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0 FOREWORD

The work described in this report was authorized under task 18522301A08101,
N ““Dissemination Investigatiens of Liquid and Solid Agents (U)."" The work was started
":f In April 1964 and completed in October, 1967.

Reproduction of this document in whole or in part is prohibited excapt with

45! permission of the CO, Edgewood Arsenal, ATTN: SMUEA-RPR, Edgewood Arsenal,
. Maryland 21010; however, Defense Documentation Center is authorized to reproduce the
i document for United States Governmeni purposes.

The information in this document has not been cleared for release to the general

public.
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DIGEST

The objective of the program was to provide basic information

necessary for overall improvement of cliemical agent dissemination tech-

niques, Studies were made of explosive generation of aerosols (mechanics
of explosive processes; detonation, shock, and reaction processes; igni-
tion processes; comminution processes); thermal and pyrotechhic genera-
tion of aerosols ( thermal and pyrotechnic processes; pyrolytic and oxi-
dative degradation processus; condensation processes); ultrasonic,
pneumatic, and atomization processes; electrostatic phenomena associated
with aerosol production; the application of microencapsulation to amerosol
generation and enhancement; and natural aerosol generation,

A critical summary of the program and recommendations for future
work is presented Iirst in this report, This is followed by a disgcussion
of accomplishments and recommendations for future research in each of the
study areas listed above, with reference to program reports (22 Special
Technical Reports and 13 Quarteriy Progress Reports) for details.
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A, Introduction

. “Y'

A o)
: 1, Background Y
i ‘0"
. L

ﬂ The successful development of effective chemicnl munitions requires $!
f ..ll'
i a sophisticated technology, The many frustrating problems that are en- vt
- countered in chemical munitions development are actually reflections of ..
[ ' 4
Ay

' the gtate of knowledge of fields in which comparatively little basgic in- "y
formation is available, As a result, many ot the questions asked today i

»

* o

y I. G, Poppoff, formerly Chairman of Stanford Research Institute's .&
) Department of Atmospheric Sciences, was program manager of these 35
studies from their inception on April 1, 1964 to his departure from .b;

the Institute on December 31, 1866, He then served as a consultant ﬁ?

on the program until 1ts termination on December 31, 1967, : 
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bear a strong resemblance to guestions asked 20 or even 40 years ago. In
fact, in some areas so little basic information is available that it is
difficult to judge whether chemical munition development is hampered
because of limitations imposed by natural laws or because the laws are
not being interpreted properly and exploited efficlently,

During the past several decades, a considerable amount of research
and engineering has heen done in the field of chemical warfare, A large
body of empirical information has been compiled and many problems have
been identified, However, the work has in gerieral been directed toward
limited objectives or short-range solutions to urgent problems, As a
result, the information available hag not beon adequate to solve the
problens and many promising developments have heen frustrated to the

point of stalemate or abandonment.

Leaning heavily on analogies with sophisticated technologies that
have developed successfully during the past 20 years, such as nuclear

weapons systems, chemical therapy, and solid~state electronics; it can
be predicted that startling advances could also he made in chemical war-
fare~-provided that a vigorous and balanced interdisciplinary effort is
launched in this directlon,

The program reported here is an effort along these lines, Although
the effort ls small compared with the magnitude of the Job, it 18 demon-
gtrated that definite progress can be made toward the solution of key
problems if research is directed toward the exploration und understanding

of basic processes,

2, Research Objectives and Scope

The basic objective of this research program is, simply, to provide
basic information necessary fnr an overall improvement of chemical agent

dissemination technigues,

Although the objective is simply stated, the scope of work is very
large and the variety of problems 1s almost infinite, In considering
the scope of work concvernud with chemical ogent dissemination, one is
impressed not only with the complexity of the problem but also with the
1 diversity of the scientific and engineering disciplines required to

10
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;% advance the state of knowledge, Many interrelated processes are involved E
53 in the conversion of a bulk material into an effective agent aerosol. R
?ﬁ The role of each process, its importance, and its relationship to the ,:
ﬂ} other processes require delineation, The following brief examples illus- ?
trate the complexities, g
In typical explosive dissemination methods, an explosive burster %
churge is surrounded by agent and enclosed in a container, The detona- -
;ﬁ‘ tion of the hurster generntes a shock wave which traverses the agent; a
;g when the container bursts, the shock, the agent, and detonation products k‘
Eé are injeaxied into the ambient atlmosphere, The questions that arise are: é
7 What are the detonation products and can they react with the agentp Can Aad
iﬁi the shock degrande the agent, chemlcally or physically? How and when is ﬁ
;ﬁ the aerosol formed? Can the size of the particles snd the extent of the g
jﬂ cloud be controlled? Is there subsequent interaction between detonation M
i products and aerosol particles? Do the detonation products react with R
ia air? Under what conditions will the aerosol ignite? ?
&g‘ In typical pyrotechnic dissemination methods, the fuel-oxidizer f
;ﬂ formulation is mixed intimately with agent., The combustion of the pyro- i
_ technic formulation provides heat to vaporize the agernt, which subsequently *
Eﬁ condenses to produce the desired aerosol., The questions that arise are: E
:h‘ Can an agent be degraded by the thermal environment? What is the thermal k
;ﬁf onvironment? What combustion products are formed and can they interact Q
; with agents? 1Is the subsequent condensation homogeneous or heterogeneous? ?
iﬁ If heterogeneous, what is the identity and what i1s the concentration of &l
a& the nuclei? Can the particle size and concentration ol the aerosol be g
?v controlled? ;
'$ 3. Organization .:
» A
fﬁ Both a literature review and a research program were organized to f
ﬂ provide answers to questions such as those listed abeve, Emphasis was %
lff placed on explosive and pyrotechnic processes because of their immediate i
hﬁ importance in CW munitions development, Material pretreatment, atomlza- ﬂ
fa tion, electrostatics, and ultrasonic processes were also considered im- §
:# portant and were included in the program; natural aerosol formation n
ol N
] " 1
R N
X -: :I'.
. 9:
a ;':x
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processes were studied to determine if some aspects could be adapted to

chemical agent dissemination requirements,

Accordingly, the program was divided into the following study groups:

A, Mechanics of Explosive Dissemination Processes

B, Shock, Detonation, and Reaction Processes in Aerosol
Formation

C, Comminution Processes in Shocked Materials

D. Droplet Ignition Processes in Combustible Aerosols

E, Thermal and Pyrotechnic Aerosol Production Processes

F, Condensation Processes in Aerosol Formation

G. The Role of Oxidation and Pyrolysis in Agent Utilization
H, Formation of Aerosols by Atomization

I, Ultrasonic Aerosol Production Processes

J. Pneumatic Dissemination of Dry Powders

K, Natural Generation ol Aerosols

L, Electrostatic Phenomena ln Aeroscl Dissemination

M. Encapsulation Processes and ‘Their Application to Aerosol
Generation

N. Gereral Concepts of Forced Clouds

The fir.. task of the program was to review the previous work as
reported in the existing literature--this included not only the CW litera-
ture but also work in other relevant fields. This review was presented
in a special technical report which, together with discussions with
Edgewood Arsenal personnel, served as the basis for the ensuing research

program,

The organization and direction of the research program were altered
from time to time to attempt to provide close coordination between this
program and the needs of Fdgewood Arsenal, Additional and drastic changes

were also necessitated as a result of two severe reductions in funding,

The work accomplished by each research group was published chrono-
logically in 13 quarterly progress reports, compiled in the 22 special
technical reports, and summarized in this final report, Titles, suthors,
dates of publication, and Defense Documentation Center (DDC) Accession

Numbers of the specinl technicanl reports are gliven in Appendix A,
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- Reporting period, author, and DDC Accession Number of the quarterly

L O
;ﬁ reports are given in Appendix B, h
T e

B, Accomplishments

33 Over the span of the program (three and one-half years), the funds ?‘
%h available for this work were severely reduced twice, As a result, several f
_:xf research efforts were terminated before satisfactory completion and the i
'fﬁ: level of effort was significantly decreased in many others, Unfortunately, g
.ﬁ$ this caused a reduction in scope and depth of the investigation, and much i
;?% of the work reported is necessarily incomplete, ?
- In spite of these difficulties, a considerable amount of progress -
:ﬁ was made, significant new insights were achieved, and valueble new tech- f‘
_ ﬁﬁ nology was acquired for future development. These accomplishments are ;&
';:': highlighted below. “
>.; 1. Explosive Dissemination Processes ’
oy "
3% The use of explosives to disseminate chemical ugents provides two lf
_&% distinct advantages: quick production of agent clouds hecause of the 'EA
N rapid action of explosives, and long storage periods for munitions be- .
55 cause of ths geparation of the agent and reactive components of explo- x'
:§ sives, Q'
m; On the other hand, the use of exploslves for dissemination has been t
i limited because the size of the cloud formed with any single explosion -
.5% is small, and sgents disseminnted explosively are sometimes degraded E'
ﬁg severely, Despite the relatively large effort that has been expended F
-gé in explosive research, it was found thnt not enough was known of detailed g'
. explosive di.semination processes to delineate key problems and guide %
~ Q{ the search for solutions, v

PP

{ In this program, unique radiographic and photographic techniques
)

o
Z
-

were used to investigate the mechanical processes involved in dissemina-

a -

tion, Detonation parnmeters were calculated by means of a numerical com-

Al
()
)Q puter code for explosives cowpositions that have been used for dissemina- ﬁ,
)
qﬁ tion or that are of interest for future use, }-
.'o:l |¢
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It was found that the interface between explosive products and X
. liquid agent is remarkably ctable during the early portions of the ex- A
plosive process and that mixing among products, agent, and air occurs 4

comparatively late in the sequence of events, o

The rarefaction wave apparently converts the liquid into foam just "
before the agent container bursts, It is quite apparent that after the ;
container bursts, the  agent moves outward as an expanding shell until :H
the disparity between internal and external forces becomes 80 great that =
the shell breaks up into gtreamerd, The streamers subaequently erode "
into the droplets that form the agent cloud, 1t is evident that the hot N
detonation products, agent, and mir can mix at this point in the mequence \
of events, , .;

These observations contrast sharply with former theories that were
based on the notion that the particles are formed by the breakup of
spalled layers., None of the experimantal results obtained in this pro-
gram could be construed as being consistent with the spallation theory.

The droplet size of the agent aerosol is determined by the aero-
dynamical forces that prevail during the streamer phase; the chemical
reactions that occur depend on the temperature, droplet characteristics, ' "
and detonation products that exist during the same phase, Hence, im- K
provement or control of the explosive disgemination technique requires ‘
the ability to control or modify conditions that exist during the shell
breakup stage. 0

The temperature and composition of the detonation products for §
various explosives were computed using a program that utilized the BKW Q
equation of state and the RUBY code, By selecting tile proper explosive 'f
mixtures, detonation parameters (pressure, temperature, etc.) and the “
combustibility of the products can be controlled while still maintaining k
the propevties necessary for efficient dissemination, :E

An experimental and theoretical effort was pursued to determine the R
boundary conditions for droplet ignition, It was found that a charac- }
terigstic lag-time for spontaneous ignition can be determined which is a $
function of chemical composition of the droplet, the temperature of the :

\
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oxidizing atmosphere, the droplet diameter, and droplet spacing; lag-time

)

was relatively independent of the oxygen content of the surrounding atmo- 'ﬁ'

-

R
1
sphere, ER

‘ Experiments were conducted to discover conditions that prevent the L
combustion of agent in explosive dissemination, Flashing of agent clouds ?*
i 18 prevented by a high degree of symmetry of the burster-agent configura- !
g tion, The use of an additive to lower the flame tamperature of the prod-

, ' ucts increased the ignition lag-time of the detonation products and ap- é\
. parently lowered the probability of ignition of the egent cloud, but at Eﬁ
5_ _ the cost of some energy that would otherwise be avallable for the dis-
' semination process,’ o
A The extent to which the agent may be heated during the dissemination ﬁf
E process and subsequently degraded or preconditioned for degradation reac- Ea
f tions was explored by both computations and experiments, The calculations E
: show that as much as 30% of the energy released by the expiosive i1s wasted if'
_'5 by absorption in the agent, To determine the temperature to which an agent &i
ﬁ is raised by the waste hont, a partial equation of state (e~p-v) must be N
K obtained, A complete equation of state for a liquid under the high pres- iﬁ
" sures produced in explosions has never be2n determined, Therefore, a é'
‘j series of shock experiments was initiated to obtain (e-p-v) data for a .
5 nonreactive liquid; these data were then converted to a (p-v-t) relation- g?
% ghip, Although the fund reduction made it impossible to complete the ﬁﬂ
* experimental program in its entirety, the work showed for the first time &5
N that such experiments are indeed feasible, Temperatures in the shock ‘&r
‘E wave were derived (not completely free of assumptions but under more %z
ik satisfactory assumptions than had heretofore been possible) over a re- ;&
¥ stricted range of pressures, o
'; The relative velocity that causes streamer erosion is limited by g&
; the outward air velocity produced by the alr shock, Exploratory experi- &{
: ments have shown that this can be clrcumvented by enclosing the f111 in fﬁ
. : hollow perforated beads, The momentum of these beands nllows them to E:
C penetrate the shock ond disseminate agent Iin smaller particles mnd over ﬁﬁ
o much larger areas, In fact, it seems that the cloud effectiveness could ?i
k be limited by agent toxicity instead of by the shock wave characteristics, 5?
R re
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Conridering the observations given above on agent cloud ignition, 1t
follows that agent stability could also be preserved by using perforated
beads, Note that the perforated beads are "moving cloud generators''--one

way of overcoming inherent limitations of forced clouds,

Radlographs revealed that initiel breakup occurs very much sooner

ﬁ . for powder fills than for liquid fills, Preliminary calculations also

3 showed that the relative velocities produced in explosive dissemination
are not sufficient to cause secondary breakup of powder aggregates;
therefore, the powder must be divided into suitable particio sizes Dby
the initial shock loading, A parn;lel gtudy of oommihution processes
was then initiated in order to explore the potential of explosive methods
for the dissemination of solids. 83tudies of dynamic loading character-
igtics of materials and the effeci of containment were made to complemcnt
the dissemination tests bheing conducted at Edgewood Arsenal, [t appears
that the key to effective dissemination of solids is an understanding of
the mechenisms of fracture and particle separation: syastems can then he
deyigned to maximize stress amplitudes, velocity gradients, fiow diver-

gence, etc,, &s needed, Preliminary results are very encouraging,

A conasiderable amount of consistency obvinusly exists among the
several investigantions--the temperature dependence, the lag~time, the
W containieny of products within an expanding sﬂell of agent, thé¢ condi-
‘ tions for droplot or solid breakup, The correlations and specifications
are 8till semiquantitative at this point; however, the groundwork has
been laid and the direction toward a solution has been determined,

2, Thermal and Pyrotechnic Dissemination Processes

Both thermal and pyrotechnic aerosol production processes involve
the use of hot gnses to disseminate agents, The distinction between the
two types of processes is that contact between agent and motive gnses
occurs just before dissemination in the case of thermal techniques,
whereas the agent and gas~forming chemicals are intimatel); mixed and
evolve simultaneously in the case of pyrotechnics, Thermal tecnniques
have the advantapes of not subjecting the agent to pyrotechnic defla-
gration and of not involving problems of storage compatibility between
agents and gas-forming chemicals:; on the other hand, pyrotechnic

16
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) techniques have the distinct advantage of convenience, Both processes
i involve the volatilization and condensation of agent., These techniques
are of particular interest because they are at present the most success-
Yy ful methods of dissemlinating solid materials,

1
In the literature veview it was found that little was known regurdng.
the details of the complex processes involved in these techniques; tliere~'

fore there was little basls for determining the inherent limits of these

<K techniques and for determining the most profitable directions for signif-
W'_‘ . . .
' . icunt improvements,

_!i‘ .

N . Studies were initiated of four aspects of thermal and pyrotechnic

processes: characteristics of pyrotechnic combustion, the thermal and
N oxidative degradation of agents, the condensation of volatilized agents,
jg and the dovelopment of rapid thermal dissemination techniques utilizing
rocket motors,

K , For the pyrotechnic characterlization studies, an assessmenf tech-
niqua was developed in which all combustion products, agent, and agent

& dhcfedntion products were captured and a total mass balance could be made,
i This unique method eliminnted the problems attendant on obtaining repre-

“ sentutive samples from a plume., Another unique procedure involved the

o placing of amell thermocouples within the pyrotechnic unit to observe

35 the dellagrution wave; temperatures and their duration were measured for
1)

Y the first time,

;h- These studies showed that many former ideas concerning the rapid

& healing and volatilization of ugents were in error, From measurements
& of deflagration-wave charncteristics, product composition, and agent

yleld, it was apparent that (1) the agent can spend a comparatively long
time (several seconds) nt elevated temperatures, (2) agent degradation

ot

does occur, and (3) equilibrium flame combustion theory (based on gns-

-
-

phase reactions) cannot be ensily applied because of the npparent in-

- -
T

volvement of rate-controlling golid phase and liquid phase reactions,

Radiographic studies were also mande of the functioning of a pyrotechnic

- .-
LR PR

unit; they showed that the burning surface is not homogeneous but is com-

-
-~ e

posed of discrete particles that spontaneously decompuse, The radiogrophs

also confirmed that as the renction zone moves through the pyrotechnic,

17
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a thick char bed develops through which the volatilizaed agent must pass;

T om e e

hence the agent dwell-time in a hot reactive char increases with burning
time--presumably the efficiency of agent production decreases correspond-
ingly, particularly for thermally unstable agents,

Many other important aspects of pyrotechnic functioning were studied--
activation energy, melting points, phase changes, reaction temperatures,
high pressure combustion, the role of coolant materials such as kaolin,

e

and the influence of agont loading on burning rate, temperature, and
-efficiency, Because it appeared that shorter action times (and conse-
quently shorter agent dwell-times) were beneficial, studies were made of

RN

burning rate enhancement by variations of pyrotechnic density, Also,
the functioning of larger units was explored; they were found to be
feasible and efficient,

g N T

Pyrolytic and oxidative degradation of agents was investigated in
two waye--by studying agent yleld, retention, and loss in functioning
pyrotechnic devices, and by studying decomposition rates of agent in
laboratory systems without the added complicationa of a conbustion-

- —— -

product environment, Unfortunately, the studies were not expanded to
agents other than C8, However, some rather interesting conclusions were
! obtained, The laboratory studies showed, as suspected, that 0S is a very
, stable material, Decomposition rates were so slow, it could be assumed
that no detectable decomposition could orccur during the reaction times
encountered in a pyrotechnic device. However, mass-balance analyses of
. functional pyrotechnics indicated that an appreciable fraction of such
J a stable agent as CS was nonetheless decomposed, Although it was not
N possible to pursue this important aspect of the work to a satisfactory
conclusion, the evidence indicntes that thermal degradation processes
should be very well understood 1f we wish to be able to predict the ex-
i tent of pyrotechnic munition potentinl, The use of thermocouples to
measure the heating characteristics of the pyrotechnic and vadiographic
gtudies of the burning surface provided new and significant information
on the agent environment, However, it is still only possible to guess
at the thermal experience of an agent in such complex processes. One

possibility that was explored was to use a thermal tracer--a material

18
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whose thermal stability is well known, Unfortunately, this study was

vl terminated before positive results could be obtained.

AP

The end result of all these processes is the formation of an agent
aerosol with the physical characteristics necessary for effective chemical )
action, With pyrotechnic techniques, nerosol particles are formed by con-
- densaticn, Thus, the physical characteristics of the agent aerosel are

determined by the simultaneous kinetics of nucleation, condensation, and -
o agglomeration, little wng known about the condensation processes in pyro- y
y technic jets except that the particles produced were very small, too small :
. for maximum effectiveness, Previous work on condensation generally has

been limited to water or metal vapors over n fairly limited range of con- -

e ditions; theories are not well enough developed to use for predictions,
o During the course of this program it was realized that the vapor loading
iy ' and quenching rate in pyrotechnic jets was sutfficiently large to allow
4 both homogencous (canused by self-nuclention) and heterogeneous (caused
by foreign nuclei) condensation to occur simultaneously; therefore, both

P

Wi kinds of nucleation were studied, It was found that the potential does

..

rhl exist for controlling particle sizes of aerosol particles produced by '
| pyrotechnics, The effectiveness of various salts ns condensation nuclei

wl was demonstrated; both size and uniformity of the aerosol could be altered,
wﬂ. It was shown that under controlled conditions, particles can be grown to
sizes of several miorons in diameter by the use of "giannt nuclei' and/or
coagulation chambers, Hence, one of the severe limitntions of pyrotechnic
dissemination systema can conceivably be hypassed, A considerable amount

of information was also obtained on homogeneous nucleation processes; the

PR Ao

stote of development of the theory was advanced significantly, The work

on condensation was terminated before it could be developed to the state

e

K necessary for efficient npplication,

b Early in the program, while developing apparatus to study thermel

S dissemination processes, a rocket motor dissemination device was con-

’ -.o:-.,.o P -

ceived that has great potentianl, In brief, the gas evolved by n burning
N rocket motor is exhausted through an expangion noxzle where the gns is

S both cooled and accelerated, Agent introduced in the nozzle iz entrained

e I

=
S

g in the exhaust to form a long, dense plume, Because of the rapid action

-
=
]
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of the motur and the length of the plume, a large area can be fumignted L
almost instantaaneously, By varying the flow conditions and motor composi-
tion, the conditions to which an agent is exposed can be varied over a
wide range, and the mode of aerosol formation can be varied from atomiza-
tion to condensation, Further development of this rather versatile equip-
ﬁ ' " ment into oither_laboratory or fleld apparatus was terminated because of ‘
" fundifig limitations, | ¥

- ‘ . Although a multitude of problems must yet be explored hefore a sntis-

factory understanding is achieved of pyrotechnic aerosol production pro-

; cesses, a significant advance in the state of knowledge was made in this

' program, Of particular ccusequence are the time-temperature characteris-

tics of pyrotechnics and implications regarding agent survival, the ex-

ploration of combustion charucteristics generally, the role of condense- :f
tion and pomsibilitiss for controlling particle iize, and the preliminery

development of a new <»ncration of tliermal disseminators,

3. Atomization Pr..esses

The subdivision of a bulk liquid is commonly called atomization,
Because atomization is one of the important processes involved iu the
dissemination of 1liquid agents (or suspension of powdered agents), a
study was undertaken to critically review and evuluante the 1literature
pertaining to this field, Although this should have been part of the
early literature review to be consistent with the genernl organization
of the program, it was not mtarted until after that review was in draft
form, Rather than delay publication of the review, ntomization was
treated separately,

Although atomizantion has been reviewed many times, this review is
easlly the most comprehensive, The results nre presented in a form that W
allows comparison of the works of the various investigators, This 18 a

~

particulurly informative and useful report and will have wide application,

The comparison of results reported for simple noxzzles suggests that .

the effect of turbulence has not been properly considered and that the
aggessement techniques were rather limited, The review also showed that

the effect of surface tetision hns not been resolved, although 1t is
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important, Other shortcomings in the literature include insufficient
knowled;;e of the effect of gas density, the effect of ultrahigh pressures,

and the effect of high loadings.

4, Pneumatic and Ultrasonic Dissemination of Powders

Bocause of the importance of solid agents and the general difficulty
of disseminating them, studies were made of pneumatic and sonic techniques
for amerosolizing powders., Pneumatic techniques have proved quite effec-
tive for the disseminatioun of industrial and agricultural powders, How-
ever, power utilization and aerosolization efficiency are not as critical
in industrial and agricultural applications ns they are for chemical muni-
tions applications, Therefore considerable emphasis was placed on the
dosign of nozzles and on the use of additives to increanse the ease of
producing nerosols of small particles and to reduce the expended energy.
The successful use of additives iz noted later under "Pretreatment,"

The efficiency of breakup was found to be dependent on nozzle design,
Curved nozzles which forced particle agglomerutes to strike a surface
during their passage produces much higher fractions of small particles
than straight tubes; this is a confirmation of recontly published Russian
work, The work on pretreatment and nozzle design points the way to a
considerable increase in pneumatic dissomination efficlemcy, A sonic
disseminator wos designed with o vibrating cavity in which powders were
placed: almost inatantaneous and complete disseminntion was achieved,

It was anlso leurned that surfaces vibrating at sonic frequencies can
rapidly erode compressed powders such as blackboard chalk, Unfortunately,

fund limitations would not nllow further work nlong these lines,

6, Ultrasonic Disseminantion ol Liquids

Ultrasonic aerosol production is simply n special case of atomiza-
tion, but the basic mechanisma nre not very well understood, Neverthe-
less, sonic methods have important potentinl sdvantoges that nre worthy
of exploitation; they may be used for clundestine operntions; they can
process delicate ngents without degeneration; nnd particle sizes can be
controlled, The question is, cau they be developed into practical and

efficient devices?
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The purpose cf this investigation was to determine the potentianl

limits and applications,

The literature search revealed very little fun-

damental information that could be used for such evaluations, Therefore,

both theoretical and experimental studies were launched in an effort to

obtain the needed data,

At the same time, prototype devices were devel-

- oped, bused on the limited knowledge available, in order to gain an under-

standing of present limitations,

These devices were surprisingly light

weight and capable of handling relatively high flow rates, The most suc-

_cessfq} wag arcirCular we@ge design,

An attempt was made to analyze its

operation analytically in order to be able to extend the design develop-

ment, An oxﬁerimental atudy was made of the effect of surface tension

and viscosity of the liquid on droplet size; attempts were made to inter- .

pret these observations in terms of capillary wave theory, An experi~-
mental study was almso made of cavitation in the thin f£ilm of liquid flow-

ing over the sonic transducer surfance,

Unfortunately, this ambitious ond potentially fruitful study was

terminated before the studies could be brought to a useful point,

6, Natural Aerosol Productlon Processes

A gruat variety of acrosols is produced naturally,

Because of this

profusion it 18 often felt that natural aerosol production must be very

efficient, A short study was made to explore the possibility of adapting

some of the naftural techniques to chemical munj.tions,

It was found that no exciting breakthroughs could be achieved, The

facts are that natural forcea and quantities are so large that great ef-

ficiencies are not required for the production of seemingly staggering

natural aerosol displays such as dust storms, fogs, and the sprend of

wheat rust.

The production of monodisperse spores is enhanced in nature by loose

packing and the sgeparation of spores by a matrix of filaments, There may

be cases in which this concept can be adapted to agent dissemination,

although volume restrictions are often also critical in munitlions, Sec~

ondary production of aerosols by the explosion of small capsules contain-

ing only a few particles is also found in nature, nnd is consistent with

'l
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the miniaturized all-mixing element concept developed in other parts of

the program,

R P

7. Electrostatic Phénomenan in Dissemination

Electrostatic fofces have long been blamed for many of the difficul-~
ties encountered in the ‘handling of aerosols and Iine powders, On the
other hand, the possibility of vsinglelectrostutid forces to disseminate

" powders has also been recognized, and occasionanl (but unsuccessful) at-
0 ' tempts have been made to exploit this potential,

1 - : - Qualitatively, the important role of electrostatics in disaemination
" was demona*rated again during the investigation of pneumatic powder-
dissemination techniques in this program,

The potontinl uses and limits of electrostatic dissemination tech-
s niques were firat explored theoretically and reported in the literature
W R review, If was pointéd out that unipolar chnfging of ogents can result
o in marked improvements in the effectiveness of agent dissemination, thut
ambipolar charging could be heneficial under certain circumstances but
5 _ was not very promising, and that precharging of powders before dissemina-
tion was not techniocally feasible., 1In the theorefioal atudies of forced
-5 cloud production, it was also shown that electrostatic techniques offered
;d one of the few ways to avoid using most 6! the dissemination energy to
i move air: electrostatic methods would not require dilution by air as do
o explosive, thermal, and atomization techniquea and therafore would not

o be as severely limited as to cloud size,

0y It 18 easy to demonatrate the gqualitative aspects of electrostatic
s influerce in cisseminntion, but it is very difficult to conduct controlled,
qualitative experiments thut can provide datn suitable for the design and

development of munitions., Therefore, the higheat priority was given to

N the development of an instrument that could provide unambiguous, quan-

f titative snalysis of charged aserosols, Such an instrument was developed;
' 1t can be used to mensure both average particle sizes and mobilities of
v charged aerosols, TFrom the meansurements, specific particle suriace

N gradients coan bhe conputed,

"
b
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Thus, the feasibility and potential of electrostatic dissemination _S%

'v',

techniques have been demonstrated theoretically, and key experimental :&f
instrumentation has been developed, Direct experimental studies can now ll

proceed on a firm basis, N

8, Pretreatment of Agent by Additives and Encapsulation

Special treatments of materials before dissemination have been w
suggested and tried, for the solution of a number of vexing dissemination g&g
probletas, The use of additives to improve ease of powder dissemination &7
has been explored by many groups; the development of speciul coatings ?\‘

has nlso been attempted for the same purpose, Although occasionally
promising, the results were never clearcut, o

An important activity in this program was to explore the problem :ﬂ&
again and to nttempt to determine the potential usefulness of pretreat- §53
ment techniques, The use of encapsulation technology for thesc applioca- !lﬁ
tions appeared to be especially promising because of recent ndvances in _ ﬁzz

that field,

It was determined that powder smilicate additives were indeed as A
elfective as previous workers had suggested, but that the additives were
very specific as to materianls they ocould affect., One of the important 'v{

results of this study was that several powder characterization techniques 3;ﬁ
were found that could be used to relate easily meapured bulk properties ﬁii
to ease of aerosolization-~which is difficult to assess, Thus, future ?5{
researclh with additives can progress at a much faster rate, ﬁ%:
AR

The use of encapsulation techniques to modify the properties of gﬂk
agents was shown to be at least as promising as 1t was thought to be at I”i
the beginning of the program, Techniques were developed to prepore the :ﬁﬁ
agent CS in mioroocmpsules less than 10 microns in dimmeter, By using :fﬁ
various combinations of wall materials and encapsulation techniques, the ify
relense rate of agent was decrensed substontially, thus increasing the 'Pw
potential physiological effects, It was demonstrated that agent charac- Sf‘
teristics can be altered so radically that essentially new agents are ﬁ i
prepared, It was also shown that incompatible mixtures of agents and iﬁ;
pyrotechnic materials can be made and stored by encapsulating either the f“
'E!;o:
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v agent or the pyrotechnic grains; liquid@ can be encapsulated to further

s SR

extend the potentinl npplication of pyrotechnic dissemination techniques,

i Tty

One of the results of the study of forced cloud production showed
that one way to overcome inherent restrictions on forced cloud volume
(and ares coverage) is to project minlaturized air-mixing elements., A
very interesting way of producing miniaturized air-mixing elements was
devaldped with capsule technology., It required large capsules (~4 em .
o diameter) filled with agent and coanted with explosive, The technblogy v
. of producing large cdpéules was developed, as were techniques for coating !
the capsules with explosive. It was demonstrated that liquid perosols :
could be disseminated very satisfactorily from the small units, In addi- -
‘tion, 1t would be possible to £i1l the large capsules with gmall capsules
of specially modified ungents.

) Thus, encapsulation techniquos can have a large impact on chemical
% munition development; the results of this study indicate Llhe magnitude 7-

'é of the impact and provide the busis for eificient exploltation of -encap- _ f*f
sulation technology. : y

9, Tormantion of Forced Clouds

Wl Niegsemination can be considered to consgist of three stagey: the
N initial breakup of material or formation of particles, the formation of v
< a cloud by utilizing the energy ot the dissemination device to dilute
the aerosol with air, and lastly, area coverage through interaction with
) ambient meteorological conditions, X

P Obviously, this research program wos centered on investigstions of
' processes involved in the first stage, To the extent that the first and "
_ second stages overlap, some of the work concerned second-stage processes
o as well, Consideration of the third stage was limited tu the effects of 0
W meteorological condlitions on natural dissemination processes, 'The pro-
i) vessey involved in the first stage are uniquely dependent on the dis- iy

semination technique under conslderation, but ns dissemination progresses

Ter -

ol from the firgt through the third gtage, the processes become quite similar

L and the particular dissemination technique becomes less and less

i important,

s
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To explore the inherent limitations of cloud formation, a study was
made oI energy utilization in the second stage., A mathematical expres-
sion was derived for the voliume of the cloud formed in the second stage,
It was found that the volume is controlled by the portion of the cloud
mass originating'in the dissemination device and the kinetic energy im-
parted to that mass by the disseminating device, The particulate density
of the cloud depends on the fraction of the initial mass which becomes
particulaﬁe, the air density, and the kinetic energy.

General expressions were then derived to relate the maximum time
during which the mass should be released at a particular velccity to
form a specified cloud, the volume of the cloud, the average particulate
density, and the form of the cloud. The expressionsz were derived for
three groups of devices: explosive, gas atomization and ﬁyrotechnic,

and pressurized sprays,

It was shown that there are definite 1limits on the minimum particle
densities that can be achieved as well as on the diametef of the.oloud,
and that a very large fraction of the energy released by a dissemination
device 1s utilized to dilute the cloud but only a small fraction is uti-
lized in the initiaml particle breakup processes., The mass of air in such
a cloud typically exceeds 103 the mass of the particulutes and the dilu-
tior occurs only by utilizing the energy released by the device.

An important conclusion is that the only way to overcome inherent
limitations in cloud formation is to form a cioud composed of miniaturized
alr-mlxing elements or to utilize electrostatic dissemination properly.
Ways to form miniaturized air-mixing elements were noted in the preceding

discussions,

C, Recommendations for Future Research

Significant progress toward the solution of key problems has been
made in this program, As noted earlier, the magnitude of the job is very
large and full return on the investment already made cannot be realized
unless research is aggressively continued, It is strongly recommended
that future work be conducted along the following lines,

AED
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1. Explosive Dissemination Processes

(a) Complete the studies of streamer development and erosion,
inasmuch as this appears to control the size distribu-
tion of aerosols produced by explosive techniques.

(b) Continue the development of perforated beads fcr dis-
semination, since this is one of the few possibilities
for overcoming the limitations of cloud volume inherent
in the production of forced clouds,

(e¢) Continue the shock comminution studies, This work was
initiated laté in the program: although the preliminary
results are very promising, the work has not progressed
as far ag many of the other studies., In order to pro-
vide design criteria, further consideration should be
given to shock strength and profile, static and dynamie
mechanical properties of specimen materials, effect of
presizing particles, preshock strength of particle
bonds, choice of matrix materials, preshock compaction
density, surfuce treatment of particles, and geometric
configuration, .

(d) Develop an oxygen-balanced explosive specifically for
dissemination, designed to take advantage of advanced
formulation techniques now available, This would re-
quire the use of a computer code that is much more
flexible than RUBY, The develcpment of such a code,
TIGER, has been completed at SRI and can be used with
parallel experimentation to develop a new equation of
gtate for explosive products, and subsequently for
realistic calculation of the detonation and expansion
of the products in the dissemination process,

(e) Conduct experiments with oxygen-balanced explosives
in order to arrive at sultable equation-of-state
p-rameters, The constan*s presently used in the BKW
equation were developed from explosives with negative
oxygen balance.

(1) Apply the principles of geometrical asymmetry ond
central initipstion in the design of explosive chemical
munitions to minimize 'flashing' losses,

(g) Complete the liquid equation-of-state studies in order
to determine propertles of shocked liquid agents.

(h) Continue the experimental and theoretical studies of
droplet igniticn in order to clarify the precise re-
lationships between ighitibility., oxidizer composition,
chemical properties of the liquid phase, and the chemical
kinetics of the droplet-oxidizer system, Although it
was thought earlier in the program that the magnitude
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of the ignition lag ruled out droplet ignition as an
important process, the recent observations of increased
lag between product and agent cloud ignition indicate
that additional work is warranted,

(1) Continue the development of explosive capsules; they
appear to represent a promising approach to the devel-
opment of miniaturized air-mixing elements thut can
overcome the area coverage limitations of explosive
weapons., ' '

2, Thermal and Pyrotechnic Dissemination Processes

(a) Continue the attempts to develop physical or chemical
techniques for the stimulation of burning rate in
pyrotechnics, With presently available technology
it seems that the development of cestable compositions
is the most promising approach, Castable compositions
should allow more uniform processing and higher loading
densities of agent; and ultimately, they should be
adaptable for use with burning rate catalysis techniques,

(b) Continue the research to delineate thermal and chemical
history of agents in pyrotechnic systems, This knowl-
edge is8 vital in extending the scope of pyrotechnic
chemical munitions to embrace new agents and new
pyrotechnic formulations,

(¢) Develop techniques of particle~size control fer pyro-
technius based on present knowledge of condensation
and coagulation, and continue to develop information
on these procesaes to provide bases for further devel-
opments, The possiblilities for particle-size control
that are now apparent would provide powerful design
tools if developed,

(d) Continue development of the rocket-nozzle injection
technique for thermal dissemination of chemical agents,
This is an opportunity to exploit rocket-motor tech-
nology for a rapid and significant improvement in
dissemination capabllities,

3, Cold Gas and Ultrasonic Aerosol Production Processes

Liquid and powde:r dissemination by pneumatic or sonic aerosol
generators has advantages of large throughput, minimum chemical degrada-
tion, and a relative lack of noise or smoke, Thede generators do not
gseem nt present to have the advantages of portability and instantansous
action that appear to be controlling considerations in most military

applications, Nonetheless, there are applications where they could be

most useful, for instance in riot control, clandestine operations, and




dissemination of relatively fragile agents, Unfortunately, the state of
development of these techniques is not very high and when it is desired
to use them, it will be found that their usefulness is limited by a
relative lack ¢f research and development effort. Thus, although the
highest priority might not be'assignedlto these techniques at present,
research and development should be continued, Sophisticated chemical
agent dissemination éystems will undoubtedly require the utilization of
such techniques eventually,

4, Electrostatic Phenomena.1n.Dissemination

Continue studies of electrostatic dissemination techniques utilizing
the analyzer developed during this program, Both mecheanicail and electro-
static techniques for the production of unipolar aerosol clouds should
be carefully investigated, It should be remembered ithat this approach,
although difficult to study properly, represents one of the faw posusi-
bilities for overcoming the inherent limitations of forced cloud
production.

8. Pretreatment of Agent by Additives and Encapsulation

Continue the development of capsular techniques to modify physio-
logicul effects of egents, Potential applications are nearly infinite
for the utilization of such techniques (1) to allow the use of fragile
agents, (2) to extend usefulness of standard agents, and (3) to provide
operational systems capabilities designed to meet specific taotival re-
quirements, To achieve this potential, the development of capsular
technology should be closely associated with physiological research and
the development of dissemination systems,

29
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I1
MECHANICS OF EXPLOSIVE DISSEMINATION

D o George B, .Abrahemson, Director ' '
Explosives Engindering

o Explosive dissemination devices were first used in modern chemical
warfare in World War I, Théy were introduced to reduce dissemination

time and to improve geographical control of the agent cloud, The first
devices were cylinders filled with agent that were projected toward the
target by mortgrq or artillery. A central explosive charge detonated on
impact to rupture the container, discharge the agent, and. form a cloud.
Spreading of the agent cloud to o maximum effective area (minimum effective
concentration) was left to local winds,

Present explosive dissemination devices have the same purpose as
those used in World War I and are of similar design (1.0., they minimize_

disseminution-time and maximize geographical control, and they consiat

; of an agent container witih a central explosive charge which is projected
to the target by mortars, artillery, or rockets, or is carried by aircraft).
As with the original devices, spreading to a cloud of maximum effectiveness

area is left to looal winds.,

Although explosive dissumination devices have been available since
World War I, the processes by which the agent cloud develops have remained
largely unknown. An understanding of thesu processes is essential to
provide a basis for interpreting nast experimental roesults and for plan-
ning new experiments to obtain information for the design of more effective
devices., The lack of such understanding has greatly complicated weapons
development programs and has resulted in the collection of a large amount

of sempirical information which for years has begged for interpretation.

Dissemination ot chemical warfare agents occurs in three stages:
(1) placement of the container in a favorable positlon; (2) discharge of
[ the agent from the container; and (3) spreading and movement of the agent
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cloud to cover a maximum effective area.* In the present context, place-
ment consists of projecting containers into the target area and dischage
consists of discharging the agent from the container with explosives.

! Spreading is required with all present dissemination systems, including
explosive systems, and occurs by local wind action, For example, explo-
sive dissemination syetems produce initial clouds on the order of 23
times the size of the container, corresponding to a volume increase of
15,000, If the initial density of the agent in the container is assumed

to be unity, the inorease in volume required to reduce the density to

the minimum effective concentration of 5 mg/m3 (cs) is 2 X 108. This is

13,000 times the initial cloud volume achievable with explosive discharge,

or about 24 times the initial cloud diameter., Thus, the maximum effective
area of the cloud is about 600 times the initial area.

Since in all present systems spreading is left to local winds,
dissemination systems differ only in means of placement and discharge.
This part of the program has centered on developing an understanding of
the processes involved in discharge as they occur in spherical explosive

devices. The results of the program are documented in four major

reports."“

The first of these is a description of the state of knowledge
of explosive digsemination as of 1966, The second is an interim report

describing technical work on the present program through mid-1966. The
second report was superseded by another report,® which is an attempt to

provide a comprehensive description of the present state of knowledge of
the mechanics of explosive dissemination (mainly discharge). Another
report4 and 1ts supplement® describe some calculations undertaken to
determine the fraction of the explosive energy which goes into the agent
through shock heating. The following summary is based on References

3, 4, and 5.

* As usually defined, dissomination covers only stages 2 and 3. For
( lack of a better word to cover all three stages, here the definition
of dissemination is extended to include stage 1,
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Problem Breakdown

Spherical explogive discharge devices are usually 3 to 6 inches in
diameter and are consfructed of plastic or light metal about 1/16 inch
thick. The agent may be liquid, compacted solids, or a slurry, and the
contral explosive charge is generally a common military explosive such
as Composition B, The action of the explosive ruptures the container and

projects the agent outward as an expanding gsphere, as shown in Figs, 1

and 2, As it moves outward, the oxpanding agent sphere is transformed

~ into many radial streamers. The subseyuent development of the cloud is

envisaged as the erosion of the streamars as they penetrate the surround=-

ing air,

This model neglecis the effects of possible chemical reactions of
the agont with the explosive gases und the surrounding air. Inasmuch as
chemical reaction of the agent must be prevented in any practical device,

such an agsumption is basically sound for a model of mechanical processoes,

Cloud front measurements indicate that three lorce regimes occur
during explosive discharge of chemical agents from spherical dovices:
(1) an initial ejection regime, during whiuh the explosive forces tending
to accelerate the agent predominato; (2) an intermediate transition regime,
during which the explosive forces and the air~interaction forces are com-
paravle; and (3) a final expansion regime, during whioh the air-interaction
forces tending to decelerate the agent predominate, The ejuction regime
is limited to the first quarter or less of the motion, and the transition
regime is8 limited to the first half of the motion, Since the first halt
of the motion involves only one-eighth of the cloud volume, most of the
cloud i8 formed during the expansion regime. Hunce, the characteristics
of the cloud (particle size, distribution, cloud size) are controlled by

the procespes of the expansion regime,

The principal processes of oxplosive discharge are conveniently
considered in terms of four phenomenological phases: (1) the detonation
phase; (2) the shock phase; (3) the departure phase; and (4) the streamer
phase, The detonation phase extends over thu dotonation period, i.e.,

until the detonation wave reaches the surface of the explosive. Tho shock
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FIG. 1 PHOTOGRAPHS OF EXPANDING LIQUID FILL (ETHYLENE GLYCOL)
FROM A SPHERICAL DEVICE (3-inch 0D, 1.4-inch-diameter burster cavity,
1.16-inch walls, charge 25 g Comp B, fill-to-explosive mass ratic A/B . 8). o
Time vs measured from detonation
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FIG.2 PHOTOGRAPHS OF EXPANDING SOLID FILL (200, KI) FROM A SPHERICAL
DEVICE (3-inch OD, 1.4-inch-diameter burster cavity, 1/16-inch walls, charge 25 ¢

' Comp B, fill-to-explosive mass ratio A’B ~ 13). Time is measured from detonation




phase extends from the time the detonation wave reaches the surface of
noe the explosive until the shock waves in the explosive gases and the agent
die out,. The depnrfure phase covers the period from the rupture of the
i’“casq until the streamaré form., Finally, the streamer phase extends over
. the subéequent ﬁariod of cloud development. The relationship between
fthéfphases and regimes is indicated in Fig. 3.

" The detonation phase is concerned entirely with the detonation of
- the expiotive. Hence, the processes of interest during this phase are
the initiation and propagation of detonation waves in spherical charges,

The shock phase¢ begins with the transmission of the initial shock
wave into the ngeht. The amplitude of the shock is a maximum adjacent’
to the explosive, dﬁd due to spherical divergence, it decreases rapidly
as the shock expands, Whan the shock reuches the outer case, a reflected
wave is generated which propagates buck into the agent. Although the
1eflected wave may initially develop as a shock, after a few wave transits
through the case it changes into a rarefaction which relieves the.pressure
in the agent as it propagates inward, imparting an outward velocity to
the agent. Subsequently, shorck and rarefaction waves of decreasing

amplitudes reverbverate through the agent and the explosive gases,

Tho departure phase bhegins with the rvupture of the case. During

this phage the agent layer changes from a relatively well-defined material
to a complex mixturns of gas and condensed and vaporized agent of uncertain
composition and properties. The reaction of the agent to the traversal

by the initidl shock and subsequent rarefaction and shock waves determines
the composition and properties of the agent at the outset of the dupar=
turo phase, The interaction of the expanding agent with the surrounding
air results in the develcpment of an air shock. Subsequent interaction
with the explosive gases and the surrounding air may result in significant
mixing with accompanying changes in compositlon, properties, and struc-
ture, The principal processes of the departure phase are the traversal

of the agent by the shock and rarefaction waves, the development of the
alr shock, and the subsequoent intoraction of the agent with the explosive

gases and the surrounding air.
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The beginning of the streamer phase is indicated by the change

in the appearance of the expanding agent from an essentially continuous

" layer to many radial streamers. As the streamers penetrate the surround-

ing air, they erode to form the cloud. Thus, the principal processes of

the streamer phase are the formation and erosion of the streamers.

The main documentary report? touches on most of the princiﬁal pro~
cezges mentioned above and treats certain aspects in detail. The main
topics treated are reviewed below.

Detonation, Shock, and Departure Phases (Ejection Regime)

The main aspects of the detonation and shock phases considered in
Reference 3 are the calculation of detonation waves in spherical charges
and the peak pressure induced in the agent. In Reference 4, Duvall
omploys an approximate equation of state to calculate the shock heating
that occurs on the first transit of the shock wave through the agent
using some representative materials (water, ather, glycerin). He finds

that about one-third of the explosive energy goes into shock heating.

Temperley's hypothesls that breakup of the fill into fine particles
occurs during the departure phase by spall 1s examined. Experimental
results are presented which show that only a small fraction of the £ill
1s affected by spall; hence it is concluded that spall is not a pre=-
dominant mechanism. Posslble effects of cavitation in liquid fills are
considered,

Fill Structure (Transition and Expansion Regimes)

A major aspect of the present program has been the utilization of
flash radiography to investiigate the interior structure of clouds from
explosive discharge devices, The radiographs show that over a wide range
of conditions most of the f£ill material expands as a spherical shell of
increasing permeability. This observution, togethor with the observation

that the surfaces of oxpanding clouds viewed optically exhibit a stroamer-

like appearance, 1s the basis for the cloud lormation model adopted in
this study.




Fill Motion (Ejection, Transition, and Expansion Regimes)

In an attempt to understand the fill motion an investigation was
undetrtaken of the motion of expanding sphefical shells with various de-
grees of permeability, Two aspects were studied: (1) the sensitivity
of the fill motion to the type of explosives used; and (2) the efifects
of permeability of the fill motion on the air shock. The results indicate
that the_type ot expiosive has little effect on the motion of the fill,
‘Moraover, it is tound that the air shock path is relatively insensitive

" to Viridfiéné in perﬁehbility, Eﬁt that the pressure along the shell and
shock pntﬁs changes substantially,

Streamer Formation (Transition Regime)

An investigation was undertaken to attempt to determine the mechanisms
by which the fill is transformed into radial streamers, Taylor instability
was examined as a possible mechaniam of streamer formation in liquid fill,
It was found that this mechanism predicts instability during both accel-
eration and deceleration of the shell, Since instability is observed only
during deceleration, we conclude that Taylor instability is not the

dominent mechanism leading to streamer formation in liquid fills.

A mechanism of streamer formation for both liquid and solid fills
is proposed which involves the interaction of the expanding shell with
the surrounding air. The plausibility of such u mechanism is supported
by the similarity of the streamers which develop fox liquid and solid
£111s (see Figs., 1 and 2),

Streamer Erosion (Expansion Regime)

The process of streamer erosion was investigated in the laboratory
using an artificial streamer consisting of an alr stream with entrained
liquid droplets which was directed against a larger diameter air stream
flowing in the opposite direction. The streamer is turned around by the
large~diameter air gtream, and the shape of the tip which develops is
similar to that obmerved in photographs of streamers from explosive
devices, Two repions of flow involving the entrained droplet can be

distinguished. The region o!f the streamer nhead of the interface betwcen
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the two air streams consists of small droplets which are avle to follow
the flow in the streamer air as it turns back, The region downstream

i ?rom the interface contains larger droplets which cannot follow the

: streamer air as it turns back and penetrate the interface. The droplets
which follow the air stream do not develop a significant relative veloocity
. and are not subjoect to further breakup; however, those which penetrate

i . the interface do develop significant relative velocities and may he broken
: up further. The essential conclusion from this study is that streamer
erosion may result in further breakup of droplets and that this breakup
involves individual particles.

Aerodynamic Breakup of Single Purticles (Expansion Regimgl

Avrodynamic breakup of liquid and solid particles 1s reviewed. For
liquid drops, breakup is controlled by the relative velocity and the sur-
face tension of the liquid. For solids, breakup is controlled by the
relative velocity and the shear strength of the solid, Liquids with the
surface tension of water (170 dyne/cm) and solids with a shear strength
of 10 pei require a relative velocity of 2000 ft/sec to break up into -

particles of 18 microns diameter,

Device aund Cloud Parameters

An attempt was made to establish a rudimentary relationship between

device and cloud parameters, The initial velocity of the £fi11l was related
to the fill-to-explosive mass ratio using Gurney approximations, Using

an approximantion for the relative velocity and stability criteria for
single particles, the mmd of the cloud was determined for a range of
agent-to~burster mass ratios and for liquid and solid fills, It is cone
cluded that although the esgential elements for establishing a relation-
ship betwuven cloud and device parameters were present in the analysdis,
additional refinvement is required belore meaningful relationships can be
established,

Dissemination from Boads

In conventional explosive disgcharge devices the relative velocity

ig limlted by the outward alr velocity produced by the air shock. To
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circumvent this problem, some experiments were undertaken in which the
1111 was enclosed in hollow perforated beads which were projected from
the device, The beads gradually discharged the fill as they traveled.
With this scheme it is possible to spread an agent instantly over such
large areas, and hence to such low concentrations, that the minimum

elfective concentration of the agent becomes the limiting factor,

Conclusions and Recommendations

The development of the spherical shell model for spherical devices
presented in this report is a major step toward understanding the processes
that occur in discharge from spherical devices. With this model, 1t iy
shown that breakup of the agent into fine particles occurs by erosion of
streapers and involves aerodynamic breakup of individual particles due
to the relative velocity which develops between the particles and the air.
With spherical devices the relative velocity'uchievuble is limlited by the
alr shock produced by the expanding ti1l, This is a fundamental limita-
tion which can only be overcome by circumventing the air shoek, The
limitations imposed on relative velocity by the air shock indicate that
it will probably be difficult to increase rocovery much heyond what hag
already bhecn ucﬁieved. Moreover, with such devices, spreading will always

have to be left to local winds.

The limitation on relative velocity imposed by the ailr shock can bhe
overcome 3f f£ill is enclosed in contailners such as hollow periorated beads.
With such coatainers the agent can be dispersed to such low concentrations
that the minimum effective concentration of the fill becomes the Jimiting
factor., With such devices spreading occurs immediately and does not de-

pend on local winds,

The next step in the investigation of discharge from spherical
devices should be a study of the development and erosion of strosmers
(particularly the latter), as these two processes appear to countrol
recovery, The next step in the utilization of heads for dissemination
should be a field test of sume type. Both of these investigations should
be preceded cr accompanied by system studies to determine the signiticance

of possible advances.
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. | 111
| SHOCK, DETONATION, AND REACTION PROCESSES

. ' _ S LesJie B. Seely, Jr., Director ‘ -
E R - . " " Fast Reactions o _ el : -

Thé-proéram on shock, detonation, .and reasction pfbéesues is bnsed"\.“ﬁﬂ f

‘ot the conviotion (developéd in the literature survey‘) that ‘& #funda- \

4 mental study of early conditions in explosive dissemination wiil estnb-

" C | lish the pertinence of past flashing studies and lndioate the dirention L _

. such studies should take in the future, The aith 15 to clarify events in ‘ Tl

| the dissemination process and thereby to determine the importance of var- .
ious_aueuy;degradation mechanisms that have been'propoaed.' Some of”%h936 "',‘ N
degrudatidn mechaniems occur in the early stutes (o g€ degradation due ‘
to shock Heating), others are directly affected by the early stague
eé.g,, ocombustibility of detonation products when exposed to air); still

;‘ others are affected only to the extent that any stage is determined by

preceding stages (e.g., droplet burning ut very late times). Whatever

the case, the early processos neoe:dl definitive étudy.

In practical munitions, the production of eerosols by explosion
processes frequently results in some loss of the agent., No doubt nmany
mechanisms are possible, Among thu causes of this degradation may be the
temporary high temperaturs when the agent 18 compressed by the explosion;
mixing and reaction with the detonation products; and burning at a late
stage essentially after disseminatinn has tckon place. To assess thes«o, ‘
the following related tasks were undertaken: ' ;

1. Detonation calculations
2. Light emicesion studies o
3. Studies of the temperature of shonked liquids
4, Boundary stability studies.

In this report we have used the term "flashing" when 1t can legitl-

mately serve as @ short name for light emission plus agent (or gsimulant )
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degradation, It should be recognizod, however, that uncritical use of
the term has sonetimes implied a one~to-oue correspondence between light
enission and agent degradation, We Believe the term flashing should be
avoided unless the correapohdenge can be demonstrated in fact, Tu sim-
‘plified demoﬁat:ation devices it is quite easy to establish that light
cen sometines arise solely from detonation products. It is not clear
 that any agent degradation takes place in such casés. In complicated
roundu it is diffioult to estnbliah 1n what component of the burst qloud
the light arises; therefore it is hard to prove the precine connection
hetween light emission and dﬂgradation. Finally, there are cases in which
very little light has been oblarved but in which degradntion of the agent
(or possibly poor :ecovery) has benn indicgted. In sbite of the conve-
‘nience of the term flashing we have thareforelrdqxr1¢ted 1ts use in this
report to the emission of light accompﬁni«d by agent degradation,

Detonation Caloculations

The actual bechavior of praoti;nl exploslive dissemination uy‘tema
has been found to depend ntrongly upon the explosive, Hence, it is im-
portant to know the temperaturw, pressure, dnd composition of the detona- -
tioti products, This roqui?ea ouloulationé of dotoﬁn;ion conditions with
an eppropriate product oquutioﬁ of state, and.gventually-will require
astimetion of product conditions Jduring the subsequent expansion process,
With such knowloedge one may then ask with some confidencce why the detona~
tion produots somoetimes appear to be the main ignitlon source, why at
other timer they apparently are not, and why in some cases light~emission
times do not correlate with loms of agent. Detonation product caloula-
tions carried out by Made:r® and others have been available for several
years for standard explosives aud these results may be uvsed for guiding

experiments involving stendard explosives.

Calculation of detonation paremetera such as product composition
and temperature has led to (1) a rational understanding of the role of
the high explosive in the flashing process, (Z) suggestions for explosive

compositions for diagavstic tests of flashing or other degradation
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mechanisms, and (3) suggestions for practical explosive compositions

thet will minimize flashing in munitions.

N _ A vorking deck for the RUBY code, used to oalculate products with
SRR f " the Becker-Kistiakowsky-Wilson (BKW) equation of state, was obtained f£rom
EVJ "-i'.; j_ Law:en&e Radiation Laboratory and was adapted to SRI's computing facil-

“ 1tie§§ For 'many vyears, difficulties in calculating Chapman-Jouguet con-
R ] ’ 'ditions hgve regultéd frdm thp‘complexity of the_éhemical reactions and

' . _trom.an fhadaddate équétion»of state, - Computing machingu~have now over-
come the mathematicml complexities, in principle at least, On the other

'hand, diffioulties with the equation of state are likely to remain for

iome:time,hsince we' are concerned with densities of "gases" higher than
the normal crystal density of the explosive compounds, Pending & correct
S _ treatment of the equation-of-state problem from firat principles, the

empirical approiach must suffice,

"~ Results of deionation calculations depend on the form of the equation
of state for the gaseous products, on the empirical constants used in this
equation, and on certain other assumptions such as the identity of the

constituents or the equatiov of stats for solids., Within certain limits
theia is no sure guide aa to what assumptions to adopt. But there is a
point in being consistent within one set of calculations and in adopting
skopticism about details that can be changed by assnmptions within the
permisnible range., We have not affected our resuits by choosiug the RUBY
code over any of the other calculational schemes that may be available,

i since the methods are all basirally the same, On the other hund, we have
influenced tha results by wdopting the BKW equation of stute, by adopting
a particular set of constants for that equetion, by assuming that carbon
is produced in its amorphous form, and in general by following the lead
of Lawrence Radiation Laboratory, We caunot <luaim to be absolutely cor-
rect, but we can hope to draw sipgnificant conclusions from a consistent
set of caloulations by skillful selection of large-scale trends among

relative results for the explosive compositions studied,

The detoaatlon calculations were reviewed in Spereinl Technical

Report No. 13.% The sulient results were:
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1. Calculations of 90/10 Comp B/oxamide explosive showed o
, : quite clearly what the effects of the oxamide are, and -
it - indicated that if this additive is to affect flashing, it

- . will do 80 not hecause of the composition of the products, IIT-
¥ . "but rather because the temperature of the products has in- s
2 fluenced their ignitibility.

N . 4. .The composition of the products of explosives that are

HE L ‘oxygen-balanced to (0O, remains unchanged over a wide range .
i ' _ »f loading densities. This allows considerable freedom in w
5} o udjusting the presaure of such compositions,

... . . ... 83, Caloulations were completed for 80/30 Amatol and 61/39 HMX/AP.
; . Theoretically these ure energetic compositions which, in

: addition to eliminating product-burn flashing, should be
efficient in disseminstion,

Our work with RUBY code has indicated several areas for continued
~ progress and improvement of the calculations:

1. If work on oxygen-balanced explosives is continued, some experi-
‘ _ mental work on wuch compositions should be performed in order to arrive w
' at suitable equation-of-state parameters, The present constants in the
BKW equation of state have besn determined from explosives with a nega-

tive oxygen balance.

4. The BKW equation of state in any of its forms is not suitable
for expansion calculations, The high energy of intermolecular repulsion
embodied in this equation and the complete lack of attractive terms are
not physically reasonable when the density falls helow 1 g/cma. Mader's
expansion calculations may he used to indiocate the qualitative way in
wvhich oxygen-deficient products change as they expand, but a quantitative
treatment of expansion must await an improved equation of state for the o

products,

3. Developing an oxygen-balanced explosive specifically demigned
for dissemination requires a flexible code with which detailed composi-
tions can be considered and problems of partial reaction can be studied
as & function of particle size, Parallel experiments can then give ‘if

answers to particle size and binder problems that will arise in develop- e

ing a practical formulation,




4, The present RUBY code is too inflexible to permit the use of
other equations of state than'BKw,* which.hal serious theoretical short-
comings and is unguitable for expansion calculations. A very general
compututional code, TIGER; has now been completed at SRI, It is much more
flexible than RUBY, and should be employed to develop a theoretically
‘sound equation of state. The resulting improved code/equation—o!-sfate
combination should be used to optimize explosive compoaitions designed

for the specific purpose of explosive dissemination.

Light Emission Experiments

Experimental work on the so-called "flashing' (l1ight-emission) problem
was the logical experimental extension of the calculation of detonation
proﬁertiel of explosivea used for dissemination. Light-emission tests
were run on dissemination of Bia (an agent simulant) in sphoriocal homblets
containing » high quality, centrally initiated, spherical burster charge.

One of tho aims of this tamk was to achieve an oxplosive system that
displays the dissemination process in as unperturbed a form as poasible,
to obtain a quantitative measure of the efficacy of symmetry in avoiding
light emission., The details of the tests were given in a special report,¢*
At 1:1 fill-burster ratio, Fastax high-speed motion pictures niowed no
light emission (flashing) from the Bis cloud or from the detonation prod~
ucts of Comp B in a total of 15 trials,

The fact that no light emission (exoept the early detonation tlnsh)
was observed with any of these symmetrical rounds, even at so low a
fill=burster ratio s 1:1, emphasizes the effectivenvss of excullent
symmetry, both in the geometry and in the detonation wave shape, in
avolding light emimssion and agent degradation due to combustion in the
cloud, The importance of surrounding the burster evenly with fill has

been muggested in previous invesmtigations,3:9

In spite of 18 consecutive foillures to find light emission, the
statistical probability that light emlasion occurs in symmetrical rounds

* This also applies to Mader's "BKW Code," including the Fortran 1V
version,



(and might appear in suvsequent tests) is still not negligible, This qﬁ
.tatisticilly indeterminate situation, which is apt to arise whenever a hf
successful solution of the flashing problem is demonstrated, requires

great reliance on statistics alone, because quantitative diagnoastic mea-

surements such as times to ignition are made impossible by the success

of the solution.. '

The fact that the rounds did not emit light will permit positive
‘testing for other types of degradation, Thus, if & similar round of
PBX 9404 (which has the higheat detonation pressure of any explosive tiow
readily available) also fails to emit light, the poilibility ot degrada-
tion due to temperaturs in the shocked liquid may be put to a crucial

test. Similar tests on mixing and lack of symmetry can alsc be conducted
with modified test rounds,

The symmetrical round with central initiation was perturbed in
various ways in order to induce flashing, It was clear from the results
that severe usymmetry of the fill was necessory to produce a high proba-
bility of flashing. Apparently off-center initiation also increased the i
probnbility of flashing, but 1t was lems olelr-that & high probability -
could be produced in this way.

The perturbed round that produced light nost often was used for a
test of the effect of oxamide in reducing light emimsion, Twelve such
high-flash rounds were tested, six with Comp B bursters and six with jk
Comp B/oxamide burstors. All six Comp B bursters flashed; five of the
Comp B/oxamide bursters flashed., Quantitative statistical metliods for
testing for the equivalence of the Comp B and Comp B/oxamide results have
not yet been developed--the difficulty arises from the fact that all six
Comp B rounds flashed. However, light-emission time nmeasuroments were
made on all 12 rounds; these indicated that oxamide had an effect and ‘
that this effect was of the type to be expected from the detonation cal- o
culations., The lower detonation temperature of the Comp B/oxamide results - §
in & lower temperature of the products at each corresponding period of ;h
expansion. 8ince the ignition properties of the rroducts are involved f;

(rather than those of the agent) the results indicate once again the

48




important part the properties of the products play in the type of flashing
observed in these tests.

We have positively ldentified only one flashing mode. It depends
on the ignitibility of the detohation products in contact with air, The
fact that burning of the deonation products occurs before burning of
the Bis cloud in the type of flashing observed in this test program leads
to several conclusions concerning properties of the products and the Bis
cloud, 1he-burnin¢ ot the products is at tha interface with the air;
”thero is w0 ovidence or a deflacration wave in a combustible mixture.
Apparently, decomposition of the Bis takes place under the influence of
radiation from the burning products and becomes self-sustaining only after
the temperature of the cloud has been raised considerably. Thene facts
:uggelt'the following principles for avoiding flashing:

1, Xeep combustible detonation products from coming in contact
with air while they are hot., This can apparently be acocom~
plished by using a symmetrical design,

2. Use explosives that give products whose temperature, when
exposed to air, is low, This low temperature is apparently
responsible for any improvement achieved by incorporating
oxamide in Comp B. However, this method of avoiding flash-
ing is of limited applicability, since adding very much of
any energy-poor component will result in poor dissemination,

d. Use oxygen-balanced explosives with sufficiently small par-
ticle size thut interzone burning will not continue after
detonation. Pressed Amatol, a balanced mixture of ammonium
perchlorate and cyclotetramethylene tetranitramine (AP/HMX),
Bis(trinitroethyl Jurea §BTNEU), mixtures of hydrazine mono-
nitrate, and hydrazine K .NO /N H ) have beon suggested.
An energy penalty neod nog nvolvod in a balanced ex-
ploasive,

The major results of this research may be summarized briefly:

1, Jdeometriocal symmetry and central initiation will prevent
flashing,

2. Oxamide in Comp B appears to reduce the probability of
flashing, Tho increased time to ignition of the detonation
products is evidence that tho reduction 1s accomplishod
through cooling of the products by the oxuamide.

3. Burning of the explcsive detonation products is always the
basic cause of flashing of the type studied in this task.
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4, In view of the mechanism of this type of flashing, it is=
to be expected that an oxygen~balanced explosive would be
an effective cure for many practical cases of flashing in
munitions, provided the pertinent aspscts of munition
design and explosives engineering are complied with,

8, 8tatistical nnalysil shows that:

&« Tests should involve a rollonnble number of well~
controlled rounds.

be. In some casoeas, very simple analysis can lhow that
results ‘from an extensive series of tests are in-
‘~eonclupivo.' s - s

G, Any data obtained experimentally, even if thoy
involve only a few tests, should he submitted to
statistical analysis to discover--if nothing eclse-~
what has not yet besen estahlighed,

From a practiénl point of view, symmetry can immediately increase
the effectiveness of munitions such ws somtter bomblets or chemical
grenades, In other munitions where symmetry is impossible a carefully
balancoed explosive will stop product-burn flashing, A composition of
ammonium perchlorate und HMX in a waterproof combustible binder is recom-
mended for such cases,

Temperature of Shocked Liguids

The immediate effect of detonation of a burater charge is to send
a shook into the agent. In a practical device this shock is followed by
other pulses, and complicated reflections and interactions may causo
agent degradation. Just as one needs a proper equation of state of the
detonation products, so ohe needs . proper equation of stute of the agent
in ordor to achieve a complete and realistic picture of the dissemination
process, The shook temperature in the liquid, either initially or in re-
flentions, may cause agent degradation directly, or conditions induced
in the liquid may influence later stages of the dissemination procemss~--
for instance, shock reflections may influence bulk ocavitation and in that
manner influence agent degradation.

The problem of caloulating the temperature of a shocked liquid in-
volves detarmining a compleste equation of state, The details of this
problem have heen reported in a spscial report.” An indirect method must
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jf, be used because experimental technigues for direct temperature measure-
' ment are not sufficiently fast or sufficiently sensitive to record tom-
poraturen‘in the range of interest in the short times involved. S8ince -
the mechanical properties of shocked liquide are the only ones measurable v,
by sho¢k tenhniuqu, one ;s_forged to use them to determine a tehperature~

prealufe--pecifio volume (T-p-v) equation of siate., The tomperature of ‘
a shocked state can then be caiculatpd if its pressure and specific volume -

are known.

A combiniéd theoretical and experimental attack on the liguid equation-

of-gtate problem was carried out with the following results: .

. 1, The theory for calculating liquid shock temperaturus was
o ' formulated and the problem was defined thermodynemically.

h 2, Shoak and free-suriace velocities in the 300 kbar regime
i " were measured for Silicone 310 liquidlwith the Jiquid at ’
: . initial temperatures of -20°C, 28°C, 188,8°C, and 284°C. "

. 3, Energies and densities of Silicone 210 were measured along
'} the atmospheric isobur. The data were fitted to a Mie-

! ' Grlineisen equation of state with variable Cy and (3p/2T)y.

N It was found that (Bo/ap)v was a function of volume along

‘ ' tho atmomspheric isobar.

. 4, The shook and isopiestic data along the atmospheric
N isobar led to the adoption of the (e-p-v) relationship

e = pt(v) + g(v)

where 2(v) and g(v) are arbitrary functions of volumo,
The two arbitrary funotions were ovaluated from the two
e sots of data.

M B8, Hugoniots and imentropes counsistent with the data were
oaloulated from the (e-p-v) oquation, and the temperatures
> along the isentropes were ocalculated from the expressaion

v
T = T exp - [ oave(v) .
. Yo
Where the isentropos crossed the Hugoniots the shock tom- e
perature was thus obtained. For example, at 83,6 kbar &
temporature of 456,7°C was calcuinted for Silicone 310 liquid,

3 6, The independence of the (o-p-v) and the (T-p-v) equations 4
of state was repeatodly demonstrated through the work, As W
a result of this independence shock calculations can be
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performed to give a complete p,v history of a ligquid through
) . & shock and subsequent isentropic expansion without specifi-
' oution of the thermal terms. The exceas enthalpy® of the
final expanded state (after shocking) is

o ' . Ve
N . : S oh
4 _ - ‘h = h_ + |- (r—) dv
; “ | ) ) - .0 | £ Qv p

and the final temperature in the expanded state may be deducod
from this and the heat capacity oh the atmowpheric isobar
‘without a knowlodza or the ttnporature in the -hookud -tate._
A truly satisfactory determination o tho liquid equation ot stnta
remains to be achieved, but the problom has been durinod theoreticnlly.

. The importance of more extensive liquad equa»ion—o#-utnto work cun hardly
be overomphautzod in elthblilhinc ths bauic phylical laws that govern ex~-
plonivo dillominution of liquidn. Tho problom buara a direct’ rolationnhip
to determ’nation of an oquation of utate {or detonation producta. nince

the density and tomporaturo ranges in shocked liquids averlap thouo in the
detonation productl.

Boundarz Stability and Mixing

In explosive dissemination, thermal and chemical interaction of agent
with oxplosion products and air dopeﬁdi on the oxtent of mixing, and as
expansion proceeds the process of mixing beoombu incrensingly complex,
Early agent degredation may be directly affected by thermal transfer from
hot products to the f£ill, particularly if we are councerned with an unsym-
metric pravtical explosive dissemination device in which irregular expan-
sion, Jjetting, and stagnation play a prominent part. If droplet burning
oocours at a later time, it will pbe strongly affeoted by tht outmposition
and temporature of the gurrounding atmosphexe and by the relative motion
of the liquid drops and gas, conditions which ars & consequence of pre~
ceding states of the expansion, The complox problem cun hest be attacked

by studying several simpler aspects of the whole. Of first importance is
the basic stability of the product/liquid interface.

The purpose of our study of the instability of the explosive~product/

liquid and the liquid/air interfaces was to ascertain if simple theoretical
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predictions ure remlized. The study was carried out with a Beckman b
Whitley Model 18€ framing camera, Details of the experiments and results A
are givon in a special report together with conclusions and practical
implications,? ‘ .

The experiments were run in a quasi one-dimensional geometry. Fram-
ing camera pictures of the interface between the expl-sive products and
the liquid under the influence of motion imparted by an explosive showed v

" that: - h

§ o Ty, ‘Some mixing ocours when the shock from the detonation ' . ST
- enters the liquid. This early jetting apparently re- y
gsults from irregularities of the explosive surface. i-

2, 1If the jetting referred to above is pronounced, it is
not prevented by thin meial walls between the explosive .
and the liquid,

s : 3. For the geometry studied the product/liquid intarface ¢’
) 18 quite stable in the period between entry of the shock g;
intou the liquid at the explosive/liquid boundary and its
exit at the liquid/air boundary, (There is no accelera-
tion during this period.)

As a result of those tests we conclude that mixing of the f1ll with

ST el e e O A

hot detonation products is not likely to be a cause of extensive degrada-
tion. It appears that immediately after the shook enters the liquid the
boundury is stuble. If it later becomes unstable under the action of the

-« 7

A

tarefaoction wave, cooling of the products will already have progressed
far enough that dogradation will probably be avoided in all bhut the most
unstable agents,

P R

Additional experimenis were performed at a later time in the expan-
sion process to observe acceleration of the detonation products under the
action of tne rarefaction reflected from the liquid/air surface. Fronm
high-speed framing camera pictures taken ut these times it has been con-
cluded that:

*

‘l
i
. 1, Rapld acceleration of the products takes place when the

first rarefaction reaches the product/liquid intertace,
: (This 1s a period when instabilities might develop.)
; 2. The rarefuction wave reflected from the liquid/air sur-
# face causes fine random cavitationm,
‘ B3
A

pe
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There seems to ke no further doubt that fine bulk cavitation takes

place in liquids under the antion of explosives, The existence of bulk

cavitation must be recognized es an early phase in dissemination., It
probably overshadows the highly idealized process of layered spalling
P und may also have a diiect bearing on the ageont degradation problen.

W " Summary and Recommendations for Futuie Research

i .. 'The programAﬁo,investigate flashing by means of & study of the warly

S _ stages 9;‘explopifpidiqgeminqtion has resuitpd in a better understanding
of the basic physias involved, ancd has indicated rourgl principles for
solution of flashing problems which should be redused to practice as soon
as pbsnible. The decision to connidep three subjects-~the explosive
detonation phase, the boundary stability pioblem, and the equation of

\ state for shocked liguids--appears to have been reasonable (in that the

! three first processes tﬁking place in exploaive dissemination have been

' considered), and frditful (in that conditious in these phases have been

clarified and speciftc remedial action for flashing has been outlined),

The light emission progzram in which flashing tests were run on Bis-filled

spherical rounds served to confirm the importanoe_of detonation ocaloula-

tiots and a detailed considération of the earliest atate in the axplosive

dissemination process, These tests demonctrated the role of the products

) in flashing and somewhat surprisingly showsd that the Bis cloud is hard

; to ignite. The tests indicate that study of agent/products/air mixtures

; are not pertinent to the real problem nor is study of detounable or de-

i flagratable product/air mixtures; surface burning of products is ‘nvolved
instead,

There are two immediate pructical recommendations:

1. Incorporate symmetry and central initiatiovn in practical
rounds where pogsible,
2, Develop a practical oxygen-halanced explosive based on
AP and HMX.
Both of these recommendations involve further resevarch and testing.

For implementlng the first, a program with modified test rounds is
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required to see to what extent symmetry and central initiation can be
compromised witliout jeopardizing the excellent performance of the ideal-

ized test rounds.

Most of the areas in&estigated in this research require further

effort. Proposed future research may be listed in ﬁbb;eviated form:

1. Development of a more flexible detonatioﬁ code, *

Improvement >f the equation of state for detonation
products.,

. Experimental détermination Qf“defohailon,prbpértiés of
oxygen-balanced explosives.

Intensive computer study of formulations of AP/HMX and
a binder to maximize’ performance and attain desirable
practical properties.

Liquid equation-of-state étudies should be carried on, '
theoretically, disfinguishing clearly betwcon (e-p-v)
and (T-p-v) problems. :

Information on detonntion product equution of state should
be applied to the shocked liyuid equation—o?—gtatb problem, -

Bulk cavitation needs further sgtudy as a compouent stage
of dissemination. N

The possible relatiotn between agent degradation and the
collapse of cavitation should be investigated,
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o IV
- COMMINUTION PROCHSSRS S L
fT,,;j G0 "M Roneld K, Linde, Directow A |
R N *'1'.j.g$h99ksn#nd‘ﬂigh qusquregnhys;ps.x : ,4“f|;
. B C e oy . .
L Priorttv requirements cu:rentmy erisc for munitioun Bl etficiently '
'“""'j‘diéseminaté Qolid chamical agén s in the torm of aefosols With particle
Isizes on the order of’ 10 microns or less. Tasts cqnducted a' Edgewood
i Araenal have provided evidente of considerable pot@ntial for ultimately"
meetinz these raquxrements with explosive diamemination techniques, it
_ _.is nlso evideut .that a muoh hetter underatundinz of the recponse of
fa 'f"materinls ‘0 dynamic 1oad1ng (espeeially dynamlc tenaile Ioading) will
R ' be nncessarf before much further progroys can be made. For example,
‘under certnin condltiohs an explosive event ‘may reﬂult in frauturo of 8
' “,  - solld spscimen into mmall. particles, whereaa under other conditions 1t
'hmay result. 1n oompaotion of loose" powdarn of the same matsrial into a
solid body . 0! tourso, dynamic loading is not the ouly aspaot of the
problem in need of pmtudy; ‘sach: quesiiona ai possible reagglomeration of
partielel in the aerosol may ulao be important, However, it is neceuaary
first to produce an acceptuble pattiocle slze distribution in the explosive
event beforye such potential problems as reagglomeration can become limiting

factors in performunce,

The comminution studies were initiated midway in the program, and
are being continued under an-other cdntract with Edgewood Argenal *
Couisequently, no special technical report was issued, A comprehensive
discussion of these studies will be inocluded in the final report or the

hew coantract.

* Gontract No. DAAA 16-68-C-00¢9, "Dissemination and Aerosol Behavior
of Hydrophobic Powders,"
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The present effort hag constituted a preliminary study of %he fracture

beha#ior of several brittle solids subjected to shock loading, in an attempt

P

. to achieVe some understanding of the materisl proper:ies which may be rele-
O : vant ror comminution proceﬂses. Although tne brittle materials investigated
NPT hhis 1n1tial study (meinly alkali nalides and metal oxides) do not model
3 ngent materiala al alosely as pudaible, they were chosen for ﬂtudy at thtu :
point tor two main reasons:

]T,'”__“,”“m,;, The - fracture behavior of these brittle materials has ‘been
' N studied. extensively under quasi«+static conditions ond a
considerable amount of information is also available
'+ concerning thelr instantaneous 'response to shock compres«
i slon; thus one has an opportunity to explore the relevance
, - - of various stutic and dynamic propertivs of a material in
A determining shock comminuticn behavior without incurring
Y . the considerable expense of measuring these static and
H " dynamlc properties for each matorisl,

2, If any of thewe brittle materials evidences desirable
' comminution behavior, it mey be suitable for use am an
additive to the agent to form part of the matrix of a
" composite specimen, 8Such composites might allaw.diuhemiﬂ
- i 7 nation of an agent which is difficult to comminute ax-
A ploaivoly into fine particles or which is easily degraded
' " . hy temperature rise during shoocking, ‘

Exgérimoq&gg;feohniguea

It 14 evident that geometricul considerations affect compressive aund
tensile wave propagation, attenuation, and ianteraction, so that in order
to separate the effects of material parameters from geometrical effuvcts
it 18 necessary to conduct experiments in a reproducible, and hopefully
well-defined, geometry. Experiments at shook pressures above about
100 kbar were performed by inserting specimeus in metal ocnpsules which
in turn were placed in momentum-trapping assemblies, The shock pulses
wera provided by plane-wave detonation of a high explusive in contact
with the assembly, At shock pressures below about 100 kbar flat-plate
impact experiments were performed; these are described below., The

geometry was similar for experiments in both psrossure ranges.



R

The flat-plate impact oxperiments all involved configurations similar
(but not: alWhya idontical) to those pictured in Figs, 4 and 5. The target
vas mounted on the end of a light gas gun barral, ! which was subsequently.

evacuated, The £1y1ng plate was. attached tn the cylindrical projeciile
'"body with epoxy resin so a8 to separate tmmediutaly upon impact with the
,t«rgnt, ‘e qylirdrioal body then did not hit the tarzet. but flew

thrcugh the low~density polyurethane foam supporting the recovery

'.asaembly. 'The thicknens of the {lying plate was nominally 3 2 mm, pro-
“viding flat-tapped shook pllses of 1 to 2 pseév duration. the prsuiue ‘

value boins determined by the shock and rarefaction velocities in the
material used for the flying plate.

0.03g/em® POLYURETHANE F0AM

SPECIMEN .?«x;‘ir “
ASSEMBLY
sy _
é —
]
2
T FLYING
PLATE
ALUMIKUM
PROJECTILE BODY
BROJECTILE
STEEL SUPPORT
CYLINDER
] JARGET
0 Sem

U-4R20-41

FiG.4 RECOVERY TECHNIQUE FOR FLYING
PLATE EXPER!MENTS
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For specimen assembly Type 1
(Fig, 5), the dimensions of the cap-

sule were chosen so that rarefactions

POWLIER' GOMPACT

0
' \&Enb INNER originating at free (or nearly free)
PSULE
' suriaces always intersected in the
A (¢ y

region ocoupied by the powder compact,

which served as a quasi~continuum of
SPECIMEN
SPECIMEN GUARD
0.03¢g/em3 .
FOAM° BUPPORY
METAL OUTER
CAPSULE

momentum traps, Controlled rarefac-
tions and tension were allowed to enter
the specimen by appropriate choice of

IYPE X material from which the metal nest and
ocapeule were made, With specimen

0.033/0m3 agsembly Type 1I, the apecimen was

FOAM SUPPORT .
SPECIMEN GUARD ambedded in material of the same type
as the specimen itself (specimen guard
- SPECIMEN
METAL OUTER in Fig. 8), but the dimensions were
CAPSULE - '
agaln cliosen so that sion formed b
IIEE.JE ga cliosen s0 that ten n Y
0 q.::?“b the interssction of free-surface rare~

factions occurred in the specimen guard

FIG.5 DETAIL OF TYPICAL SPECIMEN

d did not .
ASSEMBL [ES an not propagate into the apecimen

Tonsions in the specimen could ogour
only as & result of imperfect interfaces betwsen tho specimen and the
spaecimen guard, Tho outer metal capsule served to retain materiel for
exsnination., It the case of alkali halides, the specimen guards were
colured by radistion prior to shock, so that they could be distinguished
from the specimonw thomselves, With specimen assembly Type IIl the
specimen guard was not conatrained, so that spalled fragments were free
to fly in any direction, For Types 1I and III, the specimen and specimen
guard were sometimes a single piece (i.e., a large specimen) rather than
3 2 having a mated interface,

Results of Experimental Studies

Single~crystal and polycrystalline specimens of sodium chloride,
potassium chloride, quartz, aluminum oxide, magnesium oxide, and titanium

dioxide (rutile), us well as single~crystal specimeus of germanium and
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-gation is given below, (Where a material is not listed with & given ltem,

was undertaken, )

large polycrystals of silver chloride were shock-loaded to study their
dynamic fracture behavior, In addition, composite materials conaisting
of hot-pressed aﬁd cold-pressed mixtures of various powders were investi-~
gated for their comminution behavior under dynamic loading, A summary

of important results and conqlusionn drawn from this preliminary investi~-

no 1nvestiuation oi that particular point with respect to the material

1, Single~crystal NaCl, single~crystal KCl, single=crystal and
polycrystalline 8i0,, polyerystalline Al 04, polycrystalline
Mg0, composite materials: Under certatn’ conditions, some of
which are outlined below, substantial fractions of partlcles
in the size range from 10 to 50 microns were obfained after
shock loading,

2. Single~cryvtal Natil, KCl, Mg0, These crystals, which normally
undergo easy cleavage, were found in the dynamic case to still
fracture predominsntly along cleavage planes, rogardless of
the orientation of maximum tensile stresses produced. Furthor-
more, the cleavage oracks were of considerable maoroscopic
length,

3, Single-crystal NaCl. The fracture density and ultimate particle
sizes are sensitive to the dogree of external ochfinement of
orystals but are relatively insensitive to variation in shock
pressure, provided the shock pressure is somewhat above the
dynamioc elastic limit, The particle sizeo achieved with speci-
men apsembly Type III (Fig. 8) were roughly an order of magni-
tude smallex than those achieved with Types I and II, ard while
it is believed that some comminution resulted from flying particles
impacting other flying partinlus and the outer capsule walls,
examination of particle distvibution suggests that this is not
the predominant caumse,

4, Single=crystal and polycrystalline KCL and Ti0,, The presence
of a dynamic phase transition affects the ultimate orystalline
size in recovered material but does not appear to significently
affeot the macroscopic particle size or orack density, Singlo-
orystal TiOy, for example, initlially had average crystulline
sizes of 0,01 to 0,02 micron aftexr shock,

5, Single-crystal Mg, Shock compression datn indicato that this
material loses all strength at 100 to 180 kbar,? but a specimen
shocked to 120 kbar and below did not f£racture into smallexr
partiocles than did muterianls whioch should retain their full
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strength to much higher pressures, according to shock compres-
sion data, After shocking to 1000 kbar and allowing large ‘-
tensions to enter the specimen, some millimeter-sized pieces
of Mg0 were still recovered, but much of the specimen vwas
lost and could not be examined, Experiments should be per—
formed in the range from 130 to 200 kbar,

i’

8., Palycrystalline MgO and AL 0,. These polyecrystalline mate~
' rials, which fractured pruéomtnnntly by intergranular oracks
under nonshock conditions, did so under shock-loading condi-
tlons also,

7. Palycrystalline MgO, AL 0, Ti0,, SiO,, and composite -

o mixtures., Prosizing of particles can produce a signifioant
advantage under somo oircumstances, The effectiveness of
presizing depends upon the materials involved and the bond- :
ing betwoen particles., For example, specimens of 99.8$
dense MgO presized with 20-micron firmly bonded grains were
uniformly extremely friable into. approximately 20-micron
particles after shocking to 100 kbar, Under the same condi-
tions, material of essentinlly the same density and having
Svmicron wgakly bonded grains was friable into some particlen
as small as 20 microns, but at least half of the material
was not friable into particles less than a few hundred microus;
sssentially no particles in tho 8~mioron range were obtained,

A substansial bibllography on the fracture of soiids has been compiled

to serve s background for further studies,

Specimens Prepared for Explosive Aerosol Tests at ndguwggﬂ Arsenal

On the basis of promising preliminary tests performed at SRI, 1£ was
deemed worthwhile for Edgewood Axrmsenal to conduct dissemination tests on
composite materials consisting of intimate mixturus of micron-sized
povders of materials having considerably different shock impedances.
Three pressed pellets containing differeni proportions of intimately
mixed tungsten and NaCl powders, anu throe pellets contaiuing differeut
proportions of intimately mixed tungsten and °1z“az°11 (sucrose) powders,
were prepared by SRI for explosive dissemination experiments to be peor-
formad by Mr, Craig Allan at Edgewood Arsenal, Because nf the very high
dongity of tungsten, the results of the explosive dissemination tests

woere inconclusive,
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To oircumvent the density problem, techniques were developed for i

preparing suitable specimens with magnesiun oxide substituted for the

tungsten, Twelve npocimena; along with detailed specifications of their T
production, were delivered to Mr, Allan for testing., Results of those

tests hed not boen reported at the time of this writing,

Allis-Chalmers Subcoutract for Theoretical Studies -

At the roquoit of Edgewood Arsenal, Allis-Chalmers Remsearch Division -
~was awarded a subcontraot (No. 11027) under which Dr,-T, P, Meloy was to
investigate the application of o statistioal thcory of comminution to the
problom‘ot oxplosive fragmentation of a hrittle solid, The technical
monitoring of the subcontract was performed by Dr, D, G, Doran of SRI;
About midway in the program (in January, 1967) Dr, Meloy resigned from
' Allil-éhulmdrn, and the subcontract was theretfore terminated, .

The principal accomplishment of this incomplete stwdy waa the
goneralization of ithe Gaudin-Meloy theory so that, in principlo; it
mtght be applied to heterogeneous solids, This development vwar reported.
in detail in a quarterly report.? A dotailed evaluatlon of the Allis-
Chalmers study was reported in a later quarterly report.* As part ot _
this evaluation, it was recommended that Meloy's statistiocal approach . b
to the problem of explosively produced comminution not be contiunued at '
the present time,

Rrcommendations for Future Remearch

In order to optimizoe specimen preparation and experimental desigu,
one should gain an understanding of the mechanisms of fracture undes
shock londing conditions, KExplosive systems can be designed to maximizo
stress amplitudes, velocity gradlients, flow divergence, etc, It should
be determined what rolc these und other fuctors play in causing fracture
and in separating f£ragnonts, The effects of straln rote should bo under~
stood so that quasi-utatic and dytamic dutn can be correlated, luter-
related with these configurutional parsmetours is the effect of the
condition of the specimen itself, In particular, whsan is preconditioning

(e.g,, presizing) effecvive? It is only nfter answers to such questions
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are found that a theory of shock comminution might hecome quantitative

and capable 61 being applied to the prediction of fragment distribution,

In summary, experimental variables woxthy of additional consideration
include shock strength and profile, static and dynamio mechaninal properties
of cpecimen materials, effects of presizing particles, preshock’ strength

" of particle bonds, cholce of matrix materinls, preshock compaction density,
surface treatment of particles, and geometriocml configuvation, A full
uhdérltnndins of the effectr of these variables should provide the design

“oriteria for optimol explosive dissemination devices., Our state of knowl-
edge has progressed to the point where shock studies on materials that
closely model Agent C3 should also be performed,

CONTRIBUTORS

Or, D, G, Doran, Senior Physiciast, wis a major contributor to thie
gtudy,

REFERENCES

1. Linde, R, K, and D, N, S8chmidt, Rev, SBci, Inst, 37, 1-7 (1968),
2, Ahvens, T. J, and R, K. Linde, Proc, International Union of Theo=
retical and Applied Mechanics, Symposium on Behavior of Dense

Media under High Dyaumic Pressure, Paris (1967), in press,
3, Quarterly Progress Report No, 11, Bee Appendix B,

Quarterly Progress Report No, 13, ESee Appendix B



v .
DROPLET IGNITION PROCESSES

Bernard J. Wood, Chemist

The aerosol cioﬁd associntud with a chemical weapon consists of a

. mpchanicul mixturo'bt air, agent Vnpor,fand discrete liquid dropletu'of

'-hgint;f'Flaiﬁinu of such a éloudAIGIIdWi'idhifioﬂ by some mechanism,
One possible route leading to flashing is spontaneous ignition of the
liguid droplets in the cloud by exposure to hot gases generated in the
detonation of a disseminating explosive charge. The objest of this
atudy was to elucidate the mechanism of spontaneous ignition of liquid
droplétl npddonlyvexposed to a hcf, oxidizing atﬁoiphare.iand thereby
to ABROEE thb_re;ative importance of this process to the problem of
uoronoi flashing,

Theory and Expafimdntq'

- A critical survey! of the literature on droplet ignition and cumbus-
tion, oaxriqd ugt ut_the_beﬁinning of this study, showed that very ;1ttle
experimental work had been done on the ignition of freely falling, single,
agroeol=-yize droplets, Theoretical analyses of such a system were meagey

T

also, The study, therefore, was directed along two parallel lincs:

}; (1) an experimentol lnveatigation of the effect of parameters such as
Y dimensioa, velocity, composition, and temperature of single droplets
and their gaseuus envirorment on the ignition characteristics of the
ol droplets; and (2) development of an analytical model to correlate the
; expurimental facts and to use ns a basis for predicting the ignition
) behavior of droplets under conditions other than those studied in the
! lrboracory, Concurrently, R, L, Peskin (at Rutgers University) also
curried out a thuoretinral analysis of droplet ignition® from a somewhat
X} different point of Jdoparture, which complamented the theoretical and

| experimantal studies at SRI,
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The experimental investigation employed a specially designed fur-
nace, 1n which 1gnition 1agn and vaporization rates of freely fnlling,

?. linrla, liquid droplets eould .be obsorved with pho*ooptionl techniques.

With this appuratu-, the effaocts on 1¢nitib111tv and ignition laz of
initial’ droplet diamotnr, droplot componition. oxidlzer oompoaition and

'tomporaturo, and droplot-droplot apaciug we o evaluuted._ Tno theorotical“*

study oonlidorod 'S liquid droplot as ‘tha contor ‘of 8 lphorical shell of

rewstive vapor with the. outcr boundary at a higher temperature than the
Vinnnr boundnry._ In auoh a modol the critical condit&on thht ariso- L
when the rate of hoat lopu trom, the roactive lholl is bhlawcod by the '

rnto ot hoat goneration Within tho nholl due to ohomical reaotion leadn
rapidly to thormnl runnwuy-—thut 1&. to 1un1tion. - '

In lpito of tho oomploxity of .the ignition pxoceas. tha rasults or
tho oxporimontul -tudy could be corrolatod qualitativoly with both thoo—
rotioullmodﬁll. euch of which peems to roprnaent & reasonable approximu-
tion to the physioul uitua»;on of a fuel droplet luddon;y exposed to a
hot, oxidizins atmonphoro.' The datn 1ndioate that a meanuraale quanfity
of praotioul 1ntorelt is the. 1¢nition lag T, This parametnr dmpondn |

‘strongly on the tompernturd ‘of the utmouphere and on the droplot-droplot."

spacing, in addition to the chemical nature of the suol but appctrs to.
be only weakly affected by the oxyson ooncantrntion 1n the oxidizer,

The ignition lag seems to be indopmndont of the initial droplot uxzo for
droplets large enough to ignite at all. Thiws. trait insures thatv droplotu
with initial diametvers Do smaller than a characteristic value Dcr’ given
by D, = VeT, will not ignite during their lifetime, (The proportionality
constant ¢, termed the evaporation constant, is a parameter which depends
on the chemical and physical properties of the liquid,)

Caution must be usad in applying the results of this study of single
droplet ignition to the igaitibility of an aerosol c¢loud. For insiancs,
it an aerosol cloud is exposed to a strong ignition source such as a
flame assocliated with the explosion that produces the cloud, then the
quantity of interest is the acroso) concentration relative to the lower
lean Fflammability limit, Under asuch conditions, spontaneous ignition of
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individual droplets can be ignored, 1In the absence of a strong source,

spontaneous droplot ignition is possible if the cloud is flammable and

- ds expoaed to a hot atmosphere, as from shock heating, for example. The
"character of the ignition will depend on the diameters of the cloud

droplets relative to tho characteristic diameter that corresponds to the
siven conditionl. 1 the cloud contnins drOplets larger than the critical

'_diameter, single droplet 1sn1tion of the type cbserved in this study is

- .probable if the.time of exposure of the aerqsol cloud to a hot atmozphere
..1; ¢omparab1aQto or.lbngér than the ignition lag., The resulting single

: .droylet.flpme can than'spre&d'thpouthout tlie gipud. Ignition and burning

of'aiﬂcle large droplets without flume propaghtion is still possible when

'the ‘overall doncentration of gerogol is below the lower lean flammability

limit. Single drop 1gn1tion 15 favored by & high gas temperature, i.9.,

_in the region where characteristic diameter is nmnll. 1f the aerosol

cloud ‘does -not contnin droplutn with diamatern greuter than the charac=-

: terim;io dinméter, autoignition may otcuyr only as a roault of the torma-.

tion of a flammable vapor-air mixturc due to nvaporatlon ‘of much of the

© . a0rosol wloud. Such a’ condition 18 fnvorod by a moderate gas tempernture,

i. e.. in the rozion wvhere cnaracterisﬁio diameter is 1ar¢o.

 The complate regul ti of thim atudy are hummarized and discussed in
detail in Reiorence 3, A neparate, detailed davelopment of the nnalytionl
model has algo besn prepared for publicution,4

Recommendations for Futuxre Research

Alfhoush the results of this program suggest that spontaneous igni-
tion of discrete liquid droplets is not a major causative factior in
agrosol flashing under counditions of explosive dissemination, further
oxperimental and theoretical studies would be of great fundamental in-
carest, 8Still unclear, for example, are the precise relationships of
ignitibility, oxidizer ocomposiiion, chemical properties of the liquid
phase, and the chemical kinetics of the Lliquid-oxidizer system,

a7




CONTRIBUTORS

Contributors to this study include W. A. Rosser, Seniox Chenmist

(now at AVCO Evcrett Research Laboratory), and Y, Rajapakse, mathe-

T matician,
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VI
THERMAL AND PYROTECHNIC DISSEMINATION PROCESSES

C. B, Wooldridge, Senior Gas Dynamicist

Both thermal and pyrotechnic disseminatiqn rely upon the ﬁpplication
of energy from u heat source to vaporize and disseminate a chemical war-
fére agéht. In thermal diésémination the agent is injecte