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SRMNIRNTAL
AZSTRACT

This Third Quarterly Progress Report covers research on disseuina-
tion of solid and 1liquid EW agents. The objsctive toward vwhich this
research i3 directed is the development of weapon systems for line-scurce
dissemination from high speed low-flying manncd and unmanned aircraft.

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

Results from experiments on the characteristics of powders are pre-
sented. These [nclude investigations of frictional forces between powders
and channel walle and dynamic angle of repose of Sm powder.

Theoretical studies of load transmission in particulate materials are
pregsented and several specific cases of force trangsmission are analyzed,
Experimental investigations, conducted to explore ocur earlier theoretical
results, are also covered,

The properties of slurries, ss determined in our laborstory investi-
gations, which include the thermnl properties of egg slurry samples, are
reported. Investigations of the properties of slurries of Sm in & fluoro-
chemical liquid are presented.

Progress i{s reported on the wind tunnel investigations of the use of
slip stream energy to deagglomerate finely divqu‘cl sclid materials. Ex-
perimental results on the performance of s high velocity sampling probe
are also given,

The results of as analysis of the influence of the effective agent
filling density cn the acrodymomic drag of solld agent dlssealuating stores
is pregented.
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SOMNNBANIAL

Systems analysis on BW dissemination eystems io discussed, and the
approach to be used in future studies is deacribed.
The dcope of two gtudies concerned with selection of a configuration

for the 1i7uid agent disseminating stors is cutlined.
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1. INTRODUCTION

Thais is the Third Quarterly Progress Report on the program of research
on disesemination of solid and liquid BW agents being conducted under Centract
No. DA-18-064-CML-27h45. This research 1is directed tm_uuil the development of
disseminating stores to bhe carried externally on the delivery aireraft.

During this reporting period, Fhase I of this program vas completed
and the Phase II work vas‘ initiated. The objective of Phase II, in the
field of solid agent dissemination, is to advance the state of knowledge
in the sreas of characterization, delivery, metering, dissemination and
deagglomeration of the finely divided solid materials to & point where
design of a research 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 manufacture of one unit in preparation for future field experiwments.

The beginning of Phase II is scheduled for 1 November 1961.

This report presents progress on geveral studies which are being con-
ducted to reach these goals. Becsuse of the nature of this program, research
atudies 1n many separate fields are required. The introductory statements
in each section of the report relate the topics discussed to the overall

project.
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2. STUDY OF THE EFFECT OF EXPOSURE T0 HEATED AIR STREAMS ON THE
VIABILITY OF Sm AEROSOL3

In the process of dissemination of BW agents from jet siroraft, the
posaibility of the aer(;sol nixing to some degres with the hot gases from
the engine has been recognized. Mixing with the plume 1is most likely if
the external BW Adissenminating store is mounted clcse to an engine. 1In
order to determine the importance of avoiding this mixing, data are
required on the lose of viability produced.

It 1s known that both the temperature and the exposure time influence
this process. However, previous research on the viebility losses produced
by expoture of aeroscls to elevated temperatures has been in evaluating
(1) the performance of incinerators and (2) the biological decay of an
agrosol over time periods of minutes to hours at slightly elevated
temperature. Neither of these cases are sufficiently close to the jet
plume problem to provide useful data,

An experimental study was therefore initiated by General Mills, Inc.
to evaluate viability losses produced by mixing Sm aerosols vith heated
ajr at temperatures from 75° to 200° C vith exposure durations of ane to
two seccnds. These conditions are believed to be of greatestinterest in
connection with the jet plume problem.

A comparstive approach was selected in vhich samples are collected in
two All-Glase Impingers concurrently, ore sample from the heated aercsol

stream and the cther from an unheated control stresm.
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In the initial experiments, a heated air stream wvas injected into
one of the aerosol streams, while an equal quantity of room-tempereture
air wvas injected into the control stream. The first resulis showed very
substantial effects. Approxibately 80 percent of the aercsol was killed
vhen the average temperature of the heated stream was 80° C, and the
duration of the exposure was 1.2 seconds. In light of the short exposure
time, this degree of loss was considered quite high, However, it was
cbserved that this method of heating the aerosol (by injection of hot
air) resulted in a local hot region in which the serosol was 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 to provide uniform temperature along the exposure path
before additional data were taken.

The final apparatus is shown {n Pigure 2.1. The gercsol ias
generated with a nebulizer and introduced into a glass carboy. The
aerosol stream from this carboy is divided into two branches and
injected into the heated and unheated air sireams.

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

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

of temperatures up to 200° C.
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3. EXPERIMENTS ON THE CHARACTERISTICS OF POWDERS
3.1 Frictional Porces Betveen Powders and Channel Walls
One of the main feeding techniques under ccasideration in
this diﬁsemination study is the platon feeder. A knowledge of fricticnal
forces between powders and channel walls is vital to the evaluation of
the feasibility of this approach.

Spencer, Gilmore and m.ley3'1‘1

devised a Scchnique for studying
forces between granular polymers and channel walls. This technique
has been {nvestignted during this reporting period using talc powder.
The results indicate that a modification to this approach is iequi.red
vhen studying very fine powders. An alternate approach has bean .
developed.

3.1.1 Theory of Spencer, Gilmore and Wiley

Spencer, Gilmore and Wiley's theoretical derivation considers
a8 plug of powder confined in a cylinder with a piston at each end as

illustrated in Figure 3.1.1.

L dx, 0

-~
i
v T, N 9 > )
Z e 28
Z PR o p
¥ “'A’ . ’ ’ :' VV,: *
A !/' . i ’ ] | /~- R
B L] %
. i ad
R /___“..-__.‘_ L

Figure 3.1.1. Piston-Cylinder Experimental Set-Up

3.1.1 Spencer, R. 8., Gilmore, §. D., and Wiley, R. M., Behavior of
C(‘-rmul)sted Polymers under Fressure, J. Appl. Phys. 21, 527-531
1950). —
-5 .
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’A is the force necessary to initiate movement of the plug and rR is
the resistive force. The frictional force per particle at the wall is
Me, vherell is the coefficient of friction between particle and wall

et . o

TR VRN

A
3

M v s

and £ is the contact force between particles (assumed to be the same in
all directions at a point and normal to the walls and ends). The total
frictional force acting on an element of powder of thickness dx 13/(f a
(27TR) &x, where n {s the number of particles per unit area in contact )
vith the wall at x. Let F be the total force normal to a cross section
(in the direction of the cylinder axis) at x. Then the change in P in
going from x to x + dx 18 dF = (TTR?) n, 46 where n_ is the pumber of
particles per unit area in contact with a croas scction and df is the
incremental change in contact force per particle. If it is assumed
that, in a given state of cowpaction, the only frictional forces
arising are those due to particle-wall contacts, them for equilibrium
conditions the two expressions can be equated:

(TTR%) n, &f =/if n(27TR) dx (3.1)

Rearranging and integrating between the proper limits, the following

expression is obtained:

FA L
ac 2
f r'rognj’“‘
Q

Ta (3.2)

or

L
l’”x”a'ggﬁ[ n dx :
o .
[+

(3.3) :

-6 -
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To evaluate the integral on the right hand side, it is assumed
that the number of wall contscts is constent (independent of degree
af compaction)and that n = B, prior to compaction. Equating the
number of wall contacts prior to compection to those after compaction,
the following relation is obtained:

L

n (2 7TR) L - f n(27TR) ax
) (3.4)
or ‘
L
B L = [ ndx’
) (3.5)

vhere I‘o is the length of the plug of powder prior to compaction
L is the length of the plug at any given state of compaction.

Substituting Equation (3.5) into Equation (3.3), the final expression is
obtained:

fa € R (3.6)
or

AL L,

Fp €D (3.7)

3.1.2 Experimental Technique
The apparatus used to study frictional forces tetween

powders and various cylinder materials is illustrated in Pigure 3.1.2.
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Pigure 3.1.2 Apparatus for Measuring Frictional Force

Jetween a Powder and Cylinder Wall

Tk procedure is to clamp the cylindrical tube (a precision bore

glass tube with an I. D. of 1.185 inches was used im this study) in the

upright positlon vith the rod of the lower piston resting on the plat-

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

screen and funncl into the tube.

The powder is leveled off and the

length of the powder column prior to compaction (Lo) is measured. The

top piston and weight are carefully lovered into position. The weights .

on the triple beam bdalance are adjusted to the point vhere the plug of

-8 .
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povder just begins to move, and this veight is recorded. This pro-
* cedure Lis repeated using different amounts of powder and different

3

resisting forces.

S

3.1.3 Experimental Results

N

The results of tests performed with talc powder in.a glaas
cylinder of fixed diameter are presented in Table ?,I. The force ‘
necessary to initiate movement of the plug (F,) vas determined for o
& glven uncompacted plug length (Lo) when sudbjected to four diff-
erent resistive forces (Fp). 'me ratios t.o/n and 'A/’a are tabulated. |
In addition, the length of the plug after compseticn (L) and the ratio
L/D also are included in the table. :

If the theory of Spencer ot al. 1s valid, according to Equation
(3.7) 1t should be possible to plot the logarithm of the ratio FA/ Fq
8s a function of the ratio L /D and cbtain a straight line, Such a
plot has heen made and .u presented in Figure 3.1.3, It is apparent
from this figure that log PA/FR versus LO/D does yield a straight
line for & given value of FR. However, as FR ia varied, a different
1line with a different slope 18 cbtained for cach value of !‘R. In
general, the slope of the line becomes less as PR is incroased.

Upon finding this result, it was decided to plot log PA/PR
versus L/D, vhere L 1s the length of the powler plug after compaction,
to sec if the data would preseant a more unified picture in this fore.
This plot is shovn in Figure 3.1..4 vhere it is apparent that all of

the experimental points fall very close to a single straight line

even though PR wvas varisd by & factor of five.
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Table 3.I. Piston-Cylindsr Results wvith Talc Powder in s Glass Cyunﬁer

Lo
(in)

0.92
0.92
0.92
0.92

2.22

n
R

2.22
2.22

2.94
2.94
2.94
2.94

3.88
3.88
3.88
3.88

L
Q
D

0.78
0.78
0.78
0.78

1.87
1.87
1.87
1.87

2.48
2.48
2.48
2.48

3.27
3.7
3.1
3.a7

L
(4n)
0.58
0.53
0.51
0.48

1.31
1.1k
1.06
0.99

1.69
1.47

1.39
1.31

2.15
1.87
1.78
1.69

L=1] of

0.L5
0.43
0.kl

1.11
0096

0.89
0.8b

1,17

1.11

1.81

s

(em)

35.0
8k.2
134.1
183.3

35.0
84,2
134.1
183.3

35.0
8i.2
13h.1
183.3

35.0
84.2

134.1
183.3

Ta T
LI
60 1.7
135 1.60
201 1.50
276 1.5
125 3.58
23 2.88
362 | 2.10
k96 2.70
166 4.75
320 3.80
505 3.77
656 3.58
261 7.47
Lol 5.83
760 5.67
9Td 5.30
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In viev of this result, & név approach vas sought in attempting
to analyze this type of experiment. It was found that an analysis
sipilar %o the one applied to tensile strength measurements on COG»
pacted powlers conducted under Contract DA-18-108-405-CML-B2k for
CROL appeared to apply quite well to the present type of experizent.
in the analysis, a column of powder canfined in & cylinder is cone-
sidered from a somevhat different approsch than that taken by Spencer

et a1, as vill te shown in the following discussion.

e — g n—

r‘ = T
P,

WA IIINY.

PA

Figure 3.1.5. Column of Powder

Consider a cylinder full of powder with a piston at each end as
depicted schematically ina Figure 3.1.5. Pressure Py is applied 1in the
upward direction by the bottom piston. The top piston nay be considered

rixed in this analysie. An elemental layer of powder with thickness aL

-13 - Page detarmined to be Unclassified
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{9 located a distance L from the bottom piston. Assume that at & point
the preasure acting in the horizontal direction, By is proportional
to the pressure acting in the vertical direction, P, and that the
latter ig uniform across a crose.section. Then:
PGPy : (3.8)
where C] is & constant.
The frictional force per unit area acting on the cyli;xder wall is:
T= My, (3.9)
vhere [{ {8 the coefficient of friction betwecn the powder and the

¢ylinder wall. The equilibrium condition of the clemental layer of |

powder Jjust prior to movement iB. . *

2
-TTR® ap, - 2TRTaL (3 10)

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

. TR® dp, = 2fRUcE, p, 4L

(3 11)
Rearranging Equation (3.11), we obtain:
Py R (3.12)

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

dp 2 1C
f ....‘f..[ -—-/-;-ldl‘
[+]

follows:

P
Pa v (3.13)

- 1h .
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vhere R is the pressure sxerted b& 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 is:

.

2/U¢, .
1n pA/pR =——1L (3.18)
or
21¢ ‘
1
/PR R L (3.15)

The cross-sectional area A of hoth pistons is the saie; therefore,
the force applied to the bottom pieton is FA = Pa A and that exerted
by the powder on the top piston is Fp = p, A. Equation (3 15) may

then be written in the following manner:

24(C
_ 1
F s (3 16)
or
byLC
1
Fi/Fp= .~ 1L (3.17)

" Equation (3.17) is identical to Equation (3.7) with the exception
that °1 L appeares in the exponent {n place of Lo'

On the basis of this analysis, it is possible to calculate the value
of the term Clli from the slope of the straight line obtained in Figure
3.1.4  For talc, the value of the term clﬁl is 0.279. The exact value
of the coefficient of friction, [, cannot be calculated because C,, the
proportionality constant bLetween the horizontal and vertical pressure in
the powder column, is not konown. If it is sssumed that the horizcntal
and vertical pressures ure approximately equal, then C, is near unity
and the coefficient of friction is roughly 0.3.

- 15 - Page determined to be Unclassified

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

Date: JUL 19 m

{

o sk e B asuilin na dialéh



» . : .

While only one powder (tala) has been tested thus far, the data

Vo P O L R e B
T
4
1
|
|

indicate. that Equation (3.17) i8 much more suitable for representing

» rl','. s ‘

the debavior of finely divided powders than Equation (3.7). Puture

plans are to parform tests on other powders including Sam with cylinders

B LR e ek

-

of different materials in order to examine further the applicability
1 of this nev approach. :

In addition, a technique is being developed to determine the

s . coefficient of friction of a compressed powler plug against & plsne

surface using a tilting table. A knowledge cf the friction coefficient, o
M, vill permit determination of the proportionality constant, Cy»

} between the horizontal and vertical pressure which exists {n the powder

colunn of the piston-cylinder test. With these tools, an investigation
can be made of the effect of particle size and particle size distribu-
tion on foree transmission in & powder bed,

3.2 Dynamic Angle of Repcse of Sm Powder

! The dynamic angle of repose of a powder is generally measured

| by alloving the powder to flow through a funnel onto & flat horizontal

! surface and then measuring the angle between the horizontal and the
surface of the conical-shaped powder pile. Few investigators have been
able to attach any real significance to the angle of repose other than a
1"' relative indication of how a powder flowvs. Wolf and von .Hohenleitorj’a’l,

however, found & close correlation between the dynamic ang'$ of repose

and the angle at which a mags of powder slides off a tilting surface.

i 3.2.1 Wolf, E. P, and von Hohenleiter, H, L., Experizental Studies of the
Flow of Coal in Chutes at Riverside Generating Station. Truns.
5 A.S.M.E., pp 585-599 (1345)
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Wolf and von Hohenleiter performed many tests on ccal dust, measuring
both dynamic mngle or reposs snd slide angls as a funetion of moisture

Soblh Xy | g b

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

ot b
- u!-si-

i

slide angle as a function of Woisture content, they obtained curves of

»

AR E e tadr s o i Al SR

the same general shape, boeth of which indicated a méximum at about 12

percent moisture comtent. Upon examining the i‘.iltins surface after the

L e

s g

povder had slid off, it was noted that s layer of powder still sdhered

é. to the surface. This cbservation suggests that the slide angle measure- ": l

ments vere probably more of an indication of powder shear rather than
sliding friction belween the tilting surface and the powder.

i A theoretical analysis of force distribution in & powder pile was !
presented in e.n earlier report on this contuct.3'2'2. The initial tvo- ‘
dimensional analysis assumed particles in the shape of uniform circular !
cylinders. From this analysis, it was concluded that the angle of repose |
is a direct measure of the coefficient of friction between cylinders. It
vas also stated that it {s reasonable to assume that the angle of repose
will be less thaa 60° for non-c¢ircular shapes. *

i The dynamic angle of repose of a eample of finely ground Sm was o

measured over a wide range of relative humidities (2.6% to 65%) at

room temperature. The measurements were made inside a controlled

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

ot

humidity, the powder was allowed to equilibrate at that humidity for !
a period of at least 16 hours, After each series of measurements at

2 given humidity, a sample of the powder was placed in a tared glaas

3.2.2 Dissenination of Jolid and Liquid BW Agents, General Mills, Inc.
Hes. Dept. Report No. 2125, First Quarterly Progress Report, Contract
No. DA-18-064~CML-27T45, p A-1, (Oct., 1960)
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voi'gbing Jar and removed from the cabinet for moisture content dster-

- -

oination. Moisture content was determined by messuring the weight loss

of the sample after being placed in a vacuum oven at a pressure of shout

1 mm Hg and temperature of 50° C for a period of 24 hours.

When measuring the dynamic angle of repose of Sm powder, it was

‘
R

noted that the slopeof the powder pile was not uniform but appeared

as shown in’ Figure 3.2.1.

!
{
|
i
; Figure 3.2.1. Shape of Sm Powder Pile Obtained in
Dynamic Angle of Repose Experimente
%
’ The changing slope of the powder pile may be attributed to electro- .
i
{ static charges on the particles. As the powder is sifted through the i
funrel, the large clumps have encugh mass to overcome the elestrostatic 3
i forces and fall straight downward onto the center of the pile, vhereas i
{ smaller individual particles tend to be deflected outward and deposit
! around the periphery of the pile. This causes the slope of the powder
g - 18 - Page defermined to be Unciassified
; Reviewed Chief, RDD, WHS
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pile to gm;lually approach zero at the base. It was noted, ﬁwﬁver, ‘tl;st
there was generally a portion (approximately in the middle of the pile)
vhere the slope vas uniform. In the present tests, the angle of repose()
vas, neasured along this middie portica. The results of the measurements
nn Sa are given in Table 3,II.

Table 3,II. Dynamic Angle of Repose for Sm Powder

Bl e i S
2.6 ‘ 2.9 46.9° 1.6°
12 3.9 45.5° 1.5°
2k .7 49.0° 2.0°
h2 7.2 53.9°¢ 1.4°
65 16.9 50.7¢ 2.7

The data in Table 3,II are presented graphically in Figures 3.2.2
and 3.2.3. Figure 3.2.2 shows the relationehip between the dynamic
angle of repose and the percent relative humidity of the air inside
the cabinet. Figure 3.2.3 chows the relationship between the dynamic
anple of repose and the moisturecontent of the powder sample. It is
seen that the angle of repose is maximum for & relative humidity of
about 42% and for a moisture content vetween 7.2% and 16.9%.

It is planned to pertorm additicnal “ests on Sm powder including
:hfe plston-cylinder tilbing table and disc-lifting experimeants. These
investigations will be conducted at various relative humidities (n mn
ervironmental chamber. An attempt will be made to correlate the present
Aata on angle of reposc with these measurements in order to determine
the significant properties of Sm powder which affect the angle of
repose meagsurementa,
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b,  THBORMTICAL STUDTES GF LOAD TRANEMISSIONS IN PARTTCULATE WATHRTALS

(ne aspact of the curyent study of dry agent dissemination systeu‘
is the exapminetion of feeding and handling charactaristics of dry pahicu-
late materials. These characteristics may reasonably be expscted to depend
on certain bulk properties of the material such as density, compactibility
and shear strength. In turn, these bulk properties are dependent upon in-
terparticle forces and interactions among individual particles and groups
of particles.

One of the goala of the present study i5 to determine the bulk physi-
cal properties of u particulate materinl which vre responsidble for its
behavior under applied loads. On the basis of information available at the
present time, it uppears.likely that the compactibility and chear strength
characteristice of u particulate material are of primary importance in de-
fintng the static load-carrying ond yield characteristics of the materiul.

The physical propertie:s which govern the behavior of purticulate
moterials muy be different for different types of materials. For example,
un immediste distinction can be made between materials exhibiting dilatant
characteristics and compactible xmterials. Materials in the former category
{e.g., dry cond or steel shot) uppear to have well-defined shear yield char-
acteristics over u wide range of stmsus.u'l On the other hand, compactible
materiuls are subject to secondary effecto of compaction on shear strength

which modifies and complicates their behavior.

L.l %’a;“ughi, C., Theoretical $oil Mechanics, John Wiley and Sons, N. Y.,
1943)
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A further clasei Pication of dilatant materials can be made on the
busis of particle ‘size. Por large psrticles, interparticls forces will gen-
erslly te small copured vith the masa of individual particles. As the
particle size decremses, it is clear .thut Ln'urparticle forces will sazume
relutively greuter importance. Ac a consequence, finely divided dry materi-
als can be vipecwed to exhibit increased shear strength when compured to
mater{uls of the came type which dre composed of large particles. Further-
more, the t'inely divided material nli retain some sheor resistance at zero
compressfve lo'od, whereas the shear strength of dry particulate mteriaols
made up of large particles must vunish at zero loud.

From this brief discussion it {s appurent that dry powders can be
cepurated into several cotegories with reapect to the bulk physical proper-
tiet which determine the behavior of these materisls under load. Clasaifi-
cation of muteriuls in this way depends upon experimental atudies of the
various types ot powders conducted under carefully controlled comditions.

A promising cxperimental technigue for measuring the shear strength ond com-
pactibility charucteristics of particulate materiuls is discussed in the

following puges.

4.1  Bulk Physical Properties ol Powders Relating to Static lond Trans-

miasion and Yield Strength Churacteristins

The most important bulk properties of a particulate matericl insofar
as stotic behavior 16 concerned appenr to be density, compuctibility and
shear strength. These properties are of course interrelated; i{.e., the

chear atrength churacteristics will in geperal depend on the degree of com-
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paction of the powder, as vill the density, In the present context,. fmctors.

which influence the behavior of a powder ouch as huaidity, precence of addi-
tives, atc., are considered to be implicit in the bulk properties of the
material. .

Experiments have shown that the shear strength characteristice of
many granulur and particulate materials ore of the type illustrated by Fig-
ures 4.1.1-8 and 4.1.1-b. For dilatant materials such as dry sand, glass
teads, etc., which are composed of particles vhose veight is large compared

to inter-particulute atiractive forces, the shear strength Tc can be rep-

resented by the following equation:

Te " d tan ¢ (&.1)
vhemd is the compressive stress. The angle QS, called the "shear angle,"
is 8 conatant for o given muterinl of this type. Departures from this equa-
tion muy be expected at very high compressive stresses due to fracture of
rarticleo.

In the case of compregsible materiuls, the criticul shearing stress

may be represented by un equation of the form:

T, = (0 &) tand (4.2)
The constant d o in this expression defines the shearing atrength of the
materiu} at zero load. The shear strength characteristic expreased by Fqua-

tion (4.2) hos not been adequately verified experimentally for compressible
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organic materisls. However, avallable 1§romtion

b.l,k.ﬂ

following behavior may be expected:

(a)

(v)

()

(Jo ¥ill increase with increasing density (1.e., compaction) for

a given material,

Equation (4.%) will apply a8 a good apprexisation to whaur strength
characteristics over a restricted range of compressive stresses,
the curve of Tc vsd will be concave upward vith increasing
comprecsive stress os indicated in Figure 4,1.1-b. This charac-
teristic would correspond to teat conditions in which Tc is
determined for u sequence of increasing compressive stresses. If
the materianls is compresced sufricientlir to cause compaction prior
to shear testing ut reduced compressive stresses, UO will be in-
creaced. llowever, 1{ shear fuilure occurs gt reduced load, it
my be expected t}lut the shear strength will drop considerably
after failure. This swuimice, ',whtch will be checked experiment-
ally, moy mccount for the type of shear failure observed in disce

lifreing experiments with orgenic p(:wdm'zx.l“3

At sufficiently high strenses, purticulaote materials muy exhibit

plastic characteristics ao indicated by the dashed line in Figwre 4.1.1-b

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

in terms of the upplied strecses by meuns of the following analysis. Con=

sider o small volume element in a bed of powder as shown in Figure L.1.2,

hlg

h.3

Taylor, D. W., Fundamentals of Soil Mechanics, John Wiley and Sons, N. Y.,

(1948).

General Mills, Inc. Report No. 2125, Dissemination of Solid and Liquid
BW Agents (Unclassifisd Title) p, 46 (October 13, 1960) (SECHET).
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It 18 agsumed that the stress distribution is two-dimensional so that the
state of stress is fully described by the normal stress gcomponents (Gx;

dy) and the shearing strees 7T If the normal and shearing stresses on

Xy’
a plane at an angle 6 to the x-axis are determined (see Figure L4.1.2), 1t
i3 found that the astate of astress can be expressed by the equations:

L 1 - coB - 8 R
O’n'g(o;*dy) + = O'y g,) e 20 T, " 20 (4.3)

T-1(0-0)om2f + T cos20 (.4)
-3 Yy % Xy

These equaticns con be interpreted in terms of a "circle of stress” in the
stress plane, us illustrated by Figure L.1.3. If a circle is drawn through
the points (dx, - ‘tx,), (O}, + Txy) in the stress plane, the stresses

dn and T corresponding to the ungle 9 will lie on this ¢ircle at an angle

20 from the point ( dx' - Txy)‘ The yield condition expressed by Equation

L,1) correspands %o the case for which the ctress circle is tangent to the

line T = dwn¢. In Fiure b.1.3 the maximum snd minimam compressive
stresses, corresponding to [ = O, are denoted by Jl and 62 respectively.

From the {igure it is cavily ccen thut the condition for shear failure is:

¢, -
sin (D) = 21 2 (4.5)
<b dy + 52

In terms of the x,y coordinute system and the corresponding stresses Gx» ny

and Txy' the condition for shear feilure ia:

2 2
anp = -\ﬂda -Jy) :’*T-w (4.6)

O + Uy
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Bquation (4.5) ia the vasis for the so-called "triaxial shear t&at“ron-

N ‘ho
detormining the critical shear strength of a particulsts materisl.’ 2 Tri.

aii‘ai shear tests are carried out with the apparatus shown achemutically in
Figure .’4..1.1&. A cylindricael semple of' the material to be tasted is sealed

within u thin rubber mewbrune. The sample io then plcced in the cylindrical
Larrel of the test apparutus ag shown in the figure. Provision i1s mode for

p's'easuring the chamber to u pressure Ppa.  The volume change during pressurl -

'zutlon’cun be meusured if decired. An uxiol loud, F, is then applied by

meuns of u piston us indicated in the figure. If py is muintained constant
while F 18 lucreused until the sample fails, u stress cirele corresponding
~92 sheur fullure at the meun streus .I_‘J._fo_pﬁ- is obtoined, where F -_-(‘Pl - PE)A-
By conducting these tests over u range of values of poy, the shear strength
charicterictic miy be estublished ac the envelope of a series of stresa cir-
cios as shown (n Figure 4.1.5. With suitable instrumentation, the lineur
wrd volume comprescion (or dilutution) of the sample may alsc be determined.
Triaxial tests are cormonly used for evaluating coil anmplén. It is poss~
(83c thnt such tectc could #lco be employed to advantoge in defining the
frysical charactesfotics of orgunic purticulate materiunls. Decuuse of the
considuroble information available from these tests and the possibility of
vlosely controlling the teot conditions, triaxiol tests might be useful as

conslitency testa for dry agent moterials.

§.2 Taylor, D. W., Fundamentals of Soil Mechanics, John Wiley and Sons, N.Y.
(1948),
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Specimen of Cross=-
Secticnal Area A
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Ll L bbb Blld bk
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st py in Chamber

FICURE b.1.4 TRIAXIAL TRST FIXTURE

/ Stress Circles

L
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FIGURE 4.1.5 DETERMINATION CF SHEAR STRENGTH
CHARACTERISTIC FROM TRIAXIAL TESTS
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L.2 Theoretical Analysis of losd Transmission and Shear Pailure in

Particulate Deds .

A survey of the litsrature pertaining to load transmission in gramular .
or particulate materials has railed ta disclose a general theory for anulyz-
ing the astress distribution and yield conditions in such materials. Most of
the available theoretical, empirical and experimental investigations reported
in the literature asre concerned vith sc;ils 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 in the
present study. llovever, considerable benefit has been derived from a study
of this literature, which h:ta helped to define the existing "state af the
art" vith regard to the mechanics or ﬁnrticulnte materials,

The principal difficulty in unalyzing the behavior of particulate beds
under static loads lies {n the analysis of stresg conditiona within the mat-
eriul which lead to rupture. In ape¢inl caseo vwhere the principal stresses
are known, Equation (4.5) can be applied directly to determine the shear lines
in a particulate bed. An example of this type is given below. Cenarally,
the stress distribution at rupture cannot be readily found, even {f it 1is
ossumed that the msterisl behaves elastically up to the point of shear fsil-
ure. Two examples based on the assumption of elastic behavior are presented
and discussed in the following pages.

h.2.1 #Analysis of the Loud Distribution in a Powder Due %o its Weight

Consider a powder of density 7 in equilidbrium under its own weight

in a large container. The average verticcl siiess at a depth y 130’}, - ?;
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The permissible range of lateral stresses Cfx can be determined from Equation:
(- %) since O; and dy are principal stresses. Solving Bquation (4.5) for the

ratio (71/ G, we obtain:

_G.l - % . tanz (E + Q) (4.7)
Gp 1-sin 4 2

vhere 61 = 7 in the present case. Since the roles of 61 and 62 may be
Y

interchanged, we find that the ratio _..:" mist lie in the range:
G ¥ Eb
N | n
tan (f.'@)éd‘;“"a("r*-:) o (%.8)

The limits in this inequality correcpond to the onset of clippage of the' ma-

terial in the bed. The correcponding s31ip plenes are indicated by the diago-

nal linec {n Figure 4.2.1. When concentrated louds ere applicd to a particulate

materlal the slip surfoces are difficult to define, as cun be Seen by the
fvllowing exumple.

4.2.2 Analyslc of Criticul loads for Penctiation of 4 Bed of Powder

In an effort to gnin lnsight into the Lohavior of u purticle bed when
subjected to concentrated loads, the following specisl case vas exomined
in vome detail. Consider u homogeneoud bed of powder subjected to a downwnrd
loud applied at the surfuce of the bed dy means of 3 rod of rectangular cross-
section us shown in Flgure 4.2.2-a, The rod is of width 2a and so long that
the stress distribution within the particle bed can be considered two-
dimensional in verticanl planes normal to the axis of the rod. The load per
anit lengtl required for penetration of the bed is to bz found, assuning &

shear strength chsracteristic expressed by Bquation (h.2).
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FIGURE 4.2.1 SLIP LINES IN UNIFORM
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a) Imading of Bed by Means of Long
Rectangular Red

Adjusted locad Distribution After
Yielding at Edges of Bar

8 -8
// ™
Local Shear Failure-

Rectangular Load
Distribution

b) Load Read)ustment Due %o
Local Shear anlun

FIQURB 4.2.2 PENETRATION OF THE SURFACE OF A PARTICIZ BED
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In carrying out this nnnlych, 1t my be agsumed that the stress dis-
tribution would correspond to elastic behavior of the particulate material
up to the point of shear failure. If the applied loud results in loecal shsar
Jailure, a readjustment of the loading must occur. This is illustrated by
Plgure, 4.2.2-b. The rectangular loading indicated in Pigure 4.2.2<b results
in local shear failure at the edge of the rod, thus requiring a redistribu-
tion of loading vith a greater concentration in the center of the rod. The
rmax{mum load which can be carried corresponds to a loud distribution which
would result in simultaneous she:r failure along & continuous surface within
the bed as shown in Figure 4.2.3.

The stress distribution in o semi-fnfinite sclid subjected to a uni-
form surfuce pressure p between X = -u and X » 8 (see Figure 4.2.2.8) is

expressed by the equationa:h'h

().x-% { X "ag’ -;-(sin 2Cﬁ -nin?,‘(a)}

.,;y %_ { Sl .712 . }?(uin 2.4 - oin 2%)} (4.9)
TXY' E—Tr { cos QC(Z - o8 EC(I}

By uoing these equationg the stresccs due to a generslized pressure x) tn

@ = X = a cun be expressed in the following form:

4.4 nirgene -, L., The Application of Theoriss of Elssticity and Plasticity
to Foundation Problems, J. Boston Sce. ©.E. (July 1934)

- 3.
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FIGURE &.2.3 SHEAR JURFACE AND LOAD DISTRIBUTION F(R
PENETRATION OF SURFACE OF PARTICLE EED
IN ILLUSTRATIVE EXAMPLE
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a-’-ﬁ' ’a‘-st-'

: a
- 2
z gz"' p(x) (%-x) ax
62 ¢ :;) = T _‘[ [(;‘_-‘)2 +;’_2]2

d, (== .22_3 r ) ax (4.10)
¥ (x,5) T f W

-8
a
. e -
Ty (D & 2 (xen) o o
xy (9)= 77 (2-0)2 + 972
8
From Bquation (4.2) the shear yield condition can be expressed in the form:

Ot - Tyr)2 , 4T 2 '
\GI; x_l_‘ il (413
sin¢ ™ Txt . v . _0*2 a (_) )

Po Po

d

vhere 1 - =X, 012X, T’ -T-g_,?'iqtho density of the material
X Do Y P Py
and p, « p(o}. The meximum load supported by the particle bed befure shear
fallure occurs can be determined from Equations (4.10) and (4.11). For given
valuss ot¢, Uo and Tn, it 18 necessary to determine the pressure daistri-

bution p{x) shich yields the maximum load P, vhere:

- (k.12)
F _af p(x) dx

The maxizum load is very difficult to determine in general because of the
nature of the sheer failure conditign given by Equation (4.11). A opecific
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7o . 0.15 p,. By choosing (J, and 75 tn tnis manner, (L., 50 that these
factors are proportioned to p,) 1t vas found possible to use a triangular
losding. The resulting force for penetrsting the surface of the bed is
Py = 6.67 Tba. The sheur f.ilure surface corresponding to this load is
depicted in Figure 4.2.3. If the load {s 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 suggesta that shear failure would be
accompanied by heaving up of the material close to the rod. This type of
failure has been observed qualitatively, although no measurements have been
made to determine eritical loads.

This example indicates the computational difficulties wvhich are ene
countered in analyzing the loads which can be sustained by bdeds of povdar.

A much aimpler case of the resistance offered by a bed of powder to penatra-
tion from above has also been analyzed. Prom Bquation (4.9), 1t can be shown
that, in the Jimit as "a” tends to zero while P = 2pa is held constant, the

sti-eu distridution becomes rudinl aond is expressed by the equations:

«»... o*r'_#; 3 ;% «03 T =0 ~ (4.13)

In a bed of powder for which the pressure distribution dus o the wveight of
the powder is hydrostatic, the principal stresses will be radial snd tangen-
tisl vith magnitudes:

O’l.%} Ly + Yy
g, - Yy
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Thii, from Bquation (4.5):

sin @ « (1 "@ ra)"1

Surfaces of shear failure are thus cylindrical with the axis lying at the pove

der surface. From this it follovs that if s smooth rod of redius R is embedded 3

in the povder to a depth R, the force P, per unit length, required to force

IR

the rod into the bed is: .
o Yre 22 o

The above thearetical results rest upon several important assumptions:

(1) the particulate msterisl behaves elastically snd isotropically up to the

point of shear failure, (2) the stresses are sufficiently low to avoid come

paction under the applied .loads (which might modify the shear strength

characteristics or destroy the isotropy of the material, (3) the dimensions

of the container are large compared to the width of the loaded area of the

bed surface.
Thesc theoretical conclusions are subject to experimental verification

for various types of granular or particulate materials. Such experiments are

planned in future work relutive to the physical behiirior of particle sggrega=-

tions,

e o — - G
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3 smammx. STUDIES CF LOAD TRARSMISSION IN SPECIFIC ARRAYS

In & previcus ~report,f'l results were presented from a theorstical ltuay
of load transmission in regular arrays of disks and cylinders. In order to
verify these conclusions axperimentally, tests with regular arrays were
earried out using the test fixture shown in Figure 5.1-a. This Qevice cone
sists of an aluminum frame, 18 cm high by 39 cm vide, designed to support
the plexiglass side walls with & spacing of 0.38 cm. Teflon cylirders with
a diameter of 0.G5 cm and a thickness of 0.25 cm were used in the tests. An
upvard force could be applied to one of the cylinders in the bottom row by
a soall platfurm at the flcor of the tcat fixture.

The first configuration coneidered was the hexagonal arrangement shown
in Figure 5.1-b. According to the theoreticsl analysis, the force required
to lift the plstform is g (n + 1} W vhere n is the number of tiers and W is
the weight of one disk,

When an upward force was applied to the platfors, the cylinders ekper-
iencing movement were found to be contained vithin & wedge whose sides lform
an isoceles triangle, as predicted by the theory (aee'Figure S5.1-a).

Testa were performed with the aid of a Jolly Balance to determine the
force neceseary +o displace the wedge at various depths of the cylinders.

The resulte are as follows:

5.1. General Miils, Inc. Report No. 2161, Second Quarterly Progress Report
on Dissemination of 351id and Liquid BW Agents (Unclassified Title)
Feb. 12, 1961, pp. %-55 (Confidential).
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Helant Force to Displace -

(Fo. of Tiers) Thecretical Force Wedge
[ 8.15 grams 11.32 grams
g . TAT.4T 2.9
12 30.26 39.00

The discrepancy betveen the force rsquired to displace the vedge and the
veight of the vedge may be attributed to friction in various parts of the
system, i.e., friction between the pin used to reise ths platform end the
base of the model, betvee.n the cylinders and the walls, and betvesn the
cylinders. It is interesting to note that the diffsrence detween the mea-
aured ard predlcted force is very nearly proportionsl te the measured forcs,

vhich indicates that the discrepancy is due to frictiomsl effects,

The second configuration considered vaa the s sgonal arrangement shown

in Figure 5.1-b. For this arrsngement the predicted load for raising the
platform 1s (n + 1) (n - 1) W, The force required to displace the vedge in
this cace was also found to exceed the force predicted by the theory.

Again the percentage increase above the yield force predicted theoreticslly
ves found to te proportional to the applied force, the constant of propora
tionality being very nearly the same &s in the previcus case,

Figure 5.1-b indicates how the cylinders are displaced when an upward
force 18 applied toc the platform. The vertical row of cylinders directly
above the platform move the same distance that the platform moves. Thesse
c¥linders in turn displace the cylinders in the triangular regio_m at each

8ide of the central rov at ap angle of 30° to the horizontal in sccordance

with the thecry, 4

i lassified
- - Page determined to be Ung
! Reviewed Chief, RD?, V\gHSS
IAW EO1,3§,2‘6. Saction 3.
pae: UL 19 208

ekt i il il g

ERIPYP TN
.

Ve

4

i



PacT he? oy

.
.
b g
= . nre
. o
ot S HE A Tt et eyl
e IR i ite -,
e

determined to be Unclassified

Page
Reviewed Chief, RDD, WHS
AW EO 13526, Section 3.5

Date: JUL ] g



S N——

voaay

Cwerr

Experinants hin also been performed with the teflon_cynndcrl fephcod
by 2 mixture of different sizes of lead shot. The sizes ranged from 0.228 ca
to 0,320 o dlameter. A random distribution wae cbtained.

Tine exposurs pictures were taken as an upward force was appiied to a
one-inch long piatform on the‘tloor of the model (Figure 5.2), .Movement of
particles is indicated by the appearance of blurred spots.

Ob§ewutiocxs indicated that particles at the base of the bed couid exper-
ience ccnsideradle movement before particles at the top of the bed would
move, The particles directly above the platform experience the most move-
ment av any given level in the bed. Near the base of the bed particles which
are at a ccnsiderable distance to the right or to the left of the platform
exparienc: movenent while at the top of the bed the particles which are not
aireetly over the platform experience little movemeit. 'These observations
irndicate that ~cnfigurations which are rot in 8 minimum-volume state are
able to ancommodate considerabls local displacement without large-scale dis-
placemen® of material. This is evidenced by the rapid decay of displacement

with increasing distnn-e from the point o load application.
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6. INVESTICATIONS OF PROPERTIXS OF SLURRIES

During this reporting period, sxperimental work on egg slurriss vas
continued to provide data necessary for the proper design of dissemination
systems for agesnts involving this type of liquid carrier.

Accumulation of rheological data on suspensions of Sm in a liquid
fluorochenmical was continued ¢o provide information needed for evaluating
the feasibility of disseminating normally dry, powdered agsnts through use

of concentrated slurries.

6.1 Properties of Egg Slurries

At the present time, certain agents nust be prepared in an egg slurry
carri.er medium. Disseminators for such liquid agents must provide facilities
to prevent golidification of the slurry in the store when the ambient tem-
perature falls below the freezing point. ‘mong the factors detemining the
nature of these facilities are the specific heat and thermal conductivity of
the slurry.

Apparatuses for determining these two themmal properties of slurries
wvere designed and conatrmcted. The heat capacities of the four frozen egg
slurry samples received from Fort Detrick (W.E.S. #1, #2, #3, and #4) were
deternined ag a function of tumperature. The thermal conductivity apparatus
1s being calibrated ot the present time, and measurements on these egg slurry
samples will be completed in the near future.

6.1.1 Specific lieat of Egg Slurries

The apecific heats of the four egg slurry samples designated W.E.S. #1,
#2, #3, and fl vere determined by the heating-curve method at intervals of

sbout 1.3°C in the temperature range fram O to 34°C. A measured quantity of
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~electrical energy vas supplied to 8 hesting coil immersed in the liquid-cone

tents of a cnlorimeter and the tamperature response was recorded defors,

during, aad after energy input.

6.1.1.1. Treory
When a constant current, I, under a constant emf, € , i3 maintained

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

to the culorimeter may be calculated froms

€r¢ (6.1)
J

R=
where: J 2 4.134 loules/cel (the mechanical equivalent of heat).
This quantity of heat causes a rise in temperature of the calorimeter

and 1ts contents such thut:
Qave, Ar.c, Ar (6.2)

vhere: W « welpht of liquil la culorimeter (gm)
¢ = npecific heat of liquid {cal/gm °C)

AT a temperstgre riae

¢, = overuge heut cudacity of the calorimeter including container, ther-

mome:ter, stirrer, etc. (cal/°C)

6.1.1.2 Apr. rotus and Tachnique

The specific heat of the egg slurry samples waa determined using
the aprarstus shown in Figure 6.1.1. The Dewar flask, insulated with two
inchas of Styrofsam, |s eguipped with a glass stirrer, Beckmann differentisl

thermometer, and ilemersion heater.
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Proper stirring condttions were determined experimmntally in order to
insure adequate mixing of tha Dsvar contents, prevent coagulaticn of the egg
protein on the surface of the heatar, and prevent foaming of the slurry.

The Beckmon differential thermometer used to measure temperature rise
has a 6°C range and i{s readable to the nearest 0.002°C. The absolute tem-
perature of the slurry wvus determined at the beginning of .an experimant with
a8 National Bureuu of Standurds calibrated thermometer.

The heating element is a emall resistor of approximately 150 chms re-
sistance. The resistor and i{ts copper leads are coated with epoxy resin to
prevent deterfaration. The heating circuit consists of s d.c. power supply
operated off a conatant voltage transformer, o differential voltmeter and a
milliammeter as shown schematically in Pigure 6.1.2. The voltmeter can be
read to the nearest 0.0l volt and the ammeter to the nearest 0,001 ampere.
In use, 40.00 volts were impressed across the resistor resulting in & cur-
rent of 0.268 amperes. The duration of the hesting cycle, three minutes in
all experiments, woo peasurced to the nearsct 0.05 second. The heat produced
resulted in a temperasture rise of about 1.3°C.

The average heat capacity of the calorimeter, C, in Equation (6.2), wves
determined {rom experiments conducted with double distilled water. The spe-
cific heat of water os a function of temperuture is well xnown, and the
valus at the mean temperature of each experiment vas used in the calculations.
By delivering a known amount of elsctrical energy to the calorimeter filled
vith an accurately weighed quantity of wator, the rcat capscity of the cale

orimeter could te determined from the temperuture riie. An average valus of
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20.29 + 0.10 cal/°C vss determined from six measurements made at temperatures
.in the range from 0 to 34°C. '

From experiments conducted below room tempersture, a plot of the tem-
perature of the calorimeter (Figure 6.1.3-a) will shov a gradual rise with
time both defore and after input of electrical energy. This rise {s due to
heat input from the surroundings and from stirring. Plots from experiments
conducted above room temperature will shov a gradual fall in temperature vith
time (Fligure 6.1.3-b). The time rote of change of temperature during the
fore snd after pariods vas found to be small and constant for a particular
temperature {nterval., Under conditions of greatest extranecus heat imput
(calorimeter temperature near 0°C), the rate of changs wos found to be
0.003°C/minute vhen monitored over a period of 15 hours. With this small a
drift, the obaerved temperature rise of the calorimster during the heating
cycle can be corrected for extraneous heat gain or loss as follows (see Fig-
ure 6.1.3 for notations):

1T =% 4 T3 %2 (¢, -ty

172t - ¢t

Arar - 1
2 0 t3 -t2

vhere: "2 - tl = length of lhieating cycls in seconds. To obtain the dsta
necessary for this cuéulatlon, the temperature response was recorded for
a period of five minutes before and after esch run. Temperature readings
were taken at thirty-second intervals during the fore and after periods u
well as during the heating cycle.

The specific heats of the egg slurry samples were determined at tempers-

ture intervals of about 1.3° C in the range from O to 34° C. The upper limtit
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. of 34* C 18 set bWy the coagulation temperature of egg protein, and the
lover limit by the ﬁuo:ing point of the slurry. Duplicats dsterminations
at random temperatures vere mede periodicelly to check for the existence
of a systematic error, but agreement was good in all cuﬁs.

Approxinately tventy determinations vere made with each pl.rticul:lr
egg slurry sample in this temperaturs range.

Slurry samples of 300 - 500 gm were used in order to reduce error
due to evaporation. Weight loss was determined by weighing the calori-
meter with slurry before amd after a aet ?t runs and was found to be
negligible (less than 0.2 percent). The slurry samples were kept frozen
until t.he time of testing.

.6».1.1.3 Experimental Results

Values fcr the specific heats of the four egg slurry samples
designated W.E.S, #1, #2, #3, and #4 are plotted as function of temperature
in Plgures 6.1.4, 6.1.5, 6.1.6, and 6.1.7 respectively. The straightlines
through the points were calculated by the method of least squares and appear
t0 be an adequate representation of the data. The largest deviation from the
straight line vas about 1.5 percent.

The specific heats of W.E.S3. $1 and #2 were foupd to be essentially
constant over the temperature range from O to 34° C, .the values being 0.86
and 0.91 cal/gm-"C, redpectively. Sample W.E.S. $#3 exhibited an increase
in specific heat vith increasing tempersture (0.98 at 0° C to 1.00 st 34° C).
The specific heat of W.E.S. $4, on the other hand, decreased vith inoressing
tempernture (1.00 at 0® C to 0.96 at 34* C).
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6.1.2 Thermal Conductivity of Egg Slurries

A method for measuring the thermal conductivity of egg slurries
has been selected. An apparatus has been built asd currently is being
eslibrated, The preliminary deasign 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-dimensional steady
flov 1n a homogeneous medium can be written as:

q v - KdA (g) (6.3)

Tnij equation states that the steady rate of heat conduction, q, is
pToportionsl to the product of ths cross-sectional arem, dA, normal to the
fiow, and the tempersture gradient, (%—E), along the conduction path. The
tnermal conductivity coefficient, K, is the true thermal conductivity of
the medium ard is defined as the heat flow per unit timc, per unit tempers-
ture gradient. through unit thicknees and acroas unit cr«_:n-lecttom area.
In metric units, K vill have the dimensions:
cal - cm/sec cm® °C.
The wean thermal conductivity of a material is given by:

Ky = a (X, « X )/A (T) - T,) (6.4)

Both the m=2an anld the true tvherpal conductivity of 8 given matarial vary
vith temperature. The relaticn between the true aid zean thermal cone

dactivity is
T

2
Km (T}. - T?) - .f XAT

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

temperature. K, Day be measured at the arithemetic sean of T, wd T,
to give K = x_.

A literature search of methods for measuring thermal conductivity
of liquids revealed that the method chosen must provide cne-dimensional
heat flow with negligible natural convection in the liquid. From this
‘survey, it appeared that natural convection could be eliminated most
readily by enclosing the liquid slurry in a thin horizontal canister and
supplying heat to the canister from the top. Ei{ther adequate insulation
o.f the vertical edges of the canister or the use of 5mrd heaters can
reduce conduction {n the horizontal direction to & negligible value,

6.1.2.2 Experimental Apparstus and Technique

Figure 6.1.8 shows schematically the completed thermal con-
ductivity cell. ‘Tvo thin canisters are formed by the three copper discs
which are enclosed in a large dismeter Lutite tube insulated with Styrofosam.
The upper canister is filled with ion=-free water, the thermal conductivity
of vhich is known to within 0.6 percent, vhile the lower canister is rilled
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. Constant-timparature water supplied from &
large, constantetemperature reservoir, vhich is thoroughly insulated with
Styrofoam, is circulated through the heat sink.

With this arrangement of the cell, thermal conductivity of the slurry
semple can be deteérmined from the temperature diffsrences across esch liquid

(slurry and water) and the thermal conductivity of the water at its mean
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temperature. This relationahip is derived as follows for one-dimensicnal
heat flow (i.s., negligible heat losves through the valls):

Az, Az, A
RATT N ART (6.6).

wvhere q = heat flux through the cell

K, = thermal sonductivity of water

K . ® thermal conductivity of slurry

A:r' = tepperature 4drop across the water layer

ATa = temperature drop scrose the slurry layer
A

area through which heat flovs (equal for both liquids)
A x = aistance between the dises {equal for both liquids).

Thus:
K, ATw - K, AT; (6.7)
and:
K oz,
s = & 7T, (6.8)

The temperature drop across each liquid will be measured by coppere
constantan thermocouples buried in the surfmee of the copper discs. The

thickness of the liquid layers between the copper discs is 0.254 # 0.00L cam.

With & heat flux of about 7 cal/ssc supplied by the heater, a tsmperature dif-

ference of approximately 8° C will be crested scross essch layer. These teapera-

ture differentials can be measured with an acourscy of + 2.5% if the maximum
error in individual thermocouple readings does not exceed + 0.1° C.

The accurscy of the thermal conductivity messurements, therefore, will
depend largely upon the ability to measure sccurately thess small temperature

differences. To insure maximum accurscy, each of the thermocouples in the
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“1ises has been calibrated Ly couparison with a high precision, glass-

uercury thermometer. The caubuti.on aurve cbtained i8 given in

Figure 6.1.9. Tne data points for all six thermocouples used in the

disce are plotted in this figure. The maxizum devistion from a straight

line through these points igz less than 0.005 mv, cox:respondtng to & paxie

aum temperature error of less than 0.13° C. Therefore, the desired
gncuracy in thermal conductivity values should be obtained.

The therpocoupies were calibrated over the temperature rangs of
0 to 3’ C. This e the contemplated range over which thermal con-
duativitly oessurepents will bve made,

Each of tne copper discs has been lapped and plated with nickel
Lo prevent corrofion. The two thermocouples in each disc are placed
one a: the center and one near the edge to permit measurement of the
raiial reat flow 11 the discs. In addition, a thermocouple {s placed
at the su-face of the Lucite wall halfway between the two discs to
permit evaluation of the radiml heat losses fromw the liquid layers.
Theoretical calculations <-ow that these radiel losses will be
regligible; hovever, experimental verification of this theoreticel
ceaclusion wili be ohtained through the use of the additional thermoe-
souplea, .

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

tht very frear future.
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6.2  Rneclogicol Behavior of 3a Jlurries
Agents availasble as finely divided powders canceivably can be dissemi-

o

nated from a store of the dry material or from thick slurries of the powder

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

facsors such os number of viable orgunisms per unit volume in the store,

z molintenunce of vi'u.bilicy, cnergy required to transport material {in the store ;
ta erit port, [low rates obtainuble through exit port, and extent to which i
i‘ the grert wreak: .. into the finely divided stante after dissemination. i
: Ty detemine the feasibility of using suspencions of dry cgents in a
1 fiuad, an inveztignrion has been made of the rheological properties of a
{ cimalapt apert in n computible liquid. Flow characterjstics have been
decesrinen v on Dwiction of 30lids concentration, temperature, and shear :
% rote, [Leclogicrl cquations developed from this dota will enable prediction
; of flow cates rarowh pipes and avifil for given driving pressures.
z {o dute, the tlow cvharacteristics ac o function of colids ccacentration
Lac ween detesminad for slurrles of Smn in FC-T5, a fluorochemical liquid \
mnfactare t L, MHinnesotn Mining and Manufacturing Co. Data have been obtained :
i
i Ir. the ‘emperanture range from 20 to -20°C and at chear rates of 3 to 350 sec'l. ‘
t £.2.0 appuratns and Gepevimental Technigue

The opparotus used in determining the rhecloglcal propertiss of Sm
srurrier 1o (ke rotating scaxial cylinder viscometer shown in Figure 6.2.1.
: fbe appuritus consicts of a rotating izner solid eylinder called the bob and

aoelwdoaury outer Lylinder culled the cup. The bob is driven by means of

o dead weight operating through a pulley, drum and gear train. The slurry

g,

-62-

DECLASSIFIED IN FULL
Authority: EO 13526
Chief, Records & Declass Div, WHS 3

Date: Jm_ 198 m

BB LB L B U L e el a0
N




e

o FRal o a8

L TR ST

T St ——— ::

- — ame m— s st

Drum
Rubber . : \
Seal
Pulley _—C/
Lignt Gear in
Reflector Olass T

pom——

§ 4" ghield outlet

Y| N RAN

Lucite e TN
Cover N
/.‘: ':/
j..' “ " .,/ Dead ‘)
" b'? ; Weight
Statiunary / NN\ g
Cup \/ N\ -1/
A ay i
sy
Viscometer
Bath
FIGURE 6.2.1 SCHEMATIC DIAGRAM OF THE ROTATING
COAXIAL CYLINDER VISCOMBTER
- 63 - Page determined to be Unciassified

Reviewed Chief, RDD, WHS
JAW EO 13528, Section 3.5

bate: “g;ﬁ‘ 19 m

P e Tl !

ey ek b s



YL

oo R oheiPy

frpe}

B .4

.

is pnum{ in the small annular space betwwen the cup and bob whare it is
sheared gnder a8 constant torque applied to the bob. 3Becsuse thick slurries
can exhibit the property of thixotropy (reversible ml-aoi.-gﬂ. ’cramfomitgog)
it is desiradle to measure bod revolutions (propertionsl to shear rate) on &

time bese. To accomplish this, & reflective coating has been placad on the

" set screv vhich holds the bob In position on the drive shaft. The reflactor, ‘

rotating vith the same angular velocity as the bob, reflects light from a
pencil source to a& photo-electric cell, The electrical pulse, generated

once each revolution, is amplified and recorded on n time base using a Brush
amplifier-recorder system. In this menner, 1t 14 possible to determine change
{n viscoasity with time of shearing.

The viscometer cup ic submerged in a small temperature regulated bath.
Control of temperature ia accomplished in & larger temperature bath equipped
vith & sealed platinum vire to a mercury-type thermoregulator which controls
the operation of a submersible heating element. Liquid from the large
constant temperature dath 13 circulated through the amall viscometer bath by
mweans of two small centx;ifusal pumps to meintain the deaired temperature in
the small bath within * Q.02%¢.

Investigations to date have coversd a temperature range of 20 to -20°C.
Temperature below ambient are achieved by circulating alcohol from a dry ice-
alcohol bath through capper coils in the lsrge temperature bath. All components
of the system are well insulated to prevent excessive heat loss. Flow of the
cooling liquid {n the large temperature bath is regulated to provide a
temperature slightly lower thin that desired and the thermoregulator and
heater provide the final control.

- 64 -
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The tvo component parta of the slurry are FC-75 (CgPFyc0) and Bm, the
b'iolcgical sgent siwulant. Thase materials sre weighed on sa analytical
balance to provide the desired solid to liquid weight ratio. The liquid-
s0lid mixture is then blended with a specially designed power stirrer.
The stirrer is squipped with & round, perforated disc. Using this
technique it has been possidle to ‘mix the slurry thoroughly without
causing air sntrainment. The veighing and aixing of the slurry compoaents
is conducted in the viscometer cup to eliminate the need for transferring
the sample, Thirty minutes is allowed for the slurry speciwen to remch
temperature equilibrium with the viscometer bath before testing is begun.
Sm weight concentrations which have been investigated to date cover a
range from 16.7 to 25 percent.

6.2.2 Experimental Rasults

The mechanical response of the slurry to a shearing stress is most
easily depicted by means of & consistency curve which {8 & plot of rste
of shear (&) as a function of shearing stress (T ). The results of the
presenl investigation are presented in this form in Pigure 6.2.2. It is
apparent from the shape of the consistency curves tiat the response of
these Sz slurries to a shearing stress is complex.

Not appareat from Flgure 5.2.2 is the fact that Sm'in FC-75 18 a gel

system exhibiting & yield point. In other vords, the consistency curves

_ intersect the shear stress axis at & finite, positive value. The yield

points for the varicus concentrations and tasmperatures have not been
plotted in Figure 6.2.2 because of the extremely variable results which
have been obtained thus far. In & typical sxperiment it was found that

the hob would not begin rotating until suffiocient torgue was placed on it.
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¥hen the critical torque vas exceeded, rotation would begin slovwly, then
cemse. Additicnal torque vas required to initiate rotation again, dut
movepent vould scon stop. By gradually increasing the torque applied, a
value finally vas reached vhich produced s slow but constant rate of
rotation. The corresponding shearing stress and rate of shesr for this
condition mre the initial points of the consistency curves in Figure 6.2.2.
Puture vork will be directed at providing a realistic value for the yfeld
stress of the slurries.

The yield value observed in many slurry systems 16 believed to be a
measure of the force of flocculation per unit area vhich exists between
suspended particles® 2’1, When the yeild value s exceeded, the flocculated
particles begin to separate. Upon increasing the rate of shear, the solvent
which had beepn trapped within the voids of the flocculated naterial is
relessed and the reeiatance to flow decreages. This phenomenon gives rise
to & consistency curve which is convex tbward the shear stress axis '
(Pigure 6.2.2). This type of flow behavior cannot be represented by a single
viscosity parameter as is the cage with Newvtonian materials for which a plot
of shearing stress versus rate of shear yields a straight line paasing through

the origin. For Newtonian materials, the viscosity is single valued, 1.e.,

ua -I: constant

vhere. [[= coefficlent of viscosity
7 « ahear streas

é = rate of shear.

6.2.1 Etrich, F. R., Rheology, 3, Acsdemic Press, New York, p. 158 (1960).
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The consistency surve obtained with Sa slurries has been termed "quasi-
) uc..6.2.2

Nawtonian” flow behavior.

and represents cne of several different types of "none

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

ratio of shearing stress to rate of shear:

T .
n=3 (6.9)
It is apparent from the shape of the curves presented in Pigurs 6.2.2 that
Tl decreases vith increasing rate of shear. Therefore, the apparent visosity
has little significance unless it is specified for a definite conditiom of
shemring stress and shear rate.

A qualitative statement can be made in terms of appareni viscosity sbout
the consistency curves presented in Figure 6.2.2. The apparent viscosity st
a given rate of shear increasea vith decreasing temperature and with incressing
Sm concentration. Calculsted apparent viscosities at & rate of shear of 200
sec™! are presented in Table (.I.

TABLE 6.1

Effect of Temperaturs and Sol{ds Concentration
on the Apparent Viscosity of Jm 8lurries

(Shear Rate = 200 uc'l)
Solids Conc. Apparent Viscostty (7])
(% vy veight of Sm) (poise)

20°¢ ©0°¢c -20°¢

16.7 1.0 1.4 1.6

20.0 2.1 2.6 3.2

22.2 3.k 4.3 5.4

25.0 6.5 8.4 9.8

6.2.2 " Houwink, R., m;-udty, Plasticity ans Structure of Matter, [arren Press,

Washington D. C., p. 10 (i953).
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6.2.3 to deserids the type.

of curves cbtaiped with Sm slurries. The Herschel and Bulkley tormhs'z’u

Many formulae can be found in the literaturse

is:

bagp (T-o (6.10)
vhers; f = yield streas
TZ* and n = constants for & given curve.
7?* 18 not the saze as the apparent viscosity 7? since n 4 1, The dimensions
of 72* are different from those of 7? » 80 that the value of 7"* cannot be
expressed in j)oiees.

One of the objectives of the rheclogical investigation of Sa slurries
is to obtain such formula describing the shear stress-rate of shear relation-
ships as a function of temperature and gsolids concentraticn. With these
formulas it will be possible to calculate flow rates through pipes and
orifi as a function of driving pressure.

A sqcond objective of this study is to provide rheological data for
use in theoretical and experimental studies on the aerodynamic breakup of
these slurries. Equations have been developed and experimentally vertrieds'a's'
6.2.7 for predioting the drop size and size distribution resulting from dissem-
ination of Newtonian fluids. However, with ncn-Newtonian materials the property
of viscoelasticity will retard the vreakup of fluid drops. Thus, new theories

will have to be developed and experimentally verified for these materimls.

6.2.3 Reiner, J., J. Hheclogy 1: 11 (1929).
6.2.4 Herschel, ¥W. and Bulkley, R., Koll Z. 39: 291 (1926).
6.2.5 Turper, G. M. sad Moulton, R. W., Chem. Eng. Prog., 49: 4, 185 (1953).

6.2.6 Nukiysma, 8. and Tanasaws, Y., Trans. Soc. Mech. Engra. (Japan) 4:  nos.
1L, 15; §: no. 18; 6: nos. 22, 23 (1938-40).

6.2.7 Bitron, M. 0., Ind. & BEng. Chem. k7: 23 (1955).
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Another objective of the rheological 1nmt£gaiion is to interpret the

consistency curves in terms of particle shape, particle-particle interactions,

and particle-liquid intersctions. A knowledge of the basic factors which
determine the shear stress-rate of shear response is necessary in order to
alter the components of the’ alux:ry system or to incorporate additives vhich
will create more desirable flow characteristics.

Efforts to.da%e have been concentrated on obtaining the consistency
curves shovn in Figure 6.2.2 and 1in atiempting to represent these curves
by & generalized formula. The latter wvork i# not yet cocmplete. The
preliminary analysis which hag veen done will be presented at this time.

The Herschel and Bulkley formula, Bquation (6.10), has been applied to

the Sm slurry conaintei:cy curves with some degree of 3uccess. Equation (6.10)

can be rewritten as follows: ‘
log & = n log (T~ £) = log 71’ (6.11)

It follows that a log-log plot of & versus (7 - f) will yield a straight
line of slope n and intercept - lug 72*. Several such plots of data from
Figure 6.2.2 are presented in Pigure 6,2.3. Equation (6.11) appears to
represent adequately the consistency curves for shear rates in excess of
10 sec! for all but the thickest slurry (25% Sm by weight). The thecreti-
cally determined yield stresses used in cbtaining the straight lines of
Flgure 6.2.3, however, are larger than the experimentally observed yield
stresses by a factor of at lemst two in every case., Therefore, the
theoretical curves will diverge from the experimental curves at a point
in the v.icmity of 10 sec™> shear rate and will approach the shear stress
axis more rapidly. As wvas disoussed previously, future experimsntal work
will be directed at obtaining higher concentrations of Sm in FC-75.
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Upon cbtsining this dats,, further attempts vill be mads to represent the
consistency curves in mathematical form. Determination of the. constants
n and 72‘ Bquation (6.11) from the curves shown in Figure 6.2.3 has not

.t

been completed at this time.

A second approach toward representing the Sm slurry coasistency
eurves hns been investigated. Again, this ipproach is limited to data
obtaincd at shear ratea in excesa of 10 aec']‘. Thie approach is based on
the concept of apparent viscoaity 7? When the apparent viscosities are
calculated for various points on a single consistency curve and these
values of 7] are plotted agsinst the corresponding rates of shear, curves
of the type shown in Figure 6.2.4 are obtained. From a preliminary analysis

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

-~

-

n

e (6.12)
vhere: x and n are constants,
represents the data adequately at all temperatures and Sm concentrations.
Furthermore, it appears that n doe¢s 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 k on Sm concentration and tempers-
ture has not been completed at thin time, This approach appears to offer
considerable promise for attaining a generaslized formula representing flow
behavior at shear rates in excess of 10 aec‘l, but does not take into
account the existence of a yield point. Further analysis will bhe needed
before adequate mathematical representation of the rheologicsl bebavior

of these slurries at very low shear rates is achieved.
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This investigation of the flov behavior of Sm slurries has baen
simplified by the fact that no evidence of thixotropy has bren encountered

in obtaining the consistency curves, Measurements are performed by

cbtaining shear rates at increaa}nhband then decreasing shear atresses.
The up and down curves agree very vell. In addition, the 16.7% Sm
slurry vas sheared continuoualy'under a 200 dyne/cm2 shear stress for
3000 revolutiogo of the bob with no appreciable change in apparent
viscosity. Thicker slurries will be tested in the same manner to
verify the present opinion that thixotropic behavior is absent in this
slurry system.

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

discussion, it is planned to cxtend this rheological Investigation to

" higher shear rates. A rate of 340 scc’l 18 about the upper limit for

the coui&l-cyundt;r rotational viscometer being used. At hipher rates
turbulence and centrifural effccts distort the rcsults cbtained. 1In
grder to examine fluw vehavior at higher rates of shear, capillary
vincometry will be employed using compressed nitrogen as the driving

force.
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T DISSEMINATION AND DEAGGLOMERATION STUDIES

.During this rep9rt.1ng pericd, ve have continued work with the high.
subsonic wind tunnel in connectioen with our study of the usa of slii:atream ‘
energy for deagglomeration of finely divided aolid materials. This vork has
included exberimnts to evaluate the hipgh velccity sampling system and also

modificatiung of the appurutus to permit dissemination experiments with &

simulant, as discussed in ccctiong 7.1 aad 7.2 below.

7.1 Experiments With the Isokinetic Sumpling Probe “

'Experlments to determine the particle sampllng =lieractaristics cf the
high velocity sampling probe have been mnac, utilizing the wind tunnei and
piston-type disseminntor discusscd in cur previoug technical meport,,7 !

In these studies, two types of tale.- Mistron 18 and 25 - vere injectei
into the wind tunnel vhere the air velcclty wa:z meintained ot Mach number 0,50
The resulting aerosol wac then sampled at o distance of G7 cm downgtrews of
the injector {10 cm upstream of the end of the wind tunnel) with the probe.
Since the amerosol coxmcencx:x:tion varies from top to Lottom in the tunnel, par-
ticle size data were obtuinsd at two vertical locations, O0.-% cmand 1.¢ cm
from the top tunnel wall. A calibrated vacuum pump located downstream of the
sampling probe was mgizlated so svhat the appropriate flow r:te for isokinatic
flov at the probe inlet was obtained. Off-design condiiions, 50% flcw rate ’

and angle of attack, were also investipated.

7.1 General Mills Report No. £161, Second Quarterly Progress Report on Dis-
seminntion of Sclid and Liquid BW Agents (Unclossified Title) Febd. 13,
1961, p. 35 (Confidentinl).
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The samples were collacted on 76 mm, type AA, Millipore filters which.
have an 0.8 micron pore aize. In order to minimize the effect of particles
settling in‘the sampling ayetem, the filter was located at the prote exit.

In the particle size analysis, the¢ fllters vere dissolved in acetone
and the resulting solution was extracted from the sample after a proparstory
centrifuge step. The aize distyibution was then detemined by. using the vell
known Whitby Centrifuge technique.

The advantoge of using tale in these studies is that it dces not form
strong agglomerants. This 1s important, since the degree of agglomeration
moy te affected blv both the dissemination ond size analysis processes. Micro-
scopic obaervations of the tale indicated that the particles conaisted of
platelets and acicular both before and after dissemination.

Control data on the particle size distribution of the two types of talc
were also obtained by the Whitby Centrifuge technique. Two analyses were made
for each type which showed good reproducibility. They were averaged together
for comparicon with namples taken in the wind tunnel.

Figure 7.1.1 chows the particle size frequency distribution by mass of
talc, Miotron 18, before and after dissemination at the ia;vkinetic flow rate.
The data are presented as percent in the size rangs shown on the abscissa and
aye plotted at the midpoint of the range. The data ghow the bi-modal dis-
tribution resulting from the two particle shapes observed under the micro-
scope.

Statistical data on the particles in each sample, the mass medisn dia.
neter (MMD), geometric standard deviastion (GSD), and percent by mass amaller
than 5 microns are also given in the figure.
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It {s felt that the data indicaté that the sampling techniqua empi’oy‘ia
i{n this work 1s satisfactory. The small scott.e'rl ig. belisved to be largely
due to random error in the sampling and size analysis procasses.

A shift in particle size distribution d.uo'.to systematic errors result-
ing from ncn-lsokinetic flow conditions is shown in Mgure 7.1.2, The flov
rate in both cases wac 50 percent of tre proper flow rate, while the a;xgle of

attack in each case was zera and 5 degrees. At zeroc degrees ungle of attack

. the sample was.hiascdtmard the larger particles, indicating that the nmaller

ones followed the diverging ctreamlines more readily than the large ones at
the probe inlet. At § degrees angle of attack there 13 bias towards emnll
particles; & very interesting result. It is felt that the interactlon tetveen
the flow streamlines and particle paths at the probe inlet are quite compli-
cated ynder this ‘ondition and ve will not attempt to explniriAit in this dis-
cussion, since it will not be pertinent in future tésts (i.c., the probe will
Le mounted at zero angle of ottack ia all dissemlnation studies}.

Figurea7.1.3 and 7.1.h show the particle size frequency distridution

for tnle, Mistron 25. In thla caue there 1s very closge .ugmemem Letween the

. fuokinetic samples and the control., The relatively better correlation ob~

tained with this material ia felt to be due to the smaller particle size range.
The off-design data ghow amin the tendency for bias towards larger particles
wher, 50 percent of the isokinctic flow rate is drawn through the sample: at
zero angle of attack.

It should be noted that the Mistron 18 datawae cbtained vith the probe

at 1.90 cm from the tunnel top vall, while that of Mistron 25 wre cbitained at
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0.64 cn. In studying ths isckimetic samples in each case, it seems that the
yarticzle size distridution is quife uniform at both tbese lavels in the tun«

nel.

Additional experiments, similar to those discussed here, will be con~ '
ducted with talc at tuanel Mach nunbers 0.5 ard 0.8. The results should make
possms. a stotistical analysis of the randmm errora associated with Ll
veloc'ir.y zampling and thereby establish the sccuracy of the sampling probe

for ilsseminaticon studies.

1.2 Madification of tha Wind Tuanel Apparatus to Permit Disgemination Ex- \

periment.s with i Simulant

During this reporting period we have designed apparatus modifications
t¢ permit the dissemination of 9 simulant.in the high-subsonic wind tunnel.
The principa. ~hange includes a closed filter chamber, approximately one cubie
meter irn size, which receives the discharge from the wind tunnel. The chamber
19 of welded nluminum construction, and is designed for a pressure differen-
tinl of approximately 0.15 Atmosphere, so that high efficiency filtering of
the discharge air -un be accomplished. The fllter opening has an area of ap-
peoxlmateiy 1/% neter?, Two layers of 1.P.C. filter paper will be used at
this pcint in the syetem. The filter chumber includes & sealed door for ace
+eg3 t. the !lswkineric 3ampling probe and related equipment. This clLamber

will provida protection against discharging 3 aercaols iaio the occupied

ro——

eren: 0 sur laboratories.

An~tle r apparstus modification is the addition of irstrumentaticn to

veriTo the il.DliCREELT Vereus tlue for the piston-iype powder disseminator

a8 Page determined to be Unclassified
-3 - Reviewed Chief, RDD, WHS
1AW EO 13526, Section 3.5

Date: JUL ]g m

\

i B
e el VAR ok



3 e

FL RN

TR &is

5 a———-

oy

on the wind tunnel. Since this process takes place in about 1/100 of a second,
a4 high speed system is required. A Minneapolis Honeywéu Visicorder is em-
ployed which records the sigral from a slide-wire resistor which is directly
connected to the feeding piston.

The record is .obtaxned on a light gensitive paper which receives a
iight beam from a galvanometer in the recorder. Knowledge of the piston dis-
plucement versus time and the bulk density of the cample of powder pemits
calc'ulation of the instantaneous feeding r.:'e

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

powder mass liow rate, bulk dengity, miisture content, and alr velocity.
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A brief analysis has been mads to explore the importsnce of the effec-
tive £illing density, p,, on the sercdynamic drag of solid agent extere
nal stores. The tern pf 18 arbitrerily defined as ths product of the
pean bulk density of the finely divided solid agent and the fraction of
the total volume enclosed by the skin of the aircraft store which is
occupg.ed by the agent.

The aerodynasic study presented {n our Second Quarterly Progress

report®-

was used as a Lasis for this analysis. Cslculations vere based
on data given in Figure 5.1.2 of Reference 6.1, on the drsg of & NACA-
65A Series store of finenese ratic 8.0.- Filgure 8.1 summarizes resulte
for ses level flight at 0.7 Mach mumber, for illustrative cases in which
the sgent paylosds are 100, 200, 300 and 40O pounda.

The influence of the effective filling density, /J,, vas found to
be quite pronounced. Figure 8.1 shows the rapid increase in drag penalty
whan ﬂr decreases to values In the range of 0.2 t0 0.05 gn/em3. As an
example, 400 pounds of & finely divided soclid agent in & lov density state
(assume & bulk density of 0.2) contained in & store in which it cecupies
5) percent of the total volume ( [Jt = 0,1) would resuit in a drag of

spproxirately 600 pounds. The saue aoasc of agent carried in a compacted

form (for example, a bulk density of 0.5) in a store in which 70% of the

8.1 Genersl Mills, Inc. Report No. 2161, Second Quarterly Progrees
Report on Dissemination of 30lid and Liquid BW Agents. (Unclassi-
fled Title) Fevruary 13, 1961, pp. 69-80 (Confidentisl)
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volume is filled ( ﬁf » 0.35), vould result in s drag force of Approxi-
mately 240 pounds, or 40% of the first case. Thes illustration points out
that there is s substantisl m‘utiw to avoid store dmssigns vhich result
in very low valuss of /%,. On the other hand, the technical problems
incurred in reaching very high valuse of pf (sbove 0.4) may cutweigh the
advantages.

The results of the analyses will be considered in futurs vark on

disseminating store concept selection snd experimentation on feeding
techniques.
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A systems stuly on the disseminetion of sclid BW agents has been
initisted by the Systems Analysis Group at General Mills, Ine,

o I . . ae
PRI WO T, 13 (OO Al T
PN SV SR T . k3

The {nitial work has included a review of the recent literature on

’ cathematical models for diffusion of the aerosol clouds, discussions vith
; members of the Pt Detrick technical staff and a study to estadblish an
approach for the firat detailed calculations.

To arrive at an evaluaticn of the effectivencss of a BW mission, &

large number of factors must be taken into account, including delivery P
. i
4 vehicle capabilities, vehicle attrition, sgent dosage requirements, 4dis-

seminator storagé® capacity and flov rate, flight speed and height of

-

release, dissemination efficiency, aeroscl diffusion and meteorological
} influences, aerosol physical and biological decay, lung retention, and

other factors ussociated vith the end effect such as incubation periocd, [

FRPWEDEN

durstion of incapicitation and mortality cate. » :
The work in the near futurs will be restricted mainly to investiga- i
tion of target area coverage a8 influenced by the agent dosmge require-

ments, ngent capacity, flocv rate, flight speed, height of relesse, dis-

FY 2t o]

semination efficiency, aerosol diffusicn and decay.

et Yy

The above effects will be investigated through an appreopriate

diffusion model. vVarious models# have been developed for atmospheric

o—. W B R 3 F

sGee for exazple: 9.1 Meteorology and Atomic Energy, AECU 3066, U. 8. Jov't.
Printing Office, pp. 38-58, (1955).

9,2 Barad, M. L., et al., A Diffusion-Deposition Model for In-Flight Release
of Fiasion Fragments, APCRC-TH-60-L00 (Juue 1960).

9.3 Jones, 8, P. and B. C. Stern, The Dissenination of Antipersonnel Agents
by Means of an Rlevated Line Source, OMI Report, (Aug. 1957) (Becret).
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diffusion of pari.clate matter and in genaral these agree v{tm-- fa_cfcr

of two. OSince th+ mriation of ground level dosage varies over mmny ng.irl

of magnitude, thii n be considered good agreement. The nodel used :lx'xv
this investigatia . vill be that developed by K. Calder, vhich was recently
discussed with Mr. Jelix Craw at Fort Detrick. The refinements to be
nade are:

1) It 1)l be assumed that infectlion is proportional to the
number of pnrticha{wifh at least one viable agent) that the lung retains
rather than the ttRdl number of viable sgents;

2) It vikll be assuned that the decay rate is proportional to
the surface area o= the particle;

3) Thedileray rate will be sssumed to decreases with increasing
time.

These refinem:=nis seem reasonable after a discussion with Mr. Bour-
land of Ft. Detriag: concerning recgnt. experimental results. The diffu-
sion model with tis 38 modifications is deing programmed on a digital
computer, The reallts of this computation will be plots of probability
of infection an a juurction of downwind distance for various weather con-

ditions ant particloe sizes.
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10. WORK ON LIQUID AGENT DISSEMINATING STGRE
At the time Fhase II of this project was megotiated, Gepsrsl Mills,
H Inc. vas lequected to considay the potential externsl stove-carrying caynﬂ.-

R

a.‘ lities of the AN/USD-5 Drone, before selecting the final configuration of j
the research prototype liquid agent disseminating store to be designed and

manufactured under this contract. For this reason the design phase vas not

initiuted at the beginning of Phase II. An alternate approach was selacted,

A Ay

which included subcontracted studies to be conducted by North American

Aviation, Zne. and Fairchild A{rcraft and Missiles Division. These studies

i,

e A o e A Bt e ¢ b S

were scheduled to precede the detalled design of the research store and vers
{ plamned so as to provide data necessary to detemine the feasibility of de-
signing a store wnich was near-optimum for use on several manned aircraft ) '
? and also th‘e AN/USD-5 Drone.
The two studies mentioned above wers conulderod' necessary since the
AN/USD-5 does not currently have provisions for external stores. Modifica-
i tion of the wing design was considered necessary to provide this capability.

The work statements for these two studies follow:

-

10.1 Work Statement -~ Study at North American Aviaticon, Inc.

Complete the design requirements for a prototype extexznal store
liquid agent dissemination syetem, The results already obtained undax this :
contract vith Gensral Mills, Ine. shall be used. The design requirements ’ 1

Al M

to be established shall apply insofar as possible to a universal store: how- |
ever, detailed design shall consider installation of the store on the AR/UBD-5

Drone and also the F-100D airplane. which is snticipated as & test vehicle,

ey Y et
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(a) As part of this vork, dsta shall be submitted to Csnsral llilla; |
Inc. for purposes of ovalusting compatability vith the drone. These dats
shall consist of preliminary serodynamic, weight and inertia ctaracteristica.

(®) Coordinate with Genernl Mills, Iac., ths Army Chemical Corps,
and the Drone Manufsctuer in asteblishing a mutuslly acceptable store con-
figurstion at Ceneral Milla, Inc. direction.

(c) Prepsration of Layout Drawings. - Layout drawings of the external
store shall be prepared, vhich shall include external gecmetry, dsfinition
of components (such as turbine, generator, valves, pumps, nozzle assembly
and _mtuatcrs) , eantrols and control sequencing, Jettisoun provisions, agent

capacity, insulation, agitation and heating az2 maiulenance provisions.

10.2 Work Statement - Study at Fairchild Aircraft and Missiles Division

10.2.1 Conduct & atudy to provide data required for selection of émml

 store size, vwaight and location on the drone wing. Data shall be prepared,

showing the relationship between the critical parameters., These data shall
te presented as graphs, which shall include but not be limited to the follow-
ing:

(a) Drone incremental structural weight versus tank and pylon total
loaded veigh{; at a minimm of three spanvise locations. .

(b) Incremsntal drag of the installed stores versus tank capacity.

(c) Naulicsl Miles per pound of fusl versus external tank capacity
at a seiected Mach nurber with gross weight as a parameter.

{d) Radius of action varsus external tank capacity at a minimum of

three spanvise locatlions.
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A brief stability and control analysis shall be made for sach conff-
gurstion studied. This analysis shall be held to the minimum required to -
immn feasibility. ‘

10.2.2 An investigation of the overall performance of the AN/USD-5 Drome
and one tank size, shape, and veight located at one ving gtation shall be
conducted. The selection of the store and the wing location for mounting it
gshall be mutunlly agreed upon betwesn General Mills, Inc. and Fairchild Air-
craft and Miseiles Division. The performance data will be presented in the
form of a mission profile.

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

¢ load fnctors- and air loads on the external store shall be provided
for the selected store size, shape, veight, and wing station locatiom.
10.2.3 Compile the information outlined below for the AN/USD-5 Drone.

(a) An lnvestigatiion shall be made of the elsctrical pover available
on the AN/USD-5 (on a time sharing basis) for furnishing the required power
to the external stores.

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

10.2.4 Furnish engine exhaust temperature profiles at the flizht caonditions
which apply to the dissaminstion run.

During this reporting period, the information required under item (a)
of the work statement to North /mericen Aviation, Inc. vas received by Ceneral
Mills, Ine. for relesass Lo Fairehild. It is anticipated thut all of the effort
covered by hoth of the work statements presented above will be ccmpleted during
the next reporting pericd.
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11. SUMMARY AND CONCLUBIONS

During this reporting psricd, Phase II of this progras vas initiated.
This phase ineludes contimuation of research in several areas related to
s0lid sgent dissemination (such as delivery, metering, dissemination ad
desgglomeration) and also includes completion of the design reguirements
for a 1iquid sgent store, deaign of » research model and mamufacture of
ona unit for future field experiments.

Experinenta have been initiated to evaluate the effrsct of exposure
to heated air stresams on the viability of Sm aercsols. Preliminary work
indicates approximately 80 percent kill of the organiems vhen exposed to
80°C for 1.2 seconds. Future experiments will be conducted with ® xmore
refined apparstus to obtain more detailed data (Section 2).

An experimental apparatua for the measurewment of frictional forces
between powder beds and channel walls has been developed. Measurenents
nave been made with finsly divided talc. It has been possible to isolate
& powder characteristic which is directly proportionsl to the coerficient
of friction. Measurements of the dynamic sngle of repoee for Sm powder
have been made under controlled humidity comditicns. Correlstions with
the moisture content have been obtsined, which show a slight dependency
on moisture content (3ection 3)-

Theoretical ctudies of load transuission in particulate materials
have been advanced during this reporiing period. As & result, a pro-
mising experimental. technique for measurement of shear strength and con~
pactibility charscteristics of particulate materials vas conceived. A
triaxisl shear test fixture is described and several tpecific cases of

force transmission have been analyzed (Section 4).
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Experisents have been conducted to further explore results frem our
earlier studies of force tranamission in spactﬁc arrays of material.
Photographs of slip.lines in these srrays illustrate the effaects of pack-
ing gecmetry (Baction. 5).

The properties of slurries of tvo types have besn investigated in
consideradble detail during this reporting period. These types ere (1)
cgg slurries and (2) slurries msde with Sm in a fluorochemical liquid.
The vork on egg slurries has yislded detailed information on :pacific
heat of four egg elurry samples furnished by Fort Detrick. ‘Appnrltun for
evaluation of the thermal conductivity of egg slurries has been developed
and calibreted. The rheologicsl behavior of Sa alurries, mede vith
Minnesots Mining fluorochemical 1iquid FC-75 has been studied in detail,
using & rotating coaxial cylindrical viscometer. Curves of shear rate
versus shesr stress have been obtained, sa s function of temperature and
concentration (Section 6).

Progress Las besn made in connection with the studies of the use of
slipstream energy for deagglomeration of finely divided materisls. The
characteristics of & high velocity iavkiuetic sampling probe have been
studied by disceminating finely divided talc into the wind tunnel. 8tu-
dies of the effects of off-design operation of the probe shov that in-
corract flov rate and operation at an angle of wttack cause bdbissed sanm-
Pling. Proper control of both of these factors is provided for in our
system. Modificetions to permit use of Sm in the wind tunnel have been

designed (Section 7).
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] luance of the effactivs £111ing density on the aerodynamic
drag of o sol | '
id agent atore has been anslysed, Penalties in systems whers

the cht ve 3
1 )
nnins d!n'ity 1! 13!. tm 0.20 @/Cﬂ were faum to bQ

substantigy,
The advantages of incressing this density avove 0.40 gm/on3

are quite py
_ nor, and may be cutwei
tton 8). ghed by other problems incurred (Sec-

A 3ystems
study has been {nitiated. Mathematical models for aeroscl

Duryp
g the ‘
s 1 reporting period, work on the liquid agent disseminstor
nit
uded iation of two studies dealing with (1) completion of the

design re
quiremeat
ats and preparation of lsyout dravings, and (2) study of

compatibg)gs
of st
Yy ores designed for manned sircraft with the AR/USD-5

Drone (Sectjop 10).
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DEPARTMENT OF DEFENSE
WASHINGTON HEADQUARTERS SERVICES

1155 DEFENSE PENTAGON
WASHINGTON, DC 20301-1155

MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER
(ATTN: WILLIAM B. BUSH) AUG 1 208
8725 JOHN J. KINGMAN ROAD, STE 0944
FT. BELVIOR, VA 22060-6218
SUBJECT: OSD MDR Cases 12-M-3144 through 12-M-3156
At the request of ||| | BB < have conducted a Mandatory Declassification
Review of the documents in the above referenced cases on the attached Compact Disc (CD)
under the provisions of Executive Order 13526, section 3.5, for public release. We have
declassified the documents in full. We have attached a copy of our response to the requester. If

you have any questions, please contact Ms. Luz Ortiz by phone at 571-372-0478 or by e-mail at

luz.ortiz@whs.mil, luz.ortiz@osd.smil.mil, or luz.ortiz@osdj.ic.gov.

Robert Storer
Chief, Records and Declassification Division

Attachments:

1. MDR request w/ document list
2. OSD response letter

3. CD U)



April 26,2012

Department of Defense

Directorate for Freedom of Information and Security Review
Room 2C757

1155 Defense Pentagon

Washington, D.C. 20301-1155

Sir:

I am requesting under the Mandatory Declassification Review provisions of Executive Order
13291, copies of the following documents. I have tried several times to acquire them through
DTIC, but the sites stated they are not available.

I am conducting research into the previous methods used to disseminate biological agents. Many
source [ use to have access to have been deleted from the internet. On numerous occasions [
have been informed that formerly classified information that was declassified, have now become
classified again (since 911). My attempts to locate such Executive Orders, regulations, laws, or
other changes to this question have not successful nor revealed a specific source. As such I
would appreciate any information you can shed on this question.

Documents requested.

AD 348405, Dissemination of Solid and Liquid BW (Biological Warfare)Agents Quarterly j2-M-3144%
Progress Report Number 14, 4 Sept - 4 Dec 1963, G. R. Whitnah, February 1964, General Mills

Report number 2512, General Mills, Inc., Minneapolis, MN, Contract number DA 18064 CML

2745,|02 pages. Prepared for U.S. Army Biological Laboratories, Fort Detrick, Maryland.

Approved by S.P. Jones, Director of Aerospace Research at General Mills. Project No. 82408.

General Mills Aerospace Research Division, 2295 Walnut Street, St. Paul 13,Minnesota.

AD 346751, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly /2.4~ 3) 45~
Progress Report Number 12, March 4 - June 4, 1963, G. R. Whitnah, July 1963, General Mills

Report number 2411, General Mills, Inc., Minneapolis, MN, Contract number DA 18064 CML

2745. 184 pages. Approved by S.P. Jones, Director of Aerospace Research at General Mills.

Project No. 82408. General Mills Aerospace Research Division, 2295 Walnut Street, St. Paul 13,
Minnesota. ,
AD 346750, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly /2-#M-3/4k
Progress Report Number 13, 4 June - 4 Sept 1962, G.R. Whitnah, October 1963, General Mills

I2-M-3144



Report number 2451, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML
2745. 19 pages (?)

AD 332404, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 22-#7-31¢7
Progress Report Number 7, Dec. 4, 1961 - March 4, 1962, by G.R.Whitnah, February 1963,

General Mills Report Number 2373, General Mills, Inc., Minneapolis, MN, Contract Number

DA 18064 CML 2745. 123 pages.

AD 333298, Dissemination of Solid and Liquid BW (Biological Warfare)Agents, Quarterly /2-4- 314 8
Progress Report Number 9, June 4, 1962 - Sept. 4, 1962. by G.R. Whitnah, October 1962,

General Mills Report Number 2344, General Mills, Inc., Minneapolis, MN, Contract Number

DA 18064 CML 2745. 130 (or 150) pages.

AD 332405, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly | 2-M-3149
Progress Report Number 8, Period March 4, 1962 - June 4, 1962. G.R. Whitnah, August 1962,

General Mills Report Number 2322, General Mills, Inc., Minneapolis, MN, Contract Number

DA 18064 CML 2745. 198 pages.

AD 329067, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly ; 24- 3/ §d
Progress Report Number Six, G.R. Whitnah, February 1962, General Mills Report Number 2264,
General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 103 pages.

Approved by S.P. Jones, Manager, Materials and Mechanics Research, General Mills Research

and Development Office, 2003 East Hennepin Avenue, Minneapolis 13, Minnesota.

AD 327072, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly /2-4/- 3157
Progress Report Number F ive, 4 June - 4 Sept 1961. by G.R.Whitnah, November 1961, General

Mills Report Number 2249, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064

CML 2745.

AD 325247, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly ;2-m- 5152
Progress Report Number 4, 4 March - 4 June 1961, by J.E. Upton for G.R. Whitnah, Project

Manager. February 1963, General Mills Report Number 2216, General Mills, Inc., Minneapolis,

MN, Contract Number DA 18064 CML 2745. General Mills Electronics Group, Research Dept.,

2003 East Hennepin Avenue, Minneapolis 13, Minnesota. 225 pages.

AD 324746, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Progress )2-44-3133
Report 3 Juen - 3 Sept. 1960. by G.R. Whitnah, October 1960, General Mills Report Number
2125, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 78 pages

AD 323599, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly /2#-3/ ks
Progress Report Number 2, for period 4 Sept - 4 Dec 1960, by G.R. Whitnah, February 1961,

General Mills Report Number 2161, General Mills, Inc., Minneapolis, MN, Contract Number

DA 18064 CML 2745. 90 pages? Mechanical Division of General Mills, Inc., Research

Department, 2003 East Hennepin Avenue, Minneapolis 13, Minnesota.




AD 323598, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly /2-#/-3/55
Progress Report, for period 4 Dec. 1960 - 4 March 1961, by G.R. Whitnah, May 1961, General
Mills Report Number 2200, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064
CML 2745. 95 pages.

AD 337635, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly /2-#-3/6%
Progress Report No. 10, period Sept. 4, 1962 - Dec. 4, 1962. G.R. Whitnah, Project Manager,
Approved by S.P. Jones, Aerospace Research, February 1963. 247 pages.

Sincerely






