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11nce Newton'• dtf!nitlon of vlecoltty does not lead 

to 1 useful. desc%1ptlon of ·non•Hewtonlan flow, t• othes- model 

11qu14t,. the Maae111lqdd and the handtl•iydng lS.qu:\d an 
dlacuaetd. &quatS.ont detcJ:1b1n.g the, flow behavlou• of. these 

liquldt £n nuwow capUla~:&ea •n desS.ved ancl dlscustd. 

A thosough an•lysle ls g.t.ven of co•ncUons tbat •~•· 

or may be, neoeeeuy ln cap111a.,- Vltcomet.ry, and tbe 

influence of rmn•RewtonS.an flow on 'tbHe couectlont lt 

dlscutted• both fozo cyl!ndri.ol tnd sphtd<*l bulba. 

, the elgn1f!oince ot multlnlft8ntl of non•Htwtonlan 

flow ln dilute solutions of mtoromolecules 1• dltcussed 1n 

teana of Hcent theol'lta.. It lt shown that • capl11uy 

vlaCOllltte» hat 1nheJ:ent 1lmitat1one fo2: aucb llMSUJ:emMts, 

but that • .pzoper-ly designed cap111tJrY viscometer c•n give 
1pzoeciae and r:eliabla data at ahea2: nt•• down to 50 sec· , 

pzovlc:led that the 1y1te ls not too thN$-dependent. 

A n• variable abau capllla~ viecometea••a modlfl· 

cation of the Ubbelohde suepended level vltc~eteJ:••ls 

deecdbed. It •• det1gned to be ngged, convenient and 

pzeclee, to elimlnate or mln!mict the klnet1c energy coaect• 

ion and suface tension effects, tnd to pezmlt dilution of a 
solution Ytblle !n the lnetrumtnt. Tbne ·d1ffennt ftt-aomete»s 
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of: tble; ~ypa, have been constwcttd,,. ·calib-rated :and telted, 

:and ,p=ved·. :tound. in del!gn ·t-nd. oonYenlent. !n. u••• 

·The. us•fuJ.n••• ·of: .the·· v1•cometoa baa been d._n. 

•~uated in •thfta·dS.ves-ae .invee:ttgat&onst (1):. ·tb•·•heat: 

· dependence Sn. ~~queous:. tolutlont of. •• ·hlgh moleculu weight 

detctnn, (11): tbe: t•p•a:ature d•ndance• of: the 1ero~ear 

· lntr-lndc vlscosi~y·. 1n:a. good· ·tolwnt of:·a.v•W high mole·· 

· culp weight f2:actlon of·.·polyetyi'ene, :(1.11') ·tbe abea:r 

·de~ndence of the 1nte~act1ori coeff:!cltnt k' ln' the •v•t•• 
· polyatyJ:ene•toluene . and ·· poly(n•oct.yl.;;..etbac.rrlate). 
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De~ndtno• of the Jn-l.~t1o 'V11C()e1ty and k' on 

6be11: suus fo~ .w:tMA-11 ,In Mlk 

XII . fte1atl.on.. "'.tweeo.. lot¥;.·in•.lc Vltto,uty •nd Mtleculu
ffdr;bt foe fCitA ln Ma,tbyl•lthtl•KRDM 

lnh~ent Vl.coalty va.0ConceAtc•t£•B of ~lY•,·.ty:ttne
t& in toluene et 20 C In Yt~J: U(A 

lnb.•.nt Yltcodty vt•.0Conoe~aUon ef Po.y,tptene 
'~ &n 'folutm• tt 10 · c lo Vltce~~e.tu U(DJ 

Deptt!dance of tbe lntclnllo V!tcodty on Sh•tr· .atn•• 
qf .hly•\ynnt r~. t.·n To1u•n• at Veloua ft~~Pe•tuaet 

llel)!ndence of X' on Sbea:t atletl at VuloUI 
T•pera.tuna fo~ Polyatyl'tne t 5 in tolutne 
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the meaeu•tnt of the dependenc• on e!.vlng p~:ea1ue 

of the viecoslty of • 411ute polyruezo solution, een flowing 

th~ugh a nanow capUlpy, bas zecelved more and •z• 

attention ln z.cent yt~t. 

VntU. •bout 1950 this effect •• almo•t completely 

lgnond. Ivan now tho.rough anct pnclet 1nveat1gaUona are 

etlll lacld.ng. the moat complete lnvestlgatlon la aWl that 

cu~:ied. out in ·thl• labo~ato21 by Shuman (51.) and Sonea ('• ) • 

u•tng a %ange of polystyrene fractions and a vtzlety of 

solvents tt tcweaal cllffuent temperatures. Although this 

waa an exttntlve l'athtl' than an 1n~ena1ve lnveatlgatlon, the 

:retulte have been wldtly uaed to teat vas-lou• ··tbeoJ:lta that 

have been developed ( s, 1~ • ,.,, ) .., " ) • the n•on for the . . 

paucity of atud1•• of lhlaz dependence of vilcotlty 11 that 

thla 11 eahlld.t.t only in tylttlll ln whlcb the polymeJ:' 

molecule• ate •tlff. o~ flexlble IDd vezy large (molecula~ 

weight >106). theta polyme:ra have only recently become 

objecta of ac!enUft.c 1nte~:eat. Now they en of gnat 

1ntereat lndetd. 

On the ba•l• of the ve:rloui theocle• pzoposed to 

account foa the ahea:r dependence of the vlscoelty, lt becae 
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evident that meaeu'S'ement• should be ,ude at enremely low 

qlvlng preaeu•••• alnce the qu1ntlty of 1nter:eet ls the· 

llm!tlng vllcoslty at 1e.-o ahear atn••• The s-eaultl of tbe 

euly expeJ:imenta. wece !n flat contzoadlctlon w!.tb the 

pztedict1ona of theo2:7• tlb!ch ncp.d;ree 1: quadl'atic depeftdence 

on the lheu ••••• to account for the f•at that the vltcoatty 

of a llquio doee not depend on the dtnotlon of flow. In 

••rly expe~lmeatt • 11nta:r deptndtnc• was foond ln the lowet 

lhe•rrr t'tt~••• a-ange. Gadutlly lt •• naltaed ~at the 
mueaementl had net been extended to tufficlenUy 1ow thea» 

etressee. ·an o:de:t to mekt theae uaauremente lt wat 
nectttuy to modlfy the tecb.nlqut or, better, the viaco• 

meter•• to pumlt •pplylng • vtry lew, ateady pn1au••• 
lJ.ttle ozo no tttentlon hat been pald 1n the•• tdaptatlona to 

the quettlota ••thu: oz- not the vJ.acoutt:r ta•ed •• 1ble to 

give meard.ngful ·dlta ln thll vezy low ~lttge of tbeer atn••••· 
Jt •••• thezefeze, decided to Nkt • thorough. 'ltuc:ly 

of the vlacometzy of nota•Newtonian llquldl at low ·ulvlng 

P••••=•• (pal:tlcula~ly ln caplllu:y v!acometna) and try· to 
develop a capU1ery vltcoutet-, capable of giving pr:ecl•• 

l"tlllble data tt V8Q' low Oi.v!ng p~eaaU~IIe fhla the•£1, 

then, t• conceJ:ned with the concluelons dzawn f.. and 

p.omptad by • thorough J:evlew of the lite.tature, wlth t'ht 

detlgnlng of 1 va!'lable theu vt.ecometer,and wltb ltt t•etitlg 

and uae ln typical atudltl of the flow beb•viov.: of dUute 

•oluttons of htgh polymeas. 



Gbapte%' 1 

DUINltlON AND· MBASURSIBiff OP tKI COifflCJiiMT OP VlSCOSITY 

A. Raflnbbo Rf !&fSPI&lx~.IDS& lszlaullA'1 '•liltn 

1. t!IIGRD!I ~DefinhltD &I !lasu&tx. the fl&"at definition 

of viaco1lty ls due to Newton. He con1ldend the following 

caaea 

A volume of llquld ie ••••• laetween two paarallel 

plates of •••• f , which ue aepented by • c:l1atence x • 

the velocity of one plate zel•tS.ve to that of tb• other la v • 

then the fozoce ~••lttlng the l'elatlve motion of two adjacent 

ltye•• ln tht llqulcl bttween the ~latet, can be expJ:tiMd •• 

(l - la) ~~ ve1oclty gl'actlftl'lt 5.n a 
~ectlon noamal to the 
di~ectlon of flow 

~ 1 coeffioltnt of v1scoal.ty 

P/f rep~•••nt• • shea•lng et~•••· Rea&"•angtd (I - la) becomea 

P/f ·~dv/da (I • lb) 

Tbla may be ne1tten in the fo• 

't • '? q (X • lc) t 1 ehear ate••• 
q 1 theaJ: ~ate! 02: 

meal' gnd.ent 

The coefficient of v11costty 11 thus defined •• the 

ratio of the thear at:r••• to the sbea:r %ate. It l'apretent• 
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a meaningful physical prope»ty of tbe liquid only, if thls 

:ratlo remtlna constant for: vaJ.Ylng thea~: stJ:esa oz. abe•~~ :rita. 

LlfiUlda ln wblcb? • thus defined, te eont~tant tn called 

Newton!en llqulda, tl\on 1n which '? val'les, non-Newtonian 

11Wldt. 

~lnce tbS.s ctefWUon lt n~t baaed on 1ny theOJrf of 

flow, lt ls of no help ln u~et:ttandlng wby 1011e Uquld• .pe 

lfewtt.')nlan end otben ue not. In oner: to aulve at a mor:e 

ueeful def1nltlon of viscoslty, we must meke tome •••umptlons 

about the mtcblft11Dl of flow. We wl11 briefly outline tWQ 

qulte dlffennt deacaS.pt1on• of flow. that lead to anon 

adequtte deflnS.Uont. One ladue to llaawell, Wlho cond.den 

flo• to be analogou• to the relaxation of 1tnas 1n en 

ela1tlc aolld; the otheJ: lt.d\le to ~ring, tlho tnatt flow 

•• • r•t• pzocese. 

2. l.lntJ.l*a lltdmtnl Pf~ Yi•Eii:&t s·L.f4). tet • dlttorilon 

or atnln e be produced !n 1 body by dlsple.cement. A fhtt 

of atn•a p lG tbUI eattb11sbed. the alation between at.te11 

end stttaln can be 61ps-elaed •• 

(I • I) ~ 1 lodulue of elaat!clty 

.If no relaxation of the tt:tets occun, p wtll :remeln equal 

to ~ e and hence 

dp • e de cs • a)
ai at 



lf b:o.re,vel- ~•1•xaUon doee ·o<r~, :, p , ;w!ll; tet\d ~to· d!:s.appeax

at .• ·tate 'depa·nc~e:n~ 'fift tb• magaitude of p ;and. pJ:Opozti:onal 

to p .• then: (I· • ~),·;becomes 

Xf ·•• now ~conddes- 1 tv·atcn ta -..hle.b ~be t.t~t•~• '*' 
mdntatned .con$t&nt •net ln 1fblcb• tbe=efoS't1 theta it .a 

continuing ·cll_,1acemtnt .o:o .now. ·tctp/dt • 0:) .the"fot:t .(I .... 4) 

hecom.ea. 

p • .E }c. ~ (I - 5). 

tbll 1a the dellnd sbe•• at:~:tln J:tlatS.oniblp. 

We· NY thue:fon d•ftne the coefflc!.ent of vlacosity 

aa tbe pl'Oduot ' )C.. ·• ln tbla p:roduct ~ 11 ·the .mo<lulus of 

el•etic!.ty .and~ la tbe relautlon Umefo:r the s.t:r:••• p. 

ta can be •••lly cte•1ved f'~m Cl • 4J, l;quatlon (J • 5) ·s.a 

equivalent to equation Cl • lb). for ct•/dt ·•· ctv/dt • q, and 

p • 't • Henct U.ae11•• defWt!on of tl\e vleeodty, •• 

being the p~"oduct of E: 1nrJ x. , eo:tHtpomJt to Newton '•• 

1f f ~ aemJlna conaunt with vaaylng lbeu tuesa the 
' ' 

11quid lt Newtonian. If ·the 1lqu1d la tlon-Newton1tn lt lt 

becauae e ~ doea not ·Jtemaln con.•t•nt, Wblob lt not 1nconce1v• 

able. •&nee many •constants• ••• f~qu~cy dependeRt. 
lf tquttlon (.1 • 4) 11 :rt•t~anged and, fot: convenience,. 

1 ' ~ \ ' 1 ' I I : 

.:tewd.tten u•ing tht no~tlon •dopttd 1n this thetls for aheu 

atze•• and •h•~ zete ( e and q •eaptctlve1y), 1t becomes 
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:;q ·.,:, :1· + '· 1·; ·d.! ·· tx ···:e). · 
? E: .~t..: 

··a. :Jyti£d'kJdmiDLRt X11c;otiS¥ !¥1• &y~t1ng pcstulttes 
·.that·· theze ia ·aa h•e9ulu ltttl~e atz\lctu~ $n· a liqUlo • 

.·~.~ ·th1GJ 1ett1ce many eQU111bz1um poaltlona w.Ul be empty. 

Such a ayate, ·. Wheb subjected to· 'ets-ete, will ..,. t-eaflily 

defotmab1e •. The tnumption 11 "that the' mo1ecu1•• jump fl:Oli 

one ttqu11lbJ:1um polltlon to another. AI' long •• the abate actt 

·on· a 'bod'i j·umpa w1n be ftvoned aloag the· dl:rectlon of ate•••• 
amt.bence fln·ws.lS eocu:r. 

·· Cottslder now tach 1 IYttem S.n which eheu occut along 

seta of pt7:tllel lhear l*Yen~ ·Let ~, be th• ·dlatance between 

the layette, " the di.:1Unce bttwe'en t110 eqglllbd.um posltiona 

ln 'tht db:ectlon of ·lbetl"; · X,_ tbt dlttance ·between two 

nelghbou~:1ng molecules 1nd A.~ the mttn dtltance between two 

flawingp&nlolel t.n themovtng .lay•• tn a.cU.J:ectlon perpendl• 

cul~ to the •-.z.. fben tht. followtng expJ:taalon fo~ the. 
' ' ' ' ','., ' 

she~:• J:ate oen be obtalJ1ed 

.., • ~ a k* 1lnb . ~ "7{~ . • f (I • 1) f t •••• force/ 
~, 2 k 8%'-t& 

k • • .l"ate con•tante 
· fo% the jumpa 

c. fi ft:ee energy of 
act1vatlon 


lf iht· v1tcot1ty 1• defined •• the atio of thea!.' at:reae to 


$he.•.r ~•te, one obtllnt fo~ the vlteotlty 

''· 
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(I- 8) 

the pJ:Ope:tU•·• ·of tbe:. bypel'bolJ.c. tlnefunctlonl e• 

. 1ilft't&Db·1 a···! ··:a. ' 11m' ~lnb~1 tl •. 0; . 
. {bq~o .. ~ q,. . ~'\.-? ~ , t! Q· ·• . ... 

lberefo•• at vert .low ·•btl•••• 

At the llml:t of low atreaaea,then, the v1acoa1ty ls conat~nt. 

Tba llquld 1a Newtonian. 

Jn Cbapte~: XI w ·wU.l !ndlnte bow. non•N..tonlan flow 

ln ·dliute po1yae.- eolutlons can be denr1bed ln tezma of tbia 

theo~. 

AI euly •• 1929,· l$tmltl, pnpoaed. an equation of the 

····'tom •• (l - 1), ~aed on •~•t the ••• cona1cleJ:atS.ona. 

but· wJ:tbout the ·1ntnductlon of an abao1utt l'•t• fo~ th• baste 

flow .pmce••· Recently Weymarm ( 1b ,) hea comblntd tbt two 

approechea tnd ahown ttt• to bl compl~~tanta_,. baftfltl's 

eqtlatlon S.e 
q • C tlnh 'f:/A (1 - 10) C,/u. contunta to be 

·deteltdned by 
expe~:irnn't 

(I -·11) 

which 1• e4Qlvalent to (! • 9). 




e 


~ !4'• ll.lilvl:tbol 'l:t P£lu*Ull''l i&WQ!l~ · stnce' ·we will bei 

concem~ :with· flow:· tn( ·. na*low· i caJ)!.Uirlea~ ·'we; 'Will· ~givt the 

:.det!~atlon' b£' :the: necessary' equaUonl: ·on tn~ baste of aU 

~ee t"atment• of flow. · 8ven though the de:rlvatlon of 

Po1seullla1a equation So~ ffewtonl-.n f'1ow can be found ln 

many texthoote, w w111 tt111 de:rive lt to oater 'to make 

explicit the aaturnptlona lnvol"V'td. 

Cons!de~ ·• cyllndezo of liqUid .tth a s-adlue :r tnd 

l•ngth L • If in flow all ene~:gy 11 d1ss1J)Ited S.n ov•s:

coming the vitcoua n•1stance,. we may elte 

. n rtp • tns-L't ,. 0 (l • 12) 

Tbl• g1vea the following exUeselon fo:t the thea:t at:•••• 

(J - 13) 


We can now calculate the veloclty dlttl'lbut1on ec=•• the 

c•p111a:r:y, in • 11quld flowing tbJrOugb 1 capi.Uary tube, if 

we •••um• the velocl:ty at tht wt11 of the cyllndd.otl tube 

to be •ero• Tbe velocity ol a cylindd.c•l ennulut of llquld 

of :radius a: 1• 
....L. (a2 • :~:2) (I • 14) at radlus of the

v • 4ilL" cap111e:ry 

the volume Q flowing per second tbzcugb • ctoll•sect1on of 

the tube !1 then 

• 8 . \~42Q. lli'J vn.r. 
'? 
•· ts - 15) 

0 



flits: 1:eenangla· to.· tbe :fltQ.lt•s: ~~-...of the.o:Po!eeu11le ~equation 

? ~·1ta4 l ··.:~. ·~· · ·: '(l ..;. 16)
~",' 

wht::e V. '• .-.e Ve>,ltlflt :-C.f·. liquid, fl0:14ft9 'thl'Ots91l ·.• .Q~o••~. · 
tfetiPfl 1n ~ teQond•·· .. , . 

· ..Let u'. now. cort.~d~Jf· ..t.l ·tb'. ~tttump~lQn~ that hJYe been 

e91~c!.tly ()~ implle>1Uy -~~. 

l) All enf!t~ lt us~ .to ove•cotne the vls~oue z:es1et1noe~ 

(1b1e ·It cma1n1y not.... co;J:ect, fo~: the 1!qu14 acqUi:r:es .k!netlc 

eQ•ltfN• .f&>J:eovez-. otht~ ·.P<J$Gtb11.tt••· of 4an•:~:gy d1t•tpat1on can 

occu:t, fo~ ••-.,1• a deena•• in the •ntropy .of the solute 
.. ; . ' '' '' 

when sUbjected to a shea~1ng auees.) 

U) the flow l• .ltmt.na• tthle is une. for P'JZI liquids 1n 

the ~ange of tbea:r at~:esses contide~:ed. lt IIUIY, boweve:r, not 

ba twa for a .d!spesr•td: .ayattm, la;t whlcb, · in·· flow. local: 

turb\llence may occUI:': btceo•• ·of the S'Ohtlon. of tb~ 41•pe~ud 

pan!clu.)· ·. 

· U.t)::fh•:c• t• no ~~P: at· the w~ii.· 

lv) the fluid. l• lnco••••lble. 
- : . '\ / '· ( \ 

v)./fbe. flut..d wtll .flow, .hen tubjected "to tbe -.11eat 

etnae, .· the visco~• J'eat,tance belng ,pJ:Oportlontl to the 

velocity gl:'.dient. 0», tn othert wont, the2:e ls no '¥1elcl· 

value•. 
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I 

5,. Rtau:t&aa .d .rs&uuill! '~• .fi£11d&9D f.o; .1 llafil 
L&Gid I'S~J.. If we •••~• ttaady lamina:r flew, • derivative 

• I 
. ' .• \ ·'! 

tdth :reepeot to tlme ean be zep1aotd by • clu1vaUve wlth 

~:etpect to (the ~eetiob. o'f! flow, multlp11ed; by ~the :velocity 

dimlbution ·pe3:riendlcu1e.s :t<J ·the dbecU<u1 ·of flow, 02: 

,. • JL.·<~ .•,....., ·..' · ex ~ 11> · 
.'i . IJ'l :. . . . . 

ln. ~• .o•p*-ll•tt .we "'"'' ,fo~ the tb~''. at:r;e•• . 
t: • Pi~ (I • .,UI): ' p~ • .gg.. the a•,atd.a po!n.t1 . 

"'"" !n the di~:ection 
.of flow 

Substitution .of (X - 17l :lnd(l • 18) ln (l • 6), and aubaequent 

~·~rangement glvet 

p•. ~~~e· i ['t • ~ ·,. ·•··~•J dJC. 
' . 

lf we n• assume tbe tame velocity pnfllt •• ln (l • 14}, 

~ne obtalnt fi'OJI (S • J.C)) on aubtUtttUon 
I ' r '.' I ' ' ' •< ' 

I· t t~ • iW-· '~ •.,,1· 

1bte can e1ao bt ••p»a'sattl ae 

(l ... 20) 

We 'c•n' now· calculate· Q: :!n the time W.y ·1·1 ln Sectlon 4. 

Q til ,tu~vm • 2.w a! ! [*~ (1 • HP ( .. fi~~) · ~] fl .. 21)
. . 0 p•' 'I .~ . . "'"'I! 

~Ch gS.~e.,lfte#·_~xpanalon of the' exponent!ll~ 
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• ""'~! \_1 • ~; •.... ] (I • 22) Jt: MlaxatS.on 
Utne 

: P.rom Cl·- 22) lt follows that, ln pdnclple,one ·could •••1uat• 

the aeconcl tem·. lf one kn• the value of dp/llt• · Squttion. '(S • 

22) could then bt solved •• 1n.. o~dlna~ diffel'enUal equation 

~wltb ~••pect to dR/dL.
:':'I'] 

•· rstiYUit'a, ~imllt&S~o,,ts;. • !Da_a~~~~~tm. k\a1l&st f 41"···l· 

Thla des-1vat1on ·l• more eact .th•n, the one given above 


'- ' 
'> I ' 

~o~ th• Maxwell liquid, •lnce the veloctty p~oftle lt not 


ataumed to be paJ:tbollc, bUt i1 derived fzom the. flow-law 


1ttelf. 


Tbe velocity pr:ofUe J• ce.lculattd •• follow. ro~ a 


handtl...&y:ting llqtd.d.the exp~ete.t.on·for the thea~: r•te S.t 


£bt t 't ·P· 't: q ~· -a 111 Csinb·ti! ·..
·Henoe 

r 1: 1\, ~"_ . 
·v,~) • I' elY •• (coah a( a ... COtb• J:) O<lii!l.. ~-·~ .. . ' 0 

whlch 11 the deskad exp~etalon fo~ the velocity pzofUe. 

Q can now be calculated ln the uaual wty 

R .2, _L ~ \1 
Q • 21r £vW • 2.11~. tt coeb "1\ • R e!nb " R + .,..Zp,'l. (COtb"' R • l ~ 

(l • 24') 

wblch may be w1tten ln 1 elmpl.e fead\lon •• 

http:MlaxatS.on
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•• !I! 
. ·B 2 4 

t.t t•) • 1 + ~: + !a6 

(l - 25)····] 

7~.· iO!\DIJ!aea sf lbl ru~2u• :raaar!t: tbl·'rsi:ttullJ.a,&wlilsa· 
' ' . 

• ( . I ' I ; ': : ~ . ~ [ ! . ~ : ', . I. I ' :. • ) " . • 

We have given three diffel'tnt des:1vat1~nl of~· 

P01•tiUil1• equauon ~···~. on :tl!r.e: ttt'!:f~rent, ·~oncepu~n• ·of;· 

the f1o1fc of 1 liquld. · . X~ !a tnsttucUve to compue them. 
\ ' 'I 

Po• 1. Hewtonlan liquid' we have 

. Q •il\•a 
.. ' . ' ' '?" 

.$1nce • have thovm al2:tady that for low aheal'" st~••••• the 

Maxwell l!quta··end the P»•ndtl•lydng liquid ~edUce to • 

Newtonian 11qu1d, the equations ue eQU1va1ent in the limit 

of ••= thear •tt:eta. At flnlte lhtal:' *'"''• tb•~• ls en 

lntereetlng pO$Slb111ty of dletlntultblng between the dlffe~en\ 

:r:b.eologlc•l tnOde·lt, if one could meatuze dp/dL. fo~: a 
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lfewtonf.an llqlitd dp/dL 11 i constant'.aNt ···~ to ~· fb1• 

cloea not bold fo:r: the two othe# llquldl dltcuc••· !n. 

p'lnclple dP/A tboulel be meaeurtble. ln paraotlce. hC'JWievtf, 

lta ••••uzo-~t ·l•· dlfff.o~i\, alnce. S.t bat to be pufo~~aed 1n 

ve:y nC-MW c•plllultt wltbout dlttm:bance of the flow itself. 

Go f~r c>n1Y. SCltu1u~, t 6~) hal tuo••Mi!ecllo measun~g, .. 
' ' ' '' ' ; . ! ' '', ' '' ' . '' .':' ·. . '.'' ' . . ; • 

dsc;omete~ 1• .~!ng tttveJ.oped •t the lfatlonal fkln•u of,
• •, ·, ' \ ' ' ' ' ' ' •. ' ' . I'' ' • ! • ' 

ltancle~a by lwincleUe C ·' "). . lt. would .be • ••'ozo adVenoe lf
'. . ' . ,' \ . '• \ . . .

t)l••, teob~~·· coql~· be .Setttloped fo:r 11quldt Mloae vilcotlty 

t.l 1n the centlpoS.te -.nge, t1nce 1t IIOU!cl ~take aaaaulr'aente 

on NoD•Iflwtoftlan ty1tta1. eo~:e accb.ete and :reliable and much· 

Otllt:. to lntt~ret. 

s;. MQdJ.f&a:U,soa gf &Riaflu&lb•a'-&lao~ · , In Section 4 • 
have .U.eted. th• v.,a1ou, •••umptl.on• made ln ~· des-ivat!.on of 

th~ Po1eeuU1e equaU~n. ', i In o~de:r to be abi.a _to apply tld• 
. ' / ' -

equation to ectu•l; ••••~:-.enta. cemln eodiflcatlont of it 

have to bi ••d• •• to tlke tccount of tht klnttlc enel'gy · 

~p-~ed to·~· ltcauld, of w~ll :ef~ects,and of the p01slble 
' ., ' ' ' . ' . 

ed.atence of • yield 'vtlue • 
.•, Xbl k&Ail&s tDIUX.If.ftqt. ·· 1ht klrleUc enetgy S..puted 

pe:r ·eecond to the llC~U~cl· 
' 

··can bf ex~l••td 
' 

•• · 

·(I ··16). ell dena1ty 


http:des-ivat!.on
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Afte• subatituUon of (Z • 14) ln (X • 16) and evaluation of 

dQf~, one obtt1ne 

tu.neU.o eneJ:gy/eeconcl ut~(4~)
3 I~3(a2 • 112)2 * 


(1 • 27) 


wb1oh on subsequent. lnteg:raUon glves 

8 
Klnetlo eneJ:gy/eeo. •nd(.13 1 =l~"f13 f.a •fl;fat

11

(l ·• as) 
The work clone pe2: tecond ln oveaoalng the Yiacout retiltanoe ,. 

Peff the effective 
• dftvlng p•n=• 

lf 1 pre•aure P was •ppll.ed only a put of S..t, ••etf• le used 

·to ove~tcoma the vl•cout nslttanc•• the effective Ulvlng 

pnsaure then 11 c11cu1ated •• the tot11 applied pree1ue N.nu• 

tbe •p~e.ttuJ:a• »equlnd to give the 1lquld kinetic anezgy, 

Peff • P .. ~ (I .. 19) Pt ::e':!u::p11td 

Subatltut1on of ~'eff ln Polseu1U•'• equa\lon glvet 

(P .. ~) va4 • S.,QL 

which can be :reauanged to a moa:e ftmlllaJ: fom of the mocllfled 

Polaeullle equation 

?•"9 •a! t ·(l- 30(a)) 

http:�ppll.ed
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ln the· evaluation of the klneU.c eneqy conectlon, the. 
eff.,t. of .th,e, ·~•P• o~ ~· capllla" end• •••. ~egJect~•. , \Itt• .. 

I ,. • • •• I •• I,, • ' I 1 I (. ' • : ·' ' • • 

fonunetely tbl~ effect baa not been celcula,,td. ~1gonus).y •nd 
' : • : ~ : . : • : :. ! • ; ' •,'' ' ' • i . I ' : I . I' -·, • i . ! ' f ' . • ; : • I ' 

inate1d lt taken ca~e of by the 1ntzoduotlon of an emp1Jtcal 
eonstant m 

\ ; ..I ' "-~ ~ ftl :...B.l. ·· .. ·11 ... ao('b~)·.. 
I ,';I f .I i( ~ . ' '·81tl; "( ' '. ,' \,' '.. ' . . ' 

',' ·'· 

the.v••u• of this col'la\an't mu•t be deteJid,ned.by • o•llbS'aUon 
with 11qu1da .of k~own v11coa1t.y. ;f:,.,~ oapU11~:1el with··· 

Uumpet~th•Ped endlt the. value' af · al , btl .bMn found to be 
' 

1.11.) 

hcauie of the unoerillnty J.n the· wlut of ' m''' 'vltco

·~·1:·· ahoulcl bt deelgned ln aucb e way 11 'o makt the eecoQd 
tem ln (I • SOtb)) n~llgth.le. 

· b) Will lffiGSI• t.h• •••umpt!on. tbat thez• .it no aJ.lp et 

the all la not 11way~ vaJ.td; moreover tbe wall may dlato~t 

tbe ·flow patt•son in the 11quid acl3acent to tt. 
When the flo.tng liquid ls a solution of flexible maozo

moleculea, the molecules may tend to draw tway fzom.the wall 

bec•uae the &heal' gJt"lclient 1.• greatel"t at th• wall than ln the 

body of the 11qu1d. Hence the l•Y•~ of llquld cloaeet to the 

wall has •••entially the vlscoat.ty of the pu•• aolvent. The 

2:ate of flow of liquid thro~gh tht tube w1U thus be g~eater 

thln expected fmn lte actual v11coalty, llftce the flow at tbe 

wall dependa on the local v11coalty only ( '"' ). If thil effect 

http:vlscoat.ty
http:n~llgth.le
http:deteJid,ned.by
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occurs, tt .would be dlfflQult to detect ln a non•Mewtonla~ 

11qu$d, 11Qca.lte v1acoeity -ec~:eatet fo• 1nc:"••1ng ·~••• 

ttt:tll.· fhei only .., 't~ dettzmln• wbetbeJ: ·ot not a .ll#. . ' 
effect e~l.st.a,· 11· to compe~:e the vlacoalty :it·•·sureo at.· tile· 

1eme ab.eu etnat in vl1cometex-a wlth capllla~l•• of dlffe~:ent 

&'•4l\l.l• If the vlsco~l~y:,l1. ,tb•. ••, t~""' li n~. ·~~1 , 
effect. Fo• atr••••• :.-.t-le~ than 10~ dyne~/om2 the wa11 · 
e"fect cen .,_ neglected~,: • 

. Anomalies tntY ·i11o •tlae fJ.UD abeot-ptlon of ~~lute 

on the ctplll•zy wall• · M•o*Ptton.wlll·:r•ault ln • dec~•••• 

of the l'ldlul and bence In 1nczotl18 in the v11COI1ty. Tbla 

effect la elgrd.flcant 'only' lf the. radlUI lslft'iiUezo than 

o.ol!) .em•. 

t!).lt te, lf. the l,lQU:lcl f~OW only. after a ltl'tl$ of I certain 
' ' ,. • .. ! ' '., ' ' ' ' ' 

·magAltude htl been ·lpplltci. aulttble corncttont can be rna~e, 

·· but they Ue :tlthel; cumbtatiOH•. 'We wlli. not di.CUII thece 

coznctlon.e, blcaute the 1lqul4t we wUl be dealing wlth do 

not e:tchib1t a yield value. fo2r an exbeu•tlve ueatmtnt of 

the yield value one it refe:rr:ed to Reine~'• bOok llf911USlRD 

lad fl91• 
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8. IIIIYIIIIIU.S€ X&IIIIUI 'DZCIR&liiiX V&IISiliSfll 

1. IDII at GIRI&lla Y&ISOJ!'YII• We have aeen that lt lt 
possible to detezmlne the viacoelty of a liquid by studying 

1-ta flow behev1ou ln flne cap11lu1ea. CapUlur vlscometezoa 

may be divided into ·two ol•••••• absolute vlaeomete~• and 
nletl•• viacometen. 

a) AI!MlAk XiiMI!dKI• P•m meeeuratntl made ln these 

!nstNDenta tbe vltcoalty :l• c•lculated with the help of 

equation 

The aoc~acy of auob a detezm1natton dependt on • p#tolse 

knowledge of all lnabument. dlmentlone and 1 detailed 

theoJ~et1ce1 dele»lptlon of the flow behevlouc td.thin the 

lnati:Uilent. the abaolute callb»atlon of tbeae lnatnmenta 

ls vety time contumlng and exacting. 

b) ltlls&!l DIOUISUI• ln these vlec•eten one compuea 

~· vlacoalt~ of a 11quld with that of anotbe.: 1lqu1d,. the 

vie.costty of \lh.lch lt tccu.•tely known. Xf thete lnabUJnenta 

ue eo dealgned •• to make tbe kinetic ene•gy co••ectlon 
negliglble, the s:atlo of the flow times of tbe two llquld• it, 

equal to the nUo of theb klnematlc vltcoe1t1et. (The 

Unemat!c v1scos1 ty la defined •• the z-atlo of v1tcoe1ty to 

the density, ?/d.) The ca11b~ation of theae decometerta 11 

c•~:rled cut wlth 1 llquld of known v!.scottty, which enables 
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one to calculate the app•ratua conatant 1 'IT a'\g/SVL • 

lt ahould be :teallted, however, that the nt!o of 

the flow timea does not r:epc•••nt the z•tlo of the k1neaatlc 

viecoeltiet of the two llqu1dt lf the flow behaviour: of ·theae 

llqulcla l.s not identical. (Po:r eaaple • Rewtonlan 1lqu1d and. 

a non-Newtonian Uqulcl; liquid ln 111dna:r flow and a liquid 

ln tua:bulent flow, •tc.) A detdled detcJ:tptlon of the many 
dS.ffea-ent kinde of v&scOJDetut la not neo.e•••IY heJ:a. llo1t 

of the fftOsoe uaefu1 d.scometa#a •~• flf11y detcJ:lbed in lu•'• 
•Monog&-aph on V:l.acomt'by•. 



Ch1ptea Sl 

U•MIII'OIUAN &OW All) US INTIRHllfAfJOJI 

tbe flow of • non•Newtoniu ll4Qld l• such thet. the 

coefflclent of vl•cotity deena••• When the 11quld 11 
IUbjected to 1ncreallng lhtac atn••· The 1101\ obv&oue way 

to detcd.be this _behaViour utheMtictlly 11 to eap•••• the 

vi·ecollty, Ol' J"tthR Ita ~reclpncal. the f.1u1dlty1 ln a powe• 

ttZitl in either Shea. 1~211a o~ lh••~ l'ete. One .., exclude 

tht odd•powta tea• ln thie •.,analon, tlnc• cltuly tb.e 

v11cotlty of a .liquid thould not ct•pend on it• dlMcUon of 

flow. The foUotd.ng exameaslon lt tbua obtained 

(U • 1) 	 ; • fluldlty 
~ • fluidlty at
• aero thea~ 	~:ate 

This expz.aelon can bt valtd only tt low the•Jt st••••••• elnoe 
lt doe• not lndic•t.• tba expezl.menta11y obuwed constancy of 

the vlacoalty at hlgh thea~: at~•••••· l\elnaz- ( 1.\~) thel'tfon 

pJ:Oipoaed, •• the 1!mple&t a1gebJ.Oaica1 tX))Z'ttt1on fol' the 

obaewed flow bebaviouzo, the foUowf.ng 
.;~ )..+ • fo! <\>o . 	 (ll • 2)e( .

1 + ("J~ ,_ 

Tbla tmpb1c•l •«4Utlon fitted l'tMtkably well the d•t• 
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obtained by RelneJ: with ••the!!' concentJ:ated aolutiont of 

wbbu 1n toluene. the cU.eadvlntage of (U "" I) 11 t.bat !t 

b•• no theoz.Uctl baalt~ it ltll~~Mrl••• tht flow bthavloul' 
but 11 of no· help .ln · lntMpretlng lt. ·. ' · · · · · · 

1. 'll.llu'*'• SIC ,829~1-aaun· De~~· i · In' th* 1•:•~ ten vearta ·a· 
. .: .: . · . . · , > . · · ... · ·. · , . ·. : r · · , .,. · . . · · · · . · · ·, · · ' · · ' · · · 
mabe:r of tbeo~:1es have ·bean pnpo1.a', on tht baala of Wblcb· 

an ·liDo··· .'..uutitltlve .' tnterple\ltlon of noa-flelftontan flow 

c'ln: 
. 

be 'elven 
. 

in ••••.·of' :thl propeJ:tt•• of the aolut.e. 
' ' • ! < I ~ ' , I , , , , • 

1 1 

. . ,) Dl19U Q(±tiJlbD, toi) lvba IIlli_ dbtll• .A theowy limited 
' '::I' I •' '' • 'r 

to dUute toluUona of polyme~: molecule• 11 one that h•• been 

~~lop~ mt!.dy by Klabft ·and Kuhn ( s~ ) , Peter:lln (" s ) • 
i '. I r: ,"', • I ' ' I 

Jueqbe ( 9> ) , lou•• ( so ) , llrkwO'od ('l.~iJlo) • Zlmia ( 7s } and 
i r' : ,, '1 ,1 - ·1 : .'', '; ,' ', ' ,I , ' ' ' 

1 

Gerf (t.t.u>). 

the polymej molecule ln· S,1ut1on la •••umed to have 

a •.ttape J:eaS.etance•, closely ••·latta to the •.t.nne~ v1ac:oa1ty• 

ln the clomtl" lniS.de the po1ymt;t ·Colle tb!.• •tnne:t vlnolity• 
' '" I 

ls • s-eault of bydzodyntll'd.c &nteraotlon betwaan segaente of 

the molecule •nd ~•tulcttd ntation of tbe 1egraent1 azound 

the valence bondt. Xt makea tbe Nlecule •~"• or lost ~igld. 

ln flow tblt J'lg1d1ty prevent• the molecule fJ:Om being 

completely o~i.entecl ln the dlJ:ectS.on of the •heazo at~:•••· AI 

the aheazo tuesa lncn•••• tbe molacule becomes more oz-lented, 

and hence offue l••• reti.stance t.o flow, (OJ: in other wol'dt, 

it has a Ut~l1ez: vtacoaity). 
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llwrl.ng flow • bydndynalc to~• s.••• •· zoutlon 
of the pptlclt. Aa luec~e.t.~ ).bll thown, tbl• WS.lll••• to 

, ; ; 1 : I ' ~ . ; . I • , ; , , ' , 

1 pe1'lod19 coaapr,eslon ~~ dll.~Qn ·of tb• Ml"ule. If the 
' ' ' ' ' ',·' • I ; ; I ' ,j ' ' • 

molecule wen periectly elaatlc tbla tltunaUng CGJ8P••••ton 
and dll~t'tlon Would· nOt. ibvOlYe ·•. 8 lo•e S.n ·· tnelloY•• '··: •SI.ftc.l ao•t 

. ' 

moleculel at. nOt pei'fectly el~ltlcr • ' ctH.lft aount. •of 

entfgy ·w~.u be dS.tall)ltad: 'in· .Ot.atlt>n lftcl heitc. the Yllco•S.ty 

WS.ll be l•eattc. A8 the molecule Mccata .01:8 lftd IIOH 

oriented J.n the dhectlon of flow at higher 'lml hlghet lheas

ltlieele• · tld.• effect beeoaea leas ·.end 1••• •net the vltcot1ty 

dec%e*•••· ln·•·perieotly f1eale1e molecule the ef'feot·of 
defomUon Ju•t cOI\peftnte- the tffect of oJ:lentaUon and 

n0 lheal:· dependence wt11 be obaen•• ( 15' ) • ·~a aU oth•• 

caMa the C,ffect of oJ:1entltlon outwl.ghe thl .· effe•t. of 

d•fo..uon ami blnoe • net deu•••• ln the vlacoalty ,. 

ObHned. 

1b1. tbeo-v. and its IIOdlflcatlonte tll 1••• to • 

final ecptat1on· fo,. ••: dependence of the vltco•lty on tbt 

.:ate of ••u of th• foa· · 

\. • c?..\:,ft .. rl 1 
' 

the ...ct fo~ one lbould eoneul~ the o•1g1nal papeza. 

The IXpHIIlOn ttl'1Ved at fo:r tbe·lntdnJlC vS.•cotlty 

an of the fom 
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, . . I 
~... .1.,. cont~an'·l4'7.,~• l~J~ · (U- 4),. 

I,) ' 'I, j ~·· .· . ··,···· .,.. .... t~OJ. 
I' ' '.- ! ., ' ' ' ', (' 

, ' ' ,, , , I •' , 1,' I 

~he .••nt!ty. t-tl b~:•ck~._. aeJttlY ~•P,z•Pnt• ~·. ,.tlo o/DJ:ot•. 

-•~•. D10, ~~• the. %()tl~on~l .. dt.ff~~1on coe~~i.o~ent.. ·$1nc• . , 

tl\e :ottt19ntl.dlffu•1ott.coefftC1•nt.1GI.flV~fttlV pzopo~t!onal
I i I I ' . I. ' ' ' . ; . : : ~ • ' ' \ ', ' ' • I ' ' I ',. I . : I ' \. ' • ; j ; ) ~ I : . ' . - . ' : . . : l ' ' • : 

'~·1·~"''~~-~o·l~y of .ttt• ..•q).u"on, .•• ;"~ ·~~~~ .. c"z ...4) S.n 

tt...t .o, ebt\tu etreas, : ·~ •• fla:tt pointed. out ··bV 1. lleanans 
I,,,, I , , • lo I, ,• , , , , 1 ' 

111· ,(1.~) .. ' ' . . 

~2~~. • 1 • con$t.[.+1'2 
• 1. • coast.: l~l-' 1 • 1 • .con•~·liji;() ' . ' . ' . 'D~t . . . " . . J I • .• .. • ' ' 

·:.~·.:· ·.· . . ,,. ~u~'l.: 
frena this lt.ts clea• that lntl'kUliO vitcodtlet, an4 •1•o 
\ ' ' : .~ , ., ' , , ; ; I : ' ' ' • : .., ' • : ', , : ' ·,~ ' , : ' j • • , • ' , '. : f I • ;_ \' • • ' ·, : ' , ,1 

~pe...~!f:$~ ,tt~titles,tbould be•. ccm,pa%tfil ~t ~nft,tnt lheal!. 
' ' ' . I • 'I ! ' ,, ' : ' ' ' ' < ·, 

.-., ..not a't cont"-nt, thea:r, ~•t•• ,. 1•. ~l'l• qeu•l p~c~t.ce• 
. ' ' . ' ~· ' ' 

-:: Jh• theo-v ·•• t>~~~~Y. out~lntcl. •boV• ,lppllet only to 
t I • , 'l • ' < • o i' , • 

eatn~nely cl1luta aolutlons. Jn cons!cl•clng •o~e conoent•ated 
' . ' ' ' . '' . ' '\ '' ' ' ·,,' ; . ' ; ' ' 

sol"tlo~l,.one lbould •l•o take into account lnt~:t-tttblecular 

inter•ctlon~ .· f(l:. vary con-::entr•ttt~ t~lp~S.ons. pmut•ing 
' • ' ' ' : ' ' ' ' : ' 't ' 

1:••ultt. tt•v•. been ob:~•ct by ._ocige~ ( .~s-.), ._.o •••um•• • . 
. . ,, ' ' ' ' ' . '' ' ' '. \. ', ' 

ne~:rk to .be built .. UP ~n the llquld, we to entanglements of 

tbe polymer molecules•. the ••veJ:agt lifetime• of tbe network 

junctlons lt dependent on the lheu str•••· the problem 1n 

concents:tted eoluUona. t• made ·et.mp1e:r tlnce the bydftJdynamical 

lntel'actlon, ·between the· $0lecu1et e·an, to •· . ·f1z•t tpproxlma\lon, 

be 1gnond. 

1'be point of depariu:re ln the theories dtaczo1bed above 
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wtt tbe polyme• molecule 't•elf. One may take a d!.ffctrent 

appwacl\. and tey to account fq~ non-Ne'f'onlan flow on th·e 

blatt of aome more mechenltt1c concept of flow. We Ydll out• 
line two tuob tbeod.aa, one by' !ly.:lng and lee ( 111 ) , on tbe 

bl1l.1 of the •bole• tbeo:,y of l&cauidt, the· otb.e~ by Oldl'Oyd 

and o.ther:s ( "'' ~7) on \he bttlt of • -nera11••d Mawe11 1lquld. 

b) tllauz WISI J!D Sbl IDioa SUSGSsaf. f&91• ln Chaptea- l 

wt bave glvtra the de•lvatton of Syr:lng'·• ••P••••lon fol' the 

.coefficlent of ·vlacoalty 

9 • ! !&oo-1 Cbs 
0( (bq 

The flow of polymel' moleculea J.t described •• 1 movement not 

of ¥1\ole molecules but of put• of molecul•a, a gzoup of 

eegment1. $ucb • g:r:oup of segment• 11 called a flo•unS.t. 

The e1te of a flow•unlt depends on tbe depee of ngmenttl 

cooperation. tnd thls cin be chal'acted.aed by a cert•ln 

J:tluat.lon time. 1'he final equetlon f.1 a tle:ri•• of bypubol!.c 

aine tuncUone, whole cgument depende on tbe rela1at!on ttme. 

and hence on the ••gmental cooperation ln flow w1thin the 

molecule. &acb flow•un1t cont#lbUtea one te~ to the eetlea. 

the ••••••1on obtained la 
·1 ( ) . . ~ 1M-1 ~, • .:l!i + ~~nh l\~. + ~ ! ~ J!~ (ll • 6)

c ~l o(l (b2ct ota >q 

wbes:e11 "n• fractional azea occu~ed on a sheu 
· eu.tfece occupied by the ntb gJ:Oup 
~ t relaxation t~e 
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. ,·J_J: I ·A;)\~Aa., ,··, ,., :: ,\.- ... ·: 
~ n. _-. --: ... , . .I 

:. •.:;: ... ~n. ·.·.·.. ·, ·:; .... , . 'I' :. ,., ' .. 
I: 

'I.• I' 

.. Yn• lit~ ·~·~able enezgy ln .the ntti.
'.' gl"'UP' ._ '•' • • l i I : i i! , , \ .. ; (:, · I ( • 1.' 

' ' - i : :· : • i : .' ' J ( ' : ; ' ' ' ~ { ~ : • • f I ' I : \ ; : . : \ ' . . ,: ' ' ' ' ' ' : . ' '. ' . I . .

1'be fbat tea 31e-elen'tl ·a·· lttwtoftlln tmlt, the 'lo1,ent.• the··· · 
: ' t I ' : : ' .: ·. ' . ! • ) ' '. i . '~ ' '·- . . ' i ' : ; .. • ,· ; .' I ' ' ' ' .• ' ' \ \ ' . ' • . 1 ' ' 1 . ' I 1

other teftll .......nt .. the non•NewtOnlan ~ unlta• ' . .I 
 • • :; :' 

'.- .!quluon (It'·~ 6) .· ·-····· .n ••tf.ud.ablng' vizlet)f 'bfi 

phenomena ~~om p1attlc' flew '1n mettle 0&' .J:pboue eoiua' to''I 

non•Hbtonl•n floW' !n.cef.tipolte liquldl. lrid' lt. •••• to WithI 

' ' 
i ' - . ' : . ' . . ,' . I ''·! ' ' ' • • ~ ' : ' I • • 'I I . . ' • ' ' ' ' - ' . ' I • ' •• ' ' 

vezy good p~ecltlon ttlCl condstency. The baalc dS.tadVentege · · 
' . . 

of tqUtUon Clz· • ·6)1a \he & ad!ld impoatlbU.lty of p:rrilct• 

ing bow many fJ.ow unS.tt al't ~e(ltttftd, tml bow they an J:elated 

to the ttructu»e· of tht e1ecule. Iince, 11 the numbe,: of 

flow untte incu:eiset, tbf number of ldjuattb1t pa:reete:a alto 

lnc~:e•aei, the queatlon 81"1tet Is to Whether o• .not the · 

excellent fit obtllnld 11 fol'tuitout. 

the iatu1t1ve model fo~ ltquli flow, as developed by 

Ep1ng. bla been employed by 
\ 

thetlttu et al C 11 ). tnd by 

Schun (511-st.) to gtve tn lntet:enlng 1nte»p~atat1on of the 

flow cune, 11Vhlcb. 11 e plot of log tbetr et~:••-• ve~rtus log 

$heu s-ate. 

Vmatlttezt ( 11 ), baa shown, that one ctn identify the 

thea~ :tate which haa the dlmenlions of • fS"equenc.y, with the 

fre(IUency of segmental .S-wn.P•• TheHfo:e, as the shea!.' ~ate 

incnaees th.e fJ'equency of the Jumpt lncreasea •leo. the 

gzeates- the Jhea» _.ate, the fatte~ the molecule ie led by flow 



. to. the p1tc;t vacated · •hortly 'befo"' by ·tnothu :molecule-.: · Henoe 

~· ,d!atunance .of tl\e ·.flow btcDmes: ·1••• and .J.•••• When .the 

tbea:r ~ate :n•ches ·tlae valut at Whl~ • .mo~ecule 1t .ca~:dtd by 

the· flow:to:tb•.p1ne.thlt· t!loV.e•:•olecu1~·1•, jutt vtc~tlng, 

th• ·Changing. 'of..places ~o~cur.s with ~.the :smalle"' poes.lble 

.cU.tturbtnoe. 1h•· f•equency, of plue-exchhft ·C atgmtntd · 

,Susnp,e) .hts .becom•· • .nat~Jil fz•qutncy of ,the lya.tem•.At..•lt 
I ! > ,, I \ ,' 0 < ' o • 

til••~'':•.. sate 
'. 
the .change. .-.n... ' 

~1•cot1ty. ~th 
': 

~··· . .~at• hlt l.t• 
' ' ' ' : '.' . . 

llt:pst .v.alu. 'fbll ~~ conetpo~ to • point of !aflecti.on 

in the flo•CUJN•• lbt point of infltctlon tdll depend only 

on the 111e of the atatetu,tl .elemtni;a 1n flow tnd tbe 

vt.tCQ•lty of .tl\e tolvant•. · Since .the dli of tht structural 

tl·••ntt wU1 .depend· .on. the molecult:r we!~\ of tbe solute 

one . tbould ln. pd.nciple be tble to calculate, the mol•cCul•s

welgbt fzom .the me•ataed point .of. infltctlon. · Tblt .mo1ecu1e,.

welgbt wU1 only soep2:ese.nt. tbt moleculaz- ·weight of the· solute 

1f the solute molecult l:t the fuiUJimtntal unit ln flow, an 

••aumptloa· ·that •••• to be vd14.. when dealing wltb etlff 

molecule• such: aa tbe·ceUuloe••·· .CJnly fo71 cellulose au 

oe!lulo•• 4a3:lvattna·doee. tbla detedptlon aeem to be utefuJ. 

and is substantitted. by ··• luge .emouat of txped.mtntal 

ev1dence,. due malrtly .~ ~Cit~ (-sat~ S9 and ld•1mann ( 18 ) • It 

doea not appeu .to be ••ttsfactoJ:Y fo• ·r.tUute toluUona of 

flu1b1e mo1ecu1••• stnce.·these ll\Olecult* pntu!nlbly do not 
I: :; \ I 

have a unlque flow-unit. 
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$t,r;.~e the pq!~ of inflection occu"' wltbln • zang• 
I ' ~ 

of thep sue•••• readuy obtainable An cepUla:y Viscometen, 

flinhe" 1nvut1gat1f of tha vaU.dlty of thla lllllpJ.Jilcal tnat~ 
ment would be of g2:tlt practlceJ. value. lt would mean that, 

' ' 

in ozder to cbuacte•1•• • stiff molecUle, ~1 one would have 

to do wou1d be to measun 1te flow•cuve. 

c) lb&a &lllld Q!l~ Sba 91!l1Uii!M Blftl&l SPUtd aofwl 

'&Sltl&dn J&ta .l. Ae ell'aldy 1nd1ctted ln Ghaptel' J,, flow can be 

tJ:eated ae • dtfomaUon phenomenon. A oedaln at:reae lnduces 

a coueepond:lng stnln, and the· pnbl• ta to· flnd the most 

geneza1 etx:est atz1in nlatlonab.!.p. In Newtonltn flow, theJ:e 

ls et.lot ~perilouU.ty between tbt ataeta 11\1 the a-ate of 
I 

clefomatlon. x~n noa-~S.en flow, the pcopor\lonalit.y 

constant••tbe vlsoo•lty--1a found to depend on the atu••• 
to a fl:r:tt appzo•imatlon the ntt of 41efomatlon may be 

·••,.•••ad •• • powe» .seaiet in tbe etrr•••· SUch ' a:elet!.on• 

ahlp lt. witten down fOI' ••ch of the component~ of the rate 

of defomatlon and foJt etch of tbe component• of tht 1tz.ten. 

The •••t!on ar1••• •• to tlhlcb coo.atnate syttem to choose, 

since the 4efoZMatlon lt ••£••zed to the defo~ ttate and 
' 

the aueee to the undtfoatd state. lhlch cholce te the 

co:nect one la 1tlil not cleu ( 17 ) • Monove~ even when the 

ret'e~tence cooJtdinate .· aysttm 11 chosen, the t.-lnafosmat1on to 

thle cooa:dlnate syatem 1s not unique, alncut tJI~· only ~equi•e

ment 1& that the sretulUng tentol' should be aymmettl.c., thu• 
! 
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1eavbg· •n.: :~~t~•~ .®.l'Obl~~\lon: tf, :Gtlt:t, <;Utn~1Uet., ,
... ". ,., .. ,, '" .. . '' ·" .. ' ... · -· 

u~ete•n......"'"'~•l•~•.• .tOilfl .Qaeful equetlone. have b••ll 
• .: ; f ' ' ' ' ' " ' '' ' ' f, I ', . / '' ' .. ''' ' ' ' ',... : ,: .,' •\ ! I ~ : '! I o"; ' I ' I ! ' ' :, •: I ' ~ ' ' ' I ' •: : '· :I, I 

P2:PP<>~~.I '' 'th••• ·~ ,w.11~ ~~Y. m•~tlon the. •••~on del'l.ved 
• -' ·· · ' ' '· • ',·I · i.J J' , ,: 1 · " \ ' 1 I • :· 1. ' ' i ''r '•, 

by .()l~Jd~ .<: ;~o.). ,tt~, ., ~~~~~·~l•~.,14.awe11 :1~•~• . ······ 
'· · · : 't + '>--,·i:. t.' 'f) h.- ,.:·: '~q}' ; · > · {U· :.··y')' ' ~,J'A:~.: :relaxation 

·. · 
0 

times
' \ ' : j ' : ~ ' ' .'' • ( ' I ' ' ' I 

1"hls eQQatlon baa bftn lbowa by Toma et al. ( ttB ).-to 

~:eprelent the' flew· 'b8hivtou» of not toe. ·concen,Jtttad aolut1one 

of poiy(methy1tnetMc~1ate). 

1. IUmNft• lt hat been. .tlown.thlt impo»tant 1nfosmat1on with 

n•p•ct to the ttwcttu:e .of the •1ectlle ctn. bt obta.lned fcom 

the meaaw:ement o! non-ffetltonlan flow ·tn dllutt .solut1ont ·of 

m~t:OmOJ.ecules. the· :reqUlHd dati· can to a lt~e extent be 

obtJlnad by metns of ctpllloy vS.toCMt"· at .leaet fol: etlff 

molecultt. 
Wlth ceapar:t. to the micbanltm of non-.Bewtonlan· flow, 

no tnfotlnitlon. c1n he obtltn•ct ·witb 'tbe present technique o·f 

~lt>UlU, vilcbmet»f, ·Iince thle ·would nqUlft! tbe ·measuement 

of dp/dt• 

·· 'In 'orde~t to eetlbll.lb ·cJ..ited.a fo~·the epplt.cabU1ty 

of In eC:tUat1on of flow' et ttae genQ'IllHd 1aX.e111!qu14, to 

nbn~NeWton!Ari flow 1n po1jrrlt)t aolutlontl '*Pilla~ vlscometers 

fall eho~t~ a1nee ·. the: J:equi:ted dynlltd.c me.tll%ementi .cann.ot be 

••de· J.n • capUlny vllcbmeter• 
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Cbaptezo Ul 
CAPIU.Al\Y V!SCCIIGSRS AND CORBeartONS TO 

i'OISIIJltLS'I aQUATION 

1. ID~&M· A va:r:lable sbeu vl.ecometo 11 eesentielly 

an ablolute !nat~ument, slnc& one,ts lntere•ttd ln detezmln• 

ing th.e vlacoat.ty •• one varle• the cl~ivlng pJieltUH. One 

tbenfo:re has to atteftllft whetbe:r the geometa:1cal bead doe• 

indeed l'epntent the effective bydzoataUc betd, Whethe• the 

volume of the llqu!tl dlacha:rged. ln flow coJ:treaponda to the 

volume foumt by an independent. caltbnt!on, etc. Ol"d!.na~:lly, 

one ls not eo· conoemtd with thflt qUestions tlnce t'heae 

effectl are tuppoted to be all lumped togethe~t 1n an apptatue 

constant, w'blcb will cancel, if one la only !nttt:atted ln 

relative meaautttments Wbtn the ld.nettc energy cozs-ectJ.on hts 

been made negl!glble by suitable deelgn. hom 1 condderatlon 

of Polaeul11e'• equation ln !te uauel fo~ 

1tll,od t mL 1 t· .)
~ • · avt.. • · • euL t. xu • 1 · 

lt la c1ea.w that we ue con.ce:rned td.th the :tld!bs of the· 

c:apU1a$Y, a, the effective hyuottatlc htld, b, the tffectlve 

driving pt:eaeu.te., hgd, the volume, V, and the length of the 

ctpUl•zy. 
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Jbt rld&AI. 9f !bt GIRii&ID ahculd be unlfosm tb~ugh• 

0~ :ltl length. rue ~:equbement. 11 •••lly ut by the use of 

prec!a!on bore, tubing. the zadlus should not be too small, 

othe~iae dutt partlcle1 will too ttidlly .lodge ln the 
capillary 1nd abeozptlon may s1gnlf1cantly di.Jdn1sh the ~ad1ua. 

Jbl. a£€tdi¥1 brda.Git&Su,bllfA l'eqU1nt canful 
conelde~itlon. l'o1se\d.lle,•s equation is del'!ved fo.~ measure• 

menta tt conttlnt p~eaeuze. In ozdlnary v1scomete~s\tbe head 

cbangea cont1nuoue1y ~1ng 1 mea.urement •• the men1scue 11 
falling ln the efflux bulb. We have to de•1ve iheJ"efo•• an 

••l*•••lon foJ: ·the time average head. 

lbt tfbstba Ori'doa PI.IIIUJI will be equal to the 

pwduat beff.gd lf the hydr:ostatlc held It not too aal1. If 

howeve:r, tbe value of thls pJ~Cduct lt tuch that the potential 

energy a'V'allable fo• flow li of the 11me of:del!' of magnitude •• 

the eneqy of the 11quld suri'ace on the S.na!de of the efflux 

bulb, eea-lout d1fflcu1 ties a:rlee. to fix ldeit about the 

os:dus ot magnitude 1nvolved, w w111 contldta a bulb td.th ' 

volume of 0.20 m1 tnd •n lnne~ aul'faoe of appl'tlxl.mately 2 cm2• 

Let the effective hyfkottatic head be 2 em .of watet. The 

potential enes-gy for flow, then, amount• to o.a cm3 x 981 

dynt/gm x 1gm/cm3 • 2 em • 400 .dyne em. The en~•gy of the 
• ~ I • 

lltuld laye~r adhe:t1ng to the wall of the bulb will be, in the 

ca~e of en •queous eolut1on, 2 om2 x 71 dyne/em =144 dyne em. 

llnoe thle enes-gy w111 not be avaUable for: flow, neglect of 



this effect Snt~:oducea a f#One1dtl'ab1e ezzor. lt 11 also cleft, 

that •t oJidlnaay hyao•tatl.c hea4t, •tch an of the oaler of 
' ' ' I : ' • ' ' ) : . ~ ' 

10 to 10 em, ,th!t coaectlon become• quite Qni.mpoatent, 

pbtlculUly 11 the v.o1mnt of the bUlb is, fo» othe" ~"••ions, 

luge$ when the htatl l• lbge~. In the vltcomttz:y of Hewtonlan 

1lqillda thle ·CO&Tectlon. btl 'only been e~nsldend In the veif 
acc.ate 'wo:rk 'ot Swl~ells' ' ( ~5 ) • on tl1• det•nlnatlon of' tht 
absolute vS.scotlty of'wateJ.",at tbe .atl.ortal beau of Stlrtduds. 

. . !be actualxeiiU,ef lha~:l\YD can eatt1y be £ounCI' by 
. ' 

a· dtlble ct1lbJ"Itloa, but tblt volume It not ntcetaully 
equd to tbt volumt S.n fiow. A.e ta wall known, • eertaln · 
amount of ltquid 18 left beblnd lftts-' •cOmptete• dlacbuge.' 
St. ·etA be ··lhown that wi aount t.• lftdepehclent of the· iiquid, 

lf, but only' .,,, the llquld fdl$ undtlt lt~ own wet9ht• ,.,.. 
the liquid ·~., ·ateba~ged ·undee extonal p:reteura. e1tb•• ' 

polltive Oll negaUv•· 'a i tbalnage co•~•cUon must be lppllecl'. 
In pnct1ce, iht ·;Jtd. af Dl ·. Qla&J.Iau. app••~• to be 

eUgtatiy lutu than tbt ~aa1ued ·length. 'fh11 lt atulbuted 

to the lnt~t!l of the 1lqu1d. On leaving the cap11las-y the 

llquld flowe on foe a .U.e •• lf lt •~• I'U11 itt the 

capU1U:y. 

We lhlll now dl•cue• quantitatively the co•%ectlone 

.. th_at must be conelde~:ed 1n applying PotaeuUle '• equ•t1on to 

data obtttned in a cap111a~y v1•cometes. 



a. Maatio!l··Ef,fJI&Qtt:in,:t1liii.Rlllm:•· ·~~r:n it aCJ·,) ...,.: ·...... . 
fo~UtJ.cl the.:,ttent1on. op:::1 .poas1~11 ·•m>llan•Uon .of:the·. · 

1n0Nlo.ua valuee:Of:the li:educed •peciflcv1tcotlty ohaewed . ' 

·.S.tb·.polymer: •t()luUone :•.t .:v..,. (low ·pol•~: (concenu•ttona.. . . 
· Abtoq>tl.on . of .J)Ol'P!tst •f801ec;ul•.• ·at tbe cepU1•1:Y ·wall (would · · 

: !, ; ;1,!•••• two ·tffec.tt . ' · :' ,·. : . · · · .. · . . · . 

' ·a). decJ:~e•tJ.ng ·the:~ ooncent~at~n ~of poly,mez:. lrt solution• 

. and hence dec~:u.tlng• the· flow ·tlu . ·, ·. · .. · 

. b) decseas!ng· the capU1uy :tadtu•• and: hence !nctl'eadng 

· . ; the flow tlm•• 

Qonsldec1ag only tbe 1nftu.e~ce of • tmallee ~adiua, Ohzn 

d•nv•• the ns=ttlion 

(11-')*t: .•PPU(IInt. ~duce<l •pecJ,fl.c~ . ~8COI1ty . . .. 


. \t~ ·t .actual J:educe4 sptcific 

· vlacoelty 

'It: ·tbiclm••• of ·.the abe:tbed 
.... l•YC?» 

When the thlckn••• of ·the ahso:rbed layez le much tma,ler: than 
• 1 '. ' ' •, , , ) , :, ', , : I; • ' 

~~ :tl•lut of the np~1a~ .(I << a) the aec9ml tem may etW 
,, . . ' '• . ' ':, ,' '' . . . ' 

be ~.,pzr(tcitble. tt smd~ conoentratlqnt. ~qu,tlon (111 .. 2) 

l• bor:ne out ))y expel'~ent. 'Jhe effect 1.•. not •1gn1f1c•nt tt 

thtt, concents:a._loJ'l& 4l't ~l.cb .. ·metauriDlent• •zo•. ututl~y made !n 

atuclying. th~ viecoe~t.Y. of .dilute pol,.•~ aolutlona• provldecl 

that the ar..slua of the c~pilJ.uy· l.t 0.015 oat· gz;e•te:r. 1'h1• 

http:c~pilJ.uy
http:decJ:~e�tJ.ng
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:rcd1us then: ·l!epreaentl, ·the • ·lo\fft'': J.Wt, ·foz. ,any vlscoJ,nete~ ... · 

·designed fol: d'11ute. ·solUtion meatw:ll'Dent. ·A cap111aS"Y. of' : . ' . .·:! ' ; . 

this .. (ot: ·Peate~·) ·:-adlus;~bas anothu' ·advlntage, lt· .t.s :not .. 

likely to be obstwcted by octeatonal dolt 'Pis-ttole•• · · 

3., lbt lfff!df.VI -.au• ltd• .lt baa. )Jnn poS.n~ out. 
\ : ~ , • • , j ' ' I ' J • ' : ' ; ( i , I • / , ! J I ·, 

t l. ) that the •effective• head· tn 11~• 1~ ·ac>i neceasuUy · 
': ' ' 

equiJ). to the. •1geJ:»:.at.~ .tve»Jt• of the lnltl~ tncl flntll\••JS•• 
I,, , I ' ' ,• • ' ' ', • • '·: 1' , ' ', , , • I ' ' , ' 'I 

OJf. tbe •time .•, •••g.,• ..h••d Ctllat ~.•.. the bead. at..tbt rttOment 
1, o 1 • I, • , I ' o,l , '· o ,J <'' I • ' , , 

Wban .flow h•• p:roceed._ fo~: MJf tbe u1t!Jnl\t f).~w: .t~e) .• An 
' • \ ' • ' • • I • . I, • , ' '; • I I • ' · ' ' ' 

extc~ tnalysle :reveals the~ the efftotl'/f bead deptAdl upon 

the shape of the bu~b• 

.,or .the cy1lncS»lca1 bulbi k#!:r ( 2. ) des-lvet tbta 

foU9w!ng r•lat1on 

h1 r 1~._t111 bead . 

btl f1ntl bead. 

Fe>Jr. •pheJ.-1~~ .b\4~~~, .tb~ av~t~•s• me~n bead~ ia 

calculated 1n the. fe)l,J.owlng way•. 
' .. ,', . ' 

the volU!ll• of. • $pbt:rS.c•1· ..•s•mt of height b for 
' 1 \ ' ' ' ; i. ' ' ' 

a, tpl\eM w1th ~:adlut . It~ ts 

(Ill •4) 


D!ffe~entlatl·n.g tld.s eJlpHitlon wltb nspect to b glvee 

.(111 - &) 

http:�1geJ:�:.at
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If tht .ktne~lc •n•rgy co~roction la negllglbJ.e.. we have from 

~1s.,ui1~e,~• equation
.: ' .,.,,. ' .. ·.·4· . 

dV ··;Aff dt ·liU -·6) 

lquat!tlg (lJl • 5) end (Jil • 6) glvea. the dlffe:r:ent1a1 

equation 
2. ~.···.

(2nllb • wb )db • ~'r' at 

We now exp~••• the hycb:ostat!c head ln tesma of the geomeky 

of the bulb. Aftt~ half the volume lt d1schas-ged, we have 

h•b0 

hence at t • 0 

p. p ,. -'...... . . . 0 l:J'IIUII". 

lubatl:tutlon of tbit In (lXI • ?t, glve• 
4 

(lnRb • 'ft b2)db • "'~., (ll . • dgl)) • ga4fB r(b + I) • b1Bi1t ··o ·· ., l o 'J 
(lU .. e) 

o~. afte~ sea~ttngement 

d9 • ¥ tlio +~J ~ 6 db - i tlio ~aiJ • li db (W - 9) 

liibell!eo A • ,..~ 
When th!s la integrated between the 11m!ta e 1 0 -• t ucl 

b I 0 • .., :2R the 1'81Ult can be expl'ei.ld 88 

h • r 1 . 4{3 B . · .. r (lXX • 10)1. 

2c • (c2 • l)ln ~ 

• 


http:expl'ei.ld


Th$$: .te: ttul:·elpretalor{foi' th•' •fimlva· bycbt.istattc he•d•' fo~ 

flow out' ijf''l''!ph~<)a1 bulb ~ " ) • 
. , 

$1nce in thlt ·d~c1vat1on, dV,.·obtalned f:rom the 

get)Rl..t~y of. th~ !mlb,• ..-.•. •••t.,.S. ·~1lt d~t, ?~tal.~. f~ an 
I' 0 ' ·, ' ' I, ' '' ' ,, ' ' ' l '.,' '' 

~~p~es~ion delc:rlb1ng tbe flow• Which l• only ve1ld fo11 non• 
Newtonl•n liqulde., tbt reiati.on$1\i.p obtained Will not be ve1ld 

/ ' ' ' l . .' \ 

fo%: non-NewtcnU& ll.,d.tsa. 
Tuymaan t '~·l baa· taken into ·conaldl~:at!on ·non• ! ·• •• 

Hewton1an behtviouzo ad dt:tlvad e2&'pr:eadonl fo• vitcomete~· 
ldtb:. cy1lncalca1 bul'bl• 

Pow the caae·of J:elatlvely large snell' padtents. 
fo» \thtcb the vllcot!ty·dependt 11n•tt-1y on the ahear ~:ate 

cr•lt (1 + •IJ 
Tuyrimtn obtained the .expteat1on · 

t • !:t'! At tn ~ • ;:~~t~fl(~i!1
2 

{P0 ~ P1» tw ~ U) 

wheaa P0 • P at t • o 
':t.' f., t • t. 

Ahl h • h. 1 . f 

The· aecond ·tem ctp.Z'eaenta the lAfluence ·of· nan-Htwtonlan 

belttviou:r. 

Por the c••• of low theu ~acl1ent•• fo~ which ~~ 
. . ' ' : ' 
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. . . 2 

········· ., ca•·ftHl + t'{l} J ·· ··· ·.· ·· ···. 
! i . ~ ' ' . ' ; " ' ' .' I • , , 	 : ·: ; ' . ' I ,' : ,' ' ' ( • ' > ' 

be. ·obtained·. the expiliele1on 

t • ezl! ;i' 1n ~ ~ 4\-~·;f (P a·.·~ -,12) (~)2 (W • 12) 
.· ' ttlt d ; ·, I·. 1: · . 2.~ 1 •L: o., ·. ·: .· : ; i11:'.1l :I '·' 	 I 

Mere 'tOo~ 'the· aecomi tel1n ~:ap:retentta tbe influence· of' non~ ' 
N-onien br!ha-ttou:r~. '1uYnftl·D··· eapzeu.t.ont' apPJ.y ~nly: to. (: '..... 

1tltcOm•te.t With ~y11n~1c•1 bulbs. I have delved the 

analogou•· e.Pn••lone· ·foe·· v1acomete••· wlth apbel:1ca1· bulba, 

by the method out1inet abov•· 

· ·Fozo laqe abeu J:tte• tht expl'etelon ls 

~· • "IT (b~a •.a·'• ln AI~ •. ~·,. t ~bo: • ~::• + ~1\} . (Ul • 
..l JA: ···· · A(h. ··+ a•r • B(h •'Jl' l · · • ·. o la)

0	 0 

ll!bezret A • 1!,~.!1 
.··· 'l . ' 
rrR~e2gt


B • or-. M>J-i ~· ....
209 I 
a' • Z'edlue of lpher1cel lmlbe 

for low aheae at••• tbt expretslon S.t 

2 


t "' Jr."o2 • ,.:a,~b1 • tvf1 +~\a - a•") + ~~~·b51 .. 
A(h • lt')l + C(b! • l\ ,f)l A

0 

lvh R 	 fiJI • 14) 
A + Ch/~ ftl) c 

'.. trl6e3g_3 3 
1!til8HI C • {h 	 r iL w 1 ju h 
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The eap~eae1on fo~ • Newtonian 1iqu1d 1• obtained by sett~ng 

B•C•O 

http:i11:'.1l


. 1t 2 .1ft . b • R 2wb I' 
t • - (h · • R •) ln If\ i + , ig · (U! • 15) A 0 . • 

n 0 

1tb1s .c•n be~ sb.own .to. a equivalent to lm • 10). 

·As &.• evt<lent ·tt\~ ••~•~tl6na ar:e nthe~ cumbe•ume. 
bu~ they ue given fo• tbe sake of completen•••• The :r:elaUve 

ltnpomnce of tbe non•Newto~ tema ·CtMot be :readily 

indlcated. slftct J:eUtble vtJ.ues. of • an4 b could not ber: ; ' ' , , ' . 

found. When those value• ue ol»taSned, lt would t>e ••tb•• 
lnteneUng to nlculate the non•lfewtont.an te••· In tblt 

thetla the efftct of the non-~oniea blhevloue on the 

effective hycb:oetatlc head lt i.gno~td, malnly becauaa of 

othe~ corsoectlont, that an cerialnly ozd••• of magnitude 

luge~>. 

4. §ylfe~t nJI~~~rt. $1P?Gj;i~·. .tbl*' ~C),Ff*~Uo" htt ~•calved 
n1•t1vely Uttle attention, ev4tn tbottgb it l• the majos

1 .. :. ; (,' \I ' ' 

co:t.:ecUon at low hyeoatetlc heads. there ue two poiate of 
' • ~ ' ' J • ' L 

view on bow to calculate this cor:nctlon. If the effect could 

be quan:tltaUvely accounted for by the Uqdd layea adheJ:1ng 

to the inner sufaee of tbe eff1u~e bulb, .,t would be s-e1at1ve1y 

easy to el~ate lt••at least la aft oat.ald vl•comete~·-br 
m1klng the uppea: and lowe• bulb .of exactly the eame lbape and 

sue. Sprokel ( ').. ) de1lgntd a aeri.et of ;StamtUd Ostwald 

vf..tcometul, for whlcb the tUJ'ftce tentton co~.~:ectl.on was taken 

ca~e of in thil way. He tbowed that, tald.ng aleo into account 

the so•oal1td 8f!.1U.Pg•e~:s:o~• (en ••*'~ th•t applle• only whe 

http:co~.~:ectl.on
http:non�lfewtont.an
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Os~ld ar-d Qstwa·1d~type: v(iJ<;om,tet:a an not fUled with a 

vo1~etl-lo '· !p1~t) the ·~ui:face ·tension effect ••• ellm1natt4 

if the followlng •••••lon le valid 

(Xll- 16) 

A1a ar:ea of uppe~: bulb 

Aat area of lonr: bul~ · 

•cap• r:adlua of cap!11azr 

r1 s radiue of cyllndJ:lcal lowe~: bulb 

s-.... 1 radius of limb ••tending fzom
• loweS" bulb · 

The fuet tam teke• 1ocount of the dlffe:renc•• ln lnneJ: 

•~f•c• of the upper and lowe~ bulb, the tecond tea else• 

fzom the filling ez:ror. 

Hl1 ca11b:rat1on 'W1th •tel', auc~:o.n ·soluUona and 

organ!c solvent• confl:nted 
'· 

the •baenca of 1 surface tension 

effect ln bla vlscomttez•· It ahould lHt pointed out, howevez-, 

thtt the avel'age bydzoatatlc htad !n bil vltcomett• •• 12 cm. 

The othe:t polnt ·of view 11 that of hz~ ( ~ ) • He 

calculates the m.ean cap1Ut~ rite in tbe bulb and subtracts 

this from the average calculated bep. tbt mean capUlti'Y 

.ri.te !1 eval.utted •• 
a I. A.V, Lr· 

("~~ = ~ A\1· \ (Ul ... &?) LA"{ • v 
. ~ \ 
c. 

the S"tqu!nd h~ can be calculated fo~ any fosm of vesael, w1th 



tbe dd of'· Ult ·lablit:Qlculltld :by-. lllhfo.tb ·•ftil Met: •( 'I J. 
~~u. I 's ) 'UHd •• - MthOd ·to tala atatlftt' ., tM 

iudece \WlM efloet·!ft· ~'"'ICOMt••• UM ift .. 

·tlft•JtdMti.OD of the. **1ut• _vttoOd:ty of wt.a-, a found
. . 

ea•l1tnt -az•••nt a.twatn ttt• • ultUltttd cUnc'tion •mA 

tb:t ••-"~ntal1r :Oh•J!Y• •·. ~~-- w hw• fo110Wid 

B~R'• ~~ ~ '"""t leJ th•..lUll•-• Mn'lloft effeet. 

1Nt •thad l• ••. tou-.•. 

1ft_ ofdu ~ be -'4• to c•lculat• .. th• Aplllazr ••• 


' . ,' ' ' ' ' .: .. 

ou bat t.o knew th• aMI&t;a of cuwatun of tM IJIMH\ll• IM· 

·CMtoul Of! '"'a MniHU• ·11 cU#IOtUlsarl .by lh• P~UHte• 

i ~--
' ... 
I 

f 
--~- ----.--~~--j 

1ft tb.t ttblt•. of· itaibfoftb ~•nd AdafU -~ ••:tJ.o'• xlb and c/b 
•• -'"" fo• v.a.uea of. p ni'J.)lng tnt~ o.la to 100. U 'tM 

._,._ tendon •nd ctentlty ••· ~mown fo• • Uquld• etCb 

vdu•. of · b. .Un4Ma • vdw of ~ , •nd blftC• • HdM ef 

•luea Of •II •nd 8 • .... .SUI• Uf' Jl•twd fq •talftd 

vllutt of tM ~nil• ~ bttween ·the wutt.eal tb._ the ·txlt 

tf nwludcm of thtt atnl.Jt=ill· ~•. rid tba nol'JIIIl to tha ~ 

http:tlft�JtdMti.OD
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' . . . 

su:r:face <th•: :V'tlues of.. :f _: cc>v~:t.ng; .the, ~•ose, ~0 to 180° .. ln. five 

d•g.ae! 1ntew•1•). . · fo~:, .cyllncm!c•l... :bulb&. thlt .angle t• ~0, 

fo•, spbe:1ca1 bulbt..·the: angle v•rtea. from()~ .to 180°. , ., 

.ftt, ctlculatl.on ·. f()~ · tpl\erl.oe1 b\llbt.. •• made ••· . 

followet. 

l ' j 

ctlculattd to• bedene lftd ate~ •t 20° e. I •...,J:' • given...... 

of bulb : x was otloul•ted fo:r VJlUet of +nnglng fzom ·165° 

to 15°. Tbtae vtluel ....,. deelgntttd •• !llrequlftd.• 

.Slftce.we hed· •1-'lcly caloul•t.ed 411. :tb• b value~ 

.foe~:. all the ~ 1.1 llattd,.·l/tJ.. •• looked up fo• • ceztatn 

angle c\> • Tble was •mllltlplled by the known b , and the •~ 
. ',· . ., '. . 

value to obtained compa:r.d with the ~.~ ··:.vai-.8. .'av 
trial and ·~~C' tbete two X•VtlUII· wen. b:CoUgbt. •e·a· clOII IS 

poaeible S.nto .tgnemen.t with eaoh otbel'. By 11near 1nter:

po1atlon • funhtr tpp:roxkt•tion •• obtllne4. In tbls MY 

the .actual value of. '1l/tJ •• o'btaiDecl fol' '**~Uonal valuet 

of ~ • Aa an lnttmal. cbeok thS.e ·alb VJSue •• multlplied by 
I,' '' 

• ' b value obteintd' ,.'our tables. 'uetng the ... lnttl'• 
1polttlon: fact~~- ! • the • 'value of . lo ob~lned •• compued• I' 

to equblfi• 1ft 111 «:~-~~' excellent ag"ement between the••• .. I 

1 
1 1 11' ' ' ' ', • , • ,, I I ~ , ' : ' \ , • , • ; , , ; , • ' , 

valuee •• obta:tned, Having deteatned b , the c.p11luy 
' . ' I I \ ' ., ' '· : \ ~I ' ; ' 

~:11e •• calculated •• 

(~XI ·19) ,
,' '.' 

http:caloul�t.ed
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Tht: ne~ .pro~t.~ .·1a ,~o ea~c~~~t• .~ft.• ·amour;at ot. ·llpd 

diC,cpa;ged be.,.eq 't~. :~,ucqe~stve. :,Jl,u''· of.'· ~~ :,. t11c1n~. ~ntQ . 
'I' ,· '• 

•c.cpunt ... bo'Jl. ·~- v:ol~~: ~·~ !.tbe .~d·p~ .. aQd .~~· g_,metd~•l,· 
volume. ·'(1)~..VP~1J'tn~ o~ :;the·, ~•«•- :po~tt.of) ~f. f~g. . . , oa" all~ · 
be ·calculated . ~J:Om hll)fodh, .tnd ./Viama tablea,. lna$inuoh .•• it . 

1 ,, •• .1,' • ,, 	 I \o' '-' • , •' ' > ', 1 I (, ' '1 ' , 

ao!tuJ1~:y ~e.p~•~•t~nt• ·a.. dsop.. uptldf:l cl~.•. 

The values 11sted ln the tables a~e the values of · 
• 

V/b3, couesponding to. ·• ,gl~ell value of p. • The geometacat· 

volume was calcul•ted ••· the dlffv•nce bet.,tn the volume• 

of the lpl\tl"lcal segme.ntt ·wlth two aucc•••lve x·v•luea 11 

b•••· 1be S~tqul:ed A¥ .ou then be ~a1culated •• 
' 

AV • AY o•• • v(b bcJ ~ 'fb (aL) (JU • ao) 
.. ~t X~ 

lfhe~•• 	 AV' geom • V geom • ¥ geom 
v()C•I{) 1 volume of •4np•, w!th 

· .x \(, at base. 
'lb11 value of AV wtl multlpl!fd bV hr, and th• mea.n t;apt.~. 

J.1er:y ~lse was calculated tccol'dt.ng to CiZI • 17). 

5. 'fbe· U.ndis ID11.93t.S9at&tls:tD• fhlt oonectlon, tl~ttady 

c.,_cul•ted ln the p•aeedll)g Chept.u, !1 eap:ttlted by 1 tem 

1ft , ' 
.• ·~n ~..• •t

~"'... . 

in the modified Po1seu111e equatlon. The conetan'l m bas 

to be dete%1Dlned by cal!bs&Uon. lt le of the o%de2r of wd.ty, 

but lt may 'ltJ:Y by more tl;ltn 100:C from one vitcomtte• to 
. 	 . ( ' 

http:tccol'dt.ng
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•• •• flnt obaened by Swindell• ( &s ) ln the callbntlon 

of 81ngbUl V11cnete~:•• Thta maket 'the quantl~atlve aapect 

of the Jd.n.tlc ene•gy oo•notJ.on ~athel' unce~aln. The 

11feat thing to do 11. to ctedgn the v.ttcoaete:r ao that V<:< Lt. 

and hence the coueotion it ·negligible.• 

lhen. howeve~:, the cou.ctJ.cm autt be lppl!ed··•• lt 

••t at hlgh exteftll pnaws-ea.,•lt 11 wt11 to know how lt 11 

affect.ct by non•tlewtonlan flow. fo:r tonvenlenot w will Bite 

the Po!.•eu1l1• •4l*U.on, COJtnctn fo:r klnetlo ene~ •• 

tfhen the tulhtlty ln bnekett tenottl tht eff.ectS.ve clri.vlng 

pareaeure. We Will now glv• the· dedvatlon, due to Heltllan• 

and de fllncl ( 17 ) • of an tJCp%'11Slon by whloh the kinetic 

ene•gy co•zectlon can bt evaluattd. 
l'oll high lhlll" gradients it Uy be 8tiUMd that the 

vt.•ooa1ty ctependt llneuJ.y on the 11\eP cate oc abQJt abet•• 

(UJ • It) 

'fh1• •••umption enables ut to c•1oulate Q, 11 

Q. 2n rvzdzo. ntt;. r!f.l,(r.)d'L h p. t.rlq 
0 , 0 

http:eff.ectS.ve
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(JU • IS) 

This can be J:egtzded •• a:quaeatlc t(IUation 1n p t solved 

for: p , lt laHI to 

p • f ·1-.d~ 12 (JD .. 24) 
: . ' . . '. j'. ' . '.' ·,:

In ·oJ:de• to ·take tbt ld.netic enezrgy lnto acc®nt, we :replace 

p · by the effective titvlng pre•luu f..·(Itt ~ It). tbla· · 

leada to the •.,..••&s.on · · 

• p ... '-~.. l~ - 25) 

Or' 

fhe interesting nsult. of thlt oaloulatS.on. 11 that, to a 
''' 

f1J:at appHJdJa•tlon a Ntwtonlan ll4tald glvet Z.S.tt to linea~. 
pt .. va ..1/t plott. Jn o~e• to ~·p~att the two contd.butlont 

to .th, a1op.a of the pt, vt lit p1Qt one.. p~cuda •• foUo••· 

Po~:~ the aolve~t . ~;1 • C), b•I\C• Ca· •. 0 ami ~ . ctn 

be caJ.cula~ •• tbt 'lop-. o.f • pt . va .Vt .Plot. 

PoJ: a non•tlewtonlan 1lqu1cl tt.e elope C 11 det•adntd 

and c1 cbtlined •• (01 - C). 

At low gradltnte (Ill • 21') 11 knOWft no\ to hold and 

bat. to be replaced by 

http:oaloulatS.on


bbeeed1r19 ~~ llefo:e,. orie obtain~. 

t •I (1. +~~ ] tm .; .,, 

i , ( , ' ' . ,~ I 

~~~9.. into account th•·tlnetlc endgY COI'HOtlon (lU ·..-. 18) 

·: ..,lttcom•• 
' 

·c·. 
: ~ :.,.p•·.·.·:3···!i


. t t 

.-(if .even (D% • 19) falls to np:r:eatnt th• dtta, • dlffennt 

method I c•n · ba tppllfld~ · Fo~ •thl• aethod, · hott.vt•, the odglntl 

paplz lhou1ct bt· con.UJ.ted: l 1·' J).. · · · 
SqUat1on ·(Ill·.: fi)· 11 ••1** ·heeded.· ·gnc'e ~'t· lh 

she~~ &tJ:ettflJ ttle ·ld;n~tt'o enugy Cctl'stcilon tf1U N Regllgsbl.e. 

lf high ···~·' •u••••• '••• ao'blevtd .·: Wtth the 'aiel of 


ect•t~al preature,: .JcP;t1tlon (lXI • 16l· lhoulcl ~:>• uaed wlth 


caution, tS.nce ·the dw.:tnl·ge ~tte.t •1• aiktt t cotatdbUtlon 


to th• .,.,,. of • ' pt ". •• :1/t plot. 


6. tbt IDiots•, Msllldit'l• An •••ct analysu of the utS.nagt 

pbeftOIUnon ln oyllnclric•l tube• hat been •tel• by tuyl81n ( 6~ } • 



He derives fo~ the volume of liquid left behtnd aftes: a time 

t 
41 ~-· ij~

AV • Jlf~tv ltd) CUI • 30) 

Po» a given. tuba t v la conetent. hence 

(lU ~ 11) 

Jarom this ~:eault S.t followa that, for fsee f•ll, V becomes 

independent cf both the viecoetty and the denei.ty, end la 

equal to 
2 . ¥

AV•tvf(i)~ (Ill - 32) Rt ncllus of the 
caplllaJ:y 

An 1mpo2:tant coneequence of thle ts that in meatul'ements of 

:relative flow times tr -- and the:refo$'e ~ ~:• Yep and t f l -
no drainage coS'rectlcn need be applied so long •• the 

measurement• ••• m1de at fne feU. 
lf, howeve~:, exteJ:nll pnsaure la applied, v become• 

po•poJ:t!onal to PI? , hence 

AV. ttij (ID • 33) 

If we may neglec' the klnetlo eneft.JY co~:secti.on faa tht time 

being, we have 

V • 
1 

A V V • '12'dll/2 'Ul!2Q • • t .n • . . ~ * · • 8 ?Lit 

Or 

(Ill • 84) 

http:co~:secti.on
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Hence a plot of pt vt pl/2 shoUld gln a atzotS.ght line. 

with • slope pJ:Opoztlonel to "l/dl/2 and en ll\te•cept 

pi.'Opol'tloul to ~ • 

A mo•• empuJ.cal tl.'eatmeat lt due to Fuoaa and 

Catbe~•· C"" J. they eonlidet' that V, tht volume ntalnad on 

the wa11t of the vlacotneteJ: bulbt. tbould depend on the denetty, 

vtacoalty and flow time ltl the following uy 

(Ill • S6) V ' tJrt volume of0 the bulb 

SUbaUtuted ln Polseu1Ue•s equation, tbl• leada to 

pt • e;r~v~ ~ -~1 (UI • 17) 
1r84 t . 

The d•alnlge co:t:»ection can tn tblt ny be evaluated ,_,. a 
pt 'VI 1/t plot. 

!be lnfluuct o£ non•Newt.on11n bebeYlou• of the 11quld 

on the d»•tnage couect1on cannot bet oa1cu1attd dgosou11y. 

An •ttempt •• ude to dedve tht «<.ra1nage coutatl.on fo:r 

ephe:rlca1 bUlb$, but dS.fflcultl.ea were encountezecl ln ~egud 
to the •••umpt1ona tb•t one bte to mike fo:r a llqu1d cbalning 

f~om 1 cuwed tuzfaoe. It •• thtztfore decided to tr••" 
dJ:atnage in. the menner ptopo•ed by Puo•• and Cathe••• 

http:dS.fflcultl.ea
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Y•·ihl.·i.Wi:QUudloD• ::At ~llzaady•.,atlted,· this effect ·le' due 

to .. tbt inettl• of the lt.quid1 When f1md.ng out .of tn oclflce. 

eec•uae th• ·liquid.tends to flow s.n· the ... -~·I' .. ln tht 
- ;;( ' 1 • 

capU.la#J fo11 • aho~:t d1atanc• out1lde the ctp11ler:y. tbt 

c..,l11al:Y' ·app••~• to be :longer· thin' actually •••au»ed. the 

co:r:~ectlen UJ.tta the .foz of 
lU ndlua o.f the , ...~ .. as)·

·.\~.~ :·. ,, ·: ~pi11uy 
. ~.,, ··'-··· +  nl conatent eqttal 

· ·· to 1.64 · · 

tbl1 eo~rectlon te. tlgnlflc•nt or,aJ.y foJ~ tbo:rt cepUlad·••• ·· 

Wlth "p!UU:U• 30•50 a long-•11 ln ou~t v!.Joomettl't 

(Chepte:r V)••th1e eoutcUon c•ra bt ••fely lgno~ed. 

s•. l!ilj1UIIi9Jl• ~t Sa cte,,z ·f'=m ~·*- ·h•• be9n ••td in Section 

1 tnd • thlt lbtoi.'Ptlon ~d the oalculttlQft Gf tbe •ffeotlve 

hyc~tostat1o be~d do not. p•eaent ·Ill\' dlfflcultlea. Abao~ptl.on 

effectt are el.!m1Jlttad. by chooa!.ng, •cH.S. lasge• tban o.oae. em~ 
Th• bydros"Uc bead can~·· oUoulattd. In ••cti.On 3 we have 

shown how the mean capUlarv ~:lse c1n be cal.:ulated, bUt Wt 

calculation lt J:ltht:r involved 1'nd t!.me contumlng, henoe one 

sbo'4d eltmtMte tbia CC)~J:ectlon. ..11 ••·. ebQwn• how one coulcl 

e~lmln•te.~t.cos:cectl.oa for •n Cnwtl<l v1•cometu. stnce, 
however, polyur nhemi1t1 ·IH not 10 muCh !nt•~••<tect l.n the 

value of the vlscotlty·of·t eolut1oa •• ln tht dlptnd.ence of 

the vl•co•lty of. 1 solution on the concertt~ation of the ao1.ut.e, 

http:e~lmln�te.~t.cos:cectl.oa
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" ' • • l • ' ·, ! ! ' i I • : ; •• :. ' • '' : ' I .. ,· ! H ,' : : ] : l . ' :. ' • . ': ·, I. i' :) • : ,'•,· : •.. i ' .·~ · 

'lt 11 convent.e&\t to 'be· ab1• to 81~•; the conctntl"at1on by· 
~:·'~ '.~. I ', .1.•·: ~~·,, :1'· .·: ·~.·: '1 !·~.:."',·~.. i.() 1,'\; ',,· ,· '•; ( l ~; :~_·l:\: . .:• ,· ', ~ 
maUng dilutions' ln 'the' vlaccmetel' itltlf. Thl• 

1 

t.•' not 

of vitcollletel' 1n Whlch thit 11 P••ctlctble lt a 

, •, '; ~ , : : , , " ' 1.,. ~ ; I , : 'l I ',1 

pnc.tlcib18 ··~n an Ostwald v!.tcometu. In flct, the only type 
...·, ~ir:··:,. •.;\,·i .•;r-~;:1. /,,l, ;;,:/;\:!( 1;:···. t_',l· ~·~·.·, ,';:, ··.":;,i· 

auspendtd• 
,'·~·,'. -.·.:' ,\ ':'·. t•.;::.. ·~. :.•·-~'·;r~~.~ .. '(1 i.'' '~/i,_!·:·; ·~.-.:,:,i::·.·, •.;) 

level Ubbelohcl• vt:eeicmiet•:r~ · ·xn ·h!t o.:191fta1 ·ptpan Ubbelohde · 
''~w.s '\bat'.;,: .Di.oe te~slon etlect. 'o~n.. ll. ·ellmlnat~ b1 ·:··· 
mt.lna of •• 'cutvld •ulpeftded 1eve1•.wboae :radsut of cur:vatusre 

la such, that the psoe•au• exotH :by tblt cawed auriace 
' ' 

exactly "1--et the decataat ln head due to_ tbe mean ctpU1uy 

lili. ln .the efflu• bUlb.. He .furihp c111mecJ that the ••• 

oaw•d.. suriace .el!JaiAited 1\lefao• tension effMtt fo• -all 

ll.quldt• 

. lata· obta!Atd' Wltb tbe viecoaete:rt· deacdbed tn thlt 

theelt clet~lY. mow 'that th1e _la not tht c••• •t low a!vlng 

pnatu~••· fbla obte,;,l'tt.on led ut to cledgn two·· dlffeJ:ent 

seJ~lee of ·vlecomete••• Sea-lee IS fo• ute ldtlt o.z-ganio .01vent• 

and aQ1uU.on ln theee, tmJ Se.tles Ul for: u•• with wato •nd 

aqueout tolutlotil• • ·ft• :~equ!:red z•Bo.t of· ·cu.Vatun •• 

calculatea·fzom the' up~rettlon 

. (Ill •• 89) 

The Clll:b:tltlob' date· :lhow that ·ttae lllitfece 'tenalora effect lt. 

indeed elJ.minated !n ·the tedea II vt•comete•• ·(ll•A anti U·B), 

and, fo~ watn in tba ·at.;rlel Ill vlscometts-• 

http:aQ1uU.on
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In lecttone ~~~nd4 web.ave.cle~S.vecl exp~:ett!one fo• 
tll•,. ~tlnage and the ld.aeU.o enugy conectlone. Unfo~'tun•tely 

l • • l , > ', : • j , • ,•, • 1 ;' 

not only cir,alnage. effec~a· ·~, k1ne;t1c ene~gy ·aftd non•Newtonlan 
; ; I f, ! , : ' \ ' ', : , ~ : .~ : o '' ( ; : ~· J ' , I , : '; I : : • '' , ,: ~ • .: ·, 1 ' ( ' '1 :' 1• : 1 ;' ' ' \ • , 

tffecta as well· can . coavlbu.tt to th• ·•lope of the suggetted 

pt •• 1/t plot. 
ro. h1gb lbeu ttweatel, tbe ctmblntd eqUation runs 

pt • &.! + ...... .. a ll lmdf! .:~f a-·····. ·.·~· ·~ ·" 
I "V .r;s 

%1 • ca1lb.ratton 1a cau!ed out wltb 1 ltewtonlan 1lqu1d of· 

tbout the sa~ne v1tcoalty •• the non•Newtonlan 1S.cp.:tld to be 

atudled, then the fkat two tenae can be evaluated. the elope 

ao obtalnfld can be oompuad with tbe slope o~lned fo:r: the 

non•Newton:ltn 1!qulc1• the · diffel"ertce belng the influence of 

tha non•Newtontan tezm•. · 

For low sbeh l.t»essee,. tbt *•lnage effect need not 

be conalduedt pr:ov1ded one usee vltcometezos wltb • numbe~ of 

bulba fua:n!tbing • .~:ange of heeds, fo• ell the meaatu:atenta 

could then be made at fl'te fell end hence no adntge ootrectlon 

would be neoeaaaey. Mo~:eoveJt the klnet.lo enugy 4o~r~ectlon 

cOUld be dealgned out by 1 sultalfle ehotce of tbt volumes of 

th• bulbs. 

http:klnet.lo
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Chaptel.' XV 

1Hi SlGNJPICANOi OP THi MEASURIMINI OP NON·NBWI'ONXMf 

fLOW IN CAPZLLARY VUCQMI!iftS 


ln this chaptel' we will deal vd.th the eaptJ:imental 

obaezvat1ons of non•Nntonian flow and dleouea theil: slgnJ.fl· 

cance 1n tems of recent theories. We will discuss f1rst the 

eaper!mental evidence and then tht t'Utpcurilnental tecbn!que. 

1. 	i!admtWl ID¥11t&ga'U,9ot gf mo·N~D I!I9Y!· 

'•Anomalo,us• flow bebavi.ou~ ·Of co11o1cla1 eolutions was 


fia:st 	~observed in t.be eazly twenties by Wolfgang Ostwald ('n.. ). 
Staudinge:r: ( "~ ) , S.n 1\S.s !:es&arcbes on high-molecular weight 

compoundt, noted s1m11as- •anomalies•. ~Since this flow behaviour 

was attributed to tht build-up oJ" breakdown of a $Uuc.t~e in 

the liquid, Ostwald p~:oposed foJ: lt the name •suuctul'al 

vlecoe1ty• (Struktui'ViskosJ.tlt). Staudlngez saw in the 

occurrence of stauctus-•1 v!aooslty additional evidence for: 

·his contention that the compounde he was etudying Wt.fl'e blgh

moleculat: welght compounds rather than association colloldea 

at higbel' tempezatul'ea the et:ructul'al vitu:oslty pera1sted, as 

one would cucpect lf the ,solute penlclet were single giant 

molecules, but as one would not eltipect if they we~:e oolloldal 

aggregates~ An excellent summary of the earllezo woJtk can be 
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found lil Stau~nge:t•• book UlthmRitkUIID iWDIUbl 

!ti:QindJWcD (1932). Non·Hewtor.ian behavlo= wa• obaewed 

wS.th all types of macmnolecula~ compounds, whetbal.' nttUI'tl 

or eyn~etic, provided that the molecula:e weight •• 

sufflclently blgb. 

lh111ppoff ( Lis ) made • thoaugh atudy ·of non•ttewtenlan 

flow g1v1ng conaidt&-able attention to the pzobltm of cletczolb• 

lng S.t adequately. He •nd lelne1 ( ij'f )· 1uggeeted tb•t datt 

bt pz-esented in the fo.- of plote of log e- v• .log q. l'ba 

genezoal featu••• of tuch • pl:Ot••wb!cb 'they c•J.ltd ·• •tlow

cuwe•··foa: • non•Ntwtonian 11quld a~re •• follo•• At low 

st:r:••••• 'the tlope 11 u~ty lnd benet the 1lqu1d is tt.tonten·t 

at lnteaedlate •=•••••· tl\t •lopa la peate» than unl.ty 

(trlhich •••n• the llquld l• non•Nttwtonlan) and the curve P••••• 

tMoagh • polnt of &nf1eet1on; at hJ.gh .U•••••· tbt •lope t.• 

·unity and the Uquld 1t tg1!n Newtonian. 

Thle genel'al tbape could be accounted fo~ .S.n turn• of 

~tndom orientation of the IU)J.tcule• et low atn••••• lnc3:•••· 

tng or1entat1on 1n tbe dbeot1on of flow •t lnttmedbte aueaset, 

and complete o~l•ntttion et high stz•••••• Adclltlonll evld•nce 

foJ: tb1t ol'lentatloa tbto~ wae found by Staudlnge• ( t,a ) ln 

llgne:r•a wo~k on flowb1:ttfr1ngenoe ( "' ). 

the flow cuwt ••pzatenta.tlon of non-Newtonian flow 

offal's th_.•e Plt:Pltten fo!t the cher:aote•l.••Uon of 1 non• 

lfewton!.an system. loth tt hlgh and low stn•••• tbe liquid le 

http:lfewton!.an
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Mntoftltn, .1ft4 henoe two Ylaco•lUea ctn be cle•~:ly defl·ned. 

The thin ,..-amet•s: lt the point of lttflectlon whlcb ocouca 

tt •~me definite ehtu dnta.. · A co.t:Mlatlon of the•• 

tefecence po~t•. wtth.tb~ ··~wotu~;al•.PD••t.l~• of the molecult 

could not bt made,, boweves-, since no pelylleJ: IUtplea ohaJ:actea-• 

lsu by independent meltuemeatl wn avatl•ble. ao•aver, • 
oenenl· tbeoa:y of •o1utlem ·. btb•viou of th• illctomolecule ·dl<l 

not exltt. Obly _._,_.ntiy hat tuffS.cl.ot tbtt)a,ltlotl i.nfo..U.on 

accumullted·· to ·gulde exptdmtntt · aftd ·p&'Ovlct• ·clue• to the 

metrWlg of tbe expti'S.ntlll ob•_.,•'"on•• . 
' ' I I ' I 

Wt wlll now d:t.tcut• . .r.•t infoJ'ItaUon can, !n pancl.ple,
·,, . . , ' ' I, ', I ', ,· 	 ' 

be obtained, .and to. what. ••tent the obtalnlftg of tblt 
' • I ',; ' ' 	 ' I • 

t.nfoaq\toa ll possible wltb ~apllla»v vlt~OMtel'•• . 
• ' ~ • ' ' • I • • ' ' ' i I ' ~ 	 ' 

Xt ••t be aa111ed ,,tQt. the theo.tea d•Jllng td.th non
• 	 ;•; ' ' ' ' ' I ' I 

0 

Newtonl;tn ~low ln dllute. polyu:r aol\ld.OAI _. ttftctly 
I • ' I ' : ' ! ' ' ' ' '' ,' ' ' ' 

•ppllcabl• only to tolu-ttont 10.dllut• th1t the -.l•culet uy 
' ! 	 • 

be n9U'd..S aa laolattd. enU"S..• in :ttlution that dO not ~ntea-
• ' :• ' ' ' ' I', ' L 

be well below the to-call~ •c~:it!cll. •o•tnt~aUon•• l.e. 
• ' ' • ' ' ' I' ,• ' 	 I 

A convenient wy of ol1culat1ng thl• concep'-tlon ls given 

by Mg•low t' ), .tto fourtd •• •BP•••lon· 
' : ' • ' " ·, I - - ! ' ,' ' ! ' ' ~ • 

(lV ... 1) 
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.syeteu. tbe1 :ln:t%'1na;t~,_riscotlty•. i(. ?-~l• Sb.ou.ld: :~ ::repl•ced ,by 

;tbe int~tln•lc ·Yl:scoait,y, ·It ·••• .shell' 1tn•••: ~ [ tr lr:.o•· .lo• !1:. 

.mS.cal, eb•t» ·4•p•nden' ,nlutlo.n J:Jf po~yatn•~•· C!nb!nttc..,. .·· 

:v~-tcotlty., il:~r dl/srn)·.:th£1\ would ..eea,n tba~. ,yJ.i•~oaSty. d~t•~:: 
I 

•net1~n• should .be..m•dt::lt.·C.9ncentnUont lQWII.' thaa 0.00436 

Qtll$/100 .ml• \· Meaauze•ntrt. ·at .a.a,ch .low ·concen,~tUons. ·*" ,,,.. 
.dJ.ff!colt. to .mate. -'th .tufflc£ent, ~ec1a1ont.. , the quuttty ~t".•: 

·be :deteanlntd ,£1' 'l,. ~' /c :. 1M •t vet;y 1ow. coacenbaUona both , . 

, '1~! .,and c: ·t:re Stall tnd UtJll ••zozt &n. tb••• ·l•tfl ·to 

lal'tt ~er:»o•• ·tn· the·l• ~:ttlo. Monovu the tllght•at amount 
of abaotption would .lf.fect the concentntlon. an.t hence tht 

flow tblet, ve~ ·~· · we wUl· :dt.scu.te the effect of lh••~ 

tt:r:••• on thetnuJ;nalc· vl•cotlty only. not on. elthe:r: tbt · 

:re1at1vevli•cotlty o»tht ~educed tptclfic.d•cod.ty, t!nce, 
to.· 1.. flztt ·•pp.od.matlor. •t 1eatt, .the effect· of S.ntenctlon 

1•· el~natetl by alt!tapolaticn to ••10 eoacent~eUon of dttl 

obtained at: tlntte concents:atlone, utud.ly .R11 above the 

.~r1Ucal concenuatton.··. TheJ.le ls anothe» r:•••on to 1mi.\ 

cc:>n:~ldtu'tlon ·to tbt.lnt~trlnllo Vlacoslty•. ·:alnce th• depen~

em~e of tbt vltcost.ty· of .1 solution on the concentl'atlon.la 

not. ·unoe~:stood t.n. aufftolen' detail. t?. !> ) , bectuse of the 

dUt'1culty. of ca1ct4attng w.• hydrtod.~c 1nte~actlon 
between molecule••: lt .would b8 bt·urdou• to ·by· and lnteJI)ztt 

tbt .influence· of ·abeu ttress on a coocentJ:atSon•dependent 

vazoi.tblt . cuoh •• ··~·-r o·r ~"-t)'c. 

http:concentl'atlon.la
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• • • 

f'o:r rigld moleculea Cce11olon and pol.yelee'UOlytea, 

fo~ ••DPl•) the thfOSV hit been .u:kG.d out ln tufflclent 

d.etall ·to lllow a. quantttatlve evaluation of tbe etwctw•l 
1pas:aneteze. Peterlln ··~ .Ut J, derive• fot \he dependence of 

the 1ntJ:1nt1c v1ecot1ty on the lheu tt•••• 
'R,/q'D"L. ,_. 

4['llq • [f1]0 (1 • r '\?o,. l 't • ) 

9A\en t IU zoot mean aqutJ:e tnd•to•end 
dlatance · 

D.t ~otltlonal dlffutlon coeff&e!ent 

Iince the ntttional diffualon coftttant alto depend; on the 

alae of th• molecule uct hence on the .coot...mean•aqual"e end• 

to•end dlttano•• tbe cotfficlen't of t'~-.dependt only on the 

tbe of the mo1e•u1•_. 1h1e dependence hee been calculated by 

lcheftga ( st ) • CompUlton of tbe eapts-!mef\tally obtened . 

ehear dependence and tbt theo~etlc•lly pztacted one, leade 
to • complete evaluation of alae and lhape of the aolute. 

the mott ltdtlng lll.uatx:atlon of thS.t can be found in the 

wo~k of .Sltenbezg (\f). on DNA. He detumined the slat and 

shape of the DNA•InOleeul• f.I'Om en exact ana1yala o.f the lbea~: 

dependence and fs-om ••aauementa of llgbt-sc.•tte~lng and 

sedlmen'tatlon, and obtained by the two methodl values that 

we~e 1n excellent agwtem.ent. A atudy of the abur dependence 

1s especially aatdHlttg "'th po1yelectft).ytea (at low l.onlc 

•t~:ength, ••n the aoleoulee a~:e ~1gld) tlnce te11able light• 

ecatte~:lng dat• oan be obtained only w!.th difficulty, bec«uae 



0 

of the lmpoeet.bWty: of 1 ·Obta£nlng,·opttca11y clean. solvent.. ·· 

fo~: ztgld · molecule• 'A:·1eist, the 'theory 11 :able to account:. 
l.; I', 

·; · ·' · ···rhe··theotr ;foJ: flexible molecules ;le·:noi •• concluatve 

•• the one fo:r ~lgid molfttll... lel1dal o•lentetion, one hal 

to conat.de• difozmat!on · of· the· mo1ecult~ ••••· an two · ... 

fa,to~ta oppodng \ble defoDD8tlon, ·one bdng the J.nntl' . 

v!ac~aity .( ~~) <>t tae moleeule,. pna-1v ~esu1t!ng f:rom . 

the. re$tdcted rot&tlon.. tbout tb• wlenct bOnd•• tbt otne:r:
: ' '., , , , , '• I , • I olj ,1,, , ','_ • , • , ' '. , J , \,'",: /,, , • , , ' ' 

~·· ~n0$ea•ed ~asymetrlc, bydmd~~ 1nt,.ac;,lon f.n the . 
4efomed stateu)) A consldt.-atton. of tltber one of tbete 

0 
·' ·,' ,1 0 , , , 1 0 , ) \,, •,,,, ' • o L , j ' • j, ' , , , 

f•cto~• c=•n le•d to 1 ~~-~nebl4t d•tcd.ptlo.-. of the thea~: 

«l•pell(ltt!'e · of th• lttu~•ic vltoo...ty of • f1e•1t>.te. molto\lle. 

~t~b~l 1nd$.cated·how. ·one could .detelll1ne the n1at1ve . 

influence of th••• tf~llct*• lf th• lhtt•. 4,p8n4enoe 1~ atudled 

S.n ,tolvant• of d!ff•••nt vl,coaity. . Ill• !Me.-. vl•ooll;ty
• i ' ' • '' ' • ' ' ' 

4ef)ln<l• ~n .tht v.ltooa~~. of.. the .aolventt th• by~el.c .. 

1~t·~·~tloJ) cio•• not, t.•t ·1•••" ~.. 1 fbat •tPI'()BIIItion,. 

•~nee~ 1t 1~ .m•••lY due. 'b); .a ch•nge 41 tht" of. tht molecule. 

l.f.tl\le ptctu~e $,& ~o,.ct, 'the~t·S.:t •uld l•act. to t,n· ~peat• 

&ng '4Y of detecting diff•zencet between branch~ and linea~: 

molecules. lt can be thawn ( '""' ). that a branched molecule 

has a h!ghe~ segment. den1lty than • llneu molecule of the 

••• abe. Sf the intersegmental hyftedynltftlo lntei"JtU.on _it 

only ohtnged by 1 ehange in lhape, then one would e3Q)8Ct the 
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bra~ch.. .mo~,~~le tO,. !lll¥.1. • .~-..-.,~ ..~~t~.t'~l-, .rd.,.~~·lty, ..tJ1•n ..e 
·'·.. 1f,tt,etr .one •. ·, l,qve•t~g~t.l~~~ o( tJ;t-. .~J'P• lrul.l.e,~~H tboveJlave 

nqt ,bean. CO,rltf~~t~ .ty~~~~'l4•J.J,y~ •11~ ~· _lnf;o~tl<JJ\. '''··· 

~"•~~.,.: ~•"'ty.,. ~-- __,~d, h~v•••.- ~· J~~~~~J ,,.~~·to 

o))ta1~, :~~. ·"•c•••m:. :ct•t• i"'tll- ·• ;••·11e~~~ ..caPUlar:y ~eu. . ' ' . . ' \•' '· ,, '• 

viacomete•·· 
··,·.! : 

2 •. ltiRDmiOI. 1119D·IIDUliiD ,flD &n. kaai&11P !LINdiU• 
·!be· quantity .of ·•.,uateat tnttnet to ·pol.ymu cbemlate 

~.. the intrlnd¢ vlacoalty Ito ··= ··lh•u m•••· .fo• thl• l• 

th, qua~t1ty .'tbtt. p~vldQ: 1 ••tfl!D ~~ the ·voJ.uu. of tll•. 

raolec~• 'tVb•rt. undittot:tect: by thta.t: •'f•ot•• lbS.• quthtltv 

obvioud.y cJMOt b• mtttatd ·Clbtotiy, bat ~~-. t• obttintl»1e 
I • ' ' •, ' ' ' ' 

by. ut~apolatt.on f%01t ~'tu»ementa •:t 1~. flnlt• -"•*~" •ta:•••••· 
in .o~el' that .tbe ~4polat1on ftlaY be nl.ltble the meaftltl• . . . ' ' ' ~ ; ' ' : : 

men~• tbo~ci.J:ut ·ma,d,t •<~ ••· .1ow • a.••• •u••• ,. poaalble•. 
We .U.1 no• dlecues how·..tnd to ••"~ utent tltt.•.·· .can. be dont ,. . ' ' . '. i': ' . . . ' ; . '' 

lit cap1ll•q ·vt•c•t•••• .. 
. . ·. Jbe •••• t'b••• ·~ th• wU of 1 c•pl11aa:r tube lt 
g1ven by 

Hence a lowes- shea:r tt.r••• s.a· favound by ft) a 111\all• r:adlus 

~~ the .capl1ltzy. (b) e peater 1e~gth ot ~pllluy tubing, . 
r ' ' • '1 'I , • ' 

and (c) • ·ama11er hydrostatic head. 

the DJI&J&~I of tbe c•pUltry ehollld not bf IM11ez- thin 

http:ut~apolatt.on


56'· 


1 

I ' ' J ';': 'the, lloath. 'of the' capl111Jty· •cin 'be •IS ~·~· ••• dedared, 
lnd it. thould 'i)e long~· to·<-ke :tlte 'tdnet1c enea:gy: ;CoRectlon: · 

(m'V/81tLt)···ea11• '\1leta: ue· :tWb 1imlt1Jig: ~f••to•l•: bowever:t . · 

the vlacometU. lmalt be' of' 'lllltt*9eabl• dbtenston• tnot too long 
to flt ln • ))ath ln v.bt;cb· • gaod un!foi'ID ·tempe~•tu~• can be : 

acMevH), and. the hfdl:otta\lc ·he•d must· tJe'.' ema11. ·· 

With • oap111oy•of<fttced 2:•d1ue and 1•n9tb. 1$l!f,b.ldm01!1 
aSl&&S · bJidt C·tn ·be obtitn•d 

('I) by ualng ·• hol"l•ontal capUla~. ·.~~e 1lmltlng bead ta 

detemifttd by the c•pllli*J ·rite ln tbe bulb· 1yttem. · A ve.rr 

long ~hor1tohta1 ·capllluy makes 'the .vltcomet$1-., boweve.-. 

ve~ fl:lgUe. · · 

•·(b) by tilting the vltcometn.· In tb!.e. c••• the effects.ve 

head ie glvenbye 

the. dlsadven.-.•g• of ·~J.a method 11 that·ua!nage effect• may
' ,, . . ' ' ' ' . 

become t:•tb•• large •nd. uncalculable. 
';" ' ' \' ' :, I ', J ' ' ', 

(c) By be.mtlng the. ctPilla~ in • sh•11ow bell•· MeJ:e 
I ',• < • ,' , ' • '• I ,, ' ' 

the liquid ente:ra the be1h from the bottom, flowt upwerda 
\ • ' • . • ' • ' ~ ' , j : • ! : ~ • • '. i • I : ' ' ' ' . ' I ~ iI 

a.ncl at the top of tbe he11tc ta taken . tiOwn to the 11eaervob 
1 i, , I • , , , ; ,• I ' ' , , 

bul~, below the . begl!lnlng of the helb. lending the 
' • ' ; • ' ' ' : 

1 
\ • I ' ' ' ; ~ • : ' ' ' ' 1 

cepUlaey baa two d1eJdventagea, lf the vltcomet,.. l• used 
' . ' . . . . . . ' ' ' 
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at othe~ th•n low d#1vlng pcessu:-e• .an appa~:ent tncnaee ln 

the v!scoa1ty wl11 be obaeJNed,, dUe to th• fact. tbtt the liquid 

w1U tend to oscillate 1ft the cuwed capUlazy (Js.t 1'1.) •· ~•eov.

tbe unlf'ozrd.ty of bo~:e wUl ctatdnly be pJrilY deatzoyed ln 

the lctua1 pJ:Ooeta of bending. 

(d) 8y d1vl.d1ftg the o•pUlary into two vertical sectt.ont. 

·ne llquld flowe up J.n one eectlon and down ln the othe~. th1s 

m•tbod, Which la by f•z- the moat p:refeeablt, h•• bten genel!ally 

overlooked, although 1t wae• used by .KJNyt lnd cowou•r• (2.1 ) 

•• euly •• 1917·. 
lt ls oleea- tben, that low lbeu •tnttts cen be 

obtained in capllle»y vltcomete:s. 
lt 1e betteJ: to bulld a low hyd$0atatlc betd lnto the 

viscometer than to depend on tlltemt1 contto1 of drivl.ng 

pleasures, beeauae. of the d1ff1culty of malnttlnlng lUll 

p:l'eaeu•• with • unoatet. the p~:aottctl 1W' of hyds-oatatlc 

hea<l ta 1bout 2 Clll. 'lble .lowtz:t l!mtt depends ulnly Oft the 

capWtzy lllte ln the tubing connecting the bulbs. A common 

cll.ameteJ:t foe this tubing 1• 0.2 om. fo~r watu the c.pUl•zr 

s:lae l.s 1.46 em, fol' bentene 0.66 an. Slnce tbe meniscus 
should fall at a perceptible sate When lt ~eachel the loweat 

muk, the pl'act1ctl ll.mlt is indeed about I em. thu1 wlth a 

cept.lluy of a Jtidlue of o.oras cm... and a capUluy length of 

100 em, • lheu atJ:elt of 0.5 dynet!cm2, ·o• • aheas: nte of 

50 see·l, can be obtained fo~ a 1f.,qu!d with a vlecoslty of 
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o~• (len~pol••· .. The.te lowe&> l!m1tt ·•• tdequ1te fo~ not•too
1 

, \ t, , : : :. ~- 1 1 : , : ; 1 ~ : \ • r , . : . ~_.. ~ : : . : ; 1 ~ ; ' . ~ ~ 1 ~· 1 • , , : •• ~ j , . , : · : •• ·: : ·, : : , • , , 1 : : :1 

sbe~~d•pen(f'"' ~yt.tema•. 
·•. I ', • ', ' ' '· ' ' ' ' ' ' ! ' ' ' f' / ' ' ~ ·' ) ' I t \ j ) ',; '• :• ; ~ : ' ( ~ I I ; 

... , .1ht q•p111ery vS.tc~•t•• t¥OQ1d, thuefo~:a, ,appeu to be 
.·.·.~.· ':l •. ·~.·- 1 !.:~:.- ~! t~;·rr:, .~ ':;1 ': ··:·! '.:: :- ·.:····, ;:,; ·.·.:;: :: ·.:- ., ' : 

•· ¥f$»'/. ~ut~able ins~t for mald.n.g m•••uJ:emen~e •t ·low 
0
~ '' I : ' : I . ' ·: ' ' : i : : ~ ~ j ' r ·: :, ', : ~ II' 1'. 1 : : •, I I '• ; 1 : ' ! I ~ ', •·.., I ~. '1 : ~ ) ' • ':. I ( ' I ! ' ; 'I' 


0 
1 0 0 0 

sbeaa: sueasea.. And .it.would be lf it wen not· fo~ the 
1 

; ' ·: : 1 '. • ; ' ' \ • ' .' \ .' : • ; 1 ' ' :. ! l · :• 1 ··; ( , ~ '· : ) ' ·, ~· ' i .! :r ' · ; ·: ( : :· ; : : ~ ; ' ·: [ i ,· . ; "..• 

euzfeoe tenalon affe~. '- atzea~y lnd!cated, the ~face 
' ( ' . ' ' "' ' i ! i l I ': . \ ~ ; I : . t ; ~ :· ! • : ; : I ; ; ! \ < ' ' : '' :, ( : ' ·, ' ; ~ ' •• ' i ' ; : ' '•• J 

tentton couectlon uy ~nt to •bout SOJ at tbeae 1ew 

da1v1ng P••••m:••• AJ\othttl effect btl to be ooaa1de•ed ln 
. . ') ' 

o.•tweld- 01' U.tube vlacometa:ra. In theta Ylscomete••· t'be 

liquid level fallt ln the one .limb end arltet ln the othe~:. 

btc11$.on meatWJ.ttmentt ( ~' ) lndlcate that then lt • a111 

yield valut •••oc!ated with the ldvanolng of tbe unltcul, due 

t$.tbu to lneomplet• attlng oz to· • cllffuence 1n tu•face 

ttneton between the ••nclng tud•o• and the needing stu:.face 

C '-o ). ~'' eall yJ.e14 velue will chpge the ehapt of the 

v1scot1ty "*• lbe.u •*•••• plot in tuob • way that •n almoat 

•aponenthl deperut,nc. · !1 obstned lnatead of • tu.Uattc 

ctependtnce. Rene• ·tn eatctpo1atton to ••• th•u, at•••• will 

becou veay difflcult l.n tb••~ v11~ometezo1. M effeo't of 

this nat.a,e 1t lndlcatld 1n the wo2rk of Golub ( ) • 

I. IJR&H& ladllail~ 1.\lil J:liSRmdlll• 
. seve.al cl1fferen.t vlscomete~:e, end. ••v•~•l modt.flcatlons 

of tbe O.tbft,ld•type viecomete~t, have been deaorlbed and uatd 

!.n thea&- 1tud1e1. Mo•t of them have dJ:twbacka mo~:• or lest 

aeJ:ioua. we will dt.tcun only the mon dgn1f:Lcln.t of these 
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varS.able•aluaa:r v!acomete••• l1m1ting oUS*aelvea to low.;.sh••• 

riacomete~ra. High sb.eaz:o atnaeea can be obtained wJ.th •J.moat 

•ny v1ecome\e&>, lf one hal a sultable unottat to malntdn 

constant ht.gb p~e•su:ree tnd *PP1lea •••• exteJma11y. the 

reault• obtained should, howeve•• bt lnte:~pzeted with cauUon, 

e1nce wall•effecte and the lnfluenot of looel ttmbuJ.ence may 

be apps:eciable. W1th f.letclble molHulea, one tbould not 

exclude the potllbllity of c•eating • conoent~atlon gradient 

aero•• the capl11aJ:Y. induced by t f»te•energy gncU.ent. 

Since the •hus- at•••• •cnst the capillezy vazlea fzom a.en 

t.n the cente~: of the tube t.o !tt madmum value .at the wall, 

the mo1ecu1• will be d.efG.~med to cllffuent degree& at 
different distances faom the wall. Since aefozmatlon wlll 

decle••• the entzopy of the molecul•, an entzopy gr:adient 

.Ul occw: and bene• • f'zee eneegy g~acllent. this •fleet 

was noticed by Ciunea, IU.ss•n and Yloocl ( 1S' ). 

4. Vlri•Jt&t•lbu• !liS9Jidla fat Ill• DwLD SbiU Bullll• 

(a) liJd.eftli.OU.Isl !&lladlll• Modlf1cat1one of the 

Ottwa.1d vlscometes: have bMn pJ:Opoted by: 
' 

floi'Y end Kd.gbaum 

( ~'1.) and ••u (1:&. ). The PloJ'f v1•comete~: baa a bo·r:bontal 

eaplllery and only two meaauJ:lng bulbs. Ho eon•1de~at1on was 

given to aus-f•c• tendon effectt, but these would not have 

been of conetclereble influence since, tht vlacometeJ: wae not 

capable of maktng meaaucement• at vetty low •hear atreetes. 

Wada 1s vtscometes- l.a det1gned fo• tntesur:ements at. 
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extHmtly low ebeu ''"'''*• Whiob can be obtained by 
tUttng the Vilcomete»• Suriaee ttntlon effects wl'a con

•ldel!ed tnd e1bt!natt4, but no dett!la of the c•1cu11tlon 

have been publlehed. 

tb, tl::&ullJ yliAI!'liUU fr wJ,.; Jn tld.t type Of VltCOttlete~t ·' 

the dtcnaae· of the bycb:osuttc bead J.s detumlned ·11 a 

function of time. At •1$tady pointed out, thll v!.scometezo 

mult " cond.de&'ed S.naclequete fo;r op•~•t!on at. erinmely low 

ebtl# etz:•••••·b••ust of the byltenJlt effectt associated 
wlth an tc~v•nclng and ••cedlng aenf.•oua. Monovu. dthougb 

non•llwtonlan cb•••cter of the flow lf •evealed by cuwttUJ:e 

!n a plot of 1R h Vt t and \he vl•coslty '' 1 given thea~ 
stsett can bt ca1cu1atfd from the· slope of a tangent uawn to 

this cuve, the p1o·t ls 1ucb tbat l.t does· not p:toYldt a 

tensS.tJ.ve 1ndlcation of the lhea~ dependence o:ar y!eld paeclse 

values of t~t• vtttotl.ty. 
(c) ltgdiflldJJI!ltWlldl II·YaDldtll• the UbbeJ.ohde vlao~· 

mete» 11 tlmoat lclnl fo• dilute a~lution wo:k, Iince dllutlonl 

ctn be made in the wt:a:ument iteelf. Mosr•ovez. unce lt hll 

a suepemted level. ~e~:e la ~let p.Obla of an aclv•ncing 

m•n!tcut. By • ·etdtable dlolce of tbe raftua of cw:vatue of 

the tutpencltd level.. one can tUinlnatt tbt need foJ: • tuftce 

tenalon co:tRctlon. the mon wlcttlv uttd. ve:r•lon lt the ene 

deacr:lbed by SChun and Jmme:tgut C~~ ). lt hi• fou olo.ely 

epacad eff1wc. bulbs and • ~:•the• tholt cepUler:y,, wht.ch maket 
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·the ·lnatwmant ·net iVft'Y'· :1ult.~t!e fe~r 'me••~•••ntt at 1ow· :eea:r 
1·st••••••• ·.fb.e: !ns~ent ba• 'bean· ,.much• uted 1 ·!ln ,•ea:~:· depettd

ence· :ttodles With cellulose~ solutloms. · · , · · · · · 

·· · · ' : ··:_Mother: .lkOdlficatlon· 11 .detodlJea· by s. ·3'. ·Hesmanl• ·. :1~. 
1( •t.t..:J.· rH•o :tllt C.pU1Pv·'1a wourid· tn~ 1' beUlj •Which• •• •i, 

:nave· tl~eoy potnted··out,, l$' m>t too dea~able•· the ·lmpO~ant 

featu:r:e·· ·te._ ·· boweva~. ,that: the bulb &yl'tn St; ~•pla.ced tiy • 

cyl.lndttc•l tUbe of. oonltl:nt ozott-tectlon. · ·fbt·s Nk•• t~t• 

var.1out · coutcttons m\lch •••t•~ to calculate' bUt :~educt·• the 

pr:ecleton With which flow ·tm•• ean: .be •••~ad. _, ·lndtC.It• 

ion ·!n ·the o~iglnel pub1lcat1on le gS.vtn 1.1 ·to wbethet ·o~ ·not 

the auapended le,el· •• ·su1tJbly •mods.flld to· e1!.mlnat.e auriace 

tel\aton corJ:ectt.ons. . ' •. :: . 

·· ('d)· MD9hlm~ !IIQS!mUKt• 1h1s· vtacomete.:(:T) •• 

llp'acially dedgned· fo.: Ute td.tb \ewteznll :peltu~:ae.t: yn lt 
1\aa ·not betri WSdely· ned in ahu;r •tudf.tt. ·.the 1A•ttument 11 

' 

tbsolute vi~ooat.ty of .-.~•~"• 'llle dS.H4vJ_n'tage fo~ low-theee 
, , ( . ' ~ ' I . .. . . . 

etudles .t• that on• eltlle» baa to make the instrument unduly 
' ' 

long to. !.ncol'po•ate • -.fflctent length .of. ~apUluy oz app•v 

VU1' .•11 extel'nll phiiUI'e•, wbl.• an dl.fflcult to malntatn 
' ' ' • • • , ' ' ' • I 

COft$tlnt. 
• I 

(e). IiiSt!l GD&IImt 51amtldH• In thli vltcometer the 
. : ''. . ' . ' - . i ' ' ' . ; : . : I_ ·, •, ' ' ' ~ • • : • ·, • • : I • 

movenent of • .column o~ 11quld 11 followed •• lt. tlowt thnugh 
: : I ' ' ' ' ' ' ' ,' ' ' ' 

en lnolined capll11t"Y•. Jle:rnelt ('o) ha·e ••plond the 
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. , po.•libS.J!t!et,; of;. web.· an·. lntts-llinent~. ::,: ,1ft, pi£nclple tbe flow 

t!me ! •hou1d .. not ··depend on •tlie · 1tngth ··of the ·column of· llquld, 

..but .becauae :of: :turiece tenelon ·effects' it \mforitm8te1Y' '<toea. 

:,Although ••wnela we• able to evalutte all the neceii•Q' , 

coHectlc:ul•.•~. ~n• .11. :left. with. 1the lmpS.ettS.on :th•t 'the' •llbe ·· · 
·inlomat!on could· ·be 'aio»e: easUy· obtaltled filth: ·otb• Vlsoo• 

J ! ' 
[· '' 

f , ' ~ I f l ~ ~ ; ' ·, ' 

... (f)· llaotnd··ld•<iii~·Yj;assmda ;f.~~~~~·' xn thi• •t.aoomete~: 

;~be .li.qul<l 1.11; focc.ed th~oug'h ' oapf.111~ -by • 'fa1'llng : eol.Uim 

·(:#f .118~CU&y• .. ·. lleaiW:tmiM of the COlumn helght a• I £utict1on· 
of. tlmt.·glvea .both the p~•••Uft :.aop ._..the tlow :tate.·· 'l.ower 

·d~:1Y1ag. pnttu:tt• can. be obtllned' 'wlth •tbt .ald of '15..quldt leaa 

dense than metcurr•:. 1hlt lft.Uwnent d.oat not fun.cuon at 

ve" .low shea RE•••••• but io~: ~heat' meatunmenta at 
1nteattd14te and. blgh ·.Ike••••: ·tt l• ftJif tootl lndetd. · 

tbla. concludtt the tuvey ot the •••S.Out low-iheu 

v!acanete:r• ·R#OPOUcl: &n'.'tl\8 l1td~t bUt we $h()uld mentiOn 

one otbe!: llttbod, tlhlob··do••· not tavo!ve·th• ute ef an· 
espec:Lal1y d•litned v!ecomete:r. ·but endllet ·one to detemtna 

the Jl'tn ahtd\ vitCotity !n I vert elegant . falhlon. ro•· any 

ritcouttz: ·ctb • neg!lglble kinetic· • enugy· :corHctt.on one · · 
can derive fo~ the· :r:elatlve flow t!me of 1 Hawton1an Md • · 

,; I ,· 
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Hence, S.f a 1ar1e1 of ••••uJtementl 11 ptJ.~fomecl on the ••• 

M1ut1on !n v1ac011eteea of diffeJ:tnt cep111e~y zadlS. at the 

tame P~••••••• the ~tultlng plot of twft0 va al will be • 

ltl'algbt line. tht inte:tcept at a2. 0 glv•• the ···1•t1ve 

vlaco-ty •t q • o. It mutt be pointed out that tl\11 

t•••tment lt only •l1owed If ••11 effects ••• abaentt bence 

••••u.enta should be ude at 11 low ulvlng p»essul'es •• 

postlb1.e. 

5. ilaiD• 
r~ th••• con•lcltl.'ltlon• lt follawa that tbt mott 

tttltfactoJ:Y VllcoatttJ: foJi lhea• •••tu•entt ln the low 

tbea~: r:ange would M • ..Slfled Ubbtlohde vlacomtte:r. lt 

oould bt dttJ.gftld to tl!ldnat• klnetlo ene.cgy and wdace 

tendon effect•· lt would. pelmlt dil'utlon tn the !.niV.tnt. 

1~ could bt made :rugged •nd compact, •veA with • long 

capllla:~J, by dlvldlng tbe capUlazy •• ~ dld ('-1). lht 

varilble sheu feet•• can be attalntd by lnco~rating 

teva•l bulbt at cllffe~:ent helgbt•• At ••r:r lo• ehtu 

ttl'e•••• a cyllndu of conttlnt omst atcUott lllght be bette• 

but at 1nteattdlatt thflt Itt••••• • IJulb •vn• la pzefe~ 
eble, •lnce, ita o••~ to ebtaltt 1 avffleS.ently 1orig flow 

tlu, the ndlttl of the cyllnUi.tal tube would have 'o be ao 

le~Dt th•t the :rate at whiCh the Mnlaout .ftllt would l>e too 

amall to be pnolta1y •••aurabl•. 
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Chapte V 

1HS OISIGH OP A YAUAILI•SHSAR Ullf&OHDI VUCOMif& 

1•. IJJIQU if .at II&IDCiti kt" :UUQidU .f!!'.l·· 
the ll4U£d floW flnt 'thl'ough • capl1bsy,~ the voluae 

d1schUge4 ctul'lng ·• given ttu t btlng g1ven by Polaeulll•'• 

equatlon, at.tuad.ng a negllglbl• klnetlc enezogy co:rJ:ecUon, •• 

V* Jl' !I ~ ~t (V • 1 ). \) • .2 : kln•aUc vl1001l~' v £ . ~ 

Aftez leaving the capt.lla.:y, the llquld flow over • cu:rv.

.. hemiapheZ'lca1 eurfece at 1 tate. calculable fiOrD the equation 

L • thlcknela of thecv- 2) IUtpended level 
80 • :r•diua of cuwa~• 

of the h.S.aphut 
~~ ••• fig. (V • 1) 

Ubbelohde de!ived thta equation for laalna• flow with a faee 

•urface in • •1·op1ng chann•l, on cont1cle&"•tlon of Ntwton'• 

hypotbesla. 

iquattng (V • 1) and (V - 2)' givta an txpseaslon for; 

the thlckneaa of the laye~ 

(V • I) 

http:at.tuad.ng
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vs.scotlty tnd only tllgbtly dtpenden'\ on the effectlv• hycb:o• 

static bead h • Thla I.e ••tbe» fol'tuntte tlnce now the 
• f 

poeltlon of the •u•pended ·· iev~i td.U bt the ••• fo~: all 

11qulde and '.U1' cha~e ortly '11tti~ ·1, the b~~~tatl~ ·bead 

it. t~lt..:rad•.. ·.1'b1a ~~-~~~ ·.:'ttlat .'th'\.tu•p•Ad.~ ·1~•1 .featuft can 
. •', 

ti. • I .: i ', 

· ' ..• . · Uhbelobde then'· ••••• r4tb. the· eus-fact. tentlon, cou,.cUon • 

••! uettmen' '•· boweYeJI't .J.aconect. '•• ! tu~fate tension 

contctlon ·l•; calculattci on the badt of tbt td~• tMunt of 

ll•W. aawn up tt tht wtlla of the vtlt£!1, and auppo•ted bV 
the wriao• tenelon ( tht~ extra aovnt be1nt:· that lthlcb lt ~ ; ' 
aboV. the llod.•ont4 ·pla~• ttnoen:t: tO· tbt loW.tt pUt of the 

GUWed menlacutl. tb• 1lqulcl is ..... up '1ft .•.dl~tctlcn of 

the t•ngent.:to tbe cuved. tUflce· Yfhtn lt jolnl the aU• 
. . 

Tbe ve:r:t1ca1 cOIIpon•nt of the aupponlAg fo"e ls the:r:ef~s:• 

It\~ reo•' • (S•• flg.i-~ 1h• UlOUflt of 11caul4 tupponed 
by the surface t1n1lon may·tken be ca1cul6teci ffta the 

"elation 

Xt 11 teen f11Jm flg. V • 2, tut cot b • ,Ia·, hence we obtlin 

for e:.. h, whioh i1 tba mtan capS.llaJty rite of the bulb 

cv • 4') 

"'· twhlch me•n• that one NY tznt a •Ph••• •• though lt nt a 
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c;y11nde~. since the capUlary ria• ln • cyllndt» of nd1us a 
i• •••~tly the ·••• •• (V"" -4). 1h1• 11 clee&>ly S.ncoftect • 

. "':: ·: ·~ ' ~ ;, :.· -) ,'1: ,, / 

Monove~ one 11 not 1nte~:•sted l.n the oapl11uy 2'i:se of the 
'-1 I ' ' J , i ' ' J '' .' J , ' • I • ' ' r : r . I ' ~ ' : ' , ~ ; I, ' '. i I I , '' : ' ' 

bulb, but 1n the .•vol•• •••raga• 
l 

I 
' I ' - r. 

' 
\ 

I 1 I 
·~, I· A"'~ 

I ' I'~ l -"L (w Yc. \ : ,, 
t ~ "I I \ I I 

I 
! 

.. · :~~~)~ ~~·. .• ~: A-V.: , : (.,. ·' .· ...c·v .·, sJ . ; . 

Hence the· turf•c• tenllcn •• ct1cul.,•uo ln a, Nmez .a.nady 
de$cr1be.t in·. Chaptt• Ill•; 

A coa,.otlon mull al•o bt ucle ·foe the cap111ti'Y :rl•• 

ln .tbt conntcUng tubing~ the total ·co•••otlon foJ' capUliJrf 

s-1•• ·bt.tw•n tile t..o tiuuol•l. ••~k• '' · glvln b7 
. . 


.~.r~'1 AV, + lt,·AVt 

. ~(t) • b.V, + 2 bVi cv.- '' 

whtl'tl AV. I \fe)luaat Of C.OMtCURg t.ublng · 


I ~:t.v, t vo1uat of aphe-. ... 


The .· JtflUS.••cJ ••dlu•. o~ the. h..,tp)\ez•. i-• . calc~ated 11 

. . . "lor t 
a • .:...:Y

0 6- <lf> 
it being tba pretaua tl[Ctned by • cuwecl. aucf•c• of ••diut 1\0 • 

lt follo• f:ro• .aqu,tl()~. (V • 1)· that ll0 depends on. the auftoe 

tenst.on •ttd tb1t, thtZ'tfo~e, one lhould btv• dlffennt v1aco• 
' 	 . . 

met•~• fo• 11q\11dt of dlffU.·nt auface tan1ion. tfbbel.ohde 

·	Nde .th• clalm•wb~IM .• <J¥l· bla t•ealfaent of the tUJ:ftct tenalon 

co»act1on•""th•t one velue of_ the #ad1ut of . cuwatu:re would 

ICCO.Odlte dl liquldt. fhia l• pHbtbly Vue for: the UIUal 

http:tenst.on
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~~,9~~, ~~q~·~··•· .~ph ,bll. •: ~,).\.lY·•~Y 1,.•1'9* l'tYd"";•: ( · 

~~~~q :~.a~~, ~~t 1~.•·~1J\l.Y. '' QOt: :tw• tfhtn: the bead, lt. 
l I I Im... ..Se ••lle»";• , . : : ~: ; ' : .,.,., :· '.! ' ' ; ! !, '..>' I : . 

' ~ • l ' ' : ' ., . ' ' ' ' 

,.·., .:., lh·~l: ·'~ $11~.,~.,~·! 4-n 1the, fol)..,_g :~1•• eut. we: 

heY;,; ;s.•tred ~~· pe~•~*'''·: cd.1ff•••rt~• :batwettn tbe ·tatlo. of : , 

~~--. fl.~w ~··• .fo~. t,.o, .-~~ez:tnt. aq.~ver-a*',.obttlnM at: the 

h191\t•t: 1\tad ..t.l\4·. the '~~'-• ~b-11\td .at .tht .l~Mit bel4 ·to· :. ·,., . , , 

one: of :the ,p»ecu:t:tQ•• .of.tbe vi•~--~·••· de•.el'$.btd .ln .tbl.•
' ' ••• ' l •• • ' •'• ' • ' 

:t\\e~~·· It ~·. t no~tJ. _.,b,lohde tltc-.t•~ 110dlfled to 

th~.. eat,ent that lt ht4 .~ ,capilli~ going, up &lld 40Wft aacJ • ·.. 

bulb •vat.- wlth fou bulb•• tJla .•,,tct,ve 1\.,._•tt+:l• head 
I 1 • ~ · • '• ' ' ' ' ' ' ' ' ' 

' . '·! ·t.w. 

biDS PJUIUD!t tad Ill aw.t If Silt bal' 

t&IIIIUIDiM: ·Jtbb IIIII I ·•o.f IYlla II . 

'l'be tuface \lntlon of Qae .. o~;•nto lJ.cp~l.d 11 vety 

n•••ly the •til• •• tb1t tif, •n.otbe,, ...•qc~ lt -~~ ~N11•z- th1n 

the suface tendon fo• ate~. Hence a vltcoaet.e~r deal.gned 

to el!minJtt the auriaoa tentf.on effect With one oJtg•nlc 

liquid ·could 1ene ecpla11y wJ.l fo: othe~ org•n!c ll_.tdt but 

http:tentf.on
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f1ot ;foao :ate:~:\• ··tiVo~ ••lit$ ·of vlutmltteJ:a; ·•••: ·the~efol1i: · · 

de·tign•d, ·One• (ati:l••i ~sit: fo~ ':o•g•ftlc 1l4Utdf 1tftd. the·ottte:~ 
fser1et· llX;)~. ~~- •~•2:' :,ncr ·aqueoua ·ao1uttonl• ·· ·.fbe ndlui ·of 

cti!N:ttul-e ..~. 'Cb~ten 'to·make ··the: COUHtlon. &an· fo~: 'the 

iowelt· (fifth)·: 'bulb•: since • · s\R'f8ce tendon. effect .Ul 

have I\Oat·influenc• ·btn~ ··' Tbit' •••not· ·that· theH •• ov•:r· 
co!i:actton. ·foJ: ·the · fow:th' ·Ina· h19hec ·bUlb• · bUt the oa11b.l'at1ot~ 

lhoW.d ·thtt the effect 'of: this oveiJ-oCoft'ectlon on the 

mea.sunment· ·••• ·negllglbll. · 
'I,! 

two d.tcOJaatua . .ue ctnlgnect. Vlsooute ll•A. a 

low thee vlscometeJ"1 cove~:lng the ~tinge ?.14. • o.?l d.yntl/ 

a 1, and Yltcomete:r Xl·l cove&'tng the ••ase 1?.9 • a.ae 
dynee/cml (eal.culated ·foz bena•n•J·• · It •• neo••••_,. to 

dealgn two dac-.tua~ •lrioe tile low •ant• v1ac0fletu can 

covei: only ·one dutde~ :n11 »tnse•• Just•t»1ow the ••nte. 
usually oovet:td. fhuefo»t vitcome't.el' U•l waa fDide to be 

tble to extend 'b• mea$Ut:IMnte to tblt r:ange tnd a1ao to 

p:t:Ovlde ove2:1tp td.tb il.·~~ ln oJrder: ·to ·have ·I check on the 

conalatency of the f1C., ·behavlou.- ln \1\ls type o' ·VS.•coaet••· 
The ·maxJ.mUII lh•a~: •ue•t obtalnablt ln J$•1 .l• •bout aa blgh

• I 

•• po••llll.e ln a vlsoollite of th!t type Wbloh •"• •ltoo• othu a:equk•enta•..·. 
lhe flow Untt• · c)f ·• tb• dlffezent bulbe: wee kept about 

http:vitcome't.el


69 

the Hme, by kteplng the ratio b/V ••••ntla11y oonltant~ 

3. Rl:d9D.·G'll!d1 fga I!Jiu.JU• 
Only one vl•coMte~ •• deligned in thl• Se:ries. 1he 

bulbs havt 111 the ••• volume (1.48 ml). fbla waa d•n• for 

two ••ason•• ·t l) the ew:f1ce tendon couectlon l$ aullu 

the 1•~•~' the bulb. (11) if one •• dealing with systems ·of 

VIQ1ng sul'ftce tendon, thil effect eould be calculated, and 

the eo~:rection applied to ·eatm bulb. The lattel' conslde:sr•Uon 

wat taken into account. because of the tact that many aub• 
•tance• appreciably lowet the suri'ace ttn11on of t~~te~:, when 

di·eaolved !.n tt. tht thelt' et%essee covel'ed . .nnge fnm 6.15 

to 0'•94 Dyn/cm2• 1ht deta11ed deelgn ft.~ea •~r• litted ln 

Table • 



· Gblpte~:' iVl 
,' ' . . ~ • I ; . L 

aPSUMSNrAL 1VOlU( 

(1) '!1!G9'DiiW· . 

·the Viscomett•• XI•A, 1%•8 lhcl lll .wer:e used ln the 

work to be d411CJ:lbH. 1'hey .-~· .mounted 1n lta1nltil .•teel 

holden, equipped with • cyllrtclz:lcll ·plft \\bl~b fitted ·snugly 
.. 

into t ·c:Y1tnd~1cal tl~t 1ft ·a •ta1nlets eteel.baJr spanning 
. . .· . . • . : .. l. 

the v!seometer;b•tb~ ·thla lnwm • ~:ep~:oduclble, vei:Uc•l 
.potlUon. 

tar IIDRitd 

lbt manoatat u••d •• eaeentlally the one deacrlbed 

by SOnes ( ba )• 

(3) Dtama&sa· · 
two .blth; of tbe aql.lls:ium type ··~· used fo:r the 

temperature %'lnge 20 • 40 c. Thee• batha wen fllled Wtth 

d!.st11led wate:t 1n otder to d!tcourage the g~wth of' algae. 

Foz; the 60 C work the bath wle a cy11htlr1cd PyJ:ex Jaa 18 . 

inches: blgh, filled with olealr mineral oU and foJ: the greatezo 

part. lnlulated with •abestoa. In both typel of bath the 

temperatu:e was mal.nte!ned unlfom by tho%0ugb. •tl:rz-J.ng of 

tbe bath 11qu!.d and wa.a-raainta!ned constant wttbln 0.02 c 
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elect~oftlc ~elay. 
..;.. ' . ' 

, '' .' "I ·•Cc) tau ..· ,, ..... 

Flow tlmtt wes:e meaauHd. with two Re\Je• tt()p•watcbee 

(catalog numbe# 906). · ·tAme& could be etU.ted to 0.03 

·lecontt••; •lhe· wtcttea wen pedo~!.callr c•l.lbnted agdnet 

an elecUonto t1m~c•1'lb~tat1ng device, . by •••#.. n •.~-
··. ,; 

.. L -l!lll.ldl ..· 
' '·•. , ,I • '· ,,.\ • I , 

< i ,\ I< I"; 

1 I ~ ' , '.·J.l.l i9lvcas.a ' 
,1 11 

;; ' I ' 

. lmi!M >(Steel Co. of C~t~ada) A.:&.T.M. Jndul'b-181 
' . 

g%tde, :r:edlttllled and cbtled over.' sodtum. J.P. 80.5 Q1 
' : ' ' ': 

I<>lutnt l st••~ eo.. of c;.n..t) •••tt.•n gcad•• . 
1~ I ' . ' r : ' ' ' , ' : , , ' ', I , , • I .' , ; , , t , , .' • 

dlat111ed tnd uled OVtl" ad1Uil. 8.P. 110 C 

l!tbtA .Bl\d lt&Dlll (8le11 Oll Co.) fecbnlcal g~•d••'. '. . . . . . -· 

dt•tm.s. 1.,. 79~8. :C . 
lltl£• Son aaobtrtge "*''~" •• uaed. 
All to.lventa, except water.,. were dletUl.a th»>ugh • 

tbl'te~foot column packed with gl.att hel!.ca•• Conden•at• •• 

.:ejected untli the boWng polnt :remd.ned ccmwtant. On• 

batch of to.lvent •• u•ed thzoughout • given ••~1•• of 

viscodty ·dettn!.nttlona. 



, 

12 

(I) bllm!ll· 

DlllDA•. The Dexban f:rietlon Uud •• supplied by 

D•· .uJ,tne Jeanes (NoJ:ttiem Ut!lleatlon Re••••ch kanch, u.s. 

Deputaent of Ag~iouJ:tu~e•· Peo:da;,'U11no!e). lt· bad the 

follOWir:l9,. apllcifl~t#,on•·• 

' . •. ' ... · .. cJ=~l_ "!.~::.M";.~~ . . . . .... 6 
letnea 37()e•l3. 0.91 . 95 & ..app»o~t. 10 x 10. 1•512~& 

I ' ! .'.',I 

,·. · IDl'dn~astxl.,.mdbtamdll· lbt• fn,c.Uon •• 

s.~pplied by :OJ:• I·• .~nO ,(,P1latic• 1\esetJ!ch .Section, 

"'~•tlMY Arl$nl1., Dbrver, :I•¥•l• $ipec1flci·tlont;l 

· · labtRIIU• the. ·polv•tpene ueld •• f•actlon 'f•5, 
pJ:epar:u and . desc:FJ1btd: by SOnel · ( 6; · ') of 'tbl• labouto:ry·. . 

: ,t' 

1) faaiii\Hl\ nt: ltiJJMQDI• lolutione (in all •oivent•) 

wete p~tpand .et 1'0011 tempenture. by dlowlng the detl.:eci 

amount of. JX)lvnte• .to d1tso1ve slowly ln the tolver.t 1n • so m1. 

vo1umet~c fltak tSXIJC)·• ·Aftel .comp1•t• distolutlon t~e fl••k• 

•~•· fU1ed. to the -..k 'With. solvent ln • 20 C constant 
I 

taq:,et-atue. batb.• 

Slnce th• aount of polymu .,,, M!all, the polyme» •• 

n~. wdghed out ln the. ·fl••k but !n 1 Ugbt•welght dum1nium 

foil diet. 
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t) :Ddtltinu&sm tl •• SS!DSIOHitkm.~ Conc•n~t1one was-e 

otlculated :.~ttom the: 'amoun"t: of'. polym•Jr w1ghed ,out. . At. _ 

telii'P4t:tl.t\lret/ ot'he:r 'tht.n: .2(). C the· .conc•ntx-at!oA •• oal~t:~la~. 
: I ~' .. ' ', . i. . . ~ ; \ . ' ' ' I'.. 

<. l • , : _: , , ; , : ; , ~ : 1 
; j• ·' :'' 

·~'"~eO \c :~ (Vi - 1) 

0 

ie$i· 'cl:=iect out in .tble labo%atory ( 5'8 ) hav• lhown that . 

uung the den$1ty of the: :aolvent ln. tl'\1$ 'ca1culQt1ort instead 

.f)f. the _dendty of the· ao1ut!on !nuoducea. an exr~tot. t.hat·t.e 

(IU1te: neg11g1b1e.r . . . 

All con.c·OAt:rtttont are expressed •• gza$/100 ~nl of 

aolutlon. · (g/100 Ill) DilutS.ou _,n the v1ecomete~ we.-e made 
''J .••. '. ·, • 

wl.th r.tock solv•nt kept 1n the lO C contt1.nt tempeJttture 

"-th, the $lmt. plptttt,~ :cs..~ ~· ~~l ...:~-ad·. th"ughoat ! ali 
' ' ; '\ ' < ," ' I ' ', I : :. I; 

dete.vmlnatlont. 
0 


3) f'lgs fJau• ·Plow :timet:••• meatu:re4 ·. l.n duplicate o:r: 


triplicate.:·. Flow.'t•l ·we!e .:e·jected:·lf. tbty dld n.ot,•~ 


Wlthtn ·o·1· iecdnd•• .· , · . , ·. _, , . . , . 

•· j • : : li-th ·the mu1ttpl• ~bulb v.tscomet•••• tbe eame ttop

_.tcb(waa· uletJ· 'With · e• :given bUlb · tb~ugboUt :a!l dete:r:mt.nat1Prtt.• 

·4·):,QIIRJJ.&Ib :gg·rrutl·~wuhtJll,lltiWa ~CD tbl.&tidlJ•. 
:Gilft*• · · the :rel•t1ve V!1costty lt defined •• 

,, ' I, 

11 solutlon 
··o 1 · aoiv•nt · 

http:contt1.nt
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The alswnpt1on bee bettn made that the kinetic ene;'gy effect 

haa been eUmlnated. Then, at conetant ebeaJ.: atreae, •• have 

'7 I' • !!a 
cr, 

Or, lf we c.onatde• the maximum ebear str••• at the wall 

tvz 	.... s)C'lr)ta • ~~~ 

the 	•noms.~l· a-ate o.f thea~r at the cap!11a%'y wall le g-iven •• 

'i!R: "ta .L 
9~ 

... 	
The actuel ~ate of she•• at the capUlt.l'Y wall oan be 

exp:r:ea•ed •• t 6 ) , 

(VI 	• 4) 

the only •••umptton involved 1ft CVX· • 4) ia that thel'e ed.ats 

' funotlonal ••1at1onlhip between the rate of th••• and the 

shell: eta••· 
Subatttutton of (VI - 4) 1n (V! • 3), g1vet 

~'1,.~ ·(~)~ ·(~)~ [: ~.~ .........., .. ¥ .. 1 

Or 

(VJ 	.. 5) . 



V•~'-'•• 01, q'a: •f'ld.; ~ W9l!'e: :c;~q'l"~·~ ,f~ .th~ ••••ll•e4. f~ow. 
t-~· •11- ·p~~tted ,•• ~g ,q•1r ~~ 149. ,'tt .~ · till~ plo' _,. 

t)...yt .l~J'l••r. a,mt tl\e 4••~~tlvfl •• ev•luetecl,aa . the elope. . ' -· .. . . ' . ,- . 

0~ ••• :1...... •···~- f'~ ...(); 1 ~· • lJoi)tt• I I J : . : , 

$!) :QI&avld&ao .Of Slat IDbiolllt !'4MUi&J• . : -'11\•. :lnu._n,ic 
v1•coaS:ty •• .eve1uated fsom • plot. of f),.~• , ... ~~ va. c. 

~tll.: ."'-~ and, '-2t" wrete .cdcul•~•d at f~us- .or .·· flve. dlffennt 

C0$1Q:e~tr•t1one. In all cases the plot• were linea~. and hence 

ualng the zelttlonlblpa 

(VI • 1) 
\':' 

the ·tnt:r1natc · vltcottty l!ld the slope constant k • and ~ could 

b• evdutttd fnm I· l•••t aqUaH .1nelyd1. 

· It can bt thotm thJt ~ arid k1 are 10 Ullted that · 

thelt ·•urn •h.OUJ.d be 0.50 t ~ + k' .• o.ao)•. fhl• relat.lonabip 

wal ne~e• obtewed4. Since the value• of·~ .we2:e maze :ceU•ble 

(inte~tlly contlttent) than the ·vd.uea of k.''• tbt k1 valu•• 

nl:e calculated fzom tht · ~- ·v•lu•• aeaumlnt the theoz-etlcal 

••1•t!onlblp to be· valid. fb11 p~cedu~• 11 qu1te ju•U.fltd 

ti· one lt not conceried wtth the va1utt of Jcf but only with 

val.bGI J:ehtlve t.o ·each· othere 
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. ' ' ' ' 
•' , i o' I 

,. ' ·, 

1) :Gill~lt$Jen gf Itt ziusme:H&t• · · 
·. ') ga&DfJll9D DI·IIDII II• the calib:ratlon of :Stzoiea ·II' 

•• peJ:fcDned by mea~ng the flow tlme1 of benzee and 

toluene at aeve~:a.l dlffes-ent temperatau:••~ 

If we nnlte toileu!11e'• fHIUaUon ln lte condensed 

fo•~ we· h•v• 

A=n~~ 
8 • mV/i\T._ 


The vlscomet••• •••• det1gned w!tb • negli.tS.ble ld.neUa 

' ' ' I I ' '1 ' ' ' ... I, , ' 

enes:gy co.:rectlon, benet. 
'I·, . 

l' I [; I i 

,~ • At. 

U. tt\e. •w:-faeut tension :''feet bt$ .~Jetn tllmln•ted, then 'the 

3!'tU,ot. ~f the flow. t.,.,:~Q~ dtffe•nt .llqut.d• for: the tete· 

llQlb ftlOQld ..J?e e.t}. l~ .'W'le ~·t$.01: ,f. tb• ~tQtlc vlltOI1ty, 

·~ tbquJ,:d. be the ••• ~•~ diff••nt.. b.t.vtn.g ~pn••••• .ts.e.
' ' , • ' I ' ' : ' ' ' ' ' ', ' ' ~ • ' ' ' 

fc.:r, dlffere,ra'h l)ul~···- ~·, ,.Jb~•: 11.·ln4••d. ••t· •• ·obtew'ld ·(tee 

T•b~•, . ). Jh,e ·:rtltiq~. ~~·the flow timet fo~ ben1ene and 

toluene •t 20° C ( tnueneftt~lue»e), ave~raged ovu all ten 
· bulb• it equal to 1.0929 to.~ the retto of tht klnemat1o 



. !

'7 

y7i$COtJ.ttes,,:••: calcUltted·'ft{JtA:1~esman"•:f•b1es C•h llt 
.: l : ' C• ., r I • :· ' .' l I~ ' \ ' • •. \, : .; ' ' : ' • ' ' ' I ' '• . I, 1 ' • ' ' ~ • • 

.equ·~. to. l~looo. .~·· a·g'S'eemant ~.~ ,oontide~...·to be d\11• 
' " I '• ' '. 'I • :" ' ' . . ' 

. factory! ln de of the urtcertainty 'in' 'th., ; llte!:tture va1uea. 
1 . • 

'.:.:. ·.: .. ' . fbe: conetante: 'A ·tfid:'l' ••• ·wtluated fo• tlQh bulb by 

means of the equatlo.n p#Qpoaed. ·by Hlgg!ne .(··~a), 
', . ,, . •· \ \l-; :. . '. : ' ' :: : ', ·. '.r .• r.' ,,: ' ' 

'l~t v•luea fo:r: A an.d JJ., · :so ctloul•tett ue H.lted in teble • 

If. :'ll~ee. valu•• ••• kno•~• oen. ot1cu1ete the cel.attve 
conectlon ln tbe flow. ~e. due to the kinetic ene~gy · , · . ' . . . . . ' ' 

to:r:rtctlon•. 'atnce· it HI\ be ehown th•t lt 1t equal to 
' ';• . . 

!f •.• ~ ~~.... (VI .. ~) 

these value• ue •1•o litted in ftble • 
Sntpect!.on of tn••• value• thews tbtt t.he klnet!.c 

tn.eJ:gy coNectlon can be neglected. Zt should be noted that 

th• values of the conattnt I ue not pJOporilon•l to tbe 

volume. th.ls 1• lttt1buted to a change ln the value fo~ m 

w1tb dr:1v1ng peeasue first obsei'Ved ·by lwlndelle t 's ). 
the .volumet •~• meaauli.'td by c•llbzatlon wlth wateJ>, 

the geomet111101,1 bead With 1 pzecleloa cathetOJntu. The 
, 

l•ngtb of the capllle.~ty wat al1o meaaurad, but this measu~:ement 

le qulte l!:bltzwaey. beoauae of the t~Umpat•theped end a of the 

ctplllt:r:y. these valu••· \91th the sad1us of th~ capillary 

http:Sntpect!.on
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quoted. ~ the makes of the p~:ec1elon bore tubing, enable. ue 

to calculate the constants A and B. CompaJJJ.aon w1tb the 

actu•lly. observed v•luea 1.& sat1iftctoty (see Teble ). 

b) iil~&bu_tiQll pf 111&11111· Since thlt vlecomete~: •• 
. . 

designed fo;c aqueoua aystemt only, enotnez callb••tlon 

p~:ocedure \Ill adopted. the flow times of w•t.ez: we~e measured 

wltb and without edel'ntl p~resaun. AlsUlnlng no klnetlo . 
ene:t'gy cos-,..ectlon, tbe · v.lscotity of water can be calculated 

fzom 

? • 1t~te''lfi7 p.t (VI • 10) 

the .caleuleted values. wer:e 

Bulb 1 U IIJ If V Av. 

~arl~ 0.8910 o.s90T 0·.890B o.e906 o.e906 o.S901 
Mt..O 

lt 1e also po11lble to calculate the v1sco•1ty fzcm • plot of 
tbe •hear-stress va 1/t, eJ.nce 

(VI ... 11)'t•~?t 
The :te1at1onebtp, calculated tor: 85 pointe, obtained with 

1: • 0.9866 • 103 • t 
··the visco1lty of wetel', calculated f"om thit re1atlonshlp, 1e 

0.8900 	cp. 
The constancy of these vttcostty values. ·Obtained over 



•; ~wide, :range of pzoeeeue heeds ~·• ·tbtt :tb~ l~f•c•: tension 

co~ecU9n bee lnd,ed been eltms.neted M'len the 1lqu1d 1e wa'tu. 
: ' l ·, ,, : : : ' ~ ; . . . ! <'• ,· ' :. : : ," . t : • • • ' ~ ,\· 

fu:ribeunon it ahowa also that kinetic eaeJ:gy• end enct~effecta 
< ,. I '/ ::' : ': \ 

are neg1lglb1e. . 
' ·, : : \ • '.: ... ! '·· . ' ' ' I ·: .• : \ t '1 ' ' . : :· 1 ' ' I • ' • 

In oneJ: 'to detelmlne to .what ••tent· 'tile suface· 
.t~slon: co~~ectlon, s.l ~llml~ated 't~l:' '•queoui' ·~1ut1ont 'fo~ ·· 
which. the eu~tce 'ten•t~D/den•1ty .~atlo :l• :somfth•t dlffere~t 

"., ' 

tbl-n l.t l$ fo:t •tear,.! Wthe Ct1Sbrat£on wet clmecf out ·gtb 
~: ao• •nd With a 40JI lu~w•• tolutlon. tbele solutio~• al'e. · 
u81ftont.aa liqu&u alld.11enc• the vtteoat.ty ·.ou1d ~te ·tmteplms
ent of tb• •l'leu et:r•••· Any cb•no• tn tt.e mea••• Vis~os1tv 

' ' 

ftl!th ·a change ln •lvlng p~:eaauze .Ould be aul to a au~:face 
... 
tenaloa effect. 
1·, ' 

lh·e v1•oot!Uet c•lculated fnm the f~:ee fill data an 

Bulb l II IU .w v 
tOil 1.696 1.100 1.101 1.?09 1.123 

40J 4.321 4.333 4.340 4.356 4.394 

fhe :l.nc~•••• ln vltcoa1ty could be due to • auJ'face tension 
effect. Slnct tbla effect amounta to a co:t~:ect!on in th• · 

•ffaQtlve dd.vtng p.:eaeu%t, :tt tbould become neg11tlble at 

higbe• hyds:oatatlo bead&. Thez:afore, meaauaement1 ••~"• made 

tilth extermtl preaauna on tb•IO• •ucnlt aolutlon. The 

vlecoslt!ea calculated from the pt vt 1/t plot ••• 

http:vtteoat.ty
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Bulb···· ·~>·· ·:; .:tl ·.: ·'·'' :'11:. :•: i;\111 I···· ~:, ·•. • ·Av~ ·· ·· :~ ·.• 

2,0%. ' ' .· l•''' ''' 1;•610: :' ; 1-.672' ·.:: 1.6ta' ' l>~6rl . ' 1".615 ·. ·: ;: :. 
' ) I, ' 'n• inczeaaa ·Ltl "taco.ttr 1\•e .BQ,P.a~ec~', hence we uy . . . :. :· 

~~~ribu~l ~b• lftc~•••••. noted .in ·th• fne ~~~~ dttt·· to. ' ... 
1 

1 1euri,•c• teaslon ett.Ct~' :" i ' ; } ' ' i '': : ' i '' ' '• ' ' ' ' 

' \ ' •'' ' '~ ' r •' • 

',\c) ~818nn1$1 ·Q~~~.~a· ,,... th••• .~·~inlt1on nt• 
we ay thtn conclude th•t the dedgn of the ·vltcometett (of. 

;,, ', : I \ ' ': ::' ' : ',,,(i • : - 'I ,• ·, ,· I 

boUt leae•) .ll sound and that thtv wne constructed to 
' " ' :.\ ;< . . '. 

•P•~tflcat~ons. they do tndaed me.atun vltooa&tlet and tbe 
' ' : ! ' ; : ' • ' I ; \ \ : ' : \ • ~ ', \ .' ' I ) ; ' :l : j ' ' I ' ·~ ' : ' ' ' 

bOtheeome •~flee teadon effect baa been ellmln•tecl f•:r all 
' '. I ' '-,, ' \ . ' ' - • 

'I" ... ' ' 

or:gtnt.c tolvente. ln ~~1•• XI tnd to~: .watu ln Sent• Ill~ 
• ' - ' • r • • · . ' • ' • ~ ' • I : ·, 

., .u~ta ac.a. ,,,,.,,•• ·lD ~ma.a& !DJ•&s·~ 

Aft•• calib:r.-tt!;on..th• v#.e~ete'"• .•Jl• .uaed in ,tht:•• : 

dlffe~ent ••••r:~h psojtcta, typical Of tbot• lnvolvlng non· 
. ' 

Rewtonlan llqaidl. 

e) lhl · iDtli'DdG .!iUPij..t~-.aAittiiU •&91'1~. ·-·~JsA.lliD• 
A neglect of tht eoa•ctlon fo~ aheu effects will retult in 

value• of the 'lnta:!.ntlc· vl•co•lty 11hlcb. 8Z'tl lowt:r: than they 

should. be••lnd· the dlacJ:ep.tncy will bt ·pi'OgHHivtly le•gea: 

et higher moiecula:~ ·welghta. lhe· plot of log ·t?l "' log M 

.S.U· show ·• ctownwaa· cUJ.iVtatute tn· tbe blgb molecUl•r: weight 

:range (••• ftg•.m. · )• Such· 1 cunatuze cay, howevQ-, •l•o /\
i 

a.tlee f'am chalra•btanchbg• tince I' Jntanched molecule occuplee 

1 trn~llu volume then • .llneu molecule of tbe iame 1110leoultzo 
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weight ( "'4 ). If a decs:ease l.n tbe 1nt~:1nsto vlaco11ty le to 
b, ueed •• evidence fo~, o:c a tneaeuee of• bnncb1ng ln a 

polymo, lt t.a estentlal to find out whetbet: all o.r: pan of 

the curvatu#e 11 due to lhea:r: effectt. Curtature of this type 

hts been observed ln the log [ 'Z J VI log II plot 1n the eyatema 

DeatJ:•n • wtt•~ (s1 ) aad 1n the syatem poly(n-octyl~ethacrvl• 

ata)-metbylethylketone ( '' ). We have thenfo:re 1tweat1g•ted 

tbe influence of thea. et,..eas on the ~~~1nalc vlecotlty ln 

thaae aystems. 

l) luiUJ8JtUAIIUI'! • b&ab.mDIIWSII&s!\t. fUG't&ADut€ 
Dtarap. tince •heal' effects an mozoe mpkecl tn mo••, oon

centJ:ated aolutton•,• muaurementt wtH made on 1 Dext:~:an-watel' 

solution containing o.9860 gcems of llaban pe~ 100 ml o' 

tolutlon. the vlscoa5.\y calculated f.o• the f2ee faU data 

Wlft 

lulb l li 
0.2832 0.194! 0.2858 

The lnc••••• of 1• could be signlflctnt. !n on•~ te t••t 

tb1e, m81&UJ"amenta •s-• a1ao mad• with exteJ:ntl p.:eaaun. 

The date wen coneotecl for d:r:aintgt accoadlng to the 

p:roceduJ~e deacJ:lbed 1n Chaptesr SU, plotting pt "' Vt • 
the leatt aqua:r:e equations fo• tb• flve bulbs er:e 
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Bulb 

1 

pt vs 1/t 
(pt)1o"*3 • 9554 .. o.aMs x ·10~ t . 

calc. Yleco•J.t.y 

0.2845 

%1 (pt)lo·3 • 9576 ... o.aaas • 1o5 t 0.2851 

XXI (pt)1o·3 • 955a • o.362? • 1o'· t 
1\f (pt)lo·3 • 9601.• o.asa9 x 10& t 
y (pt)1o·3 • 9599 • o.a9so a 100 t 1·86Q 

Av. o.aBM (! .3~ 

Tba calcu1ated equations f£tted tbe expel'.lmental polnte VtJJJY 

well (better than 0.1.,. AI •• polnt~d out 1n Chlpte:r lU. 

the expa:et1lon for: the elope is 

II~ ;,d! • • ;!t •1
• 

lt 11 teen that tbt tezm ~•preeentlng the !~fluence of the 

shear: dependence 11 by far tha la•gelt. Sul:Jet1tutlng the 

actual valuee of the :radlua, volume and cap111as.y length, we 

find • v•lue of o.29e x 1014 for: thl.l tezm. the velut 

calculat•d fl'Qm the 1etat aqua~• •na1yate 11 found ~c> be of 

the otdezo·of 108• M•noe, 11 we attribute the obaened s1o" 

to • Shear effect, the coefficient a1 ls found to be of the 

Ol'clel" of 10•6, wblch me1na that the effect. of ahea~ atn•• 

la negllglbl• for shea~ tt-.•••• <102, o~ ehear cates <104• 

Since tile bighe•t abta~: etJ:ese at fHe fall 1• 6.68 dyntl/cro2 

w cannot attribute tbe 1ncreate of tbt, v1ecot1ty to an effect 

of the aheu et:re••· 
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·, I: I : . .. Clft concludtt theJ'efoZ.e• tblt tb~ j cu"-tui:e 'Obtuved 

by senti·: et ••1 ·•c 87' )) ,ta ·not ;due to i lhea:r· tffec~•: ~~ may be 

-~:tf:lbute4 .tQ; ·b:tanchlt\9•· · : .. • · 

U.). Mul.l!Etmtdl.llbb I Jllsi.SIRUIII,.I!&PM *«llllRD 
•• '. J ·~: : ) ' • .' : ' J ' •• • ' • ' ' ' • 

a€, R91XIn·.ssal,·ml•ba;&'ddll• tbt fzactlon •• •ent to ua 
. \ ' .. , '. ') ': :: , , , ~ ' ~ ( , : ' ) ; . ' 1 ·' ' ; : " .' : : , t • 1 i } . 

by· Dt:• 1;, ;N. Cl'4nel ln o:r:deso to check whether any lheu 

dependence of the lnUI.r.~dC) Vl•aot!ty o9u1d bt ,obi.ned. 

Meaauement• ••• ad• ta both Vlaeomete&-• .11-A•en:ti U•l. · · 
fhe dtta e~:e z:ecoMid 1n faJ)le xu .pd ·fig. 1l' • ,_. •••• elate 

' -~ I : ! ' I, .. ' • • I \ 

' I ' ,. ,''. • ', '. ' • en int.clna1c vitcotity at ••• ttaeu ''"'' "' 3.46 dl/gm •• 
'~ I 

obtained by ext:rapoletlon' nac•lbed Sn Chapte:r V~ · If this 
i . . ,· . '' ' 

'' 

v•iue o.f the lnta:inii.C vl•oosl.ty is plotted on the log v• 
'' 

.log a plot, one obaeJ:Ve• th•t the col'zectton· · fol' the effect 

of the aheu dependence a:emoves tbt ouav1tu~•• ..Jlenct we ~Day 

conclude that the Jl01y(n•octy1•metha6s:ylat,) 11 ••••ntlt.lly 
. I' • ' ' ',,' '' 

a 1lnaa. molecule. 

· · ~) .lb1 ttm!•ut»11 -atpuw;•.o~ Sllfl lo,doa&Q X&MSI'Sx 
&a ,·,. tmluu. .Aoc~S!&g ·to Fo.c ;w flo.~. ~'-~) the 

' •, '• •' 1 > :·:.: 1 I;. ', • 1, ' I 

intd.nt1c v1scotlty of • polymeWJ molecule f;an be eJCP•••••d ••
• . '. . ' ' • i'; .. ' ' . ' 

·:-1 J/1 .tVI • J.a)· (r · · · J' · · t Z"Oot meaD.
0 a"'aa:a end•to• 

end d1ttance 
.. M. t mol. weight 

: .cl J ftoJ:Y contta.nt 

http:contta.nt
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and. ' ;,-_$pe~·-·- vo1. 
;. : -~:-

.s;
""' .J; 2 c. iih:~ .~ ~$ ~. ·~~ of pOl"flbez: 

~-- : ' ' . : ' ., .-' ' "1' tpec. vol. . ·- of solvent 
ASt e•o••• pa:r-tlal : , I . ntolal -entropy

of ctlluUon 
·-:. Afft: ·exe••• -panial

molp heat
''i I. 

· - of;'dllutlon 
: • ; I • : I I ' ' • .' ', :, .:. :, ' • t ' ' • :: • : '. :' ' '· : • I • l : . ,' : ' " I l : i : ' .' ' ~ . ': ; ' ' 

~n 1 good solvent ( Afl negetlve)·,- ,( 11 g~:eatee the 
! ' ' ' •, ,1, I:, ' ' t ' 

~Oil'e' neg.tf.veAN lt. ' AH should beCOlle :lelt negative ' •• th• 
0 

0 
0 


I I ' .' ( ', ; \ '- i I : ' I I < • J i 1 I : ' ' \ ' , ~ ",' • - , ' \ ' .' ; 1 ,I ; 0 : 

0~ ~ 1 1 

tempe~a~J:t !ncreasea,- hence oc. ihould dec 
0 

..•••• wltb tempez;._tu:r-e, 
1 


' ' ' •• • ,, ! .', ' .' • I ! 'l,'·,l (: \, , '.' : :; ', ' ', I',(' (:··, ' ' ,,, •,; I 


•nl.•~• ~ lnc•••••• encugb -to comptnlatt tht dtCS"ea••· the ·' 
( .I I \ : ; .' ' : ' ! ' } r ' • •, ; : ' :~ ' ' ' ; ! ' ' ~- ·, :: ' ' : :• ' ~' ' I o' ' ' ' ' ' ! • : ' ' : i I ·, :, ~ ,' • r-' • ! : i ., ;· • 

t-.mpat:e~ute depend•ru~• ·of IC sbould, boweva:, be Vf!J:Y lllght.. 
·; .. ' 1,!: .., I " ·:I~ ... ; :·: .. ' I .· ,'' ..: \I-~ :", \.. ;' , .... ·:.. '' :. ':.· : : : ·:' 1. i . i :- ' ·,: ' . ; ' 

.tlru;e 1:' _depend• only on the molecult~ weight• whlch 18 · 
1 ..: ~ ,\ ' ' : •! l. ; < , 1 ( t :: • : , ' , ' • • \ '1 :• I , : : ' ; ~' ' ' i '; .' ' L , • : ~: • \ ' : ' \ ' ' ~ ~ ! , , .' , '" · ·• :~ 0 

:cl~~ly .laclepandent of tempeaatu~:e, and the 
1 

unputu•bld· tOot 

;•••rl'_~qu•• -~••-t6-.nd.Utto~e,: t.hi~b -~ 'P_._~cl;lia ~•·a:s~· 
. . : ' i . ', • J ' • ' \ • : • " ' \ • ~ ' ' ' • • ' ' • ' 't ' ' 

n~\ 1nfluenc~ by_ tapentun. 
',,1' ·'\' 'I 

In 1 pooz. solvent (AM pealt!ve). the tntr1ndc 

v1cco~lty .hould ~cn•'••:_wlth tu\p.ritu--~··l~l.ioWing • -timlla~ 
, ' • I L l 1 ~' 1' ·: ( ' ( : o ' ' : • ' : • ' '' '.••,...~,... 

. , : . , . tbla beht~iOUS', :li' obsew-4 ln' many ·Cat.et fo:r low' 

molecula~t weight ~olymert. ·.close• 'Uamlnatl~~ of the dat~ 
Mveala, however. thetAM and AS ••• dependent on the mQlt~U.ilu: 

weight, • ftct whtch,la not conddeJ:eci !n tht' Jotc•F1os:y thto-zy. 
'' ' 

Jt.·was noted f?»~ '), thlt. •• theaJOleculu night of 'the ·aolut• 
molecules 1nc2:eesed, • lol11ent wb&ch could be o-ontldet:ed good 

http:neg.tf.ve
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for lowe moleculu wtlgbt molecules, became s-elat!Vely pool:., 

lf this effect •• J"eal. it _abould be obaewtb!e ln the tempen• 

ture dependence of the lntrtnilc viacoalty. $1nce nl;atlvely 

b!gl\ molecul•z weight polymel'a an :a•qubed. to g•t t ••••ur• 

abl• effect, the aolutS.ons become non·.Newterll•n• 1ht lncn••• 
ln lnvtnalc. vllcoslty. melltul'td •t. finltt ·shear: tt•••• •• 
already obstwed by Gbaaaan (66 ) end sonee t "' )., 1he1• 

dati 4ld not pezmlt a ~ellable e~apolttlon to cezo lheal' 

•t••••· With ou.e low abtu vltcomtte.:t tbte. it poe•Dle, end 

we the!'.tfo•• ••••u~ed* the i.n'blnt!c vlaootlty .of • blgb 

molecu11r weight ft•otlon of po1yat-pene in toluene at tuee 

di.ff•~•nt tempentuea S.n v11cometes-1 u ..A aftd 11•1. the 

data can be tuana..11ed ••• 

tABle 1 

.,0 • . .s .·~Rwsutn• n Sra·.'Pl»!Ds . , a 

' ao0o 40°0 60°C 
'l;

mt1La2 
,8 tfJ) aoatlta~u Dl'l ....w.•.t~ .. 

4.5& 9.31 4.52 9.38 4.35 9.45 

·- y-·. , ill . llJMJ 5 

3.43 9.22 3.40 9.35 3.18 9.33 
9.J.t I.at 9.13 2·2l 9.20

1.16 s.se 1.15 9.00 1.11 9.03 
.48 8.'72 .48 8.84 .46 8.85 

11.27 9.11 11.02 9.23 10.18 9.24
1.&1 ?.S& 1.18
5.54 1:13 5.42 8:11 1.30 I:U,.•a.a? 8.36 a.ao 8.40 8.34
1.4, ?.96 1.44 7.88 1.41 ?.84 

*the me•w~ementi were made by*· A. fapaJna, lftote 
able att1atance J.t VtJ:Y much appcec!atecl. 



l;om( • plot·: C)f, .theM ,!nts'11'lalc ~l•c~~ttl•• :Vt, :lhet:r etr•••• 

we :~btalo fo» th• !.ntr:l~llC vltcosS.ty at ,zgo, , thea%', atz•••a 
I 

' ' I 1 :I i : 1 
\ I '. • 

': '.. :• :·I ' I i 

, •. r, 1 • :•' I ) \. ; ; : 

.,rom ~h••• dl~a.lt follo-. conclu•lvely ~h•t ... lntJ:S:n•lc. 
1j j '.._ ! ,',I I ) ' ' 1 i ' ; 1 .r, ·I, • ' • ' 'I ( 0', ! ' 1 • • •'I 1 • t,1 

v1~cot1ty • ., &eJ!O •••~" ..•t•••• incl'aaee~s ~tb tempes•tw•· ·,
0 0 


0 1 1

\ , ' ) ,1 , ) 1 j 

0
, ' ; ' ' I I I' • ; o J I 

0 

.	·: , , :~)I ~bl, Ja"YIDII of. ~b~ §bUI·IUIII, OQ. St~• •JQb&.&$0 
GatfficiiU ~·· .The ,lnttz~ct~on ~e,ff,o1en,.· k~ lt 4•f~l)•cl: 1)y

~ j : : ; , : • . 0 ' '< ' : ) I ' ' ' ,' i • • ' I ' ' 	 ' ' • ' , I 

· Hugg!na (17 ) •• 

.The algnlflcence of this coafflcltnt. hat be•n J'eoently 
dlacuased by F~:S.ech •nd S1mha ( l ~ , • It thould be ••oognlald 

that k • lt 1 hyd=dynamlo !ntuacUon p•c••'••· Any change
' ~ , I : 

t.n k • wU1 be ~· ·,o 'ch•nv••. 1n 1\yewod,.nUttc beh•VloR, 
. 	 ' 

wbethez lndUced by • change 1n solvent Ol' • in non•Ntwtonlan 
' ' J • ' ' 

aytt.••• ·by • ch•nge J.n ahe•:r tta•••· 1'beot:atlca1 caloul1t• 

lon• on the ooncentl'atlon dependance of. the vlaooelty of 

eusptntlona ltad. to the following u•ults 

hnlclt Shape k' aefezaenc• 
Spben 0.145 1.11 wltb and without the 

effect of ool1lalona 
dumbe11, ~1gld zo4 o.n l$.mbl 

rigid Z'Od 0·.1$ Rlfea) and Ullman 

centzoaymmtt~ic flexible .0.60 Rlfemaj and Ul.lmln
molecule 

http:vltcosS.ty


We a:te :itatoeated ·nat,• ao ·.much 1n '.the flblolut• !lftlgidtode: of ·. 

k:•· ...esln the ·.cbangee ~ln k·~. ··: ·f.roul tb•r dttl 'tn' the: Table :w. · · .. 
on conclude thtt, · : .. • , · . • · ·• · · · •··: · " · · · · ';·•' '·, i., ·k ~·; .inc••••••' .•• : the•' pbt.lc1• :: becomes more' ~tlgt:d' 01' ' ~ : .'.'' 

! • ' ' 

.. ;.· :. ...... : ..: · ·: mo·n asymmet~:lc.: .... :. ·· ···' •· · ·...... · ·: ,.,;. ,,·, .. 

• • b) k t1 dac~naea: •• the' pat:ticl•e ·becomes tlon flexible• ~ 

lt ·.11 t:ssumed•·· tb»>ughout :these ·c.ac·u1•tlone. tltat th• · 

· p.a.M:lcles ·bet· oritttted It .· ~tndce. tbla .raltet' the C~Uettlon 

how: k.' ahou1d ·be calculat-.1 tn · non-Mewtontan ·•Yfft••~ s1nca· 

at :finite ehd~~: the. OS'tentttlori. of thl J)&J:tlcles 1• no longer 

:random... ·We \1411 •••••. tllat at f!nlte lheas: tbe Huggt.ns' 

equation. la vaU.cl .for:. non-Newtonlan. 1lquldt• ·· Hence 

(VI - 14) 

8otb k' 1nd t?'l ll:ft function• of the their atr•••· In oi'de:r 

to ·e11m1ntte the tbtal" deptl'ldent · ~lrilbl••• we wU1 make the 

following eulta~ltutlon 

[fl'lt ~ t'l1. ('- .J't") 

Iince the tff•ct of the the•r at•••• will be to make the 

panicle rao" dgt.ct· and/o~ aaymmetr1c, k' $bould be u '·· 
t.•·, 

incr.eaalng function of. the abtar •tnss, •• .S.ll uke tbt 
. . . ' . . . -

ftn:tbt~: eaaumptlon tbat it 1t a llneazo function of ' • 
The:refo~:e, · 

http:Huggt.ns
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; I' .. '. '·: 

(Vl - lf>) 

We have ·negl.cted, howfve~, ·the lnte-~ie1e lntert:cUon. 

I£• aa seemt \Jieaaonable, th1• tntet:action retult• in the 

foimttlon ·of .ioose agg~;,glte•• s.t 'w!li .·ltaelf ~•. ·.dependent· on 

tlut: -·•hea:~:- -etnls,. tlnce :at' •b19her'.al\ea~·st.e&aes ·tb, £0naats.en 
of !these·· aggregatet will. :.be !.rnpeded~ · 'lbls trite:eact1on .then 
will make • negative oont:irlbutlon tO the coric•ttbation te:mli . 

k' ttJ]2 c and be ~porilonll to tba flnt ·powe2i' of the tbear 

attoeas.· f411d.ng also lntes-•putt.cle interaction into accoUnt 

we. obtaln 

(Vl - 1&) 

thta' can be s-euitt.en. ·in a mole manageable fom if we define 

a new con15t1nt K' , at ·' 
. .. ~·. 

I \ '' l -::.-' 
~.:: ~ 

-li t'J1l.. 
' .. .. 

Retdn1ng only the 11n••• and qutdsoatlc teans ln the •beez: 
' , , ··, ' < ' • '· I '' I ' 

atJ:ets. we obtain as f>UZ' flM} equation 

1 
( ~": J-t s [f)lo l•~ ot. 't...) + "~ [))1: (~+ (~ ~~') t: ':' .:l ot"t,_) c (VI • 17) 

Slnce.we. t:tt 110t .lntueated ln the contl'1but1on of the 

dependance of th• lnt»lnlic vla-coslty on tbe theil: ett:ess to 

the $lope, but ln tb$ dependence of k' en 't •. we will dl'V1de 

http:Slnce.we
http:s-euitt.en
http:f411d.ng
http:0naats.en
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the slope by ['llt , . 

Hence we obtain the quantity 

"~ [' .. ( ~ -~ \ 't" 1 
fS'Ola this 1t 1& clea:r that k • can be obta1netl. by tmapolatlon0 

of th1s cauantlty to ••., tb.ear ttn••· Tld.t plot .18 thown. 1n 

flg. • 
No dependence on the •••• ,,.... ,. obeened ., 20°0, 

Which c•n be lntezpttete4 by the fact thtt the l.ncr•••• of ·k' 

with their atl.'ete 11 offtet by lntu-putlcle J.nttnotlon. 
the increase obaened tt 40° and 6tl'o. can be att~lbutld to an 

:lnc~•••ea l'lgldity and ••yaaetQ' of the aolecule at b1gher 

shear m•••••• the deer•••• of k' wlth tuptntuce to an 

lnc~eaaed flex1b111ty. 

A elmlla&" lncaa•••• ln k' ••• obe•rvad by Kuftlwa ( J'l) 

t.n aolut1ona of polyttynne in toluene·, but no ••planttlon 

•• put fonud to account fOJ" thi1. 
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rA&Le. 11 

. I. , iPtGif~~•iuat fa; X1£ilhlt ·-UI Y&•gadu ,,.., •. 'llf 

capillary ndlue a • o.ot5 em capillary length t • 50 em (2x25) 
~:a~~· :o~ c~a:v:atu:a:,• of h~apb~.~1c--l ope~~ng .a1 • 0:31 em.* , 

Bulb I il Ill rY V 

h (em) 20 15 10 5 2 

' (ems) 1.3 1.12 0.'?5 0.40 0.30 

X'bulb(cm) .110 .644 .·564 .457 .415 

Ax 10-5 4.01 4.03 4.01 3.76 1.99 

lx 1o•2 .aas .100 .061 .036 .026 

111.2 170...4 1?1.2 182.6 $45.1taencene ' 



fAitS lll 

--~-IRtsc&flouisat £21 !tr&il!ll.lblll· !its;a~uu 11-1 ,_ 
caplllazy ~adt.ua R • o.o2e. em e•plllas:y length S. • SO em (bl5) 
"ldlut of ounatu~• of h.S.•phe~lc•l open1ng ao· • 0~413 • 

Bulb s ll IU lV v 

b ·(em) 30 20 15 9 4 

' (em3) 3.0 a.o 1.!)0 .90 .40 

J:bulb(cm) .90 .18 .tl .59 .46 

1()•5A X 5.00 s.oo &.00 5.00 
' s.oo 

B • 1o·2 .446 .297 .ta:a .134 .059 

taenaene(••c) 137 13'1 131 131 131 



lt$1 *' 
\ . ·.· ~f,dl&snll·· fd\ illilltlt lbtN !J•G21dli IU 
clplllar:y tadlus B • 0~·()25 em ·capillay ·l•nfth .L * 40 ·em :(2x20) 

J:tdl~• <?f ..·c~~~~tun. o~·. hiiJll..,h•~ic~~ .open1n~·. ll0 • 0.-(kt·. t;j~· 

IU1b l lt' .UJ IV 
\' 

' 
I 

'b. (C.) to ltl 10 a a 
I 

y (·C.3) 1~50 1.50 1.50 1.50 1.•10 

itb\tlbtem:) 0.10 0~70 0.70 0.70 0~70 

A • 
.. 

1o•5 5.00 3.?5 a.&O
I 

1.25 0.15 

B • to•t .161 .167 .167 •161 .167 

bwtte~Ctec) 100 166 400 800 1330 



TAIL& 'I 

Flow tJ.mea of lenaene and toluene at VarioUS- tepentuee 

'ftscometer 11-A 


Bulb lenune, 20° lenz&M 25° 1"oluene 20° toluene 40° J'Oluen& 60° 

I 147.99 138.40 135.44 110.01 91;.60 
Xl 148.27 138.?3 135.78 110.31 92.65 

m 141.20 131'.50 134.43 109.25, 91.72 
PI 161.48 1&1.23 14?.'72 119.41 100.33 
v 294.78 276.41 269..oa 215.58 181.82 

V1scometez 11-B 

Bulb Benzene 20° Bem:ene 40° toluene 2!1' Toluene 40° Toluene 60° 

1 134.36 105.01 123.08 110.$7 84.37 
II 133.78 104.50 122.44 110.31 83.68 

m 137.07 107.0fJ 125.48 109.25 85.51 
IV 134.63 105.40 123.16 119.41 83.?0 
v 142.10 112.48 130.83 21&.58 ss.a 

'~ 
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l'ABI.lf'Vi ''· ' 

·. ··ca1:!ti$atfon ·constants :f"olri. Higgins •: ·Plot 
~·.r~.t: · ..t,--,-· :;or.~ ; ; .• , __ .. , n . !ii ;u.r•.-:~-~u_.. :' 1_ c. .• (

i', ' ', •, • , ,: , .I' 

• • ' ' i I :' ~ • ' ' ' ., r Vl.CQmtte3: :~~"'!•. 

'It~···· con·~to~ 
A X 10-f) 10-I8uJ.b 	 8 X •, AB x'lo~' • 11gu!l w1th 

v =.t.o· · · ll.Stokes 

X 5.015 0.6. 3-.12' .31!C 
u 5.008 0.616 a.59 .26~ 
Ill 

,, 

5.049 0.101 0.51 .05~ 
J.V 	 4.583 0.094 o.o .041 
.V a.sos 0.093 o.u .02. 

1 5.555 1.196 6.64 .66
ll s.56t 0.919 5.1? e52J 

Ul 0.416 0·.?52 4.07' .41. 
IV &.491 0.520 1.86 .29. 
v ~.144 o.o66 .84 .032C 



''OIIJi =m. 
11[·_..,; .. · · . *···· ·.. ·· ···. ·Me>~ _..· u ·~.... ·.- ~- · a~·.·-

. ·;&QW ~tme• o~ Watu at ~-·~ ......u.cus 4JMS" w~~lt··· 
.• in Vf.Home~ lU 

Bulb t(aec) (dy~;~J) t(nc) (cty.!tcm2) ~(uc)· (~/cm2) t.(Hc) (d7n~~2)._ 


I 147.78 '6.68 89.39 11.84 65.71 14.94 50.29 19.4$ 
.11 198.59 '4.18 106.32 9.33 74.2.6 13.24 55.21 1?.?4 

III 296.24 ·a.33 128.46 7.68 84.38 u.59 60.64 16.09 
1Y 487.61 ·2.03 154A6 6.38 95.32 10.29 66.J.l 14.79° 

v 912.35 1.08 181.06 5.43 '104.93 9.34 70.56 13.85 

Bulb t($Q) 1 . 'C.... .~.· 2 ) t(.seo) '·. ~-." 11. tCset:) 1.··. . t-.." 2)· t.lsec.. 1 .-L_::....~,. 2)·.,dyne.,CII . . ,dp-.,cm . ,dfnewcm . ,~1..:•..,cm 

l 34.76 29.30 28•91 33.97 25.42 38.83. 21.73 45.32 
U. 36.93 26.57 30.35 32.26 26.47 37.12 22.51 0.61 

III 39.19 24.92 31.82 30.62 %1•16 35.4? 28.38 41.97 
IV 41.50 23.63 33.47 29.32 28.90 34.17 24.43 40.67 
y 41.08 22.66 34.48 28.35 29.60 33.Jl '24.85 39.59 

* 
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TAILS VIU 

Plow Times of 20% and 40% sucrose Solution• 
Without S.te~nll P.r8IIUZ8 

Bulb 10% Suc:roae 40% sucnte 

' 260.61 716.8 

11 351.0 96&.9 

IJ% 524.3 144.3 

rt 865.8 238.4 

v 163.3 450.1. 



---------- ----------

''~-~-·-· 
flow T1tnes- of • 20' ~· ·aolutlon_at- Juious- s.heu---~•• 

BUlb •(sec) t _.,_ ~_-- _ t.(.-c) _:·._t:-_ ·__ :·.. _-- -~ ttucl _ l: _-- JlW
. ·· (dynes/em-) · · · Cdynes/cm•) · - (dynu/cm4 ) 

~~~------ -----.. --..,----- ---~- -- ,--~ ---- ----------· --~-- .. ~-~--:;;----~--

. ~ - _ ... - -~-

l 260.64 112.?4 . . . '15.14. 94.12 19.6'7 
- -- ... - . - .. .. -·y··

5·37 139.79 11.30 ltM.U 17.82u 3~·01 .. ' 
' i ' 

Ul 5!4.32 3.60 160.7 1L52 115.56 16.04 
-- '.).tv 86f).80 2·19 183.32 1a.n 126.95 14.63 
) ·• r • • 

v '1633-.8 1'.1'1 '20L76 9:·09 1a&.66 !L62 

-•h t(sec) _- to__ --- tlse~J . _ _t: __ ttaec) _____ -r: __ t(_~r·- ~-- ~ 2 2 . 2 2ldynt$/cm ) Cdynes/om ) . (dynes/em ') . . . - (dynn/cm. l 
. " - ' . . . . ~ . ' 

l 
11 

66;.36 
71.00 

28.07 
26.23 

••02 
58--.09 

33.86 
32.02 

48.13 
'50.60 

-~65. 
-· 

36.80 . 
41.05 
-o.05 

. . '45~18 
. -·, 

'43.33 .. 

U1 1&.68 24~45 
' 

61.26 -~24 52.94 3&.02 
',.. , 

. 44~4f) 
. 

'41~55 ... . ·-· 

lV eo.e 23.04 64.52 28.83 ~&.20 33~61 ·46.32 -40.15 

v 84•51 
• 

22.02 66.82 21'.81 ·sr•ot 3160... '47~60 
.• --. .. 

39~13 

i 



,·TAIL& X· 
.', ' < • • ' ,· • 'I • ' •• ''"' ~· 

~ ' : ~ v1socmeta~: IZ~A :·.· ·· · · · · 

ct.plll•ev ca41ua' 1\ 1= ,O~Ga61 Clplll•zv 1-~~b# .10~90 em 


1; 1 • I .' ' ' ' ::(,·I ' r ' • 

BUlb l 
'.u IU l¥ v 

tCJD)h 
v (CID3) 
A X 1o·5 

•a 1o·2 

tlenaene 
l0°Q(JH) 

20.42 
.&.573 
5.025 
0.621 

141.99 

15.38 
·1.187 
5.008 
·0.016 

148.2? 

10.19 
0.194 
1.049 
0.101 

14?.20 

·s.as ,'' 

o;•.ta9 
.••583. 
·0.094 

161.48 

·2.17 
·0.$32 
2.503 
0.093 

194.?8 

Yltccmete2: JS•B 

oap11ltsy ••dlu• a • 0.0256 ••plll•ry lengtht so.a& am 


yBulb 1 ll Ul If 

h (em) 31.38 20.92 15.41 9.3? 4.10 

v (ems) 1.144 2.086 1.&13 0.936 0.434 

Ax 10-t) 5.555 5.563 5.416 1.497 5.144 

a • 1o·2 1.196 0.929 0.?52 o.uo 0.066 

ta.nzene 134.36 133.?8 137.01 134.63 142.10 
20°C(e•c) 

continued 

-' 

' 
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TABLE X ... contlnutd 


Vltcometes 111 
ceplllaJ:Y s:tdlus :r • o.0263 cap111aq length• 39.?8 ell 

yBulb 1 11 Ill IV 

b (em) 10.68 15.35 10.27 6.22 3.27 

v (cm3) 1.584 1.585 1.581 1.084 1.183 

A X 10-5 . 6.05 4.49 3.00 l.;at 0.95 

twater 25oC 148.26 199."70 298.36 493.06 938.69 
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l 

tAILS XI 


Flow timet of • Solution of • H1gh Moleculu Welght 

Fr•ctlon of Cem~n •' Vulou• lh••~ GtJ:e••••, 
Bulb t(aec) t(tec) 't . t(teo) ~ 

dynel/cm2 dyntt/cm1 dynea/ma2
tt 

,.•469.65 ·210.76 ·14.11 159.'78 19.30 

II 633.64 ·6.37 ·240.13 ·13.00 J:7s.S4 1,.$9 
lll 947.27 3.60 ·21'4.12 ·11.35 194.16 15.94 

lY 1564.5 1.1? 312.19 10.05 111.25 14.64 

v ... ... 345.19 9.08 221.56 13.67 

Bulb t(sec) ''t' t(sec) 'e- ' t(••c) -<: 
.dynel/cm1 dyntl/orAI dynes/. I -

s 90.~1 33.& 18.14 38.15 66.1& 44.11 

ll 96.?7 31.8 82.82 36.53 69.63 43.00 

Jll 100.99 30.1 86.61 34.88 ?1.314 41.a& 

1Y 106.02 28.8 90.42 33.59 14.94 40.06 

v 109.54 2?.9 93.02 12.62 16.81 39.09 



I 1 
' 1 • I 

lnt.z.1nt1c Vlsooatty of ·Poly(n•octyl·••th•ci'Yllt•)· · · 
.....(.lOlA .. '1)--at; u<>c' lrf Methyl ltby1 Katon• 

ln Vla.omete:t' Sl•A ·. 
'' .... 

Bulb c ·t.... ,., ln.tr:/c .[VJ] 

·~ ,t, 0.2049 1.861 
t;. 411 A 0.1639 1.659 
tlynee/cm• 0~1366 1~533 

0.1171 1.446'o.1oa4 1~3'84 

' ''' 

1.8?3 
1.669 
1.541 
1.453
1.390 

1.882 
1.676 
1.54? 
1.466· 
1.195 

1.893 
1.686 
1.555
1.466 
1.401 

1.895 
1.688 
1.554 
1.465 
1.401 

1.858 
1.617·· 
1.530 
l.+M· 
1.381 

1.870 

1.666 
1.039 
1.401 
1.388 

1.878 
1.673 
1.545 
1.456 
1.393 

1.890 
\1.683 
1.553 
1.464 
1.399 

1.892 
1.686 
l.S~l 
1.464 
1.399 

a.oaa ·a.as 
3.082·'
3.11tl ' 3.f31· 

' 

a. 60 · 

3.055 3•34
8.118 
a.1S6 •••1$ 
3.181 
a.toa 

3.016 1.39 
1.140 
3.184 
3.109 
3.13.9 

8.101 
3.116 
3.UI 
3.155 
3.281 

3.J.12 3.43 
3.181 
3.113 
8.1.15 
3.181 



•• 
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TA~·.X!~% 

. lnt:r~n•l~ "~I.Q081~y, ~f. ~~~y(n~~~'yl:-m•~•~'y)ate),.. 
-~(.~ :~ .F1l··••: ~0Q, in:Jie-yl :~~yl ~e;tpn,e.· 

·s.n ·Vtscometer U•8 · ·· · 
,' ,t•! :··: \ i, I 

,. 
~ \.... 

C· t ')·
I' r ln'l'lc 

.. 
i 

'i .'1 : \ ·, ' \

l ... 0.204t 1.·814' 1.806' ••884 . 3~06 
't.•l0.4t 0 .• 1639· ' 1.6. 1.616 ·. 2.·927 
dynet/cm2 0.1366 1.503 1.497 

' 

1.955 ~ .; .09 
0.1111 · 1.420 . 2.964 
0.1024 1.360 t:= ••.974 

I 1.~ 1.837 1.968 
1.•647 1.641 3.022' 
!.5l4 1.&1'7 a.oao 
1.440 1.4$5 3.084 ~- .111.St5 1.171 3.081 


Ill: . 

~··&.l~!L. '1.861 1.•8$3. a.•J6a.=dyntl/~ 1.658 1.6~2 3 •• • '3· 

1,.533 1.&26 3.094 ~- •.1.11.447 1.442 3.1tO 
1.384 1.sso 3.131 

l.:za 1.865 3.041 3.31 
1 6 8 1.662 a.o99 
1.539 1.eaa a.~3 
1.45$ 1.445 1.14'3 
1.390 1.185 a.J.st 

1.882 1.·~4 a.06e 
1.613 1.6.1 3.118
1.561 1.554 a.ua 
1.463 1.458 3.111 
1.395 1.391 a.au 

http:t.�l0.4t
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TI\PLI :XXV 


lnU"lnt1o :Vlt~oa1.tY: .of, l,lS· ~T& at 4Q0Q 1n Vttcometer. li,..A. 


~ I 'I 

., :·;-t~: '1: 11 
I 

... 
•'. : 11. _.,1 t', 1': I: ... ~ ! I ' '.' 

1•.124 1.723 
1•524 1~512 
1.407 .. 1-.406 s..ass 1"~35.I ; . 

1.t?39 1.737
1.533 1.630 :.
1•415 1.418 
1·339. 1.899 I. . ,. 

.1.152 1.15)
'1.545 1.541 
1.424 1.422 
1.346 1.145 

; 

.l.,t66 1.165· 
1~555 1.5~ 
1.4$1 1.430 
1.352 1.352 

1.m 1.no 
1.~51 1.5:51~- 0.4!1 ' dynes/om 1.,433 1.433 
1~-~ 1.aM· 

ln'I$/C 

8.022 
8.119 
8.330 
8.497 

j 

8.107 
8.32.3
e.4a 
9.585 

B.$ 
8~462 
8.608 
s.ne 

8•344·a.as9 
9.7&1 
8.8?1 

8.185 
8.640 
8.791. 
••915 

"; .::. i' 

.,,8.86 

.. ~ •.•15- . 

9.14 

~- .16 

9.36 

~II .1'7 

http:Vlt~oa1.tY
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TABI.rJif-.." 
· · · 1nt~1nJ1e VJ.•coa!ty of " ~'I& tol•. n. 40°C 

ln V1acomettJr.JI-ll 

ln9%{c 


ftii·AY., ,'C. ·~··..sA. 
i., '' ~~~.·~dynetr·cm

1:'661 
t:4ts 
1~369 
1.302 

~-~ga
1.502
l.39l
1.320 

1.120 
1~518 

l:t~ 

~.?46 
1 &86 
1!411 
~~34l 

1.16& 
1~~50
1"42$ 
1.:$51 

lc649 
1;466
lt.3<l2 
1.191 

1.~6 
1.493
1.384 
1~314 

1~10a
1.50$

1.a96

'·* 
1~731 
1.• 017
1.410 
1.33& 

1.'75l 
1~a4l
,l;4U 
1-Mtl 

7f$4~ 
7.487 

~== 

1.611 

7,$45::::; 

7~800

::ig;

8~229 

St01S a,asa 

a,40~
8,491 

s..aas 
8~462 
8~$92 
8~118 

' • .1 

,. ••14 

8.38 

fJ ••15 

8.64 

~· .17 

8.91 

f• ,1:5 

9,23 

\\ ?!= .16 
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TABU WI 

Xntri.ntlc Vlseoslty of f l N TS tol. at. 60QC 
S.n VS.acomete• U•A 

Bulb c ln? (! ['7lt:r ?~: ~c 

1.567 .1.563 ?.819 8.• 80 
1.411 1.414 8.056 
1.32? 1.a2a 8.185 
1.01 1.269 8.$06 • .18~ 
1.&78 1.974 ?.94. 8.96 
1.424 1.4a1 a.l?l 
1.333 1.331 8.338 
1.2.76 1.214 8.444 p• .19 

1.688 1.&84 8.044 9.10 
1.439 1.430 s.aa 
1.340 1·838 9.497 
1.•280 1.218 8.556 .20~-
1.698 1.594 8.164 9.27 
1.440 1.:4a? 8.452 
1.344 1.344 8.562
l.tss l.tsa s.ta .10~· 
1.605 1.600 8.232 9.44 
1.446 1.443 8.• 534 
1.349 1.34? 8.691 
1.289 1.281 8.806 .21~-
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tABLI XV'~% 

Int:r1nstc Vlacosttv of' [ ]: PS to to1.. at 6o0e, 
tn; V!ecomete1: Jl•B 

t z 

1.518

1.an 
1.295' 
1.-243 

1.547 
1~399
1.Jl3 
1.258 

1.565 
l-.410 
leaD 
l-.266 

t.tllM 
l.-426
l.JSa 
1.215 

l.r593' 
1.435 
1·343
1.:281 

' ...'lJ: 

1.509 
1•-a69 
1.289 
1.238 

J..&38 
1.3~
1.30,

1.253 
1,.556
1.403 
1.31? 
1.261 

'·:~~;
J.. ', 8 
1.31? 
1.210 

l.-.5.82' 
1•418 
J..33T 

.•. ..': :·.~I1117 

1n:'1~/c 

?.255 
1.381 
1.488 
?·.542 

,.~90
1.156

?.891
'·940 


If ..1'196 
1.·9&5 
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l~t:rin•~:~ .Yi,ICC)a1:t~ ··Qf, .~-s ~·5 .1n toluene a%. 20° C• 
t 1 j .I I&!! !b&&II~SE U·A ' . " .lN j J 9 

' 1:.639; 1.:6)5' ?.8$3' 8,12 
1.4&3 .. 1.461 '· 8.066 I 

t.361 1.360 8.118 ,. .18 
1.197 1.196 8.287 

1.651 1.641 ,.955- s.as 
1.411 1.469 8•.185 
1.369 1.861 8.316 
1.301 1.301 8.431 .19 

1.668 1.664 8.134 9.12 
~. .•. 

~-

.1.485 a.asa 
1.378 1·376. 8.489 
1.311 1.310 8.616 .15~-

lV .• 
~ = 1.1.6 dynea/cm2 1.678 1.674 8.230 9.12 

1.492 1.489 8.4?4 
1.384 1.382 8~606 .11~-1.314 1.312 8.674 

1.688 1.683 8..316 9.31 
1.499 1.496 8.174 
1.388 1.186 8.683 P• .19 
1.318 1.317 8.192 
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