
.pram bemrrmr tw o w i a f ,  oylinders o f  afferent radii, 

ro*aMm& absub mix! eooraun ax%& with differen* 

sn8 orpcrri~enta% 8hrdlclo haw been naU8 on tha Ooueffe 

n w  ai mrtaaiar. AWa and L+rlfa (1970) gave the 

arralmaorr2 lroXotsioa anil soaUag analpsie $ox the f ield-  

arpertwnta oi Portex atad dohmsoa (1962) * Q  inond an 

iaorcrsre i n  the app.r.dn$ vircrosfty q with a 4eoxeare in 

tha gqp wldth. ha&* (1970) imeetigad;ed a number of 

gesaiblr s610tioru in the presrPaer, of nagnetit! XSelda. 

Rawcrwr ha did aot work eufi the appe~rtbnt ~Saiiootritj. In 

thir ehapt+r the rhp2crs.ti lllrad alorr* l ikely rolutiorrs f o r  
Qouatto Rsw uce px+olmf+d together ~ 4 t h  deCaSXcrd 

cralouhtionr an .8br appuerPf viaoori ty  u r f w t l u n  

of 8h.u rate (m epuitalurtly bhm rcrlativ8 a n ~ l u  

w d o ~ S t y  batmaa tha (~~3fnder0)~ b i  ~adtB1 ond rrirruthaX 

aagmt;ia flrrldr end d u o  oX thr geometry o f  We +Iocreaeter, 

fax apm~tr iu  and aufageffio bcmndaxy uoLLbitAoxu ~f 



of m$zwftol field8 Wmn that wed by Owria* !tho 

arrlmertia A r  ars\~nub t o  brr oonf&rslcrd i a  the aanulour rpascr 

batwrut two o d d  orIlnde~:~~ af nbU. B, and R2 

( g ~ )  B,) ath Oh.& twmoa axi8 slow a. Ihe  

aylindar. ar8 rammod (60 mfate with angu2uc veloolltirrrr 

A 1 and 3 mqeetirelr. W* ooluA4ar o n l  J planar 

f l o w s  ond rook a4rrad.y rtalir raolutAone f o l ~  the dfrecrtor 

and velooity fir%&* i n  o y f i m l r i o d  aooMinntrrr i n  tha 

foinr 

of the direotor ariaata4ioa and Hs 8holrlU be sera. 

M u w l l ~ r  aqaut5onrr drarad *at tha f i e l d  ao~poaeat8 

be olF the foam 



%ha 8urridag oollponen08 of the o t reue8  and 

foroea~ are 

a 
~(430 

Q 'II. 2 (A s in  e + B 4308 8 )  





!#!ha expnulsru for rjk and Q are not i d m t i o a l  t o  

tho68 drrL+.d by AtUn .nd In.11. (1970). % U s  i. 

braaura thema .~*h@r8 have used the ergresa&on for.' 

f r r a  emrm deolity (w) propo~rd by 3hdiia (1968) 

]Ilroakt8 axlprearion for W has been uacrd. !#he deformations 

la pZuu Qmettc, fSw do not Involve tiwiairr Hen08 no 

t eru  oon0.inlng Ig2 u* ulcountered. It he8 aXr@atly 

bean point84 out th.t ZZ4 does no* . i feat the equtfonr 

of motionr Xa thfa maptar one i r  cronoernrd only with 

clqtrations ef motion whose ieolu3ion y ie ld8  fhe agporen.1; 

riaooaity, urd n o t  i n  the absoXute raluea o f  r j i  and 

. Ua~o tha filvl aprurtians governing the direator  

orAaa0ation .ad velooity p ~ o f i l e  (rquations ( 11) .nd 

(90)) WIW. t o  the ~ Q W ~ A G S W  (3.97) .nd (5.16) of 

Atltin aad &8li8 (1970) for sare ~prgnetio field#, 

%he agutioru (P3) o f  m p t e r  X o m  n w  be written u 



+ n ( ~ ~ ) [ l r r n  B oor @(A* - B*) + AB 201 - o ( 8 )  

where wr egwO;r the aonrtanf 8: t o  Islere t o  msure that 

the mlution i s  8-0 vrlued. Then equcrtlon (6) become6 



+ 2(@ )[#&a 4 oor @(A~ + B') + B ooe 201 

boy (9) .nd (8) olu i i I lds that 

The b o t a l  aottpla per unit lsng8h, aoting; on a ~yUnder 

of radSsu & A8 

whnt. rji " e~~c19"3u fPhus tr ira a aremure o f  tba 

~oupXr per at 1eagt;B en either oylf ndar. 



So s M y  q $ha 84p~tloa (11) I8 mohed for  P w i t h  

(10) th. rsla$$vo velsrrity blttiuem the two 

OM o m  now oa2oulats r) f ~ o s  tbo wax1 known rdertloa 

X t  i e r  o f  latrrrerrt t o  notie that q daparnrPe only on 

.nd not an I J-, ia ir ia~drp. .  



Qrur~putations ltuato been e arrieb out fo r  PAA 

w S U I  the 0m8 vitae8 f o r  matsrAal aonsrtsmts assumed 

e u l h r  ( a n  Uhapter 11). The differantfd equations 

ha+r barn r o l ~  by tB4 srthogonal crolloolstioa arethod. 

brr in tlhaptrr IX 16 a@Uooatlorr point8 have been uecrd 

and ~ 8 t k l t 8  in t~ ewe. i m o l r i x q  isrg. 'dsioraationa 

BoVe bsrub shrrlrkd bf  in(^: 84 e o l l ~ s l f i -  ~ p o i n t ~ m  

Bime Ph.  Oro rssulta agme t o  w1Wn 0.01$ aUy  the 

resrults for  16 ctoUlosa.t;ion point8 have barea presented. 

Box -the2 ds.tiaila aee Appendix 1 of thia Chapter. 

ohmen (B$ 1 *. .nd % 1 1.005 an) 80 or t o  .@ommodate 

rr gap nridtih st 50 p.. Figwrab 1 amchiblta q a8 a function 

of A f i  bmtm~u~r a o ~ i t i o l u  o i  dirsotox 

oricasmtal~&on har b r a  sfu8iled. 

($1 ' / ( A* low she- rate. q 

rslloins oonst.nt at  thrs liesowios r d u e  rlA (p4+)r3")r2)/2 

= 0.092 poirre for PM (fig. la) .  64 %he shew nate 

inerearer q beermmer adppmrwahi~qp: the Mlaeowios rslua 

* ( ~ ~ 4 Q ~ + # ~ ) / 2  (m 0.024 poise fQr PAA) at Ugh a h e u  

M a r l  Wr i r  beomme at SOW ahear ta%e# the directof  

az$8nttcr2iarr jils nsarrly ~perp@adiolulau, t o  the f l o w  ovex r 



major a~lotion oi Oh8 f low.  With imreaeing shear 

sate the lurgle ma88 by ths dirooCor d t h  are flow 

deoreasae till at Ugh rhsax rates the direator As 

oriented a l o q  the flew wrr a major seotion o f  the 

f i c r w .  

(u) dl) 0, d2) - 4 2  r me v~riat imr 

o f  q with ohear MI ( f ie .  lb) i s l  aimilar t o  that in 

owe (i) . But ats &BW #haas rate6 t h e  %omtan* value 

o f  r) i s  about-0.5 ql, in the abe~noe o f  magnetic f ie ld . .  

Ehiar e m  be irrtssrprrerd aa bsznqg due t o  a 4istorWoa 

and oo~equantly 9 i a  lowar than qA . 

Effaot. of ilw~el9io P1.1LI.3 A a?.diciL f i e l d  ( H  r . 
in gsaerhJ1 teM8 % mahame %hila +dm of q where eur 

ur ui.uthrl  f i e l d  (By a BIZ) bends to  dirinlah it. 

ihi. $8 baoawa a ndfpl fl.3.d oppose8 fhe riacow 

Pwgue~ wh%la an rrojiau- flisZ4 aids fhea i n  diatarefag 

%he direator orialataSilioa irm %h8 e@llibrrium ociLue8. 

(i) - e(2! 8 A* i m  aham rate. a 

=.dial f i e l d  (a, 1 4/r) doe8 not ulr. it. premnoe f e l t  



g$jnxr~b 1. Y.Fiat ion of .pp.rm% ~AaeorrAtf dth 
#hear rate and aalputio fS iX&  i@s EL2&, 1 1.005. 

( e )  el o l  e2 x i2  





oa q rime the dAreei;o~z $8 ewc?ywhurz!a dUgacrd rZaort 

rrolrroaZ t o  the flow. But @a tnaraaairyl *he ahear 

q deoxeaaera, tihotrgh m e r s  slowly that% Sn the tfazd- 

fxse aauaa - We lazger the valtrr, oi A i l 8  rlswrr being 

trhs 6csculeass fa q (ILLS* *a) fill a$ U,gh rhru: r a t e r  

q tend8 t o  q ,, . l a  if %he mhau a t e  i 8  kepii 

aoxutant at a high raXus ( 8 ~ o h  that 4 s q,, ) .nd it 

A $8 frtoremsd q cmains larbarly a ~onrtsmt auail than 

imraa8es rapidly tsndillg t o  tho nrloe qA a$ large 

r&ues of A (fig. 2b). 

the effeot o f  m m&nuthaJ. B a l d  (ay I B/X) i s  

amr intere~cdiag. A t  latr! shear rater on iaerreaaiaigt B 

(f ig .  2.) q remains mwly oorutant d qA till B * attPim a valoo Bo s { r~$/(4 - R;#S{AF ) (a*. 

Appmdix 2 oi thts Chwpt rr) + vhioh Ln tihe r t a U a  ocurr 

ommarponds t o  %ha Z'maderllolrrs Ww8.hold, balc#rt whiah 

no 4eiormfion i s  possible. On insrcrariqg 13 -or 

q daore~~es, att.inln@ q ,, at 1-rn r 3 u a a  oi B. A+ 

low ahear raee8 (if&. Ia) a e  value oit q depeabs up08 

whether B i s  greater than or W.8 thur B,. Put on 

inorewin$ the ahasis, rate q 8eerame8 r~pproaoUag the 

riLua q,, 8% high ahear ratas regardXelra o f  the vdLw 

of B. 



at low shear gobra q sh-ea, faoraeuaiag with 

n t a  q n v l m  o o ~ v t u r t  at a r a w  rlAt (higher th.n 

0.5 q4 ud dap8adw wan the r.1~. of A) a t  low 

the uheu: rate atOJ.rJn6 the raw q r t  bi* #heerr 

w e  (i). A* ZOII za%rrr ($is, 2a) q ds~ret~rlrrr 

ire* it. rClar et 0 4  qA immb#in$B &ttaAnln& the 

q A , , ( l a u  t h a  0.5 Q* I e p ~ n d l q  on the vdua Q? B) 

O~,-axproi&1ap B i w a  3 exhibit& the dependenae 
(I 

ail mu dfsestaz exiaNaJ;ioa pmfSlsr an bs.eutd&sljy 

aoadlUon .Irb y n r t i o  i f a f d r  lor B, .I 1 om and 

8g * f.WS all* 



faz5airfon of rppaxen9 riseasity w i t k  nag;ru$ia 

i l e l b  for BZ/B1 1.005. 

(b) &sdi.l f fa ld ,  (1) 8, Os a2 1 4 2 ,  u = low3 
4-s (2) * 0* ~ 1 2 1  O 10.0 m* 





-0% nrcfsl; 02 me g q  imr:oeUnq: 4s $2 in r MZCOW 

Bfmrtramocl, mm the ~ c ) u M B I A ~ #  (fige ?jt~)r 2he ~OP.M.IIQ(L 

ai %ha 0 groXl2e the aair~rr- add (a$* 56) 4s 

slallar. Bu% a rsd1.l 11.14 Ho rn $&a t o  briw 

ths QAreaitor %3fgmnan8 normal %a +he flw. A t  Ugh 

+dLuatrr of A {f%& 3 ~ )  O doe8 )la$ b f f f e r  suah f'rm 

Stsr boundary rajtuas in me, rest & the rru~lple. 

0,  Q e  2 a In the i ir lP  fkea c u e  tbe 

8 pYoitle f a  aZPout a rtrrighd: Urn, rlbuFUag frmn men 

$mi the %war p1.t. M~I &noreaein(( t o  SIP at the 

.ppUed f i e l d  By, B/r thr d i n o t o r  orirntatfon tend8 

e~ a Xwau? r d u a  CHTW a 1mgw p(~ t~Wm 01 the  width 

(fig* 31) going t o  %I2  war 8 mal l  i 8 t . n o . e  On 

imr+rjruA;m(lg #bar sat@ an8 fl*ndrr a UWlu bahsrriour 

even i n  the fielet f r e ~  olaae (f ig* 3b) r XD. both uslea 

@ projtisrm i o  found t o  be aoncoox. ~pww?d. B e  when 

P sad$& fie1J KC = &,'P $8 appUad 0 liaoarea8ea from u r o  

at the lower plats ,  aore rargfdly t&an 2n Wac 2fald free 

oitrae. Bsr the vi lua o t  A it? inera~ded tZUI $lreatoz 







orisat;atioa ten48 Oo be nomal to the f l o w  w e r  a 

5argsrx recrtian of tha gag uttbthr the Ca profile 

bearneb aoaeaw Uow&mxU. 

as4 W )  W r t h  tbn u.olrptfun th4 a, the raagulu 

fhr, h ~ g e  ~ e n $ c )  of  rxalusr lavlolred iQ hlns been rraataeseu;.g 

t o  plot loll w. %!he rutlamam t&ua of  w glvea 4 fi . 
om i i ~ a  in / . lux& thrt (i) An inoreo8.a w i t &  

Amrerrmiag 8b.m Tat#, (U) at a p&ltaa ehear rate 

A fi inoreaee8 when' ul as&muth.l. P a l 4  H - B / r  i n  

qppllsd, the laxigar *he value rPi B the -8% err beiq 
$he inoreaar in ((lit) at a given ahear rate 

decreuea when a xrd i r l  fiaXd Br u x  i. epplird, 

trhr l~slrrr thr, mlae 0% War lyrrratcrr bein$ thr tleclrssue 

A% a i r  rt-e A* i 8  iatwesfing to note that all 

fhar abw8 seeur3tr iw Qawtta  flw, OJhieh hiave bsea 

obt.irud for a &.I, r tdth  (1 50 p) urll oollpared with 

t;hr averalga UII -8% i tkgjRfi0a3. t o  the QIOX~@lp~lbdi~ 

rrbtrltlr tor ahoar n w  $or tbs m o g r  gap width (rrr 

(Ihaptus f X ) .  







X f e o t  of &eontry a Z i  the glap wi%W ir  of tha 

r u e  or&ar o f  m8gPitude ae the uylln8er rd11 oertain 

of the u p e t r 5 e r  (rrib50h rrr~oothed out for  the oeee 

OZ the emaU gap Wsdth grow into prooninenerr. On 

laareuiq the  ratto R ~ / R ~  one find8 th.t for @ither 

boaad- mnitltion q Ueareaircba, even a t  low shear rates, 

&tWsiw th. n d 3 ~  Q,, 8% large v ~ L u ~ .  at ~ 2 / 1 1 ~  (fag. 5.). 

ehir $8 in qua&itaUre a$resmcsrrmt wA$h the o b  errat;ions 

of PorSier an8 Sohamon aibo found aur in~reasre In q when 

th. &Q width i 8  d @ @ ~ @ m ~ d .  Atkln uld &e8l%@ (1970) 

pxedicrted $hat 4.a ckhe Sde14 free oaur tha 8 proflle 

fox rymmtr%o bro\andw 0 0 n 4 i t i 0 ~  of 8 ahould ahow an 

utnnu at a point 2 ( R R  . Men(R, + RZ) % 
(% - B, ), x m s  (Itl ,+ 82112 a fwt whioh h u  PlreaPy 

b o a  d r o n r t n t e d  f as BZ/B1 1.005. I f  however the 

talw oi %hfr faW8 A0 irrarraesd (fig. 5%~)  the 0 profile 

shawl mymabsy WLo m~unt ~f m ~ g ~ ~ l t r ~ ~  being more 

pronouaoad tha highex the rdua  of R@, . Also for 

bath boaMary a~nUAtl~m, at high value. ~f B2/8, the 

direefor $1,816 A8 iounh t o  be orienfatd along the f l o w  

in son$ oi the gqp ( i P g n ,  5b an4 50). %hie i a  a 

sat- eor~.aqu.noe of the high distortion (#play .nd 

bend) preranti ia fhe dirsotos f i e l d ,  even in the efrtio 

&&mi*, whea the gap wid*h i r  of a s  mane order o f  

ragnifudr, a6 the xulSi of the uJfll.nder8 anti Pa also 



Var&r%ioa a5 r p w a t  ri.emlt$ onb ozAaa~rrfion 
gwaijiX4 wjfh grolur t i~~ 

(a) V a r $ a t i ~  of .gpunat +ieoo.Lty warn 
l@610(*)t 8 $o-' wr [ I )  8, 4 2  1 e2, 
(2) a 08 4 2 )  





the rewon for 3 baigmtzhg Zen8 thaa +hat for amailler 

R ~ / R ,  . T h i 8  t a  aluo borne ou% by the mlooity 

profile. (f&ga. Pa and 4b). Ia gurersl 4fl , at JB 

given orheax mate SB f~\5134 t o  be larger a larger 

value of R#, . ISh2m iaat i s  wain in agrsrwaent 

~ i * h  f h8 proti @U8 M~BUWO. 



A brL8f d8~or&ption of the uolloo~rtion method 

hP8 be- G7.n 8 m X i a ~ .  [Appndir of Ch&pt.3! XI]. 

The t n n r l o n u t A o l ~  t o  whioh epuat ior~  (10) .nd (11) 

hat. h be mbjeated before being aolrab are  iediaateb 

W. eifaet a *hang@ of rPrirble from r t o  suoh that 

I 

A t  the boulrdarlea r B1,R2 r t&ea the raluem -1 ,+1 

raspactltelje lquationr (11) .nd (10) oan now be 



brr before $heme eqtartiom era evaluated at tho 

aolloua%f on poistrr wing the inadriocss A an8 B BaB 

one get8 

'Lh. e q ~ t i o o l  (w)  .re 8olr.d for a given value of  
t 

rr by the H.crwtoa-Bhprea arfhoit. %hie yields the e 



fhe oompSetr valoaify proiilo obWmdl. 

!the eolloerw%iuxr method war wed i n  prrferrnocr 

*u fha, f i n i t e  dif'fama~e memod aiaer the latter mrrr 

fmurd not t o  y&@U n n r l t a  foc 0 7 1.0 &a all om... 

But the agreement between q wejltxsrr abtJzked from the 

two aethods i s  extremalr aood (sbotla 1 in 10'). 

Abouf; 20 houre of cromputarr %Am@ we= w e d  for the 

Couetta flow eaSrrulaCiona. 
/ 



I p p a x  2 

Ia thlr agprnbiz an rxpressf on f or  the aritical 

value of b enrrour9allr4 earlier i a  derived* &@ell@ 

(I 970) aomrei4emib a nematic, eonfined in the annular 

&pa@. betweea tm ayAinder8 of -1 R, ond R2 ( ~ ~ 7 8 ~ )  
in the p w m c a  ai a r . d ~ a ~  i ~ e k d  8, = Ur, B ~ =  0,  

8# .I 6. Seeking 8 slo%ution for the direotop? i n  the 

i o n  a .in B(r), 91 ese e(r), q 0 , he found 

th.t f o r  b o w  y uondit&oau B(R1) = 0 = B(B~) there 

below whioh thsze A 8  no 8criomustion. If t h r t  value of 
=11 82/R1exe . e d a a v . 1 ~ I ~ e r e a b r B , ~ e x p [ ~  qF% Its] 

A arilar prol)l&ir i a  anneibersrd bsf ow, f o r  aa 

asimthal f i e l d  HE - 0 ,  H y = B / r ,  R. 0 but for  

b 0 W d ~  00ZA&itZ01y B(P~] 1/2 B(B~)* Epuat i~n (11) 

rinrplffi@s, for dhe statio carre' t o  yield 



Nultiplioat&on bf and aubsepuent 1 ntegration 

yield8 

whero 0' A 6  r oenotant, An a W y s f a  elallax t o  that 

given by Aakin .Ild %@6lie (1 970) .how8 that G(ra) a 0 
.) .nd O ( r , )  - O, an axtrcoum where - (R,R2) . W@S 

(*I) n gat O' $(em) - ( 4 ~  )B'*AZ ea 'e on 

ia%egaraUag ( ~ 1 )  oae Sabs that 

Using the kgondn trslufornution ooa 00. k s in  

2 a U q  W t 8  a8 9,- n/2 om opn obtrln the eritioal 



I t  i 8  of interest Po no%# Ohat einoe K33 1/ X1 I for 
zmmtio4~ B, our nrvu burom. eithar srro or Ant.glluuj 

If R, and It2 as6 Z ~ O .  soapwed t o  d R2 - B, one 

fiado that 

8 
(r 1750 for P M  if 4 - 50 p) w 





I n d i e ,  1.1. 1968 ,&@he Ration. lilsch. ~ l a l ~ E & e  

265. 
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