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Shea flows disrug molecula orientatia in liquid-crystalline polymeis (LCP9 through director
tumbling and this cause difficulty in controlling the polyme structue and properties in injection
molding and extrusion In this pape we simulae LCP channé flows using the Doi theory A
Binghan closue is usel to presere directa tumbling and wagging The objective is to examine
how contractios and expansios in a channé affea LCP orientation and to explore the possibility
of using the channé geomety as amears of manipulatig LCP order. A finite-elemeth methal is
usal to solve the coupled equatiors for fluid flow ard polyme configuration Resuls show that a
contraction aligns the directa with the streamlire and improves molecula order, while an
expansio drives the directa away from the flow direction and reduces molecula order. If the
expansiao is strorg enough an instability develofs downstrea as disturbance in the flow and
polyme configuratiao reinforce eat othe throudh the polyme stress This instability generate a
wawe tha spars roughly the centrad half of the channéand propagate downstrean at the centerline
velocity. For abrup contractios or expansionsdisclinatiors of +1/2 strengh arise in the corner
vortex The numericd resuls agree qualitatively with experimers when comparisos can be made.
In particular the waw patten following a sudd@ expansio is remarkaby similar to previous
experimenthobservationsThe simulatiors suggesthat using contractiors and expansios may be
a feasibk stratey for controlling LCP orde and morpholoy in processing © 199 American

Institute of Physics[S1070-663(199)02710-3

I. INTRODUCTION

Since the invention of Kevlar™, liquid-crystallire poly-
mers (LCP9 hawe bee usel mostly as fibers Producing
three-dimensioraparts throudh injection molding or extru-
sion has bee largely unsuccessfulThe main problem is that
sud processs involve pressure-drivie channé flows that
are dominanty shea flows. Unlike extensionkflows in fiber
spinning whete the stretchirg aligns the LCP molecules to
produe relatively uniform orientation shea flows cau® di-
recta tumbling that disrups orientation&order The resut is
a proliferation of orientation& defecs known as disclina-
tions which eventualy lead to a polydoman morphology of
the polymer?! Since the molecula orientation canna be con-
trolled during processing the finished produd is often
plagual with nonuniformity, anisotropy and weldlines The
key to solving sud problens is an understandig of the re-
lationshp betwee the materid structue ard the flow. Thus,
fluid mechanis plays acentrd pat in the processig of mi-
crostructurd materials.

Owing in pat to their practicd importance channel
flows of LCPs haw receivel considerat# attention in the
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past Experimenthstudies mainly using lyotropic HPC and

PBG solutions hawe discovere a hod of intriguing phenom-
ema peculia to LCPs In a straigh channel an anomalous
velocity maximum occus nea the sidewalk at low flow

rate$ but disappea a highe flow rates®* Baleo and

Navard and Bedford et al.*® documentd the effecs of

varying the cross-sectionaarea of a channé on the LCP

orientation& orde and the flow field. In particular a large-
scak waw patten appeas downstrean of an expansion.
This patten is believed to resut from an instability related to

upstrean directa orientatiors tha are twisted away from the

flow direction by the expansion Similar patterrs also occur
for thermotropt LCPs in injection molding and extrusion
(see Fig. 1 of Ref. 6). Kawaguchh ard Denr{ observel com-

plex three-dimensiondlow patterrs in a conicd contraction
of the thermotropt Vectra A.

Theoretich understandig of LCP channé flows has
laggel behind experimenthexplorations This is not unique
to channé flows but is generaly true for LCP flows. The
main obstace is the lack of an appropria¢ theoretich model
for the LCP rheolog in the regimes of interest Three rheo-
logicd modek hawe been usal widely: the Leslie—Ericksen
theory, a continuum theory basel on the Landai—de Gennes
free enery expansion ard the Doi theory. None gives an
adequat description of complex LCP flows.
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The Leslie—Ericksen theoly applies to slow flows in
which the molecula orientatio distribution is not perturbed
from its equilibrium state Its predictiors for we& shear
flows, e.g, the roll-cell instability, generaly agres with
observation§. A phenomenologidaextensim of the theory
to polydomairs gives the corred scalirg for the region Il
dynamics’ However the Leslie—Ericksen theoy is not ap-
plicable to processig flows of LCPs which typically are
strorg enoudn to distort the molecula orientation distribu-
tion. The flows correspod to the Debord numbe cascade
and region 1I1 of the viscosiy curvel In an attemp to de-
scribe change in the molecula orientation distribution a
continuunm theoly was formulated by postulatiig a free en-
ergy in the form of the Landai—de Genne expansiont®=2
This approab has bee criticized becaue the expansia is
valid only in the neighborhod of the isotroptc staté® and
does nat converg for the moderatef high orde parameters
typicd of red LCP systems As possibé symptons of the
fault, the theoy predics maxima in the shea and normal
stresse¥ ard fails to produe the secor chang of sign in
the normd stres at high flow rates that has been experimen-
tally documented® Grecd® also criticized the phenomeno-
logicd natuee of the theory The unknown coefficiens in the
expansio hawe to be fitted to the isotropc stae of the ma-
terial, and once fixed, they canna refled the changs in the
materid effectal by flow. This is a particularly seriots flaw
if one hopes to descrile flow-inducad complex structures
sudh as disclinations The Doi theory”*® differs from the
abo\e theories in tha it is amolecula theory It modek a
LCP as an enseml® of thin rigid rods tha rotake as aresult
of Brownian motion, viscows torque and intermolecular
forces Though this may nat be apreci® descriptio of any
red LCP system it is aphysicaly realizabé nematc fluid
ard serves as a modeé LCP whos dynamtc behavio can be
meaningfuly compare with experimentsSo far, suc com-
parisors hawe been dore only for the simples flows ard the
resuls are encouragingFor example the theowy gives quali-
tatively and sometims quantitativey accura¢ predictiors of
the shea rheolog of certan lyotropic LCPs!®?°1t has also
been argua tha a moleculary basel theoly is advantageous
in describirg the sevee distortion in orientation near
disclinations®?! Therefore the Doi theor appeas to be the
mog promisirg modd for complex LCP flow simulations.

Unfortunately the Doi theoly has a shortcomingy that
hampes its applicatio to flow simulations it does not con-
tain distortiona elasticity; i.e., elasticiyy due to spatid varia-
tion of the LCP configuration Although for certan inhomo-
geneog flows the theoly permit disclinatiors and multiple
domairs as solutions?? in the absene of distortiona elastic-
ity it is unabk to predid the proliferation of disclinations
ard the polydoman structue in red LCPs The consequence
of this is well illustrated by previows attemps to use the
theowy for flow calculations In a simple sheay the Doi
theow predics directa tumbling in certan parameteranges,
while the flow of a red LCP always appeas steady Mar-
rucd ard Maffettoné” and Larsort® assumd a polydomain
structue with the tumbling of ead doman determine by
the Doi theory Then by averagig over the domains they
obtainel steag resuls tha can be compare with experi-
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ments Sud an averagig schene fails for complex flows,
however becaus the orientation& distribution of the do-
mairs (or equivalently the pha differene betwea do-
maing is a priori unknown Alternatively, a quadratt clo-
sure approximatio has been usal to artificially suppress
directa tumbling in shear-dominatk flows2*-2° This treat-
mert is unsatisfactoy since it attemps to merd ore failing
of the Doi theory—the lack of distortiona elasticity—ly in-
troducirg another namey the loss of directa tumbling in
shea flows due to the quadratt closure Hence a realistic
simulatian of LCP channéflows has to contaih two essential
elementsdirecta tumbling and distortiona elasticity. Direc-
tor tumbling is alread in the Doi theory; it simply need to
be brougtt out by a more sensibé closue approximatio (or
by solving for the orientatian distribution with no closure.
Distortiond elasticiy has been addel to the Doi theory
throuch a nonlocd nematt potential?'?” However the re-
sulting modé is complex and solutiors hawe been obtained
only in stattc situations whete the effect of the distortional
elasticiy on disclinatiors has been explored!®?® No flow
calculation has been dore so far.

In the presen pape we take adifferert pah by simulat-
ing LCP channéflows using the origind Doi theory Distor-
tiond elasticiy is not included but directa tumbling and
waggirg are preserve by using a Binghan closure?® In
othe words we simulat channéflows of amodé LCP with
negligible distortiona elasticity. The rationak for sud an
approab is twofold. First, directa tumbling is one of the
two maja factoisin sud simulations ard has been excluded
in previots studies on channé flows*~% By including di-
recta tumbling but not distortiond elasticity, we are in a
seng solving half of the problem In view of the complexity
of the new model thisis asensibé approab at this stage and
it complemerg studies of the distortiond elasticiy in the
absene of flow.?® The presenresuls will sene as abench-
marik againg which the effect of distortiond elasticity will
be assesskin channéflows. Secondthese numericéresults
may be directly relevarn to the flow of a red LCP. Such
relevane may be restrictel to certan area of the flow where
distortion of the orientatio field is mild or it may be re-
stricted to certan properties of the LCP tha are insensitive
to the distortiona elasticity. Indeed the numericé results
will be see to qualitatively agree with experimerg where
comparisos can be made.

Correspondig to the twofold rationak for this study, we
hope to achiewe two objectives The first is to gain physical
insights into the coupling betweea flow and polyme orien-
tation that will help us understad the “complete solution”
when distortiond elasticily is added The seconl objective is
more concree ard practical We wish to demonstrag how
contractios and expansios in an otherwig straigt channel
affed the motion of the directa and the degree of order. In
homogeneasiflows, directa tumbling may be suppressgby
a minute amour of extensionkflow.3%3! Channé flow ex-
perimens indicak tha contractiols enhane the degres of
order, presumaby by aligning eithe individud molecules or
domains*® We will teg the feasibility of using contractions
ard expansios as a stratey for controlling LCP orienta-
tiond orde in flows that are relevar to extrusian and injec-
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FIG. 1. Schemat of a channé flow geometry The computationbdomain
consiss of the uppe half becaus of symmetry H is the half-width of the
wider pat of the channelard u, isanomind centerlire velocity at the inlet
or outlet whicheve iswider, evaluate for a Stokes flow driven by the same
pressue drop I'=u./H isthe characterist stran rate usel in defining the
Pecle numbe of the flow.

tion molding Anothe outstandig questia is the peculiar
wave patten observe downstrean of expansionsWe will

se& an explanation for the apparen instability in the cou-
pling betwea fluid flow and polyme dynamics.

The red of the pape is organizel as follows. Sectio Il
describs the theoretich modd and ses up the numerical
problem Sectio Il preserd numericé resuls for a straight
channé as avalidation of the numerich schene and a pre-
requisit for later discussionsSection 1V deabk with channels
with gradu& and abrug contractions ard Sec V studies
channed with gradud ard abrug expansionsFinally in Sec.
VI we summarie the resuls and discus their implications
for LCP processing.

Il. FORMULATION OF THE PROBLEM
A. Governin g equations

The Doi theol is a statistical-mechani¢atheory de-
scribing the orientatian of an ensemt® of rod-like LCP mol-
ecules suspende in a Newtonian solvent!’8 The theoy is
basel on the orientation distribution function ¥ (u), u being
the unit vecta along ead rod. All rods hawe the sane length
L, and the numbe of polymess per unit volume is v. Follow-
ing the Prage procedurethe evolution equatio of the sec-
ond momert tense A= fuuW¥ (u)du=(uu) can be derived:

oA
E+V-VA—VVT'A—A-VV

A Y aaa 2D:
= 5ol A=) g (A-A- :(uuuuy) — 2D:(uuuu),

(1)
where 6 is the unit tensory is the fluid velocity, andD
=(Vv+VVv")/2. The Peclé numbe is definel as Pe
=I'/(6D,), wher I'=u./H is the characterist stran rate
(se=Fig. 1) and D, isthe rotationa diffusivity in an isotropic
solution of the sare volume concentrationU is the nematic
strengh in the Maier—Sauge potentid and f represert the
tube dilation effect?’

f=(1-5%)"2=%(1-A:A) 2 2)

where S=[(3A:A—1)/2]*? is the orde parameter.
The polyme stres may be written as
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_[a_? . pPe .
r—(A— §> —U(A-A—A.(uuuu))+(VL—S)ZD.(uuuu),
()

where 7 has been scaled byv&T, k being the Boltzmann
constanh ard T the temperature(vL3)? is the crowdedness
factar and 8=0(10%) is an empiricd parameterThis stress
entes the equatiors of motion for the fluid:

Rav— Vp+V? CV V.v=0 4
er=—Vp+Vivt 5 V.7, V.v=0, (4)

where the Reynold numbe is defined as Re=pu.H/ g, with
p and ug beirng the densiy of the fluid and the constant
solvert viscosity, respectivelyc=vkT/(2usD,) is the con-
centration parameter The inertia of LCP flows is typically

smalt the gv/ gt term is kept to give a sense of the transient

of the flow. It isin fact insignifican sinae Re is small.

Hence comple flows of LCPs are determiné by the
polyme stress which in turn depend on polyme configu-
ration, which itseff is determiné by the flow. However the
theowy as representa by Eqgs (1)—(4) is not self-contained
becaus of the fourth momen tens@ (uuuu). In orde to
“close” the theow at the levd of the secom momert tensor
A=(uu), (uuuu) need to be expresse in terms of A viaa
closue approximation In this pape we use the so-called
Binghan closure which is basel on postulatig a special
form for the orientatian distribution function?®32 1t is exact
in the we&k flow limit and predics the corred equilibrium
properties suc as the isotropc—nematt transition In simple
shear it preservs directa waggirg and tumbling The only
significart limitation of the Bingham closure vis-avis the
unapproximatd Doi model is tha it does not predid the
transition from waggirg to flow aligning in simple shea at
high Peclé number but insteal substitute a monotonc de-
crea® in the amplituce of waggirg as Pe increasesFor most
purposesthe distinction betwee flow-aligning and small-
amplituce waggirg will not be important As far as we know,
all previouws simulatiors of complex LCP flows usel the qua-
dratic closure?*?°That closure suppressedirecta tumbling
in shea which is an essentihfeatue of channé flows. Fi-
nally, inhomogeneaos! flow calculatiors hawe shown the
Binghan closue to be the bes amorg all popula second-
orde closures™

The Doi theow appliesto rigid-rod LCPs lyotropics (so-
lutions) and thermotropis (melty alike. Since lyotropic
LCPs are usually more rigid than thermotropics the Doi
theow is though to be more pertinert to solutions though
the tube modé does not discriminae betwea melts and
solutions*® For melts the only differen is tha there is no
viscots stres eitha from the solvert directly or from the
friction on LCP molecules In this paper we will compare
the numerica resuls with experimerg done with lyotropics.

B. Boundar y conditions

Once the time-dependematue of LCP dynamicsis pre-
served the channé flow becoms a uniquey difficult prob-
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lem becaus of velocity bounday conditiors at the inlet and
outlet For the channé flow of a Newtonian fluid, it is cus-
tomay to speciy a fully develope velocity profile at the
inlet and use the so-callal traction-free bounday condition
a the outlet The latter is convenieny treatel as anatural
bounday condition in finite-elememn algorithms For a vis-
coelastt fluid with deviatort stressr, the traction-free con-
dition does nat hold in gener& becaus the normd stress
difference varies acros the channé at the exit3® When the
finite-elemen wedk form is written using a teg function w,
there will be asurfae integrd term

fﬂ[—pn+n~(,uSVv+ 7)]-wdl' (5
a

tha need to be computel alorg the portion of the boundary
whete the velocity is not specified To avoi this trouble a
fully developé velocity profile is always usel on the inlet
and outlet of channéflows; see e.g, Purnoa ard Crochet*
for a FENE-P fluid and Armstrorg et al.?* for a nontumbling
LCP.

Becaus of the inherenty periodc dynamices of LCPs,
the very concep of a “full y developé flow’’ need to be
examined Picture the flow in a long straigh channé in
which ther is no variation alorng the flow direction The
directa will tumble wag, or align dependig on the lateral
position and this modifies the flow. As will be sea in Sec.
Il A, no steag stat will be achievel tha may sene as a
fully developé profile. Alternatively, one could fix the inlet
velocity profile and polyme configuration and let the two
evolve in along ently section This will lead to a spatially
varying solution Since the variatiors alorng a streamline
neve die out agah no fully develope profile appears
downstreamTo sum up, it is unreasonalelto specify Dirich-
let velocity profiles at the inlet or outlet for channé flows of
our modd LCP. Instead we neal to use Neumam conditions
ard evaluat the surfa@ integrd of Eq. (5).

We requiredu/dx=0 andv=0 at the inlet and outlet of
a channé flow (i.e, OA ard DE in Fig. 1). Then pressures
profiles p;,(y) and pou{y) nedal to be specifiel on OA and
DE by applying momentun conservatia along the tangen-
tial direction on the boundary®® The pressue values on the
centerlire pg and pg are given at the outse ard the pressure
profiles are compute ead time step The we& form of Eq.
(4) is

v c
—~WdQ=f [pV-W—VVIVW——TZVW}dQ
Q

q ot Pe
+[ n
Q)
(6)

where the teg function w is also the shag function in our
Galerkin formulation The lag term is the surfae@ traction
that need to be evaluate at OA and DE for the x component
of the flow. The y componenhhas Dirichlet bounday condi-
tion v=0 at all bounday segments.

To summarize we use the following bounday condi-
tions in the channé flow simulatiors (cf. Fig. 1):

Re

c
—pwW+ VVv-w+ — 7w

Pe dr,
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ABCD (solid wall): u=0,v=0

OE (centerling: ouldy=0,v=0

OA (inlet): duldx=0,v=0, p=pi(y), JA/dx=0
DE (outlep: duldx=0,v=0, p=pouly)-

For Newtonian fluids, Pironnea has shown this formu-
lation to be well-posed®® Becaus of the hyperbolt natue of
Eg. (1), aninlet condition is necessar for A ard we impose
ahomogeneasiNeumam condition DownstreamA evolves
alorg the characteristiswhich are streamlinesinitially there
is no flow in the channé and the LCP is at its equilibrium
orde with a uniform directa field. Then a pressue drop
specifie by po ard pg is suddeny applied ard the flow
starts We use afinite-elemen methal to solve the coupled
Eqgs (1), (3), ard (4). The numeric schene differs from that
of Ferg ard Leaf? only in tha the surfae traction tem is
addel here to drive the flow [see Eq. (6)]. A triangula mesh
is usal and mes refinemen has been dore routinely to en-
sure convergene of the results To avoid stres singularity,
the corne B is roundel in sone of the simulations.

C. Paramete r values

The following paramete values are used: 8=1000, Re
=102, (vL%)?=2x10%, ¢c=100, U=8, ard Pe=40. The
smal Reynolds numbe ensurs a shot initial transien of the
fluid flow after the startup The crowdednesfactar istypical
of lyotropic systens usal in experimentslt is not clea what
¢ values are representatie of red LCPs Doraiswany and
Metzner’ and Mori et al.?® fitted the approximag Doi theory
base& upon the quadratt closue to measurd values of the
steay shea viscosiy for LCP solutions However this pro-
cedue is problematic The modé producs a steady-state
shea viscosiy becaus the quadratt closuee artificially sup-
presss directa tumbling In the experiment however the
stea@ stak is a manifestatio of the polydoman structure,
perhap with eadcr doman tumbling continuously Here we
use a moderag ¢ so that the flow and polyme dynamic are
coupla yet the polyme stres does nat distott the flow ki-
nematis beyord recognition The U and Pe values are cho-
sen basel on the solution diagrans for the Bingham
closure®! The closue does not allow steag alignmern be-
yond acertan U, and asmal U would therefoe be neede to
simulae directa alignmern at the wall. Then tumbling would
be confinal to a narrav strip at the cente of the channel.
Since in this work we are more intereste in directa tum-
bling than alignment the current values of U and Pe are
chose sud that the directa tumbles in the centrd part of
the channé and wags nea the wall.

D. Simplifications

We assune tha the flow field is two-dimensionkin the
x—y plare and the directa orientation is symmetrc with
respet to tha plane This symmety assumptia excludes
directa kayakirg from this work. Kayaking is a rathe ex-
ceptiona regime of directa motior?® and its inclusion would
make the flow three-dimensiorlaard mudch more costly to
compute Now the configuratio tense A has three unknown
components:
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FIG. 2. Motion of the directa at differert y in a straigh channel The
centerlire is at y=0 and the solid wall at y=1. Waggirg prevaik in the
uppe pat of the channéand gives way to tumbling close to the centerline
at y=~0.2.

AL A, 0
A=Ay Az 0 (7)
0 0 1-A—As

ard may be graphicaly representg by an ellipsoid The
longes axis is along the director, ard the relative magnitude
of the axes indicates the degres of orientation& order.
Considerirg the abowe assumptios ard the lack of dis-
tortiond elasticily in the Doi theory, one shoul be cautious
in interpretirg the numericé results The simulatiors none-
theles bea on red LCP flows in two ways First, the physi-
cd mechanisma tha the simulatiors reveal for instane the
coupling betwee directa tumbling and flow, operae in the
red flow, albet moderatd perhas by distortiona elasticity
or out-of-plare orientations Second the resuls may apply
more directly in certan casesStrorg orientation& distortion
may be restrictel to certan regiors of the flow sud as wall
layers and doman boundariesAnd then in othe regiors the
predictiors will be directly applicable Comparisos with ex-
perimens indeal seen to vindicake sut expectations.

Ill. PLANAR POISEUILLE FLOW

A simulati of the flow in astraigtt channé (or a Poi-
seuille flow) serves two purposesFirst, it validates the nu-
mericd scheme especialy the formulation of the surface
traction as the driving force of the flow. Though inhomoge-
neots in the transvere direction the flow is everywhere
shea and the simulaticn can be comparé with known be-
havia of the LCP in simple shea flow. For this reasonwe
hawe computel the Poiseuile flow using a two-dimensional
medh althoudh the problem itself is one-dimensionalSec-
ond, the straigh channé simulatian serves as aba< line for
studyirg more complex channé flows in the following sec-
tions.

Initially the directa is uniformly aligned with the x axis.
After the pressue gradien is applied a Newtonia velocity
field quickly develops The relaxation time of the LCP is
much longer, and as the polyme configuration evolves the
flow field deviates from the Newtonian one For the nematic

Pressure-driven channel flows of a model . . . 2825
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FIG. 3. Snapshat of the A field at differert times (a) t=2.5—the director
turns toward the axis of compressin of the flow; (b) t=34—the first tum-
bling wave emergs abow y=0.2 (c) t=46—the waves accumulag¢ and
their spacimg narrows.

strengh U =8 and the nomind Peclé numbe (definal using
the characteristi strain-raé u./H; see Fig. 1) Pe=40, the
shea rate at the wall correspondto directa wagging Asthe
shear-ra¢ decreasgetoward the centerling the waggirg am-
plitude increass and the frequeny decreasguntil wagging
become tumbling Figure 2 shows tha this transitian occurs
somewhee betwea y=0.2 and 0.4, in agreemenwith esti-
mation basel on the solution diagran of the Bingham
closuré! ard a parabolt velocity profile.

The configuration tensa@ A can be graphical repre-
senta@ by an ellipsoid with its maja axis along the director
ard its shag indicating the orde parameterFigure 3 shows
snapshat of the A field as represents by projectian of the
ellipsoids on the flow plane The ellipsoids are nat axisym-
metric in generdard their third axis cannd be shown here.
As in a simple shea flow,'° the locd orde paramete de-
creass when the directa is alorg the axis of compressio of
the shea ard the ellipse becoms plumper Since the fre-
queny of waggirg and tumbling scales with the locd shear
rate the directa rotation occuss soone on one streamline
than on the next inside This gives rise to “wave fronts” of
plump ellipses propagatig toward the centerline No matter
is transportd acros the stream of course and there is no
interferene betwea neighborilg streamling in terns of the
directa motion As the flow continues more and more strips
are generatd and their spacirg becoms narrower As astrip
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FIG. 4. Variation of the velocity componenhu at differert y in the straight
channel The oscillatiors are causé by directa waggirg and tumbling.

approachgthe centerlire the “wav e speed’ decreasgard it
will neve read the centerline Becaug the tumbling and
waggirg periad varies continuousy with y, the entire flow
field is aperiodic No steag stae will be achieved.

Figure 4 shows the variation of velocity as a conse-
guene of the directa motion Initially there appeas to be
concerte flow reducticn and subsequerrecovey acros the
channel Later the undulation becoms less prominent The
key to understandig the flow modificatian is the polymer
shea stresst,,, which has three contributiors from the
Brownian nemati¢ ard viscows terns of Eq. (3), eah de-
pendirg on the polymea configuration The nematt part os-
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terline Becaus of the unsteag directa motion, no steady
“full y developé velocity profile” will obtain in the channel.

The patten in Fig. 3 can be sea as aone-dimensional
polydoman structure althoudn in the absene of distortional
viscosity, the “domain size” shrinks indefinitely. The pat-
tem also resembls the wind-up picture in simple shear’® In
ared flow, as the spatid gradiert of polyme configuration
grows distortiond elasticiy would drive the directa out of
the flow plare and generag three-dimensioraoll cells and
eventual disclinations Such processg canna be repre-
sentel in our simulatiors sine we assume a two-
dimension& flow and negligible distortiond elasticity The
simulation also differs from reality in the near-wal region.
Sinee closue modek basel on the secor momert tensa A
generaly fail to predia flow-aligning in simple shear’! we
could nat predid steag alignmen at the wall. With distor-
tiond elasticiy added wall anchorirg shoutl help remove
this difficulty. With tha caveat the waggirg region nex to
the wall can be relatal to the well-aligned wall layer ob-
servel in experimens (zore | in Fig. 2 of Baleo and Navard®
see als Ref. 40). The tumbling regiaon close to the centerline
is readil identified with zore Il of Ref. 5in which director
tumbling prevaik and the birefringene is low.

IV. CONTRACTIONS

We hawe simulatel channé flows with a single gradual
or abrug contraction or a single gradué or abrug expan-
sion In all four casesthe characterist stran rate (cf. Fig. 1)

cillates in pha® with # and the Brownian part out of phase isheld fixed at a value which correspondto Pe=40. Initially
with 6. The viscous part behaves precisely as in a suspensidhe directa is uniformly aligned in the horizontd direction

of rods ard is much smalle than the otha two. So the total
stres is determiné by the competirg nematc and Brownian
contributiors and the former is larger Hence the totd shear
stres is roughly in pha with . When the director is along
the compressin axis of the flow (6>0), the polymer contrib-
utes a positive shea stres to the flow ard effectively the
fluid viscosiy is increased When the directa is stretched

ard the ordea parameteis at the equilibrium value There is
no flow in the channé and a pressue drop is suddery ap-
plied betweea the inlet and the outlet at t=0. The initial
condition on the directa field affect the phag of wagging
ard tumbling but not the main features of the solution.

The qualitative effecs of convergiy and diverging
flows on directa orientation are in sone respectseay to

(6#<0), the polymer contributes a negative shear stress to thanticipate Specifically we expe¢ a convergirg flow to in-

flow and the viscosiy is effectively reduced Since the nem-
atic term contributes the mog to the totd stressthe behavior
of the LCP solution e.g, the viscosiy reduction canna be
intuitively inferred from that of a suspensio of rods.

After the flow starts the directa first rotates into the
compressio axis of the flow throughoa the channé [Fig.
3(@)]. Thisincreass the effective shea viscosiy in the chan-
nel. Since the pressue gradier along x is fixed, the flow rate
drops acros the channé as seen in Fig. 4. Later as the first
waggirg wave propagate away from the wall towad the
centerling a laye of “effectively thinned’ fluid trails be-
hind, causimy the recovey of the velocity. As more waves
appeaythe “thinned”” ard “thickened” layersterd to cancel
ead othe and the fluctuation in velocity dies out in ampli-
tude The unusué peals nea the centerlire at t=34 reflect
the birth of the low-viscosiy layer behird the first tumbling
wawe [cf. Fig. 3(b)]. Afterwards the high-viscosiy layer
abowe the centerlire narrows as the tumbling wawe front
progressesyielding the gradua increag in u nea the cen-

duce alignmert in the flow direction ard increag the orien-
tationd order In contrast a diverging flow will terd to in-
duce alignmen perpendiculato the flow direction and in
the proces decreas the degre of orientation& order We
shal see tha our resuls conform to the® expectationsOur
emphasis however is on how the flow kinematis affects
directa tumbling We hawe alread noted that a motivation
for the presem study of convergirg ard diverging channet is
the potentid of introducirg sud modificatiors into the ge-
ometly of injection molds in orde to suppres directa tum-
bling ard thus redu@ disclinatian densiy in moldel parts.
For this potentid application the detaik of directa dynam-
ics canna be ignored For example a contractia is useful
only if the alignmer producel propagats far enoudn down-
strean and is relatively uniform acros the channel In many
casesit would be necessar to follow a contractian with an
expansio or vice versa ard so the efficagy of modifying the
mold geomety would depeml on the combinal effed of
both.
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FIG. 5. Streamlins (curves and contous of the flow-type paramete(gray-
scak shading in achannéwith a1:05 gradu# contraction The inlet of the
channé is at x=—3 and the outle is at x=10. The three open circles
indicake spatia points (i)—(ii) at which the velocity is analyzel in Fig. 6.

A. Gradual contractions

We beghn by considerig a 1:05 gradud contraction
over an axid distane of 2. Figure 5 shows the streamlines
and the flow type parametét* in the channé at t=0.05 At
this time the kinematis of the flow has developé but the
LCP configuratian has hardly respondd to the flow. For the
parametes used flow modification is mild throughot the
simulatian and the qualitative characteristis of the flow field
are unalterel by the polyme stress The contraction causes
an extensionh flow region as expected but this extends
from the centerlire to only abou one-hal of the channel
width. In the patt of the channé close to the walls, the flow
is mostly shear even within the contractiom zone ard there
is only a we& extensionh componeh superpose on this
ba® flow. Finally, upstrean and downstrean of the contrac-
tion, there are two smal rotationad area nea the centerline.
Although thes appeain Fig. 5 to include the centerling this
is clearly an artifad due to the finite mes size sinae rotation
on the centerlire is nil becaus of symmetry.

Figure 6 shows the tempor variation of the horizontal
velocity componenhat three points in the contraction These
curves resembé Fig. 4 for a straigh channel The initial
oscillation is well defined and represert fluctuatiors in the
overal flow rate due to directa waggirg nea the wall. Later,
multiple frequencis sd in becaus of waggirg and tumbling
at various locatiors throughot the channel.

Figure 7 illustrates the behavia of the LCP correspond-
ing to the kinematics of Fig. 5. We divide the channé into
four area with distind features of the polyme dynamics,

i : ” ”

~—o— Point (i): (x,y)=(-1,0.2)
—e— Point (ii): (x,y)=(0,0.15)
—o— Point (iii): (x,y)=(1,0.1)

0.8 t t + } } . ;
0 10 20 30 40 50 60 70 80
!

FIG. 6. Variation of the velocity componehu at points (i)—(iii ) in the 1:0.5

gradué contraction The points are indicated by the three circles in Fig. 5
that fall roughly on a streamline.
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FIG. 7. The A field in the 1:05 gradué& contractim at t=50. The solid
straight lines delineaé four regiors A—D basel on the locd polyme dy-
namics.

ard thes are roughly delineate in the plot by solid lines In
area A, which is upstrea of the contraction the polymer
does nat “feel’’ the imminert contraction excep through
flow modification which is small ard the LCP behavia is
essentiall the sane asin astraigh channé (cf. Sec Ill). At
the Peclé numbe Pe=40 considerd here directa tumbling
occuss from the centerlire up to y=0.2 and waggirg from
there to the walls. Inside the contractionthe flow in region B
nearesthe walls is approximate}l simple shea with a shear
rate that increass in the flow direction Thus it is no sur-
prise tha the directa simply continues to wag abou the flow
direction with an increasig frequeny ard slightly decreased
amplituce as we move downstreamThis gives rise to spatial
variatiors of directa orientation along a streamline We may
note however tha the predictian of waggirg over the whole
of region B is likely an artifad of the Bingham closure As
discussd earlier, the Doi modéd with the Bingham closure
predics waggirg of decreasig amplituce in simple shear
flow as the Peclé numbe is increasedrathe than the tran-
sition to flow aligning tha is predictal by the exad¢ Doi
model We may thus anticipat tha an exad solution of the
Doi modé for this flow would show the near-wal portion of
region B to be flow aligning rathe than exhibiting small
amplituce wagging The wedk extensionacomponehof the
flow in area Bwould enhane the tendeng toward alignment
in the flow direction.

It isin the region close to the centerlire within the con-
traction denotel as area C, that the effed of contractio is
felt mog strongly Here the flow is primarily extensional.
Hence as anticipatel qualitatively, the directa tumbling and
waggirg which appeas nea the centerlire in the upstream
area A is suppressedThe resut is a directa field tha is
highly aligned in the flow direction toward the end of Area
C. It is notewortly tha the smal rotationa flow area at x
=—15 does nat hawe ary noticeabé downstrea effed on
the suppressin of directa tumbling For the particula com-
bination of Pe and U use in this case the 1:05 gradual
contractiom is sufficiert to suppres tumbling at all cross-
channé positions In ary “designed’ use of a contraction
within a mold, an importart paramete would be the mini-
mum contraction ratio to suppres tumbling at all point
acros channel Of course this would depeml nat only on Pe
ard U, but also on the geomety of the contraction.

Downstrean of the contraction in the region denotel as
area D, the flow returrs to simple shear ard directa tum-
bling mug ultimately resune nea the channé centerline,
albet in athinne sectio than in area A since the average
shearatein D is higher However becaus the convectia is
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FIG. 8. Effects of the contractio ratio: comparisa betwea the 1:08 and
1:05 gradué contractionst="50. (a) The extensim rate Ju/Jx on the cen-
terlineg (b) the orde paramete S on the centerline The contractio is be-
tween x=—1 and x=1.

fag close to the centerline the aligned stake appeas to per-
sig for a consideral® distan@ downstrean before the effect
of tumbling reappearsit may be noted however tha the
orde parameteSstarsto relax almog immediatey after the
fluid entes the narrov channé [see Fig. 8(b)]. This is in

interestirg contras to the visud persistene of the uniform

stak into area D in Fig. 7. Clearly, the degre of alignment
relaxes faste than the orientation of the director.

To quantify the effed of contractionswe hawe also com-
puted a milder 1:08 gradué contraction over an axid dis-
tance of 2. As compare with the 1:05 contractio in Fig. 7,
the area Cin which flow aligning prevaik is thinner, though
tumbling is still suppress# acros the whole channel Also,
the relatively uniform stak does not exterd as far into area
D, partly becaus the centerlire velocity is lower. Figure 8
compars the extensio rate and orde paramete alorg the
centerlire of the two contractions The stronge contraction
generate a maximum extensio rate (nea x=0) abou four
times that of the weake contraction This, not surprisingly,
causs a stronge increag in the orde parameter.

The qualitative features of thes numericd simulations
agree well with experimentsBaleo and Navard ard Bedford
and Burghard observe tha contractiols enhane stream-
wise alignmert and molecula order, and the uniform state
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FIG. 9. Streamline and contous of the flow-type paramete (gray-scale
shading in a channé with a 1:0.25 abrug contraction t=34. The flow is
rotationa in the cente of the vortex The corne at the lip of the contraction
has been roundel to avoid stres singularity. The contractio is at x=0. The
inlet is at x=—3 ard outlet is at x=3.

persiss downstrean for a consideral# distance Further-
more the profiles of extensim rate and orde paramete in
Fig. 8 are very similar to the measuremestof Bedford and
Burghardt thoudh thes authos believed that the increasing
birefringene was due to alignment of domains not in-
creasd molecula order Sinae their flow cel is three-
dimension& with strorg shea in the third dimension the
birefringence measurd along an opticd pah throuch the
third dimension relaxes downstrean to a highe value than
that far upstream This effed does nat exig in the simula-
tions and Srelaxes toward the equilibrium value on the cen-
terline. Given tha our theoretich modé does nat contain
distortiona elasticiy ard our flow is two-dimensionalthe
agreemenwith experimers may seen surprising A plau-
sible explanation is tha the contraction flow produce a
rathe homogeneasiLCP configuratia in which distortional
elasticiy is relatively unimportant For similar reasonsthe
directa alignmen and orde” enhancemdrpredictal here for
the convergig channé are qualitatively similar to predic-
tions by Armstrorg et al.,>* who usel a nontumbliry version
of the Doi theory.

In injection molded parts the “skin layer” nea the
walls is usualy well aligned*? Thisis cause by a combina-
tion of the fountan flow effed and the high shea rate at the
wall. It is in the cente of the channé tha the LCP orienta-
tion is not easily controlled and defect abound A contrac-
tion flow suppressetumbling and induces a highly aligned
stak in just that region This is a hopefu sign for the devel-
opmen of effective strategis for contrd of tumbling and
disclinatiors in injection molding.

B. Abrup t contractions

For an abrug contraction the flow kinematis nea the
centerlire is qualitatively the sane as tha for a gradué con-
traction The main featue is an extensionh region sand-
wiched by two rotationa regiors (Fig. 9). However a new
featue is the developmeh of a corne vortex Its size is
somewhalarge than the Stokes flow vortex but the vortex
enhancemanis much weake then that typicd of flexible
polymers® In terns of maximizing streamwig alignment
ard orientation& orde in the extensionhflow region at the
cente of the channel the abrug contractio is found to be
more effective than a gradué one with the sarre contraction
ratio. Figure 10 compars a1:05 sudde contractio with the
1:05 gradu& contractian of Fig. 5. The stronge 1:0.%5 sud-
den contractia is also shown The abrup contraction causes
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FIG. 10. Compariso betwea the 1:0.5 ard 1:05 sudde& contractios and
the 1:05 gradué& contraction t=50. (a) The extensim rate Ju/dx on the
centerline (b) the orde paramete S on the centerline For the 1:05 sudden
contraction the inlet is at x= —3 ard the outlet is at x=6.

astronge but shorte extensionbflow and ahighe degre of
orientation& orde than the gradu# contraction The 1:0.25
contractian is even stronge and covess more or less the same
lengh as the 1:05 sudd@ contraction These predictions
agree with qualitatie observatios of Bedford and
Burghardt*

As apracticd mears of improving polyme orientation,
however a gradué contractia is probaby preferabé to an
abrup one since the former produce a relatively uniform
orientation and high orde ove a wider region and also
avoids the corne vortex, which is a soure of disclinations.
Directar tumbling is induced by the rotationd flow in the
cente of the vortex Since the rotation is spatially inhomo-
geneousthe directa field is distorted and disclinatian cores
of +1/2 strengh are generatd (Fig. 11). A —1/2 defed stays
at the uppe left-hard corne of the recirculatirg area and
anothe at the lower right-hard corner In the cente of the
vortex defect of +1/2 strengh mowe asif convecte by the
flow; they interad¢ and annihilae while new defecs are con-
tinually created The scenar is similar to tha in an eccen-
tric cylinder flow tha we studied earlier? It is importart to
note that distortiond elasticiyy is neglecte in the current
modd and symmety of the directa orientation is imposed
abou the flow plane In ared LCP, the generatio and sub-
sequeh evolution of disclinatiors probaby contan addi-
tiond physics.

Pressure-driven channel flows of a model . . .
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FIG. 11. Disclinatiors in the corne vortex (a) t=34; (b) t=46. The
sketche shaw the directa lines in the corner open ard closel circles indi-
cating —1/2 and +1/2 defect cores respectively The thick curve represents
a streamline Ther is a —1/2 defed¢ at the uppe left-hard corng of the
recirculatirg area and anothe at the lower right-hard corner In the cente of
the vortex, defect of +1/2 strengh are generatd and annihilatel continu-
ally.

V. EXPANSIONS
A. Gradual expansion

We hawe also computel the flow in a channé with a
0.5:1 gradud expansion The geomety is the rever® of that
in Fig. 5, excep tha now theinlet isat x= — 6 and the outlet
at x= 8. Subjet to awed flow modificatian by the polymer,
streamline and flow-type paramete contous are also are-
verse of those in Fig. 5. This reversal of course completely
changs the deformatio history and hene the polyme dy-
namics.

Figure 12 illustrates the dynamis of the LCP in this
flow field. As in Fig. 7, we can divide the flow domain
roughly into four areas In the narrov channé upstrean of
the expansion the polymea agan behavs as in a straight
channel with directa tumbling nea the centerline Within
the expansion directa waggirg is found in the near-wall
region B with a frequeng tha decreasein the flow direc-
tion.

The effed of the expansio is mod notabk in the region
nea the centerlire (area C). The expansio generate a com-
pressie flow, and as may be expectedthis tends to turn the
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FIG. 12. The A field in the 0.5:1 gradu& expansia at differert times (a)
t=24. Fou regiors A—D are delineate basel on the locd polyme dynam-
ics; (b) t=28; (c) t=30; note the tumbling layer aboe the centerlire that
stars at abou x=0 ard extend downstream (d) t=32.5 The tumbling
layer propagate toward the centerlire as in Fig. 3.

directa orthogona to the streamlinesWhat is perhas not
so obvious is that the orientation& orde is also strongly
reduced Furthermoreunlike the contractiom flow, the exten-
siond flow due to the channé expansio does nat fully sup-
press periodic motiors of the director. Large amplituce wag-
ging occus in the upstrean patt of area C. Tumbling stars at
x~0 ard extend downstrean into the wide channel This
onse of tumbling nea x~0 may seen counter-intuitive be-
caug the flow is extensioneimmediatey upstrean of this
area However the principd axis of extensim in this com-
pressio flow is orthogoné to the flow direction and the
resultar rotation of the directa away from the flow direction
producs an increag in the amplituce of wagging rather
than a decreas as in the contraction flow. This increased
amplituce eventualy resuls in tumbling at x~0. Down-

0.85

- 0.8

T075

T 07

1065 S

T 06

T 055

+ 05

-0.7 + + + + t t 0.45

FIG. 13. The compressino rate (du/dx) and order parameter profiles along
the centerlire in the 0.5:1 gradu& expansiont= 30.
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FIG. 14. The corneg vortex and two pairs of disclinatiors in the 0.25:1
abrup expansio at t=33.62 The corne at the lip of the expansia has
bee roundel to avoid stres singularity Open and closel circles indicates
—1/2 ard +1/2 defect cores in the sketch The thick curve represert a
streamline.

strean of the expansio (area D), waggirg and tumbling oc-
cur in the near-wal and near-centerlia parts of the wide
channel respectively.

Figure 13 shows the reductio in S along the centerline
becaus of the compressionThe fluctuatiors in the flow and
the orde parametedownstrean of the expansio are similar
to those in Fig. 8 but more prominent Thes are resuls of
flow modificatiors due to directa waggirg and tumbling in
the wide channel The spatia variation of the polyme stress
changsthe flow ard that in turn affecs A. Thus even in the
absene of distortiona elasticity, directa tumbling and wag-
ging off the centerlire can affed the orde paramete on the
centerlire through flow modification.

Experimentally Baleo ard Navar® ard Bedford and
Burghardt both found tha an expansio reducs flow bire-
fringence While acontraction creats a region of relatively
uniform and stea@ orientatian and high order, an expansion
of the sane strength measurd by the stran rate is not able
to maintan an area of uniform and steag orientation (see
Fig. 2 of Baleo ard Navard). The observatios are consis-
tert with our numericé results In fact, area Cin Fig. 12(a),
where directa waggirg and tumbling occur, can be likened
to zore Il of Baleo and Navard following a gradu4 expan-
sion Waryg et al.?® usal a nontumblirg Doi modé to simu-
late the extrusion of LCP. Thouch they could not deted the
tendeng toward directa waggirg or tumbling following an
expansionthey observe reduction in Sard tilt of the direc-
tor away from the streamline Thes are consistehwith our
results.

B. Abrup t expansion

Finally, we conside a channé with a 0.251 sudda ex-
pansio at x=0; the inlet is at x=—3 ard the outlet at x
=8. The kinematic is similar to the 1:0.%5 sudde contrac-
tion in Sec IV B excep tha the deformation histoty is
sampl& backwad by the polymer There are two interesting
area in this flow. One is the corng vortex tha contains
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FIG. 15. The A field in the 0.251 abrup expansio at t=38.02 On the centerling the directa is verticd and the orde parameteras indicatel by the shape
of the ellipses varies periodically. Above the centerlire there is a wave patten in the orientation angke which extend to y~0.5.

rotationa flow. Disclination cores are generatd as inhomo-
geneows tumbling distors the directa field. Figure 14 is a
snapshbof the corne vortex There are two pairs of half-
strengh defecs and they will rotae and interad¢ with one
another Positive and negative defecs annihilag ead other
and new ones are createl asin Fig. 11.

The othe interestig area is the wide channé down-
stream of the expansionA large-scat wave patten develops
ard propagate downstreamthe waves are roughly periodic
temporaly and also spatially along x. Figure 15 shows the
configuratian tensa A field at t=28.02 Becaus of the com-
pressim associaté with the expansion the ellipses are
squeezé on the centerline the directa turns verticd and the
ordea parametebecoms rathe large After the compression
region ends at abou x=1 (cf. contous of flow-type param-
etea in Fig. 9), one would expet the orde parameteto relax
gradualy to the equilibrium value In reality, however the
orde paramete oscillates downstrean with littl e relaxation;
this gives rise to the cyclic “squeeze-stretch’patten of the
ellipses on the centerline.

The A field abowe the centerlire also exhibits a wave
pattern althoudh ther it is the orientation angle @ that is
readiy see to oscillaie betwea large ard smal negative
values Figure 16 plots profiles of 6 and the horizontal ve-
locity componehu along x at different elevations Basel on
thes and othea numericéd results the following observations
can be made.

(i) The 6(x) profiles show a wavy pattern that is syn-

chronizel with the Swave on the centerline The #(x) waves
are pha® locked at differert y until abou y=0.5. Above that
the usud waggirg behavig prevalils.

(ii) The u(x) profiles also shov a wawy patten with the
same wave numbe as the # waves.

(iii ) By plotting suc profiles at differert times we find
tha the S wave on the centerlire and the 6§ andu waves off
the centerlire all travd with the mean centerlire velocity,
which is unity in this case regardles of y and the locd fluid
velocity.

(iv) When the flow rate is doublel in the simulation the
wave numbe does not chang and the onse of the waves
stays roughly at the sane position x~2.

(v) Onee in evel few periods the wawe is distortad as
nea x=5.5in Fig. 16. This modulatia is probaby an effect
of the upstrean waggirg or tumbling that is not entirely
eliminated by the expansion.

Thes waves bea remarkabé similarity to an instability
observed experimentally in channel flows following
expansion$®% Tha instability manifess itseff as large-

scak waves acros the centra patt of the channel The waves
travd downstrean at the centerlire velocity. With increasing
flow rate the onse of the instability stays in the sarre posi-
tion for HPC solution§ but moves upstrean toward the ex-
pansim for PBG solutions?® The wave numbe is indepen-
dert of the flow rate for both solutions Bedfod et al.®
concludel that “the wawy textures apparentt emerg as a
resut of an inhomogeneositransitian of orientation bad to
the flow direction trappirg thin bands of fluid in the twisted
configuration.” Considerig tha their “twist’’ refers to ori-
entatian orthogoné to the flow brough abou by the expan-
sion, this statemenis an apt description of our Fig. 16(a).
Since the experimenthand simulatel waves shae the® pe-
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FIG. 16. The orientation angk profiles 6(x) and velocity profilesu(x) at
differert y following the 0.251 sudd@ expansiont=38.02 (a) The wavy
pattenin 6 persists to/~0.5. Aty=0.7 the usual wagging prevaild) The
waw patten in u. The oscillation is strongeson the centerlire and reverses
pha® at y~0.2.
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FIG. 17. The reinforcing disturbance on the centerlire as the cau for the
wavy patten downstrean of the 0.251 sudde expansiont=_8.02 (a) Fluc-
tuatiors in u producs fluctuatiors in Sthroudh stretchirg and squeezing(b)
Throudh the normad stressthe polyme configuratia in tum reinforces fluc-
tuatiors in the velocity. Normd stres profiles at y=0.1 for the 0.25:1
sudde expansio ard at y=0 for the 0.5:1 gradud expansia (at t=30) are
also shown for comparison.

culiar featuresone is temptal to assune tha the two are of
the sane origin. Next we will first sed an explanatio for
the simulatel waves and then see how tha may apply to the
experiments.

Becaus of the pha® locking of the waves at differen vy,
they mug not be causé by the inheren waggirg and tum-
bling tendencis since the time scak for sud motion scales
as the reciprocé of the locd shea rate and thus varies with
y. We propo® tha the waves are an instability causa by the
coupling betwea the fluid flow and polyme dynamis on the
centerline Fig. 17(a) compars the S(x) and u(x) profileson
the centerline The oscillation in S appeas to be aconse-
guene of the oscillating u; the maxima of Soccu where the
fluid is being squeezé (du/9x<0) and the minima ofS
occu whete the fluid is stretche (du/dx>0). Therefore, if
there is an initial disturbane in u(x), it will cau® a distur-
bane in S(x) throuch the gradientgu/dx. This grows into
an instability becaus the disturbane in S(x) in turn rein-
forces the u(x) disturbane through the polyme stress On
the centerling the equatian of motion for the fluid is

au ap . U C ITey
e—=——+—5+——.
at X Ix°  Pe dx

8
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With smal inertia, 7, modifies the flow mainly throuch the
viscous term; this can be see as astres balance:

ou ¢ +p+ t 9
x> ﬁaTXX p+ const. (9)

Figure 17(b) plots the polyme normd stressr,,(x) against
u(x). The downwad slopes of u correspod to positive dis-
turbancs in 7., and so the magnitue of the compression
rate will grow accordimg to Eq. (9). By the sarre token the
upwad slopes of u are enhancd by the negative distur-
bance in 7, and the extensio rate will also grow. Hence
the disturbance of u and Swill reinforee ead othe on the
centerlire and an instability results S is bounde by unity
and rotalty diffusion prevens perfed alignmen of LCP mol-
ecules Note tha the fluid particles conved with more or less
the wave spee and so they basicaly ride along on the
waves The smal deviation of u(x) from the wave speed
implies tha the fluid particles slide slowly on the slopes of
the u wave At ary rate the polymea has ampk time to
sampe the locd deformation.

The mog intriguing featue of Fig. 16 is tha the wavy
patten persiss well off the centerline Owing to mas con-
servation the squeezig—stretchirg on the centerlire causes
oscillation of the velocity field acros the entire channel.
This is effectad by pumpirg the fluid toward the wall where
the centerlire is squeezé and toward the centerlire where
the centerlire is stretched Thus ther is alayer abowe y
=0 in which the longitudind velocity u variesin pha® with
the centerlire velocity; abo\e this layer, u varies opposie in
pha to the centerlire velocity. From Fig. 16(b), this layer
exiss in y=<0.2 Obviously, it canna be the streamwig ex-
tension du/dx that causes the waves id@(x) beyond
y=0.2 u(x) reverss phag at y=0.2 but 6(x) keeps the
sane pha® throucgh y=0.5.

The key to this puzzkistha the flow is two-dimensional
awgy from the centerline A disturbane in v affects the poly-
mer configuratiom A throuch two componentsdu/dx and
avldx; the shear componedu/dy probably has little to do
with the waves since their frequenyg does not scak with the
locd shea rate Thoudh v<u, their gradiens alorg x are
comparal# in magnitude Resuls show tha the oscillations
of gv/dx alongx are phase locked throughout the channel,
ard the oscillatiors do correlag with the # waves. An up-
ward slope of v(x) represertt a “counterclockwise’ shear
ard tha correspondto a § maximum. Conversely downward
slopes of v(x) correspod to # minima. Hence, the instability
on the centerling as depictal in Fig. 17, generate waves
beyord the centerlire by mears of cross flow. This explains
why the waves propaga@ downstrean with the centerline
velocity Away from the centerlire the influence of the poly-
mer stres on the flow is secondarythe normd stres profile
at y=0.1in Fig. 17(b) illustrates how rapidly 7,, diminishes
awgy from the centerline It shout be noted that at y>0, the
fluid particle slides backwad on the wawve forms of Fig. 16.
This does not compromig the explanatio of the # waves by
dvldx since the most recent deformation has the greatest
effed on the LCP configuration.
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Approachimg the top wall, the velocity disturbance di-
minish and the naturd tendeng of directa waggirg quells
the instability. This naturd tendeng can be discerne even
close to the centerline for instancein the gradué retum of
0 to the shea direction in Fig. 16(a). On the centerling the
instability shows no sigrs of saggimg downstrean (Fig. 17).

The final questio abou the simulatel wave is why it
does not occu following contractios and the 0.5:1 gradual
expansion The answe is tha a strorg expansio is needed
to turn the directa to verticd on the centerlire suc tha the
orde parametereacs to the stretchirg and squeezig in the
way shown in Fig. 17(a); this reaction ses up the polymer
stres that in turn reinforces the velocity disturbanceFor the
0.5:1 gradu# expansionthe directa remairs horizontd on
the centerline The polyme normd stress 7,, iS much
smalle than tha in the 0.251 sudd@ expansio [Fig. 17(b)],
ard the slight fluctuation downstrean is causeé by director
tumbling and waggirg off the centerlire (cf. Fig. 13).

Now how relevan is the abowe explanatio to the ex-
perimentaly observe instability? The simulation differs
from the experimens in two majar aspectsFirst, the flow is
three dimension&in the experimentsdue not so mud to roll
cells as to the slit-flow geometry The top and bottom walls,
separate by a smal gap impose shearig orthogonato the
flow plare containirg the expansionSecond the theoretical
modd does not accoun for distortiond elasticiyy and poly-
domains Nonethelessthere are indicatiors tha the simu-
lated and experimenthwaves may hawe the sarne origin in
the flow-polyme coupling mechanim tha we hawe pro-
posed Baleo and Navard® surmisel tha the expansia turns
the directa away from the streamlire and that may lead to
the instability. Basel on quantitatie datg Bedford et al.®
further establishd the relationshp betwea the directa ori-
entation at the expansio ard the instability downstreamAn
ingeniots “twisted opticd model” represerd the upstream
orientation& structue well. In addition both Baleo and
Navard and Bedford ard Burghard found tha a subsequent
contraction in the channé removes the instability, presum-
ably by realignirg the directa to the flow direction Bedford
et al.b also demonstrate tha the instability is confinal to the
midplare of the slit flow where there is little complication
from the orthogonéa shear.

A definitive ted of our proposé is the correlation be-
tween velocity and birefringene disturbance on the center-
line of the channel Bedford et al.® confirmel oscillatiors in
the birefringence though the amplituce is smalle than in
Fig. 17. LDV measuremestof the centerlire velocity turned
out rathe randon fluctuations from which no signatue of
the wawy patten could be found As the authos remarked,
““given the inevitable coupling betwea liquid crystd orien-
tation, rheologicd properties and velocity fields one must
assume that at sone levd the structurd waves do influence
the velocity field.” Hence the lack of correlation may be due
to limitations of LDV instrumentationNote tha the ampli-
tude of velocity oscillation in Fig. 16(b) is only abou 5% of
the mean As the measurd oscillation in birefringene is
much smalle then tha in Fig. 17(a), the actua velocity fluc-
tuation may be even smalle than 5%. The amplituce of ve-
locity fluctuation in Fig. 10 of Ref. 6 is more than 5% of the
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mean This isste unresolvedit is impossibeé to ted the idea
tha the centerlire communicate with the reg of the channel
throudh cross flow. In particular the experimenthchannels
are rathe wide arnd the velocity is essentialf flat in the cen-
tral region on the midplane Thus the cross-flav mechanism
may be unnecessar for the synchronizatia of the wave
acros the width of the channel.

The experimenthwaves hawe three mysteriows features
tha canna be explainel bas& on our simulations The first
is the strorg dependene of the wave numbe on the thick-
nes of the channé (cf. Fig. 7 of Bedford et al.%). Sinee the
wave numbe is independenof the flow rate ard ther is no
shea on the midplare in ary event the orthogon& shear
canna be the answer Since the Ericksen numbe is high, and
the flow is definitely in a polydoman regime it canna be
distortiona elasticily originating from directa anchorirg at
the solid walls. The Reynolds numbe in the experiment is
estimate at 0.02 so fluid inertia canna be responsiké for
the gap-widh dependenceeither. The secom mystey is the
narrav centerlire disturbane tha occuss for HPC solutions
but not PBG solutions ard the third mystey is the sensitiv-
ity of the onsé point to flow rate for PBG but not for HPC.
The key to the lag two puzzles is probaby related to the
differing flexibility of the molecules Donall ard Windle*
listed the persisteh lengh of both polymers HPC has a
shorte persistene lengh but a somewhalarge persistence
ratio than PBG. It is interestiny tha our simulations based
on the Doi theowy for thin and rigid rods hawe shown no
dependene of the onse position on the flow-rate.

VI. CONCLUSIONS

This pape is an attemp at simulatirg channé flows of
LCPs while preservitg the time-periodc natue of the poly-
mer dynamics Two simplificatiors are made the distortional
elasticiy is neglectedand the flow is two-dimensionhwith
directa orientation symmetre abou the flow plane The
main resuls of this pape can be summarizd as follows.

(i) A contractian aligns the directa with the streamline
ard improves the orde parameter The effect are stronger
for larger contractian ratio. With the same contractia ratio,
an abrug contractio has stronge effect than agradu con-
traction.

(ii) An expansio turns the directa away from the flow
direction and reduce the orde parameterAs comparé with
a contraction having the sarre velocity gradier on the cen-
terling an expansia is ineffective in suppressig director
waggirg or tumbling ard maintainirg a relatively uniform
directa field.

(iii ) If an expansia is strorg enoudn to turn the director
verticd on the centerling an instability develos downstream
becaus disturbances to the flow and polymea configuration
reinforce ead othe throuch the polyme stress This insta-
bility generate a wave that spars roughly the centra half of
the channé and propagate downstrean at the centerlire ve-
locity.

(iv) Downstrean of eithe an expansia or a contraction,
the orde paramete relaxes and directa tumbling or wag-
ging resumes.
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(v) For abrug contractiors or expansionsdisclinations
of +1/2 strengh arise in the corne vortex They rotae and
annihilae eat othe periodically, new disclinatiors are gen-
eratel continually.

Despit the simplificatiors in the theoretichkmode| most
of the abowe resuls enjoy experimenthsupport For contrac-
tion flows this is perhap expecté since the extensionbflow
aligns the domairs and makes distortiona elasticity unim-
portant The simulatel instability is remarkaby similar to
experimenth observations Our explanatio via the flow-
polyme coupling mechanim is consisten with the clues
tha the experimentes hawe gatheredbut the theol cannot
be definitively validated by existing data.

The simulations indicate that using contraction/
expansio is a feasibk strategy for controlling LCP order
ard morpholog in injection molding and extrusion Con-
tractiors effectively suppres directa tumbling in the center
of the channel precisey where orderirg aid is needed Ex-
pansiors are problematt becaue they are less effective in
controlling the motion of the directa and are conductiwe to
flow-structurd instability. However experimend shaw that a
contraction following an expansio removes the instability.
Since an expansia is less potert than a contractian in chang-
ing the LCP orientation and morphology an expansio—
contractiom par may achieve goad orderirg without con-
strainirg the dimensiors of the product Similarly, multiple
contractios and expansios may be usefd in designing
channé flows.
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