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Surface-tension-gradient-induced flow in freely suspended liquid crystalline films
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Flow was created in freely suspended liquid crystal fillRSLCF$ in the smecticc phase using gradients
in the surface tension to drive the motion. The director field was distorted into a pattern of vortices which wind
upon themselves while a temperature gradient was applied. A dependence of the pattern in the director field on
the topological defects of indes= +1,0, or—1 that are isolated in the vortex of the flow was observed. The
flow pattern for thes=—1 defect has not been observed in FSLCFs with other flow fields. The diffusion
constant for theE-director orientation is extracted from the orientation field patterns under flow and is com-
pared to other independent measurements. The Schlieren patterncefliteetor field will be shown to arise
from the coupling between the fluid velocity and director orientation and will also be shown to be mediated by
the topological index of the defect through the use of a model of the dynamical equations of a two-dimensional
nematic.[S1063-651X96)05708-X

PACS numbegs): 61.30—v, 47.15—-x

I INTRODUCTION tation of thec director may be visualized in depolarized

- ! reflection microscopy1,7].
Freely suspended liquid crystal filnSSLCF9 have been An earlier study allowed for the indirect observation of

extremely rich systems for study since their rediscoveryne effects of the flow field on the orientation field’s topol-
nearly 20 years agfpl]. They have one of the largest free ogy by mechanically shearing the FSL8]. A Sm-C film
surface to volume ratios of any physical system, the phasgas made to flow in two dimensions by rotating a pin which
diagram of the liquid crystal is changed from that of the penetrated the film. The pin was removed to study the relax-
bulk, and in some ways the fims behave as real twoation of the flow. Both a phase-winding state and a flow-
dimensional system{]. The smecticc phase of such films alignment state were observed for the orientation field re-
is particularly amenable to study since depolarized microssponse.
copy may be used to visualize the two-dimensional orienta- In this paper we describe a shear flow experiment in FS-
tion field of the tilted molecules. Many experiments havelLCFs driven by thermally induced surface-tension gradients
been performed studying the changes in the orientation fieldlong the outer edges of the film. There is no internal bound-
in response to electric, magnetic, and shear fields. We hawwy. The inducing shear forces for the flow are created ther-
studied the nonequilibrium dynamics of FSLCFs undergoingnally rather than mechanically. Consequently, the flow ve-
flow induced by thermal gradients. locity profiles are different from earlier experiments. Two
Smectics are layered liquid crystal phases, where the moflow vortices, showing rotational flow, are created by vortic-
ecules are orientationally ordered and the density of molecuty diffusion from the film edges. It was possible to directly
lar centers is modulated in one direction. The presence afbserve the interaction of the topological defects with the
both orientational and positional order makes the hydrodyflow, and to observe the effect of a defect with a topological
namics of smectics generally complgX4]. Upon spreading index ofs=—1 on the flow-orientation patterns. The obser-
a smectic into a film, the free surfacé®p and botton  vations of the interaction of the flow vortex with single de-
define nodes in the density wave. Only an integral number ofects of topological indes=1,0, and—1 are described. The
layers may exist between these nodes. The films are quarelationship between the observed patterns and the interac-
tized in thickness to the number of smectic layers present. lfion of the flow with the orientational field defects is outlined
a shear force is applied, the film will flow in response. Sincein a simplified model of the dynamics of these systems.
the thicknesses of FSLCFs are typically less than the wave-
length of light, the observable flow response is only parallel Il EXPERIMENT
to the plane. Thus the film can be modeled as a two-
dimensional fluid. This simplification in the flow behavior
has been used to study the hydrodynamics of sméctad
smecticC films [5,6].

The material used was a racemic mixture of decyloxyben-
zyalidene anline methyl butyl cinnamaté©OBAMBC),
which exhibits a S phase between 76 °C and 96 [&].

. , . o Observations were also made with the room temperature Sm-
There is a well-defined average tilt angle<®<30°) of C* mixture ZLI-3232, available from E. Merck Chemicals.

the molgcules with respept to the wave vector (.Jf the denSIt5'1'hese observations agreed qualitatively with the results from
modulation. For a smecti€- (Sm-C) film, the projection of the DOBAMBC samples

the average orientation of the molecules in the layer plane | " g work, FSLCFs were created by mechanically

defines thecC director. It expresses the average local azi-drawing a small amount of the smectic liquid crystal across a
muthal orientation of the molecules in the layer. The orien-rectangular aperture in a clean steel shim or in aluminum
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the metal frame holding the film, flow occurred on the film.
Using the laser beam for heating did not allow for sensitive
control of the applied temperature gradient. For this reason,
for most experiments direct heating of the film holder’s sub-
FIG. 1. Thermal enclosure. The films were created in the cente%trate by thermoelectric .hef"‘t pumps was used. . )

It was necessary to eliminate the air surrounding the film.

of an evacuated, thermally controlled chamber on a steel substrate th i Ivi i h the th I
suspended between two copper blocks. The blocks were attached | € presence of an overlying atmospnhere e thermally

thermoelectric heater6TED1 and TED2 whose heat output was mduced flow in the_ film could be dommated by th,e convec_-
monitored by two thermistorsT(L andT2). A third thermoelectric V€ flows of the air mass above the film. Reducing the air
heater and thermistdTED3 andT3) maintained the gradient stage Préssure within the cell dropped the Rayleigh number for the
at an average temperature. The control thermistor was used ¥APOr below its critical value necessary for the onset of con-
monitor the overall temperature of the oven, with the heating eleVection in air. The critical Rayleigh number for these slip
ments providing the necessary thermal power to the oven walls. conditions is 657.610]. At atmospheric conditions, for a
temperature difference of 5.0 °C in a volume of about 1.0

foil. The steel shims were approximately 0.25 mm in thick-Cm® and an ambient temperature of 100 °C, the Rayleigh
ness with apertures which were mechanically milled fromnumber for air in the chamber will be about 1000. Reducing
them. The aluminum foil substrates were about 0.03 mm ir{he air pressure below 1 torr will reduce the Rayleigh num-
thickness, were cut using an Nd-YAG las&fAG denotes  ber for the gas 100-fold, thereby decoupling the action of the
yttrium aluminum garnet and mounted on a frame for me- air motion on the film’s surfaces. The reduced air pressure
chanical support. For both substrates, the holes had apertu#s0 lowered the conductive capacity of the air mass, further
ratios between 1:2 and 1:10, with the short side typically odecoupling thermal flows between the air mass and film. The
mm in length. cell was evacuated to a pressure below 1 torr, which was still

An oven was constructed to elevate and maintain the aysubstantially above the typical vapor pressures of liquid crys-
erage temperature of the FSLCF. The oven’s structure serve@!s. Mechanical access into the oven was provided to spread
to isolate the FSLCF from mechanical vibrations and thermathe films while under this partial vacuum.

fluctuations in the |ab0rat0ry, while still a"OWing mechani- The’é-director orientation field was observed using depo-
cal, electrical, and optical access to the oven'’s interior. Aarized reflection imagingsee Fig. 2 Video recordings of
schematic cross section of the oven is presented in Fig. 1. the depolarized images of the film were made for later analy-
The FSLCFs were created on a thermal gradient stage thafs of the evolution of the orientation field under the applied
was placed within the oven. The gradient stage was used gradients. The orientation field was observed as a Schlieren
apply and maintain a constant temperature difference acrosgxture under reflected depolarized lighee the photographs
the steel shim holding the film. The rectangular apertures ofy Figs. 9-1). The reflected intensity viewed through an

the film holders were mounted with the short sides of theanalyzer crossed with respect to the polarization of the inci-
aperture parallel to the direction of the applied thermal gragent light varied as

dients. The two thermoelectric heat pumps used to create the

thermal gradient generated additional heat. A third thermo- | =1osirPd, (1)

electric heat pump connected the thermal gradient stage to

the outside wall of the oven. This was used to transfer excess . . . e

heat onto the outside wall, where it dissipated into the coolegher.eq) is the local p(_)lar orientation of the field [7]. T_he .

environment of the laboratory. The average temperature 0 chlieren textlire provides direct measure of the relative ori-

the oven was typically maintained at a constant, intermediatentation of thec director.

level between the extremes imposed by the gradient control. Films of uniform thickness were required in order to
The laser illuminating the film could be used to induce model the system as a two-dimensional fluid. When the

flow. The films were too thin to be directly heated by the smectic liquid crystal was spread across the aperture in the

laser radiation9]. However, if the Gaussian intensity profile film holder, the initial film typically was not uniform in

of the spatially filtered laser beam impinged on the edge ofhickness. The films were allowed to anneal over a period of
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several hours in the Si-phase to achieve a uniform thick-
ness before reducing the temperature to bring it into the Sm-
C phase. Most of the films used in these experiments ranged
in thickness from about 100 layers to 250 layé8s3—0.8
um for the material used and were uniform in thickness
across the film’'s extent. In addition, some very thin films of
about three layers in thickness were also created and used to
compare our results with previously obtained results.

Any constant orientation boundary condition at the edge
of the film will lead to a defect in the orientational field
within the body of the film. The boundary must be a closed

circuit enclosing the body of the film. The orientation field kg, 3. Temperature profile in one layer of the film as calculated
must then continuously rotate as the closed circuit is traysing an iterative relaxation algorithm. The map of temperatures is
versed in order to maintain locally the constant orientatioryn the right and the temperature scale is keyed in the column on the
boundary condition. This translates to a global ®tationin  |eft. Temperature at the edge boundaries was set to reflect the tem-
the orientation field around the circuit. As long as the bound-perature gradients on the film holder. The top and bottom surfaces
ary circuit is microscopically smooth, that is, it does notwere treated as radiative surfaces. Only conductive and radiative
contain sharp angles, the orientation field in its vicinity will heat transport were considered in the films.

vary slowly in space. However, at some point within the

body of the film, no configuration of the director field will be the horizontal geometry of the film oven, the laser was fo-
commensurate with the72 rotation imposed by the bound- cysed on the film holder and rapid flow was seen. This laser-
ary. The orientational ordering is destroyed at that point angheating-induced flow was directed from the cooler outer
a point defect, called a disclination point, is introduced.edges of the Gaussian beam profile into the hotter central
Since the orientation field undergoesk&w rotation around region_ The induced, nonuniform thermal gradients were es-
this point disclination, it is said to have a netl topological  taplished on the film through conduction across the film-
charge. It is also possible for 1 topological charges to exist holder boundary onto the film’s surfaces. Finally, a series of
in the film, where the orientation field undergoes-27  careful experiments were performed by creating stable, mea-
rotation in a circuit enclosing the incommensurate point.sured gradients using the thermoelectric devi&sDs) on
However, it has not been possible to create the boundanhe gradient stage in the oven.

conditions necessary for the existence of a net topological Stable thermal profiles could be created with the TEDs for
charge of—1 in a freely suspended smecticfilm. There-  gradients greater than 0.25°C/cm. The semiconductive na-
fore the presence of a1 topological charge in a smectic- ture of the TEDs defined a bias voltage at which current
C FSLCF is always accompanied with the presence of aegan to flow through the device. The need for a bias voltage
balancing+1 disclination elsewhere in the film. Under op- and the fixed separation between the TEDs did not allow for
tical observation, uniform Sr@-films would contain one or  stable gradients below 0.25°C/cm. The applied gradients on
more point disclinations, either moving freely about the filmthe film holder ranged from about 0.25°C/cm to
or anchored to the edge of the film holder. The film holder'ss oo°C/cm with the gradient control to within
edges were not treated in any special way other than being 0.06 °C/cm. For all gradients applied, flow was observed.
cleaned thoroughly after the aperture was either milled omhus, if there is a critical gradient for onset of flow, it is less
laser cut out of the substrate. than 0.25°C/cm. The temperature profile along the long

As in all fluids, there is no direct measure of the velocity edges of the aperture, that is, perpendicular to the center line
of flow. Flow was monitored by observing the motion of of the shim a|0ng which the gradient was app]ied, was mea-
objects on the film surface or the change in the SchliereRyred. A gradient on the order of 0.02 °C/cm was found. The
pattern associated with the orientation field. Moving objectshottest point on the hot side and the coldest point on the cold
included dust motes and islands of liquid crystal, both ofsijde of the aperture were always on the midline of the film
which alter the flow of the film. The flow field always affects holder.
the Schlieren pattern, but the pattern does not always move The measured temperatures along the edges of the film
with the fluid velocity. were used as the boundary conditions in a computer program
used to model the temperature profile of the films. Figure 3
shows a temperature profile calculated for a five layer film.
The program modeled the effects of conduction and radiation

We report initiation of flow via an applied thermal gradi- on the film's thermal profile. An iterative relaxation algo-
ent, the measurement of the resulting flow velocities, and thethm was used. The simulation shows radiative cooling pro-
observation of three static orientation patterns in the presduces a region of very uniform temperature in the central
ence of the flowing fluid. In the analysis section these resultareas of the film. The combination of conduction and radia-
are understood by applying the Ericksen-Leslie equations ition produces sharp gradients in the temperature close to the
two dimensions. edges.

A series of experiments were performed to verify that a When flow occurs, two counter-rotating, closed vortices
thermal gradient was, by itself, sufficient to cause flow inform. The geometry of these vortices in the film is indicated
FSLCFs. First, a vertical geometry flow in the films was seerin Fig. 4, along with the coordinate axes and the film dimen-
in response to heating a portion of the film holder. Next, insions used in the analysis of our results. The vortices, as

D.8LPIOD
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Transverse Edge

Ill. RESULTS
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FIG. 4. Schematic of the film holdeR is the length andV the 00 15 30 45 60 75 90 105 120

width of the aperture on which the free films were suspended. The Aspect Ratio (DW)

x andy coordinate axes are shown on the aperture edge. The lateral

edges of the film are taken to be those edges parallel ty tbds, FIG. 5. Aspect ratio vs vortex size. Lengths have been normal-
and the transverse edges those parallel toxtlais. N is the dis-  ized to the width of the film aperturghat is, the lateral lengjh

tance from the nearest lateral edge to the center of the flow vortex.

The dotted loops within the aperture indicate the general shape .

the flow vorticss. The arrowf?eads on the loops ?ndicate thepob%e edge of the substrate. C_'Ose to the edge ‘?f the .f|Im

served direction of rotation for the indicated temperature configul0lder, boundary effects dominate, and the velocity rapidly

ration. drops to zero, consistent with no-slip boundary conditions.
The functional form of the velocity versus distance from

delineated by the streamlines, were not circular. They weréhe vortex center has a linear range for other cross sections of

somewhat elongated and triangular in shape, with the shothe vortex. The slope, however, variesee Fig. 7, for ex-

base of the triangle parallel the short edge of the film aperamplg. Though the angular velocity is independent of

ture. Near this short edg@vhere the thermal gradient was along any given radial line, it is not independentfofA plot

larges} the flow velocity was largest. In addition, the center of the measured angular velocity as a functiordag given

of the vortex, defined as that point where the flow velocityin Fig. 8. This general pattern of the films’ cores rotating as

was zero, was close to this short edge. The relative sizes of

the vortices were measured by the displacemertf the

vortex center from the nearest lateral edge of the film holder, . . ; . [

scaled to the dimensions of the lateral edge’s leMythirhe

vortex size depended on the aspect ratio of the halier. 0.036 1 ]
5). As the aspect ratio increased, the separation of the vorti- 0.031 I i
ces also increased, reducing the interaction. The largest ve-

locities in the vortex occurred in the narrow region close to __ 0.027 - A
the lateral edges of the film. The lowest velocities occurred ¢

in the broad region of the vortex opposite to the lateral & %922 |
edges. Thus, with the reduction of interaction between vor- ‘g 0.018 | E _
tices, they appear to tend to an optimal distance away from 2

the lateral edge to accommodate the flow rate with the in- 0.013 -

. K o Velocity Data
crease In aspect ratio.

) ) . . 0.009 - — Linear Regression 1
Figure 6 is a plot of the velocity versus displacement
along the perpendicular from the center of the vortex to the 0.004 - .
edge of the film holder bearing the large thermal gradient.
The center of the vortex for this particular example was lo- 0000 5 02 04 05 07 09 11 13
cated at the coordinates (1.39 mm, 1.50 nimna. 3:1 aspect Displacement (mm)

ratio film holder with a depth ofi=9.30 mm and a width of

w=3.10 mm. In the region of the film between about 0.2 mm 1. 6. velocity profile from the differentially heated edge to

and 1.0 mm from the center of the vortex, the velocity in-the center of the flow vortex. Data are for a three layer thick,
creases linearly with displacement. Thus the angular velocit¢mecticc film, in a 3:1 aspect ratio holder of widtW/=9.3 mm

o of the flow with respect to the vortex center is independentand depthD =3.1 mm. Location of the vortex center was at (1.39
of the radial distance from the center of the vontefor most  mm, 1.50 mn). The cold side was held at 75.0 °C and the hot side
of the region between the center of the convective cell andield at 76.0 °C ovea 9 mmseparation.
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Radial distance (10% mm) vortex. Film was 140 layers thick, with a gradient of 81.13°C

—79.70°C over 8 mm. Center of flow in one vortex was located at
(0.70 mm, 0.80 mm Symbols correspond to data. The line corre-

FIG. 7'. Velocity profiles through the Ilnear' region for thJ d'f_ sponds to a body rotating rigidly, but with a dilatational motion in
ferent regions of the vortex flow for the same film illustrated in Fig. the radial direction

6. =0 corresponds to a profile from the center of the vortex to the
differentially heated edge?=110 corresponds to profile from the
center of the vortex to one of the long edges, 110° in the directiorpn themselves, forming rings or, as they are also known,
of the vortex rotation from the first profile. disclination walls[7].

(2) The spiral regime(see Fig. 10 A single —1 point
a semirigid body was seen for all films, independent of filmdefect occurs in the core region of the film, with four brushes
thickness and aspect ratio, although the location of the vortegMerging from the disclination under crossed polarizers. The
center was seen to depend on the aspect ratio. The maximugfushes spiral outward around the central defect turning in
angular velocity for these films was kept well below 0.50 the direction of the flow.

rad/s. Above this angular velocity, instability in the orienta- +1(3) Tr;ed_anlt_lsptl_ral flow regm;;(see Fig. .1)' 'g ?mgle th
tion field was observed, with & 1 point disclination located point disclination occurs in the core region, but now he

in the center of the vortex becoming unstable and movin brushes emerging from the disclination are turned away from

out from its stable position in the center of the vortex into thé:11Lhe flow direction and spiral around the central disclination
against the direction of flow.

vortex flow itself. The relationship between the maximum Various combinations of these three static patterns have

Igjﬁ]g?;%(;tgf?gﬁ;gg égf;gisig%ﬂﬁ)g?t ESI(;a)f(srn:/Ig?d tﬁﬁq ®been observed to coexist in neighboring counter-rotating vor-
y y tices. The antispiral pattern has been seen in conjunction

films_. . . . . with either spiral flow or ring flow in the second vortex. A
Distortions in the Schlieren pattern are always seen with

the initiation of flow. Complex and often unstable patternsspiral orientation pattern paired with an antispiral pattern ap-
were commonl obéerve d. Tvpically. these patterns conP€ars to occur only when there are at least three defects on
y - ypicaly, P the film. For the observed static patterns one defect remains

tained more than one c_i|scl|nat|on in the core region of theroinned at the edge of the film and does not affect the general
flow vortex, had either isolated plateaus of thicker materia

or dust motes aggregated in the core, or had point disclinaf—low pattern. The spiral pattern and the antispiral pattern can

tions outside of the core region, either in the flow or an-2ccuPy neighboring vortices if & 1 defect is anchored to
chored to the edges of the film h,older the edges of the film, thus maintaining a net topological

Three particular patterns stabilized in some films after thecharge oft1. We have also seen-al disclination trapped

initial transients in the flow and orientation field passed. Anlon the edge of the film, allowing twe 1 defects to be iso-

three of these canonical forms included two regions in th‘iated in the core of the flow, resulting in the coexistence of

orientation field where the patterns in the Schlieren textur wo antispiral patterns.
were qualitatively distinct. One region included the area sur-
rounding the center of the vortical motion. The second re-
gion was a narrow band outside this core along the edges of
the film and along the boundary with the opposing vortex in  For the FSLCFs, three sets of variables are significant in
the film. Each of the stable flow-orientation patterns had aletermining the hydrodynamic behavior of the fluid. These
characteristic texture associated with the core and outer reare the temperature, the velocity, and the director. We as-
gion. These are illustrated in Figs. 9-11. We have labeledume the fluid is incompressible, so that mass conservation is
the three characteristic patterns that we observed in the voexpressed as
tices as ring, spiral, and antispiral.

(1) The ring regimgsee Fig. 9. The core region is free of
disclinations and the brushes in the outer region are closed

IV. ANALYSIS
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B

FIG. 10. Spiral flow, including a photograph, a schematic of the

FIG. 9. Ring flow, including a photograph, a schematic of theorientation close to the disclination, and a schematic of the local
orientation close to the center of the flow, and a schematic of therientation relative to the flow circumferenti@nd flow direction
local orientation relative to the circumferenti@nd flow direction between the point& and B. The photograph is of a film of 140
between the point&\ and B. The photograph is of a film of 120 layers in thickness, in a 6:1 aspect ratio holder with dimensions
layers in thickness, in a 6:1 aspect ratio holder with dimension®.940 cm by 0.145 cm, and with an applied gradient of 81.3°C
0.940 cm by 0.145 cm, and with an applied gradient of 60.3°C—79.7°C, in the smecti€G phase. The photograph covers an area
—59.0°C, in the smectit-phase. The photograph covers an area ofof 0.145 cmXx 0.102 cm. The darker region in the lower right
0.145 cmXx 0.102 cm. corner is the result of a slight buckling of the film’s surface due to

an inhomogeneity in the film holder.

wherev is the fluid velocity. For the remaining equations, it
has been shown that the forms of the hydrodynamic equ
tions for a SmE film for flow parallel to the plane of the

the momentum equation, only one constant will contribute to

dhe thermal conductivity as a result of the isotropy in the
o ) ; . plane of the SmA films. The temperature equation is then of
film's surfaces are isomorphic with those of a two-

dimensional nemati¢11]. Thus the Ericksen-Leslie equa- the form[15]

tions of a nemati¢12,13], appropriately reduced to two di- oT . .

mensions, describe the hydrodynamic flow and the induced H"‘(U‘V)T: «kV?T, 3)
patterns in films.

In what follows, the equation for the temperature and theyhereT is the temperature and is the thermal diffusivity.
equation for the velocity are both approximated by their iSO'The gradient operatoﬁ is two dimensional, with compo-
tropic forms, without any director dependence. As such, the¥1ents in the directions of the smectic Iayeri’ng only.
reduce to a t_wo—dimensional representation of Fhe Navi_er- For the velocity equations, the smectic films are assumed
Stolfes equations for the temperature.and velocity. The 'S% e thin, layered films, with strong shear coupling between
tropic forms are shown below along with the boundary COMNhe layers, but with the condition thay is zero everywhere.
ditions on the film and the validity of the approximati(in Is The free éurfaces do not vary in position nor does the fluid
briefly discussed. The coupling between the velocity field velocity have a component perpendicular to the film’s sur-
e faces. Permeatiofil6], undulation[17,18, or other distor-
tions of the layers and their spacing are therefore assumed to
be small and are ignored. In fact, permeation effects between
is discussed in terms of a two-dimensional nematic modelSMectiC layers haye been shown to have (_affectiye viscosi@ies
The relationship between this theory and our experiment ar@" (_)rder of magmtudg larger _than the ordlnary_ in-plane vis-
discussed at the end of this section. cosities[16,19,2Q. Thls sluggishness perpendlcular to the
layers prevents the film from accommodating flow along the
layer normal. Energy will be more readily transported paral-
lel to the layering than perpendicular to it. Therefore, in the

The temperature is assumed to be a two-dimensiondiorizontal FSLCFs, flow along the film’s layering direction
function. Away from the edges of the film, the temperatureis easily induced thermally without also inducing a vertical
T(2) will rapidly equilibrate because of the thinness of the

and directom is a well-known phenomenon in nematic lig-
uid crystalg[12]. The coupling of the director to the velocity
field in FSLCFs in the Sn& phase seen in our experiments

A. Equations of motion

convective motion. If the layer normal lies along thdirec-
films in theZ direction. As was the case with the viscosity in tion, then
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:O. (4) U(T):O'0+a(T_T0), (10)

N>

[

However, the boundary conditions may requifdaz;&o, in  wherea represents the excess surface entropy. In most fluids
order to bring the inner layers of the fluid into motion. The «<0, so that the surface traction is directed from a hot re-
variation will be small compared to the changes in velocitygion to a cold region. In liquid crystals, and particularly the
over the length of the film. Onlyxy spatial scales that are smectics, the orientational order at the interface leads to an
much larger than the film’s thickness are observable. Thexcess surface entropy. Consequently, there is a reversal in
layers act as two-dimensional fluids strongly shear couplethe sign fora, so thata>0. The gradient in surface tension

to each other. In addition, the anisotropy of the director fieldis then parallel to the gradient in temperature, positive from
is neglected in the momentum equation. For smeatidms  cold to hot[24,25. Typically, for the smecticsg~0.20 dyn/
there is no anisotropy of the director in tg plane. For cm °C[25].

smectic€ films we assume negligible flow effects due to the
anisotropy.

These two assumptions reduce the smectic equations to
set of quasi-two-dimensional equations isomorphic with th
Navier-Stokes equations. The third dimension comes int%
play only through the action of the boundary conditions on
the surfaces of the film. The two-dimensional Navier-Stokes
equations are

There are also forces associated with Zzhgirection nor-
mal to the film that involve the surface tension. Namely, the
essure must be balanced across the interface. If there is no
ovement of material along the normal direction, this con-
ition may be written a$21]

1 1
— 4+ —, (11

PR TR,

p&—”+(5-v*)5=—v“p+ﬂv25, (5)
at where 6p is the difference in pressure across the interface,
. L ) ) i o is the surface tension, ait] andR, are the principal radii
wherep is the densityp(x,y,z) is the two-dimensional ve- ot oature of the surface. Thus changesimay appear as
locity field (vy,vy,0), p is the pressure, anf is the kine-  gistortions of the flat film’s surface without motion occur-

matic viscosity. Because of the spatial constraiptssorre- i

. . . g.
sponds to the Leslie coefficieni,. The gradient operator — Tyming next to the director field, the in-plane director
V has components only in the plane of the smectic Iayeringfield

Two sets of boundary conditions apply to the films, One{;f,:sin(d)), and where® is the local director orientation,

set along the rigid walls of the film holder, and a second sel’® . . )
on the free surfaces of the film. The temperature in the sub\f\”th ®=(r,0,t). The twist term in the Frank free energy

strate and the film are equal at the interface between then‘ij,Oes not contribute in the two—dlmensmnal case, !eavmg two
constants for the splay and bend elastic enerdigs.and

and the velocity of the liquid crystal vanishes at these pomtskss. This is true in FSLCFs for length scales significantly
TW(X=0D;y=0W)=T(x=0D;y=0W), (6)  larger than the thicknegd4]. The splay and bend constants
are assumed to be equikk;;=Kkz3.
5(x=O,D;y=O,W)=0, @) [13}—he director evolution equation can then be written as
where the subscripi denotes the wall of the substrate and
the subscripf denotes the film. . d v -
Along the free surfaces of the films, the difference in the p1¢=h1[(mv o(r)+ T) +®
viscous stresses at the interface balances the gradient in sur-
face tension, which will depend on the local temperature
[21], and the heat flux normal to the surface of the film +A;
balances the radiative losses to the walls of the enclosure
around the film, which may be expressed as a Steffan-
Boltzmann process if one assumes the film and the walls ag¢here\; and X, are viscosity coefficients. The orientation

is given by é:(cr,cg), where c¢,=cos®) and

Tvdn- ? Cog20) —kV2D, (12

as ideal blackbodief22], field is seen eventually to settle into a static pattern in our
experiments, as long as the point disclinations are isolated in
MU =3 ., (8)  the core of the flow. We therefore drop the time dependence

in Eq. (12), so that we end up with the dynamical equation
—€d,T;= 6T 9)

The subscript signifies the normal component and the sub- 1[ (ivg(r) n ? A, %U{g(r) _ ?) cog2d) — kV 2D

script 7 the tangential component in the plane of the film. dr
The scalar quantity is the surface tension. The reduction of ~ _ 0 (19
the atmospheric pressure in the thermal enclosure where the '
experiments were conducted allows us to ignore the contri-
bution of the air to the viscous stress balance at the boundf the form of the velocity field can be determined before-
aries. The surface tension is assumed to be a linear functidmand, the director equation can then be solved either numeri-
of the film’'s surface temperatuf@3], cally, or in some cases analytically.
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B. Thermal field If there were movement of material in the direction of the
dthermal gradient, flow could not closgonserving mass
The imposed constraint on the vertical velocity due to the
smectic layeringp,=0, is still assumed valid. As there are

Allowing transients to decay away in the temperature fiel
and ignoring the contribution of advection, E8) then be-
comes Laplace’s equatioy°T=0. A computer program .
was written to find a solution using a simple relaxation algo-no distortions in the thermal field to maintain flow in tRe
rithm. The boundary conditions on the free surfaces and oflirection, the continuity equation then has the form
the edges of the substrate were given in Edsand(9). For
the calculated distribution shown in Fig. 3, the temperature dyvy=0 (14
on the hot side was taken to be 80.0°C and the temperature
on the cold side was 78.0°C. A uniform thermal gradientg, thato, =f(z,t). In such a case there cannot be flow clo-

was assumed to be applied on the sidewalls connecting thgre This is apparent when one considers the boundary con-
hot side of the substrate to the cold side. The film was asgition on the velocity at the holder edge, namely=0 at
sumed to be centered inside a volume with 79.0°C Wa”Sy:O and aty:W_ With the constraint that there be no ver-
The constant is equivalent to the thermal conductivity di- tical velocity component, that is, no component parallel or
vided by the Steffan-Boltzman constant; that is, the film isypiiparallel tog, the flow cannot occur with the application
takep 'to behave like an ideal blackbody. The thermal congs 5 temperature gradient across the film.
ductivity was assumed to bex110-> W K ~* m~*. The as- The structure of the film near its edges is also significant
pect ratio of the holder was taken to be 1:2, and the film wasn understanding the flow that develops. Near the boundary
taken to be five layers thick. The distribution shown in Fig. 3between the film and the film holder, the surface tension
gives an indication of the rapid equalization in temperaturealters to accommodate the additional contribution the solid
for all parts of the film away from the edges. film holder makes to the excess surface entropy. For a smec-
Thermal effects, therefore, are not significant in the centic liquid crystal film, this difference in the surface tension
tral regions of the FSLCFs because radiative cooling rapidlyeads to the creation of a meniscus that may be thought of as
equalizes any gradients in temperature on the FSLCF’s sug number of terraces or steps placed one over the other near
faces. However, they are significant along the edges of ththe edge of the film holdd26]. A line tension is associated
film. These edge gradients must be considered in order twith each step. Along the transverse edges of the film, the
understand what causes the flow in the films. The observeapplied gradient is perpendicular to the steps of the menis-
flows in the smectic films are shear flows induced in thecus, and on the lateral edges, the applied gradient is parallel
boundary region between the film holder and the film itselfto the steps of the meniscus.
through thermocapillary effects — the temperature field and If flow does not occur, the surfaces near the film edges
velocity are indirectly coupled through the boundary condi-must be deformed as a consequence of the change in surface
tions on the film. Although the velocity vector and tempera-tension to accommodate the large temperature gradients.
ture field are two dimensional, the boundary conditions maké/ertical rearrangement of material, with new layers forming
the problem fully three dimensional. in the meniscus, can manifest this deformatieee Eq.
The rapid equalization translates to sharp thermal gradi¢11)]. For gradients greater than 5.0 °C/cm, the film is seen
ents on the film’s surface, with the central core of the flow into thicken, beginning from the hot edge and spreading gradu-
thermal equilibrium with the cell walls. The thermal gradi- ally across the entire film surface. Convective flow perpen-
ents are most pronounced near the lateral edges. It is adicular to the film’s surface is not apparent in any of the film
sumed that this is the basic state of the film. The presence sfteps as the thick regions spread across the film. It has also
the thermal gradients on the edges of the film will create éeen shown that the addition of a step in thickness introduces
surface-tension gradient that in turn will induce flow. a line tension onto the film surface, and that the surface
The simple conductive and radiative model for the ther-tension itself is a function of the film’s thicknef26]. Thus
mal field suggests another simplification in understanding théhe thickening on the film's edges may balance the gradient
dynamics of the film. Based on Fig. 3, there are three distincin surface tension in these areas by forming new steps or by
regions of a film, one close to each transverse edge where thiearranging the steps and allowing the film to gradually
thermal gradient is directed there perpendicular to the film’shicken from one side.
edges, a second region close to the lateral edges, where theAlong the lateral edges, the gradient in temperature is
dominant thermal gradient is directed parallel to the film'sparallel to the film's edge, rather than perpendicular. Since
edges, and the broad central region of the film that is verghe gradient in temperature is parallel to the steps of the
nearly at a uniform temperature. meniscus, the induced surface tension occurs over a film step
Consider first the edges of the film transverse to the apef uniform thickness. No line tensions occur to balance the
plied gradient. Assume the film to be infinitely long in the surface-tension gradient, and the surface-tension gradient can
transverse direction and the applied temperatures on each wfduce flow. The Marangoni number parametrizes the ther-
the transverse edges of the holder aperture to be constamhal gradient applied to the film's surfaces in this region. If
The temperature must drop from some maximUmon the the Marangoni number is large, the thermal gradient and
hot side to a minimunT ¢ on the cold side. The conductive surface-tension terms prevail over viscous and conductive
and radiative temperature model suggests that those droparms. The Marangoni number for a 66 A thick Sxrfilm
occur in two sharp steps, each step close to each respectiwas found to be~ 10°.
edge(see Fig. 3 The films do not sustain flow in the direc- Motion of the liquid crystal at the lateral edges is a ther-
tion of the thermal gradient. mocapillary phenomenon. Movement occurs from the cold to



3760 M. I. GODFREY AND D. H. Van WINKLE 54

A
15.0 - S
- - - - Quadratic fit 7
o ®/o Data L
@
iy
3 100 ‘ .
£ 0’
3 y
= o
50 A |
/’D/
o
0'0 1 L L
0.00 0.10 0.20 0.30 0.40
Radial distance from core, r (mm)
® FIG. 12. Variation of the director phase divided by the local

angular velocity®/w, as a function of in the ring flow regime
along a cross section through the vortex.

The fluid in the vortices moves around the vortex with an
angular velocity w(r,6). To determine the properties of
FIG. 11. Antispiral flow, including a photograph, a schematic of (r, §), tangential velocities of flow as a function ofand

the orientation close to the disclination, and a schematic of the loca) were measured. In each vorte&=0 corresponds to the
orientation relative to the flow circumferentiend flow direction  gjrection to the closest differentially heated wall. The radial
between the point&. and B. The photograph is of a film of 140 dependence of the velocity, of the flow along the9=0 line

layers in thickness, in a 6:1 aspect ratio holder with dimension§S given in Fig. 6. In the range=0.25-1.00 mm from the
0.940 cm by 0.145 cm, and with an applied gradient of 81.3°C C ) .

. ) nter of rotationy ,= mr+b, wherem represents the angu-
—79.7°C, in the smecti€ phase. The photograph covers an areaCe er ot rotationy » b erem represents the angu

of 0.145 cmXx 0.102 cm. The four brushes are not distinct due toIar velocity. Nonzerd represents the uncertainty in the cen-

the strong scattering in the thick films that has led to a partial loss oﬁr O.f rot.atlon. Slfllmlrlla.r p:o;[js Oﬁg Vi rdare sTown g);anl(?ther
the depolarization component in the scattered light. iim in Fig. 7, which includes both data along tige=0 line

as in Fig. 6 and along a radial line at 110°. The results shown

the hot end of the gradient. The excess surface entropy in Fig. 7 indicate this constancy of(r) is a general property

was defined by Ea(10) to be of the flow, even though it does vary significantly wigh
y Eq10 The dependence @ on 6 can be understood by realizing
do that a rectangular film holder does not exhibit cylindrical

a= (15) symmetry. The edges of the film holder place constraints on
the rotation of the fluid. The distande from the center of
the vortex to the film-holder boundaries changes wdth

Consequently, the cross-sectional area of the film, defined as

ﬁ:

whereo is the surface tension aridis the temperaturgsee

Eq. (10)]. For most common liquidse<0, so that the sur- Ry (¢ js the thickness of the filialso depends of. In order
face flow is from hot to cold. In the smectic films flow is for the mass flux through these cross sections to be con-
from cold to hot where the thermal gradients are at the'rserved, the angular velocity must vary as well. Using this

largest, close to the lateral edges of the holder. However, fof,nservation of mass flux argument, the angular velocity
the smectic phases, it has been shown #ha because of 5.5und the film should scale as

enhanced ordering close to the free surfaf®s. Conse-
guently, thermocapillary flow in the smectic films is from R2

cold to hot. ()= Woe)wo,

(16)
C. Velocity field whereR, and w, are, respectively, the radial distance and

The uniformity in temperature in the central region occursthe angular velocity at thé=0 line connecting the vortex
as a result of the film’s thinness and consequent rapid radigenter to the film-holder edge.
tive equalization in temperature. We can ignore the thermal The plot ofw vs 6 for one film is shown in Fig. 8. Also in
contributions to the equations of motion and focus only onthe figure is the expected profile, given the maximum angu-
the two-dimensional velocity field in the central region. We lar velocity in the vortex, when the angular velocity is res-
will not consider any of the forces driving the flow and will caled according to Eq16). In order to obtain the profile, Eq.
develop an empirical model of the velocity field. The model(16) was matched to the data at two points,fat0 and at
will then be used to solve the equation for the director field.0= 7. Qualitatively, the angular velocity is seen to agree
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: ; ; ; tant termC has been replaced with a function of the radius
with the predicted angular velocity. This would suggest thalrsneasured from the center of the flow. The flow is thus as-

the motion of the liquid crystal corresponds to rigid body "
flow in 6, but not inr, due to the presence of fixed and soft sumed to distort the static pattern of tbdield in the radial
boundaries. The fluid experiences dilatational expansiondirection only. Equationf13) then simplifies to
and contractions im as a function off. These dilatational )
motions lead to a variation in the angular velocity in order to df n d-f 2N

) : —+r——=—o. a7
conserve the mass flux across any given cross section of the dr dr k
film.

Using polar coordinates, this may be readily integrated to
D. Director field give a solution ford of the form

As a first approximation, we assume cylindrical symmetry
of the velocity field. This is justified by the measured veloc- O= Ewr2+Ar+ B+sd (18)
ity field, after the coordinates are rescaled to account for the '
actual rectangular film shape. The velocity field is assumed

ST : TABLE |. Average orientational diffusion constant for Stn-
to depend o and to have a component in tiedirection films extracted from the Schlieren pattern for films with no discli-

only, v=(0w,), where ¢,6) are measured from the center nationg present — creating a ring pattern.
of the vortex motion. The magnitude ef, may then be

expressed in terms of the local angular velocity of the “back-gjim Film thickness ~ Avg. temp.  Diffusion constant
ground” fluid, o(r), with v y=r w(r) [15]. The form for the  pumber (in layers (°C) (1072 mm?/s)
velocity field can then be used to find an analytic solution to
Eqg. (13). 1 3 76 1.47

If w is constant, so that the flow of the fluid approximates 3 76 2.37
that of a rotating rigid body, then,=r w. For a static dis- 3 76 4.41
tortion, the orientation field in the vicinity of the disclination 2 100 76 1.08
is given by®=s6+C, whereC is a constant and is the 100 76 111
topological charge for the point disclinatiqd3]. A radial 100 76 1.94
dependence is introduced as a result of the constraints in3 126 80.5 1.11
posed by the boundary conditions on the flow and orientatiom 140 81.5 1.08
fields. We therefore replac€ with the radial dependence 140 81.5 1.39
f(r), wheref(r) is subject to the flow’'s initial conditions 140 80.5 1.01
and the film’s boundary conditions. Therefabeis assumed 140 81.0 1.02

to have a solution of the forrb =sé+ f(r), where the con-
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TABLE Il. Average orientational diffusion constant for St- applied thermal gradient, thus the flow-alignment and ring
films extracted from the Schlieren pattern for films with disclina- flow regimes may be seen in conjunction with each other.
tions present — creating a spiral pattern. The parametek; /k is the only material constant appear-
ing in the equation, and is the inverse of the diffusion con-
stant for the orientation field. The topological strengtbf

Disclination  Film thickness Avg. temp. Diffusion constant

H o — 2 2

strength (in layers O (107" mm*/s) the disclinations present on the film is set by the initial and
+1 100 76.5 0.24 boundary conditions at the start of the flow. These two pa-

3 76.0 14.1 rameters X, /k ands) will completely characterize the flow-

140 815 0.651 orientation coupling and the emergent patterns in the orien-
1 140 815 0.982 tatlop field with the application of an angular velocityto

78.4 124 the film.
' ' The elastic constahtwas assumed to be isotropic, that is,
140 81.0 1.75

the bend and splay elastic constants were assumed to be
equal in magnitude. For DOBAMBC, there is a factor of 6

A andB are constants of integration and will be determineddifference between the two elastic constants in thin films

by the boundary conditions ch andr. This result may also [1,14:25,21. The unequal magnitude betweén, and ks
be written as does not affect the sensitivity of the patterns emerging in the

flow-orientation field to the initial conditions. It will affect
the local spatial expression of the pattern, as bend distortions
will be favored over splay distortions. The difference appears
as a modulation in a brush’s width as it is wound around the
whered, andr, are constants of the integration. point disclination by the flow.

One readily sees that fs=0,+1,—1, there are three  From Eq.(18), if the angular velocityw is known, the
possible solutions to Eq(19) for regions of equal phase, diffusion constank/\;, may be determined. Equatiqn8)
&= const. Fors=0, the director field will form rings of \yas found assuming that was constant throughout the flow
equal phase. Fos=*1, the director will form spiraling region. Nonetheless, i is a function ofé, it will not affect

arms of equal phase that will spiral outward from the centeg; o analysis following Eq(13). Thus we may replace with
of rotation either with or against the sense of rotation of thew(a) in Eq. (18)

angular velocity(See Figs. 9-1].
Figure 9 is a video image of the ring flow pattern for a

120 layer thick DOBAMBC film in the Sn& phase. The

schematic below the image illustrates the orientation ﬁelqbalnds 'P the rllngs Yeri@/;’ for a f';‘(ed polar anﬁle9. The
and flow direction in the vicinity of the point disclination. value of angular velocity () is unchanging as all measure-

This film was suspended on a 6:1 aspect ratio film holdefMents are done along a single radial line wétffixed; for
with an applied gradient of 1.56°C/cm, with the hot Sideexar_nple, all mea_sure_ments would be done_ along the linear
held at 81.25°C. Only a portion of the flow vortex could be Portion of the plotin Fig. 6. An example of this measurement
visualized at any given time, though the entire film could be'S illustrated in Fig. 12. The dashed line in Fig. 12 is fitted to
illuminated with the laser at once. a quadratic form. The coefficient;/k extracted from this fit
The observed ring pattern followed the streamlines of thds the inverse of the constant. Using the measured angular
flow in terms of the overall cellular pattern of the vortex velocity, the extracted diffusion constant for various films of
structure and the location of the vortex center in the absencgbout the same thickness and showing ring flow at different
of point disclinations or dust particles. The presence of a ringescaled angular velocities is summarized in Table I.
structure in the Schlieren texture in the two-dimensional cel- In Table | the “Film number” corresponds to the film on
lular flow in which there are no point disclinations presentwhich the flow was induced. Typically, several measure-
exemplifies thes=0 solution. The flow is not axially sym- ments were done on one film. In films 2—4, the thermal gra-
metric due to the presence of the rectangular no-slip boundtients that produced the flow were induced by using TEDs
ary conditions on the film’s edges. Consequently, the direcon each side of the film holder. Dust particles or other inho-
tor field will likewise not be axially symmetric, but will be  mogeneities on the film surface were used to measure the
constrained to follow the geometry of the streamlines. velocity of the flow. The diffusion constant was extracted

If the liquid crystal is strongly anchored on the film edges, ging the method discussed above. For films 2—4, the aver-
with homeotropic boundary conditions, it is expected that theage diffusion constant is 1.3210~2 mm2/s. with a standard

d—d,

w

N
= (T=10)*+50, (19)

The diffusion constant can be extracted from the data for
the ring flow regime by plotting the position of the dark

orientation of theC director will be perpendicular with re- deviation of +0.31x 10~ 2 mm?/s.

spect to the edges of the film holder. These boundary condi- In film 1, the film’s thinness did not allow dust motes to
tions impose on the film a net topological charge+af in  collect on the film’s surface. The motion was induced using
order to accommodate the 27 rotation of the orientation the Gaussian profile of the illuminating laser beam to estab-
field around the film’s edge. In order to conserve this topodish the thermal gradients on the edge of the holder. The
logical charge, if one vortex contains-al defect the other velocity was initially measured by observing the motion of
must contain a net topological charge of zero, assuming nthe point disclination in the vortex before it settled in the
other disclinations occur on the film. It will be shown that a center of the vortex. This angular velocity was then used for
region of zero topological charge exhibits ring flow under anall three runs listed. However, the thermal gradient was in-
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creased between each run. The increase in gradient probably The diffusion constant extracted for the flow around the
led to an increase in the angular velocity, which could not bes= +1 disclination are not self-consistent, nor consistent
measured. The increase anwould lead to an apparent in- with thes=—1 ors=0 data. It seems that the simple theory
crease in the diffusion constant. These data were included &fscribed by Eq(16) does not provide a complete model for
they suggest that the diffusion constant for the thin films isthe flow around ther 1 defect. This may be due to the quali-
not very different from that of the other relatively thick films. tative differences between the orientation field surrounding
Figures 10 “anq 11 are piiwotqgrgphf of the two regimes Wghe s= + 1 defects compared with other patterns. For all pat-
have labeled “spiral” and “antispiral.” For at 1 defectin  torpg, except around the=+1, as the defect is encircled
the center of the flow, the arms of the defect in the Schlieren,;ound in a closed path the angle between the flow stream-
texture are expected to spiral inward when following a ré-ine ang the director varies continuously between 0 and 2
gion of constant phasep =y, around the defect in the p, yneg— 11 defect, closed paths can be found where the

same sense as the rotation of the anggla_r veloaityf-or a angle between the flow streamline and the director remains
—1 defect, we expect an outward spiraling of the texture

with . The photographs display both of these relationshipsconStant' This constant angle will vary with distance from

The defect strengths in the centers of the vortices were d(%he disclination core. The=0 ands=-1 cases involve
termined to be, respectivelg=+1 and —1 for each pat- low streamlines intersecting the director field at many

. o . _ angles, thus the viscoelastic response measured will be an
tern. Thus the prEdlc':ted mediation of tﬁ'@lwectorl field pat- average at any radius. Tlse= + 1 case involves distinguish-
tern by the defect in the center of the flow is obviously gple flows relative to the director, thus the viscoelastic re-

brought to bear in these observations. sponse may vary significantly as a functionrof
The spirals are not quadratic in form, as would be ex-

pected from the theory. Again, the angular velocityde-
pends on the polar angke Using Eq.(19) so that the angu-

lar and radial dependencies are on opposite sides of the V- SUMMARY
equation, we can write We have created flows in FSLCFs using surface-tension
Doesh N gradients. These flows, when the angular velocity is appro-
° =Lr—r 0% (20)  priately rescaled to take into account mass conservation, are
w(0) k seen to be to a good approximation equivalent to “rigid

Thus, from a quadratic least squares fit applied to a plot oP O(_i_ii roi?tlotnafl ﬂowsi’n\iw;? aliﬂ"?ita:onnaltﬁ ompt(inf:nni.h t de-
0/ w vsr, we should be able to extract the diffusion constant € efiect ot a po sciination on the patte at ge

(\,/k)~ 1 for spiral flows. The sign of the extracted coeffi- yelops in the director field when subjected to a shearing flow

cient will distinguish the topological charges from each!" @ FSLCF has been seen. By assuming a simple profile for
other. Graphs of/w vsr are given in Figs. 13 and 14 for the the velocity field, a model for the spatial dependencg of the
two separate flows. The diffusion constants extracted fronlirector phase®, has been developed. The observations of
quadratic fits are listed in Table II. The diffusion constant forthe patterns that develop are consistent with the defect me-
thin films of DOBAMBC in other temperature ranges hasdiation that our model predicts.

been obtained using the rate of collapse of a i and By replacing the angular velocity with our measured
through the use of cross-correlation intensity-fluctuationangular velocityw(6), as suggested by the rescaling argu-
spectroscopy14]. The ring collapse experiment shows a de-ment for the rigid body flow with dilatational motion, we
crease in the diffusion constant with thickness, with its valuewere able to extract a diffusion constant for our material. The
dropping from 9.X 10 3 mm~?%/s in a two layer film to 5.0 data for the 0 and- 1 disclination mediated flows were seen
X102 mm~?/s for a five layer film[7]. Van Winkle and to be consistent with each other and with the results of other
Clark distinquish between the splay and bend diffusion confesearchers. The-1 disclinations, however, did not give
stants, and shows that the splay diffusion varies from 7.0 teonsistent results. We attribute this to the geometry of the
25.0 in units of 10° mm~?/s over a temperature range of molecular orientation field with respect to the flow direction.
66—105°C[14]. The bend diffusion constant was about a The coupling may play a larger role in thel disclination
factor of 6 smaller than the splay constant in their data. Oucase because of the relative geometry between the molecules
results are self-consistent and are also consistent with thosad the flow is unchanging in thé 1 case, unlike the-1

prior results. and O cases.
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