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.Endorsoment (1) From T, K. Shorwood, Chuiraun, Scction B-8

to Roger adums, Chairmen, Diviaion B. . Forwarding report end
- ‘netings . {

"In the coursu of the development of liquid
chargings und other liquid dispcrsing devices
‘by the armod scrvicus, 1t hus been found thut
too rapid u breukup of the liquld wm.ss is, in
neny cuses ¢ distinct disadvantuge, . The usc

of varicus thickening ruterinls cdded to liquids
has been found tc overcons partiully ‘too. rupid
a2 broukup, However, thickened fluids differ in
rhuologlcal properties frim ordinury fluids, tho
viscosity of which is independent of the rute of
shudr. The present work wees designed to define
and ‘meusury thesc differences in un attempt to
cocount for the better performunce of thickencd
fluids in prectice.

"The thickenud fluids investiguted wre of two

nuin typus, first, solutions of u busic alumi-
nuna soup in gusoline, und sgccound, sacthucrylute
copolynwrs ulso disgsolved in gusoline, with cr
without the ud.iition of « soup such us sodiun

styurate,

"For the wbove work it hus beon nccessury to
dosign und ccnetruct suituble dovices und cpper-
utus for the. mcusurcment of tho propurtice doe-
siruvd, Thuse include such devicus us & viscusi-
nmetur constructcd frowm the bed of ¢ Juweler's
luthe, u viscusimcter constructed to subject the
fluid to &n cséilletionul forcc, ¢« high pressurs
Jot to subjuct the flulds to treitwcent tnulogous
tu thut which they would receive under tho cundi-
tions of uctuul use in a fluae thrower or other
device whure they are ojected frua ¢ sawll cri-
fice under high pressure, ¢ duvice to obtuin o
moasurciaent of the "stringiucss" shown by & fluid.
In cddition to the originul instruawnts doviscd,

NONFIDENTIAL
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viscosimuturs of muny well-lmown types such us
the 01grk-Hodamnn, MacMichall, ete. huve been |
employed., a8 these luttor typus ure mere or

luss standurd equipaent, the detulls of thelr
construction und use 1s loft lurgely to refer-
onces, However, sufficient dotull of the uppurt-
tus original to this work is contuinud in the
roport to cnable other workers to duplicute und
uss theso deviees, . ‘

"The theoreticel considerations of thickened
fluids which have been doveéloped in this ree
port hive bosn upplicd in tho mein to study

of a breukup of unignitud jJets und the ejuetlon
of the incendiury mutericl us appliceble to the
M56 incondiury bomb (ncw lmown us the M69 buab).
In uddition to the cuntinuction of work along
thosv 1inus, it 1s cxpectud thut in thu nuer
future tho theoreticul considerutions involved
will bo upplivd to the thickening of vesicunts.™

(2) Twonty-cight coplcs forwarded to Dr.
.Irvin Stowurt, 3Juorctury of the liatiuntl Defense leseuarch
Comnittee, as Progress .eport under Contract B-300, OEMsr-
538 with Eastuan Kodek Co.

Roger .danms, Chuiracn
by Hurris K. Chadwell
Technicel iddo
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* .possessifnig s consistency curve similar to thet of

. SUMMARY

- - v

1o+ Thickesled rlul " 'sre being used ss fuel in flame throwert
end 4n the inci ‘bomb, Thny differ. in rheologleel pro- ]
perties from ond nery‘f&uidl, the viocoaity of which is inde-

nendent of rete of lheer.,d,-.

]

T. The nreuent work wee deligneq o define erd messure these
dirrerencea in én ettelnt to sce-unt. for the’ better nerformence
: ot thlckened rluidu 4n nrcctict.j. .

The * tnickened rluide inveatigated.owe of. two mein tvne-,
X«104%.d1ssolved in gasoline end ilobutll methecrylete copoly-
meriged with s smell smcunt of methacry ic scid end.dissolved
in gesoline with or without the qddition of sosps such es
sodjum stesrste, Such ‘fluide sre sl) found to be. B;eudgn%altic,

8e :

They mey or mey not be thixotropic, heve 2 yield velue or show
work-herdening, The isobutyl methecrylate interpolymers show
-gonsidersble fore=~ and ‘ter-elastic effecfs end.ell show
meesuresble Pigidity, essurements of rigidity mede by oscille~

tionsl methods show it to be independent of freguency end -
indicste no unusuel shert time effects. which might become
importent under the conditions epeccuntered in nracticel use,
““Rheologicel properties of the typicrl thigkened fluids ere
summerized in Fig, brand Teble V,

Tnignitell' 1/R ﬁnch—jet exoerimﬂntl wkre mede in en ettempt
to correlate nerformence' bf thickened. rluidl in the fleme thrower
‘with.their messured rheologiecal properties, No significent
correletion wes obesérved tetween renge snd. sny.verieble except
‘the evnpsrent viacoaity of the Whickened fluid. .Fig. 34 shows
e -semi-log plot of ewpsrent viscosity st s rete of sheer of 30 -
recinroerl seccnds versus renge for s number of fluids compsred
et the seme initial nozzle kinetic energy. Felling on the seme
line ere Newtonisn, pseudoplestic (with snd with-ut s yleld
velue), thixzotropic snd diletent fluids covering e viscosity
renge fro- 0.1 to ROOO noises, The only devirtions ere shown
by liquids of low viscosity end Yigh surfece tension, This
leeds to the bellef thet the nrime recuirement for ¢ flrme
thrower thickened fluid is pseudoplesticity, 1, e., the
possession of low eppsrent viacoeity st high rates *of sherr,
which ellows eesy pessege through the orifice with ennseauent
rttrinment of high initiel jet kinetic energies, @=nd high
enparent viscoeity st low restes of sheer, which prevents breek-
up of the streem by the drrg of the surrounding sir (dirgrem
p. 28), Nevertheless, this 1s not the ecmplete story, eince
certein liguide, which are "shrrt", 1, e., lack stringiness,
end which eleo have high modull of rigidity, do nct follow thil
rule, Other fectors mey slso heve some influence, It eppeers

#A besiec sluminum soep of olelc, nephthenic and

cocoenut oll fetty =cide,

-
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correct to state, ‘therefore, thet. pseydoplesticity 1s e re-
quirement for high renge in the. fleme thrower but does not
neceanrily guersntee good. performance.

In the incendisry bomdb (MS56) .the requirenenta seem to be
similes# to those of-the fleme throwepy, The tilling must be
expelled from the ocesing, requiring low sppe rent viscosity et
the high prete of shesr involved, end must then trevel through
rthe slr to the ,terget without bresk-up, reouiring high epperent
viacocity rt o aonewhet low rete of shear, The limited prelimin.
ery experimentsl results seem to beer.-out this viewpoint,

+. slthough ccmpliceting effects due to the exvlosion mey be
preaent. Another importsnt.factor in incendiery bomb per-
‘formehce 1s edhesion to the target. Little is known of ‘the
veriobles ccntrolling this, It sppeers. certvin thet .the
rollowing recuirenments muat be ‘mete z

el Ij must be soft enough so thet the impsot of ‘the -
mess uoon the well will fletten 1t out into e rirn, thin o
layer withoit tOO‘IQOh fracture. 43 : 1 ¥

2, It must heve e 11e1d velue or £t lerst o highpenough
soparent viscosity rt low.retes of sheer.so thet the mese efter
Dbeing tlettened out on the wnll w111 not run orf too rnnidly.

'8, It must beve s liitle stringiness. ‘This should be
low encugh so thet 1t will n-t b-unce off -the wsll end prefer-
ably low enough 30 thet the flattemed mess will not draw
together ngrin ofter being flettened:and frll off, The exect
rheologicel nrovertics reauired to nroduce the eb've a19lities
hnve not yet been entirely deterained.
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£ In uey, 1942, this group wes seked, under n.n.a.c. Con-
treet OEMsr-538, to investig:te the rheologicol oroperties -
of thickened rluida, the_use.of whiéh hns been round udvnn-
tcgecus in three werpons of wor, nrnelys o gn L

'_ -.--v'—""

4 e e e

, 1o ‘Incendirry bombs, b L2
‘2, Flame throwers,.. . A ge
.3 Vesicontl. - .' '-'-' b o

In incmdiﬂry bombs . the uae of thickened gfsoune r-ther thsn
grsoline itself cvoids the stomizetion rnd flrsheburn-encounter-
ed with the latter rnd 2 hot stecdy flrme! lutigg s considertdle
time (4 to 6 minutes.withthe & pound'¥-58 bom is obtrined,.
Grently inoreésed . rrnges .roluit ‘with thé use of thickened
flulds in the fleme thrower,'the »rnge of the service porteble
flrme thrower using o 8/16 in, nozzle rnd 150 pound pressure.
being incressed from epproximetely 35 to 70 ysrds when r given .
thickened gecsoline is substituted-for. guoline‘ or fuel: ofl, ..
Little hes been done with vuicmt thickentng ‘rgentse~ i
The_ ;htnkening agents emloyed “for incendirry bombe c=nd
- ‘£lerme throwers hove been oringiprlly. siuminum or sodium socns
‘end ‘isobutyl metheorylete polymers, These mrterirls when suit- .
ebly dia;;eued in gesoline give rise to colloidrl gels or solu-
tions which show marked depertures ‘from the . nch;rl rheologierl -
properties of 8 lgquid.--frh\Ir,,thoir flow chéracteristics are
non=Nextoniss ‘end msny "6 them vossess meesureble rigidity.
The guestion srose ss to which of thege.linusuel physicel pro-
vperties were responsible for the ‘increesed efficiency of the
thickened: fluids ‘in bombs and flame throwers, ' If it were .
possible to identify .these -end then to oredict from their -
lsboretory messurement ectuel ‘ranges, in the fleme throwver or
sctuel .bomb. verformenpge,. this would ‘eallow esay testing of sny
meterisls suggestéd ss thickeners. . Furthermore, the.sesré¢h -
for new end better thiokenet's shbuld De. -stimileted,

Dm-i.ns ttie ‘Past. few months néaaurements of the. spverent
viacoslty, podui’ut of rigidity, work hardenin}y, thixotropy end
other pmpertin of » lu'go n\mbor of . thickened fluids hsave
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been mede using s-vaeriety of instruments, Meéesurements have
been mede with the normel viscosimetric techniocies, at frequenties
of from 5 to 600 cycles per second anéd under suddenly imvosed
shock. Simulteneously, e limited number of preactical .tests

heve been mede, For unignited fleme thrower studies & 1/R

inch 37° coniesl nozzle similsr to that used by Hottel end
Garrawey# wes installed, By the courtesy of the Baywsy group

a number of M-56 bombs were filled with widely varying liguids
snd thé results on stetic ignition studied. Consideretion of

the results ohbteined in these tests has led to & point of view
which, vhile it undoubtedly does not express the comnlete picture,

is believed to formulate at lesst pertielly the essentiasl reouire-
ments.-for s thickened.fluid, : Ay

-
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Rheologicel Properties, il

‘9ince it will be necessery to use meny terms such es
psendopléstieity, work-hsrdening, etc., & short discussion of

rheologicel vroperties, defining the terminology used mey be in
order,

For normel liquids the stress (F)-rete of sheer (AV/dr)
curve is » streight line (Figure 1(2)), the slope of which gives
the reciprocal of .the viscosity (7). -

av/dr e 1/n F (1)
Meny ootloidal solutiodn end dispersions, e.g, mbber
in toluene, shcw curves of the type of Figure 1(b) - niﬁ%ggglgg§;:‘
gity. In meny ceses, such curves mey be expressed by the equetio
av/ar ¢ 1/n FR - (2)

Pastes end suspensions, e.g. peint, clsy in water

freauently show so-celled Binghsm plesticity (Fig. 1(c)) which
follows the emetion: d

av/ar « 1/n (F-f) | (3)
where £ 1s the intercept on the stress sxis, the so-celled yield

velue. The precise shspe of the curve at the lower rates of shesr
is debatsble; it mey curve in to the origin in meny ceses.

Still snother type of curve/(Fig, 1(d))is shown by other
pestes, where the spperent viscosity increases with increesing
shesring force, Such ¢ system is srid to show diletency,

#"Joint Report on St:tus of N,D,R.C, "rojects on
Flame Throwers" 6,24,42,
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Freguently, ‘the consistency curve or e system changes
whsn.1t 1s sllaowed to stand undistusbed, . .Most of the curve types
shown in Pig. 1- cen be qbtainsd with_ the shepe ‘of ‘the ‘curve .
elso .dependent upon ;the .pest -history of the aamlo. Hende, 1n - .
many systems, time must be ccnsidered as s third variable. e
If the epparent viscosity tends to increese with time of- P E
undisturbed 'stendi ot comtant tmsuturo, the syatem is.
seld to be thixotiop DR
Upon 1molition of o atreu, flow 19 obuplete for the
eystems. discuseed thus:far, When the’ strsss 18 removed, there.
is no recovery of the specimen towsrd its former eondit!.on.

If upon removel of the stress there ghould be some recovery,
then we heve a Li.l.ﬂ&ﬁl!.!ﬂl mhterisl, Fig. 1(e) shows a

plot of velocity gredient versus’ time efter appnoat!.on of

s constent streas. When the deforming forte is removed, there
1s o. slow pertiel reccvery of. the deformstion. Such 8 nouid
is' aud tb show .rore- and -fter-elastic effects.

-
-

PR
.

G A'cuordins to Imelllr the propert!.es of s nat,er!al 1nter—
medigte between » 1iquid end & solid cen be treated in the °
following menner,- In & body free from viseoaity, l.e.., hnvins

" the chaucteriatien of a aon& only, '

L P.ES."..

where E 1s the modulus .of. tlutuity lml 3 1a the deromation.
Further, 1f t 1s the ‘time. -

’
.

RS A dr/dt - E-d-/dt
Il;., ‘however the mutcr!.nl 1: viscous, some rlow will ‘ogour end

the stress f" will tend to diseppcer. The aimnloat auumption is
thet 1t will dhappnar st.e rete nronort!.onal to F, °

oo =l enfate Sas/at.-Ff L (83
¥.hen the dgromtion S 1s conatnnt, dS/dt is zerd end

. L. wamt AR e

T 18- fmowy‘ es the. ;%}_ﬁﬁ_o_?_ﬁg. {3 .'ta the time teken for the
strese to- decresase to 1/e o s.originel xelue, 'For nquida it
is extrenely lman, ror vperfect solids 1nr1n1te.

s Pan. s Badiney o

R s/ o8l
. .

. auaxwe11. h11. lcg. (4) 35 133 1nea

1A
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: A comlete ‘olsssificetion or the behavior of non-geseous
Yodies upon .deformation wss recently given in “Nature™#, end

this will be sdhered to es fnr 8s pouib].e in the foll.owing
discussion; ’

" For s nomu]. Newtonlln flum physioal properties which
might plpy e ou-t 1n performnce would aeen to be nnited tos:

1, Vlloouty.
i 2. Density, . .
o gt b 3. Surfece Tertdloa, =

LA WY il
.

These have been 1nveltlgated by Hottel end Glmwoy (1oe. cit.)
for unignited jets in the fleme. thrower, who ccnoluded "viscosity
‘18 noderhtely ‘importsnt snd surface" tenllon qxito importent in
determining the rsnge expected from & fluid". ' .No investigestion
‘of ‘simple,. Newtonisn fluids sppears to heve. bgen mede in the cese
of the incendiery, However, in Porton Report No, 2215, the
fregmentetion of 1iocuid ohemicsl wsrfere sgents is discussed

snd severrl interesting experiments on bumtlng bonbl deuribed.
'I'hese 1noluded the fol ow!.nsl

|

by High speed olnemtogrnphy showl ) fine spray
of the liquid et the moment of ejection,:

B, ¥hen s tsn-ejeotion type bomb is funotioned : i
the laerge droplats: of 1iquid sre fcund neesrest the bomb,

the finest furtherest swsy but none more ‘than 20 yords
l'l,o

Cs If the steel end plate of the bomd s i'epleoed

by s rubdber disphrsgm much coerser frrgmentrtion h
obteined,

D, A bomb wss filled with three lllclble llyer- of
1iguids of Adifferent density snd colored with different
dyes, The lerge drops nesr the brmb were rll produced
by the lowest leyer nesrest the barsting oherge, Very
few'drops showed sny signs of mixing of the lsyers,

It wes concluded thet osvitatlon wvss lergely rupomible

{ortrrsgmentrtion ond thst inorease in viscouty should reduce the
atter,

¥ith the incorporstion of gums or high moleculsy weight
polymers in gssoline, enormous chenges in viscosity become

#Neture, 149, 702, 1942
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possible, while density end surfece tension ere hardly affected,
At the seme time e mumber of new physicel pronerties meoke ;
th-ir sppesorsnces the thickened flulde ere no long~r Newtcnien .
but nsjn,%gnerqlnrulg sppaer o be visco=elestic, . Henee, os
othcr figfors voasibly dictating practipgel performence we must ..

consider: - e . : *

Extent qdd-chnrabt?h_or_dgporture.tron‘Neytonianism,
. Prcaence or sbsepee of .a ylcld=velue, A
Modulus of rigidity, i X A0
Relexetion time, = . s
Thixotropy, = ' °
Work herdening, . -

ey
-

. Ti{me éffects moy be'of perticulsr importence, - Thus, for
the flime thiower,”s thixotrooiec liquid with e high ratc.of
recovery would scem o be 1degl., On passege through the.nozzle
the struéture “would'yc broken down.but r high rete of set wonld
ellow 1t to rebulld’ repidly to resist breckeud of the liouid jet
by the“eipr, For this rzoson cttemtion wes peld to meesurements
of modulus of rigld1t¥ cnd viscosity ct short time intervnls.ofter
stress wes applied, n the incendiary bomb thixotropy. with slow
eccomodrtion.mey he of importonce,. The bombs will.undoubtedly
stond rcidlan% gcriq&s'bcgére‘tiring,*glloqing the meximum emount
of structire to be bullt ug, which might rcduce consideredly the
‘brecik-up of the tillipg,dqr!ng'cxniqq on, .

-
. . . -

‘It wes :elﬁ,neqpsqcry‘ta investigrte =11 the.cbove praper-
ties for Sypicnl thickéned flulds, et lerst in ¢ greliminery .
menr~r, rnd for this reeson r. nymber of diffevent tyoes .of visco=
simcters hrvs been used, * It must be Premembered thét the solutions
used rre none too reprodugible cnd hence the, velues,given in this
report ere-good only for the perticuler semples mensured end ore
only indicrtive -of ‘those for théir clcss, In the cose of X~104

solutlons the rheologier) proverties ‘enpeer to be greotly in-

flucrced- by the' wéter content of thr solid soeps
Rheelégicel ¥odsuiesientsy 0 R

] 3 38 e

] »

" Opdinory ‘'viscosity mersureménts heve béen mede principrlly
upon four instrumcnts,. the Clnrk-Hodgmen, the MacMichrel, the Stor-
mer ond the high pressure cepillory viscosimeter, Recently e
Gardricy Mob{Iométer hés’elso been .obtrinéd, :

L4 T
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The ClerksHodsmen viscosimcters# (Fig., 2) is o torsion
. +viscosimeter whigh-mey be used for the determinetion of visco-
sities ct low rates of shcer, of the order of 0.01 to 1,0
seconds=l, and clso for the determinction of elsaticitics
rnd relexction times, It consists of a cylinder, 2,3 cms,
diemeter, suspcended by o torsion wire inside sn outer cylinder
of 2,5R cms, intcaensl diemeter, ' The deflection of the inner
cylinder is measured by en sttagred pcintes# and a.scale gredu-
sted in dégrees; The tordue spplied is similarly messured
&t tre top of the torsion wire by encther pcinter and scele.
B{ twisting the torsion wire through, say 90 degrees, and
timing the travel of the lower pointer until eemilibrium is
reached, 8 shearihg forgcesdeformstion curve cen be obtained
and thence a normal consistehey.curve, velocity gredient-
shesring force; The instrument -cen be.cslibreted using a
Bureau of Starderds oil of knowh viscosity or its ponstants
may be calculated from the dimensions, Good agreement is
obtained betweenr the two methods,

The Maclichael visccsimeter ## consists of an inner
cylinder suspended by s torsion wire inside 'an outer‘cﬁp_*
which cen be rotstéd by en electricel motar at from 5 to
50r.p.m. - Measurements are msde of the torcdue snd the r, p. m,
snd from these an avparent viscosity versus rate of shear curve
cen bc obtained, cslibration agein beingmede with the:aid of a’

standard oill, The MacMicheel covers s fate of shear range

of aspproximately from 3 to 100 seconds

’ To cbtain velicity gredients renging from about 1000

to 100,000 seconds™" the high pressure cepillary viscosimeter
(Fig. 3) hras been employed, The liquid under test is charged
into a cylinder at the bottom-of which is inserted a cepillary
of known length and redius, The liguid is forced out through
this capillary by e constant known nitrogen pressure, The con-
stants of the instrument cen again be determined by cslibretion
with e 110uid of known viscosity or celculeted from the dimen-~
sions of the anparstus. i e i e

“‘The Stormcre«e visgosimeter has been used orineinally for

specification work and for following the course of sging :
exprriments. A paddle is rotated by means of a felling weight
insidc a cup conteining the liquid {fcr dimeneions of the parts
see Fig. 4). In this form the instrument suffers from the '

# J. Scc.Chem,Ind., 56, 67, 1937

## For e full description see Barr "A Mcnogreph of Viscometry"
Oxfcrd J, Prase, 1931, o, 219

s###For a full descrintion sec Barr YA Mrnogreph of Viscometry®
Oxferd W, Prces, 1931, p. 235
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defect that rate of shear cannot be calculated in absolute
units. It appears from the results obtained that it lies
somewhet below thet given by the MacMicheel viscosimeter,

Fig. 5 shows typiccl viscosity deta obtained on th~ above
instruments for most of the Shick-n~d fluides suggested for
practicel use# and for g number of lionids which have been
us<d to test out the throries outlined brlow, While the curves
for the different instrumcnts dc not overlap as well es might
be desired, the grnerel trend is obvious, The discrepancies
mey be fundemental but mo»e ovrobebly sre duc to end-cffects,
ineccurecies in celibretion, cte,

In general, the viscosities of X-104 thickened gasolines
eopeer to increase with temnereture, there being & minimum
in tke viacoaitv-temoereturp crve es meesured on the MeoFichael
et ebcut 70°F,

Viscosity Chenges 'Inder Sudden Stress

The viscosities shown in Fig., 5 end meesured as described
ebove gre essentislly dynemic or coauilibrium vrlues, They ere
obtrined, with the rxcention of the Clark-Hodsmen, after the
liguid hrs undergone extensive shear snd give no information os
to the behevior which might be exnected when e sudden shearing
strces is epplied, The latter must cccur in the teil=~jection
tyve of incendiery bomb when the £illing is ovushed cut by the |
explosion geses, An attempt to obtein deta of this type hes
been made with the so=crlled jewelcr's lethe viscosimeter,

The instrument (Fig, 6) is o rotating-cvlinder tyne visco-
simeter with three modifications, First, the outer cup, A, cen
be mrde to rcotate instenteneously et speeds from 20 to 10RO r¢p.m,
by mecens of a gesr tréin, B, snd clutch. Thus, the synchronous
clectric motor, C, msy be sterted to rum, movement of o lever
then couscs the outer cylinder, A, to rotatc instentrneously,
Sccond, the inncr cylinder is snspended from the trilstock of
the chclrr'a lr the by e torsion rod, E, 0,506 cm, in dismetcr,
so that movement of the inner cylindrr cvrn with the most viscous
metcricls is slmost negligible, The necrssery ecourcey in r-eding
the deflection is obtrined by rttrching r mirror , F, to the torsior
rod, ¢ trecc on 35 mm, cine film, driven by » aynchronous motor rt
1R,7 cm. prr sec,, being obtrined, Third, to obtrin ouick re-
sponsc the inner cylinder is hollowi# snd the period of vibretion

# Formulre for these ere given in Appendix I,

## To rvold buoyrney it is filled with chloroform,
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cf the inner eylindcretorsion rod system 1s only 0,0ll seccnds,
minor frotures rnre the lower herring, which was found essentirl
to prevent the inner cylindcr from belrig drogged from 1ts
cent~rl postition, the cover (G) on top of the outer cylinder
vhich wrs neccssery to kecp the meterisl from crowling up the
torsion rod and ¢ thcrmostetic cup, H, plreced oround the outer
¢ylinder,

The mcterisl under investigrtion 1s plerced in the cup #nd
cllowed to strnd for sever<l hrurs to remove sny oir bubbles,
Rot~tion mry then be started end the deflection of the inner
cylinder followed visurlly on # scele or photogrephicdly.

Fig, 7 shcws typiceanl photogrephic trreces fors

1, Burcru of St'-ndcrds cnlibrrtion oll,
Viscosity 13,35 nolses, Newtonirn liquid.,

2, 40% butyl metheerylete in gosoline,
Viscosity 150 poises, N:=wtoniun liquéd.

3. 8% Bcntonite in woter, Thixotronic.

4, Strreh-gluccosc=glyerrine mixture, Dilertent,
5. Formulr 2414,

6, Fcrmule 2800,

7. 9% X-104

8, 3Al-l,

The distrnee of the comere from the mirror 1s noted in the lowepr
left hend cormner of crech trcee,.

Below 18 £ schemstie t~rcing, showing the quentitics it hes

been poseibls to m-esure in order to cheorscterize the treeings
ottrined, These rpre

v /T
.. N

' Dmas 5 I
[ Sl .

k,_ i “’n.! —4
# For cxplcnrtion of formulr, se~ Appendlix I,




D, 2 the defloction of the torsion red, whioh eppears at the
some rnte’rd would the ‘deflection oorre-pondlng to Newtonisn
viscosity, Dp,y = the moximum deflection, . Dp &.the defleotion
.+obtrined efter D,., hds been ‘pAssed; 1t may.or may not deorenne
.with .time-tos Dp z the finel equilibrium deflection.for n
. glven rrte of ‘shecfs tnpax 2 the .time .from the stert of ntetion

to rerch Doy Y''s ‘the ongle nt which the rise to Dyox begins,

Trble I sheows uhemcti.p-ux the behovlor with respect to
these qurntities of the vrrious clersses of meteirls exemined,

TABLE I-

. .". BEHAVIOR ON THZ JEWELER'S LATHE VISCOSIMETER.
: > rte o -
1"' £ t erlcles. Ceer, Dy D, _12: Dp Y t

Newtonien l‘sll Dy E Dpox * D2 ® 0 '~ O

"_.éenéonlte : 1w ' D <D _8 Df 5> 0, monsursble o
Formulr 241 . high D° ' Dmrx

A-:eoo* ). mex ¥ Df )_W__ LWL N

. 0
D ¢ Res Dmnx Df s Dy mens7uroblo .14—.653
Dmnx is n Iunc.t!.on of twst. . ¢20-3,2 "

X-104 )
Isobutyl methrery- )
lete intrmolmcr;
X-104 ¢ pulpcd ;
)

Dmax inorenaea with incrnnsing
' newspeper

rete of: sh-ck, E
' X=104 s Pclypelc D.' lpcreosn with inercesing | .05-.24 "
resin = i = rete of sh=ar, :
- . For X-104, Y increoses with
incrrosing mtc ‘of sheer,
u For A=-2800 D mox MY bed) DA For 3A1-3, Y decrededs with
. p lncmnung rote of ahper.

. Tre trreces for Newtonien flu!ds ah"w r suddan shrrn rise
et the, moment the outer cylinder sterts to.rotete f£ollowed by
r constent deflection, proportioncl to the viscosity of the
fluid. .Simell verictions in the trece should be neglected, cs'
theéy heve been proved due to instrument vibrntions, The pote st
which the eouilibrium deflection. is recched is exectly the srme
which would. result if tre inner rnd cuter cylinder were éonnected
mechenicelly #nd the outer oylinder rotrted, This indicotes thet
for true licuids equilidbrium conditions of flow nre rerched in r
time thet is immersuredble on this epperretus,
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Very different traces esre given by X-104 ond isobutyl meth-
nsorylete interpolymer thickened » & prenounced Do, ., which
i1s ¢ function of the, time the solution is ellowed tc‘sfend une
disturbed in the ocup between runs (Figs, A% rnd 9#), deing odb~
toined, Celling this. time the rest time, 1t cen be seen,thet
the X-104 thickened liguids show ¢ much more repid build-up of
Dme wit¥ rest time then the isobutyl methecrylotec interpélymers,
In f!gl. 10 »nd 11, Dpgex 18 plotted vs, rest fime for the . .
twc types of thickening egents. The curves tend to, an esymptote
for Dpax, its velue being Dfix for infinlte rest time.

* When (Dpox = Dmex), 1.e., the differcnce between the deflece
tion snd the maximum deflectlcn, 1s plotted sgeinst rest time, t,
on semi-lcg peper (Fig, 12) a streight line is cbteined for the
X«104 thickened meteriols indicrting that:

..; A(Dyfex = Dmex ® ~k(Dpdx '-Dhex).
. , da¢. . L3S

This might be exvected 1f the chenge cecurring were frow ¢

siwple statisticsl distribution to cncther, 4s seen for X=104,
the lines for different rrtes of shear sve sll perallel, indicet-
ing the some rerte constent, Fer the iscbutyl methescrylcte inter-
pclymer thickened meteriols therc epperrs to be no simple loge
erithmic »elotionshin, ¢

Fcr X=-104 solutions the rcst.timc necessery to reecch D:;x ’

18 grectly inercesed ot low temperctures rnd decreeses et high,
strright lines of the type of Fig. 12 still recsulting when the
dotr ere plotted in the seme menner, From the vrlues 1t may dbe
celeculeted thet the sctivrtion energy of the chenge occurring
1s R39 kilcgramecolories, whieh is oculte closc to thst of, the
hydrcgen linkage (obous 5.5 kilogrsmecrlorics), .

Figure 13 shows e log-log plot of rpperent viscosity, R,

celenlated from the vrlues of Do, vs, velcoity gradient for

X104 rt different retes of shrerr cnd temperctures, It will
be seen thet the pcints lie cn e single streight line, Compcri-
son of the drte with thet of Fig. 5 shows thet the l*ne lies
pecrellel to thet mecsured on the MeclMichecl for of X-104, rl-
thcugh the ebsolute velues ef the epperent viscosity ere low,
form more nenorly ¢ continusticn of the Clerk-Hedsmen line
for X-104, Alsc shown cn Fig, 13 rre the noints fcr "mex,

celculeted frem Dl Hope the p-ints do not lie on r stncight

line end ')?u’x incrrescs with tempercture,

The interpretetion of the sbeve vesults obteined on the
"Jeweler's" le the viscosimete»™ 18 nct sltogether clzer, ° Pseudo-
plestic 11ag1ids divide themsclves Intc twe classes, those which
glve the cheracteristic hump in the deflection curve cnd thosé
wvhich do not, This ccrresponds to the difference in cpvearence

# Note thrt in these figures the trece is reversed, the stert of
the expcriment dbeing on the right hend side of the figure,
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of the two typcs, The former, exrmined under the microscope,
nre either opticrlly clerr (X-=104) or show relatively lerge
spharules of water ¥isobupyl metheerylete interoolym~r). The

1r tter ere definitely oproue. .  Formule 241 . shows" ¢
lerge number of very smell weter globules under the microscope,
opproximately one fortieth of the size of those obseryrd in

the 1ntcrpolymer,gilsa -The lett-r type, while they heve 2+ ..
bigh rigidity oh the Clork-Hodsmen (vide infre), :show little
elsstic vftrorepre§overy, diff-ring merk~dly in this respect from
the isobutyl methocrylrte interpolymers, In the former tyve

it mny be suspected thet thelr high viscosity. is due to the
mitucl int-rfercnece of long chrin moleculrs, which form e

werkly bondcd structurs when undisturbed#. On subjection’ to
sudden sh-er, the trngled snerl of fibrillre tends to strrighten
rnd ns c¢xtension occurs the bends epre strerincd rnd fineclly .
brealkti After. ¢ rest period, they hrve refermed, rt ¥ eet nrrtinlly,
tnd the prcerss cen be repected; . In the lstter tyne, high
viscosity mey be due tc interfercnce between the sphrmules -
which rre mituelly independent units, While there mey be _some
preferred groupings, broken down on prclonged sheer, thud recount-
ing for the observed thixotropie cffect, these will not glve’
sny mrximum ‘on sudden sherr, . : " ,

Elesticity éﬂﬂ Reloxotion Timc Messurcments. %

according to the Mrxwell theory the defcrmetion occurring -
vren ¢ visco=clestic mct-risl 1= strnined crn be broken down
into two prrtss / .,

sr; viscous flew which 1is''nén-recovereble, rnd
b) rn rlestic deformeticn which is rre vepeble,

It 1s, thercfore, justifirble to sncck of e modulus of .rigidity
of those metepricls, This hres been mersured on the Clerk-=Hodsmon
aoporstus (sre chove) by ¢ simplc tcehnione which, however, .
se:ms tc give reproducibl: resule ‘gced to ebout.l0R, In
proctice, e toroue cf sry 109 {s evolicd by the tcrsicn wire |
rnd the reeding of the lowepr needle, indiceting the deflection
of the inner cylinder, is teken st chee, Thet no mersurrble
flow hag token plece, i.e., ovrt. (e) is unimportent, is demon-
strrted by 1mmediateiy.relersin tre toreme, wheri the lower
needle should return to zero, The modulus of elosticity éen
then be cerleu)rted.from the instrument dimens‘icns by the formule:

RaeT -- (1/r =1/r,
0 3 : 2"1 Le ;

length of inrer ¢ylinder

rrdius of innepr gylinder !

r+dius’ of outar cylinder _ . - .

snglé through which inner cylinder 1s deflected

toroue™ - P T :

modulus of rigidity . v

5L A
s
LI ]

.

#>0ssibly by hydrogen linking in the X-104 solutions:

2y
L 2
§20 " e
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Elasticity velues for the common thickened fluids snd some other
meteriels ere shown in Teble II. They heve bérn found to be
independent of the redius of the inner oylinder used, For the
Nopelms rise in temperature ceuses rn increese in modulus of

elesticity.

According to the Moxwell ooncept one other auentity 1s
reonived td specify completely the properties of the mnteriel,
This 1s the reloxction time, which ccn elso be drtermined on
th- Clark-Hcdsmen instrument' in the following menner., A twist
of 90° s plsced on the toraion wire snd aefter the inner cylinder
hrs swung through, sey 30°, the toreue msy be decrersed slowly
by mrnuslly turning the upper torsion heed so trst thre deflection
of the ‘inner cylin gr“regning‘constant et 30°, The time to
rerch toraues of 50°, 40 30°, 20° sng 10° cen be obteined

with # stop=watoh, A curve of deforming force F sgeinst time, &,
crn be plotted end from this by grephicrl differentiation. r plot
of F vs, dF/at obtatned, If T 1s 5 congtent, this should give

e strright 1iné, from whioh T crn be crlculnted by eaustion (6).
In nrrctice the relexetion times heve been fonnd to be vrrisble.
Pigures 14 snd 15, show the ‘staps in the crlculetion end the
verirdility of T with the imoosed force, Approximcte relaxotion
times for typlcrl thiokened.fluids ere also given in Teble II.

Meosurement of Elasticity at High'Freouengieg,'

Eerly in the investigstion it wos thcught thet it might be,
not the stctio rigidity end relsxetion time which would be of
importence, but their vrlues ot high frecuenoies, Fcr thils reeson
two methods for mresuring these ouentitlies et very'ng Treouency
were used,

o, The Ferry Mcthod, This hes been fully described
in the liiernfure*. The method 1s opticrl in nerture end
depends upon the solution under investigetion being opticelly
clrcr nnd becoming birefrigent under strein., Hende, 1t wes
only possible t: mrke messuremcnts upon the lnoﬁutyi me th-
serylrte interpolymer gels, Results for these are shown in
Tcble II, while Dr, Ferry mede the following commentss

"1, Within expcrimentel error there is no dis-
pcrsion in eny of these systems, so thet the reloxetion
times involved o~¢ lcss than 10 aspi.'in"mrgnitude,rnd,
in the crse of 54303, le ss then 10"%*aecc.

"2, The dependence upon concentretion in the A3
serice shows thrt et r given tempercture the modalus
of rigldity is rcoproximetely provortionel to the third
power of the oonoantretion. A similer result wee Obtrined
for polystyrene, nnd ettributed to increc~sing numbers of
"points of entenglement™ of the polymer choims with incrres-
ing conerntrrtion, This interpretetion might cpoly.to your
eystoms rnd could feciliterte explenertion of the temperrture

% J, D, Perry, J.h.C.S., 64, 1330, 1942
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"3, The dependenco upon temve rrtare shows thet the.:
» ,rigldity increrscs repidly with temocrcture,. much
.« mve rrpidly then the ‘propertionrlity to rbselute
" temprreturs which is theereticrlly chrrecteristic. of
rigidity cssocirtcd with orientrtion entrooy, Thrt
the crientrticn entrony ernnot contribute very mugh,
snyway ‘s shF-wn bty ttre conqgntrat!rn dependence,

My guess is that the nuv“er of "pcints of enten-
Flement" is increasing with 1ncrel|1np temperﬂture
recause the polymer is dissolved in a "poor" solvent --
in the sense discussed by Hark et sl, in the last
fesue of the J.A.C.S. (54, 1557), The remarvs in
thet peaper on ‘the tem:emature dependence of viscoaity
will £lsc: spply to 8 -rigidity wrich is due to t»rnafer
oFf stroel ‘st o ints vrerﬂ pclymer mcleculop c~me ‘in
contoct. ™

‘e righ freouvncy rigidities pnrallel tlie Clark-
Hodsmen rigidites, thre =1 being wesker then the 3:i3-2 for
btoth tests, urthermoro, the rigidity 'is spprcximately propor-
tional to the third power of the concentrrtion in hoth instruments.

. EP% ﬂe!oﬁgﬁz; Metrod, Or. Sandvik snd ¥r. Goldberg
of the Zastman “mpany . lesecrch Laboratory have developed

e method for detormininn .the. rigidity snd viscesity of visco-
elsrtic moterisls ‘st .freouencies ranging from § to 70 . cycles per
second, cc responding rasoectivel*ht: effective rates of shear

of 0.7 to 35 reciprocel seccnds, is is done by measuring the
respcnse of e vibreting system, of which tre 11011d under test

is s nert , tc sinusoidel forces of kncwn amplitude rnd freouencies,

The' ecugticns spplying to such vibraticns s»e =imple ‘snd well

known, enc¢ ourntitrtive dets msy be cerived comperatively -

ecsily from the shepe of stesdy state resonence cirves, This

is sn mdventege cver the methcd of Kendell# where s toreue of

kncwn magnitude ‘1s ‘sbplied for s shert time to the ‘nner of two
concentric cylinde-r c'nteining the 1lir11d end ‘its' m ticn rec-rded
photogrenhicrlly, Such -esnonse curves sre difficult to enslyze

methematicelly #ince thoy desl with trane&ent conditions,

The spparstus (Fiw, 16) c.nsisth ef sn inner cylinder
suspended ty 8 silk fiber and centered &t- its lower end by
8- smrll hole end:needle sttached te the outer cylinder, which
is surrcunded by en cuter thermoaststic water jecket, &he outer
cylinder 1s rcceurrtely centered on tre axis of rotstion of a
turnteble, mcunted on resrings end rigidly connected to s rocker
erm, Tris 1s driven by £ shunt mctcr through # cem end ~¢ll heer-
ing. In this way the turntsble cen be given ¢ truly sinusoidel
motion at freauenclies vrnging from 5 to 7C cycles ner second.
Tte motion of the inner cylinder 1s follcwed by a mirror and light
reem, The width of the lighrt berm trece is measured se s

# J. F. Kendell, dheology Bulletin 12, 26, 1941
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faneticn 6! the rreouency of the turnteble determined
stroboficovicelly, Several concentric cylinders were used
s0 the: ;he moment of inerties of the imner cylinder could
be veried,

Ccnsider the vsrious rrsonlnt systems shown in Fig, 17.
1l contein two menes elements having momente of inertis,
connected by s soring element with neglizihle mssa, snd »
demping slement crusing lces of energy. A turning forece or
torome snplied ss indiceted by T crn ceuse distortion of
the springs C scccmpanied by o viscous dreg R.: For such
systems:

.HdV/dt
» dx/dt
s ax/C
end for truly viscous demping:,
'r.av'

vhere T is the toroue, ¥ 1- the moment of inertia, v the °
snguler veloeity, x the sngil ar d{solscement, C the co-
olisnce (snguler deflection divided by tcrme), end R

the demping of the liocuid leyer crused b{ v!ucoaity. $
From these releticnshipes the ecusticns given in Fig. 17
cen be derived, It mey s2lesoc be shcwn that the smplitudes
of the disolecements of the two messes, X, end X, sre
oroportional to their veloecities.

vi/ve = X1/Xo sz m
Trhis rmplitude patio, m, s mesrired es s function of the

frcouency; f, giving c1rves e2imilor to Figs, 18, 19, 20
fnd from these tre ccmoliance mey be colculetedz

C = lfuzi?'

where w g 2wf, ' This holds only when damping is small, 1.e.
.mgx v 3.

In order to derive the shesr mcdulus of thre liouid
from 1ts comnliance, the 1ini1id mey be divided into three
zones ' (Fig. 21). fes

L
(]

PLs r?

S
G

depth cf immereion

thickness of end leyer

rsdiil of cylinders

shearing force

surfece of ccntact between sdjoining leyem
shear modulus of the 1liguiad

c-mplience of liouid

shesr
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then: '
av/ax = F/sG
The ccmplience of nert A cf the lieaild is (Fig. 21),
(7A =5ch '".Jdo( /Fx vhere d# w dx/x
s;fdx/?xz '
\ sJ dx/Gsx?
cA. & fax/é T Lox®
s

For pert B one finds in £ similer weys

cB . A2
f" (ro - m)

) ?a710x5(xqr1) ax -

For vart C the engineer's tcrston formle may be nsed:

c, =2/mrt

end the totnl complisnce is given by:

C = c‘;ocnacc

Yhen numbericel celculations eve made it I{s seen thet
providing the snnuler spece beatwecn the inner end outer
cylinders 1s nct grest (ri-r; sbont 0.9) Cg snd Co ere emell
compered with CA end

C = C; wl/4nL0 (1/r% = 1/r,%)
¢ e1/n2 - 1/r2 '
IR LT

Shesr modul!l of typicel lionids celculrted in this wey
sre plotted in Fig., 72 sgeinat tlre effective rnte of sheep#
end ave summarized in Teble II,

#The rete of shear which, if scting in e Newtonisan
110114 continucusly, would ceuse the ssme dissipstion of energy
in the liouid es the verying ~ste of sheer sctually eoplied.
For sinusoidrl motion r'Sf w J2/2 ro Hhs the phese engle
the

of the velocity ratiom

two cylinders 1s ecrizl to
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90 at resonance, the nodulus o!/‘ that ratio at resomance is
mA/R
or approximately /m/~ua for n>8. Therefore the effective rate of shear
acting in the vibrating aysten described in this report
2 ‘Topp ® mxw/Z(rg r) 72

aubaututing nunberal valuesi

Tegr = Wf100  sec.-l
The finite heigiht of the resonance curves shovm in Fig. 1C-20 is due to the
dissipation of energy in the liquid because of its viscosity. In Fig. 17
it was shown that the nuwrical value of the viscosity necessary to account
for the observed height of a resonance curve depends upon the position of
the damping element in the vibrating system. An attempt has been made. to
find a mechanical model which would account for measureixcnt made under
steady shear and also for the ahane of the curves obtained by the rcsonance
mothod,

In Fip. 25(a) such a model is shown. 7The liquid is built up of
units l}-12 which can expand as stress is applicd, and contract whun it is
rcmoved, Thelr compliance C and damping Rp accounts for all the olastie
propcrtice of thc liquid, However, if thu shcaring forcoe be largo, or .
applied stcadily for long periods of tint., scparatc units will slide over
cach other apprcciably, causing pernancnt deformation. Assuning no breake
agc of thu clastic units, stcady shcardnp forecs, as apilicd in an ordinary
visconctcr, cannot causc flow through Jip cxcept for transicnt displacenments
shortly aftcr the shcaring force ic changed (clastic foru- and aftcr-cffcets).
The viscosity mcasurcd-in the classical instrumcnts is, thircforc, represcentcd
by Ree The formula for Rp bascd on this nodcl is shovm in Fig. 23,
By the use of Rg viscosity data, obtaincd in a st ady-shc.ar viscorwtir,
nuacrical valucs of lip can thus b calesulated.

For thc modcl shown in Fir, 23(a) both R,,viscosity and shcar
modulus would bc cxpectid to vary in the ‘sax: namncr with conccntration,
Yhis is.broupht out by Fip, 24, Both vary with about the third palcr of
the concontrations * and {this function 1; independent of rate of shear,

Fig. 25 shows & log-loc, plot of Rp viscositics wrsus ratc of shcar,
It vill be notud that the slopcs of th. Lp viscositics arc almost identical

with thosc of Rg viscositics mcasurcd in the lactiichacl yiscosimotcr zlthough
the valucs arc much smallcr. Vith the smell enplitudes uscd in the prescnt
cxperincnts no flow duc to Rg would, thercforc, bc cxpcetcd to occur., Pouc
cxporiixnts wiere nadc with £ Vo-told th.-rnuputudca uscd horc, uut only
slight diffcrcncc in the resonance curves was cbscrved. loverthcless, at
sufficicntly high amplitudos a change :|.n resonance characteristics mst

be oxpuctod. 3

® It is :um.rt.stinp to not. that, in thc Clark-Hodsmon cxpcrinents,
thc shcar modulus was appm:l.mt.cly proportional to thc third powcr of
the concontration. .




Thixotropyr.

iioany of thc thickin.d aatcricls have heen found to

txhibit thixotropy, thie bBreoning particularly rarked at
low teuperaturcs, It ean readily be detceted with Pormula
241 on the inclichacl and is curily demonstratqd by the-
. £alling bell tcehnique for X-104 thickuned fluids.
‘Wthen 2 stecl Lall s ~Qlowed to drop throurh 2 tube
contnining o lapaln or X-104 solutim, an initin] rocding
!‘or the £21l rato ie ohtuincd. "I now the tubu is. fivacdintc-

¥ invcrted © nd the travel of the bnll agnin.t awd, the
r"u. vill be f~und to be imch grentor, Houcver, 11' tho
tuw be alloncd to atnnd undictrubecd for o puried, the
initial rmdtn(; is pepsincd ond apoenrs to be porfuctly
ruoroduciblc.  The -auinimn sts .nd.nu tin. n.qcreary or
"h.covcr" TR il indic-ted in Table IIX for scvernl
conccatrtions .of apel, - This phwav.n(m sceiis to Lo
th sai 28 th. structure bretk-doim and subscquent hesling
vu:.urc.d in the jcucicrts lotix viscocmct«.r. :

“‘ABLS IIT .

!-’*coyc.ry "im.s tnr 3 6 ond 124 lnpeln

Co"c..ntr wion < o°r. 70°F, 150°F,

;:‘. - o=5 sece, Incwasursble
6% c2. 7 nins, ¢3. 1.5 ainc. Yery ghort
125 30 nins. 4 nins, VYery short

At =10 . th. <ffcet i3 so mrged that the viseositics of
these moterisls €4nfiot be nocgurcd on the .acilichicl or
Stori.r viq:osiu tcrs, t‘u re nult.:. being t.oo con“us!.rc.

Pr.cisc. noAsuiC wnt of thu nro?cx;ty, as indie~tced by
chringe of vizcoeity on Standing or siirring, is difficult
so that in th. ordin- r vi.acnut-' ‘Ateriinitions s for
= pogeible cquilibriun voilu.s of viscosity hive been_talen,
l:«.\-u rthcleds, it must b roxmborcd that npat of the thick-
cred fluids rhow thie prepupty to o grenter or less deproc,
Shortnuss. e ! : ) % s NS
If on. dips 4 hund into = ress of whickencd nuld °nd
uithdrous it papidly, the pel noy strine out shoulng cone
sidcrable cxtoneibility or ey bresk oti' in which ¢ nsgc,
it is snid ta be short, Thirs propurty v*.rious.v mnm s
Ustringincss®, “shortmess®, “cxtonsibility®, cte. ~ppenrs
to ¢ inportant in the nr:‘.cttccl bgh“vior of thc thickencd .
fluid, ohort pels shaticr ond do not ‘e wrry well cither in
the flone throucr or incendizry bowd-ot” the sac timc
they show luck of ~dhcsion.
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In en rttempt to evrluate shortness, which sdmittedly
hes n: t been ccmnle tely setisfectory, the following test
wee developed: ;

A gless tube of sporcximetely 4 mm, internel
dismeter end having s gr:und gless jcint et its mid-
noint is filled with the materiel under test, The
lcwer end of the joint is held in e clemp (Fig, 26),
the joint cerefully loosened end the unper helf
raised st a constent sneed of 0.5 inch ner second.
The di=tance between the two glesa tubes et wrich
breskere of the gel threed occurs hes bsen defined es
the extensibility. For e gcod "lcng™ gel 1t will be

reater then 2 inches, sh.rt gels wey show velues
ess then 0,5 inches, ;

A convenient method of m-kinf short gels of X=104 is
to £dd smell nercantegas of “olypele Resin (obietic ecid
dimer) to the solid X104 before solution, Tsdble IV shows
vrlues of shcrtness end Clerk-Hodsman rigidity for o series
with verying rm-unts of "olypsle Resin, It snpce~s to be
generelly true thet short gels heve higher rigidity though
it 1s nossidble for sels with the seme viscosity (ns meesured
on the Stormer): .

TABLE . I V.,

Clerk-Hodsman

Semp.le Extensibdility Rigidity

2% X-104 in Vrrscl 2.5 ins. 710 dynes/cm.?
B4 X-104, 0.25% ”lepole
Resin in Versol, 0,885 ins. 910
A% X=-104, 0.5% Polypele
Resin in Versol, 0.5 ins, RO
p{ X-10¢, 1% "cly rle Resin
in Vorsol 0,25 ins., 1290
to have differing extensibllities, X-104 gels as first mede
up tend to be shert, their extensidility ‘neversing renidly
cv=pr the first 74 bys,

Work lirrdening,

Vhile ettemnting tc evrluste the nroperty or ngglowera-

tion of .renertics veriously known es “"stringiness™, short-
neas", tensile strergth", etc., it wes ‘found that certein
of the gums exhibit wcrk herdening, 1. e., increersed resist-
ence to sherr upon mechenicel werking. This cen reesdily

be secn by sheking e solution of en isodb:ityl methscrylste
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interoolvmer in either gnsoline or Varsol* wren the gum
tekes cn n “jello-like" sn eorcnce end cen be demonstrgted
to heve & righer modulus of rigidity s meassured by the
Clerk-Hrdsman, ~When sheking 1s stooped, .the chenge=beck’
from "gel" to "sol"'is fsirly repid, being slmost complete
fn frcm cpe to.two minutes. A sémi-ousntitative test wes .
develoned in which the height of drco reouiréed for » . .steel
bnll to penetrrté e given deoth of materisl was-determined,
After shrking, thé height of drob required ror penetretion
increesed five or six-fold, .

Fork-hnrdening ‘has boen observed meinly onuforuulne
of which: the fsobutyl. methaerylat» volymer AE or inter-
polymers .ere c-moonents, It does not anpeer t0 ‘be found
‘for mixtures of the tgne of Formule €41 or for the X-104's
‘‘except -when Polyoele.Resin 1s added, . Tris egein is in
ggreement with the nictire thet the 1sobdtyl methcerylrtes
give long fibrile which msy be oriented by st!rring to give
strings or which ren felt topether uron sheking thus giving
£ “gsl" or mess ot increceed rigidity.

Yield, Velue; - A

Precise determinction of velbeity gradients et low
retes of shoer In order to determine whether or not ¢ meterinl
hes ¢ yleld velue is diffic:lt. No thorcugh investigetion
of yield velue hrs bcen mede in this study but two oielite-
tive tests tnreor to give sn indicestion of whether or nct
.t yleld velue is present in ¢ perticular miteriels
L}
‘. . The evneercnce .of the surfrce cf the moteriel
rfter lcng stending undisturbed in » .ecntainer. If
this be: -meoth ~the mutﬁrinl nrobpbly has no yield value,

T be A blob of- the mrtericl mcy be plszced betwenn
gless plutes, if 1t .gtteins © definite redius rnd shows
no .furt¥er increese .in this with time, then 1t has ¢
yield velue, ‘
By these tests, me'teriels of the tyne of Formmle,K 241
rppesr tod heve e yleld vrlue, The other tlilckened fintde,
except 10% nulped newespeoer in 4% X-104 shcw nohe, This
i1s Iin =greement ‘with the feoct thet suﬂnensions of solids
in 1l1ouids, u-uully shew yleld vcluae. ,

¢# A higher bolling netroieum.fpction.




Summery of. Rheologicrl Proverties,

All the thickened fluids inv-stigrted have been found,
without exceotion, to be noneNewtonirn, with e rete of
ehes r=sheering force curye corvex to the sheering foree
exis, One gr up show (ittle or no elnatic efter=-recovery,
the cther mry be clssced cs visco-elestic. Some moy show
e yleld velue, Nesrly all heve measuresble mcdull of
rigidity cs meesu-ed ststicrlly'on the Clrrk-Hodsmen ropersce
tus or nt verying frecouency with the Ferry or resoncnce
instruments. -As merssuved by the two lest methods the
rigidity is independent.of frrouency or rmplitude, Relnxa-
tion ti-es as messur~d on the Clork-Hodsmon vcry from
enproximrtely 5 to 40 secs, £nd n~e not indénendent of
deformetion. i

¥hen subjeet to sudden shecring force, thickened fluids
such. es Formulce 122 =nd 241 reech their finel viscosity
rlmost instrntcneously while the X-104 end isobutyl methe
eervlets intervolymer thickenrd fluids show » m-ximum
deflection before coming to their ecullidbrinm v:1lue. This
meximum is dependent upcn the time the 110914 is ellowed to
estend before 1t is disturbdbed, e '

Thixotro:y hes bgen shown by some of the meterisls,
both of the methaerylete «nd X=104 types. Dilatrncy h- s
not bsen observed clthough some cf the methrerylrte inter-
polymer thickened meterirls exhibit vork-herdening.

Teble V summcrizes the or:oerties of some 8t the
liouids investigcted, mecsuremcnts being st 70°F, unl-es
otherwise st-ted,

Discuss=icn,

Preclse study <f the liouids of intsrest 1s rendered
difficult by 2 number of fectors., Scmpnles from different
sources or ~ven from th: srme source give diff-r-nt results.
X=104 gcls s > very sensitive to moistar~ in the solid X-104
end the drying conditions used in 1# preperetion, ¢ frct
which wes not sporeclrtrd 'mtil -eletively lcte in the
present work. /All thickened facls eve cpt to chunge in
viscosity on keeping, this being nertieulsrly merked for
the methaeryl:t: interpolymcrs, Over £nd ebcve these,
develooment work cn the thickening sgents hrs been nrocecd-
ing sterdily during the neriod undér review, mcking informn-
tion, in some crees, cbsolete rlmost re soon te# obtrinrd,
These frets mcke the veilues quoted ebove only tyniccl end
mey in scme instrness meke the d«tr not entirely consietent,
However, the vilues cbteined for corrcl-tion with the
practicrl experiments descridbed in Purt II were obtrin-d,
wherever nossible, on the seme solutions rnd on the scme dry,
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* The brhrvior shown by the thickenrd fuele in the
"Jeweler's lethe™ viscosimoter 1s of the grecteat intepest.
Refe ~ring beck to the sketeh on o, 10, the MeeMichrel,
pressune end oth r viscosimeters in which sterdy movement
is wttrined presumrbly morsure ¢ viscosity comnerrdle to
Dgy The vieonrnes viscom-t<r, “n the othrp hend, nrobrbly
wirsur~g o, viecosity mor: crmnrrrble to D, sfnes 1ittle or
no“flcw oeeurs. V¢ should, therefore, not rxneet ngrecment
b turen the vericus rethods emnloyed, S

The ocenrrrnes Of ¢ meximam rore rrs to be connect~d
with the preecnes of hydreerrbon chrins in the liouid, ra
*1s0 mrnif<etcd by ~lreticity, These ctrins mey b pleturcd
re < sprrled, trnpled mess, the individurl] chrins bring
ticd togrth r ¢t crrtrin noints of ottrchment by sceondrry
vrlrnes forere, Yhen subjected to mudden shirr, these .
ch ins will t¢end to strrighten rnd the points of nttechment.,
ts they come unde » sty in, will drerk sucerssively, recounte
ing for the.rrxirum 'n the diflection time eurve, In a-me
cmee morc.atncteh mey be noseible, ¢, g. the me threryl- te
internclym re, giving ¢ slow riee to the meximum, while in
othere, ¢, gey, X=104 & 20lyp-le Rusin, theme moy be 11ttle
uncurling of thc choine possible, thepoints of rttrehment
coming undrr strein cnd brerking +lmost immcdirtely, thus
giving & renid ris=c to Dh{‘. . -

The tempercturs cocfficicnt 1s in rer-ement with the
tbove pletur:, thc cctivetion cn¢rgy found for X=104 being
tbcut thet of the hydroern linkrge, For r ‘beslic. rluminum
sorn the “hydwogen link sceme.n vipy probidbly ‘form of bend
¢+t the nointe ¢f rttrchment, . P

For thc intcroolym r gels such r structurs re thet

- skctehrd eceme vory npobrble, Thr noler ¢ - rboxyl grouns of
the¢ eonoly= rizcd m-threrylic -cid w-uld tend to 1ir in

the wet r globules, giving .« b1l rnd chrin stmictyw to
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the grle Under sheer, the chrins would tend to streighten
rnd the crrboxyl grouvs, functioning rs points of ettschment,
would b+ nulled from the wroter spherulcs, This 1s in egree-
mint with the much grreter times reoulred by the interooly-
mep gele to reech D .. Rec-vory of the ebove structure
might br ¢xpect-d t8°8¢ much slower thon recovery of o
structurs formed by mcleculsr forces sg in the X-104 gums,
This is found to be true experimentelly, Also prims fncile
~vidcner for the rbove rre the fects thet the interpolymer
dissolved in grsoline clone gives » Newtonirn liwmuid, clco-
holic crustic potrsh will not give ¢ gcl rlthough one cen

be mede to form if sufficlient weter be rdded subseaquently.

With Formuls 241 rnd similer gels it =scems possible
thnt the high viscosity mey be due lrrgely to mecheniesl
interfcnence of the wcter spherules susnended in o highly
viscous medium, No peck or D, . would be expected from
such r system on the "jcwelerTs lrthe" viscosimeter,

-

In the rcsonence or oscilleticn viscosimeter since the
displcecments rre very smrll cnd short in durction no
br-rkege of points cf cttachment brtween the cheins would
be cxpected, movement of segments of the trngled mress through
the 1liould menstruum with nossibly scme 'inenrling of the
chrine rlone would occurs A higher modulus of rigidity rnd
lower viscosity then in strtic fxperiments would br exoected,
Such brhovior is found to br rxoressed by r soring end ‘deshe-
not mcdel, This wee found to be true rxcept thet the
rigidity modulus rnd viscosity obtrined by both the resonrnce
rnd Ferry methods cre drectic-lly independent of frroouency.
Such ¢ result would not be ~xpercted from courtions besed
on rtrtisticel mechsnics# bt hres clso been observed experi-
mentrlly with other polymeps, & -

To sumrcrize, the thickened fluids found to be of
int-~est thus frr rre pseudoplrstic snd show no nceuliry
chrngrs in rhrologicel behrvior when mersured rt freauencirs
of from 5 to 500 cycles/scc, The elestic propertics of
gome Of the flulds cre c:nsistent with 2 trngled chrin ®

“structur~, thr chrins belng rnchor¢d- to ctch other rt noints
of rttrechment by sceondrry valener forces or in some coses
ncesibly b-ing rnchorrcd to wrter sphcrules by the voler
cr.rboxyl grouns of the covolymerized methrerylic reld,

# A. Tobolsky rnd H, Eyring "Rh-ologleccl Pronertics
of Rubber~like Metorinle” Soclcty of Rheology
Meeting, Hotcl Pennsylvrnisa, N, Y,C., Oct, 30, 1942,
## Discussion on rbove nrprr, Soclety of Rheolog
Me:ting, Hotel Pennsylvrnis, N, Y,C,, Oct,30,1942,
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NIGNITED JET AND BOWB EXPERIFENTS,

1/8" J=t Expcriments.

L

. £ smell medel cylinder ﬂnd 1/8" niczzle hpve beén built
to obtein unignited rences# for pressures up to 1000 pounds/
sousre Inch., This wes simller to thst previously described
by. Hottelsnd Gerrewny## except thzt zn indicrtor srm wes
cttcched to the piston, =llowlng the rtte of trrovel of the
latter to be determined.. Figure 27 shows the whole eppersz-
tus resdy to run, while Figure 28- shows eylinder =nd indl-
crting mechenism, in more detell, The nozzle 1s-inclined
at rn-engle of 7° to the hoirlzontel end is so ~mounted
thet 1t c<n. be rotcted cccording to wind direction. The .
cylinder A 1z charged from the reservolr B, contrining the
1iquid under: invectigrtion, by mesns of nresqure. "The nltrogen
pressure in cylinder C 1s sdjusted to the desired velue ¢nd
the cherge fired by. ooening the velve D,.. The trevel of the
plston 1s recorded by the silver solder stylus E recerding
| - on ¢ sheet of bsryts-corted ‘paper on the rotrting drum,F,

: driven by synchronous motor; G. Fozzle veloclty was 150
messured-in some csses by high speed photogrsphy :
(1500 frcmes per second) of the jet., Good sgreement Dbetweén

\ tre two methods wrs obtelned. Renge wes mecsured wkerever

! posslble by rctusl observation of the point where the streem

g struck the ground. W%ith 1%¢iids of low viscosity, however,
stomlzstion 1s so grest th~t the rrnge must be estimcted
while the “jet 1s 1in the-rir, All rcnge determin-tions were.
mrde by the ssme observer so thst they cre -‘reliéved to be
c'nslstent end good to *+ 4 ft, i

Renge drtc for the lioudds Investigrted rre glven in
fpvendix ITI together with.jet velocities.rt the nozzle.,

< The "pne -rence of the liaouxid strefm ce 1t lesves the
orifice 1s of considersble interest. Newtoni-n liouide of- low
viscosity, e.g. g-soline, even .~t r pressure of 100 lbs./sq.
in. cre completely oroken up <t the orifice znd form < fine
sorcy (Fig. 27b). Newtonilrn lloulds of ‘intermedirte viscosity,
1 to'10 noiees, while completely rtomized 3t the hlgher
pressures, s-y 600 to 1000 1lbs./=q:in., 1ssue ,

*  VWhile 1t 1s fully re-<lilzed thrt ignited jets heve consider-
+bly gre-ter r- ngeQ thon unignited, due to the lowered den-
sity of the w:rm rcir, the frctors 1nf1uenc1ng bre<k-up of the
jet must remcin the s-me. Therefore, cny conclusions dpswn
cs to the most desirsble physlerl ch°r°cter1°tics for ¢ thick-
ened fluld for meximum rrnze, will.probec bly rem: 1ﬁ v=1l1id for
ignited: fuels,
##  Joint Report on "St tae -of  NDRC Prosecte on ‘Fl<ne Throw- -
ers." 6/24/42.
% Wind gre'tly cffects rrnge. ‘The runs “lwnys were mcde
Yith the w;ni the velocity of which wrs not grerter thrn
°u m, D. )

iy
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rs r amooth strerm nt lower pressures, fin-lly brecking upo
2 to 6 ft, rwey from the nozzle (Fig. 28b). Newtonien
liocuids. of high viscosity show no brerk in the stre:.m or
~tomiz-tion 't pressures up to 1000 1lbs./sa. in. c

X-104 thickened fluids beh-ve like the Newtonirn fluids
of intermedi-te viscosity., Thrt 1s, rt higher pressures,
there may be some bresk-up cf the jet. This 1s not found
for thé most concentrated solutions,- .

The isobutyl methacrylate thigkened gums show no
stomizaetion. The 5% isobutyl methascrylaste (0.1% interpoly-
mer) comes out ss a continuous streem at low oreesures:
(100 to 400 1bs./=0.in.), separating 'into "snakes" at 2 to
4 ft., from the nozzle,- &hese then pull together into .
spheres, At higher pressures (10001lbs./sa.ih.) & breek
in the streem occurs similer to that shown by Newtonian
liquide of intermediate viscosity., '

Factors Iﬁfluencing Rénge,

The important fectors influencing renge would scem
to be (1) the initisl kinetic energy of the jet which ,
dictates the maximum vose~ible renge, (2) the frictionel
drag of the air which ultimetely csuses jet bresk-up and
orevents attainment of the maeximum no=sible range.

Both of these will be dependent upon the physical,
oroperties of the extruded liquid, It i1e desired to know .
which of them, smong those described in Pert I of the ,
p-esent report, are of =ignificance, :

The Initiel Momentum of the Jet.
For a given nozzle, tre initial velocity of the Jet;

V, will be dependent upon the spplied pressure, P, the

viscosity, v,  and demsity, r, of the lianuid, 'i'hue,

. ——

VeC +2gP ,

where P is expressed in feet of fluid flowing and C 1s the

discharge coefficient, When the diecharg;'coefricient

i= plotted asgpinst tre Reynold's. Number ,47/2?, where D

12 the dismeter of the nogzle, 8 smooth curve iz obteined

indicating that C end rence V is s function of the density

end viscosity of the liauid under test, Such was found to

be the cese in the present investigetion when the drta for
the Newtonian liquids were ‘plotted.

For non-Newtonisn liouids it might be exp~cted that the
Clscharge coefficient and hence the nogzzle velocity and
initial kiretic energy would be governed by.the anpsrent
viscosity of the liouid at the rate of shesr met in the




orifice., This is undoubtedly kigh and probably corres-
oonds to rates of shear commensurste with those found in

"the high pressure cepillary viscosimeter {p. 6). The
initiel wvelocities.found do, in fact, torrelate at le sst
onalitetively with the apparent viscosities measured at a
rate of ‘shear of 4000 reciprocal seconds, (Fig, 29).

The only serious discrepancy apnears to be for the dllatent

. sterch-gluccse-glycerol mixture, whicr has much higher

.- Initlal velocities than would be vredicted from its visco=-
. aity-rote of shezr relationshin, This may be due to vplug

flcw st high pressures, a layer of liocuid lubricating the
passapge of s plug through the orifice,

.. -To attaln the same initial kinetic energy, JV2/23 £ts
1bs. /eu/ft/, from'a 11quid of high viscosity it will be
necessary to use ® greater preﬁcure than’ for a liquid of
low viscosity., Hence, 1t is° imvortant to compare ranges
at eauel initilal kinetic energles rather than eaueal.
nressures, oartlcularly. because the discharge coefficients
of. the psgudoplastic materials cannot be oredicted. . There~
fore, in the following where ranges are to be compared

ve. will be used retrer then nressure,

|
Y|

Jet Break-ug.

.

‘On. pp., 4 end 5 & number of nhysical propertiees which

- might control jet break-un dne to the =trearing action of
the eir were linted. £Any practicel fleme thrower is oro-

bebly restrictzd to the uxe of hydrocarrton or.ccal tar fuel,

for such materials large verlations In density or surface

tension are probsbly imoracticrl but viscosity mey be varied

over et leest a thousend-fold range by the incorpgrstion of

s0lid fillers or by the solution of thickening agent

Hence, the lioulds used in the nresent study weve picked

in «uch a way as tdo cover a wide viscosity range and to

rllow simultsneously the immortence of the veriables 4-9

of o.- 5 to be ascertalned.

The nhenomena described abnve undoubtedly indicate tha¥%
viscosity olaeys a ccnsideratle nart in controlling runge
even before' tre liouid wnetq the eir, Calculation shows
that liouids such as gesoline which are completely atomized
at the nozzle are in turbulent flow through the orifice;
while,, at comnerable pressures, liocuids of higher viscoaity
vhich undoubtedly flow through the orifice¢ in viscous motion
give 8 samooth stream, It srems resscnable to believe that
if the jet is~uee from the orifice in turbulent flow, 1ite
-81lr resistence will be greatly increased snd 1ts range
shortened, If, on the other hend, 1t lssues ss.a =smooth
ctream even slth ugh 1ts initisl momentum may be lower its
renge mey be grrater, With liouilds of low viscosity,
.therefore, ther:s is probsbly an ootimum pressure for renge,
Thie should mcve towsrd higher snd higher mressures with
rising viccosity., For lioulds of medium viscosity no mexi-
mum renge may be observable,
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In Fig. 30 renge 1s plotted versus 6 VZ (proportional
to the inftial kinetic energy) for the Newtonian liguids
of low viscosity. As predicted in the last naragraph, =ome
of the curves pass through s maximum which seems to occur at
higher momentums with increasing viscosity. With these
types of jet it seems 11kely that surface tension also
plays a considerasble role since the glycerol solutions show
high rang:s for their viscosity. In the curves of Fig. 31, the
range pssses through no maximum but Incresses steadily wlth
viscosity until blown cestor oll is reached. These lioulds
also show no breakmup at- the nozzle,™ S

. On Fig., 32 results .for the X-104 thickened fluids are
plotted. Thils graph should be studled in conjunction with

- Fig, 5.on which the avpe rent viscosities of the materials

under test arve plotted ageinst rste of shear. 235 X-104,
while 1t does not »reak up at the nozzle, shows ranges
comparable to bolled linseed oll, which has. approximately”
the same. viscosity. It will be noticed on Fig, 5 that the
viscosity curvss of nolyvinyl alcohol and Keraya Gum cross
gt spproximately 50 recivrocel seconds. On Fig., 32 their
renge curves cross, On Fig. 5 the viscosity curves of
blown cestor 01l and 6% X-104 cross at approximately 16
reciprocgl seconds, while on Fig, 32 :the rangs curves agsin
Intersect. All the range curves lle in order of theilr-
viscositles or ‘gpoarent viscosltles, hence 1t seems pleusl-
ble to rrason that the principel property of the liquidse

.affecting the eir dreg is viscesity. If we assume that

et the p>int of intersection of the 6% X-104 snd blown
cestor oil renge -curves the rate of shear 1s 16 reciorocal
seconds and the viscosity of the two liauld streams 190
polses, then the shcaring force exerted by the alr is 3040
dynes/em.2, This 1= of a reasonable order of magnitude
since, if we sssume that the stresm trevels as a cylinder
from the jet to the ground which 1t reaches with zero
veloclity, the shcaring force reouired would be of the
order of 1500 dynes/cm.<, These are both rough calculsa-
tions snd probsbly no better agreement could be expected.

.The 1sobutyl methescrylate -interpolymer thickened fluids,
results for which at equal iniltlal kinetic fnergy are .
plotted in Filg. 33, once agein fall in order of their viscosi-
ties. The Ksraya Gum znd 2% isobutyl methacrylate* fall in

. the right nosition if we assume thst the curves obtesined on-

the Clerk-Hodsmsn intersect at higher rstesof shear, Unfor-
tunately, no rellesble dsta conld be obtzined for the i1dobatyl

. methacrylates on the MgcMichsel viscosimeter owing t6 their

high elssticlity and tendency to wind themselves sround the
inner cylinder suspension. At ccmosrsble mementums the

% The r culisr shspe of the 243-2. curve is probably due to

wind, which spreng up while the ettempt wes being mede to
finish the serles, = % |




semole of Formule 241 welightcd with powdered leed showed
a greeter renge than the unleeded gum but this may be
-cxpleined by the higher viscoasity of the former,

From the date of Figurcs 30=33 end 5 1t would eppesr
thet the veloclity gredicnt effective on the llould streem
.whilc 1t 1s psesssing through the air veries from 15 reecloro-
cel sceonds at low to 50 rcciprocel seccnds et high initiel
kinctie energles, For e V27 value of 50,000, the maximum
. etteined by the most viscous, Newtonisn liauid the corres=~
ponding rats of shecer would be’ sbont 30 rﬂciprﬁcal seconds.
Fig. ‘34 shows s plot on semi-log panor of rrne~ et en
initiol kinctic c¢nergy eoulvelent to Vo = 50,000 -vs,
sppar-nt viscosity (pois<s) measured.on the VacMichael
viscosim-ter et this vrete of sheaor, With the exception eof
weter, the glycsrol solutions snd liquids of very low vis-
cosity which er: stomized highly, o good streight line 1is
‘obteined, Also shown on the plot.is & point for leoded 241,
This might br. cxpeet~d to be highcr then the curve, since
et the semc momontum, the veloeity will be considerebly
lower with conscouent reduction in eir resistence, Con=- )
sidering ‘the wide renge in viscosities, thr differcnt nsture
of the metrriele 2tudled end the uncerteinties in renge
determinetion, the corrrlrtion 1s remerkebly good,

Plotted on Fig. 34 ere liloulds of sll tyves, the wide
veriation in thelr oropertics belng summerized in Teble V,
Included a~e Newtonien liouids with viscosities varying
from 0,006 polses to 190 polsecs, pseudonlrstic lionide wilth
pronounced rigidity, o dilstent mixture#, rnd spseudo-
plestic meteriel hoving & yield velue, Guslitetively, the
results for the 1sobutyl methacrylete thickened gels which
show work hcrdening ore slso in egreement, This does not
meen thet dher frctors may not nt times bocome 1mportrnt.
Thus, X-104 thickened fluids with high shortnesq A6 7 e
low extensibility, p. 17, give lcwer rongeés then long
gels nrobrbly becsuse they resemble too closely in oroper-
tirs » tme solid, Thus, they show & reletivcly high modu-
‘lus of riglidity snd the strrem in the elr sppcars to shatter
or crumble into frrgments rether then rdhere together,
Nrverthelcsa, except for lioculds of high surfece tension or
very low viscosities, the ccnclusion srems incscopcble thet
£t eocusl 1nlticl kinctie energies, renge 1s meinly s function
of roncrent viecoslty mecesur~d et the rrte of shenr sppru=-
priste to ceriecl dreg.

We cen now explein why thickened fuels rv~ 50 sntls -
fectory for use in the fleme thrower. An ordinory Newtonlnn
fluid of high viscosity mey glve very srtisfrctory rrnge et

h1gh cncugh momentums this, however, connot be sttrined

-4+ Stormer viscositics for this mixture wers obtrined bee
©erge 1t wrs immirsureble on the MeelMicherl viscosimeter,
The rbesoluts rrte of sherr on the Stormer wos determined by

crlibrstion with ¢ non-Newtonirn 1liaquid which hrd nrevicusly
been mecsured on the MacMicheel, : )
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except by the use of excessively high pressures, Thus,

with n polyglycerol solution, hnving o viscosity of 9000
pokes which would be jderl to prevent bresk-up of the

jet by the eir, the V< /attainable st 1000 1lbs,/sa.in,
pressurc wes only 43, Pscudoplrstic meteriels, on the

other hend, give e low epparent viscosity st high restes of
sheer, nllowing high initisl. kinetic energies to be pttelined.
At low retes of shrar high ecpperent viscosities sre shown,
wrich apperently sve effective in preventing breek~up of

the Jet,#

SRR ./ _Nozzle Rote of Sheap
‘ ;7 viscosity a

. high .
viscogity
\.

4:5’”"’f

Sherring Force -—»

Rate_of_ Shear

Air rete of Sherrp

— o Gmm e cam ww s mm P @ — — -

Precticrlly, thnroforeb the following tentetive cone
e

clusions mry be reached. terminntions of the npperent
viscosity of £ 1li10uld under test for use in & fleme thrower
should be mrde over two rengecs cf rrte of shear, nemely
from 5 to 1000 recinrocrl seconds end 1000 to 10,000

" reclprocel seconde, In the first rrnge .the apoe ~cnt visco-
.81ty 'should not be less thun 500 polses,in the seeond it
should not be grenter then 20 poises, éuch tests do not,
of course, rllow sny prediction of ignitebility, ignited

renge, etc,, but moy still be useful in the develonment
of new meteriels,

# The diletent mixture of starcheglucose-glycerine elso
gove .o good nt nge, Even nt low retes of shesr 1tes viscosity
i1s very high, of the order of ROOO poises, At the high rntcs
of sherr encountercd in the orifice the rcporrent viscosity
would be cxpreted to be so grert thet the initiol kimetic
cnergy would be' very smrll %less then'thet for polyglycerol).
The reletively high initirl kinetic energies obtrined indicrte
thet there must hrve been slipprge, the meterinl belng forced
through the orifice o9s r plug, Whethrer o1l dilstsnt meterisels
would behave in this menner rllowing precticel initirl kinctic
encrglies to be obtrined is en open oucstion, a
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M-56 Inccndlsry Bomb Experiments,

It hes not proved'nossible to meke ss meny experiments

. with bombs ns with the flome thrower £nd those mede 'hnve

‘been rcstrictcd entircly to the M-56 incﬁndinrg bomb fired
‘atrtleclly st r terget or in the ‘open filcld, or the former
.the bomb 1s set up 30 ft, swoy from ond pointing ct o
vertierl ply-wood terget. After firing, the proportions
ndhering to. the target ond ot its bese rre estimnted, In
the onpen rirki trst, o bomb is plrced on the ground rt con
tngle of 30 to the horizontsl ¢nd fir:d., The nmount of
sertter ond distrnee trcveled by the bomb contents are ncted,
For thrse trst methods rnd the following firing test results
we gre indebted to the N.D,R.C. group «t .the Strnderd 011
Development Comneny, Beywey, New Jerseyy . ¢

A number of merterirls of known rheologiéﬂl cherscteris=-
tics hrve bocn nleced in censings end fired. Results ere
shown ‘in Tsble VI,

Prosumﬂbly the mechenlsm of ojrction from. the M-56
for liouids whose effcctive viscosity 1s less. thon sbout
100 noises 1is thrt shown in the cccomprny'ng dirgrems

! etal _disc - T11ling

Charre ‘ ‘C_
c h;rr;g:r 7/ __-\--—'")'"z’\\

“»- Z¥plosive. mccs L

. The disc sepling the explosive chrrge chrmbeép cut 1ts
wey thrcecugh the Newtonirn lioulds of vircosity grester then
100 nolses lerving £n rnnulor ring of fluld edhering to the
cesing well, Anpsrently the explosion goses.gre incoepsble
of forcing the llouild out if 1ts wiscosity ig too high and
rmust scck thelr relesse behind the metel dise., Pseudo-
plecstic moterisls, on the othecr hand, inverinbly lecve the
crsing cntircly el on indlercting thst the rote of shesr must
be such thot thelr epprrent viscosity 1s reduced te 100
polses or less, With filling metcrisls of very low visco-
sitics the grses mey be oble to moke' thelr escospe through
the lionid too rerdily, rtemizing some of it ¢nd f«iling to
glve the rrméinder édecancté momentum, This. ceuses o lsorge
prcportion of the filling to be dnnoqitod 1n front of the cas-
ings e.g. blown castor oil,

Once out of the crsing, thé moteriel 1s subjected to
sheer by the sir nnd the cese becomes snnlogcus to the fleme
thrower, There ore, however, two differences, first, the
blob of meterisl 1s much lerger, ond, second, 1its speed 1s
only cboit one=fifth of thst of e fleme thrower jct,
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Thus; the sheering force due to the air should be smaller
end it would be. expected that lower viscosities than, those
required in the fleme thrower would be sufficient to insure
errivel in en unbroken mess et the terget, This does not
scem to be entirely true, 'Among the Newtonien liguids,
polyglycerol of sbout 500 poises wss the first to cerry
edeaustely to the torget with little bresk-up of the gob,
. The setisfectory fillings in practice, A% X-104, 4% X-1C4

+ 10% ncwspsper pulp ond Formula 241, ell hove soperent
viscosities of the order of 500 voises ot 30 reciprocsl
seconds, cnd st lower shcers their viscosities must be some=-
what greeter, In fleld tests, 28 in terget tests, they
behbve similsrly. This discrepsncy mey be due to the eom-
pression of the cherge by the explosive wave, followed by
its tendcency to expond end shatter sfter releese from the
cesing, Tiis mey result in s higher spparent viscosity
being reaquired then would be expect-d to be ndequste to
regsist rerisl shecr,

However, the results, limited s they rre, suggest thet
the reoulrements for ¢ good M=$6 incendisry filling moy be
tentstively deacribed as the nossession of o pronounced
pscudoplnstic curve with an epparent viscosity at the
cesing rate of shear ¢ cbout 150 polses and st the elr rete
‘of shesr > about 700 poises, In order to evecluste this
theory snd, 1f correct, to fix these limits, considereble
further work is reauired. Consultetion of &ablcs V end VI
shows thet slthough the rheologicsl properties, i,e,, thixo-
tropy, behevior-on the jeweler's lsthe viscosimeter, ete.
of satisfsctory thickened fluids ere extremely vrried, the
eppprent viscositﬁ, ss cutlined erbove, 1s not the only
factor, "Short" X-104 gels, e.g. (10’ in Teble VI, ere un=-
sotisfoctory breoking up in flight end scettering, As in
the ccaer of the fleme thrower, this mey be becnruse “thelr
properties resemble too grestly those of £ solid, the exvlo-
sion weve enusing them to shetter,

Once the filling hos resched the tor ~t, the frctors
influencing cdhesion £re not so clear, t cppeers certein
thet the following reoulrcments muist be met:

1. It must be soft cncugh so that the impact of the
mnss upon thc well will fletten it out into s firm, thin
leyer withcut too much frecture, - ,

2. It must have o yield velue or st leest o high-.
enough epparent viscosity at low retes of sherr s0 thet the

mess efter being flottened out on the well will not run off
too repidly.

3, It must heve r 1little stringiness, This should be
low erough so thet 1t will not bounce off the wrll end
prefernbly low enough so thot the flottened moss will not




drew together rgein ofter being flettened snd fall off,
The execct rheologicrl proverties required to produce the
sbove ousnlities heve not yet been entirely determined,
Formule 241 snd 4% X-104 ¢ 10% newspeper vulp both show s
yield vrlue which mey prevent drainsge from the target,
There cppeared to be satisfactory wetting in ell ceses
where sufficlient time in contasct with the tnrget occurred,
but some fillings with high rigidity, e.g. the 7% X-104

4+ 1% Polyprle Resin, bounce off the tnrget immedintely
uoon imprcts,#

At the present time, therefore, it secems thnt the
chief reguirement for rn incendierry bemb £illing 1s identi-
ccl with thet for ¢ flrme thrower liouid, nsecudoplesticity.
Other foctors, imperfectly underst-od, ere, however, un-
doubtedly importent: Chief of these sre those Influencing
rdhcsion, . .

4# Consid- ~nblec 1light "pon the behavior of bomb fillings
is given by the empiricrl “"dropping teet." High speed
movies hrve Indicrted that the velocity of the cherge
through the ripr cfter lecving the creing 1s of the order
of 50 ft. per second. The imosct on the target, therefore,
mey be dupliceted by dropping the meteric=l from » helight
such thet it reaches 2 targot on the ground with n terminel
velocity of epproximetely 50 ft./sec. Tests sre mnde
dropping 50 grsms of the materirl so ghrt they hit o pilece
of plywocd inclined et on cngle of 45 to the verticsal,
Short gums bounce ond fril to edhere rnd, in generel, the

results of this test very closely prrellel ectunl firing
tests, -




TABLE ITI

RICIDITIES .D PELAXATION TIIBS OF SCME THICKENED FLUIDS AT 70°F.

Clark-
Hodsman

Resonance Ferry .
5-40 160-500 Relaxation
Cycles/sec. Cycles/sec «Time

47 X-104 25 dymss/cm.2 - o -

&7 X-104 300
0% X-104 700
97 X-104 1400
1277 X-104 3390
13.57X-104 5300

13.5% Napaln 2530

4% X-104 4+ 10% Pulped Yone
ewspaper

Formrula 122 l'one
Forrula 241 2600

2 Isobutyl }ethacry-
late 0.37 I. F. 24

" 210
. 1020

3% Isotutyl Methacry-
late C.150 I. P. 3
5% o 185

550 17-21
1450 =
2200 10-16
4250 6-18

= 30

6-16

21,000

97 (€7°F.) 5-10 sec.

670 (84°F.) -
1480 (61°T.) 40 sec,

306 (77°F.) 16-30 sec.
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TABLE VI

apparort
Viscosity
Fatcrial Charact'r 70 F., 30 scc.”l Results.

1. Blovn Castor Hovwtonian 96 poiscs Casing clcarcd, much oil
011 atomizcd, sonmc liquid
left in front of casing.

250 as (1) but somc oil
rcached targct.

Foly:rlyoirol Considerable polyglyccrol
: left in casing, mctal
disc probably cut through
chargoce Littlc atomiza-
tion, somc liquid in front
of casing. Considcrablc
scattcr in droplcte 2 cm. radius.

20% 1ligquid on targst.
Yutal disc cut through
chargc lcaving considor-
ablc liquid in casing.
Lcee soattor then in (3)
T'o atomization.

Fotal disc cut through
charg:., loaving anru-
lus of polyglyeerol in
casing. 305 traveled
through air as a mass.

Mctal disc cut through
charge lcaving annulus

of polyzlyccrol in casing.
Tonc atomized, all matorial
lcaving casing on targct.

Thixotropic About
Rantonite Pseudoplastic 10 Casing cleared. Considerablo
. atonization. about 20j% of
filling rcaohcd the targ-t and
stuok to it.

Starch-:lucosa-Dilatant 8oco Casing spun in thc air so that
40% on turget, 30% on wall be-
hind original cusing position.
Matcrial on turgct at first
solid, £tarted to flow aftcr
30 sces. Little lift in case-
ing.




Apparcnt
Viccosity
Material Charcctcr 70 Fo, 30 scce. Pcsults

o

9. &7 X-1ca Pstudeplastic 500 poiscs Fair .dhcrences o scattoere.
‘ ahout 4(5 on tarpet, 407 at
baso.

7% X-104 =+ Considcrable scattaire about
1% Polvmle 10} on tarpct. Toor adhesion
Zesin "short! viith bounci from th: turget.

% X=1C4 +  2Pscudeplastic ibout 20 seatter. 7075 on
107 “rwspsper  Yicld Valuc target. Dxecllant adheeion.
Pulpe.

F-241 Pezudoplastic 4] Sormc seuttore 555 on tarpot.
¥icld valuc food adhosion.
Trhirotropic

* Th: £illirpg is chargid inte th: cusing in a thin chccsceloth
bag, thc mouth of which is tird with string.




APPEIDIX I.

Yupalne

Rasic aluminium soap of naphthenic and palmitic acids.
Proparcd by milling thc solid soaps at 95°C. followud by
solution -in rasolinc at room timpcraturc. This has bein
cupsrocdad by

x-1°4-

Basic aluminium soay: of naphthenic, oleic, und cocoanut
0oil fatty acids prcepurcd by procipitation of on aluminivm salt
with thc rodium salts of thc ucids in aqucous solution. Drying
ccrnditions and mnistur: corntent groatly influ-ncc the propertics
of the pum rosulting vwhin the driod salt is dissolved in gasoline.

Isohutyl Vethacrylato IR,

This is a normal isobutyl mcthacrylute polymer uscd in
Formula 241.

Isobutyl }- thacrylatc AE.

This is prcparcd by oxidation of the IR polymer so that some

carroxyl groups rcsulte

Isobutyl l'cthaerylate Interpolymcre

Thase arc proparcd by copolymrrization of the methacrylatc
vith 0.1 to 0.3% mecthacrylic acid. In making up solutions, thcy arc
discolved in gasolinc, stirrcd for 15 mins. and 1% of caustic soda
in tho form of a 407 aqutous solution addcd. In the codc used in tho
prcsent roport the first digit indicates the percontepe polymier uscd,
A indicatecs isobutyl mcthacrylase, the s:cond dizit thc porcentage
of copolym rizid mcthacrylic acid and the romaeining digits the
idcontification of the particular solutions Thus 343-2 indicates
3% isobutyl mcthaerrlate 0.3 intcrpolymer the sccond solution
preparcd.

Forrula 241, A-2598, cte.

I'aph-
 Poly- Polymcr Stcaric thenic  Wood 405 aqucous Castor
Codc Yo. Gasolinc mer. Kind acid pcid. Yosin Caustic Soda  0il.

F=241 £7.0 5 NR 5
F-122 8{‘.0‘ — . 1.75 3.0
A=-2596 87 AR . 5 -
A-2599 89 AE ‘
A- 2\‘:.00 90 AE .
A=2601 EC.75 AT @

1.75
¢150° f1ash kcoroscnc




Foszle
Velocity
Ya tecr ia 1 '!/inna k Ftn/SUC-

Gasoling = = = = “=- - 200 185
400 225
600 286
800 319
1000 323

100 130
200 170
400 222

Raw Castor Cil 200 147
400 203
600 241
€00 207
1000 317

40 So Ao En - - L 100 126
: 200 166

400 215

600 256

§00 289

1000 317

Reilcd Linsced 0il 100 139
200 166
400 230"

500 260

800 340

1000 323

Starch-Glucosc-Glycerine - = 200 70
400 130
600 165
1000 235

Polyvinyl Alcohol in Water - = 20C 111
400 148
600 185
2oo 225
1000 273

27 Faraya Gum - 200 175
400 231
600 287
oo 320
1000 362




Iatcrial

Blown: Castor 01l

70 S. 4 E.

Rentonite 10%

Formula 241 -

Leaded 241

4% X-104 + 107 Pulped Yews-
papcr
Aqucous Glyc:rol - =

Aqucous Glyccrol -

Polyylyccrol - -

27 Isobutyl Fcthacrylate -
0.3% 1. P,

'"3/ in. 2

Hozzle
Veloeity
Ft./Scc.

2C0
400
600
800
1000

100
200
400
600
800
1000

- 1000

100
200
400
600
8oc
1000

- 400
600
800

1000

60¢

67
123
174
222
239

131
167
220
254
287
317

315

82
107
174
222
270
298

148
171
189
200

271
160
189
230
250
167
232
264
292

6

176
238




raterianl

3% Isobutyl licthaerylatc
003%' I. Po

Isohutyl Mcthaerylate
CiB% LaRES

Ieobutyl Mcthacrylate
0.1% 1. P,

9% X-104

127, X-104

-3-

-"L/i.n.2

Yozzle
Vclocity
Ft./Scc.

100
200
400
600
800
1000

100
200
400
600
800
1000

100
200
400
600
Coo
100C

100
200
400
600
doo

1000

100
200
400
600
800

112
147
209
254
297
327

100
121
179
230
266
303

17
99
136
173
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ABSTRACT:

In order to improve the performance of flame thrower fuels,the rheological properties of thickened
liquids were’ investigated. The fluids were of two main types: solutions of a basic aluminum soap in
gasoline, and methacrylate copolymers also dissolved in gasoline, with or without the addition of a soap
such as sodium stearate. The prime requirements for a flame thrower thickened fluid is p ti-
city, Measurements of the apparent viscosity, modulus of rigidity, work hardening, thixotropy and other
properties of a large number of thickened fluids were made using a variety of instruments. Measure-
ments were made with the normal viscosimetric techniques, at frequencies of from 5 to 600 cps and
under suddenly imposed shock. A limited number of practical tests were made and for unignited flame
thrower studies 2 1/8" 37° conical nozzle was installed, A number of M56 incendiary bombs were
filled with widely varying liquids and the results on static ignition studied,
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