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" Kbstract .
-~ This report covers the major areas of uactivity during the t'irst three

- months of & program of research on dissemination of solid and liquid W
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agents. The objective tovard 4hich the research’is dirested {s the develop-
ment af wsapon systams for the dissemination of these agents as a line
source fram high spaad low-flying aircraft.

. N The problens of feeding and handling of finelysdivided ol {&. agents
s r_,*-.:\w“

b ‘ oxs.discussad along with applicatfons of feeding devicedi subh aR uorew feed-
f’ ers, piston feedsrs a‘{d pneumatic feeders.
v L ot

\u.?_vr 20 e
Progress/in prepaiijng for wind tunnel experiments on diasemination and
an b -

deaggloamration te-duverived-ani-ihe—sonstdwrations in Lhe design of a spe-

cial test section for thede experiments,sre—éipowstedw—i-doseTiprrom—ef an
woa y was ke *

isokinetic sampling probe !‘W
A

e

| et

 Progreas on a study of the characteristics of finely divided muterlals

—

»——d

15 pregented. Thia work includés liternture farch, theorevical analyse-

and axpnrimeritr:,

(_..- wirte s
1 design study whiteh—tme~bwerwr [nitinted on an external alreraft sture
for liquid agant disseminat}on,w xmilmlnmy fand s G o
oparationnl analysis Lo determine optimum design flow ratea tor everul )
]

v e/
agahts are pregented and a gunmary givern «f studies reiatipg to specaitle

aircraft store design problems. &
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THTRODUCTION"

This Firyst Quarterly Report presents progress on Contract No.
DA-J.B-@-M;Q?M vhich covers a seven-mcrth initial phase of a program of
research on the disseaination of solid and liquid I4 agents. Genoral Mille
Iuc. is the prm -aontractor for tha program and North American Aviation Inc.
is partioipating as a sudcontractor, in the fleld of liquid agent disdemina-
tion.

The ultimate objective tovard which this reseatrch is directed is to
provida weapon systems for dissemination of Loth solid and liquid BW agents
as o line source from high speed low-flying manned and wmenned aircraft.
These veapon systems will employ external disseminating atores, dés!.sned to
be campatidble with a variety of aireraft types, having speed capabilities
ahave 0.70 Mach Number at low altitude.

Prior to the current program, the field ot‘ 2011d agent dissemination
had recaived lesg technical effort than that cf liguid ugent disseminution
and vas therefore in a considerably less advanced state. For this reason,
the types of inveatigations which are currently being comducted in the two
fields are samewhat differont.

Relative to solid agent dissemination, the major problem areas curieniiy
veing studied are feeding and handling of the agent, characterjzatfion of
finely divided solid materislo, und deagglomurution into the required por
ticle size range. The structural and aeradynamic problems sssociated wirh

ths application of external stores are also involved in all areus of the

study.
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In the field of 1iquid agent dissemination, a design study has been

Cy——ee

initiated to provide criteria for design of a research prot\otypo disassminator

store, This study i{ncludes an opsxational analysis to develop floy rate re-
1

' quirements, &g well ss work on more dstailed prodblems of externsl store

. design.
Discussions of the studies performed during this first quarter are

presented in the following sections of the report.
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- II, TPEEDING AND HANDLING OF FINBLY DIVIDED DRY MATERIALS

-

The function of the feeding system in the aircraft external store under

R T
i

0 consideration 13 to deliver the dry agent material from thes siorage section

of the unit to the dssgglomerating seotion at & uniform and adequate flow

f e ey

! : rate. The flov rates currently undsr consideration rangs up to 30 pounds
por minute. It mupt perfom this function safely, reliably and without ex-
i ¥ _ cessive pover conswption. The feeding system muat deliver the agent in a
‘ condition vhich 18 compatibla vith the charscteristica of the deagglomerat-
ing section. In the handling of the agent i{n the feedlng system, losses in
1. viability muast be minimized.

It is also desirable that the feeding systex be as nearly universal as
]» pounl:lo wvith regard to tle range of aaint properties vhich are acceptable
l? in its opsration. This is drought about by the fact that several t‘act:oro

vill influsnce the final selection of an agent for a given mission.

A, Cecmetrical Considerations . ]

I Because of the saveral limitatilono on the configuration of external
stores of this type brought about by aserodynamic considerations as well as
the aircraft dimensions, the shaps of the storage voluma from which the

R feeding system will drav the sgent is quita well estcblished. This storage
- volume can be assumed ¢0 be & horizonf:nl, elongated .volune, which could be

& circular cylinder or an axially symmetric body of revolution with variable

§——

radius. The two geuersl possibilities are sketched in Figures 1 and 2.
These shapes each offer certain advantages and disadvantages, so that a

clear cut choics 18 not indicated without consideration of all aspacts of
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FIGURE 1
SKETCH ILLUSTRATING CYLIRDRICAL STORAGE VOLIME
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FIGURE 2
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AXTALLY SYMMETRICAL S0DY OF REVOLITIOR
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of simplified wenufscture and camputibility with feeding systems which require
constant diameter, such aa pistons or rotating helical configurations. The
storags volume shupe of Flgure 2 could provide somewhal greater storage val -
um for equal dreg (or reduced drag for equal volume) dut has the disadvan-
tages of more complicated menufacturing and more nstri;tions on the
charactearistics of the feeding aysten.

The storage sections of a pcssible family of dry agent disseminating
stores vhich {8 currently envisioned vill be capable of containing large puy-
loads. Although the effact of the aspect rutig, £/4, and agent bulk density
on the required dimensions are obvicus, Figure 3 i& presented to conven.iently
swmarize the rangs of dimensions which is anticipated. It will be seen |
that many of the cages of interest require storange section diametars between
1.5 and 2.0 feet.

Ths goometrical considerationsg discugued above focus attentlon on the
fact that the guccesaful feeding system will be required to trnnclate iarge
masses of material over horizontal diutaunces of several feet. lu saverwl of
tha potential solutions considered, the feeding mechaniams will have dimen-
sions comparable to thoce shown in Figure 3. Careful comsideration must
therefore be given to such problems as strucltural weighi, potential fubrtirs-

tion problems, rigidity, dimenesional control and relinbility.

B, Power and Energy Considerutions . . .

The results of preliminary ctudies of the pwwer und energy requirementu
for several feeding concepts, including pneumatic, mechanical serew feediny
systems and piston arrangement:., indicate that many of the pc'-cet.ml dolut o

will have ruagonable power requirements when conuidered in lipht of the, powec
L ]

available from roam-air turbine generators.
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- ;pacted slug Qf material horizontally. The basic power requiremsnt i simply:

Power = PxAx U (1)
where P is the presswe required to translate the pistonm,
A is the piston area and
U 13 the velocity of translation
Using & typical dimension from Flgure 3, with a plstun diamgter of 1.9 teat
and & velocity of 0.7 feet per minute, Equation (1) indicatles the expenditure
of 1.0 KW of povwer would (neglecting ionses) produce & pressuie of approxi-
mately 250 psi. This presasure is believed to be much higher than would be
applicable in s system of this type, indicating that the powsr consumption
of this type of feseding nyutu-n will ba below one kilowatt. Calculations
relative to screw fodeu and pneumatic systems yield aven lower power levela.
Ram air turbines are capable of providing several kiluwatt: of npower,
and are therefore congsidered to be an adequate source of power. Typleal [ar- '

formance charactaristics are given in Figure 4. Tt chould be pointed out that

significant logses in the euergy converalon systiems are anticipated, hut thooe
are not expected t.o create any excessive 'mquuemnn.t for puwer.

A much more importnnt conslderutlon iu the structurul mu.s sssoviated
with the machanismg tor energy conversion aad (inal delivery to tle feeding
aystem, 3everal of the feeding voncepto (including urrew feeders, plutons,
atirring devices) involve mechanisms huving relatively low Leunuinlionnl o
rotational velocitlies. If these mechauicma are to deliver power ut alunl i
cant levals, high torces and/or high torques will bta fuvolved. These ~ompo-~
nonts will have considernble mass and mu.t be considered iu einil ir evasuu-
tion of any potential feeding system. ‘
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C. de;e_digg:‘_s_xgte'n Concepts . ., '

Since tha beginning of this study, several potential feeding systems
hive been examined in light of the requirements and gecmetrical limitations
discussed sbove. Several of thess are discussed briefly below:

1. Screv Peeding Systeams

Screvw feeding aystems of several configurations aye under study.
Preliminary caleculations show that these devices are compatible vith the
mase flow rates raquired. A desirsble fmature of timse systems is the vori-
adle feed rate which can be achisved by variation of thegrotational speed.

Fotentially significant problems exist vhich are broadly, (1) obtaining
proper flow of a material to the screw from the storags ssation and (2) pro~
viding proper design ¢t0 eliminats rotation of the materiel in the screv as &
salid slug, yith unsatisfuatory delivery resulting. ’

Ons configuration which is of consideradle interest is -htcm&. in
Pigure §, which shows & large screw fssding system which occcupies tha entire
agent storsge container. Preliminary calculations of the structural require-
ments indicate that a mechaniam of this type is faasible. In the case of a
cylindrical agent storsge volume the scraw could be of constant dismeter.

If this principle wvas used in a storage volume of the type, illustrsted in
Figure 2, » variadble dismeter, varisble pitch assembly would be required.

The attractive characteristic of the large screw feedar is that all of
the agent 18 initially stored in the screw, eliminating the problem of ob-
taining flow to the screw., The structural problema are significant, due to

the large dimensions, and the problem of flexibility of the outer and innes

structures must be carefully considered.
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Sorev feedsrs are ganerslly operated with the solid maverial occupying
only part of the cross-sectional ares. In indubtrial practice, 1ight free-

floving materials copventionally way ocoupy up to 4581 of the cross-sectiocnal

area. This restriction, if imposed on the extermal store would be quite seri-
ous. However, the rotaticnal speed 1‘0 & significant v;riablo in this con-
sideration. The low rotational speeds vhich would apply to the design in
queation are believed to be favorable to cperation with larger quantities of
material. .

The pcu!.bilztv that the feed nto would not be uniform as the quantity
of conuin-d naterial dscreases could proubly be hnnd.hd by programming the
speed of rotation during the digsemination poriod.

The discussion to this point has assumed a solid screw configuration.

A possidle alternate solution is found in the "ribdbon" feedar, in which the
foeding screqn is open st the center. It appesrs that this device would
al80 be compatible with the concept illustrated in Figure 5. Possible ad-
vantages sxe reduced structuranl veight and complexity and reduction of the
prodlan of residual materisl adhering to the surfaces of the screw. The
ridbon design 1z less poaitive in its sotion and the material could easily
move horisontally through the storege ssction during cperation. It {s -
believed that a aystem of this type should be arranged ‘for variation of the
rotational speed to provide the dssired faed rate.

Tha application of smaller screv fesding systems is also teing consi-

dered. A sketch of one such concept 1s shown in Figure 6. In this particular

1. HNudson, ¥.3., Conveyors and related equipmant, Third Bdition, John Wiley
and Son, New York, 1954 (a) p. 14, (b) p. 190,

- 10 -
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approsch the material is dslivered to the deagélmemtins section by a small
screvw which receives material from the storags section by gravity flow. A
systen of rotating rods is utilized to preclude bridging of th; material.
Inclined planes are provided near the screw to reduce the residual matarial.
The ainimum angle with the horizontal is a function of the ageat character-
istice, but provieion for an adaguately steep analo does not appear difficult.
If flow of the material along this slide presents a significant problem, tha
"Atrslide"” concept (Reference 1b) might be spplied. In this system the slides
are porous and air or gas flowa through the surface from bhelow. This permits
the use of lower angles of inclination. The total power requirements for
cperating an airslide, the stirring rodes and the screw feeder are expected
t0 be well below one kilowatt. These and other concepts for application of
screw feeding systems w{ll receive c.:ontinued study in the future.
2. DPisten Feeding Systems

Pigton feeding systems have been successfully used by Fort Detrick
Peraonnel in the dry fill, NVAR Rocket Fixture. In this device, the piston
exerts a pressure directly on the fill material which io aslso in contact

vith the cylinder walls, and translates it to a high speed rotary deagglo-

-
3

meration device.
A poasidle problem in utilizing this principle in very large aircraft
stores containing 500 to 1500 pounds of agant is that the pressures against
the piston and cylinder may exceed desirable lavels due to high ferces de-
veloping ogaingt the walls. lHere agmin, the structurgl aspects are believed

to be a much more significant consideration than the power requirement as

- 12 -
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such. It was pointed out sarlier that expenditure of 1 kilowatt of pover,
with & piaston of 1.5 ft diameter, moving at 0.7 feet per minute could pro-
duce a pressure of 250 psi. }

Zens and Othmes® refer to the existence of a maximum length-to-diameter
ratio for a alug of material in a piston. This ratio is related to the ine
temal angle of friction, @, as fcllows:

tan @ = £/

Same experimental svidence is uportedz which tudicates that, at higher
values of £/d the slug of material will lock, so that the plug cannot be
moved, even with very high pregsuyes on the piston.

Sufficient infommation on the angle of internal friction of potc;:ttul
agent materials ig not available tc permit determination of the effect of this
locking tendency on fesdling systom degign., It is slgo likely that the fric-
tion coefficient of the wall {a an important variable. The use of low
friction materials on the cylinder wall could bring about an important im-
provement.

Congiderationas of the type outlined above suggast that a piston feeding
system might be enhanced by encasing the agent material in a thin shell which,
when supported by the cylinder could impruve the structursl integrity of the
slug and greatly reduce the piston pressure required. A. Teflon 'coatmg on
the surfaces would provide a low friction coefficient. Béwden3 reports o
friction coefficient of 0.04 for Teflom sliding on Teflon and a value of 0.10

for stael aliding on Teflon. The required piston forces wlld be extremely

amall under these conditions. ! s

2. Zenz, F.A. and D. F. Othmer, Fluidization and fluid-particle systems,
Reirhola, ilew York, 1960, p. 77.

3. Bowden, F.P. and D. Tabor, The friection and Lubx‘icnuon of solids,
Oxford, 1954, p. 165.

- 13 -
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There are, of course, many provlems associlated with this concept; one
of the most aifficult appears to be the "stripping off" of this outer shell
as the slug of material is sq-anced toward ths desgglomerator.

We are currently studying varicus possidilities for accompiishing this
removal of the casing, with particular regard to the poteatial reliability.

The piston~type feadst ig very well suited to handling compacted ma-
terial. In fact, in its simplest form, without an external casing, & cer-
tain degree of compaction may be required so that the entire slug 13
advanced as the piston moves. A maferial of low bulk demsity will be com-
presssd during the initial travel, so that the feed rats would be far from
linear.

The benefits in reduction of the dimensions of the store due to compace-
tion are illu-tntod by Figure 3.

3. Pneumatic Feedin tems

Sevaral applications of pneumatic systems are ducueud. by wnller.".
A rather complete coverage is also given by Zen: ‘und Othmer- . Referance 5
also presents an extensive bibliography on pneumatic conveying systems.

It 14 important to muke a clear distinction betwesn the problem of uti-
11z2ing pneunatic energy to feed 50114 materials out of & bulk storage ares
into & conveying duct and the separate problem of transporting the two-phage
mixture through the duct. A larga part of the literature deals with the
gecond problem vhich is considersd to bs minor in our application compared
with the first problem of cbteinihg a controllable flow ~ut of a bulk storage

volune. In many of the convantional conveying systems ghe actual feeding 1is

k. weiler, L.G., Autamation, Vol. 5, No. 7, Jan. 1958, p. 69.

5. Zenz, F.A. end D, F. Cthmer, Fluidization and fluid particle systems,
Reinnold, New York, 1960, pp. 313-350.

.14 -
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done by rion-pmmtic methods, such as screw feedsars or gravity feedars. We

'
Vo
H
HE
s
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‘wigh to consider here the use of pneumatic means in feeding.

s. Fesding Concepts. - The two general classes of systems that

Dt
o

are apparent are (1) those in which the solids are thoroughly mixed with air

t
’! strean 80 that any mass of alr leaving the system will carry with it a given
mass of golids and (2) those in which the airstream is so coufined ms to

create sufficiently high surface velocities across a free powder surface

bR o I i

’i {otherwise unmixed with air) to entrain a asignificant concentration of gol-
’ {ds. These two clasass are {llustrated in Figure 7 and Figure 8.

: ) The gsnersl principle illuatrated in Figure 7 was applied by Ceneral

o .- o

' Mille, Inc. in particle disseminating external at.o:naa.6 In this case the
i source of prasgurizad air was ram air at a pressure differeantial of approxi-

1' mately one-half atmosphere above the ambient static pregsuzre. In applying

this principle to the currently considered dissemination problem, the signi-

[y

. ficant problems appear to be (1) the device would be limited to handlin
“» o
' } non-compacted materisis and (2) the use of ram air as a working fluid might
)

*

. 1
ba undesiradble under high atmospheric humidity conditionas. PFurther cchsi-

deration of the selection of a motive gng will be presented in a following

| anat

s section. f

The general principle 1llustrated in Figure 8 does not involve proe

longed contact of the agent with the air and therefore is considered to be

wt

somevhat less li{kely to bring adbout delsterious sffects dua to the tempera-

ture or humidity, L1f rum sir is ugsed. Thias concept has a potentlially strong

6. General Mills Report No. 1720 (Secret) 15 June, 4957.
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5 ]"’ disadvantage in that proper placmeht of the moveable entrainmment Jdevice may
) ;| - be difficult as the lsvel of agent decreasas. Conceivably, multiple en-
) E trainment heads could be used to improve this situation. '
; . b. Selection of the Motive Gas. - As previcusly statad ram air
‘ L has bean used as & motive gns in partiole disseminating stores. lts availa-
r bility and low drag penalty asgociated with its use 2re very attractive fea-~
) - tures. However, in systems where thc.m air is thoroughly mixed with the
_‘ E' viable agents, it may produce samng deleterious effects. The moisture cone
? taingd in the inlet air undsr high hum{dity conditions, may in time increass
1. the moisture content in the agent material. The fact that the air {s heated
I by the stagnation process, produces elevated tnm;nmturu which may cause
- loss of viability. Figure 9 shows the stagnation temperature versus atmoa=
‘ ] pharic temperature and flight Mach Mazber. It can be seen that air tempera-
C tures in the region of 70°C may be sncountered under normal conditions. It
}_ ghould bte pointed out, hoﬁvnr, thet the mass flow rate of air i{s very low,
] about 14 of the solid mase flov rate, and that the total energy represented

in the heated airstream is not great.

4

Consideration has bsen given to the drying of the incaming ram air astream

1

by solid adsorbents. Although thia measure could poteantially remove the
problem of incaming moisture, there is an additional tempearature rise i(n-
curred. This is due to-the latent heat of vaporization of ths water vapor

and the heat of vetting of tha adsorbent. Depending on the atmogpheric hu-

midity and flight gpsed, this effect will account for an additional tempera- .

ture rise of approximately 10 to 30°C, which would aggruvate the heating

problem previounly mentiored.
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The above considerations pertaining to ram air suggeat that it may be
better to use a stored gaa rfor a motive fluid., It has been demonstrated
that & gaseocus mass flow rate of approximately 1% of ths solids flov rate.is
adequate in gome cases.

The storage of thia quantity of gus {n the compressed fom would require
& pressure vessel which vould weigh from € to 10 percent of the agent paye
load. Storage of the gas in a liquified form would result in a considersbly
lower mass penalty. For example a carbon diox:l:!n ¢ylinder for liquid phase
atorages would weigh spproximstely 3% of the agent payload. These penalties
do nct appear to bs severe enough to eliminate this approach from congidera-
tion.

Work is being continued on evaluation of the potential of pneumatic

feeding syntems.
DECLASSIFIED IN FULL
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III.

PREPARATION FOR DISSEMINATION AMD DEAGGLOMERATION EXPERIMENTS
Experiments on dissemination and desagglomeration of finely divided
materials will be conducted aa part of the current zroject, Durins.thu
period, detailed considsration has deen givan to the special requirements
for performing this type of experiment in & wind tunnal at Mach numbers
of 0.60 to 0.95, the approsch for the initial experimants has been selectad {

and saveral items of special apparatug have besn designea and fabricnted.

A. Discussion of Problem and Degcription of Approach

The successful cperation of a W dissemination aystem of the type

under consideration requires that the rinely divided agent materisls be
delivered into the atmosphere at the correct rate, deagglomerated with
reagonable efficiency to an eri'éctive particle size ronge, transported in
the atmosphere to the targeat area and arrive with a satizfactory concentra-
tion of viable organiasms in particles in the correct size range, generally
congideared to be below 5 microna in diameter.

In the sceries of events which Lake plnce Defore and after the materinl
leaves the disceminator, there are several potentinl hazards vhich may re-
duce the flnal e.f!'ecﬁveness and therefore are important considerations.

A few examplec are (1) possible loss of viability during deagglomeration, '
(2) lo3ss of viability during the atmosplieric transport phase, due to ultra-
violet radintion or humidity conditions und {3) re-agglomeration during .

the atmospheric transport phase. Final demonatration of the performance

of auch a syatem will therefore require full-scale field operations, under
¥ g

.

a variety of meteorological conditions. .

- 20 -
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However, it is also important that regardless of the magnitude of
affects of this type, the original deagglomeration of the particles must
produce an serosol with an scceptable particle size distridution. For
this reason, it is considered vital to separate the variables by conducting
experiments involving determination of physical particle size distridbutions
in addition to the biological evaluation techniques.

The initial axperiments to evaluate dissemination and deassl&nnration
concapts will involve physical particle size dstermination. This will be
done by utilizing a high velocity iaokinetic sampling probe in the test
section of the aeroscl wind tunnel. This probe, which is discucsed in
detail in a later section of the report, recaives the seroscl at the test
section velocity and gradually decaleratgs a small portion of the flow to
a low velocity which is acceptable for membrane filter technigues or im-
pactor collection teéhniquea. Although the physical msthod will be used
in the {nitial evaluation experiments, the approach is also adaptable to
biological techniques by substitution of a suitable particle sampler in
the low velocity section of the diffuser.

The blowedown wind tunnel and the high velocity sampling cystem to be
used in these experiments are briefly discussed in the two sections which

follow.

B. Blow-Down Wind Tunnel

The wind tunnel system to be used in these experiments is sketched in
Figure 10. Alr flows from the storage recelvers to the test section through

a storage type heat exchanger, high efficiency filter, manual centrol valve

- 21 -
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and stilling chamber. Air is supplied to the storage receivers by two- )
stage non-lubricated reciprocating compressors. %he heat exchanger permits
control of the gtagnation temperature and static temperature in the test
section. Dus to its high effectivenesa, tha temperanture is held tc within
3% ot" fts initial value over the duration of the blow-down run. . The in-
ternal temperature of the heat exchanger is controllable so that experi-
ments at various tast section static temperatures may be made.

The minimum test cection dimensions are 2.800 x 2.800 inches. The
tunnel is designed to operate in the Maoch number range of 0.60 to 0.9 at
a prepsure of 1.15 atmospheres. Under the maximum flow conditions the
aystem 1o copable of a 20~-gecond flow duration. The model disseminators
will dlscharge 1nto the air stream at a location 6 inches from the inlet
to the test section. The inlet of the aerousol sampling probe will be
placed near the downstream end ol the lest section which is 31 fnches
long.

1. Test Section Desnlgn and Flow Conditions

" During the injection of large agrlomerated powder particles fntu
the wind tunnel, a drog force causes thelr acceleration and break-up into
small particlea. Since drapg {5 a strong function of the ctream velocity,
it i3 apparent that this parameter will Le one of the more important onag
in the studies. A special emphnsis has heen placed on its control.

Prelim!nnry calculations of the Mnch number varintion in the tunnel
indicated that {t {s necescnry to make the wnlls diverge olightly to pro-
vide Hach numbers above (.70 at the Injection location. The reguiting

deslign allows for a congtant Machk nurber alony, the full length of tunnel.
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The amount of divergence vas determined by calculating the boupdary
layer dinphcem;nt thickness and shoved that a total divergence of p.2°
was necessary. Thuas the inlet and exit dimensions are respectively, 2.800
in. x 2.800 in, and 2.908 in x 2,908 in.

A manually operated, eccentric plug-type control valve is used to main-
tain a constant stagnation preassure in the stilling chamber. Experience
has shown that the pressure can be held to within one percent of the re=
quired stagnation value of approximately 30 ps!{, even though the storage
tank presesure varies continuously during the run from 200 psi to. 60 peti,
To further improve the control, an adjustable soni¢ nozzle wag designed
into the exit section, which acts as a flow regulator. The Mach number
remains constant 'in thic application. An adjugtment of the sonic nozzle
permits operntion at different velocities.

At the tunnell inlet gection, smooth uniform flow- {a desirable. To
asaure that 1t is obtained, the JIACA stondard requirements for nozzle flow
metering were npplied by using the 12 4. long settling chamber and the
standard nozzle profile shuwn In Figure 11. An inlet nozzle having this
profile has been fobricated from polyester vesin with glass fiber reinforce-
ment. By applying this material over a polinhed mold, a very smooth sur-
face vas cbtained. Thic technjque was used because of previous favoradle
experience in a similer application. It s consldez"amy lesa expensiva
than machining the nozzle, since the procegs eliminutes the need for

machining {nternni surfnces.
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2, Instrumentation
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It w11l be necegsary to obtain such flov information as tunnel

ey

: Mach number, velocity, mass ﬂow Tate, and Haynolds number, This will be

. done by measuring the stagiation pressure and temperature ia the stilling

r 1: chamber, Just upstream of the tunnel inlet, and the static pressure at the
‘g- ' inlet. The following isentropic flow relations will be used to calculnte
f ’ the tunnel temperature and determine such air properties as density and i
viscosity: .
‘ ’ = (1+ "1 Mz))’r
. P
' ] ;ﬂ ala+ Ia-i M2
' 1 ’I'h; vedocity, mass flow rate, and Reynolds number will then be calculated.
1 from the following equationa: ‘
! ven VIR
] n= RVA
i
R4 = AVd
I ed =~ /22-
vhere Py - stagnation pressure
1 P - atatic pressure
M - Mach number
l ’1'0 - stagnation temperature
T - static temperature
] & - ratfo of apecific heais
l V - veloclty
R -~ ¢os constant
I
|

.2‘,!.
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;' : m - mass flow rates .‘
1;. A - cross-sectional area ) ) :

density

.
o ey

Ryyg - Reynolds number

d - hydraulic diameter of tunnsl
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EN

'f A - viscosity ! .
L
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C. High Velocity Sampling System

PP N

Tn connection with the wind tunne] study of dissemination concepts, st

ek
Pt

will be vital to determines the particle size distribution in the asrosol

—t

which is generated. S5Since sultable techniques for sampling at high sub-~

sonic Mach numkers have not been previously developed, a new sampling probe

y -t

haa been designed.*
In order to make this high velocity sampling syatgm compatible with

the use of membrane filters as well as impactors and impingers, a diffuser

sampling probe has been designed which handles only a small part of the

total mass flow rate in the tunnel. The velocity 1s reduced to approxi-

3

G nem (man Guew gmemd pmed peand pemicd e

mately one percent of the inlet velocity before leaving the diffuser. "In
designing the ‘pProbe, three factors were considared to bs very {mportant:
{1) provision for isckiretic inlet conditions, (2) avoidance of f‘l‘av se,a-
ration and (3) limitatjon of the particle deceleration rates.

Figure L2 ias o gectional view of the probs. The internal surface ig

parallel to the tunnel axis at the inlet. The maximun angle of divergence

is 10 degrees, which is considered as the upper limit for efficient diffu.

.

sfon. During isokinetic sampling, the mass flow rate through the probe

wii. be 0.79 percent of that in the tunnel.

* The experience gaimed by General Mills in Jeveloping an isokinetic afrcraft
sampling system under Contract No. AF 19{60k)-7226 hag been applied to this .
design.
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Because of the small inlet diametar a.n:i continuously curving imternal
! H surface through moet of the diffuser, a fabrication technique was selected
which {nvolved molding the probe from polyester resin, reinforced with

fiberglass. This method, which ha'a been used successfully at Censral Mills

in s similar application, employs a matal mold which has been machined to

- the correct contour and polishad to give the desired smooth inner surface

finioh on the prote. Figure 13 chows the probe made by this technique.

f ) This pr?be moy be silver plated by t_'.he chemcal.de.poaition method, 1f fu-

, ! ture experiments show that o conductive surfac2 is required to precluds

- rarticle collection due to electrostatic charges on the plastic surface.

i. To aobtain close control over the inlet conditions, a vane-typs vacuum !
punp will be used downstream for the diffuser. The flow and pressure characs
t.ertat;icu 0f this pump will be determined befores it is used in these experi-

ments. A pre-detcrmined mass flow can be obtained by controlling the inlet

preascure with a throttling valve Just upstream from the pump. It ig be-
lleved that the isokinetic inlat requirement can be fulfilled by this
method,

It is felt that {low separation from the diffuser wall should be avoi-
ded, gince it might cause a non-uniform particle dia;.ribution at the actual
anmpling location. The most critical region is believed to be in the secw

tion of the diffuser where the Mach number {g above 0.50. Therefore, to

avoid gseparation, the angle of divergence in this aren was made cmall; ape
proximately 2 degrees. Gince the performance of the probe with regard to

flow separation i{s considered important, a thorough study of the flow con-

ditions througiout the probe will Ya madce in a 22 x 22 inch high subsonic

.29 -
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wind tunnel, provided to General Mille by Fluidyne Engineering Corporation.

In preparation for this wind tunnel work, four pregsure taps have been in-
stalled in the diffuser wall, as ghown in Figure 13, By detemining the
prescure recovery for various inlet velocities and mass flow rates, flow
separation can be detected. A ¢

To amsure that a representative particle sample is obtained which in-
dicates the condition of the particles in the tunnel stream, the decelera-
tion in the diffuser was made small in comparicon with the acceleration.cn
the purtlclﬁs diring injection into the tunnel. As estimate of the drag
force on the particlco showed that during deceleratfon it in less Han 5%
of that during scceleration. This is considered small enough to meet Lhe
objective,

The Cirst collection device 10 Le used will be the Millipore filter.
Thin method will provide cuch useful intormation as particle distribution
over the cross-sectional area of the prole. Slnce the codntinn'provess
involved in this methed ic tedious, L {5 expected that o caacade. {mpactor

technique, vwhich will glve the necessnry reguils fasler, will be utitized

in later experimentc.
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INVESTIGATIONS OF THE CHARACTERISTICS OF FINELY DIVIDED MATERYALS

As a part of this program of dissemination research, thi characteris~
tics of finaly divided materials are being investigated. "The future design
and cuéccasml application of line scurce disseminstors for dry agent ma-
terials will require a more complete understanding of the preperties of
these materials. -

Our work in this area has included a asarch of the literature, ‘piv-
liminary indepsndent theoretical analysis and laboratory experiments. Each

of these phases is discussad below.

A. Literature Search

Tha problem of developing o general theory covering the tchavior of
particulate material ic an extremely complex one which has been approached
by many investigators. An extemsive literature search was conducted by
Orr and Dn;t.l.avalle7 covering the factorg influencing t.he agglomeration and
deagglomeration of solid particles. This seurch has served as very useful
background for the present work.

Tvo major gubjects which are widely discussed {n the literatures are
{1) rorces between particles nnd (2) flow characteristics of powderc. A
briefl rev;ew of each of these gubjects follows.

1, ¥Forces Between Particles.

The forces between molecules contribute ctrongly to the charac-
teristics of powders, These forces operate over longer ranges than chemi-

cal attractions which link atoms into compounds, and are capable of drawing

T. Orr, C. and J. M, Dallavalle, Studies and invectigntions of agglomsration
and Aeagglomeration of solid particles, Scmifinal Raport, M'rojest 5o
A-233, Georgin Tnstitute of Technology, June 3U, 1950.
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rarticles into an agglomeration. Intermolecular forces are responsible
for surface tension, adsorption, copillary action and other surface pheno~

nena which contribute to the charactaristica of powders.

Newton's law of universal gravitation contains the terms G/Rz; vhere
G is the constant of proportionnlity and R the particle separation distance.
However, Pierre Simon de Laplace and Alexis Claude Clairaut, mathematicians
of the 18th century, found that intermolecular forces fell of? more shnrplj‘
than the square of the distance and that the cona;:rmt of prolmnic.mal’ity ’
could be differeat tor different moleculss. Eatimates of intermolecular
forces have now taken the form C/R",'where both € and n are constant.

Many investigators of the forces betwaen particles found Van der Waalg'
forces and electrostatic forces to be the most important. Van der Waals'
forces are always present between purticles brougit topether; clectrostatic
forces exist only when charged prerticles are close topether.

Van der Wanls' forces even exist Letween neutral partieles and are not

[
due to coulomb forces ur pemmanent electrical dipoles. lennsrd-Junes de-

rived from wave mechanics the x-elz:.t’.i«.mr.!'xlp:8
Fa AR
where F = Van der Yaals' force
As Van der Woala' conatant for attraction
R = intermolecular dfstance,

Many believe that melecular forces are nol {nfluenced by interactions

with neighborc, und therelore the totn: fnrce exerted on a moiecule in

&, Lennord-Joner, J. F., Cohkeslon, Proceedings of the Phys. Soc. hi:
h61eb2 (1931)

- 33 -
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obtaired by addition of the forces exerted by each neighboring molecule.
lsmaker’ and Bmdslylo approximated the snergy necessary to pull two par-

ticles apart aa
€ Anc¢F DD
P&~ 1o x‘g- : n‘f'#ﬁb"g (2)
whare E = interparticle energy

D = the particle dinmeter .

% = the {nterparticla distance

number of molecules contained in a unit volume.

u

q

It may appear that the force beccmes infinite when whe particles are
together, but the torce is limited dy & minimwgn value of x. ‘

Mony investigators determined results which were conalatant with the
thooretinal London-Van der Waals' interparticle force. Investigntors
de Boer!! and Hamaker? culculated the order of magnituds of those forces,
and Hamaker gave equatjonc for the interaction of particles as a function
of" the particle distance, x, for different chapee of particles. [lomoker
t'ound the force for twn flat surfaces separated by a distance, x, to be
{nversely proportiovral to th; cube of the geparation. Van der Waals' for-
ces becane significantly more important as the parftele size becomes

smaller. Irregular shaped particles made the problem conciderahly more

difficult, since Van der Wauls' lorce {: dependent on particle shape.

9. llamaker, H. C., A generul theory of Lyophobic Colloids, 1, Rec. Traz.
Ckim., 2%: 10L5-26 {1936); A uyoter of Collold Puencmenu,Rec, Traz. Chim.,
gus TEP-4T7 (1937): and London-Vun der Waals' atirmct{on between spheri-
cal purticles, Physica, i 1058-70 (1437).

10, Bradely, R. 5., The cohesion Letween smoke particles, Trmns. of the
Fayaday Soc., 32; 1066-90 (1936).

1i, de Boer, J. ii., The influence of Van der Waals' {orrec und primary
bornds on binding energy. vtrength and orientation, with cieclial refer-
cnce to some artilivisi resuns, Trang. raraday Soc., 32: 10-38 (19261,

. 3 -



oL

Page determined to be
Chief, RDD, w'.'"céaldﬁed
IAW EO 13526, Section as

Date: MAY 17 m

s e m—————— . ——

-t
.-

c

3

:———l At L )
. . .

Semtan et
v

L -—_— g pud peweed  pumd et

It is common belief that Van der Waals' forces between particles are
dus to the molecules at or near the surface. 'Thus, the radius of curva-
ture of the opposing surfaces of close particles will determine the inter-
rarticle force. .

B. C. Casimir and D. Polder, who worked out an electromagnetic theory
of molecular forces in 1948 did not use the clmenical picture of radiation
Lut rather the ideas of quantum mechonics. The CasimirsPolder theory showed
u force dependent on K/R8 vhere K 1g different from Vun der Waals® constant
for attraction. Soma inveatigators today feel that both Casimir-Polder
and London-Van der Waala' formulas apply only over an appropriacte rmange
of R and that each contain unmeasurable constunbs.la Further, these re-
lationships do not give the force between two Liodies contalning many mole-
cules, since the molecular interaction forces are not bLelieved to le
additive.

When particles carry electrostatic charges, coulomb forces may be the
controlling torces in bringing about u['glomemtjon‘. A few individunls be-

leve that in peneral the charpes are not. larpe enough to .gtve rise Lo
forces of attracticn comparnble with the Lntermolecular torce between
small pnrticler {n contact. Particles nre known to carry electricn) char-

e .
ges aven though the total charpe of the powder may be neutral. Electriff-

N .
cation can he cauced by the intaeraction with gas fons from the ntmosphere,
by friction or contact between particles or by sepurntion. Particles may

be discharged by contact with o surface of higher capacity or neutralized

12. Derjaguin, Boric V., Sclentifle American, 203: fo. 1 {19¢0),
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; : .: by agglomeration. Electrostatic forces of attraction cannot be calculated
T g ] for & powder since the distribution of the charge on the particlas is un-

E : known. -

?- ]' An extengive study of static electrification of dust particlaes fram

: } 0.5 to 30.C microns in diameter, on generation of & cloud was made by

i ‘ Kunkel.!3 He used the method developad by liopper and labyl" where particles

! ]‘ were allowed to fall {n a horizontal electric fleld and their tructs were

.; photographed under intermittent illumination. !He concluded that {n gen-

'
Lo
v .

eral the averags charge {ncreaged more slowly than with the square of the

diameter.

Y
ntampgnd
N ]

The abcve comments serve to illustrate the great scope of the prob-

lem of determining forces between particles, even under rather simplified

]

conditions.

2. Flow Properties of Powders

The flow properties of {inely divided moteriuls have been of
great intereat in a wide variety of industrial appiications. Perhaps the
moat frequently studied case is that of gravity flow of the material.

A test performed by R. R. ’l‘mn:l15 and others conaigted of measuring

the behavior of powders in a funnel of cpecific dimensiona. One funnel
was placed directly above nnother on a ring of.und: Sampld:z of 50 to 100
Zns of material were introduced to the top funnel and allowed to fill the
stoppered funnel below. Three minutes or more were allowed for the trapped
air to escape before removing the plug. If the campY¥e completely flowed out

wvhen the plug wvas removed, the material Was classified as f‘r'ee-!‘lowing.

t3. Kunkel, W. B., J. Appl. Phys., 21: 820 (1950).
1k, llopper, V. D. and T. . laby, Proc. Roy. Soa. A, 178: 2h3 {194y),
15. Trant, R. R. et al., Ind. & Eng, Chem. 51:° 12850 (Oct. 1959).
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- Powdars vere classified according to the time required for a sample to flow

out. IC the semple did not completely flow out, 1004 diameter glass beeds
vere sdded until it did so. Class beads vere added until the minimm weight
t'x"actton needed for free flowing was ¢btained., The quantity of glass beads
added was An indication of the flow properties of the powders tasted. From
theae massurements, five arditrary flow classifications were set up for the
funnel gpecified. \

The flow properties of finely divided materials are radically affacted
If they are mixed with a gas in two-phass flow. Some investigators have sus;
gested that a powder could possibly ho chamctari.zcd in terms of a property
similar to the viscosity of liguide and that the pseudc-viscosity might be a
fundemantal correlant of slugging, fluidity or other bed characteristics.
Matheson, Herbst and Holt16 presented the results af such @ study in which
they measured the relative peeudo-viscosity of various fluidized beds in temms
of the torque weight required to rotate & paddle of fixed size at 200 rpm in
8 ] inch deep by one inch ID bed of solid fluidfzed by air. They found the
torque necessary to rotate the paddle was-cxtremaly high for unaerated beds,
but decreased rapidly when aerated and so0n reached a point where further
aeration had no effect on the required torgue. The relative viscosity of the
bed vas found to increase with particle size and particle density. Mathegon
nolso measured the torqus necessary for various beds made up of tvo componentsa:
fines blended with larger particles. The rate of change of the viscosity with
camposition showed s decided break at the point of minimum fines edded to pre-

vent interlocking. *

16. Matheaon, G. L., Kerbst, W. A, ond Hoil, P. H., ind. Eng. Chem., hii
1099 (1949).
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An extensive discussion of the rheological propertiss of powders ia
given by Zenz and Othmsz'.l7 Measurements of five angles pertaining to the
povder bed are suggested as a means of characterizing finely divided ma-
terials. These are:

(1) The angle of internal friction
(2) The angle of repoae -

(3) The angle of wall frictlon
(4) The angle of rupture

(5) The angle of slide.

One or more procedures for conduct_.ing each measurement ocre ocutlined
Ln the cited reference and will not be repeated hers.

‘e previous work outlined above has served as a point of departure

for our own experimental work in this area.

B. Preliminary Theoretical Investigation

In initiating a theoretical study of this t._ype, one immediately en-
counters the problam of setting up a model. As a firct upproach to the
problem, a two dimengional model was set up in which the piling of & pow-
dar was considered as being analogous to the piling of cylinders. The
efsence of this investigation ic given in Appendix A.

Several phenomenon such as angle c¢f repose, angle of internal friction,
canpregsibdility, angle of rupture and cihiers can be aszoclated with the
rheological properties of powders. Xnowledge of these may contribute to

svaluating the forces acting in the system,

17, Z2enz, F. A. and Othmer, D. F., Fluidization and fluid-particle systenms,
Re{nrhold, New York, 1960.

B o N
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25 I A force acting on an incremental velume of bulk powder seems to dis- |
!
B { 7 Ttribute itself in a certain fashica. Tests such as the rod-tension test i
F and the piston teat as described by Zens and (‘:t.hmx-‘]'7 give credsnce to
5 this idea, ‘The way in which guch a force distributes itself would seem

to depend on the shear modulus and tensile strenfith of the powder. 1In an

effort to gain soms information on the shear modulus, the following model

Tt ey gy o

was constructed, - ’ F

|

i

! MR
: .

b .
. l d'y re— »(yla ¥y

} A plate p is submerged in o pawder matericl to o depth h. Due to the

veight of the material, the pressure on the plate » will be directly pro-

|

poriional to the magpitude of y.
Now piy) = ¥ y (1}
vhere ¥ is the density of the material.
Ye now make the follawing nsaumption: .t,hnt the maximum shear, 7.",
between the plate and the particles ls proportional to the preasure or
Topax = €0
and that all points on the plate are on the verge of slipping 3imultaneoualy.

The total force, }', to move the plate can be expressad by the integral

E h h
Fa=2 j’(,"mnxdy=.?t‘d‘fydy
[o] a
or F=0Can . (2)

--h-ﬂl-‘b~hﬂ
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This.F gives the maximum shear force to be expected.

Experiments have been carried out to check this relation, as discussed

.

in the following section.

.
.

C. Expariments
As a part of this program of dlssemination research, experiments are

being conducted to evaluate physica.'l tears which have been suggested by the
theoretical studies or the mearch of' the literature. The emphasis in this
work i to find and apply physical tests which will be useful in predict-
ing the behavior of a finely divided material in a disseminating system.

1. Experiments on Force to Extract a Vertical Plate from & Ded of
Powdered Material.

Txperiments were conducted to check Equation (2), presented in
the previouj secticn. The force required to extract a thin vertical alu-
minum plate from a bed of fine lend shot ( 50041000/4.) was meajured on &
Jolly spring balance. The results are plotled in Figure J4. A straipght
lins with a sinpe of approximately 2.0 fits the data poin‘s reaconably
well, Lmnc.ut!ng that the relation given in Equation (2) ia adequate r'.{r
thiie case. 'The coefficient C in this equation can be cuusiderad tao be
related to the coafflcient of frictinn between Lthe particles and.the plnte.
Further experimentation alony this line {3 planned.

2. FExperiments on Stregs Versus Pulk Denzity.

Meoagurements of the effect of compresoive stress on bulk density
<
appear Lo be of {nterest iu seveial aleas of the dissemination prob.em.

First, the information gnined may contribute to the Lasic knowledge of

. - Lo -
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_ fins powvders. HSscondly, the Qata obtained 1s directly related to certain
" application problams including (1) determination of the volumetric beha-

vicr of the dulk material under high accalorauou., {2) datermination of
the requirements for filling ayat;ma desigoed for compacted material and
{3) prediction of the performance in piston type feeding systems.

Experiments have been conducted utililzing the apparatus shown in
Figure 15, which comsists ef a thin Teflon piston, closely fit to a traas-
parent _plastic cylindar, which is Yuntcd to pncl.uda antrapment of air.
The piston 1s guided by a rectangular structure with Teflon edges which
make only line contact with the cylinder in order to minimize friction.
The height of the piston above a fixed reference plane is measured by a
cathetamatey. The bulk density for any platon position is derived fram
the ;yntu dimensions and the mags of the powder charge.

Figure 16 (2 pages) present the results of a series of messurements
on samples of talc (Mistron - 18) which have a particle size range of 0
to 6 microns and a MMD of 0.03 microns. The three lines shown on the
graph are for initial mnas quantities ct 30, 40 and 50 grams. It can be
saan that, at the lower ranga of stress, the bulk density is somewhat de-
pendent on tie size of the mnterial sample. The sx;mnu l'n the values of
bulk denpity increagea at the lower values of bulk density. The maximum
spread is approximately 7 parcent. At the higher stress levels, the
curves come togather within the limits of experimentaml error. This effect
may be due to additional wall friction in the case of the largsr samplec.

It ia interesting to note tlat thn.stmss versus bulk density curves

approach straight linss on the same log plot, in the region of high bulk

- 42 .
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densities. The slope and intercept of this type of curve may ba. very use-
£

ful in evaluating finely divided powders. Similsr experiments with aspirin

powder, produced nearly straight lins relationships on a ca;upurable graph.

. However, the values of slope and intarcept vers widely different. A

changs in the applied compressive atresa of an order of magnitude (from
10° to 106 dyma/cuz) produced a change in bulk denalty of ngproxinn.uly
10 percent as contrasted to the change shown in Figure 15 of approximately
60 percent. -

The 4data obtained from these experiments sre being examined more
thoroughly to determine whethar more camplete correlations with material
propertiss are possible.

3. Maasurements of Force Required to Extract A Circular Disc
from A Powder Bed.

An experiment is outlined by ZenzlT in which a vertical rod is
extracted from a powdsr bed. The magnitude of the forcs ip influenced dby
the {nternal friction of tha material. Preliminary experiments with this
techniquse, utilizing B Jolly spring balance !ndicated that the sensitivity
was quita low. It berams obvicus that esubstitution of a hortzontal circu-
lar disc for the rod would result in a considersdle improvement., Three
circular discs with diammters of 1, 2 and 2.5% cnm were made., ‘This Pemlt-
ted investigation of the influence of disc diameter, as well ns the bed

depth. '

Tvo devices have heen uged for measurement of the force in thess ex-
periments. These are gshown in Figures 17 and 18. The Jolly bdalance in &

standard item of laboratory appargtus, which employs a calibrat®d opring

F g
v
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for force measurement. The gravitational syestem of force measurement waa
developed spacially for this application. With the latter davice, force
is applied .to the circular disc by slowly adding a metered quantity of
21quid to the vesssl which {s shovn in the sketch. The force i{s transmit-
ted by a line, opernting on a pully, fitted with a precision bearing.

This system hag an advantaCe, Iln that the initial diaplncu;ont of the disc,
which takes place before the surface of the bed {ag, interruptad, does not
influsnce the applied force. In the cose of the spring balance, this
initial creep affact was found to slightly affect the measurement of
applied force.

The results of experimants of thic type are summarized in Figure 19,
which 18 a plot of F/d versus F/d+h on log log paper. The force of F
dynes is applied to a disc of diometer d centimeters, which {s submerged
in & bed tc a distance of h centimeters below the free surface. Hesults
for three powders are shown. These are talc, saccharin and aspirin. Fig-
ura 19 {5 beliaved to be a very useful correlation. The data for each
cample indicate a straighteline relaticnahip between the two coordinatles,
and the slope for each case is nearly ldentical. For the materials stu-
died, the force hags been found to be proportional to h™ where the axpo-
nent n is approximately 1.5. The intercepts snd the slcpec of these
curves are identifying characteristica of the individusl samples. Fur-
ther exparimentation along this line is planned to detemina the repro-
ducibility of thece data for additional materisls, and to evaluante tha

effects of moisture content. *
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V. WNORK ON LINE-SOURCE LIQUID ACENT DISSEMINATOR °

A dasign study on an'.urcnﬂ. extarm) store for liguid agent dissemina~
tion has baen initisted by North American Avistion, Inc. under subcontract
to Ceneral Mills, Inc. The scops of this wdrk in the current phase iacludss
(1) datemination of fiow rates for various spht-ﬁ:;pt' nqun-funt-, (2)
review of operatiocnal military aircrwft for ccmpatability of a universaal W
store, (3) determination of means of agitation, (4) determination of meens
of heating to p:‘nnt' £ree2ing of the ;sent during tranait to the target and
during d4ssemination, (5) study of performance panalty dus to system {nstal.
lation and (6) study of effects of local flovw fislds on the disseminating
process. .

Work was initisted in these areas folloving a coordination meeting
vhich wsa held st Gensral Mills, Inc. on 13 July 1960. Attending this meet
ing were representatives of the Bilological Yarfare lLaboratories, Genearal
Mills, Inc. and Rorth American Aviation, Inc.

Progress during July and August in each of the sbove areas iz sumarized
below: ) '

A. Flov Rate Optimieation .

A paremstric tyades study 18 in progxess which will dafine near-optisnm
fiovw rates for a 1iquid blological agent dissemination aystem. 8Six bilologi-
cal agents are being considered in the aralysis. Theee are the causative
agants of Q-fever, Drucellosis, Tularemia, Anthrax, Plague, and Venezuelan
Equine Encephalomyelitis. The biclogical and physical properties of thsse

agsnts are conteined in Nowth American Aviation Report WA59-632, which also

._...__‘_.__.]-w.-.._- o —
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coppute their effectivensss. In adition to considering the epecific on-

© target effects of these agents, the stuly cmsiders sevaral delivery vehicle

paramaters (speed, range, and agent capacity) and major westher and terrain
chnmhriaﬁles.

The analysis cptimizes flow rates in temms of the probable area of
coverags for a typical mission in @ Buropean tactical situation (Circa 1963).
The analysis methodology is illustrated in Figures 20 through 23 (4 figures).
For a fixed delivery speed and agent capacity, thc‘ Telease line length cln‘
be shown as a function of the flov rate ussd for dlssemination. An example
of such a curve 1is shovn in Figure 20 for delivering 400 gsllons of agent at
600 knote. Cloud travel can also be shown as & function of flow rate for a
syecified agent, lewsl of incapacitation, and weSthsr coudition. This effect
1s ahown in Figure 21 for the causative agent of Q-féver and ?0$ inca.pacitn-
tion level (Pyr = 0.5). An average weather condition (stadle temperature
gradient) and & 5-mph vind speed over open terrsin vere considered for this
case, The product of relesse line length (Figure 20) and cloud travel (Fig-
ure 21) will yield an area . of cover for any flov rate selected.

To more realistically appraise the effact of flow rate on the area of
coverage achieved, ofher factors such as air vehicle survival and the ability
to predict mpteorological conditions existing in the targst area have been
considered. ' .

As the delivery line length is increased, tha length of time within
anemy territory i{s proportionately increased and ;11' vehicle survival proba-

bilities will be dmcremsed. This is illustrated in Figure 22 showing the

-
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effect of release ling length on survival probability for a Europsan tacti-
cal aituation in the 1963 period. By includiag the effects of survival
prodability, the probability of accurate metecrological predictions (essumed
to be 75%) and the effectivensss against possible countermessures (sssumed
to ba 75%), the probable ares of coverage can be cbtained as a functiom of
flov rate (see Pigure 23).

It has Yesn determined in this analysis that variations in wind speed,
terrain conditions, temperature gradient (inversion, stable, or lapss) and
lavel of incapacitation do not gignificantly affect the selection of a desipgn
flow rate. The probable area of coverage is increased or decreased as vana;
tiome in these parameters are introduced, but the peaks in thes curves shcw\
no aansitivity to these variations (see Figure 24). This is trus of other
wind speeds and incapscitation levels alsa. Consequently, an "average"
meteorclogical condition (stable), an open terrain condition, a 5 mph wing,
and an incapacitation lavel of 50% are assumed for analysis purposes. These
values are felt to be both conservative and realistic and arw used th;ou.sh-
out the study to investigate the effects of speed, agent typs, and agant
capacity on design flov rate selection.

The type of agent, capacity of agent, gnd delivery speed were fourd to
be the most gensitive parmmeters and have been the object of concentrated
analysis effort. The effect of agent capacity on flow x"nte t{s shown in Fig-
ure 23 . From the curves of Figure25, it can be seen that the optimum flow
rete increases frc;l 6 gm to 24 grm Bs 'agent capacity is increased fram 100

to 400 gmllons. The effact of speed on flovw rate is similar to that of

|
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agent capscity. This effect can be seen in Figure 26 whare the optimm flow ’
mate is approximately 15 am for a 300 knot .dcl.ivnx:y speed and 24 gm for a E
600 knot delivery speed.
The effact of agant characteristicas on design flow rate can bs seenr by
the histogram of Figure 27 vhere optimum flow rates vary from 16 gm for
the causative agent of Q-fever to 48 grm for the causative agent of anthrax.
The characteriastics of thase six ngents show lsrge variations which should

inelude most potantial agent develomnenta. For example: mSO's vary by a

factor of 800, agent concentrations vary bty a factor of 20, decay rates

Tange from 1%/min to 5%/min, and spray efficiencies range from 10% to k5%.
Decauss of these ranges, thsse six agents are felt to be representative of
a graat many agents vh'ich will be develcoped and represent U large statiasti-
cal sample space. '

The goal of this atudy 18 to optinmize flow rate of the disseminatiocn
gyatem 30 ag tO be adaptable for a variety of delivery vehiclea. This might
result in extreme differences in delivery speed and agent c;:pacity. If s
weapon gystem optimization were being conductad, the relationship between
agent capacity and rsnge could be established and a desirable velue of speed,
range, agent capacity, and flow rate could be defined., But, since the asys-
tem characteristics determined by the study must be amenable to a variety of
delivery conditions, an aversge of extremes will be used to select a design
value. Unusual situstions which are not characteristic of the remainder of
the sample will be eliminated. A statisticol review of ths results 1s (n

progress,
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B. Review of Oporitiom Alreraft

Notification was received from BWL that the Need-to-w request had

been mailed to all manufacturers of currently operational aircraft. A ques-

" tionnaire, listing desired information relative to extsrnal atore capabili-

ties vas prepared for diastribution to thesa manufacturers. These reqQuests
lhav- been gsent to the following ten companiss:

1, Douglas Aircraft

2. Convair Division of General Dynamics

3. Norair Division, Northrup Corporation

4, Boeing Airplane Ccopany

S. Chance Vought Aircraft

6. Republic Aviation Corporation

7. Grumman Afirceraft Enginesering Corporation

8. Lockheed Airerast Corporution

9. McDonrel) Aircraft Corporation

10. Martin Company

Responge to this* request has been recelved from three companies, giving
information on 1l aircraft.
Flight handbooks for 33 of the pertinent aircraft sre available in the

NAA library. Data have been compiled from these publications concerning air-
plane performance and stores capability. This material can be used to calcu-
late mission radius, delivery speed, and to indicate i{n a genersl sense the
canpatibility of various types of stores with these airplanes. For more spe-
cifie information on gtore clearance anwelcres, control eireuits td the stores,
pylon capabilities, and lug spacing, the requested information from the manu-

facturer vill te required.
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C. Agitation of Liguid Agents

A definite requiremsnt for agitation of the liquid agent during the ap-
proach phose of thc mission has not, as yet, been eatablished by the BWL.
If such & requirement were to be established, it would no doubt vary consi-
derably for various types of agents, It is, therefore, conqludsd that a
reasonable solution is to provide for circulatiqn of the agsnt within ‘the
B ators by means of the dispensing pump and A by-pass valve. It is vist.n-
1ized that a stand-by pasition would be pro.'vidnd on the pump awitch which
would open the bLy-pass valve and ol;nmzo the pump. Actuation of the switch
to the standby position at some time prior to the disseminating run would be

part of the operaticnal pracedure for use of tha B store.

P. leating and Cooling .
An analysis has been made to determine the requirements for maintaining

the temperature of the agent within the prescribed tm:cmtm limits during
the criticel conditions of cruise on an "Air Force Winter Day"”. For this
calculation a cruise time of 3 hours at 38,000 to 43,000 feet at a Mach num-
ber of 0.86 wvas used.

The results of this analysis indicata that with the agent tank insulated
vith 1/2" of fibreglass insulation, the tcmperature of the agent will reumsin
above 35°F, vith the initial agent temperature of LO*F. With no Inawlation
the agent tempsrature would be bLelow freezing. For thase calculations, the
physical properties used in the calculations include thermal conductivity,
épacific heat, density, absolute viscosity, and coefficient of thermal expan=-

afon.

« 6l »
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nacesaary to heat the nozzle to prevent the agent from freesing as it is being

diescharged and consequently plugging the noazle orifices.
The heat required tc maintain the outside surfaces temperature of the

bt
———

b9 = g wr

i
]4. nozzle assembly at SO°F while the sssembly is retracted is approximately 4
vatts per aquare inch of surface area.
The heating of the supply tubing and noszzle can bs accamplished by means

.-

of an slectrorilm coating, with operation of the heaters controlled by means

of a sirmple thermal awitch sensing ocutside surface temperature,

[P — | W———Y

An analysis has alco been nade to determine the effects of ram-air heat-

ing on agent temperature in tha tank during the critical condition of low

L Ty
pag

altitude cruiess on an "Air Force Swummer Day". For thig calculation a time
of 1 1/2 hours and a Mach number of 0.5 was ngsuned.

Results of this analysis indicate that the 1/2" fibreglses insulation
is sufficient to maintain the agent temperature within acceptable limita.
The temperature rise of the ngant is approximately 2°F with the insulation

as compared with approximately 50°F with no insulation.

E. Performance Penalty

Nc effort has been expended on thios subjes* during the reporting

period.

F. Effacts of Local Flow -

1. Engine Exhaust
A mathod of estimation of engine exhaust teémpgrature profiles has

been devised. It has been found that although extensive effort haa been

v
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.1ittie has been done in the study of jet exhauating into moving air. The

procedure develcped gives results vhich compare favorably with the limitad

tgst data available. ' .

For purposes of analysis the engine exhaust is divided into twa regions:
{1) the supersonic core immediately downstream of the nozzle in which the
exhaust pressure ig expanding to free stresm pressure; armd (2) the region
of turbulent diffusion downstream of the supersonic core. Charadte'rintic; -
of the flow in these regions are then defined in terms of the exhaust .Mach
nmmber, exhaust static pressure 'ratio, nozzle mngle, free stream Mach number,

and distance downstream. Analyais f the supersonisc core region is based on

work presented in the follewing references:
U, 8. Navy Developmant Center Report
NADC-ED~5401, Characteristics of Free Supersonic
Jets Exhausting Into Quiescent Air, by A. R. Anderson
and ¥. R. Johns, °

, NACA Report RMLSLL3Ll, Scme studies of Axisymmetric

Free Jets Exhausting from Sonic and SupeMonic Noazles
Into 9till Air and Into Supersonic Streams, by E. Love
and C. B. Crigsby

The region of turbulent diffusion is defined by the procedures given
by W. Szablevski in the NACA reports:
*  T¢ 12008, The Diffusion of a Hot Air Jet in Motion

‘M 1311, Contributions to the Theory of the Spreading of
& Free Jet Issuing from a Nozzle.

Application of this procedure s illustrated in Figure 28 for the case
of u J~57 Jet engine installed in a vehirle travelling at 0.7 Mach mumber.

Isotherms are shown for temperatures down to 100°F, The rate of spreading

-(3-
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of the exhaust indicates that in any practical installation of a IW disgemi~
nating store that scme mixing of the agent with exhaust gases in the <empera-
ture range of 100°F will occur. This does not imply & serious 1on'a of .
cftectivex;-sa since the exposure {8 of very short time duntiq.n and cooling
by evaporation will lower the snvironmental temperature.

2. Aerosol Stream

Becauge of the very amall momentum of the aserosclized agent par-

ticles, they asre accelerated into the airstreas direction almost immediately
upon eJection from the nozzle. In consideration of _locati_on of B4 disseminat-
ing nozzles on an aircraft, it moy be assumed, then, that in the vicinity of
the aircraft the aerosol follows the atream lines flowing past the nozzlea.

The primary {low characteriatics to be considered are due to the vortex
system of the wing. This vortex system produces a downward velocity component
dovngtrean of the wing which is a maximum in the inboerd region of the wing
and diminishes tovard the wing tip. A trailing vortex emanates f{rom the wing
tip with the core of the vortax located approximately at the 0.8 semi-span
of the wing.

Diasemination of the agent in the downwash fleld will give the aerosol
a downwaid velocity of the order of 1% of the airspeed of the aireraft. This
effect may be very important in tranasport of the aeroscl to the ground but
will be of lesser importance in separation of the aerccol from the aircraft.
structure and from the engine exhaust because of the very short time period

involved.

- 65 -
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If the agent is disseminated in ths region of the trailing vortex, the
asrosol stream will de more rapidly diffused, but will ex;.nrienec no net down-
nrd wlocity..

Craracteristics of the vortex system are being prepared in graphical

form for wing plan forms representative of current military aircraft.

’
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SQARY AND CONCLUSIONS
%}r of ths feeding and handling problems for dry sgent disseminators

gntﬁcl;tu that promising concapts exist in the application of screv feeders,
piston feedsrs and preumatic feeding systems. =y~ ;{,"?th

Yhen considering the use of screw fe;dfa‘rs, the two concepts which cur-
rantly appear most pramising nre (1) the use of a very large screw, probably
of the ribbon type which is so designed thAt all of the agant is originally
contained in the zcrev and (2} the uge of a smaller screw feedsr, with an
auxiliary mechanical agitation machanigm to preclude bridging. There appears
to be no incentive to rely exclucively on gravity flow in any part of the ays-
tema, because the power requirements are small compared to that readily
a;lsilable 't‘rcm a ram-air turbine generator. The piston feeding syntgml
appsar to be most feasible for handling highly caspacted agent materials.
The power requirements for a system of tliis type would again be well within
the limits available, The major problem is expected to be the potentially
high wall friction in a large store, which could impose excessive structural
loade on the system. To encase the compacted slug in & material of lov fric-
tion is apparently required to ‘eliminnte this problem. Adequate meana for
stripping off this casing during dissemination ave required.

In the pneumstic feeding systems, two concepts have veen considared:
(1) asystems in which the entire stored agent quantity is continually mixed
with the flowing motive gas, and (2) syatems where a surface entrainme:t
principle is utilized., Of these, the firut ig belleved to be the most pro-

mising due to the extremely small gns fliow rate required. The use of motive
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gases other thon rem air heva been considered and appear to be desirsbls,
For example the use of carbon dioxide, stored in the liquid phasa would pro-
vide a controllable, inert ntnos‘bmn, and is expected to involva a weight

ponalty of only & few percent of the agent payload.

5> Preparations have been made for deagglomeration experiments on a blowe

down wind tunnel. A specisl test section has been aesigned to provide cloge

control of Mach number in the high subsonic rangs abova 0.70. This test

section has slightly tapered walls to permit unifo numbar. An ad-

Justable sonic nozzle at the.diacharg/hsl en included to minimize fluce
tuatlons in flov. A molded fc inlet nozzle is also utilized to provide
for, minimum turbulence. " A special high velocity aerovsol sampling probe has
been deslgned and fabricated f‘c;r use in the deagglme;‘ation experiments.
This probe is deaigned for {sokinetic sampling of the stream. It.incorpor-
ates a diffucing section t'.o reduce the velocity to a level which is com=-
patitle with membrane filters and impaction sampling devicea.

A 1iterature search hac becn mode in the field of the characteristics
of Tinely divided materials. ‘The classic treatments of intermolecular and
interparticle force: hava been revieved. [n gensrul, thess do not appear
to offer solutions to the mle problemy at hand because many effectc, cuch
as contamination with adsorbed vapors, connot be udequntely handled. The
various experimentol techniques for evaluation of the physicai characteris-
‘tics of finely divided materials have also been reviewed, including thosce
for meagurement of such values as the nngle of internal friction, the angle

of slide and the angle of repose. Additional experiments weres devised which

- O - .
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yield information which should be useful in considering the suitability of

a given povdered material for use in digsemination gystems. One of these in-
volves determination of the effect of campreasive stress on the bulk density
of a finely divided matarial, the results of which tear on the questiona of
volumetric behavior under high acceleration snd the problem of filling dia-
seminators with campacted material. A sccoud experiment involves determina-
tion of the force reqiired %o remove o horizontal circular dise from a bed
of tj.he material. This meagurement shows that, for the cases invastigated,
the required force varies approximacely as the 3/2 power of the bed depth.
The force characteristic fur each powder tested can be used v {dentify the
sample. A third experiment involved the measurement of force to extract a
vertical plate from a powder bed. This experiment was sugglest'ad by a pre=-
limipary theoretical analysis. The data obtained for a bed of lead shot
agreed substantinlly with the theo;eticnl treatment,

Progreac has been made in severul areas of work on the liqu_id digogenmi~
nation problem. The oparational analysic work associated with ligquid agent
disgseminantion hag baen advanced and tle effects of cevernl paruneters have
been explored. The moul signiticant parameters aflecting the cptimum flow
rate are delivery speed, agent capacity and agent characteristics.

Causative agenls were nonsidersd. The optimum flow rates indicated by
this study vary from a minimum of 10 gom for a Q-Fever to & maximum of 48
gm for anthrax, A mview\of operational aircraft for compatibility with
extornal stores has been initiated. Questionnairee have been gent to per-

tinent aircraft manutacturers. Additional information is avajllable from

- 69 - ekl
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flight handbooks for 33 aireraft. ‘The requirement for heating to prevent
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1

agent freezing has deen wtudied. Satisfactory sclutions for the noszle heat~

ing requirement and the storage tank insulation problem have been found.

8tudies of the effact of local flow have been advanced, and a method for

YRR G A ST sy e
Satounsd e Aaxuded
9”3

» rwne

analyzing the temperature gradisnts f:roducod by angine exhaust has basen de-

veloped.

Teaada, sad
[ IOEEN

Several studies are in progress which will be covered in the final

Py g g e

report. These tnclude (1) an investigation of tre characteristics of non-

[ =)
. ..

Newtonian fluida, (2) experimentis on unconventional disseminating concepts,

i

including liquid and solid phase, carbon dioxide systems and ram-air ercsion

syotems and {3) a study of air flow arcund external stores as it affects

s0lid agent store design.
The work planned for the near future is discuse;d in the technical por-

tion of the narratives which are submitted monthly to the Chemical Corps.
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- APPENDIX A

g ’ PRELIMINARY THEORETICAL SIUDY OF
FORCE DISTRIBUTION IN PCWDERS

PEEZ ] ————
[ o]
-

TWO-DIMENSIONAL ANALYSIS (Particle Analysis)

The initial tvo-dimensional analysis will assume particles in the

vmnt b
Pgared

shape of uniform circular cylinders. The axes of the particles will be

_aggumed nommal to the two-dimensional plane. The angle of mp:me, A, ia

‘alan el
Hamer

T P et mree s e e S} 2 YTr gy
T )

defined in Figure 1.

LY

o

FIGURE 1
1f the size of the pile 15 reduced such that the ungle of inclination is
kept constant, then, ideally, the pile size cun ba reduced until only three

particles remain. Thie is shown i{n Figure 2.

For eircular cylinders, the angle of repose should te the relationshitp

4w £0°

¥Yor Flgure 2, .3 .. 60°. It secms reascnable to assume that 3 « 60° for

non=c’ ~eular shiapes.

g

w———

A-1
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A. Three Particle Analysis

.Central forcas such as electrostatic forcqy, van der Waals' forces, otc.
may exist between two particles and between a particle and the surfece. Cen-
trsl forces vwill be assumed negligible if two particlas or a particle and
the surface are kept from contact by a third particle. In Figure 3 the sur-
t‘u_:e pushes up with normal force N2 and attracty particles IT and III with

central force Cez

o from m.

i\ [/ i

tw |/ tw )
P /s

HpNp c,,} Mo cyfiy Mol

FICURE 3
Sumning forces in the vertical direction:

Ye: 2 N,-2€C,-3W=0 (2)

or N2 - 02.

3y
or M, =C, + s" (3)

Next, an analysia of Cylinder I of Figure 3 ig carried out: I[ta fre=e«body

diagram {3 shown {n Figue h,

FIGURE &4

A-2
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A4 18 the coafficient of fricticm between twvo cylindrical surfaces and is '
assumed constant. C, is the central forca between tvo particles im contact.
Particle sigze, eslactrostatic chzarges, moisture content are some of the phe~
nocemena that may st’fccf. the central force between two particles. How the
variation in central forces wil.l atfect the coefficient of frictiom, &,
1; not known. The vertical rbrce ammum\s the only one of any conse- ' ;
quance : |
RS 24 N cosd W e 2(m - c)sind -0 (&)

A fres-body disgram of Cylinder I! {s shown fn Figure 5:

N L)
ﬂi._lcl N
’n\{‘l. 4
-1 ,
rrf I FIGURE 5
~

e WTE .

Since particles tend to spread out when poured in a pile, the normal force
between two adjacent particles in the same horizontal piane will bhe assumed

zexrc. There may bve, however, & central force c3 where

320 ()
ZX: c3 - (N ¢+ Cl) cos.d 4 (L, Ny e & N) sin 3 =0 {6)
Z!: - (N‘1 - Cl) sin 4 - "fl R, vos J W+ My -Cy =0 (7)

(8)

Mgt Moy MR« L, R = O

-

Equationg (2}, (b), (6), (T), (3} permit the solving of 5 unknowns.

Since there aye 9 variables, ,/c] ’ N,, W,., C, /24 Sy "E’ Cp, nnd C3, LOM¥

A-3
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of these variables must be considered known. The angle & is resdily mesg- ]
ured and it will be assumad that the weight W can be determined or estimated.
If the coefficient of friction, /“2: tetween the particle and the surface,
2an be corralatad with the engle of slide, then it too may be considered

determinable. It can also be assumed that

Cl = Cz= 03.

Making these mssumptiongz, we can obtain expressions for "1' Na» My i

and Cy in®terms of the other variables:

Ny = Wol-2u (14 sind) v (1 - 3 fhs) cos.d (10)

2 Mg+ (My+ 1) sind
o o " Ao -s8ind cos B+ 342 sing cos 3 - A3 sinlg - 3 sinfy .
2= 3 [@s cos B - aind g 1+ 3in/3) + in 3] - (a1,

. iy Mg v 0ind cos B (3up - 1) - s1n?d (g + 3)

i -
/A \
(s cos S - 9in/3) {l - 25 (1 + alndj + {1 - 3,‘42) cos/J] (12';

2 .
g = WMo - 3/1.2 cos 4 ~ 345 8in S ccs3 + 3o cin B v 2 4 sins - aln/jcomﬂ’(u.

?‘2 cos 8 - sin A [%Tl + 3inA) + sin 3

B. S8ix Porticle Analysiz
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- Anslysis of Cylinder I:

cl Nl N CL/}

FIQURE 7

TX: 24 Ny cosd + 2 (N ~C)and-¥=0 (1)

Analysis of Cylinder II:

FIGURE O

’

[ ]
Z‘Y: - (1‘{1 - Cl) sin 4 - 4 N, cos R IS (N2 - C) sind . Ty cosd
+ (N - 0 sing + &) LN nos. 8 = O (15)
P SV 2 Ny sin g + (N3 - Cl) ccs /A4 - (Nl - cl) cos B + 4y N sin 4+ Cy
vty N3 sin.3 - (N3 - cl) cos 210 (16)

DMyt Aty NR - M NaR ¢ JL R = C
(17)

or Nl-N3oNE=O '

A Atk et et = i - — ——
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"~ Analyeis of Cylindey III: . - f
- Mg 0 Ng ‘
. \
Ca
; A, wYes
FIQURE 9
Yx: - (Ny = ;) cos 8+ .4y N sind+ Cp v dp Ny = O (18)
S¥: - (Ny-C)) sind - 44 Nycosd-W 4N C=0 (19)
IMy: Ay NgR - sy WR = O
or Uy Ny~ g My =0 (20)
Anolysis of Cylinder IV:
\
i FIGURE 10
}_“x’: -2 (N3 - Cy) man@ - 24, l‘l3 cos 4 - W + Ny - Cj = 0 {21}
| Analysis of all S5ix Cylinders L
I \\"w * .
‘J’ t
/’ -
! FIGURE 12 w (m W
Z Ny
7B . - LNy,
‘ CAAIA B .03‘ LA cjﬁb ’
I (22)
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Thers are 9 squations and 12 variables, vwhich includa 4y, Ny, W, 4, Cy»

agha

Cyr Ny Ny 3y My, Ngs Mg.

The known quantities will be sssured to be 43, W, 4. Bacauae of th:

aifficulty of solving nine simultaneous non-linear algebraic cpation-. fur-

ther slmplifying asswmpticns will probably be necessery. The equations may

be sumarized thus:

T AN ST e o R T ST e SRy TS,

¥
+ Cy 8in g .
- (23)
My cos B+ sin /3 y]
We+CLeind )
- N N, N 2k
V¥ et 37 T o4 + alnd (2)

¢y cosF 4 Cp (25)
cos 3 - 4, sing ’

Ny - Na+ ly=

P iy + Ny = Ny = 0 . ) (26)
Nz - cl 003/5+ 02 (27)
coaz - Ay sin.g - /“1
¢ i .ﬁ =W ~-C
o = 3 ; (28)

A, cos3 + 3in.4 - Pt
! P

These are six independent equations. The wunowno are Ny, "2’ N'S’ Cl, Co»
1t will then be aasumed that

, which totals 7.
L] (29)

C3s S
C, - Ca

omitting the details, one finds the tolliowing relations which are of' inteyest.
W+ C uin/ 3 C cos 3 + C
1 1 1
(30)

2 (M ross3 » sinﬁ) 2 (coa # - 4, 8inj3)

Np =

AeT

b w—p
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i P -lecos B+ L cgsF + 1 sin s ‘
2 ¢ o8 B - Ay s - Ay 3 Teos - Ay sing) = T (&, cosd - nin,.ﬂ} - f

:

»
W
T4, cos g + sind) (30)
coad(cos. A + 1) (5 atn. + 3)',141_2 - {5 cosd + % (eon?s - sin2.7)

+ sin/é’(a cos 2 - 3)]/‘1 -5 51!!/3008/3 = 0 (32) .
This is & quadratic in 4, vhere the coefficlents are functions of the :‘

’ asoumed known angle of repose, & . P :
T™hat is: ' :
s(,e)/qle+b(,d)/ul+c (3) = 0 (3]

From this analysis Lhe angle of vepone, Jf,«in & dirvet meunure of the
coelficient of friction, .%;, betweer cylluders. I'rom Fquation (31) it 1
. ;]

geen that the centrnl farce, C,, betveen cylindera {a a functton of .Y and

W, Ny, Ny, and Ny ore also panrtions o) 7 and W,

+

Page determined to be Unclassified
Reviewed Chief, RDD.WHS
1AW EO 13526, Section 3.

Date: MY 1 71 m




