This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Shear flow induced deformations of planar cholesteric layers
Grzegorz Derfel; Dariusz Krzyzanski

Online publication date: 06 August 2010

To cite this Article Derfel, Grzegorz and Krzyzanski, Dariusz(1997) 'Shear flow induced deformations of planar cholesteric
layers', Liquid Crystals, 22: 4, 463 — 468

To link to this Article: DOI: 10.1080/026782997209180
URL: http://dx.doi.org/10.1080/026782997209180

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/026782997209180
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:26 26 January 2011

Downl oaded At:

LiQuip CRYSTALS, 1997, VoL. 22, No. 4, 463-468

Shear flow induced deformations of planar cholesteric layers

by GRZEGORZ DERFEL* and DARIUSZ KRZYZANSKI

Institute of Physics, Technical University of £.6dz, ul. Wolczariska 223,
93-005 L6dz, Poland

(Received 11 July 1996, in final form 11 November 1996, accepted 6 December 1996)

The shear flow induced deformation of the planar cholesteric structure is modelled numerically,
taking into account long pitch flow-aligning material. Three pitch-to-thickness ratios in five
configurations are considered. Unwinding of the cholesteric helix due to the flow alignment
is found. This process has a threshold character, when the mid-plane director is perpendicular
to the plane of shear; otherwise it is continuous. The transverse component of the flow is
always present. At high stress, the director in the prevailing part of the layer is oriented at

the flow-aligning angle.

1. Introduction

The coupling between the director and the velocity
gradient gives rise to a viscous torque which deforms
the initial structure of liquid crystals. In cholesterics, the
character of the deformation depends on the direction
of the helical axis with respect to the velocity vector and
velocity gradient. Briefly, three kinds of phenomena can
be distinguished. In the case of the helical axis parallel
to the velocity gradient (for instance in a sheared planar
layer), unwinding of the chiral structure has been found
[1,2]. If the helical axis is parallel to the velocity, the
permeation effect, which manifests itself by an enormous
effective viscosity, takes place [3, 4]. If the helical axis
is oriented perpendicular both to the velocity vector and
to the velocity gradient, unwinding of the chiral structure
occurs [ 5], analogously to the field induced cholesteric—
nematic transition. The details of the deformations
depend on the geometry of the flow.

In the present paper, simple shear flow of a long pitch
cholesteric with the helical axis parallel to the velocity
gradient is modelled numerically. A positive ratio of the
Leslie viscosity coefficients a3/a2 is adopted. Director
distributions are calculated for several pitch-to-thickness
ratios and for various shear stresses. The calculations
are performed for an infinite layer with strong boundary
anchoring. The deformation is assumed to be one-
dimensional; thermomechanical coupling is ignored. The
deformation takes the form of unwinding of the choles-
teric helix. High shear stress leads to a flow induced
uniform director distribution as found usually for the
flow-aligning nematics [6, 7]. The sheared chiral struc-
ture gives rise to transverse flow.

A similar problem was studied by Kini [1, 2], where

* Author for correspondence.

the director orientations, velocity profiles and apparent
viscosity were studied analytically and numerically as
functions of pitch and shear rate. The results obtained
in the present work agree qualitatively with Kini’s
results.

In addition to the unwinding and to the nematic-like
flow induced orientation, threshold behaviour of the
deformation is found. It takes place if the midplane
director is normal to the plane of shear. The unwinding
increases rapidly above some critical shear stress.

2. Method

The cholesteric liquid crystal is described by the elastic
constant ratios ki=kn/ki1, kv =kss/ki, the viscosity
coefficient ratios aifan, i=1 6, and the pitch-to-
thickness ratio P/d. A positive a3z/a> ratio is assumed,
which is characteristic for flow aligning nematics. The
material is confined in a layer of thickness d between
two plates parallel to the xy plane and positioned at
z= +d/2. The upper plate moves along the y axis under
the action of a constant shear stress . The stationary
director distribution in the deformed layer is described
by two angles: the tilt angle, 6(z), between the director
and its projection nxy on the xy plane, and the azimuthal
angle, ¢(z), between nxy and the y axis. The angle ¢(z) is
a measure of the director rotation about the z axis. The
angle 0(z) stands for the director rotation about another
axis which is perpendicular to n and n«,. Boundary
conditions are determined by the strong anchoring,
identical at both plates. Surface director orientation is
determined by the easy axis versor e, which lies in the
xy plane and makes the angle ¢s with the y axis.

The stationary state in the sheared layer results from
the equilibrium of the elastic and viscous torques in the
bulk, and the elastic, viscous and surface torques at the

0267-8292/97 $12-:00 © 1997 Taylor & Francis Ltd.
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boundaries. The formulae for these torques are derived
by use of Ericksen—Leslie theory [ 7]. They are gathered
in the Appendix.

In our computer model, the continuous 6(z) and ¢(z)
functions are replaced by the sets of N discrete values
0: and ¢: determined in N equidistant planes positioned
at zi= —df2+ (i—1)d/(N—1), where i=1 ... N. The
values 6; and ¢: are used for the calculation of the
torques per unit volume, which affect the director in the
sublayers attached to each of the N planes. (There are
N sublayers; the two sublayers that are adjacent to the
boundary plates have a thickness equal to d/[2(N —1)],
and all others, which are in the bulk, have the thickness
d/(N—1).) For each of the inner sublayers, the sum of
the elastic and viscous torques is calculated, while for
the boundary sublayer, the third torque due to the
surface anchoring is added.

The equilibrium set of angles 6: and ¢:, which approxi-
mates the real stationary director distribution, is calcu-
lated in the course of an iteration process. The initially
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Figure 1. The smooth unwinding of the cholesteric structure
for ¢(z=0)=0. P=2d/3; (a) the azimuthal angle ¢(z);
(b) the tilt angle 0(z); (c) the transverse velocity vx(z). The
dimensionless stress values are indicated.

adopted values 6; and ¢: (corresponding to the unde-
formed layer) are varied sequentially. The new values
are accepted if they give a smaller absolute value |T|
of the torque per unit volume in the i-th sublayer.
This procedure is repeated until the sum of all |Ti| de-
creases below some sufficiently low value ¢ due to the
required accuracy. (In our calculations e=10"* while
N =64, which gives satisfactory approximations of the
continuous 6(z) and ¢(z) functions.)

3. Results
The parameters of the material correspond to the
nematic liquid crystal APAPA: k=0-565, k=159,
arfoa=—0-1, a3/a2=0-149, as4/a2=—0-795, as/az=
—1-385, as/ o= —0-234. They are adopted from [8] and
[9]. The left-handed cholesteric structure is assumed to
derive from the chiral additive which does not change
the parameters of the pure compound. Three pitch-
to-thickness ratios are taken into account: P/d=4/3,
P/d=1 and P/d=2/3. The dimensionless parameter
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Figure 2. The smooth unwinding of the cholesteric structure
for ¢(z=0)=0. P=d; (a) the azimuthal angle ¢(z); (b) the
tilt angle 0(z); (c) the transverse velocity vx(z). The dimen-
sionless stress values are indicated.
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y = W[k, describing the anchoring strength, is chosen
to be equal to 2 X 10°. (The surface anchoring energy
per unit area of the layer W is defined by equation
(A11).) The intrinsic pitch of the material matches the
directions of the easy axes on both boundary plates.
Two surface orientations are used: parallel and perpen-
dicular to the shear plane. They give two configurations
of the helical structures for each P/d ratio with the
exception of P/d=4/3. In the latter case, the easy axis is
parallel to the plane of shear at z= — d/2, whereas it is
perpendicular at z=d/2. As a result of this, five different
situations arise. In each of them, the director distribu-
tions given by the angles ¢(z) and 0(z), the transverse
shear stress o, the apparent viscosity n, and the longitud-
inal and the transverse velocity profiles vy(z) and v«(z)
are determined as functions of the external shear stress
7. The results are presented in dimensionless form,
achieved by means of a suitable choice of units, namely,
d as the unit for distance, a> for viscosity, k33 7*/aad for
velocity and kssn’/d” for stress. In particular, the dimen-
sionless stress ¢ = rd”/n’k33 is used.

Deformations of the cholesteric structure can be inter-
preted as the effect of flow induced alignment. At high
shear stress, the director in a significant part of the layer
thickness is oriented parallel to the sglear plane at the
flow aligning angle .=arctan (a3/a2)?2. This structure is
formed as a result of unwinding of the cholesteric helix.
The unwinding occurs in different ways depending on
the director orientation in the midplane of the layer and
on the pitch value. The twist is concentrated in rather
thin regions adjacent to the boundary plates.

The regions, in which the unperturbed director is
parallel to the y axis are the natural sites where the
helical structure starts to unwind. They correspond to
the regions where ¢ = +mn, (m=0, 1, 2, ... ), except
where z= 4 d/2. Figures 1 to 5 show that these regions
expand when the stress increases. The unwinding is
associated with enhanced twist in the neighbouring
regions.

In configurations where ¢(z=0)=0, the unwinding
starts wherever ¢ = + mn and proceeds smoothly with
increasing stress, see figures 1(a¢) and 2 (a). The director
in the central part of the layer is aligned by the flow.
For high stress, it lies in the shear plane and makes the
angle 0. with the y axis, figures 1(b) and 2 (b). The ¢(z)
function is odd and the 6(z) function is even. For small
stress, =0 wherever the director is normal to the plane
of shear.

In the case of the longest pitch considered, P=4d/3,
the asymmetry of the director distribution reflects the
asymmetry of the surface orientation, see figures 3 (a)
and 3 (b). The unwinding and flow alignment develop in
the region where ¢ =n.

In configurations where ¢(z=0)=n/2, the behaviour
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Figure 3. The smooth unwinding of the cholesteric structure
for P=4d/3; (a) the azimuthal angle ¢(z); (b) the tilt angle
0(z); (c) the transverse velocity vx(z). The dimensionless
stress values are indicated.

of the layer is more interesting. The deformation occurs
in two steps, as exemplified in figures 4 (¢) and 5 (a). For
small stress, weak unwinding arises for ¢=0 and ¢ =rn.
The functions ¢(z) — /2 and 6(z) are odd. When the
stress exceeds some critical value, the director distribu-
tion changes abruptly, and the symmetry of the director
profiles is broken. One of the regions, in which the
unwinding is initialized, expands, while the unwinding
in the other regions is damped. At higher stress, a
significant part of the layer is aligned by the flow, see
figures 4 (b) and 5 (b).

The high stress structures of all the five configurations
are shown in figure 6, by means of cylinders, which
symbolize the director.

The sheared twisted structure give rise to flow perpen-
dicular to the shear plane. The transverse velocities are
about two orders of magnitude lower than the longitud-
inal velocities. In configurations with ¢(z=0)=0, the
profiles v.(z) are even, figures 1(c) and 2(c), as results
from equation (A14). If ¢(z=0)=n/2, then the v«(z) are
even only for sufficiently low stress. Above the critical
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Figure 4. The threshold type unwinding of the cholesteric
structure for ¢(z=0)=n/2, P=2d/3; (a) the azimuthal
angle ¢(z); (b) the tilt angle 0(z); (c) the transverse velocity
vx(z). The dimensionless stress values are indicated.

stress for unwinding, the symmetry is broken, figures
4(c) and 5(c). A similar lack of symmetry is observed
for P=4d/3, figure 3 (c).

Figure 7 shows the transverse shear stresses o plotted
as functions of ¢ for the structures presented in figures 4
and 5. The threshold behaviour is very pronounced. The
values of o for the asymmetric case of P=4d/3 increase
monotonically and achieve a value of about 1-5 for =
30. For the structures with ¢(z=0)=0, the transverse
stress vanishes, due to their symmetry.

Deformation of the structure of the layer influences
the apparent viscosity, as illustrated in figure 8. The low
stress viscosity coefficient is the same in all cases; it
increases as a result of deformation, and tends to the
value corresponding to the nematic aligned at the angle
0.. For the material constants adopted here, this limit
value is greater than the initial viscosity of the unde-
formed layers. For given ¢, the increase is more pro-
nounced for materials with longer pitch, which are more
easily unwound than the more strongly twisted struc-
tures. Small jumps of the effective viscosity coefficient
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Figure 5. The threshold type unwinding of the cholesteric
structure for ¢(z=0)=n/2, P =d, (a) the azimuthal angle
#(z); (b) the tilt angle 0(z); (c) the transverse velocity v«(z).
The dimensionless stress values are indicated.

correspond to abrupt unwinding above the threshold
stress.

The longitudinal velocity profiles are monotonic
functions of z, as exemplified in figure 9.

4. Discussion

The director distributions and velocity profiles pre-
sented here agree qualitatively with the results reported
in [1] and [2]. The threshold character of the deforma-
tion is revealed, which to our knowledge has not been
reported earlier. This effect is analogous to field induced
deformations in liquid crystals. The perpendicularity of
the midplane director to the driving force of the distor-
tion is the feature common to both phenomena.

In most cases considered here, the transverse velocity
components have a unique sign in the whole layer; the
transverse flow has a unique direction. The non-
vanishing net flow is common in our results and in the
results of [1] and [2]. The calculated director distribu-
tions correspond therefore to situations in which the
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Figure 6. The unwound structure '

of the cholesteric layers at -0.5
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Figure 7. The transverse stress o as a function of the longitud-
inal stress ¢ for the threshold type unwinding of the
cholesteric structure. The pitch to thickness ratios are
indicated.

liquid crystal has freedom of movement in the x direc-
tion. Experimental realization of such flow may be
troublesome; however, transverse velocities are about
two orders of magnitude smaller than the longitudinal,
and their influence on the director distribution is negli-
gible. The transverse effects can be ignored and the
results obtained here can be treated as adequate for
experiments in which lateral boundaries prevent the
transverse flow.

Summarizing, viscous torque affects the intrinsic twist
of the cholesteric liquid crystal. The unwinding can have
a threshold character, and the unwound structure is
aligned by the flow, as for a nematic liquid crystal.

0 0.5

0 5 10 15 20 25
t

Figure 8. The effective viscosity n as a function of the longit-
udinal stress z. 1: P/d=4/3;2: Pld=1, $(z=0)=0; 3: P/d=
1, p(z=0)=n/2; 4: Pld=2/3, ¢(z=0)==n/2; 5: Pld=2/3,
#(z=0)=0.

Appendix
The director distribution in the stationary state in the
sheared layer results from the equilibrium of the elastic
and viscous torques in the bulk, and the elastic, viscous
and surface torques at the boundaries.
The elastic torque is

Telastic=n X h (Al )

where n is the director and h is the molecular field. Its
components are given by
og 0 Og

! onj 0z Onj- (A2)
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Figure 9. The longitudinal velocity profile v,(z) for P/d=4/3.

The dimensionless stress values are indicated.

where g is the Frank elastic free energy density and
n- =0on;[oz and j=x, y, z.
The viscous torque is expressed by the viscous force

£

F=nXxf' (A3)
The components of f’ are

fr= aown:

fr= aoun: (A4)

fr= as(uny + wnx)

where u = 0v,/6z and w=0vx/0z. The velocity gradients
u and w are given by the Navier-Stokes equations

t=uP+wQ
c=uQ+wR (A5)
where
1 2 2 2 2
P= 5 [2a1 ny nz4 (as— a2)n:+ (a3+ as)ny + as]
(A6)

1
0= 5 [2a1nxnyn:2+ (az+ as)nxny] (A7)

_ l 2 2 2 2
R= 5 [201 nx nz4 (as— a2)nz+ (a3 + as)nx+ a4]

(A8)

and o is the transverse shear stress appearing if the
director deviates from the shear plane, ie. if nx#0 or
¢#0. The value of o is determined by the ‘no slip
condition’

/2

J wdz=0 (A9)
—d/2

which leads to

o=t (A10)

where A= PR — Qz.
The anchoring free energy per unit area of the layer
is assumed in the Rapini-Papoular form [10]

Fanchoring= — (W/2)(n‘e)2 (A11)

where e is the surface easy axis versor.
The surface torque is expressed by

Tanchoring= W(Il 'e) (ll X e) (A12)

The director distribution allows calculation of the
effective viscosity coefficient

— Td (A13)
n= J,d/z R — o0
- dz
~d/2 A
and the velocity components
© oP—10
vx(z)= J - dz (A14)
—dj2 A
* 7R— o0
vy(z)= J - dz (A15)
-22 A
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