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This Fourteenth Quarterly Progress Report pregents the results of
work conducted at General Milla, Inc., under Contract No. DA-18-064-
CML-2745, "Dissemination of Solid and liquid BW Agents'" during the

Current theoretical investigations relating the interparticle contact
energles to mechanical propertiea of compacted powders are described.
Although an idealized system was used, the trends predicted are in accord

¥ - -
-l SLONFIDINTIAL
- ABSTRACT
j.
1
period 4 September to 4 December 1963,
'; with experimental data.
\ -

Bg (lot SCH-63-109) to be used in forthcoming flight teets was found to
be more difficult to compact than Bg {lot 17} used previcusly. A new ap-
proach to obtain the energy of compaction from Instron data is presented.

Agent LX like other highly =lastic materials was found to be difficult
to compact, has a comparatively high compaction shear strength, and a
tensile strength too low to meagure.

An svaluation was made of the buoyant force corrections for the BET
adsorption method to measure total surface area. Total surface area and
rugosity measurements were made for spray-dried saccharin, agent LX,
and egg embryo.

Cur methods for preparing shadow-cast samples for the electron micro-
scope have resuited in obtaining micrographs showing greater detail in
particle shapes.

A study of the effects of humidity (from 0 to 100 percent R, H.) upova

the formation and decay of a ground powdered sugar aerosol is reported,

Storage tests on samples of compacted Sm indicate little change !n de-
agglomeration efficiencies and viability after 6 months at temperatures of
-2 and -23°C.
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An experiment conducted using Mistron Vapor talc compacted in a
6-inch diameter tube wipad with graphite and lined with polyethylens film
plastic indicated that side-wall friction can be materially reduced if suit-
able methoda can be found for preventing intimate contact of the powder
particles with the wall surface.

. '; Z._.'..SL'_'_F..

In preparation for the low-speed flight trials of the E-41 spray tank on
the Mohawk OV-1C airplane, an E-41 was filled with compacted taic and
abipped to Grumman Afrcraft Engineering Corporation, Bethpage, Long
Island, New York. A mapual loading technique using partial chargeas was
developed in anticipation of having to load the E-41 with By in the field
during the flight trials.
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FOURTEENTH QUARTERLY PROGRESS REPORT !i -

ON p
DISSEMINATION OF SOLID AND LIQUID BW AGENTS b

1. INTRODUCTION

The work reported herein is being conducted for the U. 8. Army Bio~
logical Labothtories under Contract DA-18-064-CML-2745. The program
consists of experimental and theoretical studies related to the line source
digsemination of solid and liquid BW agents. For several months the sm-
phasis has been placed on the dry agents; much effort is being devoted to
the study of the processes and phenomena involved when dry agents are dis-
seminated from a compacted state, {n order to abtain a more favorable
filling density in munitions, Processes involved in compacting agents to
cbtain the required densities are being included in the studies.

Work on the fundamental properties of dry finely-divided solid materials
is being conducted in the laboratories. Special instrumentation required
for these studies is designed and fabricated when necessary. Two full-scale
E-41 spray tanks were fabricated and are being used in field teats to study
the dissemination and dispersion of compacted dry agents under natural con-
ditions. Flight testa at high subsonic speeds have been conducted success-
fully and preparations for low-speed tests are currently in process.

Progress in several areaas of the program during the period 4 September
through 4 December 1963 is presented in this report.

1-1
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2. STUDIES OF THE FUNDAMENTAL BEHAVIOR OF DRY POWDERS

During the course of this project we have been studying the bulk proper-
ties such as energy of compaction, shear strength, and tensile strength
which are manifestations of interparticle contact energies, In addition, we
have studied particle characteristics--such as size and shape--that affect
the number and nature of the interparticle contacts,

The following sections describe the results of current theorstical inves-
tigations relating the interparticle contact energies to the mechanical pro-
perties of compactsd powdera. A theoretical model composed of spherical
particles of diameter dp with an average energy E per single contact is em-
ployed to determine the energy required to produce a given change in avar-
age powder density. This treatment should be of considerable value in
adding to our depth of understanding of the behavior of powders. Although
we are using an idealized system, the trends predicted are substantially in
agreement with experimental results. In addition to the results of theoretical
studies, our current work using Bg and other simulants is reported.

2. 1. Behavior of Powders in the Compacted State

2.1. 1. Theoretical Investigations of the Mechanics of Compacted Powders

Granular materials can be divided broadly into two main classes: dilatant

media and compactable media. Dilatant materials are 8o named because
they dilate or expand when sheared. Compactable materials, on the other
hand, are found to contract when sheared, This distinction leads to funda-
mental differences in the behavior of dilatant and compactable materials,
For example, a dilatant powder is capable of sustaining very large shear
strensea if the powder is not permitted to expand. This phenomenon was

demonstrated in an experiment reported by Jenkinl which showed that a cylinder

RS
: .
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imbedded in sand in a confined space could not be rotated in its plane.
Similar behavior has been reported by Zena and Othmer (See pp. 77, Refer-
ence 2}. This type of behavior is not observed with compactable pcwdeu*.

For the most part, dry dilatant powders flow freely and are not ordin-
arily subject to handling difficulties. By contrast, compactable powders
do not flow readily and may present serious handling difficulties in certain
circumstances.

We may ask: What factors determine whether a given powder will be
dilatant or compactable? There is good reason to believe that the anawer
to this question can be found by examining the mutual interaction energy of
particles in contact or close proximity. A

Interparticle energies will always exist in granular media as a result
of molecular and electrostatic potentials, as well as by chemical bonds, It
is believed that short-range molecular potentials are primarily responeible
for the behavior of compactable powders. It should be noted that these poten-
ttals are always present and the assoclated interparticle forces are alwi »s
attractive.

The total energy per unit volume of a powder, owing to interparticle
potentials of molecular origin, can be considered to he proportional to the
number of particle contacts per unit volume, It is clear that the interparsicle
energy per unit volume increases rapidly with increasing powder buik den-
sity (See Section 2.1,1.1). On the other hand, the gravitationai potential
energy increases with decreasing density. The equilibrium density of tte
powder corresponds to the condition of minimal total energy. This ia iilus-
trated in Figure 2,1,

—
The basic distinction hera is that dilatant materials cannot be sheared =niil
the particles fracture, while compactable powders can be sheared witr: a
small increase in applied load (e. g., in the piston-cylinder test).

2-2
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Total Energy
{compactable powder)
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Contact Enargy
{compactable powder)

Gravitational Potential Energy

Total Energy
(dilatant powder)

Contact Energy

(dilatant powder)
‘\
P
! Peomp Py T
Denasity, @

Figure 2.1. Energy Balance at Equilibrium for a Compactable Powder

As shown in the figure, the gravitational potential energy depends only
on the powder density. Howsever, tha contact energy per unit mass depends
markedly upon the particle size. For a typical dilatant powder, the number
of contacts per unit mass is comparatively small; thus, the minimal total

_ anergy occurs at a density approaching the density of the solid material (for
spheres, the maximum density for a close-packed array is 0.74 p_, where
p P is the particie density). For compactable powders, the contact energy
is so great that equilibrium is reached at a much lower density (note upper
curve in Figure 2. 1).

The dspendence of contact energy on particle size can be seen by con-
sidering a hypothetical powder consisting of spherical particles of diameter

dp‘ The number of particles per unit maas is:

2-3
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The contact energy per unit mass can be expressed by the relationship:
E_=Ne 1(3‘1-) s (‘!’3‘%"3‘) cf(—g—) @
P ppl 1Pp
= (particles/unit mass)(av. energy/contact)(contacta/particle)

in which ¢ is the average energy per contact and £lp) is a function giving the
number of contacts per particle as a function of the average powder densityp’
It is easily seen that the function f(p) satisfies the conditions: 1/25 £(p/p ) < &
f‘(n/a )>0. (Tha condition (1) = 6 corresponds to hexagonal packing; 1. e )
8ix contacts per particle.) According to Deriagin and Absikosova 3, the
anergy ¢ is proportional to d_ . Thus, for spherical particles, the bulk con-
tact ex;etsy varies inversely as dp .
A mathematical analysis of the compaction function f(n/a‘p) for the special
case of uniform spherical particles {a given in Section 2.1. 1. 1. For parti-
cles of nonuniform size it {8 clear that the smaller particles may contribute
greatly to the total energy aven when constituting a small mass-fraction of
the powder, The role of particle shape in the compaction process is very
complex; however, elongated or platelet forms can be expected to result in
reduced powder density and a tendency toward compactability (e. g. , consider
snowflakes or talc powder).

It has been tacitly assumed in the above discussion that tha powder is in-
itially deagglomerated; for example, the powder could be considered to secttle
out from an aerosol composed of discrete particles. It has also been agsumed
that the powder layer is very thin, since the weight of a thick powder layer
causes progressive compaction within the layer. In actuality, most powders
in a natural state consist of agglomerates which preaumably result when the



S e e
BT Rk

B

4

iii';..aaT"'.‘ :

¢

Tk T e, WS 7 U O

Page determined to be Unclassified-

Reviewed Chief, RDD, WHS
1AW EQ 13526, Ssction 3.5

Date:. JUL 19 203

powder is repeatedly compacted and broken up during handling, There are
indications that the handling properties of compactable powders are improved
by agglomerates of this type. This {s not surprising since the agglomerates
can be regarded as large particles for which the "interagglomerate'' energy i
is small relative to the average agglomerats mass. i

¢

2.1.1. 1. Analytical Compaction Theory

A very simple theoretical model of the compaction process has been ad-
vanced by Darr‘. This model yields a compaction stresa-density relation-
ship of the form:

o\
oaco™{l+ -})’ } (3)
and shows furthermore that the cchesive shear strength of a compacted powder
is proportional to the cornpaction stress. (The last term in the brackets of
Equation (3) is usually negligible compared with unity.) Both of these con-
clusions are in good agreement with experimental resulta,

Derr's theory is based on a particular agglomerate structurs, i.e,, the
geometrical arrangement of the powder particles is specified for each density
state. A different approach, based on energy considerations, i3 taken in the
following analysis.

Energy of Compaction - We assume that the powder is composed of
spherical particles of diameter dp. Algo, it is assumed that the energy of
a single contact s ¢, We wigh to determine the energy required to produce

a given change in the average powder denaity.

Suppose that a powder sample containg N particles. In an unstressed state
the total contact energy is distributed among the N particles in accordance
with the number of contacts per particle. It is apparent that a particle may
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have from ! to 12 contacts with neighboring particles. If we aseign half
the total contact energy to each of the particles in contact, the energy state
of a particle may range from ¢/2 to 12(¢/2).

We now ask: For a given total contact energy E_, how are the energy
states distributed among the N particles? Let the total ensrgy E o De ex-
preased in the form:

E = L E (4)

where Ei is the energy due to particles with i contacts per particle.

It can be shown from the theory of statistical :uecha.z‘d.rm5 that the number
of particles in each energy state can be expressed by the distribution func-
tion:

N, = Na(e ! ¢/2) (5)
. -ce/2
where A and & are constants, Letting x = e , the constant A is defined
by:
12 12
i
Ns= Z Ni = NA Z x
1 1
or

A=_._rz., {6)

2-6
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St The total contact energy is:
N 12 . 13 12
i E (x) = NAS I = Ne 1+12x77 - 13 7)
v c Z % = (1 - x)(1 - x12)

-

'Y

The energy invested in ith order contacts is:

E -N‘%-l Yu=1,2 3 12 (s
i(x)—-—z-—-—;l-z-ix(=,.... )., )

& bnang o [

A number of the energy functions E,(x) are plotted in Figure 2.2. The
energy parameter x is amall for small values of total energy (i.e., for low
powder density) and increases with increasing total energy. This parameter
can algo be related directly to the powder density aa will be shown later,

The energy functions plotted in Figure 2.2 give a very good picture of
the essential features of the compaction process. At low densities (small x},
most of the contact energy is diatributed among the low energy atates. As
the denaity (and x) increases, the energy distribution shifts continuously toward
.- states of higher energy.

It will be vbserved also that each energy state {i = 2, 3 ..., 11} increases
from Ei(") = 0 to 2 maximum value and then falls off to zero as x becomes
infinite. For any value of the parameter x, Equation (7) gives the total con-
tact energy. As x increases, however, the energy which must be supplied
includes not only the incremental value of total contact energy but also the
energy needed to break down lower energy states. The latter energy comn-

! ponent avidently represents the effects of cohesion.

The total energy change during compaction, denoted by E{x) {relative
? to x = 0), is plotted versus x in Figure 2.3. (The change in El(") wasg

o

2-7



. :‘_ . _‘: o - —— . = .,',2‘
Y |
13 i Page determined 10 68 Unclassified i

i Reviewsd Chief, RDD, WHS )
3 IAW EQ 13526, Section 3.5 l y
Ty oy Date:
I JuL 19 28 I
> l 8 o %‘(
- [ 2E,
o0 1=1z('r°m-=12 ;
[ L6} - ,
l ’ ‘ 1.4 -
i
. (]
l 1.2 b=
' 1.0 9
X
[ B .8 L
~
8
i i
l 7
. - 4 —
! 6
! 2l 5
4
l iall — | [ !
2 .4 6 8 1.0 1.2 1.4
l x
Figure 2.2. Contact Energy Ei(x) vs. Compaction Parameter x

2-8

| e e,



Page determined to be Unclassified
Reviewed Chief, RDD, WHS
IAW EQ 13526, Section 3.5

Date: JUL 19 m

Ex), E_(x)

30.0p~

20.0

10.¢

B Oy N PO

| 1 L1l i 1 11 -

-
~r

.2 3 .4 ,5.6.7.8.91.0 2 3
Compaction Parameter x

Figure 2. 3. Contact Energy Eq(x) and Compaction Energy
E(x) va. Compsction Parameter x

2-9



Page detarmined to be Unclassified
Raviewed Chief, RDD, WHS
JAW EO 13526, Section 3.5

Vel JUL ‘9 m

~

m— e OIS $ SWNWS feuted Sms puaees  pap

ignored in these calculations, since single contacts are physically impro-
bable.} The contact energy E (%} {from Equation 7} 14 also shown in
Figure 2.3.

Relationship between Compaction Energy and Powder Density - The bulk
dengity of the powder for a given compaction state can be dstermined in the

following way., Equation (5) gives the fractional number of particles in each
energy state in terms of the parameter x. For the lth state:

1 -1
N/N T——-nx-Axi‘ ‘9)

Particles in the i? ensrgy state have i contacts with neighboring particles,
Denote the volume occupied per particle in the ith energy state by a, vp.

where vp = —;— dp3 i the particle volume. The total volume for N particles
is:

iz
V(x):vpx—-rz- );aix}. (10a)

The bulk density is then:

Np v X~xl3
p(x):.v.(%zzppu ) g v . (10b)
-X a’
1

For the cloge-packed state (i = 12):

= .6 x 2 g _
a, 7 o8¢ 1 - tan ~5--1.35.

2-10
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Similarly, for square packing (i = 6): ag = g— = 1, 91 and for hex-packed
layers stacked one above another (i = 8): ag =-g- cos -E- = 1.68. The latter
arrangements are the most loosely packed arrays corresponding toi = 6
and i = 8, respectively. The densest packings for i = 6 and i = 8 are nearly
hexagonal arrays, alightly displaced to open six contacts (i = 6} or four
contacts (i = 8). On the average, therefore, we have:

ag =% (1.35+ 1.91) = 1.63 and ag = 5 (1.35 + 1. 65) = 1. 50.

These values are plotted vs. the number of contacta i in Figure 2. 4;
since they lie on a linear log-log curve, it is assumed that the a values can
be read from ths figure for other valuea of i. These valuea are given in the
following table.

i 1 2 3 4 5 é 7 8 9 10 11 12
a, 2,65 2.20 1.97 1,82 1.71 1.62 1.%6 1.51 1.47 1.42 1.38 1.135

By computing the compaction energy and the bulk density as functions of
x, an implicit relationship may be established between compaction energy
and bulk density. The results of these calculations are shown in Figure 2, 5.
The dimensionless compaction energy 2E/N¢ ia plotted vs. the density ratio
p/p_. If Eis interpreted as the energy per unit mass, the ordinats in
Figure 2.5 can be expressed as:

xp d 3E
€

Thus, the energy for a given density variea directly as (t/dpa).



Page determined to be Unclassified
Reviewad Chief, RDD, WHS
IAW EO 13526, Saction 3.5

Figure 2. 4.

Number of Contacts i

Date: JUL 1920‘3
.l"“
N
‘ 10
; 9
; 8
. 7
! 6
- 5
- 4
i 3
| ~__
1 L i § i | S VS T S B}
1 2 3 4 5 678 910

Volume Coefficients a; ve. the Number
of Contacts per Particle i

2-12



e

» o o

Page determined to be Unclassified
Reviewed Chief, ROD, WHS
1AW EO 13526, Section 3.5

vate: gy 19 201

4
~ 2 L
%
E)
]
[~} 10 Compaction
o 9 — Energy
8§ af 2=
a 7L Ne
6 j-
g
§ st
]
3=

ZEC
Ne
~

T

o

- ]

N

g

‘ﬂ 10
3] 9 —
g 8 [
=] 7 b=
] 6
2 5 |-
i 4
Q

rd

g 3k
Q

£

& 2 .

2E
Contact Energy w?c = 2f

Figure 2.5. Theoretical Compaction and Contact Energics
vs. Density - Spherical Particles

2-13

€

(d

%

\_ Maximum Compaction Energy

——\_ Maximum Contact Energy

|



i

[

- ———d

Y

w——— —— L —— —— — L cmp— —— e et PSR e #

— -Page determined-to-be triclass]
; I
Reviewed Chief, RDD, stass'ﬁed

AW EQ 13828, Section 35

Date: JUL 19 m

Over most of the density range the compaction ensrgy is closely approxi-
mated by the equation: '

5, 67
(11)

I
E=181 —$u [—
opdp ("p

E
The dimensionless contact ensrgy function f (—{—] a W:' is also platted in
Figure 2.5. P

Compaction Stresa as a Function of Density - The compressive stress

required for compaction can be found from the compaction energy by equating
the work done by the compaction stress to the change in energy between dan-
sity states P, and 92>91. Consider a unit mass of poﬁrder, contained in a
smooth-walled cylinder of cross-scctional area A. If x is the depth of the
powder, PAx = 1.0, Now, if the powder is compactéd with a smooth piston,

we have:
¢ Adx = -dE
or
g = pz %
_8s5¢ %:_) 6'67. (12)
dp P

The theoretical compaction relationships showniénFigure 2.5 and ex~
pressed by Equationa {11) and (12) are very similar tao exi:orimentally
determined compaction characteristics. Both the theoretical and experimen-
tal results show a very rapid increase in compaction energy (or applied stress)
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with increasing bulk deneity. This characteristic strongly implies that
short-range interparticls potentials have a dominant influence on the com-
paction process. The theory also indicates that the compaction energy in-
creases rapidly with decreasing particle diameter, For particles in the
micron size range, the contact energy-eize relationship is expected fo lie
somewhere between an inverse second or inverse third-power law. It fol-
lows from this that the behavior of powders is determined largely by the
smallest particles in the particle size distribution.

2.1.1. 2. General Behavior of Compactable Powders

During our study of the behavior of dry powders several theoretical and
empirical laws have been advanced to describe the compaction characteriatics
of dry powders. These laws may be stated as follows:

1) The compreasive stress required to compact a powder to a
density pcanbe expresscd by an equation of the form:

g = kpm (13)

where k and m are constants for a given powder. é
2) The shear resistance T, of a powder undergoing compaction

is proportional to the applied normal (compresaive) streas
on the shear plane, 9

T - T, =0 tan s (14)

The angle ¢ is a constant for a given powder; T_is the
shear resistance of the powder in an uncompactgd atate.

3} The shear strength of a compacted powder can be described
by the equation:

T= 0 tan #' + b, (i5)
The first term on the right-hand side of this equation can

be regarded aa an effective ''frictional" resiatance, while the
second describes the effect of cohesion on the shear strength.

S LERGET
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The constants k and m may be found from the Instron compaction tﬁlt!;b
the constants #' and ¢ are obtained from direct shear tests. 7 The constant
b is derived from the constants A, # and #' in the following way. Referring
to Figure 2. 6, the cchesive shear component ¥ coh is seen to be:

ad)

TresaTlT

Teoh = %n (tan ¢ - tan g'). (16)

To define b, we must sxpress o interms of the density p. The principal

LA

compaction stress corresponding to dn is @ = °n sec # (see Figure 2. 6).
The stress ‘max is related to the density through Equation {11). Therefore,
from Equation {16):

b

s . - m :
Teoh = PP sAcos p(tan # - tan 8 ')p !

or
b=Acoss{tan # - tan $'). {(17)

i The constant b is a measure of the effects of cohesion. A large value
of b implies that a powder will be difficult to deagglomerate after compac-
ticn, If b is small a powder will generally be easy to deagglomerate. For
dilatant media, b™ O since # ™ ¢!,

Aerodynamic Breakup of a Compacted Powder - The deagglomeration of

compacted Sm powder by aerodynamic forces has been intensively studied
during this program by subsonic wind tunnel tests. 7 The above analysis pro-
vides a baasis for estimating the effectiveness of aerodynamic brealup for "
i different lots of Sm and for other powdera. Suppose that a.small agglomerate

of compacted powder is suddenly injected into an alrstream at a relative
i velocity U. This results in both shear and pressure streases being applied

3/2

to the agglomerate. The shear stresses are proportional to U for laminar

R
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flow while the pressure stresses are proportional to the dynarnic pressure
q= %- DaUz' (o a denotes the air density). These stresses are resisted by

the cchesive shear strength of the agglomerate, expressed by Equation (17).
At the point of breakup, the relationship between critical velocity and powder
denaity 1s:

For shear-induced breakup

=
_ 2/3
Ucrit = Clb [ (18a)
For presaure-induced breakup
7
1/2
Uerig =G P - (18b)

The constants C1 and Cz cannot be evaluated analytically for agglomer-
ates of arbitrary shape. However, the above equations indicate how the criti-
cal speed varies with density for the two breakup mechaniams. The critical
velocities for shear and pressure-induced breakup are plotted vs. density
in Figure 2.7 for Sm 342 to illustrate Equations (18a) and (18b). The criti-
cal velocities are referred to the critical velocity at # = 0.4, the primary
purpose here being to show the shape of the curves. In each case, the
rapid increase in critical speed with increasing density closely resembles
the experimental curve for Sm 342 {Figure 6.3, Reference 7},

The theoretical critical speeds for Sm 352 aa compared with Sm 342
have been computed as a function of density by using Equation (18b) (as-
surming pressure-induced breakup) and Equation (15). Using data from the
Thirteenth Quarterly Report, 8 the following constants are found for the two
Sm lots:

Lot [ a' m A b

342 40.6°  37.0°  14.5 1.53x10;0 1.24 x 10]
52 42.5 319.2 1.6  2.04x10 1.52 x 10



Page determined to be Unclassified
Reviewed Chief, ROD, WHS

o
———d

: .

P

Figure 2. 7.

IAW EQ 13628, Saction 3.5
Date:
JUL 19 am -
- — - - - - g;
e
i
(i
g
® (@)
k]
l : b
0.4 6.5 0.6
Bulk Density, o
Theoretical Aerodynemic Breakup of 5Sm 342 for: {a) Pressure-
Induced Breakup, (b) Shear-Induced Breakup - Critical Speed vsa.
Density (Critical Speeds Relative to Critical Speed at » = 0. 4}

)

2-19



Page determined to be Unclassified . ... 54

e

[P

Reviewed Chief, RDD, WHS
IAW EQ 13528, Section 3.5

Data: JUL 19 o

The critical speed as a function of density for these Sm samples is ' f i
plotted in Figure 2.8, taking the critical speed for lot 342 at p = 0. 4 as '
unity. At the same density, there is a very significant difference in eriti- :
cal speed for the two Sm lots (this difference would be even greater for 3
shear-induced breakup) at the same density, If the two lots are compared

at the same compaction stress, however, the critical breakup velocities
are not greatly different,

2.1.1,3, Baehavior of Compactable Powders at Low Densities

The preceding discuasion has been concerned primarily with the be-
havior of powders that have been compacted to an appreciable degree. It
is noteworthy that the phenomena responsible for compactability also exert
a strong influence on the behavior of 'uncompactsd'’ powders, i.e., powders
which have not been delibirately or knowingly compacted. (Considerable
compaction may occur by the weight of even a thin layer of powder.) Elec-
trostatic or molecular interparticle forces may often exceed the mass of
individual particles, leading to very high local angles of repose.

The behavior of powders under these conditlons can be vigualized in
terms of the generalized shear strength relationship expressed by Equa-
tion {14). This equation is plotted in Figure 2. 9 for small values of ¢ .
The key factor in this equation, as far as uncompacted powders is concerned,
is the imitial shear strength T This is the shear strength of the powder
in its "natural' density statc, When a powder is compacted "o is usually
negligible compared with the compaction shear strength T.. However, for
an uncompacted powder this term may be large relative to the weight of the
powder itself. This {8 illustrated by the following analysis.

Consider a uniform layer of powder of mass m, grams/cmz resting on
a rough plane surface which is initially horizontal (see Figure 2.9). Owing
to the weight of the powder (in thia case very small) the powder layer will
be slightly compacted. The corrcaponding shear strength characteristic

2-20
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(including the effects of compaction due to the powder weight) is given by
the line §, in Eigu‘re 2.9. Now suppose the surface is tilted through an
angle §; the shear streis at the surface is m, sin 6 while the normal stress
iem; cos 9. The locus of applied stresses is thus a circle C; in the stress
plat . For the condition shown, the powder layer will not slide off even at

8 = 90°. (This implies that the lacal angle of repose can exceed 90° for
this layer.) If we now repeat this process for masses m3>mz>m1. a series
of critical slide angles will be nbtained as indicated in Figure 2.9. Ifm is
large, the slide angle is approximately equal to the shear angles . For de-
creasing mass densities, however, the slide angle progressively increases.
This effect is frequently abserved with granular or powdered materiala. In
particular, local angles of repose may exceed 90° for materials having an
average angle of reposs of 40 to 50°. Such behavior is obeerved in an ex-
treme form under humid conditions. In a dry environment, electrificaticn
of powders caused by handling (i.e.. by relative mntion of powder particles
and of the powder relative to the container) markedly affects many powdera,
Even dry dilatant materials can exhibit cohesion under certain conditions
(e.g., marked cohesion effects have been observed for magnetized ateel
shot, having angles of repoee exceeding 90°).

Of course, the intercept ¥ cannot be considered a constant for a giv'n
powder; rather, it is a statistical parameter which depends on the history
of a powder sample. The general trend of increasing mean angle of repose
with decreasing powder mass is likely to be found for most powders wiia
MMD values in the micron sire range, If the testa described above wer«
performed many times for a given powder, it is probable that a great desl
of scatter would be observed for small valueas of the powder mass per vnit

area m; however, the scatter would tend to decrease with increasing m.
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2.1.2, Current Studies with Bg and Agent LX

2.1.2.1. Compaction Characteristics

Since Bg lot SCH-63-109 is to be used in forthcoming flight teets, a
representative sample of this material was studied in comparison with By
lot 17 used previously, so that realistic test parameters for compaction
and dissemination could be predicted. The comparative streas density re-
lationshipe shown in Figure 2,10 indicates that lot SCH-63-109 i{s somewhat
more difficult to compact than the lot 17,

Figure 2,11 includes the stress density relationship for Bg lot SCH-63-
109, lot 17, and agent LX in comparison with other powders studied recently,
Clearly, the generalization that increased ease of compaction with increasing
particle slze does not apply. The egg embryo and agent LX have the largest
MMD but are far more difficalt to compact. These materials, in contrast
to the other powders shown in Figure 2. 11, are highly elastic and highly ir-
regular in shape (Section 3, elactronmicrographs). The relationship hetween
ease of elasticity and ease of compaction will be studied in detail in the
coming months.

2.1.2.2. Shear Strength and Tensile Strength of Agent LX

Like the highly elastic powders talc and egg embryo, the tensile strength
of agent LX is also too low to measure by the segmented column method.
Figure 2. 12 shows the compaction shear strength of agent LX in comparison
with egg embryo. The higher compaction shear strength for agent 1.X is
consistent with the compaction data, indicating increased difficulty to com-
pact.
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2,1, 3. Analysis of Instron Compaction Data

At present, much data exist for many powders cn campressive stress
as a function of density. If the data were presented in terms of energy per

unit mass rather than compreassive stress, one would have more uaeful
correlations,

...—....-..-...'_——-aor——-

The energy per unit mass can readily be obtained a# a function of den-
sity if, for the powder in question, a plot of the logarithm of compreasive
stress versus density yields a straight line (this is usually the case for
l stress lovels below 107 dynes/cm). Then the empirical equation

—~——

‘ o=xp™ (19)

, where © = compressive stress

k

constant of the powder

. —

P = bulk density

m 3 conatant of powder, ;¢ the slope of the line on a plot
1 of logo ve., p.

can accurately be fitted to the data.

Because the compaction apparatus shown in Figure 2. 12 of the Ninth
Quarterly Progress Report has always been used with the Instron to obtain
i compaction dats, it is possible to express the density (p) as a function of

the distance traveled by the compacting piston (X) using the following re-
i lation:

§ pab, nf 120)

where Oo = initial bulk density

L = depth of powder receptacle.
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The two above equations can be combined and integrated to yield a useful
sxpression in energy (E)} per gram (g), namely,

E[‘ = rﬂl—k:n (Om-l - Dom-l) . (21)

The energy of compaction of Bg product lot SCH-63-109 is shown in Figure
2.13 as measursd from the data by a plainmeter and as calculated from Equa-

tion (3), using k = 1.9 x 109 and m = 9.01. The constants k and m were de-~
termined from Figure 2, 10,
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Figure 2.13. Energy of Compaction of Bg Lot SCH-63-109
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3. PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE
POWDER PARTICLE

3.1. Total Surface Area

Surface areas for egg embryo, agent LX, and spray~dried saccharin
were measured by the BET adsorption technique. The scatter of points
in the BET plots as well as in the adsorption isotherms suggested the pos-
sibility of a systematic error of random magnitude. This problem was in-
vestigated during this last quarter through a study of buoyant forcea. It
is of considerable importance to maximize the accuracy of thia technique
since we hope to measure small changes in surface area (as a barometer

of particle fracture during compaction) and other manifedtations of change
in surface structure of particles, ‘

3.1.1. Study of Buoyanit Force Correction

For larger surface areas the correction due to buoyancy is not signif-
icant. However, as the surface areca decreases (hence, the amount adsorbed
decreases) this correction assumes increasing importance. In this study
the buoyancy correction has been only for the quartz bucket and fiber that
have been below the level of the liquid nitrogen bath. The additional
buoyancy of the apring was measured experimentally with na load in the
quartz bucket. At the same time the magnitude of the experimental errora
estimated and same sources of these arrors were located.

The sxperimental data of buoyant force as a function of pressure are
plotted in Figure 3.1. The lines are straight since buoyant force is a linear
function of presdure, but the disturbing feature is that the lines did not pass
through zero but fell in a band 0.1 mg wide {with an average intercept of
0.1 mg). No line passed through zero, or below, as might be expected
from random errorx, indicating the existence of a systematic error of random
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magnitude of 0.1 mg 0. 03 mg. The scurce of this error was found to be T
from lifting of the apparatus as the cover of the liquid Nz dewar was snugged

against the clamp holding the sample bulb. The clamp was used as a refer-

ence go that the level of the liquid N, would be the same in each run. If

we avolded touching the clamp with the dewar cover, the points to cluster

were lowered to about an intercept of 0, 05 mg (corresponding to movement

of approximately 0. 04 mm). A referencs point would be deeirable but ex-

perimental difficulties of placing a refarence point in the fisld of viaion are I
great. Therefore the correction starts not from zero but from approximately

0. 05 g (Figure 3. 2).

As an example, the effect of the correction and the effect of the errors
on the data for Sm 352 presented last quartera will be shown. Using the re-
sults from the error analylil7 the additional error in the experimental de~
termination of buoyant force wae added to the reat of the errors.

For the correction of the BET data collccted, the buoyant force data
shown in Figure 3. 2 will have an additional correction for the systematic
error of 0.05 mg., The error is aleo assumed to be the range of the experi-
mental data in Figure 3.1 or 20,05 mg. This will be added to the errors
in the manner outlined beforeT, or the error in the buoyant force is:

) 1/2
AWy, = ("g\ra "f—:] + (dC)Z] : (22)

The first term is the error in the buayant force on the sample, the s..cond
being the experimental error, . 08 mg.

The new adsorption data are presented in Figure 3.3 along with the
normal error bars. The area increases from 3. 14 £5 percent to 3.76 mz/g
+3.7 percent. Although there is an area increass, the deviation determined
before was actually taking into account the systemnatic error. The previous
data on surface area mcasurements will be corrected in a similar manner.
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The changes in procedure necessary to eliminate the aforementioned
systematic errors and the experimentally determined buoyant force on the
quarts componentis should improve the accuracy of the data. As hae been
noticed before,the data for each Individual run have much less deviation
than deviation between duplicate runs. We hope to have corrected this

nowtoenzble us to better evaluate smaller changes in surface more reliably.

However, it must be mentioned that the gravimetric system is best suited

for particlas under 5 to 7 microns because, in this range, buoyant forces

are as large as the weight adeorbed, Over this range,what is actually meas-
ured is the difference between the calculated buoyant force and the observed
buoyant force; if the buoyant forces can be accurately predicted this should
pose no problem. The measurement of the total surface areas of the larger
particle size powders or small changes in surface area is best suited to a
volumetric system, the only advantage being that the buoyant force is elimin-
ated and replaced by the dead space determination in the sample bulb. The
calculation is a bit more reliable for small surface areas.

3.1.2. Spray-Dried Saccharin, Egg Embryo,and Agent LX

To determine the upper litmits of the BET gravimeter adsorption method,
the total surface areas of two lots of spray-dried saccharin, 13C and 13D,
were measured. These powders had a large Whitby MMD {13C was 8.85
microns and 13D was 1] microne) which made measurement of the area dif-
ficult and the uncertainties greaf. The measured total surface for 13C was
0,78 mZ/g +40 percent and for 13D was 1.06 mzlg %22 percent. Rugosities
were 2.0 for 13C and 2.2 for 13D,

Figures 3.4 and 3.5 show the BET plot of the data. As is cbvious the
error bars are extremely large, but in Figure 3.5 the error bare are shown
to be not unrealistic since they span the range of points. In the previous sec-
tion (3. 1. 1) it was pointed out that the major error is the error in the ex-
perimental determination of the buoyant force.

e Pagp determined to be Unclassifigq
, WHS

Lats: - Section 3.5

VeLw

e han - —



Lt

CEDD
528
®nTo
03§
2L
Cu o = @
=803
I'-"&;ES'
LW
weae o
g9¢
CHE
“Ho
in

o

g

P/P

O Run 51
A Run 52 MMD = 11 microns T .
4.0} 0O Run 53 Area = 1.06 mzlg x 22 percent '
. / [
3.0 T /r
] [ : ’ C
/é é) & l
2.0} J N { | '
7 > ‘
[V e |
1.0 8 /{1/?—
I i | ] 1 1 I
0 0. 05 0.1 0.15 0.2 0. 25 0.3 0. 35
P/P_

Figure 3.4. BET Plot of N Adsorption on Spray-Dried Saccharin (13D)

Showing Normal Error

T TR LAE ‘.’—»‘:..__—'—-‘-’—:Fl:.:?—'.v




0]

8@ 61 wp

g-¢

§'€ uonoes 'gzseL O3 M|
SHMW 'GQY '1eIuD pemaiasy

payisseoun eq o} pauiuusiap afey

P/P

A Run 55
0O Run 56

MMD = 8. 85 mjcrons
Area = 0.78 m*“/g « 40 percent

{ L I

- ]
0. 20 0. 25 0.30
P/Po

Figure 3.5. BET Plot of N Adsorption on Spray-Dried
Saccharin {13C) Showing Normal Error

0.35

R e s B tadhdd

~ ]




—r—er

c——

This method can thus be used for approximating the surface aregs for

powders normally considered beyond the upper limits (8 to 7 microns) for
the method.

In addition to the smooth spherical particles of spray-dried saccharin,
two materials of radically different particle shape were studied. The sur-
face areas of the agent LX, Figures 3.6 and 3,7, and egg embryo, Figurcs
3.8 and 3.9, were found to be quite large ae were their rugosities. Sur-
face areal of the agent LX were 4,40 m /g #4 percent and for sgg embryo,
14.2m /g %7 percent. Their rugositiss were 6.8 and 26.8, respectively.

The lerge rugosity of egg embryo is in the same range as talc?, The
difference batween the two is that talc has a small particle size, approxi-
mately 1, 75 to 3.5 microne, whils egg embryo is large, appraximately 8
microns. The high rugosity of tale results from its being a very irregular
platelet structure and possibly having some macrapore structure. Egg
embryo, on the other hand, is a mixture of particles of widely varying size,
shape, and constitution; here, also there is the poasibility of some macro-
pore structure because of the steep rise of the curve as P/P —3w], There
is negligible hysteresis in the adsorption-desarption isotbetm (Figure 3. 9).
However, if the silica in egg embryo is of the porous type, a few pores
could be left open which would have little volumetric effect but augment the
surface area. The extent of such structure ia small indeed( if the structure
exists at all) since the surface area is still quite small as compared to a
truly porous material,

A characteristic shared by toth talc and e g8 embryo is greater elasticity
at low bulk density--.a characteriatic shared also by agent LX, whose rugos-
ity is much lower than either talc or egg embryo. In all three cases the
particle shapes are very irregular, indicating that particle ehape mayde«
termine the extent of elasticity. A large rugosity (greater than 6) with the
absence of extensive pore atructure, seems to indicate that there will be
much elasticity. The relationship between rugnsity and elasticity- -particularly
for highly elastic materials--will continue to be investigated.
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Egg embryo and agent LX both exhibit the adsorption phenomenon first
observed with the other freese-dried material, §_r£.8. i.e., that the surface
seems quite inactive. The relative pressure at which the monolayer is com-
pleted is approximately 0.2. Also the value of ¢’ in both cases is approxi-
mately 20. It is interesting that this characteristic holds for both materials:
egg embzryo is freeze-dried, but it is not known whether or not agent LX is;
this seems to indicate that freeze -drying produces an inactive surface.

3.2. Particle Shape

3.2,1, Shadow-Casting for Electron Micrographs

During the past quarter we have spent a considerable amount of time in-
veatigating the techniques necessary for shadow-casting samples that are to
be observed in the electron microscope. In the process we found it neces-
sary to moadify our vacuum system in order to fulfill the requirements for

shadow-casting with chromium. The mathods used are similar to those dis.
cussed by Han1'® and by Fischer!l.

In gensral, shadow-casting will ald in determining the structure of a
particle in that the height of the particle can be obtained from the shadow
length, and the particle structure in the third dimension is given by the shadow
structure. The usefulness of shadow-casting in dotermining true particle
shape is shown by the simple example in Figure 3. 10 where a shadowed
cross is viewed from the top. It is also found that shadow-casting can be
useful in some cases for enhancing the details of the surface structure.

EC is related to the average heat of adsorption of the first layer by

C= exp[Enat/RT] (23)

where C = constant of the BET equation
R = gas constant
T = absolute temperature.

(Equation 23 corrects the one appearing in the Thirteenth Quarterly Report,
p. 3-14.)
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Basically, shadow-casting is the evaporation of a metal from a distant
source located at a shallow angle with respact to the surface of the sample
substrate., Several metals are suitable for shadow-casting--including gold,
chromium, uranium, and germanium. Figure 3.11 gives a diagram illus-
trating the shadow-casting process (located in a vacuum system)., Mstal
is evaporated from a tungsten filament that is wound in the shape of & wire
baskst. If the pressure in the vacuum system is low snough (about 10"s mm
Hg) the evaporated matal travels in straight lines and {s deposited on all
surfaces facing the filament. Regions behind a particle will not zecsive a
metal deposit and thus will be detected as a "shadow" in the electron micro -
scope. The height of the particle (Figure 3. 12) is given by the relation
h=1tan 8, where | and @ are determined geometrically,

The shadow-casting process requires a vacuum system and a low voitage-
high current power supply. The only requiremant of the power supply is that
it supply sufficient power to the filament in order to reach the evaporation
temperature of the metal. The vacuum system must have vacuum pumps
that are capable of maintaining a good vacuum throughout the evaporation
process. It is imperative that a good vacuum be maintainsd at all times
since, as the pressure inside the vacuum system increases, the metal rays
are scattered more strongly by the residual gas molecules. The resulting
shadows become diffuse (in an extreme case, the shadows may disappear).

The thickness of the shadow film is determined elsctrically by meas-
uring the resistance of the film deposited on a glass alide. This onables us
to produce films of desired thickness in any given experiment. In general,
a thick shadow film is used to destermine gross structure while thinney films
are used to determine finer detail.

3.2.2. Egg Embryo

The value of shadow-casting in determining the 3-D structure of parti-
cles is {llustrated by the electron micrographs of egg embryo particles shown
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in Figures 3,13, 3,14, and 3.15. Figuze 3.13 is of particular interest for
it shows how the fine particles of ¢gg embryo can have a very looses struc-~
ture. Onae can see how much information shadow-casting adds if one views
these photographs while imagining that the shadows are not there.

These photographs alsc point out a possible problam that may arise in
the observation of fine particles with light or electron microscopes: The
influence that the dispersing process may have on the apparent particle
structure.

In the photographs of egg embryo, two dispersing processes are used.
In one method the powder is ultrasonically dispersed in butyl alcohol and
then sprayed on the grid with an air gun (similar to a paint sprayer). In
the second method, a small amount of powder is placed on a glass slide and
then dispersed (dry) by discharging a spark through the powder with a talsa
coil (Ref. 11, p. 127), The photographs of egg ambryo illustrate our gsneral
observations. The dxy (spark} dispersed particles are compossd of sub-
particles that are appreciably amaller than the subparticles of the butyl
alcohol dispersed particles (which tend to lay flat on the surfacs). This
suggests that the subparticlas in these photographs are actunlly agglomerates
of very small particles. [f this is the case, the larger subparticles observed
with the butyl alcchol dispersing method could be formed during the svapor-
ation of the spray droplets from the grid. This process would also tend to
cause the subparticlas to lie flat on the grid surface, as is observed. The
ultrasonic process could break up the particles of egg embryo allowing them
to reform somewhat during the evaporation of the alcochol. We belisve that
the dry (spark) disparsing method is better for cbaerving fine particles,

It appears as though the fine particles of egg embryo, shown in Figures
3.13, 3.14, and 3,15, are silica, These particles {including the subparticlas)
are similar in appearance to photographs of Cab-O-8il (silica formed by a
vapor phase process) appearing in Ref, 12, The larger particles shown in
Figure 3. 16 (also shown in Ref. 8 as Figure 3,13, p. 3.24) are probably
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Powder Egg Embrya MMD (Whitby) 8.2 microns

Method of Dispersion Spark Discharge

(shadow-cast with chromium at a 1 to 4 height-to-length ratio)

Magnification 28,000 x (microacope) 2.5 x (enlargement) 70, 000 x total

Micrograph No,  63-10-23

Figure 3. 13, Electron Micrograph of Shadowed Exg Embryo
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Powder _Egg Embryo MMD (Whitby) 8.2 microns

Method of Dispersion Pressed on Grid and Blown off with Air

{shadow-cast with chromium at 2 1 to 4 heigﬁt-to-lenith ratio)

Magnification 28, 000 x (microscope} 2.5 x {enlargement) 70, 000 x total

Micrograph No.  $3-10-29

Figure 3.14. Electron Micrograph of Shadowed Egg Embryo
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P
owder _ Egg Embrya MMD (Whitbhy) 8.2 microns

Method of Dispersion Ultrasonic Dispersed in Butyl

alcohol; sprayed on with air gun

Magnification 28, 000 x {microscops) 2.5 x (enlargement) 70,000 x total

Micrograph No. 63-9-36

(shadow-cast with chromium at a 1 to 4 height-to-length ratio)

Figure 3.15. Electron Micrograph of Shadowed Egg Embryo
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Powder ___Egg Embryo MMD (Whitby) 8.2 microns

Method of Dispersion _Spark Discharge

Magnification 100 x {(microscope) 2 x (enlargement) 200 x total

Micrograph No.  63-10-3

Figure 3.16. Light Micrograph of Egg Embryo
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composed of lactoss (transparent particles) surrounding small silica parti-
cles. These larger lactoss particles may have egg embryo on the surfacs
{this appoars as opaque portions).

To teat the above hypothesis, egg embryo was dispersed on a glass slide
and then photographed with the use of a light microscope. The slide was then
carefully placed in distilled water for 40 hours, removed, and again photo-
graphed (the same area being photographed each time). The two photographs
are shown in Figures 3.15 and 3.17. We see that all the transparent portions
of the particies are diasolved in the water; this supports our supposition that
these are composed largely of lactose. In the place of these transparent
portions, are left small particles (presumably silica) and larger opague
regions (possibly egg embryo). We see that the remaining small particles
shown in Figurse 3. 17 form patterns which closely correspond to the original
particles {(Figure 3. 15). This indicatea that the transparent particles are
dissolved bui not washed away, Another experiment determined that approx-
imately 45 percent of the egg embryo powder is water soluble. .

3.2.3. Spray-Dried Saccharin

Some work has also been done on spray-dried saccharin. Photographs of
this powder are shown in Figures 3. 18 and 3.19. This powder appears to
have a very smoaoth surface and {s very apherical. The good spherical shape
is of special interast since the properties of spheres are generally much
easier to analyse than the properties of powders with irregular shapes.

3.2,4. Agent LX

Figures 3. 20 through 3, 25 show the structure of agent LX, Figure 3.20
shows the general powder structure as observed in the light microscope.

Figures 3, 21, 3.22, and 3. 23 show some of the smaller particles observed
in the electron microscope.
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Powder __Egg Embryo MMD (Whitby) 8.2 microns

Method of Dispersion Spark Discharge

{Figura 3. 16 powder dissolved in H,O and dried)

Magnification 100 x (microscope) 2 x (enlargement) 200 x total
Micrograph No. 63-10-5]

Figure 3.17. Light Micrograph of Egg Embryo
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Powder Spray-Dried Saccharin MMD (Whitby) 12 microns

Method of Dispersion Spark Discharge

Magnification 400 x (microscope) 2 x {enlargemaent) 800 x total
Micrograph No. 63-11-10

Figure 3. 18. Light Micrograph of Spray-Dried Saccharin
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Powder Spray-Dried Saccharin  MMD (Whitby) __ 12 microns

Method of Dispersion __ Spark Discharge

Magnification 11,000 (microscope} 2.5 x {enlargement) 27, 500 x total

Micrograph No. _ 63-11-6

Figure 3.19. Electron Micrograph of Spray-Dried Saccharin
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Powder A
gent LX MMD (Whitby) 8 microne

Method of Dispersion Spark Discharge

Magnification 100 x (microscope) 2 x {enlargemaent) 200 x total
Micrograph No. _ 63-11-15

Figurs 3. 20. Light Micrograph of Agent LX
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Powder A
gant LX MMD (Whitby) __ 8 microns

Method of Dispersion Spark Discharge

Magnification
” co 2,5x (o ent) 11, 700 x total
<¢rograph No, 63-11-11

F
igure 3,21, Electron Micrograph of Agent LX
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Powder ___Agent LX MMD (Whitby) 8 microns

Maethod of Dispersion Spark Discharge

Magnification 4700 x (microscope) 4.5 x (enlargement) 11, 700 % total
Micrograph No. _ 63.11.20

Figure 3. 22. Electron Micrograph of Agent LX
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Powder _ Agent LX MMD (Whitby) 8 microns

Method of Dispersion Spark Discharge

Magnification 9,700 x [microacope) 2,5 x {enlargement) 24,200 x tota)

Micrograph No. 63.11.21

Figure 3,23, Electron Micrograph of Agent LX
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Powder __ Agent LX MMD (Whitby) _ 8 microns

Method of Dispereion Spark Dischargs

Magnification 100 x {microscope} 2 x {enlargement) 200 x total

Micrograph No,  64-1-2

Figure 3. 24. Light Micrograph of Agent LX
3-30
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cwder _ Agent LX MMD {Whitby) 8 microns

Method of Dispersion __ Spark Discharge
(submerged {n distilled water)

Magnification 100 x (microscops) 2 x gcnhriemenq 200 x total
Micrograph No.  64-1-1

Figure 3. 25. Light Micrograph of Agent LX
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These photographs show that agent L.X is another powder with highly
irregular shape. This irregularity is mainly due to the large amount of
debris contained in the powder. The cells are not easily recognized in the
dry state. When the powder is submerged in water, however, these cells
are immediately cbeservable hecause they change to a uniform size and shape
that are quite diffsrent from the debris. Upon drying, the cells again blend
in witl the background debris; but knowing of their existence and appearance,
they can be readily obgerved. The difference in the cell aize and shape under
wet and dry conditions ia shown in Figurea 3.24 and 3.25. This change takes
place rapidly upon immeraion in water or dryiug (within 2 or 3 seconds).

3.3. Particle Size Distribution and Particle Denaity

Particle size distributions of Bg lot 17, Bg lot SCH-63-109, and agent LX,
as determined by the Whitby technique, arc presented in Figure 3. 26,

We employed our usual schedule for size analysis of the Bg samples. For
agent LX, compatible liquids and the true particle density were dstermined
before a schedule could be calculated, Benzene was used as the settling liquid
and an 85 to 15 volume ratio of benzens to naptha was the diapersing liquid.
Solubility of the agent LX in these liquids was negligible as determined by an
analysis of the radiation transmission at various wave lengths. A tyue parti-
cle density of 1.34 glcm3 wa# determined by a liquid displacement technique
using a vacuume-insulated volumetric flask,
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4, AEROSOL STUDIES

The previous work on the eifects of receptacle atmosphere humidity
upon formation and decay of aerosols has bean limited to three cases: low
humidity (5 percent or less), rcom humidity, and high humidity (35 percent
or greater). During the fourteenth quarter provisions were made for the in-
itial aerosol chamber humidity to be set to any prescribed level. A sories
of runs, using powdered sugar, wag then conducted at initial chamber humidities
covering the full range of 0 to 100 parcent. The results of these runs are
discussed i{n the present report.

4.1, Operating Procedure

The operating procedure was discussed rather fully in the Thirteenth
Quarterly Report, Inthe present gquarter the powder sample handling, standard-
ization of the optical systsm, and data reduction were exactly as described in
sections 4. 1.1, 4.1.3, and 4. 1.5, respectively, of that report. Further-
more, the powder-diapersing procedurs was the same as that deacribed in
the paragraph on "humidity runs" in section 4. 1. 4, The asrosol chamber
humidity control and measureament, however, were different,

Chamber humidity was controlled in the present work by connecting a
flushing arrangernent to the chamber. In this system, air was either bubbled
through a water flask or passed through a desiccant bed before baing used to

flush the aerosol chamber. The changing chamber humidity was then contin-

uously monitored by one of two methods; when the desired humidity was reached,
the conditioning system was shut down and the run initiated.

Chamber humidities lower than 70 percent were measured by an infrared
hygrometsr which sampled air from the chamber through a lang copper tube.
This method was not applicable to higher humidities, probably because of
water condensation at cold spots in the sampling tube. For the higher humidi~

ties, measurements were made by means of & psychrometer installed in the

4-1
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chamber near the fan. The psychrometric method is better suited to the
measurement of high humidities since errors, if any, will ba in the direc-
tion of too high readings.

4.2. Experimental Work and Results

A series of runs at various chamber humidities was conducted for pow-
dered sugar aerosols. The size analysias of the powdered sugar gives

MMD = 8. 8 microns

Og = 1.74.

The number median diameter{ NMD = dg) of the sampls may be computed from

2¢
%.J In""g. (24)

we obtain

NMD = 2.3 microns.

Figures 4. 1, 4.2, and 4. 3 show the aercsol "half-life", initial amplitude,
and "slope index", respectively, of the varicus runs plotted against relative
humidity of the chamber at the inception of the run,

It is seen in Figure 4.1 that the aerasol half-life increases uniformly
with humidity from 5 min at low bumidity to 7 min at the high end. The in-
crease is thus 40 percent over the range. The scatter of the data is quite
small for this type of experiment. Thus, half-life is an aerosol parameter
that can be determined experimentally with acceptable precision. We shall
attempt to delve into the significance of this parameter in section 4. 2.
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The aerosol initial amplitude is shown in Figure 4.2. This paramster,
too, exhibits acceptably small scatter. It increases gradually and upiformly
from low humidity to about 70 percent, then drops rather sharply at 85 per-
cent. The curve could have been drawn to indicate a precipitous drop from
0.45 to 0,15 at 85 percant. The fact that it is drawn to indicate a_smooth
roll-aif reflects the belief that powder praperties (and, thorcfpri; aerosol
parametars) change gradually--not discontinuously--with huénidlty.

Figures 4.1 and 4.2 may be compared with Figures 4.1 and 4. 2 of the
Thirteenth Quarterly Report. (For comperison purposes, ws may take
12 g H20/m3 = 30 percent relative humidity.) Half-lives compare quite
favorably, but there is a significant difference in the initial amplitude. The
data on initial amplitude secured during the thirteeath quarter reveal values
about 2-1/2 times those secured during the fourt.anth quarter. This dif-
ference is poasibly attributed to the fact that the sugar us¢d in the previaus
period was ground in the winter (10 percent laboratory R. H.), whereas the
sugar used during the current quarter was ground during the summar (80 per-
cent R.H,) resulting in the posaible formation of a few hard agglomerates.
This would result in lowering the initial amplitude. To overcoma this pro-
blem, a facility is being constructed to permit grinding of the powders in a
tompletely controlled atmosphere.

The asrosol parameter "slope index" is shown in Figure 4.3. This pare
ameteT seemed to be well behaved in the range of 30 to 80 percent, de-

creasing over that range. A sharp upward swing is indicated at about 85 per-
cent.

4.3. Data Analysis

In this section we shall attempt to lock more deeply into the significance
of the various aerosol parameters. The analysis is based on the theoretical
model for the optical properties of a turbulent-decaying, nonagglomerating
aerovecl first discussed in section 3.2 of the Eighth QnarterlyRoport.”Somo

4.6
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aspects of the model were further discussed in the Ninth Quarterly Report
(section 3, 3) and the whole topic was summarized in more concise form Ln
Appendix A of the Eleventh Quartsrly Report.

The model for the optical properties of an asroscl assumes that at some
initial time the aerosol particles are uniformly (within the limitations of
statistica) distridbuted throughout the chamber and that the size distribution
of the airborne particles can be adequately represented by a log-normal dis-

tribution. Presumably this distribution is closely related to the actual sise
distribution of the powder.

g
¥

Percent by Number
Finer than Size
Probability Scale
g
—

16%}-

c

Log Diameter

Supposing, in the diagram, that the line "a" is the actual size distribution
of the powder sample, then loss of large particles to chamber walls during
the dispersing phase would yield the line “b" as the initial airborne aixe
distribution. If incomplete separation or rapid reagglomeration precludes

the appearance of fine particles in the initial aezosol, line “c' would result,
Othsr combinations are possible.

4-7
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The model for nonagglomerative turbulent settling further assumes
that the concentration of asrosol particles of aize class ""d" decreased ax-
ponentially with time:

e= t {2%)

where v{d) = terminal settling velocity of a particle of d.ltrqetcy d
H = chamber height,

The signal due to the scattering of light by a single particle in the scattering
zone is

8 (‘inghparﬂclo) = 180 o(d)
I = light bear intensity in photometer \mits/cmz
88 = geurnsetric factor

a(d) = cross section of particle of diameter d for 90°
acattering.

Resulta quoted in Appendix A of the Eleventh Quartarly Report show that
(d) may be appraximated by

o{d) = - =
{d) = ™ K = constants. {26)

In the analysis to follow, we took
M=1.6
Vik=20

(9is in square microns if d is in microns).

4-8
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When these assumptions are combined and the necessary integration
performed, it is found that the initial signal amplitude S, is related to the
initial aeroscl parameters dl and © s by

2
i ‘“z"‘a

4
8, = 18008 v -&- e _ @n

where C ia concentration of the initial aeroscl in particles/cc and 8 o 18 the
volume of the acattering 20ne. The time dependence of the signal 8 is pre-
dicted to be log-normal;

S/5
Probability Scale

The slope index (= t''/t!) is a function of 0g alone, as shown in Figure A-3
of the Eleventh Quarterly Report. The half-life t1 /2 is related to the injtial
asr0o80] parameters by '

vid ) 2 .
" /?:_n&.,’-mln g 20, 65, (28)
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One of the limitations of the aerosol settling expression is that it doss not
take into account the unknown loss of aercsol particles by impingement on
vertical walls., Correction for this would not disturdb the relation for the
slope index but could change the half-life relation by as much as 40 per-

cent. The dg calculations by that relation are therefore apt to be too high
by 20 percent.

The first step in the reduction of data was to determine the geometric
standard deviation cs of the initial asrosals, These were found from the
measured slope indices by means of the graphic relation between the two
quantities. The results, plotted again va, chamber humidity, are shown
in Figure 4.4, The scatter in this plot, which of courss reflects the scatter
in the measured slope indices, is unfortunate because of the kay role played
by G'g in later calculations. We continue, however, and base our judgment
on the credibility of later graphs. For comparison, in Figure 4. 4, it will
be recalled that the GSD of the sugar sample itself was 1. 74.

Once the Gg'c are known we may proceed to the initial aerosol d . From
the relation

0. 65 H

2min®0
8

vidg) = (29)

The half-lives and ¢’'s determine the settling velocity. Stoke's relation then
specifies the ds'a. ‘These are shown in Figure 4. 5. We note first that ths
dg'l are somewhat above the count median diameter of the powder. This is
no doubt due in part to the inflation of dg values by virtue of impingement on
walls, buﬁ this factor should be constant across the humidity range.

The change of diameter with hurnidity ought, therefore, be real--although
the scale may be too high.
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Figure 4.3 1s surprising. On the basis of Figure 4.1 alone, one is
tempted to make the statsment that the "typical particle size" (not clearly
defined) decreases with increasing humidity; Figure 4.5 indicates a more
complicated behavior. In fact, Figure 4.5 shows that :lB {which is a less
ambiguous measurs of size} increases with increasing humidity over much
of the range, then drops sharply at 85 percent.

The intensity of the verticu ught beam has been measured {section
3.1.2, Tenth Quarterly Raport) md found to be

I=2.1x 10% photemeter units/cm?

and the solid angle subtanded by the detector is

a0 = 5.88 x 1072,

The volume of the acattering zone is

8V =7.6cm.

Thess data, together with d g’ a g and the initial signal amplitude, deter-
mins the initial aerosol concentrn.tlon C. C is plotted in Figure 4. 6. This
quantity is rather constant at 1000 particles/ cm3 over the humidity range
of 30 to 70 percent but falls off at either end of that range. Figure 4. 6
bears a close resemblance to the initial signal amplitude (Figure 4. 2).

This justifies the loose identification between the two quantites as made
in the past.

A final calculation determines the mass M of powder airborne in the in-
itial aerosol. M is given by

4-13
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Weta

M =CBV g dg° ® (30)

where V = 106 cm> is the chamber volume and P = 1.59 g/cm3 is the paiti.-
cle density. M is plotted in Figuro 4. 7. Qver much of the humidity range
(up to 70 percent) the calculated mass is in the neighborhoad of 180 mg.
This is impossible since only 100 mg of powder were dispersed in each run,
The fact that M is too large by at least 2 factor of 1.9 probably means that
the calculated dg's are too large by a factor of

1 1
p——— .
(1.99° "™ = o T T a.a% 2.1,

It is interesting to note in Figure 4. 7 that the scatter of points is no
worse (better at low humidities) than in Figures 4,4, 4.5, and 4. 6. This
is remarkable in that M is proportional to d cubed and to an exponential
function of ¢ . The scatterin 0., d‘. and C is made more acceptable by
the fact that M is left more ox less undisturbed. :

The curve which best fits the data in Figurs 4.7 is perhaps the solid
curve shown. This curve indicates that above 60 percent relative humidity,
thers is increasing difficulty in gotting the full powder sample dispe rsed and
airborne. It might be noted, however, that--except for the last four points--
the curve might be drawn on the jevel as shown by the dashed line.
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5. DISSEMINATION AND DEAGGLOMERATION STUDIES OF
STORED SM

During the fourtesnth quarter, tests were completed to determine the
effects of storage on the viability and deaulomeraﬁoi of compacted Sm.
Samplos of the material were stored at temperatures of -2 and -23C for
periods up to six months. The data are being analyzed on a atatistical

basis at the present time and, therefore, only preliminary resulis will be
presented in this report.

In general, wind-tunnel tests have shown that stored samples can be de-
agglomerated as efficisntly as those that are not stored in the compacted
state. Microscapic analyses of filter samples at the stx-month period
showed that approximately 1.8 percent of all particles observed wers ag-
glomerates greater than 4 microns, The aerosols had particle-size dis-
tributions characterized by a 0.8 micron MMD and a 3.2 GSD. Approxi-
mately 8 percent of all particles chserved were greater than 4 microns.
From these data it can be concluded that about 20 percent of all particles
greater than 4 microns consisted of agglomerates, a value which is in agree-

ment with previous data obtained during this program, and is considered to
be small. 15

Viability assays of the storad materials indicate that the decay rate
over the six-month pariod for each of the treatments is quite similar to the
natural decay rate for uncompacted Sm stored at -23C. It appears that the
decay rate is higher during the first 15 days of storage than during the fol-

lowing 168 days, Rasults from the statistical analyses will be presented in
the next report.
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6. USE OF DRY LUBRICANT TO REDUCE SIDE WALL FRICTION

In the Twelfth and Thirtesnth Quarterly Progreas Reports, work is
teported on the use of dry lubricants to reduce powdar-to-metal friction
{or plugs of compacted powder sliding inside a tubs, Mont of the experi-
ments were conducted with Mistron Vapor talc packed into 6-inch dlameter
aluminum tubes., Results with very amooth surfaces indicated that there
were no significant differences between the lubricated and unlubricated
surfaces. A reduction in frictional force, however, was observed if
graphite was applied to the tube wall when various surface roughness con-
ditions existed. A possible axplanation is that graphits tends to fill up small
scratches and to amooth ths surface, thus allowing the plug of compacted
talc to slide over the surface with little or no shearing of powder at the in
terface.

In an effort to learn more about the stiding phenomenon, an e¢xperimaent
was conducted in which the talc-aluminum intsrface was eliminated by lining
the tube with polyethylene film plaatic before packing it with talc. Dry
graphite was used between the metal and the plastic film to provide lubrica-
tion at this point. When the plug of powder was pushed out of the tube it
was obssrved that the plastic liner slid over the graphite-lubricated surface
and there was no sliding of powder relative to the plastic.

The longth of the plug of talc was 13. 5 inches giving a length-to-diameter
ratio of 2.25. A force of 150 Ib (3.53 psi) was used to compact the talc,
The force required to push the plug of powder out of the tubs was only 18 1b
(0. 64 psi). In prior tests, where a graphite-lubricated tube without the
plastic liner was filled with talec and compacted at 150 1b (3. 83 pei), the ejec-
tion force for a length-to-diameter ratic of 2. 25 was 150 1b--equal to the
compaction force. If it is assumed that the side wall unit pressure is the
nams in both instances (with and without plastic liner), then it appears that
the presence of the plastic film allows the graphite to act as a Jubricant,
whereas the absence of the plastic film allows the powder particles to some~
how serisusly degrade the ability of graphite to act ag a lubricant.
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The surprisingly low side wall friction aobtained with the graphite-
lubricated film plastic liner demonstrates that, by preventing intimate
contact of powder particies with surfaces where relative sliding must take
place, it is possible to obtain significant reductions in the side wall fric.
tional resistance, The polyethylene film plastic with graphite lubrication
has heen employed in a technique for manual loading of the E-4! spray
tank with good success (Section 7. 2).

It is conceivable that an interface other than plastic film can be de-
veloped to be fully effactive in lowering aide wall friction, Such treatment
would be desirable for systems where a continuoue plastic film is objec-

tionable, and this matter will be given consideration in planning our future
work.
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7. PREPARATIONS FOR FLIGHT TESTS OF THE E-41 SPRAY
TANK ON THE MOHAWK AIRPLANE

Progress during the reporting period in the planning and preparation
for the low-speed flight trials of the E-41 spray tank is summarized below,

7.1. Shipment of £-41 to Grumman Aircraft Enginsering Corporation

Late in November the Grumman Airplane Engineering Corporation re-
ceived authorization to proceed with modifications of a Mohawk OV-1C
alrplane to permit flying two E-41 spray tanks on this airplane. The per-
tinent engineering data for the E-41 were sent from General Mills, Inec.
to Grumman for use in making the modification. One E-41 spray tanlk,
with associated equipment for ground checkout and operation of the unit,
was shipped to Grumman at Bethpage, Long Island, New York, early in
Decamber. This unit was filled with approximately 300 lb of Miastron Vapor
talec which is to be disseminated during ground checkout at Grumman and
during the flight trials at the Naval Air Test Center, Patuxent River, Maryland.

7.2, Manual Technique for Field Loading E-41 Spray Tank with Bg

In connection with the flight trials of the E-41 spray tank on the Mchawk
airplane, there was a period when it appeared that only one of the E-41 units
would be available for these trials. The other unit had been sent to Eglin
Air Force Base and the time for completion of the Eglin trials was indefinite
until late in November. With only one unit available for the Mohawk trials
it would have been necessary to reload the unit in the field. A partial charge
of 80 1b of Bg would constitute the load. The exposure of Bg during loading
would have to be minimized to prevent absorption of moisture and to provent
contaminating the area with Bg.

The experiments with a graphite-lubricated polyethylene liner in a &-inch
cylinder with compacted talc (Section 6) demonstrated that it should be possible
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to develop a packaging arrangement whereby a relatively small force would
guffice to push the compacted charge out of the tube that had besn used to
confins it during compaction, A suitable manual system was developed and
demonstrated in the laboratory before it hecame known that scheduling would

permit using both E-41 spray tanks and that Bg loading in the field would not
be required. ’

The arrangement which was developed for loading compacted Bg is
sketched in Figure 7-1, The sketch shows the cartridge of powder inside the
disseminator prior to removal of the polyethylene liner and the aluminum
sleeve. The sleeve is approximately 16, 28 inches in diameter aoc thaat it
slides freely into the disseminator. The central tube is used to provide a
hole for the disseminator drive screw and to guide the screw through the
polyethylene aleeve in the center.

The polyethylene liner is placed in the aluminum slceve prior to filling
with powder. The film plastic tube in the center is doubled back on itself
s0 that the free ond is adjacent to the central tube at the bottom. After the
sowder is compacted in place, the polyethylene is gathered to the center and
tied around the central tube using a Lpociil slip-knot, By pulling on this line
the Xxnot can be released to frec the polyathylens. The polyathylens liner is
extra long so that it can be draped back over the tie cord and the outside of
the aluminura sleeva. The bottom diace are needed to push the cartridge
into the disseminator and to hold the powder in position as the aluminum
sleeve and the polyethylene liner are withdrawp.

For the loading operation the disseminator is supported on a rack with
the open end tilted about 30 degrees below horizontal. The powder cartridge
is inserted and held ia place while the release line on the knotd is pulled to
release the polyethylens. The polysthylene is pulled away from the face of
the powder by tquing at the skirt of material extending below the bottom
disc. Next, the buter botiom disc is removed so that the aluminum sleeve

can be withdrawn while holding the powder in place with the inner bottom
disc,
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Figure 7-1. Packaging Arrangement for Hand L ding Partial
Charge for E-41 Spray Tank

DECLASSIMFED IN FULL
Authority: EO 13526

Chief, Records & Declass Div, WHS
7.3 Date:

LAONTIDERITRN JC19 o0



Before removing the inner bottom disc the disseminator is tilted to
bring the loading end approximately 30 degrees abave horizontal. This
maneuver cazases the powder to stay in place while the bottom disc is re-
placed with the disseminator piston and hub assembly.

The technique described above has been found to be entirely satisfactory
for loading partial charges where the weight of the cartridge does not ex-
ceed that which can be conveniently handled by one man; and when the powder
is limitad to nonpathogenic simulants. The procedure is casy and no spe-
cial loading equipment other than the campaction press is required. The
polyethylene minimizes the exposure of the powder during the loading oper-~
ation. The loading cartridge is inexpensive so that it could be destroyed
after loading to simplify the decontamination operation when Bg is used.

The loading cartridge can also sesve as a shipping container if packed in
a sturdy wooden crate,
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8. SUMMARY

The work completed during the fourteenth quarter is summarized in
the following paragraphs.

During the course of this project we have been studying the tulk pow-
der properties such as energy of compaction, shear strsngth, and tensile
atrength which ars manifestations of interparticle contact energies. In
addition, we have studied powder particle characteristics such as size and
shape that affect the number and nature of thess interparticle contacts.
Current theoretical investigations relating these interparticle contact energies
to mechanical properties of compacted powders are described (Section 2).
A theoretical model compodged of spherical particles of diameter d_ with an
average ensrgy € per contact is employed to dstermine the energy required
to produce s given change in average powder density. Although an idealized

system was used, the trends predicted are in accord with experimental
data (Section 2).

Bg (lot SCH-63-109) to be used in forthcoming flight tests was iound to
bs more difficult to compact than Bg (lot 17) used previously. A new approach
to obtain the energy of compaction from Instron data ia presented (Section 2).

Agent LX like other highly elastic materials was found to be difficult to
compact, has a comparatively high compaction shear strength, and a tensile
strength too low to measure (Section 2),

An evaluation was made of the buoyant force corrections for the BET
adsorption method to measure total surface area. Spray-dried saccharin
13C and 13D, agent LX, and egg embryo were found tc have total surface
areas of 0,78, 1.06, 4.4, and 14. 2 with corresponding rugosities of 2.0,
2.2, 6.8, and 26.8. Spray-dried saccharin is composed of smooth spheres,
whereas the egg embryo and agent LX is a highly irregularly shaped elastic

particle as shown in the micrographs (Section 3). Our methods for preparing

shadow-cast samples for the electron micruscupe are described (Section 3).
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A study of the effects of humidity (from 0 to 100 percent R f‘: )0‘:’:'::
the formation and decay of a ground powdersd sugar serotel i+ ¥ i:he test
in Seztion 4. The data were thoroughly analyzed, consistent Wimb light-
parameters designated in the method of measuring aerosol decay by

es pro-
scattering techniques. The results indicate that pronounced changes p

) 5 percent.
bably do not occur until the relative bumidity i greater than 65 p

Viability and deagglomeration studies were conducted on sam:::d o;
compacted Sm that had been stored in the compacted state for : :owed et
6 months af.—te.mperatutel of -2 and -23°C. Wind-tunnel tests o that had
these samples were deagglomerated 28 efficiently as compacte X _:d oot
not been stored. Viability assays have not been completely am'yzﬂgr for
indications are that decay rates for six months of storage are sim
compacted and uncompacted Sm (Section 5).

An experiment was conducted using Mistron Vapf:r talc com;;a::ez;mn a
6-inch dlameter tube wiped with graphite and lined with polyethybe wm
plastic. The force required to puch the plug of talc out of the tu :ew:1 .p
preciably less than has been observed for similar plugs svithoutdt cei ifymit-
ethylene, indicating that side-wall friction can be mate rlally redu i
able methods can be found for preventing intimate contact of the pow
particles with the wall surface (Section 6}.

In preparation for the low-apeed flight trials of the E-41 szrzctaanr:on

the Mohawk OV-1C airplane, an E-41 was filled with compacte o Long Toland,
shipped to Grumman Aircraft Engineering Corporation, Bethpage, developed
New York. A manual laading technique using partial chufges wa.e e; ﬂ:; "
in anticipation of having to load the F-4} with Bg in the field during the flig
trials {Section 7).
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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






