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'l'b:1. 'l!l1r4 QuarterlJ Preere" Report coven relearch on dl •• 1!III1ne

tloa ot .0114 &ad Uqu1d lIiI asent.. '1'2le obJect1ve tawart Vl21cb t.b1. 

rueucb 1. directed. il the dtftlopaent ot weapaD ay.t... tor Una-source 

cUaaero1natloa trCII high IIpeecllav-tlylq .nnc4 aD! \m.IlD14 aircraft. 

Prosre •• 11 reporte4 on M ex,ertuntal .t~ ot the etreat or 

eX])o.ure to heated alr .treue on the vial/ill t)' at 8. "'1'0.01 •• 

Re.ult. tro. experiment. CA the c~ter1.tlc. ot pawter. are pre-

8ent~. 'l'he.e InclUde lnvestipt!on. ot frictional torces betwen pCMler. 

and channel valla &n4 clyMaI1c IU1&le ot repo.e ar Sal pOltder. 

Theoretical .tudies or 10M tran.III1881on 1n particulate IDAtarill. are 

preseted and several .pecitlc aa ••• or torc. tNn.II1 .. 1on aft anal1:&cd.. 

Experimental lnvo.t1satloa., c0n4~cte4 to explore our earller tbeortt1eal 

re.ulta, are al.o covered. 

The properties ot slurrie., •• deternlne4 in our laborat0rJ lnv •• tl-

gatton., which lnclUde the theJ'lllAl properue. ot 888 slurry laaaple., are 

repQrt~. Inve.tlsationa ot the pro,pertiea or slurt!e. ot Sa in a tluoro-

chemical. l1Quid are prelentecl. 

Progre •• 1. reported on the vin4 tunnel inve.tigations or the U •• ot 

.Up stream ener&y to cleaglOl111e1'&te tinely 41 v14~ .cl1d materials. h

perimental relUlta on the pertormance or & bigb veloe1ty sampling probe 

are alao g1 ven. 

The rosulta of u anal,ysl. or the intluenC!e o~ the .tt~t1v. aseat 

i. preGenteci. 
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~. 11 tb,. 'rIa1r4 Q\aRterl11'J'08HII Report QD th. pzoojp'U or ",RaI'Ola 

on d1 .. eaa1nat1ClD ot 10114 an4 l1qut4 BV asent. be~ cClll4uctel un4er DomIne' 

Ro. Dl-U}.(l64-CML-214" "rbi, "..arch U 41reotllll t~ til. develcpaePt ot 

U .. ewd.nat1na atorel to be t!arrhd extel"ll&l.l.:y CD the 4011n17 a1reraf't. 

'Dur'1na tbil report1nS period, PM •• I or tbl, PI'OSJ'U va. ca.pletecl 

an4. the PMee II work val tnltiatri.. The obJective of !'hue II, 1n the 

t"lelcl ot lolid ageDt dilaem1.nat1CD, 11 t.o a4vance the .tat. ot lulavledae 

ln the area. ot characterlzation, deUv.1'1, lIetering, d1 •• etD1natlcm arid 

deagglaaeratlon ot the tinel:y dlvlded 80114 .. ter1ala to a polnt where 

dee1gn ~ .. re"lU'eh prototype h r .... lbl.. In the ft.ld ot Uqui4 .. ent 

d188em1nat1~, the Pha.e II obJectlye. 1ftClu4. completion of tba ~.lsn 

rCCll.l1remeata tor all extC'nal. Itore, 4 .. 1", ot the rel'&I'cb protot1lJe unit 

'l'he beetnn1na ot Pb ... II 18 Ichecluled tor 1 November 1961. 

'l'h1s report pre.ent.s prcJ8reae on a.verAl lltudlel Vhlch are betns c:on-

d.ucteel to reach tbeae 8oal.. Bec:auae ot the natW'e ot tM. Pl'OIr&aI, re •• areh 

.tu41el ln man)' separate f1eld. are 1'eqU1l"!4. 'l'he lntroductOl")" ItateMnt. 

ln each ""tl~ ot tM report relate the topics dhcuaaed to the overall 

project 
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2. S'1'tm OJ 'lU D'J'ICf or !OO8UD '1'0 IMS .ua S!BIAIII 01 'l'.II 

VIABILI'l'! OP SID AUOSOLS 

ID tIM proc... ot U .... aat1OD at • qat. troa Jet a1zoaraft, the 

pOllt bt 11 ty of the aerosol :I1x1Jl& to some cleF" V1 th tbe bwt ..... traa 

the enatne hal beeD recosa1lecl. Mlxill8 nth the pl ... 1. lIIO.t l1keq it 

the ext.m&l.' JlV dh • .,lI1aatiDS .tore 11 IIlCWltecl &!lo.. to aD oatu. In 

order to deteradne the illlPortan.co ot avo1cl1Jl& thi. 1I1x1ns, data are 

req\l1red on the lOll of viab1lity produced. 

It 1. known that both the temperature am the expolUl'lt tiu lntbeDCe 

thh 9rOCllrS'!l. H~ver, pre.,1oul r ••• arch on the vi.blU t;r 10 .... p1'04uo84 

by expo.ure ot aerOloli to elevate4 tetsperatw-e. 11 .. beeD in eval\at1118 

(1) the pertonl&ltce ot iDcinerator. and (2) the blo1061eal. deee, or 8.11 

aero.ol over the period. ot lII!nut •• to hwn at .liptly elevatei 

temperature, l~lther at these eases are 'artlc1entl), elo •• to the Jet 

plume probleM to provide usetul 4ata, 

An ekp.r1mental 8tudy va. therefore initiated by General Milla, Inc. 

to evaluate v1&b111ty 1088ee produced by ~xln8 S. aero.ol. Vith b •• tIt 

ai r at te~rature. frOll 75- to 200" C Vi t~ exP081.U'8 duration. of one to 

tvo aeena. 'l'hue C'0n4i t~.ona are beUeved, to be or greateltintereat 1n 

cOMeetlan V1 th thf! Jet plWD8 problell. 

A cClalpArt.t1ve approach 11M selected 1n which suplee are collected. 10 

tva All-Glaal Impl.ra (,OQcurrentll~ one sample trOll tale he •• .. roaol 
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OBit or the .. ro.~ .tn._, Vb1l. II! .. \1&1 qUlllUt;y or I'OOII-tltllplZ'a"\~ 

&11' IfU 1nJecte4 into th. cClDtrol .tre... The f1rlt H.ult. Ibawec1 veZ'J 

!ubstant1al ettects. Approxilll&td, 80 perceat of the uro.o1 vu killed 

when the av.r. tetaperature ot the heated .treu va. 80- C, Mel the 

durattoc of tn. expolure va. 1.2 aecon4.. In light or the 'bort expoaure 

tn., thU 4eSree or loa, wu con.iel.reel qll1te lUsh. However, it "". 

ob •• ned. that thl0 method. ot heatillS the aero.ol (by inJection of hot 

_i r) reeul ted • n a local hot reston in 1fhll!h the aerosol va. exposed 

fo!" a very 8'11&11 tr&<!tion of the total ti_ to a tealperatW'e ot 

appradtately 175· C. For thU re .. on the clelian of the apparatu.a 

va. lIocl1tted to prOVide unltora temperature al.q the expo.\lre path 

before sd41tloaal data were taken. 

Tho flnal apparatus 18 sbown in l1gure 2.1. The aero.ol 1. 

generated Iof1th a nebulher and. introduced into a sla •• carb07. The 

.erolol .trea. rr~ this carbqy 1. dIvIded lnto tva b~be. and 

injected. into the heated. and unheated all' .tream8. 

Several. op.nll18s bave been provIded. ao that the ettect ot VU'11ns 

cxpoaw-e UIIIS can be at.u4J.ecl. 'l'be inatNIUntatlOD lnc.1\.111 •• pl'ov1aiona 

tor cODtro1l1ns the electrical input to the heater an4 &lao me •• ur~t 

of the te~rature ot the .1~ .tre ... at soveral locations. 

Exper1l11Cnt. vith the apparatu.l Ibown 1n I'tsure 2.1 WiU be c0n4uc~ 

durillS the tourth quarterly teport2.na period. It. 18 aat1c1p&tad. that 

~ta vJ.ll '0. avanable tor the next tecbDic:al. report, cove'riDe a range 

ot teaJleraturea "p t.o 200· C. 

- 3 -
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I Ii n . 

3 • IUIIIDGlIP1'B 01 'l'III CHAMC'l'IlUftICS 01 PCIIDIR8 

3.1 Pri.aUaaal Poree. s.tvMD PMtn 8114 a.azael w.u. 

ODe or tbe maiD tet41ns tecbll1qu.. Wl4tr cCD.i4llntlcm ill 

thI1 dil,n1nation Gtw1;l 1:1 the piatoc tee4er. A Jmovle4Qe ot trtctlOZU1l. 

torce. bet_ea pCMlel'l 8Dl dJ,&aaItl vall. 18 Y1 tal to tba evaluatloa ot 

the tt •• 1bll1ty or th1. approach. 

Spencer, Gilllore aa4 Wlley3.1.1 dey1H4 • techlllClUI tor 1t~1nI 

toreBa betwetUl graaw.l.ar pol)'lDlrl aDIl chumel valla. 'lbb tecbD1q~ 

hal beeD 1mre,t1pted clur11l1 thl, l'OpOrt,lD1 period u.lq talc pCMler • . 
'rhe l"GlulU 1n41cate that a 1IOIlltlcation to t.hi. approach 11 rellm", 

when Ituclylne very tlne powden. An alternate apProIGb bat beeD 

developecl. 

3.1.~ 1h-ary or Spencer, Glleore aDd Vl1el 

Spencer, GllG10re and 1I11e1'. theoretical der1vation cODa14el'8 

a plug ot po\IIler contine! 1 n a cyl1nc!er 'If1 th a piltoo at each encl u 

111~8trate4 in P1S~ 3.l.1. 

LI 14x~ 
_~'~; __ ---:-' ____ '''''',_,l.-. __ _ 

• I 'I 

.' . 
YA~---V 

/. . 
I I, 

. I 
1 .1 
I 1 
I I 
I 

,_~o...-._ . _______ -L..--.:... ______ -'-....;;.L_ 

Pieure 3 .1.1. P1.tOD-~l1nder Exper1mtntal Set-tip 

].1.1 9peDc:er. H. S" Gilmore, O. D., 8114 "1187, R. M., Bebav10r of 
Granulate4 Poll'!D4tI" \.IDCler're.,ure, J. Appl. Phy •• 21, 527-531 
(1950). --
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'4 1. iJlI force nealllAl7 to Ul1Uate 1IOVeIIIIl' ot tJw »lUi 1114 '1 1, 

tba ,.edIU". toree. The trtottoaal. toree )lIZ' paZ't1ale at tU vall I. 

jJt. vtae""JA 1. tbe cOIma1at of tr1ctioa bltwelA partlcl. Ud wall 

1114 t u the CCIIltact torce betwe'll particle. ( ... U11184 to be the _ 1D 

all dbect10al at a point aDl QOral to tbe vall_ and 41114a). '1'he total. 

tr1ct1aaal torce acuna GIl Ul el .. n't at powder ot tbiclmtl' dx 18 JJ.t n 

(2 Tr a) tx, ""In D 1. 10bl nwaber of particles )ieI' UD1 t area tn contact • 

. 
vi til the vall at x. Let, be the total to.rce nor.l to • crO.8 ,.aUoa 

(in the d1rectlCG ot the c,l1nier w., at x. Then the change 11'1 P in 

so1na trca x to x + 4X 18 41' • (Tr,.2) no 4t, vhe", DO 11 the aUilber of 

particle. per UDt10 area 1a aoatact yUh a crol. ,oct:l.OD and at is the 

incremental. cbaqe 1n contact toree per particle. It it 1 •••• \IIIIIICI 

that, tn a slven -tate ot a~~1.m, tbl ~ trlct10D&1 torae • 

• rLe1ns are tho.' due to particle-vall contacts, then tar equilibrium 

cODCJ1tlon. the two exproe •• 1on. can be equaLed: 

<7TR2) DO 4t -JJ.t 11(2 'TTl) 4Jc 

Bearraq1na MI4 1nteSr&tlJlS between the proper l1_ta, the tollCJW1as 

expre •• iOll 11 cbWXLtCl: 

or 

J
t 

In F'/'a • =!! D 4x 
o 

- 6 -
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'to evaluate t!» lDtaIl'&l CD the nabt bM4 I14et it 11 ullUMCl 

t!lU tbe DUlibeI' ot Yall. cOlltact, 1. ooutut (~tat of Aesne 

of C~t1C11l)aud. tbat a • II pziOI' to cClllllMtlOD. _ .. t1Dl t!le o 

JUalber of vau c:CIltecta prior to C~OD to tIaoH Itter cc:wpActlaD, 

til' toUov1Di relation 11 obttl1nlCli 

L 

IS (21TH) L • J n(a1T'R) c1x o 0 

o 

or 

IS l. _ JL 
o 0 

o 

"bere: Lo 1. tJut lenath ot the plU41 ot pcMlezo prior to c'*J&CUaD, 

L 11 tb lenstll ot tile flue at aD)' siven .tate ot cOIIPSCtion. 

SubltitUtlns Equation (3. S) iato Iquation (3.3), th. t1ul exprel.loo 1. 

obtained: 

(3.6) 
or 

,.1.2 l!R.rl .. Dtal Ttcbn~que 

'Ibe appar&tWl uae4 to .t~ tr1ctLonal force. betwMa 

pcMl.r. aa4 YlU'iou. C71in4lr _tel'lUI ... 11luatrate4 in Fipzoe 3.1.2. 
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:1 
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Wel8bt CPR) 

Pilt.on 

ClMp Powder 

Olu. Tube 

Pl.tcm 

R1DS 
St.nd 

'---- Tetlon Gl.a:14e __ ~ __ ~~==~R~ 
Applled Force (FA) 

Figure 3.1.2 Apparatul tor Me •• urins 'rlctlODal 'orce 

ltt""" a Povd.el' &114 Cyl1llder Wall 

'l'to pZ'OCed.UNI 1. to clMlp the Cl711J11holc&l. tulle (a prea1a1on bore 

gla •• tube with all I. D. of 1.185 iDche • ..,.. uHll 1n tJU •• t~) 1l1. the 

lApl'1sbt. poe! Uua vi t.h the ro:l ot the lowr pl.ten re.t1Dl oa the ,lat. 

torm ot & triple be .. b&l.NIce. 'l'he pcM1er 11 then Ilfted. th~ • 

SCreeD and fuMel 1ntG tM tube. The pCMleI' La leveled att ADd. the 

leDgth ot the pCMler colua prt01' to cOllPMtlO1l (Lg) 1 ..... und. The 

top P1atDd aZIII W1IDt an caretw.ly lCMIre.l into pae1t1.oa. 'lJae wipt. 

OIl the triple be_ balaoce are aIlJu.tte4 to tbe po1Dt Wbere tbe plus ot 
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pawt_ Juat bepu to ...ve, _ W. ".1," 11 recorW. 'l'b1. Jro-

• cl4u:e 1. repeat" Ullq 41ttel'8Dt UCNDt. of pCMlIt1" u4 41tteNat 

re.lltlA1 toree •• 

3.1.3 19!r11DDtal t.ault. 

'!be 1"II.ulta of te.t. pel'tol'll84 nth talc pcMIer ia .. ala" . 
c;rl1l11ler of tlXM 41...ur are J" ... t84 1Jl ~ !.1. 'I'M toree 

nece liar)" to 1ft! t1ate lDO'ItI.at of the Jlus ( 'A) ".. aetendne4 fiR 

• 11~ unc~ted. plue leqtb • (Lo) wIleD _JectlCl to tCNZ" 41ft

.nat ",1IU" toree. ('R)' '1'bI ratio. LID .. Flira aN tab\llatecl. 

In IdIUtlonJ the length or the plUC arter oOlllpacticm (L) anc1 the ",tio 

LID al.80 are 1nelud.eel in the table. 

It the U1eo.,. ot Spencer ",t &1.. 1a valid, SCQol"diq to lquat1cm 

(3.1) it Ihoulcl be po .. lbla to plot the loear1tha or the ratio ",lra 
•• a function ot the ratio LiD aa4 obtain a atr&1sht 11ne. SIICb. 

plot baa been .a4e ani l' pre.ented In Plgure 3.1.3. It 1. apparent 

tE'OII thi. tlsure that 101 "iPa vereul LiD doe. ;,1e14 a atr&i&hio 

l1At tor & Siven l'alWi of 'R' HQVeYer'."a 11 .,uled, & Wterent 

llnl vUh a dU't_nnt .. Lope 1, abtalne4 tor eacb value ot 'a' In 

leneral, the ,.Lope of the line becOM. Ie .. al Pa II lncrcall!4. 

!1pon t1nd.lng tb1e result, it wal denlde4 to plot log 'Aft! 

verlue LID, vbe,e L 11 the leqth at the pcMler JIUS atUr oaapact1oa, 

to I.e it tU elate vaul4 pre •• Dt a IIG" wtled picture 1n tlUl 10l'Il. 

~i. plot h ahOlfD in F1SW'1 3.1.4 vbere it 11 Apparnt .t all ot 

the expenmeDtal )Ointl tall "7:7 ala.. to a I1D&J,e atra1&bt .un. 

."en thouah 'It .... var1ed. by .. taot.or ot (1 va • 
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'labl. 3.t. :Pt.tca-C,UD481" a..ult. Yith 'l'al.o '_81" til .. Ola •• C,l1Ddu 

LO L ~ L 0 
if (1Il) D (1n) 

o.~ 0·18 0·58 0.49 

0·92 0·78 0·51 0.4, 

0·92 0.78 0.'1 0.43 
0.92 0.78 0.48 0.41 

2.22 1.87 1.31 1.11 

2.22 1.81 1.11+ 0.96 
2.22 1·87 1.06 0·89 
~.22 1.87 0·99 0.BJ. 

2.94 2.48 1.69 1.43 
2·94 2.48 1.47 1.24 

2·9" 2.48 1.39 1.l7 

2·94 2.48 1.31 1.11 

3.88 3·21 2.15 1.81 

3.88 3·27 1.67 1·58 
3.88 ;·27 1.18 1.50 

3.88 3·27 1.69 1.48 

- 10 -

'a 
(p) -
35.0 

84.2 

13~.1 

18).3 

35.0 

84.2 

13~.1 

183.) 

35.0 

84.2 

134.1 

183.3 

35.0 

84.2 

134.1 

18).3 

. 
'A 'A . 

(811) !! -
60 1.11 

135 i.60 
201 1.50 

216 1.51 

125 3.58 

2~3 2.88 

362 2·70 

496 2.70 

166 4·75 

320 3.80 

505 3·71 
0;6 3.58 

261 7.47 

491 5.83 

760 5.67 

911 5·30 
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Srnbol 
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• X 
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Fa (p) 

35·0 
B4.a 

134.1 
18'.3 

5 6 

n<MUD ).1.3 PIftOK-cn.tal DlIfA CIt T.Wl 
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U 
-' u 
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I 1 

10 ,-

9' 
61 

71 
6 • 

r>.,rr. 5 L 
~ r>., 

4 
Symbol Fa (811) 

35.0 
i • 84.2 3 ~ 

>< 134.1 
i j 183.3 

2 l 
! 

~ 
1 V _____ -L- L -- .J _ ,L 

0 1 2 3 
lID 

4 5 6 

1 FIGURI!: 3,1 Il PISTOlf-CY.LIEIR DATA 011 TALC 
PLOl'"mll AS 7 A/'R VI~US LID 
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III View of w. l'tt1Ul t. • new &JPro&cb va. eousbt 1D att..,tlQa 

to aual1- WI tne Of ex,eriDIDt. It vu t0un4 that u ~1. 

1Ud.l.ar to tbe one appUecl to teralll. at1'efrtb .... ure .. t. OIl c .... 

p~ted pMer. ooaducted UDliel' COAt:ract JM-18-109.4OS-CML-824 tor 

CRDI. appand to apply qutt. w.ll. to the pre.eDt t"e ot experi_~. 

10 the aul.1.1I, • col\IIIID ot powde1' cant10e4 :1D • cyl1Ddltr ,. COIl

lid.red, trOll a aamewbat clift'nAt approach than that tateJJ by BpeDCer 

at al.. al v:l.ll 'b. IhOWD ia the tOUCllf1n8 411cuellCD. 

11SlUe 3.1.5. ColUIID ot POII'd'&' 

Cona14er a cy Uncl.1' 1'ull ot politer Vi til • p1ltozs at each 'Id .1 

d.p1c~ 5che_Ucal1y til '11\11" 3.1.5. Pre .. ure PA ls aJl1Ue4 111 the 

upwaZ'll 41rectlon by the bottaaa p!atoo. '!'he top pietOll !IIa1 b. cOlla14're4 

t'1xe4 1n tb1. aaa.lyali. An eleaMtAtil layu of .PM41' Vitb WcJm ... 4L 
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1.1 locat.a a cllltance L trCII the lIottOil pi.too. AlI8WIIe that at & point 

the pre.aure actins in the horizantal direction, Ph' ,. Propottloaal 

to the pre .. unt &e t1ns 1n the Yel't1cal dlreot1on, Pv' &ncl that the 

latter 1. onlform a~ro •• a eross-seet1on. Then: 

Where CJ 1s a con8t&nt. 

Th~ fr1ctlona1 torce per ~lt arel act1ns on the cy11Dder vall 18: 

vhereJ.~ 11 the cOC1rr1\,,1ent ot friction betveon the pCNlar IUld t.he 

cyllnder vall. The equll1br1um concl1tion ot the elemental layer or. . . 
powdt! r J uat pl'10r to move1l\Ont h. 

(3 10) 

SUb&tltutins Equation. (3·8) and r3 9) into ~uatlon (3 10). we Obtaln: 

• 1TR2 c:lp • 2lfR/.1C
1 

P dL 
v v r J ll) 

Rearranging l!!'luaUon (3.11), ve obta1n: 

(3.12) 

Equation (3 12) "an then be 1ntesrated betveen the proper limite aa 

tollOVll : 

• 1" • 
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whlre Pa 1. tM pr .. *U'e exerted by the pCMler on the top c;tUn4er. 

PI" aho be thoqbt at .. the ",i.Uve pro.1UI'e exerted by the top 

cyllD4lr en the ~r. 

or 

The resQlt of the IDtegration 1.: 
2J1C1 

In pips· -r L 

C).15) 

The crOBI-sectional area A of both platons j. the Sft~; therefore, 

the toree app11e~ to the bottom pi. ton 1, 'A • PA A and that exerted 

by the pOWder on tbe top piston 18 Fa • P
a 

A. &quatlon (3 15) ~ 

then be written 1n the roll~1ns manner: 

(3 16) 

or 

(3··17) 

~uatlon (3·17) il identical to Equation (3.7) Vitb tbe exception 

that C1 L appear. 1n the exponent In place of L
o

' 

On the ba.le of tnt. analy.l~, it i, po,aible to ~alcul&t. the value 

ot the term c1Ji trom the slope or the atra1sbt line obtained In Figure 

3 1.4 For talc J the vl!lue or tbe tar. cJ1. 11 o. 'l79. '!'he exact vaJ.WI 

of the ecetf1c1ent of frictiOD, j.J., cannot be ealculate4 beeau .. C
1J 

the 

proport.lonallty conatant. Let.vetln the horizontlll !lid "rUeal preall\U'O :in 

the powder column, 1& Dot knOVlJ. It it 1& uaumecl tllat the horllOlltal 

and. vertical preUtU'88 'Lre approx1_t.l~ ~ual, then C
1 

11 n.ar UlJ1 t)' 

ana the coefticient ot frict10a is roughly 0.). 
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WbUe ca1¥ OM :po'tftlel' (talc) baa bea 'elteel thue far, tbe data 

lD1Uca' •. that Iq\!aUIa (3.17) 11 IIItWl1llCn .u1table to%' NpnI8l1t1q 

the 'behavior of t1neq cl1v14e4 pcNIIlen tbau Iq~tloa (3.7). htuH 

plaD. are tD pert01'll tenl CD DtheZ' pcMlen 11lcl\llllq S. vi tb cyl1n4e:r1 

r4 4U"teNnt IllAt.rl&l1 1A oreler to ex.1De tu.rll\er the applicability 

ot tJ)1. nev apJll'Cl8Ch. 

I.D add! tien, a technique 18 belDS clevel0pe4 to clete1'lll1ne tl2e 

coettlc1ttDt ot trlct10D of a co.pre ••• pCM!\er plUi -sa1nat._ plau 

surface using. t1lUns table. A lLJ1GItl.edal Cot t.he triction ooottle1ent, 

J,J., 111.1.1 ~1'II1t 4ete.nD1nation or the proporUonallt7 COD.tant, el' 

between the borlzontal. and. vert.ical pre •• un which exi.ta In tM pcM:1el" 

colUlllD ot the pletOD-cylinder teat. With the •• tOOl., an Inveatlption 

can be made at the ettect at partiale .11. aa4 particle .lze 41atrlbu-

tioa on toree tranalll1111011 In a pOWder b •• 

3·2 Dz!!!lc Anile of Repo.e ot S. ~er 

The clynuic angle ot repo.. at a powder Is seneral1f .. lUred 

by allCJV1ns the powder to tlO1t tbrolllh a tunnel onto a flat honzOfttal 

'"rtace ancl then .uur1J!8 the &qle between the lIonaClAttJ. an4 tbe 

BurtllCe or the conICal.a"pleS p~'r 1I11e. Pw IIlY •• tipton cave been 

able too attacla any real .1_r1euee to tlle aD&le of repOI. otbltr tbU a 

relative UdlcaUoD ot hQV a pcM1er tlQltI. Wolf and VOIl·!Ohenleltez03· 2 •1, 

however, t'ouml & c10 .. Qorrelat1oa between the ~Ma1Q us.' t of repo8e 

and. the aagl. at wbic:h a •• 1 ot pow..r 1114.' ott _ t.UUq eW"hce. 

3.2.1 Wolt, I. r. aa4 VOD lfobeDle1tel', B. L., KlcpvlI111Dtal. St1Jll1.el at the 
nov at Coal in Chute. at lUverl!4e GueraUzsa StatlOD. 'l'RD1. 
A.S.M.J., pp 585-;99 (l945) 
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Volt aa4 VOD HoheDl.e1 tel' pe.rtcra.4 .., teet.. OD coal duat, 1IIMIur1D& 
... 

botJi ~Q ql. 0:' repoa. ... .114e U(Il.e al a tuBot101l ot _.tUN 

OOftteDt ot t.U »CMler. VheD tbe)t JlOt~ tither UJC,le or repo .. 0:' 

,UP IAIle u a tuaot1OD or fIo1.tu:e coateDt" theJ obta1De4 cun.. of 

t.he ... &Oeral. ahape, l)oth of vb1ch ll1d1cate4 a -.x11lW1 at. abou.t 12 

percent 1II018t.ure coat'ot. t1poD exuiJl1n& tile tllt1DS 8Ul'tIIce atter the 

powder hac! ellci ott I 1 t we DOted tM.t a l.1' or pcMler etill l4herecl 

to tbe ,\alae.. '1'bl. obaervatlOD luge.te that the 11148 11181- .... w-tt. 

mente Yen probably IIIOre ot &Q 1Dr11cat1OD of powder Illev ra*1' thu 

didins rriCLiOll bef.weD UIII tUtlni aurace IIDIl U. povder. 

A theoretical anal1s11 at torce dl,tr1but1on 1n a powder pile val 

presented in ~ .arlUr report Oft tbit eOlltract3.2•2• '!'he init1al t.vo· 

dtidnelonal analy.it u.waed. particle. tn tAe snape of unltol'll circular 

cylinder. FrOID tM' anal,yd., it va. cODclu4e4 that the aDCle ot repoN 

18 ~ direct mea.ure of the coettl~l.nt. or trictlon betveen cyliDdera. It 

vaa also atateel that. 1 t 18 realOn&bJ.e to a,8WIIe that the angle ot repo .. 

v111 be 1... than 60- tor DOft-clrcular lupee. 

The c1ynald.c angle ot "'Po" or a _ample of finely sr0un4 S. va. 

mea,ured over a Vide range ot rel.tive h~41tle, (2.~ to 65~) at 

rooll t.emperat.l.lre. The lDea.ure .. ntl were lllAde In.icle a cOlltrolled 

hWD141t1 cabinet. PriOr' to eacJ2 •• rU. ot Jle.'W'e1IIeAta It a liven 

hUlll141t1, the poWer vu allowed t.o equilibrate at tbat lIW1141t;r tor 

a p4tr104 ot It 1 •• lt 16 hOlU"G. Atter each s,rl .. at .... ureMllt. at 

a 81 veil hllll1cU t,. • Nlllple of the powUr val placed. 1n .. tancl sla" 

Dillea1D&tiOD gf 90114 t.D4 L1~u1cl BW Aaenta, General MiU., IDe. 
M.. Dept ° Report Ro. 2125, 111'It Quartel"l1 'roaNe. ae,ort, Contract 
No. DA-18-064-CML-274" p A.l, (Oct., 1960) 
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vel~ Jar UIIl I'tIIOYecl tZOCli the cab1Det tor lII01.ta.are cCDtent clet.r-
• 

lliUttca. Mo1atve caatent Vat deteZ'll1Decl b1 aaeal""'1118 tM _pt 10.1 

ot the 1aIapl. after be1Ds placid. lD • Y&CUUII oven at a prellUrft ot about . 
1 - HI and tealptl'&t~ ot 50- C tor a period of 2'- hOUl"a. 

Wbfll 1IIIt .. ~ns the 4ynftllle anal' of repo.. of S. powder, 1 t •• 

noted Lhat the Iloptot ~ pcMler pUe va eot wtoN but appeared. 

.a ehcMI in' Fisure 3.2.1. 

/ 
/ 

Figure 3.2.1. Shape ot SIll PCMler P11e Obtained in 

Dynam1c Ansle at R .. e 2xpert.eta 

The cbaDlinB .lope at the ~er pile .., be attrlbuted to electro

atatlc cbarPI on the part1cle.. A. tbe patlder 1. lUted. througb the 

tunnel. the large clump. have enough .... to overcome the eleltro.tatl0 

torces and tall etra18bt dovnwud onto the center at the pUll, were .. 

.lI&ll.er 1n4.1Y1du&l pirtlele. teld to be d~lected outward and. deposit 

around the penphe1')' '4 the pil.. Thil cause, the .lope ot the pCMler 
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pile to i~ .~ zero .t the b.... It vaa noted, hoWever, t.'bat 

t.bare vu senerall7 a portlO1l (.pprodllatelf ill the 111cl4le of tbe pil.) 

vhere tbe alope. ".. wtona. Ia the preeut teeta, the eql.e of ""osee 
..,1Ae. ..... untll alone We 1D14dle POZ"UOIl • 

"n Sea are g1 ven 11\ Table 3. II. 

'table 3. IT. D;ynud.c Anal- or Repos. ~or Sa Powder . 
Met HWII141tl MoiSture Coatent Angle ot 

t~l ~! bl ve1Q!tl Reio •• I)ey1ctlcm 

2.6 2.9 46.9· 1.6· 

12 3.9 4,.~· 1.S-

2~ 4.7 49.0· 2.0· 

112 7.2 53.9· 1.4· 

65 16.9 50.7· 2.71 

The data 1n Table 3. II are preaented graphically in Figurel 3.2.2 

and 3.2.3. FigUre 3.2.2 shove .the relationship betveen tile ~c 

Bne1e ot repose an4 the percen~ relativo hua1dity or the air Ina14e 

the cabinet. NSure 3.2.3 sha". the rel.Uoaehlp between the ~c 

!lnf~le or repoae and. the lIIOiaturecontont or the pcMlezo NIIp1" It i. 

~.eli!n t.ha~ the angle of repose 1a IllMiIllUll ~OZ' a relative bUlllidlt.y ot 

aboat 4~ an4 ror • moisture content. bet~.en 1.iS aa4 16.~. 

It 1a planned. to pert'oJ'll addit1onal. l;eata CD SID pCMler 1nclwllns 

the pLaton-cylinder tiltlD8 table aa4 d1,c-11ttlnr experlmout.. ~e .. 

l'r-... i "onmeMal cb8lllber. An at.telllPt. Will b. uct.. to c:ornlat. the pre .. at. 

(1Iu .• en ansJ.e of repOIe Vi tb the .. 1118.luraent.. 1n O1'4er to detenl1ne 

the sign1flcant pzooptrtl •• or S. powder which atteat the aaale at 
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0- .. pect ot tU CW'ftnt ltucI1 ot dry spnt cUa"UlUlt1oa arateu 

1. tha exaa1ut1oA ot t...s1n8 and. haDdl1118 cbarao1:el'1ltia. or 4r1 paoUcu

late .tertala. t'he .. abudcter1aUU ~ re"of'lllbl)- "- expected to depeDcl 

ad c.nain bulA: propert1 •• or the _tertal .uch 118 deJlB1v, cOJllPllot1bll1ty 

anti IIlIHr atreilsth. In tuna, the .. bulk p1'Opert1ea are de-peMent upon In-

., terporUcle forces and interaction8 ."'118 1ncl1 vidual. particl •• and SZ'OUPI 

or particle'. 

One .ot the eoa18 ot the preaent atudy 111 to cleteratne the bulk physi

cal propert1es ot II pa,.t.lal.llllte lllllterlnl vhlab lire reopondbl.. for L t8 

behavior under appliecl loads. On the baa:!._ of 1n1'ol'llllltlon aYaUahle at the 

pre_nt t1., it uppearB·llkely that the aOlJllPGctlbUity an.c1 ohaar strensth 

charucter1nties ot u part,lcllllltc I!Q'terlal are or prlJ1111ry importanoe fn de-

t1n1na the .tatic load.-cllrryilllJ and l'1eld charllcter! StiC8 ot the I118tel'iul. 

Tho physical propertleu vhleb so~ern the behavior or purtlculote 

lIID~r1ulo rruy be d1fr~l'Qnt for cUfrerent typea 01' 118tctriG18. For ,xample, 

I. un ill1lllldtote diotincUon con be !lade bet""en material:l exhibtt1ng d.tlGtont 

ct!uracterUt1c:a and compact1ble lllllterials. Materials 1n the ro~r CawBOl'Y 

. f 
i " , 

(e.g., rl:oy cand or steel .bot) uppe ... to ha". wll-deflnecl ibesr yield. char-

acteristics over u wide I'IInp of atr ...... 4 •1 on the other hanel, compactible 

materiula lire subJect to .. conelory .rreato ot ccmpac:tion on shear 8t ... ~ 

which modi fl •• and complicate. their behavior. 
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f.. ~1tr- clfl.aULoat1oa of d11ataat .t.zofal, HIt N ,.de O~ tbe

\)Qaia .,r part1clo -aize. 'or large perticle., lnwrpal'tiClle force. Will gaD

arally b, ~lIIIll cOIo1»Orell VitA'the ma •• of J.nd1V1dual particles. Aa the 

particle ah. decree.ea, 1 t h olear .tb&tt Interportf.cle force. '4111 I.W. 

relutJ. veq greuter lD:POr~. Ao a COD,'pnee, finely divided dry IZrlter1-

'l U c::an 1). I:Al'Qct."1 to uhf. bt t Increaoed shear atrell8th when cOIllPUl'ed to 

IIJDterlula of the GQIIID type Which are composed or larr.e particles. Further

III:)re, U"' t"1llf!ly cl1 vldeci material vlli retain sa. sbear reBistance at zero 

cOlIIPressive load, "Mrea. the abear .tz-.asth ot dry particulate ster!als 

From th18 brIef diSCUssIon It 1s nplIUt'ltnt that dl'f povelers can be 

Ilepa.rated Into Beveral C!ategorioa iii th l'OOpeCt to the bulk phya1cal proper-

Ueu which lle~l'IIIine the benavior ot thea. waterlelll under load. Classtt1-

cation of materiala In thiG w¥ depends upon experll18ntal studt •• of the 

variOU8 typeD 01' powders conducted under carefully cr:mtrolled concU tiens. 

;. prom1D11tl~ cxper1mntnl te~hn1que ror II\CGsuring the shetll" st:~ngth ond COI1l-

paetjbillty choructerlDt1cD ur particul~te materials 1. 41acuoaod 1n the 

follo"ing p~sea. 

4.1 Bulk Phraic:ol Pmertiea 01' Po,,4ezoo RelDUns to StatiC IQnd 'rrane

m1sll1on and Yield Strength Cboracteriltl,,! 

Thfr lIJI)ut !mpoJ-t4nt bulk propertlee oJ: a particulate llllterial insofar 

QU stoUc: behavior 10 .concerned appe'll" to be denSity, compact1bllity lind 

shear Btrellsth. Tl'leae prapert1e. are ot aaul'''. i.atenwlatedj 1. e., the 

ahea)' otrensth churaateristiC8 Vill 1n general 4epelll1 aD the desree of COli· 
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}l84t1aa of b poW01', al vtU tbt 4eU1V' III tbe lftMDt COIl1»a~-la~ . 

vlUeh 1ntllllnce tba behavior or • -powUZ' ouch .a hwd.d1V, presence ot &441. 

t1 " .. , etc., aN coal1ul'lt4 to be illlPllC1 t 1Jl tile bulJe pJ'apert.1e8 ~ the 

material. 

Ixpezi.,.U have 00vJa thn tt. shear atnDatb chancteriatic8 ot 

_lQ' annulur lind psl"tlculate _tel'1ale on ot the tne l11Ultratect b1 I'1S

ures ~.l.l" and. ~.l.l-b. Pol" clUatant INltel'1ala such II. cb7uanll, slasl 

beacla, etc., ¥hieb are cOlqlOee4 ot particle. who .. w1gb' h large compared 

to 1nter-part1culute st\raot1ve forces, the .... 1' st.renath rr: can be rep-

resented. "" the 1'ollov1ns equation: 

(4.l) 

vherc r:f 1s the cOlIIPrctl.lv.t stroOI. 'l'he anale cJ>, called the "shear anale,·· 

ia Il c::onatant for Q siven _tertal of thJs t)'Pe. Dlirparture8 fro. thl. e-qua

tJon ~1 'be expected. at very high compreaa1ve streiBel due to fracture of 

r.f!lrttclea. 

In the ca~c of comprealiblo materiulo, the crltical 3heorlns .trees 

11181 be represented b7 un equation or the rom: 

(4.2) 

'!'be constant (J 0 1n thia expreaalon detine. the shearing atretlsth ot the 

matenll! at zero load. The abear Btrenatb choracter18tic: expressed by ;:q1]O

t10n (4.2) h08 lIOt been odequate11 val'11'l.d. experimentall1 for c:olllpl"e881ble 
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CClllpreB81ve Stress, 0-
b) CClIIpact1ble Materials 

,/ 
"", .. '" 

F1gure ~.l.l SJ~ STREXC71'U CJIAMC'1BRIS'l'ICS 

'IGUIB 4.1.2 lSSOIJPl'IOl'f 0'1 STIIESSIS 
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tollOV1ns behaVior -1 be .xpec~cl: . 
(0) (fo will inc"l. with tnenaaina Ilena1~ (1 •• >, colIPICtton) tor 

a Biven _tenal, 

(bJ Squatton (4 ... J ".111 'JI~l,t .. G good apprcd".UOl2 to ub:,(!r 31..t~~tb 

Chlll'Ucter1St1clI over a restricted ronsa ot COIIIP~as1ve atrea .. a, 

(c) the curv. of r a va(j ",ill be concave upward wi tb incntaGina 

cOlIIPreal1 ve stress U8 indicatecl In Figure 4.l.l-b. 'l'hll chaNe

wristle would correspond to teat cond! tiona in which Ta ia 

c!etena1ned. for 11 aoquellce of increaall18 C:CllllPre.a1ve .t.rea.... It 

the IIIDterillla 1a cOlIIPrt:iued aufflcientl, to eauae cOJllP8ct.1on prior 

to ahear teating u t. rtduc»d cOlllpreasi v. atre .... , (f 0 v11l be in

creaced. UOYeWtr, if .hear fuUure occur. pt ntduced )")(1<1, 1 t 

Jl6J1 bC' eXJM!cted that. the nhcor strength v111 drop con.iclel'Gbl, 

after failure. '!'his 8Ul'DLlGe, .vh1c:h will be checked expertment.

o1l,. my Ilccount for the type of shear faUure observed 1n dlsc

l1ftlnc experlmentn vtth oreonLe povderl. 4•3 

At sufficiently high atreuu, pclrtle\llate IIIC1ter1llla DiY exb1bl t 

plaot1c characterlstlcs aD 1ndlcated ~1 the dQahe4 line In Fl~~ 4.1.1-b 

'!'he Y1eld-stres8 conclition" for a povder '.wier load CUR be formulated 

in tel'lll8 ot the ullPUec1 IIt~asea by .un. ot the folloYlns anal)'818. Con

Dider a lUIIIIll YolUlJle elelD8nt in a bed. of poveler a8 ahovn in 'Laure 4.1.a. 

4.2 rallor, D. W., Fl.and.lMntal. of So11 MeCblD1c., John WU., .nIl Sont, N. T., 
(l~e). 

4.3 CentNl Mille, Inc. Report No. 2125, D1 .. eldll8t10D of S0U4 &nil Uqu:1d 
1M Asent. (Unal ... 1fi@ld Title) J. 46 (October 13, 1960) (810ft). 
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It 1 •• I.w.! tbat tbe _tN •• dl.tnlluUoza 1. twD-d.tIltDllI0Dal .00'tbIt--.. 

state ot lit" ..... 11 hlly a.cl'1becl by the DOnal It ...... O~lI;IOlItnta (c1
X1 

rfy) and the _ar1na .tr... r Xl' It tile QQZ'IIIIIl and 8be.Pine .tzoe .... Oil 

- pla_ at aD SDfIle 9 to the X-axi. aN ct.tel'lll1Jwd ( ••• 11&\lN 4.1.2). it 

1. fDun4 that the atate ot at ..... oan be expreasecl b:y the equationa: 

rl • 1. (c1 + Cf) + 1. ( (J - cJ ) coe 2 () 
Vn :::! x 'J ::! Y x (1.·3) 

(4.4) 

The. equation. can bto interpreted 1n tel"llUi at' _ "eirele of stre.s" In the 

at",88 plAne, Q8 ill\lstrated b:y F1aure 4.1.3. It 8 Circle is dl'awn thZ'Ouah 

the poInte (r:1 X' • r Xy) I (a'll + r xy) tn the atreaG plane, the stresses 

r:1n nnd r correllpond1na to the unall1' (} Yill 11e on this Oircle Ilt an angle 

2 (} front tho poln~ ( cJ x' - r xy)' The Yield conci1. ti0D expressed by EquatIon 

.... J) corresponds to the cose for yhlcb the otreBII circle 111 tan~nt to Ule 

line r • (f tun ¢. In 'l,~re 4.1.3 tJ19 IIWJJdlllWllltn<l III1n1l&111 compresalve 

ntreoBU, correopond1ne to r . 0, Ont denoted by if
1 

and 0'2 respectively. 

front the f1sure it 18 (fGufJ), oeen thut the condition 1'gr shear failure 18: 

aln 1> • cJ1 • r12 (4.~) 
01 + 62 

In teru or the x,y coord1nute system and the COZTeapond1nS stressea U
X1 

(fy 

and TXYI the eonct1t1on for Ilhear taU"M 16: 

ain </J • 
--------l/< C1" .(1)2 + ~ r xy 2 

d'x • dy 
(4.6) 
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!qua,"OA,(~.') 18 the b •• t. tor'the soooeallld "tr1u:lal au t,e.U .. ·.roi.--. 
. ·~.2 

deteTlllln1na the critical shear strength ot a perticlllate _terid. fr1-

a.Xial BhOAl' teste IJre c&u·r1ccl out with the Dppentu8 shewn .cheDlticdly In 

'1g\On ~.l.~. A cylindrical sample 01" the material to be tested 15 Haled 

... 1 thin II thin rubber lIItUlJ)1't\!'le. The SQmplct 10 then plACed in the cyl1n4z01ctll 

litlr~l of the teat apparotu. u shown 1n the fl8Ul"" Proviaion iD made for 
. 

!,)'f'IlGlu'lng tlse chamber to LI preB8ure P-c' '1"he volwae cmange during pres .uri-

l.utton cun be mt!.loUNd it deGired. An ux1ul .Loud, r, 1& then applied by 

I'l(';Ul[; of IA ptaton as Inclicatecl 1n the figure. If P2 18 lIILIintalned constant 

vhll!:! F 1a J.ncrau!)ltcl untft t·be fJ:uap~ failo, Q atreos circle correapondll'18 

'.~ :.il.e[u· fullul'O at the !!Ieun atreus P,l t P,- 1S obtained, where F 0: (Pl· Pc)A. 
2 . 

Dy .:ond"",t.lng thouo teat" Ovo,' u rnllse of values 01' P2' the ahear strenath 

~'h'Jract.er1ctlc lillY be ~atubl hhod tie tho onvolope of a series of :;trec8 el r

(' ic':l ;Jr. chovn 1n Ficure /,.1,5. With Gui table tnntrumentll1,lon, t.he linear 

:.r. I '1(,lume comprcooion (or dllatutlon) of the sample may also be det.el'llllned. 

TrUJlwll tecta 111'0 cOlllllOnly used for ovoluut!ng Go11 sDmpleo. rt 1s pOGS-

1i.)1. thllt such toetG l:oulc1 nlco be employed. to aclventap in defini1\6 the 

!i.;j:' i ~':,l ChQfuCtc doticG 01' orbtl.lnlc pLll't.icula te JIIIlterlalo. ]3Qcuuoe of the 

C"Cln:.j.jl.ruble infoJ'IIGtion aval1ablct froll theae t'!sta OM the poaoibility or 

dor.cly controlling the teat. cOhcll tlonl, triaXial teatG m1eht, be useful as 

eooo l H wney teatn for dry agent lIIDterfulo. 

11.2 Taylor, D. W., li'Undementala of So11 MechaniC', John Wiley ao:l ~oaa, 14.1'. 
(1948). 
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Speeu.n ot Croal. 
Sectt onal Am A 
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FIOUM 4.1.4 TRIAXIAL TIS'!' FIl'l'UAI 

P'IGVHI 4..1.5 DE'l'ElIJmfATIOll OF SIIIAR STPJm(l'l'll 
CHARACl'BlttSl'IC FlQt TRIAXIAL '1'18'1'8 
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4.2 TbIon1dcal ADaIn1. of 1Da4''h''aJlIII1.110D 1Il4 &bear ,.1lUft in 

Pa1't1oulate Betta 

; or ... '.~.''''' 

A lUrVey of the 11 1'Arature pe1"t811l1D& to loa4 tJ'8lllll11111OD 1n granular • 

or partlc:ulate _ter1ala hal ta11e4 to 41101os. I pural tMo1'1 tor lnalys

iDS the stre •• 4ht.rlbutlon and 11e14 coR41t1onl in .\lCh IDIlterial.. ~.t ot 

the avaUable theoretical, olllPlrlcal and oxpertmsnt41 lnvllt1sut1onc repol'tecl 

1ft the l1terDt~ are concerned v1th 80113 and Gol1 .chanica (an extena1ve 

b1bl1osrapby 1. st"-n 111 .terence 4.2), 1'h. tbeo17 and _tIlo4. ot .011 .ell-

anles are for the mit ~l't too spedal1zed tor cl1rect application In the 

preoent study. How ve 1', conlll!erable benefit haa been deriVed from Q 8tuq 

or thl. llteratW"e, vhleb h •• helped to c1eflne tIW eXiatins "state ot tJ\e 

ort" Vi th resord to the mechaniea ot particulate Daterlal •• 

'l'he prine1 pal d1tficul t)' ln IUJAl1t.lns the behavior ot purticulll te bed. 

lAnder statiC landll 11el in the onalya:1S or atresa coll4! tiona vl thin the IIIBt-

eriul which lea4 to rupture. In opeCilll cOOeo vhere the principal stre80es 

:I'" knovuJ Equation (4.5) can be applied dlrectly to determine the shear 11nea 

in a part1eu14te bed. An example of tbia type is stven belov. cen.rally, 

the str.aa d1etnbutton at rupture eannot be readily fOWlc1, eVen if 1 to 1. 

Q(JoUlllld th"t, the .. ter1al behavel ela8t.ically up to tile point. ot shear tall-

u'rE!. 'l'Vo exnlllPleo boaed on tho assumption or elastic: bah:lvior oro pres.ntecl 

and discusseel 1n the tollowlnS pases. 

1~.2.1 Mallsi. or the lQ"d DbtrtbuUoA in a PoWer b to its lielg1?t 

Consider Q poWer ot clltrwi t7 r In equ1l1briuaa uncler 1. ts ow wight 

.in 0 1"".S8 cont.liller, 'l'be IlverDp '{onic,"!. &101'.:188 at a dellth y 18 cfy .. ry ' 
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'1'116 p8all.lble 1'8DP Of lateNl .tre.... dx Olll be U1:e~cl ma l:_~~' -~.-. 
,1. oj) 11=0 Ux aDd. (1., are 'Prillo1pal Itn..... Solviq 1~t101l (fI..5) for the 

ratto cJ11 (12 -. obtain: 

U1 1 + ain a2 • 1 - 11n 
• tea 2 (rr + ~) 

4 ~ 

where (fl. 1y 1n the pnraent <:1&'" Si.!lC' the role. ot ef
l 

8D&l 0'2 JIla'1 be 

interchanged, we tind tbat. tM ratio Q.x .,t 11. in the l"Bnge: 

2 rr en c rfl ¥< 2 (1T ¢ I. ) 

tan <.,.. ~ ) = GoY = tan .,. +~) ( ... 8 

f The 111111 tu in this InequalL t.y correo'POncl to the onoet of IllippaQG' ot the' mIl-

f 
J 

f 

I 
I 

t.erial in tho bed. ThI! cOI'J'eG'POncllng :l11p plaD •• Q,re lncl1catecl by the 41&80" 

nul 1 LnoG 1n Figure t.. 2.1. When concentr4te4 10lolcll are appUod to a partIculate 

Il\l;lOOl"Lo1 the sUp Gur£'oceo are dLffIc:ult. to clef1ne, 08 cun be Deen by the 

l'u 11ov1 n6 e~lIlple. 

1 .. :,2 flnGl.y:.tg 01' Cl'l tll:ul LoCelll for PcnctnlUon of u Bed of PoVcier 

III '-Ira e1'fort to ~1l1n In'isht into the u.. .. hovior of a p&ll't1cle 'oed when 

:;ubJocted to concentrated louclll, U. follov1ns spec1Dl ~Q::e ,.s examined 

1n 110118 datull. Con.ider Q hOllOseneQIolG bed of pow-r uubJ"cto4 to a dovnvllrd 

l.oud applied ~t the surfuce of the bed by meana or a rod ot rectAngll.la.r crou

~(fct.ion IIIi uhovn 1n Flg\ll'8 4.2. 2-a. 'l'he l'Ocl 1s of v1dth 2n nnd S::J lOr2B thtIt 

tile otres8 distrlbutiDn within the particle b_d can be considered two-

dimensional 1n VCrt1Cbl pl4nea normal to the axil ot the rod. 'rba load per 

uni t l'fngtl, roqu1reli for penevatloft ot tbe bed. 1. to be tound, aellWft:lna a 

shear Gtrengtb chl6ractn1BtlQ expre"ecl b1lquat.1on (4.2). 
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FIClUIGI 4.2.1 SLIP 1.1BS IN UltliOllt 
IJNSTBEBE PABTIClJ !ED 
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a) I""'<11hl ot Bed by Mean. ot LoDe 
JIIctanaular Bcd 

-a 

AdJuate4 Loa4 Distribution Atter 
Yield! ft8 at Ids-a of Bar 

~al Shear FaUure. 
Heet.~.r Loa4 
111str1blolUOl. 

b) Loa4 ReadJult_nt Due to 
toeal SMar h11\U'll 
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tn cumna out tbi. anillei., it _ be a'1184 tbat tbI .tN •• 41 •• 

trlb\1t1oll woUld correopoll4 to elaltlc behavtor of tbe pIl't1oulate .. ten.l 

up to the point ot sl:wer taU""". It \be applied laMd l'W.\llU in loctII1 •• 1' 

.railW"lt~ .. rl!!adJult=nt ot tbe lo,eli_ IIllt ocC\U'. ~a 1.1 1l1uatrltecl by 

P1(l\UY ••• 2. 2 .. b. The rect&n&\llar lOIJd1na ladLeated in P18'11'" 1+.2. 2-b rellUl. t. 

in locil shear laUUI'II at the tt4p ot the rod, thu. reqw.r1ns a racUatr1'bu-

1 tion or loadlns Vi tb • are.ttr concen~rat1on in the center or the 1"04. The 

I • 

I 

maxhllll loacl which can bit oorr1ctcl carre_poilU to II load dJ..tl'lbut1oll vMch 

would reault in dllllltaneou .~r t4Uw-e alena a continuous sUl'1'lce v1Wn 

The atreus d1l&tl'lbution ln a .. iii-infinite 8011d .ubJected to a Wl1. 

form surface pro.aure p betwen x ... " OM x • a (see rlsure ~.2.2 ... ) 1& 

4." expre8&~d bf the equation.: 

Ux. .E... { ~l .. CC2 + i (81n 2q - Bin 2 ~) } U 

, )y L { -, -:t ~ (Clin 2 , ; - cin 2C\)} (".9) 'IT - '1 2 -

r. • 2- { cal 2CC - coa ~CC} 
xy ~1T c 1 

By 'loinS th~ot" equat10ne the ctre.DeQ due to a pneralbaca prellure ,:(x) In 

-0 ~ " :: 11 roon be expre ... cl in tbe follOV1nc rona: 

4.4 J'ljrgtnt -, L., 'l'he Appl1eat1orJ nt Theori •• ot 1la1t1a1ty UJl Plalt1c1tr 
to lawUtion Problema, II. Bolton 8oc. ~,g. (J\Il¥ 193Jt) 
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Shear J'a11u.re Zona 
tor ., 

;:. 1.10 
c: 

FllitIIB I., 2.3 SHIAR 9t1RFACI AM) J4\D DlmIlIUl'IQI rfft 
JlEM'l'MTIOl 01 SIJlU'ACI or PAI'l'ICtl am 
llf IWlS'l"MTl'YB IXAMJU 
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p(x) 
~-""f.l_--"' __ - 4x 
[(i-x)" + t] 

(4.10) 

'ro. IqI.la~ion (~. 2) tbe llbell" 11.14 cOft41 tlon can be expresH4 111. the tOl'll: 

Gin ¢ • (4.11) 

raLlure occur. can be dete1'1ll1ne4 fro. Equation. (~.lO) and (_.11). I'or Slvn 

valllt. ot¢>, r:1
0 

and rl, 1\ 1s l\8a .... 17 to _tendM the pt'1188Ul"1 41f!trt

butlon p(x) 1IIb1cb yield.. the _x1d11l lold P, vhere: 

a ,. J p(x) d.x ... 
(~.12) 

The _xi .. load ia vert d1tt1cult to 4etenalae 1ft sellual bees •• Dt the 

nature ot the llheer fall,," coftd.it1~ SlVIIl by Equation (4.11). A apecl1'1c 
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.... ~. --.-..... 
UNfla ba. beell _rill. IN,tOI' tM oODIUlalWr ¢ • a,.a·, do ~ ~.1 JIit.-.:.. ,-
7"0 • o.u Po' Dr abao.tq a

o 
_ 7'b III tb1 • ..ail', (~ ••• , .;,-~t ~ ...... - . 

. 
(acton are »ropol"t1oaed to po) It vu tCND4 po .. 111~ to ~ 8 ~1'l8lllUla1' 

108di1l8' b relNltlD8 force tal'i8Mtrat1na the tuI'fIlCI ot tbe beet 1_ 

'Q .6.677'02• The .he .. ~ t.llun .urtac:e COl'rttapond1as to tb1. loacl Ie 

Uplctecl In rlsura 4.2.3. It tM loa4 s.. iMNU8Cl b7 10 JleI'OIDt, tbe abe_I" 

!Illlure reSioll pl'1or to llo1laPM 1. ahava •• the ~4 lre8 III riaun 1t.2.3. 

'!'be aha,. ot' the tellure ZODe augelta that ahMr tailure "DUl.d be 

aceoarpaa1ed b1 be.villl up of the _.rial close to the l'Ocl. 'l'bl. ~ ~ 

tailure baa beea observecl qual1t.attve11, IltbouF III) .aare_nt. have beea 

acIe to detemtae en tical loa<ll. 

'lbl1 eX8llple lDd1cate. the cOIIIP\ltatlonal diN'1cult1 •• ¥bleb are ea

countered la aQalYlllll the loaa ¥bleb can be aUDtalne4 b1 becll ot poWel". 

A aach aimpler ca. or the reslltance ott • .re4 '01 a bed. ot lIOVder to penetra

tion frora above has alao been ana~"4. Pro. Illuatlon (4.9), it caD be _how 

that. in the lilllit al "a" tends to zero vhUe P • 2pa 1. held conltant. tJi. 

atre •• 41atrlwtlon beaG ... radial and 18 ell:pre.aed by the .~tloluU 

In a bed ot poWer tor vb:loch the pree.ure 411tr1butloD Ilua to the ..,.1sbt ot 

the poWder 18 hydro8tatic, tbe prinolpol stre .... Vill be radial &lid. tanpa

t10l vi tb -8D1 tudal: 
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.. , troll IptiOD (~.,)r 

IlA <p • (1 + 7Jf: r2)-1 

. 
L1el" ourtac.. lrOII We 1 t lolloYa that it • a~th 1'Od. at recl1ua R 1& .... ddecI 

l.n the powder to • depth ft, the tOrQe P, per unit l.engtb, reqllirell to tozooe 

tz,e rocl 1 nto the ~d 11: 

P. rrrR2~ 
~ 

The abaft tbeo1'ltlcal ""UlU reat UPOD "'IIra1 iIIpol'tant allUlllptioa.l: 

(1) tM particulate _terial behaves elaaUc:.ll,r mel 180troplc.U.~ up to tIw 

point at shear tanure, (2) the IItre •• s are 'uff1cllntl1 loY to avoid COIl

p'ct1on under the applied 10419 (vblah m1sht ~cUry tlIe Ihear atreD8th 

characteristic' 01' uatror the lllOtrow of the material, (3) tM cUJllltnsloa. 

of the eontDlner are larp COIlPIZ'ltIl to the width of the loaded. ar.. of the 

bed. aurtace. 

'l'heJ(> theoretical conchalORo are sUbJect to experimental verification 

for vClriou8 typea of cronu14r ot' particulate _terlal.. Such expert_nts ue 

planned" 1n tuture work relilt-ive to the pbyllcal beh.~or ot part1cle 8881'8"-

tiona. 
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In & ~Oll' ,"~/,.1 relUlt. ven prelUt.4 tlal' tUont1cal .t., 
ot 10114 trac"lIaiOD in repl.&r a1T.Ql of diaka azd 0111Dlen. ID or4er to 

verit7 the .. cODduaiona aper1zlat&ll1, t .. a vitI! reaular ~ wen 

carr1e4 O\lt uaina the telt filI:t\lJ'e lbavll in P1CUZ"8 5 .1.&. nu clevla. COD

alat. of an al\D1nua f1'l!llle,18 CJI hip bl 39 CII vlde, cleeiane4 to I\Ipport 

tM plexiCla •• dele WIlli with a lpaoiq of 0.38 CII. Teflon c711rll1era with 

a dlSJ111ttl' ot 0.95 em an4 a thlckne •• ot 0.25 ClI were ",.ed. ~.n the teste. AD 

upraM toree could. b. applied to one of the cyliDdera 1n the bott~ ratI 'b1 

a ... 11 platrural .t tbe tloor of the teat tixture. 

'l1le f1rst contll"'ratlon aoneidereel ..... t.he hex-aonal IIrranPMnt abovD 

in 1isure ,.l-b. Accor41nl to tbe tMoret1cal analysl., the torce required 

to 11ft the plst.to", 11 i (n + 1) W vbe" .n 18 tilt D\lIliber of tiera aDIl V II 

the vel&ht. ot one disk. 

~hen an U1l"'1r4 force w •• appried to the platt()J'II, t.he cl11ndera ""1'-
lenc1ng movement wire found to be contained vltbln • wed,. whoal 8148, tona 

lin hoed •• tnana11', •• pntiletecl by the theon (1",'11\&" ,.1 ... ). 

Telta V~N perfOrmM Vi th the a14 ot • Jolly Balance to det.1'lI1ne tbe 

terce D8Q~."~ ~ry d1lplac. the wedl' at. various deptb. ot the c111nd.~. 

The re.ult, are ,. toll~.: 

5,1. ~r • .,..l M1:'lo, Inc. Report Ro. 2].61, Seeond Quartet'ly Prope •• Report 
on D1 •• em1naUon 01 S ,114 ucl Liquid 111 "",nt- (Unelaaa1tle4 Title) 
rab. 13, 1961, pp. 40-" (Cont1dant1al), 
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Blip~· rorrce . to qi_p:1a_ 
!!fO. or T111"11 'l'btorftlcal. 'arce W ... 

6 8.15 sr&U U.32 pu8 

9 " 17.47 22.90 

12 30.26 39.00 

'h 411cnpIaCJ between tbe torce req,u1n4 to cU 'plac. tbe vedp lid U. 

velsbt of the wedp me)" be atulbutecl to f1'ietloa 1D varloul pu't. ~ t .. 

• ~te., 1 ••• , trictlon between the. pin \11_ to na1 •• tbl p.t.attOl'll MIl tbe 

bl •• of the II04el, betwe... the c)"l1D4en aid tile wau., aDIl betvHD tM 

cl11Dler.. It 1. laten.t1nl to not. that the 41rflreac. between the ... -

lured aJld pred.lcted loree 1. ver)" nell'17 pJ'OPOnlonal to ~ .... eund fOZ'c., 

vhleb iD4iclt •• tMt the cll.cNllUc,y 1. !Sue to trictl01J11 eUeata. 

1M slaoDll contl8UrlUon consldered v.. the tilt a80Jlll Itl'UIIMnt .bQIm 

1n F1sure ;.1·\). Por tbi. IrraftllmlDt the ~late4 1014 tor rat.lne the 

pllttoJ'll 11 (ft + 1) (n • 1) W. ll'he toree required. to d1'place the wed.. 112 

this el" ~a. 11.0 found to exceed the tor~ pN410tlCl b,y the the01T. 

Asaln the percentase lncrea .. above the 11eU tOrcl precU,c-tecl theoretlc:all,y 

VI. toun.i to be prop>rt.lollAl t.o the applied torel, the coutant at prop

t101lA11ty belll1 very nearly the .ame .. 1n the prevlCNI C .... 

F1SUft S.l-\) 1ldie.t •• ~~ov the clUn4er. an dl.place4 when aD uprar4 

torce 1. .pp11.~ to the platto~. Tbt vertlell row or cylinder. 41rec~ 

cjl1ndere in turn eli.placl the c111.ra In the tdanauJ,ar rel1cma a't eaall 

lide of tbe c:eatzel raw at au aDlle of 30- to t~ hoJ'1zoD~ iD accor4aDcl 

With thP theery. 
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lI:xper:lUnte hive al.o b"1I pertOl'lllM wtth the t.tl=. Cl'l1Dder. zoepl.aoe4 

'111 , lIixture ot different 81H. of lead. abet. '!'he .1& .. raDp4 tZOQII 0.228 ca 

to 0,320 OlD <ii_etel'. A ramo. 41etr1but1on v •• oQtalnecl. 

Tille fllloeul'e p1"turel vere taken .a 8~ upral'll torce va. applied to • 

one·1ncb lOllS plAttol'!ll on the tloor ot the lIOC1el ('isure 5.2) •. Movement ot 

puti~all 11 :1nUcat.8\l by the appearance ot blurred apota. 

Ob:3ervat·iou8 11lo11eated that part,icles at the ba •• ot the bed could exptr-

1en~. co~.td.,.bl. move~nt betore par~1cle. at the top or the ~ed would 

lnOYe. the pdTtl"les d1rer:tly above tile plat-tom experience the most move-

meQ~ a~ any C1v~n l~vel in the beJ, Meal' tho ~a.e ot the bed particle. wh1ch 

aret at • r.c.na1d-!:able ~ilJtance to the r1gbt or to the lett. ot the platto:nu 

ex~.r J.en~., ",cvelnE'nt vh1lEl at the top ot the beet the partiale. vhich an not 

ct1Nctl;; over ~.hII platt'I'J'III experience llt.Ue nao'teQlt. '!'he •• observationa 

lMicat!' that. "1.r.t1 t:'Ar&t1ono which are not in a 1II1nlJ11U11l-volwae stllte aN 

ab18 to Sl'cotnalwato ,~on.1d!l'ablo! local ,U~placuu'nt v.!thout larp-Bcale db-

placltmer,· of ",~C'J 161. TIIla 18 eVidenced by thf rapid decay o~ d18plaCeJlleDt 
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DuriD, th1. reportiq ]le2'104, .xptn-Dtal. wort 011 e. al\lZ'1'1 •• va. 

c:out1uued to p1"OY1_ clata uC"1&l7 tar the proper de,18ft ot 41 • .-1J1&t1OD 

alit ... tor apote 1nvolviD& this tJPl' ot liqu:lcl carrier. 

Ao~t1on ot rheoloS1cal clata 0J'1 8U1pen1101l1 ot SII in a liquid 

n"ol'oeh •• 1cal "':I continued to proY1_ 1ntorntatlon tllMde4 tor .valuatln, 

the feasibility ot diaae.iDatine: no~ cil'1. ~red .. nt. thJ'O\l&b UM 

ot concentrated ,l\U'l'1 ••• 

6.1 properties ot' !g Slurriel 

At the pzw.ent time, cerlain D8IInta aut be prepa.rac11n an ea alurry 

carrier _d1wa. DlIsellinatora ror such 11quid ..,nt. auat proVide tac1l1tlel 

to Pnlvellt aol1cUt1cat1cm or the .1\11'17 in the atonl vben tlw _ient t_
pe.rature 1'a1h below the fnte&f.J18 polnt.. !JIIODI the factor. a.tenatn11lS the 

nature of these fadl1tlea ar. the opec1rlc: heat ancl thenaal conduct1YitT ot 

the Gluny. 

Apparatuse. for detel'lll1nf.ns theae tvo theltlal. properties ot .11&1'1'1 •• 

vere d.eaigned &rl4 constructed. 1'he heat capac1t1" ot the tour frozen _. 

alul'l')" a8llplea receiVed frca Fort Detrick (W.I.S. 11, 12, 13. and f4) vaN 

detemned as a 1\InctlOD of taperatun. 'l'he thel'lUl COncN.ct~v1tl' appantWl 

J 8 being "alJbI'Bted. at the prelim time, and _a&l.l~Dta 0I'l the" ea alun;y 

supl.. "111 be cClllplete4 111 the near 1'Ilture. 

6.1.1 Sp;ec1fic neat ot Ell Slurries 

The apeciNc beaU ot the t~ eM al\U'1'1 aaapi •• del1lZ1&ted. W.I.S. 11, 

Ha. tl3. and 1'+ vere detel'lll1ne4 by the heatlna-curve _tbod at interval. or 
&~out 1.3·0 in the tllDpe1'8ture ranse fraa 0 to 34·c. A meaau.red quAlat1t;y ot 

- 44 • 

...... WNiiAP 

DECLASSIFIEO IN FULL 
Authority: EO 13526 
Chief. Records & ~1 stmY. WHS 
Date: JUl 1 ~ ZOU 

I' 
r' 
I 
1 
.~ 

1 
i , 
i 



D 
I 
o 

~ Ii 
;: 
... 

: l-

f 

f 

r 
f 

tent. of • cillorl.tel' and tile te1Irptrat1Jra relpoue va. ntco~ btfOl'lt, 

d1U"tq, gel Arter eoersy Input. 

6.1.1.J. 1t~rr 

When Q CllnatGnt c:urrent, I, under a con.tant emf, € , 1a .tnt-latel 

tb1"Q~ 11 hlilltiQ(J cuil for .. pel10d or tine, t, the equ1'1/alent beat supplleel 

to the culor1111t ~1' 1»1 be calculated from: 

Q. (It 
J (6.1) 

Y~re: J ,. 4.1art ~oulea/c.l (the ecbanleal eqUivalent 01' hut). 

Thtll <I\,lantl ty Gf heat COWIe. a r1ao in te.rat"" or the clilorl_ter 

and 1 ts contoPnta sucn tllol&t: 

vhere: II .. 1N1eht 0" l1<Jw.l 111 L:l&lu1'illllter C&r.I) 

cp • llpr.c1f1.: heAt of l1t1\lU (eel/6JII .c) 
/)rr '" ttl'll(It'l".;t:,'ll"E! l'i~lF! 

(6.2) 

C ,. overlie" Mtlt <::1I,ladty of tlle Cll:\lorbet..er 1nolucUna 'oontalner, tber-
lJ r,.,!Ir. t.P.r, Bt,1l't'l'C·, ~tc. (cal/oC) 

6,l,l,~ ~,~tu~ and T~c:hn1que 

The c~ctr1c heut o!' thp. f!,g alurr,y &8"",1('8 va. detenUned ualns 

the .rl'ar"~ut. Ilhovn In 1181u"e 6.1.1.. h Dewar null, 111SUlAte4 Y1tb two 
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h'opIr .ttrr1n, coDd1 tiona wre _tellliDlcl •• r1~tall¥ 1Ia order too 

lDIUN _pte I\1ztq at j;bt Dlvar coutaDt.., prevtDt coosulatioa ot tbI _. 

proteiD OD • IUl'tfICa ot 'the ha.ter, anet. Pl'IIftDt t'o-DI ot tbt '1un7'. 

The Decblln d1tterentt.l thI~ter 11184 to ... sure ,....NtuN ri_ 

ba •• 6-C raJI8It alld 18 reacJable to the neaJ'ellt o.ooaec. !he a'blOlute tea

per.ture 01' the 11ul'l7 va. c!At~l'III1necl at tbe be11D1l1Df1 ot ·m .xpel'1_nt Vltb 

a rational l5\l.nN&u of' Dtandards c.l1bJ'8ted tluuwa.ter. 

'!be he.tina ele.AI; 111 • 1I11III11 re.l.tor of' appl'OX1_telT 150 0_ re

ailtonce. 1te re.tator ID4 it, copper Lead •• 1 .. coate4 vUh apoq Nain to 

preV'8nt detel'lol'lltlon. The he.t1na c:lrau1t CQftlliat. ot a el.a. pawl" '\I'pp~ 

operated ott II constant vol tllse t1'uat'Ol'lBl", II d:1ttarentlal volt.ter aM • 

1II1111_ter sa abo"" ~tlo.ll)' 1n '1pre 6.1.2. 'l'be vol_tel' C8ft be 

ruad to the nearelt. 0.01 volt Gnel tile __ tel' to tM Mare.t 0.001 .... n. 

In Wit, 40.00 volta wre lI11PN .... acro •• the red.tor reeult.1na 1n • CUl'

rent ot 0.268 aJllPerea. '1'be duration ot the beot1na cld., three minute. 1n 

all e.ri_nt., WQO ceGGU1"II!el to tM llIareGt 0.0, seconel. 'I'M he.t produced 

re.ulted 1n" telllPlreture ri •• ot about 1.3-C. 

'l'bI .wnp ha.t capacit:,- 01' the calarl_ter, ~ 1n IlJIatlon (6.2), va. 

c!ete1"ll1neel fro. expert_nt. conducteel ~th dou.ble ell.tUleel _tezo. '1'ba ..... 

attlc heat or vater aa a 1'\anct.ion of telpratun 1. ¥Ill icaOW, Dlld tbI 

B1 dell~rlng D mow amount ot electrical enersr to the aalori_tel" tUled 

yUh an acauntel1 Wipe!! quaDtltJ ot vltor, tba tva' capec1t7 ot U. aal

on_tel" aould be c1etem1ne4 fl'Oll the teJllpll'DtUN 1"1,Je. AD ''''ft8I vatu,e ot 
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20.29 ! 0.10 edt-a va. elates.1I fro. 81x .. eure.nu __ at tnptratul'el 

.1n tbI J'IID&'I troas 0 to 34-0. 

1r'OII expert_nt, ccmctuetecl belov rooa temperature, • plot ot 12la tell

perotUl"t ot the elllon_ter ('lpre 6.1.3 __ ) rill Ihow • sraclual 1'1 .. 111 th 

tl_ both betore and aft.1' input or .leetneal eMl'I1' Th1l rUe II due to 

h •• t Input t1'Oll the l\U'TOUACllnga and. troa Itl1'l'Ula' Plote troa ezpe~nts 

conduc:ted abov~ rooa teDlperatuJ'lt Will show a porsdugl tall 1n temperature With 

tt_ ('1SUn: 6.1.3-b). fbe tl_ rate or ahanp ot te..,.rature du:r1na tbe 

tore and after penoell v., t0un4 to be •• 11 and eonetent tOf' a particular 

tedPIl'Dture 1ntel'Val. under concl1 t10nl ot greatest extraneoua MGt inPQt 

(calon_tel' telllp4trature near O·C), the rate ot eMft8I val tOW14 to be 

O.OO3·C/mtnute when IIDnltol'ltd oqr a period or 15 lloUI'8. With thU _11 • 

dl'1ft, the observed temperature riM ot the calan_wl' clIIrlng the neetiq 

cyc:le CAn be corrected tor extra~o\ll hellt. pin or 10,. •• tollow. (aee P1S

ure 6.1.3 for notationl): 

vh,re: t2 • \ • leaatb 01' )watlns Q;(Cl. in NCOndl. '1'0 obulD tbe data 

!lece.1&&')' tol' tns.. calculatlOA., th. t .. nt.un r"JGIl" vu rec0r4e4 tor 

a pel'l04 ot tive lII1aut.8 before l1li4 atter each ruD. 'l'aIperaturw read1DC8 

vera t.Men at t.hlrt.,y-.. ca 1Dtervall c1w1.aa the tDN .. after ~1"1ah .. 

"ell a. dVill1 tha heatina c)'C18. 

'l'bt specUlc ~tI at the eg slurI")' -.pl.e. ftH 4ete~ at teapera

t\U'e tDte!"l&l. or about l.r C !.Jl the rup traa 0 to 3a.· c. '1'h8 up,per lladt 
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• of ],.- C 11 Ie' b7 the c~tf.CIl tnpenture or •• Jl'QtItA, .. the 

1,,"1' 11l1it bJ tile trnaiq po1.ot of tlW .lunr. DupUaate UtenlDaUoal 

at rule. t..,.ratUl'ea were .. pel'1.CI41c:1J.lJ to ellae. tOZ' tile .Iteace 

01 a 'Ylte.tic error, bllt 8&fft--t".. .004 111 aU cue •• 

AppNId._tel)' toveat)" 4etel'1l1lJatiOZUJ were ...,.. '11th .... lIU'tlcular 

'U .1url'7 lIIIPle in thla te..-ra'\In ruae. 
Sllll'l'1 aapl.ea ot 300 - ,00 III were UM4 ill ol'Ur to te4uce enw 

clu.e to eVQoratlcm. Vel&bt 10 .. d. 4etel'll1De4 'oJ wl/1b11l1 ". c&Lor1 .. 

.. tel' wi th 1lW'l'J betol'8 ud. attel' a .et ot l'I.IA& u4. va. to\mIl to be 

Dellll1ble (1 ... thM 0.2 peroeat). 'l'he .1urzy AIIple ..... ,. kept. trOdll 

uatll the tiM or t.lt1q. 

6.1.1.3 I!P!rl .. l1tal Rt.ult. 

Value. tor the .»-=1110 hute of ~ tour eu el\1lT1 1Mpl .. 

ele.1pt." V.I.S. 11, 12, 13, &all ,4 are plotted. a. fWlc:t1on ot telllpefttl.U'e 

in P18aare. 6.1.4, 6.1.5, 6.1.6, aa4 6.1.7 re.peaUve17. b .tn1It&U-. 

throup tbe pointe we,.. calculated lJ1 tbe _thcIl of leut aca .... 1 ..... appear 

to be an .quate repre •• ntatLcm at the elata. 'lb.. ara-.t cleY1at1oo fZ'OII the 

Itn1pt 11nt ..,.. a1Jout 1., percent. 

'1'hf tpeC1tic beat. ot 'II.I.S. ,1 &lid. 12 were t~ to be UleDtlal.lt 

conltaDt aver the tnperature raaae trca 0 to 3"- c, tbe value. "'l.q 0.86 

_ 0.91 otJ./~·C. rei~ctive11" 8e&Iple V.i.S. 13 aIai.'bl"tecl aD iuc,..... 

ill .,.citic hea'V1th lucreaalD& t..,.ntun (0.98 at o· a to 1.00 a1: 34- c). 

The lpecific heat of V.I.S. 14, OD the other YDA, UCS'UM v1t.1l lDOreul~ 

tlllJlllratu.re (1.00 at 0- C to O.~ at. 34- c). 
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6.1.2 't'be~ COII4ucthltr or !era 8lurrl .. 

A .. thai tor 118&8UJ'1nt the tblnlal. cClll4\14t1v1tl at 41 .. durn •• 

hal been .eleeted. An app&I'&tua bat 'oea bU11t u4 curreatlJ t. betaa 

cal1brate4. '!he ,,.1.1JI1nary d.alp cOft.14eratlou uI cle~ of QeD

struetLon ot tJle therllllll cCQ4uci1Ylty ceU are presented ill tb1a report. 

6.1.2.1 'l'h.ory 

Th. 1aurier heat C0n4l&CtiOil equat.lon tor oae-:CUmenllcul. ataq 

flo..- lr.l cJ flClJlOsen.oua rne4iwa CaD be "rUten AI: 

d'r 
q • • 1CI1A (di) 

~-~~ortton~l to th~ pr04~ct ot tn. cro •• -.ectlonal area, dA, nor.al. to th. 

tlov, an.1 the te"'P.rltw-e gra41ent. (~), &lona the conQ.uotjOll path. '!'be 

t~erasl eoft4ur.tl~lty coeftle~ent, K, 1e the true tberaal c0n4uetlvltJ ot 

the II_lUll .,.~ 1'1 defined a. the hea~ tlCltt per Wl1t tl .. , ~r UD1t tempera-

tw-e U~·1Ler.t. t.hroUSh unit thl.ckn ... and ~ro.' UDlt cr!? .... ctiont.l .,.. ... 

In metrle un1t~. K Will bave tb. dimension.: 

caL • c_l.ee ,.2 ·c. 
The 'lie"" therD1&l condur.tlvlty ot a nat.rtal 11 given by: 

(6.4) 

l'ot·h the m~a'l\ L-,1 tne t,1'1.l8 t.hertll&l coud.llct.1v1ty ot • Sh.1l Mtllnal, "'l7. 

VUI\ tlMlpeut.~. Tho relation ~.t"..P th. t~ 11114 __ tbenal can-

<1 .. ,tlVUy 1a 

lI" "1. . '.J • . J r. tM 

'rl 

• 5b • 

(6.5) 
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1'01' ..u path ltllCth., a %, Ie., bl c:auUe,.. to 'IV1 llnlarl1 Vitia 

tnpenturw. Y'la -.:, be ... eurect .t the &1'1 tbetleUo lIND of ':1 ID4 '.ra 
to pve It • X.' 

A llteratUft .. anb Of lI8U2Gh to:''''UriJII ~r-.l cOll4ucUv1tJ 

or l1qlLl41 revealetl tbat tile .. tJag4 cbOteG 1IN.t provicle one-41 ..... toaal 

beat tlov Vltb nesua1'ol. 1lAt.1U'al. coavectl00 1JI tbl 11,,\114. rl'Ql tbl, 

lurvey, it Ipp"rN that natural OCillftcUoa Q0uJ.4 be ellll1D&tll4 .olt 

l"eI41~ by ea.clOlins t.1l' 11"u11l 1lW'l')" ill • tid .. horUaat:&1 cant,tel" .. 

IQP11U11 beat to the caDb~.l' t~ the top. IUher adlquate iJiaulatlOD 

of the vertical ed.p. ot the caa1ater OJ' the uN ot suaI'd beatAl" can 

red.uce C0a4\&OUOIl 111 the hotUoat.el cll1"tctiOD to • uealiaibl. value. 

6.1.2.2 !W'riMDtal ApP1'at". u4 'l'ecluliCl\MI 

nB\U'8 6.1.8 thOli. eahftaUClllly the oQllpl.ete4 tbe~ CeD

duct! vi ty cell. 1'Vo tlJill caDi Iter. ar. tol'llld '07 tJII three copper ellle. 

vJalch are flnel08ed in a l.az'~ d1uetel" lu,,:,1. te tl.l~ il1'u1aUd vi tb St7rot .... 

The uJ'per cw.ter 1. tll1e4 nth lOA-tne vat.lr, the t.ben.1. cCll4\1C1tlv1to1 

of vb1cb 11 kDOIIm to withia 0.6 "~Ilt, YbU. tlIl lOWI' cMlIter 1. tll.le4 

V1 tla the eu 111&1'''1 WIder t .. t. 'DIe cell 1. beatOll trr:. ~ top Vltb • 

41.c-t~ be.t ... &nil at\ezo pall"q tJuoOlllb the two l1quLcl laJe", the boat 

11 re.oved '0)' the heat alnk. COIlatant-wmperature vater -",,11111l t~ a 

lArae, cout:aot.~mure re"J"Yo1r, "Ja!ch 1. tJlorousblJ wulate4 V1tb 

Styrotoa., 1. c1rcul.atecl tbroqb the beat 81Illc. 

Vltb thl1 &1'tarl&neJl~ of t.be cell .. th.l'III1 cOlld.uot1v1t.J at the IIlUl'l'J 

.1IQle CM be 4eter1l1u4 trOll tlw tetaperature 41tfenDCe. auoa. nab l1Cl\u'4 

(llurf7 u4 vater) aid ~ tl3ez.l, eonduoUY1t)' at thl vate ... a~ it. __ 
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toaIpIratun. 'l'bl. ntlaticull1p ia a.art.ve4 •• follOW tor oa.-<l1IIeiuI~CIIIAl 

beat now (1. e., ne&llCS.'ble _t 10.... tBl'CNf5b tbe valli): 

6rv I:J. 't, 
II • l" A F · K. A -,;;r (6.6). 

were q. he.' nux tbrouab the cIa 

Th .. : 

K" • t.he-.1. c0n4uctlv1tr of vater 

K. • the1'lla1. cOll4ucUv1t.y of tllU'l'1 

A'l'v • t •• rature 4rop ael'Ol. the vatar UpI' 

6.'1, • t • .,.ratun drop aero., tile 41lU'1'y la,yel' 

A • are. thrlNlb 1Ih1ah heat. tlow (eq,~ tor both 1111""') 

Il X • 4iatuc. bet.wen the 41ec. (eq\lal for bOth UqU14.). 

(6.7) 

(6.8) 

The temperature drop acraa. each l1q\l14 v1U be .... \&1'84 b7 oopper. 

c:aa.taataa tMl'IIIOClouple. burle4 1n the I~ao. or t.he c:appero Aile.. The 

th1ow •• of the l1qU14 ~ye1"' betWMIl tbe copper Aiece 1. O.$.t 0.001 ca. 

Vltb • bea~ tllaX of abeNt 1 cal/ .. c 'upsJ,l1ecl b7 tM beater, a temper.tun 41r. 

refaacl of .~t'l1 S- C v1ll be create4 acroa. each ~I', '1M .. talpera

tw-e 41ttel'e1\~ CaD be -.uW'8ll With aD acOW'U7 or :t 2.,. it t.be 1IIUi_ 

errOl" ill ln41Y14ual. tbe1'llOOo~1. ntM1Dp 4oe. not. axc_eel .! 0.1- C. 

T.be 1001ino, of the thenI&l. COId\Mltiv1t.J .... untaeat., therefore, V1U 

4epeJd lara-I, IqIgD the abU1 t1 to .. AllUre accuratel1 the.. ...u tellpentUH 

41ttenace,. 'to 1nlUl'e max.l1lU8 accurac" .eaolI ot tile th.l'IIOCou.pl .. 1D t. 
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. 1110.9. b •• n c:&l1bntec1 to)' CCiIIIJI&1"1'OD v1 tb • hip preol.1oa, ala .... 

mereu17 ther.netltr. The oalibration au"'" cbta1DM 11 SiveD til . . 
P1.guft 6.l·9. Tile dtt& pcntsU tl)f' all ,ill tbel'llOCCNplAI ",,114 ill tU 

dUel ..... plO1.tecl 14 tn. tt,un. 'lb. lIII.X1_ 4avs..t104 trca a .tn.1pt 

11M throusll the •• po1nt. 11 1 ... tbaD 0.005 IIY) eorr •• poa41as to. IIMJ.. 

lIIWI te.rat~ errol' ot lea. thAD 0.13- C. Theretore, the de.ired 

Mr.cur.cy 1ft tbermaL Conduct1~ltl value. Ihould be Obtained. 

The t.bermoco'tpl •• we ... Gabbl'.te4 over tbe t..,.l'ature .... of 

o to ~4" C. Th13 1. the crmtollPlatecl rMP over wb1cb theS'Ml. CCIIl-

kh ot toe copper diSCI hi. been lappe4 &lid plated with D10Jcel 

to p~eve'lt ~orrot'lon. 'J'he two the1'lll()eoupl.ea ln each IUac &1"11 pl.aco4 

one at the eeAler ar.cl OQO ne.r the edae to p41l'II1t ..... "reaaent of the 

ra:1J~l lleat l.l(Jv 111 the dUe.. III Id41tlOft, a thel'llClCouple 11 placflll 

perlllit ev&J.waUon or the racU&l. heat 101le. trCII the 11qld4 ~.r •• 

l'heont1.cal -:ale;ul.L1.Qus ".\o~1W' that the.' rMial la •••• v.LU be 

r.~41~81bLe; to~vtr, experlmental verification of th1. tbeoret1cal 

C't.':l.C1UblOn Wll~ be obtal.necl throllgh the WI!! of the 14d..1t10D&l. thenao-

~o ... plea. 

~ter1l1r..&t101l or the thenae.l cODduct1vlt.)' at the tOUl' .e .. 1IlUI'Z'J 

I&IlIpJfJ ctU1&nUed II.I.S. ,1, 12, 13, -14 1b0\.\lA be caeplete4 1Jl 

r.h& very near fc.a.tW'e. 
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~ol:lf1ca.l !Bhanor at: GIll SlUZTiea 

AS-At. available a. finelY IUvtde4 powders cOZ1ce1vabl), OlD be d1.MII1-

ootflci from a store 01' tlw dry matez:ial 01' fr"all thick slurries ot the pgwdar 

1n tl cl'lI!PQtible carrie)' l1qu1J. The reaaJ.btl1t)' or either GT-lt_ depen41 em 

facJ;oTlS 'JuclJ Ill' nUlllber of Viable orcun1::ma PC!1' un! t volU118 1n tbe store, 

1IIIJ.1ntenC&nco of Y1'o.b1l1tl, CMrLt( required to tmnsport mater1al 1n the .tore 

,to edt IJort, flr."I\I rQtc~ obt.a.inuble through exit port l GrId ey-tent to which 

',!',(- 'J.Cer·. '~!-euk, _.' into the f1nely d1vided stllte otter lli::lGCnat1.on. 

'!':;. 'lC2~.1'I:Iir .. l.he retlGlbll1t1 ot \Wins f;uspeno1ona or dr:Y agent. io a 

r~';iltt lUI im'c::t1{.;n~t(')n hoa tlllOD mode of the rhaoloclcal. propertie. ot a 

-.. ;.; --

i ~.lm<lbnl 'JI:cr.t iJ: fl COIIIput!lIle l1qu11i. !o'lov r.hurnctert otScs haw been 

,iC',(,.":1'i:-:e:' r.; :, :;llI':L~on of !J0l1d3 con~en'\.ra.t.1on, telftIlQ:ra.tl.lre, QJIC1. s}war 

·'!".I1'lf~'" t ~r(.! I.., Hi nr.e:;oh l·!ltlina and t.f~uracturlna Co. Datm have beeD o~talned 

::: the l,em~CI'~~Ul-e t''lIlC;. rr:»n 20 to -20·C and a.t. aheal' rnte, of 3 to 350 qe~l. 

;.',UTI i.e" !.~ d.~ rOl::t.tina ::::4X11I1 cylinder vtscOIQeter showD in i'1~ 6.2.1. 
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FICRmK 6.2.1. SCllEMATIC DIAGRAM (6 '1'HI BOrA'l'I!lO 
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18 ,1ft,*, in the • ....u IIDINlar QaC8 bltwc tbe C\IP a.1)o1l _1"8 111 1e 

ahaaNd wadu • coca*, torp appUa4 to tM bob. liHue Wok IlVl'itt. 

ceQ tXb1b1t the ,ropertJ ot Wxotrow (reYe"!bl. ,.1--01-.. 1 tnufo*~~)" 

it. 11 &t.1rallle to ..... 110) re,.,lutiou (pzoopol'UoMl to •• 1' rate) OD .. 

tt. ~... I,ll) accolIIPllab th11. a retlective coat1as ,.. lIeaa "placed oa u-
Itt 'CftY "hiob bo1"- the bob 1n podt1oll on the dft.ve IhIft. '!!Ie x.t].ectol', 

l'OtaUns Vitll tM .... arJ&Ul,aJ' veloo1V •• the bob, rwn-ct. l1~t rn. • 
pencll _ouree to • phGto-electr1c c.ll. 1'ha el.ctzica1 JII,&l .. , p.-rated 

once .ach rewlution, 1s urpl1t1ed .Dd recordecl 011 • tl_ ba .. u1n8 • )JJvfIJI 

Gmpl1fJ.e,r-recoMr ar-tell. In thl1 __ 1", 1 t 1. po.'lltle to ate:.s. ehell8l 

1n Vilcoeit,. Y1th t1. ot ab.en.ns. 

'lbe "iaco_ter cllP 10 1I"'.rptl in a _U te~ratu.re reSQlatecl beth. 

Control ot tellPflrature 18 accollpl1abecl 1n a laraar temparature bath .quipped. 

vi th a •• aled IIletin_ Vir. to • -Z'C1.I%'Y-type t.be1"llDx.plator vh1ab contrala 

the operation at a sual'B1ble hesUns el .. nt. Liqu1.d tnJa the ].erp 

I:ClMtant temperature bath is circulated throucb the _.11 v18C0111ter bath b~ 

.ana of to"" -.11 c.ntzoltupl lJWIIIIe to .lntaln ta 4ellnd te.,.ttare 1a 

thIt ... U bath within! O.Oc·C. 

tn" .. Uptiona to date have covereel 8 tellPltrat.1IN razsp of 20 to .2Q·C. 

'1'empe ... tunr beloW wi.nt ax. .Chievwcl 'Q)' c1n:ul.aUnc alcohol tl'Olll - cb7 lee· 

alcOllol bDtb tllrou&h collll8r coila 1n the l-rse tAtl!pzoeture batll. AU co.,.,,,. 

ot the 1l11tell are wll 1neulaw4 to pnvent .~.lI1ve heat 1.0... ,loY ot the 

<loolUS 11qu1..t in the 18rea te ... rat1lN 'ba'tb 11 %Waul-ted to provs.48 a 

tl!1IIpe1't\tunr aUgJ1tl.r lo\lllr tbaIl tbat cl.e11.recl and. tbe ~1'IIIDrel\ll8tor aDd. 

heater ~l'Ovide tlw rinal coDtrcl. 
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'l'b. two oCllllfOlltAt pane of tbe al.\U'l'J an fC-15 (Ct/lfP) I11III s., tile 

b101Cll1oal ... t I£.w.ut. 'l'.tI. ... MWJial,. are • ..,. OIl aD ~loa1 , 

balUce to panel. til. b.lnd ICIlU to 1l,u.t.4 ves.,ht rat1o. 'l'U Uca.w.&

IOU • .ta:tlU'e 1.'tllU 1I1ezdecl VlUl • ';.oUl.l¥ 4.~'" pawZ" .t1nv. 

'l'Jle .tlne&' 18 .,ulnad v1.tA & roua4, pertontal 411e. t1aQ8 WI 

t"haiqua 1 t baa bea poal1'ble to II1x \h. Ilun,y tIl~ 111 thout 

e&",lq &11' 'IltratnMDt. ~ wlcJ11D8 &l1li II1Jc1q of the IllU'q C<*JClUIlt. 

i. c:OD4ueted 1A thl vllacmewl" cup to ell ... te the Ill" tor tNDettl'riac 

the 1f8IIpl... 'l'IIlrt.Y _taut., U a.Uave4 tor the 11Ul'l'7 .peO_1l t.o reach 

t'lIPOratun 8q,\l1l1brlW. vit!l tJIe v!lcOileter batb before t .. t1q 1.. 'oe!Ull' 

Sa V'Lpt c:oacelltnttou wMah haft been 1AW,US-tld to d.tw caver a 

raap tra. 16.1 to 25 percent. 

6.2.2 ExpJ'wQtal He..!.!:!!!! 

••• 111 cleplcte\l by mean. or a cOD.L.teJIC1 curve which 1 •• plot of rate 

of .he&r (') .1 a tUDotlca ot .b.ariD& .tra .. (fl. 'l.'be rewltl of tbe 

preaenL .!.DveltlsaUoa an preaeatell ill tbU forti in Fi&1UW 6.2.2. It 11 

Ipp&rellt trOll the Ih&pe of tbIt cOIlIiateDcl 0\&1"111' tl'Jat tH r'It'PoaM at 

the •• S. .l\&1'r11. t.o I Ihear1aa It.rea. 18 cOI!Plex. 

Wot IlJ1I&1.'dl: trOll '1""," 6.2.2 11 t.he taot that s.' 111 J'C-7' 18 _ pl. 

.y.teII exblblt1Dt1 ' 'y1e14 pOint. In other vantl, the colUll.teDq ourtea 

interMat tl1 • ..., ItJ""1 &Xi. at _ ttAlte, polUi.,. Y&lu.. 'DIe 11114 

poUit. tor tile variClU' c:oac •• tnt1aa. u4 u.ntuna ba.,. ~ b __ 

pl.ottM 111 J'1pn 6.2.2 bee,un of the nt""lJ ~1"'1 ..... ult. llbicb 

hi.,. 'Deell obta1JSe« tbUI tar. III & t1Plc&1 expel'1Dltlt 1 t vu tOUld *t 
i the bob woulcl flot bes1D rotatinc \lIlUl. ,utti01'Dt torque ¥Ill JlAOeII 011. it. , 

I I 
I .. 
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lIbeJ:I the cr1tical ~_ vu exo",eel, l'otaUca VOIIl4 bepa alGllflJ, thlHl c.... AddU10ul tol"t"" VU reql&1,. '0 11S1tlate rotattOil .,.u, Wi; 

~t wou14 'oaD .top. ~ ~~ 1DcreuiDS the to.- &DU., • 

valu. t1JIal.l7 vai J'Nche4 vb1ch J)l'OIluced. • Ilow but ~1; rate ot 

l'otatlOll. 1'U oOJ'n',OllcUIl8 aheazo1Jll .tre •• &D& ra" of IUv for W. 

cOllll1ti.OQ are tM 1altial poln~ ot the cOll8Ut.aoy CurVel 1D nil"" 6.2.2 • 

..... twoe vork vf.ll b4t dtl'ftW at 'p1'cw1c1iDB & nalt.tic value tor the .)IUU 

atrea. or tbe .lurrl.l. 

~e lieU value ob.erve4 1a ~ dl,lrZ7 81.t .. 1 U bel1eYllCl to be a 

me •• ure or the force or tlocculatloa pet' \aD! t area vh10h exbU bet,,,.. 

1".pelld.e4 parttcle.6•2 •1• When the :feUd Y&lua il exceeded, tM tloc:oulatec1 

part1cle. beSia to .eparate. U'pcm illoreuill8 the raw ot Qear, the .o1veat 

whicb hII4 bleb trappe« vLtlUD the void. or the tloccul&te4 _tel'1al ia 

rele.le4 _ the re'LltaQce to £latI 4.0,.I,e.. '1'1118 pben~aaa gh... 1'1 .. 

('lsure 6.2.2). 'I'bie t1P8 of tlow beLaYlor cumot b. NpIW.eJlte4 b;r •• 1ac1c 

v1.cmllt;r pa ..... t.r a. 11 t~ ca .. With Xenonillll _ter1al. tor vb1ch a plot 

or anear1118 It.re •• yer.II' rate ot abear 11e14. a .tl'algbt l1ne PMltlll tbl'O\l8ll 

the origin. For Devtoniu IDIoterial., the vl.coeU;y 1e eLaslo val ..... , 1.e., 

vIIere. IJ.. coefticient at vtlcoa" ty 

r. abear Itre .. 

.. • rat. ot a!lllU-. 

6.2.1 Kinch, 1. I., lUleolO81, ), Acadnl1c Pre •• , • .., York, p. 198 (1960)· 

- 67 • 
Page determined to be Unclassified 
Reviewed Chief. ROO. WHS 
lAW EO 13526. Section 3.5 
Uate: 

JUl 19. 201S 

1 \ 

I 
!' 



n 
ii 
I~ 

h 
l' 

, 
,-
1 , 

n. ccuutqq IN~ obtai_ Yl tll 811 .1111'1'1 .. 11&. 'b ... tense4 "Qlall

pluUC .. 6•2•2 &l1li repl"lt'eDtt OIle ot' • ..,.r&l 41ttezeat tne. ot "DQII
~ .. " tltll 'b.bariOl'. 

1'b. t.ra &ppareat v!aOO.it" 17, 1. treca..-Il1:l;r UHf. lJl the 1.Dfttt1-

pt1cm at Doa.JwvtoIl1111l _terial.. A~t ri.co.itl 1. 4el1~ .. ~e 

rauo at ahe&ribl .tre.. to rat. of Shear I 

n r . 
'C· i 

It i. a",.areDt fro. t.be abape ot the c\ln .. preMlltecl ill n.pre 6.2.2 tIlat 

7l 48ore ••• 1 Y1th lncreulq rate at e)wU'. 'l'beret01'8, the apparent vtaoalt'l 

baa Uttl. Iipltlc&I1ee 1.1111 ••• it 11 spec1tia4 tor a 4.t1Jllte cOldlt101l or 

abead.D& .tres. aM. .h,ar rate. 

A qual1t&t1Y' It&t.meat cq b ..... LA tel'ld or &ppareD1. viacOl1t)1 .bout 

the cOOlilteDCY ,,\&rYe. pre"nted ill P1pre 6,2.2. '!'h. 'ppareDt vi.ooe1t7 at 

• ,heD rat. ot Ih.ar incm .. 1 vi th cleere'IiDS te.perature u4 Vi tal lacmtal1D1 

s. concent~UOll. Calculat._ appuellt vt.leOIt1t1e" .• t .. rate ot Ihear r4 200 

,ee-1 are pre"nte( tn Table C.I. 

SoUd. Cone:. 

TABLI 6.1 

Stteet ot ~l'atun aa4 Sol1u CODC!eDtratiOll 
oc tb' Apparent Vlacolity ot Da Blurrl •• 

(abe.r Hat •• '200 •• c·1) 

Apparent Vbeolt tl ("1) 
( .. 'by wisht ot s.) (pohc) 

2.0·0 O· C - 20- a 
16.7 1.0 1.4 l,6 

20.0 2.1 2.6 3.2 
22.2 3.r. 4., ,.~ 

25·0 6., 8._ 9,~ 

6.2.2·!loI&viJlk, 1'1 naaUaity, PUI'd,cl1:f ADa Dtnacture of Matter, lIarl'Q Prel., 
W.lhiDltoa D. C' I p. 10 (1953). 
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~ toraulae cu be round 1D tb. llt.rattae6•2•3 to c1.ao1"1be the ~. 
ot eurvea obtain" v1th S. sluzrte.. 'l11. aereohel NId JulJcler tOI'll\ll&6.2 ... 

11: 

(6.1O) 

where: 

71- aIId II • (lon.taAtl tor & shea CW'Ve. 

7l* 11 Dot the .... a. ttll apparent dacD.tty 7l ILllce D i 1. Th. 411118UiCll'18 

of 71* are 4utereDt trOll tbos. of 71, .0 that the value o~ r;* CAMOt be 

&xpr ••• e4 10 pole.a. 

ODe ot the ObJective. ot the rbeol.os1C1al lDvestlpt10n of S. alurrl •• 

1. to obtain auob tormula de.ar1~lD8 the ehe.r etre.s-rate of shear rel&t1~ 

shipa a. a fUnCtion of te.,.rature UI4 10114. cODceDtrat.1OD. Wi. til the .. 

tonwl •• It Will be po .. lble to cal.culate nov rate. throup pipea UI4 

orltl as & tunction ot c1rlvloa pre.aure. 

A a.CloM obJective ot till. -tUlly ta to prevU. J'h.Dlos1c~ data tor 

U88 111 theoretieal and e~rlmental. atUllio, on the ... r~c breakup of 

t.h ••• slurries. Equation. bave beeD 4evel0pe4 an4 experimentally verltLe46•2•5• 

6.2.7 tor p~lotlD. the drop aiz. aII4 lin dlatributLOD reaultlaa trOll 41 .... 

In&tloa ot Revtonlao tlui'-. However, 111 tb DOIl-l'Ie¥tOaLu _ter1l.1. the propert,. 

ot vilcoelaatlcltl nll retanl the bre&ICup ot f'l\l1cl drop.. 1bwI, Dew theon •• 

vW have to be developecl tIld expenJDeot&ll.)' verltl.4 tor tbde mater1ala. 

6.2.3 Retner I J' I J. JIheolc)Cf .!: 11 (1929). 

6.2.4 BerlChel.., W. u4 Bulkle;y. a., Koll Z. l2: 291 (1926). 

6.2.5 'l\lrD.Z'J G. )I. &D4 Moulton, 11. v., Obe •• BDl· Pros.,.!!2' 4, 185 (1953). 

6.2.6 lIuJctyema, S. and 1'sDaJaw, Y., 'l'rM •• SOc. MHh • ..,1", (JIoJ*l)!: no •• 
lh. 15; 2: AO. 18; §: noa. 22, 23 (193a.~). 

6.2.7 Bltron, M. 0., In4 •• EDs. Chem.~: 23 (1955). 
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Another obJect.l" c4 the rMolOS1cal 1nveaUsaUOD 1a to 1Dterpret tba 

COIl.tat.DCr CW"Ie' 1D tara of particle .~, parUcle .. put1cl.e 1Dtenct1aaa, 

aD4 p&rt1cle.U,uL4 illtenct1.OIUI. A mavllClp ~ tbe ba.ic factor. vh1~ 

clet.e~ tP abear etro •• -rate of ebear relpco" 1. necetearY 1.n or4.,. to 

alter the C~ltIlt. at th •• lurr;y IJete. or to lDCOl'poNte l441t1ve. vb1c:b 

w111 create lIore cle.lrabl.e· flev cbaracterieUcl. . . 
Bffort, to.date have been concentrated OD obtAin1ns the COD,1atlna, 

curve. sbO¥Q 1n f1gure 6.2.2 aa4 In att-.pt1nl to repre.ent the •• curve. 

by , .neralUe4 tol'lD\lla. Tbe latter yortt 11 not yet ccaaplett. ':he 

preol1l111nary au.l.1111 Whlcb hal been 401lt v111 'be ptcaentecl at thl. tt •• 

i'be Her.cllel tAlI BtLlJcle)' tOl'lllWa. ZquatlO1l (6.10), bal be.n applied to 

the Sal 'lu'"17 conlutency C1.U"'lea with loae 'esree or 'Sllec.... Equat10a (6.10) 

caD b. rewr1 t ten ae toUOd: 

101 , • n loS (r. t) - loS 77* (6.U) 

It tollov. tllat • lcc-1OS plot or .. ver.u. (r - t) will. ),leld a atra1pt 

l1ne ot ,lope D UI4 intercept • lUi 11.' Several .uch plot. of data troc 

Flsure 6.:2.2 al'fl Jlrel~ntd 1n Figure 6.2.3. Equa1.1on (6.11) .ppear. to 

r.~rt"Dt adequately the cons11teDCl curves tor .hear r&te. 111 exc... of 
~l 

10 He for all lll.lt the thicke.t IlwoX';Y (25J s. b)' velght). 'lbe tbeonU-

cally determined y1e14 .tre •• ~. u.e4 in Obta1n1nS the Itra1&bt 11ft.. or 

rtgur~ 6.2.3, however, are lars-r t.baD the tXper1mntaU.,y ObMrved 11.14 

stre .... by • t'ac:tOJ' of at le.lt two til ""11 ease. Theretore, the 

theoretical curve. will cu..,.rge fro. the -.r111181ltal. aW"tt. at a point. 
. -l 

La the viCinity or 10 lec eMU rate aM Will &.PJroacb tJl8 ahev Itr ... 

ada more rapldl¥. A. va. U.ou .. ecl prev1ou811, tutllA experhaelltal vorJc 

will be 4U .. cte4 at obf.a:1niDg h1&ber r.meentrattona ot Sa 1D rC-75. 
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tIpOIIl cbta1D1JIC th1a .!ata,. turtl3er at.te.,"1 V1U b. _. to "pre.ent tbe 

couUteDC1 ClU'Ye' 1A Mth .. Ucal tON. DetenalllAt10a of the. COIl.taDta 

D mI rr iquatiOD (6.11.) trOll the CI.l1'Y8' 'bawD 1n 11"," 6.2.3 baa DOt 

" 
bee ccaaplete4 at tb1. tu.. 

A a~CDl approacb toward. repre •• nt1na the S. .1urr,v OOD,lItc&cy 

eurvel tuI.8 been 1Jlveatlsate4. Asa:l.D, tb1, approach 11 11111te4 to 4ata 

obtaLnc! at. ahaar ratat 1A exae.. or 10 Hu -1. llJ18 appra.da b bue4 CII2 

the oODCept ot apparent visco.ity 7'l' When the apparent v1aeo.lt1e. are 

cal.clllate4 tor VIol'lou' polnta OIl a sinal- conllatency curve &lid. tbll.e 

values of 71 azoe plotted. ... lollt the corre'pon41na rat •• ot lbear, curve. 
ot tbe type ,bow 1n riSUN 6.2." are ob~ed.. 'rCil" prel1adnary aaalylU 

ot tha •• CIU'Ve., it appeare that aD equatiOll of the torm: 

1 

1l- ken 

vhezoe: It and. 0 are cOII.taata, 

(6.12) 

reprelelltl the ~ta -.dequatel)' at all telllP4t ... turea lUll s. OOllOI01o"'t.1= •• 

Furthenacre, it appearl tblt n doe. not VU7 vi tb 1011d. concentration or 

f._peratur. ... evidenced b)' the tIClual alope ot tbe Une. plotte4 1ft ftgUl'e 

6.2.5. An analJIl1a of tba clepell4eace ot Il OIl S. cOIlCtiltrat.iclo UI4 tempen

ture baa 110t been coaplete4 at tbll till" '!'hi. approacb appear. to otter 

could.rable pl'Cll1ae for at.tainiDg a .saenlhed tonaulA reprelent:Lns flow 
-1 

~hav1or at sbear ... tea in If XC ••• of 10 eec ,but does not tall. intO 

account the ex1atence ot a y1eld point. Pu.rther analJ'1.. ,,111 be needa4 

before adequate math4nu.t1cal repreaentat101l ot the rheolcs1cal behay10r 

ot tbe •• alurn .. at ver1 luw shear rat •• 11 acbieved. 
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'1b£1 laV"UpUCID or tll. flow lIebavlor of Sa Ilwri •• bu be .. 

11111Pl1t1e4 tlJ the tact tbat 110 wt4~' of th1lcotl'opJ baa buea eDCWAtered, 

11) obta1I11DI the oculltenoy e~.. Mea.~nt. are pertonM14 'by 

obta1DlOS aear rate. at increaalq UI4 then cleere •• 11l1 ab.ar atre ••••• 

'llle \1p nIl4 duw ourvel agree very vall. In addit1OD. the 16.7tf. SIR 

elurf7 ",.. sheared contloUOllllly 'wdOI' a 200 dyne/c,.2 ahear at.ro ... fol" 

3000 revol~tian. ot the bob v1tb no apprectable cbSnSe in apparent 

vllCoa1ty. Thicker slur1'1ee vtll be telted. in the lame maDMr to 

verlf1 the pre •• at opinion that thixotropic bebAvlor 18 abeen~ ia Lhl • 

In addt tion to the f'ut.ure \lark vM.ch hftll b~en IIlOftt.1oned 1n ehi, 

dlSCU •• lon, it ie plaDnea t.o extend thl' rheolca1ea1 Invest1gatton to 
-1 . ht6bUT shea" j'"tes. A. rate or 350 scc 18 About. the Upp.r 1111i\' for 

t.he cOILAlal.cyl1nOt;T rotAtlannl vllk!!l.net.er 'Deine; ulJcd. At higher tatoo 

turbulenoe and centrlfunal efrect. dl.tort th_ result, obtained. In 

order t.o examine r.b\l behavil,1r at. bigher rat,es or RheA!', capillary 

"lBComet,·y w1ll be ~,.plo1C4 us1n.s eOlllpruBd nitrosen a8 the lirivlne 

forcp. . 
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Dur1ng this reporting period} \11t llaw continued work With the high. 

aub'ODic vlnd tunnel in C:OnlleeUon vHh our etuq ot the WlO ot s1ipatrea 

enlU'(3J for W:G6slomeratlon or flnely divided ,0Ud materials. Th1$ \fork 1\115 

Inclucled ~xp.rlJnent& too eVl1l.uat.e the h1Bb velocity sampl1nc . .,y,um tlnd 'llGo 

silllulo.nt, .illS cl1scuaoed in cCCtiOWl 7.1 n:ld 7.2 belOIt. 

Expedmenta With the IBoklnetlc Somplln, rt'oba 

Experiments to detcnnina the partIcle c8IlIpllr.g d'.l1ract.Q1'iGtlcs ct" the 

hlah velocity sG/Ilpl1116 probe hllw been JIIIlOC, \It llizinC the wind lu:me 1 (400 

}')lSfon-type dlllgelftiMtor dlilCUO:icd in cur previouB techn1cal report. 7 .1 

In thuc atudloG, t\70 t.YINtG or talc.· M1stTon 10 Ulld :?; - II. re 1nJl:'('\:I! j 

into the wind tunne 1 "here tho uir velc.clty \lB~ maintained tAl I·lach llUJ1be J O. ~O 

The ras\lltln~ Ileroool vile then GOIlIplcd at. a d1st!!Jlc~ 01' (i1 "1ft cl.awnatrotlr.l of 

tho inJector (10 ~m upat.l'()W1I o!' the end of tho wintl tunnel) \11th tho Nobo. 

lHnt:e the aeroGol concentrntlon wrieD from top to uottOlll in t.he tunnel, p'lr· 

t1cl. aize data were QbtQirltid Ilt two veT\.1ca1 locllt1oftl!, O.~!I em and 1.$ ~rn 

frCII the top tunnel VGl1. A co.llbrated vacuum pump lOCQted dClllh&tl'eBIII ot the 

sBI'!Ipl1na probe vaG reGUlated so t.hat the Gpproprhte 1'1ow r:·.te tOl' isokil.(!t1c 

flow at the probe inlet vila obta1ned. Orr-design condit1ons, 5~ flcv Tale 

aDd angle ot attack, veN 01(10 investigated. 

1.1 Oeneral MUla Report lIo. 2161, S.concl q\IArterll Prcsreaa RePOI'1> OD Dl8-
a_nation ot Sc1.14 and L1CJ.\lld BW "sent. (Unola.8lfled. Title) Feb. 13, 
1961, I;>. 35 (Conrldentlal). 
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'1'he l"plAl ftN collected OIl 76 _, tne AA, M1Ulpon ritter. vb:lcb 

helve I\Jl 0.8 Idcroa pore alz8. In orUr to ll1ft1m1ze tM .met or particles 

settling in'the samp11ns aYlte., the filter vas located at the p~ exit. 

In the partiele slze analya18, thd rilters were di.aolved in acetone 

and the rern.alt1ns lol~t.1on val extracted troe the lampllt atter II pralll!.1"t'&tory 

~entr1f'Uele' step. 'I'M dze dhtl'lbutlon vao then cWtlm1Md by \laius the vell 

known Whitby Centr1tuee techniqUB, 

The a4vllnt.ap or uB11l8 t.Dlc in t.he .. atwHes 111 that it don not r.,na 

atrons aSSlcaranta. Thlc 14 important, since the de~ree ot agg.l.omerat.1on 

rna, be affected by both toile dlsaelDlnat10n o.nd s12.. anolys1£; llrocesses. Micro· 

scopic observationlJ or the t.alc incUeated that the particles consiste,i of 

plat'le~1J and acicular bot.h betore and after d18aealnation. 

Control datil :In the part1cle alze distdbutlt)n ot the tvo typu ot tale 

\leN alao obtained by the Whitby centr1~ t.echn1que. 'l\r(t IlnalY8eb were made 

tor each type vhich showed sood reprodllcj bUtt,._ They v.re Ilvel'ased t.o88ther 

for c~PGrlaon vith Damples t.aken in the vind t.unnel. 

Flgure 7.1.1 Dhows the particle a1'e freq,uency dhtr1buUon by mall6 of 

talc, lHatron Ill, before and after l.t1sMllinatlon at the lIoklnetic 1'lm; rate. 

The data are preaented a. percent. in the 812. raDfPI ahmra on the absc1:Js6 and 

ue plotte'" at the mldl>oillt. of the ranse. The data OMv the bi-lIIOdal dts-

tTtbut10n re&1.ll ting trOll the tvo particle shapes ooeerve4 unller the 1111cro-

scope. 

Statbtical data on the partiel" in each _.ple, the _ •• medbD rtJ.B· 

meter ()f!D), tleanetr1'! standard devlP.otlon (GStI), and percent by lIIau SIII8l.ler 

thllD. 5 mcran. are also stven in the tlguft. 
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10 th10 York 18 aat1afactory. '1'he IIUll acatte'l' ie. beUeve4 to be lal'ply 
" 

dUl to l'&IldaIl error in the spmpl1ng U14 slze analya1l proce.saas, 

. A abUt 112 particle size dlstnbutloD 4\1. to qat_Uc errors result· 

Ins trail noo·1Gok1neUc flow coDd1t1on8 is abovn 10 F1S\l:r8 7.1.2. The flov 

rate in bot.h cases .... at: 50 percent ot tl'.e proper now l"ate. while the lUlale ot 

a.ttack in e~h olloe wa.s &et'O and 5 desrees. At zero dOL'rees unGle ot Ilttack . 

. the flllr.lple vall biaa:cdtnvard tho larger l'tlrticlel, indlr.ntlns that the amallar 

nnaa followed the djversln~ otreamllneo mUl~ readily than the larsa vn8R at 

t.he probe inlet.. At 'S der.l'~a anglo of at tat-I< there is 'bi.ad tnliards l:t.v!ll 

llRr;t1cles; « very iuterest1n6 result. It 1a felt tha.t the 1r.terad.If)n 1 clllettn 

the rlcu !JtreMlLJ nes and Iltlrtlcle l>tlths Ilt tllft probe .Inlet a.re quite compll. 

cl'ted .... nder t.h10 'I)nd11.10n and va w111 IlC'It nttellpt to explain It In thlo diG. 

i!ll:.iOtOll, olnce It 11111 not he pertinent in ruture testa (1.e., t.h .. pl'c.ue "ill 

Le mounted at zero angle of ~ttack in all dloGe.lnnt1on Gtudlcu). 

Figut'lXl1.1.3 and '7.1. 1• shOll the pnrtlcle a1ze freql.lenl.::; dlGt.rnut1011 

I'or "nlc, 1416tron 25. In tllill cQ.lle there 18 "ery close .I.i/Jreelllent bet"' ... n the 

---

trdned with thin mator1al 1s Celt to be du.e to the smaller particle .. he runge. 

The o1'1-tleelgn data allOW !lU'lln the t.endency tor blas towards larser partlclea 

..,her. '.)0 pereent of t.he isokincl. tc: tlov l'8.tl!l 1s dnl.'otn throuah t.he ~amplel ut 

zero angle oi attnck. 

It Gbollld 'bt noted that the M1atron 18 datale'e obtained 'lith the probe 
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O.6~ ca. III at"4Ti!lS ~he 1aok1mtl0 Supai 1n each caM, it .... that t_ 
l'Arti:le liZ' cUl'trtb\l.t.iOQ 1a q\I1te Wlitona at both the .. leY8la 1n tile t~-' 

nil. 

Ac1ciit.10Dal expert_nte, a1m1lAJ' to thoae 41a~ .. 4 beN, vtU be con .. 

ducted with talc at twmel Macb maben O.~ ar,d 0.8. The !'elult. shcW.4 __ 

p08D1bl~ a statlatical anal1al. of the ran4aa error •••• oelatQd ."ita ~Sh 

v.locl~y '~llna and thereby establisb ~ acouraol o~ the ... plins pro~ 

".~ M~lf1caU(.'1l of the Wind 'l'\WIel "pparatw. to 1eJ'lll1t Dlai18lll1DAt1cn &1c

pel'iant •• 'lilt" i;':' Sll1llWult 

DIAnna thi. reporting period we have de.ism-cl. apparatWl lII041t1cationl 

te, permH. ',lie- :11sSftltnation r;C an silllUlaat ,in the hl6tt-fJubaoaia vina t\UU2el. 

'lh, r"'lnt'lp'l~ -=I"~nse include. a closed t11tel' c:haaber, approx1lllat:e1:r ODe cubic 

ID8V.r' ir. 6izf', ."hleb reeei Yeti the d.1schAree frOID the V1nd tunnel. 11w chamber 

1') of "'e'ld~d 1.tl .. ""tnUlli eonatruct1C1n, and i& Ilesisnecl tor a pre.aure dttfertn-

t1~1 ~r ~pr.rcx1matf'ly 0.15 Atmolphere, 10 that high effic1ency tiltetins of 

the t11.5~hllrE!" air' tUl be accOIIIpl1Bhed. The rutel" open1na baa Qn ana ot ap-

1"~XlM· ••• y 1/3 Tl!'!ter2. TWo 1~ye1'8 or I.P.C. rl1ter papel' rill be used at 

tht, pcl.nt 4n tI-.a ')fat ell. The filter chfllDber includes. sellled door tor ac

-e£3 t. l..he !&'.K1ut1c lc:pl1na probe eJld :.latoN e~u1p111Dt. '!'hU ~.J" 

Ar.~~~ r Elpp~:~bfo IIlodlficatlon 1s the addition of tn,truMntatlO1l to 
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Oil the w1JlA t\.I.DH1. SilICa tht. procel. taM. place iD &bout 1/100 ot • nc0D4, 

Ii h1~ 'peed. afateDl 18 required.. A M1DJ1eapolll HOM)'W8U V1licor:mr 111 ea· 

plo,ve4 wblcb recorda the signal r.rc. a alide·wire resistor whieh i. d1rectlJ 

~ODll6c.tet1 to the feedJ.ns pilton. 

TIle reC()N 1a obtBloed on Ii l1ght Genalt1ve papal' whicb rece1ve. a 

HaM bl!QIIL frtlll 11 ea1VQJ1()IIIDter in the recorder. Knovle(l&e 01 t.he pi..ton 411-

c:~lt'\JIILt1o!l ot the lnatantMiOUD reeding t.1'.e 

OUI! ~B the nut leport1ns period r sev~ral expert .. nts on tU 418.1111-

nation ot ";c. e1Jllw.ant ale planned, lnc:lucl1ns lnveet:1sat1on ot it. .rtecta ot 

pOVc1er mass flO'''' %'flte. bulk den.lty, m:lst~\re content, an·j. I.dr velocity_ 
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A britt aaaJ,)'I1. lIa. been ..a. to exp10ft tU f.IIpQrlqce of the artee

Uve tt1l1D& 41na1t7, Pt. on the a.rcclltlQ10 dral ~ sol14 a.D~ exter· 

1181 store'. 'l'M term P t 1. arlJit3'tlrl17 4etlM4 a' tba prcduet ot the 

mean bulk dana1t.1 ot 101ll flnel1 cliv14ecl 10114 ... at &114 the trac~1OA of 

the total volU118 encloeed. 'tIy the llein of the .1re~ eton vh1ch 11 

occupitcl by the a.-at. 
.' 
The ""oA)'DNI10 atu4:r pre-~te4 l.n O'U' SeonDli ~rter11 ProP" 

I\tpol"t8.1 ,.... \lIed ... Ii baai:! tor thU "l1'S1I. Calculationl veh baHcl 

011 datA pYea in Figure 5.1.2 of Refatenes 8.1, on the dftS or • MCA-

65A Serl.s .tore of f1nene.t ratio 8.0.· F1p" e.l .~l'lz .. "'ulta 

tor Bea lavel tllaht at 0.1 Mach number, tor 111uatr.t1ve c .... in which 

tM _pnt p&yla.4. aL" 100, 200, )00 aDd boO pound •• 

The Influence ot the et'fect1ve tilllns ciena1ty, Pt. v •• found to 

be qu1t. pronounced. Piaur. 8.1 .bov. the rap1cl 1non ... 1n dral ~mllt1 

Vh"~ Pt deel'lt •••• to value. 1n ~e l'&n8D of 0.2 to 0.05 ./eral . Ae an 

eX8IIIpl., 400 pouncla of • t1nel1 div14ed so114 .pnt in. 1011 clenlU;r etate 

(allume • bulk den81t1 ot 0.2) contalned 1n a .tore in whieh it oeeuptee 

50 percent. ot the totel volume ( Pr • 0.1) would relult 1n - draa of 

sptlrQx1 .. tely 600 :pound.. The sue lIIUi: ot aatZlt ea1'l'1.ed. 11\ " ClClll!'l'cted 

tom (t:)1' example, A bulk d.nal't:y ot 0.5) 1n • ItO" in wnleb- "fOIl, ot the 

8.1 GeMral Mllla lJ Illc. R8'pOZ'1; l'fo. 2161, SecoJlll QlllU"terly Proge.s 
R~ on Ol .... illation of Sol14 .. I.iq1l14 ]JI APDta. (ta1clase1 • 
.fle4 Title) B.bru&1'7 13, 1961, pp. 69-80 (Confidential) 
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1000 

400 

200 

0 

a,s:,w'I'= 

NACA .. 65A Store 
IAnstIVD1_ter: 8 
Velocity: Mach 0.1 
Alt.! t. : Sea Level 

_----Apnt PV.ylca4 
.. !tOO Lb. 

]001.1>. 

200 Lb. 

1 I I 
0.1 0.2 0.3 0.4 0., 0.6 

Err.ctl". 'llUns Deuity, P f' ".;.,3 

nOlml 8.1 AIlQ)DAMIC DPAQ VIR8U8 BnlC'rlV1 FIWlfQ 
lZlflIl'l't 7CII SOLID AC8Bl' !mRS 
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volw. 1. tsUM ( f) f • 0.35), wu.1d renl' ill • cbq torce at -JIII'OIId.

-tel¥ altO 1ICWIIla, Ol' ~ at tlw tVt~ ca... '1'ba 1lluIItdUoa ,olAV OI&S 

that tbaN 1. • ,,,,It.tutt.l 1M_1" to 'yoU "01'1 !e.S_ Vlaiola zoenl.' 

1D verT l.oIf va •• of Pt. 011 tbe othtr JIUIl, ttae tecbDSc&l JftIb,.. 

tJlC\IZ'l'eIl ill I"8tIehlll1 "'7 billa value. of P t (abern 0.4) ..., 014"'-1111 the 

.dvut •••• 

'l'!W .... ult. of the •• l,yM. riU be COIl81clencl !Ir t\atauw won oa 

dllaea1Mtlq .tore c:DI1CeJlt •• lectloa MIl eqll't.Jl1:aUcm OQ t •• u..ac 
teebll!",,, ••• 
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I .' 
9. Stftlll 8'J.VDr 

I A 'Jlte.. It\lll7 OIl tt. 41., __ t1ca of soU4 III aaeP' baa b .... 

I in! tiated. b1 the Sy.teata ~11. OJ'CNp at Qenerel MUla, Iu,~ ~ 
~ 

t-:' 'lbe 1nJ t1al vwk bu 1DCl1de4 • renew of the ~t 11 teratuH 011 ,r;, .. I" I21&tbftat.lc&l .ell t~r alnu.l", of the Ml'oeol clou4., 411CW111ooe v1th 

.e.bera ot the rt Detrick teclmielll. atatt aD4 " stull1 to eatabl1IJh aD •• 
1 1 appteaCb tor the fir.t clet.lla4 cuculatlOilI. 

t '1'0 &ITt".. at. 11ft evaluatiOD ot the ert.cuv"" of a IV mi •• i-ora, • 
~ 
t . , 
< 

1arae n\lllbel" ot hotol'S _t be tal&eJS bto accOWlt, lDalud.1q ul1vel'J ~ , 

{ 
, 

vehlcle c&p&bl~U.l.a, vehicle attrlt1aa, aceat 4.,.... requirematl, ti.- t 

i 
.eainator atorate cap.cit)' u4 tlQV rate, tl1sbt • .,.eeI aIId. h'lsb~ of 

• rele ... , LU .. eadnatlOD etf'lc1eac:r, urolOl 41th.1OD aIIIl meteoro10Slcal 

influence., uro.o1 p~llc:&l U4 bl01OI1cal 4.cay, 1~ ret_tiOD, &D4 

other factcn'1 ... ocl.ted. vU,h the end ettect auch &I incub&tloa per1011., 1 I 

duratlOll or lncaplcltatlon aD! mortalltl A1It •• 

The YOrk 1n the Dear tut.ur. will be re.tl'1cte4 _~ to lAYeltlca-

Uoo or target area cov ..... " Ibt1U1l1ced. b1 the apnt 40 .... req,ure-

~ menta, as-nt. cap.IClty, flOY rate, nllbt .,.e.s., beilbt of r.l ... e, cU.-, 
.nlnU1cn etfio1l11ay, aeroaol 41ttuDcm and deca,.. 

{ rho above ettec'\' Will be 1n'le.tlsate1 thr&NSb aD ap,ropn,ate 

f 
d1ttu1j on lI0II .• 1. vartoua 1II04e1." hlWlt .... " develQl*l tor atlllOllphel'lC 

\ 
1 , 
l 

9.1 MDteoralcg u4 AtOlll1c lIII.er&y~ AICU 3066, u. 8. Oov't. f +See tor exupl._: " 

PriDt.1D1 Oftic-, D' 38·;8, (1~5;). f 

r 9.2 Band, M. L'
J 

et. al., A Dlt1'ullC1Q-De1IOI1t.ico Jb1Atl f" 1I1-l'l1Ibt Reb ... I 
~ 'Uslon rrapenta, AfCRC·'DI-6O-400 (JIIU 1960). i , 

( 
9,3 JODea, 8. P. aa4 8. C. Stel'D, 'l!h8 Dillea1Mt.101l at ADt1~"'aoDMl Apat. 

-. b7 MIIana ~ III &lnate4 14118 8ouJ'ee, QICI • .,on, (A\II. 1951 (Seore,). I 
• as • I !,. I "PlI :AWliAb DECLASSIFIED IN FULL 

u 
~i Authority: EO 13526 
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41tttItIl= at l'Irit.OIlate matter &:all 11l 6ftINl the ••• gee Yi,tb1D'. ~otOl' 

at two. 81DO. ~, narl'~1oD of Sl"OIUd level. do .... vari .. OYer -111 oN1" 

of IJIIlpitude, thlt lall be C0D8i4en4 aocxl aar-.a1I. 1'U 1IC4e1 u-eIl in 

tbie inv.ltiaaUCI. YiU be tba~ ctev.lopecl bJ' K. calar, vll1cb va. recent17 

41.~'ecl with Hr. 'd1Jr craw at ,~ DltdCk. 1'118 :refill_nt. to be 

1:1&4, are: 

1) It vt:lll b •••• WDe4 tba~ illl'ec~loa. 18 proportiODal to the 

IlUDIDer ot part1clllalV1 th at laa.t one viable asent) tllat the lUD8 reta1ae 

ratheJ' than the tat&1l IIUllber ~ viable .pot.; 

~) It ,iAll b8 ••• wae4 that the 4.0&1 rat. 1. proportional to 

tba IUrtace area r- ~b. partJel" 

3) Tb ..... 7 rat. will be ... LIJIIed to cleere ... witb iDOna.1DI 

time. 

land of 11:. Detrick: concerning ree',nt. experillielltal r .. lllt.. The aittu

don lIIoclel w1th til. II mccUIloatioDl 1. 'ott1ns proc.l'l8lltci on a cl1Sital 

O:lnputer. The r~.: It. of this cOllPUtatlO11 11111 b. plota or proIIab:1l1ty 

of' intection .. a lV\Iact.1on or clOWmtl,. dUtance for var10ul weather COD-
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10. WORK (II LlGlVD 'AGIft DtaaaM'mfO S'raRI 

kt the tiM PbaH II of W. poJeot va. _pi."", GUenl.*UI, 

I1lc. ".. l .. ~ate4 to cou1Mr tM poteat1al me:ul etOd-oUS71D1 .,.1.
Uti.a of the AN/U8D-S DraM, befOre • .t.Ct!DC tbe t1IIIl. ccmt1praUcm ot 

the researcb pmotne 11CLU14.pDt c11aHa1nat1ll, aton to .. de11pe4 aDIl 

maJ\Utactl4t'ecl ~r thi8 coatraot. For W. l"eU" t.n. 4e.1p phue ".. Dot 

ln1tbt!t4 at the bepJmiIl8 ot PtIaIe 11. AD alterDaW appJ'OlOh waf alect.4. 

vh1ch 1n\'!ludel1 .ubcontracte4 at.u41 •• to be coohlcted. bJ North ~r1can 

Av1at1oa, Inc. d Fairchild Airc1'aft aDd Xi •• llea D19l81oa. !M •• studt •• 

vere ac:hedu.1.e4 to preced. the .".taUed. \ledp of _ reHueb atoft aa4 aft 

plaoned 80 U to pre'lide dat.. nue .. llU7 to a.t.eN1M the tea.:lbll1t.J' of 4e

alpine altoN vlllclt VAS Dltar-opUm. t,. \1M ella .. .,.~ ..aM4 aU'cftft 

anc1 alao t.ne Alf/IJIfD-5 llJ'OM. 

The tvo ItwU •• _nt1oned. a'Dove _n lo':ouldue4 Dlce88&l7 11Ilce the 

Alf/USD-5 doea not current11 haw proviaion. tor exteraal. .toN.. lIo41tS.oa .. 

tion ot the wlng des1an vaa conl14eft4 .. ee ••• ,., foo pZ'OVl4e thi. capalnl1~)". 

'l'he vork .tat_au tor the .. taro at.wU •• toUow: 

lO.l Work Stat-a. 1St .. Stu& at Nortl1 AeriC!! ,A,Y1at:lon, IDa. 

Ccaplete the d •• :lp n",ire.Dt. toJ' .. prototn- exteraal '~0Z'8 

liquid .. put CU .... ln.tlon 8)"1tta. The Nault. &l.:eaq obt.u.4 Ulldar thl. 

contract '11th aeaeral. MUll, IDct. lhall. be u.4. 'l'h8 4e1s.an wquin.at. 

to be •• tabl1ahe4 lhall apply 1n.otar u poeli,bl.' to a lIDiverHl .tore: hav .. 

.ver, detailed 4ea1p 11t.tll. cOD.ider 1118taUatlOD of the .toft OD tile AlII .. , 
DJ'ObI IID4 abo thll '.loaJ .1rpl&De~ which ,. ant1C!ipate4 •• a te.t Yeh1ole. 
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_.1._", 
(a) Aa patI of tb1. wort, 4t.ta abaU be .u.s.tte4 to eJaDll*ftl JUlla, 

IIlo. tor PlI'DOHI of .~ .. t1D1 c~tabll1t7 nth tu va.. '1'&1 .. uta 

,ball CQlUb~ ~ pzel1a111&l7 .. ~o, ".ipt u4 1mrtl. cl:ar&Ote1'1IUc •• 

(b) eooz,tSJI&te with Geral'l&l 1Ull.', lao., the Azwt Cbea1eal Coi'ps, 

&D4 taw DIOIIe MtIINtaotL'l' in o.tabUlhtlll a llUtuall, acceptable .tOft COIl

t18W"&tiCD .t. Oenu&l IUU., lno. clinct1OJl. 

(c J Pnlpant loa or r.a,out D%'8V1JlP. • LaJwt. clnW1qa of tbe extemal. 

.ton .hall be pftlpa:ecl, vb.1ch aball iDel\lde utenaal. fllClDHl'J', detlJd.t1ca 

ot C~lita (Buell •• tUl'blae, .~ratol', v&b •• , papa, DOSale ~....t:Il1 

.04 &atIA"COl"). cODtroli aael control Mq\IID01llI, JettllOQ pJ'OY1.101l., .,.D't 
,ca-pac1t1, luulaUOD. a&1tatlon anll heatlll1 ~ ,.~tAlI8DCt. pron.1oae. 

10.2 Work St.atolDlnt • St« at Nrchllcl llrcnatt &nil M1.,lle, D1Y111011 

10.2.1 Coll4lAct ... t\l4)' to PJ'OYlde data r4tquiJ'l4 tor .. 100t.1011 or e~l'I3IJ. 

_ton ,he, WI!.~t &nil location OIl the clJ'ODl V1DI. Data shall be PftJlU'8d, 

shOWiZll the relationship be1.vnn the critical pa~tel"l. b .. data Mall 

be preeented ... grapb., which .hall include but not be lWtri to tt. tollaw-

loec!ec1 welpt. at a III1I11J1l\.a of th~. apanvl.. location •• 

(b) Inore.ntal 4N8 cd the In.talle4 8tOft8 .. raU8 tank eapaclt,.. 

(c) N."Ucal. MU •• per poWlCl of t'Ull vu.u. e-"terual. taDIc capac1t.1 

at a .. leetecl Mach D\IIIlbel' vi th 81'088 ".lpt •• • panmetel'. 

(4) Rad.1\11 ot actlOD .. raua exteJ'D&l taDk capaU t)' at a 1I1auu. ot 
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~j 
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.... 3._· 
A. brie:t .talI1Ut7 u4 c:aatzol aalTI1. Ibll be IIDdt lor each aaat1 .. 

&\&ftUoa ItwUe4. 'I'M' aalpl. aba1l be he1.4 to the 'I1a~_ N_N4 to 

luUl't tuall1U1t7. 

10.2.2 AI! luw.tSptioa at tt. ~ perl'OJIIaDce of tlw d/TJfID-5 DI'Cme 

aJI4 ODe tuak llize, lhape, &Zd "':LIb' locatt4 at one villi .tat.lon Ihal1 be 

i C!ot14uctlt4. The Mlectl.oa ot tot. .to~ lind tiM "Inc loeatiOC tor .:nmtinS it 

,hall be autWlll1 al1'le' u;>OQ betwtea a.aeraJ. MiU., Inc. aIlIl ,alrcbUd. Air-

• I 

r 
, 
I 

r 

craft an£ Mildl .. D1vlalOD. The J)ertorusac:e uta will bet preMateel 1a tM 

ro~ ot • mia.loa protlle. 

A. three-n." draVloa of the AJI/tJ8l)-5 vUoh the ,elected ltore la.talla .. 

t10D .lIa1l N prepaNd. 

Lce4 factors aM aU 10841 oa tM extlmal .tON .au be PZOVl~ 

ror the aelec:te4 .tON 1111, Gh4pe, "l~t, &nil vi. Itattoo location. 

lO.2.) ec.pl1. the intormation outlin.4 beloW tor the AB/UID-5 DroDe. 

(a) An lnv •• t1pt 1.011 shall be IIl84e ot the electrical' power available 

on the AIf/mm·5 (on a time ~&J'ln, bUia) tor turntah1nl! the requll'8d POWI' 

to the extemal atoNa. 

(b) Ie rlra1t'ns ut the 1dt/US1J-') on the l.aucher Ihowlq the IMlbChe1' 

clearance. sball bIi prepared. 

lO.2.~ Nrn1lh en&1M G.'dlau.t temperature pJ'Otil.ea at the filpt conditione 

vhlOh .~ to"- 41l1alhat1oa J'Wl. 

IN.rlng tb18 report1J1& penoci, the lDtomatiOll requ1:re4 \mUzo tote. Ca) 

ot tbe worll .t.tellllnt to Berth J-.rtCe,D Aviatloa, IDe. v .. rec:e1wel bJ a.u.n1. 

MUle, Ine. tor rwleaq t • .) l'ai",h1l4. It 1. ut1d~tecl that all of the .non 
c~m b)' bath of to vwa _tat_at, PNlUte4 .bOW 11111 be c~t.e4 4ur1q 

tba out J"llpartlq pert04. 
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u. StIIWl! AID COJmWSm. 

DviDi th1. nport1nl pal'1ccl, ". .. II at t.bU P"OIIIM va. iDlt1aW. 

'l'hf.' pbUe 1l'1erlulle. eOfttf.lNAtiOll ot ,. .. ueh 1n anen1 uea. Mlate4 to 

80114 .,.at c11 .. ell1ut1on (.uc:b •• c1ellvel'7. _ter1J28, 411tea1u't101l aid 

c1eaglca.rat.lon) a. a110 lDclud •• CCllpleUOD of tbe de_lIPS "",ul~Dt. 

tor • 11qu14 apnt. ,tOft, dea1sn of • rel.ucb IIlO4el a. :Il&INtaCture at 

OM llDit tor tutuH t1el4 ~r1untl. 

SXper:1llent, hive been 1D1t1.te4 to .vall.llte t.he eUlct ot lqonre 

to heaW Ib .tor ..... on the vi.bUU,. ot 811 uJ"CI01.. Pn11JllDIJ'J von 

lnll1cate. Ipproxilll&tel¥ eo percent kill of the 0I'1&JI1 ... vben expo.,e4 to 

SO·C tor 1.2 .. eODd.... Jut\.ll'l eXlllr1men'U will tMI condm:tad With. JaOM 

refined &PJ'Atu. "0 obtain IIIOft 4Gtalled clata (section 2). 

An exper:1.mental appant\A8 tor the ... ure_at of frlctional tOl'c,' 

between poIo'der beel. 104 chalmel vallt bat been developed.. MMlUl'8Mnt. 

hive been made witb t1nel1 cllv14e4 tile. It hal been po •• ibl. to 1.0l&ta 

• powaer char.cter1'~ic wbich 1. 41rect!)' proportional to the coefficient 

of tr1ctloA. MM.\lrlunt. or tbt 411*110 IDSle ~t repoM tor !II paIIId.P 

hive b~en lM4a urdu controlled hUlll1d1t)" eoDd1t1cnl. COl'Hlatione ltlth 

the lIIOiature content have !:leen oU.1necl. vh1cb 111011 • tl1sM 4.peDleQc)" 

00 ~1Gture content (Sectton 3). 

Tbeoret1eal Gtu41ea ot lOl4 tr'D~,j •• 1aa 1n pa~1cul&t. material. 

have been I4vance4 4111'Uts tb1l ",onina pedol. AI a renlt, • po. 

m11108 exllll'1mental t.cbnSque tor .... uZ'elltnt of .btar atrenatb Ud c .... 

paotlb111ty eh.r.cter1et1c. of partlcdl.te materlAla vaa coao.ive4. A 

tr.1ax1a1 lbe'r teat tlxtuJ'e 1a 4 .. er1be4 aa4 ...,.ral Iptc1f1c ca ... of 

terce traD-lltlell1oft have been -.11ze4 (Section 4). 
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lIQIrtMDta blow b ... oODluote4 to fuJ'tMr QJloN l'I.1I10 ~ av 

earller stUll1 •• of torce tnlllII1"1oa; iD .p.df~c alft)'l of lllAiel'1al. 

PbotoIlN»U ot .Up-11ce. lD tbe.. aneJI lllua1lnte tu .ulet. of PIIO-

1111 PCIIH1'7 (BeCUOD 5). 

The Pl'OPInl •• ot .1urrl,. at no tn-' have bu. lzw ... Upt.. ill 

oon.iderabl. det.ll dunna Wa repo%'t1na J,»rl04. b •• tn-I are (1) 

ell duni., aQ4 (2) .lmT1 •• IIIIde vltb BIt ia a tluorochellic.l 1111U14. 

'l'ha VC1~k 01\ '18 dlU'r1.. baa yie14eel lietaUeli lntOl'Mtiotl on .,.al(1c 
",. 

heat of to~ ' •• 11U'ry Mmpl •• tl.U'm.he4 b7 ,art DetJolel1. App.r&tu. to!' 

.valuation ot the tbarmal conluc:tivit1 at ell 11111'1'1', b41. beeA 4''''10pN 

aOll cal1br.tecl. 'l'he rblolo81ed behlvlor of Sa allU'''UI, IIIII4t vltb 

MiDlle'Qta Minll1S tluorochealcal l1quid FC-75 hi. bee ... tUliled in 4.ttil, 

uI1na a rotatlnC coaxial cylln4rical vllcometer. Curv •• of shear rata 

v~r,uI .he.r Itrt.l have been ob~lnt4. II • function ot te.perature aDd 

concentration (Sectton 6). 

Procre.1 ba. been mad, ia COlllwcUon With the .ttICU" or the UN ot 

.11I1st-rcg .ncu'B1 tor deaSllollleraUM or tinel¥ d1v1cte4 !!IAteritl... 'l'he 

~11.,..~tertat1l!s ot • hlah velocIt.y 1."lI.llleUc ... pllq probe hav. been 

atucl1.d. by ellleellllnatlns tsnel7 1!1vlde4 talc l'>to the viDCl tunnel. Stu-

111 •• of the effect. ot oft-d •• lp operation 01 t.he p1'Obe IheN t.-t. ill

oonect tlQV rate and operation .t IIIl 'Dak of .~taclE caUl. bi... . .... 
pUns. Pro~:r ccmtl'O.l of both of the.. factors II PJ'ov14e4 for qa CNl' 

.Ylte. Mo41tlcitlOJll t~ pel'll1t u •• of S. 111 the v1DlS tllDMl hi .. beeD 

d •• igned (Sect.ton 7). 
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na. i~ of tM ettact1ve t1ll1q- uDlltr all tilt .. ~_c 
U.s of .. 10114 .pDt l'toft hU been aDIl.11In. PeDalt1e. in .:rau.. v_a. 

"- .!hotlY. t1ll1na dallll1ty 1a 1 ... tbaD 0.20 . p/~ were tOUDll to be 

.ubatall\1al. 'l.'be d-.Dtaps of 1DCI' .... lq ~b1. 4tna1ty allov. 0.1to f1III/,.l 

are qu:.l.t. DilDOI', an4 -1 b. o\lwe1p4 by other ~obleU 1DCUne4 (Sec

tion 6). 

A 'latau ItI.14)o baa been ln1t1&tec1. Mathe_tic:al medel. tor •• Z'O~l 

ditty.1oa bave been reviewed aDd aD .pproaeb to~ future .tu41 •• out11D14 

(Beetlo, 9) •. 

1)ul'lns the repoa-tlnc period., vorlr. on tba l1q\l14 .. Dt cUa .... .Lnator 

ll1elucl~ iniUation ot tvo Itu41es de.l1na W1tb (1) caaplettoD ot t.he 

dee1811 l'equll'ellllhlt •• nd preparation ot l.yout dravinas, allCl (2) atu4r ot 

ccaapat1'o1l1tl at _tOft a deupcl tor mallJleCl .lrcrar~ v1th the AI/UID-, 

Drone (Section 10). 
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