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Abstract 

Thll report covers the maJor Ilreas of "let I vi ty dUM nil the l'irut three 

month. ot • pZ'ogram of research OD dissemination of 801111 ancl liQ1.l1d .rM 

aBlnt.. TNt obJ.et1~ toward ·"hich the loa.earch "is dlreotecl is tohe de~lop-

ment ot weapon Brat.,. for the dissemination 01' these 8santa aa a line 

source (rCli hip speed lcw-rlying a1r<:rat't. 

~ The problelll8 of feedins and handline of i"inelY"dlv1decl t;oHC\·. asent:1 
...,..or.~ .... t.,~ .. ~ 
aa "hem ••• " along with app.l1catlona 0" 1'el;to1l1g rlevlce~ ::.~tl all ... ~ row fet'il-

era I piston feecWl's and pneumatic: feeders •. 
1..u.~....l1"\"""-~...J 

Progre88t111 prepar1ng Cor wind tunnel expel'lntent8 011 disselRinaUon and 
a..-I'~" • 

deaglaaerat10D i. a.~6C~'fs.Ga .... ~_ .... ih:ubh.'. 1n the deSign of a ape-

-... -_._ .... 
(Projp'e88 on a study of the Chal"Bcter1atlc:s of f1nely d1 vjdC:'i muterJuln 

1B preeented. Thill work include .. li1.e~1.\lI'\~ ~o.N:h, theol"e\.ll:ul alluly6e~ 

and exparime~~~ 
r·' u~"""..J 

I deaign atUd)' WlIItelt haa tMEn J.nltJnt..ed lIIJ nIl extern"l ILl n·r'nf!. sLort= 

for liquid agent d1Huemlllatlon~,;k; .1hcaSiJ;M. ~!~J.llllll11ujl fUldll'~tI r.r WI .. , 
oper&tiOllL\l analysis 1.0 determlne optjmwn ctebi~1I rllN .rut(l.l f(ll ··f~"".n .. l 

I 
\AoI 

agents are presented Bud e. OUl1UllQr)' ~lve,. \.r I;t.urli(:.; I'r!lfltil,g t.u "llt!l.d'!'· 

llircraft &to~ deslSI1 problem~. '\. 
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Abstract 

I. IRl'R(J)UC'l'ION 

II. FEEDING AND llAlmLIl«l OF ~'1NEJ.Y DL IJ Ill~:l) IlW{ MMEIUALS 

A. QeOllllltr1cal Conalderati(;uu .. 

B. Paver and Enorg Conttiderlltionll 

l!:- Io'eedtns S,yGf.e1ll COflcepl.tI • • _ • • • 

• III. PREPARATION FOR DlSBgMINA'l'IOH ANO Dlt:Ai.l~I.\J4EhA'rl ON I::XfIo!F\(Ml!:N-rB 

A. D111CW1alon of Problelll alld Deucription of' ApprCtl.ch 

D. Blow-Down W1Dd Tunnel _ • • • 

C. ,iriSh Velocity SampUns Sysl.em 

IV. INVES'l'IaATIONS Ot' 'firE CllARAC'I')!RHI'l'ICS or VUlt;!.! 
DIVIDED MA'l7.lIUAUl • • 

A. Literature S."rch . . . . 
n. Pns11111inary 1'1,eoretical Illvel>l j~M1(,,\ 

C. Experiment.a ••.•• ' ......... . 

V. WORK ON r.rNE~sounCE I.IQUfIl Ma::m' DlaG\£MINNlfl/( 

'11. 

A. Flow Ant. Optlmizl\l.iclTI " . 

B. ~Y1e" Of Operatf,)lItL! Ail'l!1.11't 

C. Agttation or Liquid "'A'llItn 

ri. Heat.1 n~ aM Coo) I ,.~ 

E. hrfonnanc ... Pvuull.y 

~'. Effeets 01' Laca 1 jo'] CN 

Slil94ARY ArID (!OrICI.US r O!i!j . 

APPENIlIX A - PI<i:LJtoU!!AHY ':'HI':OI«': !'; (j i S'I'oIl),{ !I!'" ,,,,lIt:!!. 
DIS'mIRIIJ'{"!; IN Po"Ot'\IS 
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':hi. 1'1nt Quarterly.-port pX'IIeente propss on Cont~t No. 

l' .... Z'Ch OIl the di .. a1MUon ot .0114 and l1cauid JJI ... nt.. Clene;J,'al MiU_ 

%QCI. 1. the pn. ·aontZ'Actol' tor tlw P:raI1'Ul .Dd North Alller1can Aviation Inc. 

11 :part101pat1121 ., •• Ubcontractor, in the fi.ld ot 11qu:14 ai1tnt. d1.lIemllla­

ti0D. 

'I'tle ult1l11&Ut obJeetlve tcvard which this reeeill'ch 18 d1rect..-d 1. to 

provJ.cIIt v.apan ,,..-tau tor d1a.alll1nation of \loth soUd and liquid lJi Ms-nl. .. 

• a G 11,. '0W'Ce trc. h1sh speed low-f'lylnS III&IUled and 1.U1/Il&lIIl8d Qil'craft. 

'rhe .. " .. pon IYlt._ will employ .xtemal dlsaellllnathJ, store., dI1a1Snoc1 t.o 

be campatlbl. with a variety of aircraft type., hav1ns .peed capah111tiea 

abCft8 0.70 Mach Number at low altitUde. 

Prior to tha current prosram, the field of lolid asent dtBdemina~1ou 

had recdve4 le .. tecMlaal effort. th&n thnt ct l1q\l1d Ilsent diasemlnUlioll 

8114 vat therefore in & coneidetabl)" lese Mvnnc:ed atate. l<'or this reIJ.IICJII, 

the typa8 or 1nwlt1pUona which I're currently heinS ('ol'lduct.ed in the tW(l 

RalaUve to lolid aj!ent. d1IJselllillut1oll, t.he major IU'utllerR Ill"ns L!U:It:nt ry 

jeinl studied are f •• dtns and handling of the ARant, chuJ"octeorJ:l.lltion Cl( 

tlcl.e 812.. ranse. The structural Ilnd aernd~Wlllc problemli 11(IBC.dllte.1 wi 1.1. 

th8 application ot external. stores are alGO 1nvoJ.ved in 1111 IlrtlUij uf tile 

study. 

- ! -
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In tbe ne14 ot l1qU14 spnt d.18seaa1nat1on, & dee1sn stl.\dy haa been 

ID1t1aucl to provtcle e1"lter1a tor dealgn or a re •• arch prototype disseminator " .. 
atore. rue atudJ luolude. an op",at1on&l ~.1s to 4evelop .tIa, re.te :re­, 
~re.nta, u .. 11 al work an more ~tall.4 probllJll. ot extemal ltoO,.' 

4 .. 1111, 

D1Iau •• loal ot the Itu41 •• prrtormed du~1n. thi8 tlr.t quarter ar. . 
pre .. ntt4 111 the tollovins sections ot the report. 
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• tuDctiOA ot tlIe tM41nl Int.. In the IUZOCZ'8tt external .tore UhAler 

ooa.lderatiOll i8 to deliver' the dl'1 apnt material. frca the .~oreae 1.<:101on 

of the walt to the deagl.,..ftt1nc I.otion at a wU.fonl and. &dequate f'l~ 

rate. The flow rate. currently un4eJ' conllcWraticm J'IU18I up to 30 pOUDd.1 

pal' JUnute. It IllUat }l8rt01'll thl1 tuJJct10n sately, reliably and without ex~ 

cs •• i.,. pcMIl" cOUWlPtlon. 'rbt tIt.41Il, ayatell au" deU.,.r tha .. nt in a 

oonditlon whiCh i. COIIlJl&tible "'ltb the cl'laracterbtic. or tM deasslcnerat­

ins .. etlan. In the baIldUns of the apnt' in the feedlna system, 101.8. in 

viabUity IIWIt be lIlinill:1zed. 

It 1. allO dea1:rable that the fe'dina l)'at_ be .1 nearly walveraal. as 

p08a1bl.e with relU'4 to t.1. 1'&. ot apnt propertle. vtUch are acceptable 

in ita operat1C1.Q. Th1a ia broultlt about by tJ!a fact that .. \'.n .. ~ factor. 
• 

vill influence the tinal selection ot an ae-nt ~or a 81vwn ~1881Oh. 

A, Oea.trlcal Coal111erat1ons • 

IlecaUie ot the •• wral l1m1tatione on the contisur&t.:1on ot ext,rnal 

atore. ot thia t~ brouaht about by urodynamlc: conaiderationo os vell as 

the aircraft du.ns1ons, the shape of the atcrap vol\.1118 froll vhich the 

mdJllII sy.tem ,,111 ,boav the .pnt is quite ..,.U est.ablished. Thie storaaa 

vol". can be 811 .... 4 to be & horizontal, elonpted vo11Jllle, whIch could be • 
• ef.rcular c,l1nder or an axiall, 8;ymmetrlc bod;y of revolution with variable 

_1U8. The two SIIIlo8nU. po .. t bill tieo are sketched 1n l'1 sures 1 and 2. 

'l'ht •• 8ha~. 811Qh otter certain advaDta81t1 and. cl1aa4vant.a, 80 that a 

claar c~t choic. 18 not Indicated ..,ithout con81de~tlon oC all aspects ot 

- 3 -

•• N •• ARiat • 
DeCLASSIFIED IN FULL 
Authority: EO 13526 
Chief. Records & DecIaaa DI¥ WHS 
Date: • 

WAY 11 20B 

, 

• 



.. 

.,..... ..- t-'4 r--"" 

Ir 

i.fl~ 
~ f··E 
q g. f!I:! 

g,,_AI 

::: i'1~ 
~ f C!! 
Cit @ F= 

~ 

-~ -I • 

, 

"---40 . 
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FIGUH! 1 

~ii: IWJS'I'EAl'ING CYURDRICAl. S'l'ORAGE VOI1»l! 

StOI'Uf;e Sect.ion 

f'IGUHS 2 
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.aw"r'SIt' 
"hi atorqe &lid. ~l"ll, Tb4r l:Y'l1ndrlcAlJh!,\~tf.rlJ the advant~lIs 

of s1mp11t1.d ~~tura and COdPUtlbiLlt1 with tee~r~ dyatems which ra~1re 

con8taftt d1allleter, SUCh a. p1stona or rotatins helical con.f1SUl"at1on.. Tile 

sto,.. vOlUme 8tulpll 01' FLaure 2 ,cauld provide BCllllnlhnt. sreater atora. vol· 

~ tor equal dzoas (or "",,c:ecl draa tor equal volUllllt) but hae the c!1eadvQ.D-

t .... or more ~cmpll~&t.4 manu!actur~n8 Bnd more restrictioos on tbl 

characteristics ot the f*tdlll£ syatem. 

'!'be non. Mct10na of • poaalble 1'o.1111l,y of dry apot d1aeeJlllnatina 

.to"'. which 1. current11 envi!l1oned ,,111 be c4paba ot contll1nlnl larBe PUY­

load.. Althoush the et1"ect or the aapect rol;l~, .l/4, and ager.t. bulk denait.r 

OIl the fttClull'114 diMnsiona are obviou.a, Flsure 3 1a preaented to cODvenllnUy 

sUIIIDILrlze the ran. ot d,l_nsiona vhlch 15 anticipated. It W'111 be aeen 

that ~ at the c .... ot 1nt.~~st require atoraaa .ection 41ameters bet~.n 

1.5 &nc1 2.0 r •• t. 

'l'ha SDaaetr1cal couaidtu't\t.lono diaeu81l4:1d ubove focua atl.enl.lun on toile 

teet that the auccaufUl feeding ,Gyatelll vJ 11 he required 1.0 tTnncJuto jarS'! 

lllUoe. ot matar.lal over ho,'hontal di O\,,8llcell of severol !'cet. III seve rLLl uI' 

the ,Potent.l.l. sDlut.ions l'ontlidervd, the f"edins IlMIchanUIIIII ..,11 1 hove dtmell-

Ilion .. canparable to t.hoGe shawn tn t'igul'e 3. Cu.reful cOI)fJ1dcrnt1on /IIUbL 

therefore be sJven 1.0 such problemll 88 lIt.nu:,Lural weiGhL, potent.Ial fllt,r-\t'u-

Uon problemo, r1g1cUty, d1menohll11l1 control I\Ild l'8l1nblll.t.,y. 

n. Powr and E"l'l5l ConoJ.del1&l.ioIlLl 

The reaulto of prol1mJnary ctucl1es or the peMel' umi elWl'm' ,""quj I'f'menLu 

for lIeveral feedin, <1oncapts, in('lUdlng pneUJM.tic, mechanical Ilentll fce,Uft!': 

3:flltelrUJ and piston arl'l1llI(emellt.;, Indlcatp. t.hAt mMY of t!le pctl:ntlill 1l011lUulII. 
~ , 

v111 have roalJonable }lOliOr raql.l1rement6 ",han cOllu1denCS 1n Up)lt. or. the, I,nw.r 

available from (am-sir tUrb1ne ~neratorl.l. 
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-:pacted 1111,11 Qt material horizontally. The baii1e pOtleI' Nqll1:relll:!lnt 110 s1rnp))': 

Power. P x A x 11 (1,) 

Wllere P 18 the pnt .. un re¢rec1 to translate the p-L!lt.un, 

A. 18 the p1stOD area and 

U 18 the velocity ot tranalat.toll 

U.1ns " typical cl~Dllan from Flgure 3, vUh a pb1.usl dilllllei.er of I.') t'etlt 

an4 a wloctt.)' of 0.7 teet per 1I1nute, I£quatlOD (1) 1ndicat.es Ule .J.,~nl1ttu.re 

ot 1.0 IN or power wOUld (neglecting J.onse!l) p~(')d\ICe a [l",IJIULe or o.!ll'rox.1-

_tel), 250 psi. 'L'nt. pl'ea8ure 11 believed to be rJUCh hlgtlo:l' tho.n would bl'! 

applicable in a ay.t •• of this type, ln41c~tinB that the power consumptlon 

reUt!w to IClWV feeders and pMumaUc syst.ellls yield evw.n lwei' jIOWer l'e\'ela, 

RNa air turbinel I1re capable ot provLding s\,veral kiluvatt.:. 01' l;owe •• 

and. are Lberefore cCIIllJidered to be an nilequate Gource 01" 1)·)lIel. TyplH\l I~lr" 

81plficant loases in t.he eltarf,Y <'I'nvet"Bj on ayotemll are !lutl.: iputGd. but. I tl(1.JC 

are not. expected. to create any exc •• oive Tequtll!mer,t for PUWl:l'. 

w1th the IIlIIchlln1sIIIIi for energy cllnverg10n ami f!nllol r1ellvIH)' t.o Ullf t'eer1 lnc 

~Yllt.ell. Severul. of the feed1ns l'Ulle"pt,G (1IIclud.1ng IIT'rew {'celiu' •• , pi ::torJ:l, 

ntirr1ng deviceo) 1nvolve I118chnninms 1I!lv1ng relo.t~yely 10 .... Lru.r"IIIII,iIJlI,,1 IH 

cant levels, high forcell rand/or high t.orques wl11 La 1uvolveJ, 'l'het:u ';(lIr.l'(J-

ncnt:J v11l have cOlluidl!l'IIble MSII and Ill~;,t be COl'l:;-;llcred ~u " .. 11,.11 ir eVUJu!a-

• 1 -
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Sine. tbll bea1Jm1as or thil atWb', I.".ral poteat!.l f.etina 8:yateu 

1. Screw }P .. din. SY!t8IIa 

Scr.w tHdin, 8Yltella of a.v.ral contlaurat1on8 IU'tI undar st.U/l,y. 

~11Jl1naq calCNlati0l18 Ihow that the .. deviC.8 ant cQllpatnle With the 

able tee4 .ra~ whlah can be &Chi. VIta b;y varlat;l.OI1 of t~l'Otat1onal opee". 

Potentially dsa,1ficaDt probleJlll ex1lt which are b:rca4l.1J (1) obtaln1ns 

pl'OJleZ' tlall' ot • _tartal to the .czw trail the .tora .. leatlon and. (2) pro .. 

vicl1na pl"OJIIJ' /Ie.11D to e11ll£:date rotat1on of the III&teZ'1el ln tIM ICntV &I • 

lallA 811.\1, ~1th unl.t1ltaatory 4el:LveJ'1 ftl~tlft1. 

One ocmtl11irat1011 .,bioh 11 of cOD.i4.~ab.l.e lnUr .. t 1. lutabeli. 1n 
• 

l'1auzw " "hlcb MOlt •• 1&r .. leN" !latins l;yat .. whtch occuple. th8 entizoe 

.. = lton81 container. Pntl1m1nal'f ce1culat1one ot the .tt'lolCtural :t'eqW.nI­.nt. lD41cate that a _ohanl_ of thia type 11 taaUbli. In the c ... ot a 

c~11a4r1cal asent .to~ volume the ocrwv eouL4 be of constant diameter • 

It thil pl'1nc1ple val uald 1n a atorap vol\lllll of the t)'PI 1l1Wltratla In . . 

F1"ant 2, • varlabll 41 .. tel', variable pItch usembly would be req~red. 

The attract1w cb&racte1'1.t.1CJ ot the 1ar,. .crew f •• dar 18 that all ot 

the apnt 1. initially .toAd .In the acntV, el1m1nat1ns the problell ot ob-

taJnIng flow to t~ ,CnIV. The structural problnl are s1gnH'1cant, 4ue to 

the lUIII 41 .. n.lonl, and the probleJII or rleJCib~l1t.Y ('If t~ outer Gnd jnr.,' 

.tructure. IIW1t be cantfUlly cona1dentd.. 

- 9 • 

.c, ........ .. 
D!elA!SII'I!D IN FULL 
Authority; EO 13526 
Chief, Recorda & Declass DIY. WHS 
Date: 

MAY 17 2Ol3 

, -

I 

• I 



," 

I: 
i . 
Ii )i. 
I· -" 
). --

~ If t _. , 
~ r ~ i , 
i . 'r . . 

J. 

J~ 

[ 

[ 

r 
r ... 
T 
1 

I 
1 
1 
I 
I 
I 
I 

~ 

,- - ~,~~-

DECLASSIFIeD IN FULL 
Aulhority; EO 13528 
Chief, Records & Dedaaa DIY W 
Date: IIA'I J 1. . HS 

SOM f"eedeJ'jl &1'8 paenU)" os-rated V1 til the 80114 _lerial OCCuPY!OS 

CA11 ~ ot tlIe cJ'Ou-I.otional ana. In lD4u\tr1al. p1"aeticeJ ' l1Sbt tree· 
. .. . 
:tlWiIll III&teri41. cORftntlonal.lT IIq occupy up to ~;~ of the cro .. -I.ct1"OiSal. 

area. '!'hi. re.tnctlOft, if 1IIIpoMfl on the exteZ'Ul .tore woulcl be quite .,eri-
, 

0\11. Jon .... , the ~tlcmal. .PM4 1. a a1F1ttCADt VV1a~ 112 th1. con-

.1~:'atlQD. 'I'M low rotational apeed. Vhlch voulcl apply to the de.lan In 

,Ullt10D an believed to _ fIIvonble to opa:rat1on w1th 1111'1111" ~t1tl.' ot 

material. 

The pc •• lb:S.l1ty that the r •• 4 .... t. voul4 not be W1ltcma u the quantity 
• •• 

ot 00l:lta1De4 .. terial deen.... oCNl4 probably be bu4.le4 by P1'Csra-1ns the 

.peed ot rotation clurlDtJ the di.l8IIlnat1on perioc1. 

1'he cl1.cuellcm to tlU. point hal ••• ulIlII I .0Ud. ICNV oontilW'Uon. 

A. POlll~ alternate lol"tlon 1. tCUD4 In the "ribbon" t.edar, 111 which the 

tllCUlII .C~D 11 open at the l'!enteJl. It .nearl that tlli' 4n1c:e VOIlld. 

alia be cc:aJl8tibl.e V1~ tha concept Uluatrat84 in 'lsure ,. Po"1ble &d­

vaIltlap. U'I N4uc.4 .tnlCt'llnl v.1~ anA oca)lllX1t1 UIIl %'Id.I.lcUon ot tM 

problla ot r .. 14\.1Al •• rial 1dMJ'1118 to the lutla .. at t~ ICrev. The 

1'n. del1 .. i. 1 ... po.1th. In itl action &114 tM _t.rial cowd ••• ily 

IIICM bOl1loatal1.7 thnnllb tile .to:ql •• ct1011 arln, opel'lltlan, It 1. . 

1»11.vt4 that •• ,.te. at th1. type .boul4 be &n'aZ1814 'tor van.tIon ot the 

rotat1ou1 '1IIed. to pron41 the M.1NA flied rate, 

'l'hII appl1caUoo ot 1IIAl1l1' ICrw he4lq 8ya'tUI 1. alao ain, I'!oft.l­

dared. A o.tah ot OM luch concept 1. 'how 1n F1pre 6. In th1a partlowar 

1. Ifudaoll. V,G., Co~yor. aDd Nato4 eqUipment, 'I'hlr4 S41t101l, JoM Wiley 
and SOil, ~ York, 1954 (a) p. 14, (b) p. 190. 
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apprcach the at.rial. 1. allvered to the deasltanerating section by a small 

a<:rtW which race! val _teZ'1al rrcn the IIItorap section by aravl t:'( flow. A 

".tea ot rotaUnc rocla 1e utili:&ed to p~cl\1lla bZ'1dl1nc ot the material. 

Inollae4 pllUle! an provided near the scm to reduce the residual m&ter1&l. 

The II1M_ &nsle with the horizontal 11 a. fUnction 01' the as-nt character­

i.tic., but provil1on tor an adequate11 steep angie da.a not appear dlff1culL. 

If new or tbe ... terilll alons this IIUcie present. a significant. problem, the 

"Aln1111e" concept (Ref.rence lb) 1II1Sht b. applied. In thiS system the alleles 

4ft paroue and air or aae f'lovs through the surta.clt front belovo 'l'b1D perm.1tB 

the use of lover Aft8.le1 of inclination. The total. power raquit'llllJlnta for 

operatlJ21 an atrella, the sUrring rode a.nd the screw fe.clalr are expected 

to be vell below one kilowatt. Theee and other concept. for a.ppllcatlon ot 

IICrev feed1na IY8tezu vill Nee1 ve continued study in t.ha future. 

2. P!ston F,eelilll Systeml 

Piston fltedlng syatams have been succeaaf'ully used by Fort Detrick 

Personnel in the dry fill, IIVAA Roek.to Fixture. In this device. the p1atOD 

eurta & press\&re directly on the flll material vhich 10 also in contact 

vi ttl the cylinder wlll.ls. alld trnnslo.tes 1 t to !\ hieh 9JJeed rotlU"'y deagglo-

maratloD dlvlcG. 

A poa.ible problem in utilizing this principle in very large aircraft 

storel contaIning 500 to 1500 pounds of aaant is that the pres8ulWs neBln~t 

the piston ancl cylInder lII&)' exc.ed desirable levels due to high fwcea de-

wloping Ilplnat the valls. Hent IIpin, the IItructUnl flllpects are bcUie\led 

to be a much !!lOre 81sn1tIcant cona1deratlon thlln the power ftftUlrement 118 

- 12 -
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It lfU pointed out earlier that expeD41tU:e or 1 kilowatt ?t power, 

with • pieton or 1.5 tt cI1sa. til', IIIQv1nS at 0.7 teet per lIIinute e oulcl pro-

~tio tor a Ilu. ot !llaterlal 1n a platon. Thi. ratio 18 related to the In­

tlmal anll. ct tl'1ct1on, '" •• tollows: 

tan Cl • .e/~ 

SCIIII eJCplI'u.l1tel evidence 18 l'ItPorted2 vhich tIJdic:at .. that, at higher 

value, ot lid the alus or Illlltei-1&l will lock, so that the plug cannot be 

II1OVtId, even with veq hiah pre8S\Il'ItG on the piston. 

SUftic:i.ut 1~t'o1Ut1on on the angle ot internal friction of potential 

apnt material. i4 not available to pel'lllit dete:nnination of the effect of this 

lockin, tendeoc), aD fadiug system deslsn. It is aleo l1ke1y tluLt the fric-

tlon coefficient at the vall ia an important variable. The use of lev 

friction _t.r1al. on the cylinder vall could brlng about 4n import.nt .1m-

prove_nt. 

Considerations of the type outlined above SU888st tbnt a plston feeding 

SYlta misht be enharlced by .ncaainl the sgwnt material in a thin shell which, ..., 

when supported by the cylinder could lmlJruve the structural integrity of tIle .I 

slu! and srctatly ",due. the platon pnrs8ure required. A Teflon 'coating on 

the surface, would. provlde & low friction coeft'ic:lent. ~n3 reports n. 

trictiQll coefficient of 0.04 for Teflon sliding on ~tlon a.nd a value of 0.10 

for steel .1id1n. on Tetlon. The required pist.on rare .. \(~d be eKtremely 

GUll under the •• conditione. 

2. Zena, F.A. and n. F. othlller, 1o'.lUidlzation and fluid-pllrlicle G,y-aLemG, 
Relliho14, flev torlt, 1960, p. 77. 

3. Bowden, F.P. and D. Tabor, Th~ f~lctlon and lubrication of Bolide, 
Oxford, l~4, p. 105. 
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. 'rbe1'8 ue. or course, IIIaDT problema associated With this concept; one 

ot the 110110 41tt1cul.t aPPIan to 'be the ·'.tr1ppiDlott" or tb.1a outer "'U 

.. the IlIaC ot _ter1~ 1. a4'.'tU1cecl toward tlle deealClllleratol'. 

v. are curr.ntly stud71ns varicua pOIsib1litle. tor accampl11b1nl tbil 

ruoval ot tbe claiZll, with parl1cw.az. reprd to the potut1&l re11ab111ty. 

'!be p1eton-t)'Pe t'ee4el" 1. ver,y well au.1ted to handlin, compacted ma­

terial. III tact, 1n it •• 1IIlple.t tona, w1thOl.lt an external caains, • cer­

tain desree ot calpUticm may be relZUil'tld '0 tllat the entire duS 1s 

c¥aJJe.d .. tb4t pilton JDOVes. A .. anal ot low bulk del111t1 will be COll­

pwI.lcS 4\1.1'1DI the initial travel, 80 that the t .. d rate would be tar trOllJ 

11M1U'. 

The be_tit. 1n l'I4uctlon of the dilllltns1ema or the .ten .. 4ue ~o cCII'lp&C­

t10n ve 111uat;rate4 by Fiaure 3, 

3. Pneuzaat:lc "eecUn'sntelll8 

s.varal applications or pneumat1c syatena are ~8cu ••• d by Weller4, " . 
A ratl'lel" cCllple~ covwrap is also pwn by Zenl ariel Othmer5 , Reflt1"l1lc. 5 

• 
aloo pre.enta an extena1ve ~1b11olrapby on pneumatic conveying syste .. s, 

It 1" important to make a clear d1.t1nct1on between the problem ot uti­

HzJnc pneUlllllt1c enerD to reed aol1d .,.tartal" out or •. bullt storage atea 

!ato .. coa .... y1ns duct and the .. parate problem ot transporting the tvo-ph ••• 

III1xt.ure thJ'OU&h the d1.!ct. A. larp part of the l1teratul'e deus with the 

eecund proble. which 18 considered to be m1nor in our applicat10n cClllpared 

v1th the tirat proble. of obta1nlDg a controllable flow nut ~r s bulk ~toraae 

Yolu.. In ~ or the conftntional c:onwy1ns s),.tell8 file IICtuBl reeding 1. 

4. Weller, L.O., Automation, VOl. 5. No.7. Jan. 1958, p. 69. 

5. Zen" F.A. and D, r. Otm.r, F1Uid1zation and. fluid paJ't1c:le II)'S tellUl , 

Re1Mo14. New fork, 1960, Pl). U3·3;O. 
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d.one lit nollapnewaatic mettl048, such all screw reedel's or 8l'Ilvity feeders. Ife 

-Vi,}! to cDD,icier hezw the use at pDe\lllllUC lllelUl8 in reeding. 

•• hedin, Conc:epta. .. TIw two pneMl claa... at s1steme that 

are apparent am el) tho .. in which the salida are tborouShll' mixed \11th 811" 

stna1 so that Aay 1lla18 ot all" 1 •• Vin, the sy.tea w1ll carry with it , given 

DIU. ot .0.11118 and (2) those 11l vhich the a1rstre8111 is so t:olJ/1ned. as to 

create sUffiCiently high lurtaa. velocities ac~OGS a free powder surface 

(otbe~is. UMllxed vi t.tl ail') to entrain a slsn1tIeant concentrot1on ot sol-

1da. These tvo claaus are llluatrated in Figure 7 and Figure 8. 

~ IJIniral prIncLple l~l~atrated in Figure 7 vas applied by Ceneral 

MUle, Inc. 1n particle dilJ8elllill4t1ng elCtemBl store •• 6 In thb co.Be the 

source of p:re .. urized air vas l"8III Ilir at 0. pressure dl!ferent:lal. of approxi­

mately one-half atmosphere above the 8IIIbient atat1e: prvIlIlIU... In applying 

this pri.nciplo to the currently .;onll1deted diBRellillOtion problem, the sisn1-

ricant problel1lll .~u.r to be (1) the devJ ce voUld be 111111 toed to handling , 
non-compaoted materials and (2) the use of rum air as B vorking fluid might 

• 
be I.llIde81rable WIder high atmospheric humid1 ty condj tiuna • FUrther cohai-

deration of tbt selection of • motive gns vill be preaentea in a folleving 

section. 

The awneral prinCiple 1l1u.atrl1ted In FIgure H doell not j nvolve pro-

1011884 contact 01' the a8ltnt vi th the af.r and th .. re rore 1s conBldered to be 

acmevhGt lesa Hkely to brIne Ilbout deleterious effecta clue to the te.ll'lpera-

tun: or lltn1dity, it trill! air iQ Wied. Thia concept /taer a poten~lllll.Y strong 

6. Gene~ MUla HIlpert lio. 1720 (Secret) J5 JVJ1e, .. 95"1. 
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Gas & JolJd Outlet 

Gas Inlet 

Dl.spersed Solido l(eld. 
..:.r"- In 3uflpc!'nston By 

~lI!chnn1cal Mlxlng 

FIGURE '1. PNElI4ATIC WoEDIPlO SYSTEM 1~1 WlllCII 
TIlE SOLID!] ARE tr.1IFOnMLY MIXF.D ~1lT11 GAS, 

Goa , ._. :t-.1 -_._., ..0.....- Oa::! 1 nlet 
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dl8114vaatap 1n that proper placement ot the 1II0Nable entrainment 1le1l'1ce 111&7 

be cUttlcult as the lew1 of apnt decM.saa. Conce1vably, lIlUlt1ple en· 

tr&1=-nt hew cWld be uaeel to illl})I'OYe thiS .:ituatlOll. 

b. Selection of the Motive (]e •• - b PMv10ualy .tated l'8III air 

haa been uaeel "I .. lIIot1YW1 sas 121 panlole dil!lselll1z.ot1na .tores. It. availa-

bi11tyand lev drs, penalty associated vith its use are very attractive r.a­

turea. HCMtYWIr, 1n systems vM1'8 the l'8IIl all' ~I thoroushlY mued with the 
• 

viable apnta, it may pl'Odu.ce laIII deleterious err-Clt,. The moisture con-

tai,.d in the Inlet a1r UDdar high bUlllidlty COllcU,tlon., may in tiM increase 

the IIOi.tulW ClOJltent 111 the agent material. '1'JIe tact that the air 1s heated 

by the stasnatlon procesl, produce. elevated telllperat~. which may caUie 

10118 ot Viability. 1181'1'1 9 shows the stagnation t8Jllperatul"e vers\18 aaos-

pheric tuperatlUe ami flight Mach Number. It. can be seen that a1r tempera­

t1U'e1i 1n the resion ot 70·C may 'be encoWltered undbr normal conditions. It 

shOlLld be pointed out, hOVltVDr, that t11e masa 1"1011 J"Ilte of cUr ia very low, 

abotlt l~ ot the solid lII8U tlow rate. and that the total enerlD" ~preaeDted 

in the heated airstream 1s not great. 

COrls1@ration hal baen g1 van to t.he drying at the incallin" l'IIIII air atrelllll 

by soUd adoorbents. AlthOUSh this measure could potentially rellove the 

problem ot incClD1n, moisture, tiler. is an additional tllllparature rlae in-

curred. Th13 is due to· the latent heat of vaporization of the vater vapor 

and the heat of wattln, of the adsorbent. Depend1ng on the atmospher1c hu­

midityand flignt speed, thio erre~t viII account for an addItional tempera-. 

ture rise of al'Proxll11&tely 10 to 30·C, which would '"ravat, the heaUI'l8 

problem prevlouoly mentIoned. 
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The .bove considerations pertaln1ns to l"BII air .U6pat that it may be 

better to use • atoM au tor a IIIOtl .... f'lu!d. It has 'been demonstrated 

that • paeou 111&.. flow rate ot apprdXlmately 1. ot the 8011d. flow rate .18 

adequate in SClIIW callell. 

The atoraae ot thh quantity of au in the caDpZ" .... d rom "OI.ilcl require 

& preslure wild whlcb would welsh trOll 6 to 10 percent ot the asant pay­

load. StOZ'afl of the sa8 In a l1q,u1fled tom vou.ld result In a cOIUlderably 

lawwr ••• penalty. For example. carbon dioxide cylinder tor liquid phase 

stoJ'llSll would welsh approximately 3; ot the BStftt payload.. 'I'heae penalties 

do not appeal' to be sewn enough to eliminate this approach tZ"aa eonoid.era-

tiell. 

Wgl'k is belns continued on evaluaUon or the potent1Gl ot pnelllllatic 

feeding ayutems. 
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PRBPARATIOR FOR DISSEMINATIOII Al'lD DEAOOIDtERA'l'IOIf BXftllWIBN'l'S 

F.xpe~nts on dillsend.nat1on ancl cl.oglCllllrat1on of 1'1ne17 diVided 

.. tu1&ls will be conducted 1111 part of the C\UTeut ~'I"()Ject. Dunng tMs 

pe:r1ocli datalled cons1del'Gtion has beea .given to the s!l8c1G1 rellu1~nta 

for pertorns1ng thIs type Of IItxpel"iment in a w1nd tunnal at Mo.ch numbel'll 

ot 0.60 to 0.95, the approach tor t.he In1t!&l experiMnta h .. been .. hated. 

and several 1taIU of special IIpparatllo have 'been deslgnel1 M4 tab1"1cl\ted. 

A. Dlsc\\uion or Problem a.nd Deocrl2t1an of Approach 

The Qllce.sstu! operation of a BW dissemination 8~tem of the type 

Wldar condderat1on requires that. Lh. %'1nely divided. &SWAt mater1allJ be 

delivered into tto .. atmosphere lit the correct rate, deagglomerated with 

reasonable efficiency to liD effective part!cle sl.e ran8l, transported In 

the atmosphere to the tarpt area Ilnd arrive .... lth Ito sat1:1ttlCtory c:oncentra-

tion of viable organisms in particles in the correct size range, seneral17 

constdered to be belOIt 5 microns 1n diGlleter. 

In the aerIes or evento which io.ke plnl!c 1;,efole Bnd !lfter the I114terlnl 

lellveo the disGellinator, there are severol potentilll hazards vhich may re-

due. the fLnal erreetivene'G and therefore are important conoideratIons. 

A rev examples are (1) possible loae of viability during deagglomeratlo~, 

(2) 1038 of Viabllity during the atmospheric t.ranaport. phase, due to ~tra­

violet radlnt10n or humidity COooit.1WIH Ilnd ()) re-agr,lomeratlon duTtI'le; 

t.he at.mospllerlc trunsport phase. Final del'llOnotration of U .. perfonaance 

01' Buch a ayatelll will thentf'ore require ~l-scllle ftelcl operations, Wlder 

a variety Of meteorological conditions. 
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IlonYel', it i8 alao important that reprcUes. ot the raasnitude ot 

.freet. of this t~, the or1s.lnal deaglallltl'atlon ot the partie-l •• IllUlt 

produce an aerosol "ith an acceptable particle 8111. cU.striwt1on. For 

th1l reason, it 1. conai4lirec1 vital to separate the varia'bl. •• by c:oaductlq 

experiments involving determination of phyalcal part1cle 8~ze dl~tr1but1ona 

in addition tu the b1ologtcal evaluation tcchnlq\l8a. 

The initial expel"J .. nta to evaluate cUsaara1nntion and deaalaoarat1on 

con~ept. ,,111 involve phyaical part:l.cle size aetertn1nation. Tltia will be 

done by ~t11iziDC a high velocity laOklnetic oamplinl probe 1n the test 

section o~ the aerosol wind tunnel. Th1s probe" which is discussed in 

data.11 in a lAter sec:t:l.on ot tn. l'8]lOrt, receive, the serosol at the test 

section velooity and gradually decelerates a small port1on ot the rlow to 

a lev velocit.y which ic Dcceptllble for melllb1'8ne filter techniques or 1m­

pact or collection techniques. Although the physical mathod vill be uced 

1n the initial evaluation experiments, the approach 18 also adGptabla to 

b101og.Lul techniquaa by !lubst1tut1on of a. suitable particle slIIIplp.r in 

the 1"" velOCity section of the d:1 ftuser. 

The blav-down wind tunnel ond the hlWI Ye!oclty sBmpling oyotem to be 

UlJet" in tlMPo. experiments Ol'f.' brieny d.13cusaed in the two sections ..,hlch 

follow. 

D. Blav-Dovn Wind. ~ 

The lIind tunnel G)'atem to be ",sed 1n these experiments is sketched in 

FIgure 10. Air rl.ovs t'l'a!! the storage receIvers t.o the test section throush 

a otora.ge type heat exchanger, h!~1 efficiency fIlter, manual control valve 
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alld ati.ll1ns chll1llber. Air 18 supplied to the atoro.8W recelwn by two­.. 
stase non.lubricat.ed reoiprocaUns compressors. The heat exchanpr permits 

control of the stagnation temperatura and statiC: temperature 1n the test 

section. D\JII to .its high effect1 vanus. the tem,pernture 18 held to vitbin 

31t 01' Ita initial value over the duration of' the blow-down run. ,The in­

ternal temperature of the heat exchanger 1s controllable so that eleper1-

mant. at various teat seetton static temperatures lIIay be made. 

Tho m1n1mlR test olction dll118nDions are a.Boo x 2.I:bO inche.. TIe 

tWUlel 1s designed to ollerate 1n the Mach nUitber rnnge of 0.60 to O.~ at 

a. pressure of LIS a.tmospheres. Un~r the muimum flOW' concUt1ons the 

system 10 ca.pable ot 1\ 20-04Icond now duration. The model dissellline.tors 

11'111 dlGcha.r88 lnto the !ltr stream at 11 location G Inllhes fran the inlet 

to the test section. The 1nlet of the I1GI'0801 o8lllplinS I!l'obe 11111. be 

placed Ilenr the downGtreL\lll ellll oL' tIe LCtlt llectJon \lhi\~h 1& 31 inche8 

long. 

1. Teat Sect10n Dar-lerl and Flov Caridi tiOOG 

Durinl-l the jnJection of' ltlr~ ii.~IOI1IQrated powder por1.icles lnt.u 

til., \lind tl,ll1llf!l, a. drog rorce causeR t.helr acceleration and brenk-up into 

small parttcle:]. Since dra~ llJ'u "trons funct10n of the ctnuUII velOCity, 

It 13 npps~nt thnt thlD parMleter .... n] oe one or the Inort Important. oneil 

In t.he studJes. A special emphnsis has llt1en placed on its control. 

PrclJ.m!ll11)·Y (~n.lcu':'llt{on:; of the Mnch number varintlon 1n the t.UlU'Wtl 

IlldicBteti that it is nece:;l~nTY to 1!Ulke the ',mlla diverge ollghtly to pro-

vine ~{Qch numbftrs: above 0.70 nt the Injer.tlotl loc,ation. The reolllt.Jnr. 

LIesIgn a]Jovs fOT a ("on~tllnt. J.tnd: nlllT.bel' nlon/!. t.he fill t lengtb of tUll/lel. 
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The SII\,OW1t or diversellce vae determ1ned by calculating the bound.ar1 

la~r cUIJPl.acement thickness aDd shoved that a total diver_nee ot p.2· 

was DeceI aal')". '!'hue the inlet. and exit d1lDenslQl18 ax. respectively, 2.800 

in. x 2.800 in. all4 2.908 in. x 2.906 in. 

A IIWIWLll)' operated, eccentric plug·,;,Ype cont.rol valve is uHd to main· 

ta1n a constant Rtagnation pressure In the st111ln! chambet'. Experience 

has Ilh~n that. the pressure can be held to within one percent Of' the 1'8-

qulred stagnat10n value of approxiJllat,ely 30 pal, even thoush the storap 

tank r1r888Ul"e varies continuously during the l'Wl rrOlll 200 }'I8i to flO psi. 

To rurther improve the control, an adJUGtcble Donie nozzle vaa designed 

lnto the exit GecUon, which ACts au !1 rlov regulator. The Mach nU/llber 

remains constant in thiG App11cation. An odJu~tment of the Donie nozzle 

pemito opemt1on, at dlrre~nt veloe itiell. 

At the tunnel inlet lIection, smooth unHol'lll riOll- la desirable. To 

IlIlRUre toot It Is obtalnell, the I1ACA Btandard raqulrellMtnto for nozzle flow 

metering were l\}lpUcd by usins the 12 ft. long gettlina chlllllber and the 

stenclllrd no~de profile ohuwn in l<'1gure 11. An inlet noule hav!ns thiIJ 

profile hna been rabricated from polyecter resin with glBSG fiber reinforce-

!!lent. By applying thiD material over a polished mold. a very mnooth allT-

face vas obtained. ThtG t.ecllll.1que waG used bel!tWse ot' prevIous ravors!:Hc 

experience In II. similar Bpplication. It Is con:>tclerably les" expen!Jiv8 

than ITIIlchinlng the nozZle, sInce the pro~ellG e11millllteo the need for 

IIIIlchinin~ internal surfa('es. 
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2. Instrumentation 

It "111 be necesBal7 to obtain such nov 1ntomation .e tun.l 

Mach JlWIIber, -velocity, !!Bas nov rate, and He1t\olda nUlliber. 1'h1l "111 he 

dona b:r me ... urinS the otngnat1on preslure and temperatur. in the stillins 

challlber, Juat. upstnlilll of l.he tW'1rlel inlet, aud. the static prea.ure at the 

inlet. The tollalt1ns 1alntrop1c flow relatioJUJ vill be u .. d to calculate 

tho tWl1lel temperature and detel'llline lJuah B1r properties as deuaity and. . 

viscosity: • 
r­

Ea. = (1 + .!.:! M2 fi::r 
p 2 

~ '" 1 + ~-l M2 

'!'he veiloC1t.y, IJIIlIIII flow rate, Mtl ReJ'1l01dG numbar Vill then be calculated 

from the follCNing equntIoJlo: 

"here 

I'll:: PVA 

Po - stagnatIon preGIJU1~ 

P - IJt .. t.tc presQure 

M - ).\8('11 number 

To - atngnllt.lorl temperature 

T - Gtlltlc temperoture 

d' - ratio of apecific nellie_ 

v - Vf! I Ole l ty 

R - '~G constant. 

'. 
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111 • l/l8S8 flov rate8 

A • cross-sectional area 

,I) • density 

~d • atynold. nwaber 

d - hydrau..lic dl81118te:r of tWlI181 

.II- - visco_! ty 

a. If! sh V.loci ty S8IIIp111l, SyateJl 
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fa connection vlth the wind tUnne~ atudy or dissemination concepts, Jt 

will be vital to detennine tlle particle size distribution in the aer0801 

"'hiah i8 generatea. Since suitable techniques tor samplfng at high sub­

sonic Mach numbers bo.ve not been previously developed, a new B8IIIpl1ns probe 

lias been desLgn"Ii.* 

In ora •. r to molt. thllJ h1sh velocity 8811pl1ns sY!l1J"l canpaf..1ble viti'l 

the I<tie ot membrane fllt4!!rs 118 weU a. 1mpactor. 4nd illlplngllf" a dlffU"er 

9D111pling probe has been designed vhieh ho.ndles only 11 small part of the 

tot.al m.ass flOV rate tn the tt..umel. The veloel t.y 1s reduce" to approxj-

mately (me percent of the inlet veloc.!. t y bltfore leavinS' the dJ.ffuGer. In 

des18fl1ns the 'probe, three factors were considered to bft very lR1pOl"tnnt.: 

(1) provision for lsokir.et.lc inlet. eondlt.1onll, (2) avoidance of flov t'Je1>4· 

mtlon nnd (3) limitation of the particle deceleration rntC&. 

Figure 12 lEI a aeet 1 alia i. viev of the probe. The internal surface iG 

pdrollel to the tunnul rude Ilt the inlet. The maxll11U1l1 angle Qf dlverB"nce 

18 10 degreeA. which if. cOlloidered a .. the uPl-r lilllit for efficient dlf'fu. 

o1on. DUring iaok!net.lc sBlllpl1ng, the mass flOW' rate through the probe 

lin.:. be O. Ci e!rcent of that. in the twmel. 
• The experIence gairlllc! by General Mills in jltveloping an isolUnetic aIrcraft 

90111pl1n" system under r.ontrac:t No. AY 19(601.)-7226 hilI been applied to this 
rtcslgn. 
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BecaUle ot tl'.. amall inlet diameter &Del. continuously c:urvlna i~rnal 

surface through lDOat of the d1ft'uler, a fabrlcatiOD technique vas selected. 

W'lt1ch lnvolved. mold ins tlle probe tran pol;yester re~ln, reinforced with 

fibel"llaoS. This method, which haa boen used succoaaMly at Ceural Mille 

in a s1m11ar application, employs a mete! mold ~h1c:h haa been machined. to 

the COl'l'llct contou.r IUId poli£lhad to g1ve the dedred smooth innel" surface 

finluh on the probe. Flg\l~ 13 GllOWS the probe made by this technique. 

Thio probe mAY be silver plated by tho chemical. deposition method, it ru-. .. 
tUM experiment.s shalf that D conductive aurf(\c~ i8 required to preclude 

particle collection due to electrostatic chal'glls on the plastic surface. 

ro obtain close control over the inlet conditions, ~ vane-type vacuum 

pUlllp Vill be used <iovnstreum for the d1ffuoer. The flOW' luxl presBun charll.C:o 

teriotlco .of thiB pump will be determined before it 1s used 1n theae expe1't­

man1.9. h pre-detc1T41ned mnolJ flow can be obtained by controll'ing the inlet 

preCIlUl'e with B throt.t.ling valve Just upstream from the pump. It 1B be-

l1eved that the lcoklnetlc inlet requirement cl1n ". fulfilled by this 

method. 

It is felt thnt flCIII oe])Brotion from the dlt'tuoer wall should. be avoi-

dad, since it might cause a non-Wl1fonn particle distribution a.t the actunl 

nMlJlling location. The mOllt crlttclll region 18 believed to' be In the see-

tlon of the clift'uoer where th. r·tadl 1i1.llllbeT ill o.bovc 0.50. The~fl.1re, tn 

avoid oepo.ratlon. the an8!e of dlver6lnce in this orea vila mode amallj np. 

flTOxlmately 2 degrees. Gille. the perfonftllnce or the probe wUh regard to 

flow separation 1s considered importllnt, n thorough BtlJdy of the flOW' Clon-

di tiona ttlrou6llQut the !nvbe will be ::'.Bdc !:: 8. 22 l': 22 tr."h hi gh !lubcollie 
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wind. twmel, proVided to General "tiU! by FluldyDe Eng1nee%'"!ng Corporation, 

In propo.ratlon for thin wind twme1 wurk, four' preaaure taps have been in· 

stalled in the ditflJuer vBll, no ~hOlln 1n F1p;ure 13. By detel'llllning the 

pl'Iu'!lure recowry for VCU'iOUD inlet. velocities and mass flov rates, 1'1ov 

• aeparation cnn be detected. 

To assure that a representntive particle oomple 1s obta.ined which in-

dicateo the cond1 tiol! of t.he Inrtlcleo In t.he twmel !ltrelW, the dece1el'll-

t.ion ill the diffuser lias mnde small 1n cOllpar1con with the Ilccelemtlon.on 

t.he pllrt1c~8 ell.rinS injection into the tunnel. Ao estimate of the drnf 

force on t.he pGJ't1clc:o ohoved thnt during dece.iemtion it ill lesa tttlUl 5~ 

of thllt duriJlg nCl!elerlltirm, This is conaidered 01110.1.1 enough to meel t.he 

obJect. I. ve . 

The first collect.ion device 1,0 be UllCd wlll be tile MUllpore fUter. 

Thin method vlll flrov1de Gueh u!X!I'ul Int"Ctrllll1tion as JIl'Ttic.le diGtribl.lt • .i.on 

over the croos-oectlonlll aroo of tile proLe. Slnce t.hl" (!ount.1nt; prrn.'eGG 

1nvolved In this method IG tcllill;l!', It. f~ c):pected thrlt. tL t'1l3cBde.impnct:.or 

technique I vh:i.ch vllJ .,1 ... 0 t.l".e neceo,;llry moult.n fll:tI.cr, \Ii 11 be uti I 17.f't:t 

in later eltperl18ntc.. 

. i 1 • 
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IlNBSTIomONS OF THB CHARAC'lEIUSTICS OF FINELY DIVIDED MA'l'ERIALS 

As a part of th10 prolJl"Ml 01' dlsaemMt10n research, the charactens­

ties of finely d1 v1ded materials are beins 1riwat1sat.4 •• The 1'\1w.re asian 

&nil Buccessf\tl application of 11118 source d1asa1natora tor dry apnt ma­

terials will reqw.n a /lOW ~0IIIP1.te I.Ulde1'stancUng at the PrQpert1ea of 

thu. mater1als. 

OUr work 1n th10 ared has included a lIearca 01' the literature, 'pnt-

l1minary independent theorettcnl nndysia and laboratory experi_nte. Each 

of thalle phases ia discussed bel"". 

A. Literature Search 

The problelll ot develop1 ns II. generml theory covering the t chav10r of 

partlc\.llat. materlal .1a an extremely com.plex one which has been approAched 

by mnny investigators. An extefls:!.ve literatunI aearch was cond\.lcted by 

Orr and Dnllavalle 7 eovering the ractora Infiuenc1ng the 86glomer&t1on Clnd . .. . . 
deasglamerat!on of solid particles. 'I'hh search haa cerved u.s very useful. 

background ror the present. work. 

'!'vo II\IIJor aubJecto which -!lore Vide ly ,l1scuiu:ed tn the li taratuN ant 

(1) forces bemen partlc.1eo Ilnd (2) flow cho.rocteri~tics of povdel'c.· " 

br.1er review or ea.ch of theae subJecta f0110118. 

1. l·'orees Iletveen furtides. 

The forcea between lIIoleoules contribute strongly to the charoc-

terlst1cs of powders. Theae forces operate over loneal' rangeD than cham1-

cal Dottractions which link ntom:. i r.to canpowldu, ll1ld are capable or droving 

7. Orr, C. o.nd 1. M. Dalluvulle, Stud[eo and Inveotlentlons of age:lC1nlratlon 
Anoi t1'!sgg1omeration or u-;)l!d pa.--t.iclc:; • .'Jc::ltr.1rull IWFort, rroJeot :io. 
A-233, Ccorgitl rr.:t.ltute of TechnOlogy, J1..Ulit 3v, 19;(,. 
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particleo Into an agglomeration. Inte~leeulBr forces are reapoDS1ble 

tor slU'face teD. lon, adsorption, capillary action and othe:o ~face plumo­

aena which contrlbute to the eharaeter1stlcio 01' powclers, 
• 

rrevton I a lav or un! versal unvi tat10n conta.lns the tenM G/R2;' Where 

a 18 the constant of proporUonAllty o.nd R tha particle seflClrat.1on d1stance. 

nowav.r, Pier.re SlJ110n de Laplace and Alexia Claude Clairnut, mathematieiWlD , ., 
ot' the 16th century, found thnt intermolecular forces fell ort' !!lore charply 

, 
tluul the square of the distance Ilnd that the constr.mt of prO}lOrtiunallty 

could bto different 1'01' different mOlecules. Eat1mtes of 11'ltemoleculnr 

force3 hElove nov tDJ<en the ronn C/Rn 
I' where both C and n are constant. 

Many investlglltors of the forces between particles found Viln der Walllo' 

forces !1l'ld electrostatic force a to be the most important. Van uer Wt\al.n' 

forces are nlvnys present between particles brouettto~thor; olectro8tnt1c 

forces e.",lst only when charged plf!'"tic.loll are ("10&0 to",ther. 

Van der WaalG' forcec even exlct uetween neutrnl par~irleQ nnu Ilre not 
, .. 

clue to coulanb forces ur pcl'Tlla.nent elect.rical dlpolell, I.enJlnrd-.Jul'leG de-

rived from \laYe mochAnlr.:: t.he relatiuDGbll':8 

F ,. A It-"! 

where ~' -: Van der WanlL.>· force 

A .. .... nn dor HOllIn' cl)f1ntnnt for n.ttructton 

R • 1ntennoloClUlor 'll nt-Illace. 

Many bel1eve thnt J:1oJecuJar forrel; lire not Influenced by interncl.iun:.o 

W'tt.h !lelr,hborG, and the re ,'ore tit" totn, fnrce exerted on !l ma l.ecu Je 1!': 

/\, !.enlUlrti-Janer., ,J. F.., ::01:0:;10n, Pro'.'ecdinca of the Phy!;. :;O/:. ~: 
!.f,1.b2 (19.11) 
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obtllirAcl bY' add1 tion 01' the forcee eJt:erted by eB!!11 nelshborJ.ng molecule. 

IrSlllaker9 aDd Brad.elylO approximated the Oilers)' neceuA:r;y to pUll two P8J'-

t;1clea apart aa 

.... here E • interpBrUcle energy 

x • tho lnterpAJ'tlcle diotance 

q :: number of molecules contained 1n a \.Ill! t volumo. 

It may BPJlear that the force becomes illf1n1te W'hen ~he partIcles I1re 

tQsether, but th" foree is 11ra!ted by a minjllUIII vnlue at: x. 

Many 1nvest.1aatoro detennined results which ve~ cOlIslatllnt w1. til the 

thcorctimll London-Van der Waals I J.nterparticJ,e force. !nves ti ptoTe 

, de Deerll nnd HamBker9 culculatcd tho order of ma6l1i'tuda or these fornes, 

1100 Hamo..keT gave equat10no for t.he interaction of parttcles as 0. f\Ulct,1on 

U1' the particle d1atance, x, for different ::hapen of pnrt1cleG. HQIIItlker 

t'ourul the force for two flat uurfaceo separated by a d..tstD.lICe, loi, to bP. 

1nverIJely proportlor.ul to tile cube or the oepnralion. Vnn dor Waals' ror­

eeD beeaDv! oignificantly more Important 80 the PQ~e.l1! :l1:e becomeD 

smaller. rrreSUlo.r ahl1peri pnrt1doa IIV1rlO the pl'olJlem cono1ru:rntlly "'ore 

difficult, dnce Van dol' Wl1ulu' roree III dependent on pnrticll! :;hnp8, 

9. /I/1111aker, fl. c., A Renerol theory or Lyophobic Col101d~, 1, /lee. Traz. 
C~'1m., 5}: l015-<?& (lY36)i " uyot.ell' of ColloId PhenOlllenll.Rcc, 'l'raz. Chlm •. , 
~~ 72'r-=r;1 (1937); lIrlol r.ondon-Vun deT W!1ll1s' nttroctlon bet. .... een !lphcri­
('Ill part1cles, rhys1ca,!.!.; 105£1-7:' (l~IJ7). . 

1~). Dradely, H. s., Tl,c c:ohecion Letveen :;molce pnrtfclen, Tmns, of the 
Faraday Soc., E; 101;13-')0 (1936), 

11. de 13oer, J. Ii., TI:e influence of Vall der 'Iao.lr.' flJrr:ec unc1 l,rimnl", 
bor:do on bind111R ellerGY. utrcnm,h tlnct orient.ation, \(Hh c;.08e.laJ l'et'er­
c::::c !on s;:me i\rtir".,,:l4i reIH"Il. 'rrono. ,"I&radny :Joe., F,: 10-1£1 ()9~o). 
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It is common belief that VIUl der W'nnlG' forees between particles are 

due to the molecules Ilt or near the Gurt"ace. Thus, the rad1UB of curvn-

ture of the opposing surfAces of close pllrt1clea v111 determine the inter-

particle force. 

B. O. Casilllir and D. Polder, ..,ho vorked o'.(t an clcctranngnetic theory 

of molecular forcea in 191.8 did not \.I.ee the clasuicol picture of radiation 

but l'I1ther the ideas of quantum macho-nics. The Casimir-Polder theory ahowed 

u force dependent on K/REJ where K is dii'ferent rrom Van der Wnalc' con!ltant 

for IlttrncUon. noma lnveoticatora today feel that both Caoilllh'-PoldGr 

and London-Van dar WBAlo' formulas a.pply only over an approprIate mn(.';e 

of R and that eo.ch contain Ul1lIIeruJurabloe consto.nt5,12 further, thol;e re-

lat10nshlpo do not. ai VI! ihe rorce between t.wo lJodieG COIl1.alnJ lie lIIIUly mole-

culea, doce the moleculnr internct! 011 forceD are not. believed to lie 

additive. 

'ihen particle!) carry electrostatic chnrC"eS, coulomb forcer. mU;1 be tho 

cont roll i :tg forceR 1 n bring! ng about tlC'r.1onJ.rotJ u"., 1\ few iudi v idurl 111 he­

lleve that In eenaral the charp;all tlI'e not. lnrne enough to alve riae to 

forcea of attraction comparnble yj t.n the lntennoleculllr t'orc:e beT.veen 

I3mll pru·t1cl~R In contact. Part:lcle:; IlI"C known to carry elect.rical ('hm·· 

• 
een even thOUgh the totnl chl\rr,c of the !,('Iwder may be neutral. Electr.lrt.-

catton can bo cauoad bJ' tile inl.eractlon Yith ell!; Inrlll j'MfII ~he utmoo'Phere, 

by l'rictlon or cuntllCt botween porticle:; or by Gepurot 10n. Pnrliclen mo.:! 

be dl/lcharged by contact w1th to ourface of hiGher capacity or neutl'l1Uzed . . 

12. DerJagu1n, floric v., SclentHIc Atr.erictln, gQl: flo. 1 (1?I,O) , 
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by aglaller8t1on. 1!!1eetroGtatlc roree~ or attract10n cannot. be cal.cUlated 

for a POIlUI' since tlle distribution of' the charce on ~he particles is un-

know. 

An extensive study of static electrification ot dust particles frem 

0.5 to 30.0 microns in tUametuj on generation of a cloud was made by 

KW1ltel,l3 He used tlle method developed by Hopper and Labyl4 wIlent po.rticlea 

were nllowed to fall in a horizontal electric field and thejr t!"ncts ""'1'8 

photographed under Inte~ittent illumination. lie r.:onclu4ed that in een-

ant the averaga charae 1nCnt8aed more alovly than 'd th the Gqwll'e of the 

dlsmeter. 

The above comments serve to illustrate the ere at scope of the proll. 

lem of determining forces between particles, even under rather 8ilDpJ.lfled 

conditiona. 

2. Flow Propert1v& of l'cvdera 

The flow properties of finely divided mnterill.la have been of' 

great 1r .. ~enbllt in 11 wide vo.r1cty of 1ndl.lStr1ru. tl.l'plicat,1,)J)II. Perhaps the 

moat frequently studied ca~e 1s that of gravity flow of the material. 

A teat performed by R. R. Trani 15 an~ othern eona1ated of measuring 

the behavior of powders 1n n runnel of cpec1fic dlmensiono. One f\.1nnC!l 

va.a plaeed direetly above nnother on Q ring otBnd. Snmpl~o of ;0 to 100 

~ of material tlere introduced to the top fwmel and allowed to flll the 

stoppentd t\lnnel belOIt. Three minuted or more were nllOlted for the trapped 

111 r to escape before removing the plue. If the .!:ample completely 'flowed out 

when the plug vaD removed, the IIUltcrla..l ;'64 clasr.lrled an r~e.r~OWing. 

tJ. Kunkel, W. n., J. Appl. PI:YIl., 21.: 820 (1?50). 

lh. Hopper. V. O. and T. !~. Y..llby, I'roc. ROy, Soo. h, .!1!.!: ;:»"3 (1941). 

15. Trnnl, H. n. at Ill., Ind. I!& [-:n6. Cham. 2!:' 1~85·ll (Oct. 1')59). 
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, Povclara vent cU •• lfied lI.~cordlnl5 to the time required tor III sampl. to flaw 

out. Xl' the ~ple did not cc&pletely flow Out, 100,," d1 .. tel" sla •• beada 

V.,.. added until it did 10. Gla •• bode were add8d until the III1n111l\a weight 

fraction nee4ll4 tor tree t'lw1ng was obtained. The quantity ot gla •• beads 

a.dde4 va. an indication 01' the nov properties at tJut powder. tested. Fl'aII 

the ..... e"Lnlllnente, 1'1 W arb! trary flOll cla •• lficationa Vent set up for the 

tunnel specified. 

The tlov propert1es at finelY' dl Y1~d mater1alAl are rad.1cAlly affected 

It they are mixed v1tb a saa in ~vo-pba8e flow. Some lnveBtisatora have BUg­

geated that a J)OIIder cOl.lld poasibly be charaoterized 1n tUlia or a property 

aimilar to the visoositY' ot liquid. and that the pGeudo-v1acoalty might be a 

fUndsmantal correlant of sl\ll8ing, flu1dlt1 or other bed characteristiCG. 

Matheson, Herbet and Holt16 presented the r8aulta of such a otUdy in whieh 

they me.aured the relative peeudo-v1scos1t1 or various nU1dized beds in tem. 

of the torque w1ght required to rotate a paddle or fixed !llza at 200 rpm in 

a 3 inch deep by one inch In bed or solid flUidized by air. They 1"ounc1 the 

torque nee.sAar" to rot4t~ the paddle wQs·extremaly hir,h for unaeratecl beds, 

blAt decntaaed rapidly when aerated Slid lI,oon reached. !I. point vhere further 

aeration had no effect on the required torque. Th. relaU ve viJl(!osi ty of the 

bed vaa foW\d to increase 'lith particle she anlS particle denai ty. Mo.th.aon 

Blao measured the torque nee.Bsary for various beda made II.p of tva CCIIlponentll: 

finea blended 'II t.h larsal" partieleG, The rat. of chana- of the vi DC081ty with 

campoait10n shewed a decided break at the point of m1nimum finea added to pre-

vent interlock1n!. • 

16. Hat.l ... on, 'I. L., Hu-uut. if, 1\. WId HuH, p, H., Illd. Eng, Chelll., !tl.~ 
l099 (191+9), 
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An extens1ve discus8ion o~ the rheolos1cnl PJ'Cllert1es of powder. 10 

Sinn by Zena and Otbmer.17 Meaoul"eII¥ints ot rhe nnsJ.,es pert(llnlng to the 

pCllder bed are Bugaeatec1 liS n means of ahllracterlz1ns finely <!1vlded lI18-

terlals. '!'helle are: 

(1) The ansl. of internal friction 

(2) The lUl(Jle ot repose -

0) 'l'he Qngle of vall frlctlun 

(lJ) The 41Ig1e or rupture 

(5) The angle of dide. 

One or IlIOn! proceduraa for conc1uct.1ng each lIleasurallleni tU~ outlinod 

.Ln the cl ted refereJlce and .... ill not be repeat.ed here. 

'!~Ie prev.1 OUS .... ork outlIned above haa Guved. all Il point of departure 

for OUr own experimental work in this area. 

B. Preliminary Theo~tlclll Inveat.1S!'t..I.on 

In initiating a theoretIcal st.udy of t.his type, one immediately en-

cOWlters the problell of !;ottlIlS up a IIlOdel. 4G a flrr.t upproach t.o the 

problem, Q tvo d1menc1onal model vas net up in which the p1ling of a pow-

dar was considered as beiDa 3n810gouo to the pillng Of cylinders. The 

essence ot this inveot1cation iG alvan 1n Appendix A. 

Sevam.L phenanenon Iluch as Dngle of repos., Ilngle or int.ernal frIct.10n, 

('CllIpreso1bllity, angle or ruptul'e awl Ll.her. can b@ nC30clot.ed w1th the 

rheological properties of powders, KnC1l18dae of theae may contrlol.l!.e t.o 

~valuat1nR to. forcea actlns In the s1Gtem. 

17. ZenL, F. A. lIlId Otlll1'l8r, O. L, Flui(l1zat.lon and l'luld·partlcle GyateM!l, 
Relr"Jlolct, New York, 1960. 
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A force acting on an incremental velum. of bulk powder seema to d1a-

--trIbute Uselt 1D a certain fashlon. ~st. such as the rod-t.ena1on test 

and the p1Bton teat aa deucribed by Zeus and Ot.hmer17 81 ve cretlence to 

this idea. 'l'he way in which IlUch a torce cUatr1butes 1tself wcu.J.d .. Gee. 

to depend on the shear I2IOduluA and tenl!ile stren(Jth Of'the pOWder. In an 

effort to sain sane informatIon on the shear modulus, t~e follovins mcdel 

lias conetJ'l.lcted. ' 

L 

A plato P 1& 8ubmer(Jlld in n powder IIIIlterlc.l to n <iellt.h h. Due to the 

YetL',ht 01' the material, the pTeI\JlUTe on the phta ~ ..,11.1 be directly pro-

port.l.onal to t.h", ""'5T'1 tude of J-

p(yJ ,. 6'y 

"hen: 1" h t.he density of the moter1nl. 

We nov makft the rollovtna WHllJlllption: t.hnt the mnximum shea:!', 1:, 

between the plote and t.he pllrtil'leli 10 !lropor1.lonol to the prer.sut'\! or 

1:" "ep 
lIIIlX 

nnd th"t. all potntn on the plate [lTe on U'e verge of alip])! nB 31 mult.C1neoualy. 

'rhe total rorce, Jo', to 11I0ve the plate can be eXpTe!: sed by t.he integral 

or 

h 

I t"mox dy = 
o 

F ., C 4' h;> 
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~1&. F 81 YeS tbe mwt1m\.ula shear force to be expected. 

Experiments have been carried out to check ihio relation, I1S dlacusaed 

in the follov1ng sectiOn. 

c. Ex,per1l1aonts 

Ao a po.rt or this progrQll of dlllolemJ nation research, experiments an: 

bell1l condu.cted t.o evalullte physj cal tl:lt.8 W'h1ch hnve been suscested by the 

t.heOl"eUClll otwl1ell or the search ,,)1' t.a.e literature. 'I'h. emphasis in this 

W'ark 1G to fInd and. apply }lh,yslcal teSt.ll which ..,111 be usefUl. In pred.lct-

Ins the behavior of a finely dlv1ded material in Il dlo~c~inat.lng GYGtem. 

1. E~perjments on Force to Extract a Vertic~l Plate from a Oed of 
Powdered MIltU11ll. 

F.xr,er·1mellts were conducted t.o check Equation (2), pmDented in 

the prev1ou.'1 03ectioll. The force rt"Cluired to extrllct 11 thtn vertical nlu·· 

mt own plate rrnm 11 bel). uf fl ne 1.el1d shot (501.1-1000)1.) waG melliured o~ a 

Jolly sprina balllnep-. :rh~' reuult& UTe plotled 1n Fisure lq. A st'l'n1Bht 

line wf.th a sJnpe of IlpprolCJmnf:el,Y ?O fito th~ rlnta potn·.!: 1'e/lr.onobly 

W'ell, lnl11cllt!na thllt t.he re.lation p.lven 1n Bquut.iort (2) 1.1 adequat.e lor 
- \ 

thle Cllse. '[,he coeffiC:lC71t C 1n thjll equation ~Iln be I:tJClfildered to be 

relnt.ed to the coeffIci.ent. of fr!ct. .. oll bct.wot.'11 t.he part.h·lcli and the pillte. 

Further cXl'erfmentllt;lon ulunH thlr. lJoe 1!l planned. 

~. r;xI!"l,"~nt e on Streo" Vennl9 Elll k Den~.j ty. 

MOo.olll'elllent.!O of t.he effect of comprellGi ve llt reJIl on buJ It deno! ty 

appear 1.0 be of llltereGt 111 r.evellll I1'M~ .Jf t.he Ji!lIlemLnatlolJ I'roL;em. 

J.'irst) t.he infonnAtion ~1 net! rl\($)' contor! bute to the banle knov.tod~ of 
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• 
1'1!l! powder.. s.coD4ly, the data obtained 1e cUrectly rel~t.4 to certain 

"" "" appl.1aatloo proble. ltlcl'l41ns (1) det.nUMtlon ot tM vo1wutr1c beha­

vior ot t.bI bulle lIAterial under hlah acaeleraUOIla, (2) datel'l1l1!lI~t1on. of 

the reClU1N_Dta tor tHl1n, systems aesipd tor compaated material and. 

(3) precUct10D ot the pertoJ:'ll8Jlce 1n piaton. type t'eed.lns syatems. 

EXl*r1Mnte haw been conducted I1tillz1n8 tr .. apparatlla .hOlln 11:1 

Fi~ 15, whicb con.lata Gt a thin ~rlOD platon, closely r1t to a trans-

parent plastlc cyl1nAer, .... h1ch i& ~ate4 to pl'IIclw. entrapment or 1111'. 
o •• 

Tbe pittoD 11 au1ded by a rectansullll' atructul'e with Teflon edges which 

lIIU.e only line contact with the cylinder in 0_1' to mlniJDi:w friction. 

1'he heishi ot the pi.ton above a fileeli :refe:rence plaDe 18 maallured by a 

cathetaneter. 'rile bulk dens1ty tor an,y platon pCl8i-t.1on i8 der1vad frOll 

tlMl ayate. dimensions and the '""118 or t.he powder chClrge. 

rlQ1mt 16 (2 paau) present the ntaul.t.s of II. serieR ot meu&uremenh 

on samplea of' tBlc (M1stron - 18) which have Q llBrtlcle size range 01' Q 

to 6 micron. and Il MI-ID of' 0.03 micronG. The three lines shown on the 

graph ar. tor initial mnS8 qunntltlea c( 30~ 40 and ,0 ernm~. It can be 

s •• n that, at the lower ron.,. of !It,rell~, the bl1lk Clensi t.y 4& eanevhat, de­

pend4lnt on tll. dz.e of t.he Innterl!Ll. :lWllblle. 'n.c BP~I\Q, in the val UIIIS of 

b\.llk denalt.y Inc:reaoe. o.t t.he lCNer Vl1llJeB of bulk Iiensi toy. 1'he I1Inx1mWII 

spraac1 18 approximately 1 percent. At the hlgh~r Bt.ress levels, the 

curvet C!QIIe tOSllther within the 111111ta of experlmentnl error. 'fh13 effect 

~ be due to additional vall frict.ion 1n the case of the larger aampleG. 

It 1." intefa.tins to nota tl~t the stress versUO bulk density C~rve& 

approach st:a1ijht 11nea on the IU1I1\e lot. plot.. 1n t.he region or Idj5h bulk 
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4e11l1tle.. !lbe 'lopt &124 intercept 01 thj, type of curve 111&)' be. V1I%'7 use-
--- -,---. 

tul in eval.\I&tSZl4! ttntlf rUvicl.4 powders. Sillilar ~r1.-nt8 With aspirin 

powdar, pra4uc.d ~.Z'l1 straight line relationships 011 II ccnaplirallle P'IlPh. 

UCMI.,.I' , the value. or al~ and intercept were Videly dHfenot. A 

ehllnp in tl'Mt applied cOI\preBs1V1t streBe of' IUl order ot maan1tude (rrcn 

10' to 106 d'YMfl/~) produc.d a chan. in bulk density of a~prOJdlllatelY 

10 percent .a eontra.ted to the chAnee shown 1n Figure 15 ot approximatel)' 

60 percent. 

TM -lata obtained tran the .. experiments ant belne eXOllllned mora 

thorouahlY to detem1ne "hether mont cart..1lete correlnt1ona "ith material 

prOll8rtiaa aN poSSible. 

3. MeuW'eIIWnh ot Forc. Rlrquinrd to Extract A Circular Di8c 
tZ'Clll A Pow'd.r'lied. 

An experilllltnt 1.a outlined by ZeO&11 In which a ""rUcd rod 10 

extracted frca • povder bed. '!'he mqn1tude of the rOrt!a Id Influenced by 

the 1ntunal. trict10n ot the material. PrelI111n!'Z'Y experiments v1 th th1Q 

technique, ut111zinl B Jolly spring balance indicated that the 8ensitivity 

vas quite low. It became obvious that substitut10n of a hor1zontal circu­

lar disci tor the rod. liould nrault in a considerable 1mprove~nt. Three 

circular 41SC8 w1th c1illlll8ters ot l, :: and 2.5/+ CIt ven! rnnde. 'l'hla ~1TII1t-

ted investigation of the influence of d.isc dillllleter, as vell 118 the bed 

depth. 
I 

Tva deyl.: •• have eeen used. for measurament o~ the force in thelle el(-

pltriment:J. These are shown i.n Figure. 11 and 18. '!.'he Jolly balnnee I R a 

standard item ot laboratory appa~tus, which employs a cal1bra6td apr'ng 

• 4C- • , 

• 

• 
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d ..... loped .-pec1all1 tor thil application. W1tb the latter dance, tore. 

11 appl1ecl to the circular elise by slewly adcl11'lg • _tereet. quantity or 

liquid to' the v. •• el which 18 ahovn in the 3ketch. The force 1_ translIlit. 

ted by a 11ne, operating QJ'\ a ,puJ.ly, fitted with 4 precision ~anns. 

1'hi •• ,..taI ha. aa advantace, In that the initial 4!8plAc ... nt ot the cUICI 

whlch take. place before the eU%'f'aC8 of t.he bed iO,interrupted, does not 

1nt'luenat tlle a.pplied force. III the cooe of the GPr1ng balance, thiS 

initial creep eftBct vaa tound to .l1~tly atrect the measurement of 

a.ppl1ed torce. 

1'lw ~au.i.t. or experirnanto Of th10 type are aUlninarhed. in FllJ1,tte 19, 

whicb 1s a plot Of rId versus F/d'h on loS 108 paper. '1.'M force of II 

dynes 11 applied to ~ dloc of diameter d centimeters, which is submersed 

in a bed to a d1st.lU1ce at h cent11\1eters below the free surface. H"sulte 

ror thrae pawde:rs are shown. Thaae are talc, sD.Ccharln nnd aspirin. F1/i-

\U"G 19 ia believed to be 0 very usef'ul correlation. The data ror eactt 

oample indieate a ~tra1ght·1i1~ relat1cnshlp between the tvo coordinateD, 

and the slope Cor each case is nearly Identical. ~'or the materials atu­

dt.d, the force hao been round to be prOllortinnlll to hn ..,here the expo-

nent n is appros111U1tely 1.5. The interc~pta lind. the Lllcpeo of t.hese 

curves IU'e identifying characterist.ic. of t.he IndlVldwaJ. samples. Fur-

thaI' experll111!ntation 410ns thi_ line is planned to dett'nnlne the repro-

~Yc1bl11t;y of theae dBta ~or additional mnt~rlala, and to evalU4te t~~ 

effects of mo1~ture content. 
, 
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A callSI' ltuq OD 6ft airc2'att. extel'Dal' noft tor U",lcl 'IInt dl.lC1na­

UOD has NeG la1t1atecl bJ Jfonb _ncaa Av~tlO1l, 1=. \!Mel' IWlClOJltract 

ftviw ot open.tloaal lII111tuy alrcntt tOI' ccapatab1l1t1 of a \U11nrl&l III 

.tON, (3) a.te __ tlon ot _an. of as1taUon, (4) detemlnatlon ot _ana 

01' heat1tl1 to pawnt treeZ1Jl8 01' the agent d\ar1Jls transit to the tarae' and 

4U1'lnc 4.1sHll1l1atlon, (;) atu4¥ ot pel'1"OZ'IIIIUIee penalty dUll to sy.tea tutu­

lation and (6) .t~ or ettect.. of local n~ f'1elda on the db.ea1natlns 

procell. 

Work va. lmtiat.4 1n tbe .. are&1 t'ollOV1q .. coordination lIIIIet1~ 

• • 

which Vb belel at Oeaeral MUll, Inc. on 13 JUl:r 1960. Attend1ng thh •• tM 

ins were repraaentati. ... of tbe 131010110&1 Warfare Laboratoriel, General 

Hills, Inc. &n4 North Alleneaa Aviation, Inc. 

Prosr'e.1 dunns J\&ly and AUS\llt In. fCLCh or the ,above areal 18 s\JIIII8rlzed 

A. Flow Rate Opt1Ja1sat1on 

A pa~tl'lc trade. It\ldl' 11 In pl'ClSNIl Ifbich v.111 define IWsr-opt1ll\n 

flCIII rate. tor a l1qulc1 biological apnt dleaeminat.ion ',stem. Six b101ogi-

cal lI8Int. lire being considered in the Bl'.aly.1S. bile ImI the causative 

apn10a or Q-teqr, Bruc:elloa1., 'l'ulanlIl1S, Anthrax, Pl ... , anel VenezuelBII 

EqutDi Enc.phal~11U.. The b.1olo~ca1 and phyaJ.elll properties of these 

a"D~a are c:olltalaec1. 1n Ifo~-th -'-Mean Avl.~ioJl Report ~59 .. 632, which alao 
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. : cCIIlta:1.lW • cJeacnpt10za cd Calder'. mat.ba6t.lcal etrectheDl!sa IIlOdel used to 

~ their effective.a.. III edd:ltlon to ccmalc!er1na the epec:1t1c on-

The AlllJ.,yaia optWZctI flov ra.te. in bema ot the probable area of: 

~ &Mlye1a _tho4ol.o;;y 18 1lluatrste4 In rl8Ul'e8 20 through 23 (4 tigu:rea). 

lor .. ttxe4 dal1wZ7 Ipe_ U'Jd. apnt capacity, the rel ..... 11,. leDSth Cal\ 
~ 

,. .hCIIID •• a tuDction ot the floV rate UNd tar disaeoraination. An example 

ot RCb • C\U"ft 18 .bom in J'lSUN 20 for c1el1wnns 400 pllona at .pnt at 

600 knots. Cloud trawl can allo be .hOlm a •• tw\ct1on or tlO" rate tor a 

as-clt1ed. apnt, le.,.l ot incapacitation, and. veMher (!olld1tion. This effect 

18 shawn in rlpre 21 tor the ~auaat1'11t asant at Q.raver' ~d 5~ incaPaclta-. 
t10a level (Pz • 0.,). An .wrap ".&t.~er con41 tion (etable temperature 

sre41ent) IUICl • 5-11J1h wind. apeed over open terrain w", cona1d8recS for thia . 
c.... 'I'M pl'OCluct. ot rale': .. 11,. length (P'lgure 20) and. clCYd. trawl enS­

ure 21) 11111 ;yield an ~ ~ 'covel' for &D;y flew ra.t. selected.. 

To lIIore re&l.1st1c&ll,y appra1_ the effect or flew rate on the ant& or 

coverase achiew4, other ractor. lIuC!h aa air vehiC!le survival and the ability 
• 

to p1W4J,ct aateorolol1cal cond1tione ex1st1na 1n the tars,et area haw been . 
cClDdd8n4. • 

A. t.1le del1ver;y 11ne lenst,h ia increased, the lensth ot' time within 

eneIII)' territory 18 prcporttonateJy i.ncJ'e&lIed and air Vllhicle IItu-vival probs-

b1l1tle. wtll be &lenl ••• d. Thill 1, illustrated. 1n r1gunt 22 shavina tM 
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ettec~ ot rele ••• Itn. !eDith on 8\I1'Y1val ProballUitl tor a I\IZ'OJII- tacti­

cal .1tuat:1oa In t~ 1963 period.. a.v 1nclU&U1If t1II .met.. ot 8urv1val 

prollab1l1t)", the pl'OballUlty ot &ccunt. _tearolopc61. pre4lct:f.on. ( ... ~ 

to lie 75~) aDd tile etf'ecilwa.ea. ap1nat po •• ~lIle cO\.U1temealUN. ( .... ~4 

to 'be 75~), ttl. pl'Oba'ble uea ot cowra81 can be obtained .a • 1\mCtlOil of 

flov rate (He Flsun 23). 

It hu beeQ detenUne4 in thia llD&lyaia that vanatlC1n. in viDe! qeed, 

terrain coadJ. tiona, temperature sra41.D't (1nvers1on, stable I 01" lap .. ) and 

le'Vel ot Incapacitation do not e1sn1ficantly atteet the selection ot • deaiF 
. . 

flow :nlt4t. The probable ana or covua. La increa8ed. or decreaae4 as va2'18-
\. 

tlC11l8 1n th... par8lllatera are 1ntroc1ucec1, but tM pealta in the curves "bOlt 

no sen&lt.lvity to the •• varlotionlJ (lee F1g\U't 24). 'l'h1. i. tl'\le or other 

w1neS. apesds aad incapacitation level. also. Consequentl:,-, an "awZ'aSl" 

ateOJ'Olos1cal concUtlora Catable), an open terra1n cond.1.tlon, a 5 mph V1n4, 

and an Lncapacitation level or 5~ are al.wn4td tor e.na.lyals pl.l%'lloae.. The .. .. 
yAlU.1 QW felt to be both conservative and re&1~st1c aD4 8l'II uaed. throu.Sh-

out the It~ to lnve.tlp.te the etfects or OpeK, aaaDt type, and aput 

c&pae1ty on de.ip flov rate selection. 

TM type ot agent, c&pac1t, ot 1l8lnt, tAd clel1ve1'l I~ed vera f'o\U1d to 

be tile 1II0st sen.l tl VIII pal1lDllter, and haw been the .obJect or concentrated. . 
anal.:ya111 ettort. '1'ha ertect ot' aeent capac1t::,- Oft flOll rate 1.1 .hewn in FiS-

Ul'825. Fraa the curw. ot F1sura 25 • it Call be seeD that the opt1JllUII flow . 
rate 1ru:re .... fraa 6. &PI to 24 SJII a. 'a@!llnt capacity 18 1nc1"llaaed. frail 100 

to 400 p.llons. The .rreet of .peed on nov rat. 18 similar to that. or 
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rate 18 approximatel;r l' p tor a 300 kllOt del1vwr,y a,... aDd 2" !PI tor a 

The ettect ot .pnt ch&rw.ctel'iriic. OD de.11ft tlow rate can be see" by 

". characterletlol! ot the .. dx Bpnta .hCllr lUll variation. which 8houl4 

I.aelUde lIIost potential ... nt de\'elopneDta. For example: 1])50' B var,y 'by '"' 

factor at 600, .. nt concent:rat:l.ona V&Z')' by • factor or 20, decay rat .. 

rans- frta l~/'II1n to ,tf,/roJ.n, and sPZ'aJ efficiencl.. ransa tl"Cllll l~ to 45"'. 

Ilecauae at the •• rsnps, tho •• 11IC apnt. an felt to be repzoeeentatlw ot 

• great lIIaft)' sPilt. vbleh will be clevelope4 and represent. lar .. atatll1t:\.-

cal 11IIIIp.l.e space. 

The seal at tM. study 1s to opt111lze flov rate of the diolleID1naticn 

dyat.ell 80 S8 to be adaptable tor a variety of del1Y1tI'Y vehlcles. Thia lII18ht 

:retult in extreme difrenncea in delivery speed an4 apnt. capacity. 11'. 

w.apon sy.teII opt11111aatloD were MlnS conducted, the rel&tionsh1p ~t"'eD 

alllnt CClpac1ty aDd. ranp c~d be established I1lld '"' desirable value of speed, 

l'IUISII, apnt capac1ty, IUId n""" rt!.tll could be defined. But, Since the sys­

tem c:haract6r1at1cd deteJ'llilllld 'by the study must be amenable to a variety of' 

Jelivel'Y condition., an average or extfttmeG 11111 be Wled to select a design 

value. Unusual si tuat10ns which are not cbaract6:r1 st1c of the nma1nc1ar of 

the slIIIIple "ill be e11l1L1natecl. A .tat1st.lcoJ. revie" or the results 1s in 

progress. 
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~ I . r . Not1t'1eatiOll va. received troa BWL that the Nee4-to-1CDoIr request had 

r. J I 'beeD mailed to aU manutactuntrs ot currently operatlOD&l aircraft. A qUls· 

I I r r I 
\' . 

1 : 

1. 

L 
1. 

1 
1 
1 
1 
.) 

I 
I 
I 

tiODDa1:e, l1stlna d .. l1"1Cl lntol'Ut1ol1 relative to extemal. aton oapa'b111-

ties vu prapuecl for d1atrtbut1on to the .. JIIaIlUfacturers. These request. 

bav. 'bien Mnt to the ~ollOll1n1 ten 0 aDpanle.: 

1. Douala.' Aircraft 

2. Ccmwlr Division ot General DynaJ111cI 

3. Noralr Dlvislon, Northrup Corporation 

4. Boelnl A:1rplAnt CallPaDY 

5. Chance VouSht A1rcraf't 

6. Poepublic AViation Corpo1'8tion 

7. Gnmun Airc:ratt lmg1neer1ns Corporation 

6. Lockheed. Aircra.rt. CorpoNtion 

9. McDannel Aircrntt Corporation 

10. Martin COIIIpany 

Respon". to tn1s'request has been received from three ccmpani.s, g1v1ng 

information on 11 aircraft. 

Flight handbooks {'or 33 of the pertinent aircraft titre available in the 

NAA library. Data haw been compiled from theu publ1clltione caneemlns alr­

plll:. pertol'mlUlce and stores capability. This material con 'be ueed to calcl.l-

late lII1ea1on rad1u8, deliw!"), speed, and. to indicat. in a general .. II •• the 

caapatibl1it1 of varlouG typeo of Gtorec with theDe airplanes. For more spe-

cit1e lnfOl'llAtioft on otore clearance !!!!W!!ll~;:e8. control elreUits tll the ctorec, 

I pylon c~pBbll1tles. and lug spacing, tl. requested information trom t~ manu­

facturer \1111 be required. 

- 60 -
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A 4enl'l1te requlraent toJ' BSitat10n ot ·the 11qu:14 saent dur;;1ns the 'pa 

proacn plIAae ot tile II1s.1= has not, u yet, bean a.tabUahed bJ the !liL. 

If' such to requirement WIre to 'be •• t.bl18hac!, it would no doubt vary cOIlal­

cl.erabl, tor VU10ua t;,pe. ot apntl. It is, theretore, con~Ubd tha.t a .. 

re_lOMbl. loll.l.t!on 1. to provide tor circulatiqu of' tlw .pnt vi thin 'tbe 

]1/ store b11111tanl ot tile r11spelilins pUIIIp an4 • by-pus valve. It i. Visua .. 

lized that a stand-by poaltion would be provided on the pump aw1tch which 
• 

would Optn the by-pasa valva and enarl1ze the P\lIDp. Act,.tlon ot the w1tch 

to tbe Itanclby petition at 10IIII time p:r101' to the eli.seminat1ng run vould be 

part of the operational pl'Ocedure for use ot tIM BII stOnl. 

D. l!eating an( Cool1ftS 

An analylia haa been made to dete1'lll1ne the reCluiramenta tor malntainiq 

• tile temperature ot the Bsent w1thin the pnBcrlbed tupemtu:re limits d\,U'ing 

the critical comUt.l.on. ot crWse on an "Air force Wlntel' Day". For th1e 

calcuatlon to enU .. t1lDe of 3 h01.&ra at 38,000 to 43,000 teet at a Macb num­

ber or 0.66 val used. 

The *aul;ta of th:l.G Analysis ind1cate that with the aeent. tank insulated 

with 1/2" of f'ibresJ,&S8 Insulation, the tc:lIperat.UI1f of' the apnt will rera!" 

above 35·P', with the initial &81nt temperature of 40·'. With 1'10 Inoruat.1on 

tha asent temperature would be belOIt treezins. For these calculationa, the 

physical propert1e. used in the calculations include th.nual conductivity, 

.pec1f1c Mat, denait)'. absolute viscosity, and coefric1ent ot thermal expan-

81on. 
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, n I11 "t4d1Uon to iaUlat.ton ot the tank to prevent treeaius, 1t Will be I 

DI~.-IU'T to heat the nozzle to pre-vent the apDt rr~ frMsl1l8 •• it I. be1Jl8 
t 
!' t Ii 
f ' 
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r11.charp4 aDd. cOIlHqwtntly plUUiD& the nozzle oritlc ••• 

'!'he heat reqw.rwd to 11181nt.a1n the outside '\U"fACe te.perature ot the 

DO&1la ..... bll at 50·' while the aS80mbly 1. retract.d 1_ a~t.ly 4 

vatta per squal'8 inch of' sur1Uca are~. 

'!'be he.ting ot the supply tub1»1 IUl4 nouJ.e can be aocClllpl18hed by .ant 
ot an elect1'01'1l111 coatlns, with operation of the heatera cClIltrol.lecl by _an. 

of a simple thermal sWitch atnalng outside surface temperature. 

An analyl18 ha .. alao been zade to dotemine the ettects ot ram-ail' heat. 

Ins on .&!IInt temperatlU"e In tat tank durllll the critical condition ot 1011 

altitUde CX'\U.III on an "Ail' Force S\mIrIer Da)'''. For this calculation a t1_ 

of 1 1/2 hourG and a Macb ftlJllber of 0.5 wa. nllsUllled. 

l?e.ulta of thiS analysis indicate that the 1/2" f'lbreglallll insulation 

11 4uff1c1ent to maintain th. aaent temperatl.lJ'e within accelJ'to.ble 111111t8. 

Tho telllperatl.l:nt 1'108 of' the nBlint 18 Bpprox1J1!'ltely 2°, With the insUlatlor. 

118 11000000red with approx1lllately 50·' with no insulation. 

E. Ferf'OJ1lllU1CII Penal. tl 

lIe effort hall been expended on thio s\lbje~· during the l'IIporting 

PO. Effects ot Local Flev 

1. Eylne Kxhau8t 

A IIIItthod ot e8t1l116tion at engine eXhaust UlQJleratuA JlroN1 •• hall 

been devised. It hal been found that althou,8h extaraJi ve arton haa been 

CO,'·MFs. -
.1 
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plKe4 em the st~ ot Jet streBll1s exhaustlns into quiescent air, relativ.1r 

_ little ~ been done in the studN of Jet exbaustlns into IIIOV1DS ai!'. The 

procedure de_loped glvea resulta which cctpue tavonablr With the 11111tad 

ten data available. 

For purposes 01' &nalrs1s the ansine exhallSt 1s cUv1del1 into tvo resioRs: 

(1) the auper.cm1a core lDDedlately dOllnatreM or the noul.e in vhll!h the 

exhauat pressure 1. expan41118 to t~ stream presSUftj &nil (2) the resi.On 

or tU%'bul.ent d1ff'\1s10n downstream. 01' the sUpellraonlc core. Charac!ter1atlca 

01' tM nOlI in the .. reSions a1'8 then defined 1n 'tel'lU of the exhaust M&eh 

D1.IIIIber, exhal.&Bt atatic pressure .ratio, nozzle a.nsle, tree Btre8lll Mach number. 

aDd dtatanclll down.tre.. An&lysh of the supersonic' core resi~n 1s basta on 

york presented 1n the follow1ng reterences: 

u. S. NIlv;r newlopnent Center Report 
NADC~ED~5~1, Characteristics 01' Free Supersonic 
Jets Exhaust1n, Into Quiescent All', by A. R. Anderson 
and F. n. JOhna. • 

NACA Report RML54L31, Some ,studies ot Axisynlllletrlc 
Free Jets Exhai.lst1nS rrom Sonlc and SupeAon1c Nozzles 
Into St1l1 Air o.nd Into Supersonic Streaa, by E. Low 
and C. E. Crigsby 

The :!'elion Of turbulent d1ffu010n 1& defined by the procedures liven 

b;y 11. Sz&\bl.v8kl in the NACA reports; 

'I'M 1200, The Diffusion of a. Hot Air Jet 1n Motion 

'I'M 13ll, Contributions to the Theory ot the Sp~wiinl of 
a. )'rea J.t Issuln, (rc.t 4 NOZZle. 

Application of this procedure 1:l illust.rat.ed in Figure 28 foJ' the case 

of A J~57 Jet ensine installed In n vehlr.l. travelling at 0.7 Mach number. 

Isothem& are Ghovn for tempero.tureo davn to 100",. The rate of Ill,readins 
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Of the eJdIa~s~ 1n4icates that iD any pract.1cal installation Qf' a 111 disoeal­

tIIlt.1na store that SaDe lIIU1ns o~ the agent With exhauaJ; psea 'in the t.elllplra­

tu:. ~ ot: 100" vUl occur. This doea not imply & .. rieue 10 .. ot 

.fteeth.neas since the expOll\U'll 18 ot veI'1 Ahart t11111 duration and coolinS 

by evaporatIon Will lower the enVironmental temperatura. 

2. Aerosol Stl1laa 

Because ot tlw very amall ,..ntl.1lll at the aerosolized .I'nt pal'­

tlc:l.eaJ they are accelerated into the airatntllll ditect10n almost 11IInediately 

upon eJection traa the 1I0z:J.e. In cons1c1eratlon ot .locat1,on of 111 cUlIlI8IIIinat­

ing nO$zJ.aa on an &1rcraf't, It lIIA1 be a8sUlllltd, then, that jn the vicinity ot 

the aircraft the aerosol fQllw8 the at.:reGIII linea tlaving past the noule •• 

'1'he primary flow characteristics to be eonslde:red a;n, due to the vortex 

IJ18teDl of the w1ng. This vortex systeal produces a dovnvard Yltlec:it;y component 

downst.ream ot the wing which i& B maxilllUll! 1n the inboard ree;1on of the winl 

and d1lll1ni8hea toward the wins t.1p. A tra1ling vortex ellUUll1tea frlXll the ving 

tip with the co~ of the vortex located approximately at the 0.8 semi-span 

of the wing. 

DIssemination of' the agent in the dovlNllsh t'1eld 11111 give the aerosol 

a dOltm/a.""d w.locity of the order of 1" at the airspeed or the a1rora.rt. This 

effec:t l118y be very important 1n tmnaport of the aerosol to the gl'rund but 

lIiH be of lesser importance in Beparation of the aerocol from the l1ircrat"t; 

structure o.nd frail the engine exhal.\st because of the very short till» periOd 

1ovolYltd.. 
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1t the apnt Is dlsli.lII1nated in the reglon of the tra1l1ns vortex, tile 

aeraaol .tn_ vUl be more :rapidly d1ttwsecl, but vill experience no net d.cMl-

Ct.aracterlatlC:8 of t~ vortex system are being prepared in lraphlcal 

to%'lll tor 111»8 plan forma 1'9J)l'uentatlve 01' current military aircraft. 
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-VI. IQI(ARY AND conCLUSIONS 

~itwly ot the re,dine ancl 118ncUlni problema for dry B8Bnt. d1811Ulinators 

~n4icate. that praalalnl concepts exist in the application Or screw feeder_, 

piaton reeders and. p_~t1c' feeding .)'Stus. ~ ": .. .\0' ~. {.j:" 

Whet) aonaidAlring the uae ot BCrev feecWrs, the tvo concepta which c:\U'­

rantly Bp}I8D.r moat prallisinl ore (1) the uaf!t of a veT! large screw I probabl), 

of the ribbon t;tPe which is 80 dea1pd that all ot the aeant 18 Qripnall1 

contained in the screv and (2) ~he use of 8 slIIIlller selt'V r •• d8r, vlth an 

Bwdl1ary _chanical aBitat10n lllechan181'1\ to preclude bridg1ns. There appear. 

to be 110 incent1ve to rely exclu.o1 vel), on gravIty flCN in any part of the 1J)'8-

taus, because the power requirements I1re small canpa.red to that read:l.ly 
, 

available fran a ram-air turb1ne pnerator. The piaton reeding syate1ll8 

appear to be lIIost feasible tor handling h1ghly cQlp&cted asent \Mot.1'1als. 

The power l'IIqu1ntMnta for a oyGtelll of tniu type vou.ld "'88in be Will vithin 

the 111111 ts GvailBble. 'lbe major problem 1s expected to be ttl. pot.entially 

high vall frjct.1on in a larS" store, whl.ch could 1111POS8 excua1w structural 

loads C!n the system. To eneG •• the caIlPl&ct.ed slug in a II1Ilteda.l of lCN fric­

tion 1s appantntly required to el1minnte thh problem. Adequate meana for 

lit-ripping on' this casing during diasemination t\l'O required. 

In the pneumatic reeding sYGteJIIIJ, t.wo concepta have been con81danuSi 

{l} uyu~m8 In wh1ch the ent1re stored BARnt quantity 1s continually mixed 

10'1 th t.he flawing motive gas, a.nd (2) Ilyatema where G sl1rface entrailllllllat 

prlnc.lpl.e Is ut.ilhed. Of thene, the fj,rElt ia beUeved to be the most pro-

mislr...t due to t~.e ~xta"emely IlIl\IUl enG flow rote requ1rad. ,",e uae of mot1ve 
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ga ... other than rail all' 11&W beeo con&:tdered aM appeo.., to be desire.ble. 

For eX8I2U'le the uae at carbon dioxIde, Gtox-.d 1n the l1quid phase VOt.&l.d pro;. 

vide ~ controllable, inert atmoaPIMu", and 18 expected to Invol vt a ".e1&ht 

pell&lt)' ot ool)' II. raw perctmt of the asent payload. 

~ PreparaUona haw 'been Md.. for deaWCllltration exper11118uta on & blcv-

down ~!nd t~nnel. A s~c1al test aecUoD haG been c.c:s1gned to provide clos8 

control of r<fal:h number in the hiah subsonic ranp abova 0.70. 1'hia teat 

section has alishtl>, tapel"!d vallG to permit un11"o An &1-

J~able sonic nozzle at the.d1SCh~ 

tlltJUona in flow. A molded ~ inlet nonl. 111 !UGO utilized to provide 

(or,mJn:l.II\WII turbulenr.e. ~pee.1al high velocity aerosol s8.IIpling probe has 

beel} designed llnd. fmb1'1cated. for use in the deagsloneratlon e¥per!lIIe!1ts •. 

Th1s probe Is deolgned for Isokinetic DlllIIpling of the streQll!. It Incorpor-

Qt •• II diff\u:inS oection t.o reduce the velocity to a level which iG caa-

pat1bl. with membrane ftltera nnd imp&ct1on sampling devices. 

1\ l1tero.tul"e seOl'ch haG been made in the Cield of the r.haracterlat1c:a 

of fineJy divIded I118terialG. 't'he classic t.reatments ot tntemolecular and 

intel'Jl8rl::icle forcec havI! been n!vieved. fn generol, thllae do not appeal' 

to offer solutions to the .real problemlS at. hand becau.se mo.ny et'f'ec to, "uell 

a'; contamination witt. ,«i. orbed voporG, Cllllllot be udequntely handled. The 

variOLlG experlmeJlta.L techniq-.s for eVllluntlon 01' the phYGiclLi. chara.cterh-

Uea of fl1Jely divided lIaterllll:; have al:;o been ;reViewed, including thone 

"or 1III!Illl'lrement of such '(alue!! us the angle ot interruiJ. frlctf on, tr.e anale 

of slide and the angle 01' repose. ~ditlon81 experimentc went dovise-'! which 
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a B1~n pcwdentd ater.tal. fr,r Qse in dlaseminat.tOD systells. One of the.. in-

volY8. determination of the effect ot cCJlpressive stre8s en the bulk deMit)' 

or A tinely divided material, the results of which bear OD the Q.uestions of 

volumetric behavior und.r h1gD aCQaleratJoD and the probleM ot tl11lnS dla-

BCl!UnGtors vith cCIIlP"Cted 1ll4te1'1al. A u(:cOlld 8.lC.}lI:rlment involves detenallJ&-

tion at the toree req\~1.red to l'fll110ve ~ hOl"!.zontal c1rculor disc fran a bed 

'rh!! III!1aSUl"elllent ~hOV8 that, for the CI&GU invutlgated, 

the requ1red force wries llpprt»Cilnately aD the 3/2 POWZ' of the bed depth. 

The roree characterllltic for each povl1er tested can be used 'I.'> {del"tif'y the 

sample. A third experill'ent involved the 1!2s,8urement of force to extract a 

verticill plate fran a }lO\ider bed. 'This experlnent vas GU8g.,.t~d. by II. pre­

liminary theQraticol $ne.lyois. 'l'he data obtained for a bed of load shot 

agreed oubstaDt101ly vlth the theoretical trent~~nt. 

l'rogreall has been made In seve"ll areas <>1' \lark on the l1quid diaGe!1i-

nlltion problem. The operational annlyaio work 'UlsoclQ,~d with liquid agent 

dlsoemination has teen udvanced and the effects of Ge"'l!!rul purtl/llltters have 

been explore(}. Tile mOti!. ~lgll.it'iI!Qnt parll/lleters u1'l'el!tillg t..he e'pt1mum flCIII 

rote are delivery speed, II.SVnt cllpaclt.y and agent cill1%'Clct.erl:JttcB. 

Cous4ti ve agent,. were f!OlIs1dered. The optilJl\.llll flov I'Btee indicated by 

thlG study vary from 1\ mltlilllWll of 1v gpm for 11 q-l"ever to ,. mlUCilQUll of ilCl 

&m rer M.thrruc.. A rev1ew of operationa.! Blrcrat't roC' compatiblli ty '111 th 

ext~rnsl stores h~o been initiated. Que~tlonr.alreG ha~ been Gent to per-

t.1nent. aircrot't manuractl.lntrc. lidditional info1Tllotion ill Ilv!lllable frClll 
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t11sht hondboolcs tor 33 alrcl'llft. .The require_rat tor heatins to prevent 

allllnt t'l"ees1ns has been IItu41ed. SaUs1'actOl')' sol.ut1ou tor the noaal. heat .. 

. lna ~qui~nt ~ the atoras- tank 1r.aulat1on proble. have bee~ t'0llDd. 

Stud.lea or the erhc:t ot local now have been advanced, and a method tor 

analyaing the temperature gradients pr04uced. by cnaine exhawrt hu been de. 

vwlopec1. 

Several studies are 1n prosrese vh! .. b will be covered 1n :the final 

l'Ifport. 'l1lese incluae (1) an 1nve1:lt!gatton at' tr.e c:hal'GCter1stics of non. 

Nevtcml8.D tluids, (2) .xpe~1mant8 on W1Conveational dh .. inatillg cono.pta, 

inclu41n& liquid and !lol1d phase, Cl\rbon diorlde 8yetema and nIIIl-a1r el'08ion 

8)'Stems and (3) a atw:ty of o,lr flCIII Ill'OUnd external atOl'll8 Be it. affects 

solid &Stnt Gtare de,1sn. 
'l'hs ..,o~ plo.nned for the near i'uture 110 J.ll;lcU9Ged in the technical par-

tlon of tlle narratives which are submitted monthly to the Chel:dcal. Corps. 
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APPJUlDIX A 

PRBLOOlWIY TtlEoaR'l'ICAL SWDI OF 
FORCE DIS'l'JUWl'ION IN roroEAS 

I. 'NO-DD4EIISIOllAI. ANALYSIS (Particle Analysis) 

'!'he initial tllooodimensional l1llalys1s ..,ill assume pIlrt1c1ea 1n the 

shape of unif'oJ1ll circular cylinders. The axes o£ the pnrticlea ..,ill be 

ae8U1111t4 nol'lftal to the tvo-d1mensional. plnne. 'I'1I11 angle of rep~ce,./.i, :til 

del'1ned 1n Fig\lnt 1. 

/ 

!o'IGURE 1 

If the uize of 1.1Ie pile 1G reduced !luch that the unglc ul" inclination 18 

kept cODstant, then, ideally, tile p.11e nize cun be reduced until only three 

particles l'e11lll.1n. This fa 1:il.ovn 1n F'ieu~ 2. 

,--
I r 

~;,J,) __ 
\ /J 

._ - --..I",: 

}o'or elrculal" cylindera, the snell! of repose Ghould t:e the rellLtl()llalalp 

/j ~ 60 0 

~'or Figure 2 r /.3 ~- bO°. I L aeems l'esGotlllble to 'I1WU!!!e that A .. W· for 

nCIl-C/."I!uJar alillpeo, 
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,Central (Qrcol such a. electrostatic torew, Van dar "'Bal..' fo.rc:e. J etc. 

'MY exist bet ... een t.wn particleD Anll between 4 particle IlIld the surface. Cen. 

trel forces will be a.sum&d ne,ligible it tvo particle. or a particl. and 

the surface are kept t'raa contact by a. third particle. III F1gu1"8 3 tt.e aU%'­

f~e pushes up v.l.th normal. force N2 and attraeta pal"~1Cle8 II and III with 

central force C~s ... 

or 

or 

Jo'IGVRE 3 
SWIIII1ne: forcea in the vertIcal direction: 

(2) 

ffC)(t, an ant.1Yllia of' C:,rl.inder-·I or Figure 3 ic carried out.: [ts freli"-bod,y 

i 
! 
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• f Jf Part.lcle S1H, electxoltat.1c charpa, lIIo18t\tnJ content are GQ18 of the phe-

r • na.Da that may aft'.c~ the cent.ra.l tore. between two particle.. llav tbe 

~ r 
.' ; .s. 

f r 
... I 

I 
I 
I 

variation 1n central forces IIj.1.1 atf"ect tne coefficient. of friction."u. , 

ia not knewn. The vutica! t~r"Ce IIU1l1111lltlonl\1I the onl)' one ot an,y cOna8-

quanc:e: 

l.): 2.1-\ Nl co./~ - hi t 2 (N
1 

• C1 ) sin;8 • 0 

A fl" ... body cilaSTNII nf Cylinder If 1s shflW'n J n FieunJ 5: 

(4) 

~. I 
~ I > 

Sinee particles tend ~o BpreGCl out when poured 1n a pUe. thIS nOI'1ll41 force 

between two ad.lacent. partlc.lell in the same horiZontal plane ..,11l be a60umed 

zel'u. 7here IIIIIY be. hovever, a centZ'/ll force C3 where 

I r 
C3 - C1 (5) 

~X: C
3 

- (N1 ~ C1 ) COG.a ~ /£21(2 + U1 Hl sjn.',) .. 0 (6) 

~ J I 
l '; I I' 

t. 

LY: -(N1-C1)stn;( ·~lNlcos.J -W+t'2-C2 "O (7) 

»)10: --"1 "'t R • #2 N2R ~ " (8) 

EquatloL1G (2), (It), (f?), (1 I, £0) pe1'lll1t the lIo1Vit'g of 5 unkllownlJ. 
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ured an4 it ",ill be &ssl.llll8d that the weight W can be dete:rmine4 or est1matell, 

It the coeffic1ent of fr1ction, )t21 between the partIcle and the surface, 

can be correlatell ..,Hh the e.ngle of slide I then it too may be considered 

detenlinable. It can also be assumed that 

C1 = C2 = °3, 

Making these fl8SU11ptionB, v~ can obtain exrresBiQns t"or Nl , Na, #1 

and C1 In#tel'lllo of the other vo.riablee: 

Nl .. '!2 ~}I'2 (l + sln.,B) ~ (1 • 31'2) cos/j (10) 
).t2 + (;U2 + 1) dn.4 

'wi )-~ - sin /.J cos.1.3 + 3 ,"2 Gin,~ cos /.J - )1,2 sln2 A' - 3 ~·ln2.1.3 
rI2"'2 (11' 

~? cOll"d - l1inA .~2 (1 ... sin.l.1J .. 11111.1.1) • 

n· 
I 

IJ.L~ = )1 .... Il2 .. nin,8 cos ,-<3 (3P2 - 1) - 81['2/.1 C"-2 + 3) 
~ r. (12:,. 

( #2 C08)3 - Gin») (1 - 2)4.2 (1 + sillA) + {1 - 3.·(2)"cos/.3] 

C1 " ! 14. . 3)t;~ cos Ii - 3,u~ Gin,8 ccs/.J .. 3~2 toln4 .. 2 "', 910
2
/.3 - :;.ln~eoG4 (13: 

2 (,."2 cos ~ - Bin /.:1] ( ~ (1 -t 3in4) .,. ::a1n/~ 

B. Six PBrticie Anal~31~ 

-. , 

... b.-
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(14) 

Analyst. ai- Cylinder II: 

fIGU1iB 0 
I 

1:): - (Nl - e
l

) sln,(~ - ,41 til cos rJ - W + (N2 - el ) 81n"d +-'"1 f12 cos..d 

LX: -1"1 ~ a1nB + (N2 - C1 ) cca/3 - (I'll - (;1) cOI,8 + ... ttl Nl sin/J+ C2 

+ /~l N3 61n..8 - (r13 • C1) coa4,. 0 (16) 

\' L,Mo: ~(1 NIR -.a:tN3H t P.,!f2R = C 

or Nl - ~13 + 1~2 = a · 

.. 
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• c AnaJ,y.111 of Cyiinde:r III: 

FIClURIl 9 

L)(: - (N2 • Cl ) cos A3 + .ltl N2 Gin ,d + 02 to 'u2 N4 It 0 

~): - (N2 - Cl) sin .... 1· ~ N2 <:05-:1· W +- Nt,. - C3 '" 0 

[Mo: ,ttl N2R - ~ 114R .. 0 

01" ~l Na - 'U2 Nt,. .. 0 

AnGly2J.8 of Cylinder IV: 

F'IOtJle 10 

-. "'Q. 

(16) 

(19) 

(20) 

)~1: ·2 (N
3 

- eli oln..o· 2,U1 N3 cos/.J - Iv +- N5 - C;, " 0 (21) 

Al'lalysla of all S1x Cyl1nderll 

F'IGl1l£ 11 

(22) 
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ThAtre are 9 aquatlona and l2 varia.ble., which include ).tl' "1' ~,~ I Cli 

C21 N2 , "3' C3" lI"" lI5' -'"2" 

The knOllJl quantities rill 'be a881.J,1'1\ed to be /J , W, .#2· 
.. 

Because ot: the 

difficulty of solvIna nine :JlmUlt&neouu non-linear algebraiC oq\.ltlol'\"', fur-

ther 1l1mpllrylnS &SB\lIIIpt1ons vill probably be! nececsary. The equations III&Y 

be S\IIIIIIArlzed thua. 

~ ... Cl 81n /.J 
N .. -------

1 It,! c08/3 + &1~ fi 

(23) 
.A 

_ N ... N. ... N :: W • Cl sin /.1 
1 ::! 3 /".t ~oc4 l' s1nA' 

(24) 

(26) 

N .. c1 cos ./.::( + C2 
2 eoo]3 - ...a1 Bin ... ~ • ""1 

(:>8) 

Th880 are r.ix independent eqU4ttonG. '1'he ·~"! • .:lIlllB are Nl' tiL" "'3' Cl , C2 , 

e3' /"1 J which totals 7. 1 twill thp.n be tll'loumed that 

• 
Omitting the detl1llo, one f1nd6 the fol.i.owing l-"lotiona wh1e;\ 0.1"8 ot' 1ntcnlot. 

(0) 

• 

• I 
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w rt:ii COBia' + 8in;B) (30) 

coad(cosA ... 1) (S ain··> ... 3>,14/ - [5 cos/l"'!i (~nn2,,1~ llin2,.:1) 

... 81n/.l(2 coa..8 - 3» .. U· 1 ·; sinAcos,I8 '- 0 (32) 

This 1& III quadratic in l.41 'tI1101'8 the: coefftc.lent,a al'll t\lnct1Qna of the 

-' asoumed knCIIID ungle of :repose I /::1 , 

Thllt 1s: 

So (,8 )JJ.,
l

2 + b (,6' »)'1 ... c (~) ,. " 

" 

FrOlll thU MrUys1:; lhe nne;le of l'lll-P0tle I /,1 , ~ n a c\11'11ct "-"nunt or t.he 
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