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FOREWORD

Staff members of the Aerospace Research Department and Engineering
Department who have participated in directing and performing the work re-
ported herein include Massrs. S. P. Jones, Jr., G. Whitnah, M. Sandgren,
A. Anderson, R. Lindquist, J. McGillicuddy, J. Upton, C. Hagberg,

W. L. Torgeson, S. Steinberg, P. Stroom, G. Morfitt, J. Walters, A. T.
Bauman, T. Petersen, D. Harrington, R, Ackroyd, D. Kedl, B. Schmidt,
G. Lunde, R. Dahlberg, R. Kendall, A. Kydd, E. Knutson, J. Uags,

D. Stender, H. Kuhlman, G. Granley, J. Pilney, A. Johngon, and
O. Fackler.
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CONMDENTIRE®

ABSTRACT

This Ninth Quarterly Progress Report covers the period from June 4,
1962 to September 4, 1962. Accomplishments are reported in all phases of
the research and development program pertaining to the line-gsource dis-
semination of BW agents,

Theoretical and experimental results relative to the studies of the
mechanics of dry powders are presented for: 1) the applied streanes and
energies required for the compaction of powders, 2) shear 'strength of com-
pacted powders, and 3) bulk tensile strength and bulk density of compacted
powders as a function of compressive load and distance from the face of the
piston.

Data on aerosol decay as affected by relative humidity are reported for
five powders. A statistical analysis of the behavior of aerosols is presented
to explain the phenomena observed in the aerophilometer.

Testa on dissemination and daagglomeration, using the wind tunnel, are
described which establish an upper limit of approximately 0. 58 g/cm3 den-
sity for compacted Sm which can be aerosolized efficiently by the aerodyna-
mic breakup mechanism. A related discusaion reports some preliminary
data on the effects of storage on the aerodynamic braakup of compacted Sm,

Wind tunnel evaluation of a shroud for the discharge tube of the airborne
dry agent disseminator is discussed.

Work with the full-scale experimental equipment for feeding and meter-
ing both compacted and uncompacted powder is reported.

Progress is reported on the design and fabrication of the first-generation
airborne dry BW agent disseminating store.

An apparatus is described which is used for inserting charges of com-
pacted powder into the experimental model of the dry agent disseminator,
Other techniques for filling the disseminator are digcussed.

Successful flight tests of the General Milla, Inc. ligquid agent dissemi-
nating store on F-105 and F-100D airplanes at Eglin Air Force Base are
reported.
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NINTH QUARTERLY PROGRESS REPORT
ON
DISSEMINATION OF SOLID AND LIQUID BW AGENTS

1. INTRODUCTION

This Ninth Quarterly Progress Report covers the work accomplished
during the three-month period ending approximately September 4, 1962,
This work was done at General Mills, Inc. (GMI) under Contract DA-18-
064-CML-2745 which is a comprehensive research and development pro-
gram on the dissemination of solid and liquid BW agents.

This report presents some more of the results of the theoretical and
experimental studies of the mechanics of dry powders. The objective of
this part of the program is to obtain basic information for application in the
engineering developmeant of BW munitions and related support equipment,
Progress is also reported on the development of an airborne munition for
disseminating dry BW agent from a compacted state. This program has
reached the stage where fabrication of the first-generation airborne unit is
underway.

Also presented in this report is a brief summary of the results of flight
testing the GMI liquid agent disseminating store on the F-105 and F-100D
airplanes. These flight testa were conducted by the BW/CW Weapons Group
at Eglin Alr Force Base, Floride with GMI providing technical assistance.
A test report is being prepared by the BW/CW Weapons Qroup,
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2. THEORETICAL AND EXPERIMENTAL STUDIES OF THE MECHANICS
OF DRY POWDERS

One of the basic goals of our investigation of the mechanics of powders
is the development of means for measuring important physical properties of
powdered materials. There are two main areas of interest in regard to the
mechanical behavior of powders: 1) the bulk properties and characteristica
of powders, which are particularly important with respect to the compaction
process, and 2) the aerosolization behavior of compactible powders.

Considerable progress has been made in developing devices and tech-
niques for measurement of the bulk properties of powders. A newly de-
veloped technique for precise experimental evaluation of the compaction
characteristics of powders is described balow. Also, further studies of the
shear atrength, bulk tensile strength, and bulk density of powders are re-
ported in subsequent sections of this report.

Although the processes of breakup and aerosolization of compactsd pow-
ders must be closely related to bulk properties, considerable difficulty has
been experienced in establishing the nature of this relationahip., For this
reason, several new concepts are being studied in which pneumatic or hydro-
dynamic stresses would be employed in experiments to define the mechanical
properties of powders. One such approach is discussed in Section 2. 2 of
this report,

2.1 Experimental Compaction Studies

2, 1.1 Agarat\u

A study of the compaction characteristics of various powders has baen
in progress during the past nine months as part of a comprehensive investi-
gation of the mechanical behavior of dry powders. In the course of this
work, several devices have been developed for measuring the applied
stresses and energies required for compaction of powders; each of these
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has been found to be deficient in one or more ways. An improved device for
experimental study of the compaction characteristics of powders has been
developed during the current report period and has been found to be com-
Pletely satisfactory. This device is shown in Figure 2, 1. It can be zeen
from the ilgure that the piston-cylinder configuration utilized in previous
compaction devicee has been retained in the new design. However, the new
compaction unit is much more rigid than earlier models and, through use
of an axial-circulating ball bearing for the piston, is less subject to fric-
tional effects,

The mater:al to be compacted 18 placed in a machined braas receptacle
that fits into a recess in the base of the compaction unit, thus insuring pro-
per alinemert with the piston.

Taats are carried out by using the compaction unit shown in Figure 2.1
in conjunction with an Instron test machine. By utilizing the Instron machine
for control of the sampla deformation rate and for measurement and record-
tmg of the load applied to the powder, a very high degree of precision and
reproducibility can be achieved in compaction experiments,

Compaction tests under controlled humidity conditions may bs carried
cut by enclosing the compaction unit in a sealed plastic bag after prior con-
ditioning of powder and apparatus in a dry box.

2, 1.2 Experimental Results and Discussion

A number <f axperiments have been carried out with the apparatus des-~
cribed above. Because of the preliminary nature of these tests, which wera
carried out primarily fcr the purpose of evaluating the new compaction de~
vice, no attempt was made to conirol humidity. {Future tests will be con-

ducted under controlled humidity conditions, as described above. )

A cumgplete locad-strain curve for cornstarch, as recorded on the Instron
machire, is showr ip Figure 2.2. This curve 18 quite typical of results ob-

tained in tests cf several powders. In this test, 0.72 grams of cornstarch

2.2 Page datermined to be Unclassified
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Figure 2.1 Compaction Apparatus
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with an initial density of 0,585 g/cm3 were compacted at a rate of 0,02

in. /min until the 10ad reached 2000 pounds; then the cross-head direction
was reversed and the elastic recovery of the sample was determined. The
area under the compaction portion of the curve represents the total work
(or energy) expended in an unidirectional compaction procesa. The net
work absorbed by the powder is found by subtracting the area under the
right-hand portion of the curve, which corresponds to the elastic energy
stored in the compressed powder sample. In this case, the energy rs-
covered was found to be about 55 percent of the total energy absorbed by
the powder during compaction.

Compaction data for talc, saccharin, and cornstarch — as obtained with
the new apparatus - are plotted versus specific volume in Figure 2.3. The
data are in quite good agreement with previous results for these powders
over the range of densities attainable in the earlier tests (see Tanle 2.1).

It can be seen, however, that a considerable departure from the power-law
relationship found in past tests occurs under high stresses. It should be
emphasized that the high stresses applied to the samples in these tests are
well beyond the practicable compaction range for viable materials, It is
nevertheless desirable to eatablish the range of deasities for which the
empirical power-law relationship

¢ =k - o™ (1)

is a valid representation of the relationship between stress and density for
compactible materials. The constants k and m i1n Equation (1), as deter-
mined with the new test technique, are presented in Table 2. 1, together with
constants from previous tests.

Previous experiments with corastarch ard rowdered milk indicate that
these powders exhibit a ''stick-slip" behavior wher. compacted rapidly.
Some evidence of this behavior can be aseen in Figure 2, 2 {cornatarch} at a
load of about 200 pounds. For the most part, however, it is clear that the

2.5
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Table 2.1 Compaction Constants for Three Powders

Powder m* m k¥ k
Tale - 6.50 - 6.75 4.42 x 107 2.35x107
Saccharin - 7.70 - 6.50 2.21 x 107 1.72x 107

Cornstarch -20.8  -18.80 1,67 x 108 129 x 108

*Indicates previocus results.

compaction process for cornstarch is free of irregularities at a compaction
rate of 0.02 in,/min. On the other hand, tests conducted at a compaction
rate of 0. 2 in./miu for eight powders including cornstarch exhibited much
less regulazr behavior (see Figure 2. 4). In these tests, powdered milk and
#accharin as well as cornstarch displayed "stick-slip” behavior as can be
seen from the figures. These results are presented with reservations, how-
ever, since it is possible that the irregularities may in part be due to air
entrapment in the samples as a result of the high compaction rate, plus the
fact that the piston used in these tests was not vented, Effects of compac-
tion rate will be investigated in future tests with suitable precautions to pre-~
vent air entrapment.

2.2 Triaxial Shear Tests

Considerable progress has been made in improving the triaxial tech-
nique for determining the shear strength of a compacted powder. As pointed
out in the Eighth Quarterly Reportl. the conventional triaxial test method
leads to experimental difficulties with compactible materials because the
membrane used to seal the powder sample prevents a natural shear failure

2-7
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of the sample. In order to sliminate this effect, a modified sample prepara-

tion procedure has been evolved that does not require use of a’rubber mem-
brane.

An exploded view of the assembly uaed for sample preparation is shown
in Figure 2. 5. The powder sample ia compacted within a segmented cylin- i
drical section, which is supported by means of an external housing as shown
in the exploded view. Ths center segment is split into three 120-degree
sections to facilitate removal after compaction of the sample. The tast
specimen is prepared by filling the cylinder with a krnown mass of powder
which is then compacted by means of pistons forced into the cylindrical
chamber from each erd. Each piston is advanced at the same rate during
compaction of the zamrle to center the compacted material in the cylinder. -
The final average density of the sample is fixed by accurately defining the
distance between the pistoné at the completion of the compaction process.
For locse powders, extengior@unita are placed at each end of the assembly
shown in Figure 2.5 to permit initial compection of the powdar into the cen-
tral section of the cylinder.

After compaction, the pistons are removed and threaded end plugs are
installed in mach end cylindér to give support to the compacted powder
column. The entire assembly is then placed in the Instron test machine and
a load of about 50 pounds is applied to the end plugs. {This load is not
applied to the powder, but is carried by the cerntral éylinder. ) The housing
may now be removed, .after,whicb the load ss gradually released. Because
of the elastic nature of the compacted powder, a small gap will generally
Appear between the center cylindrical segments and the upper-end cylinder,
thus simplifying removal of the segmernted center cylinder. (The center
section is made of magnetic stainless steel; thus, the center-section seg-
mente can be resdily removed with a weak magnet. ) If this procedure in

fcllowed carefully, the exposed pcwder will be free of cracks or other im-
perfections.

2.9
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The shear strength of saccharin compacted to an average density of
0. 6% g/cm3 by the above technique has been obtained by teats conducted in
the Instron test machine, The load-strain diagram for a typical test is
shown in Figure 2.6. It is apparent that the sample failure is very well de-

fined, the load falling from about 6.7 to 0.5 pounds as the sample fails in

shear. By stopping the machine at the instant of failure, it is posaible to
remove the fractured test sample intact. The typical appearance of a
sheared sample is illustrated by Figure 2.7. The shear planes are clearly
evident in the photograph.

Thia technique is currently being extended to permit triaxial tests in a
Pressurized chamberl. A thin loose-fitting membrane, anclosing the entire
sample assembly, will be used in these tests. By venting the interior of the
membrane to ambient pressure, the desired lateral stress on the sample
will be achieved; however, the loose membrane will be free to deform as
the sample shears. it is believed that this modification of the sarlier tesat
technique will resv’t in clear-cut failure of the test specimens.

In order to fully define the shear strength of a compacted powder, it is
necessary to examine the tensile shear strength of the powder as well as its
compressive shear strength. The reason for this is evident from a study of
Figure 2.8. Compressive ahear tests are capable of establishing the portion
of the shear locvs B-C on the figure. Howsver, the pure shear strength of
the powder t ¢ cannot be determined by the compressive triaxial techaique,
since a tensils stress muat be applied to the sample in order to perform
tasts in the region A-B of Figure 2.8. In principle, the triaxial test can be
performed in this region by applying a gradually increasing axial tension to
the sample while maintaining a constant chamber pressure as before.
Attempts to conduct such a test at zero chamber pressure have not suc-
ceeded, however, because sample failureinvariably occurs in the plane of
one of the end cylinders. Since sample failure in tecsionshould occur as a
result of combined tension and shear, it is to be expected that the sample
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should fail in the manner typified by Figure 2.7 for the compressive case.
Presumably, the type of failure actially observed is due in part at least to
the constraining effect of the end cylinder.

It is believed that measurements of bulk tensile strength should, if
posaible, be carried out in such a way that fracture occurs in the central
region of the powder sample rather than at one end. A '"natural” tensile
failure may be possible if the test specimen is compacted 8o that the center
section has a reduced cross-sectional area. Experimeqt. with a reduced-
area sample will be tried as soon as the modified center~section cylinder
can be fabricated.

A completely different means of evaluating the tensile strength of a
compacted powder is now under investigation. In the proposcd test, a com-
pacted powder sample is placed in a pressure chamber and the pressure in
the chamber is gradually increased to a preselected value. After equilib-
rium is established, the chamber is depressurized at a controlled rate.

The gas entrapped within the pores of the powder sample will flow toward

the surface of the sample. The resulting viscous stresses at the powder
surface will tend to break the relatively weak bonds holding the particles to-
gether. If properly carried out, this test should permit detection of a
"threshold" condition at which erosicn of the powder surface begina. From
this information, it may be possible to compute the average strength of inter-
particle bonds.

Thie possible means of experimentally determ:uing the tensile strength
of compacted powders is based on the following observations: 1) Experience
has shown that air entrapment occurs within a powder bed when compaction
takes place rapidly. This is because time is required for the air contained
in the void spaces to percolate through the powder. Also, experiments have
shown that compacted powder samples subjected to a pressurized gas an-
vironment expand significantly when the pressure 's suddealy released.

2} Even when compacted under high stresses most powders have void spaces
amounting to 30 to 50 percént of the total volume of a powder sample.
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Thus, it ia clear that a very considerable mass of gas, capable of supplying
a large amount of mechanical energy, can be stored in a powder sample at
pressures of several atmospheres.

it is apparert that this concept may also provide a means for aeroscli-
zation of compacted powders. This possibility will be explored in the tests
now being planzed.

2.3 Bulk Tersile Strength of Compressed Powders

iz the developmernt of a method for the measurement of bulk tensile

strengths of compressed powdersl' 2

s we have previously confined our study
to zin¢ cadmuum sulfide. In order to determine the effectiveness of our
method in the measurement of the tensile strength of other powders, we
have extendad our study to include saccharin, cornstarch, powdered milk,
Sm, ard talc. Again we have confined our study to three compressive loads,
1454, 2130, and 2919 grams, and to a compressiorn time of 1-1/2 hours.
All measurements were made in a controlled environment of 15 percent rel-
agve humidity. The results obtained are presented in Figures 2.9 through
2.17. Diameter of the powder plug was 0. 75 inches. Although talc was in-
cluded in our study, no val:d measurements were obtained. It was found
that vpon removal of the sprirg clips holding the column segments together,
the release cf slast:c energy in the talc plug ciused the column segments to
8prinrg apart fracturing the column of powder prior to measurement of the
tensile strength. The present apparatus will have to be modified to over-
come this preblem. Figure 2.18 is a presentation of the variation of tensile
stzengths of various powders at the rame compressive load. In this maaner
the powders' can be character:zed according to their relative tensile strengths
fulfilling, in part, the purpose of the current study.

it :8 seen that the data do not follow the simple exponential relationship

D Y
proposed earlier :
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where:

¢ = bulk tensile strength of a column of compressed
powder at a distance L from the piston

¢_ = bulk tensile strength of the compressed powder im-
mediately below the piston

k = constant

L = distance from piston to fracture plane

If this deviation from current proposed theory continues throughout sub-
sequent experimentation, it will be proposed that the bulk tensile strength
may follow the relationship;

indicating that the experimental values obtained are in reality the sum of
two exponentials, with equal slopes but opposite in sign. This would repre-
sent a buildup of tensile strength from the bottom of the column of com-
pressed powder as well as at the head of the compressive piston. Studies

including variations in total column length as well as bulk density determina-

tiona will help to elaborate upon this.

2.4 Shear Strength of Compressed Powders by the Sliding Disk Method

An extensive test program is now in progress in which the shear strengths

of a number of powders are being determined as a function of compressive
load over a wide range of relative humidity environments. For reasons.of
continuity the reporting of these results wili be delayed pending the comple-
tion of this study.
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2.5 Bulk Density of Compressed Powders

During the previous quarterl, a study of the bulk deasity variationin a
compressed column of saccharin was made at various compressive loads,
This study has been extended, for comparative purposes, to talc. The
apparatus and techniques are identical to those previously deu:ril:»ed1 in
which the loose bulk powder is used to fill a segmented column 5-3/32 inch
ID which, following compression of the powder, is then cut into one-inch
segments to determine the density variation throughout the column. In the
apparatus deacribed the total column length of uncompacted powder was
20 inches. A few preliminary experiments indicated that the talc was suffi-
ciently more compressible than saccharin to necesgitate a 5-inch extension
of the {ill tube in order to oblain column lengths of the compressed powder
comparable to thoae obtained for saccharin, With this revision in the
apparatus the column of uncompacted talc ia now 25 inches in length. The
data obtained are preseated in Figures 2. 19 and 2.20. Figure 2.19 shows
the effect of increasing the powder column length. The broken lines repre-
sent results obtained using a 20-inch column length prior to compaction,
whereas the solid lines represent results with a 25-inch column length.
Figure 2.20 represents the completed study for talc. The plot for each
compressive load represents the average of two independent determinationa.

The behavior of talc differed from that of saccharin in two distinct ways:
1) the decrease in density down the column is significantly greater for talc
than for saccharin, and 2) talc displays a considerable release of elastic
energy following the removal of the compressive force. This differsnce was
also noted in the bulk tensile strength measurements discussed earlier in
this report.

Qur continued study of the radial variation of the bulk density in a column
of compressed powder indicates that the differences in denaity previously
reportedl between the inner core and the outar annular segment weres due to
experimental error. Refined experimental techniques show the absence of
significant variations in the radial distribution of bulk densities of com-

pressed powders.
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3. AEROSOL STUDIES

S g it 4 ot

The aeroso] studies of the present quarter have proceeded along those
mentioned at the conclusion of the last reportl. A number of runs have
been made at three humidity conditions — less than 5 percent, about 50 per-
cent, and greater than 95 percent — for each of five different powders., The
possibility of obtaining more direct information on the aerosol condition by
analysis of the noise level on the light-scattering signals has been investi-
gated, with positive results. Some time was devoted to the problem of ob-
taining an initially well-dispersed aerosol, resulting in the development of
an alternate method of disperaing powders. Further wark, chiefly involving
ion injection, is outlined In the concluding section.

3.1 Study of the Effects of Environmental Humidity on Aerosol Decay

As a preliminary step in the study of humidity effects on the decay of
aerosols, runs have been made at three humidity conditions. One series of
runs made use of normal room humidity conditions that were in the range of
45 to 50 percent during the period covered. In a second series of runs, a
low humidity condition was obtained by placing a pan containing molecular
sieve desiccant on the floor of the chamber near the fan