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ADBTP.ACT 

1~1s Sec~nd Quarterly Progress R&port covers research on di&~minat1on 

or solid anrl liquid l1vl agents. The obJective toward vhich th:t.e :research is 

d1 rect.ed is the developnent of veapon syates for the d1 a semination of these 

agentn ae a line source from h!sh ;peed lov-flying~ned and unmann•d &ir­

c:ra!'t. 

The !>eau:'.. ts or exp~triments on reeding of finely d1 vided solid JJ~ateri&ls 

with helical' screws and piston devices are preaented. 

Experiments on disa.,Unation and deawomeration are deacJ'ibeQ, These 

include prelitttl.nary investigations or aerosol generation by erosion and also 

with a liquid carbon dioXide system. Deagl.omeration experiments in a hish· 

~ubaonic ~ind tunnel are described. 

Res\llta or studies of the characteristics of finely divided materials 

are giv.n. These studies inclt~•a literature search, theoretical 1nve1t1-
• 

gat;iuns and experi~~~ents. 

Aerodynamic da.ta for wing-mounted external otores are presented. The 
. 

eff~tets of the ext@rnal geometry and the p:rlon desisn on the increml!ntal 

dras coetfici~nts•are diocuoeed • 

• The status of design stuaies on a researeh prototype or a liquid acant 

d1ssem1nat1ns etore which is covered in a separat• report is briefly outlined. 
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Members of' thl! Research Department Statf vbo have partic~pate4 in 

~lrecting and conducting the 1nvett1aat1ona &n4 preparing the discuta1ona 

presented in this report include Meaera. s. p, Janet, Jr., o. Wh1tnab, 

A. Andereon, w. L. Tor~~tson, J, Upton, c. Ha&'berr, p, Stroaa, o. Mol't1tt, 

R. Gr1tf'1th1 I. Hall, J. P1lne71 R. Dahlberg Ul4 O. Unp. 
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Thts is the Second Quarterly Prosrtll Report on tl'le progrQm of Teae&i'ah 

vn <lissamination of solid and liquid .BW agents being conducted undflr Contract 

No. DA-18-o64··CML-27~5. The resea:reh work il directed t~J~R~.rcl. the develapuent 

or external airbo:.;ne disseminating stores tor use on lmr altitude delivery ve­

}d.C':es, operettne; in the speed range ot 0.70 to 0.9() Mach Number. 

3ince both solid I.Uld liqUid agents are considered. in the scope of this 

proJect., the aubJects discusse4 1n this report cover a dde range ot technical 

fi~ldc. In presenting the pro~~a in each of these areas, we have tried to 

shOW' the rele.ti on ship or the 1ndi vidual areas to the tot&l proJect. 

The maJor :rielda of study during thie quarter include feeding and hand~ 

ling of finely diVided dry materials, diaaeminatiorl and ~agglomeration, 

dmr><cteristics of finely di•r1ded aolida. and e.ero~ic cMrncteriatiea of 

e~ternnl aircraft stores • . 
The progress on the design studies on a reaearcr. prot.otype ot a liquid 

agent diuem1n&\t;1ng store is very briefly al.lllllll&rized. This part of t.he work 

is covered in detQU in ~ separate report.Ll 

Ll North American Aviation, Inc., Report No. NA-6o-1403 Sublltltted to 
Gener!ll Mills, Inc., November 15, 1960 (SECRET) 
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E~NTS ON FEEDINO DRY PamEftS 
. . ~ 

2. . ... \ 

2.1 Experimantia with Screw Feedert . 
The poss1bi11 ty of employing screw reeding s;ystema in the design ot 

external .stores for disselllin&tion of solid Ill aaents vaa discussed in CUI' 

first progress report.2 ·l.l 'l'vo illustrative conrtgurationa ve:rt describe41 

one employing a large helical screw vhich occupied the tull di.AMter and . 
lengt.h of the •sent atorap chulber, so that the probl.elll ot teedins uterial 

to the sc:rev vas eliminated~ the other employing a small sc~ reeder at the 

bottom of the agent chllllber, With a system of rotating rods to prevent bridg­

ing o1' the material. 
• 

The experiments vhich are described herein vere u.de to explo.r. the 

characteristics of the first confisurat1on: the larse screw which receives 

no additional particulate material af'ter it baa been initially filled. Tiro 

potential problema mentioned in 1-fcrence 2.1.1 vere (l) the possiblity that 

the particulate• material in the screw 1118ht rotate V1th the screv as a eolid 

slug, because the friction at tha vall or the enclosing cylinder vaa not 

great enough to cause relative motion betveen the agent and the screw, and 

(2) the posaib1lit1 that a amall clearance betveen the screw and the vall 

might be required for efricient operation, and that this restriation on 

clearnnce misht cause seriouc problems in the design and manufact~ or a 

flexible atrueture of this type. 

2.1.1 General Mills1 Inc.~ Report No. 2125 "Dhsemlnation ot Solid and 
Liquid Iii Agents'' (Uncl&~eif'1ed Title) October 13 1 1960, (SECRE'r) 
P• 9 
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As a result of the ser1ell!aot operimenta described below, it appear's - , .. :··~f'J 
that ""1 tber or the ... potential nobloma '"' aorioua ' Tbe .Ort!cul:otii -.. to.. -- -'"~ .;~ '~ 

:::,::·~:::~: :.:':.:1:: ::: ::'::·:~~.:ri- I; •;! ~ 

serious effect of the larse clearance. · 

2.1.1 Dcticr1ption ot Apparatus 

The screw feeding npparat\ls Wietd in thlae experiJQents 1s shovn 1n F18· 

ure 2.1.1. Two screv configurations vere used. The first was a helical screw 

with a solid center section, and the second v.. a helical "ribbon type" acrev 

with an open center section. &th of these screws were 44 mm in di~~~~~eter aa<i 

230 1lll!l long w1 th a pitch or 51 liD· The diameter of the solid central shaf't 

of the f1rst screw 'lt&l 22 11111, and the vidth or the ribbon on the screw with 

the open center eeetion was ll mm • 

• The clearance between the acrev and the inner surface of the cylin·:lri· 

• 
cal lucite encloc;ure vas 3. 5 m. ~ special glass sleeve vas also made which 

had an internal diameter ot' 46 mm1 leaving on11 1 mm clearance around the 

screw vhen it vas inserted into the lue1te cylinder. This arrangement made 

it possible to investigate tbt effects or & substantial cbanse in elearanoe 

with a minimum of alteration of the app&rat\la, 

'l'he discharge end of the apparatws vas open except for a narrcv spider 
I 

to support the emd bearing. The diameter or this opening vas equel to the 

internal diameter ot' the lucite cylinder. 'r.'he feeding hopper which ia ahown 
"1 

in Figure 2 .1.1 vas only used du.r1ng the procua of initially filling the 

Ierew. The ex~l"iJJIents 'J.ert all started With particulD.te mcterial only in 

the cylindrical P'rl of the appa:ratua 1 and no material vas adae.d. 

- 3 -
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2 .1. 2 General P~edure 

vus Nlled vith a meuured mass or the selected particulate material. This 

vaa done by tempcrar1ly sealing ott the discharp end and rotattns the screw 

by hanrl.. A slll&ll electric Vibrator vas held in contact vith the center 

shaft to iJnprove the dis~r1but1on in tM screv. 

Arter the discharp had been opened, tbe procedure was•to collect all4 . 
,.igh the quantity of material d.iacharpd for a recorded angular rotatioll ot 

the shart. A knife blade ws used to ref40ve uterial prot:rwUns beynnd the 

vertical plane or the d.1.seharge openins. 
• 

'rhe early experiments vere ma4e by ve1S}l1ns the aaaterial di•charpd 

arter every revolution, and the resulting data showed' a nearly lineal" clacl1~ 

in quantity discharsed per revolution ae.a fUnction of the total revolutions 

fran the start. Have'ler, 1"Urthel" measurements or the d1Scharp per halt nJ• 

volution revealed a considerable vanction 1tl disch&r"! rate betwen theae 

smaller rotationol increments. '1'he technique of' meas\lrina disch&rp ewry 

halr revolution vas therefore used throusnout the aeries of expertm.nta • 

. 2,1.3, Experiments with SM Simulant 

A aeri.,~ of' experi~~~ents on the feeding characteristic:.; or the ~'bow 

deacrib&d screv co.nfiguro.tions were !IIBde usins SM ~imulant. Theae measure-

menta were made with the feeding apparatua in a controlJed humidity chamber. 

'!'be effect of' humidity on the characteristics or the helical screw vi th the 

aoli~ center seet1on vas evaluated at relative humidity values of 51 15 an4 

;o percent. The SM was placed in an open tlat container in the controUed 

hUJaidi ty chamber approximately 16 houra before each experiment vas startecl. 
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The material discharge nr.te (F/l/2 revolution) vas mee.e\a'ed as a ~~ 

t.ton or the total revolutions i'r~ the stu'tin8 position. Each case tras 

repeated three time a, to explore tM reprodu.cibJ.lity of the process. 

The re11ulb or these exper1JIIfJnts are 8\lllllarized in Fi~s 2.1.2, 2.1.3 

' end 2.1.4. Pertinent info:rmation on the c:OJldit1ona of the test are given on 
., 

each graph. All ot these testa were eorAueted with samples or·. SM taken fr.an 

the lot de.ignated as GBL-A-3416554, which ia th• number of the Government 

Bill of Lading identifying the shiJ~D~nts received f'ral Fort Detrick. Thl'l par­

ticle siZe analyses perfol:'lllled on these semplee are discuased in Section 4.4 1 

of this report. 

The exper1Mnts covered by Figurea 2.1.2 throuih 2.1.4 v~e made with 

the Gla&e sleeve (described in Section 2.1.1) in place, ao that the ele&t"ance 

between the screw and the ~ncloeyre vas 1.~ mm. 
• Examination of FiS'IU'e 2.1.2 shows that (at 5~ RH) the discharge I'flte 

decreases as a tuncti~n ot the total revoluticna from start, and approached 

zero at about 10 revolution•~ In these exp.riments, app~imately 95 percent 

of the material iri&inally loaded into the ~erev vas discharged. 'I'he tact 

that this high pM"eentage of the original uter1al vas reliably <Uscharged 

by turnins the screw through ten revolutions suggea"ta that thiS feed1ns tuch· 

n1que d.eserves consideration. 

ln order to provide a constant feed rate ve rsu.s t tme, ~he :rotati ona1 

speed of the screw could be pro~cl to ccmpenaate for the na.tural eharac­

ter1st1c. The high rate or discharp in the first ha.lf-revolut'ion h a re­

sult o't the ge0111etcy ·or the end or the screw. It appearc thtit thilil could be 
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modified 1f a ::nore nearly linear charaoteristic was desired. The gnph shows 

conoiderable fluctUiltion 1n the feed rote1 particularly towa:rd.s the end of 

the process. If this d.eviee were employed 1n a dissemipatins store, it . 
appear~ that tiE~ final motering and deaggl.QIIIIt.r&tion caapa.rtment vould have 

to be capable Qf smootl).ing out this surging ;tendency. 

Figu.re :2 .1. 3 shows the pertomance ot this device vhen the relative hu­

miclity in the ~ha.mber vas reduced to 15~· The results are very similar, vith 

the exception that small quantities of material were beins delivered after 

12 revolutions in contrast to the process in Figure 2.1.2 vhich was ccmplete 

~n 10 revolutions. In the expertunta of Fig~Ue 2.1.3, approx1matel.y 94 per-

cent n~ the orig1n~1 mft~erial was discharged. 

FigUre 2.1.4 gives similar infor.tion for exptrt.nta aonducted at 5 

percent relative humidity. ~ther important 'changes vere observed in this 

ease. The material appea:red to be highly char8'1d1 and adhered to tbl •tal 
It 

rotor. 'l'he total quantity of material d1 acharpd vn.riC'<l conaider!lbl:y. The 

pel'C!ent&ge of the material vhich waa <Uscha:rpd in Runs 1 1 2 and 31 ve:re 

respectively, 79, 94 and 9l percent. 'l'hlae numbers .are laver than tt. pre­

viously described ca.aea, due to rellidual Mterial adhering to the screw. It 

ohould be mentioned, hovever, that a substantial fraction ot the residual 

material was located on the n.ther 1•1•p center ahart. 'I'hia ett'ect lllight 'be 

insignificant tor a ~ibbon-type screw. 

The charscter1sttcs or the ribbon-type screw with An open center sec­

t.ion are shown in Figw-e 2.1.;, The results are quite similar to thoae 

discussed previously. However, it should be noted that the llllllllltrieal valuei 
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• 
· of the discbars- rate are substantially hisher than tor the solid-center scnnt, 

reflecting the increase (about 25~) in total capacity ror particulate material. 

The perfo:nnance was bette:r.• in ewr,y respect, and 95 to 99 pereent of the m&• 

terial wao discharsed in 13 to 13.5 revolutions. 

2.1.4 Experiments with Talc 

Several measurements of the perfo:nnanoe C4 these screw feeders were . 
made with Sierra Miatron #18 talc. The results are very 81111-lar to the N· 

sults presented above for SM, and are the~tore not ahovn in ~Wtail. 

In these expertments with talc, 'v• also investigated the effect of 

- additional clearance around the screw. With the glass sleeve removad fraa 

·the appe.ntus, the clearance waa increased to 3.5 mm. The mAin effect or 

this change was to increas~ the reBidual material. The friction between the 

partieles and the wall vas sufficient to stop the material in the l011er parts 

of the clearance 11pace rrom 'oeins advanced b;y the screv. This confisuration 

delivered approximately 80 percent ot the material originally placed in the 

apparatus. This reduction ifl ilelivery ill rather aubctanti&l, but should be 

considered in light of the tact that the clearance vas 16 percent or the 

radius or the screw. It does not appear that there would be any incentive 

~0 design a feeding system with & clearance or thia masnitude. 

Theee experiments with the ribbon~type &4d clostd•center screw configu-

rations shaw that, for the rather limited. case& 1nveet1a:ated, the (levice 

reliably delivers a high percP.nt.age of ita contained pa.rticUlat.e IIU1ter1&l. 
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This wa.s accomplished in lO to 13.5 revolutions 1'NII tht atarttns positiem. 

flo tendency .to lock or bind vas observed. 

' . When the device was t'ill,d, with SM which had been stored in a controlled 

atmosphere ~t 5~ relative humidity for 16 houra1 acme ef~cts of electrostatic 

chargin~ were noted. In this ease &01118 mater~al adhered to the auri"acea of" 

tho tcrev. 

The delivery of the device fluctuates aomevhat Vithin each revolution, 

so the.t it appears saDe ''smoothing" vould be required in a final metertns 

section or a disseminator usins this principle. It has been noted that vhen 

the averase discharse per revolution 11 plotted, a relatiwly smooth curve 

is obtained. 
I 

If' e. device or this type vae required to proVide a nearly c~stant 

delivery-versus ·eime, speed pro~ns vould be reqUired • 

• 
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2.2 Experiment on Piston Feeding 

To further explore the feasibility or using a simple piston as a reed-

ing device in a BW disseminating store, a seri~s or labor&tor,r meas~ments 

on the forces in such S)lltems have been initiated. During the report inS per-

iOd one such exper~nt was made which detentined the force required to 

translate a piston in a horizontal cylinder, thereby discharging the eon~ 

tained particulate material. 

A description or the apparatus for this experimant appears in our last 

progress report. 2 ·2 ·1 It consisted or a piston in the tors ot a thin Tetloc 

disc, 38 mm in diamete» and a lucite cylinder. The rorce was applied with a 

canpl'CG:::ion type spring :lcl:\le vhic:h had been carefully cal.ibrated. The appa­

ratus was filled with Sierra Mistron No. 18 talc, the char.acteristics of 

which are given in Stction 4.4 ot thie report. The atmospheric relative hu-

midity during the experiment vas 20 percent. The results pr-!s~-:.ted in 

Figure 2.2.1 give the pi~on torae ana the maas or matA!rial delivered as a 

fUnction of the linear displacement of the piston. 

It can be seen fran FigUre 2.2.1 that the required rol'(:e vu conetant 

over approximatell ~-half or the diStance and then ili1111nisbed, indicat.ing . 
red~ced friction betveen the cylinder vall and the remaining particulate 

' material. The magnitude of tM maximta force vas approxiutely 6 x lO' ~·, 

which corresponds to a very small pres•'.ml· Note that the lensthMto-diUieter 

ratio"ot tltis device is &flproxi~~e.tely 4.7 vhieh 1s ca~~pe.rable to a realistic 

ma~imum for a cylindrical se~tion in an actual store. 

2.2.1 General Mills, Inc, Report No. 2125, '~illemination of Solid and 
Liquid :FM Apnts" (Unclassified Title) ~tober 13, :960, S!Cm:T, 
liii· 42, 43 
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Th1·: simple ~'{lle:r-~n.t gave reaulta vbich, by thelllllle~vee, vo\&lci att-

l!t. one t1~ th1.;~ t';#edins a)'Stnl. Hovever, val'iablee euch •• acale factor ana . 
:1ovrler Ch(\1"1.\l~~"riltica muat be explored before adequate data are avai! ~le. 
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3, . DISSIMII~TION AND D!AOOLCMW.Tiat UPIRDClfrl 

3.1 Invest18!t1ons at Erosion aa a Mlttho4 of DitHII'lination ot.Piriitly DiVided 
~ltl.terinla. 

It has been observed many times that a. li<I,U14 or sae stream illlpinstns 

on1 or floving over, the surf'o.ce of e. packed bed ot finely' divided material 

will c.:arry With it some or the material '4!11ch ia re~~oved by ero.ion. 81nc:e 

the dcl1 very vehicles considered in this :at di•~in&tion. at~ will OJ)e:ratc 

at velocities approaching sonic speed, the possibility ot employiDS hisb ve- . 

locity air streams to di..:~inate the uolid DW agents by erosion deaerA:a 

consideration. 

tn vhi~h the erosion rates were d.etennined tor mdde,\s tomed by cCilpi.Ctins 

sample.s of finely gro•1nd t'lour and talc. The aeneral conclusion tran these 

experiments waa that high velocity air atreama will el'Ode weh materials at 

significantly hish rates 1 but that the proceu is strongly dependent on the 

configuration o..nd the packing P.roc:e~, as will be diac::uued in &elm! detail 

in the following. 

3.1.1 Initial Experiment 

An 1n1.tial erosion sxperiment vaa :made vith a moclel fomecl bJ ecmpact­

in& flour ih a tube, with a metal ineert 1n the center to form a eh&nnel tor 

air tl.ov. 'l'hia !llod.el 1a dketched 'below. 

Direction or ~ 

Air Flow 

• 17 -

NNFIDILC 21 2 12 

Ccapacted Powder 

'rube ~ldl (I .IJ. .. 38 llllll) 

Air- Fl.- Channel (3 .2 Dill Diueter) 
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ll'he model W-"t attached to a system vh.ieh permitted met.,.ring of the rate 

of air flow t'rom the ..:allpressed air cylinder, through the erosion modP.l, as 

skl'1tched. below. 

Pressure Oese 

Connection to 
Compressed Air Cylinder 

tlat Plate Orifice 

'J..'he model wa.a formed by <:ompacting flour in the cylinder with a pl"el-

sure of 1.5 atznoephe:res. The avel"Bge maaa :f'low rate o! the flour vas deter­

mined by veighJ.ng the model at time intervals of ~i>Prv~1mately 40 seeondl. 

The ~ir velocity through the eyatem waa maintained at sonic vel~city througb­

o~t each eroBion period. 

The real.llta of th.ts initial e::c:periment. are shown in Figure 3.1.1.' 

During the first 30 seconds the d.iacharge ot flour vas intemlittent. Then, 

continuous diasamL~&~t.ion vas observed. The appearance of the model after 

105 secondl ot exposure waa as sketched below. 

Direction ot ~ 

Air flow 
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During the next 10 seaonds, the form of the inlet VBS broken down and the mus 

fl.ow re.te of nir Lncreo.aed sharply. This increased air flow ca.used very hi!Vt 

erosion, and ~fter 115 seconds the model was as illustrated below, 

Direction of ~ . ' Air Flov 
J 

In an, attempt to el1m1nate this audde~ increase in t'low caused by the 

inlet breaking dawn~ the subslquent experL~nts, which were conducted with 

Sierra Mistro~ No. 18 talc, were conducted using n steel inlet section in 

the I!IOdcl, o.a discussed in Sectivll 3.1.2. 

3 • .1.2 Erosion Experiments With Tal~ 

The model of· revised a~sign is illustrated below: 

Direction of -

Air FlC7tt 

18?1?&&/a?a === 

~I \::caapacted Tale 
' ·.UII11num Inlet Section 

(4. '75 !1111 I.D.) 
Tlo'o experiments vere made 'With this configu·ra:t.ton. '!'he talc waa compacted 

under o. preosu.re of 1.5 ntmoapheren. The air pr!!ssure upett"e81ll of the model 

waa mintsined constant· at Ll~ atmosphere3 abaolut.e, ·...,ith A ma.ss flow ratt'! 

(air) of 6 ~/sec. 
I 

Figure 3.1 .:2 shovG t.ypical photographs ot the aerosol stresm11 prodl.lce-d 

1n t~ese experiments. 
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'l'be results tor t!le tint expen.nt Vith tale aM given 1n P'ipre 3·1•3· 

It can be seen thst the aerosol vaa diecharpd eontinuousl;y, but vith consi­

<ierable vnria.t1on in mass now rate. The appearance of this model, u a time-

tion of time 15 1.Uuatn.ted in the eketchet below. 

~ : 1.1apUdtillltol0Soc. 

I =: 
=· = = 

17 Sec. 

35 Sec. 

Th• peak in Flaure 3.1.3 at about 22 aeconda is believed to be auocia­

• ted. with the tact that the cavity reached the wall and the entire front 

• 
eection waa d1 Rt-harced. :!.n c. r.ho%'1; pel'iud. 
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The resul.ts of .the aecon• expe:riJIIBnt vith talc: are given in li&QW 3.1 •. 4. 

All measured conditiotliJ for this last were equal to those of the 1'1rat experi• 

ment. (Figure 3.1.3~ The appe&ra.nce ct. the model as a t\mction ot time is . 
. tllustra.ted in ·the sketches belov. 

E:~ 
• 

r: ~ 

• 
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In this case, the rise in erosion rate near the 25 eecond mark Y&l not 

lLG pronOWlCed G.S in the first case. The variation between FiSUJ"' 3,1,3 and 

).1.4 illuotratea the f'a.c't that, With the techniques emplo;y-.d, thie p:roceaa 

is not a clooely controllable one, 

It ill :!ntereatins to note that the moat pronounced variation• in powder 

flow rate occur 1o>hilP. the volume Just downstream ot the inlet orlt:lce ia be-

ing clea.ned out. Arter the oylindrical cavity is fomed and the pnu:ry 

er!"ect or rurther erosion is to increase the length of this caVity, the pro-

cess is much more predictable. 

Although these erosion experilllenta were quite rudimenta:ey, they indicate 

tha.t tho erosion process is quite sensitive to geometrical <:CJnt1gurat1on. It 

appears that a dissemination system ot thia type would be restricted to spe­

cific preparation procedures, and probably does not offer the flexibility 

deaired in the solid agent•<U.SBemination !.lystem under study. 

' 
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3. 2 · EXE!rilrents on the Use of' Cartlon D10X14t to D1sptne F1nel.y D1 vide! 
~ 

Preliminary experiments have been conducted to explore the posaib111-

tr of' using li~id carbon dioxide as a carrier ~or solid !W agents. Carbon 

dioxide is generally considered to be caupatible Yith viable apnts (1n the 

absence of water) and could also supply the energy re~tUt:red to:a teedin« the 

material. 

In these experiments samples' of finely ground flour ( 7-9 lllierona rim) 

were placed in carbon di~ide cylind.e~ before adding the liquid. The ob­

jective vas to explore the range of solichl concentration which could be 

satisfactorily discharsed from the cylinder. 

The cylinders U3ed in this ~otork hacl a nallinal 1.1qu.id capacity or 5 

pcrunds 1 tUJd w~re fitted vi th M internal etandpi:pe so th~t the 11 quid. fa 

discharged by the vapor pnutsure or the ps 1n the top ot the cylinder. 

A range or solids concentrations tl'Oil 1/20 tc l/2 (solids/liquid mass) 

vere explored. It was tound that the highest concent'!'1lt1on ~or vhich ••­

sent1&ll~ lll.l ot the flour was removed (vhen tl'.e tank vas dieeharsed) vaa 

1 part solids· in 4 parts liquid by ve1Sht, 

' Microscopic jn,pect1on of oamples collected on slides by impaction 

indicated that ·this prooeaa &lao de&SslCIIIer&ted the material qUite ~~1. 

The additional deagglomerating torc:ea available 1n the alipatreu of a h18b 

speed delivery vehicle would also be availAble to improve this process. 

The potential advantqe of a systea ot thh type are (l) no external 

power is required for feeding the mctel"ic.l, (2) the earbon dio.ldde may as~ 

sist in the deayl<XIler&tion p:ro9u, and (3) ·the s19tem appears to be aiarple, 
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Iloo.rever, there are saae ve17 la:rp vei&ht penaltltl auoc1at.d. With the 

presence of the laree quar,ti ty ot inert liquid and the require~~~~~nt tor a 
It 
pressure vessel capable ot v1thatamUns the vapor pressure ot 60 or 70 atmca-

pheres. 

Further work on tbis concept hu not been conducted due to tbeH pZ'Ob• 

lema. 
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:i .3 .lligh Velocity Sampling Probe Tes~ 

In connection with the expe71ments on deagglomeration by slipstream . 

energy, a high velocity aerosol sampling probe has been designed and rabr1· 

cated, as previously reported.3.3.l Tbia probe 1& designed to provide 

1so&inet1c sampling in th~ test section or the high subsonic blow-down 
• 

wind tunnel and to decelerate the aerosol to a lev velocity compatible 

Vith conventional sampling techniques such as membrane filters, impactors 

and impingers. 

Be·r~ using this prob• in the deagl0111erat1on exper1menta, it was 

• desirable to study its urod;ynamir: charecte:ristica, Therefore, performance 

teats were conducted in a 22 x 22 inch subsonic wind tunnel, located at the 

l''.luidyne Eng1nee:r.1ng Corporation, Minneapolis. 

Four static pres:au:ra taps (open to the inside ot the probe) veM to­

stalled along the length or the prob• at th• 1'ollov1.ns dietancea fran th• 

inlett 

No. 1 .. l 1nct. 

No. 2 • 4 inches 

No. 3 • 10 inches 

No. 4 • l8 inches 

These pr.aaure measurements together w1 tb the w1nc1 tunnel etaption and 

static pressure meaaurementa provided the neeeaaar,y dnta for calculation• 

ot the, recovery preaeure'ratio an4 the atttuaer •tt1ciency. 

3.3.1 General Mille Report No. 2125, "Diuem1nation or Solid and Liquid 
111 Apnts" (UnclaasU'ied Title) October 13, 1960, SECRET, P• 27. 
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By using a vane-type vacuum pump dovnetreana fran the probe, the mass 

flow rates were controlled ~bove and below 1sokinet1a inlet condition• at 

.free Gtream Mach numbers o.;, ·Q~6, 0.11 and 0.8. The PUIIIP nov rate waa 

cal1brated asa1nst the inlet stagnation presau:e in such a wa7 that a pre­

determined mass t1ow rate was obtained by setting n throttling VGlve upotreaa 

from. the pump. 

For the present o.ppl1~atit-!l, it is intended that the pl"Dbe v:lll be 

mountecl with zero angle of attack. HO'olever, to get a more c:OIIIpl.ete \der• 

stanqin8 of ita c:haraeterlatic:a, it vas felt :r.eceaaar,y that an iDwtt1sa-
• 

t.ion or the effect of variable nnsle of attack be made nt one Mach maibe:r. 

An angle of ;• at Mach number 0. 5 waa ahoaen for tb:l.a purpose. 

Fift'.ll"e 3.3.1 sh011s the d1ttuaer p:retaure ratio, p/p0 , plotted ap:la.t 
8 

t~ maaa .tlatt rate ratio w/tt* defined as follows: 

p ·"' static preu\1'! at the dift.rent location~ in th41 411"1Uier 

p05 • staption prell&\U'e ot the tunnel tree stream 

w • maaa flaw rate :l.n the cUtt'U!'4'r 

w* • ~ 111&1& flaw rate in clittuaer ( 1.e., choked throat 
·condition· 0.945 lb/min) 

Since the data· at Station 3 wen nearly ident~cal. Vith tholt at st&UOD 1~, 

Due to a choked flow condition at v/w* • 1 1 the CUJ'ftl drop sharpl7 

at thil point. 

At Btation 4, the -.·elocity 1i c:,~u t.he ord.r of lO teet/sec and the .. 
atatic and atapation pressures are essentially identical. Thua, the eurw 

through theae data pointe represents thl!i stasnation preasuzoe ftCOVtl':f an4 

• 
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proVides a good indication of the presaU1"8 loases due to sepat"ation ll1ld 

skin friction. The curve shova that the recovery presau:re data are 1n SOOd . 

agreement 1'or constant mass t'lov'rates, with the excepti= of the data at 

This seems to 1ndicat4t th&t there was no severe aeparation at the inlet 

for these runs even thOI.lgh the tlQit ratea were above and below the 1aok1n-

et.ic inlet conditions. The very alight da.mward c'lev1at1on ot tho•• val\Da 

1110nt1oned may be cauaed by inlet losses. HOiiever, they. &l'!!l sull and 1t 

ia believed. that they Will not be detrimental to th8 eampler ox-ration. 

Since the pressure losses a:re the same for various stream Macb '!lumbers at 

constant mass :!"low rates, it 11 relt that the loss is pr1mal'ily du.t to 

skin friction. 

The d1ttuter 1aantrop1c efficiency ia shown as a tunct1on ot the mass 

' nov rate pe.l'81Mt8T in Fi S'U"e 3 . 3 . 2. The tem is ca111110nly uaed an4 u de .. 

fined aa follows: 

where h • atati..: enth.i.lpy 

subacripta: 

1 • 1aentro~1c case 

4 • 41ttu.er station number 

t • tunnel stream 
I 

It is possible to rewrite the equation in a more uaable fOnD by J.taint: vel:! 

known themodynulie relationahips between eners.v, temperature and pressure • 

• 
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Figure 3.,3.2 Ditfuser EfficienQy versus l".aati Fl'N Ra!"io 
for 1I1sh Ve~ocity Se.mplins Probe> 
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where p m static pressure 

·r • ratio of specific hc~t values 
. ' 1\ • tunnel Mach num~r 

At isokinetic inlet c:onditions tor all the :rree st:reaa Mach D\llbera 

te~ted, the ettieiency 1.8 nearly the s~e., appToximately 77 percent. Ac• 

aol'ding to A. !J, Shap1ro3·3·2 er:nc1enc1es of 75 percent are most c~on 

in wind tunnel 4iftuser applications which are comparable t~ the saaplins 

probe. 

The testa at Mach number 0.5 at 56 nngla of attack produced 1nte~&t• 

ins results. At v/w* • 0.664, substantially below the 1sok1netic: condition, 

the ett1c1ency appaz-.ntt;v is not attected by the angle ot attack. IJonver, 
• 

a rather ab&rp dec:rease appears to take place e.t a· sa.wbat higher ••• 

tlow rate., indieati~s the alight effects or undesi~ble inlet cond1t1ona. 

Frcu Fijpll'ea 3.3.1 and 3.3.2, it appears that the dift\laer cws be . ' 
operated satisfactorily at stt'eam Mach nu.111oere up to 0.85. All>o, e.n a~~cu-• 
rately calibrated va~um pump 1s nece&sary for successtul samplins. 

3.3.2 Shap1l'01 A. H. The Dynamics and 'l'he11!l0d;vnalllics ot Cattpreuible 
Fluid Plcw, the Ronald Presa co., Nev. York, !: 152, (1953). 
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3,4 Deagslomeratton F~riments 

Preliminary deagglc:aeraticn experir.~ents have been IIIAde, ut1l~z1ng the · 

hig!1 subsonic blow-davn ~ind tunnel described in our previ~a technical 

report.3 ·4 •1 

3.4.1 Ap~ra.tus 

In these experiMents a piston-type feeding device was used to dis-

charge the sample or f1nel1 divi~ed material into the test section or the 

wind tunnel. Fisure 3.4.1 shows a cross-section or this deVice. The pow• 

der challlber is 0,8o C111 in diataeter and 2, 5 C1ll in length, Vith a Vol\la!e of 

1.20 cm3. Operation of the release handle opens the sUder valve and re­

leases the compressed dri vina spring to permit diac:harse of th• po~~der 

sample. The piston travels until its lower surface is tl~sh vith the in-. 
side surface or the 11~.nd tunnel vall. Th4t actuating sprms i8 inter-

chanseable to permit •variation of the discharge rate. 

The reedtne devi~e is mounted on top or the wind t~Al1 12.~ em 

downstream~ the inlet nozzle 1 aa shown in Fisure 3.4.2. 

3 .4.2 Preliminary Enerimenta 

The preli~nary experiments diocussed herein vere ~rtorged betore 

the high velocity aampl"ing probe discussed in Oection 3.3 vas read)' tor 

use, The aercsol cloud from the wind tunnel vas 41scharpd directly into 

the laboratory. <Haas microscope slidn ware mounted on a panel pe:rpendi• 

cul.ar to the high velocity Jet, 2.4 meters d.ownatrc1111 of the tunnel exit. 
' S!!lllples were collected on i1-.a~ m1c:roGccpe alidea by 1mpact'lou, Thb pro­

cedure creates a bias toward· th• larger pnrticlee1 due to the tendency for 

).4.1 General Mills Report. No. 2125, ''D1sPeJ!Unat1on o~ Solid and Liqui~, 11t1 
Asenta" (Unclassified Title) Octob~r 13, 196o, SBCRI'l', P• 21. 
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the smaller partiolea to follow the struam.lines. Thereroze, the cucpertmenta ~ 

~ve only an indication of the size of the laraer aggl.aaeratea which vere 

preoent in the aerosol stream. 

, Salllplea of talc and finely ground nour were disseminated in the .. 
• 

experiments. The tunnel M&eh number vas 0.60 tor the talc ad o.6o a:s4 

o.8o tor the nour. 

The mechanical operation of the disaeminatins device vas f'ound to be 

aatisfact_oey, Arter releaains the piston, the peNder appeared in the Jet, 

dovnat~ from.the tunnel la a confined cloud. 

'!Vo 111ethods were mployed to obtain eatimatea ot tbe a.uJ,aaeration 

or the povdera 'be tore the Wind. tunnel experiments. These were ( l) mio roa-, 
cope observation. of a sample of the 'culk material ami (2) an&lya1a ot t~ 

particle size distribution by the Whitby centrifuse technique as detcribe4 

in Section 4.4. F1SLU'8 J.4.3 is a microphot~pph (600X) at th4. flour be-

fore di .. caination, ahovins large aglan.:rates. The talc, which il tran1-

lw:ent and thereto%"11 dift'ic:ul.t; to photosraphJ d1d not appear to be 

o.glaaerot.d. Hawever, the oentritl.lge raaulte tabulated belov indicate 
I . 

that both povdera were not a1snit1cantly e.ssla~&erate·4 after be.ilns prepared 

for size analya1e and eentrituged, aince they were in the site ranse speci­

fied 'by the source of .aupply. An explanation for 1the difference between 

' the flour photograph and the centr1fuie re1ults may be tbat•·the prill&:ey • 
particles '" held topther weakly by moisture, and a::re 'broan apa2't in 

the process ot d1apert1on ror centritug~ analysis. 
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Material 

Talc 

Flour 

2. 3 microns 

6. 55 microns 

812.8 ~. 

90~ tram 1 to 15 microns 

7~ traa 5 to 20 microns 

.Fisure 3.4.4 1a a m1crophotcsraph ot the flour after 41•aeminat1on. 

Many or the particles are in the 3-to-5 micron :re.np an4 asaaaeratea are 

also present which are approximately 10 to 15 Jlicrons in &in. Since the 

microscope field of view is quite limited, the photosrapha do not reveal 

the fact ~hat there were also a few very large· agglomerates approximately 

500 microns in i1:zt. Tl"..esel'large asstcnrerates were preset to a llUCh BIIAll.er 

degree in the aaroaola produced when the Mach numbtr vas 0.80 than in the 

cases where the Mach n~er vas o.6o. 
These reet.Uta, which are very prelilllinazy, indicate that thia cliltalllli· 

nation daVice does not cauae · strou1 aeslanera.tions durinc the eJection of 

these powders which cannot, in most cates, be broken up b7 the high sub• 

sonic air stream. 

One 1JII.portant ~~~ct ot clisaoination Which oan be etud.itcl with this 

model ia diffuaion of pa.rden in a hiSh velocity jet. !t it belie'Y11d that 
• 

to efficiently deagl.cn~rate pawdera it is neceoaary to accelyat.e them at. 

a high rate in the air stream and to eliminate areas ot veey high concen-

tration. Since the;;·• .i.& a low velocity boundary ~ayer alons ttl twmel 

wall, 1t J• deairable to get the powder 1nto the oemezo or tne atre• Vhere 

JUXimla atceleration can be achieved. Also, und.er such a condition there 

vUl be a miniiiiUIIl UlOUnt or p¢Wder collecting on the tunnel valls vhich 

may aglaurate and leave the twmel in relatively larp piecea. 
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ObiJervations or the wind tunnel after these preliminary Nnll indi-

cated thnt the main aerosol Jet followed the upper tunnel wall. In the 

case of the tnlc tests there vas only a small amount vhich• adhered to the 

vall. Oil the contrary, in each of the nour runa a considerable amo1mt ot 

the uterlal wo.u collected 1'n the vall extending back to the ~unnel exit. 

It is believed that this ae2•oso~ flow condition was the reiNJ.t or a rela-

tively lov inJection velocity. The necessity of &flmPlins at different 

positions across the Wind tunnel vith the hi~ velocity sampling probe in 

future testa is borne out, by these testa. 

In the use of an injection type model 1uch aa described here, tvo . 

factors determine the penetration of the pOIIder into the air st:reu: the 

injecttor1 veloo1ty $nd the tl.lrbuletlt diffueion of the strweaa. Both of 

these pa:ruwtera will be investigated in the subsequent atudiea. 

Future studies will be carried out with talc~ flour, and SM to deter .. 

mine the ertects of the following factors: 

(l) a1r •t"am Mach nW!lber 

(2) inJection velocity • 
( 3) agslane.ration and powder etJmpact1on 

(4) air stream turbulence 

The aerosol will be sampled by using the high velocity aupling probe 

and 76 m dia., tYJ)e AA1 Millipore filters which have lUl 0.6 micron pore 

siz• • The particle d1Jttlbut1on will be detemined. be tore and atter each 

1'\.Ul 'by the m.iaroscopie and Whitby Centrifuge analyses. 

' - 41 -
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4. • INVESTIOA'l'IONS OF THE CHAP.AC'l'BR!STICS OF nNILX DIVllD K\'lSRlALS 

4.1 Literature Search 

AB a reault ot the literatUl'tl sear~h on th~.t propert;1ea o~~ f'inel.y 

divided material&, several papers have been reViewed which con.1;ribute to 

the total understanding of the factors influencing behavior of bulk pow• 

der~t. The~ pa:Pt!rs deal primarily vith· specific surtace area mea.au'l"ell:.nta . 
and the reletion of size distribution to plaat1c1t;y, dilatancy l.ftd tarce 

trall8111iseion in bulk powder. 

4.1.1 Specific Surface Area 

'l'he specific aurrac:e area differs ;ddely for powders of· vancus cheai• 

cal and. physical types, Gu adsorption, air-pe:naeability and lllicroacopy 

methodt have been uued to determine valUe& ot the epecific aurl'ac:e area at 

,a~~n~plea. For particles bel.ov 6 microna 1n cl1auter, the a1:r-pe~ab1l1ty 

method gives lOW'er valuu than d.Ciel Jlicroacopy OJ' 8111 WOJ'ption. '1'he 

tics or the povl!er; also, the reaulto from each method ~pend on a 41n.t:rent 

chBracteristic of the povder. 

n. H. MathtNa4·L1 cOII\pared the specific ·o,.rrac.e o.reaa ot nineteen 

fine povdera b)': (a) adsorption ot n1trosen at n•K a_nd ('b) &il'•p1U1M&bi• 

l1ty .111Ctho4. d81cr1bed by R1pn~·l· 2 By metl1od (a),the apeci1'ic area mea­

sured vaa larger. Matheva ausseatecl that the discrepancy betvHn the tvo 

methods of measurement I1I&Y be due in part to the existence ot an intenlal 

aurtace ill •aae powd.era which vere not meaaured by the air•perMabiH ty 

method. 
4.1.1 Matheva, D. H. Journal Appl. Chem. L Nov. 1957 
4.1.2 Mpn, P. J. ·Journal Soa. Chem: In4. ~: 130, 191J7 
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CB~wright, '..lhe1.t1ey and S1ng4 •1 ·3 determined the specif1~ surtaee 
• 

o.ren of' di rferent samples of siUca and alass spheres in the size ran­

~s 1-12 microns by: (a) gas-adsorption, (b) air-permeability ana (c} 

microscopy. Ti1ey established an f!d.Pirical relationship between the dia­

meter calculated fran microscopic mea~~W"ements of volume ancl the d.t8111etar 

cclcul.ated. from the specific surface b:r gas•adaorpt!on. The relationship 

van oh01m to apply to all samples tested except Wletched quartz. 

A at,Udy of haw the surface ~a dependl on the conditions of dryins 

and ator1tl8 of pracipUatecl alumina waa made by Hartis and Sins. 4.l.4 Con• 

aiderab1e variation in surtace area was round. This study of the 1.1teratu:re 

revealo the i111pc-rtance or sux-race area aa a characteristic ot powder; and 

meaeure~~~ents by the vv.riwe methods irnll.cate the existence or & lAl'S" in· 

ternal. B\n'fec:e area in many powders, 

4.1.2 Helat1on ot She I>1atr1but1on to Plut1c1ty, Dilatancy and FOl'ce 
Transmission in Bulk Pcvder. 

Car~ Lu4vis4·1 ·5 stated that the moat important property ot looae 

bulks, insofar as agglcceration ia concerned, are particl• size distl•lbution 

and plastici\:.y. He not~d that uniform 111ze part1clea are not the optiiiNIII 

for agelaaerat1on. Cluoters or unifou~ sue particles are ~lily sepcratecl 

along aynm.etr1cal planea and resist movement along non-symmetrical packinp 

or random assembly. 

11,1.3 Cartvr1ght, ,r., 
April 1958 

4.1.4 Harris, H. R., 

4.1.5 Ludwig, Carl. 

K. Wheatle;r, and K. S. W. Sing. J. Appl. Chell. §, 

K. s. \1. Sing. J . Appl • Chem, z: 397, 1957 

~~m. ~ng., 156, J~n. l954 
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Ludwig illustrated hO'" a eluc.ter having a predoaunanr:e or one size 

-~·:_~-· ~--~ t·~ 

forms a truss-like structure 1n c:ompre&ISion &lld reshts ccmpreaaive nov. 
Convenely, a random assembly of particle. vary;lng in aize it plut1fi and 

can be molded or compressed. 

~ 1 j 

[' 

\. 
)( 

'I u 
1/ ~f) 

Unifo~ PWrticle 
Size Diatribution 

Random Particle She, 
Non-symmetrical Pack 

Brawn .and navkaley4 •1•6 atudied the Jlleehanism ot the tlov ot particles 

in two-dinienalonal beds. Their atUd.y ot tho literature .reveale4 that dila• 

tanay i~t an important t'a.ctor in the tlov ot sranulo.r materials. A 41latant 

materio.l 1e one which increasee in volUJ.:o vhen the shape is C:han80d, duo to 

vider spa.c1ng ot the ps.rticles. Dilatancy was found to apply to a.ny stable 

regular or i~gular pacxins ot sra~ed or ungraded particle• of any si2e. 

Photoamphn or their two-4.t.ltMin.1onal IIICdel conaiatins ot a ainclt J.a).'er ot 

ball bearings vere 8Cn1t1n1zed and t:Onaluaiona Q.re.vn. Qne illlport.ant con-

elusion was that inhomogeneity in a bed under deformation ia caused by 

mov~nt or sroups of particles. DilatB~cy may be unnoticeable in loose 

po.c:kinss, aince large reduct1or~s in volume may result rrom collapee ot the 

pnrt1cle structure. 

4.1.6 :a:rovn, R. L., and P. a. w. na.wkaley, "Fuel in Science an4 Pr&ct1ce," • 
. g§,: 159·73, 1947 
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W. Mea.d4..1. 7 describes several of Osborne Reynold • s experiments which 

illustrate dilatancy. One example 1a described as toUowe: a rubber bel• . 
-loon 1a filled vi th snnd, shaken, and enoush water is adcled to just f'ill 

the voids. When the balloon is deformed~ dilatancy increases the void vel• 

ume sc that more water is required to f'tll all the voids. 

Jenkin4·1.8 tried l"fpe&tedly '!;o measure the "coetf'icient of' friction" 

of granular 111atcr1al to con1'1m theories on earth preasure. Ria failure 

to obtain reproducib~e results led to a study of the influence of dilatancy 

on force transmission in pac'k.ed beds. AlthouGh this work vas not e0111pre• 

hensive 1 6t pl~Videa a bnckgrow1d for further study of' the problem. 

An abalya1a of f'or~e transmission hal been ~ on the ~nt pro­

Jec~ Vhieh ia presented in Section 4.2 which follows • 

4 .1. 7 Mead, W. J ., Journal of' Oeolos.y _u: 685, 1925 

4.1.8 c. F. Jenk1D1 "Preuure Exerted by a GranUlar Material: An Appli· 
,cation ot the Principle of Dila.t~mcy" Jlroa. Roy. Soc., A, 1931. 
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IL2 Theoretical Investigations 
I • ' 

. An anal,ysis has been made of static load traniiiDi,aeicm in particulate 

pecld.nsa which reveals several poaaibilitiea ~or future research Oil the pro-., 
purties or finely d1 Vided materials. 'I'bia analysiS 18 preaonte4 below • 

No eaneral theory or load tranamiasiOD or streaa distribution in sranu­

lar packinsa 1s available • ._the·p:reaent. tiM. consequently, an etrort is . 
~ins made to develop a theoretical basis for studying ~ otresa-;,iel4 

charadter1at1c:s ot particle bedl. These characteriStics are expected to 
I 

haw &n 1111portant bearing on the handling properties and charactenzat1on 
t.ata for various dry agent materials, 

In exllllinins the charaeteriaties of part:.iculate l)&Clrlnp, it appear• 

that ll distinction muat be drawn between solid, esaentiall)' ela•tic pa:rtialll 

such aa sand, sJ.a•• beadll, met&l •hot, etc., and poroua ac.pre .. ible u-

t13r1als auch aa biological materials, flou:r, cornstaN;h, etc. In the t~r 

case, the concept or dilatal1on ~·hOld tbe key to load tran.ad111on within 

the btt4. A simple ~ intereatina; exemple or the role pla~ b;y 1\Ulatane~ 
ia Jiven below for a hexaaonaJ. packins• In pneral, ran4caa paclc1.Jl£1 an . . 
fOUXld to be statically indlte:nUnate •o th&t aCliM lcnowledp or the atreaa-

• •train or comprellibility abaraatariatica ot the material 111 required in 

or&Wr to dete.l'llline the l04d d1atribution in the bed. For beda ccapo•ed ot 

solid elastic elements (glaaa beada, abot,etc.) an anaqsia cate4 on the 

elaat1c properties or •8Sl"sat .. or the -piuot1cles shoUl4 enablA a apecit1-

cat1on ot the 1tre11 dictr1but1on in the be4. Certain reatr1ct10tls on the 

~Stre&s diatribution muat be obaerved1 hovever, such aa limits in pennit!aable 

tensile stree•••· 

- 4~ . 
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It appears likely tbat an essentially'different ap~roach =-¥be re-
I 

' quired 1'or c0111presaible materials since the yield stresses are probably 

related to the compaction of tne material vhich occurs dUrin& loading. 

Mater1.ale of primary intereet 1.n tlw preaent atud¥ are expected to tall 

1~to this category. Inveat1gat1ors or both t~e of matenale an be1ns 

undertaken in order to pin f8 DiUch insight aa peasible into the behavior 

of particle beds as it atfect~'the handling and conveyins aspects ot dis-

selllination systems ror dry materials. 

4.2.l Analysis ot Static Load Transmission in Granulnr lacklni! 

Considerable work baa been done in stuqins the pl'Opertiea or granu-

le.r I&clr.insa made up 'of solid pe.rtialea. These pacltings are eba.racterized 

by d.Uatant behavior. Thus it a packing has a volume V in an initial equi­

librium state, the VOl~ Will senerally increa•• by A v vben a diaplnc•-

ment is produced within the ~d. 
f 

It the bed vol1JIIte le fixed, experiment; 

indicate th&'~ lltOt10n Of the sr&nul&r zaaterial within the beeS 11•impoaa1ble 

with011t fracture ot the granu1ea~· 2 • 1 With no cont'ina.ent, preuures ap .. 

plied to the bed u.l.tim&tely work apinst the weight ot the ~~~~oterial, The 

work. do11e ~Y tne applied load1ns can be equated. to the chanp in potent1al 

energy of ~ syatem plua the vork done against friction 1n diaplace~~~enta 

ot ~ter1al 1n the bed. In general, the elatt1c energy stored in the bed 

muet be included in the potential enerQ ot the 1'.1)"8tea, altbouSh in many 

1ru~tancu thie enerf!t'( l'lla1 be QIU.tted vtt.h negligib~.e error. 'the above 

4.a.l c. r. Jenkin, "Preaaure Exerted by a GraDular Material: M App11ea-
tton of the P.rinciple or Dilatar.c7'' Proc. Roy. ~ •• A, l.93l, 33, 53. 
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~tatemant may be formulated. in terms or the eqUatipn: 

(1) 

where F is the applied force, ptP 11 the change in elastic e:aergy atorect in 

the bed, and t/'Wr is the !rictional work done 1n diSplacing the bed. 'I"le 
n . 

tenn~ v1 ~, 1 ls the change in potential eneray of the bed a'UI!IDed over 

the u particles containltd in the bed. Although the general enerv rela· 

t:tonshlp expressed by Equation (l) 18 not susceptible to atraighttorvard 

analysis, it 1& r:requently paaeible to justif)' asaiaaior1 ot the elut1c energy . , 
tem ti'P 1n practical calculations. F\lrthe:nnore, thtt frictional ten ri'Wr 

ma;y. be approximately eval.uated in a0111e instances (an ex11111ple is pre~ente4 

in the fnllevins section ot this report). An important conside.rA'tion in 

&pPlication.s of Equation l is that canplex atatie internal load distribu­

tions do not have to 'be deteJuJ}ed in order to cmpute the vorlc done on 

the be4 aince no net vork 1a done by such forces. Ot r.oune, this 18 not 

true alona lines of slip vh~re frictional di,a1pation occur1. I~ vill be 

noted that for packinga composed ot hypothetical friationle••• 1ulast1c 

particlea, Equation 1 reduces t.o~ 

(2) 

For granular materials, it ~ppeara thAt the relative displace.enta o! par-

tiel.. in a bed may be related through the interparticle geQMtey of the , . 

bed. Thua if a force F is applied at a point in thtt packing, p~ucing a 

ar.lSll local din;plncement rlx1 diaplaca~~~nts clyn•i will · e developed in a 

• 
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~r dependent essentially on the configuration ot the particles in tb8 
bed. In ~neral, these d.isplacanents would have to be detem1ned on a at.&t• ," 

1Btical baets. HOifever, for tesuJ.ar packing& the diaplaaementfl mar be 

easily foWld in many cases, as illUGtrated in the following dietNIIion. 

4.2.2 Static load tranmiasion in re&UJ.ar packinp·· 

The'bas1c principles preeented in the above disauaaion find a ready 

appl.icaticn to resuJ,ar packinge of dil~a or spheres. 'rvo-diJMna:lonal 

arrays are considered herein fQr the sake of simplicity. ExteNUon or 
these results to th~~dimanaione does not appear to present &n7 bai10 41t• 

t1culty, but this Will be dltel'l'ed to a later ,report. 

4.~.2.1 Bg,uare Arraya. The silllpl .. t reSU].&r pac:ktng ta the aquare arranae• 
n~nt illuatr•~ed in Figure 4.2.1. For~ bed ot n tiers, the force per 

contact at the f'loor ia n W W.re \1 1a the weight ot each element. It 11 

clc4r tr~t thi: terce is not altered 1t one or the ~1sca (or spheres) in 

the bottaa row is diaplaced upward~ since only those di•ce ly!ng directly 

above the bottom disc are atfecte•i· This result ia not altered. by tric-

tion, aaaumins that no horbont&l ~Cllllpreuion ie applied to the bed. A. 

second aquare arransement 18 oot:a1.ne4 by arra11ns the· cont.aau between 

dtacs t.lons lines inelLned 45• to the horiZontal aa ill~etrated in Figure 

4.2.2 •. Neglecting friction, it ia asatn found that no increment ot terce 

ie reqUired to dS.aplace a disc at the bottom or the pile. 

4.2.2.2 [Jexasona~ Arrays, The hexagonal IUTa.nsement or diacs 11 111\loh mora 

interesting, Two ~gular contisurat1ona are possiole as shOIID 1D Fii\U'el 

4.2.3 'an4 4.2.4, Con•idfring tint the contiguntion ahCMn in Pi&U1'W ~.2.3, 
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it is found that the upward displacement o! a disc at the bottom o~ the 

pile will raise all of the d11cs in tht triangular region MNO. Along the 

slip l!nes MO and NO, the (Uagonal contacta ,marked with a SJII&ll circle are 

opened vhile add1 tional loads are tranaterred to the ~orizontal contacta. 

For'frictionleas discs the loading can be found very easily. It follows 

1DIIIIildiatel;y from Equation 2 that the force F is simply the weisht ot the 

diaca contained 1n the region MN01 i.e.: 

n 
F .. 2 (n + l) w (3) 

If m disc& at the floor level are displaced the total force is:• 

(4) 

The tvo ena disc• each aupport the load: 
• 

n r• • i;' (n + 3) w (;) 

vh1le the interior discs nwrely support the' discs directly above thea. 

This ia a two-d1m~na1onal analos of the three-dimenaional platfo:na (~ol..ly 

balance) testa reported :.:.n our ; .:.~·at Que.rtcrJ y h·ogl'esa :Report. 
I 

The horitontal loads xi applied to the discs lyins on the diagonal 

CM are given 'by the to:nnula: 

(6) 

th . 
where 1 denotes the 1 rCN ot discs from the top of the bed. An approxi 4 

hte anal.Jaia of the effects ot friction can be cDrricd out by-adding to 
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' . tt~e load given by Equation 3 the fdctto~al loading along the slip linea. 

F "" (l + V!> ~ (n + l) w .(7} 

where jt- is the coefficient of friction. Tbia result depend• on the aaauap .. 

tion that th•·eontacts along OM and ON are aimultaneousl1 on the point or 
~lipping. 

Another hexagonal eontiguration ia shavn 1n Fisure 4.214. Dilplace­

ment of a disc at the po:i:nt "0" by an ama~.Ult r/y clearly displaces the cliace 
• 

directly above "O" by an equal amount. However, the disci on either aide 

or thts vertical column are displaced at an angle aa ehovn on the tipre, 

the upva:rd eoaaponent of ~his di~pl~cement being l d y. Using the ener§ 

principle e:,presaed by Equation 2 the yield force for this ease is: 

F • (n + 1) (n • 1) W, (8) 

corresponding to n tters or dilcs. Canpar1ng the above result vith that 

obtained tor the t1rlt hexagonal cont1suration on the b&lis at equal 'bed 

depth h, the tollovtns result• an fauna. (for larp n): 

Configuration I: 

(3, ) 

Cofl:t'isuration li: • 
h 't h 1 

F • (- + "-) (- • -) W d •2 d 2 (3') 

h These results are valid for large values of !' By inspection ot ther,e equAl~ 

tiona it can be aeen that the yield force for the first configuration a~~ 

prnachea twQ-tbirdt that of the Sf!eond" ~emf~ gura.t1on tor lAree 'n/d. ra.t.ioa. 
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The slip 11M in tha above examples of regular packing& corresPQl'.lda 
/j 4.2.2 . t,o the .so-called angle of internal friction,,..,.., • Generalq, experi-

mental values or/.]· lie in the ranse 6o" plua to 90• 1 vbereu the theoreii• 

cal values tor regular packinsa correspond to 90• 1 60• and 30• i accordins 

7o the present analylia, For skewed resuJ,ar -packinga and tor nncka pack· 

inge :lt 1c appo.rent that 1ntemediate anS].ea J~q'bt obtained. In randCD 

arrangements, local slip liMa Vhich vary t1'CID point to point may lead sta-
• 

tiaticall;y to an overall ansJ.e ot slip for an agrepte ot granules~ vhieh 

may b« interpreted ac the internal anale of friction. 8anB inveatiptiona 

alons this line are planned tar the t\4ture. Other areas vhtch Vill be 

studied include: 

(l) In~stiption of th.e load clistribution in particulate beda on the 

aaaumpt1,on that the material behaves aa a continuous med:l\.111.. .It ia utici• 

pated that analytical techniques rrca the theor1ca ot elaat1c1ty and plae· 

tiei ty might be brought to 'oear on the p,robln vhen viewed in tbia lilht, 

For ~Orrlp:reseible, c:ompe.etible materials it appeara likely ·~hat a theoret1Cill 

approach alons these linea voul4 'be very tn.~1ttul in eonJunc:t.tort vith exper1· 

menta to typifY thtJ c0111preasibility and yield-stress charnctel'ii1.1ca or 

these materialo • dc:!:.r'l •.;:.J.c:h would llL:: ·r·:ql.tr~ 1 t' •. 

goal of thesu stud1e&1 is to relate the statio behavior ·ot I>articulate paclt-

1nss to baaic physical propertiea of :particulate materi&la. 

( 2) Flcv properties of po.rt:lcul.Ate mater·tale will be atud1ed insotu 

ae poeaible ror those materials capabl-e or tlov, No vork or a se,_ral. 
4.2.2 Z&nz and othmer "Fluidization and. :tlu1d•p&rt1cle Systems" Reinholl.l 

Publishin& Corp. New York (1960). 
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nature he.e> been done to date along these lines aside frca a survey or avail .. 

able literature. 

In future vork, an effort will be made to define cond1 tiona for the 

onset or flov (from a study of stati~ yield characteristics as discussed 

above) and to examine the type a of flow possible. 
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h. 3 Experiments on Characteristics of Powders 

Experiments of three types are discussed in this section. Theae deal 

with (J) translation cf particles above a moving piston, (2) gravity flow 

of particles, o.nd (3) thtt torque reqt.UreCI. to rotate a helical ecrev conf'i .. 

(?.lrtltion in a :po\lder bed. Theae experiments are diacuaaecl in the paragraphs 

Vhi ch follow. 

4.3.1 Translation of Particlea·Above a Moving Piston 

Atl experiment vas conducted to vi aually explore the t.ran1lat1on ot 

relatively large particles above a moving piston. The ippe.ratua 1a ehovn 

in Figure 4.J.l. The mate.rinl uaed 1n this experi!Dint wae ateel shot, 200 

to 300 microns in diameter. Alternate layers were colored 150 that the 

relative motion could be aeon. As the piston wu moved upvara,, the mawrilll. 

above the piston vas tranalated both verticallY and horiaontally, In Fisure 

4.).1 note that the vertical d1eplacement or the piston ia many time• lArpr 

than tho vcrticlo cliaplaaelilellt ot the top of the bed.. Lilceviae, note that 

the vid.tll ot the ano. wnich is dJatu.rbed on the aurfac• ia several time• 

larser ~han the width or the piston. 

It ean aJ.so be seen :that· the boundaries of t~ cUapl&eed matel't.al are 

not closely defined, 1ndic~t1ng the difficulty ot applyins theo~tical ana­

lyses to a problem or thia type. It appea.ra thAt detennination ot the 

totAl volume displaced by the ~1aton, may Sive A uaatul idor.t1f";!ng cha:ac• 

teristic ct the material beins studied. 
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4.3.2 Cmvity Flow of' Particles 

The appa:ta.t~ shown in Figure 4.3.1 and the particle colorins tech· 

• nique weN~ also us~ to study gravity flow charaet.,riatica, 'l'h• 200·300 

micron steel shot vas &l.so l.llld in this exper1lllent. 

Arter opening the discharge orit'1ce1 the '-<pper part ·ot the bed did 

not shov !llovement Wltil tne material 1n the vicinity or the opening was 

diochar~d. Dilation was quite evident at thia point. 

Tho following sketch ia usefUl in describing the subeequent tlow. 

Region A alidea over Region B, ar1d flegion B slides over the 1tat1on• 

o.ry Region £, Region B movea more slowly than A. Region C conaiata ot 

particles frail both :Aegions A. and B. Once the particle• are near dr in 

neaion D 1 they 1'o.ll at a rnuch larger veluc.:lt.y. The anaiea the. n81ona lii&!Jto 

vith the horizonbl remain conatant. during disc:h&rgo. When the .ftestona A 

e.ud B contact the or11'1t:e·1 the discharge <lu.ickly end&. 

This experiiAent illustrates the fClct that the gravity flow proceee 

• ia dePen<l.,nt on ve!.')' localized c:ondi tions. In thtt process druarillecl above, 

the slope or the boundary between Regionu B and E may 'be ll usefUl icltnt1ty'· 

tng characteristic of th~ material. 
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4.3 .3 Torque Required to Rotate a Helical Screw Confiauration in a Povdtil' 
Bed. . 

Measurements of the torque req..Ured to rotate a screw contig\.lration 

in ! pOWder bed bave been ma4e to explore the usetulnee• ot this approach .. 
to 1dent1t1cation or powders: 

The apparatue uaed in. these measurements ia d,eecribed. 1n Seetion 2.1 

of thio report. It consiata at a. helical screw 44 11111 in cU.-ter, encloied 

in a lucite cylinder with an interval diameter of 5l •· 

As. a tirat atep, tho reproducibility ot measurements ot the torque re· 

qui:red to rotate the a crew wu evaluated. In a ae~itl or 50. testa, ·the 

torque requ11oed to rot&te the tcrev (when it vas tilled with Sierra JUatron 

#18 talc) ."ea :t'oun4 to be 3.66 x 105 dyne-centimeters, + 7 percent. ('lhe 

particle size distrlbutidn ot this utarlal U given in Section 4,4 belovo) 

Thh reproducibility 1Ddicatea that the varilt.iona 1ntl'Oduce4 by the tillins 

proceaa are relatively small. 

The tor~ reqUired to rQtate the same contisuration in a bed ot poly 

vinyl alcohol povder was found to be approximately 50 percent ot tb&t :.• 

qu1i'td tor the t.alc. This wae a moat intereat1ns t1nd.1rijb 11nc. the bulk 

4lens1ty of the p.v.a. is o.;69 f!Jfl/cm.3 while the denaity or the talc 11 

0.222 f9'11/cc. The data fl'Qll the diac·11ft1ng e:<peruaent; previoualy dee• 

cribed4 ·3·1 ahowed a etrcms ~nsity dependence. These torque meat~nta 

a~ ~ppnrently more sensitive to friction betve~n particles. 

• We p:l&n to extend theee eJqJerimenta to other material.• and tlov con41· 

tiona. 

4.3.1 General Mille, Inc. Report No. 2125, ''D1sa8llination ot Solid ..,cl Liquid 
'St1 Apnta" (Unelalaitied Title) Cctober 131 1960, SICDT, p. 46. 
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4.4 BxperimentaL~rticl& Size Analysis 

In connection wit.h th" · exper~ntal work which has been and Vill be 

conducted in the fields of characterization, feeding, dissemination and 

deagglomer&tion of tinely divided solid materials, tbl particle size dia• 

tributions of several materiala have been IIWI&sured. Tbl WhitbJ' cent.r:l.'t\ap 

technique vas employed to determine the partiQle size diatti~tion or bulk , 
samples of three separate lots of SM~ samples· or Sierra M1stron No. 16 talc 

and also Oeneral.Milla' ".ret'' flour, vnich is 8 finely srounc1 high protein 

flour. 

The o.ppnrntv.s u:oed in thh work 1o the current model or the Whitby 

centrifuge equi~nt, manutaetured by the Mine Safety Appliances Canpany. 

~~ appo.rat\.la incl\.ldes e. two-speed (600-1200 RPM) centrifuge, an l8oo RJIM 
. 

centrifuae and a centrifuge tube viewer, Which is an optical devtce to:r 

measurement ot the sediment height in a centrituse·tube. 

4.4.1 Centrifus! Qperatlns Principle 

This l)article size &naly'lf!r operates on the principle of ae41mlnta• -

tion in a liquid, Whitby•• original vork4 •4•1 tull.;r cleacri'bel ~ a~fttu.a 

and nathod or application. 'l'ha use or the centrifuaa 111111thocl snatl;r ~-

creases the time reCN1red to analyze particles in the 1 to 5 micron aize 

r
1
ange. As an illustration, Whitby atat&a :!;hat an analylia oi A.c. J'1De 

Teat Dust (68.2j lesa than 12 ~1cron chameter) that wa.&ld take 54 hO\I.n by 

natural sedimentation can be accrmpliehed in abo\.lt 25 minutes by centrtf\1.• 

4.4.1 Whitby, K.T. 1 ASRNt Jo\.lrnal Sect1on1 Heattna, P1pins and Air Con· 
~tionins, Janual'Y 1955 (pap 231) and June, 1955 (pas-J.39-It5). 
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Most centrifUge methods of eize analysis start vith an initially 

hw.ogeneous auspension of particles in th~ tube. Serious :problems exiSt 

in using this method since: 

(1) particles of various sizes are settlin& out ot suspension at any . 
gLven time, and (2) the f'orcee act.ing on the po.rticles vary vi th the ru.tliua 

in the centrifuge. These factors make impossible an exact solution to the 

dirf.'erehtie.l. equations that describe the rate or aecU.mentat1on. These 

problems are overeaa.e in the Whitby centrifup by all of the particles be-

ing initially situated in a layer at the top of the ••dimentation liquid. 
' 

The procedure used vi th the Whi t'by centritup 11 b1iefly sU~~~~ariZed 

aa follova: (1} the clean tube is filled to a line near ~he top vith a 

suit~ble sedimentation liquid, and placed in the viever; (2) a suspension 

oi' partiel,ea is made up (by blendins) in a liqUid that is miscible with 

the sedimentation liquid and haa a slightly lower density and a slightly , 
highel' vlacosJ.ty; (3) an .u1q~ot of this suspension 11 placed in the 1'eed-

ins ehazlber and relel.aed in such a way as to leave a sharp layer or sua­

pension on top ot the sedimentation liquid; (4) then, at time intervals 

calcuJated rrom Stokes' law for the desired sizes, the height of the aedi~ 

rnent in the capillary 11 read.. Sedimentation 18 allowed to proceed under 

g:ralhty for a predetemined period., then the tube i transferred to the 

lowest speed eent.ri~ and rotated fot a preeal.cul!!.t~d ttm.e. The tube 

is removed to read the sediment height and then 11 replaced n the centri-

ruse tor thB next time interval. Thio is continued Wltll tr•re is no 

chanc;e 1n sediment height or until i:·h~ last centrifUge tim in the schedule 

has btr~n run , 
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'l'he proceduH for calculation or the time schedules for the graVity 

settling period and the· centrif.uge ope~ting periods is outlined in Appendix 

A ·or this report. 

The direct ~aults or this experimental size analysis are values ot 

tbe pereentase (by veigbt) of matez:1al of particle a1~ea smaller t.han each 

of several preselected particle diameters. These values are proportional 

to the ratio of the aediment height in the capill&%7 ot the centrit'\ltlt tube 

at the end .of the time :Period (corresponding to the size in question) to 

the total aedillltnt heisht at the end of the analya18. 'lbeae data are con­

vent1nnally plotted aa the cumulative distribution on los n~~ graph 

paper. A atraipt line on thil plot or percent-f'iner-than-aize veNus 

particle diameter, indicates a log normal she distribution. The nw.as 

median d1=:cter (:.M>) and the geanetric standard deviation (GSD) M7 also 

be detemined from a l,lot of this tj'lle. 

4.4.2 Result• 

The reaW.t1 ot these particle size determination• &:N preMnted in 

Fisurea 4.4.1 through ij,4.;. Each or tre se graphs gives tlata 1'raa tvo aepa- · 

rate detelmin&tions so that the reproducibility or the data is 1lluetrat.t. 

With respect to ·t.he three sepante lota of SM (Figure• 4.4.1 thro\llh 

4.4 ·3) 1 t 11 interesting to note the.t sam.l1le GBL B-o8o7l')()t which bad been 
. . 

atored. since ita PN!'4tat1on several years t.lgo had an averap lotD or 4.9 

mi~ron:s, vhilc the other ~ samplf!s (vhich were prepared in 1960) had 

averap MCl values ot 3.20 and 3.25 microns, 
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The analysis of the Mistron No. 18 talc (Figure 4.4.4) pve values 
I 

of the MMD ot 2.30 and 2.37 microns, with approxi~tely m less t.h~ 5 

micron cliameter. 

FigUre 4.4.; g1vea the vaiues for tha aenenl Mills. "Jet." tlwr, vhicb 

VllS foWld to have an aver-age HMD value of 6.~5 m.tcrons. 

The materials covered in thl!se particle siu det.Jilinat1ons h&.,. been 

uae in the experiments on feeding concepts and de&~C1118ration by aero~c 

forces. 
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5 , STUDIES OF THE ABRODl'NAMIC CIJARAC'l'ERISTICS Ol Wlm-H<IJNlB :&X'l'IJCML 
AIRCRAFT STORES 

Installation or external BJ disseminator stores on tha delivery &i:rcr&tt 

will reai.U.t in a red\l0t1on in ita performance capabilities. An evaluatiOD of 

the ef'fects of the extemal atore installation is the;ret'ore an illpol'tant part 

or this study. rbe uroc11nam1c drag cauaed by the store 1net.llat10D 1• a 

very imPc:>rtant eonaideration1 since it will d.etine the iDCirtaH in tbrut 

required to maintain a s1ven !lisht .apeed or the reduction in apee4 Vh1ch 

vill occur vith a given available thrust. 

The incremental drag that is imposed on an aircraf\ vins b,- &D exter .. 

n&lly mOUDted store ari HI :frail. tvo main .sources. The firlt 11 the 1aol.ate4 

etbre drag (the drag of the store itself') a.:ld the aecolld il the contribUtion 

to the incremental dras rrar~. the interference effects that ariu vhen the 

store is installed on the airera:rt w:tng. Since both of tbeH contribution. 

are or sisnificant magnitUde, and the interferetlc:e ar-1 contrlln&tioc 1a 
I 

strongly dependent on the details of the installation, ai~Le, ganeral aolU• 

tioni ror this probltll do not exist. The most uaetul available clata art 

believed to bt thoa. from the systematic invett1gations of aptc1f1c at~ 

itliJtallationa. 

5.1 Installed External Store Data 

A ~G1]1prebensive inveatiption of thi!S subject vas oollducted by Spreetaazm 

and Alford.' • J. • .1 'l'hU 1nvestiptioll vas made in the Lansle;r bish·IJIH4 

'f•tt by l0•1't t\U'lNtl thJ:'Qt;aah • Mach number ranse ot o.4l to 0.96 to deter-

zlline the errecta or external-11to:.re fineneaa r&tio, store ahape, ato:rw 

;.1.1 Spreemann, K.P. an4 W.J. Alford, "Inveet1pt1cn of the Effect. ot a...trio 
Chan&w• in an Uncltrvins Pylon .. Suapended External-Store Inltal.l&tion := the 
Aerodynamic Chal'actarilt1ea or a 45 Degree Swept~.t Wt.na at H11h.SUbsonic 
Spetcla." NACA Research Memorandi.llll ltM 150IJ.2, 1951 

• 69-

IIMIIIIIC liM 
DECLASSIFIED IN FULL 
Authority: EO 13526 
Chief, Records & Oeclass Olv, WHS 
Date: MAY 17 201 

' < 
I 

I " 
I. 
I 

...., 
! 

-



~ 

" ;; 
~ 

~ 

t-
? 

~ 

) 

f i i 

t ' j ; '· 
~ 
~ n ,. 
f 
~ 
b 

I ~ I 
~ '1' I 

i 
!. i' ; 

. l 

I 
l: 

( · .. 

lltdliii:CUIAZ£ 

chordvlBe position, p;ylon thicknevsJ pylon lengthJ aa14 pylon 11iWP u&]A em . 

the aerodynamic characteriatles of severe.l underv1DB pylon-wapeJlded ext.mal 

!Stores ln canb1nation Yi th a 45 degree .. wept back setr&ispe.n .Vine and :f'uaelap. 

The store :profiles corresponded to NACA 65Awser1es 'ooclies or re<rolut1on, the 

pylons were NACA-65A series airfoil s.ections, and the Villi vas IUl ftA.Cl 65Aoo6 

a1r1'o1l section. 

The coordinates for NACA 65A-sertes bodies of revolution ot varioua 

fineneaa ratios Are given in F1sure 5.1.1. 

Values ot the incl'CIIIIntal 4ras coetfi!Uent baaed on ¥1118 a:rea, OJ)
8

J ~ 

siven in Heterence 5.1.2. l!cwever, it 111 aonaidered llfthtabla in OIU' atu4iea 

ot lll storee to Adopt ·a datinition baaed on volwae to tbe 2/3 paver, u ueci 
\ 

by Heaslet aDd N:l.tzberg5• 1•2, aince the volUII'Ie or tbl 1ton :1.1 an 1aportut • 

vart&'tlle in our &nal;ya... Thia dMfinition ia: 

D . . 

whclre D • incl'8llll!ntaJ. draa of store, pounds 

JOe • air dentity in t~~ f~~ Rtresm, S1ugejtt3 

U0 • velocit)' in the tree st;reaa, ftjsea 

V .. vol\'11118 of the a tore, ft3 

'l'hia dras coef"tic:ient, Cnv• ma;y be obtained rrca valU.• ot tbt c1n.1 

coeffic:ient ~aaed on v1n& area, CDs as foll~a: 

5.1.2 Heaelet, M. A. an4 G. E. N1tz'cerg1 "The Calc:ulat1on of Dras tor Airtoil 
Sections and Bocliet ot Revolution at Subcr1t1cal Speecla", IJA.CA :Ae .. arch 
Memorand\.1111 RM No. A?i06, 194;. 
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FIGURE 5.1.1 

Il.adius Radius Radius Hadiua Ra4iua 

0 0 0 0 0 
1.92 1.28 .96 .76 .64 
2.32 1.54 1.16. ·92 .78 
2.96 1.98 L48. 1.18 .98 
4.06 2.70 2.0'~ 1.62 1.36 
5.~6 3.64. 2.72 2.18 1.82 
6.62 4.42 3.32 2.66 2~22 
7.60 ;.o6 3.80 J.OI+ 2.)4 
9.14 6.l0 4.58 3.66. 3·06 

10.32 '6,88 5.16 4.12 3.44 
11.20 ?.48 5.60 4.48 3·74 
ll.-96 1·90 5·92 4.74 3·96 
12.:28 8.18 6.14 4.92 4.10 
1:2 ,!.8 8.32 6.24 5.00 4.16 
12.-+c:i 8.30 6.22 4.98 4.16 
12.16 8.10 6.08 4.86 4.06 
11.)8 '(. 'l"i!. ~.&; 4.64 3.86 
10.76 7 .1.0 5.38 4.3() 3.6o 
9·74 6.50 ~.88 3·90 3.26 
8.58 5.72 4-.30 3.44 . 2.06 
.,.~a ~ .86 3.64 2.92 ~.42 
5.88 3·92 2.94 2.36 1.96 
4.42 2.96 2.22 1.78 1.48 
2.90 1.98 1.48 1.18 1.00 

.1.52 1.00 .76 .60 .50 
.06 .04 .02 .02 • .02 

1.60 1.06 .80 • 64 .54 
.06 .04 .02 .02 .02 

Source: Reference 5.1.1 

OBDINATES, IN PERCENI' lENGTH, FOR FIVE NACA 65A-EBRIES 
B<DIES OF REVIJLtJTION USED AS EX'l'ERNAL ln'O:RCS 
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Cnv ~ Cns [ v:/3] 
where S ie the v:tng area. (0.125 rt2 or U3 in2 ). 

The volume of the MCA-65A series body of revolution vas obtained frcs 

' . . . 
the dati). given in Reference 5.1.1 by graphical integration. For a storo 

with a J.e~n-to-dismeter ratio, 1.. 8/d~ of 8, the total volume of oni store 

Ls 0.835 in3. The general relationship for ca.lcula.tion of the val!Jllla ot an 
. ' 

MCA 65/H:et•ies body with 16 /d .. 8 is V -= 0.0067 .£.3 • Since the "expert-

menta dbcunsed in Reference 5.1.1 were conducted vith one atore m.ountell on 

a semisp&n model wins with an area or _9·0 1n2, cnv becomes 

c... ., r- [_i:_9~l = 10.15 ,._ 
wv -us Lo.s:;~)'t.:IJ wus 

r Typical valu.a ot the ms coe!'r1.c1ent~ frOIIl Re:t:'erence 5.1.1 are tabu .. 

late(\· belav for tbll caH ot' a store of fineness rat1o La/d • a, 11l0Wlte4 on 

a rylon with a length*•to-chord ratio £~/C • 0.0945 (with zero degree 

'sweep angle) at values of tne· 11ft coefficient, CL' of zero and 0.3. 

0.';)0 

o.ao 
Q·92 

CL"" ~ 

ens Cl\r -· 0.0040 0.0406 

0.~5 o.o66o 

0.0170 0.17~6 

CL • 0.~ 

~ ~ 
0.0070 o.cm.o 

o.oo85 o.o863 

0.0165 0.1876 

For the" above oases, the angle or •:~tta.ck, Q , at Ct • 0 vas spproxillt.tel:y 

0.5 degrees and at Ct • .0.3 ve.s approximately- ct'" ·').5 degrees. The Re}'n()l<Ja 

* The pylon lensth 18 defined a.e tt1e distance between parallel ta.npnta to the 
lower surface or the wing and the up.per surface of the atore. 
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1nunbE· r, NR, baeed on the lllOBn aerodyilUli o chord or . the Wing, varied aa 

follova: 

At M = 0.50, N11 varied from 0.55 to o.6o x. 10·6 

At M" o.8o, NR varied rran 0.70 to o. 75 £ 1o·6 

At M; 0.92, N~ varied frOm 0.72 to 0.77 x 10·6 

A mon calplete presentation of this drag information is g1ven .in 

Figures 5.1.2 and 5.1.3, ~hich show the drag coetficient vereua MAch Num~r 

ror several configurations at two values of the litt coefficient. ConY8r• 

uio~ or values of CDs to CDv were performed in the same manner as illuat~ted 

above for the case whuw i 8 /d • 8. 

In addition to thtt values from Reference 5.1.1, Fisw:oea 5.1.2 and 5.1.3 

present values from Reference 5.1.3 (Bielat and Ha.rrtaon) aZl4 Reference 5.1.4 

(North /lmer.ican Aviation, Inc.), 

From Refe:ence 5.1.3, values were obtained for a bodJ with a cylindri• 

cal center section. This bod1 had an ogival nose and tail section each 4 

inches lons ar1d a .::ylindrical center section 6.27 inches in lenlfth.' The bod)' 

diaupeter waa 1.50 1nchea. 'l'l'11a gives an i 8/d equal to 9·31· 

The body volume was obtained in a manner similar to that outlined prt• 

v1ou11l:y and is eq~l to 18.22 cu in. 

The values of Cos for ~arioua Mach numbers wftre obtained by usi~S & wins 

area of l65 sq in. Therefore, the relationship bet'lleen CDv an4 Cns ia gLven 

' as roJlc.va: 

Cnv .. ens [v~73J 
).1.3 Bielat, R. P. and D. E. Harrison, "A Transonic Wind-Tunnel ln'Veltip· 

tion of the Effects of Nacelle· Shape nnd Position on•the Ae~amic 
Charncter1st1c:s ot Two 47-Degree Swptback Wtng-B~ Contigurationa", 
NACA RM L52G021 1952 

5.1.4 North American AViation, Inc. Report No. NA-60·llto3 (secret) N~., 1960. 
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la/d. .. 6 J 
.i.ajd = 8 
.i.a/d • 10 

.R.s/d "' 9.51 

l.O 

NACA-65A Ser:tea 1 

Dodieo of' Revolution, (If.IL50W ) 

Cylindrical Center Section, Forvard SWept 
Pylon ( RML52a<l: ) 

£s/d • 9.51 Isolated Nacelle (RML5200~) 

®,. Propo&f!d 150 Oe.l llW Store • North American Aviation 
J)wg. No, 25.21~900001 

NOl'ES: 
(l) 

( 2) All data at l J rt coetticient, Cv • 0 • 

Fie;ure 5.1.2 Ine.rementBl Drag CL--effi-::.ient lfersUE 
FliGht Mach Number fer Various ~terr.:J.J 
Store Conf!guro.t.:l :::n::: G.t Zero Lift Coefttcien~ 
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1.0 

)( • itjd. • 6 J. NACA·65A Series 

o • RA/d • 6 Bod1ea of ~voluti.Otl, 

A .. ta/d. • 10 

( JlotL50Ll2 ) 
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(2) All date. at li. rt coefficiel"'t, Ct., s 0.3 

Figure 5.1.3 In~rem.ent.al DiT'C Coefficient VerG•.w Flisht 
f.te.ch lfurnber f(l)t· Vnriouo Extemal Store 
Con~igurations Clt l't rt Coet!icient (CL} or 0.3 
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The resW.ting drag coefficient values u.n tabulated below: 

CL • 0 Ct • ·3 

Mach Number CDS c»v Ons Cuv 

·5 .0035 .o4l7 .0075 .o893 

. a .oo4o . .o476 .()075 .Q893 

·92 .0070 .o834 .ooao ~53 

The ~ylon length-to-chord ratio, £pic "' 63.5~ (approx. 75• avept forvard). 

Reference 5.1.3 also gives the drag coefficient tor isolated nacelle• 

as detemined tram WlpublUhed r<M!ket data. The val~• ot Cos were 'band on 

the wins area of the model or 165 1n2• 

Tne values of CDs and ~ are ta.'bulsted below: 

Mach Number Cns· 

0.50 

o.ao 
0.92 

0.0025 

0.0025 

0.0030 

Cnv -
0.0298 

0.0298 

0.0357 

A method for c&lculatins the drag coefficient 0])8 of at1 iaolatecl b041 

of ~volution ia p1~aented by Heaelet and N1~z'berg.5• 1 •2 To apply the method 

1 t 1 a neceesary to knov the veloci 1..y and bounclaey _..r thickness diatributton 

of' the nir flav a.round the body of revolut.ion, a.nd &lao the Mach .o.UIIlber ot the 

free atre~m transition point fl'OIIl laminar to turbulent f'low and the Re~olda 

uumber based on the axial length. Spreemann and Alt'ord''l.l wted the Heallet 

and lUtzberg 5 .1. 2 method to calculate the isolated store d.r&S tor their JV.CA 65A­

ser1•• bodies of :revolution. A value of CDs of 0.0035 wu o~~ined. to1' a ato:re 

haV1ll8 is/~"' 8 •t a Maab ~r ot 0.8. 
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The store vhicn 11 considered in nete~nce 5.1.!t is 220 inches lonSJ 

25 inches in diameter ( taf d • 8, 8) Vi th a VOlUM Of lt-3 , 36 f'tl an4· & plan 

a,.eu oL' .31. ~ rt2. 

The reported values of the draS 'bet'fic1ent tor thit store vere baaed. 

on the plan a rae. of the a tore. These values were ccmvert.ed to CJ>v tor pw­

poaes of ccnpsr1eon, and are tabulated belov: 

• 

Mach Number ~ported 

Drag Co-tfficient 

0.50 

o.eo 
0.92 

0.02~5 

0.0245 

0.0315 
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5.2 Discussion of Ae~ic Data . ' 
! ' n~res 5.1.2 and 5.1.3 shov that the drag coefficients for most store . . 

installationa itJcrease substantially at high subsonic Mach numbers. 'rhes,a 

~ncreases 8l~ quite P~'nounced in the Maeh number ranse {0.7 to 0.9) ot pr1-

m&ry interest in this atudy. The increa~e in drag coeffieient of the NACA 6511--

' · serieo atcrel:l above Mach 0. 7 is caused pr1Mrily by interference e:U'ecta. 

The 'import-ance of the intlll'ferer.ce drag contribution ie apparent when vo cca-

pare the drag coefficients for the sto:re install&tions with that of the iso• 

' lated ·nacelle • 

Parameters which aff~ct the interference drag &re store fineness ratio, 

stont shape, pylon .length, thickness and sweep angle 1 and the poaition of the 

store both chord.Yise and apanwise on the ving. Sp~ and Alf'ord5.l.l 

concluded that the aveep angle is e. very important \1Lr1e.ble '!J1d that it is 

desinble to place the store ej,tMir extremely far forward or att on the YinR 

ch"rd· '!'he benef'1ts or ror.rard aveepins of the pyl1')n are Uluat:rate4. in 

Flsure 5.1.2 which ahov11 a reduction in incremental drag at Mt-. 0.9 or ap· 

prpximately ?~for this case. 

Figurea 5.1.2 and 5.1.3 indicate ''that there is no aerious departure 

fran 1\ nominal. incremental "'"' coet'fieJ.ent vhen a cyl1r~cal cocte:r sec-

tion is used instead of a s1110oth NACA·65A series body rJf revolution. A 

store configuration of this type 1a currently used for standard suboonic 

a1rc:ra1't stores. The coordinates of this sh&pe are ahovn in Figu.re 5.2.1. 

5. 2.1 U. s. Air Research-and Development CQ!Ill!\llnd. AJV)(14-80-1. Handbook of 
Instructions for Aircraft Des1~rs. Tenth Edition, l958· · 

• 
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Figure 5.2 .1 Shnp& Det'1n1 tion 1 Subl3onic Ext,r rr.al Store 
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considerations. HoweVflr, i.t is believed that the uta report-.! ia this "Qtion 

will :Jerve as important gu! de linea in the later dei18D atu41el. 
'l 
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6. INV!STIGI\~IONS" OF PROPIRriES fJF SIL'lUUES . 
6 .1 l':ropertte's or Eg Slurries 

In order to p:rt)'V'ide design data tor liquid aaent disnmtr~&tion s:va• 

tems, ve have initiated work to exr.erimental.ly dete:m1ne the dent1 ty, 

viscosity, heat capacity and thermal conductiVity or egg 1;'11\llTita. 

In this reportins ~riod, measurements or de~aity and vucosity h&ve 

been mde. Special apparstus will be required for the thenl&l property 

measurements • 

Four t:rozen eBS sl.Ul"J7 samples were received from Fort Det:ticlr. tO'f' 

thia work. These were deaipted'as W.E.S. #l, 12, #3 ~ #4. 'l'he;y ver­

.. unin~eted whole-ega slurries which had been purified, to ditterent des• 

. reee, in tN! preparation proceas. 

Since awe of tho saznplea 'Wtl'e Non-Nevton1an, it vas necessar;y to 

collect data tor eonaiate.~y curves, rather than make conventional v1aco­

aity measurements. These dAta were co.llected by evaluattns the aUiplt in 

a mod1f1t41"Sto:Z'IIIer visca'lleter, wh1ch 1s equipped Yith a cloaely controlle4·. 

constant ten~perature bath. Th4 least' viscous 11Ar.Jple (W .E. S. 14) ~aa evalu-

ated uains an Ostwald (orif1ce·type)viecaneter. 

The data obtained for these samples are st.V!!III&rized belov: 

1. S~mple W.E.S. #1.1 analyzed in the Sto.nner Viscometer, vaa tmmd 

to be ltewtcnian vtthin·a fhe&r rate range of 70.4 to 363.5 em/sec•r:/111. at 

2o•c. Tbe abtolute viscosity or this slurry wee found t~ be 25.1 cent1-

po1eee. 'l'he 4tin•1t:l or this llurr;y is 1.0304 pfcm.3 at 20• cen~:.aratle. 

*'l'hete ll041f1c&t1ona an deecribeCl by E. K. P'ie~.::.''r in "COlloidal Diapeniona" 
.rohn Wiley an4 Sone, Inc., New York, 19~0. Application or the lll041f1e4 
Stomer Vtllcane'ter 11 diaeu .. ed by S. p, .Jones in the Joumal of Collo14 
Science, Vo~. 7, No. 3, JUne 195a, p. 272·283. 
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2. -!Epaple w.E. s. #2, also analyzed in the· Stormer viacmet~r~-~~~- · ... ~- ··=··~-.. -~ 

rol.l.l1d to be Non-Newtonian, Te_sts were· made at 20'C in e. shear rate" ronr · ~-~ 
of 21" to 433 em!•••·""· ·Following are tho VAlues ~ • ......, .... Y1oooe1icy' · • ·,1_ ~-: 
of this slurry, at the stated shear. rateJJ. H -

Shear Rate, em/ se~qm, 

214 

APP!r!nt ViscoaitZ} Centipoiaes 

352 

433 

10 

S.4 

The d.ens1ty ot this siurry vas 1.0210 Egafcm.3 at 20'C. The aurw or &hear 

rate versus shear stress 11 c:e~~p&red with th&t for auple W.E.S. ll 1n 

F~ gT.U'e 6 • L 1. 

3 • Sample W .E. S. #3. An etfort was made to determine 'the Y1acoa1 ty 

nf this slurry on both the Oetw11ld and Stomer v1acometen. Meaninstul 

• meaaureJMnta were not obtainable, This slurry ::ontained aol1da vhich 

clogged the Ostwald Yiscomete r. The v1sc0s1ty wu also t'OI.Ind tc ~ too 

low to be properly handled on the Bto~er viscometer. 

The density of th1; sample wo.s ro·J.:'l.d to be 1.0006 f!IIJ/cm3 at 2o•c. 

4. 5qmple W.E.s. 14 vas e.naly~ed with the Ostwald v1acc.neter. It 

wan found to have a ·v1acon1ty of 1.12 centipoises and a density ot 1.0012 

f!lll/c:m.3. Thil aample had been purified by e. Freon proceu and had proper-

tieiS very near.l.y eqWJ.l to tb·l)•• or vtLter. 
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. 6.2 Properties of Slur:fie~ ot SM in, Inert Fluoro<:haical I.i$4-d. 

The poasibility or d1asf11Linat1ns normally dry Btl apnts b:f suspell4ing 

them in an inert liquid has been conddered. Th1S approach eoulc1 subatan• 

tif!llly reduce tho problem ot teedins the agent to the point of 41acharp at 

a uniform rate. 

ot the aevere.l technical problems tnvol'"d in this approach, the veisht 
• 

penalty incurred by adding the liquid u perhap!l the •o.t appa~nt. 

A series of experiments has therefore been 1n1tiatecl to ~temine tht 

physical characteristics of sucp slurries, as a tuncticn ot the concentration 

or oolids. 

Slurries of 'SM simulant in M1nneGota Mining ·rluo~chemical FC•7; are 

beina studied.. 'l'he canpatibilit:r ot th1a liquid with :Biolo,Jical. Apnts ia . ' . 
ci.U'rently be1fl8 atudie4 at Fort Detriok. Goo4 cC~n~pat1b1l1ty 1a· indicated. 

SIJIM of the prope~1ta ot FC~75 are ae follova: 

Density 'iJA/cc: l.TI 

·Specific Heat Clll/I!IJl: 0.248 at 25'C 

Boiling Point : 95~ mininwm between · 
99 and 107•c. • 

Conc:enteated alurrtea ot SM in FC-75 ~re non-Newtonian and have a hieh appa• 

rent v1eeos1ty. F1~ 6.2.1 shgws the effect ot shear rate on the appi.rtllt 

visc:oai ty of the al.u.rriea vi th 20 and 25 percent SM 'by waif5ht. Theae d&t& 

were obtained 1'ran testa on the mo411'1ed Stomer Viscometer, equipped vith 

a telll}le:r&tu.re eontrol 'oath. 

Note that the appa-rent viscosity 1B quite sena1t1ve to the concentra• 

tion or SM •. For example, at a shM.r rate of 100 c::a/see-ea, an ine:reaae iD 
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concentration f~ 20 ?'rcent ~o.25 percent 1ncreaaee the app&rent V1so011~ 

rrom approximately ~.8 poises toll.; pciees at 2o•c. 
' A much mere detaile~ aeries of meaeurements is undervay to explore the 

effect!! of varying <:oncentrat1on and temperature. 
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'an·•wror• 

D\n"i ng this rvport1ng period, t~e Pha.s" I et~ on an a.i'rborne liM­

Stlurce dissemination syatela was completed. This work waa performed by North 

Amel'ican Av1at1on1 Inc., under a subcontract from Ceoen.l' Mills, Inc. 

The technic:!al. :report cover1na thia vork was au.'blnitted in lfovc~r 1960. 

This ro:port is designated e.a North American Aviation Report Ro. NA-60-1403, 

dl\ted 4 Nov • .1960, and 1B ala.sa1r1ed SiCRE'l'. 

AI; the end of thl Phase I study, the status ct work leading to the 

design and manufacture of a research prototype external 1tore tor dissemina­

tion of liquid BW apnts, may be summarized as follwa: 

1. An extensive study has 'been made of the c&p&b1l1t1es (tor C&%'1'1-

ins external sto"s) or a larp number or operational airc:ratt, 

and the characteristics or accept&~~ stores have been established. 

2. Studies ot factors 1ntluenc1ng opt1Mtllll tlow rate have been made 

and <:oncltua1ona -dravn. 

3. Several technical problema includins temperatu:re control, anti· 

1c1ns rectUirements and etrects of the lQCal rlov t1elcll have been 

Gtudied and promising approaches to the aolution ot these prob­

lems have been found. 

The reader is refeued to the above mentioned technic~~ol report tor 

tne details of th:ts Phase I study. 
, 
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0. stMMARY AND COOCUIS! ONS 

During this reporting pel"iod exll8rilll&nts vere made on :f.'eediniJ ot <ley 

(1,1\ldero 'by screv reedi.ns devices and pilrton·type feeders (section ~). 

The experiments with screw feeders explored the delivery characteris• 

t lcs of two helical screw configura tiona. One of these had a closed-center 

de:;ie;n and the other was an open "ribbon':.tn-. Tt..ee exper1mtnta pertt.ined 

to the u.:.c or a very J.use screw which occupies the full 1l1ameter and length 

of Ill'\ external store. Both conf1;u.rt.t1ona vere found to have reprocluC1'ble 

delivery chAracteri:::tics. The ~livery rate of these a.vicee deel'I!IU8B aa 

the contained material 1a dJ.scharged1 ao that a prosr-d increaH in rota• 

tional speed is required for constant t.ve:rap maea-nw 'leraua time. 

!nvestigat1ons o:f' the e:rteat ot expo11ns the SM a11NJ.1111t to atll\oapberea 

with different relativ.· ht.lll\id.itiea ware made. It vas found that expoaun ot 

the SM to 5~ relative hl.lmidity increased the ree1dual1116terial in the acrev1 

due to attractive forces which were attributed ta electrost~tie chatsins· 

The exper1Mnt on fuding ot Sierra Miatron No. 18 talc with .11 pilton 

device indica.tea that the compreasiv. atrueea are belav the level vbich Will 

appreciably increase the bulk dendty ot the ma'teri&l. 

Several et~1es were made in the fiela of U81eminat1on ana 4eassJ,Cllllera· 

tlon (section 3), Cenerat!on ot aerosols "by erosion vas explored. Modell 

fon~~ed by compactin& finely divided povder vere expoaed to air t'lw at velo• 

cities near sonic speed. It wa1 found that aeroaole co\&ld be generated. by 

thia roetllod .• at significant maae flCJW rates, Hovever, fiQCtuationa .ln the 

. 
flCN rat•a were round and it appeart that very close contn'Jl of the prepara .. 

tion or the povder would 1'e requireti to give 11dequate control ot t"lov rate. 
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P"IMP!Ia 

F.xperimenta Vitll suapenaiona ct powder in liquid <:arbon cUOXi~ 1m\iaa­

ted that t.he powder .:$n be totally aerosol17.ed. i1' the concentration 1a kept 

bj:J.O\f l pe.rt salida in ~ partn liquid. The principal factors against this 

approach are the weight penalties due to the liquid and the required preaa\ll'e 

vem;el. 

1\ piston type powder f'eedins device has been installed on tlle test sec­

tion of' the high-subsonic b:t.ov-d.ovn vind. tunnel and initial exper1•nta hA,. 

' been maa.e • The ntlmber of large agglc.rates in the generaU4 aeroaol vat 

f"\tncl t-o decrease when the Mach n1.111ber vas 1ncreued trclll 0.6 to 0.8. A liiUCh 

more detailed investigation along these lines is planned. 

Tt1e che.racteriaties of finely div:ld.e4 dr,y materie.l& hAve been •tudied 

theoretically and experimentally (Section 4). Tile theoretical atucly deale 

vi tll static load t1'1U'18111i csion in ;particulate packinp. Force tl'IU18IIIisa1on 

was analyzed for grani.U.ar packinss and. resuJ.ar paakinp W1 t.l! square and baxa .. 

sol'l&l e.rra)u, and general equation& vex• d&r1ved. 

1 Experiments were conducted "-•ling With translation ot particles abow 

• 
a moVing piston, vh1ch showed that vert1c:al motion ot a piston in a bed or 

relat1 vely larse elaatic particles causes a c:tmplex pattem of horizontal and 

vertical tra11.slation. Stud16a or poavity tlov ot auc.b pal'tieles 1n41cated 

that the veloeity of flov by gravity is atronf5ly affected by local cont'dticma. 

Mllaourementn of the torque required to rotate a helical acrev surrounded by 

powder Bhowed that this test sharply diet1n£Uished ~tween tale and p(.)}¥, Vinyl 

alcohol powdt'tr, 

• 

. • 89 .. 

tatlfliiiC I IAE 
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Htorea vere m~e (Section 5) which shoved that data on the 1nc·remental drag 

cCJefficients from several oouroes aareed q\lite wclll, vhen reduced to a com• 

mon ba.uln, i.e., that oi' the (w:~.WIIIS)2/3 of the externel stol'e. b masnitude 

of the .Lnterferenc:e d,re.g contribution vas found to be very illlportct, · part1-

culnrl;y at the highest subsonic speeds. The pylon deaign is an important 

conuiel.:rati·:m in minimizing thi:> interference drag contribution. 'lbe sources 

of data used show that forva:rd or rearvard swept designs are 'be•t· 

The propertiu of' slurries verc studied experiJIIent&ll;y (Section 6). 

Theae included measurements cr th.; vilao.ity anc.\ denaity of' uninfectd eg . 
slurry samples and also e.n ini ti&l evaluation ct the variation of apparent 

via nasi ty or slurries of 5!-t in an inert fluorochemical liquid., The experi• 

~r.ents on Cgij alurnea shwed that the sample designated ae W,E.S. #4, which 

had been• purified. by Freon, had pl'Cl))el"t!.ea nearly equAl to those of water, 

• while the at.her samplen wen: conaidlt:rably m.ore viscous, The measurements on 

the SM alurriu showed that concentration. ot 20 to 25 percent solids reeul­

ted in non~t~vtonian behavior. 'rM apparent viacoaity ia atronaJ,;y dependent 

on concentration. 

The Pl'18se I stud.iea on liqUid. aaent c11aaera1r.at1on (Section 17) are 

cpVf!red in a separate report 1 saued by North American Aviation, Inc. 1 dolig· 

ooted as Report No. NA-60-1403. 
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APPENDIX A 

PROCEDURB FOR CALCUI.M'lOlll OF 'l'IME SCHZl)UlES 
FOR WIUTBY* CENT!UFUCZ PARTICIZ SIZS ANALYSIS TECHNIQtJE 

The time durations for gravity sedimentation periods and ceutrif\l8D 

operating periods rn this size analysia method are calculated by the equa• 

tlors given below. 

J.. Gravity Sedimentation Period 

• The gravity settling time is calculated frcm the usual fom fo:nn ot 

Stokes • r.a .... : 

(1) 

Vhel"Q tg a time (seconds} for a particle to settle a distance h under 

the influence ot cr•vity 

~.,. particle diameter (m!~rcns) 

h • settling height (centimeters) (10 em ror all tubes) 

,;0.. true denai ty or pa.rtielea ( p/cc ) . 

. !00 • denaity ot .. ~ntation liqUid (p./cc:) 

"'lo • ab&plute vis<;oeity of eedi~ntation liquid (puise) 

g • gravitational conetant 

1 f ve let K 6 = 18 x 108 'lg h 

"17:'-" /-'o) I! 

then Eq~ll.'-i.>ll (l) becCDes 

~ tg. d2 

(2) 

* Whitby, K. T. ASHAE Journal Section, 
January 1.955 (page 231) and June 1955 

Heating, Pipins and Air Conditioning.~ 
(pasell39-45) 

. 
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2. C•:nl>r.U'uge Operati_n§. Period 

Centrifuge settling times are cal~ula~ed from a form of Stokes' lav 

fot· a centrifUgal field., which is derived as follova: · 

I:t' 11e 'let (r) represent the radius of rotation of a particle of masa 

(m) rotating &bout an axil! at an ancula:r velocity (W ), at equilibrium, tvo 

forces vill be acting on the particle, a centrifUgal terce and a frictional 

force, the llltt.er detenn1ned by Stokes' lav. Equatins these forces we 

obtain·: 

.The effective mass or a spherical particle 1n a liquid is: 

• 1T 3 
m • (6) d (j.)- !Oo) 

therefore: ~ .. (P • ;'Oo) W 
2
d
2

r 
dt ~8 x 10S 1l,

0 

Inte&rat1ng between the startina radius (r1 ), and the final radius (r2 ), 

we obtain: 

(4) 

tc r. the centr1fu8e time reqUired to centrifuaa a particle of size d 

fr001. r1 to r 2 . . 
K value~ may &leo be dtf1~ed from Equation 4 tor predetermined ~ntrl· 

fuse speeda. If K8 rep:reaenta the K value associated vith a given centrituee 

a peed ~ , then: 

(5) 
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then iquntion 4 becomes: 

(6) 

r2 in Equation 6 is const~~t fer any specitic centrifUSS apparatu~, 

but r is dependent upon the :radius ot the top of' the tube and distance 

which the particle has e.lrea~ settled· un!ler the influence ot srt.vity; 

there forwt ; 

where: 

~s "' tUne for last srav1 ty particle !!1&e ds to settb 10 em under 

gravity 

(7) ' 

t.08 • time for f,iret centr11'use particle Size de to eett.le 10 ea under 

gravity 

r
0 

• start1ns radius ot all particles in the f .. ding layer at t • 0 

Subati tut1ns Equation 3 into Eq,uation 71 W(J obtain: 

d ~ 
r 1 ::. r 

0 
+ 10 ( d:a ) (8) 

Since r1 is a function ot the last sz,vity size and the centrituae size 

1wder con:sidarat1on1 it is simple to calculate the centrifup portion ot the . 
l"Wl t':rom a tabulation ot• vCJ.lues or a. constant, Q1 which is a function ot d• 
and dcJ as shown below: 

From Equation 6, let ue define Q a~: 

A-3 

(9) 
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' . then 

tc • Ks Q 

Substituting Equation 8 into Equation 9 YieldM; 

(10) 

(U) 

A table of Q values may be computed f!'CIII Equation ll ror sny centri• 

ruse syf!tem having const~mt. r
0 

and. r2 values. 

Since centrituse she an$ly~:~1a runs are of short duration, the nart­

irlg•stoppins conection malcee up a maJor portion ot the l'Wlftina t~. Thil 

llaceoo1tatas an accurate aete:na1nat1on or the start1n1-•topp1n1 correction. 

Thil is acccmplhhed by maana ot a stroboscope to obtain a~:curate a.n8\llar 

velocity-time measurement• which are plotted aM angular velocity squared 

( "'2 ) versus t ~ ( t } • 'l'he net eon"ec:tion 1a obtainea by 1ntesrat1rl6 the 

are&~t of' the starting-stoppins curves to obtain the net correction as t'ol•, 

lava. 

tiet Correction • Area A ·• AT41& :B 
Y( to t~ same scale aa t) 

vhere A, :B arul :! are as detinf!d in the Bketch belov. 

'l'1llle - t 

• !'18\U'O A-l. Typical Stal'tins an4 Stopping eurvea 

A-4 
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DEPARTMENT OF DEFENSE 
WASHINGTON HEADQUARTERS SERVICES 

1 1 55 DEFENSE PENTAGON 
WASHINGTON, DC 20301-1155 

MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER 
(ATTN: WILLIAM B. BUSH) 

8725 JOHN l KINGMAN ROAD, STE 0944 
FT. BELVIOR, VA 22060-6218 

SUBJECT: OSDMDRCases 12-M-3144through 12-M-3156 

AUG 1 2013 

At the request of , we have conducted a Mandatory Declassification 

Review of the documents in the above referenced cases on the attached Compact Disc (CD) 

under the provisions of Executive Order 13526, section 3.5, for public release. We have 

declassified the documents in full. We have attached a copy of our response to the requester. If 

you have any questions, please contact Ms. Luz Ortiz by phone at 571-372-0478 or by e-mail at 

luz.ortiz@whs.mil, luz.ortiz@osd.smil.mil, or luz.ortiz@osdj.ic.gov. 

Robert Storer 
Chief, Records and Declassification Division 

Attachments: 
1. MDR request w/ document list 
2. OSD response letter 
3. CD (U) 
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April 26, 2012 

Department of Defense 
Directorate for Freedom of Information and Security Review 
Room2C757 
1155 Defense Pentagon 
Washington, D.C. 20301-1155 

Sir: 

 
 

 
 

I am requesting under the Mandatory Declassification Review provisions of Executive Order 
13291, copies of the following documents. I have tried several times to acquire them through 
DTIC, but the sites stated they are not available. 

I am conducting research into the previous methods used to disseminate biological agents. Many 
source I use to have access to have been deleted from the internet. On numerous occasions I 
have been informed that formerly classified information that was declassified, have now become 
classified again (since 911). My attempts to locate such Executive Orders, regulations, laws, or 
other changes to this question have not successful nor revealed a specific source. As such I 
would appreciate any infonnation you can shed on this question. 

Documents requested. 

AD 348405, Dissemination of Solid and Liquid BW (Biological Warfare)Agents Quarterly l2..-M-3 \~ Progress Report Number 14, 4 Sept - 4 Dec 1963, G. R. Whitnah, February 1964, General Mills 
Report number 2512, General Mills, Inc., Minneapolis, MN, Contract number DA 18064 CML 
2745,lOl.pages. Prepared for U.S. Anny Biological Laboratories, Fort Detrick, Maryland. 
Approved by S.P. Jones, Director of Aerospace Research at General Mills. Project No. 82408. 
General Mills Aerospace Research Division, 2295 Walnut Street, St. Paul 13,Minnesota. 
AD 3467 51, Dissemination of Solid and Liquid B W (Biological Warfare) Agents, Quarterly !l-Af- 31 'f)" Progress Report Number 12, March 4- June 4, 1963, G. R. Whitnah, July 1963, General Mills 
Report number 2411, General Mills, Inc., Minneapolis, MN, Contract number DA 18064 CML 
2745. 184 pages. Approved by S.P. Jones, Director of Aerospace Research at General Mills. 
Project No. 82408. General Mills Aerospace Research Division, 2295 Walnut Street, St. Paul13, 
Minnesota. 
AD 346750, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly ll-AA~31'1(, Progress Report Number 13, 4 June- 4 Sept 1962, G.R. Whitnah, October 1963, General Mills 



Report number 2451, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 19 pages(?) 

AD 332404, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 12.-~-31'11 Progress Report Number 7, Dec. 4, 1961 - March 4, 1962, by G.R. Whitnah, February 1963, General Mills Report Number 2373, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 123 pages. 

AD 333298, Dissemination of Solid and Liquid BW (Biological Warfare)Agents, Quarterly tz-.JA-5/C/ 8 Progress Report Number 9, June 4, 1962 - Sept. 4, 1962. by G.R. Whitnah, October 1962, General Mills Report Number 2344, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 130 (or 150) pages. 

AD 332405, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 1 ~-.M-31'-f? Progress Report Number 8, Period March 4, 1962 - June 4, 1962. G.R. Whitnah, August 1962, General Mills Report Number 2322, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 198 pages. 

AD 329067, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 12--M- Jl J'l> Progress Report Number Six, G.R. Whitnah, February 1962, General Mills Report Number 2264, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 103 pages. Approved by S.P. Jones, Manager, Materials and Mechanics Research, General Mills Research and Development Office, 2003 East Hennepin Avenue, Minneapolis 13, Minnesota. 

AD 327072, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly /2-M-Jf'f{ Progress Report Number Five, 4 June- 4 Sept 1961. by G.R.Whitnah, November 1961, General Mills Report Number 2249, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML2745. 

AD 325247, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly ,z.-M- ll a Progress Report Number 4, 4 March- 4 June 1961, by J.E. Upton for G.R. Whitnah, Project Manager. February 1963, General Mills Report Number 2216, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. General Mills Electronics Group, Research Dept., 2003 East Hennepin Avenue, Minneapolis 13, Minnesota. 225 pages. 

AD 324746, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Progress 12-.M- ~11.3 Report 3 Juen - 3 Sept. 1960. by G.R. Whitnah, October 1960, General Mills Report Number 2125, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 78 pages 
AD 323599, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 12-M- "'JI.r'l Progress Report Nwnber 2, for period 4 Sept- 4 Dec 1960, by G.R. Whitnah, February 1961, General Mills Report Number 2161, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 90 pages? Mechanical Division of General Mills, Inc., Research Departmen~ 2003 East Hennepin Avenue, Minneapolis 13, Minnesota. 



AD 323598, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 12-.#- 31 rs­Progress Report, for period 4 Dec. 1960-4 March 1961, by G.R. Whitnah, May 1961, General Mills Report Number 2200, General Mills, Inc., Minneapolis, MN, Contract Number DA 18064 CML 2745. 95 pages. 

AD 337635, Dissemination of Solid and Liquid BW (Biological Warfare) Agents, Quarterly 12-/H-315'(, Progress Report No. 10, period Sept. 4, 1962 - Dec. 4, 1962. G.R. Whitnah, Project Manager, Approved by S.P. Jones, Aerospace Research, February 1963.247 pages. 

Sincerely 




