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Abstract

In this paper, we present a C° finite element method for a 2D hydrodynamic liquid crystal model which is simpler than
existing C' element methods and mixed element formulation. The energy law is formally justified and the energy decay is
used as a validation tool for our numerical computation. A splitting method combined with only a few fixed point iteration
for the penalty term of the director field is applied to reduce the size of the stiffness matrix and to keep the stiffness matrix
time-independent. The latter avoids solving a linear system at every time step and largely reduces the computational time,
especially when direct linear system solvers are used. Our approach is verified by comparing its computational results with
those obtained by C' elements and by mixed formulation. Through numerical experiments of a few other splittings and
explicit-implicit strategies, we recommend a fast and reliable algorithm for this model. A number of examples are com-
puted to demonstrate the algorithm.
© 2005 Elsevier Inc. All rights reserved.

MSC: 65M60; T6A15

Keywords: Liquid crystal flow; Finite element approximation; Splitting method

1. Introduction

There are growing interests about the theory and computation of liquid crystals among physicists and
mathematicians. Liquid crystal materials not only see many important industrial applications [5,8], they
can also be considered to be simple examples of elastic complex fluids. The hydrodynamical and rheological
properties of the materials reflect the competition between the kinetic and elastic energies, through the trans-
port of the orientational order parameter. The motivation of this paper is to develop an effective and robust
numerical tool to illustrate and investigate such competitions.

Liquid crystal materials do not show a single transition from solid to liquid, but rather a cascade of tran-
sitions involving new phases. Classical Oseen—Frank theory suggests that the nematic phase of liquid crystals
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can be described by an orientational order parameter or a director field d, which minimizes so called Oseen—
Frank elastic energy functional. The energy dictates the tendency of the orientational director being aligned to
each other. This macroscopic orientational order parameter can also be derived through the microscopic
kinetic equation as the eigenvector of the second moment [8]. Mathematical analysis and computation for
some special cases of Oseen—Frank model may be found in [1,3,4,8,10-13]. To describe liquid crystal flows
we need not only the orientation, as represented by the director field d, but also a macroscopic motion, rep-
resented by the velocity field u. Ericksen and Leslie derive a hydrodynamic model for nematic liquid crystals.
A nematic flow behaves like a regular liquid with molecules of similar size. However, it displays anisotropic
properties due to the molecule alignment described by the local director field d. In order to understand Erick-
sen—Leslie theory from the analysis point of view, Lin and Liu [14] proposed to consider a simplified model
which retains most mathematical and physical significance of the original system and at the same time is pos-
sible for rigorous analysis. The model also emphasizes the special coupling between the director and the flow
field. The model reads

U+ (u- V)u—vV-D(u) + Vp+ iV - ((Vd)'Vd) = 0, (1.1)
V-u=0, (12)
d + (u-V)d — y(Ad — f(d)) = 0 (1.3)

with initial and boundary conditions
u o =uy, d_,=dy, ulpy=ulpo =g, dlpp=4doloo=2gs

Here, u represents the velocity of the liquid crystal flow, p the pressure, and d the orientation of the liquid
crystal molecules, u, d: Q x 27 — #", p: Q x At — % and Q C #". In our computation, we will only consider
n=2, ie. two-dimensional cases. Also, the strain rate D(u) = (1/2)(Vu + (Vu)"), the gradients of the director
field take the standard notation as

od;
(Vd)ij - di,j - ax]»

and f(d) = (1/e*)(—d|* — 1)d is a penalty function used to approximate the constraint |[d| = 1 which is due to
liquid crystal molecules being of similar size. f(d) is the gradient of the scalar valued function F(d)=
(1/4*)(|d* — 1)%. The divergence operator of a matrix is defined as

ﬁa[j

(V-A), = ay; = .
]s] Z axl

The first equation in the system is the equation for the conservation of linear momentum (the force balance
equation). It combines a usual equation describing the flow of an isotropic fluid and an extra nonlinear cou-
pling term which is anisotropic. This extra term is the induced elastic stress from the elastic energy through the
transport in the third equation. The second equation represents incompressibility of the liquid. The third equa-
tion is associated with conservation of the angular momentum. We want to point out the choice of the trans-
port of the director, d, + (u - V)d, reflects the assumption that the molecule is small and only the transport of
the center of the mass is taken into account.

It is expected that the flow velocity will influence the alignment of the molecule d by the transport of the
vector. And the converse is also true, i.e. the change in alignment may induce velocity through the induced
elastic stress. Even if the initial velocity is zero the evolution of the director field may induce a velocity (the
phenomena having been coined as back-flow), and the velocity may in turn affect the evolution of the direc-
tor field. Such special coupling makes the theoretical discussion, especially explicit analytical expression of
the solutions, rather difficult for this complicated model (as will also be indicated in our later numerical
examples). Numerical simulation of these phenomena is then interesting, or even necessary, to researchers
in this area.

Some properties of the system of equations may be used to justify the correctness of simulation results. For
instance, the director field satisfies the maximum principle, that is, its magnitude will not achieve a maximum
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at any interior point of the space-time domain. Moreover, the system admits the following energy law (see
[14]):
dE
YT
where

~ (VD@2 g, + 2711Ad = (@) g ). (1.4)

L, .2 A )
E =5l + 519410, + 2 | F@.

This indicates that the energy E should be decreasing in the time evolution. The formula of the energy E
also reflects the competition of the kinetic and elastic energy. The constant 4 is really the ratio between
these two functionals. Moreover, the derivation of the energy law (1.4) also shows the coupling between
the transport and the induced stress. The energy decreasing property may be used to justify the numerical
method. This is in particular important when the singularities are involved, since the physical singularities
we are after are those energetically admissible ones. There have been several previous attempts in this
direction. Since in deriving this energy law the test function Ad is used (implying that the test function
space should be in H?) a C' finite element method is adopted in [17] to solve the system (1.1)—(1.3) in
order to keep the energy law in the numerical scheme. But the construction and implementation of C'
element is complicated. In [18], they applied a mixed finite element method to the system to avoid the
C' element. But the introduction of the new variable W = Vd increases the number of unknown variables
and complication of implementation. Some other methods were used for this model, for example, a spec-
tral method is used in [7] which is efficient for rectangular domains and periodic boundary conditions. In
this paper, we will apply the Galerkin finite element method with C° elements directly to the system (1.1)—
(1.3). The benefits of using such elements are obvious. The method can be implemented easily and many
existing softwares and mesh generators may be incorporated to reduce complication. Numerical verifica-
tion of the method and the energy decreasing law will be done through a number of examples. Some the-
oretical justification of the finite element formulation will be given in Section 2. In Sections 3 and 4, we
introduce a splitting scheme combined with a fixed point iterative method to largely reduce the time of
computing an evolution solution. We will use the method to simulate some interesting cases of the model
with various parameters and domain geometries in Section 5. We hope that these computational results
would motivate further theoretical study of the solution. Numerical experiments show that the method
works very well for moderately small e. Since we consider the two-dimensional case the energy is un-
bounded as e approaches zero. When ¢ is extremely small we would not expect good performance of any
numerical methods.

2. Weak formulation and finite element methods

Let Q be a bounded domain of %°. We denote by I' the boundary of Q, and we suppose that I’ is sufficiently
smooth (for example, Lipschitz-continuous). Define the spaces H'(Q)=(H'(Q)), Hé = {uec H'(Q),
u=gon I' and LA Q) = (LA Q))*.

A weak formulation of the system (1.1)—(1.3) reads:

Find u € H'[0, T;H '(Q)] N L*[0, T;H, (Q)], p € L*[0, T;L*(R)/#) and d € H'[0, T;H, ] such that

/(u,-v—l—(u-V)u-v+vVu:Vv—p(V-v)—i(Vd)TVd:Vv> dx =0 Vve L0, T; H)(Q)], (2.1)
Q

/(v ‘u)gdx =0 VpeL*0,T;L*(Q)/%), (2.2)
Q
/ d-e+(u-V)d-e+7y(Vd: Ve—f(d) -e)dx =0 Vec L0, T;H)(Q)], (2.3)
o
where “:” represents an inner product of two matrices, i.e. 4: B = > a;b;.

We first formally derive the energy decreasing property of the formulation when u and d satisfy homoge-
neous boundary conditions. From [18] and (1.3) we have
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V- ((Vd)'Vd) = (Vd)"Ad + V(|Vd[*)/2 = %(Vd)T(d, + (u-V)d +9f(d)) + V(|Vd])/2

1
= (Va)"(d, + (u- V)d) + V (|Vd|2/2 n F(d)).
So for u and d in above defined spaces we weakly have

—/Q((Vd)TVd):Vv dx:%/

Q

(Vd)'(d, + (u- V)d) - vdx — / (IVdP/2 + F(@))(V - v) dx (2.4)

for all v € Hy(Q). Note that
(Vd)'d, -u=(u-V)d-d,
(Vd) (u-V)d-u=|(u-V)d]

and define a new pressure p
pi=p+|Vd’/2.

Now substituting (2.4) into the last term of (2.1), taking v=u and e = (4/y)d, in (2.1) and (2.3), respectively,
summing them up and using integral identities (where (2.2) is used)

/Q(u~V)u~udx:%/Qu'V|u\2:0, /Q(u.V)d.f(d):/u.VF(d):o,

Q

we have the following energy law:

d /1 A A
G (310l + 319 + 2 [ P@)) == (W9l + 20+ - 9l ). 3

This indicates that the energy decays with time. Our numerical simulations later using our proposed finite element
method based on (2.1)—(2.3) show that the energy decay is achieved in the examples we investigated. The rigorous
discrete energy law shall involves with changing the induced elastic stress into terms with d,. This will be more
important when the larger sized molecules are considered, hence the director d will take more complicated trans-
port in (1.3), which in turn changes the induced elastic stress. We plan to pursue this issue in our future work.
Nevertheless, numerical results obtained by our method will be verified by those existing results by the C' finite
element method where the energy law is ensured. This indirectly provides verification of the energy law of our
method. Meanwhile, energy decreasing is clearly a validation tool in numerical simulations of various examples.

Solutions of the weak problem (2.1)—(2.3) are approximated using an explicit-implicit finite difference
scheme in time and a finite element method in spatial terms. Let

H=H}(Q) x L*(2)/% x Hy(Q)

and H, = U, x 2, x W;, C H be a finite dimensional subspace of H given by a finite element discretization of
Q. If At>0 represents a time step size and (u},p},d;) € H, is an approximation of u(7") =u(nAt),
p(7") = p(nAr) and d(") = d(nAv), the approximation at time /"' = (n + 1)At is computed as the solution of
(ut pptt dZ“) € H,, by the following typical explicit-implicit scheme (“‘explicit” to avoid solving a nonlinear
system in each time step):

n+l _ .
/ (“hm“h VA U VvV Yy — (Vv - AV TV vV) dx = 0, (2.6)
Q
/(v uftg dx =0, (2.7)
Q
n+l _ gn N
/ (dhdh et (- V) e+ V) : Vet - (|d;|2 - 1)(1;“ .e) dx =0 (2.8)
o At €

for all (v,q,e) € H. The explicit-implicit scheme can be seen as one fixed point iteration of a fully implicit
scheme of (2.6)—(2.8). Numerical experiments in the later part of this section indicate that it is good enough.
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Remark 2.1. The divergence free condition (2.7) can be treated by a sequential regularization formulation so
that general C° polynomial elements can be used and that we do not need to worry beforehand whether or not
our elements would pass the Babuska—Brezzi test although it may be automatically satisfied via the formulation
[15,16]. For this model it turns out that the penalty formulation (a simplest sequential regularization
formulation and cf. [9,2]) has already worked well. That is, we replace (2.7) by the following:

/Q(V w4+ opptg dx = 0. (2.9)

We choose 6 = 107° in our computations. The divergence free condition is also numerically verified (in the

sense of L? norm, i.e. \/ ﬁ Jo |V - uZ“|2 dx) in our computations. For instance, in Example 2.2 below with
a 16 x 16 grid the divergence free error is about 0.09 around # = 0.25 before the annihilation (existing singu-
larities) and then the error is reduced quite a lot after the annihilation (no singularities). The error drops to
about 0.0003 at r = 0.75 when the steady-state is reached.

Remark 2.2. If u and d satisfy non-homogeneous boundary conditions then u, € Hé., and d, € Héﬂ in the
above finite element formulation.

Next we shall use the finite element method (2.6), (2.9) and (2.8) to compute a couple of 2D examples given in
[17,18], where a C' element and a mixed finite element method are used. As in [17,18], we will set 4, v and y to
be unity and Q = (—1, 1) x (—1, 1) with a uniform triangular mesh on a uniform square grid. We use the stan-
dard piecewise quadratic element for both u and d and then from (2.9) the pressure will be approximated by
piecewise linear polynomials. So the Babuska—Brezzi condition is automatically satisfied. Whenever possible
we will use a direct method (LU or Cholesky decomposition) to solve the resulting linear algebraic system
since it may be more reliable than iterative methods for such complicated models. Our code is written with
the help of the software Freefem-++.

Example 2.1. We illustrate how singularities of opposite sign in the director field will move together and
annihilate each other. We consider singularities of the form d(x) = d(x)/4/|d(x)|* + €2, where

d(x) = o(x)4"(x+¢) + (1 — o(x))4* (x — ¢).
Here, w(x) = 1/(1 + exp(5x,)), x; is the first component of x, 4* have diagonal (+1, 1) and the vector ¢ =
(1/2,0). We take ¢ = 0.25% and Ar = 0.001. Fig. 1 plots the initial director field on a 5x 5 grid (just for the
purpose of comparison with the results in [18]) and the final director field at time ¢ = 1. Fig. 2 shows the direc-

tor and velocity fields near the annihilation of singularities (here 8 x 8 grid is used to better observe the velocity
field). In our computation, the energy is clearly decreasing and |d| < 1 which indicates both the energy law and
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/ST VNNNNNNLV Y VA2 A A T T VO U U T O (Y A A A7
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s/ L TAYNNSNSNNN DN | /sy SIS S S S S
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Fig. 1. Director fields d in a square domain: (a) t=0; (b) = 1.
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Fig. 2. Director and velocity fields near the annihilation time ¢ = 0.4: (a) director field d; (b) velocity u.

the maximum principle for the director variable d are not violated in our algorithm. Also computational
results coincide with those in [18] for the same example.

Example 2.2. We consider an example given in [17]. The initial director field d(x) = d(x)/\/|d(x)|* + €,
where

A(x) = (3} + 23 — o2, 20m)

and o = 0.5. This director field has singularities at x = (£, 0) with unit degrees of opposite signs. We use a
uniform triangular mesh on a 16 x 16 grid and take €* = 0.05%. Again we choose Az = 0.001. We consider a
zero initial velocity field first to see the annihilation of singularities. The evolution of this solution is shown
in Fig. 3 where the initial and steady-state director fields (at = 0.75) are shown. We also show the director
and velocity fields near 1 = 0.25 in Fig. 4. To see more details of the velocity field we depict it using a 32 x 32
grid.

Then we choose the initial velocity field to be a rotating flow of the form u = (—wy, wx) with o =20
(approximately three revolutions per unit time). Fig. 5 shows the initial velocity field and the director field at
three different times, i.e. 1 = 0.1, t = 0.2 and the steady-state, say = 0.5. All these results coincide with those
in [17].

o

A I,

S

5 s

\\

\ 7

i\
N\T¥/

\\\%

Fig. 3. Director fields with zero initial velocity: (a) t =0; (b)  =0.75.
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Fig. 4. Director and velocity fields near the annihilation time (# = 0.25) with zero initial velocity: (a) director field d; (b) velocity field u.

We remark finally that the energy at the singularity in the 2D model goes to infinity as e goes to zero. So
when e is too small and/or when the number of singularities increases all numerical methods may suffer from
the error caused at singularities. The evolution of singularity may be very sensitive to the algorithm and the
mesh selected in the computation. Nevertheless, results for moderate values of € should be pretty reliable and
are usually enough to see the solution behavior.

3. Characteristic Galerkin method and splitting

In last section, we show that C° element works well for the liquid crystal flow computation. Since the C°
element is much simpler than the C' element and/or the weak formulation is simpler than the mixed formu-
lation used in [17,18], respectively. The computational time may be improved to some extent (typically half an
hour CPU time on a Pentium 4 2.4 GHz PC with the £, element on a 16 x 16 grid to evolve the solution
through one unit of time). There is still a large room to further reduce the computational time if we observe
in the above explicit-implicit scheme (2.6)—(2.8) the coupling of five equations and the common treatment of
the convection term where the stiffness matrix of the finite element method changes with time, that is, we have
to solve a pretty large linear system at every time step. We would like to use direct methods to solve the linear
system which makes it even more time-consuming. Splitting methods may decompose the original problem
into a number of subproblems associated with each sub-operator of the original problem. The subproblems
will be solved separately and each subproblem is simpler to be dealt with and sometimes we can make the cor-
responding stiffness matrix of each subproblem independent of time so that when we use a direct method to
solve it we only need to do LU or Choleski decomposition at the initial time and then only substitution is
needed in obtaining the solution at following time steps.

Convection terms and time derivative terms

/(u,+ (u-V)u) -vdx
and
/(dt+(u.V)d) e dx

can be approximated by the characteristic Galerkin finite element method

w - w(X;)
/Q A7 v dx

and
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Fig. 5. Director fields d with an initial rotating flow field: (a) flow field at ¢ = 0; (b) director field at # = 0.1; (c) director field at = 0.2; (d)

director field at £ =10.5.

4! — d(X;)

respectively, where

X (x) = x +ul(x)A,  Xj(x) = x+ul (x)At.

e dx,

It is shown that the characteristic Galerkin finite element is unconditionally stable up to quadrature errors
in dealing with the convection term (see [6,19,20]). Moreover, the stiffness matrix associated with it would
not depend on the time which will largely reduce the computational time in evolving the solution through
a time interval. Nevertheless, due to the stiffness caused by the parameter ¢ in the penalty term of Eq.

2
and (2.7) as

n+1 n
u,  —w

A At

—

Q(V w4+ ot dx =0

and

o) VAV Oy — (Y v) + AV VAL Vv ) dx =0,

(2.8) and accuracy requirement we would not choose our time step size At too large but smaller than
e in order to have the stability. We can naturally (actually almost equivalently) split the scheme (2.6)

(3.1)

(3.2)
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n+l _ gn X"
/ (dh d;(X3) 'e‘H/VdZH Ve + (|d ‘ _ )dz+1 -e) dx =0 (3.3)
0 At

for all (v,q,e) € H. In the velocity part of the scheme (3.1) and (3.2), we treat the convection term using char-
acteristic finite element method and the other nonlinear term explicitly so that the stiffness matrix of the finite
element method is independent of time ¢. In the second part of the scheme (3.3), we treat the convection term
again by the characteristic finite element method. We would also like to treat the nonlinear term, i.e. the pen-
alty term explicitly in order to make the resulting stiffness matrix independent of time ¢. It indeed work well for
Example 2.1. However, when we apply it to Example 2.2 the annihilation of two defect points is a little bit
slower than that of the non-splitting scheme (2.6)—(2.8) and the result in [17] although it provides correct stea-
dy-state solution. We thus suggest to use the above splitting scheme which treats the penalty term semi-implic-
itly as in (2.8). The resulting stiffness matrix of (3.3) remains time-dependent. Nevertheless, the computational
time of the splitting scheme (3.1)—(3.3) is still much shorter than that of the scheme (2.6)—(2.8). The CPU time
on a 16 x 16 grid is typically only 5 min to evolve the solution through one unit of time using the same
computer mentioned at the beginning of the section. We run the scheme for the test examples given in the last
section and obtain the same results. The energy decreasing property and |d| < 1 (resulting from maximum
principle) remain valid. These demonstrate that the splitting scheme with the help of characteristic Galerkin
finite element is a faster and reliable scheme to compute the hydrodynamic liquid crystal model.

4. A fixed point iteration to achieve a time-independent stiffness matrix

As we mentioned in the previous section if we treat the penalty term in (3.3) fully explicitly the evolution of the
defect points in Example 2.2 may be slower than those results obtained by a number of other methods (see [17]and
results in previous sections). If we treat the penalty term semi-implicitly as in (2.8) or (3.3) then we achieve the
same evolution speed but the stiffness matrix would depend on time and we have to solve a linear system in obtain-
ing d at every time step, which can be very costly when a fine mesh is used since we prefer to use a direct linear
system solver. In this section, we propose a fixed point iterative method to treat the penalty term in (3.3) while
keeping the other part unchanged. Then the stiffness matrix at each time step and each fixed point iteration will
remain the same. That is, we solve (3.3) by the following iterative algorithm with s =1, 2, ...

J (8 e v ve s L (P - 1) o) ax—o. 4
o At

where we choose dy = dj. Obviously, the stiffness matrix of (4.4) is independent of time and the fixed point
iteration. This will largely reduce the computational time of a direct linear system solver to obtain an evolution
solution over a time interval.

An L, convergence of the iterative method can be easily obtained for our typically chosen ¢, y and At in
previous sections. Subtracting (4.4) from (3.3) we have

- - At =
/ (@ —d,) e+ AV (@ —d,) : Ve] dx = —=F [(|d F=1) (@ —do) ef dx. (4.5)
Q 6
Taking e = dZ“ — d, and using Cauchy-Schwarz inequality we obtain
n q n q I)At n n i
I — d]]* + AV = do)l < Sy - dlfld; T - dy.

We thus have

_ At
! —d,| < =

Hd"“ —d, . (4.6)
So the fixed point iterative method converges in the sense of L, norm if "% < 1. This condition implies that the
iterative method will be acceptable and useful for moderately small e since relatively large A may still be used.
As we mentioned earlier when e is extremely small the model itself would be difficult to be numerically solved
since the energy may be too large to be represented accurately. In any case, the condition is satisfied by our test
cases and typical choice of parameters in previous sections. However, when we apply the iterative method (4.4)
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to Example 2.2 with zero initial velocity under a 16 x 16 grid and same parameters the result with five fixed
point iterations does not perfectly match with that of (3.3) as depicted in Fig. 6.

We can observe some difference between two solutions. Such a difference can also be seen from the energy
calculation. At ¢t = 0.25 with the 16 x 16 grid E = 13.750 if using the scheme (3.3) whereas £ = 15.058 if using
the iterative scheme (4.4). We increase the number of iterations to 15 and see no improvement. The reason is
that the solution dZ“ of (3.3) and the solution d, of (4.4) are both in H', but our iterative convergence is
showed only in the sense of L, norm. So the approximation Vd, to VdZJrl in the variational form (3.3) would
not be completely guaranteed by the L, convergence. Nevertheless, if the mesh is fine enough (especially
refined near the defect points) we expect that a good approximation may still be achieved. Hence, we test a
64 x 64 grid and the energies with five fixed point iterations near annihilation are given in the following table.

Energies computed t=10.25 t=0.26
Scheme (3.3) 14.1312 12.559
Scheme (4.4) 14.1306 12.557

We see that under the fine grid the evolution of the solution using the fixed point iterative method (4.4)
matches very well with the scheme (3.3). From such a fine grid calculation it seems to us that the annihilation
time is actually close to ¢ =0.26. Velocities near annihilation obtained from schemes (3.3) and (4.4) are
depicted in Fig. 7 and we observe no obvious difference.

In summary, the philosophy of our choice of algorithms to compute this liquid crystal flow model is: when a
coarse grid is good enough to do the computation the computational time of schemes (3.3) and (4.4) has no
significant difference, then scheme (3.3) is recommended; when we need to use a very fine grid to do the com-
putation then the computational time of scheme (4.4) would be significantly less than scheme (3.3) and at the
same time the evolution of the solution under a very fine grid would be expected to match well with that of
scheme (3.3) for moderate size of €. Thus, scheme (4.4) is recommended.

Next, we will use the faster splitting C° finite element algorithm to compute a few more cases with different
domain geometries and parameters.

5. More numerical experiments
5.1. The distance of two defect points versus time

From the momentum equation (1.1) we see that the parameter A reflects the effect of the director field to
the flow field. In Example 2.2 with zero initial field, if 1 is smaller the effect of director field to the flow field

.

-

,,
;/
,

a b
Fig. 6. Director fields of Example 2.2 with zero initial velocity on a 16 x 16 grid: (a) scheme (3.3) at z = 0.25; (b) scheme (4.4) at = 0.25.
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b
Fig. 7. Velocity fields of Example 2.2 at  =0.26 on a 64 x 64 grid: (a) scheme (3.3); (b) scheme (4.4).

would be smaller and the flow velocity would be smaller. Hence, from the Eq. (1.3) the director field would
transport slower and thus two defect points would move slower. So, intuitively speaking, we expect that
when 4 is small the motion of defects towards the origin in Example 2.2 would be slower than when A
is large since the director field disturbs the flow field less. Below we compute Example 2.2 using the scheme
(3.3) on a 16 x 16 grid with three different values of A=0.1, 1, and 10 (and the other parameters are the
same as before) (see Fig. 8).

The results verify our expectation. On the other hand, from the energy law (2.5), we can see that with larger
4, the overall system will approach the equilibrium faster than the case with smaller /, hence, resulting in the
defect points moving faster. This again confirms the fact that the induced elastic stress is a system stabilization
factor.

NNC e A=0.1
\ — A=
0.9 '. a=1 ||
\ — — A=10

0.8} g

06} N .

05} N g

0.3} \ i

0.2 \ 4

1 1 1 _
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Fig. 8. Time-distance relation with a few different A.



P. Lin, C. Liu | Journal of Computational Physics 215 (2006) 348-362 359

et (]

—_— Al = . =
Fig. 9. Velocity fields u near the annihilation for various Reynolds numbers: (a) v =1/10 at t = 0.24; (b) v =1/100 at r = 0.23.

5.2. Effects of various Reynolds numbers or viscosities

We now give computational results for Example 2.2 with various Reynolds numbers. To see details of
velocity fields with higher Reynolds numbers we would use a 64 x 64 grid and the scheme (4.4) with five fixed
point iterations. We have shown the velocity field with v =1 at the annihilation time ¢ = 0.26 in Fig. 7. For
v=1/10 and 1/100 velocity fields near the annihilation are depicted in Fig. 9.

It seems that a more refined mesh in the middle part of the domain may be needed for the v = 1/1000 case.
We consider a mesh which is finer in the middle part of the domain and coarser near the boundary. The veloc-
ity field for v = 1/1000 is shown in Fig. 10.

The results look like being opposite to the energy dissipation law since when Reynolds number increases or
the viscosity decreases it seems that the energy may dissipate slower (see the right-hand side of (2.5)) and that
the system may possibly reach the equilibrium state later. We might then think that the annihilation occurs
later as well. Numerical experiments above indicate that this is not the case. When the viscosity decreases
the annihilation actually occurs sooner. There is certainly no contradiction here since the annihilation is
not the equilibrium state and the energy dissipation rate does not necessarily monotonically depend on v since
the change of v also makes changes in u and d which appear in the right-hand side of (2.5) and influence the
dissipation rate as well. The situation here is just more complicated and subtle and cannot be explained simply
from the energy law. We think that the annihilation time is mainly determined by the flow field or the traveling

a b

Fig. 10. Mesh and the velocity field for v =1/1000: (a) Mesh refined in the middle domain; (b) v =1/1000 at r = 0.225.
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Fig. 11. Director fields d in a square domain with a circular hole: (a) = 0; (b) t =0.2.

velocity of the liquid crystal molecules. When Reynolds number increases or the viscosity decreases the flow
field is dissipated less (expected from the momentum equation (1.1)). Hence, the liquid crystal molecules (and
then the defect points) move faster and the annihilation occurs sooner. When the viscosity increases the flow
field is dissipated more and the defect points move slower. Consequently, the annihilation occurs later.
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On the other hand, when the viscosity decreases we do observe that the system reaches the equilibrium state
later as we expected above although the annihilation occurs sooner. We conduct a numerical test for v =1 and
v = 1/10 case and denote E; as the energy for v =1 and E; as the energy for v = 1/10. After the annihilation,
say, at t = 0.3, E; = 2.7 and E; | =~ 2.5. Later, the dissipation E; becomes faster than that of Ey ;. At 1 =0.35
we have E| =~ 1.7 whereas Ey; =~ 1.9, and at t = 0.4 we have E| ~ 1.4, whereas Ej; ~ 1.6. Eventually, the system
with v =1 will reaches the equilibrium sooner than that with v=0.1.

5.3. A square domain with a hole

We see that in Example 2.2 two defect points move towards the middle of the domain if the initial velocity
field is zero. It is curious where these defect points would move if there is a hole in the middle of the domain.
We use the scheme (3.3) and a roughly 16 x 16 grid with the same parameters used Section 2 to compute the
solution. We observe that the defect points move towards the middle of the domain. However, they eventually
stop near the boundary of the circular hole (see Fig. 11).

If we have a rotational flow field at the beginning in a square domain without a hole the result in Section 2
showed that the two defect points would merge (annihilate) around the origin around ¢ = 0.2. Here, we com-
pute the solution again for the square domain with a hole centered at the origin. The result is depicted in
Fig. 12.

We observe that two defect points move towards the boundary of the circular hole and at the same time
rotate around the hole at around the same speed as the initial velocity field (approximately three revolutions
per unit time). It seems that unlike the case without a hole these two defect points would not merge.
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