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A lyotropic liquid crystal, a concentrated fibrinogen solution, was formed in a two-dimensional
axial stagnation flow field. The stagnation surface was a water permeable but fibrinogen
impermeable membrane. The rejection of fibrinogen at the stagnation surface causes the
concentration at the surface to exceed the value for mesophase formation. Optical techniques
were used to detect the existence of a liquid crystal at the membrane surface. Pressure measure-
ments agreed with theoretical models. For many applications the theoretical models reduce to
an effective Newtonian description.

INTRODUCTION

The anistropic behavior of thermotropic liquid crystals has been the focus
of much recent research. In contrast, the lyotropic liquid crystal has been
the subject of only a few recent studies. This is undoubtedly due to a scarcity
of suitable systems and the lack of real applications. However, the role of
lyotropic liquid crystals in living systems appears to be of critical importance.

A better understanding of the role of liquid crystals in living systems could
be attained if valid simple descriptions of their dynamic behavior were
available. The following in-vitro studies with the protein fibrinogen were
made to evaluate the formation and dynamic behavior of a lyotropic liquid
crystal system. The controlling hydrodynamic equations in two-dimensional
axial flow will be solved and the results will be compared to experimental
data.

1 8. F. Emory is now with The Dow Chemical Company, Pittsburg, California, 94565.
1 A. A, Kozinski is now with The Quaker Qats Company, Barrington, Illinois, 60010.
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ANALYTICAL DESCRIPTION

The particular situation we are treating is that of a thin region of liquid
crystal which forms a boundary to a much larger isotropic region. Both
regions are in a continuous momentum field. This is illustrated in Figure 1
for axially symmetric stagnation flow. This flow geometry consists of flow
along an axis perpendicular to a porous surface. The presence of the partially
permeable surface forces the flow to divide; part of which goes through the
surface while the other portion is forced to flow parallel to the surface. As
macromolecules are brought to the surface by convection, they will be
rejected while water will pass through. This will cause the concentration
in the vicinity of the surface to increase to the level where a mesophase forms.
For this situation, the linearized continuum mechanics of Aslaksen' are
particularly useful. Although his description creates the awkward director
vector to denote molecular orientation, the formulation still proves to be
useful in simplified form.
The conservation of linear momentum is as follows:

f R
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FIGURE 1 Proposed two phase stagnation flow model.
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The specific application of this relation requires a constitutive relation which
fits the particular symmetries of the liquid crystal being studied. The relations
of Aslaksen are for a nematic crystal.

0"'}' = alLkLpAkaiLj + az L,N] + a3Lle' + GC4Aij
The coeflicients a; have the dimensions of a viscosity. The vector L is defined
as a unit vector representing the molecular orientation. The tensor 4 is the
symmetric portion of the velocity gradient; the antisymmetric part is .

The vector N represents the rate of change of L with respect to the sur-
rounding fluid. The individual components are

1/ov; Ov;
=35 52)

_ Loy Oy
@i =3 ox;  Ox;
oL, L,
N, = —at—l + Uja; + WLy
In general the solution of these equations is very complex. However, simple
results can be obtained for very thin layers near a phase boundary.

The usual Prandtl boundary layer concepts reduce this description to a
pseudo Newtonian approximation. This is summarized in the Appendix.
In this study the description will be applied to stagnation flow which as with
boundary layer flows leads to useful simple solutions. For orientation of the
liquid crystal perpendicular to the stagnation surface the director is then

defined:
L = (sin 6, cos 8) = (0, 1)

where 0 is the angle between the aligned molecules and the axial velocity W.
We can further assume that at steady state L does not vary with position,

and N reduces to:
N; = wy Ly

For axial-symmetric flow the following simplifying transformations are
made:

w=-=2f(z), u=rf(z)
P,—P= gaz(r2 + f(z)
The applicable boundary conditions are:

z=0u=0,w=1V,
z=20 u=U



Downloaded by [Tomsk State University of Control Systems and Radio] at 07:32 23 February 2013

308 S. F. EMORY AND A. A. KOZINSKI

The momentum equations reduce to

’ ” a ! 11 nr
[P =a S S (cn bt ag)f

a2

1
W =g S = s+ ot 0g) + ey + @)

In the above equations the terms «,, (—a, + oy + as), and (a3 + oy + &)
are recognized as twice the viscosities when the molecules slide past each
other against their short sides, ends and long sides, respectively.

These results can be compared to the well known Newtonian results

ffZ . 2ﬂ"n — a2 + Vf”’
2

2ﬁ‘l _ aZF — v‘f'll

The constant a is a constant proportional to the frictionless velocity U.
The anisotropic description can be reduced to the same form if o, o, a5
can be neglected. These coefficients have been found to be small for some
liquid crystals. No data are available for a5, but it will be neglected in this
study. This reduces the model to a description which accounts for only the
gross effects of structure and, thus, is not limited to a particular class of
liquid-crystals. The asymmetric equations then have the same form as the
Newtonian equations with end to end and long side viscosities being associ-
ated with the radial and axial components, respectively. A similar result can
be obtained for the orientation parallel to the membrane surface in which 0
has a value approaching 90°. The end to end and side to side viscosities are
exchanged in the component momentum equations.

NUMERICAL SOLUTION

To solve the simplified description, the end to end and long side viscosities
are required for the particular liquid crystal under study. Approximate
values can be obtained from the work of Kozinski et al.,> who measured the
viscosity (as measured by a capillary tube viscometer) of concentrated
fibrinogen solutions. Above a 20 weight percent solution a liquid crystal
phase was found to exist. The results are reproduced here as Figure 2. The
maximum at the transition to the liquid crystal is about 10° poise. If one
assumes a Flory lattice model,* this maximum value represents the dissipa-
tion due to random movement of highly compacted large particles. The major
contribution should be that of end to end resistance. Thus, this maximum
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FIGURE 2 Viscosity of aqueous fibrinogen solutions from Kozinski et al.?

should indicate the order of magnitude of the end to end resistance. Similarly,
the well developed liquid crystal viscosity should represent the long side
viscosity—about 10 poise. The isotropic dilute solution will have a viscosity
of about .01 poise.

Using the above viscosity values a numerical solution to the descriptive
equations can be obtained through the use of Runge Kutta technigues.
Two situations were compared. First the bulk layer and surface layer are
treated as Newtonian fluids with a viscosity difference of 10° poise. Second the
bulk remained Newtonian but the surface layer was treated as a liquid crystal
with orientation perpendicular to the support surface.

In applying the numerical technique the thickness, d of the mesophase
surface layer (Region 1 in Figure 1) will be determined by a mass balance:

d
Co(—w)Ir? = f uC 20y dz
0

where the concentrations, C, and C,, to a first approximation were assumed
constant in their respective phases.

Pertinent results are shown in Table I. Notice the large predicted pressure
drops for the Newtonian case. In contrast the liquid crystal model predicts
only very small pressure drops. Figures 3 and 4 illustrate these results for
the entire regions. The velocity profiles are identical for both cases since in
the thin layer the same viscosity is used in the radial momentum equation
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FIGURE 3 Calculated flow functions for the Newtonian analysis.
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FIGURE 4 Calculated flow functions for the anisotropic analysis.
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for both the Newtonian and liquid crystal cases. Thus the models predict
the lack of a significant pressure drop when a liquid crystal layer is present
and oriented perpendicular to the support surface.

EXPERIMENTAL

The experimental tests consisted of using a permeable stagnation flow cell
to verify the possibility of creating a liquid crystal layer and, secondly, to
determine the pressure drop across this layer. The lyotropic material used
was aqueous solutions of bovine fibrinogen. Kozinski, et al.? have determined
that concentrated solutions of fibrinogen have the optical and viscosity
characteristics of a nematic mesophase. However, the lack of definitive x-ray
data prevent the absolute classification of this mesophase. The flow system
shown in Figures 5 and 6 was constructed of stainless steel. At the stagnation

L
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FIGURE 5 Experimental flow system.
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FIGURE 6 Permeable stagnation flow cell.

point was a porous stainless steel disc which supported a porous Millapore
Pellicon PSED membrane. This membrane retained 100 % of the fibrinogen
while allowing water and other small ions to pass freely. With a dilute
solution of fibrinogen introduced at the top of the cell, the conditions of two
dimensional axial symmetric flow are met at the membrane surface. Water
passes through the membrane while fibrinogen is rejected. This creates
a highly concentrated layer of fibrinogen at the surface. By adjusting
conditions, the surface concentration exceeded that necessary to form a liquid
crystal phase. The phase thus formed at the membrane surface will be in a
two-dimensional velocity field composed of the permeation velocity through
the membrane and the cross velocity across the membrane.

The pressure measurements across the layer were made with a Pace
differential transducer (C. J. Enterprises) model CJVR with a G212 indicator.



Downloaded by [Tomsk State University of Control Systems and Radio] at 07:32 23 February 2013

LIQUID CRYSTALS IN STAGNATION FLOW 313

TABLE I .
Brief results of the numerical solutions

pressure (dynes/cm?)

z u w
(cm) (cm/sec) (cm/sec) Newtonian anisotropic
low flow 0.0 0.0 0.2840 0.0 0.0
(Q = Mocefsec) d= 4258 4.876 x 1075 02844 152.87 1.651 x 1073
& = 4.365 1.786 0.7476 153.17 0.3123
medium flow 0.0 0.0 0.2206 0.0 0.0
{Q = 223 cefsec) d = 2.137 7.511 x 107°  0.2209 235.73 2431 x 1073
6 = 2213 4.425 1.052 236.40 0.6719
high flow 0.0 0.0 0.2497 0.0 0.0
(Q = 3600 cc/sec) d = 0.3480 5.403 x 1072 0.2501 1648.0 1.657 x 1072
d = 0.3691 71.44 3.895 1657.7 9.835
Newtonian v 0.0 0.0 0.2497
is 10 poise, d=4237 x 107> 5403 x 1072 0.2500
high flow 6=2524 x 107% 7144 3.865

The surface pressure was obtained using a probe of 25 gauge tubing which
should give the pressure at a point a few microns above the membrane still
within the liquid crystal layer. Pressures were recorded at 0.2 cmand 0.635 cm
from the membrane center. The transducer/indicator equipment had a
precision of 69 dynes/cm?® (0.001 psi) and an accuracy of approximately
twice the precision. The system was maintained at 10 + 1 psig. The bulk flow
which was monitored with a rotameter was varied for the different flow
conditions. The permeation flow rate was measured by timing the flow
through a micro-pipette. All data were obtained at the three bulk flow rates
corresponding to the three conditions shown in Table L.

The apparatus used to obtain the separate optical data is shown in Figure 7.
Light from a high intensity incandescent light source was conducted to the
concentrated layer by means of a 10 mil DuPont crofon light guide. This light
guide and a similar receiving guide were capped with crossed (90°) polaroid
sheets. The light collected by the rec¢eiving guide was then conducted to the
densitometer portion of a spectrophotometer. The retaining sleeves were
made of 16 gauge tubing which positioned the center line of the light path
0.083 cm above the membrane surface. The existence of birefringence could
be determined by rotating both polaroid caps. More experimental detail
can be found in Emory.®

RESULTS

The existence of a structured layer is indicated by the results of the optical
measurements shown in Figure 8. The actual molecular orientation, parallel
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FIGURE 7 Schematic of optical system used on stagnation surface.

or perpendicular to the membrane surface, cannot be determined from these
measurements. However, the previously summarized viscosity data and the
hydrodynamic description of a liquid crystal suggest that the molecular
orientation is perpendicular to the support surface. The pressure drop
measurements also confirmed this interpretation. For all of the conditions
of Table I the dynamic pressure drop across the concentrated layer was
zero to within experimental accuracy. This agreed with our simplified
anisotropic hydrodynamic description with molecular orientation per-
pendicular to the surface.

Overall the study indicated that a lyotropic mesophase of fibrinogen
can be created in a two dimensional flow field. Control of the momentum
field should permit in the future, control of the molecular orientation relative
to the support surface.
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FIGURE 8 Birefringence measurements for the concentrated layer on the stagnation surface.

The observed zero pressure drop was contrary to the results normally
predicted for ultrafiltration where large pressure drops are predicted to occur
across the concentrated layer. Our results indicate that a zero pressure drop
is the result of the formation of a liquid crystal phase and the resulting
anisotropy. It is worthwhile to note that many of the substances commonly
separated by ultrafiltration are large asymmetric molecules and therefore
are potentially structured in concentrated layers. As such, control of orienta-
tion could psssibly reduce the large pressure drops which occur in ultra-
filtration. Likewise the use of ultrafiltration conditions make it possible to
easily create lyotropic mesophases from a wide variety of asymmetric solutes.

The simplified hydrodynamic models should provide a useful framework
for understanding liquid crystal layers in natural systems where thin layers
are the most common situation.

Appendix: General boundary layer analysis

For a general two dimensional flow shown in Figure Al with the director
assumed to be restricted to the x, z plane and with 6, the angle with the z axis,
the director has the following value:

L = (sin 8,0, cos 0)
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The momentum equation for the z component in dimensionless form becomes
o Ou® 4 ou® oP° 1 l:@ozz + 60‘,‘{]

Y 0z Ox

VT T Re .5
pU 1

Hest

Re =

If we now assume the usual boundary layer requirement that the thickness
of the layer for momentum transport, d, is much less than the characteristic
length, [, then the usual simplifications can be made by neglecting all terms
less than order 1/3.

o0u®  oul oP° 1 o%°

T T T 50 T Reax?

1
Mot = 5 (a3 + oty + )

This definition of #. is just the value for the molecules sliding past each
other in their long direction. Similarly for the x component equation

P _ 1 1i£6'(01 +ay+a +a)%
3x® T Re npox® |2 2T 3T TS T U6 gx0

For very small values of 6 this reduces down to the usual boundary layer
result that
op°
ox°
The other limit with 6 =~ 90° can similarly be developed.
ou® ou® aP’ 1 9%°

pOU”  Loou _ or 1 ou
v -0z2° v x° 0z° + Re 9x92

=0

, 1
Hegs = 5(—052 + oy + as)
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Thus the form of the z component of the momentum equation is the same
as in the parallel orientation case except that the effective viscosity is now
that for end to end resistance.

The x equation for angles very close to 90° reduces to the no pressure drop
approximation of Newtonian flow. The first order correction for orientations
only approaching 90° is as follows:

aP°_111( +++)ag_6@j
3x0  Renqy |2 @t Rt ot T alagl g %0

Thus within the limits of our model the liquid crystal layer may be treated
as a Newtonian boundary layer with appropriate single direction viscosity
in each component equation. This extends to more useful geometries the
results developed in this paper for stagnation flow.

Symbols used in this article

Symbol Meaning
1

Symmetric portion of the velocity gradient, sec™ .
Concentration, moles - liter ™ L.

Diameter, cm, in.

Transformed pressure function, cm?.

Function vector, used in numerical solution.

Director (represents orientation of molecules).

Rate of change of L with respect to surrounding fluid, sec™ 1
Correction vector, used in numerical solution.

Bulk flow rate, cm® - sec™ L.

Frictionless radial velocity, cm - sec™ L.
Permeation velocity, cm - sec™ 1.
Frictionless axial velocity, cm - sec™ 1.
Cell constant, sec L.

Concentrated layer thickness, cm.
Transformed velocity function, cm - sec™ *.
Component of G.

Step size of £ (used in numerical integration), dimensionless.
Pressure, dynes - cm ™2,
P, Pressure at the stagnation point, dynes - cm™ 2.
r Radial coordinate, cm.

t Time, sec.

u _Radial velocity, cm - sec™ L.

v General velocity, cm - sec™ 1.

Axial velocity, cm - sec™ L.

Tre ARl S NCORZNAOMD AN
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General coordinate, cm.

Axial coordinate, cm.

Coefflicient of viscosity, poise.

Boundary layer thickness, cm.
Dimensionless axial coordinate variable.
Kinematic viscosity, cm? - sec™ 1,
Density, g-cm ™3,

Shear (tensor), dynes - cm ™2,
Transformed velocity function, dimensionless.
Antisymmetric portion of velocity gradient.

£SO T < MR N X
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