calibrated for a (P to 700° C input for the 4 10 20 mA
output range. A 24Vdc power supply with a 5008 serics
resistant was attached to each of the wansmitters.

A data acquisition system (HP3852a) was used to obtain the
measurements of the thermocouples. Modules for the system
in the form of a voltmeter and a 20 channel relay
multiplexer  were needed for the data acquisition
configuration. This permitted the output voltage from the
thermocouples to be converted to actual temperature
readings by incorporating a relation within the computer
program.

Using programmable PID control via a micro computer, the
heating environment could be varied at any stage of the
expeniment. A computer programs the functions and
downloads into the data acquisition/control unit, with which
the latter controls a closed 3 KW oven with a feedback
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Cover A

CYLINDER

transfer function interpreted by the temperature reading
obtained by the center thermacouple located in the
oven.Cylindrical brick refractory type ovens rated at 3 kW
were used for the experiments. A silicon relay with a 0 to
5 Vdc setting was used concurrently with an analog/digital
converter,via feedback from the oven thermocouple reading,
to control the 240Vac power supply to the oven. An
isolation transformer was placed in the voltage line to
protect the equipment in case of a short circuit or power
surge when a reaction occurred within the oven.

A video camera was also used to record the event of the
reaction of the explosive. It was placed in a well protected
environment and the image of the oven was transmitted to
the camera via mirrors. A pressure wransducer (Kistler
Model 206) placed at Sm from the oven was also used to
record the pressure wave (biast) ui the teaciion.

DREV CX-84A explosive was cast inlo {our cylinders and
each cylinder was subjected to one of the predetermined
heating rates. After filling, the explosive cylinders were
stored at an ambient temperature of 20°C uniil the cook-off
lest was initiated. The applicable healing rates for the cook-
off test were 3.3°Ch, 9°Cm, 25°C/h and 75°Ch.
Thermocouple readings were obtained for each test until a
reaclion was recorded within the cylinder. The time for the
cook-off was also recorded.

During each test, the oven was heated to approximately
100°C using higher heating rates than the applicable rates in
order to accelerate the cook-off process. This conditioning
has no adverse affect on the explosive's reaction because
the temperature is more than 50°C lower than the assumed
cxothermic reaction temperature of the explosive. The
heating rate was then kept constant at one of the four
mentionned heating rates for the duration of the test,
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Figure 1a: Explosive filled cylinder

e ——



$H0CK TRANBOUCER O
{ $m froem oyitlnder )

¥ AROA

LIGATI NG

-

————— Ao

!
~ !
“"2 V— ‘,_+_

ovex

FIR NO BAY

————{rnavew Tran }

OBSENYATIOn PORT

| D1 a1 TAL

i OICILLOSCOPE
_

1 BOLATION
TRANSFORMER

l 4oreves
.-

o AT, vOLY .

PLEXER METER

WULTI .

EXTaNI ON m (UYHA 447074 arera
aree4

DATA ACQUISITIiON aYeTEs
LA

e

I

g W
!
i

COOK- OFF TEST SCHEMATIC

Figure 1b: Schematic of cook-off setup

J.RESULTS AND DISCUSSION

Figures 2 to 5 shuw an array of resulls showing the oven
temperature and the temperature of the explosive/cylinder
interface within the cvlinder at the four heating rates. The
graphs also display the time to reaction. It is first noticed
that the ime to cook-off was greater at low heating rates. At
a heating rate of 3.3°Ch, the time for a reaction to occur,
as measured from the reference oven temperature of 100°C
was 21.4 hours, whereas, at a heating rate of 75°C/h, the
time was only 2.5 hours. The time for reaction at 9°C/ and
15°C/h was 9.8 and 4.9 hours, respectively. The reaction
temperature has also changed. The reaction temperature
increased from 153°C as measured at 3.3°C/h to 179°C as
measured for the heating rate of 75°C/h. The reaction
temperatures at 9°C/h and at 25°C/h were found to be
165°C and 172°C, respectively. The phenomena of increased
reaction temnerature concurs with analytical work treating
the effect of low and high temperatures [Ref.1,2,3,4].
However, the analytical work only estimates the relative
increase, since not enough practical data has been collected
to accurately predict the explosives behaviour in any
confinement at various heating rates. However, there is
ongoing work by many countries to model the reaction of
energetic materials, in various states of confinemert, to

various thermal environments using experimental data.

Figure 6 illustrates the correlation of the reaction
temperature to that of the heating rate of the oven. It has
been found that the experimental data can be fitted to an
equation of the form of the approximated expression derived
by Frank-Kamenetsky [Ref.S] which approximates the
growth of the reactant temperature of a large body. The
expression assumes adiabatic conditions and that the heat
loss rate is small compared to the growing rate of heat
generation. The expression is of the form

RT} 1
T-T+ ‘.
E

1
1-Q. E 4 oy, O

i

which describes the convective heat transfer across the body
and does not include the relation for the shape factor
function for the conductive heat transfer. Frank-Kamenetsky
proposed a function Fk, to be included within the equation,
to simulate the conductive heat transfer thoughout the
reactant. The variables characterized in F% were the
material's thermal conductivity, density and shape factor.
The relationship, however, does not consider the effects of
confinement of the energetic material, the convective heat




tansfer through various materials other than the energetic
material and also the conduclive properues through the
metal encasement. Such consideration would require a
complex model. Therefore, the best fit relation of the
experimental data o the model, in simplified constants or
terms, was found to be

T-144.97+8.156:In(g) @)

Equation (2) is unique in thal it is the expression obtained
for the reactant temperature of the explosive CX-84A,
confined in a metal cylinder, as a function of the healing
rate.

The intensity of the reaction at each heating rate was also
noted for each cylinder and they were found to be similar,
as indicated by the bursting mechanism of the cylinder and
as shown in the photographs in Figures 7 and 8. For each
case, the cylinder top which was rated for 24 MPa, burst
open at the wedakened seam and the energetic material was
extruded out of the cylinder. The extruded explosive along
with its remains within the cylinder bumed until it was
totally consumed. The degree of reaction at all cases was
minimum as e¢videnced also by the negligible pressure wave
measured by the pressure transducer at the ime of reaction.
The pressure wave at S m from the cylinder was measured
at less than 6 kPa.

The results wndicate that the explosive does not reart
violently tor varnious cook-off scenarios and that the reaction
temperature 1s dependent on the cook-off parameter of
heating rate.

4. Conclusion

The cook off method adopted at DREV adds versatility to
the existing cook-oft method described in DOD-STD-2105A
by altering the thermal environment of the test sample. The
method attempts to depict thermal environments that
simulate tangible hazardous thermal scenarios of munitions
of any size and confinement. The procedure can realize tests
at vanous heating rates and has shown experimentally that
the energetic material's reaction temperature is a function of
the thermal environment. DREV explosive CX-84A has
been tested in a generic 155 mm casing and its reaction
temperature was found to be a function of the heating rate
applied. This relation is unique for the size and confinement
of the explosive.

The reaction state of CX-84A 1o these different thermal
environments was also found to be minimal as confirmed by
1ts burning reaction and there was no significant evidence
that the heating rate affected the degree of reaction. The
degree of reaction ¢f CX-84A, at the slow cook-off rate of
3.3°C/h, has shown that the explosive has passed the
insensitive DOD-STD-2105A requirements for the test (i.e.
reacted above 149°C and reaction was a burn [Ref 6]).

[ ]
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COOK-OFF #6

CX-84A
NG RATE: 9 C/ H

Figure 7: Photograph of cook-off cylinder after test at 9°C/h.

COOK-OFF #4

CX-84A
HEATING RATE: 75 C/H

Figure 8: Photograph of cook-off cylinder after test at 75°h.
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Discussion

QUESTION BY SCHARP, ?: You did not put a thermocouple in the
center of the explosive. Did you make theoretical calculations on
the expected heat transfer and temperature in the explosive?

ANSWER: No, | have not made theoretical calculations but they are
forthcoming.

QUESTION BY VAN DER STEEN, THE NETHERLANDS: The heating rate

for a cook off experiment is 3.3 degrees C/hr. This causes a very
lengthy experiment. Could we conclude from your experiment that a
higher heating rate, eg 25 degrees C/hr., is also possible for a "slow
cook-off test"?

ANSWER: Not exactly, the correlation curve for each system
configuration must include testing at 3.3 degrees C/hr. in order for
proper extrapolation.

e e il
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RESUME

Aprés avoir passé cn revue Ics principaux risques liés
aux phénomencs thermiques induits a bord des batiments
de surface par la mise a feu accidentclie de munitions, on
présente les travaux expérimentaux et théoriques menés au
G.ER.Py dans le domaine des agressions thermiques :

- effets globaux produits par un foyer localisé dans
une soute , transferts thermiques vers les locaux adjacents
et comportement des munitions vis a vis de ces agressions,

- effets locaux produits en particulier par les jets de
propulseurs sur les structures cavironnantes en cas d’allu-
mage intempestif.

INTRODUCTION

L'objet de cet exposé est de présenter les travaux ex-
périmentaux et théoriques menés dans le domaine des
agressions thermiques 2 bord des batiments de surface par
le Groupe d’Etudes ¢t de Recherche de Pyrotechnie
(G.E.R Py) de 1a Direction des Constructions Navales de
Toulon,

Les nombreux incidents survenus a bord de bat-
ments de surface et notamment celui survenu en mai 1987
sur I'USS STARK ont mis cn évidence les risques hiés aux
phénomenes thermiques (foyers d’incendie, ransferts de
chaleur) et en particulier ceux indutts par la combustion
de matieres actives (propergol).

Tout peut commencer par un foyer d’incendic locali-
s rar exemple dans une soute provoquant une élévation
de température et de pression dans Ic local jusqu’a réac-
uon d'une ou plusicurs munitions soumises a cette am-
biance thermigue.

Au niveau de la munition, les risqucs peuvent éire
classés selon le type de réaction, a savoir :

- réaction de détonation (type [ ou Il sclon lc
projet de STANAG 4240) avec endommagement
des structures environnantes par 1a surpression
duc a 'effet de souffle ot par les perforations pro-

voquées par les éclats (fragmentation de ’enve-
loppe). Les travaux récents sur les explosifs per-
mettent de se garantir contre ce risque.

- réaction d’explosion (lype III) avec fragmenta-
tion de I’enveloppe, projection d’éclats et effets
locaux de surpression,

- réaction de propulsion (type 1V) avec départ
intempestif de la munition engendrant des dégats
importants sur les structures et 1'apparition de
foyers d’incendic dits secondaires,

- réaction de combustion (type V) sans propul-
sion ni ouverture violente de I'enveloppe, avec
création de foycrs d’incendie localisés,

Au niveau dcs aménagements, on distngue :

- les effets globaux caractérisés par des gradients
de température, de pression ou de vitesse d’écou-
lement des gaz brilés dans les locaux de
stockage ou de mise en ocuvre (soutes) ct dans
les conduits d’évacuation (plénums). Ces éléva-
tions de température peuvent provenir des foyers
directement placés dans le local ou de foyers si-
tués dans des locaux voisins (échauffcment lent),

- les effets locaux dont les cffets des jets (pres-
sion et icmpérature a 'impact, vitesse d'écoule-
ment des gaz) sur les structures ¢t munitions voi-
sincs. Ces jets neuvent étre générés par le départ
intempestif de propulseurs ou issus de perfora-
tions par éclats de ces mémes propulseurs.

Les travaux traités par le G.E.R.Py concernent la ca-
ractérisation de ces effets globaux, 1'étude du compornte-
ment des munitions ct des effets locaux ainsi que Ies pro-
tections associées. On présente successivement les travaux
expérimentaux, puis les travaux théoriques.

1

e —g—— -




Page 2

TRAVAUX EXPERIMENTAUX

Trois types principaux d’essais sont effectués au
GERPy:

- en premier liey, des essais d’incendie a I’air li-
bre permettant de micux connaitre I’ agression
elle-méme. 11 s’agit de faire briller différents
combustibles (hydrocarbures, propergols, explo-
sifs) et de mesurer la distribution spatiale et tem-
porelle des températures et des flux rayonnés par
le foyer.

Description du moyen d’essai 4 1'air libre

Le¢ combustible est disposé dans un bac de sable, ta-
pissé¢ d’une feuille de polyéthyléne, de dimensions
6 m x 6 m ou dans un bac méuallique de dimensions
1.5 m x 1.5 m. Les combustibles testés sont des hydrocar-
bures ou des matidres actives (propergol ou explosif). La
mise 2 feu s’cffectue par aliumage pyrotechnique (hydro-
carbures) ou fil résistant (matieres actives). Les mesures
effectuées sont de deux types : température (thermocou-
ples chromel-alumel) et flux (fluxmetre de rayonnement).
Une caméra vidéo permet de suivre le déroulcment de 'es-
sai. Une ou plusieurs caméra rapides (quelques centaines 4
quelques milliers d’images par seconde) permetient de vi-
sualiser des instants caractéristiques de I'incendic. La du-
rée de 'incendie varie de 1 2 15 minutes.

L’annexe A-1 présente une courbe de température et
une courbe de flux en fonction du temps obtenues lors
d’un ¢ssai de combustion d’hydrocarbure.

Pour une température moyennce du foyer de_1300 K,
on mcsure un flux de rayonnement de 2.3 kW/m?2a 16 m.

- ¢n second licu, des essais d’incendie en milieu
semi-confiné pcrmettant d’acquérir des données
sur I'ambiance régnant dans unc soute et dans lcs
plénums soumis & un incendie ct d’apprécicer les
transferts thermiques vers les locaux adjacents.
Ces essais sont effectués dans unc enccinte fer-
mée avec un foyer suffisamment réduit ou dans
une enceinte munie d'un conduit d’évacuation de
sorte que la pression moyenne n’augmente pas
de plus de quelques centaines de millibars.

Description du moyen d’essai en milieu semi-confiné

On dispose de trois enceintes parallélépipédiques de
dimensions Im x 1m x 2m. La premiére ou est situé le
foyer d’incendie est appelée “volume émetteur”. Les deux
autres enceintes placées respectivement A cdté et au-des-
sus du "volume émetteur” sont appelées "volumes récep-
teurs”. Ce dispositif est aussi utilisé pour I’évaluation d¢
efficacité des protections thermiques. Les mesures effec-
tuées dans le "volume émeticur” concernent la pression
{par capteur ), la températurc (par thermocouple), la vi-

tesse des gaz (par fil chaud), la masse de combustible bru-
1é (par pesée continue), le débit de gaz évacué par le
conduit (par débitméure ) et les flux thermiques a travers
les parois (par fluxmétre ). Dans les "volumes récepieurs”,
on mesure la température ct la pression.

Des essais sont actuellements conduits avec diffé-
rents combustibles (propergol et explosif).

- en demier lieu, des essais d’impact de jets de
propulseur sur une plaque instrumentée et recou-
verte de matériaux caractéristiques (par exemple
des protections thermiques) permettant de visuali-
ser la structure du jet, de mesurer les pressions,
les températures (thermocouples haute tempéra-
ture tungsténe-rhénium) et les flux thermiques a
I'impact et d'évaluer la tenue des matériaux tes-
tés.

Description du moyen d’essai d’impact de jets

Pour ces essais, on place le propulseur (ou le généra-
teur de jet) sur une potence de hauteur réglable (de 0.5 m
4 2 m), le jet étant dirigé vers le bas sur une plaque circu-
laire de rayon 0.5 m. On visualise Ic ;2t 3 I'aide de camé-
ras rapides et on mesure les pressions, les wempératures,
les flux thermiques et la poussée globale (par capteurs de
force ) sur la plaque.

On présenie un enrcgistrement de température sur
une plaque recevant un jet de débit massique de 1 kg/s
pendant 0.5 s et située a 1.5 m. Une température maxi-
male de 1213 K est mesurée & 0.2 m de P'axe du jet (an-
nexe A-2).

Tous ces résultats expérimentaux sont utilisés
comme données d'entréc ou comme valeurs de recalage
des différents codes de calcul utilisés lors de la modélisa-
uon de ces phénoménes.

TRAVAUX THEORIQUES

Les travaux de modélisation des conséquences d’unc
agression thermique sont menés au G.E.R.Py avec les ou-
tils numériques suivants :

- ANSWER : code de mécanique des fluides tridimen-
sionnel aux Volumes Finis développé par ACRI (USA) et
PRINCIPIA (France) utilisé pour les calculs d’incendie en
milicu semi-confiné (champs de pression, de température
et de vilesse des gaz dans une soute ou un conduit) et
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pour les calculs d’impact de jets (température, pression, vi-
lesse).

Ecoulement dans un milicu semi-confiné

On étudie les conséquences de I'allumage intempes-
uf d’un propulseur placé dans une soute a laquelle est rac-
cordé un plénum.

Le calcul effectué en configuration axisymétrique
utilise comme conditions initiales la pression atmosphéri-
que et une température de 290 K, comme conditions géné-
ratrices de I'écoulement une pression de 10 MPa et de
2800 K, ce qui entraine comme conditions de sortic de jet
unc pression de 1 MPa , une température de 1500 K et
une vitcsse de 2000 m/s.

Etwde du jet a 1a sortie de la tuyére

La soutc a un rayon de 0.7 m ct unc longucur de
1 m. Le pas de temps est de 10% s. Les résultats présentés
concernent la pression puis la température & 1 ms (annexe
A-3).

Etude du jet dans I'ensemble soute-plénum

La soute a un rayon de | m ct unc longueur de 3 m.
Lc plénum a un rayon de 0.3 m ct une longucur de 9 m.

On présente la pression et la température 2 250 ms
puis a 500 ms ainsi que 'état stationnaire (annexes A4 &
A-5).

A 250 ms, I'écoulement est bloqué. Le st est alors
refoulé dans 1a soute entrainant une él¢vation de la pres-
sion ¢t de maniére plus significative de la température.

- ABAQUS : code thermo-mécanique tridimensionnel
aux Eléments Finis developpé par HK.S. (US.A), utilisé¢
pour les calculs de réponses d'unc munition ou d’une
structure & une agression thermique {température et flux)
ainsi que pour fes évaluations des temps de réaction.

On présente les résultats en température d’une muni-
uon soumise a un incendic de empérature 900 K.

Au bout de 6 mn, ce qui correspond au temps de
réacton de la munition, on obtient 650 K sur I'enveloppe
extéricure et 490 K dans I'explosif (annexe A-6).

- NSTC3D et ESTET : développés respectivement par
I"LN.R.LA et ' ED.F. (France) utilisés pour les calculs
d’incendie en milieu confiné (champs de pression, de tem-
pérature et de vitesse).

- NSTC3D : code de mécanique des fluides tndi-
mensionnel compressible aux Eléments Finis
pour la modélisation d’un feu de combustible et
des transferts thermiques aux parois du "volume
¢metieur”.

Les conditions initiales 2 17 intéricur du lo-
cal sont la pression atmosphérique, une tempéra-
ure de 290 K et une vitesse d’écoulement nulle.

L’écoulement gazeux est supposé
compressible, laminaire, le gaz parfait et transpa-
rent, la viscosité constante.

Le foyer est modélisé comme unc source
de propergoi solide surfacique de dimensions
0.5 m x 1 m, de température 2800 K et de débit
massique 0.5 kg/s pendant 10 s.

On prend une condition limite de convec-
tion avec un cocfficient de 10 W/m2 X sur la pa-
roi mitoyenne, les autres parois étant supposces
adiabatiques.

Les résultats cn température de peau du
volume émetteur montreni que la température
moyenne au centre de la paroi séparatrice est de
2500 K (annexe A-7).

- ESTET : code de mécanique des fluides tnidi-
mensionnel aux Différences Finies et aux Vo-
lumes Finis pour la modélisation des transferts
thermiques et 1a misc en mouvement du fluide
par convection naturelle dans les "volumes récep-
teurs”,

Les conditions initales du calcul (consécu-
tif au précédent ) sont identiques. Le fluide est
suppos¢ incompressible, dilatable et turbulent. La
paroi opposé 2 la paroi mitoyenne (supposée a
1500 K) est 2 290 K et les autres sont adiabati-
ques.

On présente les résultats en empérature et
en vitesse au bout de 10 s de simulation. La tcm-
pératurc sur la paroi supéricure du volume récep-
teur est de 470 K (I'expérience donne 420 K).
Le champ dcs vitesses met en évidence les phéno-
méncs de convection (anncexe A-8).

D’autres codes monodimensionnels développés au
G.E.R.Py sont utilisés pour les prévisions et les ¢tudes pa-
ramétriques :

- MEGALOQ : code de mécanique des fluides
pour le calcul des valeurs moyennes (pression,
température, vitesse) dans un volume correspon-
dant 3 unc soute ou 2 tout ou partic d'un plénum.

Le code a été validé par comparaison avec des essais
a échelle réduite (1/7) et un essai en grandeur réelle. Les
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surpressions calculées ont €€ correctement confirmées par
les mesures.

DIMENSIONNEMENT D'UN PLENUM

Roquetse débit $ kg/s pondant 0.3 »
Sous de 33 m
nombre Pression Absolue Pression Absole bar
de bar { Soute Dwerte )
roquettes ( Soute Fermée ) 0.25m ? 08tm?
1 22
3 45
8 6.2
15 92
1 1.48 1.40
8 335 1.40
15 4.13 210 .
i

Les résultats d'une étude de dimensionnement d’un
plenum présentés dans le tableau suivant

- FLAM2 : code aux Différences Finies pour le
calcul des transferts thermiques par conduction 3
travers différentes couches de matériaux cn te-
nant compte des réactions internes et des change-
ments de phases.

Le recalage du programme a d’abord éié cffectué
avec une munition (bombe) chargéc en explosif "coulé-
fondu” puis en explosif "composite” (octorane et hexabu).
Les résultats sont consignés dans le tableau suivant :

Tamps o'agpenton de T avenament pyrolechniqus {e)

Foyer 15m  18m.

Houaty Octrane Tobwe
Calos
Tempis sdse tamme
®
1% 154 189 140
107 197 248 178
" 20 374 280
Essmm 200 20 e

Le temps d’appanition de I'¢événcment pyrotechnique
calculé montre une trés grande sensibilité 2 la wempérature
du 1oyer. Il importc donc lors de la réalisation des essais
de caracténiser avec précision cette température en multi-
pliant les points de mesure. Compte-tenu de ces diffé-
rences entre température réelle et température théorique
(sclon la norme spécifique du type d’incendie), on
constate en général une assez bonne corrélation entre cal-
cul et expérience avec ce type de code simplifié.

CONCLUSIONS

Les travaux conduits par le G.E.R.Py sur les plans
expérimental et théorique permettent d’ores et déja d’éva-
fuer les conséquences d’une agression thermique a bord
d’un navire. Toutefois la difficulté réside dans la multipli-
cité des scénarios d’accident possibles. Un effort de ré-
flexion est A mener sur ce théme pour mieux adapter les
outils de prévision.

On cherche aussi 2 mieux décrire la réponse de la
munition en affinant la description des phénomenes physi-
ques qui se produisent entre 1’instant od la matiére active
est initiée et I’ouverture de I’enveloppe.

Enfin, il ne faut pas oublier les actions menées dans
le cadre de la lutte contre les foyers d’incendie (par exem-
ple arrosage) qui doivent étre prises en compte dans les
modeles.
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Numerical Medeling of the Shock Initiation of High Explosives

G. Pezzica
OTO Melara, Ballistics R&D Department
P.O. Box 71, 54011 Aulla (MS) Italy

1. SUMMARY

In the present work results are presented from two dimen-
sional computations simulating impacts of various configu-
rations of projectile against bare and covered high explo-
sives. Under certain conditions the build-up of the detona-
tion were obtained and sometimes the threshold conditions
for the shock initiation were determined.

These calculations were performed using the nonlinear
explicit finite-difference computer code PISCES 2D, in
which the Forest-Fire bum rate model and the HOM equa-
tion of state were implemented by means of external user
subroutines.

The following problems were analysed:

- APDS projectile impacting a warhead;

- shaped charge jet particles impacting an explosive
reactive armour (ERA);
flat-nosed projectiles impacting a bare explosive;
flat-nosed projectiles impacting a covered explosive;
round-nosed projectiles impacting a bare explosive.

In particnlar, in the case of the three last problems, the thre-
sholds "detonation - non detonation’, in plots of impact velo-
city versus projectile diameter, were numerically determined
and directly compared with the experimental ones available
in literature.

2. INTRODUCTION

Many situations exist were it is not certain whether and how
a detonation builds up: warheads impacted by fragments or
APDS (Armour Piercing Discarding Sabot) projectiles:
reactive armours impacted by shaped charge jets or kinetic
energy penetrators or EFPs (Explosively Formed Projectil-
es); problems of sympathetic detonations in the handling and
storage of explosive materials; and generally all the pheno-
mena where shock to detonation transitions in high explo-
sives are possible.

It 1s therefore extremely important for the designer to avail
of numerical tools capable of predicting the initiation of
shocked high explosives. All over the world wide efforts
have been performed in order to develop reliable numerical
models which, in spite of the high computing costs, permit
more flexibility of use than the semiempirical models.

The mechanism of shock initiation in high explosives is de-
scribed as local decomposition at hot spots that are formed
by shock interactions with density diccontinuities. The libe-
rated energy strengthens the shock so that as it interacts with

additional inhomogeneities, hotter hot spots are formed and
more of the explosive is decomposed. The shock wave
grows stronger until a detonation begins. This mechanism of
initiation can be numerically described by means of the Fo-
rest-Fire burn model, which gives the rate of explosive de-
composition as a function of the local pressure.

When a projectile strikes a high explosive, the propagating
shock wave may decay and die, failing to initiate a detona-
tion, or it may be amplified and initiate a detonation in the
explosive. In the present work some results are presented
from two dimensional computations simulating the impact of
projectiles against explosives and the following build-up or
failure of a detonation. Such calculations were performed
with the multi-purpose nonlinear explicit finite-difference
computer code PISCES 2D, in which the Forest-Fire bum
logic and the HOM equation of state were implemented by
means of external user subroutines.

Various configurations of the explosive as well a wide range
of diameters and impact velocities of the projectile were
considered:

- APDS projectile impacting a warhead;

- shaped charge jet particles impacting an explosive
reactive amour;

- flat-nosed projectiles impacting a bare explosive;

- flat-nosed projectiles impacting a covered explosive;

- round-nosed projectiles impacting a bare explosive.

3. MATERIAL MODELS.

3.1 Equation of State for Inert Materials.

The equation of state used to describe the inert materials was
the Mie-Grueneisen equation. This equation was derived by
assuming that I" (gamma) is a function of the volume only
and provides a means for extending the information of a
known P-V relation (such as the Hugoniot) to other values of
internai energy. For the Hugoniot reference equation we
used a linear relationship between the shock velocity (U,)
and the particle velocity (Up):

U=Co+C)* U,
where C, is the bulk sound speed, and C; is the shock-parti-

cle velocity slope, which is assumed constant.

Detailed data for this equation of state may be found in Ref.
1. The coefficients used in our calculations are given in Ta-
ble 1.
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TABLE 1
Shock Parameters, Grueneisen Coefficients and
Reference Densities for Inert Materials Usad in

the Calculations.
™ B L e
Copper 3920 1.488 1.96 8960
Steel 4580 1.490 1.67 7830
Tantalum 3414 1.201 1.40 16690
Tungsten 4040 1.230 1.54 19170

3.2 Constitutive Model for Inert Matenals.

The Johnson-Cook constitutive model, which is suitable for
metals subjected to large strains, high strain rates and high
temperatures, was used in our calculations for copper, steel
and tungsten. For the evaluation of the yield strength this
model takes into account the strain hardening, the strain rate
hardening and the thermal softening at increasing plastic
strain, strain rate and temperature.

The relationship for the von Mises flow stress, Y, is:

Y=(A+Be)(l+Cloge*)(1-T*~)
where ¢ is the plastic strain, &* = &£ is the dimensionless
plastic strain rate (¢, = reference strain rate), and T* is the
homclogous temperature

T* =(T-Troom) ! (Tmelt- Troom)

A, B, n, C and m are material constants.
Detailed information and data for this constitutive model

may be found in Ref. 2. In Table 2 the coefficients used in
our calculations are reported.

TABLE 2
Johnson-Cook Constitutive Constants.

A B n (o} m
(MPa) (MPa) - - -

Copper 90 292 0.31 0025 1.09
Steel 792 510 0.26 0.014 1.03

Tungsten 1506 177 0.12 0.06 1.00

For tantalum, the constitutive mode! proposed by Steinberg,
Cochran and Guinan was adopted. Also this model is appli-
=able at high rates of strain. In this model the relation valid
for the von Mises yield strength is:

YaY, [1+Be[]+C,; P+ Cy(T-Troom)]
subject to the limitation that:
Yo [l +BeSYpmar

where P is pressure, it is compression (defined as the initial
specific volume divided by the specific volume)and Y,, B, n.
C) and C; are constants.

Detailed information and data for this constitutive model
may be found in Ref. 3. In Table 3 the coefficients used in
our calculations are reported.

TABLE 3
Steinberg - Cochran - Guinan Constitutive Constants.

Yo Ymax B n Cy [o7]
(MP3) (MPa) - - {TPa-') (KK-1)

Tantalum 770 1100 10 0.1 145 -0.13

3.3 Equation of State for Explosives.

In our calculations the HOM eguation of state was used.
Such equation of state gives pressure as a function of speci-
fic volume, specific internal energy and mass fraction of the
solid for solids, gases and mixtures.

Condensed Components

The equation of state for colids is expanded off the Hu-
goniot with the Grueneisen construction. The experi-
mental Hugoniot data are expressed as linear fits of the
shock and particle velocities. The Hugoniot tempera-
tures are computed using the Walsh and Christian
technique (Ref. 4) and fitted to a fourth-degree poly-
nominal in logarithm of the volume,

Gas Components
The equation for gases is expanded off the BKW
(Becker-Kistiakowsky-Wilson)  detonation  product
isentrope fitted by a method of least squarcs to fourth-
degree polynomials in logarithm of the variables.

Mixtures
The mixtures of condensed and gaseous products are
solved assuming an ideal mixing (i.e. pressure and
temperature equilibrium) of specific volumes of so-
lids and gas, and energy partitioning according to mass
fraction.

Detailed data for this equation of state may be found in
Ref. 5. In Table 4 the coefficients used in our calcula-
tions are given.

3.4 Burn Rate Model.

The Forest Fire bum rate model was used in our calcula-

tions. This model permits the calculation of the burning re-

sulting from the shock initiation of high explosives. It was

developed for describing the decomposition rates as a func-
tion of the experimentally measured distance of "run to de-
tonation” versus shock pressure (the Pop plot, named after
its originator A. Popolato) and the reactive and non-reactive
Hugoniot. in the Forest Fire model the bumt fraction, F,
evolves in time according to the following pressure depen-
dent equation:

dFldt:(I-F)exp(X,+X2P+X3P2+....+XnP"")

Detailed information for this buming technique may be
found in Ref. 5. In our calculation we used 14 terms in the
polynomial expansion and in Table 5 the coefficients used in
our calculations are reported.
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TABLE 4
HOM Equation of State Input Parameters, Units (cm, gr, us)

Explosive: Comp. B

HOM FOR CONDENSED COMPONENT HOM FOR GAS COMPONENT
C = 0.231 A = -3.525849
S = 1.83 B = -2.334292
Fs = -8.86751 c = -0.597267
Gs = -79.73575 D = 0.00304510
Hs = -159.42898 E = -0.175226
Is =-135.41104 K = -1.560877
Js =-39.12747 L =0.533121
GAMMASs =15 M =0.0806311
Cv (cal/g/K) =1.259 N =0.00333817
Vos = 0.583090 0] = -0.000684400
C reactive = 0.231 Q = 7.502781
S reactive - 2.50 R = -0.441209

S =0.151293

T = 0.0677883

U =-0.0242403

P4 =0.1

Cv' (cal/g/K) =05

Explosive: PBX9404

HOM FOR CONDENM SED COMPONENT HOM FOR GAS COMPONENT
c -0.2423 A = -3.5390626
S - 1.883 B = 25773759
Fs - 9.04187 c = 0.2600754
Gs ~-71.31853 D = 0.01390836
Hs - -125.20498 E = -0.01139630
is - -92.04242 K - -1.6191304
Js - -22.18938 L = 0.5215185
GAMMASs - 0.675 ™ = 0.06775066
Cv (calg/) ~04 N - 0.004265243
Vos - 0.542299 6) = 0.0001046800
C reactive - 0.248 Q = 7.3642292
S reactive =253 R - -0.4936582
) = 0.02923531
T = 0.03302774
U - -0.01145325
Z =0.1
Cv (calig/K) =05
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TABLE 5
Forest Fire Input Parameters, Units (cm, gr, us)

EXPLOSIVE: COMP. B

EXPLOSIVE: PBX-9404

Pminimum = 0.02 Pminimum =0.015

Pcj =0.284 Pcj = 0.363

NTERMS =14 NTERMS =14

X1 = -1.035458E1 X1 = -8.3979133E0
x2 = +4.734274E2 X2 = +4.0524452E2
X3 = -1.675370E4 X3 = -1,2887960E4
X4 = +4.475675E5 X4 = +2.9889932E5
X5 = -8.493147E6 X5 = -4.7962437E6
X6 = +1.155593E8 X6 = +5.4017707E7
X7 = -1.140257E9 X7 = -4.3377143E8
X8 = +8.206591E9 X8 = +2.5068548E9
X9 = -4.298663E10 X9 = -1.0433259E10
X10 = +1.618379E11 X10 = +3.0950370E10
X11 = -4.260582E11 X11 = -6.3781135E10
X12 = +7.437677F 11 X12 = +8.6704208E10
X13 = -7.728985E11 X13 = -6.9876089E10
X14 = +3.616778E11 X14 = +2.5277954E10

4. APDS PROJECTILE IMPACTING A WARHEAD.
In this section results are presented of a tungsten APDS
projectile impacting a heavily confined high explosive si-
mulating a warhead. The projectile is a tungsten 20-mm
diameter 80-mm long penetrator which impacts at a velocity
of 1700 m/s against PBX-9404 explosive with a 20-mm-
thick steel cover. The initial geometry is shown in Fig. 1.
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Figure 1 - Sketch ot APDS Projectile Impacting a
Warhead.

Due to the non-negligible material distortion which is
expected for the target as well as for the projectile, the si-
mulation was performed using only an Eulerian mesh. A uni-
form grid size of 2 mm was employed and proper boundary
conditions (free flow directives) were also imposed in order
to simulate a serni-infinite target in the direction of the axis
of symmetry and an infinite target in the perprndicular direc-
tion.

In Fig. 2 three contour plots of density are reported which
show three different steps of the penetration process. At t =
10 us the projectile is still penetrating the confinement; at t =
30 us the penetrator has completely perforated the steel co-
ver and started the penetration of the high explosive; att =
50 ps about 40 mm of the explosive has ben penetrated and
the rest of the explosive is already detonated, at this time the
simulation was stopped.

In two points inside the high explosive the pressure was re-
corded during the simulation. These points were located at
distances of 20 mm and 40 mm from the axis of symmetry,
and at a distance of 45 mm from the steel/explosive inter-
face. The resulting pressure time histories, in which are evi-
dent the sharp peaks of the detonation front, are shown in
Fig. 3.

In Fig. 4 a contour plot of pressure at t = 45 ps is report. J.

Also in this figure the initiation of the PBX-9404 and the
presence of a detonation wave are evident.
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t = 50us .

Figure 2 - APDS against Warhead, Contour Plots of
Density at 10 us, 30 us and 50 pus.
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Figure 3 - APDS against Warhead, Time Histories of
Pressure (0.1 Mbar = 10 GPa).
Position of Points A and B Is Indicated in Fig. 1.

Figure 4 - APDS against Warhead, Contour Plot of
Pressure at 45 ps.
Isobar Interval is 2 GPa, First Level is 10 GPa.

5. SHAPED CHARGE =T PARTICLE IMPACTING
A REACTIVE ARMOUR.

In this section results are presented of shaped charge jet

particles impacting an explosive reactive armour. In parti-

cular we have considered two possible jet particles which

may be produced by the precursor charge of a tandem shap-

ed charge warhead:

a.  copper particle, diameter = 1.2 mm, length = 10 mm,
velocity = 7000 my/s;

b.  copper particle, diameter = 0.8 mm, length = 10 mm,
velocity = 5000 m/s.

Both particles impact an ERA 5/5/5: 5 mm-thick Compound
B explosive sandwiched between two 5 mm-thick steel plat-
es. In Fig. S the initial geometry is reported
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Figure 5 - Sketch of Copper Jet Particle (¢ = 1.2 mm, v
= 7000 m/s; & = 0.8 mm, v = 5000 mvs) Impacting a
ERA (Sandwich 5/5/5 Steel, Comp. B, Steel).
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Also in this case the calculations were performed by means
of a full Eulerian logics in order to prevent any problem aris-
ing from the distortion of the target material and the erosion
of the penetrating jet particle. We used a uniform cell size of
0.2 mm leaving a certain amount of free space in front of
ERA as well as in the rear side. At a distance of 10 mm per-
pendicular to the symmetry axis free flow boundary condi-
tions (simulating infinite plates) were imposed.

a.

1.2 mm jet particle at 7000 mis

In Fig. 6 three different stages of the penetration pro-

cess are shown by means of contour plots of density.

The first plot corresponds at t = 0.5 ps; the jet particle
is penetrating the first metal plate. The second plot cor-

responds at t = 2.3 Ws; the jet particle has penetrated
most of the explosive and a detonation wave is present

in it. In the third plot, which corresponds at t = 4 s,
the penetration process is terminated and all the explo-

sive is detonated.

0,5us

Two contour plots of pressure at t=2.0 usandt=2.5
W1s are reported in Fig. 7. Att =2 ys a detonation phe-
nomena is clearly starting inside the explosive, the
maximum pressure is not uniform in the detonation
front, varying from about 20 GPa in the rear part (left)
to 30 GPa in the front part (right). Att =25 us, in-
stead, the detonation wave has already reached a sta-
tionary state with a uniform peak pressure.

2,0us

2.5us

.

"

Figure 6 - Copper Jet Particle (6 = 1.2 mm, v = 7000  Figure 7 - Copper Jet Particle (¢ = 1.2 mm, v = 7000
mvs) against ERA, Contour Plots of Density at 0.5 us  nvs) against ERA, Contour Plots of Pressure at 2.0 ps
25usand 4.0 us. and 2.5 us. Isobar Interval 2 GPa, First Levei 10 GPa,




Time histories of pressure were also recorded in three

different points inside the explosive. The three points
were located in the middle of the explosive at the fol-

lowing distances from the axis of symmetry: 24 mm,

48 mm and 72 mm. The three time histories are repor-

ted in Fig. 8. In all the three plots a sharp peak is

clearly present, typical of adetonation process, but in
the first two points it is also evident the presence of a

precursor shock which disappears in the third point. In
order to better understand this, in Fig. 9 three other

contour plots of pressure are shown in which only
“low" pressure contour levels are reported. In the first
plot, t = 1.5 s, it is evident a spread shock wave pro-

pagating in the explosive. In the second plot, t =2.0 us,
a detonation is started, but in the left side of the explo-

sive a pressure ranging between 1 and 3 GPa is always

present before the sharp peak. In the third plot, t = 2.5

us, only a "normal” detonation wave is present: the
pressure levels in the shock front are very near to each

other, showing a very high pressure gradient.

T TTRREISURE Mo -

[} [ 20 B ANl 1.5 4.0
TIME tmirrresec

Figure 8 - Copper Jet Particle (¢ = 1.2 mm, v = 7000
nvs) against ERA, Time Histories of Pressure (0.1
Mbar = 10 GPa).

Position of Points A, B and C Is Indicated in Fig. 5.

b, 0.8 mm jet particle at 5000 m/s

In Fig. 10 three pressure time histories are shown. The
three points were located in the middle of the explo-
sive, in the same positions as the previously mentioned
points (distances from the axis of symmetry: 24 mm,
48 mm and 72 mm). It is clear from this figure that in
this case no detonation phenomena start as a conse-
quence of the penetration by the jet particle.

A contour plot of density at t = 3.25 ps, approximately
corresponding to t = 2.5 us of the previous case, is
shown in Fig. 11. In Fig. 12 a contour plot of pressure

is reported at the same time. It is also evident in this fi-

gure that no de‘onation front is present in the explo-
sive.

2,0us

2.5us

Figure 9 - Copper Jet Particle (6 = 1.2 mm, v = 7000
mvs) against ERA, Contour Plots of Pressure at 1.5 s,
20usand 2.5 ps.

Isobar Interval 1 GPa, First Level 1 GPa.
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Figure 10 - Copper Jet Particle (6 = 0.8 mm, v = 5000
mvs) against ERA, Time Histories of Pressure (0.01
Mbar = 1 GPa).

Pasition of Points A, B and C Is Indicated in Fig. 5.
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Figure 11 - Copper Jet Particle (¢ = 0.8 mm, v = 5000
mvs) against ERA, Contour Plots of Density at 3.25 ps.

Figure 12 - Copper Jet Particie (6 = 0.8 mm, v = 5000
mys) against ERA, Contour Plots of Pressure at 3.25
us. Isobar Interval 1 GPa, First Level 1 GPa.

6. FLAT AND ROUND-NOSED PROJECTILES

AGAINST BARE AND COVERED EXPLOSIVES.
In this section resuits are reported of computations of small
flat-nosed and round-nosed steel projectiles impacting bare
and covered PBX-9404 explosive. in this case the obtained
results can be directly compared with the measured shock
initiation thresholds reported in Ref. 6.

The three different configurations considered are:

a. flat-nosed steel projectile against bare PBX-9404;
impact velocity range 250-1750 m/s, projectile diame-
ter range 1.5-20 mm;

b.  flat-nosed steel projectile against covered PBX-9404: 6
mm tantalum cover, impact velocity range 500-2000
m/s, proje ~tile diameter range 5-20 mm;

c. round-nosed steel projectile against bare PBX-9404:
impact velocity range 1000-2500 m/s, projectile dia-
meter range 5-15 mm,

In all the three alternatives the projectile was simulated by
means of the Lagrangian processor of the PISCES code,
while for the target, explosive and cover, an Eulerian grid
with a 0.5 mm uniform mesh size was used. The interaction
berween the Lagrangian grid and the Eulerian grid was pos-
sible by means of the standard polygon interactive logic of
the PISCES code. This hybrid logics was usefully employed
in conseguence of the sufficiently small distortion suffered
by the projectile Lagrangian mesh.

The calculations were performed using high explosive tar-
gets with diameters of 25 mm, in Fig. 13 the initial geome-
tries of the three configurations are shown. In ref. 6 it is re-
ported that diameters of 25.4 mm were used in the experi-
ments. In the same work the authors state that such explosive
diameters can be usefully employed for projectile diameters
up to 20.3 mm without having the initiation processs disturb-
ed by target side rarefactions. During the progress of this

25 |
30 - —+
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Figure 13 - Sketch of:

A) Flat-Nosed Steel Projectile Against Bare PBX-9404;
B) Flat-Nosed Steel Projectile against Covered PBX-
9404 (6 mm-thick Tantalum);

C) Round-Nosed Steel Projectile against Bare PBX-
9404.




work a check was done for a 18-mm diameter projectile
impacting at 700 m/s the covered explosive configuration,
simulating also a target with infinite lateral dimensions. In
both cases, finite and infinite lateral dimensions, we had the
initiation of a detonation and no important differences were
detected in the pressure time histories of three points located
on the symmetry axis of the explosive.

a. Flat-Nosed ProjectileiBare Explosive.

In Fig. 14 the computed as well as the measured deto-
nation threshold curves are shown in a plot of impact
velocity versus projectile diameter. In the same figure
the limit points, calculated and measured, for detona-
tion and non-detonation are also explicitely reported.
Taking into account that the numerical data are the re-
sults of a completely a-priori theoretical prediction (no
numerical test was performed to obtain better agree-
ment changing the input material parameters or
optimizing the numerical variables: grid size, impact
logics, etc.) the agreement with the experimental data
is quite satisfactory.

WPACT VELOCITY {rvs)

PROJECTR.E DIAMETER {mm)

Figure 14 - Flat-Nosed Steel Projectile/Bare PBX-
9404, Comparison between Numerically Predicted and
Experimental Detonation Threshoid Curve.

b Flat-Nosed ProjectileiCovered Explosive.

In Fig. 15 the computed and measured detonation thre-
shold curves are shown in a piot of impact velocity
versus projectile diameter. As before in the same figure
the iimit points for detonation and non-detonation are
explicitely reported. Also in this case, considering that
the numerical data are the results of a completely a-
priori theoretical prediction, the agreement with the
experimental data is quite good.

¢.  Round-Nosed Projectile/Bare Explosive.
In Fig. 16, as in the two previous ones. the computed

IMPACT VELOCITY (nvs)

& NON-DETONATION L

500 +- - ’4‘?
————— EXPERIMENT, @ DETONATION : ‘
O NON-DETONATION | :
1 -4 — Ar N - —_— ,,_,__?
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[ t + t
[ 5 10 B 20

PROJEC) LE DIAMETER (mm)

Figure 15 - Flat-Nosed Steel Projectile/6 mm-Ta-
Covered PBX-9404, Comparison between Numerically
Predicted and Experimental Detonation Threshold
Curve.
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Figure 16 - Round-Nosed Steel Projectie/E2re PBX-
9404, Comparison Between Numerically -Predicted anu
Experimental Detonation Threshold Curve.

and measured detonation threshold curves as weil as
the limit points for detonation and non-detonation are
shown in a plot of impact velocity versus projectile
diameter. Also in this last configuration the agreement
with experiments is not bad.
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All the numerical simulations show exactly the same trend
of the experimental data, in particular it is confirmed that the
shape of the nose of the projectile has a high influence on the
detonation threshold of an explosive.

We can also notice that the level of agreement obtained dur-
ing this work is not less than the one obtained at the
Lawrence Livermore National Laboratory using an Eulerian
code (called FLO) which employ the "nucleation and
growth” rate model, Ref. 6.

7. CONCLUSIONS.

In the present work many results are presented from numeri-
cal simulations of impacts of various projectile configura-
tons against covered and bare high explosives. It is shown
that adding, actually by means of extemnal user subroutines,
o the two dimensional finite differences coupled Lagran-
gian-Eulerian PISCES code, the HOM equation of state with
the Forest Fire bumn rate model. it is possible to perform a
very wide range of useful a-prion predicdons in all possible
circumstances where the problem exists to determine
whether or not a detonation can start. Also if the agreement
with reality may not be actually perfect, in each case the re-
sults obtained seems valuable and quite reliable.
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Discussion

COMMENT BY BOGGS, US. The author is complimented on a very nice
presentation and very good work. Others should be encouraged to do
similar work. Somehow we must be able to compare the results of
the various analytical models run on common problems. | would hope
that the NATO Insensitive Munitions Information Center could help
facilitate such a round robin program of calculations on common

problems.

ANSWER: Thank you.
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PHENOMENE DE DETONATION PAR INFLUENCE :
APPROCHE NUMERIQUE ET EXPERIMENTALE

B. NOUGUEZ - M. QUIDOGT - P. GIMENEZ - JC. DERRIEN
S.N.PE.

Division Défense Espace
Centre de Recherches du Bouchet - BP 2
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RESUME

SNPE  travaille Jepuis plusieurs années au
développement d'explosifs peu sensibles. Un des
objectifs est de démontrer la faisabilité de munitions
tonctionnellement  détonables et qui résistent 4 la
détonation par influence. La réalisation de cet objectif
requiert un effort multidisciphinaire:

- Développement d'explosifs tres peu sensibles et de
leurs systemes d'amorgage.

Anaivse du phénomene de détonation par influence
et muse au point de tests significatifs et des
méthodes prédictives assocides.

Viéntications en vraie grandeur grace a des
modeles proebatoices représentatifs de munitions de
différents calibres, testés en situation "Donneur/
receveur” ou en piles.

Le but de cel article est de décnire les méthodologies
Jd'approctes expénmentales et numénques.

ABSTRACT

SNPE has been working for seve.al years to develop
insensitive high explosives. An SNPE objective 15 to
demonn, s e the feasability of munitions which are
tunctiornaly  detenabie hat which  resist the
svmmpathetic detonation. The achievement of  this
objective requires a . altdisciplinary etfort

Development of insensitive high explosives along
with their boosters.

Analysis of the sympathetic detonation pheno-
menon and development of m.aningful tests and
associated predi ave methods.

- Full scale assessments based on probatory models
which are representative of various munition sizes
and types and are tested in donor/acceptor or stack
tests.

The aim of this paper is to describe the expenmental
and numerical methodologies.

1-INTRODUCTION

Selon I'approche de SNPE en matitre de munitions a
risques atténués et plus spécifiquement pour ce qui
concerne les explosifs, trois niveaux croissants
d'immunité [7] sont & prendre en compte :

niveau I : tenue A l'incendie

- niveau 2 : niveau 1 plus une réactivité limitée
aux impacts de balles et fragmeunts legers

- niveau 3 : niveau 2 et pas de détonation par
influence.

Un des objectifs de SNPE dans le domaine des
explosifs est d'atteindre le niveau 3, c'est & dire de
d’montrer la faisabilité de munitions fonctionnel-
lement détonables mais qui ne détonent pas par
influence, tout en conservant une réactivité limitée
aux soflicitations plus classiques telles que le feu de
kérozene, les impacts de bal''s ou fragments, voire les
stimuli moins conventionnels comme 1'échautfement
tres lent & 3,3°C/heure.

la réalisation de cet objectif ambitieux, et plu.
particulierement la résolution du probleme que pose la
détonation par iafluence, requiert une approche




multidisciplinaire :

[ développement d’explosifs peu sensibles et aux
performances suffisantes,

I développement de relais d'amorgage adaptés a
ces explosifs,

Il analyse du phénomene de detonation par

influence et mise au point de tests significatifs et

de méthodes prédictives,

IV recherche de concepts d'architectures de
munitions permettant 'emplot de matériaux
explosifs classiques

V  vérfications expérimentales en vrale grandeur
grice  des maquettes représentatives de divers
types de munitions et testées en configurations
“donneur/receveur” ou en piles significatives des
conditions de stockage,

VI optimisation finale (explosifs, reiais, architec-
ture, procédés ...) associée 3 une munition spéci-
fique en fonction des performances requises.

Tous ces thémes sont entrepris simultanément par
SNPE, avec toutefois une approche au cas par cas
pour ce qui concerne le point V1. Le propos de cet
article est de décnire cette approche globale grice a
quelques exemples qui relevent des points I, [T et V.

2 - DEVELOPPEMENT D'EXPLOSIFS
PEU SENSIBLE

SNPE apporte sa contribution depuis plusieurs années
au développement d'explosifs peu sensibles {1 a 8].
[a plupart de nos explosifs composites & liants
polyinénisables atteignent déja le nivesu 2 d'immumté,
mais SNPE porte un effort particulier sur les
compositions a base d'Oxynitrotnazole (ONTA ou
NTO pour les Anglo-saxons) afin d'atteindre le niveau
3, C’est & dire le niveau ou la détonation par influence
n'est plus A craindre [4, 5, 6, 8, 13, 14].

Pour 1illustrer nos progres, nous avons sélectionné
deux exemples de compositions a ['ONTA,
représentatives du niveau 3 d'immunité, que nous
comparerons & une composition performante plus
classique 3 base d'octogéne au niveau 2, et & une
composttion & usage sOus-mafin au comportement
atypique. Ces explosifs sont décnits dans le tableau 1.

Quelques  caractéristiques d  performances sont
données par le tableau 2 ¢t des mesures de leurs
sensibilités aux chocs par le tableau 3.

Plus de détails sur les compnsitions ORAS86 et B 2214
sont disponibles par ailleurs [8, 15], en particulier sur
leur capacité a résister aux impacts de balles, au feu
de kérozzne, aux impacts d'éclats lourds (M = 250
g), voire au jet de charge creuse.

B 2214 et B 3017 sont de bons candidats au
classement en tant que "MDEPS", Matiere Détonante
Extréneme.: Qeu Sensible ("EIDS" Extremely
Insensitive Detonating Substance) de la classification
1.6 édictée par 'ONU [12].

3 - DETONATION PAR INFLUENCE,
ANALYSE ET METHODES PREDICTIVES

Pour ce qui concerne les explosifs composites a liants
polymérisables tels qu'élaborés par SNPE, il semble
que la cause principale, responsable de la détonation
par influence de piles de munitions, soit I'impact de la
structure ou des fragments de la structure de la
munition "donneuse” sur ses voisines.

Les autres aspects du probléme (chocs aériens, effets
thermiques divers) ne sont a considére = ue dans des
situations particulieres ou des focalisations de chocs
aériens ou des concentrations de chaleur sont 2
redouter.

Le phénomene a prendre en compte semble donc étre
la transition choc/détonation des explosifs, sains ou
endommagés. Les tests significatifs utilisés pour tester
la sensibilité aux chocs de nos compositions sont les
suivants :

- les tests d'IAD (¢40 ou 75mm,LSGT ou ELSGT)
- le test d'onde de choc calibrée [8]
- le test du coin [10]

- le test d'impact d'éclat lourd proposé par le
GERBAM [8,15]

Les méthodes numériques prédictives relévent
également de la transition choc/détonation. Deux
méthodes principales existent, qui nécessitent des
caractérisations expérimentales préalables différentes :
- Dans une configuration donnée, les pressions des
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chocs qui se propagent dans les munitions
sollicitées sont évaluées numériquement & 1'aide de
logiciels  adaptés (DYNA2D/3D {11] par
exemple). Leurs amplitudes sont alors directement
comparées aux pressions seuils issues de
I'étalonnage des tests d'IAD, qui ont été calibrés
numériquement et expérimentalement & 1'aide de
jauges piezo-résistives. La figure 1 donpe ces
courbes d'étalonnage. Cette méthod- n'assure pas
toujours un diagnostic trés fiable, surtout lorsque
les dimensions des munitions sont grandes par
rapport aux tests d'[AD.

- La 28™M€ méthode requiert une caractérisation
expérimentale préalable plus complete des
explosifs considérés en vue d'établir lcs modeles
réactifs directement utilisables par les codes
précités. Le diagnostic est alors accessible
directement. Les figures 2 et 3 montrent 1'usage
que l'on peut faire de tels logiciels dans le cas de
I'impact de fragment lourd ou dans une
configuration "donneur/receveur” {15].

4 - CONFIGURATIONS EXPERIMENTALES

SNPE a idenufié plusieurs concepts d'architectures de
munitions susceptibles de ne pas détoner par
influence. Ces concepts dépendent de la mussion, de la
nature et de la taille des munitions visées. Le concept
le plus simple e<, bien entendu, d'utiliser des
explosifs insensibles associés a un systéme d'amorgage
qui ne dégrade pas |'insensibilité de |'ensemble.

Dans le but de tester ces concepts et nos matériaux
énergétiques dans des tailles réalistes, nous avons
défine des maquettes cylindriques, représentatives de
munitions génénques (figures 4 ¢t 5).

Les essais de détonation par influence sont réalisés en
<onfiguration “donneur/receveur”, dans une premitre
étape destinée & faire un premier tri, puis en piles de
ncuf maquettes qui contiennent les explosifs réputés
insensibles  associés 2 leurs systeémes fonctionnels
d'amorgage (figure 6).

Les tests sont instrumentés avec des jauges de
surpression aérienne, des caméras rapides (500 a 30
000 images par seconde) situées sous différents angles
de vue incluant une tour de 50m de hauteur, et des
sondes & tomsation ou & courtcircuit destinées 2
quantifier i situ la synchronisation des détonations
dventuelles.

Grice A cette instrumentation, aux observations
locales et & I'examen post-mortem des maquettes ou
de leurs restes, il est possible d'effectuer un diagncstic
fiable des tests.

5 - RESULTATS EXPERIMENTAUX

Les résultats obtenus concernant les configurations et
compositions précédemment décrites sont les
suivantes:

5.1.  Piles de neuf petites maquettes (¢ 115 mm) :

Dans ce cas, la masse totale d'explosifs est de |'ordre
de 40 Kg.

ORA 86 :

Détonation totsle de la pile en moins de 300
microsecondes, d'aprés le film réalisé & 30000 images
par seconde et les sondes a ionisation.

B2214

Pas de détonation par influence. Les huit maquettes
entourant le donneur ont pu étre retrouvées, plus ou
moins endommagées dans un rayon de 350 m. Les
maquettes initialement au contact du donneur (2, 5 et
6) étaient éventrées avec des signes de combustion
partielle. Les autres ensembles (3, 4, 7, 8 et 9) étaient
pratiquement réutilisables pour un autre essai.

B 3017 :

Pas de détonation par influence. Mémes remarques
que précédemment.

B2211 :

Pas de détonation par influence. Mémes remarques
que précédemment.

L’utilisation de maquetics avec une structure métal-
lique plus fine (6 ou 3 mm) ne modifie pas les résul-
tats de non-détonation par influence pour les compo-
sitions B 2214 et B 3017, malgré | accroissement
notable des vitesses d'impact (tableau 4). Ce fait doit
étre vérifié pour la composition B 2211.
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Les seuls différences significatives consistent en des
distances de projections accrues (jusqu'a 550 m) et un
dommage mécanique plus 1mportant des maquettes
receveuses.

5.2. Grosses maquettes (¢ 273 mm) en
configuration D/R:

Dans ce cas, la masse totale d'explosif est de 1'ordre
de 75 kg, en fonction des densités des produits testés.

B2211:

Détonation par influence.

B2214:

Pas de détonation par influence. La maquette
adjacente & la détonation est détruite mécaniquement.
Des fragments partiellement brilés d'explosif sont
retrouvés dans un rayon de 100 m environ.
L'association de maquettes inertes contenant deux
concepts de relais d'amorgage nous a permis
d'¢liminer lors de ce test une mauvaise définition de
relais.

8.3.  Piles de reuf grosses maquettes (¢ 273 mm):

Seule la composition B 2214 a été testée dans cette
configuration. Dans ce cas, la pile é*ait constituée de
huit maquettes comportant au total 280 kg environ
d'explosif, associées & une maquette contenant de
I'inerte (n° 3 dans la pile).

Pour cet essai, deux versions de B 2214 spécialement
colorées, en jaune et en rouge, ont été élaborées grice
au marquage du hant avec de petites quantités Ge
colorants. Les maquettes 2, 5 et 6 étaient -emplies de
B 2214 jaune et les maquetics 4. 7, S et 9 de B 2214
rouge.

U'ne non détonation par influence a été constatée
tors de ce test. Peu de B 2214 "jaune” a pu étre
retrouvé sur le terrain, alors que de grandes quantités
de B 2214 rouge étaient dispersées dans un rayon de
300 m. 1l est vraisemblable que les maquettes 2, S et 6
ant subi une déflagration. Seules les structures des
maguettes 3, 9 et 7 ont pu étre retrouvées, vides et
éventrées, a des distances supéneures 2 500 m.

6 - CONCLUSIONS:

MNous avons pu confirmer en vraie grandeur le
caractere insensible des explosifs composites 2
I'ONTA. Ces produits, associés & des systemes
d'amorgage adaptés, sont d'excellents candidats au
défi posé par l'exigence des munitions a risques
atténués .

L'effort multidisciplinaire d'envergure engagé par
SNPE, avec ie soutien du STI'F, dans les différents
niveaux que représentent la synthése de nouvelles
molécules, la formulation d'explosifs composites,
leurs caractérisations expérimentales et la modelisation
de leurs comportements, porte ses fruits et doit
permettre d'assurer le rendez-vous de la nouvelle
génération de munitions MURAT.
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TABLEAU 1 : COMPOSITIONS (% MASSIQUES)
H D T. A . | LIAN NIVEAU
MX | RDX | ONTA | P.A Alu | [ NIVEAU
ORA 86 86 / / / / 14 2
B 2211 / 20 / 43 25 12 2/3
B 2214 12 / 72 / / 16 3
B 3017 / / 74 / / 26 3
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TABLEAU 2 : PERFORMANCES CARACTERISTIQUES

VITESSE DE (1) PRESSION DE (3| VITESSE DEG)
DENSITE DETONATION DETONATION GURNEY
(m/s) (GPa) (m/s)
ORA 86 1,71 8380 30,0 2750
B 2211 1,80 = 5600 = 14,0 /
B 2214 1,63 7440 22,5 2210
B 3017 1,75 7780 26,6 2450

el —— e

1) mesurées en ¢ SOinm confiné
2) calculées par poD

3) déduites de relévements cylindriques
/4 divergents en ¢ 80 mm confiné.

TABLEAU 3 : SENSIBILITES AUX CHOCS

INDICES D'APTITUDE A LA DETONATION (IAD)
LA.D.  40mm (L.5.G.T.) LA.D. ¢ 75mm (E.L.S.G.T.) )
Nombre (1) Pression Epaisseur Pression
de induite max. de PMMA induite max.
cartes (GPa) (mm) (GPa)
ORA 36 160 5,0 90 3,5
B 2211 80 10,0 50 8,0
B2214 25 14,5 40 9,5
B 3017 65 11,0 40 10,0

1) une carte Francgaise équivaut 2 70/95 carte US

3) Expanded Large Scale Gap Test
2) Large Scale Gap Test




TABLEAU 4
VITESSES D'IMPACT (m/s)
POUR UNE EXPANSION DE 25 mm
EPAISSEURS PETITES MAQUETTES GROSSES MAQUETTES
mm
COMPOSITIONS 12,5 6 3 12,5
* *
B 2214 1000 1620 2050 1250
B 3017 1130 1720 2370 /
ORA 86 1160 / / /
{
B 2211 950 / / 1200 ©
* . Estimé
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FIGURE 4
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Discussion

QUESTION BY VAN DER STEEN, THE NETHERLANDS: What binder did you
use in compositions B2214 and B30177?

ANSWER: For B2214 it is a chemical HTPB binder and for B3017 it is
a energetic binder where a polymer is plasticized by nitrate esters.




——— e -

REPORT DOCUMENTATION PAGE

) Ai\[(e(wplél;:ief:eme T 2. Originator’s Reference ' 3. Further Reference L 4. Security Classification |
\ t cf Document 1
i !

|
i AGARD-CP-511 ISBN 92-835-0679-0 UNCLASSIFIED
1

North Atlantic Treaty Organization
7 Rue Ancelle, 92200 Neuilly sur Seine. France

INSENSITIVE MUNITIONS

S

7. Presented at thLPropul?lon and Encrgetics Pancl 78th A Meeting heid in Bonn, German;'; )
21st—23rd October 1991,

1

. 8. Author(s)/Editor(s) 9. Date

‘ Various - July 1992
S o 1

i 10. Author's/Editor’s Ad.dress 11. Pages

; Various 208

}‘Fiii: Distribution Statement I'hig document is distributed in accordance with AGARD

! policies and regulations, which are outlined on the
‘ back covers of all AGARD publications.

13 Keywords/Descriptors

! Munition safety Sensitivity reduction
Reduced sensitivity munition Safety design
Hazard reduction Impact resistance
Safety specification and policy Fire resistance

Munition survivability

14 Abstract

The Conference Proceedings contains the 23 papers and the Technical Evaluation Report
presented at the Propulsion and Energetics Panel 78th A Specialists’ Mecting on “Inscnsitive
Munitions”, which was held from 21st—23rd October 1991 in Bonn. Germany.

The Specialists’ Meeting was composed of the following sessions: Insensitive Munitions Policy (4);
Explosives and Gun Propulsion (6); Rocket Propulsion (4) and Physical Phenomena Associated
with Insensitive Munitions (9).

The papers presented reflect the big progress made in understanding and characterizing the
response of energetic materials to external stimuli such as shock, fire and bullet impact. Small
scale testing results, statistical data and approaches to numerical modelling are reported. The need
tor deeper investigation of the mechanisms involved, for corroboration of the statistical results
and for better fidelity criteria ot small scale testing becomes apparent. The NATO Insensitive
Munitions Information Center (NIMIC) recently established in Brusscls is charged to provide
more exchange of information and international cooperation.

[P




o an e eyl — - o

DOURISISAL A1

aduelistsas pedw)

usap L105eg

UONINPaAI AHADISUAG

ANIQRAIAINS UORIUNGA
Lonod

pue uoneayads L1ojeg

UONINPII PIEZRE]

UOLHUNY AJIATIISUDS PAONPIY

A10jes uonIuny

S-d I (AVHY

OLd

() SUOTHUNA DALISUISUL Il PAIBIDOSSY RUDWIOUMY
[ensAyg pue (1) uosindorg 10y () vorsindolg uney
pur saatsoldx g () 1104 SUONITUNA DANISUISU] (SUOISSIS
Fumopjoy a1 jJo pasodwod sem Junoapy sisyedads ay

"AUBULIDD) “UUOY UL [ 66 [ 19QOIQ) PIeT—IN] T
WOLJ POY Sem YoM * SUOLIUN[A JABISUISUL, U0 FUuiaapy
sisiewods vogigs pueq souadiaug pue uowsindold
oy e pojudsaud  podoy  uwonenjeaty qedIUYSA] oy
pue siaded ¢7 2y) SURIUOD sTUIPAIIOL G AOUMIDJUO Y Ay |,

soded g67

T661 AInf paysigngd

SNOLLINNYW FALLISNASNI

OLVN wawdoppaacg

PUE Yo1easay 23edsoray 105 dnoin) AIosiApy
§ SBUIPARIOLJ POUDIAJUO ) (IUHVOV

—

QOURISISAL AL
sourlsisal yeduw
udap L1ogeg
UOLINPAL AHALISURS
AdJIgRALAINS ::::::z
£anod
pue :c:nuc_uuaw ISEYEIN
uOnINPaI pIrzZeH
UONIUNLW AHANISUDS PINPIY
A10JBS HONIUNA

1y dD- (I VHYV

‘O 1Ld

(6} SUOHIUN A ATISUISUL I PIARIDOSSY BUINLOUY 4
sAyd pue (1) uotsindorg 1a%00y () uoisindoad ung)
pue saaso(dxg () 004 SUOIUNEA D AIISUASUL ISUOSSDS
Fumopoy ayy jo pasodwon sem Fanaspy sisyeoads ay g

“AUBRULIAN) "UUOE UL [ (6] J040Id() PigT—I8 [T
WOLE PIOY SEM YIIYM * SUOLIUNGY DARISUDSUL. U Fundopy
sisieadg v oyigy ppurg souadiaug pue uorsindolg
gy e powasaad  poday uonenpeai] fEdUYIAY Dyl

pue siaded £ Y1 sueiuon /.m::ﬁj:._ { 2dUDIDJUO ) Y |

saded ge o

2661 AINT paysiigng

SNOILLINITN JALLISNASNI

OLVN wawdopasaq

paE yareanay vdsoray 1oy dnosry ,C:,_:a/
11y sSupnadag 2uaue ) (PIVHON

ADUBISISAI 2114

aourisisal edw

udsap A1ageg

uondINPal ANANISUIG

AIIQRAIAINS UOTUNA
Korjod

pue uonedyads A1ajeg

UOUINPAS pIezef|

UOLIUTIW ANARISUAS PAINPaY

A19JBS UOIUNN

115-d - (RVOV

oLd

() SUONIUNA PATUSUISU] UM PAIBIIOSSY BUIUOUIYJ
[EIsAY pue (¢} uorsindosd 1930y (g) uotsindolg une)
pue saasopdx g () L2110 SUOIUNA DATISUISU] ISUOLSSOS
Fuimoljo) a1 jo pasodwos sem 3undapy sisyradg oy

AURWLIN) "UUOG W [ (6 ] 10QOId0) PIYT —IN]T
W] PIAY SBAL YIIUM * SUOTIIUNJA] SATINUISUL, U0 FUTIR0y
sisieadg yvoQigg [pueg sauadiaug pue umsndoad
ap e pojuasasd  poday woneneay Exuydag Ay
pur s1aded ¢z oyl sumwiuod sTUIPIAdOIJ UL Y dY [

waded ga o

Zo61 Alng paysnyng
yNOLLINNIN HALLISNESNI
O.LVN uawdopaaagg

puk garrasay saedenay g0y dnotey Aiosiapy
11y STUPIIDOLL DUMDUO Y (Y VOV

DOURIMISOAE 21

aueisisas edug

uRisap 1ogeg

HOBINPAL AHANISUIG

DURGEATALINS UOTHUNA
Aomod

pur uonmyads alaeg

uoiIapaI purvey

UONIUNW APALISUAS Painpay

A1RS uOIUNgy

b
Tls-dD-(IvVHYV

‘OLd

() SUONTUNA 2ATISUISU] Yliw PARIDOSSY RUMWOUIYd
[ENsiYq pur (+) voisindoad 13300y (y) vorsindoad uni)
puB Saasopdy ] ) Ao SUOTHIUNTY SATISUDISU SUOSA IS
Futwojo) oyt jo pasodwod seaw dunaapy sisyenadg sy

AUPIN) "UUOH UL [66] 20100 P T— 18| ¢
WOTE PIY SERN YDIYM  SUOBIUREY AAISUASUL. Uo Bunaspy
suiEads v oigg ppurd sousdiauy pue uosiadogy
o pauassaud  uodoy  uonenieaty Eaugda] oyl
pur saadad ¢ 7oAyl sueigon SAUPandos g SUAAUO ) Y]

sofrd RO

Z661 AN paysygng

SNOLLIN. YN JALLISNHSNI

OILWVN Suawdopaangg

pue yamaay edsosayy 10y dnodiy A10stapy
| Iy SAUIPAIOIG DUAAUO Y (Y VOV

v

g
|
ﬂ
_
;
|
|
—

f




i - e B

O0-6.90-5¢%-76 NS

UONEIAIO0) [PUOBUIR L
pue uonkuLiojul jo d3ueydoxa atow apaoad o) podieyd s spessRIg Ul paysTqEISd
ANUAAL (HININ) 121U UOHRULIOJU] SUOLIURPY JANISUISU] () LVN Sy woiedde
SAWO2aY FUNSA RIS ([RWS JO BUMLD AP 1112 10] PUR SINSAI [EIUSHRIS A1 JO
UONEIOQOLI0D 10} ‘PIA[OAUT SWSTUBYIIW ) JO uonednsaaut 12daap 10) pasu ay | panodal
ste Juppow [eauswNnY 03 saydroadde pue viep pansuRs SyNso Fulsa) RIS JjRWS
“1yedwl 12[Ing PUE 3114 *YI0YS SE YINS [AILNS [BUIAIXD 01 S[eLIdIBW dnod10u jo asuodsal o)
Fuizuaavleyd pur Fupueisiopun ut apew ssaiford Fig gy 1wagas paruasard siaded oy

0-6L90-5¢8-C6 NUSI

‘wotesadoods feuoneusatu
pue uonewlojur jo JFuryoxa uow spaosd 01 padieys s1 ospEssug Ul paysyqelsa
Apusdas (OHININ} 102y uouRILIou] suonuniy dAnisuasuj GLVN YL udtedde
SAWOIAG BUNSAL A[EIS |[RWS O RUILD AP 1913 10§ PUB SINSAI [BIISUES Y1 JO
UONRIOQOLIOD 10} *PIAJOAUL SWISIUPYDIW 3Y) Jo uonednsaaut 1adasp 10j paau sy | ‘pautodal
a1e Juapow jrouawmu o1 sayavosdde pue e1ep [eousnels ‘synsal 3unsar aeds Jews
12ed Wi 12[|Nq PUE 211 "YO0YS SB YINS (NUINS [BUIAIXD 01 S[EUaIRW 502313u3 Jo ssuodsas ay)
duizusrieys pur Sutpurisiapun ui apew ssasfosd 3 ayr 1agas pajuasasd siaded g

0-6L90-5¢8-C6 NEIST

‘uoikiadoo)s [puoneuldu
pue uonewlIOul jo ATURYIXD 20w SPIACID 01 PIBIRYD S SIISSIUIG Ul paysIgRISA
Apuadar (O[AIN) 171UD) UONRULIOU] SUOTHUREY PARISUISUL () [ VN sy waaedde
SAWI023g FUNISA A[BIS [[RWUS JO BUANIY AINIPY 121D 10} PUR SINS3S (RIUSURS aY) Jo
UONRIOQOLIOD 10] "PIAJOAUT SWISIURYIIW 2Y) JO uonednsaaut 1adaap 10f paau sy pautodal
dte uljfapow ROUAWNU 0] soyorardde puR wEp [RINIRIS SIsa1 FUlsal RO [[Rwy
12RdW NG PUR 231 YIOUS SEYINS HAWIS [RUINYD O] SIEUMNRW MNAF10u3 jo asuodsas oy
Furzuaprseyd pue Juipurisiopun w aprw ss>iFoad Fg oyr 121 parwasaad saded ayp

.

0-6L90-5¢£R-CH NHSI

uon1esad00d [BUGTRULIJUT
pur uonewiojul o AFurysxa Asow Apaoad o) padieyd s1osjassrug Ul paysiqersa
AR (OPAIN) 121UD) uonrwiojug SUOUIUNEN  dAsUAsU] OLVYN Y] uasedde
NAWONAY FUNSH) RIS [[PWS 0 BLOILIY A1apy 13124 JO} PUR SHASA [BIUSHEIS Y JO
UONRIOYOLIOD JOI*PAALO UL SWSIURYISW A1 jo voniednsaaut 1adaap 10j paau oy pauodas
A FupPapow |2auawnu o1 sagoeosdde pue vIEp [ROISNRS synsas unsa aeds [fewg
1R IAINY PUR 211 DOUS B YIS NWns [puIaixs o] spuatew ma313u jo asuodsal sy
Fuzuseieyd pur Anpunsiopun ut apru ssardord Aiq oy 1agar pmuasad siaded ay 1

S — -




e i o e i e

NATO G5 OTAN |
7 RUE ANCELLE - 92200 NEUILLY-SUR-SEINE DIFFUSION DES PUBLICATIONS
FRANCE AGARD NON CLASSIFIEES

Telephone (1)47.38.57.00 - Teélex 6i0 176
Telécopie (1)47.38.57.99

LAGARD sie detient pas de stocks de ses publicatons., dans un but de distnibution générale i ladresse ci-dessus. La diftusion initiale des
publications de TAGARD est effectuce aupres des pays membres de cette organisation par lintermédiaire des Centres Nationaux de
Drstribution suivants, A Fexception des Frats-LUnis, ces centres disposent parfois d'exemplaires additonnels: dans les cas contraire. on peut
e procurer ces exemplaires sous torme de microfiches ou de microcopies aupres des Agences de Vente dont ta histe suite

CENTRES DE DIFFUSION NATIONAUX

ALLEMAGNDE
Fachimformatonszentrum,
Karlsruhe
1-73 14 Bggenstem-Leopoldsnaten 2

BHLGHOUE
Coordonnateur AGARD-VSL
brac-Major de L Foree Actienne
Quartier Reme Blisabeth
Rue d'Evere. 130 Broxelles

CANADA
Directenr du Service des Renseignements Scientitigues
Manistere de Fa Defense Nanonade
Ottawa, Ontano KA 0K2

1YANE MARK
Danish Detence Rescarch Board
\ed [\fIJL'l\p‘Hk\'I\ 4
2lun Copenhagen O

bSPAGNE
INT A AGARD Publications
Pintor Rosales 34
2soes NMadnd

EIANTS-UNIS
Savonal Acronautios and Space Adannnistranon
Langbey Rescarch Center
MNN
Hampton, Vaaimia 23603

FRANCE
ONE R (Drrcction
29 Avenue deda Drvasion | eclere
92522 hamdlon € cdey

GRECE
ietleme N ooy
M W College
Scientibwe and Fechmeal iivary
rehehia Nt Boree Base
Dekeba, Nhens TG HoTa

ISLANDE
Director of Aviation
¢ o Ftegrad
Revkjavik

ITALIE
Acronautica Mlitare
Utthicio del Delegato Nazionake all AGARD
Acroporto Pratica dit Mare
00040 Pomezia {Roma)

LUXEMBOURG
b oir Belgique

NORVEGLE
Norwegian Detence Research Establishment
Attne Bibhotehet
P.O. Box 25
N-2007 Kjeller

PAYS-BAS
Netherfands Delegation 1o AGARD
Nauonal Acrospace Laboratory NLLR
Kluvversweg 1
2629 HS Delit

PORTUGAL
Portguese Natonal Coordinator to AGARD
Gabinete de Estudos ¢ Progriamas
CLAEA
Basc de Altragde
Altragide
2700 Amadora

ROY AUME UNI
Detence Rescarch Tnformaton Centre
Kentigern House
65 Brown Strecet
Glasgow G2 NEX

I'URQUIE
Milli Savunmia Baskanh@ (MSB)
ARGE Darre Bashanhg (ARGHE:;
Aphara

LE CENTRENATIONATD DE DISTRIBU HON DES EFTATS-UNIS(NASA)NE DETIENT PAS DE STOCKS
DESPUBLICATTONS NGARD P FEESDEMANDES PYEXEMPLAIRES DOIVENT FTRE ADRESSEES DIREFCTVEMENT
AL SERVICE NATIONAL THCHNIQUE DE LINFORMA TION (NTIS) DONT LUADRESSE SUTT,
AGENCES DE VENTE
Nattonal Fechmead Intormation Service ESA Intormation Retnieval Service
iNTIS) Futopean Space Agency
283 Port Roval Road 10, rue Marnie Nikis Boston Spa. Wetherby
Sprnetield, Virgima 22161 TS0 Pars West Yorkhshire 18523 TBQ
Erats-Ums France Rovaume Uim

I'he Briush Libran
Document Supphy Division

L evdeniandes de microtiches oude photocopies de documents AGARD (v compnisiesdemandes faies aupres du NTISydoivent comparter
L denominanon AGARD, amst que 1e pumero de seric de FAGARD (par exempic AGARD-AG-313). Des informations analogues, teles
une fe titre et Ly date de pubhcation sontsouhartables, Veuiller noter quiil valicu d 2 specifier A GARD-R-nnn et AGARD-AR-nnnlors de ky
commandy de rapports AGARD etdes rapports consubtatiis AGARD respectivement. Des reterences bibliographiques complctes amsique
des resumes des publications AGARD figurent dans fes journaux suivants

Saenufiyue and Technical Aerospace Reports (STAR)
pubhe par la NASA Scrennific and Techmical

Government Reports Announcements and Index (GRA&T)
pubhe par fe National Techmeal Intormanon Service

Intormation Divivon Springtield
NASA Headyuarters (NTT) Virgima 22161
Washington D 20346 brats-Uns

Forats-Unes
st taccessible egalement en mode interactd dans fa base de

donnees hibliographiques en higne du NTIS, et sur CD-ROM)
Imprime par Specialised Prineng Services Limed
SO Clugwel’ Lane. Loughion, Faex [G 1o 3T/

P




NATO oF OTAN
7 RUE ANCELLE - 92200 NEUILLY-SUR-SEINE DISTRIBUTION OF UNCLASSIFIED
FRANCE AGARD PUBLICATIONS

Telephone (1)47.38.57.00 - Telex 610 176
Telefax (1)47.38.57.99

AGARD does NOT hold stocks of AGARD publications at the above address for general distribution. Initial distribution of AGARD
publications is made to AGARD Member Nations through the following National Distribution Centres. Further copies are sometimes
available from these Centres (except in the United States), but if not may be purchased in Microfiche or Photocopy form from the Sales
Agencies listed below.

NATIONAL DISTRIBUTION CENTRES

BELGIUM
Coordonnateur AGARD — VSL
Etat-Major de la Force Aérienne
Quartier Reine Elisabeth
Rue d’Evere. 1140 Bruxelles

CANADA
Director Scientific Information Services
Dept of National Defence
Ottawa, Ontario K1A 0K2

DENMARK
Danish Defence Research Board
Ved ldraetsparken 4
2100 Copenhagen &

FRANCE
O.NERA, (Direction)
29 Awente de la Division Leclere
92322 Chatllon Cedex

GERMANY
Fachinformationszentrum
Karlsruhe
D-7514 Fggenstein-Leopoldshafen 2

GREECE
Hellenic Air Force
A’ War College
scientific and Technical Library
Dekelia Air Force Base
Dekelia. Athens TGA 1010

ICELANY
Director of Aviation
¢ o Flugrad
Reykjavik

ITALY
Aeronautica Militare
Uifficio del Delegato Nazionale all AGARD
Aeroporto Pratica di Mare
00040 Pomezia (Roma)

LUXEMBOURG
See Belgium

NETHERLANDS
Netherlands Delegation to AGARD
National Aerospace Laboratory, NLR
Kluyverweg 1
2629 HS Delft

NORWAY
Norwegian Defence Research Establishment
Aumn: Biblioteket
P.O.Box 25
N-2007 Kjeiter

PORTUGAL
Portuguese National Coordinator to AGARD
Gabinete de Estudos e Programas
CLAFA
Base de Alfragide
Alfragide
2700 Amadora

SPAIN
INTA (AGARD Publications)
Pintor Rosales 34
28008 Madrid

TURKEY
Milli Savunma Bagkanhigs (MSB)
ARGE Daire Bagkanhg (ARGE)
Ankara

UNITED KINGDOM
Defence Research Information Centre
Kentigern House
65 Brown Street
Glasgow G2 8EX

UNITED STATES
National Aeronautics and Space Administration (NASA)
Langley Research Center
M/S 180
Hampton, Virginia 23665

THE UNITED STATES NATIONAL DISTRIBUTION CENTRE (NASA) DOES NOT HOLD
STOCKS OF AGARD PUBLICATIONS, AND APPLICATIONS FOR COPIES SHOULD BE MADE
DIRECT TO THE NATIONAL TECHNICAL INFORMATION SERVICE (NTIS) AT THE ADDRESS BELOW.

SALES AGENCIES

National Technical
Information Service (NTIS)
5285 Port Royal Road
Springfield. Virginia 22161 75015 Paris
United States France

ESA/Information Retrieval Service
European Space Agency
10, rue Mario Nikis

The British Library
Document Supply Centre
Boston Spa. Wetherby
West Yorkshire LS23 7BQ
United Kingdom

Requests for microfiches or photocopies of AGARD documents (including requests to NTIS) should include the word "AGARD" and the

AGARD serial number (for example AGARD-AG-315). Collateral information such as title and publication date is desirable. Note that

AGARD Reports and Advisory Reports should be specified as AGARD-R-nnnand AGARD-AR-nnn, respectively. Full bibliographical
references and abstracts of AGARD publications are given in the foliowing journals:

Scientific and Technical Aerospace Reports (STAR) Government Reports Announcements and Index (GRA&I)
published by NASA Scientific and Technical published by the National Technical Information Service
Information Division Springfield
NAbSA Headquarters (NTT) Virginia 22161
Washington D.C. 20546 United States
United States glso available online in the NTIS Bibliographic

atabase or on CD-ROM)

Printed by Specialised Printing Services Limited
40 Chigwell Lane, Loughton, Essex IG103TZ

ISBN 92-835-0674-0

s e ———

ey



