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ABSSIACT

Current status is discussed of a research prog.-am designed to

provide fundamental information regarding the processes involved in

the dissemination of chemical agents. The scope and direction of the

program are described. Specific subject areas covered are: ( E' Lx-

plosive, thermal, ultrasonic and electrostatic aerosol production

processes, (2) material treatment by encapsulation and coating tech--

niques, (3) aerosol degradation by pyrolytic, oxidative, hydrolyttc,

pyrolytic and combustion processes.
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I INTRODUCT ION

The objective of this research program is to provide fundamental

information for long range over-all modernization of dissemination

techniques. The program is planned as a study of the basic physical

and chemical processes involved in the dissemination of liquid and

solid materials to produce particles and droplets, and the further

interaction of energy with the particles to produce an effective cloud

of the desired agent. Key problems involved are energy coupling

mechanisms and their efficiencies, possible material degradation

processes, and mechanisms controlling particle size and concentrations.

Initially the program has been divided according to the following out-

line.

1. Aerosol Production

a. Explosive d. Electrostatic

b. Thermal e. Atomizatior.
c. Ultrasonic f. Natural

g. Condensation

2. Material Characteristics and Treatment

a. Encapsulation c. Inter-particle forces

b. Coatings

3. Aerosol Degradation

a. Agglomeration d. Oxidation - Reduction
b. Ignition - Deflagration e. Hydrolysis
c. Pyrolvsis

4. Assessment

Critical evaluation of the literature Is the first goal of this

program. This is expected to be the principal effort dýring the first

6 to 8 months of the program and will cu1minate in a major report on

the state of knowledge of dissemination processes and recor'endations

regarding the most fruitful research directions. Problem analyses and

preli-inary experiment5 to establish l1imts and to delineate fruitful

approaches are be:ng un-irtaken as soon a÷ i- ce7Q profitable and

logicai to dc sc.



Experiments in scow areas heve already begun. In other areas

which rvquire more thorough literature reviews and analyses, experi-

ments will begin later. Similarly, all the topics listed above will

not be pursued concurrently, but it is planned that all of them will

be included in the course of the program.

The following senior investigators are responsible for the indi-

cated phases of the program and contributed to this quarterly report.

George R. Abrahamson - Explosive Processes

Lionel A. Dickinson - Thermal Processes

Vincent Salmon - Ultrasonic Processes

Elmer Robinson - Natural Processes

Charles I. LApple - Electrostatic Processes

Arthur G. Brown - Microencapbulation

Paul L. 11agill - Powder and Slurry Aero-
Metronics Associates, Inc. solization Characteristics

Theodore Kill - Oxidative and Pyrolytic

Processes

Robert C. Robbins - Hydrolytic and Condensation

Processes

Willis A. Rosser - Droplet Ignition Processes

Majorle V. Evans - Deflagration Processes

William C. Thwman - Coordin~ation of Assessment

Procedures

Over-all technical supervision and administrative support is pro-

vided by Ilia G. Poppoff and William C. Thuman

I I RESEARCH ACTIVITIES AI) PLANS

A. Explosive Processes

1. Plan of Investigation

The explosive dissemination problem has been divided into

the folloving problem areas:

(1) shock effects prior to breakup of the case

a. brittle case
b. ductile case
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(2) ejection of the agent from the case

a. flow of liquid agents through line orifices
b. solid agents

(3) expansion of the agent into a cloud

a. single particles
b. clouds of particles

(4) upper bounds on performance

(5) present performance

The objective of the first three problem areas is to determine

the important processes and parameters involved; the objective of the

last two is to place upper and lower bounds on performance.

The lower bound will be based on the efficiency obtainable with

present devices and thus will depend heavily on past work. In

seeking an upper bound, the approach will be to devise analytical

models which give a lower bound on the energy-absoaition mechanisms

of the explosive dispersal process. For example, four energy-

:absorbing mechanisms which must be contended with are: •1) the surface

energy of the droplets, (2) the breakup of the case, '3) the work re-

quired tD project the particles to their desired final poaition, and

(4) the energy absorbed in the blast wave.

2. Review of Past Work

The review of past work has consisted of a literature rexew,

attendance at the Fifth Coordination Seminar on Chemical znd Biological

Dissemination Research, and a visit to CRDL.

Reports by government contractors dealzng, with the subject have

been ordered from the Army Chemical Center, References ýo these

reports were obtained from bibliographies prepared by Wiliam Thuman

during his visit to the Army Chemical Center. An additional 86

reports of interest were found from Defense Docuimentation Center

bibliographies. Of these 86 reports. 18 were determined to be pertinent

by the examination of microfilm copies of the docurents at the DDC

Office -n Sunnyvale.
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The open literature has been searched by an examination of Chemi-

cal Abstracts, Physical Abstracts, Dissertation Abstracts, and The

Applied Mechanics Review. In addition, several bibliographies on the

subject have been examined, primarily one on the Explosive Dissemi-

nation of a Liquid (June 1963) prepared by William La!,

A large nu er of documents have been obtained and are currently

being evaluated.

3. Plans for Next Quarter

In the coming quarter four lines of investigation will be pursued:

(1) continuation of literature review, (2) shock effects prior to

breakup of the case, (3) upper bound with particle motion and the blast

wave as the energy-absorbing mechanisms, and (4" performance of present

system.

B. Thermal Processes

1. Pyrotechnlc Studies

few concepts of pyrotechnic formulation are being studied to im-

prove the survival chances of the agent in contact with the hot. cxi-

dizing flame formed by the oxidant and the fuel comprising the pyro-

technic. It is planned initially to study the effectiveness of the

procedures selected by burning mixtures in the "in vitro apparatus"

now being developed for kinetic studies.

The existing computer program for tnermoch•mical properties of

propellants is now in the course of modification to include the com-

bustion products of typical pyrotechnics.

2. Supersonic Injection Studies

The use of secondary injection to atomize liquids in a supersonic

gas stream has been studied using a rocket motor as the source of the

gas. The rangeof experimental parameters investigated is shown in

Table I. Formulations of propellants used for these tests are given

In Table I1. Most of the initial tests were concerned 'ith developing

the necessary. hardware and determining the capabilities of the wetbcd

for injection of either liquids or solids. Both were successfuily

4



Table I

TEST PARAMETERS FOR ATOMIZATION IN SUPERSONIC GAS STREAMS

Ch r IBurn Pt Fluid
Chauber Test Pr Time Propellant Injection Fluid
Pressure NO. Type Time Flow Rate, e I d

pSec wse biC lb/sec I,

(PBAN)

1000 1 ill 2.0 3.695 3.728 Water

2050 2 111 2.1 3.665 8.183 Water

1000 3 111 2.1 3.875 6.055 Water

1400 4 111 2.0 4.098 5.567 Water - 97%
Soap - 3%

1400 5 111 2.0 4.144 7.328 Water - 94%

Soap - 6%

1400 6 111 1.9 4.058 6.322 Water - 58%

Carbon - 42%

1400 7 111 2.3 4.188 8.903 Water/red dye

1150 8 111 3.0 1.853 3.72 Water

1600 9 103 3.6 2.556 6.111 Water - 70%

Sugar - 3G%

1050 10 175 1.01 4.525 5.713 Water

950 11 175 1.08 4.167 4.565 Water

1000 12 175 1.05 4.324 5.486 Water - 80%

Glycerine - 204

1200 13 175 0.90 5.000 8.689 Water

1100 14 175 0.95 4.674 7.189 Water - 801c
Glycerine - 201

1200 15 175 0.90 5.122 6.478 Water - 801

Glycerine 204

1300 16 175 0.92 5.674 6.033 Water - 80

Glycerine - 20*

1250 17 175 0.97 5.330 6.196 Water - 80-1

Glycerine 20*

1200 18 175 1.0 5.230 5.920 Water

1150 19 •175 2=1..0 5.240 6.200 Water 5
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Table 11

C~LLARUT YONIMATIONIS

PRAN Ili RAS 103 1EN 7

1moimPeclrt 78 90
MNA Tirplyer S 4i 120 20 20

Thermx Caro 2

Iran Ozde 2 0309

Burning Rate at 1000 pai, i/0. 0. 09

*Polybuitadiene-ocrylic acid-.crylocwi tri Xe PBAN

dispersed when the solids (carbon) were gelled !in a liquid. A suspension

Katling 42% carbon In a water gel was injected and atomized at a

solids rate of 2.65 lb/pec. Ilquids were stonl.zed at rates to 8.90 lb1 Sec.

Is Its prosent state of developesut the supersonic atomizer is a

self-cotined, portable device shown In rig. 1. Combustion gas is bled

fro, the S-inch-dianeter rocket motor chamber to pressurize the tank

containing the agent. The fluid flows into the ezit portioni of the

rAke nozzle where gas expasnao 1 ý. gives velocities in the range of

MW0 ft/sec. The gas temerature at the injection orifices is approxri-

mately 10000K.

In another investigation of the potential area of coverage of the

supersonic atomizer, the device was mounted to allaw rotation like a pirn-

wheel with the exhaust jet providing the necessary thrust. The expert-

imetal spin table ready for field testing is pictured in Fig. 2. The

aerosol dispersion produced (Fig. 3) covered an initiabi circular area71

(before wind drift) larger than 50 yards In diaiueter with an action time

of less than 3 seconds.

C. Ultrasonic Processes

The u.e of sonic energy for generating and, radifying aeros-ols and

dispersion of fine- particles is being studied, pa~rticularly the enerR:;;

6
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FIG. 2 EXPERIMENTAL ROCKET MOTOR SPIN DISSEMINATOR



FIG- 3 CL.OUD PRODUCED BY ROO(ET M070R SP*N 0HSSEM'NATOR



required and the particle parameters of the resulting cloud. The SoonIC

techniques to be considered are:

a. Use of high-pressure, high-frequency pulsations in an atom-

izing nozzle supply pressure to produce uniform particles

b. Sonic vaporization of liquids from a surface vibrating with

high acceleration, or from the focal retgion of a fccused

sonic radiator

C. Interaction of intense air-borne sound with a cloud of particles.

1. Literature Search

The literature search has been completed on:

a. Means of producing fog from a liquid by sonic vibration

b. Sonically aided dispersion of aerosols

c. Theoretical and experimental vork on mechanisas for fog,

production and methods of analysis and measurement.

A total of 685 unclassified references and abstracts has been com-

piled and is presently being reviewed. A number of pertinent papers

have been collected and are being studied to avoid duplication of effort

now and in the future. Little information is available or production of

particles by high-frequency pulsations of supply pressure to an atomizing

nozzle. The yield of usable cards on this topic was approximately 50

percent; 125 were provided by the DOC branch at Sunnyvale, CalaZorn-a.

The bulk of the reviewed literature deals with the mechanism o0 fog

and particle production as functions of frequency and .ntensi:v. A*-

though the purpose is to correlate the two parameters with part;cle sIze.

and In some cases with particle concentration, the properties c. fhe

liquid being atomized are seldox correlated with the sonic prc<Lc::cn of

vapor. Improvement and/or modification of tbe sy-sten :s ike-'sie se>-

considered, although the transducers used are usa`A.y 1neff:c:en-_ eor

the application. The transducer-envr-romment coup1-ng recanisr •eref<-.re

seem-s a natural Point cf depart.ure for research in fte rrc<•: ,i cf

fog. A list of pert,'nent arttcle._ t-a -. ay ex.. a .z 1.'

at',.ýre has e rteeeted, and Dar:i3 *..l--i fr-* x. Su-v'..



The foll-ving general conclusions may be drawn from tbe literature

search:

a. Research on fast evaporation methods for liquids into air and

dispersion of solids into clouds has been extensively done in

the USSR and allied countries. Approximately 80 to 85 percent

of the unclassified entries in sonically aided evaporation

and theoretical work on particles suspended in a sonic field

are Russian.

b. The same situation exists for the entries related to tech-

niques for evaluation of sonic fields in the measurement of

p&rticle cross sections, size, distribution, etc.

c. Approximately 10 percent of the entries provided by DDC are re-

lated to ultrasonic applications. This snall fraction suggests

that reports supplied to the WC are not up to date in the

field of ultrasonic interaction with aerosols and ultrasonically

aided diffusion of liquids into a gas.

2. Experimental Work

Three experimental sonic vaporization generators using a concen-

trator 'Mborn") attached to the transducer have been constructed in the

SRI shops. The commercially available generators are low-frequency

devices'up to 45 Kcps' such as those used in sonic drilling and do not

appear able to produce small particle fog • < AI particle size,. Fre-

quencies in the 100 to 1000 Kcps range are needed. The cost involved in

manufacturing experimental sonl . concentrators outside the insttute :s

quite high and does not appear justified at this tine. A tchnique for

machining the concentrators shap•e which vili, produce optir'u; ccncen-

tration has been developed, and uses a standard lathe and a -,tating

tood bit arx. The sc.nic ccn-entratcrs th:s pro!uc:td .zil be b<7de<- "c

barxim titanate transducers properly backed by a second ncetailic =ass.

Size and shape of the concentrator are deter-i:ned by the frequencv and

degree of amp.'f-ca : F- c7e-d . a" resin :s.re is n:- a de a hr -herv

She ac:: cc f ýc:: c4:, -_- ral* c r Os0:MZn a::cn -,1O :h.s be ac-

cc,.rVl~ h-~ed .•npi ra'.. bv c:== -:ve cha:zc- .7. size anc -hapl Of the



backina-transducer-concentrator system. For accelerating the optimiza-

tion process, the use of analogrm has been tried -- with generally poor

results. Bere, a pool of Ng was set to replace the backing of a trans-

ducer-concentrator system. Proper backing thickness was achieved by

adding or extracting 9g. It was possible with this method to optimize

thickness, but the final vibrational amplitude of the concentrator was

but a fraction of that obtained with a backless transducer-concentrator

thickoess. Solid backing was also tried and similar results were

obtained.

A rawlw of those results and the theories used to explain vibration-

al pemnomena in these concentrators discloses two points of interest that

will be studied in future work.

a. The theory for the vibrational system under development i.e.,

that of driver system and vibration concentrator) is an ex-

tension into high frequencies (60 Kcps and up) of the theory

that describes low-frequency systems (45 Kcps and lower'. The

theory for low-frequency systems has received much attention

because of t use of LF systems in sonic drilling, soldering.

wolding, etc. At frequencies higher than about 60 Kcps it is

extremely difficult to cause "piston-like" vibration ýi.e..

that in which the transducer surface moves uni formly up and

down and where all the points on the active surface exhibit

the same in-phase displacement). The phenomena have been

discussed in detail in the literature. The limitations posed

by this action are to be investigated.

b. In view of the previous discussion, an alternative design

approach must be developed. For this, a more complete knowledge

of the behavior of solid high-frequency vibrating systeas rust

be evolved. IkMch of this has been done to date at SRI, but d:-

finitive experiments are still necessary :e.g., a co=plete

mapping of the surface vibration of a transdu-cer-bh'rn syt--e:

study of the Pc :characteristic 1'.pedance; ratch:.z betr.uf-

transducer and born, optiization of the georetr¢cai and in-

trinsic parameters, etc.,.

12



A suitable probe is being constructed for rapping a vibrating

transducer-born system. This probe must be sensitive to both the magni-

tude and direction of the vibration. Construction of the probe is well

under way. Construction of two 60 Kcps horns (concentrators) has been

completed; these are presently under test. A set of holes. 4 to 25 all

in diameter, has been drilled in the high-amplitude region of one of the

horns. Water is injected into the lower end of the holes and, when the

system is vibrating in resonance, a spray of water droplets is generated.

These two transducer-horn systems will be analyzed with the vibration

pickup (now under construction) and a vector map of the vibration will be

drawn.

The optical system which will be used to record and evaluate test

results is being constructed. A concrete table (for rigidity) has been

completed and the components of the system are being assembled on it.

Electronic apparatus for producing short pulses of light at known tines

is in the design and experimental construction stage.

D. Natural Processes

Two topics have been pursued during this period -- wind-blown dust

dispersion processes and dissemination processes for certain pollen and

spores. The analysis of wind-blown dust mechanisus has been carried out

through a study of the literature. The studies of the cnaracteristics

of pollen and spores has included both a literature review and some

exploratory laboratory experiments.

1. Tind-biown Dust Mechanisms

The characteristics of wind-blown dust dispersions have been de-

scribed by Bagnold in his book' in 1941 and expanded u.on in later

papers. 2  The investigations of Bagnold seem to be able to account for

the characteristics of dust clouds on the basis of the particle size

distribution and aind conditions.

1Rag7;o(.1R. A.. The Phvs•,csof Býosn Sand and xe.crt Dunes. Methen.
Ii-nirn. :9U•

'Ra4:ý, Z R. A. , The :e-en' -rainn n'- of s t.Ie.d duSt, 17,t. IT Alr P i.1 . 2.
3577 -e? 19
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The extensive "dust bowl" type clouds are due to the presence of

both large (diameter > 80p) and small (diameter < 50L.) grains in the

surface soil. The small grains are dislodged by the action of wind-

driven large grains. Once they are dislodged the turbulent wind will

keep them in suspension, and they can be carried for long distances and

to high altitudes. If the surface dust is composed only of small

particles, Do air-borne suspension is expected even with strong winds

because impacts of large particles are needed to drive the small particles

through the stagnant protective air layer at the surface. If the surface

dust is composed only of large grains, wind will cause them to move by

saltation as a low cloud. The top of the cloud is no higher than would

be expected from the bouncing movements of the grains and seldom is

observed to exceed shoulder height. 2

Bagnold's explanations for the characteristics of dust clouds have

been generally substantiated ?.- Cbepil 3 , who also carried out field

experiments and wind tunnel tests of dust movement. At the present

time there does not seem to be any reason to plan an experimental program

to study wind-blown dust.

2. Pollen and Spore Characteristics

The study of dissemination characteristics of pollen and spores

has been concerned with whether some natural materials such as lvco-

podium or puffball spores are especially easy to disperse as an aerosol

of unagglomerated particles. The literature references studied so far

have not 'been concerned with this aspect of pollen and spore dissemi-

nation. One study of puffball dissemination has sbown that large

numbers of spores can be expelled by the impact of a rain drop on the

outside of the puffball.4 No Information was given, however, on whether

the spores were expelled as single particles or as agglomerates.

Preliminary experiments with lycopodium and with glass beads indi-

cate that agglomerates are formed by the lycopodium but not by the glass

beads. The number of agglomerates formed by the iycopodium spores could

be reduced by increasing the amount of energy used to disseminate a

given veight of material.

3Chepil. W. S. Dna-,:;-' s . a:nd cr1cs : NZ•'a.Z-C Cf 7oZ,1 e7r:- of Sel'
by rind So. , I': S*re 60. 305-320 19-,5
'LA i. V. , a-n H, L. E.arnett. vh'sicioýy f :he F ,{ ,--?"



3. Plans for Next Quarter

The research program in the coming quarter will mostly be con-

cerned with further experiments with puffball dissemination processes.

Plans are presently being made to obtain some growing puffballs

for sore careful study. Experiments carried out so far with dried

samples show that puffball spores are usually found with a nunber of

spores connected to a single fiber, and then the fibers are matted

together to form flocculated particles. The spores are held quite

strongly to the fibers and no successful method of separation has been

found so far.

E. Electrostatic Processes

During the quarter the literature search has been essentially

completed. This search has yielded some 600 to 700 references that

are believed to be directly pertinent. At first, some 300 to 400

references had been obtained from Chemical Abstracts, Battelle Review,

STAR, and private files. During the past month, it was found that

Physical Abstracts contained many references that were missed by

Chemical Abstracts. This is the source of the additional references.

It is expected that some 30 references to reports on government projects

will be obtained. Some of these are in hand; others will be procured

as soon as possible.

Since it will be impossible to critically analyze all the refer-

ences found within the allotted funds, it is proposed to pick out those

most relevant for this purpose 'say 100). Additional references will

be reviewed only as subsequent evaluations might dictate. Analytical

effort in this direction has started.

F. Xicroencapsulation

During this in.itlal quarter of the project the atz:vities of tne

=icroencapsulation group have been concerned priz-axtly 'th orientat:on

zcuar-dt, t:-.e 7aterials and needs of CRDL to prov:d,_ b-*cr-nd for a

15



the production cd a wide range of encapsulated materials for use in the

studies have also been initiated.

In addition, of continuing interest is a critical review of all

known encapsulation methods. their state-of-the-art capabilities and

limitations, and their potential for further development. A bibli-

ography is being accumulated as a basis for a later comprehensive re-

port. It appears pertinent to provide a brief summary at this time of

the various microencapsulation methods with which we will be mostly

concerned.

1. Encapsulation Methods

The following methods are those with which we have bad the most

experience from previous studies. Discussion of them is not neant to

be a cormprehensive smary of the literature in this field. In general,

Smethods employ systems in which the wall-forming liquid phase is

in thermodynamic equilibrium with the liquid dispersion medium so that

ample time is available for optimum wall development in contrast to

dynamic encapsulation methods in which perfection of the wall may or

my not be complete. These methods are mostly covered by patents of

Th7e National Cash Register Company. Four generic methods with a large

number of possible variations in technique are involved.

a. Gelatin Method

This method involves formation of a coacervate liquid, con-

centrated in polymer, by interaction of high isoelectric point gelatin

with a negative colloid(s) or by salting-out or by lvotrvpic agents.

The coacervate spreads around the dispersed phase particles 'or droplets i

or a dispersion of finely divided solids in liquid droplets to ac-

complish encapsulation. The "gelatin" film or all so formed is then

hardened and the capsules isolated and dried by anv one of several pro-

cedures.

Almost any liquid or solid having a solubility in water of

0.11 or less can be encapsulated by this process or by one of its many.-

modifications. Permeability of the capsule wall can be varied videly.

depending somewhat on the internal phase, and raaL be as !,ýw as a few

16



percent per year. Typical "internal phases' might be hydrocarbr;ns,

fats and oils, plasticizers, complex organic sulfides, and a wide range

of water-insoluble solids. Polar liquids, if reasonably insoluble in

water can often be encapsulated by this method, but wall permeability

will often be high, and tbe internal phase only poorly retained. Post-

treatments for improving retention are often possible, bogever.

A variety of terms are used to describe modifications in pro-

cedures. The coacervation region may be entered by change in pH or in

tempermture, or by dilution. There may be advantages in passing through

the liquid coacervate region quickly ("quizk-drop"' or slowly 'slow

cool). A single negative colloid may be employed '"2-say"' or several

negative colloids may be used together or in sequence "3-wavy" "3-1 2

vay; etc.). Other hydrophilic colloids than gelatin may also tbe used,

andtbU polymer may be preformed or polymerized in situ. Interfacial

polymerization may be employed to mrdify wall properties or to assist

in encapsulating reactive internal phases, and other methods for modi-

fying wall properties also exist, including possibilities for producing

"leaky" or -controlled release" capsules.

Capsule sizes can be varied from a few microns to several

millimeters and the percent internal phase from perhaps 20 to 95{. Each

new internal phase may require some modification of basic techniques.

especially in the extremes of capsule size, wall thickness and perne-

ability, and internal phase solubility, viscos-ity, density and Inter-

facial tension.

b. Exchange Nethods.

In this approach gelatin n:crc'capsuies containing toijene or

si-i:.ar internal phase arc prc-d.:ced fir,;, Th7ese cap!-ules_ are .he,

treated with successive batches of the !,quid des-r'd as internal phase.

Under the right conditions of capsule forna:.cr 3fld subse-quenl :rcatment

exchange can occur in a fe's hours or less. 7•, en: can e' e b very

gK-od Vith suitable post-trea:.-Wnt. Th.-pical -qu-:ds v-,n-,!apsjlatc-ý in th- s

va\ nc-lud% d*-oxa-e, ethy! acoh,.- . r ( .c.r ,- 7c-O. "h -
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c. Phase Separation

In this group of methods organic solvent media are used to

produce capsule walls from solvent-3oluble synthetic or natural • crs.

As in the aqueous gelatin methods the encapsulation depends on formation

of a second, polymer-rich, phase which will spread around and enclose

each particle of the dispersed material which it is desired to encap-

sulate. Phase separation is based on addition of a second polymer

solution to a solution of the polymer which is to be used as wall

material. If solvents and solubility parameters of the polymers have

bess chosen correctly and proper procedures based on a knowledge of

the phase diagrams for the system have been used, a concentrated scluton

of the polymer of interest will "phase out" and can be used for encap-

sulation - much as in the gelatin method. Hardening of capsule walls

and isolation of capsules depend very much on details of the phase

diagram and proper choice of solvents. Cbvnical crosslinking ma-i also

be possible.

The method is especially useful with water-soluble solids.

which must of course be insoluble in the organic solvents employed.

Wall materials can be varied widely and include ethyl cellulose,

cellulose nitrate, polyvinyl chloride, polyvinylidene chlorine. Kel-F

type polymers, and many others.

These methods are particularly useful for controlled or

sustained release of pharmaceutically active materials but verv- snall

capsule sizes are more difficult to achieve than with gelatin methods.

d. Polymer Dispersion Method

In this method a liquid mediun is enployed in whicb b•,th ihe

wall material and the material to be encapsulated are insoluble, Encap-

sulation liquid is formed by raising the temperature, and encapsulat:on

follows, the usual pattern. Hardening is ,astly a matter of decreasing

the tenperature. umerous variat*ons of this procedure allou fc.-it'ion

of a wide variety of prodLct5 including sater-.club2.- d and r-:-.

mAter.als in fatty or -axy- valls or in valls of many ther-cp.s c ;'i'ne:

cc'nzpK!i ions.

The method is particularly useful for sclzd inter!-?.i p!a• o

:nter--ediat e zpsuie s7ze. a.- for ther-r-a re ea!; at ra'her 5harp 'e pvr _res.



2. Experimental Program

The planned experimental studies in approximate order of priority

h.avam been developed as follows.

a. Encapsulation of Liquids and Solids for Pyrotechnic

Dissemination

Initial emphasis is on preparation of 100-300,- capsules of

inactive liquids and solids covering a wide range of vapor pressures.

viscosities, flashing characteristics, and other physical properties.

Subsequent studies will be concerned with encapsulation of < 10, CS in

high density slurry form. Capsules will be provided for studies at

CRDL as well as for special pyrotechnic studies to be carried out at

SRI. Capsule variables to be studied will include effects of encap-

sulation method and finishing. wall thickness, and capsule size.

Possible ablative roles of the capsule wall will be examined.

b. Sustained Release

Encapsulation should provide possiblities for maintailning

active concentrations over an area for predetermined periods of time.

Data will be accumulated on release rates for a range of internal phase

characteristics for selected encapA.ulat-on parameters.

c. Porous Coatings

Coatings which would assure release of liquid agents on

cutaneous contact would be desirable, as would porous coatings for

controlled time release of volatile agents. Both represent types of

"leaky- capsules. To this end, previous studies which indicated

possibilities for high permeability walls •conceivably temporarily

sealed by secondary thermal release wallsý will be explored.

d. Tall. Katerials Providing Pyrotechnic Fuel

Wall materials providing the malor source of fuel for pyro-

technic dssenination -- either in comb'na:ton aitlh added oxidizer or

vithout requirements for 3dded oxidizer -- should provide pwssibilities

for high actlve content co=nositions. Thio-trganic polymers might be

s pe,• -1 i:n-t: re-tn. for :hf firsF. t"pc., t r•ceCli.C1se compo szt ons

for the sectcnc. Both types xill be studied in dcta'l:
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e. Protection for Pbotosensitir- Agents

Protein agents and possibly other materials which are pboto-

sensitive should be protectable by encapsulation in wall materials

Including blocking or other protective agents- Fps..ation of pro-

•~ii wiii be, studied using egg albumen as typical internal phase and

with efforts directed towards achieving capsules less than 10L. in diameter.

f. Rupture Capsules

Retentive capsules which would release their contents by foot

pressure on area penetration would have special advantages and will be

explored initially using high detectability inactive materials.

g. Other Approaches

Other special uses of microencapsulated agents will be studied

as required by other parts of the total program.

Preparation of encapsulated materials has been started. lb

date, these include samples of dioctyl phthalate in the 100.. and < 10L.

range. The latter were somewhat aggregated and experiments to decrease

this agregation are under way.

3. Future Work

Major emphasis for the imediate future will be on encapsulation of a

wide range of liquids and solids in the 100-300u range.

G. Powder and Slurry Aeroselization Characteristics

This phase of the program is being carried out by .Metrunics

Associates, Inc., under a subcontract which was initiated June 1, 1964.

1. Program Plan

Initial studies under this investigation are directed toward dry

powder aerosolization. For the following reasons experimental work is

being conducted initially with selected lots of zinc-cadnium sulfide

fluorescent pigent* referred to as FP.

9&nufactured by U.S. Radium Corporation in accordance with spe~cifications
provided by Metronics Associates. Inc, Manufacturer's Code Num'er is
USRC 2267.

20



a. The FP has been used extensively for atmospheric diffusion

studies during the last 15 years based on techniques developed here at

Metronics. These techniques include empirical methods for aerosolizing

tbe dry pigment under controlled conditions, aerosol sampling procedures,

and specialized assessment methods. Among the latter, an empirical

laboratory procedure has been established to measure quantitatively the

number of particles serosolized by the standard blower type generator per

gram of bulk powder introduced into the generator. These aerosol

generator performance tests (AGPT) provide a large body of data which

can benefit the current investigation.

b. The FP material is composed of primary particles in the

size range of interest viz. 0.5 to 8". lots can be selected having

size distributions which peak below or above 2 u. In all lots the primary

particles appear as agglomerates in the bulk powder. Most agglomerates

are loosely held; some may be more tightly held by partial sintering and

can be identified at high magnification jSOOX).

c. Flow properties of the bu1,k FP material are changed

markedly with certain dry additives. Estersil (du Pontl is by far the

most effective: however, the exact mechanism by which it acts is not

known. Vith the standard aerosol generator, treated and untreated FP

show the same degree of aerosolization, but it is suspected that, with

less energy input, differences may be apparent with the treated material

showing better aerosoiization.

d. The FP material is available in several colors of which

four are sufficiently distinctive so that in a mixture each may be

separately identified by its characteristic fluorescence when irradiated

by VV. Thus membrane filter sanples containing a mixture of these four

kinds of particles can be assessed microscopically to deteruine the

nunber present for each color. Accordingly, prepared bulk mixtures of

the colored FP can be --,ed to determine the effectivness of aerosolization

pr-xcedures by determir:,%g the extent to which particles of different

colors are separated.

One of the ov'-t-al: objectlive- of the dry pvoder ierosolization

pr%,g:a= is 'Q de'er-:•-ini ,ht energy required for aerosolization and how the
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energy my be minimized by dry powder pretreatment. As a first step,

it is desirable to establish as reliably as possible the number of

primar particles per gram in the bulk powder which may then be used

as anIndex of the degree of aerosolization achieved under given con-

ditions. In the past the particles per gram (ppg) have been determined

primarily from AGIT analysis 'Item a. above). Although results are

reproducible there is a possibility that some grinding, i.e., breakup

of primary particles, may be taking place in the high speed blower.

Therefore an independent method for determining ppg would be desirable

particularly one which has an energy input below that required for

fracturing primary particles. Use of liquid suspensions appears to be

the most promising and has received first attention.

Apart from the determination of ppg• use of liquid suspension has

other advantages in the current program. For example, sedimentation

techniques using the Cenco Photolometer or the XSA centrifugation based

on Whitby's method provide relatively rapid means for measuring particle

size distributions without tedious microscopic sizing. However, all of

these methods depend on achieving complete dispersion of the powder in

a liquid medium. Therefore, if appropriate methods can be developed

for obtaining suspension suitable for ppg determination these methods

can also be applied to particle size distribution measurements by an

appropriate sedimentation procedure.

2. Research Activities

Two lots of FP 2267 have been used in exploratory tests to deter-

mine particles rwor gram in liquid suspensions. The suspensions were

prepared with various dispersal methods using 20 mg of the FP powder in

100 cc of water containing one of three wetting agents. Five cc of the

primary suspensions was transferred to 300 cc of water with wetting

agent and 5 cc of this secondary suspension was filtered through a

0.45; Nillipore filter. In some cases two or more filter samples were

prepared from the same secondary suspension. Filters were counted at

100X or 2001 in accordance wi,•b established standard prc-edures. From

the filter count and dilutions used, the number of particles per gran
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could be determined for comparison with the number per gram previously

measured in the A(PT analysis.

Tb obtain a more rapid assessment of the suspensions and par-

ticularly to determine changes associated with the various wetting

agents and dispersion methods, an alternative analytical procedure was

used. 7he primary suspension was placed in a colorimeter tube and

exposed to UV light. A small photocell connected to a recording milli-

aeter measured the fluorescent intensity of the suspended particles

at a fixed distance (3 ca) below the liquid surface. Suitable pre-

cautions were taken to minimize the effect of UV and stray light on the

pbotocell so that the recorded light intensity-time curves reflected

the sedimentation process. Uranine dye solutions were used to check

light intensity and fluorometer stability. No attempt has been made as

yet to calibrate the fluorometer absolutely since relative values in

the slope of the intensity-time curve are sufficient to show changes in

the degree of dispersion. For example, the difference between one and

three minutes of hand shaking is readily apparent from the curve shape.

Suspensions were prepared irith a range of initial dispersion

energy including magnetic stirring, ultrasenic ý20 and 40 kc), Waring

Blender and vigorous action with a syringe. Wetting and dispersing

agents include Calgonite, Pbotoflo, and Narasperse N. Results of six

dispersion tests are summarized in Table II.

Agitation with the magnetic stirrer does not provide sufficient

energy to break up the aggregates. Substantial improvement was obtained

with syringe dispersal as shown in Test No. 6. Good agreement is shown

between liquid dispersion and previously measured aerosol dispersion

and also between the three separate filter samples run in this test.

In Test No. 7 the powder was first wet with aniline then dispersed in

alcohol. Dispersion was less complete than in Test No. 6 according to

the filter counts and also as indicated by the fluorometer curves.

The need for relatively vigorous initial agitation is evident and

further tests will be run using a hand homogenizer "n place of the

syringe. A larger and more reproducible energy input can- be achieved

with the homogenizer. Particle size distributions uill be rade on selected

filter samples obtained from the liquid d:spersions and aerosol generator.
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H. Oxidative and Pyrolytic Processes

Degradation of CS and BZ agents during pyrotechnic dissemination

Is tbought to be caused by thermal and/or oxidative reactions of the

agegt in the thermal layer. Since potential and actual agents have a

diversity of chemical structure, and new pyrotechnic devices with

differing tbermal and/or oxidative characteristics will probably be

developed, the only reasonable way of determining the potential degree

of degradation for a given agent will be to provide rather specific

data concerning thermal and oxidative rates of reaction over a range

of temperatures and concentrations. For a given agent these data

should permit a reasonable estimate of the yield of a pyrotechnic

device, provided time-temperature data are known for the thermal layer.

It is planned, initially, to measure the thermal degradation

rate of the present pyrotechnic agent, CS, in a static or flow system.

Cncurrent with this, estimates will be made of the time-temperature

profile of the pyrotechnic system. Coupling of these data should

indicate Vhat contribution, if any, thermal degradation makes to the

over-all reduction in yield. Oxidative degradation of CS will then

be measured over an experimentally feasible range to determine the

contribution of oxidation to the degradation process. These results

should provide Insight on the pyrotechnic degradation process and

serve as a guide for estimating degradation of new agents. Experimental

procedures are now being developed to measure both oxidative and thermal

stability of CS over a range of temperature high enough to overlap the

calculated temperature of the thermal layer. These kinds of data

should tell us if the assumptions regarding degradation mechanisms are

at least qualitatively correct or if some other kind of degradation

mechanism is important, e.g. attack by Cl or CIO radicals.

I. Hydrolytic Processes

1. Research Activities

The short-time (millisecond scale) high temperature loss reactions

in the dissemination of CW agents can cause serious losses, depending

upon agent properties and dissemination conditions. Agent degradation
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can occur primarily through oxidation and pyrolysis, or even bv hy-

drolysis.

The possibility of significant agent loss due to hydrolysis in

the atmosphere, at ambient temperature, was considered and an assess-

merit is being made. Although as yet we do not have the necessary data

to present precise reaction rate information, we have enough liquid

hydrolysis data to calculate the order of magnitude of atmospheric

hydrolysis of dispersed VX liquid. In this type of system gas-phase

diffusion'is rapid compared to diffusion in the droplets and a steady

state is quickly attained in which water vapor concentration will

remain constant. The rate of disappearance of agent is then - = kS
dt

where S is the total surface area of the aerosol, i.e., the reaction

is psuedo-first order with respect to the droplet surface.

S (area of sphere) = 4-,r2 = 3 x Volume of Sphere
r

or S 3 A
r

dA 3A

dt r

The work of Callahan and Scotts indicates that the uncatalyzed

liquid phase hydrolysis of VX at pH 7 and 25 0 C proceeds at a rate of

approximately 10-12 moles cm- 3 sec-'. In a typical aerosol the cn-

centration of agent A would be - 10-7 moles cM- 3 ; with a radius of one

micron and an excess of water vapor ( > 10`5 moles/cm) we may calculate

a very approximate rate constant:

dA 3A -12 3 x 10-7

dt-=k-- 10- = --I- k 1- 1/3 x 10-9 c= sec-
dt r 10

The calculated half-life based on this special rate constant, with

droplets of one-micron radius, is - 2 x 10 sec or about two days.

This is such a long period of time that it must be concluded that am-

blent temperature hydrolysis of VX can cause only trivial loss of agent

in a practical period.

sCallahan. J. J. and R. V. Scott. Hydrolysis of V• and VX in Dilute
Aqueous Solutions 'U'. CWLR 2356. January 1960 'SECRET
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2. Plans

The assessment of possible hydrolytic losses in the dissemination

of agents other than VI will continue.

J. Droplet Ignition Processes

An apparatus has been assembled with which to study the ignition of

ml combustib]e droplets suddenly exposed to a hot oxidizing atmosphere.

The essential elements include a Nibrating reed atomizer,$ an elec-

trically heated furnace, and a means of measuring droplet size. The

atomizer produces a stream of uniformly sized drops which fall through

an aperture into the vertical core of the furnace filled with hot

oxidizing gas of chosen composition and temperature. A droplet of

combustible liquid as it falls through the furnace will evaporate and

may ignite if conditions are favorable. The important variables that

can be studied include the temperature of the oxidizing atmosphere,

the chemical and physical properties of the droplet, the initial size of

the droplet, and the size of the droplet at the time of ignition.

A seniquantitative mathematical model describing the ignition of a

drop has been derived as a guide for experimental study. The essential

features of the model are based on these observations:

a. Freely falling drops suddenly exposed to a hot oxidizing

atmospbere do not ignite if the initial drop size is less than a certain

value which depends on the temperature and composition of the oxidizing

gas.T

b. Burning drops are enclosed by a contact surface which is

defined by the streamline that separate the oxidizer gases from the

combustion products emerging from the droplet flame. Mass transport

across the contact surface may occur by diffusion but not by convection.

If evaporation is sufficiently rapid, a colutact surface will exist in

the absence of a flame.

"Rayner, A. C. and H. Hurtig, Apparatus for producing drops of uniform
size, Science, 120, 672 (1954)
Nood, B. J., V. A. Rosser, Jr., and H. Wise, "A Study of Ignition and

Combustion of Fuel Droplets," American Petroleum Institute Publication
1722, August 1963.
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Mathematical treatment of simpler, but similar, cr tical

combustion phenomena' suggests that the shape and size of the region

between the contact surface and the evaporatirig drop is an important

feature affecting droplet ignition. Our treatmaent of d.-oplet ignition

is based on that premise.

A survey and evaluation of published material related to droplet

ignition and combustion is also in progress.

K. Deflagration Processes

A literature search for material relating to the initiation and

propagation of deflagration waves in aerosol clouds is under way.

Initial experimental plans are now in progress. Background in-

formation concerned with combustion of phosphate esters is being ob-

tained to provide a basis for selection of a series of alkyl phosphate

esters having similar or predictable relative reactivities and a broad

range of physical properties. It is planned that the behaviors of this

series of compounds will be examined in aerosol clouds with a variety

of deflagration initiation techniques. A simultaneous study of the

same compounds in droplet form (as described in J above) will provide

valuable information regarding the relative roles of single droplet

ignition and cloud deflagration processes in "flashing" phenomena. The

role of combustion product gases will also be considered.

L. Condensation Processes

1. Research Activities

An investigation has been initiated of agent nucleation efficiency

of condensation nuclei from the combustion of pyrotechnic mixes. Current-

ly, measurements are being made of the numbers of particles formed from

agert simulant vapor when it is mixed with the combustion products of a

potassium perchlorate pyrotechnic mix.

OFrank-Kamenetskii. D. A., Diffusion and Heat Exchange in Chemical

Kinetics. trans. by N, Thon, Princeton Univ. Press, Princeton, Ne Jersey

ý1955)
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fenzoic acid is the only agent simulant which has been used to

date, but the results of the preliminary experiments indicate that the

technique has great potential.

2. Plans

The investigation will be enlarged to include a study of several

almulants over a range! of vapor pressures. Other simulants under con-

sideration are p-dichlorbenzene, napthalene, and citric acid. The

agent CS will be used in the near future and an investigation of BZ is

planned.

Pyrotechnic mixes, representing several types will be compared

concerning their nucleation efficiencies. These types are:

1. Mixes containing MC1O 4 and/or VCI0 3 which are presumed

to supply EC1 nuclei*

2. Nixes containing aluminum which will provide AI0 3

nuclei

3. Mixes producing only carbon nuclei (example: aincnium
picrate monopropellant)

4. Nixes theoretically producing only acid nuclei
(example: (1) part amonium picrate, (2) parts ammonium
perchlorate).

Depear of A spheric Sciences

Approved :
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ChrlesC J.COoDrcr
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*Ions are undoubtedly produced in all cases but are not considerotd
important condensation nuclei when compared with the other nucle:
produced in these combustion processes.
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