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We theoretically studied the Rayleigh-Benard convection in homeotropic nematic liquid
crystal cells due to the absorption of a Gaussian light beam, which penetrates the
cell normally from above. It was shown that a convection of hydrodynamic motion in
nematic liquid crystals can be induced as a result of absorption Gaussian beam and
consequently, can lead to hydrodynamic motion and significant director reorientation
in liquid crystal cells. The results can be easily measured experimentally.

Keywords Gaussian light beam; nematic liquid crystal; rayleigh-benard convection;
thermal anisotropy

Introduction

Convection in a thin horizontal layer of an isotropic fluid heated from below is well known
as Rayleigh - Benard convection (RBC) [1]. When the fluid is a nematic liquid crystal
(NLC), this phenomenon is altered in interesting ways. In the case of thermal convection,
instability mechanism for horizontal nematic samples is different from those obtained
in homogeneous isotropic fluid layers [2]. The anisotropic properties and its sensibility
to external forces (as magnetic or electric field) have allowed the observation of many
interesting dynamical phenomena in NLC [3]. Because of the anisotropy of the liquid
crystal, orientation deformation reflects back not only on the flow (viscosity anisotropy)
but also on the heat transfer [4].

The axis parallel to the average orientation is called the director n in NLC. When
the director is perpendicular to the horizontal boundaries it is called homeotropic. In the
case of a horizontal homeotropic cell, heated from above a linear instability exists due
to coupling between the flow induced by the buoyancy forces and the distortion of the
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initial director orientation. This coupling, added to the anisotropic thermal conductivity
of materials, yields a heat focusing effect. Consequently, there is a dramatic reduction of
the onset of convection below that of an isotropic fluid [5,6]. When the homeotropic layer
is heated from below, this coupling gives rise to an oscillatory instability and convection
should start roughly at the same Rayleigh number as in the isotropic case. In this case,
the usual Rayleigh - Benard destabilization due to a thermally induced density gradient
is opposed by the stiffness of the director field, which is coupled to and distorted by any
flow. Relaxation times of the director field are much longer than thermal relaxation times,
which as a consequent director fluctuations and temperature/velocity fluctuations will be
out of phase as they grow in amplitude [7,8]. Experimental and theoretical investigations
show that regular convective motions might be exited in a NLC due to the absorption
of laser radiation with a spatially periodic intensity distribution. It was also shown that
hydrodynamic motions due to the absorption of light with periodic laser intensity lead to a
reorientation of the director in NLC [9-12].

This work is devoted to the theoretical study of the excitation of hydrodynamic con-
vection in a horizontal homeotropic sample with hard anchoring condition at the cell walls
that is induced by the absorption of laser radiation with a Gaussian intensity distribu-
tion from above. Here, we will study velocity and director reorientation variations due to
hydrodynamic motion.

Equations of Nematic Hydrodynamic

In contrast to isotropic fluids, which the Navier-Stokes equation describes the RBC [13,14],
in NLC molecular director reorientation is coupled to velocity, so the coupled equations
of Navier—Stokes, molecular field and temperature diffusivity should be solved, simulta-
neously [4]. Here, we will use the Boussinesq approximation, which ignores the thermal
variations of the physical parameters else than the thermal dependence of the density in
buoyancy force. The incompressibility condition will be used in calculations which implies
V, v = 0 where v is the flow velocity.

Navier-Stokes Equation

We consider a horizontal layer 0 > Z > L of homeotropically oriented NLC (unperturbed
director ny = e;) in cylindrical coordinate system. The layer is in the gravitational field
with ¢ = —ge, and absorbs Gaussian incident light from above. Since the symmetry of
the heat diffusivity and director orientation around the z-axis % and v,, are zero (v is the
velocity of hydrodynamic motion). The excited hydrodynamic motions are described by
Navier-Stokes equation in the form of

0
14 (8_;) +(V, U)U) =—=Vp + fis + fext (D

. . do;j; . . .
The i component of fis is f; = (WU) where o;;, the viscose stress tensor in NLC, is:
J

0ij = 1NN Ny iy + 2o i Np + a3niNj + asd;; + asnjngdy + agningdy;  (2)
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n is the director unit vector and «; . . . o are the Leslie coefficients.

dn; 1

Ni= "4 S x w), 3)
1/ 0v; av;

dii = - —+ - 4
2<8x_,- + 8xi> ( )

d;; is the velocity—gradient tensor, N is the rate of change of the director with respect
to the immobile background fluid and w is angular velocity. We write these variables
in the form, P =P, + P’, p = po(1 — BT), where, Py, and p, are the unperturbed
pressure, (Py = —ppgz) and density; P’, v’, are perturbations, and j is the volume expansion
coefficient of the liquid crystal. The r- and z-components of Navier-Stokes equation after
linearization will be, respectively:

v, (r, 2, t 3%v,(r, 2, 1) P, (rz.0) | 1 P02, 0)
_ 1 guin st s
P ( o1 ) BT T gy Tyt et T ©
v, (r, t 19 0v(r 1
£o il =poT(r,z,)Bg + =+ — ) | 0.5(c2 + a4 + ) 1)
P r or ar
avr(r, Z7t) aznr(r7 Z’t) anr(r7z’t) 1
0.5(— — r
+0.5(—a3 + as + ae) 9z ) T a3 ( orot + ot r
(6)

Thermal Conductivity Equation

Because of the thermal anisotropy of the NLC, the heat flux g; is described by a second -

order symmetric tensor relating to the temperature gradients g; = _kugTT [4]. Thermal
7
conductivity has the form:
aT
LoCp E +v,vT ) = _Vq + Uij(vv) + Q (7)

With the used variables density o, pressure p, velocity v, temperature T, ¢, specific heat, QO

heat source with form 52 exp[ 535 ] exp[—a z], p light power, a spot size, o ;. perpendicular

cell absorption coefficient, and ¢ heat flux vector.

I oT; ®)
qi = ij axj
kij = kisobij + ka | nin; — > ©)
ky+k
biso = L (10)
ko = Ky + ko (1)

ki; is the thermal conductive tensor, k;,, and k, are isotopic and anisotopic thermal conduc-
tivities and k|, k| are parallel and perpendicular thermal conductivities, respectively. The
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temperature equation after linearization will be in the form of:

0T (r,z,t) 0T (r, z, 1) AT (r, t) 1 0T (r,z, 1)
o r\/, , 1 = —k _—
Ucp( 3 )JFU(” T TV rL< or )
3T (r, z,1) 3T (r, z,1) p —r?
k k E — | [—a; 12
i L( or? >+ 1%z %o 7P| 222 [=ajz] (12)

Torque Balance Equation

The balance of the torques exerted on the molecule indicates the director reorientation.
These forces are the viscose hydrodynamical force and the Frank elasticity force. The
torque balancing equation is:

aF 9 OF
(n x f)z + CijmNm | — — T -7~ | = 0 (13)
8nj an (aﬁ)
8xk
fii = (Y IN,i +y,2d,ij) (14)
dn; 1

N,' = d_"; + E(l’l X u))i (15)

y1 = (—ay + ) (16)

Y2 = (a2 4+ o) 17)

F =k(V,n)?+k(n,V xn)*> +ks(n x V x n)? (18)

where f is the hydrodynamical force, F is the Frank free energy and k; . . . k, are the Frank
elastic constants. The torque balance equation after linearization is as follows:

. 1 v (r,z,t)  0vy(r, t) 1 v, (r,z,t)  dvy(r, t)
Pz, t) — = - =
yin(r, z, 1) g ( 0. 5 ) + V2 ( ) + 5,

2nr(r7 Z’ t) aznr(ra th) aznr(ra Z? t)
ki | — ky—————— =
+ki ( R +h—

0. (19)

Numerical Calculations

We will solve coupled equations 5, 6, 12, and 19 with the following boundary conditions:
consider the NLC at the rest initially, symmetric around the z-axis with hard anchoring
conditions at the both NLC cell walls and with no effect at the infinite;

T(r,Z,t)zvr(r,Z,t):Uz(r,Z,t)zanr(r,Z,t)zo r=0ao0 (20)
v (r,z, 1) =0n,(r,z,t) = v (r, 2,1) =T(r, z,) =0 z=0,L 21
9 9 9 0T (r, z, 1)
a—v,(r, z,t) = a—vz(r, z,1) = a—én,(r, z,t) = 8— =0 r=20. 22)

For the numerical estimates, the following parameters were used for the NLC 5CB:

g .
Po = 1.0215—3, o, a2, 04, Qg arerespective
cm?

dynes
—0.77, —0.042, 0.634, —0.1840

cm?
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1

Figure 1. Temperature distribution versus r, z with p = 7mW, «; =3cm™',a = 1 mm.

2

pocy ~ 1, g = 9806683, ki =6.19% 107+
§ N

2
ky=1.14%10720 o) =3em™,
S

p=TmW, a=1mm, k =5.95x10""dynes, ks=7.86x 10""dynes,
L =3mm,t = 60s

Result and Discussion

It was found that the temperature follows the Gaussian light beam profile in the r- direction
but with larger spot size in accordance with other reported experiments (Fig. 1), its maximum
is nearly at the middle of the cell due to the considered boundary condition.

Figure 2 indicates radial hydrodynamic flow velocity in r- and z-directions using the
mentioned NLC parameters. The flow follows the temperature gradient in r direction and
changes its direction at the middle of the cell in z direction that illustrates the existence of

1

Figure 2. Flow velocity in r direction versus r, z with p = 7TmW, o; =3cm™', a = | mm.
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riem) 0 o0 ts)

1

Figure 3. Flow velocity in z direction versus 7 ¢t with p = 7mW, o, =3cm™, « = 1 mm.

circular rolls in NLC due to RBC. Coupling between director and velocity can reorient the
molecular director in NLC (Fig. 2). Figure 3 shows v, variations. It is seen that the velocity
increases with time at first but after some heating, reaches a saturated magnitude.

We can see the director reorientation of the molecules follows the temperature gradient
in the r-direction. In the z- direction we have a smooth curve with a maximum at the middle
of the cell thickness except near the boundaries, which can be a result of the anchoring
force (Figs. 4, and 5). It is shown that the director has the temperature gradient profile shape

1

Figure 4. Director reorientation versus r, z with p = 7mW, o) =3cm™', @ = 1 mm.
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Figure 5. Director Reorientation versus ¢t with p = 7mW, o, =3cm™, ¢ = 1 mm.

with a remarkable reorientation. This reorientation can be considered as one of the largest
director reorientations in NLC and is comparable with the director reorientation due to the
giant optical nonlinearity [15].

Conclusion

We studied the Rayleigh - Benard Convection due to the absorption of a Gaussian laser
profile. It was shown that the instability can happened in a NLC, which is heated from
above which has no similar isotropic fluids. This effect is a result of the coupled anisotropy
in the medium. The calculation shows that an approximately circular roll can exist in this
case, but decaying occurs with distance from the light intensity center. Coupling between
the molecular director, velocity and temperature leads to significant director reorientation.
This reorientation can be one of the largest director reorientations seen in NLC.
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