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ABSTPACT

This Third Quarterly Progress Report covers research on disseuina-
tion of sclid and liquid BW agents. The objsotive toward vhich this
research {a directed is the development of veapon systems for line-source
dissemtnation from high speed low-flying manncd and unmenned aireraft,

Progress is reported on an experimental study of the sffect of
exposure to heated air streams on the viability of 3m aerosols.

Results froam experiments on the charscteristics of powders are pre-
sented. These Include investigations of frictional forces between powders
and channel walls and dynanic angle of reposs of Sm powder.

Theoretical studies of load transmission in particulate materials are
presented and several specific cases of force transaission are analyzed.
Experimental investigsticas, conducted to explore our earlier theoretical
results, are also covered.

The properties of slurries, as determined i{n our lsborstory investi-
gations, which include the thermal properties of egg slurry samples, arc
reported. Investigations of the properties of slurries of Su in @ fluoro.
chemical liquid are presented.

Progress is reported on the vind tunnel investigations of the use of
8lip stream energy to desagglomerate finely divx.do,‘d sclid materisls. Ex-
perimental results on the performance of & high velocity sampling probe
are also given.

The reosults of aa analysis of the influence of the effective agent
f11ling dencity con the asrodynomic drag of solid agent dlssenluating stores
is pregented.
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SOMNBINGIAL,

Syatems analysis on BW dissemination systems s discussed, and the
8pproach to be used in future studies is described.

The scope of two studies concerned with selegtion of o configuration
for the 1iquid agent disseninating store is outlined,
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Mr. W. L. Targeson, Mr. J. Rash, Mr. jJ, Upton, Mr. C. Hagberg, Mr.
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1. INTRODUCTION

-

This is the Third Quarterly Progress Report oo the program of research
ob dissemination of solid and liquid BW agents being comducted under Contract
No. DA-18-064-CML-2Th%. This resesrch is directsd toward the development of
disseminating stores to be carried externally on the delivery aireraft,

During this reporting pericd, Phase I of this program vas comploted i
and the Phase II vork vu- Lnxtiatgd. The objective of Phase II, in the '
field of sclid agent dissemination, is to sdvance the state of knowledge
in the aress of characterization, delivery, metering, dissemination and .
deagglomeration of the finely divided solid materials to a point where
design of a resesarch prototype is feasible, In the field of liquid agent
dissemination, the Phase II objectives {nclude completion of the design
requirements for an external store, design of the research prototype unit
and menufacture of one unit in preparation for future field experiments.

The beginning of Phase II {s acheduled for 1 November 1961.

This report presents progress on geveral gtudies vhich are being con-
ducted to reach these goals. DPecause of the nature of this program, research
studies in zany separate fields are requir=d. The introductary ststements
in each section of the report relate the topics discussed to the overall

project
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2. SIUDY OF THR EFFECT OF RXPOSURE 70 HEATED AIR STREAMS ON THE
VIABILITT OF Swm AEROSOQLS

In the process of dissemination of BW agents from jet sircraft, the
possibility of the uerr;no:l. nixing to scze degres with the hot yeses from
the engine has been recognized. Mixing with the plume is most likely if
the external’ BW Aiseeninating store is mounted close to sa epgine. In
order to determine the importance of avoiding this mixing, data are
required on the loss of viability produced.

It is known that both the temperature and the exposure timze influence
this grocess. However, previous research on the viadbility losses produced
by exporure of aercscls to elevated temperatures has been in evaluating
(1) the performance of incinerators and (2) the biological decay of an
aerosol over time periocds of minutes to hours at slightly elevated
temperasture. Neither of these cases are surficiently close to the jet
plume problem to provide useful data,

An experimental study was therefore inftiated by General Mills, Inec.
to evaluate viabjlity losaes produced by mixing Sm aerosols vith heated
ajir at temperatureg from 75° to 200° C with exposure durations of one to
tvo seconds. Theae conditions are believed to be of greatestianterest in
connection with the jJet plume problem.

A comparative approach was salected in which samples are collected in
tvo All-Glase Impingers concurrently, one sample from the heated asrcsol

stream and the other from an unheated control stresa.
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In the initial experiments, & heated air stream vas injected intec

one of the aerosol streams, while an equal quantity of room-temperwture
air was i{njected into the control stream. The first results showed very
substantial effects. Approxicately 80 percent of the aerosol vas killed
\ vhen the sversge temperature of the heated atream was 80° C, and the
duration of the exposure was 1.2 seconds. In light of the short exposure
, time, this degree of losp was considered quite high. Hovever, it was
observed that thios method of heating the aerosol (by injection of hot
air) resulted in a local hot region in which the aerosol vas exposed
for a very small fraction of the total time to A temperature of
approximately 175° C. For this reason the design of the apparatus
vas modified %o provide uniform temperature along the exposutre path
befcro additional data were taken,

The final apparatus is shown in Figure 2.1. The serosol ia»
generated with a nebulizer and introduced intoc a glass carboy. The
aerosol stream from this carboy 18 divided into two branches and
injected intoc the heated and unheated air streams.

Several openings have been provided so that the effect of varying
cxposure time can be studled. The instrumentation includes provisions
{ for controlling the electrical input to the heater and also measurement
of the temperature of the mixed streams at several locations.

Experiments with the apparatus shown in Figure 2.1 vill be conducted
during the fourth quarterly reporting period. It is anticipated that
duta vill be available for the next technical report, covering a rangs

| of temperstures up to 200° C.
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3. EXPERIMENTS ON THE CEARACTERISTICS OF PONDERS
3.1 Fricticnal Forces Between Powders and Channel Walls

——— ¢

(ne of the main feeding techniques under ccasidsration in

-

this Alssominaticn study i3 the plator feedsr. A knowledge of frictional
forces detween powiers and channel walls 1s vital to the evaluation of
., the feasidbility of this approach.

Spencer, Gilmore and Htloy3'1'1

devised a technique for studying
forces between granular polymers and channel walls. This technique
has been L.nvesugutad during this reporting period using talc powder.
The rosults indicate that a modification to this approach is required
wvhen studying very fine powders. An alternate approach has been .
developed.

3.1.1 Theory of Spencer, Gilmore and Wiley

Spencer, Gilmore and Wiley's theoretlcal derivation considers
' a plug of powder confined in m cylinder with a piston at each end as

illuetrated in Pigure 3.1.1.

L dx.

; 0
lr. - . X — -~ 1
o 1 " T
V L. -y /
. i . N
,/ | . ; '| ' 5
A T o
FA-———’!//_ : : | ) 5, - - Fp
d s l ' \. //
(I :
U Lt

Figure 3.1.1. Piston-Cylinder Experimental Set-Up

3.1.1 Spencer, R. 8., Gilmore, G. D., and Wiley, R. M., Behavior of

1 Granulated Polymers under Pressure, J. Appl. Phys. 21, 527-531
Py (1950). .
v - ') -
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L=

’A is the force necessary to initiate sovement of the plug and ra is
the resistive force. The frictiomal force Per particle at the wall 13
Me, vherell is the coefficient of friction between particle and vall
ad £ 18 the contact force between particles (assuzed to be the ssme in
all directions at & point and normal to the wvalls and ends). The total
frictional force acting cn an element of powder of thickness dx 1s )it n
(27T R) &x, vhere {s the number of particles per unit area in contact
vith the vall at x. Lst ¥ be the total force normal to & croas section
(in the direction of the cylinder lx;.l) at x. Then the change in P in
going from x to X + &x 18 AP = (7732) B, 46 where n_ is the oumber of
particles per unit area in contact vith 8 cross scction and df is the
incremental change in contast force per particle. If it i{s assumed
that, {n & given state of compactiin, the only frictional forces
ariging are those due to particle-wvall contacts, then for equilibrium
conditions the two expressions can be equated:

(TT8%) n_ af =Ll a(2 TTR) ax (3.1)

Rearranging and integrating between the proper limits, the following
expression is cbtained:

l'A L

ag

F*" %.% f o ax
R [ (3.2)

or

L
r -2
lnr,l'a ;ﬁf n dx
[+

(3.3)

-6 -
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!ownmuenxmgmonw-nmmm, 1t is assumed
that the number of wall contacts is constant (independent of degree

ll of compsction)and that n = R, prior to compaction. Equating the :
P auzber of wall contacts prior to compsction to those after compaction, l
[' the following relaticn is obtained: : ‘
L !
' a(27TR) ¢~ f a(27TR) ax |
° (3.%) !
or ' |
L

B, Lo - [ a dx

o (3.5) |

vhere; L° is the length of the plug of powder prior to compactiony
L 1{s the length of the plug at any given state of compaction. !
Substituting Equation (3.5) into Equation (3.3), the final expression is i

obtained: . !
, B,
n € R (3.6)
or
Boou ‘
| F €D : ' (3.7)

; 3.1.2 Experimental Technique

The apparatus used to study frictional forces between
powders and various cylinder msterials is 1llustrated in Figure 3.1.2.

. -7
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Pigure 3.1.2 Apparatus for Measuring Frictional Porce
Jtwveen s Povder and Cylinder Wall

Tke procedure is to clamp the cylindrical tube {n precision bore

glass tube vith an I. D. of 1,185 inches vas used in this study) in the
upright positlon vith the rod of the lower piston resting om the plat-

form of a triple beam balance. The powder is then sifted through a

screen and funncl into the tube. The powder 1is leveled off and the

length of the powder column prior to compaction (I.o) is messured. The

top piston and weight are carefully lowered into position. The veights .
on the triple beam balance are adjusted to the point where the Plug of

Reviewed Chief, RDD, WHS
JAW EO 13526, Section 3.5

Date: M ]9 m

. 8. Page determined to be Unclassified i

o2

LN

RIS WP



[ — . ——
.=

povier just begins to move, and this veight is recorded. This pro-

ys 24

+ gedure is repeated using different amounts of powder and different

TN
sy
.

resisting forces. §

, 3.1.3 Experimental Results g
The results of teats performed with talc powder in.a glaas .

i,
Loa

| | cylinder of fixed diameter are presented in Teble :,I. The farce -
‘ necessary to initiate movement of the plug (’A) vas determined for T
}‘ & glven uncompacted plug length (Lo) vhen subjected to four 41ff-

erent resistive forces ('R)’ Thn ratios L °/D ad 'A/'B are tabulsted, !

In addition, the length of the plug after cogmpicetion (L) and the ratio

L/D also are included in the table. .

If the theory of Spencer at al. is valid, according to Equation
(3.7) 1t should be possibls to plot the logarithm of the ratio r‘/pR
as a function of the ratio LO/D and cbtain a straight line. Such a
plot has been wade and g.- presented in Figure 3.1.3. It is apparent
from this figure that log PA/PR versus La/n does yield a straight
line for & given value of rn. However, as 'R is varied, a different '
i 1ine with & diffarent slope is obtained for each valus of 'R' In
general, the slope of the line becomes less as ’R is incicased.

Upon finding this result, it wvas decided to plot log ’A/’a
versus L/D, vhere L 1s the length of the powler plug after compaction,
to sec 1f the dsta would preeent & more unified picture in this fors.
’l This plot is shown in Figure 3.1.4 vhere it is appsrent that all of

the experimental points fall very closs to & single straight line

} sven though PR wvas varied by a fagtor of five.
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g £ Table 3.I. Pistm-Cylinder Results vith Talo Powder in a Glans Cylinder
L L L L '
o » L L F 4 r
R
s L I - B A
\“ - - e d — — -
- ‘ . 0.92 0.78 0.58 0.49  35.0 60 1.71 é
- ; 0.92 0.78 0.53 .45 8k.2 135 1..60
i 0.92 0.78 0.51 0.43 1341 201 1.50 f
: 0.92 0.78 0.8 0.41  183.3 276 1.51
) 2.22 1.87 1.31 111 35.0 125 3.58
] 2.2z 1.87 1.1h 0.96 8k.2 2l3 2.88
'. 2.22 1.87 1.06 0.89 134.1 62 2.0
2.22 1.87 0.99 0.8 183.3 ko6 2.70 '1
2.54 2.48 1.69 1.43 35.0 166 Lb.75
2.94 2..8 1.47 1.26  Bu.2 320 3.80 1'
‘ 2.94 2.48 1.39 117 134.1 508 3.77 |
2.94 2.48 1.31 1.11  183.3 656 3.58 I
| t
% !
3.88 3.27 2.15 1.81 35.0 26 7.47
! 3.88 3.27 1.87 1.58 84,2 Lol 5.83
I' 3.688 3.1 1.78 1.50 134.1 760 5.67
) 3.88 3.27 1.69 1.48 183.3 971 5.30
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1n view of this result, a nev spproach vas sought in attempting

to analyce this type of sxperiment. It was found that an analysis e

milar to the one applied to tensile strength measurements on come ]
Pacted powders conducted under Coptract DA-18-108-405-CML-824 for
CROL appesred to apply quite well to the present type of experiment. ‘
In the analysis, & column of powder confined in s cylinder is com-

sidered from & somevhat differeat approsch than that taken by Spencer

et al. as vill te shown in the following dlscussion.

.
T L ::‘:ﬁ—_::? i
) Py ?
L

[ ,

IS AIIIIL |

Pa

Pigure 3.1.5. Column of Powder

Consider a cylinder full of powder with & piston at each end as
depicted schematically ta Figure 3.1.5. Pressure PA is applied in the
upward direction by the bottom piston. The top piston nay be considered
Tixed in this analysie. An elemental layer of powder with thickness 4L

femen - emen . tnma s ap

- 13 - Page determined to be Unclassified
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19 located a distance L from the botton piston. Assume that at a point

the pressure acting {n the horizontal direction, By is proportional "

£ GTONEN RIEE R A  a
S e e

to the pressure acting in the verticsl direction, P, and that the

4 . latter is uniform across a cross-gection. Then: ‘
: LR : (3.8)

‘{‘ wvhere CJ is & constant.

.. : The frictional force per unit area acting on the cylix'ader wall {s: “

4

d . T-= uph (3.9) :

]‘ where [ is the coefficient of friction vetween the powder and the .

¢ylinder wvall. The equilibrium condition of the clemental layer of . \ '
] ¢ !
! povder just prior to movement §m. . ,

2
-TTe ap, = 2T TaL (3 10)

Substituting Equations (3.8) and (3 9) into Equation (3 10), we obtain:

- TR ap, - afRulc, p o

(3 11) '

! Rearranging Equation (3.11}, we obtain:
! ig! s - -—ﬁ—-—aﬂcl qaL |
Py (3.12) '

Equation {3 12) can then be integrated between the proper limits as

follovs:

[

\
W.d
(&
L]
g\\
N
&

v
P
" " ° (3.13)
{
{
2’ <1 . |
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vhere P is the pressure exerted bj the powder on the top cylinder.
Pp may Also be thought of as the resistive pressure exerted by the top
cylinder on the powder.

The result of the integration {s:

-

cl .
In PA/"R“ 7 L , (3.14)
or
2pc ,
1
pA/pB. e R L (3.15)

The cross-secticnal area A of hoth plstons is the saw;e; therefore,
the force applied to the bottom piston 1s FA = Pa A and that exerted
by the powder on the top piston is Pp = Py A. Equation (3 15) may
then be written in the following manner:

20¢
_ 1
FlFy = o~ 1 (3 16)
or
uuc
1
FolFg = e L (3.17)

"Equation (3.17) is {dentical to Equation (3.7) with the exception
that cl L appearr in the exponent in place of Lo'

On the basis of this analysis, it {s postiible to calculate the value
of the term C, [{ from the slope of the atraight line obtained in Figure
3 1.4 For talc, the value of the term c)M is 0.279. The exact value

of the coefficient of friction, K, cannot be calculated because C., the

1J
proportionality caonstant Letween the horizontal and vertical pressure in

the powder column, is not known. 1If it ia assumed that the horiaontal
and vertical pressures are approximately equal, then c1 is near unity

and the coefficient of friction is roughly 0.3.
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While only cue powder (tala) has been tested thus far, the data
indieate. that Equation (3.17) is much mwore suitable for representing

the behavior of finely divided powders than Equatica (3.7). Puture

.- plans are to parform tests cn other powders including Sm with cylinders
‘ of different materials in order to exsmine further the applicability '
3 of this new approech. * .
Ia addition, a technique is being developed to determine the

‘ . coefficient of friction of a compresasd powier plug against & plane

surface using & tilting table. A knowvledge cf the friction ccefficient,

M, wiil permit Qetermination of the proporticnality constant, cl,

’ betveen the horizontal and vertical pressure which exists in the powier

column of the piston-cylinder test. With these tools, an investigation

can be made of the affect of particle size and particle size distribu-

tion on forae transmission in & powder bed,

j.2 Dynamic Angle of Repose of Sm Powder

! The dynamic angle of repose of a powder is generslly measured
by alloving the powder to flow through a funnel onto & flat horizental

j surface and then measuring the angle between the horizontal and the
surface of the conicaleshaped powder pile. Fev investigators have been
able t0 sttach any real significance to the angle of repose othsr than &

1’ relative indication of how & powder flows. Wolf and von 'Kolmuut '2’1,
however, found s close correlation between the dynamic eng's of repose

and the angle at vhich a mass of powler slides off a tilting surface.

‘ 3.2.1 Volf, E. P, and von Hohenleiter, H. L., Experimental Studies of the
Flow of Coal in Chutes at Riverside Cenerating Station. Truns.
; A.S.M.B., pp 585-599 (1545)
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Wolf and von Hoheanleiter performed many tests an coal dust, aeasuring
both dynamic axgle or repcas snd slide angle as & hmct!.cn of moisture

sontent of the powder. When they plotted either angle of repose or

. W R

i

.
LT

slids sngle as a function of Goisture content, they cbtained curves of

o~
P W

the sawe general shape, both of which indicated a miximum at about 12

w. .

i percent moisture conteat. Upon exsadning the tilting surfuce after the
ponder had slid off, it was noted that s layer of powder still adhered

{ to the surface. This cbeervation suggests that ths slide angle measure-
ments vere probably more of an indication of powder shear rather than

sliding friction between Lhe tilting surface and the powder.
( A theoretical analysis of force distribution in a powder pile vas I
presented in sn earlier report on this contract’ 22, Tme initial tvo-
dimensional analysis assumed particles in the shape of uniform circular !
cylinders From this U}olysls. 1t was concluded that the angle of repose |
is A direct measure of the coefficient of friction between cylinders, It
vas also stated that it is reasonable to assume that the angle of repose
vill be less than 60" for non-circular shapes. I
i. The dynamic angle of repcse of a sample of finely ground Sa was ;
measured over a wide range of relative humidities (2.6% to 65%) at

foom temperature. The measurements vere made lnside a controlled .

humidity cabinet. Prior to each series of peasurements at a given

A

aumidity, the powder was allowed to equilibrate at that humidity for

o ma e s s

a period of at least 16 hourgs. Aftsr each series of measurecments at

& given humidity, a sample of the powder was placed in & tared glass

3.2.2 Diseenination of Solid and Liquid BW Agents, General Mills, Inc.
Hes. Dept. Report No. 2125, First Quarterly Progress Report, Contract
No. DA-18-064-CML-2745, p A-1, (Oct., 1960)
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wl.sh:ln; Jor and removed from the cabinet for moisture ccn.tent deter-
oinsticn., Moisture content was determined by messuring the weight loss
of the sazple after being placed in a vacuuns oven at a pressure of about
1 ua Hy and temperature of 50° C for s pericd of 24 hours.

When meuéﬂng the dynamic angle of repose of Sa powder, it vas
noted that the sloprof the powder pile was not uniform but appearsd
as shown in’ Figure 3.2.1.

Figure 3.2.1. Shape of Sm Powder Pile Obtained in
Dynamic Angle of Repose Experiments

The changing slcpe of the powder Pile may be attributed to electro-
static charges on the particles. As the powder is siftecd through the
funnel, the large clumps have encugh mmss to cvercome the eleotrostatic
forces and fall straight downward onto the center of the pile, wvhereas
smaller individusl particles tend to be deflected outward and deposit
around the periphery of the pile. This causes the slope of the powder
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pile to am.iuluy approach zero at the base. It wvas noted, howsver, _tl“nt )
there was generally a portion (approximately {n the middle of the pila) .
vhere the alope vas uniform. In the present tests, the sngle of repone
vas, nessured along this middle portion. ‘The results of the measurements

on Sm are given in Table 3, II.

Table 3,IT. Dynaxzic Angle of Repose for Sm Powder

Kel Humidity Moisture Content Angle of :
Sy vetgnt)  _Beposs  Deviation
2.6 ‘ 2.9 46.9° 1.6°
12 3.9 h5,5° 1.5°
2k L,7 4y.0° 2.0°
b2 7.2 53.9° 1.4¢
65 16.9 50.7° 2.7

The data in Table 3,II are presented graphicelly in Figures 3.2.2
and 3.2.3. Figure 3.,2.2 shows the relationship between the dynamic

angle of repose and the percent relative humidity of the air inside

" the cabinet. Figure 3.2.3 shows the relationship betveen the dynaaic

anple of repose and the moisturecontont of the powder sample. It is
seen that the angle of repose is maximum for a relative humidity of
about 429 smd for a moisture content between 7.2% and 16.9%.

It is planned to pertorm additicnal i:ests on Sm powder including
rhfa piston-cylinder tilting table snd disc-lifting experiments. These
irvestigations will be conducted at varfious relative humidities {n an
vrvironmental chamber. An attempt will be made to correlate the pressnt
data on angle of reposc with these measurements in order to detarmine
the significant properties of Sm powder which affect the angle of

repose measurements,
Page determined to be Unclassified
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Ona aspect of the current study of dry sgent dissemination systems
is the examination of feeding end handling charugterfstics of dry Mcn-
late msterials. These chardcteristics may ressonably be expected to dspend
on certain bulk properties of the material such as dens}ty, compactibility
and shear strength. In turn, these bulk propertias are dependsnt upon in-
terparticle forces and interactions emong individual particles and groups
of particles.

One _or the goala of the pregent astudy i{s to determine the bulk physi.
cal properties of u particulate materinl vhich uvre responsible for its
behavior under upplied loads. On the basis of jnformation avajilable at the
present time, it uppears.likely that the compactibility and shear strength
characteristics of u particulate matertal are of primury importance fn dee
rining the static load-currying and yield characteristics of the materiul.

The physical propertie: which govern the behavior of purticulate
moterisle muy be different for different types of materials. For example,
un immedfate distinetion can be mde beotween materials exhibiting dflatant
characteristica und compactible mterials. Materials in the former category
{e.g., dry cand or steel shot) appear to have well-defined shear yleld chars

acteristics over u wide reonge of stmnn.“‘l

On the other hand, compactible
materiuls are subject to secondary effects of compuction on shear streangth

which modifies and complicates their behavior.

hal 'fo;:osbi, C., Theoretical Soil Mechanics, Jobn Wiley and Sons, N. Y.,
1943)
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A fuxther clausst fication of dilatant mtartals can be mads on the
busls of particle ‘aize. For large particles, interparticls forces will gan-
erally bLe small coupured vith the mess of individual payticles. As the
particle aize decreases, {t s clear that m.urpnrucle forces will sacum
relutively greuter ixportance., Ao a consequence, finely divided dry materi-
alg can be vipected to exhibit lncreased shear strength vhen compured to
matorisls of the some type vhich are composed of large particles. Further-
more, the rinely divided material vill retain some shear resistance at zero
compressive 1<;od, whereas the shear strength of dry particulate materials
made up of large particles must vunish at zero loud,

From thia brief discussion {t is appurent that dry povders can be
cepurated Into scveral cotegories with rcopect to the bulk physical proper-
ties which Jdetermine the behavior of these materisls under load. Classifi=
cation of materiuls in this way depends upon experimental studies of the
various types otr powders conducted under carefully controlled conditione.

A promiping cxperimentol technigue for measuring the shear strength end com-
pactivility churactoristics of particulute materiuls is discussed in the

following puges.

4.1 Bulk Phycicol Proparties ol Powders Relating to Static lond Transe

misuion and Yield stmniﬂl Choracteristins

The most impostant bulk properties of a particulate material insofar
as static behavior 16 concerned sppenr to be density, compuctibility and
shear strength. These properties are of course interrelated; i.e.,, the

cheay strength churacteristigs will in general depend on the degree of com~
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Reviewed Chuef, RDD, WHS
JAW EO 13526, Section 3.5

Date: JuL 19 8

{

v v asethdidl m»uﬁé «l";u

———— = e
.



- - —

pection of the powlor, as vill the density, In the present contaxt, factors.
vhich influence the behavior of 8 powdar cuch as huaidity, presence of addi.

tives, etc., are considered to be implicit in the bulk properties of the
material.

A

Experiments have shown that the shear strength characteristics of

H
1 witadond

many gramalur and particulate materisles ore of the type fllustrated by Fig-
i ures i.1.1-a and 4.1.1-b, For dilatant materials such as dry sand, glacs

beads, etc., vhich are composed of particles vhose veight is largs compared

—a—

to inter-particulute attractive forces, the shear strength Tc csn be rep-

resented by the following equation:

T, = O tan ¢) (%.1)
whercO'is the compressive gtress. The angle ¢, called the "shear angle,"
18 a conatant for & given muterial of this type. Depertures from this equa-
tion muy be expected at very high compressive streases due to fracture of
! narticles.

In the casc of compressible materials, the critical shearing stress

l may be reprosented by un equation of the form:

l T, = (0+ T,) tnd (4.2)
' The constant (J, in this expression defines the shearing strength of the
materin) at zero load. The cshear strength characteristic expressed by Ema-

{ tion (4.2) hos not been adequately vsriffed experimentally for compressidle

”J‘-
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organic materials. However, available iaformetion

HL2 ) cates thab the

following behavior may be expectad:

(8) (f, vill incresse vith increasing density (i.e., compaction) for

(»)

(c)

a given material, )

Bquation (4.2} will apply ae @ gaood apprexication to shsur sisengtb
characteristics over a restricted rongs of compressive stresses,
the curve of Tc vs(J will be concave upward vith i{ncreasing
comprecsive stress us indicated in Figure 4.1.1-b. This charac-
teristic would correspond to test conditions in which Tc is
determined for u sequence of increasing compressive stresses. If
the materials {s compresced aurricientlfr to cause compaction prior
to shear testing ut reduced compressive stresses, Uo will be in-
creaced. llowvever, if sheor fuilure occurs pt reduced load, it
my be expected tiwt. the shear strength will drop considerably
after failure. This swmice, .,vhl.ch will be checked experiment-
ally, moy nccount for the type of shear failure observed in disce~

1irting experiments with organic povdeu.l"3

At sufficiently high strenses, purticulote materials muy exhibit

plastic characteristics as {pdicated by the dashed line in Figwe 4.1.1-b

The yield-stress conditions for a powder under losd can be formulated

in terms of the upplied streases by meuns of the following anslysis. Con-

sider o small volune element in a bed of powder as shown in Plgure 4.1.2,

L,2 Taylor, D. W., Fundsmentals of Soil Mechbanica, John Wiley and Sons, N. Y.,

(1948

.

h.3 Genersl Mills, Inc. Report No. 2125, Dissenmination of Sclid and Liquid
W Agents (Unclassified Title) p. UG {October 13, 1960) (SBCRET).
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It is assumed that the atress diltrihunoa is tw-d.tnnuout no- M*\m : -
state of stress is fully descrided by the normsl leuu gomponents (0;,

dy) and the shearing stress Tv. If the normal and shearing stresses on

& plane at an angle 6 to the x-axis are detsrmined (see Figure 4.1.2), 1t

jopm—

is found that the stote of stress can be expressed by the equations: 3

ag, - %(o; *0;’ . %( o'y - dx) cos 20 . r&Y sin 20 (4.3) ;

Ta 1 (d -J) stn 29 + T cos 29 (4.5) '
Z Yy x xy

These equations can be interpreted in terms of a "circle of stress” i{n the
stress plane, as illustrated by Figure b.1.3. If 8 ctrcle is drmwn through
the potnts (dx, . txy)' (Uy. + Txy) in the stress plane, the stresses
dn and T corresponding to the ungle 9 will 1lie on this ¢ircle at an angle

29 from the potnt ( X - Txy)‘ The yield condition expressed by Equation

&.1) corresponds to the case for which the gtress circle 15 tangent to the

line T = O't.un(b. In riure 4.1.3 the maxtmum 4nd minimum compressive
atrecses, corresponding to T a 0, are denoted by dl and 62 respectively.

From the figure it i3 vavily ceen thut the condition for shear failure is:
51n¢ - dl - U’-’ (4.5)
G+ G2
In terms of the x,y coordinute system and the corresponding stresses G

and T y» the condition for shear failure fa:

e 2 .
stn P Vo, ;O;” Of * Ty (4.6) :

i ified
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Bquation, (U.5) 18 tbe basis for the so-gelled "triaxial shesr test fo¥. _.

detornining the critics)l shear strength of a particulate mtarial.'h'e Tri-

ahni shear tests ore carried out wvith the apparatus shown schemutically in
Pigure .4.1.1;. A cylindricsl semple of the material to be tasted is sealed
vithin u thin rubber membrune. The sample is then placed in tha cylindrical
Lkarrei of the test apparutus 2@ showvn in the figure. Provision is moude for
p'.veasuring the chamber to u pressure ps. The volume change during pressuri-
zution cun be meugured if decired. An uxtal loud, F, is then applied by
moang of a piston us indicated {n the figure. If Pp 18 muintained constant
vhile F 15 lucreused until the sample fails, u stress circle corresponding
*9 uiteur fullure at the meun strecs .!.,l_f;r_’i- is obtoined, where F =‘Pl - PE)A-
By conducting thete teatc over u range of values of pp, the shear strength
»harneterictic my be eatublished ac the envelope of a series of stress cir-
civs 45 chown in Figure Li.1.5. With suitoble inntrumentation, the lineur
wot volume compression (or dilatution) of the sample may ulso be determined.
Triaxial tests are commonly used for ovaluuting coil anmple.u. It is pocs-
13 tlint such testc wvould ulco be employed to advantage in defining the
fi.yvival choaractesiotics of orgunic purticulate materinls. DBecuuve of the
considurable informotion available from these tests and the possibility of
vlosely controlling the test conditions, triaxial tests might be useful as

conolstency testn for dry agent moterialg.

4.2 Taylor, D. W., Fundementals of Soil Mechanics, John Wiley and Sons, N.Y.
{1948),
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FICURE 4.1.4 TRIAXIAL TEST FIXTURE

| . ’ ’/ Stress Circles

FIGURE 4.1.5 DETERMINATION OF SIEAR STRENOTH
CHARACTERISTIC FROM TRIAXIAL TESIS
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b.2 Theoretical Anslysis of load Transmission and Shesr Psilure in
Partioulate Beds .

A survey of the litsrature pertaining to load transmission in greamular .
or particulate mterials has failed te disclose a general theory for anuly:-
ing the atress distribution and yleld conditions in such materials. Most of
the available theoretical, empirical and oxperimsntal investigutions reported
in the literature are concerned with soils and soil mechanics (an extensive
bibllography is given in Reference 4.2). The theory and methods of soil mech-
anics are for the most part too specialized for direct application {n the
prescent study. llowvever, considerable benefit has been derived from a study
of this literature, which has helped to define the existing "state of the
art” with regard to the mechanics of particulate materials.

The principal difficulty in unalyzing the behavior of particulate beds
under static loads lies in the analycis of stress condftions within the mat-
eriul vhich lesd to rupture. In ope¢inl cageo vhere the prineipal stresses
are knowvn, Bquation (4.5) can be applied directly to determine the shear lines
in a particulate bed. An example of this type is given belovw. Cenarally,
the streas distribution at rupture cannot be readily found, even (£ 1t is
ascumed that the material behaves elostically up to the point of shear fail-
ure. Two exnaples based on the assumption of elast{c behavior are presented
and discussed in the following pages.

4.2.1 Analysis of the loud Distribution in a Powder Due to its Weight
Consi{der a powder of density T in equilibyrium under {ts own weight

in @ lerys contuiner. The avernge verticcl stiose at a depth y 136 » Ty.
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The permissible range of latarel stresses O; can be dntem{zpd from Equation

¢-4%) since 0; and O'y are prinoipal stresses. Solving Bquation (k.5) for the

Lo ]

ratio 61/ Cfa ve obtain:

v Z‘ - ____%1 + oo - t.nna (E + _Q) (5.7)
. 62 1l -stn 4 2

vhere 61 - Ty in the present cuge. Since the roles of Gl and dg may be

el i

* cash Vsl

e . )

interchonged, we find that the utiog.g." must lie in the range:
Y
2 x T
tan (-7,?-59)55 §m2(-¢+-5) (4.8)
Yy
} The limits {n this {nequallty correspond to the onset of slippage of the ma- 1

terial in the bed. The corregponding slip plunes are indicated by the diagos
nal lineo in Figure 4.2.1. When concentrated louds are applied to a particulute

; material the slip surfoces are dlfficult to define, as cun be ocen by the
fullowing exumple.

; b.2.2 Anaolysts of Criticul loads for Penctration of o Bed of Powder

In an effort to gnin Insight into the Lehuvior of u purticle bed vhen
subjected to concentrated loads, the following special s2ce vas exnmined
'i in some dotail. Consider o homogenecus bed of powder subjected to a downwird
loud applied at the surfuce of the bed by meons of & rod of rectangular cross-
H section ue shown in Flgure 4,2.2-a, The 1od is of width 2a and 3o long that
ithe stress distribution within the particle bed can be considered two-
dimensional in vertical planes normal to the axia of the rod. The lLoad per
unit' lengtl required for penetration of the bed {s to be found, assuming &

shear strength churacteristic expressed by Bquation {h.2).

- e tr——— — A A ok 7 A
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a) lrading of Bed by Means of Long
Rectangular Red

Adjusted Load Distribution After
Yielding at Edges of Bar

(]
LY

/ ™
Local Shesr Failure.
Rectangular lLoad
Distribution

b) Load Readjustment Due %o
Local Shear !fu.lun

FIQURR 4.2.2 FENETRATION OF THE SURFACE OF A PARTICLE BED
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tribution would correspond to elastic behavior of the particulate material
up % the point of shear failure. If the applied loud results in loeal shamy
Joilure, a readjustrzent of the loading must occur. This is illustrated by
Pigure b.2.2-b. The rectangular loading indicsted in Plgure 4.2.2-b results
in local shear failure at the edge of the rod, thus requiring a redistribue
tion of loading vith a greater concentration in the center of the rod. The
miximum load which can be carried corresponds to a load distridution viich
vould result {n simultaneous she:: failupe aleng a continuous surface within
the bed as shovn in Figure 4.2.3.

The stress distribution in o semi-infinite solid subjected to a wnie
form surface pressure p between x = ~u and X = 8 (see Figure 4.2.2.a) is

expressed by the equationa:“'h

U'x'% { X ‘0‘2. -;.(un 20& -oln'&,‘(a)}
Uy B { Mt X%, L(eime ) - s 20(2)} (4.9)

Ty g‘l:f { cos :.’C?= - cos 2@1}

By using theoe equatione the stresces due to a generslized pressure ;(x) {n

“@ = A = a cun be expressed in the folloving form:

b.h pnirgenc -, L., The Application of Theories of Elssticity and Plasticity
to Foundation Problems, J. Boston Sce. ©.E. (July 1934)

-3 -
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2
- y {x) (%-x) ax
d (x,7) » -.[[(i_-‘)z+¥ )
O G E° | S B (4.20)
14 ‘ [(i'-x) + y]
@f“ (3
- X X=3 dx
Ty (9= 77 [ (2-x)2 + ¥¢]2
-8

d,ﬂ.d 12,472 (4,12

LIS y';—.o.-tz. (=)
po Po a

51n¢ Ly

vhere (J 1 = g, a. .9:1 T -Tﬂ_, 71qm density of the material
X Po Y Po Po

and p, « p(o). The meximum load supported by the particle bed before shear

fallure occurs can be determined from Bquations (4.10) snd (4.11). For given

valuss of ¢, do and T., 1t 15 necessary to determine the pressure dfstri-

bution p(x) vhich yields the maximum load F, vhere:

- dx (k.12)
14 _‘f p{x)

The maxizum load is very difficult to determine in general because of the
nature of the sheer failure conditign given by Eyuation (4.1il). A specific
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exanpla has bdeen worked out for the conditions: ¢ = £5.8°, 0’° = Q.1 ’5?‘—;' -
7b = 0.15 p,« By choosing O‘° and 7’0 in this nnnir, (L.9., 50 tat these
factors are proportioned to po) it vas found pouzbh. 0 use a triangular

E

tdeo o,

loading. The Tesulting force for penstrating the surface of the bed is
P w 6.67 Tba. The shesy f.ilure surface corresponding to this load is
depicted in Figure 4.2.3. If the load is increased by 10 percent, the shear
failure region prior to collapse is shovn as the shaded area in Figure 4.2.3.
The shape of the failure zone suggests that shear failure would be
acconpanied by heaving up of the materisl close to the rod. This type of 1
failure has been observed qualitatively, slthough no measurements have been
made t0 determine criticsl loads.
This example indicatea the computational difficulties vhich are en-
countered in analysing the loads which cen be sustained by beds of powder.
A much aimpler case of the resistance offered by a bed of powder to penatra-
tion from above has also been analyied. From Bquation (4.9), it can be shown
that, in the limit as "a" tends to zero vhile P « 2pa is held constant, the

gtress distrivution becomes rudinl and is expressed by the egquations:

,“-« 61“% é ;% -0} T =0 (k.13)

In a bed of powder for which the pressure distribution due to the weight of
the powder is hydrostatic, the prineipal stresses will be radial and tangen-
tiol with magnitudes:
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Thus, from Bquation (4.%5): ’
sin ¢ « {1 ’7_? ra)-]'
Surfaces of shesr failure are thus cylindrical with the axis lying at the pove

der gurface. From this it follovs that if s smooth rod of redius R is embedded
in the powder to a depth R, the force P, per unit length, required to force

r. Jmret 1-32%

The above theoretical results rest upon several {mportant assumptions:

the rod intoc the bed is:

(1) the particulate msterisl behaves elastically and isotropicelly up to the
point of shear failure, (2) the stresses are sufficiently low to avoid com-
paction under the applied 'loads (wvhich might modify the shear strength
characteristics or destroy the lsotropy of the material, (3) the dimensions
of the contsoiner are large compared to the width of the loaded ares of the
bed surface. '

Thesc theoretical conclusions are subject to experimental verification
for various types of granular ov partfculate materials. Such experiments are
planned in future vork relutive to the physicel behavior of particle aggrega-

tions.
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In & previcus ﬂm.-’d results vers presaated from a theoretical atudy

of load transmission in regular arrays of disks and cylinders. In order to
verify these conclusions expeiimentally, tests vwith regular arrays vere

carried out using the tsst fixture shown in Figure 5.1-a. This device con~
sists of an aluminua frame,18 cn high by 39 cm vide, designed to support
tha plexiglass side valls vith a spacing of 0.38 cm. Teflon cylinders with
s diameter of 0.95 cm and a thickness of 0.25 cm vere used in the tests. An ¢
upvard force could be applied to cne of the cylinders in the bottom row by
a soall platfurm at the flcor of the teat fixture,

The first configuration coneidered vas the hexagonal arrangement ahown
in Figure 5.1-b. According to the theoretical analysis, the force required
to lift the plsifom is g (n + 1) W vhere n is the number of tiesrs and ¥ is
the wveight of one Aisk.

When an upwvard force was applied to the platform, the cylinders exper-
iencing movement were found to be contsined vithin a wedge whose sides [orm
an isoceles triangle, 8s predicted by the theory (see.riguu S5.1~8).

Testa vere performed with the aid of a Jolly Balance to determine the
force nacesear) '~ displace the vedge at various depths of the cylinders.

The resulte are as folliows:

5.1, Gereral Miila, Inc. Report No. 2161, Second Quarter)y Progreas Report
on Dissemination of $>1id and Liquid BW Agents (Unclassified Titls)
Feb, 13, 1961, pp. 4-55 (Confidential). _,
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Height Fores to Displace
(Bo._of Tiers) Theoretical Force Nedge

6 8.15 grams 11.32 grems

9. TAT.W7 2.9

12 30.26 39.00

The diserepancy betveen the force required to displace the vedge and the
veight of the vedge mey be attributed to friction in various parts of the
systea, i.e,, friction between the pin used to reise the plstform and the
base of the model, botvee.n the cylinders and the walls, and betveen the
cylinders. If. is interesting to note that the difference bdetween the mea-
sured and predicted force is very nearly proportionsal to the measured force,
vhich indicetes that the discrepancy is due to frictiomsl effects.

The sscond configuration considered vaa the ls agonal arrangement shown
in Figure 5.1-b. Por this arrangement the predicted load for raising the
platform 18 (n + 1) (n - 1) W. The force required to displace the vedge in
this case was also found to exceed the force predicted by the theory.

Again the percentage increase above the yleld force predicted theoreticslly
vas found to te proportional to the applied force, the constant of propors
tionality being very nearly the éame as in the previocua case,

Figure 5.1-b indicates how the cylinders are displaced vhen an upward
force is Applied to the platform. The vertical row of cylinders directly
above the platform move the same distance that the platform moves. These
cylinders in turn displace the cylinders in the triangulsr regicns at each

side of the central rov at sn angle of 30° to ths horizontal in aecoxdance
with the thecry. ,

i fled
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Experinants hl.Vt also deen performed with the teflon cylinders replaced
by s mixture of different sizes of lead shot, The sizas ranged from 0.228 ca
%0 0.320 ca diameter. A repdom diatridution vas obtained. '

Tine exposure pictures vere taken as an upward force was applisd to &
One-inch long piatform on the floor of the model (Pigure 5.2). .Movement of
particles is ind{cated by the appearance of blurred spots.

Ob}ervut.ioua indicated that particles at the base of the bed could exper-
ience cenwideradle movement before particles at the top of the dad would
move. The particles directly above the platform experience the most move-
meny 8% any given level in the bed. Nesr tho base of the bed particles which
8ro at a considz:able distance to the right or to the left of the platform
experiencs movement while at the top of the ved the particles which are not
direetly over the platfeorm experience little movemeit. These observations
irdicate that ~cnfigurations which are rot in a minimum-volume state ars
able to arcommolate congiderabls local displacement without large-scale dis-
placemen* of matorial. This is evidenced by the rapid decay of displacement

with increasing istan-e from the peint ol load application.
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6. INVESTICATIONS OF PROPRRTIXS O SILRKIXS

i ‘During this reporting period, experimesutal vork on sgg slurries vas

i“ CONFIDTNTIAR

!; continued to provide data necessary for the proper design of dissemination

systems for agsnts involving this type of liquid carrier.
i Accumulation of rheological data on suspensions of Sm in & liquid ‘
fluorochemical was continued to provide information needed for evaluating
‘ the feasibility of disseminating normally dry, powdered agents through use

{ of concentrated slurries.

6.1  Properties of Bgg Slurries

At the pregent time, certain agents nmust be prepared in an egg slurry
; carrier medium. Disseminators for such liquid agents muat provide facilities ! |

to prevent golidification of the alurry in the store vhen the ambient tem-

perature falls delov the freezing point. /Among the factors detemining the
nature of these facilities are the specific heat and thermal conductivity of
the slurry.

Apparatuses for determining these twvo themal properties of slurries ’
were designed and constructed. The heat capacities of the four frozen egg f
slurry samples received from Fort Detrick (W.E.S. #1, §2, #3, and #4) vere '
determined as a function of temperature. The themmal conductivity apparatus
1s being calibreted at the present time, and measuremsnts on these egg slurry
l samples vill be completed in the near future.

6.1.1 Specific lieat of Egg Slurries

l The apecific heats of the four egg slurry samples designated W.E.S. f1,
‘ #2, #3, and fis wvere determined by the heating-curve method at intervals of

about 1.3°C in the temperature range from 0 to 34°C. A measured quantity of

V2 s
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ehctrlcal energy was supplied to s heating coil immersed fn the liquid-cone

tents of & colorimeter and the temperature responss wes recorded before,
during, aad arter energy input.

6' 1' 101. nveosz
When a constant current, I, under a conatant enf, € » ls meintained

through a heating coil for a period of time, t, the equivalent heat supplied

to the culorimeter my be calculated from:

Qs _LI_t_ (6.1)

J
vhere: J a L.13k loules/cal (the mechanical equivalent of heat).

This quountity of heat couses a Tise in temperature of the calorimeter

and 1ts contents such that:
Q= We, A'r,cp Ar (6.2)

vhere: U » wetpht of llquid fu cuiorimeter {em)
¢, = fpecific heat of liquid (c.l/gm °c)
AT a temperstare rjgae

Cp a averuge heut cooacity of the ealorimeter including container, ther-
mom.ter, stirree, ete. (cal/°C)

6.1.1.2 App . rotus and Tachnigue

The specific heat of the €gg alurry ssoples wvas determined using
the apparatus shown {a Figure 6.1.1. The Dewer flask, insulated with two
inehes of StyroCium, 1o equipped with a glass stirrer, Beckmann differential

thermometer, and imwersion heater.

i ified
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Propar stirring conditions were detarmined experimentally in order to
insure sdaquate mixing of the Devar contents, prevent coagulation of the egg
protein on the surface of the heatar, and prevent fosming of the slurry.

The Beckmnn differential thermometer used to measure temperature rise
has a 6°C range and s readable o the nearvest 0.002°C. The absolute tem-
perature of the slurry vas determined at the beginning of en experimant wvith
a National Bureuu of Stsndurds calibrated thermometer.

The heating element is a snell resistor of approximately 150 ohms re-
sistance. The resistor and its copper leads are coated with epoxy resin to
prevent daterioration. The heating circuit consists of s d.c. pover supply
operated off a constant voltoge tramsformer, a differential voltmeter and s
nillismweter as shown schematically in Pigure 6.1.2. The voltmeter can be
read to the nearest 0.0l volt and the ameter to the neamet 0.001 ampere.
In use, 40.00 volts were impressed across the resistor resulting in s cur-
rent of 0.268 umperes. The duration of the heating cycle, three minutes in
all experimenta, was meacurcd 4o the nearect 0.05 second. The heat produced
resulted in & temperature rise of about 1.3°C.

The sverags hest capacity of the calorimeter, C, in Equation {6.2), wvas
determined {rom experiments conducted with double distilled vater. The spe-
cific heat of water os a function of temperuture is well knowm, and the
value at the mean tempersture of esach experiment vas usad {n the calculations.
By delivering a known ampunt of elsctricsl energy to the calorimeter filled
with an acourately weighed quantity of wator, the lreat capscity of the cale-
orimeter could be determined from the tamperuture rize. An aversge valus of
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20.29 + 0.10 cs}/‘c vas determined from six meesursments made at temperatures
.in the range from 0 to 34°C. .

From experiments conducted belov rvom temperature, a plot of the tem-
perature of the calorimster (Figure 6.1.3-a) will show & gradual rise with
time both defore and after input of electrical energy. This rise is due to
heat input from the surroundings and from stirring. Plots from experiments
conducted above room temperature will show 4 gradunl fall in temperature vith
time (Figure 6.1.3-b). The time rate of change of temperature during the
fore and after periods vas found to be small and constant for a particular
tenperature {nterval. tnder conditions of greatest extranecus heat inmput
{calorimeter temperature near 0°C), the rate of change wus found to be
0.003°C/minute vhen monitored over a period of 15 hours. With this small a
drift, the observed taemperature rise of the calorimeter during the heeting
¢ycle con be corrected for extraneous heat gain or loss as follows (see Pig-
ure 6.1.3 for notations): ‘

L %, 3272 (1, -ty

Oromy- 2 -3 -t t -t

where: "2 - tl. = length of heating cycle in sacends. To obtsin the data
necessary for this cuémuon, the temperature response was recoried for
a period of five minutes before and after each run. Temperature readings
vere taken at thirty-second intervals dwring the fore snd after periocda as
vell as during the heating cycls.

The specific heats of the egg slurry ssmples wers determined at temperae
ture tatervals of about 1.3° C {n the range from O to 34° C. The upper limit
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. of 34* C 1s set by the coagulstiocn temperature of egg protein, and the
lower limit Dy the freexing point of the slurry. Duplicats determinations

"
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at random teaperstures were meds periodicslly to chack for the existence

of a systematic error, but agresment was good in all cases.
Approxioately twenty determinations vere mmde with each particular

!
|
egg slurry sample {in thls tecperaturs range. l
Slurry semples of 300 - 500 gu vere used in order to reduce error }
due to evaporstion. Weight loss was determined by weighing the calori- '
seter with slurry before and after & aet 92 rung and vas fourd to be ’
negligible (less than 0.2 pereent). The slurry samples wesre kept frozen

until the time of testing.

6.1.1.3 Experimental Results

} Values for the specific heats of the four egg slurry samples

oS

designated W.E.S. $1, #2, #3, and 4 are plotted as function of temperature

in Mgures 6.1.4, 6.1.5, 6.1.6, and 6.1.7 respectively. The straightlines
through the points wers calculated by the method of least squares and appesr |
10 be an adequate representation of the data. The largest deviation from the
streight line vas about 1.5 percent.
The specific heats of W.E.S. #1 and §#2 were found to be essentially
l constant over the temperature rangs from O to 34° C, ‘tht values being 0.86
I and 0.91 cal/gm-*C, redpectively. Sample W.E.3. #3 exhibited an increase
in specific beat vith increasing temperature (0.98 at 0° C to 1.00 at 34° C).
] The specific heat of W.E.S. #i, co the other hand, decreased vith incressing !
temperatwre (1.00 at 0° C to 0.96 st 34° C). ;
) ]
[

oo
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6.1.2 Thermal Conductivity of Bgg Slurries
A method for measuring the thermal conductivity of egg slurries

has been selected. An apparatus has been built and currently is being

calibrated. The preliminary deaign considerstions and details of con-

struction of the thermal conductivity cell are presented in this report.
6.1.2.1 ‘Theory

The Fourier heat conduction equation for one~dimensionsl stesdy

flow 1n a homogeneous medium can be written as:

aT
3 v- K (g (6.3)

Tnia equation states that the steady rate of heat conductionm, q, is
Fowportionsl to the product of the cross-sectional aree, dA, normal to the
flow, and the tempersture gradient, {9&), along the conauction path. The
thermsl conductivity coefficient, K, is the true thermal conductivity of
the medium a1d 13 defined as the heat flov per unit tim. per unit tempers-
ture graiieat. through unit thickness and ecross unit eross-sectional area.
In metric unite. K vill have the dimensions:

cal - cu/sec cm® C.

The tean thermal conductivity of a material is given by:

Ky = a (5 - X 08 (T - T,) (6.5)

Both the mwan anl the true thermdl conductivity of & given setarial vary.
vith temperature. The relaticn between the trus snd mean thermal cone

duitivity 18
T

2
K, (T - 1,) = ‘[ Xat

n (6.5)
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For small path lengths, A X, K may he conaidered to vary linearly with

temperature. }'.‘ oAy b8 measured st the arithesetic mean of '1'1 nd ‘1'2
togive K » x_.

A literature search of aethods for measuring thermal conductivity
of liquids revealed that the method chosen must provide one-dimensicnal
heat flow with negligible natural conveotion in the liquid. From this

'-\u-vey, it appesared that natursl convection could be eliminated most

readily by enclosing the liquid slurry in & thia horizontal canister and
supplying heat to the canister from the top. Either adequate insulation
o;? the vertical edges of the canister or the use of su.rd heaters can
reduce conduction in the hortzontal direction to & negligible value.

6.1.2.2 Experimental Apparatus and Technique

Figure 6.1.8 shows schemmtically the completed thermal con-

ductivity cell. Tvo thin canisters are formed by the three copper discs
which are enclosed in a large dismeter Lu-zte tube insulated with Styrofoes.
The upper canister is filled vith ion-free water, the thermsl conduetivity
of vhich is known to within 0.6 percent, vhile the lower canister is filled
with the egg slurry under test. The cell is heated from the top with a
disc-type heater and after passing through the two liquid layers, the heat
is removed by the heat sink. Conamt-tempautm wvater supplied from &
large, coastantetempersture reservoir, vhich is thoroughly insulated with
Styrofosm, is circulated through the heat sink.

With this arrangement of the cell, thermal canductivity of the slurry
sample can be determined from the temperature differences across emch liquid
(slurry and wvater) and the thermsl conductivity of the water at its mean
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teaperature. This relatiomahip is derived as follows for one-dimensicnal
heat flow (1.e., negliginle heat losses through the valls):

Ar Az S
qw A L4 unK A 2
SART N ART (6.6).
vhere q » heat flux through the cell ‘
x‘ » thermal sonductivity of water
x. = thermal conductivity of slurry

A'.l'v = temperature 4drocp scross the vater layer
A"l's = temperature drop scross the slurry layer
A = area through which heat flovs (equal for both liquids)

A% » dtstance between the discs (equal for both liquids),

Thus:

K A?v =Ky AT; (6.7)
and: AT"

R (6.8)

The temperature drop across each liquid will be messured by copper-
conetantan thermocouples buried in the surfage of the copper discs. The
thickness of the liquid layers between the copper discs is 0.254 & 0.00L cm.
With & heat flux of about 7 cal/ssc supplied by the heatsr, & temperature dif.
ference of approxinstely 8° C vill be crested scross each layer. These tempare-
ture differentials can be measured with an acourscy of + 2.5% 12 the maximum
error in individual thermocouple ruunp d0es not exceed + 0.1° €,

The sccuracy of the thermal conductivity measurements, therefore, vill
depend largely upon the ability to memsure accurately these small temperature
differences. To tnsure maximus accuracy, esch of the thermoccuples in the
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“2480s has baen calibrated ty couparison with a high precision, glass-

wercury thermometer. The calibration curve cbtained ts given in

Figure 6.1.9. Tae data points for all six thersocouples used in the
di&cs ave plotted in this figurs. The maxizus dsvistion from & straight
line through these points is less than 0.005 av, cor'raspondina €0 & pki~
mum temperature error of less than 0.13° C. Therefore, the deaired
accuracy in thermsl conductivity values should be obtained.

The thermocoipies wers calibrated over the temperature range of
0 to W’ 0. Thais is the contemplated range over which thermal con-
ductivitly measurements will be made.

Each of tne copper discs has heen lapped and plated with nickel
to prevent corrogion. The two thermocouples in each disc ars placod
one a: the center and one near the edge to permit measuremeént of the
railal neat flow 1n the discs. In addition, a thermocouple is placed
at the 2urface of the Lucite wall halfway between the tvo discs to
permit evaluation of the radial heat losses from the liquid layers.
Theoretical <alculations s*uw that these radial losses will be
rnegligible; hovever, experimental verification of this theoretical
ceaclusion wili be obtained through the use of the additional thermoe
aouplea. .

Determiration of the thermal conductivity of the four egg siurry
sacples designated W.E.S. #1, #2, #3, and #4 should be completed in

the very cear future.
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) 6.2  Rheclogical Behavior of G Slurries
Agents available as finely divided powders conceivably can be dissemi-

!
i } noted from & store of the dry material or from thick slurries of the powdsr

in a compatible carrier liquid. The feaaibllity of either system depends on

facsors such i number of viable orpunisms per unit volume in the store,

_ * mointennnce of viability, cnergy required to transport material {n the store
to exit port, flow rates obtainuble through exit port, and ertent to which i
[ the qeert wreuk: .. inco the finely divided stnte after dissemination. 2
5 detemine the feasibility of using suspenscions of dry agents in a :
l . .

riuad, nn invectigarton has been mode of the rheological properties of a
{ Limalapt apert in n computilble liquid. Flow characteristics have been

duetemriven ro a fuuction of 3olids concentration, temperature, and shear

————

rote., Dheologicrd cquations developed frum this data will enable prediction
of flow cntes rarogs: pipes and svifil for given driving pressures.

(o dute, the {low characteristics as o function of colids ccacentration
Lac been detosmlaed for slurries of Smoin FCeT5, » filuorochemical lfiquid
anpufaetare t L, Hinnesota Mining and Manufacturing Co. Data have been obtained

{ !
) :r. the 'empera‘ure tauge from 20 to -20°C and at shear rates of 3 to 350 uc'l.

t $.2.7 Appuratis and Baperimental Technigue

The apparotus used in datermining the rhealogical properties of Sm

sturrier i: (e rotating 2caxial cylinder viscometer shown in Figure 6.2.1.
foe apparitus conalels of a rotating inner £olid scylinder called the bob and
y et d nur owier tyliowel culled the cup. The bob ls driven by means of

n dead veight operating through a pulley, drum and gear train. The slurry

—  S—
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a is plrced in the smull sanular space between the cup end bod vhere 1t is

shsared under 2 constant torqua applied to the bab. Because thiok slurries
” can exhidit the pruperty of thixotropy { reversidle ml--oi-pl. tnmfcn-‘t;op)

¥
b

- 1t 1s desiradle to zsasure Lod revolutions {proportionsl to shear rate) on &
‘ time base. To accomplish this, a reflsctive coating has deen placed on m . !
3 " set screv vhich holds the bob {n position on the drive shaft. The reflsctor, _
rotating vith the same angular velocity as the bdob, reflects light from o ‘ l

———

peneil source to a photo-electric cell, The olcétriul pulse, gensrated
once sach revolution, is amplified snd recozrded on s time dase using & Brush
amplifier-recorder system. In this manner, 1t 14 possible to determine change

in viscosity with time of ahearing.

-~

|
The viscometer cup is oubmerged in a small temperature regulated bath. !
‘ Contrul of tempersture is accozplished in & largsr temperature dath equipped ‘
vith a sealed platinum vire to a mercury-type thermoregulator vwhich controls i
the operation of a submersible heating element. Liquid from the large {
constant temperature bath is circulsted through the small viscomater bath by oy,

e

means of tvo smpall centrifugal pumps to meintain the desired temperature in
i the szell bath within » Q.02%c.
Investigations to date have coversd s temperature rangs of 20 to -20°C.
Tempersture belov ambient are achieved by circulating alcohol from a dry ice-
i alconol bath through copper coils in the large tamperature bath. All components
‘ of the system are well insulated to prevent excessive heat loss. Flow of the
{ ccoling liquid in the large temperature bath (s regulated %0 provide a

temperature slightly lower than that desired and the thermoregulatoy and
heater provide the final contrel.

o
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The tvo compoaent parts of the slurry are FC-T5 (CgPyc0) and Su, the
b.iolactul agent simulant. These materials are veighed on an snalytical
balance to provide the desired sclid to liquid weight ratio. The liguid-
solid mixture 1s-then dlanded with a apecially designed power stirrer.
Ths stirrer is squipped vith & round, perforated disc. Using this
techpique 1t bas been 'poou.hlo to mix the slurry thoroughly without
csusing air eatrsinment. The veighing and aixing ¢f the slurry components
i» conducted in the viscometer cup to eliminate the need for transferring
the semple. Thirty ainutes is allowed for the slurry specimen to resch
temperature equilibrium vith the viscometer bath before testing is begun.
Sa veight concentrations which have been tavestigated to date cover a
range from 16.7 to 25 percent.

6.2.2 Experimental Results

The mechanical response of the alurry to a shearing stress is most
easily depicted by means of & consistency curve which i{s & plot of rste
of shear (&) as a funoticn of shearing stress (7). The results of the
preseni investigation ars presented in this form in Pigure 6.2.2. It is
spparent from the shape of tha consistency curves that the respouse of
these Sm slurries to a anearing stress is complex.

Not apparent from Flgure 6.2.2 is the fact that Sm' in FC-75 is @ gel
systew exhibiting a yield point. In other vords, the consistency curves

interseat the shear stress axis at » finite, positive valus. The yield

points for the varicus comcentrations and tsmperstures have not been
plotted in Pigure 6.2.2 vecause of the extremely variable results vhich
have been cbtained thus far. In a typical sxperiment it vas found that
the bob would not begin rotating until suffiotent torque wvas placed oa it.

~ 65 -
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¥hen the critical torgque vas exceeded, rotation would begin slowly, then

cemse. Additional torque vas required to initiats rotation again, dut . . 1
movement vould soon stop. By gradually increasing the torque applied, » !
valus fizally wvas reached vhich produced s slow but constent rate of .

rotation. The corresponding shearing stress and rate of shear for this
condition are the initisl points of the consistency curves in Figure 6.2.2.
Puture vork will be direatsd at providing a realistic value for the yield
stress of the slurries.

The yield value cbserved in many slurry systeas is believed to be a
measurs of the force of [locculmtion per uait area vhich exists between
suspended wticleas'e'l. Vhen the yeild valus is exceeded, the flocoulated
particles begin to separate. Upon increasing the rete of shear, the solvent
vhich hed been trapped within the voids of the flocculated material 1s
relessed and the resistance to Llovw decreases. This phenomencn gives rise
to a consistency curve vhich is convex toward the shear stress axis .
{Figure 6.2.2). This type of flow bebavior cennot be represented by s single
viscosity parameter as 18 the cage with Nevtonian materfals for vhich & plot
of shearing stress versus rate of shear yields s straight line pesaing through
the origin. For Newtonian materials, the viscosity is single valued, 1.e.,

u - ;I a constant

vhere. [[e coefficlent of viscosity
7 « shear stress

é » rate of shear.

6.2.1 Eirich, ?. R., Rneology, 3, Academic Press, New York, p. 198 (1960).
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The consistency curve obtained vith 5u slurriee 2as been termed "quasi-

w‘“.&e.z

Newtonian" flow behavicr.

and represents cne of several different types of "non.

The term apparent viscosity, TI » 18 frequently used in the investi-
gation of non-Newtonian materials. Apparent viscosity is definsd as the

ratio of shearing stress to rate of shear:

T .
N3 (6.9)

It 10 apparent from the shape of the curves presented in Figure 6.2.2 that
n decreases vith increasing rate of shear. Therefore, the apparent visosity
has little significance unless it is specified for & definite condition of
shearing stress snd shear rate, ‘

A qualitative statepent can be made Lo terws of apparent viscosity about
the consistency curves presented in Pigure 6,2.2, The apparent viscosity st
& given rate of shear increases vith decreasing texperature and vith increasing
Sm concentrstion. Calculated apparent viscosities at s rate of shear of 200
sec”! are presanted in Table (.X.

TABLE 6.1

BEffect of Temperaturs sod Sclids Concentration
on the Apparent Viscosity of Sm 8lurries

(Shear Rate = 200 nc'l‘)

Solids Conc. Apparent Viscostty (77)
($ vy weight of Sm) (poise)
20°c _0°¢c -20°¢
16.7 1.0 1.h4 1.6
20.0 2.1 2.6 3.2
22.2 3.6 4.3 5.4 .
25.0 6.5 8.4 9.8

6.2.2 " Houwink, R., Elsstiaity, Plasiicity ans Structure of Mstter, llarren Press,
Weshington D. C., p. 10 (1953).
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6.2.3

Msay formulae can be found in the litarature ~°~ to desoride tne typ.‘

of curves obtained with Sa slurries. The Herschel and Bulkley ronuns"""'

is:

éa %F (T’ f)n (6.10)
vhere; f = yleld stress r
]zi and n = constants for & given curve.
n' is not the same as the apparent viscosity 72 stace o 4 1. The dimensions
of 720 are different from those of 7?, $0 that the value of T‘" cannot be
expressed in poises.

One of the objectives of the rheologicsl investigation of Sa slurries
18 to cbtain such formula desaribing the shear stress-rate of shear relation-
ships a3 a function of temperature and solids concentratian. With these |
formulae {t will be possible to calculate flow rates through pipes and
orifi as & function of driving pressure.

A cgcond objective of this study is to provide rheologicel data for
use in theoretical and experimental studies on the asrodynamic breakup of
these slurries. Eguations have been develcped and experimentally veririoad:2-3~
6.2.7 for predioting the drop size and size Aistridution resulting from dissem-
ination of Newtonian fluids. However, with non-Newvtonian materials the property
of viscoslagticity will retard the breakup of fluid drops. Thus, new theories
vill heve to be developed and experimentally verified for these materials.

6.2.3 Reiner, J., J. Rheclogy 1: 11 (1929).
6.2.4 Herschel, W. and Bulkley, R., Koll 2. 39: 291 (1926).
6.2.5 Turver, 0. M. asd Mowlton, B. W., Chem. Eng. Prog., 49: 4, 185 (1953).

6.2.6 Nukiyeas, 8. and Tanagaws, Y., Trans. Sog. Mech. Bngrs. (Japen) 4: nos.
1k, 15; 5: 0. 18; 6: nos. 22, 23 (1938.40).

6.2,7 Bitron, M. 0., Ind. & Eng. Chem. Wf: 23 (1955). |
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Another objective of the rheological investigation is to interpret the
consiatency curves in terms of particle shape, particle-particle interacticns,
ard particle-liquid intersctions. A knovledge of the basic fastors which
determine the shear stress-rate of shear response is necessary in onder to
alter the components of the' slurry system or to incorporste sdditives which
will create more desirable flov characteristics.

Efforte to.daic have been concentrated on obtalning the consistency
curves show in Flgure 6.2.2 and in attempiing to represent these curves
by & generalized formula. The latter vork i{# not yet ccaplets. The
preliminary snalysis wvhich has veen doae will be presented at this time,

The Herlt;hol and Bulkley formuls, Equation {6.10), has been applied to
the Sm slurry connioteﬁcy curves with some degree of success. Equatioa (6.10)
cAn be rewritten as follows:

log & m nlog (T~ t) - dog 7)' (6.11)

It follows that & log-log plot of & versus (7 - f) will yleld a straight
line of slope n and interaept - log 710. Several such plots of data from
Figure 6.2.2 are presented in Figure 6.2,3. Equation (6.11) appears to
rop-reunt adequately the consistency curves for shear rates in excess of
10 sec™? for all but the thickest slurry (256 Sa by welght). The thecreti-
cally determined yield stresses ussd in obtaining the straight lines of
Figur= 6.2.3, however, are larger than the experimentally cbserved yield
stresses by a factor of at least two in every case, Therefore, the
theoretical curves will diverge from the sxperimental curves at a point
in the victnity of 10 aoc'l shear rate and will approach the shear struss
axis more rapidly. As vas discussed previously, future experimental work
will pe direacted at cbtaining higher concentrations of Sm i{n FC-75.
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- -20°C £ » 1000 dynes/cn’

-20°C £ = 300 dynes/cm®

-/20’0 £ = 166 dynes/ca’

/O/

0°C £ a 160 dynes/cm®

20°C f = 110 dynes/ala

Shear Stress, U (dynea/mz)

Sm Concentration

Symbol (Feignt %) !

20[ o] 16.7
S 20.0
{ X 22.2 !
a 25.0 H
} 0 L { 1 | | | l 1 | ) 1 | 1 LJ
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FIGURE 6.2.3 APPLICABILITY OF RELATICNSHIP

! ' a-ﬁ,’%ﬁlﬂ to SH SLURRIES

. «Tl « Page determined to be Unclassified
; ) Reviewed Chief, RDD, WHS

JAW EO 13526, Section 3.5

Date:

JuL 19 28



P e T L - ane M (it

- —nre e
- e

N

e e o= s e

Upoa cbtaining this iats,, further attemptis vill be made to represent the
consistepcy curves {n msthematical form. Datermination of the. constants
» and 7p* Equation (6.11) from the curves shown in Figure 6.2.3 has not
been completed at this time. a

A second approach toward representing the Sa slurry conlioto:;ey ?
curves hos been investigated. Again, this approach is limited to data
obtalncd at shosr rated in excess of 10 sec™l. Thie approach is based an
the concept of apparent viscosity 7? When the apparent viascosities are :
calculated for various points on a single consistency curve and these ‘ ‘
values of J] are plotted againat the corresponding rates of shear, curves
of the type shown in Pigure 6.2.4 are obtained. From a preliminary analysis

of these curves, it appears that an equation of the form: !

i~

-

n

' 71. k@ (6.12)

vhere: ¥ and n are constants,

represents the data sdequstely at all temperatures and Ss concentrat{ons.

Furthernore, it eppears that n does not vary with solids concentration or '
temperature as evidenced by the equal slope of the lines plotted in Figure

6.2.5. An analysis of the dependence of kx on 5m concentrativn and tempers-

ture has not been completed at this time. This approach appears to offer

considerable promise for attaining a generalized formula representing flow

behavior at shear rates in excess of 10 aec‘l, but 4ces not tske into

account the existence of a yield point. Further analysis wvill be needed

before adequate mathsmatical representation of the rheologicsl bebavior

of thess slurries at very low shear rates is achieved,
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This investigation of the flow bebavior of Sm slurries has been
sizplified by the fact that no evtdence of thixotropy has boen eocountered

{n obtaining the consistency curves. Measurements are performed by

cbtaining shear rates at incrcasing and then decreasing shear stresses.

The up and down curves agres very vell. In additiom, the 16.7% Sm
slurry was sheared continuously under & 200 d;me/cm2 shear stress for
3000 revolucior}. of the bob with no appreciable change in apparont
viscosity. Thicker slurries will be tested in the seme manner to
verify the present opinion thuat thixotropic behavior is absent iu this
slurry aystem.

In addition to the future work which has been mentioned in this

discuseion, it is planned to cxtend this rheological investigation to

* higher shear rates. A rate of 350 sec”! 15 about the upper limit for

the couxu-cyxxnde;r rotationnl viscometer being used. At higher rates
turbulel;ee and centrifural effccts distort the rcsults obtained. In
order to examine fluw behavior at higher rates of shear, capillary
viscometry will be employed using compressed nitrogen as the driving

force.

. fiad
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i 7. DISSEMINATION AND DEAGGLOUERATION STUDIRS R

During this reporting period, ve have continuad work wich the high.

subsopic wind tunnel in connection with our study of the use of slipstresm
energy for deagglomeration of {inely divided solid materiela. This work has

included ex'perimnta to evaluate the high velccity sampling system and also

modificatiung of Lthe appurutus Lo pemit dissemination experlmonis with &.

simulant, as discussed in cections 7.1 aad 7.2 belov.

rifin ik it oA

7.1 Experiments With the Isckinetic Sumpling Probe

} Experiments to determina the particle sampling claracterictics cf the

high velocity sampling probe liave been madge, utilizing the wind tunnei and

I : piston-type disseminavor discuesed in cur previoug technical x'eport,."7 1
In these studles, tvo types of tale.- Mistron 18 and 25 - vere injectei

1 into the wind tuanel vhere the air velccliy vas maintained ot Mach number 0,490
The resulting aerosol wac then sompled at a distance of (7 cm downgtreum of
the injector (10 cm upstream of the end of the wind tunncl) with the probe.
Since the merosol coxicentr;ntlon varies from top to Lottom in the tunnel, par-
ticle size data were obtuimsd at two vertical locations, O..% emand 2.¢ om
from the top tunnel wall. A calibrated vacuum pump lccated downstream of the
t sampling probe was mmilated 30 that the appropriate flow rnte for isokiuatic

flov at the probe inlet was obtained. Off-design condiiions, 50% flcv rate ’

l and angle of attack, were alco investigated.

7.1 OCenersl Mills Report No. 2161, Second Quarterly Progress Report on Dia-
semination of Sclid and Liquid B Agents {Unclassified Title) Fed. 13,
1961, p. 35 (Confidentinl).

F)
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The samples were dollected on 76 ms, type AA, Millipore filters vhich

have an 0.8 nicron pore size. In order to minimize the effect of particles
settling in‘the sampling system, the filter was located at the prolc exit.

In the particla size analysis, thé filtsrs were diseolved in acetone
and the resulting solution was extracted from the sample after a preparatory
centrifuge step. The aize distribution vas then atomim& by. using thes vell
known Whitby Centrifuge tachnique.

The advaniage of using tslc in these studies is that it does not form
strong agglomerants. This {a important, since the depgree of agglomeration
may te affected b‘y both ihe dissemination and size analysis Jirocesses. Micro-
scopic observations of the tale indicated that the particlee consisted of
platelets and acicular both before and after dissemination.

Control data .n the particle size distribution of the two types of tale
were also obtained by the Whitby Centrifuge technique. ‘Two analyses vere made
for each type which showed good reproducibility. Thaey were averaged together
for comparison with oamples taken in the wind tunnel.

Figure 7.1.1 shows the particle aize frequency distribution by mass of
talc, Miotron 18, before and arter dissemination at the 1a§k1mt1c flow rate.
The data are presented as percent in the size range shown on the absclssa and
axe plotted at the midpoint of the range. The data show the bi-modal dis-
tribution resulting from the two particle shapes observed undier the micro-
scope.

Statisticel data on the particles in sach gample, the mass medien dia.
meter (MMD), geometric standard deviation (GSD), and parcent by mase zmaller
than 5 microns are also given in the figure.
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It 1s felt that the data indicaté that the sampling technique eupioyr’a'
in this vork is satisfactory. The small cent.e'r. ip. believed to be largely
due to random error in the sampling and size analysis processas.

A shift in particle size distribution d.m"to systematic arrors result-
ing from non-lgsokinetic flow conditions is shown in Figure 7.1.2. The flow
rate in both cases wac 50 percent of the proper flow rate, vwhile the nngle of

attack in each cnge vas zer and § degrees. At zero degrees ungle of attack

+ the sample vaa‘bia.scdtmard the larger particles, indicating that the smaller

nnes followed the diverging ctreamlinss more readily than the large cnes at
the probe inlet. At § deyrnes angle of attack there is bias towards snll
particles; & very interesting result. It is felt that the iateracilon lctveen
the flow streamlines and particle paths at the probe inlet are quite compli.
cated ynder this -ondition and ve will not attempt to explaili,it In this die-
cussion, since it will not be pertinent in future tésta (i.c., the probe will
Le mounted at zero angle of attack ia all dicsemlnation studies).

Figures7.1.3 and 7.1. show the particle sfze frequency distribution

ror unle, Mistron 25. In thla cace there Is very close ugreement Letween the

- luoklnotic samples and the control. The relatively better correlation oh-

tained with this matorial is felt to be due to the smaller particle size range.
The off-design data show agmin the tendency for bias towards larger particles
when S0 percent of the isokinctic flovw 1ate is drown through the sample: ut
zero angle of attack.

It should be noted that the Mistron 18 datawae obtained with the prove

at 1.90 cm from the tunnel top wall, vhile that of Miastron 25 ume« clitaired at

-79 - Page determined to be Unclassified
Reviewed Chief, RDD, WHS
JAW EO 13526, Section 3.5

vae:  JUL 19 .o, |

! S8
e d h T

vheid b od i

$

——




09
Perc-ent

-

gjen
Bed

g°¢ UoReE '9ZGEL O3 MV
SHM 'Q0H 19140 PEMBIASY

82 61 00
papIsSeIDUN 8Q O} PeLNUIBep §

PURRSIE
3

=y Mass in Range
W
=1
L

8
1

Tunnel hogle of -
w0 g f=sy  Posttin  Ateack |
— Control 2.2122 1.57 .
— e O e e 2.8ep 2.15 1 1.90 cm zero .
Y S —— 2.0'{# . .84 92.9 1.90 cm §¢

0.1

Y .\
P T | | | I | |
' 0.2 0.4 0.6 0.8 1 2 3 & 6

. Particle Size (Microns)

FISURE 7.1.2 PARTICIE SIZE FREQUENCY DISTRYBUTION FOR MISTRON $18 TALC
PEFORE DISSEMIZATION AND AFTER SANPLING AT NOR-ISOKINETIC
(50% FLOV) CONDITIONS. TUNNEL MACH NUMEER 0.5

e e o s et

A TPV Y - S AP IRPeT 1 e




RS e e Gl A

Pora— i

e R

¢*0 WABNM EOVA THUNL °SMOLLIMD
SILMIMST IV DATIINVS HELIV QONV NOTINRTHASST] MOJW
OTVL S2f ROMISIN ¥0d NOIINGTUISIA XONIMTLL FZIS AIOIWW  €° 1L WMOIL

i
ﬂ
L
(suoxoTH) 9TTS STOTIIN 213 g
o2 oté6pgl 9 ¢ % ¢ 2 1 0 %°0 20 1°0 358 o
r TT T 1 ) T | mmm A
1t 1 | 8
| ¥3¢ 3
€S8 7
23,
383,
o £33%
e
g :
a o
o w©
L] [}
—{oz m
m
[
=
—qot
) —lon
oxaz mw %9'C nlt Tos 1 — P o
azez w90 ST ThgT —————O ———
gt Tlogt 02300 —e-
10933¥ o0t Teod ase i )]
3o eTBoy  ToUNV




]
g
]
c3?3
8528
[ ] mgg—
OQQ
258
Cmn N
= =
= P23
U)- [« %
285
28¢
(.Dg'_éo
c
g3t
(2R
o
@
3

Lo

———@— Comrrcl 1

e AP ==
—— ey - ——

MMD 135D
1 1. 7h
2.19;] 1.7
2.26;1 1.76

Tunnel

Angle of
Position Attack
0.64 cn z€:0
0.6k om zerd

30

i

s

a

geo—

2
5

®

4
4

10—

L N T | oL L by ag 1
0.1 0.2 0.4k 0.5 0.6 0.8 1 2 3 ¥y s 6 18910 20
Particle Size (Microns)

FIGURE 7.1.b

—— e o o g e 7 P S

TALC HEFORE DI

PARTICIE SIZ2 FREQUEMCY DISTRIBUTION FOR MISTRMN #25

SSEMTHATION AND AFTER SAMPLING AT NON-
ISCKINETIC (50% FLOW) CONDITIORS. TUNKEL, MACH NUMBER 0.5




.
L

0.66 cm, 1In studying ths isckinstic semples in each cass, it seems that the

f partizle size distribution is quite uniform at both these levels in the tun~ 3
)
nel. '
i
o Afditional experiments, similar to those discussed here, will be cone !
4
' ! . ducted with talc at tunnel Mach numbers 0.5 ard 0.8. The results should make |

possidle. a stotistical analysis of the randoe errora associated with Ll

s

veLocity sampling and thereby establishk the accuracy of the sampling probe

for ssaninaticn studies.

—

1.2 Madification of the Wind Tunnel Apperatus to Pormit Disgemination Exe v
i periments with o Simulant '

During this reporting pericd ve have designed apparatus modifications
tc permit the dissemination of 9w simulant.in the high-subsonic wind tunnel.
} The princips. <hange includes a closed filter chamber, aspproximately one cubie
meter in size, which recefves the discharge from the wind tunnel. The chamber
} 19 of welded aluminum conatruction, and is designed for a preasure differene
tin) cf appreximately 0.15 Atmosphere, so that high efficiency filtering of
the discharge air -un be accomplished. The filter cpening has an area of ap- '
pesximaceiy 1/3 neter®, Two layers of I1.P.C. ilter paper will be used at

thia pcint in tha system. The filter chunber includes a sealed dcor for ace

-ee3 t. the leuxineric lampling probe and relatad equipment. This clLember
{ will proavide protection against diecharging dn asercacla 1ato the occupled

tren: S0 sur laburatories.

e gy

'. Ar<the r apparstus modification is the addition of inatrunentation to

verird the i nliCeukLt Vercus tlwe for the plelun-iype powder disseminmtor
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on the wind tunnel. Sincs this process takes plsce in sdout 1/100 of a second,
a high speed system 1s required. A Minneapolis Homywéll Vigicordsr is em-
ployed which records the signal from a slide-wire resistor which 13 directly
sonnacted to the feeding piston.

The record is .obtamea on a 1ight sensitive puper vwhich receives a
1ight beam from a galvancmeter in the recorder. Knowledge of the piston dis-
plucement versus time and the bulk density of the sample of povder pemits
ca.lc"ulatxon of the instantaneous feeding r..e¢

Suring the next reporting period, several experiments on the dissemi-
nation of .o simulant are planned, including investigation of the effects of

povder mass fiow rate, btulk density, miisture content, and alr velocity.
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,DRAG OF SOLID AGRNT EXTERNAL STORRS
A brief anhlysis has been made to explore the importauce of the effec-

t
i
k]
’

P -
éﬁ 8 STUDY GP FX INVLUSNCR OF SFPECTIVE FILLING JERSITY ON THE AKRCDYXAKIC

b3

tive filling density, p,, on the sercdynanic drag of solid agent exters

Fom gto v e Foe a0 Warshiin etiralts

s «‘ sl atores. The tem pf is arbitrerily defined as the product of the
mean bulk density of ihe finely divided solid agent and the fraction of

the total volume enclosed by the exin of the aireraft store which is

occupged by the agent.

e o =g

The asrodynsmic study presented in cur Secund Quarterly Progreas
Reporta‘l was used as a Lesis for this analysis. Calculstions vere based

. et deh at e

-y

on data given in Pigure 5.1.2 of Refarence 8.1, on the drag of s NACA-

‘- ' 65A Series store of finemese ratic 8.0.- Figurs 8.1 summarizes results
for sea level flight at 0.7 Mach number, for illustrative ceses in which

t the sgent paylosds are 100, 200, 300 and 40O pounds.

y The influence of the etfective filling density, /3’, vas found to
be quite pronounced. Figure 8.1 shows the rapid increase in dreg pemalty
vhqr.) pr decreasss to values In the range of 0.2 to 0.09 gl/cm3. A8 an
example, 400 pounds of a finely divided solid agent in e low density state

o

(assume & bulk density of 0.2) contained §n s store im which it ocecupies
’ 5) percent of the total volume ( pr = D.1) would result in a drag of
spproximately 600 pourds. The sawme pesi of agent carried in a compacted

form (far exampls, & bulk density of 0.5) in & store in which 70% of the

8.1 General Mills, Inc. Report No. 2161, Second Quarterly Frogress
Report on Dissemination of Solid and Liquid M Agents. (Unclassi.
fisd Title) Pedruary 13, 1961, pp. 69-B0 (Confidential)
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NACA-65A Store
langth/Diemeter: 8
Velocity: Mach 0.7
Altitude: Sea level

i L L L L 1
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Effective Filling Density, [),, on/ o3

FIGURE 8.1 AERCDYNAMIC DRAG VERSUS EFFECTIVE FILLING
DENSITY FOR SOLID AGENT STORES
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’ volune 1s £1116d ( /7, = 0.35), would result in s dreg farce of approxt- 3

i mately 240 pounds, or 40% of tha first case. The illustretion poizts out ,?

f [ that thers is & sudstantial inzemtive to svoid store designa vhich resuls !

B 1n very low valuss o [7,. On tbe other nand, the technical problems i

!. 1 : incurred in reaching very high valuss of ﬂf {(sbove 0.4) may cutweigh the l
adventages.

) '

i
The results of the snalyses vill be considered in futurs vork oa

digseminating store concept selection snd experimentation on feeding
techniques. ;!
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9. SYOTEN STUDY
v A systems study on the dissemination of solid BW agents has been
initisted by the Systems Anslysis Group st General Mills, Ine,

The initial work has {included s reviev of the recent litsreture ca
aathenatical models for diffusion of the serosal clowds, discussicns with
members of the Pt Detrick technical staff and a study to estadlish an
approach for the first ;umled caleulstions.

To arrive st an svaluaticn of the effectivencss of a IV mission, &
large number of factors must be taken into account, imcluding delivery
vehiale capabilities, vehicle attrition, sgent dosage requirements, ais-
seninator storegé capscity and flov rate, flight speed and height of
release, dissemination efficiency, aerosol diffusion and neteorologtcol
influences, aerosol physical and biological decay, lung muudn, -l.nd
other factors associsted vith the end effect auch as incubation period,

duration of incapicitation and mortality vsate.

The vork in the near futurs vill be restricted mainly to investigs
tiop of target mrea coverage 88 influenced by the agent dosugs require-
ments, sgent capacity, flov rate, flight speed, height of release, dis-
semination effioiency, serosol diffusion and decsy.

The sbove effects will be investigsted through an appropriate
diffusion model. various modela® have been developed for atmospheric

sGeg for exauple: 9.1 Meteorology and Atcmic Energy, ABCU 3066, U. 8. Gov't.
Printing Office, yp. 38.58, (1955).

9.2 Barad, M. L., et al., A Diffusion-Deposition Model for In-Flight Release
of Fiaston Fragments, AFCRC-TR-60-400 (Juue 1960).

9.3 Jopes, B, P. and 8. C. Stern, The Disssumination of Antiperscnnal Agents
by Means of sn Rlevated Line Source, GMI Repart, (Aug. 1957) (Becret).

- 88 -
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diffusion of parip-cilate matter and i generel these agree vithin'e tactar
of two, Since th» mristion of ground level dossge varies over ;any oars
of nagnitude, this wmn be considered good agreement. Ihe model used in
this investigstia . vi1l Le that developed by K. Calder, vhich was recently
discussed with Mz lelix Craw at Fort Detrick. The refinements to be

zade are:

1) It il be assumed that infection is proportional to the
number of particlum(vith at least one visble agent) that the lung retains
rather than the %tkd number of viable sganis;

2) It sikll ba assuned that the decay rate is proportionsl to
the surface ares &= the partiele;

3) ThedResay rate vill be sssumed to decresss with incressing
time.

These refinex*me Seem reasonsble after & discucsion with Mr. Bours
lapd of Ft. Detrid: concerning recgnf. experimental results. The diffu-
ston model with tiss s modifications ie being programmed on a digitel
computer. The reallis of this computation will be plots of protatility
of infection an a [inction of downvind distance for various weather con-

ditions and particloe sizes.
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10. WORK (M LIQUID AGENT DISSEMINATING STORE

At the time Phase II of this project vas negotiated, Gepersl Mills,
Isc. vas tequected to consider the potantial external stove-carrying capebi-
lities of the AN/USD-5 Drone, before selscting the final configuretion of
the research prototype ligquid agent disseminating store to be designed and
manufactured undsr this contract. For this veason the dssign phase vas not
{nitiutsd at the beginning of Phase II. An alternate approach was selected,
which inecluded subcontracted studies to be conducted by North American
Avistion, Inc. and Fairchild Atrcraft and Missiles Division. These studies
wers scheduled Lo precede the detalled design of the resssrch store and were
plarned so as to provide data necensary to datemine the feasibility of ds-
signing a store vaich vas near-optimum £or use on several maaned aircraft
and also t.n-c AN/USD-5 Drone.

The two studies mentionsd above were cougund. necessary since the
AN/USD-5 does not currently have provisions for external stores. MNodiflaa-
tion of the wing design was considered necessary to provide this capability.

The work atatements for these two studies follow:

10.1 Work Statement - Study at North American Avistion, Ine.

Complete the design requirements for & prototype external store
liquid ageut dissemination system, The results already obtaimed undax this
contract vith Genersl Mills, Inc. shall be used. The deeign requirenents
to be sstablished shall apply insofar as possible’ to a universal store: how.
ever, detailed design shall consider installation of the store os the AK/USD-S
Drone and also the F-100D airplane. vhich is snticipated ss a test vehicle,
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(m) As part of this vork, 4dsta shall be submitted to Genexal Kills,

Ine. for purposes of ovalusting compatability with the drone. These data
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shall consist of preliminary serodynamic, weight and inertis atarsateristics.

(®) Coorginate with Genmral Mills, In¢., the Army Chemical Coips,
and the Drone Manufacturer in astadlishing a mutuslly acceptable store con-
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figuration at Generel Mills, Inc. direction.

it

(c) Preparation of Layout Drawings. - Layout drawings of the external
store shall be prepared, vhich shall {nclude external gecmatry, definition

Aastge
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of components (such ss turbine, gensrstor, valves, pusps, nossle sssembly o

.

and aotustors), controls and control ‘qunung, Jettison provisions, agent

capaeity, insulation, agitation and heating a=2 mai.ienance provisions. T

.

10.2  Work Statement - Study at Fairchild Aircraft and Missiles Division "

10.2.1 Conduct a study to provide data required for sslection of imtml

| stare stze, vaight and location on the drone ving. Dets shall be prepared,

showing the relaticnship between the critical parameters. Thess data shall
te presented as graphs, which shall includs but not be limited to the follow~

§ ing:
' {a) Drone incremental structural veight versus tank and pylom total '
‘ losded wﬁ.yw; at a minimm of three spanwige locations. .
{(b) Incremental dreg of the installed stores versus tank capacity. l
é {(c) Nauticel Miles per pound of fusl versus externsl tank capacity
l at a selected Mach nurber with gross weight as a parmmster.
(d) Redius of action versus externsl tank cspacity at a minimum of
i three spanvise locations.
!
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A brief stadility and control aualysis shall be made for each coafi-
gureticn studied. This anmalysis shall be held to the ainimum required to
imuu feasibility.

10.2.2 An invest{gation of the overall performancse of the AN/USD-5 Drone
and one tank uize, shape, and weight locatsd at one ving station shall be
conducted. The selection of the atore and the wing location for mounting it
shall be mutually sgreed upon between Ceneral Milla, Ine. and Fairchild Air-
craft and Miseiles Division:. The performance dats will be presentsd in the
rform of a mission profile.

A three-vigv drawing of the AN/USD-5 with the selected store installa-
tion shall e prepared.

t Load fnctoni and air loads on the external store shall be provided
for the aelected store size, chops, veight, and wing station location.
10.2.3 Compile the information outlined below for the AN/USD-5 Drome.

(a) An luvestigation shall be mede of the electrical power available
on the AN/USD-5 (on s time sharing basis) for furnishing the required power
to the external stores.

() A drawing of the AN/USD-S on the launcher showing the launcher
clearances shall be prepared. '

10.2.4 Purnish engine evhaust temperature profiles at the flight conditions
vhich apply to the Aissemination run.

During this reporting period, the information required under item (a)
of the work statement to North /merican Aviation, Inc. was received by Geberal
Mills, Inc. for rwlesss Ly Falrenild. It §s anticipated thut all of the effort
covezed by bath of the work statemsnts pressanted above vill be completed during
the naxt reporting periocd.
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11. SUMMARY AND CONCLUSIONS )

During this reporting psriod, FPhase II of this program vas initisted.
This phase insludes contimuation of research in ssversl sreas relmted to
s01id mgent dissemination (such as delivery, matering, dissenination snd
deagglomeration) and also includes completion of the design requirements
for a 1iquid agent store, design of » research molel snd menufacturs of
one unit for future field experiments.

Experinents have been initiated to evaluate the effect of exposure
to heated air stresms on the viability of 8m aercsols. Preliminary work
indicates spproximately 80 percent kill of the organisms when expased to
80°C for 1.2 seconds.. Future experiments will be conducted with @ pore
refined apparatus to obtain more detailed data (Section 2).

An experimental apparatus ror the measurewent of frictional forces
between powder beds and channel walls has¢ been developed. Measureaents
have been msde vith finsly divided talc. It has been possible to 1sclate
& powder cheracteristic which is directly proportionsl to the coafficient
of friction, Measurements of the dynamic sngle of repose for Sm powder
have heen made under controlled humidity conditions. Correlations with
the moisture content have been obtained, which shov a slight dependency
on moigture content (Section 3).

Theoretical ctudies of load transuission in particulate materials
have been advanced during this reporiing period. As & result, § pro-
mising experimental technique for messurement of shear strength and com~
pactibility charecteristics of particulate meterisls vas conceived. A
trisxisl shear tast fixture is described and several specific casas of

force transwmission have been sanslyzed (Sectiom 4).
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Experiments have been condusted to further explore results from cur
carlier studies of force tranmmissics ip specific arrays of material.
Photographs of slip-lines in these arrays illustrste the effects of pucke
ing gecmetyy (B.ction. S)e

The properties of slurries of tvo types have besn investigated in
consideradle detail during this reporting period. These types ere (1)
egg slurries and (2) slurries made vith Sz in & fluorochemicsl liguid.
The work on egg slurries has yielded detailed information on :p.ciﬂc
heat of four egg slurry samples furnished by Fort Detrick. Appsratus for
evaluation of the thermal conductivity of egg slurriss has been developed
and calidbrsted. The rheological behsvior of Sz slurries, mede vith
Minnesota Mining fluorochemicsl liquid FC-75 has besn studied in detail,
using & rotating coaxial cylindrical viscometer. Curves of shear rate
versus shear stress have been obtained, se a function of temperature amd
concentration (Section 6).

Progress lias been made in connection with the studies of the use of
slipstream energy for desgglomeration of finely divided materials. The
characteristics of & high velocity iavkluetic sampling probe have been
studied by disceminating finely Aivided talc into the vind tunnel. 8tu-
dies of the effects of off-deaign operstion of the prode shovw that in-
corract flov rate amd operation at an angle Of sttack csuss dimsed sam-
Pling. Proper controi of both of these factors is provided for in our
system. Modifications to permit use of Sm in the wind tunnel have been
designed (Section 7).
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The influsnce of the effactivs filling dspsity on the asrodynsuic

drsg of a 50114 agent atore has been anslyssd., Penalties in systems vhere
the effvetive £illing density is less then 0.20 gn/co’ were found to be

SUbStARLiaL, The mdvanmtages of incressing this density sbove 0.40 gn/on

are quite minor, and mey be outweighed by other problems incurred (Sec-
tion 8).

mmrm

A 3ystems study has been {nitiated. Mathematicsl models for serosol
diffusion have béen revieved and an approach for future studies outlined
(Sectioy 9), .

During the reporting pericd, work on the liquid sgenmt disseminstor
included initiation of two studies desling with (1) completion of the
desimn requirements and preparation of layout dravings, and (2) study of

compatidility of stores designed for menned aircraft vith the AN/USD-5
Drone (Section 10).

-9 - DECLASSIFIED IN FULL
Authority: EQ 13528

COMERENIIA et Recordyf OFClso Ry WHS i

Date.

]

Two 4.

Lt FLY




