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This 'l'hird Quarterl)t Presren Report cover• research on d1sal!lllina-

tion ot solid and liquid l!W agenta. The obJective towari Vb1ch tbil 

resevch ia directed. 11 the developaent ot veapcm syeteu tor Une-aouree 

dissemination troaa high speed lov·fl;ying llllloMOd and UZiaDJled. aircraft. 

Progreaa 11 reported en an experimental study of the etrect ot 

exposure to heatecl air streqe on the viab1l1 t)l or 8111 aerosols. 

Reaulta troat expert~uenta on the characterUUca of powder• are pre­

sentl'!d. nteae !nclude investigation• of frictional torcu between pawdere 

and channel valls &nd dynuic anaJ.e of repose of Sal powder. 

Theoretical studies or load transmission in particulate materials are 

presented and aeveral apec1t1c cases ot force tranaaiaaion are analy~cd. 

Experimental 1nveat1gat1ons, ccnducted to explore our earlier tneoretic&l 

results, !U'e also covered. 

The properties or slurries, •• determined in our laboratory 1nveat1-

gationa, which include the thermal properties of egg slurry samples, arc 

reported. Investigations or the pro.perties of slurries ot Sm in a fluoro-

chemical li~uid arc presented. 

Progress is reported on the vind tunnel investigations of the use ot 

slip stream energy to deagslomerate t1nely divid~ solid materials. Ex­

perimental resul.tll on the p41rfomance or & higb veloci t;y sampling probe 

are &lBo given. 

The rosulto of an analysis ot tbe influence of the effective agent 

is preaented. 
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Syetems analysis on ~ diasem1nat1oc aystemt is discuaaed, an4 tbt 

approach to b~ used in futiU'e studiea it deaeribed. 

The acope ot tvo atudiee concerned vitb ,.l•otiou at a cont1aurat1on 

tor the 11 'lUia agent dleauit:~o~~tina store h outlined. 
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~ere ot Researeh and Engineering Statra who h&Te partici­

pated 1n directing and conducting the investigations and preparin& 
t.be dhausaioM preoented in this report inc:l\lde Mr. S. P. Joneet 
Jr., Mr. G. Wh1tnah

1 
Mr. A. Anderson, Dr. J, Bal.llll&t&rlt, Dr. J, Park, 

Mr. ~. L. Torgeson, Mr. J. N&ah, Mr· J, Upton, Mr· C. Ra&berg, Mr· 
p, Stroom, Mr· G. Morf1tt, Mr. L. Graf, Mr· R. Griffith, Mr. 1. 
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1. lli'l'RODUC'l'lOI 

This 11 the Third Quarterl1 Proszoe11 Report ozs the prosru ot research 

on dieeead.nation ot solid ancl liquid BV agents be11'18 c0Dilucte4 Uftd.er Ccatract 

lfo. lll-1S..o64-CML-2145. This research u <11reotecl t~ the development ot 

d1ase1111nat1ns stores to oe carried externally on the deliveey &ireratt. 

Durina thU reporting per1o4, Phase I ot this prosram ,.. ccaapletecl 

an4 the Phase II work vas initiated. The objective of Phaae II, in the 

field of solid agent dissemination, is to advance the state ot k.novledse 

in the areas ot characterization, delivt~:cy1 metering, d.iuemJ.nation and 

deagglomeration or the finely divided solid materials to a point where 

design of a research prototype h feasible. In tbe field ot liquid asent 

dissemination, the Phase II obJactivea include completion ot the deeign 

r~quire~nte tor an external store, design ot the reaearcb prototype unit 

and manufacture or one unit. in prepuat.ion ror f'ut.ure tield exper1menta. 

The beginning of Phaae II is scbe<luled tor l November l96l. 

This report preaent.s pre>«reas on oeveral at.udiea Vhich are being con-

d.ucted to reach theae goal.a. Because ot the nature ot thia program, research 

L'tudies 1n many separate t'ield.a a%'@ requir-.d. The introductory statements 

in each section of the report relate the topics discussed to the overall 

project 
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?.. BroDY or 'lD IFJ'EC'r 0'1 !JP08Ul\B '1'0 IIBA'fiD AIR S'rB!Aie 01 1'D 
VIABILI'l'T 07 Sal AEaOSOLS 

In the proeess ot diuelllination ot :SW aaentl tro- Jet aircraft, the 

poaat bi 11 ty of the aerosol ad.na to ~a= degree V1 th tile b"t 11•••• rro~a 

the ~ngine hae been recognized. Mixina 1t1 tll the plume 111 111011t li.keq if' 

the extern&l' BW d1eaellinat1ng store 111 IIIOUDted. C!loae to ID eng1ne. In 

order to detel'1111ne the importance ot avoiding this lllixing, data are 

reqUired on the loss of viability produced. 

!t ie known that both the temperature and. the exposure time lntluence 

thilt proces'. Hc.nrever, previous researe!h on the viabili t;y loaaee productd 

by exporure ot aeroeola to elevllte<l temperatures haa been in evaluat1128 

(1) the perfol'111&nce of incinerators and (2) the biolopcal decay or an 

aerosol. over the periods ot minutes to hours at slightly elevated 

temperature. N~ither of these cases are eutticiently cloee to the Jet 

plume problem to provide ueeful data. 

An experimental study vas therefore 1n1 tiated by General M1lla, Inc. 

to evaluate viabil1ty loases produced by =ixing Sm aerosols vith heated 

air at temperatures fro• 75• to 200~ c vith exposure durations ot one to 

tvo seconds. These t.'ondi Uone are bc:l1eve4 to be ot greatestintereet 1n 

connection Vith the Jet plume preble~. 

A compar~tive approach waa selected in vhicb samples are collected in 

tvo All-Glass I~pingcrs ~oncurrently, one sample from the heated aeroaol 

etreu &nci the ether fr0111 an unheated control atrt•· 
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In the initial experiment•, a heatad &i.r stream V&l f.nJe=tecl into 

one ot the aero•ol atre1111, Vbile ~ eq\l&l. quaat1 ty ot rooa--t~~~perat.~• 

air woaa inJected into the cODtrol ttream. The tir1t result. lhavecl very 

l!ubetanttal ettecta. Approximately 80 percent ot the aerosol vu killed 

Vhen the average temperature Of the heated atrea& W&l ao• C, and the 

duration ot the exposure was 1.2 secunda. In light ot the short expcaure 

t1me, tl1U degree of loep waa contid.erecl quite b1gb. However, it we.s 

observed. that thio method ot heating the aerosol (by in,)ection ot hot 

air) resulted in a local hot re£1on in vhlch the aerosol vaa expoeecl 

fo1· a very sull traction ot the total ti!D& to a temperature or 
approximately 175• c. For thia reason the design ot the apparatus 

vaa rnod1f1ecl to provide unitOrtll temperature along the expo1ure path 

before 5ddit1onal data were taken. 

The final apparatus 1s shown in 11gure 2.1. The aerosol 1a 

generated 111 th a nebulizer and introduced into a glaaa carboy. 'l'he 

aerosol stream rrom this carboy 1s divided into tvo branches and. 

injected into the heated and unheated air streams. 

Several openings h&VIt been provided ao that the ettect ot vary1ns 

exposure ume can 'be atud.Led. The in•trumentation 1ncl\ld.ea provisions 

for controlling the electrical input to the heater and &leo meaaur~t 

of the tespera.ture ot the rnixed atl'tlamS at several locations. 

Experiments vith the apparatta shown 1n Figure 2.1 Will 'be conducted 

during the tourtb quarterly report1.ns periocl. It ia anticipated tbat 

d~ta v1ll oe avaHable for the naxt technical report, cavt·rina a range 

ot te11peratuna up to 200• c. 
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3.1 Fr1ct1cmal l'orcoa BetveeD Powders &D4 Chalmel Walla 

One or the main teedins techniqu.. tm4er ccmaideration in 

this diucminaticn ~Jtudy 1:; the p1:ston teeder. A 1-.novledQe ot trictionel 

torcea between powders and ch&lmel walls 1a vi tal to the evaluation ot 

the t•aaibllity ot this approach. 

S~ncer, Gilmore and. Wiley3'1 '
1 devised a technique tor stud.yins 

rorc::es between granular polymers ao4 channel walla. 'l'bia teclmique 

baa been investigated during tbia report1J18 period uains talc pcwder • . 
The reaultl indicate that a llloditication to this approach U required 

~hen studying very tine powders. An alternate approach baa been 

developed. 

3.1.1 Theory or Spencer, Gilmore and Wiley 

Spencer, Gilmore and Wiley's theoretical derivation cooaidera 

a plug ot powder confined tn a cylinc!er vith a piston at each en4 u 

illustrated Jn Fig~ 3.1.1. 

l dx~ 0 
I X --· .,. 

. I 

----...... !-·.-:.!..! -~.--- ---:---w 
I 

: I 
I / 

-'~L-- . --------'-___.:. _______ ...._-'--

F1sure 3 .1.1. Piston-Cylinder Experimental Bet-t1p 

3 .L l Spencer, R. S. 1 Gilmore~ o. D. 1 and Wiley_. B. M., Behavior ot 
Granulated Polymers Utld.er 1're11ure, J, Appl. Phye. ~, 527-531 
(1950). . -
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'A 11 the terce neceaaary to initiate movement ot the plua w r8 1a 

the reeiltive torce. The trietiOMl torce per particle at the vall is 

JJI• v'heNj.J. 11 the coettiotent ot tZ'ict1oa betveen particle &1:14 wall 

all4 t 1• the contact torce between particlee (usUIIIId to be the aeme in 

all directione at a point an4 nonaal to the valle UJcl enda). The total. 

trlational torce actina 011 an element ot powder of th1cJmeaa cbc ia jJ.t n 

(27TR} 4x, vttere n 11 the number ot particles per W11t area 1n contact , . 
vitb the vall at x. Let P be the total toree nol'Ml to a c:roac eect1oa 

(in the directiOil ot the cylinder uu) at x. 'lban the change in 'I' 1n 

aoina troa x to x + dx 11 dr • (Tra2) n cl1j vhere n le the number ot 
0 0 

particles per unit area 112 contact vith a croa1 section and dt is the 

incremental. chan~ in eont&l!t toree per particle. It it 1a aa1umed 

that, in a given state ot cocapactl,,n, the only frictional forces 

arising are thole due to part1cle~yall contacts, then tor equilibrium 

concli tiona tbe two exp~"eaaiona can be equated: 

rrra2
) no dt ·JJ.r n(2 7TR) dx (3.1) 

Rearranging an4 integrating between the proper lilllita, the tol10V1ng 

exprea1lon ia c:ibt&inecl: 

['A~ m :.~ t 0 ... 

R o 

or 

- 6 -

(3.2) 

(3.3) 
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'lo evaluate the iDtesnJ, oa. tbe right MDI. tide, it 1a uiUIIIId 

t:bat the DUIIber ot 'All contact• 11 ooutut (ind.epeadent ot usre• 
ot acap.ct10D)aucl that n • 11 prior to aC~~pUtiou. !quatiD& the 

0 

IW!IIber ot vall c:ODtacta prior to comp.otioa to thoH atter cC~~p&Ction, 

the tollovina relation 11 abtained.z 

or 

L 

a (2 Tra) L • J n(21TR) dx 0 0 

0 

L 

a L ·J ndx 0 0 

0 

(3.4) 

vhere: L
0 

u the lenath ot the plug ot pcMler prior to c'*J)act.iOAt 

L 11 the length ot tlle plua at &n)' given state ot cCIIpal!tion. 

Subat1tut1ng Equation (3. 5) into Equation (3.3), the tin&l expre811on 1• 

obtained: 

().6) 
or 

(3. 7) 

J.l.2 E!P•rtment&l Ttehnique 

The apparatus used to study frictional rorcea betweea 

p<Mtera 8Zld v~riout cylinder •teriala 1a illuatrated in Figure 3.1.2. 

- 1 -
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• 
Figure 3.1.2 Apparatus tor Meaauring Frictional Force 

:ittveen a Powder an4 Cylinder Wall 

Tt.o procedure 11 to cl.Up the cylinclrical. tube (a preciaion bore 

sl••• tube Vith an I. D. ot 1.185 inchea vaa used iu this atU41) in the 

wprl&Ut poaitlun with the rod ot the lower p1tton reatinS on the plat~ 

torm ot a triple beu balan<:e. 'l'he powder U then silted through a 

screen ~ tunnel into the tube. The powder is leveled off aDd. the 

length ot the pavder colU11111 prior to uorapection (L0} 11 •••ure4. The 

top piatotl &nd veight are carefully lowered into poe1t1on. The veighta 

on the triple beu. balance are adJusted to tbe point Wbere the plua ot 
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powter Juat begiu to uxrve, ADd tbh veiibt il :recorde4. 'Jlata pro-

• <:eel~ 11 repeat-a ua1ng d.itterent amounts of powder and ditferent 

reeiat1D& rorcea. 

3 .1.3 Experi!lleDtal •w h 

'l'he ntaulta ot teata pertoned vith tAlc powder ln .a gl&aa . 
cyUM.er ot tixecl diameter are p:-eaentecl us Table ! .I. 'l'he toree 

necnaary to initiate asovement ot the plus {rA) vu detel'llined r'or 

a s1ven uncaapactecl plU& leqtb. (L
0

) vb.en subJected to tOW' ditt­

ennt re1Ut1ve torce. (r1 ). The ratio. L/D &Dd rA/rft are tabulated. 

In add.i t1on1 the length or the plua after compaction (L) ancS the ratio 

L/D alao are included in the ta'ble. 

If' the fyheoey ot Spencer e.t &1. is valid, accordillg to Equation 

(3.7) it should be po .. ible to plot the loearitblll or the ratio PiFR 

as a 1'Wlct1on ot the ratio LiD an4 obtain a straight line. S"ch • 

plot haa heen lllllde and 11 presented in Figure 3.1.3. It ia apparent 

tr0111 this t'igure that log P,/F R vcreua L/D d.oea ;yield a straight 

line tor a given Tal..- ot 'a· Hovever, aa rR 1s varied, a diti'erent 

line With a dU't~trent a.lope is obtained for each value ot r
1

• In 

general, the s~ope of the line beeomea leea as FR 11 1n~rcaaed. 

Upon t!nd.ing this result, it vas decided to plot loe PA/PR 

ver1ut L/D, vbere L 11 the lensth of the powder plug &tter compact1oo, 

to sec if the data 'VOUld pr .. ent a more unit'1ed picture in this tore. 

ThU plot ia shown in FiiW'S 3 .l. 4 '.there 1t is •Pll&rent that eJ.l ot 

the experimental points f'all very aloae to a dn&J.e atraisbt line 

even though FR vaa varied by a raotor of rive. 
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Table 3 •. t. 

Lo 
(in) 

0.92 

0.92 

0.92 

0.92 

2.22 

2.22 

2.22 

2.22 

2.94 

2.94 

2.94 

2.94 

3-88 

J.88 

3-88 

3.88 

Pietaa-Cylird•r Reaulta vith Tales ]IeMler in .. ola .. Cyl1D4el' 

L 
0 

D 

0.78 

0.76 

0.78 

o:ra 

1.87 

1.87 

1.87 

1.87 

2.48 

2.48 

2.48 

.2.48 

3·27 

3·27 

3-27 

3.27 

L . 
{in) 

0-58 

0.53 

0.51 

0.48 

1.31 

l.llt 

1.06 

0.99 

1.69 

1.47 

1.39 

1.31 

2.15 

1.87 

1.78 

1.69 

L 'a n (p) 

0.49 35.0 

0.45 84.2 

o.4J 134.1 

0.41 l83.3 

1.11 35.0 

o.96 84.2 

0.89 134.1 

0.84 183.3 

1.43 35.0 

1.24 84.2 

1.17 134.1 

1.11 183-3 

1.81 35-0 

1.58 84.2 

1.50 134.1 

1.48 183.3 

- 10 • 

. 
'" (91) 

60 

135 

201 

276 

125 

243 

362 

496 

166 

320 

505 

6;6 

261 

491 

76o 

971 

rA 
'a -
1.71 

i.60 
1.50 

1.51 

3-58 

2.88 

2-70 

2.70 

4.75 

).80 

3-77 

3-58 

7.47 

5.83 

5.67 

5-30 
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1l1 viw of th11 resul'\, a nev approac:b vas e0tl6ttt in attempt~ 

to analy- thil type ~ expertmeDt. It vaa !'oun4 tbAt aaa ~11 

a111111ar to the one applied to tenaile strength meuure.enta on caa­

l>&et.e4 poW.en conduct.ed v.nder Contract Dl\-l8-lo8-405-CML-824. tor 

CRDL apprared to apply quite well to the present tYJ8 or experimect. 

ln the BD&lyaia, a c:olWIId of powdeT ccnfine4 in a cylinder is COD• 

sidered trOll • someW&t clitterent approach than that talceq by Spencer 

et al. as Will be shown in the tollov1ng dUcusaion • 

:_- :f··~~-1--d-r-L_ 

F1g11tc 3.1. 5. Colllllln of PQVder 

Consider ~ cylinder tull ot powder With a piston at eaob ea4 aa 

depicted schematically tn Figure 3.1.5. Preaaure pA ia a~lied in the 

upward direction 'oy the 'bott011 piaton. The top pUton ruay 'oe cona1dere4 

t1xed in this AP.lyah. An eleasental layer oi powdar Vi th tbiclcneaa 4L 
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1.1 located a diatance L fraa the bottom pistoo. A111sume that at & point 

the pressure acting 1n the horizontal direction, 1\' U proportional 

to tee preesure acting 1n the vertical direction, Pv' and that the 

latter 1~ uniform across a eroe~~sect1on. Then: 

(3.8) 

vnere cl ls a r.onstant. 

Th~ fr1ct1onal force per w11t area acting on the cyli~er vatl is: 

(3.9) 

vhereJ.J. is the cocffid.ent or friction butveon the powder and the 

cylinder va.ll. The equ1l1br1WD condition of the elemental layer of. . 

powder just prior to movement i 1.'1, 

(3 lO) 

Su~st1tut1ng Equat1on6 (3.8) and (3 9) into ~uation (3 10), ~e obta1n: 

13 ll) 

RearrBngtng Kquation (J.ll), ve obtatn: 

(3.12) 

E:quatioD ( 3 12) c-an then be integrated between the proper l1.mtts aa 

follava: 

• 111 • 

(3 .13) 
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vhere Pa ia the presaure exerted b;1 the poWdel" on the top cylinder. 

pR ma, &lao be thought ot aa the reelltive proaaure excrte4 by the top 

cylinder on the powder. 

or 

The result ot the integration ia: 
2J1.C1 

ln PiPR = ---a L 

(3.15) 

The cross.scctional area A or both pistons 18 th~ sB~; therefore, 

the force applied to the bottom piston is FA = pA A ~ that exerted 

by the powder on the top piston is FR • Pg A. Equation (3 15) may 

t.hen be written 1n the folloving manner: 

( 3 16) 

or 

(3 .. 17) 

~uation (3.17) 1s identical to ~uation {J.?) Yith the exception 

that cl L appearP 1n the exponent 1n place of Lo. 

On the basis of thts analyst~, it is poeuible to calculate the value 

or the te:nn c1 J~ frO!Il the elope of the straight. line obtained in Figure 

3 1. 4 For talc, the v~lue of the term c1/J. 1 ll 0. 279. The exact veJ.ue 

of the coefficient of friction, J.L , cannot be calculated bec.auae c1, the 

proportionality con.etant. bet.vet!n the horiz.onW and vertical pressure in 

the powder column, is not known. It it is s.asumed. that the horizontal 

Md vertical preuures ,,re approximately ~;~qual, then c1 ia near unity 

and the coefficient of friction is roughly 0.3. 
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While cal)' one po11der (tAla) bae been teete4 thua tar 1 the data 

1n4icat•, that !quatlon ( 3 .17) 11 ml.lCh more sui table tor reprauntina 

the behavior ot finel.J diviclecl pcMlen tban Eq~tiOD {3.7). Puture 

pl&DI are to pertOl'll teet a OD other powders incl\diq S. vi tb cylinder• 

ot Ui"terent matert&la 1A order to examine further the applicability 

or tbit nev approach. 

IJS ad.di tion, a technique ia belns dneloped. to detel'!lline tlle 

coetficient ot friction ot a coapreaaed p~er plug against.• plane 

surface using a tilting table. A knovledse C•f the friction ooott1eient1 

J.J., ViU. permit determination o! the proportionality constant, c1, 

between the horizontal and vertical pre1sure vhich exists in the powder 

column ot the pUton-c;ylinder teat. W'i th these tools1 an investigation 

can be made or the errect or particle size and particle size diatribu-

tion on for~~ translll1sa1on in a pOWder be4. 

3.2 pynac1c Angle of Repose or Sm Powder 

The dynuic angle of repoee of a powder ie generally IDI!asured 

by alloving the powder to tlov throush a runnel onto a tlat horizontal 

surface and then measuring the angle between the horizontal &ncl the 

surfliCe ot tbe conical-shaped pCMSer l)Ue. Few investigaton have been 

able to attach any real s1gnit1cance to tbe anale ot repoee other than a 

relative indication of how a powder tlova. Wolf and von.Hohenle1te~· 2 •1, 
however, found~ cloae correlation between the ~namio &ng)t or repoae 

and the angle at vbiah a ••• ot pCMler alidel ott a tilUq surface. 

3.2.1 Wolt, &. 1'. and von Kohenle1ter, H. L., kperimental Studies ot the 
nov ot Coal in C'hutee at .Riverside Oenerat1ns Station. 'rr&:u\8. 
A.S.M.&., pp 585-599 (1945} 
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Volt aa4 von Hohenl.eiter pe.rtomed mDJ teats on coal duat, meuurin& 

both dyDuic qle or repoae aa4 1114• aql.e aa a tunct10D ot mo11t'IU'I 

oonteat ot the poner. Wbea tb.e)t plottecl either anal• ot repo .. or 

aUde qle u a tunct10Jl or llloiature coateat, they obtainecl cunea ot 

the II8ID8 sener&l abape, both ot vbich 1%ldicated a 8Ximum at about 12 

percent moisture conteQt. Upoa examining the tilting aurtace after the 

powder had alid otr, 1~ waa no~ that a la~r ot powder 1till &dhere4 

to the aurtace. 'l'hia observation eugaeate that the slide anal• meaaure­

menta were probably ~ore ot an indication ot powder ebear rather thaD 

didlna frict.ion bet.~n:en thes tiltinas au.rface &ad the povder. 

A theoretical analysis ot force distribution 1n a powder pile vas 
. 3.2.2 _, presented in an earlier report on this contract . The 1n1tia. tvo-

dl~enaional analysis assumed particles in the shape of uniform circular 

cylind.ere Fr0111 this anal.yl'ia, 1 t was ccmelu4e4 that the an&le or repose 

is a direct measure or the coefficient Q( friction between cylinders. It 

\t&s also stated. that 1t 11 reasonable to as8WIIe that the angle ot re,ose 

vUl be less than 60• ror non-circular shapes. 

'llle 4ynamic angle or repose or a sample ot finely ground. Sm waa 

measured over a vide r411ge of relative hwaiditiea (2.6; to 65~) at. 

rooiD t.emperat.ure. The tneaaurements were ;nAde inside a controlled 

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

hum1d1ty, the povder vu allowed to equilibrate at that humidity tor 

a period ot at least l6 bcnaa. After each ser1ea ot aaeuurementa at 

a given humid! ty, a sample of the powder vat placecl 1n a t&recl gl.aae 

Diueaination ot Solid and Liquid BW Agents, General Mills, Inc. 
Ret. Dept. Report lfo. 2125, Firat Quarterly Progrett Report, Contract 
No. DA-l8a064-CML-27451 p A-11 (Oct. 1 1960) 
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veisbin& Jar all4 remcve4 traza the cabinet tor moUtu.re cCDtent clettr• 
• 

:minattOD. Moisture a011t.ent vas detel'11lined b:f measur1Ds the wigi:Lt. loaa 

ot the sample after beiDa placed in a vacuum ave~ at a preaaure of about 

l !Dill Hs and temperat~ ot 50• C tor a period ot 24 houra. 

When meaaurtng the dynftllie angle ot repose ot Sm powder, 1 t vaa 

noted that the slopto£ the powder pile wa. not uniform but appeared 

as shown in' Fisure 3.2.1. 

/ 
/ 

Figure 3.2.l. Shape or Sm Powder Pile Obtained in 
Dynamic Angle of Repo•e ~pertmente 

The changing elope ot the powder pile ~ be attributed to electro­

static charges on the particles. As tbe powder 18 sifted through the 

t'unnel, the large c:l1.1111pa have enOtJ8h ••• to overcome the eleotroatatic 

t'oreee and tall straight dcvnvard onto the center at the pile, vhereas 

smaller individual particles tend to be deflected outward and deposit 

arounc! the periphery ot the pile. This eauaea the slOJle ot the powder 
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pile to sraduall.J apprcach zero at the baae. It vu noted, however, that 

t.hare vas sene rally a portiOD ( app:roximatelf 111 the lliddl.e ot tbe pUe) 

where the slope . .,.. unitoraa. Iza the preeezat teat1, the qle ot repose8 

wei&. measured along thia mdcUe portion. 'l'he reaulta or the measurement• 

f1n Sm are giveD in Table 3, It. 

Table 3.IT. Dynamic Angle of Repose f'or Gal Powder . 
Het Humidity Moisture Content Angle or 

'~l ~~ b;l veisetl Re2oae Deviation 

2.6 2.9 46.9' 1.6' 

12 3.9 45.5' 1. 5' 

24 4.7 49.0' 2.0' 

h2 7.2 53.9' 1.4' 

65 16.9 50. 7' 2.7' 

The data in Table 3.II are presented graphically 1n Figures 3.2.2 

and 3.2.3. Fie;ure 3.2.2 shove .the relationship between tlle dynamic 

~ngle of repose and the percent relative huaddity of the air 1na1de 

the cabinet. Figure 3.2.3 ehova the relationship betveen the dynamic 

nnf~le ot repose an4 the moioturecontont O't" the powde:r aample. It 1• 

·.een t.hat the angle of' repose ia maxiliiUIII !or a relative hW111d1ty ot 

a.bou.t 4~ am for a 111011ture content. "oet.vuen 7 .z; aa4 16.~. 

It ia planned. to pert'orm additional 1:esta oD Saa powder inclwUns 

the piston-cylinder tilting table an4 diee-littins experilllftfn~•· These 

l.r.vcatigat1ons v111 be conducted at various relative hWIIidi ties ln "" 

t•r·t~ ronment.al chamber. An atteazpt will be IDII4t to correlate the present 

illlt$ on angle ot repoec vi th these meaau.rementa in order to determine 

the s1gn1f1eant properties ot Sm powder which atttct Lhe ansle ot 

• 19 -
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Ona aapect of' the current stud)- ot dry apnt diaselllinaticm t)'ltelll 

11 tha examnot1on or feedini and. handling ch&raoteriatiol of dry particu­

late •teriala. These characteriltiu may reaaonably be expected to dej)en<l 

on certain bulk properties of' the material such 11a dens! t;y, compactibili ty 

and shear streligth. In tum, these bulk properties are dependent upon in· 

terparticle forces and interactions 91110118 ind1 vidual particles and groups 

or particles. 

One or the sosla or the preaent study i~; to deteraine the bulk phyai-

cal properties of u purttaulute matertnl \lhicb 1tre reoponsible for its 

behavior under applied loads. On the baais of information available at the 

present tille, 1 t uppears· likely thot the compoctlbili ty ancl ohear strength 

charucterintica of u particulate material are or prinury importance in de-

f'inil"l6 the static load.-curryintJ and field characteristics ot the materil:&l. 

Tho physical propertieu vh1ch gpvern the behavior or purticulate 

!liDteriulo rruy be different for different typeo o1' materials. For !!'XAJIIPle, 

1. un immediate diatinetion cun be :mdc between material:; exhibiting dilatant 

c::huracteristica and compactible materillls. Materials in the fol'l'lll!r category 

~ 
"" 

' _, 
I 
1 

f 
' 

{e.g., dry candor steel shot) ~ppear to have well-defined shear yield char­

acterhtics over u wide ronge of streeses.4 · 1 On the other hand, compactible 

msteri~la are subject to second.ory effecrto of compaction on shear stre~th 

~hich modifies and complicates their behavior. 

4.1 Terzagb11 

(1~3) 
c., Theoretical ~oil Mechan1cl, John Wiley and Sons, N. y., 
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f... ~ltr· cl&.aai t'ieation or dilataat lllltniala cq be nule on the 

'ou&is of partie~ ·aize. lor large ~rticlea, intupartic:la forces 'All gen· 

erelly be omall coJ.t~:t-etl. Vi t.n' tte mas a of individual partie len. Ae the 

particle size decreases, it h clear thut intel'pQrticle forces Yill aa~ume 

relut! vel;y sreuter b:portenae. Ao a consequence, finely divided dry ln!lteri· 

., 1 a c!:ln 1Je U4IJQCtt~(l to e~i b1 t increaned shear Btrength when compured to 

1!1Utor1alo of the 001110 type 'Jhich are composed of lllrge pArticles. Further• 

1110re, th~ fillflly divided Ultertal Vill retain so1111 shear resistance at zero 

compressive load, where~• the shear strength ot dey particulate aPterials 

made up or large partie leo must vuni ah at tero loud, 

Frout this brief discussion l t is nppurent that dry powders can be 

cepurated into s~veral categoricB vi th t~opect to th~ bulk physical proper• 

tieu which de~mlne the behavior or theae moterhlll Wlder load. Cllllls:l.fi· 

cotion of lll:lterials in thia •.my depends upon experimental studtea of the 

various tzrcs or pQwders conducted under carefully controlled conditions. 

;.. promiaint~ c;<perimntnl te:hnique !'or mcaourtng the she11r st:'Cngth ond com• 

pnctlbility chuructoriottca u~ particulate moteriuls ie discuooed in the 

following puaes. 

4.1 Dulk Phyaicol Properttes or Powdero Relating to Static Lond TraneH 

misoion end Yield Strength Churaetertatl"! 

The most important bulk properties of. a particulate msterial insofar 

ao stotic bahovior ia :oncerned appa~r to be density, compactibility and 

shear atrength. These properties are of course interrelated; i.e. 1 the 

ahea)" atrensth churBcteriatios lfill in general depencl on the degree of co11• 
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p~gtica ot tlle power, a a '11111 tbe d.eU1 ty, ID the p.reMDt conteXt,...-tae-to~~e. . 

vbich influence the behavior of a po'Wder ouch aa huaid1 qr, presence ot adai .. 

tiv .. , ate., are conai4erecl to be implicit in the bulk pl'Dpertiea ot the 

material. 

Expe1'11111nta hll~ llhaVD that the shear atrengtb cbs.racterhtica ot 

many granulur unci particulate llllf.teriala are ot the type illustrated by Fig• 

urea 4.1.1-a and 4.1.1-b. For dil.stant IN!lteriala such u dl")' aond, slaaa 

'bc!ada, etc., vhich are COftiPOted ot particles vhoae veigbt ill large compared 

to lnter-partic:ulute attractive forces, the shear strength rc: can be rep-

resented b;r the i'olloYins equation: 

(4.1) 

vhero dis the comp~ssive strcos. The angle¢, called thl!' "shear angle," 

is u conatant for a given Dlterial of this type. Departures from thiS equa­

tion muy be expected at very high compressive stresses due to fracture of 

rf:\rticltHl. 

In the caac of compreosiblc materiulo, the cr!ticul 3heor1ng stress 

1118Y be represented })y un equation or the form: 

(4.2) 

'lbe constant rJ 
0 

in this expreaaion d.etinea the shearing otrength of the 

materiul at zero load. The aheor strength charactertatic expressed by 'P':quo­

tion (4.2) hos not been adequately var1t'1ed experilllltlltall;y for compressible 
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Compressive Stress,a-
a) Dey Dilatant Mute rials 

Canpressive Stress, cr-
b) Canpactible Materials 

F1 gure ~ .l.l SI!EAR STRENC7rlf CII:AHAC'mRISTICS 

FIGURE 4.1.2 RBSOUPt'ION OF ST!£SS!S 
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following behaVior rtaf be expea~d: . 
(a) cf

0 
vill increase vith increasing density (i.e., compaction) ror 

a given II!Btar1ol, 

(b) Equation (4.·:::) 1.'111 awl.f u a tZaod npprcltilll&tion to ~o~h::ur at..rflnottll 

(c) 

characteristics over a restricted range of compressive atreases, 

the curve or r vsd vill be concave upvord v1 th increasing c 

compreGsive stress oa 1.nd.1cutecl in Figure 4.l.l-b. This charac-

teristic vould correspond to test cond1 tiona in which rc is 

d.eteminecl for u acqucnce or increasing compressive ttreasea. If 

the l!lllterials is compreoned surrtciently to cause compaction prior 

to shear testing ut reduced compressive stresses, Cf0 vill be in-

crea~d. Ho-wever, if sheur fuilure occura pt reduced load., it 

11$Jl be expected thut the r.hcar strength will drop considerably 

after failure. This sul'mille, ,vh1ch vlll be checked experi!DI!nt· 

nlly• may occount ror the type or Shear failure observed in dtsc­

liftlne cxperimenta v1.th oreonic povd.era. 4·3 

At sufficiently high strea~cs, purticulate materiala muy exhibit 

ptcotic choructer1st1cs ao indicated by the daahed line in Figu1~ 4.1.l·b 

The yield-stress eonditionn for a povder 11nder load can be formulated 

in terms of th• u-pplietl 11treoses by mauna or the following analysiS. Con­

aider u. small volU!lll! eleiQ!nt in a bed of power as shovn in Fisure 4.1. 2. 

4. 2 Taylor, D. W., Fundamental• ~ Soil Mechanica, John Wiley and Sona, N. y. 1 
(1948). 

~. 3 Cenenl Mtlt.1 Inc. Report No. 21251 Disattmination of Solid and Liquid 
BW Asents (Unclasaif1~~ Title) p. 46 (October 131 1960) (SECRET), 
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state ot atreltl ia fully deacrtbed by the noiW~l atrese c~mponenta Cc1x, 

Oy) and the abearina atnaa r XJ' Ir t..~ aormal and ahea:M.ns st:easea Oft 

a plane at an angl.a 9 to the x-ax:la are ct..tenaiMd (see Figure 4.1.2), it 

1.S round that the Btote or atreu c:an ~. expressed by the equations: 

cJ. • l ( 0' + cf ) + !. ( (f - r:J ) cos 2 (} 
n ::! X '/ :::! 'Y X 

(!f.J) 

r "' l ( cf -(J } sin 2 () + !' cos 2 () 
~ y lt xy 

(4.4) 

Theae equations con bfo interpreted in tenno ot' a "circle or stress" in the 

stress plane, us illustrated by Figure 4.1.3. Ita circle is d.nwn throush 

the points <<1x, • fx1), ( Oy, + fxy) tn the stres:o plane, the stresses 

rjn and ! corre11pond1ng to the ungl~ f) vUl lie on this Circle nt an angle 

2$ from the point. ( 0 x• - f xy). The yteld condition expressed by Equation 

,t.,l) corresponds to the cnse for 'olhicll the Gt~ss circle i3 tungent to the 

line r . (f tun¢. In 11'1i,lUre 4.1. 3 thtt I!K)Ximum um1 minil'liWil compressive 

ntreases, corresponding to r . o, ore denoted by cfl and (f2 respectively. 

)'rom the f1gun 1t is (:au1ly ccen thut the condition for shear fsilUl'e is~ 

a1n ¢> • cfl • cf2 (4.5) 

o1 + d2 
In terme or the x,y coordinute ayatem and the corresponding stresses (Jx, Oy 
and r XY' the eondi tion for anear f&ilul'\l U: , 

ain r:J> • 
V< r:f,. .cJ.,>2 + 4 r ~ 2 

dx + J., 
(4.6) 
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!quattcm (4.5) il tbe 'baaia tor. the so-oalled "triaxial lllear. tut" .fot..._-. 
. ·4.2 

d.etemlning the critical shear strength or a porticulate !IKlterid. 'rri-

aXi'al aheru· testa are carried out vi th the e.ppe.ratul shown schen».~tically in 

Fig~.;rt: ~.1. ~. A cylindrical sample o1' the material to be tested. 11 sealed 

vi thin n thin rubber mel!lbr-.\ne. The aamplc:t ia then placed in the cylindriaal 

tal'l'd or the teat apparutua aa show in the figure. Provision is tnllde for 

~l'Paom·ing the chamber to u pre a sure P.,c· 'l'he volume change during presauri • 

zu~lon c~n bo me4aurcd if deGired. An uxiol ioud, F, is then applied by 

!'l<"aac of a piston as indicated in the f1~re. If p2 is I!Klintained constant 

llhil.t:! F io lucreu:Jt=rl untU t.he !l::uupl~ :rau:s, u strens circle correapondtns 

'-'J :.;i:..!!a:• fuiluro ut. the ~un streus I'll t P4- :Is obtained, where F "'(·p1 - P2)A. 
2 

D,y <.:11ndu.ctlng thctlC teat" oVCl' u rnnge of values o1' p2, the shear streJlGth 

''hnracterictic lillY be ~stub! hhcd :u; the envelope or o series of Gtrens c1 r-

r I c.•:J ar. ohown in Fiattre i1 .1. '), W1 th Gui toble inr·tl"Ul11entat.ion, the lineur 

:.r. I v<•lume compre!.:oion (or dilututton} of t.he aumple may ulso be determined. 

irl~Jlual tecta urc CO!lmiOnly used for cvuluutin~ aoil somplea. rt is poas-

1 iolc ~hnt suoh tcctc ~:ould ulc.o be employed to advantage in definin~ the 

fi.:~:..i~·al chaructc.doticu oi' orhtun1c purticulate moteriulo. Docuuo& of t.he 

r·on;,j rJ~oro.bl& infornot.ion llVBilablc from these t~stS Ond the l)OSOibility of' 

e lor-ely controllins the teat concli t.iono, tr1Cixiol test& mieht be useful aa 

conollitcncy testn for dry agent moteriula. 

h .2 Taylor, D. w., Fundamentals of Soil Mechanics, John Wiley aal Sons, N. 't. 
(l948). 
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Cyl1ndr1eu Test 
Speciman or Croas• 
Seettonal Area A 
(En.:lo:oed Within 

·Thin ~brane) 

Preasve Ma1nta1ne.t 
..,.~--at 1>2 in Cheaber 

FlOUR! 4 .1. 4 TRIAXIAL TEST FIX'l'lJRE 

FI GUHB 4. 1 • 5 DE'l'EOONATI ON OF SHEAR STRENGTH 
CHARACTERISTIC F.R01 TRIAXIAL '1'!8'1'8 
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4.2 't'beoret1cal Analy:!il or Loed''l'ransJI1aa1oD an4 Shear Pailure :tn 

Part10\llate !eda 

A aurvey ot the l1 tarature pertaining to lca4 tranaJIIisaion 1n granuUr 

or particulate u.teriala baa failed ta diSclose a general theory tor arwl.ys-

ing the atreaa distribution and y1elc1 condi tiona in auch ra.ateriala. M::»at of 

. t.~e available theoretical, ompirieal ancl oxperimntal 1nvest1gationa reported 

in the literature ore concerned with soil3 and Gail mechanics (an extensive 

bibliography is gt~n in Reference 4.2). 'l'he theory and ~~~tthods of soil mech-

an1cs are ror the most part too specialized for direct application in the 

pr-eoent study. Howver, conaiclerable benefit has been deriVed from a study 

of th18 l1 terature, Yhiah lnaa helped to clefine the existing "Gtate or the 
••''""' 

nrt" Vi th regard to the mechanics ot particulate u.teriala, 

The principal difficulty in un.Qlyt.ins the behavior ot purticuhte beds 

t,mdcr static londtJ lies in the onalyois of stress condi tiona vi thin the mat-

eritJl vhiah lead to rupture. In apeciut caoeo vhere the principal stree~es 

are known, Equation (4. 5) can be applied directly to determine the shear linea 

in a particulate bed. An example of this type is given belov. Generally, 

the stress distribution at rupture cannot be reod1l:f founc:\ 1 even if 1 t is 

aooumed that the material behaves elast1~4lly up to the point ot shear fail• 

ure. Two exnmpl~o baaed on tho assumption of elastic bohnvior nro presented 

and discussed in the rolloving pasea. 

1~ • 2. 1 Analysis or t:ru: ~ud Diatri but1on tn a P\:)Vder Due to 1 ts weig!lt 

Consider a povder ot c!en.i ty r in equilibrium under its ow wight 

.in o large c:ont.lliner. The mverage vcrtic;ol stNas at a depth y 18 cf1 ,. 'fr. 
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The permtaaible raDge or lateral atresaee cJx can be determ!~cl trcm llquation 

(L ':1) since cJX e.nc! cfy are 'Principal ltreiHI• Solving Jq\Ult1on (11..5) for the 

ratio 01/ (}2 w obtain: 

l + ain 

1 - sin 

where 6. • 7 in the present cu.se. SLnce the roles of C1
1 

and c:f2 I'DIAY be 
l 'I (j 

interchanged, we find that the ratio _x must lie in the range: 

2 rr en c u~Y< 2 rr ¢ , .. a> 
tan ( T. • ~ ) = (Jl = tan (-,; + ~) .. • 

f The limi tu in this inequall ty co1·reapond. to the onoet of olippaQe' of the' ma-

f 
~ 

.I f 
"1 I _j 
.. , 

~ 

I :.:..i 

~ 
;_;j 
~ 

terlal in tho bed. The correopondlng alip planes ore indicated by the dtago• 

nulllnca in Figure 4.2.1. When c:onc:entrnted loud.s are ;,ppllod to a particulate 

mutarlol the Blip aurracea are difficult to define, as cun bo ::;een by the 

l'ullowina eXI.Imple. 

l.,2, 2 J\naly:::.lc or Crl ti<.:ul Loado for Pcnctl"Ution of a Bed of Power 

In un e1'1'ort to ~uin insight into the 'u.."hClvior of u pu1·ticle bed when 

::ubJected to concentrated loudn, the following speci:~l :::lee \'8S e:mlllined 

in oome dctuil. Conaider a holll:)geneo\lo bed of powder to\lbJt\'cted to a dovnvnrd 

loud applied at the surface or the bed by meanD of a rod of rectanaular crose­

'>ect.ion 1uo uhovn in Figure 4.2.2-a, The l'Od 1a of width 2:1 nnd S:l long thD.t 

t.he ::~tress distribution within the partiele 'oed can be considered t.vo-

uimension.al in vertical planes normal to the aXis or the red. The load per 

unit l'i!ngti. required for penetr•tion of the bed ie to be fo\lnd, aaawntng a 

shear otrengt.b che~racter1Btlc expresaed or .8q1.1ation ( 4. 2). 
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a) I~ding or Bed by Meana ot tone 
Rectangular Rod 

~. t ;.: .• - .. ·. 

. -·-·-··- ._ ... _ 

AdJuated Load Distribution Arter 
Yielding at idses ot Bar 

-a 

Loeal Shear Failure• 
Aectan~ar Load 
Distribwt101• 

b) Load Read.JuattQent Due to 
Local Shear 1ailure 

Fl CJt!HI 4. 2. 2 .PB.IU.lTBATlOif OP TH1 SURF.ACJ fJI A PABnCI.I 1IID 
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u 
In ca»mna out thia anal)'c:l.ll, it mDY be GaBWIIId that the atresa dis· 

tr1but1on would correopod to elastic behavior of the particulate atenal 

up to the point of shear f&il1U"8· If the applied lou4 reaultt in local shear 

,fllilure., " re.adJustm:nt of tbe loa<lins liiU&t occur. 'l'his is illustrated by 

FiBunt,lt.2.2-b. 'l'he rectangular loodina indicated in P18Ul"' 4.2.2-b reiiUlta 

in local shear failure at' the edge ot the rod, thus requiring a red1str1bu· 

:f tion or loaclins Yi tb a greater concentration in the center ot the rod. '1'he 

maxill!Wil load which can bet curried corresponds to a load distribution vbich 

vould result in aillultaneoue she~r failure along a continuouo sur1'ace vtthin 

the bed as shovn in Figure 4,2.3. 

i 
I 
1 

I 

The streas dilltdbution in a aelli-ini'inite solid subJected to a uni• 

form surface prosaure p betvecn x • •11 and x • a (see Figure 4.2. 2-a) ia 
4.4 expressed by the equations: 

·' .E-. { ·~l • Ct2 + i (sin 2q - Gin 2 \)} ()X u 
')y lL. { -, . .1. ~ ( oin 2.; - cin 2~)} (4.9) rr - 'l 2 - ., 

Txy• ~ { cos 2CC • r.oa ::?C(} 
~ l 

BY uoing th~oe equottonc the otresooo due to a generalized pressure 1;(x) 1n 

-a ~ x =: u aeon be expressed. in tM folloVi ng ron~~: 

~··-----

4.4 Jurg~nr ~, L., The Applieation nt Th&ori•• ot Ea1ticity ancl Pl.aetic1tY 
to Foundation Problema, J. Bolton Soc. ~. g, (J\111 1934) 
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FIGUR! l. 2. 3 SHEAR SURFACE AND LCi\D DISTRIBl11'IOlf FC1t 
PENETRATION OF SURFACE OF PARI'ICLI lED 
IN lLWSTMTlVB EXAMPU: 
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d. -- '§__3 f y (x,;y) • rr . p(x) 
~----~-dx 
[ - )2 :2'/ J (X•X + 

(4.10) 

T. -7:\ '§._2 fa ~(;'~-x~)-=-- dX 
X'J {x,yl• rr [<~·x)2 + raJ2 

-a 

Fn:ua Equation ( ~. 2) the sbear yield condition con be expreued in the tora: 

ain cp .. 
yl ... _2, + 2 • (-) 

(~.ll) 

Po Po a 

where u. I • Ux I (j I • Ql 'r I • r~ I 71~ tM densi tr ot the llllterial 
X ~ y h ~ 

and P0 • p(o). The maxiiiiW:l load aupport.d b;y the particle bed 'bet'ure shear 

fallure occurs can be determined trom Equations {~.10) and (~.11). For given 

values ot¢~ ao and r., it. 11 neceuaq to detenaine the pressure di!!tri· 

bution p(x) 1ih1ch Jielcl8 the llllXitaUII load F, Vhere: 

a 

r. J p(x) dx 
-a 

{~.12) 

Th• n~&XiiiiWil loed ia veq d1t:t'1cult to determine in general becauae ot' the 

noture ot the aheor failurw conditi~ given by E~uation (~.ll), A apecittc 
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l [i 
e~la baa been wra4 0\lt for ~ coMJ.UoD.I: ¢ • a,.&•, cf~_-·.c~•1 P6j_:-_.:. ___ , __ 
rb "'0.15 p0 , lJy ohooaiq (/

0 
and rb in th1a IIIIDZWir, (i.e., so tbat tbeae . 

tacton are -proportioned to p
0

) 1 t vu !OUD4 poaaible to ~ a triaaauJ.ar 

loadina· The resulttna !Oroe tor JI'Mtrattna tbe IUI'tace o! tbe beeS ie 

ra • G.67 r b 2• '1'be ahe~&l' t .• ilure surface eorreapondiq to thia 1oac111 

I . depicted 1n Figure ~.2.3. It tlw load 1a 1ncreaaed by 10 percent, tbe shear 

tllilure reston prior to collapse ia ahovn aa the sha4e4 area in Pisure ,.,2.3. 

I' 

'1'he shape ot the !allure 1.0ne suggests that shear failure -..ould be 

accompan1e4 by heavinc up o! the material close to the rod. 'l!lia t~ ot 

failure has been observed quaUtattvel)'", althou&h no JIIIIGIUl"e118Jlta have been 

made to determine critical loads. 

'lb1a example illdicates the compute.tional difficulties vhicb are en• 

countered in analysing the loac!a which can be suotained by becla ot povd.er. 

A IIIUch simpler caae ot the resiatance otterecl b)'" a bed. or poWder to penetra­

tion frolll above has also been analyzed. Froa Bquat1on (4.9), it can be abovn 

that, in the limit aa "a" tenda to zero wile P • 2pa U held constant, the 

atreu distribution becomes nsd1nl and is expressed by the equations: 

•• ~ ~ 2P J. rt... t " . ur • ff ~ i 1J • OJ • 0 (1j..l3) 

In a bed of powder tor vb:l.ch the preaaure 41str1bution due to the wight or 
the power is hydrostatic, the principal streaMs Vill be radial and tanpn· 

t1al v1 th lllll81li tudes: 
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der aurraee. J'r1)11 tbls it !ollova that if a s~th rod or redtua R 11 abeddecl 

in the poVdar to a depth R, the ro~e P, per unit lengtb1 requireci to terce 

tbe rod. into tbe ~d ie: 

p. rrra2~ 
~ 

The above theoretical J"l!!llulta rest upon qveral U!,portant auumptiont: 

{ 1) the particulate material 'behaves elaaticall.,y and 1sotrop1call,y up to the 

point or shear failure, ( 2) the stresses are &u1'f1c1entl.y lev to avoid eom­

P'Ctton under the 811Plied. loBds (vhich might modify the shear strength 

characteristica or clestro:y the isotropy of the material, (3) the dimnsiona 

of the container are large COIIIP&l'ltd to the width of the loaded 4ree. of the 

tMtd surface, 

Thea~ theoretical concluaionn are subJect to experimental verification 

for vtsrioua types or eronulnr or particulate lll8ter1als. Such experl•nts are 

planned· in future work relt&tiVe to the physical behavior or particle n88"sa-

tiona, 
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5. ~ S1'UDD8 or toAD TJWIIMISSlOI Ilf SPICIPIC .Amts 

In a pre~1ous ·report/ •1 reaulta vere presented tl'Oia a tbeoretical atu!7 

ot loll4 tran811lisaion in reauJ,ar 1n:a11 ot 41aka &Dl c:yllllden. ID order to 

verity theee conr:lutiona upe:Hmentally1 teata ritb regular uraya were 

carried out using the teat fixture ahovn in F1811re 5.1-1. 'l'bia device con­

lieu of an alUJIIihUII fl'BIIIe118 em bigb by 39 CJa vide, designed to auppOrt 

the plexigl&aa aide wdlt with a spacin1 of o. 38 em. Teflon cyllndera with 

a d1mtter of 0.95 em at1l a thicltneae of o. 25 Clll were used ,.n tbe testa. All 

upvard force could be applied to one of the cylinders in the bottom ra~ b;y 

a emall platfurm &t tbe floor of the teat fiXture. 

The first configuration considered wae the hexasonal arrangement shown 

in F1811re 5-l-b. According to the theoretical analysis, the force required 

to lift the plstfol'lll h ~ (n + 1) W vhere .n ia the nwriber of tiers and W is 
2 

the weight or one diak. 

When ftn upward force waa appl'ied to the platform, the cylinders I!Xper-

iencing movewent were found to be contained within a wedse whose sidea form 

an isocelea triangle, as predicted by the theory (see.Figure 5.1-a). 

'I'eetll v~re pertoJ'l!led wi ~h the aid ot a Joll,y Balance to dete1'1111ne the 

force neceua~ t-.'J displace the wedge at various deptha of the eylindera. 

The result~ are ,. folla~s: 

5.1. Gf.r.eral Mian, Inc:. Report No. 2161, Second Quutet<ly Progress Report 
on Dissemination of SJlid and Liquid BW ~nta (Unclaaait1ed Title) 
Feb. 13, 1961, pp. 4o-55 (Confidential). 
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Be:l&bt 1or'ee . to ~·Pl&• 
~1'10. or Tien~ Theoretical rorce w-. 

6 8.15 lfiiU 11.32 il'U8 

9 .. 17.47 22.90 

l2 3().26 39.00 

The diac:re}~Mc;y between tbe tol'f:e required to diaplace the Yedp ard tbe 

veiflht or the wedp me;y be attributed to friction in varioua part• ot tbe 

a;yatem, 1.e., tricUon between the. pin used to :aile tile plattona aDil the 

baae of the JIK)del, between the c;ylinde:re am the walla, aDd betvHn tbe 

c;ylindera. It is 1ntereat1ng to note that the ditrarence betveen tbe mea­

lured and predicted forl!e is ve-q nearly pl'Oportlonal to the •••ured force, 

vhich incU.catea that the diac:repancr 11 due to trictloml ettecta. 

Th• second configuration considered vu the t• agonal arranpment ahCNn 

in Figure ;.1-b. For this arranseraent the predicted load tor r&ia1ns the 

plattom ia (n + l) (n - 1) w. ·l'lle force required to dilplace the wedp ln 

this case ~•• also round to &xceed the torce predioted b7 the theory. 

Astin the percentase increase above the 11elcl force predicted theoretically 

vea f'oun.i to be proport.1onal to the applied force, the constant of propor• 

t1onal1ty being very nearly the same as in the prev1~• ea•e. 

Figure 5.1-b i.llllicatee hov the cylinder• an dbplaced. when an upward 

force h &pplid to t.he plattom. Th~t vert1ctl row ot eyl1nde:rl cl.irectl;y 

above the plattom move the same diatan<:e 'that the plattOZ'III DJOVea. TheM 

cyllndera in turn d1aplac:e the cylinder. in the triangular regiona at each 

aide ot the central raw at an angle ot 30' to the horizontal in accordaaoe 

vtth th• thecry. 
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Rxperillenta have also 'bMD perto%'!11114 with the teflon .c)"UDder• reJlace4 

by ' mixture ot different sizes ot lead shot. 'l'he aizea ranged tr011 0.228 em 

to 0, 320 CJD diameter. A raiXlca cUstribution vas oQtained. 

Tt~~e~ e-xposure pictures vere taken aa a~ up~o~ard force vas applied to a 

one*1ncn long ,platform on the floor of the moc1el {Figure 5.2) •. Movement of 

particles 1s ind.icated b,y the appearance of blurred apota. 

Qb;;ervattons indicated that particles at the base of the bed could exper• 

ien~e cc~atder!ble movement before particles at the top ot the bed vould 

move. Th~ pttrtl.;'les directly above the platform experience the most IDOVt­

men:. a 'l any c;1 ven bvel in the be.J. Near tho base of the bed. partie lea vh1ch 

a.r~ at a ~vnstd~:ahle diutance to the r1~1t or.to the lett ot tne platform 

ex~.r 1en~~ nac.vertlt".nt vhHe at the top of the bed the particles which are not 

C11r.:!~tl;,• over t.he p.latf('rm experience l1ttle rao•e111e1t. 'l'hese observations 

l.r.diC'at~ that .~ .. r.fit':'.lr&t!ona which are not in a m1n.1mum-volwae state are 

able to al'eommo.Jato .-:ons1d9rabl,! local dL3place.Jnent \11 thout large-saale dia-

placemer.• of' rr.!\t,•!'ial. '!'biG ia evidenced by tlw rapid decay of displacement 
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6. DIVISTIWIONB or PB~IU OF SIJJRml8 

During thie reportiDC }.181'1011, experiJDint&l. vert OD •sa llurt'iaa vaa 

continued to provide data zutcesaary ror the proper deetsn ot dieHIIination 

syatema tor al§lnts 1nvolv1Di thb tY'Pl' of liquid carrier. 

AcCUIIIUl.&t1on or rhaolopcal data on suapenaiona ot Sal in a liquid 

fluorochellical. wa:" contin•d to provide tnfomation nee~d for evaluating 

the 1"easib111ty of diaaemill&t.in~ nol"'D&lly dry, poWdered agenta throuah use 

or concentrated slurries. 

6.1 Properties or Eg Slurries 

At the present time, certain 11senta must be pntpantd in an eg slurry 

carrier medium. Disse!llinators !'or such liqUid agents muat provide tac1l1t1es 

to prevent aolidificat1on ot the slUl'l')' in the store Yhen the ambient tem­

pe.rature ralls 'belov the rreezf.ng point. !.mons the racton detenaining the 

nature of these f'acilitieo are the specitic heat and thel'lllal. conductivitT of 

the lllurey. 

Apparatuses ror determining theoe tvo thenaal properties of slurries 

were deaisned an4 constructed. The heat capacities ot the four trozen ess 
alurcy Ruplea received fro= Fort Detrick (W.E.S. #1, #2, #3, and #4) were 

determined as a fUnction or t~mperature. The thermal conductivit;r apparntwa 

is being c-alibrated at the preaent time, and mea&l.lrementa on these egg slurry 

samples will be completed in the near fUture. 

6.1.1 Specific l!eat of Egg Slurries 

The apec1t1c tleata or thl rour •sa alurey aampies des1goated. w .x.s. #1, 

/12, ff3t anc:t #4 vere determined. by the heating-curve method at intervals ot 

a\lout 1.3•c 1n the temperature range fraa 0 to 34•c. A measured quantit;r ot 
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tent• of a col.orimater and the te111PJratul'e responae waa recorded before, 

6.1.l.1. Theorz 

When n c.,nstunt current, I, under a constant emf, € 1 is maintained 

thro\.lgh u h~:tlltlnt~ evil for 11 pex·iod of time, t, the equivalent bent supplied 

to the culori~~~e ':.Cl' r::ll'f be calculated from: 

Q• 
(It 

J 
(6.l) 

vhere: J .. 4.134 joules/cal (the m!chanical equivalent of' ht!at). 

Thts qutmti ty "f heat cause a a riSC! in te•rature ~~r the calorimeter 

and 1 t;s cont.!nts such tl~t: 

vhere: U .. wtent 01~ liq"'~'l lil c-.lu.r·1!QI!ter (r:.m) 

cp • Cpc:ci.fi•~ heAt or liquil (eal/sm •c) 

f1 T ~ tel'll{JtO 1 .. ~ t·.n·e r 1 ~,., 

(6.2) 

Cp "' UVCl'll£1:! heout ¢11.l&Ci ly of the C!l:\lOt'imei'..er inClUding 'container, ther• 
romr;t.P.r, sttrret", etc. (cali"C) 

6.1.1.~ ~.:ntu~ and T~chn1que 

1'hc c~c1f1e heut ot' thP. egg alurry samplt's vas det.el'lld.necl using 

1 MhP.s of Gtyrof.) r.m, J n t!Q'Jlpped vi th a glooa st.irrer, Bec:kmaM differential 

Y!enoomet..er, and ,1~rsion heater. 
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Prcrper attrrtns cond1 tiona wre date:rad.necl experi•nta~ in or4er to 

ineure a4a<lUilte llixlnc ot ;the Davar content.•• pre,.nt coasulaticn of tbe ag 

protein on tM lurtac• ot the heater, and pre~nt f'oamina of tbe •lur%'7· 

The llcckmun d1tterenttal thel'JIIOIIIttU u1ecl to ~~taaure temperature riae 

has a 6•c raJ1818 and u reaclable to the nearest o.oo2•c. The abeolute t.a­

parature or the alurry wa detel'lllinecl at tbe besinn1ns of .an e~n•nt vi tb 

'!be heating ele~~~tnt b a llllllll reaiator of approxtmatel.7 150 ohms re• 

aiatonce. The resistor mel ita copper leada a1,. c:oatecl vHh apo~ reain to 

prevent deterioration. The heatl06 c:1.rau11o ~onaiata ot' a cl.c. powr auppl:y 

operated. off a constant vo1to~ tranafol'llll!!r, o ditterentia1 voltu.ter and a 

ad.lliaJ~~eter aa shown schelllltlcally in rtsure 6.1.2. The voltmater can be 

road ta the nearest 0.01 volt ancl the Alllllltter to the neartlt 0.001 ampere. 

In use, 4o.oo volts wre lmp~aaecl across the resistor resulting in a cw­

rent of o. 268 ampereo. 'nle duration or the hentina cycle, three minutes in 

all experiments, wo ceaGurccl to thtt neareot o.o; seconcl. The heat produced. 

resulted in ll temperatiL"e rise or about l-3·c. 

The average heat capacity ot' the calori~~~eter, CP 1n lquation (6.2) 1 we 

determined froa experiments condueted Vith double dtat1l.led wter. The a-pe­

oitte beat or vater aa a funct.ton of temperuture ia well lmoW, and the 

value at the llWIIU\ temperature at each eJCperiraent vas uaecl in the calCUlations. 

By delivering o knovn lllll)unt or electrical enerQ" to the calorl~~~tter t1lle4 

vith an accur•tely weighed. quantity ot vatcr~ the l:aat capacity ot the eal­

on•ter coul4 be detel'IILf.ned croa tne temperotu.re rue. Az1 averaae value or 
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20.29 ! 0.10 calrc vaa determined rrom six !lllt8~nta mau at temperatu:e1 

.in t.he l'8ll&e rrom o to 34•c. 

From experi•nta conducted belov room temperature, a plot or ~ tea• 

perotu.re or the calorillltter (Figure 6.1.3-a) will ahov a gradual rise With 

time both before and after input or electrical. energ. 'lbia rue 1a dUe to 

heat. input troll the S\U'1"0\1:1dings and. frolll stirring. Plota from experi:l=nta 

conducted. abovo room temperature Yill shov a araduol tall in temperature vith 

time (Ftgure 6.1. 3-o). The t1ftl rote of ohanae or te~D}'erat\u'e ciuring the 

fore and after periods was found to be small and constant for a particular 

tezaperoture interval. under c:oncU tiol\l'l ot greatest extren.eoua heo.t i.Irput 

(calorimeter temperature near o•c), the rate of cbansa wa round to be 

o.oo)•c/mtnute \then monitored oYer a period or 15 hours. With this 8111811 a 

drift, the observed temperature rise of the calorillllter during the heating 

cycle con be corrected for extraneous beot. pin or loaa as rollova (aee Fig­

ure 6.1.3 for notations): 

where: t 2 - t 1 • length of huting ::~role in seconds. '1'o obt.in tbe data 

neceeaacy tor thU calculation, the tempersture reapanM vu recorded tor 

a per1.od. ot :rive lllinutea before aDd atter each run. Temperature rea41naa 

vere t.aken at t.b1rt.~-eecond intervals durins the tore &nil atter pt!riodJ u 

vell aa during the heatina cycle. 

The specific heat• ot the eg slurry a-.plea vue deter1Dine4 at tea&pera­

ture tntervaJ.a or about l.r c tc tlut range traD o to 34• c. The upper Ullit 
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to 

a) Calori~~~~tter Below Ro0111 Teaperature 

a) Calol'iJIIeter Above l1oaa 'l'eaperature 

FiatnB 6.1.3 'IDPIRA'l'tJRII! RESPOnl ctiHVI IMWIQ 
SPICD'IC HEAT lmTIJIMilfA'l'.tOl'fS 
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. ot 34• c 11 set b7 the coasulaticc tnperature or eg prot.elA, u4 the 

lover lilDit by the tr•••ina point ot thtt •1Ul'l'7• Duplicate detel'llil:lat1011t 

at ra111lc. temperature• were 1!114e peno41cal.l1 to cheell tor the exiatence 

of a systematic error, but a&Teement vaa sao! in all cuea. 

APProximately tvent1 detel'lllin&tiou were llltlde vith eacb particular 

•A alurl')' eupl.e in thta temperat\ll'e range. 

Slurry auplea ot 300 - 500 SJ11 were lllecl in order to reduce error 

due to evaporation. Veiaht 1o .. na determined bJ veiibiDI the cal.cn­

meter vi th alWT7 betore ar4 atter a set ot runa and waa tO\lM to be 

negligible (le,. than 0.2 percent). The slurry auplet were kept trosen 

UDtil the tilllft or testing. 

6.1.1.3 Exp!ri~ntal Reaulta 

Val~•• tor the tpeeitic heata ot ~ tour egs alurl'1 -..plea 

deaipte4 W .B.s. #1, #2, #3, &114 #4 are plotted aa tunct1on ot temperature 

in Pia:ura• 6.1.4, 6.1.5, 6.1.61 add 6.l.7 retpectively. '!he ltraiat&llD•• 

thrcusb the point. were ca.l.culated b)' the 118thocl ot leaat squares end. appear 

to be u 14equate repreaent.ation ot the data. The ~at dniation troll the 

strai&ht line vea about 1. 5 percent. 

The spec1t1c heata ot 'll.E.s. #l &D4 #2 were roc=A to be uaentially 

conat&llt ever the temperature raqe t:t'OIIl 0 to 34• c, the valuee beina 0.86 

and. 0.91 ~tJ.fp.-•c, raipectively. Sample V.i.S. #3 exbi'bitecl au iDCreue 

in apecit'ic beat Vith 1nereaaiq temperat~.&n (0.98 at o• c to 1.00 at 34• C). 

The apec1t1c heat. ot V .B.S. #4, an the other hADA, decreased vitb increuiac 

temperature (1.00 at o• C to 0.9() at 34• C). 
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6.1.2 Thermal CODduct1Y1ty ot Ess Slurriea 

A method tor measurina tile therasal cOD4uct1v1ty at eg tlurrtea 

has been aeleeted. An appal'&tua has 'been bUilt &Zl4 currently 11 beUJ& 

calibrated. '!'he prel.11111nary dea1gn eonsideratioaJ &D4 de~• or cac­

struetion ot the thermal conductivity cell are presented in tbia report. 

6.1.2.1 Theory 

Tbe 1our1er heat conduction equation tor one~dimeneioaal stead¥ 

ttov 11'1 a homoseneoua ate<Uwa can be written ae: 

dT 
'l • - KdA (dx) (6.3) 

'l'nu etua.tion etute11 that the steady rate ot heat conduct10D1 q, is 

~~~portion~l to th~ product or the croea-aectional area, dA, normal to the 

tlov_. an.t the te~ernu.re gra41eot. (~), &long the cOIXluction path. Tbe 

t~erm~l eondur.t1~1ty coeffictent, K, ie the true thermal conductivity ot 

tu D'IMium Al·i u detined as the heat tlow per unit time, .-r u.ni.t tempera-

ture gr~~l.er.t. t.nro!J6h uns.t th!.ekneea and acrou unit cro11-aect1on&l area. 

In metric un1t~. K ViJl have the dimension•: 

cal ~ em/sec c:.m2 °C. 

The 'lle'-ll thera111t condu<'.tiv1 ty ot a material U given by: 

(6.4) 

!'ot.l'1 the m-,&n IL'l~ the t.rue "hermal conriuct.lvity ot a siv•n •t~tr1al vary. 

vtti'l te>!llpeU~UJ'@. Tho relation 'between th~ true al'l4 =-an thermal con-

- 56 • 
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rar sall p&th lengths, Ax, K may 'be ccui4ere4 to V&r'l linearlf with 

temperature. r, rrA.7 be •••ured at the arithealet1c !IUD ot tr1 .:¥\ tr2 

to give lC • X.· 
A literature search ot !llthocla tor •••\ll'iDI tbenaal cCD!uctiviey 

ot 11ql&icle reveale4 tll&t the aaethod ch~ must provide cme•clilllltuiOII&l 

beat t'lov vt.tb nesligible D&tural. convection in the 11qu14. Pr<111 tb11 

survey, it appeared that nat.W"al. convection could be ellllliD&ted. aoat 

r...Ulr by encloaina the liquid alurry in a thin horizontal caniSter am 

aupplying beat to the caniat.er troa the top. Either adequate inaulation 

ot the vertical edpa ot the can1ater or the uH or prd beaten can 

reduce concluct.ion in the horiZontal direction to a negl1&1'ble value. 

6.1.2.2 ~rimental App&ratua and Technique 

P1sure 6.1.8 .tlova aabeutically tb• cg~~plete4 thel'lll&l caa­

ductivity cell. ~o thin canietera are tormed by the three copper diaca 

vhioh are flncloeed in a 1.&1·&~: diameter !.u.o::;. te tube insulated vi th Styrotoaa. 

The upper caniater 1a tillecl with 1on-rr.e water, the thermal ccn4uct1vity 

ot vbich 1e knCMt to within 0.6 percent, vhile the lover canister 11 rtlle4 

Vi th the eg alu.rry W14rtr teat. Tbe cell U heated trc.a the top vit.h a 

d1ac-tY1Mf heater an4 att.er pauing thrQU&b the tvo liquid la7en, tlw heat 

la l'ftiOV'ed by the heat aillk. Conatant-~mperature water auppl1e4 traa a 

large, constant-temperature reaervo1r, which 1• thoroushlJ insulated v1th 

Styrofoam, 11 circulated throusb the heat sink. 

With this arrangement of the cell, thel'll&l. ccmducti v1 ty ot the lll.\U"f'J 

suple au be deteraained tr014 the te~~p~rature ditterencea acroaa ncb liCl\d.d. 

( alur~ and vater) and the thera.J. eonclucti v1 ty ot the vater at 1 ta IIIHil 
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tellperature. 'l'h1a relatiauhip ia ilertve4 aa to.Uove tor one-dilllllila,:LQII&l 

beat tlov ( 1. e., ne&l1&1bl• beat los11ea thl'®6b the val.l.t): 

tl.r /1rr
1 

q • JC, A fiX., • K1 A "'[;X (6.6). 

where q • heat tlwt tbrcuah tbe eell 

Thua: 

and: 

K • thel'llal. oonclueti vi ty of vater v 

K
8 

• thermal eduati vi ty ot 8lW'r1 

~T • temperati.U'e drop aero .. the vatel' ~r v 

~Ta • teaq~erature drop acroae the tlurey layer 

A • area throuab Whieh heat tlova (equal tor both l1qU14e) 

6. X • distance between the dtaca {equal tor both l1qu14a). 

(6.8) 
'l'he temperature c!rop &el'Oie each liqUid vUl be llleaiW'fld. by copper-

couatantan thel'lllocouplea buried in the aurtace of the copper d1aca. 'l'he 

thickneaa ot tbe l1qu14 layers oetVMn the copper 41aca 1a 0.254! 0.001 ca. 

\11th a heat nux ot &bO\It 7 cal/nc supplied by the beater, a temperatUN dit­

terence of approxiJIIatel)' e• c Will be created across each l.a)rer. 'l'heae te~~pera­

ture ditt'erential• can be IIIM&ured Vith u acou.ncy ot .:!: 2.5. if the maxiliiUil 

error in 1J'J111v1dual. themocoll;ple rea4.1Jlsa does not exceed! 0.1• C. 

The accin-aoy ot the thermal conductivit;y meulll'ell2ent8, theretore1 Vill 

depencl largely upon the ab1l1 ty to 1118&11\lre accuratel)' thea• ama1l te~q~erature 

differencel, '1'o insure ttaxilllUII accuracy, _nab of the thermocouple• 1D the 
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nJereury ther~ter. The aalibrat~on curve obtaine4 11 SiveD 111 

Ftsu~ 6.1. 9. Ttle d"ta pointa f()f' all s1x tbe1'110Coupl81 1.18114 in tbe 

tltttcs are plo1.ted ln thu t1f:l\U"t. The 1DIX1WII d.ev1at1on trca a ttraisht 

11M through these pointe 11 1&11 than 0.005 IIV> correapoo41ns to a aau.i• 

awm temperatw-e error ot leu tb&n 0.13 • C. 'l'heretore, the de tired. 

~r.cUX'lley 1n thermal conduct1'v1 ty valaes should be obtained.. 

The thermoco•1pl ee were c.&hbratltd over tbe tersperature rqe of 

Eac.h Of tile C'-'Jlper dl GC 5 h&a been lapped &lld plated vi th nickel 

to p~"event ~orro!.'ton. The two thermocouples in eac:b disc are placo4 

r~1Jal neat fle>v 1n the clUc:e. ln ldcl1t1on, a thermoeouple 1a placed. 

!It tht" !uo:!Ac.e of· the L·~cit~ V&ll b.alf'vay between the tvo discs to 

permit ev&.l1J.Ilt1on or the r!P.did heat loaae• !'rca the liqui.cl ~·r•. 

Theorl!tt.cal calc:ulat.ions r..'"~'IW' that the&e rl41a\. 1oaae1 Vill be 

r.e~~g1blei ho~vtr, experimental verification of tbia theoretical 

c·t.,aclu.olon vH:O. be obt&l.ncd through the uae of the additional thermo-

c;,~:.plea. 

DeterJJ1r.&t1on of the thel"!D&l conductivity ot the tour .•88 al.uny 

a&iapha de818f\Ued W • .E:. s. #l, 12, #3, and #4 ahoul4 be coarplett4 ill 

t..~• very near tu.tu.re. 

- 60 -
Page determined to be Unclassified 
Reviewed Chtef, ROD. WHS 
lAW EO 13526. Section 3.5 

lJate: JUL 1 9 2QlS 



... .- ... ,. 

u 
u ... ::·-
u 

f tl 

r • 

I 

I 
, . 
f 

1: 
1 
~ 

r 

1.4 

1.3 

l.~ 

l.l 

1.0 

0.9 

'0.8 
~ .... i 0.7 

0.6 

0.5 

O.lt 

0.3 

0.2 

0.1 

0 4 8 

FIG!.IRJI: 6.1.9 CALI.BnA'l'lOll CURVI raR G COPFBR 
C:<rfSTABl'All TJJIIOIOCOtiP1. 

- 61 • 
Page determined to be Unclassified 
Reviewed Chief. RDD. WHS 
lAW EO 13526, Section 3.5 
IJate: JUl 19 201! 

-·· 

:~~~-~ • . 
-~-~ -~ .. 

"• -~ tf 
-·- --....• 

1 
1 



lu 
u 

.J 
J 
~ 

" ,J 

M ; 

u 

l. 

l 
l 

f' 
I 

r 
~ 

__..._ ;._..,..• 

~ --· ._ ... ~.--

~ ___ _, ___ _ 

¥fheologica.l l3ehav1or at Sill aJ.u.rriea 

Agents availabla as finely diVided povders conoeivabl;, can be diaaenai• 

nntecl from a store of the dey matez:ial or r:a~~ thick Glurries ot the powder 

in :1 ce.mpotible carrier liquiJ. 'I'ha fensibrlit:y of either Gy-otem depends on 

t'nc1".or~ !,;uch 0.10 nwnber or viable orgu.ni:.>ms per unit vol\llll8 1n the &tore, 

mnlntent~nce of via.b111t:Yt cnera;r required to tmnsport 111aterial in the store 

.to !i'i:it lJOrt, flt'lV r11tc~ obluin!Lble through cx1 t pcrt 1 lllld extent to vhich 

r!··:.: ·tc~emi ne the rea.oi'bili ty of Uoin{J suspenG1ons Of dey o.gent1 in a 

r3 •J••l, :m i:J•tc:nr_;rv.lnn hew been 1110de of tl•e rheolo~ical properties ot a 

~-lmul~.nt 'Jecr.t i1: n comflut~IJLe liquid. !-'low r.h\lrncteMatics have been 

lit!·.c::d.::e:: r:: :, Lw...:~~on or :tolids concent.rot1on1 tempcro.ture, a.nd. si~ar 

of fJ mr ''' te .: t.;o:r.J•.I{;h ~·lt:E::; anu Ol'l fH fur g1 ven <lrivine; [lntllSUniS, 

[o du'.e, ~llc l'lov t'!IM'O.cterl::tic!l ac. a function of coUds co:lcentration 

:.:v: -..;e~:u .dc~c:r~lnaJ ror :;lurrll~:: of Sm in I"C·75, ~ f.luorochemic:al l:lquid 

''!".!l'.l!'~~t·t .. ru 1 ...• 1-!inr.e:::-ntn l·!ininlJ ar.d f~lnufacturin~ Co. DatCl have been obtcinecl 

~:-: the •.em~cn~~u1-e t'unee i'r:l/11 20 to -2o•c o.nd 11t chear rote' of 3 to 350 sea·l, 

Th<: o;';.'arotur. uac<l !.n doterminin(! the t·hcolo&ical properties ot Sill 

;.'_un .le·· :!.,· ll:l" rot.-..tint3 ~c-.f.lXitll cylinder viscometer shov11 in Fi~ 6.2.1. 

! ~' ' 1\! 1; ~·~\.!';; S':.~.c- !..j: lndei <.'u.lled the CUp, ']'he COb .il> driven by zr.eana Of 
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ia llllt!!" 111 the aa.ll amwlar apace bet.wea tbe cup aad. bob are it it 
shaare4 undl!r a eoutant torque appliecl to the bob. Beaauae thick Illume• 

can exbibi t the prope~ ot W.mtrop)' (revertible g~l-aol-8111 tn1111'cmitf,~) ·· 

it 11 daairable to ••eure bob re"t'Olutiou (proPQrtional to ibear rate) on &­

tba baae. To accozapliab tb11, a retlecti ve coatins has been placed oil U:att 

set sc:rev vhich holds the bob 111 poat tton on the drive ahatt. 'l'he retlaetor, 

rotatina Yith the .,.. anguJ.a.r velocity aa the bob, reflect• liabt troll a 

pencil source to a pboto-fllectric cell. The eloctrtcal pulse, generated 

once eacb revolution, ia IUIIPlitied end recorded on a tiM ba .. uains a Brullh 

amplifier-recorder ayatem. In thia 1118!1Mr, 1 t U poaaible to ~termine ebanp 

1n vtacoa1 ty w1 th t.i• ot sheartns. 

The vucoaater cup to oubmerged in a s111111l temperature regulated bath. 

Control of te~q~erature 1a accompliahecl in u larger temperature ~th equipped 

Yith a sealed plat1nua vire to a mercU%7-type ther111U"881l].ator vhicb control.a 

the operation of a submersible heating ele•nt. Liquid from the l.arp 

constant temperature bath U circulated tbroush the small viaco•ter batb by 

meana or tvo small centrifugal P'WI'JPIS to 11111intatn t.be 4estred temperature :f.n 

the s..all bath vi thin! 0.02"C. 

Investigations to date have covered a temperature range ot 20 to -20•c. 
Tem:perature below ambient are achieved by circulatina alcohol from a dry ice· 

alco.ho1 bath through capper coila in the large temperature bath. AU components 

ot the ayatem are well tnaulated to prevent exees•1ve beat lo18. Plov of the 

coolil1& liqui.t in the larp temperature ·bat.b 11 regulat.H to provide a 

tl!mpert\ture sligJ:Itly lover than that desired and the tbertla)regul.atol" an.d 

Mate1• provide the rlnal control. 
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1'h• tvo coa!pODent pete ot ~· aJ.u.rrt are IC-75 (CfluP> u4 s., tbe 

biolesical aaent 1111\ll.aDt. These ater1,alt &I'll veigbecl Oil Ul aaal1t1c&l . 
balUce to paYicle the 4eat.n4 aoll4 to liquid n14(bt ratio. 'l'he llqui4· 

tol14 aixture 11 ·then blende4 V1 til a al)ecially dei1FI4 ~r stirrer. 

'l'he stirrer ia equippecl Yith a rouDd.,. perforated elite. U.tn& thit 

technique 1 t baa been poeaible to 1111x the tlu.rr,y thorousbl1 vi thout 

eauaiq Air entrainment. The veighin& aDd llixing ot the •liUTJ cc.poaenta 

11 c0114~tecl in the viac01111tter cup to eliiDi.aate the nee4 tor tran.terriJll 

tbe ~aaple, Tbirty 1111nutee u al.lovad tor tbe alu.rey specimen to reach 

tearperatur• eq.uilib.ri~ vith the vi~OMter bath oerore teatins it be!Wl• 

S• vei&bt concentration~ vbich have been inveatigat~ to date cover a 

raqe froa. 16.7 to 25 percent. 

6.2.2 E!f!71JIIental R<l~ 

easily clepicted by !lleana ot a conaietency curve vbi~ U a plot ot rate 

ot •hear ( i} &I a tu&:lCtiOU or the&r1ng a treat ( r), '1'he res\ll ta or tM 

preaenL invea~l.g&t10D are preaeate4 ill tbU lol'lll in Fiaure 6.2.2. It 1t 

apparct tr011 the shape ot tb"' conalateney curvea tMt the reap01:11e ~ 

these S. alu.rr1•• to a aheartns atreaa 11 complex. 

lfot apparent rrom l'iit.anr 6 • .2.2 h the tact that s.· in IC.75 ia a gel 

ayate. exbibit1ns a yield point. In other vorda, the cone1etency curYea 

intersect the ahear atreaa &Xis at a tiD1te, positi-ve value. The yie14 

pointe tor tbe varioue cODCeDtr&tiODI ac4 tG11perature1 bave llOt. been 

plotted 1a l'igure 6.2.2 becauH ot the extl'ttllely variable reaW.ta 11b1cb 

hAve been obtainq thuJ tar. In a typical expel'iHnt 1 t vaa tOUD4 ~t 

i the bob would not begin rotating until #utriaient torque vas »la4td on it. 

' 
) i 
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llben the critical torque vu exceeded, rotaticm voul4 bepll •lowl.1, thaD 

ceaee. .Add1t10D&l torque ,.. reqW.recl to ir.Utiate rotattcm asaa, out 

!110V81181lt vou14 aOOil atop. By Jr!l4~ increuins tbe torq,ue t.ppliecl, a 

value filially vai reached vhicb produced a llow bUt constlllt rate ot 

rotatloc. The correapoadlns aheariq atreee Ul4 rate ot ahear tor tbil 

cOD41t10D are the 1Dit1al point• ot the conaiateDCy curiea iD ftguze 6.2.2. 

Future vork will be directed at providinS a realtatic value tor tbe y1e14 

atreaa or tb.e alur.riee. 

Tbe y1el4 value observed iD -.ny alurey ayetn• it believed to be a 

meaau.re ot the torce ot flocculation per 1.m1t area vhicb exilte between 

suspended. part1clea6• 2 ·1• When the yeilcl nJ.u.e 11 exceeded, the tlocculated 

particlu begin to separate. Upon 1nc.reae1ng tbe rate ot shear, the aolvent 

vbi cb had been trappe<l vi thin the void a of the tlocc\llated. lll&terial 11 

.released ~ the realatance to t'lov decrease•. 'l'hia phenOCIIenoa givea rt .. 

to a conaiateney carve vhicb is convex towar4 the shear atreaa ax1a 

(I'igure 6.2.2). Thie t~ ot tlov 'bebador cazmot be repreaeated by a single 

viacoJity parameter aa 11 the caue vith Newtonian material• tor vbich a plot 

ot allearins at.re11 nrau1 rate ot shear ~1elda a atraight line pau1111 throUgh 

tb• or1g1n. For llevtonian m&teriall, tbe vUcolity 18 e.iiJ8le valued, i.e., 

r 
j.J. " i .,. C Ofll tan t 

were; tJ. • coettic1ent c;t viacoai ty 

r .. shear atreaa 

e • rate ot ahaar. 

6.2.1 Eirich, P. R., Hheology1 3, Acadetlic Pre .. , Nw York, p. 196 (1960). 
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'l'M eocatatel!IC1 ourve obtained Y1 th Sal ll1U'r1tl hal 'bftD tel"'le4 "qu.l1-

plut1c"6·2·2 a repl'lttent• =• or 1ever&1 different typee ot "DOD• 

levtGl1u" tlov bebav101'. 

Tbe tera &pp&reDt vilcoa1t;y1 "fl , b treqUIInt~ u.ecl 1D the l.Jivel'ti­

pt101l ot non-levtcmiaa lll&ter1aJ.a. Apparent viacoei t;y 11 cletined u the . . 

rat1o ot •h•anns 1t:re,. to rate ot aheat1 

r 7l•t 
It 11 apparent tr0111 tbe shape ot the curve• pre.-nted. in naur• 6.2.2 that 

7'l decrease• V1.th 1ncreaa1D& rate or shear. 'l'heref'OH, the apparent vtaoait.;y 

hu little lipitieance 'Wll.us it 11 apec1t1ecl tor a 4et1n1te cOD41t1on ot 

shearins stress and shear rate. 

A qu&litat1Ye statement c~ be made in term• ot apparen~ vilcoa1ty about 

the coneiatency curves presented in Figure 6.2.2. The apparent v1aa~1t;y at 

a given rate ot shear increaaea Vi th deereaains temperature and Vi tb increaaing 

Sm eooeent~tiou. Calcul.att!d apparent viseo111t1e8 .•t a rate or Sb.ev ot 200 

see-1 are preaentecl in Table ,,I. 

Solids Cone • 

TABLB 6.I 

Effect or Temperature &D4 Solida Con~entratioa 
on tbe Apparent Viacoait;y or 0. Slurr1•• 

(Shear R&te ··200 aec-1) 

( ~ by veisht ot S11) 
Apparent Viacoait;y 

(poiu) 
rrp 

2.0•c o• c - 20. c 
16.7 1.0 l.4 1.6 
20.0 2.1 2.6 3·2 
22.2 J.4 4.3 ,,4 
25.0 6.5 9.4 9·~ 

6.2.2 · Houvi.Dk, R., Elaatiait;y, Plaettc1t;y ana Structure ot Matter, 
W&thinston D. C., p. 10 (1953}. 
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Man)' t'ol'IIUlae eu be round in the llterature6·2·3 to de.IOribe the t)'Ptt 

ot eurvea obtained with Sal slu.rrtea. The Herschel aa4 Bulkley tormu1a
6•2•

4 

11: 

(~.10) 

vhere: t • yield at.reaa 

J?* and n • constants tor a givea eurve. 

77* 1a not the S&IM &a the apparent vi1coai ty 71 since n f. 1. The diiDI!naiona 

ot 'Tl* are "f.tterent t:roaa tboae ot 77, ao that the value of T(* cannot be 

expressed in poises. 

One or the objeettvea or the rheological bweatlgation ot s. slurriee 

1a to obtain such toi'IIIUla dGicribtns the shear streae-rate ot shear relaticm-

sh1p1 aa a t'wtction or tearperature &ad solids c:oncentration. With then 

tol"'llulae 1 t V1ll be possible to c:&lc:Lllate tlov rate11 throush pipes an4 

o:ritl aa a function ot driving pressure. 

A second obJect! ve ot thta study U to provide rheological data tor 

use in theoretical :anc! exptor1mental stUdies on the aerod)'MIIIic breakup ot 

these slurries. Equations have been developed and experimentally ver1tied6•2·5· 
6.2.7 t or p~1ot1na the drop size and aize distribution resulting troa 41sse.-

1nation ot Hevtonian tluida. Hovever, rl th ncm-Nevtonian aateriala the property 

ot viecoel.asticity Will retard. tbe bre&kup of' f'luJ.cl clropa. Thus, new theoriet 

v111 have to be developed an4 experimentally veritiecl tor theae materials. 

6.2.3 Reiner, J., J. Rheology!= 11 (1929). 

6.2.4 Herschel, W. aDd Bul.kley, a., Koll Z . .J2: 291 (1926). 

6.2.5 'l'urner, G. M. ud Moulton, B. w., CheiD. Ens. Pros., !2: 4, 185 (1953). 

6.:2.6 lluldyama, 3. and T!muava, Y., Trans. Soc. Mach. EDgu. (Japen) !: noa. 
1~. 15; i: no. 18; ~: noa. 22, 23 (1938-4o). 

6.2.7 Bitron, M. 0., Ind. & Ecg. Chem. ~: 23 (1955}. 
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Another objective ot the rheological inveatigation il to interpret the 

consUtency curvet 1D teru ot particle shape, particle-particle i.Dteractiona, 

am particle-liqW.<l interectiona. A lclovled&e ot the baaic tactora vhich 

determi.J;le the shear atrcsa-rate ot ahear reapcaae is neceuari in ord.er to 

alter the caaponl!tnts or the· slurry aytte• or to incorporate a441tivea Ybicb 

will create 110re cleairable' tlov character1at1ca. . . 
Efforts to.date have been concentrated on obtaining the conaiatena7 

curves shOVD in Fisure 6.2.2 and ln attempting tg represent these curves 

by a general!:ted formula. The latter vork U not yet aomplete. The 

prtliminary analysiS vllich has been done v111 be prcaented at thia time. 

Tbe Heraehel &ncJ Bulkle7 formula, Equation (6.10), has been applied to 

the Sal elurey consiotency curves with soaae degree or 'luece... Eq,uat1or~ (6.10) 

can be rewritten at follows: 

log e • n los ( T. r) - los 71* (6.11) 

It follows that a los-los plot ore vereua (7"- t) v111 yield a stra1sbt 

line of slope n alld. intercept - 1CJ8 Tl*. Several such plots ot data from 

Figure 6.2.2 are presented in Figure 6.2.3. Eqwt.t.ion (6.ll) appears to 

rep:esent adequately the consistency curves tor ahear rates 1D exceee or 
10 sec -l for all b1.1t the thiekeat slurry ( 25~ Sill by ve1ght). The theonti-

cally dete~ned yield streas~a used in obtaining the atra1gbt linea ot 

Flgur'! 6.2.3, however, at-e larger than the experimentally observed yield 

stresses l'ly a tact or ot at leaat two in every case. Theret'ore, the 

theoretical curves vill diverge from the experimental aurvta at a point 
. -l 

in tbe v1c1n1 ty ot 10 sttc shear rate &Dd Will a~roach the .shear atreaa 

axia more rapidly. Aa vas 41souaae4 prev1ouely1 tuture experitaental. vorlc 

will be directed &t obt.aining higher ~Meentrat1ons ot Sal in FC-75. 
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FIGtm! 6.2.3 

2 20•c t • 110 dynes/em 

Sm Concentration 
(Yeilht ~) 

16.7 
20.0 
22.2 
25.0 

APPLICABILITY OF RElATIONSHIP 

e ,. '\i)n to SM SWRRI!S 
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t1poD cbtaiDina thia ,tata,, turtl3er atteii!Ptl Will be m~~~te to represent the 

conaisteaa:y curves 111 •themtical form. tletenaination ot the. conatauta 

D alliS rr Equation (6.11) f'rCXII the curvet abovn in liSU" 6.2.3 bat not .. 
been ccaapleted at thia tillle. 

A. aecond approach toward. repreaentina the S. alurry coaliatency 

eurves haS been 11lveat1gate4. Again, t.hia approach is 11111 tecl to data 

obtainc! Gt. ahcar rate a 1n excesa or 10 aec: -l. 'nlb approu:h is baee<l on 

the concept of apparent vi seoai t;y 7l· When the apparent viseoli ties are 

calculate! tor various points on a single consistency curve and. these 

values ot 77 are plotted. a.gaiost the correapondina rates ot shear, curves 

of the type sbovn in Figure 6.2.4 are ob~ained.. P'r0111 a prelilllinar;y acalyaia 

or these curves, it appears th!At an equation ot the rorm: 

1 

71• k e -n 
vhere: k and n are constants, 

(6.12) 

represent• the data adequately st all temperatures ancl S. concentrations. 

Furthet"lllot'e, it appears that n dote not V&r1 vi tb aol1da concentration or 

temperature as evidenced by the equal alope of the llnee plotted 1n ltgure 

6.2. 5. An analysia ot the dependence ot k on Saa concentratiC~n aDcl tempera­

ture has not been co11pleted at thill time. 'l'hia approach appee.ra to offer 

con•iderable proaai&e tor attaining a senerali~ formula repreeentins rlov 

-1 behavior &t shear ratea in excess ot 10 eec , out doea not take into 

account the existence ot a yield point. Furthetr analys1a will be needecl 

betore adequate mathematical representation ot the rheological behavior 

ot theae slurries at ver1 luw shear rates 11 achieved. 
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'lbil inv .. upucm r4 the tlov bebavior ot Sal tlurri•• bu been 

aimplitie4 by the tact that no ev1d!f'a• ot t.hi.xotropy baa bHen eacOUDtered. 

in obtainins the aonaiatency eurvee. Meaauremente are pertormed by 

obtainlns ehear rates at 1ncrcu1ng and then decreasing sbear atre••••. 

'l'llt: up lUld. down aul'V81 agree very vall. In llddition, the l6.7c.' Sas 

elur~ waa sheared continuouoly.undor a 200 dyne/cm2 shear stro~• for 

3000 revot~tiona of the bob v1tb 'no appreciable change in appar~nt 

viScosity. Thicker slur1•ies vtll be tested in the same manne.r to 

verify the preaent opinion that thixotropic behavior is absent iu unia 

slurry syst.em. 

In ad.di tion to the f'uture 11ork vhich has bt:en mentioned in this 

d!scue~ion, it is planned to extend thie rheological lnve~tigatton to 

. -1' 
h16lJcr shear ''ates. A. rate of 350 sec is about the uppctr limit. for 

thu coaxl&l.-cylindt.:r rotationnl viA<H)fllet.e!• bet.ne; u~Jcd. At higher rateo 

turbulence and centrlfur,al effect a distort th~ rc sul ta obtained. In 

orr:ler to examine fl:Jv t;.ehav1c.1r at higher rates .:>f RheAr, capillary 

v1oc0l!let,•y v1ll be ~mploycd. using compressed nitrogen aa the drivine 

for<:P.. 
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7. DISSBMINJ\'r!Olf AND DEAGGI.a·1ZMT!ON STUDIES 

Durin(! tlt1a reporting period, \ll! have continued work 1f1t:h the high• 

su'baooic wind twmel in connect:l.on vith our stuey of' the uso of alipatream 

encr131 !or di:Bagl.omeration of finely di vlded aolid materials. This vork h11e 

included exPeriment EJ to evaluate the hi~h veloci t:r sampline system and 'llso 

mocll.f.'icnt.iuua o£ t.he uppurulua lu pennll cliGsentinal:.lon e:<pe:dlllanl:o Wit ir E:. 

siml.llnnt, o.s <lisc:usaed in ccctiona 7.1 n:ul 7.2 bol011. 

7.1 Experiments \11th the Iaokinetic So.mplinc Probe 

Experiments to detonnina the pnrticle ~ot.tpllr.g charnc"\.or1at1cs ct' the 

hiah velocity sompling prob~ hnv~ b~en mMc, u1.ili2incr the w1ncl tunnel and 

riston·type diD:JemiMtor di.;;cuc:.cd in cur provirus techn1cnl report. 
7 

.1 

In theGe !ltudloa, tuo typeG of tnle .• J.lishon 10 und :?.5 - 11ere in,j~·C'tP.i 

into the wind tunne1 \There the air velcclty uac maintained l'.l.t f.lach numllt!r 0. ~0 

The result in~ ncrocol waa then Gomplcd nt. a. di r~to.nce of ()1 em dovnrrtreur.t or 

the injector (10 ern upslt'C!t:un o~ the end rlf tho wind tunnel) vith the probe. 

Sinr.e the ueroool concentrutlon vnriell from top to lJottom in the tunnel, p'lr· 

t1cle size data were Qbtnim:id at t\fo vert.ical locntioM, o. ~ !' em and 1.$ em 

rrora the top tunnel wa.ll. A c:a.l1brnted vacuum pump loca.teci da~~nstrea.m of the 

sampling probe \18G reaulated SO 1ihat the appropriate flow r:•.te for iSOkii>C!tic 

flow at the prcJbe inlet vas obtained. orr-design conditions, 5~ ncv rate 

and angle of attack, vere alao investigated. 

7.1 General Mills Report No. 2161, Second Qwu·terly Progress Repor-t on D1s­
seminnt1on or Solid and Liquid BW Asants (Unolasaified Title) Feb. 13. 
1961, p. 35 (Confidential) . 
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'rhe samp~•• vere aolllcted on 76 •, type AA, M1ll1pore fi!ters which. 

hllve M 0.8 lllieroD pore size. In order to llinim1ze tht effect or particles 

aettlina in ·the samplins ayetena, the filter wu located at the pl'OW exit. 

In the particle size analysia, thd filters were dissolved in acetone 

nnd the resulting aolu.t1on waa extracted t'rodl the sample at'ter 11 pn!JlO.t"atory 

centr11'u~ step. 'J'he Bize distribution waa then detemined by using the vell 

known Whitby Centrituse technique. 

The advant:.age of using talc in these studiea 1s that it does not fonn 

strong osgl.OIIlerants. Thio iS important, since the deeree or agglomeration 

may be affected by both the dissemination and sbe ano.lysir:; Ilrccesses. Micru· 

scopic obaervat tons or the talc indicated that the particles consi ste•l or 

platelets and acicular both before and after dissemination. 

Control dAtil :>n the particle size distr:fbution or the two types of talc 

were also obtained by the Whitby Centriftl8e technique. Two flnal:rse& were made 

for each type .,hich ohowed good reproducl bility. They w~re averased tosether 

for c~parioon .,ith aamples taken in the wind tunnel. 

Figunt 7.1.1 chows the particle aize frequency dhtribution by mase. of 

to.lc:, !Uatron Hl, before &nd arter r.t1osem1nat1on at the isokinetic no,, rate. 

The data are presented as percent in the s12e ranue shown on the abs~1ua and 

ue plotted at the midpoint or the range. The data onow the bi-modal dis· 

tribution resuJ ting frOIIl the tvo ;!8rticle shape& observed unner the micro-

scope. 

StatiGtical data on the pe.rt1alet 1n each sample, the mass •dian rua. 

r.aetcn (J.t4D), geometri~ standard dev113tion (GSD), and rarcent by ma&s smaller 

than 5 mic:rcna are also given in the tigun. 
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It is felt that the data indicate that ~ aurpl1ns teohn1ctue empl.oyi~ 

in thU vork 1a satiat'actory. The small scatte'r iO· believed to be largely 
•' 

due to ra.adcm error in the spmpling and siZe ~nalya1a prccuaas . 

. A shirt in part1ale size distribution dua· to systematic errors result• 

ing fran ncn-lt~okineUc flov conditions is sha.tn in Figure 7.1.2. The flov 

re.te in both cases wao 50 percent or tr.e proper flow rate, whtle the o.ncle of 

attack in each cnoe vas zero and 5 degrees. At zero do~rees ungle of attack. 

·the r.nrnple va!l bi&:odtovard the la-rger particles, indicnt1ng thnt the omalle.r 

onu followd the d:l verginfi otreamlines 111ul'e readily than the lBrge vneA at 

the probe inlet. At c; det:rnes angta of att.at-1< there is btas towards t~tllf!ll 

llA~icles; ~very int.erestins ronult. It ia f~lt tha.t the inter1u~t1on lctltt!en 

the rlO'oi ::trenm.Unes and pnrticlo 1>atho o.t tllfl probe .inlet are quite compli .. 

cated 1,1nder t.hio ·ondttion nnd ve vill nC't atte11.pt to explain it in thi a diG· 

~ll:Jcton 1 Glnce lt ..,111 not be pertinent 1n ruture tests (Lc. 1 t.lw prr,be '.111.1 

iA mounted at zero angle of nttack in nll d1G~emlnnt1on ~tudlcu). 

F1gurco7.1.) and '7.1.1• sh011 the po.rticle size frequenl.';; d1Gt.ribut1on 

\'or tnlc, 141stron 25. In tltla ca.ue there ls very close .ugreement oot..,~t'n the 

1uoldl10tic samples u.ud tho ~ontrol. T11e ~latively bett&r correlation oh-

tained with thin matorial 1a felt to be due to the slll8ller particle she rrutge. 

The off -design data ot1CN !lfrlin the tendency t'or 'biats towo.rds lar~r particles 

\.th&r. 50 percent of the isokinct. tc flOW' l-&te is drnwn throuah t.he sampler ut 

zero ongle or· attnck. 

It nhould be noted that the M1stron 18 dataweoe obtained vith the probe 

at 1.90 em from the tunnel t.op vall., vhile that of MiGtroll 25 I.Wl't'! c•\..l'ltnecl at 
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0.64 C'lll. In atud)'ins tha iaokiaatic samples in each ca .. , 1t 8ftSU tha'li tbe 

l!Arti~le a1za diatrtbut.ion 11 quite unitona at both these lenla in the tun-· 

nel. 

Ai.ldit1~l experi•nts, similar to those discu.eeed he:e, viU be can .. 

ducted vith talc ~t tunnel Mach num.bera o.s ar,d 0.8. The results should make 

poso>ibl~ a stnt1st1<:al analysis of the randall errors aasoci!!.tl:d •'"ith high 

v•loc1~y ~ampling and thereby establiab the acouraoy of the sampling probe 

M~if1caucn of the Wind '.1'\I.Mel Apratua to Pemit Diasemination Ex­

peria:en+.s with ~~!· Sinuuant 

Du.ring this reporting period we have designed apparatus liiOditicationa 

t,c. pe nn1 t. T.l!e- :11sserat r.ati on r:£ S!1 siliiUlan~ -in the high-13\lbaonio wind t\Ulnel. 

·Iht rrin~1p!l.:. -:-hange includeo a elosed. t'ilter chamber, approximately one cubic 

mev. r ir. size, iolhich recei veG the discharge from the vind tunnel. 'n1e chomber 

1., of '~~~lded -!tlumtnum construction, and is llesisnod ror 11 pressure dif'feren• 

t1~1 ,r ~pprcxtmately 0.15 Atmosph•re, so ~hat high efficiency tiltering of 

the dts~harg~ air ·un b• accomplished. The filter opening haa an area or ap­

pt:.x!:r.~·.f'~:l 1/'.i ~te1·2 . Two lnyers or I.P.C. ruter paper will be used at 

th1a pc~nt i.O the syetem. The filter chr.amber includes a sealed. door tor ac-

wi; l pr:wid.a protect iorJ 'lg&inst diecharetng 9'1 ~~eroaola illto 1he occupied 

A~~~~ r &pp~;t>.t.:J~ znodit1catlon is the addition ot 1n•trumentaticn to 
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oa the willd. tunnel. Since th!a proeeaa takea place in about l/100 of a second, 

e. hish epeed system 11 reql.lired.. A MinneapoliS Hone)'Well Visicordar is em­

ployed which recorda the signal from a slide-Wire resistor whieh is directly 

:onnar.ted t:) the feedins piston • 

The nc0rd 1& obtained on a light aens1t1.ve ll&'Ptll' vhich rece1 vee a 

light oonm. fran !1 e;alvo.nomater in the recorder. Knowledge of the piliton dis-

p 1 !.ICt"M.ent "t"'T'3U;. time and the bW.k. dena tty Of the !Qml)lC: Of povder pe:rmi ts 

c:..I.C"~latio!t of the inGtantaneoua reeding :.:•.e 

Du!'! :'!3 the next reporting period, several experiments oD the diasemi· 

nstion of .:;c. simi.Llan~ are planned, including investigation ot the et't'ec:ts ot' 

powder mass flcr.r rute, bulk density, rr.;:ist~lre content, an·i r.dr velocity. 
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A brief 81:18ly51a haa been made to U]ll.ore the imlx>rt&Dce of the etfec• 

Un fillina 4ent1t:r, · Pt, on the aercd)'n&ll1c dras of solid •sent exter. 

nal atoree. The term P t 1i arbitrtarill" def1ne4 at tbe pl'Oduet of the 

mean bulk denait.y of the 1'1nel)' divided aolid asent anll the traction ot 

the total volume encloaed by the akin of the aireratt store vbich.ia 

oceupi'=<l 'b:>- the apnt. 
.• 
n-.e aerodyna;~ic study preaented tn our Secnnd Quarterly Progress 

Report8 •1 waa used u a uaai:l tor tb11 anal)'eil. Calculat'.Lona vere based 

on data given in Figure 5.1.2 ot Reference 8.1, on the dns of • MACA~ 

65A Seriea store of finenear ratio 8.0.· F1~re 8.1 sumParizet reaulta 

tor sea level fl18ht at 0.7 Mach number, tor illustrative caaea in which 

tile &gent payloads IL"e 1001 200, )00 &M lioo pounds. 

The influence of the effec~1ve fillinS dena1ty, {.)t, vaa found to 

be quite pronounced. Figun 0.1 above tne rapid incnaae 1n dras pell4lty 

wh.,~ Pr decntaaea to val\Je& 1n the range of 0.2 to 0.05 pfcm3. Ae an 

exampl•, ~ pounds ot a t1ne11 divided solid agent in a lov density state 

(assume a bulk deneitr ot 0.2) cont41ned 1n a store 1n which it o~euptea 

50 percent oi' the total volume ( Pr • (),1) would .reault in a dras of 

approximately 600 pounds. The a&~~~e .oa.ru; of aaent carried in R CODI!ISCted 

tom ( f:)r example, a bulk dena! t:y of 0. 5} in a store :Ln vhic:b- ·f01, ot the 

8.1 General MUla~> Inc:. Report No. 2161, Second Qllarterly Prosreaa 
Rel'OI't on Diaaemination of Solid and IJquid lJf Asenta. (Uhc:lasai· 
fled Title) February 131 19!511 pp. 69-SO (Confidential) 
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NACA·65A Store 
Length/Diameter: 8 
Velocity: M&eh O. 7 
Altitwle: Sea Level 

Agent Pl&flca4 
.. 400 Lb. 

300 Lb. 

200 Lb. 

0.1 0.2 0.3 0.4 

Err.ctive P'illins Density, Pt, fJA/cal 

FIOUHI 8.1 AERCI)YNAMIC DRAU VEP.SUB EmCTlVI FIWNQ 
DENSITY FOB SOLID ACltRl' S'rOD8 
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vo~ 1a 1'1lle4 ( P t • 0.35), voulAl renlt in • 4l11c force o.t aptii'Q1d.­

•teJ.¥ alto pouala, or ~ ar thtt t~t c:a••· 'l'hl :1lll1Jitratioa point• 0\lt 

tbat tbere ia a ~u'bltaDtial uceative to avo14 atON uaip Vh:l.ola reault 

ill very l.oV valwla ot Pt. Oil tbe other h&Dd, tbe tecbl:lical prol:JleU 

incurred in reaeh1DS veey hip value• ot P t (abO'Y8 0.4) U7 outwe1p the 

advantapa. 

~ re1u1ta of the anal.Y••• will be couidencl i1l i'\ltur. 111ork oa 

d1asemi~t1na etore concept aelect1on an4 ex»erimeutation on teedins 

techaiquu. 
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A aysteu study on the dila8lllinat10D ot scUcl BW aaata baa been 

initiated by the Syateu Azlalyai 1 Group at General MUla, Inc.I 

The 1nl ti&l vork bU 1nclude4 a review ~ tbe recent 11 ton.ture 011 

a~athematic&l mcct.el1 tor d1ttua1on ot the aerotol clouds, dhcuaaiont vith 

~~tetabera ot the Pt Detrick technical start and a stu4,Y -to ntabli~Jh aD 

appro&ch tor the t'irat detailed caleulationt. 

To &rri ve at an ev&luatiCD ot the ettectiveae.. ot a JW mialicm, a 

large nUIIIber ot t&ctora IIIL.llt be taken into account, 111clud1na dellveq 

vehicle cap&b1~1t1ea, vehicle attrition, asent do--se requir~ts, d11-

sea1na tor 11toraae capacity &P4 tlov rate, flight epee4 and. heis!at ot 

release, diaeeminatioo ettieiene)', aerosol ditf'Uiion an4 meteorological 

influoncea, aerosol pbytlc&l sn4 bioloaical dec:a,y, lWl& retention, &D4 

oth~r factors ~s•ociatecl With the end ettect euch as incubation period, 

dur&t1on ot 1ncaplcitat1on ar~ ~rtallt¥ ,,.te. 

The vorlc in the near future Vill be .reatrictecl uinly to invettig&• 

tion or target area coverage •• intluenced by the apnt cloeqe require· 

mente, Jl81!nt capacity, tlov rate, night speed., beigbt. ot releue, dit• 

semination etrioienoJ, aerosol d1ttuaion and decay. 

Tho above ett'ec:ts 'Ifill be 1nveat1ptecl throush an appropriate 

dittu1j on aaod.el • Varioua models* have been dev&lQpeel tor &tiiiOapheric 

*S.e for example: 9.1 Mateoroloa;J an4 At01111c Bners;y~ ABCU 3o66, u. S, Oov't. 

Pr1nt1ns Ott1ce, pp. 38-58, (1955). 

9.2 Band, M. r..J et. al., A Dittution-De-poeit1on Model tor In-J'll&ht Releue 
ot i'1 aaion fr&g~~~eJ1te, AJ'CRC·'DI-60-400 (JI.Wt 1960). 

9.3 Jones, s. P. and B. c. Stern. The Diaaallination ot Ant1~reormel Age11ta 
by .Maana of an &levated. Line aou.ree, OMl Report, {Aua.l957) (secret). 
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ot aro. Since tM ' ra:r1at1on ot grotl1'¥l level doNae variea over mint o~rt 

of 1DI¢tude1 thlt ean he couaidered &004 asree-nt. The IIIC4el uae4 in 

this inveatigatica . 'fiU te tbat developed by K. Cllcler, vhicb vaa recent}1 

di1cu.,ed with Mr. 7t.li.x Crav at t~:rt Detrick. The refinements to 'be 

1) It vt111 be auumecl that in.tectlon is propo:rt.ioaal to the 

number or partiel.-jlli th at 1ea1t one viable agent) that the lUJl8 retaina 

rather than the tQtl:&l. number ot viable apnta; 

~) It ~i..i.ll be aaawned that the cleca:y rate ia proportional to 

tne aurlace area r- the part1ele; 

3) Thed&~y rate will be aaeumed to clecreaae with incre&I1D8 

time. 

These retin~m:o:n~• seem reaaonable after a d1"cucaion with Mr. Bour-

l&n<l or Ft. Detrick.: eoncerning rec•nt expttr~ntal retulta. The diftu· 

sion mod.el with tll• se mocl1t1catioM ia be1ns prosl'&lllllled on a digital 

~~puter. The re•:Its of this computation will be plots or probability 

or 1ntect1on a& a W"Unction ot dovnv1nd distance tor varioua weather c:on-

dit1one and particlele 111zea. 
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10. Womt 01 LICWll AGD'J.' DI~ STQRI 

A:t the time l'ha8e II of tbia :pl'OJect waa D18Qtl•te4• Gutnl. M:UJ.I, 

Inc, YU l'et;18Dta4 tO COU14al" the potel:ltial extl:mal. nore-i2&n"1iJII C--i· 

:atiea or the AN/OBD·S Drone, betore .-lectin& the t1nal ccmtisuration ot 

the research prototype liquid agent cU.saemtnatins atore to be deaiped &Dd 

matlufaeti.U"ecl under this contract. For tld.a l'eUOD the delip phue vaa Dot 

1n1t1ut~d at the t~esinntns or PhaH II. Ac &lterMte approech wae wlected, 

which in.:l\llied al.lbcontracted st.wlies to be conducted by North .American 

Aviation, !nc~ IW1 Fairchild Airc:rat't and M.ieail .. Division. These studies 

were scheduled to preced~ the d•ta1le4 tlea1p ot tM reaeuch store and vel'e 

planned so aa to proVide data n•c:e11eaey to dateraine the teali'bilit:Y ot de· 

S1gn1ns a store vnich v&a nur·optilllUil tor u .. Oil .. .,.~ ~ aircraft 

and also the AN/!JSD-5 Drone, 
. . 

The tvo studies mentioned above vent cona14ere4 oeceseaq aince the 

AM/USD-5 does not currently have prov1n1on• ror external atona. Moclittca-

tion or the ving dea1an vas considered nec:eeeaq t.o provide thi• capab1l1t;y. 

The work atatftllnta tor theae bro atwliea tollov: 

l0.1 Work Statement • Stud{ at North Americ!D Aviation, Iac. 

Complete the deatsn re~1raaent1 tor a prototype exteraal atore 

liquid agent cUaaem1nat1on s;yetem. The result• all'eU, obtaimcl under this 

contract v1th General Mille, Inc. shall be \I.H4. The de11&n requirtJM.ota 

to be eatabliahed shall appl:y in•ofar u poeatble' to a unive%'881 stO!"!t: hav .. 

ever, detailed desip shill consider 1natallat1on ~1' the atore OA tbe Alf/USD-5 

Drone and also the r-lOCI) airpl&M~ which 11 antinipate4 aa a t .. t vehicle. 
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(a) Aa put ot tb1a wort, <!l.ta aball be aul:a1tte4 to Olln6ftl Milla, 

Inc. tor lJilrpoHe ot ov.l.u&tinc ccapatab1Uty Vith the dl'oae. 'l'&ese data 

shall conaia~ of prel1AiD&17 ·~c, weight aa4 inertia a.'l:arao'te:riatica. 

(b) COo~1D&te with Gellllrcl MiUa, Inc., the Arq Cbesdeal. Ooi'ps, 

and. the DZ'Onl Manutactu.·•er in oatablilh1.DS a lllUtual.ly ~t.eceptable store c<m• 

f'igw-atioa at. Gen.J'&l Mills, Inc. cl1rect1on • 

(c) Preparation or Layout Drav1np. • lA)'OUt clraY1np ot tbe extemel. 

store shall be prepared., vhicll ahall 1ncll.\da external pcmetr:r, detin1t10D 

ot cCIIIpODenta (auch aa tu.rbine, gellllrator, val'llta, pumps, nosale !UIIelllbl)' 

and actuators), controla and control aeqt~enoing, Jettison proYisiona, apnt 

.capacity, insulation, aS1tat1on anci heating ~ '!''\8.1l£t..nanc:e pro.,Uiona. 

10.2 Work Statement • Stu& at F&1rehilcl Aireratt and M1aa1lea D1V1a1on 

10.2.1 Conduct a at~ to provide data :teq\li:recl tor selection or extel'llal 

ato:n li:ze, v.iBbt and locaticm on the droDe vins. Data shall be prepared, 

sh0111nc the relattonah1p between the crt tical parameters, These data aball 

be preeented ae graphs, vhich shall include but not be limited to ttw tollav· 

1ns: 

(a) Drone incremental etru.ct\U'&l. vei!ht venu11 tank and wlon total 

loa<lec1 ve1gbt at a lll1n1lllUII ot three apanv1se locations. 

(b) rnoreMntal. drag o~ the 1natalle4 stores versus tank capac1t)'. 

(c) Nautical. Miles per poWld ot !'UOl VU8\l» uterual tank capac1t)' 

at a seleeted Macll n\llllber vith groea veisht aa a panmeter. 

{cl) Radius or action versus external tank capaoity at a llliiWina of 

three apenv1ae looa.tlono. 
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A 'brief stability aZI4 ccmtrol &llal)'lia shall be lll6dlt fol' each c=ti• 

SUft.tiOD atwUa4. Thil analp1a ahall. be hel4 to the lll1niJIUa r.qllirecl to · 

1naurt teu1b111 't7. 

10.2.~ AD 1nwet1gatioa or tba ovuall pertonsance ot the Aif/'UfJD-5 JlJ'OM 

ud one t&Dk 11ize, shape, and nisht locatell at oDe Villi station ahal.l. be 

j eonduetttd. The selection ot the atoN and the win& loeat1on tor IDOUDtinS it 

" 

• I 

r 
,. 
. l 

r 

shall be lllUtWlll.y apecl l.QOil betveen GeDertU. Mills, Inc. and l'aircbild Air• 

craft and Miaeilea Division. The pertonum~e data vill be pnaenta4 in tlw 

torm at a mission profile. 

A three-view dravins or the AM/USD-5 wlth the aelect.cl sto1-e 1netall&-

tion ahaU 'NI prepared. 

Load factors t.M. air lcado on tbe external ttore ahall be provided. 

for the selected store size, oh4pe, veight, &nd. vins station location. 

10.2.3 CCIIlpile -the intoration outlined below tor the Alf/USD-5 Drone. 

(a) An 1nvest1gat 1.on shall be lftade or the electrical power available 

on the AU/tlffll4 5 (on a tUlle sharing bllaia) tor furnishing the ntquired power 

to the external atorea. 

(b) A clra111ng of the AM/USD-5 on the launcher shoving the lllWlcher 

clearances shall be prepared. 

10.2.4 i'Urnitl\ en81ne o.~hauat temperatuN profiles at the tl1~t conditions 

vhtoh apply to the d1aaea1nat1on l"UD. 

Durin& thia report1ll8 period, the information requirecS undAtl' 1tea (&) 

of the work statement to No.rth JU.ric:&a Aviation, Iuc. vu recet wtl b3' OeDeral 

Milla, Inc. tor relealle t<l fai reh:1 lcl. It h anticipatecl that all of tha ettort 

eowm by both of the VOl'& atatements pre~ente4 above nll be caaplete4 durina 

the nut nportiq period • 
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11. SUMMARY AID COEUJSIOliB 

DID'iDI this reportilll period, Ph&H II of thil l'J'OIP'U vaa illit1.ate4. 

'l'hia phUe il\elu4ea ecmtiwatioD ot :reHarch in HVeJ'Il1 areal reLated to 

eolid aaent dia•emination (auch aa del1ve17, metems1 diuemination &Dl 

deagglomerat1on} and also includes completion ot the design requ~nta 

for a liquid agent store, deaisn of a re .. areh !DOdel and mamatactu.re ot 

o~ unit tor future tial4 txperi&enta. 

!xpertmenta have been initiated to evaluate the etteat ot expo.ure 

to hea~ air atreame on the viability ot Sill aeroaoll· Preliminary work 

indicate• approximately 8o percent kill of the or&aDiem• when expoeed. to 

SO•c fol' 1. 2 MCOnd.l.. Jutl.U'e experiments will be eondtu:tecl With a li!O~ 

refined appa.ratus to obtain 1110re dota1lec:l data (Section 2). 

All experilllent.al apparatus for the meaaureant of frictional torcea 

between powder beda and chanael walla b .. been developed. MeaauremeDte 

have been made vitn finely divided talc. It naa been poaaible to isolate 

a powuer characteristic Which 11 4ireotly proportional to the coetf1oient 

ot trict1on. ~a•urtmentt of tbe dyntmlc •081• ~t repoe• for S. powder 

have bf!'en made under controlled humidity eond.1.t1on•. CoJ-relatione with 

the 1110iature content have t~een obtainec1, which tJ1ov a tligbt depend.ency 

on moioture content {Section 3). 

Theoretical Gtu41ea of load tran~uJssion in particulate materi•l• 

have been advancec:l d\U'in8 thia repol"'tina pe:riocl. IU a reault, a ~­

llliaing experinlental tecbnictU• for 1118&aunMnt ot shear atrtngtll and cca­

pact1b1ltty eh•r•c~r1st1ct of perticulate ~~~~&teriala vaa conceived. A 

triaxial shear teat fixture 11 dueribec1 and aeveral epeci:tic cant o1 

terce tranamiuton have heen analyzed (Section 4). 
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~rimenta have beta ooDduate4 to further explore rtlul.tl tw. our 

eulier et\ldiea or fOl'ce U'QDU.Ja1or. in epee'f'-c arnya of material. 

Phot.osrapli.J ot 1111)*111111 iza tbeee ~ illwttrata the ettact• ot p~~ck· 

1na gea~~etr;y (Sectioo 5). 

The :Propertiea ot alurrtea of t1ro type• have been inv .. uptl4 in 

conetderable detail durtna tbis repol't1ns ~r10Cl. The•• type• an (1) 

1111 alurriea and. (2) alwTiea lll&de vitb Sa in a tluorocbeJaical liq,ui4. 

The work on ega alurr1ea baa yielded detailed information on aJ~ecitic 
~-

heat of tO\U' eq slurry L'tmplea furniahed b7 Fort Detl'iek. Apparatus tor 

evaluation ot the thermal conductivity of eg Uurriee bal bHn 4evelope4 

and caltbratGd. The rheolostcal behavior of Sill ilurrtea, 11184e vitb 

Minnesota Minins tluoroche•1cal liquid FC-75 baa been etudied in detail, 

ua1na a rotatin& coaxial cylindrical viecoaaeter. Curves ot shear rate 

vereua shear atreea have been obtained, aa a tunctior1 ot te~reture and 

concentration (Section 6). 

Progreaa baa been made 1n connection v1 th the atl.ldiet of the use ot 

Slipstream fn~rgy tor deagglomerat1on of finely diV1de4 mettrill~. 1be 

~ha~et~rtsttcs of a h1sb velocity iauk1r~~1c ... plinc probe have been 

studied by d1ace•inat1ng t1nel)' -tivicled talc i~·to the v1ncl tt.lJUlel. 8tu­

i1ea of the ertecte or aff-deaip operation ot the probe ehov tll&t in­

correct tlov rate and operat1on at an angl• of attack caul8 bialaecl ..... 

pling. Proper conti'Q.l of both of these factors 1a prov14e4 for ~ our 

system. MocUf1cat1one to penlli t uae of S. i.n the wild tunnel haft been 

designed (Sect1ob 7). 
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~ 1ntlu.Dee of the ertactive tulinl d8DJ1tr em the ael'od.J'DIIIic 

dra& of a Solid agent store hU b .. n anal18e4• Penaltiea in a)"Stema vbere 

the efhcu ve tillina den.t ty 1a leaa tb&D o. 20 . p/ cm3 were found to be 

aubatant.tal. The -.!va~pt ~ incn .. ing thit den.a1ty above o. 4o Hf~Vcza3 

are quite 1111no:r, and .mar be ol.ltve18he4 by other pro'oleld illcune4 (Sec­
tion 6). 

A llyatema ttudy bla been initiated. Mathematical modele for aerosol 

ditf\lsion have been reviewed and an approach fo; tuture atudiea outlined 

(Sectiotl 9). . 

Du~1ng the reporting period, work on the Uq\lid agent d11Uie1111Mtor 

includ~ initiation of two atudiee dealins with (1) c~plet1on ot the 

deeign l-equireme,tta and prepant1on of layout dravinsa, and (2) at.udf of 

compati~tlity ot atorea dea1gned ror manned aircraft vitb the AI/USD-; 

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

1 1 55 DEFENSE PENTAGON 
WASHINGTON, DC 20301-1155 

MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER 
(ATTN: WILLIAM B. BUSH) 

8725 JOHN l KINGMAN ROAD, STE 0944 
FT. BELVIOR, VA 22060-6218 

SUBJECT: OSDMDRCases 12-M-3144through 12-M-3156 

AUG 1 2013 

At the request of , we 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 
Room2C757 
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 I use to have access to have been deleted from the internet. On numerous occasions I 
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 infonnation you can shed on this question. 

Documents requested. 

AD 348405, Dissemination of Solid and Liquid BW (Biological Warfare)Agents Quarterly l2..-M-3 \~ 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,lOl.pages. Prepared for U.S. Anny 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 3467 51, Dissemination of Solid and Liquid B W (Biological Warfare) Agents, Quarterly !l-Af- 31 'f)" 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. Paul13, 
Minnesota. 
AD 346750, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly ll-AA~31'1(, Progress Report Number 13, 4 June- 4 Sept 1962, G.R. Whitnah, October 1963, General Mills 



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 12.-~-31'11 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 tz-.JA-5/C/ 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 1 ~-.M-31'-f? 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 12--M- Jl J'l> 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-M-Jf'f{ Progress Report Number Five, 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 CML2745. 

AD 325247, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly ,z.-M- ll a 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 12-.M- ~11.3 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 12-M- "'JI.r'l Progress Report Nwnber 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 Departmen~ 2003 East Hennepin Avenue, Minneapolis 13, Minnesota. 



AD 323598, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 12-.#- 31 rs­Progress 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 12-/H-315'(, 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 




