
Xntrodauti oa 

Xa prtlxiowl ~rharptszr wo bisatl8886 iih8 

hjdrodynamice of tumoaCS,oe. Wo rh dl now oonrrfder 

the hydrodyncnarioetl btrhaviour of ahobrf  4rScr l iqu fd  

crryrtalr whioh i r s  maxkedly biffer8nlQ f'mm that o f  

raarmatioa. Qholeetericrsr axe highly non-lllwtonian in 
.t 13. 

their f low propertlee. Par inaturoe ~ a r t z , v 9 6 6 )  
L 

s;.ksroto J& 83;. (1969) found u p e r i u n t ~ l l y  that  

the apparent r;lx~oos&ty q of r &olaater;to irrorer~ress 

by nearly a million-fold as tho &hoar rat8 d r o p  f r ~ m  

a terg high t o  a low rdur. % M e  utcwrrlou6ly high 

value of q ha. bean a a o o ~ t e d  fox by Bolmoh (1969) - 
on the basirr of the peslma%atiea model a brief aracrroun* 

of whioh aan be found below. HelfrA<rh armm~d *hat 

the aholesterf o flow8 alongt i t 6  holioaS u i e  with a 

flat velooity proft le  and wfth tho rol~brrules 

egiralling aa they move down the a s .  He alao 

as~umcb4 that  the hekiaanl struoture daer noti pawe 

owiw to the  m&or;lng affesto the U. Kter 

dssoribing Helfriahf 8 model, we show i n  t h i s  ahapCer 

tharii the anamlow hydxodynamiaal behaviawe of 



ehalertrriar aaa be mbsro'ib;ood on the ber~rio of the 

aontiar~aua Bh+er)r, US* na oasuaptjions mado regaurdiae; 

the anoihorA- o f  *a rtwture by the wall, it 

m@r&rss that a4 lw  shear ~atcss the aLorin feature6 

af the puflpeatiaa roll81 follow arr a natural oomeqPencre 

o f  Lee158@r ~mM~mo1 theory of i ~ o m p r e a ~ f b l e  

eholeetericrr wlbh oonof ant dirsotor mer6pritude (Leelie 

1968) uhloh i r  lbrrelf ur r&*rarion of the Eriaksra- 

aeulie theorJr dirtrwrcld essller (Cbapfer 1). A 

brSsf rrummmy olt XllrroUr*s theiorg is a lao  givan. 

m e  oholas$sr%@ $8 dli8aumed t o  f low wlsr a 

ooaefiant prer#we pudient &XI I @ a p & S l i ~ ~  tube of 

radiua 8t =ah that fh8 tuba a r i a  Qnb the heliaall axis 

of the oholestillnxAr ~gcrbmibo with the r dfrtaofion, 

beliaal rrtlerreture X r  8araumad t o  be held lamobA3.a 

by the anohorin$ affsutr EPfi the w d .  Zhe te loeity  

V 119 ~ & # w i e U  fa b8 8 @@~~)tr~lllt. 8afriOh @oSoulafed 

the rate of o n u c q  dl~a&patad (at oorutant teaperatwa) 

in auah a flow md eq\tat;e& this to the work dons by 

the preesuro %raQira%* 



r8.m WP, P 'C.tn(l the pLtoh urd @ La W 

urbitzaxy cromt~*. S!kr ranordt~ Ueripat;+% per 

~ ~ o o n d  1. w 8 a  by {are rgn. (la), w t e r  I )  

fk?~ the ~ U E O U D ~  0% ~0t"lt dW21b by tk8 OII)IIIUT# &sarfifmt 

d p/6s $n one reooat I. o ~ e u l y  re - 
re wad e*  one, &at;# 



2 she voltuae rat* of flow o t  %he i luf tl i s r  A r latR . 
Phe apparent rirrrcr~ait;f r) a m  be rtalcrulate4 f r o m  the 

Poloerrille fornrrZa 

Ureotly prop-uadl %o the square of the tube 

radius ant3 invers- propo;rtional f o * a  squme of 

the pitah. 

A t  this stage em m y  W e  the f01lowin)r 

obrecarvab;lon. WW bX;C#t*~(t@ @f V+XQC;~%Y ~b;~~&dIel~lt A 8  

a nrrturral arrd ma@&aasg eonrsqua~s of the ex is tsn~e  

of riorooltfity i n  the aebfua, fhes asmuuption of a 

f l a t  vr3locrity prof328 xiolater  thie b w i o  prinoipls.  

d more qpproprfate prouedure wen when dimuarsing 

i l w  st low ahear: rates would be t o  sraarunre the 

exirstaantra o f  8% leasat aur infinitsaaima2 veZocrSty 

g~adient along d t h  oorreqonb5q infini tssisnal 

8 i r t o x t i o n s  ;LA +ha d S r e ~ t u r  f ie&d.  We &dl develop 

suah a theory in Ph8 n.xt arecrtioa. 



basia diffrreaaea bstwsrm the g r o p ~ f i a s  of the two 

Though i n  both eareras the direot;ox a i r  aasrru~sed t o  

be noa-poXw the namafi<r atrutrturr hero ta aentrcr, o f  
d 

i m e r d o n  which is bolting Ln ohole8terioe. !RhG the 

l i e s  in the meas;m;lsa o f  entropy prdtuetion. & a 

nwtnrantio ent3copy o m  ~ h - e  Burr t o  the acrtia of 

vieuourrr forocsar aad 4ue t o  dirrrt.pption o f  mslsctullar 

alignment (or equivalently eh-8 in dirocrtor saggituds). 

But in an isrolhemrral ah-@ the latter oaa be ignmed. 

due t o  the & o U o a  o f  r&aaous forera and disruption 

of moleoulazr erlfglrmant but aZeo due to trharygaa 5n the 

inherent twia t .  If hA i s  the heat f lux  and ei the 

entropy flux om cran write hi - l!ei + vi when p i  

i s  the part o f  the heat $lux which f s utiliaad f o r  

ezhan~ing the  struoture. Ooaservatiort lawar o f  

Ohapter I hold t o t o  except that epru.(S) and (12) 

a re  written a@ 



One orut rrw aono2udo *hat W aiereimfiee tho relatiom 



O n e  .l.o i i a d m  tor that 

Pox rrrr inwmpx*8raXbXe o f i~ la r te r j lo  w i t h  o dimo0or o f  

eonst& rltnnltrrbe~ eq~a%&s;laer (4) dSa%ats the f ollowi- 

form for V& 

95 a I r r % ( a r * d * p  a p > 
*are ac I r  r haeUon of  She tcclarperorture alone, 

hoa (4) anr o m  work out srpruat~ionr for .nd lor 



the hpW@atatio pucta o f  tjt and gi a 

I / 
The Igrdrodyad. part. tji and gi of tji .nd a r t i a f j  

/ / 

Jn working oat  the upree8lonir $or hA, tji and gA one 

ha# t o  inolu4. t h e  iapend.noe nof oPly on Hi and 

but 360 on the t empaxa~o  gradian% T,kr. One 



aolre f o r  thr diractoo 2 tha velooity -f and the 

Oemparaturo Z utilia$ng the equatloiu of motion 

dozag vi th  equation (1) for intemi.2 aaexm with -+ -A 
rd; mitable boundary 0 0 n d l t i 0 ~  i o ~  n , t .nB !I!. 

One ahso baa t o  uae %he axproasion for W w&loh ctontainir 

% w i t h  P r r  tha pitah o i  ~ h .  .tmottlre. where X2 1 22 

A t  this atage oae obaerrea that a do@. not enter (6a) 

at all;  i t  43ats t o t a U J  elirLaate4. h e n  (6b) doe8 

not oontain a when one uses flat oomdlnsrte syatems 

( s u d  aa esrrtesian an6 cylindrtoal polar where 



so that the bcrrm oantder5ng a drqe  out. 
- 

thxoughout the X1aQ. %!bun our sxpreseiom f a r  t 3%' 

Flow between Qro fixed p l w  ~uaZlel plates 

9ho plater m+ u s u ~ n a  t a ,  oczaupy the plans8 

x jh/2 An 8 xiat-hmded oar%eaian ooordiaate ayatem. 

Zhe oholer.t.eri6 9. ~aruaerd t o  Xlow along *he s =far, 

uader the notion of r o o l u t ~ t  presaure &radiant pps$ 

the hsUorjrl ruir sf tho ahaleettsricr A r  asrutred t o  

Solutionr 8ourr;hf f o r  the bixtwtox aad 



velboity i i e ~ a  In the iorrp 

Por r 9 I) * O a i a  Bqvea 8 oholerpterio o f  pitcrh 

P - 2u/p. Oosuidoring low pressure grad2 a t e ,  only 

the f irat  pwcrr8 of v, 8 ,  g and their Uerioatires 

ore retarfaed, men (7) re8utttr t o  



a& 3 2e 
Vtr $ ?- ' a x  eta. where 

Baing (10) anU (11) a differential equation recrultrr 

far the relwity g l a d  t(x) 



Thw tha ayparant viscosity for this geomefrf i 8  &re& 

by 
- 3 1PZh2 

12[1 - 



when h - 3QO r, P 1 p (i.s., for  large value. of 

Mi] (12) ahowr t;ha$ the veloaity attains 0,99 of i t 8  

Bpalfarm value r t h i s b e s a  of  about 0,s p of 

%ha boWrerg. !fbw Sn d 1  praotitral eitusttione #e 

telooity p r o f i b  Slo f l a t  aver most of the ra&ion 
2 2 brtwam tbr plrtea. Thu~ in this ease q s -1,q h 112. 

2hir $8 analogotu t o  Irls9riaht~ equt ion  whi~rh w U l  

be derived below. 

- 

3. P ~ Q W  in a eo-tubw %ha uapillary &be i s  

misunre4 t o  havs r E&LI~IIP B it@ ax is  parallel t@ 

a. Solu%ions for %ha dfrectos m.d velocity f i e l d s  

60@t AQ 0tyUkf~if3d P O ~ X ' B  fh4B ~ Q P O ~  

A t  low presauc8 p&fen$e, s ~ s W n g  that 9 end e sare 

maLZ we abta5a t o  gigart order i n  8 Puul p 



EpuaUolu (6.) oan be written es 





+ ?-(r,,o~ + L ~ ~ P )  + V~~IC,, - E ~ ~ I S Q  
r * 

P + B,,Pc(X*~ + I[33) + $=(1, p9 + 499 - 
0 

+A("** r + f 3 3 ) q 8 + ~ l v P  O ($6) 

Prom (15) and (16) oae gsta 

v . ~  = a r b 4  * (p5 * P ~ ) O ~ I  

t 

+ ZFrr4  + (c5 a p2)82] + A  l ~ Q o  • 

drr in the prerioua ease here a l 8 o  fbe ooeffiaf ent 6 



Of v,re md +,= . ra  ~ p l a ~ e d  by their  overage value 

an8 oar grtr 

2hia equation h88 r w&% behaved eolution given by 

where 4 i 8  a o o ~ t r a t ,  I* the modified Beme1 funotion 

oi the i~8. t  lliod ma s e ~ o  order a~ k2 * -qg2/ij . 
Ui~iw the boundaqr ooa&Ation +(B) r O one ha#, for the 

velociey iAald 

%ha mlul* o f  liq\r26 crryrstml flovlng out p@r ssuon4 

*@re f , $8 the modif ied Bem.2 faanotion o f  *he irrst 

kind and firart ardar. lEhs apparent riaoorarf fy fos 

thir n o w  16 



a l l -  1 .  I 

wblcrh l r s  R82fsi&'8 i~rrjdula an8 in .Ichtra agpr?oriaation 

the reZoeiw proiiLe is f lat  aver muly  95% of the 

tube aceo.h5on. 





this type o f  f l o w  haw l ab  t o  ram iaduerUrrg 

feafwes prauldar $0 lbirrr &%OP*~Z;IJT* C!n the baaia a t  

the oontltnuum thdexy 21ealAe (1969) rhawad that in U e  

aaea of  the f low  betrwssn Om, pareXZeZ ptr*es w i *  @as 

plats in motion rcaZrativcib. f o  the ocher aOE o 8o;~lbtant 

telocri.);y V anb w i t h  the heltahl d r r  110& Oo %he 

plate0 the apparent rieaouitg q tar&@# wifh rhear 

rats m d  mp width oad that at  hi@ v u l ~ r  o f  the ahear 

rtreoe oi the ordar of dhe sqars*e @f fhr itllrwrr pAtoh 

q approaohee a value *$oh i r  tmdepelrdent oi tihe shear 

%&a. Le8lI.e (LLw fount %hat 4.0011PIa7 n w  (A. e. , 
f l o w  psrpndiuular ?o the plane o f  shear) rrriat6 An 

n &oleataria. T U s  ie a db?a@f oorurrquwme of  the 

lntrinaio twkrf preeenG in thr atruuhrrr. Seralie a lao 

prored that at low rheaxz rarires the tw&at peruAsts 

throughout the gap. 



Oondru a. a4nadied the PoiareuSlle flow of 

s neaatio (ria., Her& I V) fviatrd by addfag 

oholeatrryl propieaate an df fierent quantitlerr f o 

produor ramplee s i  d i f f e r e d  pitoh. %hair optioal 

observation rIaow8Q +bat the he1Ual u i s  of the 

8tXW-8 Wdb# e V @ m @ m  SlOZ3ld. t o  *ha &8 O f  the 

tube. (ghr diif81~1~t lrjrrrr ware folded around the 

a r i a  of tho tmbr t o  f o r r  oourial oylin8srs.) They 

found t b $  i n  gmrrrJ.  gar  r givm pitoh, wgth 

inoreaaing srhersr ra4a ,: decrrsaaes f r o m  a cronstaa% 

value a* 3w 4bcrm ra$ua and approa@hes a lower limit 

a4; hi& s h e a ~  rastior. !&a ini.f;iaI soncrtant rallur, of 

q j lte~3.f dspaallr on. the pit&* IPhe crritieal ahem? 

sate a$ dhicrh q atrarta decr~aariag ~ I F Q P O  it8 ln&tial 

aonatant varlua Ir Ximarly dependent on this aquare 

o f  the i m ~ a ; ~ i ~  pStrrh, Tho fa@% fbf q drop6 t o  a 

lower 1-f 8% hi* ahem ratiea is 53% quaUtatire 

agreesent with LesZlr*r pzwdiafjlon that q should 

agprmoh r csoaafan$ Xowclr l M t ,  But Uandau ef a. 
oou3,d not go to hi& enotylgr &ear rate# and so oould 

not verify SellljCi~ p e d l ~ t i  on gumti f a%fvely I 

Flow betman parallel plator w i t h  one phCe in motlon 



q = ocn ~ ( S ) ~ Q # V ( S ) ,  n = s i n  r(s)cos e ( ~ ) ,  as *in B(S) a' 

VX - % t Vl = v(.) ' r , - 0 .  

ILh. pla$ea .n r 8 # u u d  t o  ocmpy the plan.. s - ~ h / 2 .  

she piat. s .I b/2 MWOB a o ~  x ui. vith a ttonst.nt 

velooity V. Zpuntfans (6) of Chapter V bsooma 



On 6ol+ing eprutiolu (1) t o  (4) one finds 

that 0 m d  + .ra even iun@tions while ) an& u-8 w e  

odd funaktone of s. Zleili. (1 969) has suggreted 

bouadary c?oaditiona 'Illlhiah ax?# suoh thati 

%!he t w i & t  urgl; 9 18 not fixed at the plates, but 

only thb derivative of p $6 rguatsd t o  Q, Ihe tw ie t  

i n  the wapertrurbed eho2re0arriu. This impli  ws f hat at 

m y  #bear Zhr, oho1esberAa retains Ate twiat in 

the vf o;t42;1. of tbr paatas* lbperimsntr have not 

80 far l#dioa%e& peelrely a s  bounderry oondftioa for 

the &ireutor that one @an &et Sa prarrrti<sal s S t u a % i o ~  

inrolvi  n& crhs~e#tericr f 2  on. Za expetrieaenbr Like tho88 

psrfwsabd by Qeaarur &. r fwirtrd losnuttis i a  uesd 

arr r oubstltutr f nr tihr aholerf erio. A r  f a  well &own 

in the oar# of r maat&@, 1% i r  fhe direador olcrisrrtraffoa 

thf is ancrhwrrd at $hu bound- e d  ham8 a more 

reasonable 88.tlrpMon wifh rcsgwd t o  the bowidmy 

oorditione woad b+x 



%hi# now meam f i r ing  tha W e  p at the bomaaucg 

%ather than 198 darlrrafive, m o u e  at  low ahear 

n t a a  - q throwou* th. gap, at high .he- ra te r  

rill no lawn ba (I oran i n  the r io ln i ty  of tho 

plla.brr. 

A mQdel orloulirst;ion on the ahear f low of 

twjlrted MBBA Bar been gerrf~~eed with boundary aondition 

5fb). Iputiam (1) t o  (4) W e  been aclred for 

kiifennt a b u a  '8' by the oollocation metfhod 

the 8mcm. d the I1agerMlra polymmials Pg4 .nd double 

prraiaion u i t h u t i a ) .  h erem value o f  'ar them 

oorrrqonbr 8 rdtcwsity V o f  aid awing plate,  from 

jhiarh tb rrgpurm3 v i a a o e i * ~  q at that ahear riato o m  

be or louhted  irom th* ralatioa q ah,@. A plot  of 

q ara a fuaaWoa @f '11 i s  shown i n  f i g u ~ e  I fax h - SO )i, 

P - 10 p. Zh. data af (iWwiller (1971) for  the 

virrr~osrif~* oo*if&~isrstr of HBBA aad those of Htallar 

(1972) f o r  thr rXarrfio oormtantcr of MBBA hars been wed. 

A t  lw mheu nrt.8 (or w p i r s l e n t l ~  at l a  ralocitiee 'I 

oi the roriql: plate) r) 1 ~ d n r r  Plmost constmt at 

qH (s  0.505 poire). On inmasing I abon a certain 

oriGlcrall VOXUI, q d o ~ l r e ~ e a  OXdl Ugh thi;lues of V approaehsa 

a liritfw lover ralur r ) ~  (9 0.262 polae). Thia 

brrhav$ous c r i  q $8 i n  8ygpeament w l t l t  fhe experimental 





teatrlta o f  OP11(1w e t  d. ( i i ~ u r a  2). L1.o qs x 

oe~z08ponda t o  the r isooa l ty  of  a n m a t i o  in a i o h  the 
'h 

a i r e o t a ~  i* &eatad .t sn w4g1e = &MMJ"(- 2) 
wAth  $he dirscrtion of f l o w ,  W s  resuSt i a  in 

amcramen% with 3ier~lSe ar gredio.t;ioms @oneernin& the 

n o w  a* hi& ahear sates. 

L1 the pftoh 18 vary s P L l  (PA 0 )  oolu2dsrable 

ansrrgy i r  mquisbd W deiomn the rtructurtb an8 therefore 

me ray erpsrrf the rrtruaawe t o  be urlefomed w & t h  

? 9 Qs ud 8 S O .+rm upto vary high ahear rate#* 

U a i q  e p m ~ t i o ~  (1) urd (2) one find. that 

.(=,a2) PB2 
140) a ($+%I - (.in 205 + s in a) 

a, (lf,+Hg) 2@, (HI +Hz) 

la2 
~ ( 4  ( Q Q ~  2qa - coe qh) . 

'#, (a,+a,) 

H1(H, + 8 ) 
- - ' -  

a, (11+82) 
f o r  q 9 a,. 

PB + Hi ' Bp =1 + *2 



-8 Appcm,n$ rim~ooafty in PoiesuLZle f l o w  
as a fimtloa of sheour retie. Flow rnonasl t o  the 
helicrl  P i  I )  1 9  (2) 2.6. 
(3) 5, (41 5.91 (5) 6, (6) 9.1 (7) 
(After C P n d u t ,  1Iutlnoty anel Debeauvals 1973). 



pemment w e t  in the atruattur nhpoea t o  saro r o  

indioatas that the lserrondar~ wla@Uf$. a m *  rx&rt. 

Equation (4) i s  i d a n t i o u l t  eatiriL.d. EQwaIrtoarr [ I )  

At Pow ~ h a w  rabs e) 0 #so fbt the rippucent 

' b 

&* very high shew =ate. 0 s  - 
(I 0.1658 =dim) rSnd J 

L1 



fPhw on Imwraamiag the @hear rate q ino~eares *om 

st11 .tt3nin# pe at hl* .hear rates* mi. A8 
0 

illtretrate4 by the 8- at She bottom o f  figure 9. 

(I$ may be potntod out that i f  ;i = *a a# i s  the am@ 2 
for! P U P  q w d d  nat rhew an imrease witrh iwrcbsrro 

of rhear rate.) 

The tu&afisn of q v&th pitoh i o  also guite 

ragion of +ew l w  ahear rate8 ha8 beeat ~ h ~ a o a .  A$ 
- 

low sheam einoe thr eholarter&o i 8  not dietorte4 muah 

aegli&ble. NoUw that 008 9 =: a08 gs - 9 .in qs, 

.in 7 s  8%. 0s + # cw pa xr ou, ndtr epnr.(l) and (2) a# 

2. Ba a i a  qa car ps 
# al(q + &*I 



Solriw (a) aad (9) dfb the boondary eeoditionr (B) 

@am g8*a 

4(a1 + gel aE2 
dl) (# + 8 )  - (8~~3 298 + 8j.n gh) 

U((I( + a*) a@, (H,+X~I 

\ 

8 I* 
~ ( d  *I - (808 998 - 008 ph) ' . 

P 9 $ ( 1 $  + gg) 

ra. *wAf v of  the plat. . ) i. 

O b u u n  that whav u a r ( s )  I. .n even ninetion of s, 

a(.) - 3 i. UP Odd ~PIIOU.OB 



whioh i r  $he q va;Luo for  a nsntaticr uhiah i a  flowing 

w i *  r11 maleuulsr ar;Lrn*ad &#am& the f l o w  d i r w t i o n m  

On thu athar haad uhaa p baoor.8 u t r u e l y  large (the 

oaar o i  a M@T  atad ad aholeataria) aia  pb/qh r 0 

A plot oi q(q) /q (~ )  u e funotiion of the pi toh  P = h / q  

A 0  AXI fA&m 3 $OX PI1 aund for MtBBA W ~ O B @  ~ i 8 a ~ A t g  

ooclffi<risnta vrrr obtained by Qahwiller (1971). A 

aaapla t l z l o k a e ~ r  o;t 100 ~1 Do uaed. !the ourre tendr t o  

M a  v d w  1 f0z lam#@ pitabrsrr P. In the regkoa of UHJRAX 

pitaher the ~ t ; i a a  orcrfllat88 orovurd the W u e  

q(m)/q(0) u pitoh ohan&e&. & pltoh inorassor the 

utruar gef mura wibeZy q81eQ llJIQ d l E f w  aare aad 

mare f r a  c)(o)/q(O). fphea than the pitoh atfains a 

value Pa the finotZon .hew# the high.st utiau. On 

iaoxeuSng thr p a t e  frPrther the funation deursaoaa, 

at*&&&- the value 1 at vary Xuge pitahesr, 2he 



100 P, 1000 
Pitch (u) 

T i w e  3 : Variatf on of r)(q)/q(0) with gftch in .heor 
f low. 



ertnra of q(q] .an be f o d  $rum (40) aad are the 

root, of fan & - qh* IEhe trltial aolution q * 0 

crtra~rsrspamlrr t o  fha ease of ua lurhvirted acbmaao. 

!Rho nex4 U&er rwt man28 when qh = 4,185 and 

oerzqpond8 t o  the hlgheat r d m .  3hp. PH 

~rh/4*483. X i  -:q. ;ia A 8 t o a f  rud p. a hination of Oh@ 

pi t& a* l o w  a a u  rat- onr @an 8ee whether theme 

servo u r eood t a r t  for the thaog,  U e o ,  by 
- 

knowiag q rur r Etrootien o f  tihe pftuh 'the varluer o f  

p4 and + c 6Pn be worked S 6 

XoJm- f2owa $a tihirr oar0 solntioas for the 

d t r e ~ t c r r  ag4 tho r r l o o i t y  f h l d  are sought i n  

aylinbrjlcral po8.a~ aoexbiaairer i n  the ftmn 

5 aLn @(=I a n  ~ ( r ) ,  ' w aoe B(r) .%a p(r], 



2he f lw i r  wsuarltd t o  taka plapone in e pipe s f  

 sad&^. it &or a ~owtmt QZ.B.UZ~ madient p P~A). r s 
w ir tbu, aqplar relaalty aorrsrpon4ioqt t o  the 

r e a 8 d y  f law.  her epuatiolu (6) o f  Oh.pter Y 

one obtaim the fol lodn& set of e u o t  equations (in 

obrfow not~fim) 

2 2 2  4 2 
t e ,  (II l"tpz) ~8Q8s9q*elm:(x1 + ~22sgs101*~J Js9se) 

3 )S 0 s2-- e2 (I S*+P C*-X )S 0 s2 
+ ~,r(Pp20xllag~3 0 @ 9 , 33 9 22 9 11 0 0 () 

2 2 s2s2+nr s 8 IS a 
+ e l l r ~ , t ( ~ 1 1 a ~ + x 2 Z ~ ~ ~ O ~ ~ ~ ~ ~ ~ 2  B q JJ B 9 7 9 

8 2 2 2 2 4  1 $@a S 8 0 +I 8 8 ) + ~ - x ~ ~ + I ~ ~ u ~  *$(xll~l) 2 2 B v p  J f e ~  

+ ~ ~ 4 )  %ae$ + *e~,+3X22C~18: ~ K ~ ~ * ~ Q ;  

+ P 2 2 ~ ~ -  Q B u s 5 e ~ v  a o sa)s 0 9 ,  s + f # ( a , + ~ ~ > o ~  

- O (11) 





The ooartFPmsC b in (13) i r  orauaud t o  be 8rro t o  

++looltirr do not attoin iafinitc, valuer* Xn order t o  

laadr t o  the direotor oxien0atfon befag aiqpi lw a* 

8 i ~ - t l l  a096 %ha of the f low,  AX80 s q ~ t X @ =  

(11) t o  (14) w e  exactly uatfsfied by the .q~Allbrip. 

ooafi&rrration of r = w = 0 a 8 and 9 m qr 

emutar8  w $ U  be hardly deforsed. Eherefo~o en, 0an 
all 

that 9 + #(2) $, 0,  V W m.11 L 
(uo that W e r  prodwtrr of therr q ~ ~ ; ~ a i t i r r r  ond o i  



WSn, la order t o  #amu?~t f i a i t a  reloolty gradient. 

wr put aanst - 0. !lkw the veXooitioa r and w are 

$ . t . r r i lud  hm the ~(IPIXIOM 



a 
Ehe roluu rate of RulP f l o w  + * h r r(r)dr 

0 

Uetemufm~d .nd the q p u u n t  riaco.i$y q i a  
eaXmtla tad irons the Poi@euilXe iol~~luS,e 



wU@h $8 again I E L ~ ~ ~ ~ E L E ( I B X I ~ S  o f  %he applied shear* 

PQX p i t  @he8 ( Q  * (lp ) 

%he viLp.a of ~ ( ( o D )  .II(L q(0) are  the mame u in 

the o w e  o f  flew b e f m e ~  par&h% p1.t.a. q(g)/q(o) 

haa b a a  plotted M a famtltaa o f  tha pftah An 

fiw~ 4 ,  f e  twfrtsa PAA & iHBIA* 

whrr8 x - gllSI x r O aorrerrpoadrr t o  the ua0wAeted 

nma5is. !Eha nut highar root x = 9.892, q r % 
cromeepondr t e  We higher+ raakimwn, Jlf f s in psinefple 

poa.iblr t o  obtain p4 and )r3 + p6 if urn cur measure 

8 us a S'nnoMon d' g rt very low shear rater* 
\ 



Pitch ( y )  

Flgure 41 Verlotion of q(p)/q(0) with pitoh in Polaauille 
Elow 



mentll(3~44 that the apparent r iseoa i ty  at  row 

1.6 tlraerr the nunuf;ja value for m A .  mother 

obaemtion i r  that 1 n &ex&ral q(p~)/'(~) bra r 

hi@e;f t a w  for RBBA for P M .  'Phi8 app+crrr 

t o  be due t o  thr vAr8~rify ooafflaients of WBA 

baing hlgher than t;husr, of PAA by nearly an order 

o f  m t ~ d e *  
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