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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
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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
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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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L)
o AP TP A WA XN Y M A TN NN AR AN DL NN



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

b4

IRt e ) " AL .
- ke o.l‘u hﬁ‘rct\-“u-iln.lkuu:l'.._lit%‘_q.lrb_l % {OJ!!




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

6l




PR

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,
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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 injected into a hot
gas flow which has been produced by a separate combustion device, whereas

:1n pygotaohnic dissemination the agent is intimately mixed with the fuel
and_oxidizer in the combustion chamber. In either case, the specific re-

quirements to he met are:

1. Generation of an appropriately sized aerosol
2. Optimal distribution of aerosol in both space and time

3., Prevention of agent degradation in the thermal and chemi=-
cal environments encountered

4., Prevention of agent degrddation during long term-storage
in contact with the pyrotechnic or propellant composi-
tions '
At the start of the program a literature review was undertaken to

determine the current state of the art in the dissemination field,? Since

the pyro*achnic dissemination of dyes and smoke additives parallels the

dissemination nf agents, this work wes also included in the survey.

The review showed that in the generation of smoke or ageut aerosols
by pyrotechnic means, nearly all methods utilized a pyrotechnic based on
potagsiun chlorate (KCIOS). The advantages of this oxidizer include its
vase of dgnition, 1its smooth burning, and its ability to maintain combus-

tion at low temperatures and pressures.

Supar, lactose, and other similar materials which oxidize easily &t

low temperatures are normally used as fuels, Sulfur is used predominantly

in smoke-producing compositions, Its main drawback 1s the question of its
shogck sensitivity in combination with KClOS; several accidenis have been

reported which have been attributed to the sulfur-—KClO3 combination,
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Nitrocellulose (NC), often used as u binder, functions as a combination

v S B

fuel-oxidizer Carbonates, bicarbonates, kaolin, end other coolants are
added to abserb heat and to provide 2 uniform flame tsmperature and a

suitable atmosphere for eVaporation of agent.

The incorporation oﬂ burning rate catalysls has not heen particularly

P

rewarding in the pyrotachnic field. Yor example, anorporation of a pal-
ladium catalyst allowed 644 or methylamivoanthnaquinone (MAA) to be dis-.
seminated without degradation when KCIO was used as an oxidizer, and thé

temperatures were reported to be very low. However, %he cost of the pal-

o e e S e e

ladium catalyst limits the use of such & aystem to the lnboratory because

rclatively large quantities mest be used to maintain combuntion,

Gas generators conmonly empldyed in thé'pﬂst for hoth laburatory

and development studies of thermal Ciaseminnﬁion huve util.ized propane

T s I et

and air, sodium chlorate and gilsonite, and aﬁmqn{ﬁm ritrate and rubber

as combustible comblnations. The agent or siwmylant to be dispersed was

injected inte a low-velocity region where tvhe material was converted to

o >~ a &

- w i

en aerosol principally by thermal energy. The proceas of thormal Vapor—:
izntion with subsequent condensicion produces aercsols with volume-to-

}; surface mean particle diameters (Do) usually smaller than 10 microns,

Y The prpane-and-air furnace hus ioen used extensively for the géner—
Y ation of kot gus undor controlled conditions. This allows the parametrioc
study of the effects of important variables such as environmental temper-
ature and gas velocity on both the yield nnd the particle size distribution
obtained from hot gas atomization., An important result of thewe studias
is the conclusion that amerodynemic forces contribute signhificently to par-
ticle breskup when the pas velooity is suftficiently high that both thermal
and kinetic energy must be considered.

The principal variable that must be controlled in any dissemination
' technique 1s the envirommental temperature to which the dissemlnant is

) exposed, because high temperatures will produce excessive degradation,
The principel advantage of hot gas dissemination is that 1s offers the

- possibility of & nearly inexhaustible range of gas compositions from the
entire spectrum of solid propellants that have been developed for
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propulsion purposes. In addition, any desired temnerature is available
'tn the oxit cone of a nozzle, Where the temperature is a strong function
'o:_aren ratio, However. @ complicating factor is that the nature of the
a carripi gas chn influehce the decomnosition ‘rate of the agent being dis-
'penééd. Additionally, solid particlea of metallic chloride in the exhaust
‘:gna iormed by the combuation of potaszium chlorate or sodium chlorate are
'”. suspected of providiﬂg nuclea*ion aurfaces for condensing liqulds. thereby
) uffacting the particle size distribution._ SRS

S

The goala of the work carried out at SRI 4n the area of thermal and
pyrotechnia dissemtnation were to develop an understanuing of the processes
involved in’ both dissewmination schemes and to pursue in necessary depth
" those approaches that offer the highest probability of extending the state
-of the arf"dnd providing maximum usefulness 'of these techniques,

‘Thermal Dissemination

The results of research studies at SRI in the area of thermal dig-
semination with secondary injection iﬂto a supersonic rocket exhaust have
bpen‘reportéd in References 2 through 11 and were summarized in a special
‘technical report.3¥

As réported above, work done by other investigators has primarily
been cuticerned with injection of the agent oxr simulent into a high tem-
perature, relntively low kinetic energy, gas stream at Mach 1 or less,
in contrast, SRI studies have considered injection of the disseminant
into a gas stream which lhas been expanded to velocities on the order of
five times the speed of sound, Since the gases are cooled upon expan=
sion, the enviroumental temperature to which the agent is exposed can
be controlled, and the aerosol can also be discharged with significant
kinetic énergy toward a chosen target, Typlcally when a gas expands
from 1,000 psi to atmospheric pressure its temperature is reduced by
half and its velocity is increased from zero to 5,500 ft/sec,

The technique developed at Stanford Research Institute utilizes a
rocket motor with an integral tank that is filled with the fluid material

to be aerosolized and pressurized by the chamber gases, Fluid 1s forced
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from the chamber into the gas stream, which has been expanded through a

pe Laval nozzle. Nominal conditions which have been Q;udied are 1,000 psia
in the fluid chamber and 25 psia at the injec%ibn point, where:the ges
stream has a velocity corresponding to aphroximately'Maohls with a. témpepa-
ture of approximately 1,200°F, The fluid straam id direcced at right

angles into the gas gtream, resulting in a cOmplew system or shocks . nccom—__
panied by a very turbulent mixing region both-&n the nozzle ‘ahd 11t the area
1mmediata1y beyond the nozzle. Mixing in tne plumq 1. ehlanced by tho in-
geation of large amounts of air into the. guneruted plﬁmb._ ;

The compoaition of solid rocket propellnnts used ;nr curriar BeS
generation may be varied to provide widaly diffbrent'rambﬁstion products
and a wide range of operating oonditions for the devive. It wu- Tound

_that potussium perchlorate propellants were bust suited to tha current _

studies because of their high burning rates’ floading to uhort actibh timeﬂ)
end thelr ability to suppress afterburning rnd consequent ncont degradam
tion dowvnstream of the nozzle. That flaming was auppruu:ed by propollants-
containing KClO4 is not surprising, since potagsium compound1 have been
used widely for flmsh and flame suppression. A furthar adVantaua or. 113-
advantage (depending on the applicution) of uling [ potnsaium perohloratn .
propellant is the formation of solid KCl particlep which are thought to‘
act ag tiuclei for condensation of vaporized materﬁal. Vhen liquid uerouo},'
samples were collected on glass plates and obsaerved through & microscope,
approximately 90% of the droplets were observed to contain a »article af'

a solid thought to be KCl1 in the center,

Depending on the particular particle size distribution desired'and
the type of fluid being injected, very high injection ratios (weight of
injected fluid to weight of carrier gus) may he feawible (>5:1). If,
however, small purticles (~1 pmmd) are desired, the injection ratio should
probably be limited to the range from 2:1 to 3.5:1.

In tests carried out at & ratio of 2.6:1, measured recoveries ot
agent CS based on the ratio of CS to KCl indicated high efficiency, with

assoclated action times of 1 sec. Particle silzes from 1 to 2 microna

(504 pt on a weight basis) were measured.




The rocket nozzle injection scheme is particularly intriguing because

'manv propellants arv available for use, without development, which have

WIS A

been qompletelv characterimed, will provide a wide variety of gaseous

1 AT

P L I.produc*u. and rewdily lond themselves to a wide latitude of design tech-
wf"- e niques. Highfperformancc prppq;lanta are available to give initial higher
3 '"tg‘;\'1";£hruitllebolu'ir they‘ﬁfé'desired. Solid rocket motors have reached a-

: R .ntate of the art in which any size of '"gas generator' can readily be do-

‘ sianed with a very high degree of reliability.

Anbther advantage of the rocket nozzle_inJection'téqhnique‘15.5{9"
ability to cover & large urem in a short time. The direction of the cloud -
'I-phttern‘cun be controllad by the orientatioh of the nozzle, and the dis~-
senination pdttern is relufively ﬁnartected by locul nieteorological coun-
ditions. The results of recent cloud growth studies at SRI have been
reported in Referencve 13, '

‘; : ‘Pyrotechnic Dissemination

The rasults of studies at SRI 1n the area of pyrotechnic disaemina-
tion were reported in Referencea 2-11 and were summarized in a special
S technical veport,1* The effort was directel toward an understanding of
the behavior of heterogenecus pressed systems. It was recognized that a
broad spectrum of basic experiments was needed to advance the art of pyrn-
technic dispeminatior heyond the purely empirical atage.

Adiabatic self-heating (ASH) measurements were made to provide values
of activation energles and frequency factors. The value of the overall
activation energy for a typical pyrotechnic formulation was found to be
in the neighborhood of 80 koal/g. In addition, separate measurements
obtained from binary mixtures of pyrotechnic ingredients provided a method
of comparing the relative oxidative stahility of the agent and fuel cou-
ponents in the bhurning mix, since the reaction rate is proportional to
the frequency factor.

Difforential thermal analysis (DTA) measuremenis were made on various
pyrotechnic components to provide data on melting points, phase changes,
and reaction temperatures, The DTA 1s a versatile tool and provides sig-

nificant information for a minimum of effort., Mixes which are experimental
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in nature may be screened using this technique, and those which show an
oxothertn at a dangerously low temperature msy be discarded hefore fuxr-
ther effort is expended on their development, (A low-temperature exotherm
is dangerous because of the possibility of explosion during storage.)

Since practically no literature information is available concerning
the.combuution of pyrotochnicl above atmospheric pressure, burning rate
meanufements as a function of pressure were undertaken., A higher burning
rate, if available, would reduce the residence time of thu agent in the
‘eombultidn'iono and thﬁn increase the dissemination efficiency. Pressure/
burning rate data were obtained for pyrotechnics containing MAA and 0S
over o runge of pressures from 14,7 to 750 psia. It was found that the
pyrotechnic formulations obeyed the familiar solid rocket propellant burn-
ing rate expression, r = opn. The burning rate studies also indicated
& tradeoff between reducod residence time and inoreasnd environmental tem-

perature in establishing an optimal dissemination efficiency.

To support mathematical modeling studies of the combustion wave,
thermal conductivity measurements were made on both the pyrotechnic in-
gredients and the pyrotechnic mixes, It was found that the value of the
thermal conductivity was proportional to the density, which in turn de-
pends upon the forming pressure, This implies that the burning mite should
be independent of the forming pressure, as was found to be the case,

The efficiency with which an agent or its simulant is disseminated
depends on its vapor pressure/temperature behavior. For this reason,
vapor pressure meagsurements on the simulant MAA were undertaken at the
direction of Edgewood Arsenal, The temperature corresponding to & vapor
pressure of one atmosphere was found to be 418°C.

Conslderable effort was devoted tov the study of pyrotechnic combus-
tion in canisters., In order to properly identify the critical procemses
that ocour during combustion of a pyrotechnic, it is imperative to obtain
a careful material balance before and after combustion. An experimental
study of the combustion wave itself is also important because the product
geses formed in the flame zone and in the ash bed provide the environment

in which the agent must survive to hecome a useful aerosol. In the




SRI work it was decided to use a total sampling technique-~capturing all
of the output from a given pyrotechnic and performing suitable chemical

analyses on it,

A complete material balance on the MAA pyrotechnic was only partially
successful because of the amount and cdmplexity of ash remaining after
firing. In addition, the size, action time, and pressure variables are
very significant contributors to the amounts of ash and its composition.

_ The normal yield (1.e., percent of agent disseminated without degradation)
obtained was approximately 75%. Ih the case of the CS pyrotechnics, yields
obtained were on the order of 60%.

The following conclusions can now be drawn, based on the analytical
results:
1. The ksolin used as a coolant loses only water and does not
react or enter into the combustion process (the equilibrium

computer progrem suggested A1203 and silanes might be
produced, )

2, With water and HCl present in the gaseous products, the
CS 18 effectively maintained in an acid environment during
vaporization,

3. Considerable amounts of HCl are generated in amssoociation

with water and may sorve to provide nucleating sites for
the vaporized agent,

If the gages from a conventional CS mix are bubbled through water,
the wator becomes acidic, and if the ashes from this same pyrotechnic are
placed in water, the water becomes slightly acidics On the other hand,
the gasuvp from an MAA pyrotechnic bubbled through water give a slightly
basic rosponse and the ashes dissolved in water are highly basic., Agent
CS is very stable under amcidic conditions and can be stored for months in
highly acidic solutions without measurable degradation. MAA, on the othex
hand, 1is stable in basic solution but degrades under acidic conditions.
The acid~base nature of the pyrotechnic by-products are thus an important
factor in deciding which agents can be disseminated using a particular

fuel-oxidilzer-coolant combinution.

Temperature profile measurements indicated that there is a significant

preheat zone ahead of the combustion wave and that the char bed remaining



- the unit to-tcd,~theimoro~etteot1ve~it"abpoared to be,  In terms of load-

~ the pyrotechnic, the more effective it is.

after pessage of the wave can markedly influence agent decomposition, A
correlation was found between dissemination efficiency and agent residence
tivie in the pyrotechnic. This relationship indicates that pyrotechnici
should be designed to function as rapidly as possible. Pyrotechnics of
up to 3,000 grams were made and tested. There were no signs of a runaway.
ronotioﬁ-nnd it woqld appear thgt_the;o is no ;1m1t to the aize of a pyro-
technic which can be built to function satisfactorily if the design pre-
vents severe buildup of hoat shead of the combustion zone, The larger

ing density (grams of agent disseminated/cc of pyrotechnic), the larger

Recommendationa for Future Research

Physical and chemical methods of burning rate stimulation should be

sought. The chances of finding & chemical technique of multiplying the
burning rate by_at least an order of mngnitudc.aro quite small because

ol the low temperaturcs involved and the restrictions imposed on posmible
reactions because of the presence of agent. Howoyor. a cast system in-
stead of a pressed pyrotechnic system should be more adaptable to burning
rate catalysis. '

It appears that, in general, future gains in pyrotechnic performance
will depend on the formulation of castable compositions which can be more
uniformly processed and which will allow improved loading densities of
disseminant, Although C8 and BZ are far different chemically, they are
physically similar. ‘The use of binders for making castable compositions
would provide some problems, since the compatibility difficulty is com=
pounded for a dual system. It is felt that a castable pyrotechnic system
could be developed for CS8, BZ, and combination CS-BZ.

Roesults obtained from the thermal dissemination studies by secondary
injection into a supersonic rocket exhaust indicate that significant
amounts of C8 can be dispersed in very short periods over large areas
using rocket injection techniques, It was not possible to determine
whether C8 is broken up during injection or if it is vaporized and re-
condensed,




] On the basis of these successful trials of CS dissemination, it is

) - suggeasted that tests with BZ and VX be considered to ascertain if thermal .
and oxidative degradation of these agents can also be minimized using =
this techuigque. |

~ The design pressure used in all of the’teitu was approximately
' 1,000 pa1.' Efficiency.of operation from fhd,rooket performance stand-
péint-ii 1ﬁqrealed with increasing presadre, but it may be fouhd that “
‘100 tq'aoo psl may yleld h more 6pf1mum system from the”general design,
ddpdfdtiOnli,'ihd handllhg'itihdpblntn; Thus, while these limited tests
have demonatrated the fealibility of the rocket disseminator device,
_ they have not explored the entire design spectrum.
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Mr., Lionel A. Dickinson directed theae studies from fhetr inception
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Mr, Dickinson left the Institute prior to the writing of thia report, the .
author wighes to give him full credit for the concepfn and accpmblish-

" ments demcrihed herein. ' ‘
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Baldwin, Chomicai Engineer, Erwin L. Capener, Head, Propulsion Section,
Roger J. Kier, Propulsion Engineer, Norman A, Kirshen, Physical Chemist,
and Walter H, Johnson and Irving A, Illing, Engineering Aulinténtn.
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. fdroizn nuclei that are Preuant.' Sel f-nucleation (homogeneous nucleation)

VII
CONDENSATION PROCESSES
R. €, Robbins,,Senior Physical Chemist

Pyrotechnic dissemination of liquid or solid agent is accomplished )

by mlxing the azent with the pyroteohnic material. The phase ohangea

.‘;1n tha pracesu inolude volatilization followed by condensation of the

agent, The manner in which condensation ocours establishes the particle ;

.iizo distribution of the disseminated material, The condensation pro=-
cesses in pyrotechnic dissemination are complicated by the many kinds of .

always ocours at some critisal supersaturation of a condensable vapor,

but foreign nuolei will inevitahly initiate condensation at lower super-
: saturatiqn values, The conditions of agent aerosol formation in pyro-

technic dissemination are highly specific, and a general model of vapor
condensation under these conditions would be meaningless, Condensation
involves ucleation, growth, and cosgulation (agglomeration). The ﬁize
distribution of the agent aerosol involves the simultuneous kineticvs of
nucleation, growth, and agglomeration,

In rapldly quenched jets there 1s considerable experimental evidence
that, in the presence of foreign nuclei, homogeneous and heterogeneous
nucleation ocour simultoneounly. Therefore, in order to understand con-
densation in pyrotechnic dissemination, it is necessary to study both
heterogenoous and homogensous nucleation processes., Exporimental studies »
of both types of nucleantion have been mado in this study. Heterogeneous ;'
nucleation was studied by using analog and actual pyrotechnic systems to
disseminate CW agent simulants. This work showed that it is possible to 4?
modify the size and the size distribution of the disseminated material -
by the deliberate addition of nucleating material to the system. Carried fb
tv the ultimnte degree of development, it would be possible to control ; 

the particle size of an agent cloud, Homogeneous nucleation of a number
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of compounds was studied in an attempt to understand :ts importaice in

aotual,nyatemsg,

_Pyrotechnic Dilsemination An:logVSystsms

Bimpiq comparilonn wcre mnde amonz pyrotgchnic componitlons con-
taining pota-lium chlorate ox!dizor, added potulaium cnlorido, and othar
'sulta and saltatroa oompositions. The uf!dct o2 the salts was alw;ys to
. subltantia+1y docreada the medﬂan purticle sine‘ E of ‘thy, thermally dis-
/Vlominatod mutorial. : dna;wﬂ“qnig.j.?"" .L” 3 . ' ‘{f '

[RAY

A continubus vaporizor aystem was alno used to dotermﬁne the affect
ornlalt nuclei on particlu nize diltribution. Asr]omeration masked some
of the results, but ¢enerally the effect was. like thoae notod in the :
pyrotoohnic wixeu. '

Referonco Pyrotochnio Dovicen

Small pyrotuchnio devicen were made in a statidaxd manner. to study
the effect of varioul claspes of nucloi on particle size of the dis-
seminated agent llmulant with noleotod giant nuclei' beiayg of par-
ticular 1ntorout. All of theme devices wgru made by blending a nix of
10 g total woight and‘pfoaaing the b;ehded mix into alqminum_cunu at 8
pressure of 3,000 piid, ' ' |

When mixes cohtainina potussium chlorate oxidizer were used, the
nunlel produced by the oxidizer controlled the nucleation ot the agent
simulant.* In norder to examine the effect of material added to the mix
as giant nuoclei, un all-organic monopropellrut--a triamino guanidine
derivative (TAGCY)~-was used, Blends based on TAGUY vere partially
successful in ailowing the added nucleating material to control the
condensation process, but the residual mioronunleating etfect of marbon
remained a problem, It was thon shown that for systems containing
mixtures of very small carbon nuclel and thu added giant nuulel, a prop-
erly designed coagulation chamber can produce a large, nearly mono~
disporse aerosol,?
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Homogpmeous Nucleation Studies

Durind our analog pyrotu‘hnic disaeminution experiments, we obseried
what we interpbeted to he homogeneous and heterogenéous nucleation ocaur-:

rins tOgether 1n the Jot of, condenainq agerit simulant seedad with foreign

e huclei‘ there. were two foims and two ‘sizes cf condenuéa purticlas. Buckle

"-{land Pouring raport“ that in the ‘condensation of water vapor in subsonic
fdats, the concentrntion of foreizn nuclai 1s indeed & critical function

. \ot she’ nucloation.mode. droplet aize, and 8ize. rangs, vhey . obaarved both

homogeneous and. naferbgeneous nuclention opourring aimultnneoualy at inter-
mediate nuclei conuentrations.l .

In order to understnnd the nucleation procenues in condensing jet
yntémp, the role of homoceneous nucleation had to. he assessed, This
wan undertaken by measuring. the critical suparsaturation ratios of a

number of compounds as a function of temperature,

‘A uniquée aﬁpnrdtus utilizing two colliding gas stresms was developed
to make measurements of oritical supersaturation ratios, The critical
conditions could be produced and measured in the coliision valume.7
Much wider rangea could be studied Vvhan were heretofore available. A
gchamatic diagram of the upparatuﬂ is showr in Flg. 6.

Homogeneous nuvcleation studies were made on water, benzene, carbon
tetrachloxide, carbon disulfide, n-hexune, coyclohexane, and chloroform,
The oritical supersaturation measurements cn these compounrds provided
the basic datn for the caleculation of nucleation rates, coritical cluster
slze of the nuolel, and the quantitative effects of molecular structurc
of these parameters~-~all, of course, as a functlon of temparature. A
caluulntaﬂ index value which appears to be sipgnificant in correlating
chemical struoture with homogeneous nucleation parameters is the de:
parture from bulk surface tension extrapolated to a critical cluster
#ize of zero, Thede calculatlong are covered in detail in a special

technioal report,®
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While the homogeneous nucleation model developed during this study
is of theoretical and practical importance in describing and unders tand-
ing the condensation process, there is no mechanism at the present time
for the utilizatlon of this inzormation in pyrotechnic dissemination

involving simultaneous homogeneous and heterogencous nucleation modes,

Recuommendgtions for Future Research

A basic experimental investigation of the effects of composition,
particle size, and concentration of foreign nucleilin condeﬁsation pro-
cesses would ald in the general development of condensation theory and
would also be of help in the direct application of the principles of
heterogeneous nucleation *o the design of pyrotechnic devices capable
of disseminating homogeneous aerosols of extra-micron particle size,

L]
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author to these studies,

REFERENCES

1, Quarterly Progress Report No, 3, See Appendix B.

2, Quarterly Progress Report No, 5§, See Appendix B,

3, Quarterly Progress Report No, 4, See Appendix B,

4, Quarterly Progress Report No, 8, Appendix B,

5, Quarterly Progress Report No, 9, Sece Appcudix B,

6, Buckle, E. R, and A, A. Pouring, "Effects of Seeding on Condensation
of Atmospheric Moisture in Nozzles,' Contract No. Nonr 60947,
February 1965,

7. Quarterly Progress Report No, 7, See Appendix B,

8., Special Technical Report No, 10, See Appendix A,

83

P
AN

- >

EOCY S

=
-

"
4
¥

g w o

-
'

49

l.‘
ﬂ W
of.'u',l



3 e R

D AP A AT o R Cn BB

R s T T

I

e b A S W

e ]

T e

=

VIII
'PYROLYTLC AND OXIDATIVE DEGRADATIGN PROCESSES
ST, Mill, ChairMah,-ﬁhysical Oréanicfcﬁemistry Department,
and G, R, Jtevenson, Chemisdt

A long and successful history of dissemination of certain CW agents

by means of pyrotechnic devices logically suggests extensiun of fhia

- technique to a variety of newer agents. A factor that might limit the

Iwider use of pyrotuchnic dissemination is thermal or oxidative degrada-

tion of the agent during the period o2 contact with the burning zone of

 the pyrotéchnic. This phase of the program was concerned with a critioal

examination 6f earlier work in this nranand with an experimeutsl inves-
tigation of pyrolysis and oxidation of selected agents under conditions

that would provide some fundamental information concerning these processes.

Previous Work

A critical literature review on oxidative and pyrolytic degradation
of CW agents! summarized what other workers had reported from their studies
of several agents at high temperatures with and without oxygeun present,

The results of the critical survey, already summarized in an unclassified

abstract, are reported here for completeness.

The pyrolytic and oxidative rates of decomposition of GR,?'3 appear
to be inconsistent with the assumption that these reactions are homogensous
decompositions. More likely, both types of reactions are partially hetero-
geneous, Later work on the pyrolysis of GB and GD at moderate temperatures
(200°C) indicates that these reactions are simple, unimolecular, ester
elimination processes.! However, values for activation energy, Arrhenius
A-factor, and the low-pressure iimit all suggest that the reactions ob-

served are in fact heterogeneous or complicated in some unsuspected way.

Observations by Sass and co-workers? concerning the degradation of
BZ and other EA-series agents at 400-500°C are interpreted to mean that

the reactions cbserved are ionic ligquid-phase reactions catalyzed hy
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bagic impuritidés. Some early experiments on the high-temperature oxida-
tive pyrolysis of V-agent are of little value in understanding the primary
L

Kinetic processes responsible for decomposition of the agent,

Studies by the British and ourselves on the pyrolysis and oxidation
"ot'GS in the gas phase ot 400 to 550°C are reported.! The results indi-
cate that €8 is very stable thernally and is so slowly oxidized that,
even at 600 to 700°C, no significant loss should occur in dissemination
devices.

A discussion of the factors important in degradation of agents during

dissemination enphusizes the need for more acourate time and temperature

data with respect to pyrotechnic processes,

Two kinds of experiments were carried out in this phase of the pro-
gram., In the first, pyrolysis and oxidation of CS8 and a model compouand
for BZ were examined in static and flow reactors to learn something aboutl
the fundamental steps in the degradation of these materials. The second
study was concerned with the use of thermally unstable azo-compounds and
eaters as molecular thermocouples for obtaining average kinetic tempera-
tures within a burning pyrotechnic. Results of these experiments are
considered separately,

Pyrolysis and Oxidation '

A series of runs with ~JO-3 molar CS vapor alone on an admixture with

one atmosphere of oxygen (8-10-3 molar) was carried out in sealed Pyrex
tubes at 410-500°C,% The disappearance of CS with time was evaluated as

a function of temperature, surface coating, and the presence cr absence

of oxygen. The rate of pyrolysis of CS varies from 4.10-'6 nole/liter/min
at 410°C to 2.10-4 mole/liter/min at 500°C, At 410°C the reaction was
sensitive to the history of the reactor wall, accelerating with time or
with the presence of an initial coating of tar present from an earlier

run, At 500°C the reaction displayed a reasonably good firgt-order rate
despite heavy wall deposits., Only 10% to 16% of the unidentified pyrolysis
products were volatile in the gas chromatograph; the major portion of

material was converted to tar.
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Not surprisingly, destruction of CS by oxygen was almost 100 times

"2t
P

faster than pyrolysis. Initial oxidation of CS8 at 450°C gave mostly a

¥ .

dark residue which on further oxidation became white buf yielded only
amall amount of O-chlorobenzoic acid, the expected oxidation product.

‘ Kinatid.pnrameters for the pyrolysis reaction were evaluated and
found to. give an A-factor of 102,2 and activafion energy of 19 kcal/mole,
much too low for a supposedly homogencous unimolecular reaction; this
indiocated piearly that the destruction3of CS in our system was at least

in part a heterogeneous, wall-catalyzed reanction,

Despite the complexity of both kinds of »eaction observed with CS,
it 1s possible to develop some useful conclusions about the value of
pyrotechnic devices for its dissemination. First, extrapolation of the
data obtained in these experiments to temperatures thought to pre-ail
in the burning pyrotechnic (800-1,000“0) indicates that CS will decom-
pose only to a minor extent at short contact times, up to 10 to 20 sec.
Second, the presence of very hot (possibly Oxidizing) surfaces may con-
tribute significantly to whatever decomposition is observed, and may
perhaps catalyze the decomposition at a much higher rate than would be
expected ou the basis of these data., Exclusion of oxygen is obviously
desirable,

In one sense, these conclusions are triviel because CS pyrotechnics
are in fact quite efficient, However, the difficulty of extrapolating
from one time-temperature regime to another is well illustrated by this
example and is the principal rcason why we sought to develop a flow system
capable of providing very short contact times (on the order of seconds)

useful in the temperature range from 600 to 800°C.

To this end, we constructed a stirred-flow reactor, first of Monel,
then of Pyrex and quartz, designed to operate near otne atmosphere total
pressure.® Test experiments with ethyl acetate were carried out from
360 to 530°C with contact times as short as 4 sec., Arrhenius parameters
for the unimolecular cleavage of ethyl acetate to ethylene and acetic
acid

CH3002Et - CHQCOOH + CH2 = CH2
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compared favorably with those obtained by other workers using other tech-
niques, At temperatures above 650°C and with contact times less than
0.1 sec, heat transfer became a gevere problem. Redesign ..f the reactor

to overcome this difficuity was considered but was not undertaken,

Ethyl acetate was chosen to provide a simple model compound for the
ester elimination reaction that might be expected to occur in the gas
phase with the more complex molecule BZ. Unfortunately, we had no oppor-
tunity to examine the pyrolysis of BZ in this reactor, since we were not
able to secure the BZ before this part of the project was terminated.

If our assumption that BZ does undergo an ester elimination is cor-
rect, in all probability the reaction would proceed at a high rate under
the conditions of pyrotechnic dissemination. A similar conclusion would
apply to pyrolysis of other EA~geries agents,

Molecular Thermocouples

Proper application of kinetic data for reaction of CW agents requires
fairly acocursate knowledge of both time and temperature characteristics of
burning pyrotechnice. Velatilizod agent will be exposed to a rarge of
temperatures for varying periods of time; thus extrapolation of rate data
to a new '"average" pyrotechnic temperature as measured by thermocouples

or similar devices would lead to significant errors in estimating yields.

We proposed to use the decomposition of a simple compound as a kind
of molecular thermocouple for sensing the average kinetic temperature in
a burning zone. In principle any unimolecular reaction with well defined
kinetic parameters could be used provided that either products, reactants,
or both could be analyzed. Reactions of interest are those that give
20% to 80% decomposition in the temperature range of intereat. Possible
examples are thermal decomposition of azoalkanes and esters. The former

class of compounds gives nitrogen and alkyl radicals on decomposition,

To estublish the feasibillity of using such compounds as molecular
thermocouples we examined the decomposition of two simple, substituted
azoalkanes at 60, 81, and 100°C temperaturesf Both materials, solid at

these tomperatures, exhibited very slow initial rates of decomposition
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(about one-thousandth as fast as in solution), followed by an acceleration
in rate, typical for decomposition of solids. Observed rates bore 1ittle

resemblance to those predicted from solution kinetic measurements.

A similar decomposition .study of the Diels-Alder adduct of CS and
cyclopentadiene indicated that at 400°C the half-llfe for decomposition
ﬁau approximately 11 msec, much too fast to be useful in pyrotechnic
systems.® Two experiments with ethyl p-hydroxybenzoate at 360°C and
510°C. gave extensive decomposition of the ester to phenolic products,
probably from subsequent decarboxylation of the first-formed benzoic
acid.” Thus the ester cleavage is complicated at high temperature,
making any estimatos of average kinetic temperature unreliable,

Recommendations for Future Research

Pyrolysis of EA~geries agents should he examined with some care to
establish the actual mechanism of decomposition., The demonstrated sensi-
tivity of this class of compounds to base-catalyzed cleavage' clearly
indicates the need for careful purification prior to any kind of decom-
position studies.

Recent improvements in the design and operation of very high tempera-
ture reactors (800-1,100°C) suggest their application to the measurement
of kinetic parameters for pyrolysis of RZ-like structures,

Additional study of the temperature-time characteristics of burning
pyrotechnics seems essential to defining the problem of agent degradation
under these conditions., One approach worth considering is the use of the
burning pyroteciinic as a flow reactor through which 1is diffused a volatile,
moderately stable compound such as di~t-butylperoxide or t-butyldifluoramine
(t-BuNFz). These compounds are relatively insensitive to base- or acid-
catalyzed reactions bhut cleave to radical fragments with well known kinetic
parameters, This approach, coupled with other kinds of temperature-time

measurements, should provide a much firmer basis for prediction of the

behavior of other new, possibly labile, molecules under the same con-
fditions,



REFERENCES

Special Technical Report No. 2. See Appendix A.

Melpar, Inc., "Chemical Agent Warning and Detection Studies (U),"
Third Quarterly Progress Report, Contract No. AD 18-038-AMC-104(A),
Vol, 1, 1964,

shell Development Company, ''Potential CW Agents," Task 9, Vol, IV,
May, 1854,

Sass, S. and P, M. Davis, CRDL Report 3232 (Draft), Edgewood Arsenal,
June 19884,

Second Quarterly Progress Report. See Appendix B.

Fourth Quarterly Progress Report, See Appendix B.

Fifth Quarterly Pfogreul Report. See Appendix B.

S8ixth Quarterly Progress Report. See Appendix B.




Ry . Y

- D A Dy

R R K LR

ST AL TN TP SN PN PN SRR I WAL TN R MO ML SR MNP LN S AN PERIOUON X b'o.l‘o.d‘u.G'c.510'.'l';.i'o:l'oa‘ui‘ml-l b-iviJ,lJ!.AM!:Jf_.;_

“(as 18 the case with metals)., Subdivision of a liquid or a solid may be

X (
ATOMIZATION PROCESSES

C. E, Lapple, Senior Scientist

The subdivision of a bulk liquid is commonly termed atomlzation,
Atomization may also be used to subdivide solids if they can be melted

desired for a number of reasons: (1) to permit distribution of materials .
throughout an area or space; (2) to expose a large surface for mass or \g
heat tranafer; (3) to provide desired flow, packing, optical, insulation, :
deposition, or other properties,

Because atomization is one of the processes involved in dissemination
of liquid agents of solutions or suspensions of solid agents, a critical
review and evaluation of the literature pertaining to this field wes
undertaken, The first phase of this study was an exhaustive survey of
the literature.

Although the literature survey revealsd many reviews of the fileld
of atomization, none was considered adequately comprehensive, nor were
the results of various investigations presented on a particularly com~
parable or usable basis, The gecond phase of this study was therefore
concerned with s detailed and critical analysis of the results of those
investigators whose work appeared to be most important. This analysis
had the objective of summarizing available knowledge in the field of
atomization in a self-consistent form, to permit a direct comparison of
the results of various investigations and to aid in the design of atomiza-
tion equipment, The detalled analysis wes limited to cer ‘ain mechanical
atomization tochniques (hydraulic or pressure, pneumatic or two-fluid,
and rotary or spinning disk). Some techniques (vibrational, explosive,
and electrostatic) were reviewed during other phases of the program, while
others (gravitational and film bursting), although of importance in nature,
appear to have capacities that are too limited to be of interest in

dissenmination,
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To completely identify the performance of an atomization device it

Sl

[ _ is necessary to apecify the following items as functions of the operating ,
. conditions: (1) average size and uniformity (size distribution) of drop- it
lets produced; (2) power consumption; (3) liquid spraying capacity; and
(4) operatiqnnl'conliderations such as erosion or clogging. This study

. -hnl been concornod_primagily with the firlt ol these, although the mecond
o " and third items wust be taken into account, if only indirectly, Certain
. general concluliohs can be drawn concerning the relative merits of the

e 3

 various atomizing techniques from the standpoint of emergy or pover con-
lumptibn. Capacity and oporational considerations, however, are too in- _
timately related to specific applications to permit generalized compariaons, 'i-

The work discussed here covered only the intrinsic mechanical capa-~ ' ¥
bliities of techniques for producing fine drops., Any further roduct;on
in drop size that can oncur as the result of evaporation was beyond the
scope of present considerations, since it involves other properties spe- . "
cific to each liquid, -

Reasults

The results of this study are all contained in a special technical --‘5
report,* The literature lurvoy'yiwlded 958 pertinent references which
were sumnarized fogether with abstracts where available,

A detailed evaluation of the most important investigations in the
literature ( covering hydraulic, pneumatic, and rotary atomizers) was made, N
The investigation was presented in the form of correlations relating mean ‘
particle size generated by the atomizing device to fluid properties and f}
operating conditions, all correlations being manipulated into a comparsble
formet, A comparison was also made of the drop size which each correla- 3[
tion would predict for an arbitrarily chosen met of standard fluid prop- :
orty and operating conditions,

For the standard properties and conditions, the sizes predicted by
the various relationships for similar atomizers cover a twofold and three-
fold runge for tha most part, with an extreme range of over tenfold in
some cuses, There are also vary marked disagroements in the magnitude
of the role playad by each variable, with some investigatoras reporting ;
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inverted roles (i.e., particle size decreases with an increase in the

e T

variable in one case and increasuﬂ in the other case) for similar atomizers.

. '.. -~ The. best argument 1s shown by the da\a for hydraulic swirl nozzles, for

Righ)

‘which - tha most extenaive data are availisble, Good agroement exista for
'Hdltn on rotary or -pinning diskd, ‘but these data ave relatively limi ted
" extent, 'The creataat discropanciea are presenﬁ 4in the duta tor simple

'hhydraulio nozzlol. o T _{ B g ot N o B

~~Somo of the discreﬁancy‘can be attributed.to the following-factdrs: : - n

(1) many 1nvoptitationa covered only a narrow range of a variable, and
hence had limited procilipn in assessing variations due to that variable;
(2) some investigators did not uctually investigate a variable but intro-
duced it in the correlation for either rational or nfbitrarf reasons,

- = -

The large discrepancies found with simple hydraﬁlio nozzlqs‘suggest that
turbulence, which is uever reported or controlled directly, may be ah-_

E | important factor. It is believed, however, that a 1ar§o part of the dis-
i crepancy 1q_probab1y'due to shortcomings in the drop-aize #nalyuil tach-
:: niques, inciuding sampling.

BTl

Recommendations for Future Research

Although rosolution 1s needed in most areas, data are particularly

‘
+ scarce on the following matters: (1) effect of gus density on atomization,
E ospecially pneumatic atomization; (2) effect of turbulsnce on atomization;
(3) effect of compressibility in pneumatic atomization; (4) effect of
ultfnhigh pressure in hydraulic atomization; and (8) effect of high load-

i ings (i.e,, representative of production capacities) on performance of

rétary atomizers,

Surface tension is an important variable, but its effect on atomiuza-
" tion 18 not sufficiently resolved, This i8 partially due to the small
range (threefold) of variability in surface tension available with ordi-
nary liquids, Although much larger surface tensions can be obtained by

: the use of molten salts and metals, very few iuvestigators have employed
v them,
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Q' Despite the apread in uvailable dats, an attempt at correlating the
\ .. .~ . available basic. experimentsl data on a unified basis (as distinguished

>”f£rom comparing correlations of data presented by various authorl) appears
to be in order, Thin would - present the data in their most usable form

. and- lhould roveal moro dirootly wvhother the discrepancies in the data are

,‘TF@_‘..”duo primarily tn. the meanurement techniques employed,

v
V
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Sonic diasemination of azanta has a number of untque attrihutah. Lo
The dissemination pvoceas is dlﬁndﬂatine and narmless. and chemically

“"delicate agents’ ‘are not- degraded by the procesn.

An investigation of the ceneration of aerosols by ultrauonic toah—
niques was begun, but a reduction in runding forced'a severe outbqpk in - {‘_j -‘y i
the effort and the work could not be completed, Bpth_experlmentnl and . N “
v theoretical studies were undertaken in an attempt to (1) pbtnih dléleare:f“
"  understanding of the basic mechanism of sonic aerosol formation, and '
(2) fabricate prototype disseninators capable of high flow rates.

Theorgtioal and Experimental Studies

An extensive literature search of material associated with the
problem of sonically generanted aerosols was oompléted, and a compre-
hensive historical review of work in this field wns'written.‘ Although
the main interest concerned a usable devicu--its feasibility and its
associated problems~--it was also recognized that adequate theoretical

treatment of ultrasoniocally produced aerosols was far from complete,

Two novel ultrasonic disseminators were designed and fabricated.?
Those light-welght devices were capable of handling a high flow rate of
liquid. The more successful of the two was a olrocular wedge type of
atomizer,? welghing about one pound, ococupying about 8 cubic inches,
and capable of disseminating up to 22 gallons per hour oif a water-like
liquid, 8Since adequate design parameters for this device were lucking,
theoretical work was undertaken to attempt to understand the motion of
this ociroular wedge device,® The location of normal modes of vibration
was sought but mathematical difficulties hindered a complete solution,
A simplitfying approximation yielded some partially useful results.

95

: TR LN L e o s Pl ey Wy Ww! 7o d
- e ek tu e e b ham v tuk Snd Ay b ; ld.an-d-u—~o-so’h‘&--"cﬂt. “ui&hl‘.d‘m;a o

|
.\
‘ SAUGAG RO RO OO
1 i, ..." " ". .,\r [AAY "l D‘, \" ! ‘ l , " 4 i ‘




R Bncauna of the Aack of a satisfactory theoretical treatment, we
' jmttsmptad to detarmine experimenta‘ly the ralafion batween phyuical
'Gparame*era of tha liquld ‘and’ hhe sizé and velocity of the aerosol
'édroplqts produceq by sonio %echniduen. Informatton of thia type would
‘36‘|ne&ui *n auﬂnylnk the abiltty ot " dinlaminator to hnndle agents
qf”varyinh phyq&cal propartios. A photoopttcnl technique was developed‘ )
__'1n whioh,a thin streum of aerosnl wan photographed at right angles to
' h?;‘tha motion o tho drop;ets.t A mult;plo photoflash tenhnique permitted
".'f-datmmnauon ot dropwt volocity. Preumina’ry data were gathered® on
“Eftho ucrndol droplot nize vornun the. parameters of uurfaoe tension,
l-vaiscouity, &nd f;ow rntu. Alpo, droplet veJncitia- were measured at

"f3:ﬁvnrv1n¢ diutnncos from ‘the disaaminntor.

i
b

Thoorotical work Waa purdued to datormino ‘the capillary wave forms

n l‘in [ liquid lnyer flowing over an oacillutinu reed,% This model was.

' chosen because of its relevance to. the himh—“'bw sonic aeromol produc~
tion devices, The free-liquid surface was found to grow through
resonant instability. Pressure extremes occurred gt the frase surface
and it was found that a cavitation mechanism for aerosol formation
would ocaour near the free surface, Some correlation between neroiol
droplet size and capillary wavelength was cbtained.

Independent of this theoretical analysie, experiments were periformed
to investigate baaic mechanisms in the formation of msonically generated
aerosols.® The transition from capillary waves on a thin liquid layer
to the emimssion of an aerosol from this layer was oxamined extensively,
and a possible explanation for this transition has been suggested. It
has been shown that ocavitation plays a role in the production of an
aerosol, and that the relative halance between the cavitation and the
capillary wave mechanisms is qulte likely governed by the viscosity of
the liquid.,




Recommendations for Future Research

-n-_.j. r.qi"”“¥h§'photoopticél fechniqub”éan provide basic information on aerosol
) ‘j” ' ‘.5- droplot size and valocity as functions of the physical parameters of the
J;tnliquid. An extensive knowledaa o this type cf information would allow
W one to examine the physicul propertiea of ‘an agent and be abla to mako
“_”ﬂj' 'j 'rough prodtctions of a disiém:naﬁor's ability to handle an agent.

¥"‘.q;" AT The successful use of the nhﬂwumuuon-ia greatly enhanced by sound,
Foow 570 L viable theoretical undexstaading of the basic processes involved. A
mnjor atep nnu been taken toward developing a basic theory which now needs

i B experimentul confirmation, The. theory must also be tied to the experi~
mental observationn o4 the transition of the capillary waves on the
11qu1d uurfacn to the actual emisaion of the nerosol frowm the sur*ace.

Because of its unlqua uttributes, we fael that a ‘sonic ac¢rosol dia-’
seminator haa useful potqntial. Severdl preototype devices have beon
gf' : , .conltructed. It has been learned that sucoglaful development of the
] . riecessary Jdesign parameters for these vibrationally complex deVicen is
t greutly alded by h theoreticul understanding of their vibratory pnt%erns.
i The reporfed work, although necesaarily incomplete, has shown that devices
of this type ure practioal und should be developed, ‘

CONTRIBUTORS

Contributions to this study were made hy J., C. Martner, Physicist,
D, R. Grine, Chairman, Sonics Department, V. Salmon, Senior Research
Scientist, C. M. Abhlow, Staff Mathematician, 3. V. Hanagud, Research
Mathematician, E. M. Spurlock, Physicist, and J. 8, Arnold, Physicist.
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1. B8pecvial Teochnical Report No. 2, See Appendix A.
2, Quarterly Progress Reports Nos. 2, 4, 6, and 8, See Appendix B.

3., Special Technical Report No. 9. 8See Appendix A,
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N PNEUMATIC DISSEMINATION OF DRY POWDERS™ e,

A P. L. Magill and D. Pon o
Metronics Associates, Inc.

2N

The object of this study was to obtain basic data on the dissemination l

Ot
e - -

[}
of bulk powder into airborne primary perticles ranging from 1 to 10 microns Sy

e
-
-

i in diameter. The initial effort was a critical review of the literature,? éﬂ
) The review showed that particles in this range adhere firmly to their neigh- r
E bors in the bulk powder, The adhesion may be the result of uny one or a i%i
3 combination of forces resulting from (1) electrostatic attraction, (2) ad- :ﬁ%
5 sorbed liquid films, or (3) van der Waal's forces, The smaller the par-' ’?;
f ticles are, the greater is the difficulty of producing an aerosol of if
R individual particles. s
L]

4"-.

Methods for making an aerosol from dry powder were examined. The

~
et

methods fall into one of the following four categories, in which: (1) pow- R

der is fed into the intake of a rotary air blower; (2) powder is caused to .

-
-~

flow through Venturi throats or capillary tubes; (3) loose or compressed '

.ot ;
R et

powder is exposed to a sudden burst of gas with or without impaction on a s
solid surface; and (4) loose or compressed powder is eroded from a powder ot

bed surface by high velocity air jets,

In terms of the surface energy of the particles, the power efficien- W

cies of aerosol devices used were very low, perhaps as low as 0.001%. )

-r o .
gy Yo 3 Bongiing

However, this velue has little meaning because most of the energy is used ﬂf

“ for diluting and transporting the aerosol, At some stage between the time ﬁf
N (K3
. that the particles exist as a bulk powder and the time ‘that they are suf- :&
) ficiently dilute to prevent agglomeration, energy must be used for mixing 3}
: b
q‘i

* This study was performed under Subcontract B-80848-US, authorized by ¢
Edgewood Arsenal under Prime Contract No., DA-18-035-AMC-122(A) with W,
Stanford Research Institute.

e mw o - T

lal

+

* %)
\J
)
%)

ekt e A e e




alr., The only concern for energy is that it be large onough and effec-
tively coupled with the powder mass to produce forces that break bonds
. between individual particles.

Several methods of assessment of aerosols were reviewed, Complete
assessment 1s a formidable task and several presentations of the practical
and theoretical problems are given in the literature, No single method

appeared to offer a complete solution to the problem,

Considerable effort was devoted to review of bulk powder modifica~-
tions., Changes in properties such as tensile strength, shear strength,
angle of repose and flowabllity were measured in attempts to correlate
these measurements with improvement in aerosolizability. 'The asgsessment
maethods used gave data on the comparative efficacy of several modifications.
Except for a few instances, no dramatic improvement in aerosolization oc-

curred as a result of powder modification,

It was apparent from the literature review that the following aspects

of powder dissemination should be included in this research program:

1, A wide range of powder types should be employed to obtain
data on the effects of chemical composition, particle
slze, size distribution, and various powdor treatmunts.

2. Additional investigations should be made of the effective-
ness of powder treatment with eadditives to improve the
ability to get individual particles suspended. This had
not been clearly demonstrated in previous work and new
observations were needed.

3. A simple and workable assessment procedure should he
developed,

4, A simplified dissemination system amenable to mathematical
analysis and capable of operation over a wide range of
energy should be employed.

P o - Roaaet o o e

5., New observations should be made of the subsidiary phenomena
and difficulties that are encountered during powder dis-
semination, including electrostatic effects.

6, The scientific principles controlling the production of
individual particles should be identified,
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Accomplishments {;

Details of this study are given in a special technical report,?
Powders differ markedly in their behavior in bulk and in the ease with
which the individual particles can be converted to an aerosol, A general
study of powder dissemination must therefore examine many kinds of pow-
ders., In this program, 17 powders and 16 additives were used in various
combinations, The powders had a wide range of properties and the addi-
tives were used to modify the bulk properties and to improve the dissemi-

nation of the powder pnrtiqles.

Flowability, viscosity in aerated state, adhesion, and the angle of
répose were measured to characterize the behavior of the powder and
powder-additive combinations. The adhesion measurements revealed only
general trends, but the other three methods gave data that, in general,
correlated with ease of dissemination., For powders susceptible to improve-
ment by use of an additive, 0.5-1,0% hydrophobic Philadelphia Quart:z
(PQ 2340) gave the best results in terms of flowability, angle of repose,
and reduction of viscosity of fluidized powder. Additives in excess of
1.0% were less effective. The effocts of additives are highly specific
to the powder and additive combination., For example, glass beads, zine-
cadnium-sulfide, and saccharin were benefited by use of an additive, while
quartz and aluminum powders were only slightly improved. The viscosity
of u fluidized powder is bhelieved to most nearly reflect the properties

of a powder associated with its ease of dissemination,

Aerodynamic dissemination methods were employed which permitted con-
trol of breakup forces over a wide range of values. These included
(a) subjecting & small pile of powder to a gentle "puff" of air for low
energy application; (b) aspirating an air/powder mixture through straight
tubes over a range of velocities for soft impact at the tube wall; (c) aAg=-
pirating an air/powder mixture through a curved tube'at up to sonig velocity
for hard impact,

Some of the larger particles (12-18 p) were almost completely dis-
seminated at the loweat energies used, The smaller the particle size,

the greater was the difficulty of obtaining complete dissemination, The
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most complete dissemination of the smaller (1-10 u) particles was obtained

by aspirating powder with air at sonic velocity in a coiled tube to in-

sure "hard" impact on solid wall surface. Other results were:

1.

&

3.

4,

8.

7.

The effect of additives was dramatic for some powders not
only in improving flow properties but also in improving
dissemination, although the measured adhesive forces be-
tween particles were reduced only one-half to one-third
by the use of an additive,

Irregularly shaped particles disseminated more completely
than smooth, spherical particles of the same size.

Small ratios of powder/air in the aapirating system re-
sulted in less reagglomeration following dissemination.

Reagglomerated aerosols can reasult in agglomerates having a
greater mass than a8 single particle of the same material
and yet having the same aerodynamic properties, The im-
plication of this result is that control--not slimination--
of agglomeration may be tho most deairable approach to
dissemination of powders into an aerosol with suitable
serodynamic properties,

Theoretical considerations show that impact of agglomerates
againat solid surfaces is a necessary feasture for success-
ful pneumatic dissemination of particles in the 1~10 p sizo
range.,

The reagglomoration observed could not be explained on the
basis of colligion and adhesion resulting from turbulent
mixing, but was most likely caused by electrostatic attrac-
tion between particles.

Electrostatic effeocts were observed frequently during the
dissemination tests., They affected dissemination, caused
reagglomeration, and complicated assessment procedures,
Additives were utged to alter the chargos genorated on pow-
der particles during dissemination. Injection of gas ions
with the disseminating gas also altored electric charges
on particles, and with further development may provide a
technique for more efficient dissemination.

A laminar flow settling system was developed for assessing aerosols,

This was usec in conjunction with microscopic observation and photographic

recording of settled particles., Microscopic observation alone did not

permit distinction bhetween ugglomerates and single particles of irrogular

shapes,

Particles settlod from air can land sufficlontly close to each

other to make 1t uncertain whether they existed in the air a«s an agglom-

erate or as single particles., A method of correcting for this coincidental
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settling is presented, The use of multiple techniques permitted the

acquisition of data not obtainable by any single assessment method,

Recommendations for Future Research

There is no aspect of the study of powder dissemination followed in
our program that could not profitably be extended, with benefits resulting
from new knowledge, Some Jjudgment must be employed to limit the number
of recommended items for future work. Any such list will include some
individual preferences, and ours are given below, One recommendation is
for a fundamental study of triboelectrification and the other pertains
to applying what we now know to the design of a scaled-up model of a pneu-

matic powder disseminator.

1., Triboelectrification of Powder Particles

The scientific principles that control electrical charging of powder
particles when they separate from each other or from solid surfaces (con-
tact charging or triboelectrification) have not been developed. Of the
phenomena that affect dissemination and reagglomeration of powder particles,

the electric charging of particles is prohably the least understood.

When the sclentific principles of triboelectric charging of powder
particles are understood, it should be pomsible to minimize their detri-
mental effects and perhaps utilize them to advantage. A fundamental study
of triboelectrification is therefore recommended.

2, Development of a Pneumatic Powder Disseminator

We have shown that successful pneumatic dissemination of a powder
canh be bost accomplished by shattering agglomerates by wall or target
impact, Reagglomeration can be minimized, evon with some electrostatic

charging, by dilution with primary air.

The work conducted in our program was designed tu define the prin-
ciples of dismemination without regard to constructing an integrated
dissemination device. The scale of dissomination was deliberately small,
to accommodate laboratory facilities. There uve design problems asso-

ciated with the development of larger sculou devices. These include

1u3
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powder-feeding mechanisms, configuration of flow channels and/or anvils
to obtain powder impact, minimizing power requirements, and confining
the pystem to & reasonable size envelope,

The design, construction, and evaluation of an integrated device
using what we now know for disseminating 10 to 50 grams of powder per
minute should provide useful data for still larger devices, The success-
7 % construction of & powder disseminator will make available useful de-
vices for large-lcnlerlﬁborntory and small-scale field tests in which

active chemical agents can be evaluated.
REFERENCES

1. Special Technical Report No. 2, See Appendix A,

2, Special Technical Report No, 19, BSee Apperdix A,
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X1l
NATURAL GENERATION OF AEROSOLS

E. Robinson, Chairman, Environmental Reseatrch
and Engineering Department

It has sometimes been speculated that the acrosol disesmination
processes incorporated in a variety of natural systems are unique and
more efficient than are the dissemination vvatems anééivad by man,

Such speculation is often based on (1) the luxk® volumes of the atmo-
sphere which can bhe affected by some natural dissemination processes,
(2)-the large distances some natural aerosols are known to travel,

(3) the often severe infectious or allergic response to natural aerosols,
and (4) the small amount of energy that some natural systems seem to
have available for aerosol dissemination,

The purpose of this study was to examine various natural disseminn-
tion processcos to soe whether there were any unique or previously
unrecognized features which could be applied to agent dissemination pro=-
cemses. In this context, a '"matural" dissemination process is one in
which the mechaniocs and forces necessary tor dissemination are available
in the natural environment. Three major aspects of natural dissemination
were analyzod: wind dissemination of dust clouds, formation of marine

aerosols, and spore and pollen disseminntion processes.

Dust or sand cloudeg In the atmosphere can rosult from tho movement
of wind across a particular area, but the nature ol the cloud=-and oeven
whether or not one is actually formed-=depends on interrelationships

among the wind, the sand and dust particles, and the ground surfaces,

One feature of some natural dust o sand clouds which has attractod
attention is their tendenocy, sometimes, to be physically limited to tho
lower fow feot of air above the ground surface. If such a dispersion
limitation could be made part ol an agont dissumination system, it would
obviously be advantegeous; thus, this limited cloud depth characteristic

was investigated in some detall.
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A number of research studies have analyzed the mechanisms by which
a very shallow surface cloud may be formed. There is general agreement
that this results from the bouncing (saltation) movement of relatively
large wind-driven sand grains (800-1000 p diameter) across a generally
unizorm, nonvegetated, wvell-weathered surface, There is no indication
that forces on the sand grains other than the wind and gravity are
important, The depth of the cloud is determined by the height to which
the sand grains rise as they bounce along with the wind, This limited
‘depth of the cloud will be visible only when it is not obscured by fine

dust, and over a well-weathered surface a dust cloud will not be produced,

Formation of fine dust clouds (particle diameter less than 50 )
from an undisturbed surface generally requires the saltation movement of
larger particles of rock or sand to dislodge the fine particles from the
surface. Wind forces alone nre not sufficient hecause of the shielding
offered by stagnant air right at the ground surface. The characteristica
governing the wind movement of fine dust particles would also apply to
the reontrainment of chemical agent nerosol particles. Thus, in undisturbed
areas where saltation movements are restricted, the reentrainment of agent
aerosols would not be expected,

Marine aerosols are primarily made up of sea salt left airborne
aftor the evaporation uf sea water droplets., For aerosol-sized particles
the droplets originate primarily in the bursting of air bubbles on the
soa surface rather than in the entralnment of large spray drops from
wave orosts. In a bursting bubble there are two sources of droplets.

The fragments of the bursting bubble film can form a relatively large
number of evaporated salt partiocles in the 0.1 p-diameter size range.
A bursting bubble ulso produces a few large drops from the central
cavity jet, The size of the jet drops is dependent on bubble size,
Experiments have shown that sea salt particles in the range from 2 to

28 b will result from the evaporation of the jet drops.

If thore is a layer of orgunic materinl on the seu surface, the

bursting of clusters of bubbles will causo the organic materiul to be

incorporated in the resultant aerosol. Similarly, mdterlal such as
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plankton suspended in the water may also become part of the aercsol,
However, there does not seem to be any readily apparent application of
marine merosol production mechanisms to agent dissemination, nor any
unique mechanisms to agent dissemination, nor any unique mechanism in-

volved in the process,

Most observers of natural spore dissemination processes are impressed
with the fact that a very offective particle dissemination is carried out
with a relatively small amount of avallable energy. An analysis of spore
discemination was made to determine whether chemical agent systems could
incorporate any unique properties of the spore discharge mechanism, the
characteristics of individual particles, and the atmospheric transport
mechanisms,

None of the spore discharge mechunisms seems to be directly appli-
cable to chemical agent systems because most of them deal with release
mochanisms tailored to individual particles in a complex biological
system. However, in some of the dry spore systems (such a8 in puff
balls), the spores are held in a matrix of capillitium threads which
prevents compaction and permits some ailr ciroulation through the mass.
Bocause of this matrix, a small air circulation is able to carry rela-
tively large numbers of spores out of the puff ball and into the open
atmosphere, Minor amounts of energy--the impaction of u single rain
drop, for example-~-are sufficient to disseminate numerous spores from
a mature puff ball., Othor spore discharge mechanisms are desoribed in
a speoinl technioal report,? and these might suggost further interesting
approaches to aerosol dissemination problems, uspecially in the area of
encapsulation tricks whereby a number of small particles might be roleased

from a single larger capsule,

Studies were mado of some of the characteristics of lycopodium
spores to determino whether therce was some foature which made thom os-

pecially ousy to disperse, It was dotormined that these particles,

-

although they are generally known tor their good iflow characteristics,
did not act significantly better than similar manmade particles with

good flow characteristica. Agglomeration is a factor to be considerod

P S O,

with the lycopodium, as it is with all aorosol particles,

>
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Part of the dissemination process for spores and pollen is windborne

o W K Ky SO U

‘ : travel through the atmosphere until they are deposited on some sort of
surface., Atmospheric propagation of pathogens has been analyzed to try
to determine whother there are any unique aspects of the particles which
contribute to this process and which could be adapted tn the dissemination
of chemical agents, Some spores which have besn studied have been found
 to be capable of causing infection at relatively large distances (100 to

200 miles) from the source area, The cereal rusts, i.e., black rust

» D W

" (Puccinia graminis) or orown rust (Puccinia coronata), white pine blister

o~

> rust (Cronartium ribicola), and the smuts, i.e,, corn smut (Ustilago

zeae), have provided excellent examples of infection propagation by air=
borne pathogens,

However, on the basis of an analysis of obmerved settling charaoter-

T R P W

istics and diffusion patterns it is concluded that spores and pollens
behave in a fashion similar to other aerosols and that the observed
long travel distances are apparently not due to any unique amerodynamic

¢ proporties of the aeromol, The ability of spores to transmit infeotion

across long distances can doubtless be attributed to the extremely large
12 5r 10®) which can be liberated by
what might be nssumed to be a minor infectious mource,

nunber of spores (as many as 10

) Further details of this analysis of natural dissemination prooesses
are given in Reference 1., In brief, this analysis shows that the reason

; these processes seem especially efficient or effective is that the

R sources involved In these natural systums are very large compared to

Y typical chemical agent sources, It is relatively easy to overlook or

sariously underestimate the magnitude of these natural sources and to

ascribe the upparent dissemination effectiveness to some unrocognized

property of the system, A careful review of these dissomination pro-

ceprges showed that the various mechanisms were quite well oxplained in
the physical and biologionl scionco literatuve, although very little

attempt had beon made to generalizo from the deoscription of the systoms,

P R
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o Recommendations for Future Research

Although neither the dust nor marine aerosol systems seem to have
any features which are applicable to chemical agent systems, it may be
Y useful at some future date to try to adapt certain features of some
spore disgemination procesdes to a microcapsule system, primarily in

{ terms of packing and anti-agglomeration aspects,

CONTRIBUTORS

C. F. Schadt, Physical Chemist, nssisted the author in these

studies.

2 ' REFERENCES

1, Special Technical Report No, 2, See Appendix A.
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XIII
ELECTROSTATIC PHENOMENA IN DISSEMINATION

C. E, Lapple, Senior Scientist

Electrostatic phenomena are important in dissemination because
(1) they can affect the behavior or properties of the materials being
disseminated, (2) they can have modifying influences on all dissemina-
tion processes, and (3) they may be utilized us a direct means for dis-
semination, ITn order to more clearly elucidate the roles that electro-
stutics could play in dissemination, an exhaustive literature survey was
undertaken, The most important articles we.e then analyzed in detail
and a oritical review was prepared, aimed at either quantitatively es-
tablishing the specific roles of electrostatiocs in the dissemination
process or establishing areas where further research is necessary to
permit this to be done, Subsequent work was to be aimed at resolving

these areas,

Fundamental to ony investigations involving charged particles 1s a
rapid and reliable means for measuring the electrostatic charge distri-
bution in aerosols, While many such techniques have been developed, the
more relinble ones have involved measurements on a particle count basis
and are relatively laborious. For CW agent dissemination u charge dis-
tribution on a mass basis 13 more realistic, and, although a conversion
from a count to a mass basis 1s theoretically possible, there are many
practical limitations to such a conversion, Consoquently, an investiga«
tion was undertaken to develop a device for measuring charge distribution,
This device was to incorporate the best features of available devices,
with any indicated modifications to extend the scope of the measurement
without undue complexity, and to be readily adaptable as a tool for field

assedsment,
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All the work conducted in this area has heen completely described
in specific special reports which supersede any information previously

recorded in monthly ox quarterly progress reports,

Results of Literature Survey

The results of the literature survey are completely summarized in
a special technical report! in which 1,028 references are cited, mostly
with abstracts. The review of the role of electrostatics in dissemina-
; tion is given in another special technical .report.? This review was based
' on a c¢ritical analysis and coordination of the information contained in

the more important references found in the literature survey,

The following broad conclusions were reached as to the role of

electrostatics in CW agent disseminatior in general:

1, Unipolar charging of agents can result in marked improvement
in the effectiveness of agent dissemination and ultimate depecsition,
There is an optimum charging level, however, corresponding to a specific
particle surface grudient, cps' of the order of 1 volt/micron. Much
higher charging levels will r-~sult in undesirably fast cloud expansion
- ratc.. Charge levels corresponding to values of eps less than 0,01 volt/
micron will usually not exhibit any significant electrostatic effects.

2, Ambipolar charging of agents can have both desirable and un-
desiratle effects, Deposition rates may be larger due to electrostatic

E image forces, but aerosol dispersibility may be reduced and floecculation
f rates may be increased, It is believed, however, that normally the
magnitude of effects due to ambipolar charges will be of secondary in-

terest hecause of compensating effects.

3. Precharging of agents to significant charge levels prior to
dissemination is not technically feasible, Any charging must be done

during or after dissemination,

4, Direct dissemination by electrostatic techniques (as distinguished

from electrostatic modification of other techniques) would probably have

the lowest energy requirements of any known technigque, Details of such
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techniques, however, remain to be developed, especially in the area of ot

s,

powder dissemination. These techniques also have the drawback of re- :@

: A,
R quiring comparatively elaboratg\auxiliary equipment, ét

6., Unipolar charging to desirable levels is technically possible Lﬁ
» by direct contact charging as well as by either field or diffusion o
;. , charging in the presence of gas lons generated by a dorona discharge. ;
3 Interface alteration (as in frictional charging) is also capable of L4
%{ producing charges of thq desired level; however, the mechanisms in such ;
cages are often quite complex, and control as to both magnitude and sign l
of charge is uncertain, Charging by thermionic emission is of no great :“
consequence unless temperatures exceed 2,000°K, -ﬁr

Development of Aerosgol Charge Analyzer

A techniquu has been developed for measuring the electrical mobility

distribution of an aerosol and the average effective sire at each mobility

level, Details of this development are given in a speclal technical

. e
Tl ;

) report.? A view of the mobility channel and charge analyzer is shown in

o -
-
v
PR

Il
.

Flg., 7« With this technique, an asrosol is passed through a purifier

and a narrow mobility channel (1.5-inch spacing between collection elcc- q

X trodes, 10 inches wide and 15 inches long). The purifier removes charged ti
i pverticles from all but a thin central stream that enters the mobility ﬁi
: chamber halfway between the electrodes, Particles are deposited on an ?F
insulating surface according to their mobility. The total charge dis- Jy

' tribution on the walls i1a determined by a special scanning probe. The &L
i mass distribution is determined by chemical or colorometric analysis, %ﬁ
: Tests carried out to determine the mobility distribution vf a uranine N
aerosol generated by atomizing and evaporating a dilute watex solution }t

yielded reasonably consistent results, Although no absolute basis of :ﬂ

asgsessment was available, the results were consistent with expected :k

. magnitudes, Average particle diameter (volume-to-diameter mean) was -é?
0,8 micron, and particle churge levels ranged from 0,05 vo 1 volt/micron gf

specific particle surface gradient, Remalning problem areas are listed ;5:

! and suggestions are given for improving the technique and extending its &3
: usefulness, 55
5
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(T)  MOBILITY CHANNEL (WITH FRONT ELECTRODE N (3) ELECTROMETER
. PLACE)

(6) SCANNING PRODE AND CARRIAGE

(2) HIGH VOLTAGE POWER SUPPLY
(7)  CARRIAGE ORIVE MOTOR AND CONTROL
(3) HIGH VOLTACE MICROANMETERS

() CHAGE ANALYZER IN PROCESS OF BEING INSERTED
IN MOBILITY CHANNEL

FIG. 7 CLOSE-UP VIEW OF MOBILITY CHANNEL AND CHARGE ANALYZER
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Recommendations for Future Research

~ e Ay 3

Although there are many areas in which further basic knowlodge of
electrostatic phenomena would be desirable, the following areas are con-
J _ ' sidered te be those which will prove most fruitful for purposes of im-
1 o proving the effoctiveness of CW agent dissemination.

1, Controlled and'prgdictable dissemination and chérging of liquids

ﬁ " and powders by electrostatic fields., In the light of present knowledge,

N : ; .

§ .. . ‘the best control is attained by exposing the liquid or powder to be dis-
ﬂlf saminated to known electrogtatic fields, with or without corona, Unipolar

charge levels of the proper magnitude are attainnble by this means, Many
investigators have demonstrated the feasibility of these teohniques for
= ‘ liquids, However. much of the effort in this area has been concerned

N ' with ion propulsion and has concentrated on attaining predetermined

charge-tonmnsn ratios, = It is still not possible to predict eleotrastatic

&: ' field gradients, nozzle gizes, and ocurrents required to achieve a specific
?. v dissemination capacity and particle size, The principles governing the
5 dissemination of powders by this means are known to an even lesser extent,

From the_stgﬁdpoint of application to agent dissemination, the primary
objection to this technique is the need for the presence of approprinte
M high voltage generating equipment at the poini of dissemination,

2, Controlled and predictable dissemination and charging of powders

o and liquids by mechanical means, Mechanical action (e.g., pneumatic con-

3 veying of powders) on particle interfnces can produce charges of the de-
Ly sired level on solids but the attainment of adequate levels on ligulds

' by this means alone is questionable, While this method would permit the
i use of simple field equipment, the state of knowledge in this area 1is

N congiderably more confused. Although unipolar charging is technically
possible, there 1s considerable question as to the feasibility of achlev~

) ing significant levels of unipolar charging without extensive, simulta-
- noous ambipolar charging when dealing with collections of particles at
E feasible particle concentrations and dissemination capacities, Despite e
the fact that this area of electrostatics as applied to aerosols oxr 2

™ powders has recelved much attention during the past EO0 years, it still
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remains one of the most confused areas of knowledge. The various
ahomalies that have Been reported suggest that this mechanism is asso-
ciated with a complex combination of phenomena that in turn may be '
gensitive to sgcondnry influences or contaminants,

A potantiallv attractive concept would appear to be the blending,
atter neparate meuhanical dissemination, of CW agent and of a charge-
control material. The charge-control material would be of very small

- particle size (1 micron or smaller) which can be charged to high levels

(say cp’ = 20 volt/micron) by mechanical or pneumatic means. Such a

. material would be meparately disseminated at low rates compared to the

agent dissemination rate (say 1 wt % of the agent rates), Upon subse-
quently blending the two aurosols (asent and charge-control material),

the fine bhargo—contrbl particles would coat the agent particles by
flocculating with them and bring the average cloud charge level down to

& predetermined optimum unipolar level of the order of cps m 1 volt/micron.
In such a cuwo, the agent would preferably be treated to minimize charging
during dissemination, and the same charge-control material could prohably

be used with any agent,

3. Principles governing the maximum stable charge on fine particles.

Although the maximum stable charge is’'considerably above the levels con-
sidered optimum for dissemination, this may be an important fantor in
evaluating questions of particle adhesion during dispersion by other
techniques., There are no known data in this area dealing with the
particle size range below 10 microns, Previous discussions of this
problem have heen based on extrapolation of results from much larger

geometries,

4, Force of adhesion between particles, This force ias one of the

controlling influences in the behavior, handling, and dissemination of
powders, yet our knowledge in this area is quite meager. It is suggested
that measurements of forces on charged particles may offer a promising
approach for measuring foroces of adhesion between fine particles or be-

tween fine particles and surfaces,




5. Cloud expansion controls, The charge on particles constituting v

an aerosol cloud can be an important or controlling factor in determin-
ing the rate of cloud expansion as well as in augmenting the rate of ~ ’
deponition of the particlés on a surface exposed to the cloud, Although
thexe is little basis tor questioning theoretical predictions, there is
little in the way of a direct full-scale demonstration of potentials in
these directions. To make such a demonstration requires the development b o

‘ of a practical concept for applying a significant unipolar charge to

¥ - - -particles existing in a relatively concentrated form, This would es-

= sentially partake of elements discussed under items (1) and (2) above.

r
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XIv
MICROENCAPSULATION

A, G, Brown, Director
Chemistry and Chemical Fngineering Laboratory

Tho technique of microencapsulation, as employed in this study, is
the art of enclosing small particles of a solid, droplets of liquid, or
bubbles of gas in a coherent shell or wall of natural or synthetic poly=
mers formed in situ by a variety of processes. Of the many processes
available, those selected for this study wore the coacervation-bhased
systems, developed largely by The National Cash Kegister Company (NCR),

 because of their demonstrated capability for very large scale~up (as

for "NOR--No Carbon Required'' multicopy businuss papers),

Prior to the present work, personnel at Edgewood and elsewhere had
considered that microencapaulation might provide solutions to a variety
of dirsemination or CW systems problems, inocluding protection of agent
during storage of pyrotechnic compositions (CS5 had degraded in some
mixes), protection of agent from light or other hostile environments
betfore or after dissemination, ablative or other protection of agent from
degradation during pyrotechnic dissemination, prepackaging of agent in
predetermined desired size, reduction in handling hazards of CW agents
generally, and the need for contrelled or sustainod action agents
(particularly in the case of CS), Nonetheloss, only incidental studies
of encapsulated agents or simulants had been made,

The present study was initiated to provide a comprehensive and uays-
tomatic exploration of tho capabilities and limitations of microencapsula-
tion for solution of these and other problems, to develop generic approaches
to adaptation of encapsulation processes to new agents, and to provide
guantitative data on the characteristics of capsular materials and the

offocts achlevable in specific CW systems, In addition, ns the work

progressed, the desirability of extunsion of capsular technology to vory




large and very small capsules became evident; such studies were under- o
taken to provide the desired materials and systems capabilities. Finally, .;ﬂ
the inherent value of encapsulation as ) means to develop completely new 1i’
or more versatile CW systems was recognized and the study of large-

explosive-coated, self-disseminating capsules was undertaken us a generic
concept of this kind, Complete details of these studies are provided in
a special technical report,? w

Major accomplishments of the project included significant extensions fl'

of encupldlation tochndlogy, nuccoaagul evaluation of several appl;éationl
of capsular materials in diuleminatibn systems, and development of new i
CW systems concepts based on capsular agents,

41 More specifically, techniques were doveloped for extending capsular

technology, for the first time, to large-scale, mass production of large )
capsules of agent in sizes to 1 om or more in diameter, Techniques were - 'i7
also developed for the first time for extending capsular technology to ‘
large-scale, masa production of agent capsules as single particles in ,ﬁj
the size range less than 10 microns, fully controllable in respect to Wy
wall thickness and wall characteristica for both gelatin and polyvinyl 'i»
alcohol as wall materials, ’

Tochniques were developed for using polyvinyl alcohol as an effec~
tive new material for capsules of all sizes, but particularly in the
<10 4 range, with special advantuges of very low permeability and ease ®
of drying to provide readily disseminable single capsule particles.

Several examples of generic, systematic procedures were worked out Y
and documented for adaptation of gelatin (and to a lesser extent polyvinyl ,
alocohol) encapsulation techniques to new internal phases., Limitations of !(?
golatin as wall material were identified (permenbility to polar compounds, v
degradation by acids from phosphorus~-containing agents, disseminability ‘a:
difficulties) and possible solutions to these difficulties were suggested,

Together, these severnl technological advances provide Edgowood e
Argenal with broad new capabilities for development of capsular CW sys- ;:f
toms and a flexibility of deaign pormitting tailoring to specific tactical Sﬂ
requirements, ;&;

|;.:I"
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In application studies of capsular materianls in pyrotechnic and
related systems, the compatibility of gelatin capsules in pyrotechnic
mixes was demonstrated. Particle size effects on capsule integrity in
pressed pyrotechnics were evaluated and the new <10 |4 capsules were in-
dicated as having potential for permitting press-filled rather than cast
or dry-filled munitions even with liquid agents., The new propellant-
bagsed hot-gas disseminator was suggested as an efficient way to dissemi-

nqte capsular agent with intact walls, and was recommended for further

Tatudy.

The concept of large-explosive-coated self-disseminating capsules
was conceived as an example of the inherent cnpabilities of encapsulation
tfor developing new CW aystems tailored to meet special tactical require-
ments, The technology for production of much capsular materinls was
developed and the basic feasibility of the concept was evalunted. Results
showed thn%;‘fwr a liquid agent, droplet sizes of aerosolized material
ocould be somewhat controlled from manss-mean particle sizes of >30 L to
<20 i with dissemination efficiencies apparently significantly greater
than for normal explosive dissemination, Applications of theso and other
large capsule products were iLuggested for achieving a flexibility of
delivery and dissemination patterns not otherwise obteainable, ares denial
systems with agent release by the activity of undesired entry into the
area, volatile agent systems with delivery and dissemination less depondent
than previously on meteorological conditions, impact pellet systems for
short or long range cdelivory of coritical dosages of cutaneous ugent,
and others.

Major upplicutions studies were directed to the feasibility of
achieving controlled and sustained or prolonged release inhalable agent
capsules in the size range <10 U, The new small capsule technology
developed on the project was andapted to the successful production of
<10 @ capsular C8 with both gelatin and polyvinyl alcohol walls,
Laboratory experiments dewonstrated that capsules could be tailored to
provide relesso rates of agont (CS) into aqueous media varying from close
to those for C8 itamelf to nearly two orders ol magnitude loss, Accidental

oxposure of laboratory personnel to onc of the gelatin-basod capsulnr C8
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materianls indicated prolonged effects had been achieved, and this approach o
was confirmed by plethysmographic testas on mice in another laboratory.? il
These latter tests also indicated that delayed onset of effects could be .E.
induced by encapsulation, a potential advantage in certain tactical
situationa, Evaluations with volunteers at Edgewood? on highly retentive
‘; . polyvinyl alcohol-based capsular C8 having one-fifth the rolease rate of _
‘~ CS 1tself showed that five times the dosage was required for this capaular 45
ié ‘ material to produce the sume effoct as unencapsulated CS, Implications "
1?  - of significant reduction of handling hazards of agents by this particular
) wall material are clear and such capsules should also be highly useful
in mechanism of action studies. Overall, these studies on capsular in- -ri
halablos, if fully confirmed by further evaluations, have provided a new
incupacitating agent with the advantages of CS and with much more prolonged
effoots which can be uniquely tailored, by admixture of unencapsulated €S

and capsular C8 materials with controlled wall characteristiocs, to meet a !r
wide variety of tactical requirements, The capabilities for such tailor- E,'

bR
ing can be seen in Fig. 8. fl
Experimentul Program 'l'

A criticel review of the literature in the encapsulation field was
carried out ut the initiation of the project as a pyeliminary basis for
assaossing contributiona to CW dissemination systems that might be made
by microencapsulation,* This literature study reviewed the state of the b
art of the various encapsulation methods with respect to their advantages,
limitations, and uses, No references wore found which covered applica-
tions of microencapsulated agentn or other matexrials in dissemination, b

The review defined a number of aroas in whioh {he encapsulation process g:
might be used advantageously; these include reduction of handling hazaxds, :Qf
presizing, stabilization by isolation, proteation from light or other ,;
hostile environments, sustained release, and impaction capsules, Most LLP

(but not all) of these areas involve the application of encapsulation
capabilitios to existing concepts of dissemination, The review pointed e
out that real capsule properties might limit the contributions desired
for existing systems and that considexruble offort should be devoted to T
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FIG.8 RELEASE OF CS ENCAPSULATED IN POLYVINYL ALCOHOL INTO AN
AQUEOUS MEDIUM, pH 7.6, CONTAINING WETTING AGENT., Wetting agent,
0.1% sodium 2-ethythexyl sulfonate;-liquid volume, 500 ml. {(a) Sample 7498-66A,
PVA, air-dried, 0.1615 g (b) Sample 7498-668B, PYA, 5% celkate-T-21, alr-dried,
0.1566 g () Sample 7498-72B, PVYA-Cold method, 1% Cabosil, alt-dried, 0.1004 g
(d) Sample 7498-72A, PYA-Cold methed, air-dried, 0.1043 g.
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applying real capsule properties to development of capsular products
which might be the basis for new or novel dissemination weapons systems,
Large, explosive-coated capsules which might be rendered self-disseminating

were suggested as an example of such a concept.

The experimental portion of the work reported here was directed toward
applications of capsular materials in both new and existing dissemination
systems and concepts. Preliminary studies were broadly based, to identify
problems in encapsulation technology or capsular characteristics and to
indicate where extensions of technology might be desirable, as well as to
provide n background for application to current systems and for develop-
ment of new concepts, During the work, the desirability of extending
technology to provide efficient production of very large (0,56-1,8 em)
and very small (1=-10 W) discrete capsules became evident. A subcontract
with NCR was most successful in providing effeoctive approaches, and also
now wall materials, for tho 1-10 W range; ¥ conditions for large capsule
production were developed as part of the SRI work. In most of the re-
search, aqueous gelatin systems were employed, but some exploratory studies
with nonaqueous polymer solutions were also included, In lato stages of
the work, the very useful polyvinyl alcohol encapsulation procedures bocame
available as a result of the NCR subcontract developments; these were
adapted at SRI for encapsulation of an range of active and inactive liquids
and solids,

Adaptation studies made up a very appreciable part of the work, since
each new materinl to Lo encapsuluted has different physical and chemiocal
properties and the encapsulation processes are sensitive to such propexrtios,
Optimum conditions, for example, arve different for each of the four bhusio
gelatin procedures, for different capsule size ranges for a given method,
and for different materials to bo encapsulated, Adaptation of coacorva~
tion encapsulation mothods gonerally required determination of the effocts
on wall formation of such parameters as pH, temperaturo, angitation, and
concentration of encapsulation solutions, For a varlety of rocasons,
optimum values of each of thoso paramoters may vary for differont stages
of the oncapsulation process, Optimum programning of each variable through

the various procemses was therofore required, und was dotermined for
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several materials and processes to provide a sound generic base for
obtaining the bhest capsular products., Details of such programming were
provided in a special technical report,?

Drying methods, which also play an important role in capsule prop-
erties, were the subjoct of considerable study, Methods employed in-
cluded solvent drying, rotating screen, fluidized bed, alr drying,
frouze drying, and spray érying, as well as use of partioculate and other
additives as drying assists, Capsules greater than 100 p in diameter
presetited relatively few problems if the encapsulation itself was effoo-
tivo, MHowever, problems (especially of aggrogation) incrensed with
decreasing capsule size, Spray drying appeared to offer solutions to
most of the problems but time did not permit complete studies of this
approach. Dyrying problems woro minimal for the spocial polyvinyl alcohol
cupsulos; this ouse of drying makes the polyvinyl alcohol oncapsulation
procossos spoclally attractivo,

Quantitautive assay and ovaluation wero omployed in a variety of
forms throughout the atudy, both to assusas the developing technology and
to provide basic dutn, Included wero routine moasurcments of intornal
phase, wall ratios and wall integrity, ussossment of storuge stability
of capsular productd and evaluastion of thormal and chomical offeots,
mechanical properties of walls and sensitivity to rupture in pressing
operations on pyrotechnics, capsule size determinntions, measurements of
ugont dogradation in dissominuntion from seli-cdisseminating oxplosive
capsulos, the droplet size distribution in dissomination of liquids by
such capsules, and measuroments of roloaso ratos of capsular products
into aquoous modia. Of spocial significance was the dovelopmont of methods
for the simultanoous assay of C8 and its hydrolysis products in nquoous
media beocause of tho importance of this effeot in understanding hiological
mochaniams ol anoction and ugont design,

A number of applications studios wore carried out in a floxible
program rosponsive to changos in omphasis by tho Physieal Research
Lubhoratories, Limited efforts were concernod with the use of capsular

materials in pyrotechnic compositions, cspocianlly with effects ol capsule
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size on capsule integrity in pressed pyrotechnics, No incompatibility

of gelatin capsules with selected pyrotechnic compositions was observed

in storage tests at elevated temperatures, and no degradation of en«
capsulated materihl occurred in such tests, In the pressing studles it
was clear that capsule sizes less than 20 K would be required to avoid
apprecimble capsule rupture, at least with a liquid internal phase, in
normal pressing operations and pressures. The new processes for producing
capsules <10 ) in diameter are suggested as a probable solution to the
capsule integrity problem. The work was not extended to studies of effecty
of encapsulation in actual dissemination because of changes in emphasis,
but possible effects are discussed, including ablative protection of agent
and decrease in flame temperature. The new propellant-based, hot-gas
disseminator developed on this contract® was suggested as a potentially
highly effective alternate to pyrotechnics for efficient high speed dis-
semination of intact capsules, l

large, explosive-coated capsules for possible self-dissemination
uses were studled broadly. Conditions for efficient production of large
capsules (to 1.5 om or more in diameter) were first identified; these
are desoribed in detail. Lead azide was selected as the experimental
explosive, though other less hazardous materials may be usuble, and
techniques for overcoating the capsules with this material were developed.
Detonations of single capsules, capsule arrays, and capsule masses were
carried out for a variety of capsule sizes and explosive loadings to
provide data on dissemination efficiency for operations research evalua-
tion, Individual capsules producéd aerosolized clouds up to 5 feet in
diameter and a mass median particle size of norosolized liquid (di=-2
ethylhexyl phthalate) less than 20 p in diameter was shown to be possible,
Diesemination efficiencies of nt least 50%, based on total munition
weight, appoared to be possible., Novel tactical potentials of these and

related large capsule materinls were presented,

Major efforts were devoted to production and study of sustained
release, inhalable capsules (1-10 u diametor), particularly in respect
to possibilities for prolonged-eflect CS., Considerable extensions of

technology were found necessary for this size runge and were accomplished
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for both gelatin and polyvinyl alcohol as wall materials, Time did rot
permit optimization of all parts of the procedures, particularly drying
techaiques (spray drying appeared best), but appreciable samples of the
best state~of-the-art capsular C8 in this size range, with both gelatin
and polyvinyl alcohol as wall material, were provided to the Physical
Research Laboratories for further test and evaluation, Delayed release
of the encopsulated CS into an aqueous medium was demonstrated in the

3 SRI studies. A decrease in release rate of nearly two orders of magni-
tude was found with certain PVA capsules and release could apparently

be tailored to any value within this range. Accidental exposure of
laboratory personnel to one of the gelatin-based capsular C5 samples
‘indicated prolonged effects had been achieved., Initial tests on volun-
teers carried out at Edgewood Arsenal® indicated that PVA capsular CS

was less effective than straight CS and prodused no prolonged effects,
However, plethysmographic tests on mice, carried out elsewhere,* using
SRI capstlar CS samples with both gelatin and PVA walls appeared to
confirm the previous observation that capsular CS could produce prolonged
offocte, Prolonged effects may not be related as much to release rate

as to adhesive properties of the wall material, The studies, if confirmed
by further evaluations, appear to have provided a new incapacitating agent
with the advantages of CS but with much more prolonged effects and with
unique capabilities for tailoring by formulation and capsular design to

meet a wide variety of specilfic tactical requirements,

Recommendations for Future Research

A wide variety of potential applications of microencapsulation in
CW systems has been suggested and should be expiored further to provide

operational materials.

It is recommended that major emphasis be directed to further develop-
ment and evaluation of prolonged-effect capsular CS because of its major
tactical significance., A comprehensive study is suggested to thoroughly
explore the effects of capsular parameters (wall materianls, wall thick-

ness, wall modifications including composite walls), drying methods,

S T G -

formulation variables designed to achieve specific activity and
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A
disseminability goals, and finally, dissemination methods, including %ﬁi
hot-gas dicsemination., The goal of these studies would be optimum :ﬂ?
operational materials and dissemination methods, 4n essentiasl part of !FT
the study would be alclosely asgociated biological cssay with complete fﬁ}
control of variables such as particle size, distribution, and dosage. ff
Initially the biological assays should be closely integrated with the :'
cabsular optimization research and should later be extended to field *!f
trials. Concurrently an analysis should be made of tactical mission S
_requirements as a hasis for design of specific formulations and dis- ' 7 fﬁ'
semination systems, The overall goal should be to provide operational i
systems capabilities designed to meet specific tactical requirements, . -'.

i

CONTRIBUTORS i

SRI contributors to this study include G, F. Sirine, Physical Chemist; -!T

W, H. Breen, Chemical Engineer; W. W, Gibson, Chemist; and S. B, Radding, E :
Chemist, NCR contributors include D. D. Emrick, Senior Research Chemist; {

R, G, Bayless, Research Chemist; and H. F. Huber, Soctlon Head (presently )

Director of Research, W, R, Grace International, lHeidelberg Laboratory, '.l;

Germany) . Zﬁ*

REFERENCES _I\‘-

i
1. Special Technical Report No. 17, See Appendix A. Eéé
2, Yves Alarie, Hazelton Laboratories, Inc., letter report August 14, ﬁﬁ%

1967, to W, E, Sultan, Chemical Reseanrch Laboratory, Edgewood R

Arsenal. ?31

3, Private communication from Mr, Donald E, Buck, §&;

4, Special Technical Report No. 2, See Appendix A, :,n‘

6, Special Technical Report No, 22, See Appendix A, o

Wi

. 8, Special Technical Report No, 4, See Appendix A. ':‘\

e

a;

W

128 o

|”r,.€|‘ o.)lev ||’ H\u o)

Al u.‘ ORI .\. h X _\." w\ 'l,o .|v .!. \ |l l.l‘ ‘m"‘v \D': !"g “L \t ‘:!‘ 50.1 l.'




e . -

I

MO A

S A ey

— ae o~ -
PR 2\

[

Xy
FORMATION OF FORCED CLOUDS

W. E, Ranz, bepartment of Chemical Engineering,
University of Minnesota, Minneapolis, Minnesota

Centrolled Jdissemination of aerosol-sized particles of solid and
liquid egents requires that the atmosphere of the target area be turned
into a forced cloud, In addition to producing a dispersion of micron-
sized particles, the disseminating device must be the means by which enor-
mous volumes of alr become involved in the disseminating process, Indeed,
it is this need for dilution to very low concentrations in very large vol-
umes which puts sevsre limits on effective use of minute amounts of high-

potency compounds,

Because of small settling velocitics (less than 1 cm/sec) and short
stopping distances (less than 10 om), dissemination of aerosol particles
smaller than about 20 microns must be accomplished by dissemlnating a
dense uerosol cloud in which the particles are initially suspended., The
distribution of particles uvver large distances requires further develop-
ment of a oloud whose air mass exceeds the mass of suspended particles
by a factor larger than 10,8 All air in a forced cloud formed in a tew
seconds by a disseminating device is there because energy released by the
device has been used to put it there. Air has to become involved during
formation of the cloud, and energy ﬁrom the device has to be dissipated
in the mixing process. How air is incorporated, how cnergy is utilized,
and how clouds can be designed with the desired amount of air were

reported in a special technical report.?

For a quantitative description of the final stages of controlled

dissemination, it was found necessary to define a forced cloud as a region

¥ Professor Ranz served as a general consultant on the program while on
the staff of Stanford University's Departiment of Chemical Engineering
during the academic year 1966-67,
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where cloud-forming streams of agent, gas, and entrained air move at
velocities larger than some local wind velocity v', say 10% cm/sec.
_Thil criterion'is based on the idea that dissemination is not controlled
otherwise., All disseminating methods--except the possibility of electric
chnfging of particles--become mechanically similar in the final stages

of forced-cloud development, This is so because all have become momentum
exchange processes where a spray or cloud jet of higher velocity nnd_pérw
ticle concentration is entraining air, As momentum is transferred and
kinetic energy dissipated, these cloud-forming atreams dilute with air,
slow down, and fill.the forced-cloud volume,

)22,

p v’

: The volume of forced cloud formed is approximately mo(z(ﬁi) g

and is controlled only by that portion of the forced-cloud mass which
originated in the disseminating device (m ) and by the specific kinetic
energy (KB) or initial velocity (U = (2(§E))1/2> imparted to that partial
mass by the disseminating device, m, includes only the liquid agent in

" the case of pressurized sprays, and only the liquid or solid agent in the
case of ultrasonic aerosol production; mo includes pumped air, compressed
gases or propellant, as well as liquid or solid agent in the case of air
or gas atomlization proceases; m, includes explosive and agent in the case
of explosive aerosol production processes, and propellant (as well as
agent) in the camse of thermal and pyrotechnic aerosol production processes.
Uo or ii is a distributed quantity in actual systems, varying not only
over initial flow croass-sections but also between phases at the start of
the final stage of the disseminating process, Uo is the orifice velocity
in the case of pressurized sprays, and the ejection velocity in the case
of ultrasonic serosol production, Uo ls the orifice velocity in the cage
of alr or gas atomization if the agent has been accelerated to near gas

veloclties in the orifice region, In the case of explnaions Uo can be
taken as the maximum velocity of the £ill shell, 1In the case of thermal

or pyrotechnic aerosol production processes, U 1s the orifice velocity,

The particulate density of a forced cloud is approximately ap v’/
2’ﬁ\) 172 \here o is the fraction of m_ which becomes particulate mnterial
and where pg is air density, This follows directly from the definition

of forced cloud volume and the assumption of a cloud density not much
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with pg sl kgm/ma and v/ =« 1 m/mec, the maximum forced-cloud volume is

O Y A A A A A A A U A SO

different from that of air, Thus, hecause the later stages of the pro-
cess are fluid-mechanical and similar, the volume and particulate density
of forced clouds formed by mechanical, chemical, or thermal energy are

not dependent on the type of device or on the method of dissemination.

Taking the practical maximum of U, to be wonic velocity (3 x 102 m/sec),

"found to be on the order of 300 cubic meters per kilogram released by the
disseminating device, If it had a spherical shape, this cloud would be
only six to seven motera_in‘diamoter._ On the same ovaluation basis the
mindmum particulate dengity of the forced cloud would be about three
one-thousandths kilogram per cubic meter if LS were all particulate
material,

A thought-experiment approach was used in the special technical
report! to derive design equations for various ways of forming forced
clouds, Topics included in the report are:

Projection Models of Cloud Formation

Single particle mechanics

Particle-projection model of cloud formation
"Disintegration-projection model of cloud formation
Spray model of cloud formation

Expansion of electrified clouds; electrical projections

Gas Jet Models of Cloud Formation

Continuocus free jet

Short cloud jets, puff jets, and vortex rings

Strategic role of forced cloud geometry; porous clouds;
clouds formed by jets fronm moving sources

Subordinate processes of turbulent breakup and comlescence are treated
in an appendix to the report, '

While some dissemination mothods are analyzed in detall in the report,
a conslderable generalizntlion appears possible, This generalization is
gumnarized in Table I, where symbols have the following meaninga:

pp = density of particulate material
pg = alr density
pgo a2 density of cloud-forming stream at the flow cross

section which has highest velocity Uo and equivalent
diameter DO

131




“asea YJ0ys JIe

91 350] I3q {em {J1aua amog -Iaoqe
PRISI] JEN[Os Y] jO JEY] I>Im)

2q ][ ia 3ENjos puo[d pIdzoj iuzisdde
113yy ‘2§ Moqe Jo L31Isor0od pmof2
-p33i0j ® asey [[Ia suotso[dxad IcUTg

“a3In0s ay3 Fuisom {q

PISEZAIIUT 3q ued JW[os PRO[D PINIC]
aq1 “sIsed yods T[] ~puO]d padicy
W“.._uav.noﬂou ® B0ij SINSSY POO]D
TIeUIAISSTD S[JEImjzu v ‘pII}
-133ds @11 smmixem aq3 wt Om gens
ssem asow jo [esiadsi1p saomuijeod Joj

-32in0s aya Furiom iq

PRFE21OUL 2q UP) JEM{Os POO[I FIDIC]
243 ‘sased goms ¥] "pRofd padroy
nmn._mnonou ® BOI] £ISS1 PHOYD
1JZUIMISSIP Ajfeinieu e ‘pav]
-132ds w1y enmixes 241 ur 0w gegy
sses 3308 jo [rs1adsSilp sSHONUTIDOD 1og

z uﬂ@..Hva

-se1a11a=d swioj yorya Om jo
uoliseaj st . -1uade pue Iilso[dxs
sapnjour 0w -ories sses sarsojdxe
-01-1{1J 93 pue aarso(dxs aqm

jo {313us afa1 Sq pI]|orIzuo3l st

pue £3130f2s [T [erarur s1 03

~sdurs x3110s 10§ o 0] i § 02 “‘sial
SRONUIUCD 331f J0F [[Q o1 ‘sjiud
AUI[AGIN] JO0J G°() WOI] Furlies sonjes
Fursey ‘weilzaiur jo amrl iq poe
‘adegs Iiz70U iq “worjesawad i11013
-102 wz2ai1sdn iq pa][oIIWD ST o TE]
sossa201d >tuyda31914d ur wepjadoad
O Iseafaa Adiaud [E2IWIYI Aq puUE
uolj1ezIm012 ¥1 ainssaid sed io Ite
iq pajfoI13uod s1 0] -sajotyied smiog
4yorgqms O3 jo worlDElj ST T “IIIs

-3p 243 iq pasea]as ssem (e s1 Om
-0g 1a13me1p 1uajearabe pue 03 {110y
-2a 1sa4d1y sey YoIya BOLIDAIS $5043
x07}) e mearis 33l jo Larsuwap st 07z

"3DwjIns SiYl jo Ideys IY iq
Pa[{o11u0D s1 o uey pue "0 13328elp
JuajesInks seyq yoigs ‘IdejINS I03E
-1au33 jo {suanbaij pue apnjridme iq
p311013u03 ST 0] ‘voTieIauad ITUOS
~-e1110 8] -0g 19jomelp 0 3313130 JO
wea11sdn 5101233093 x9110s iq PRI 101
-863 sI g I[Iue-jTeg ierds :ainssaid
i1ddns prubty iq pajjos120> sI 0]
‘siesds pazranssoad uy  -pasiadstp
auade pijos 1o pinhi] jo ssem c1 Om

:s3131UeRD
jo13u03 32 Iunjey

3311310 JO JUOLY uY

asejins
daryerauad 10 321JLI0 JO VOS] uT

132

ael g+ 7, 3 9e1 g
A7 2 (2 LA
“spaoy2 0 e o? L2 0 d_
pe2103 3o pasodwns s1 swmjoa 2 a % % 1 a AN
B de IYy Mav HHNH- Hsﬁ uWﬁﬂ‘mU paoiog Jo aoc1ltis
-s3af axtds pooya jo worIysmouid Ioueisip Je x3I0s [eariagdg @oue3sSip 1® x3130a [ed1aandg | -0l pue miojy syexixoaddy
0, 2, 2 : . .
-3 IPROYD PIBI0J UL I1suIp
\-ulu \—nn.u Luu saegnatyaed aderaay
2 2 2
-4 4 =4
A A7 s aanjoa
270 01% 9504 pnoI> padie] Iremtvexddy

SUOT3IIPuod JEL) anmivIa
‘qodur AFzaua IarsindeT Alaeay

zpno(s paaioy]

e @103 03 07 i113072a
1® pase’dlal aq pivoys Ou
qo14e FTLI0p I FAWIAL

sass3d01d
voi3onpoid josoiae asrsopdxy

sassasoad worionpoid [osoram
s1cy3e103id pue [mmaagl lwors
-13ds1p pue voriezimore sed 10 ity

103e12uad dTwoseijIn woij wolsiadsip
josoa2e !sieids pinbi] paziinssaig

:uoY1BUIRISSID JO adiy

(235,43 -9} ‘des "S3150]2: puim [230] =0s ney3 13II®] SITITIG[3s 1 Ja0m

swEal3s JUIWIO] Pnoyd 3I9§s UGIIN[IP 1IE JO woldll e se pIuljap ST pro]a padio] y)

SISSI0Ud ONLLVNINISSIA SI0IMVY 9 (04 SOI0ID J3MO3 HOJ SNOLLvIOE NOISIE WVINETII 0 WIS

I 2191




@@
il

half-angle of cloud jet

local wind velocity

e

=]
]

total mess of cloud-forming materials released by
the disseminating device

o

fraction of m° which becomes particulate material

Except for the pussibility of electria charging of particles and
the electrical force projection of particles into dilute clouds, the only
way of overcoming inherent reatrictions on forced-cloud volume and geo-
metrical coverage is to form a "porous" cloud of miniaturized air-mixing
olements, For efficient use of energy, the size of each fsrced-cloud
elament should approach a scale equal to the small distances which can
be reached by the projection of individual particles. If a maximum
starting Reynolds number of 10? is applied as a practical limit (initial
sonic velocity gives approximately the msame result), this projection dis-
tance is less than Sppn /p y where D is the desired particle size and
pp is particle density, Under thins criterion nlso, the minimum KR for
forming an aerosol cloud of uniform density is found to be approximately
3 Xx 103u2/p2n§. Thus, exploded uuits of forced cloud in a porous clond
should have small radii of about one-tenth meter,

Porous-cloud attributes can also be achioved by a moving cloud
gonerator forming a forced cloud continuously, If the device moves at
velocity V, the maximum length of forved cloud which can be formed at a
uniform rate is approximatoly

1/2

P DUV

3 g 00
p 13
go v

Here, pgo is the density of the cloud-forming stream at the flow cross-

pection which has highest velocity Uo and equivalent diameter Do‘ The

diameter of this maximum length cloud is




The m, needed to form this maximum length cloud at a uniform rate, in the

time the source moves the maximum length at velocity V, is approximately

1/3 2
p U
go () 3
3N s (?7') Pgolo
g
If one uses mn n < n, max with the same ﬁi. the forced-cloud length will
)

be shorter than the maximum length, If n, > n, max’ then a forced cloud
L
..... o - 0f the maximum length will. be trailed by a natural cloud of unknown
characteristics,
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reports (22 Special Technical Reports and 13 Quarterly Progress Reports) for details,

basic information necessary for an over-
Studies were made of
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