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A continuum theory of a biaxial nematic phase in liquid crystals is presented. The liquid crys-
talline ordering is described by a field of three unit vectors. Because these are macroscopic directors,
the present approach is a generalization of the Ericksen-Leslie theory to biaxial nematics. The
applied tools from nonequilibrium thermodynamics are classical Linear Irreversible Thermodynam-

ics and Gyarmati’s variational principle.
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1. Introduction

It is known since a long time, that in certain mate-
rials a uniaxial nematic phase exits at temperatures
below the clearing point. At higher temperatures the
material is an isotropic liquid. All liquid crystalline
phases exhibit no long range positional order in three
dimensions, in contrast to the crystalline phase. They
are distinguished from the isotropic phase by the fact
that there is long range order of molecular orienta-
tions. At lower temperatures there may exist smectic
liquid crystalline phases, which exhibit a one dimen-
sional periodicity of the mass density.

Liquid crystals consist of formanisotropic mole-
cules. If the effective molecular shape is uniaxial, the
particle orientation can be described by the orienta-
tion of one axis, the microscopic director (see Fig-
ure 1). The different molecular orientations give rise to
an orientation distribution function, defined on the
unit sphere S2. This distribution function can be uni-
axial or biaxial (see Figure 1), i.e. there may exist a
symmetry axis of rotation for the orientation distribu-
tion function or not. In both cases the distribution
function can be expanded in terms of cartesian tensors
[1]. Because of the head-tail symmetry of the molecules
the orientation distribution function is symmetric un-
der inversion. Consequently odd order tensors do not
enter into the expansion. The first anisotropic mo-
ment of the orientation distribution function is the
second order alignment tensors a, a symmetric trace-
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less tensor. In the case of uniaxial symmetry of the
orientation distribution function the alignment tensor
has two equal eigenvalues and can be written as

a=a(nn—1/39). (1.1)

The vector a is called macroscopic director and a is
the scalar order parameter. If the orientation distribu-
tion function is uniaxial, the macroscopic director is
given by the symmetry axis of the orientation distribu-
tion function.

In most cases the nematic phase is observed to be
uniaxial (i.e. the orientation distribution function is
uniaxial). The possibility of a biaxial nematic phase
has been predicted more than twenty years ago [2], [3].
Later a biaxial nematic phase has been found in a
mixture [4] as well as in a pure system [5]. The present
paper is concerned with the theoretical description of
such biaxial nematic phases. The deviation of the
molecular shape from rotation symmetry will not be
taken into account, because the orientation of biaxial
particles cannot be described by a single unit vector
(the microscopic director). Rotation matrices are
needed, or equivalently unit vectors in four dimen-
sional space [6]. This will not be done here.

If the phase is biaxial, the second order alignment
tensor does not have the simple form of (1.1), but three
eigenvalues are different. The corresponding eigenvec-
tors will be denoted by n, / and m.

The continuum theory of uniaxial nematics with a
(macroscopic) director of unit length has been devel-
oped by Oseen [7], Franck [8], Ericksen [9] and Leslie
[10]. The Ericksen-Leslie-approach has been applied
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Fig. 1. The orientation of rotation symmetrical molecules is described by a microscopic director. The microscopic directors
in an volume element give rise to an orientation distribution function which can be a) uniaxial or b) biaxial.

to biaxial nematics too [11], yielding the differential
equations governing elastic and flow behaviour. The
constitutive equations derived using the Ericksen-
Leslie-theory have been compared with the theory
developed by Saupe [12]. In [13], the linearized hydro-
dynamic equations have been used to predict the at-
tenuation of low frequency sound waves. The hydro-
dynamics of biaxial nematics in an external magnetic
field have been treated in [14] in terms of thermody-
namical forces and fluxes. In a recent work [15] the
phenomenological theory of the viscosity of biaxial
liquid crystals has been developed, and experimental
geometries which allow the different coefficients to be
measured have been discussed. The linear combina-
tions of the viscosity coefficients which should be ac-
cessible to experiments, have also been discussed in
[15]. The particles are described as ellipsoids. By the
affine transformation model all viscosity coefficients
are expressed in terms of the two viscosities of an
isotropic reference system and the axis ratios of the
particles. Applying the theory to the problem of flow
alignment, the alignment angle has been expressed in
terms of the axis ratio of the ellipsoidal particles. All
these aproaches, including the presented here, cannot
describe variations of the degree of order in the liquid
crystal.

The present work is a generalisation to biaxial ne-
matics of an earlier publication [16] on uniaxial ne-
matic liquid crystals. Gyarmati’s variational principle
[17] is applied to deduce the equations of equilibrium
as well as those of motion. The hypothesis of local
equilibrium is accepted. For the methods of linear
Onsager theory the book of the De Groot and Mazur
[18] is referred to.

2. The Choice of the Relevant Variables and the
Entropy of Biaxial Nematic Liquid Crystals

To handle the derivatives of the constitutive func-
tions it is necessary to chose the relevant variables on
which the constitutive functions may depend. In the
case of a biaxial liquid crystal the state space includes
in addition to the internal energy u, the velocity v, the
gradient of the velocity Vv and the specific polarisa-
tion P some other variables connected with the align-
ment tensor of second order a. We consider only rigid
rotations of the orientational distribution function
mentioned in the introduction. In this case the eigen-
values of the alignment tensor are constant and the
eigenvectors I, m and n can be taken as additional
variables. With this choice of variables we have to take
into account the constraints

l-1=1,
n-l=0.

m-m=1, n-n=1,

m-n=0, m-I=0, (2.1)

m, n, and [ will be called directors in analogy to the
theory of uniaxial nematic liquid crystals. Instead of
three vectors with six constraints it is more convenient
to use a 3 x 3-matrix Q as an element of the state
space. The orthogonal mapping Q is defined by the
equation

a()=Q(r.r%)-a(r? Q" (rro),

where a (r°) is the alignment tensor at some reference
point r°. If the the coordinate system in the reference
point is chosen such that the eigenvectors /(r°), m (r°)
and n(r°) are along the x-, y- and z-axis, the rows of
the matrix Q (r, r°) are the eigenvectors /(r), m(r) and
n(r) at the point r with the coordinates x;, i=1, 2, 3.

The gradient of Q is a relevant variable, too, de-
scribing the inhomogeneity of the orientation. We de-
fine

2.2)
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0;: = w(gg - QT>, i=1,23 (2.3)

0x;
and the angular distortion mapping
0:=(0, 0, 0,). (2.4)

The vector invariant w(F) of a tensor F occuring in
(2.3) is defined by

1
(F—F") =3W(F)><6""§(Fm — F) =g, wj,
(2.5)

N =

where FT denotes the transposed of F. The above
definition (2.3), cast into rectangular components,
reads

1 09,
Op=— Esirl a—x,‘ Qs (2.6)
where ¢;,, stands for the components of the total anti-

symmetric tensor of third order. From here the rela-
tion

00y

a xk = 8isr Osk er

2.7)

follows for the cartesian components of the gradient of
Q (see Appendix C).
Finally, the relevant variables are

Z = (u,v,Vv,P,Q,0) (2.8)
or equivalently
Z' = (u,v,Vo,P,I,m,n, VI, Vi, Vn) (2.9)

with the constraints (2.1). For the gradients of the
directors, the relations

Vi=—-Ix0, Vm=—-—mx0, Vn=—nx0
hold. (240}

The requirement that the form of the constitutive
equations should be independent of the motion of the
observer is expressed in the principle of objectivity.
Mathematically it means that a constitutive quantity
transforms like a tensor under Galilei-transforma-
tions [19]. For the scalar entropy this reads

s(u,v,Vo, P,Q, 0)
=swR-o,R-Vo-RT,R-P,R-O,R-O-R")
(2.11)
with any orthogonal tensor R. In addition, the form of

the constitutive equations is restricted by the material
symmetry. For the biaxial nematic liquid crystal the

three directors have the mirror symmetry for the three
planes perpendicular to the directors /, m, and n, re-
spectively:

(2.12)

are symmetry operations. If we use a cartesian frame
with the axes in the direction of the directors, the
transformations read

I-—Ilm—>—mn—>—n

Xy = — Xy, X3 = X3, X3—>X3,
Xy =Xy, Xg—> — X3, X3 X3,

(2.13)

xl —le, x2—+x2, X3—>~X3.

For the cholesteric phase of a chiral biaxial liquid
crystal the material symmetry is lowered to the 180°
rotations around the three directors:

Xy = — Xy, X3 X3, X3 — X3,
Xy —Xg, X, > — Xy, X3 X3,

(2.14)

Xy =Xy, Xg=> — X3, X3 — X3.

One of the most important constitutive equations is
the one for the entropy. Following Oseen [7] and
Frank [5], the entropy is approximated by a quadratic
polynomial of the components of the angular distor-
tion mapping O and the polarisation P, which is in-
variant under the symmetry operations (2.13):

S =8y = %330111 0,0, — % 52222 Omm Omm
% 51122 04 Op
- %530133 0,0,,— %330233 O O
- %3?’212 O O — %Sc{ozu O1pn Opmy
- %530121 0, 0,y — %5?0313 0,,0,,
- %5?’331 0,0, — %330131 0,0,
%530332 Omn Oum

- %sg‘)Z:iZ Onm Onm - %SLI’I:PIZ

—1s8 P2 — 3553 Pz, (2.15)
For a biaxial cholesteric phase, terms linear in Oy,
O,... and O,, also enter into the entropy function
which are not allowd by the symmetry transforma-
tions (2.13) but by the transformations (2.14).

Here we have chosen the vectors I, m, and n as the
basis of the coordinate system, e.g.

0,:=1-0-m, P:=P-l, (2.16)

and analogously for the other components. The abso-
lut term s, and all the coefficients depend on u, v and
Vo. In (2.15) terms bilinear in the angular distortion
and the polarisation are neglected, i.e. we do not take
into account flexoelectric effects. The coefficients 7y

1 (00
- §S3333 Onn Onn -

1 o0
- 552323 Omn Omn -
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are proportional to 15 independent elastic constants.
In terms of Q instead of the three directors, the poly-
nomial of second degree in the components of O and
P, which is invariant under the symmetry transforma-
tions, is

§=S80 — %5‘10111 (Q"-0-Q), - %S%zz(QT'O'Q)iz
—%sﬁas(QT‘o'Q)gs
_%sﬁzz(QT'o'Q)u(QT'O'Q)zz
—35%13:(Q70:Q);,(Q"-0:-Q)3;
—%530233(QT'0'Q)zz(QT'O‘Q):ﬂ
—-351212Q"0:Q);,(Q"-0:Q),;

- %sT’zu(QT‘O'Q)lz(QT‘O'Q)zl

_%sgoln (QT’O'Q)zl(QT'O'Q)zl
_%s?osn(QT'O'Q)13(QT'O'Q)13
—-%3%31(QT'0'Q)13(QT'O'Q)31
‘%sgolsl(QT'o'Q)M(QT'O'Q)M

- %s?sza(QT'o'Q)za(QT'O'Q)za
—15533,(Q"-0:Q),;(Q" 0 Q)s,
_%Sg"zsz(QT‘O'Q)sz(QT'O'Q)32

— 3P QTP — 3553(Q"- P)3

— 3553 Q" - P)3. (2.17)

It has been used that
el'-O-e2=e‘1’-(QT~O~Q)-e‘2),

e ,e,e{l,mn} (2.18)

with the eigenvectors /9, m® and n° of the alignment
tensor a(r°) in the reference point r°, I° is chosen
along the x, axis, m° along the x, axis and n° along
the x; axis. Again flexoelectric effects have been ne-
glected. In equilibrium P =0 with no external electric
field, and O =0 for a nonchiral liquid crystal if there
are no boundary conditions inducing a distortion. As
for an adiabatic system the entropy is maximal in
equilibrium, the following stability conditions hold:

s;’i“?‘.ZO, i€{1,2,3}7
%20, i,je{1,2,3},
St iy 2 (%)%, bie {123},

00 00 00
S1111 S1122 S1133

00 00 00
$%22 52222 83233 | 20,

00 00 00
$1133 52233 53333

= (22, ijell, 2,3},

= \Oijji

ie{1,2,3}.

00 00
Sijij Sjiji

PP >0, (2.19)
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3. Balance Equations and Dissipation Inequality

The following notations are used: ¢ is the mass
density, v the velocity, t the stress tensor and f the
force density exerted by external fields, r the position
vector, s the internal angular momentum (spin), IT the
couple stress tensor, m the couple density, J, the heat
current density, u the internal energy, €2 the angular
velocity of the directors, E the electric field and P the
polarisation density.

The conservation laws of mass,

de
- ‘0=0 31
T oV-v=0, (3.1)
and momentum,
do
—=V-t ’ 32
ey +of (3.2)

are the same as for a simple fluid [20]. The balance
equation of the angular momentum has the form

d
Qa(rxv+s)=V-(rxt+l'l)+gr><f+gm,
(3.3)

and the balance equation for the total energy is as-
sumed to be

d
0—

¥ 1
dt(u+_+ —s'Q>+V'Jq

2 2

=V-(v~t+Q~H)+gf~v+gE-(;—I;.
The last term on the right hand side gives the energy
supply from the electric field. The nonconvective en-
ergy flux is the sum of a mechanical part J, and an
electromagnetic part. Just so the energy and the stress
tensor can be decomposed into mechanical and elec-
tromagnetic parts. It is shown in Appendix A that for
an incompressible fluid in an electric field, (3.4) is cor-
rect for the energy balance if the model of Grot and
Eringen [21] is accepted.

In (3.3) and (3.4) the terms with the couple stress
tensor and the couple density and the spin are in-
cluded due to the internal structure of the liquid crys-
tal.

These are the balance equations for a micropolar
fluid [19]. They have been derived within an align-
menttensor theory of liquid crystals, which has been
founded statistically [22]. The angular velocity 2 has

(3.4)
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been defined so that

d/ dm
—=Qxl, —=2xm,
dt dt

which is possible with one vector £2 because we con-
sider only rigid rotations of the angular distribution
function. The balance equation of the angular mo-
mentum is equivalent to the spin balance

dn
— =0 k)
Fr xn, (3.5)

ds
2w(t)+V-H+Qm=EE. (3.6)
With the balance equation (3.2) of linear momentum
and (3.6) the internal energy balance is obtained from
the conservation law of total energy (3.4):
du

Qm

+V-J,=t:d+ V(2 1)
o d
+1'I:Vw+QE-P—d—:-Q’, 3.7)
where the notations
1 1
=§[Vv+(Vv)T], w=5va,

o P
Q=0Q—-ow, P=d——wxP
dt

(3.8)
have been introduced and the couple density is re-
garded to the exerted by the electric field alone:

m=PxE. (3.9
The vector €' is the angular vclocit)() in a gartesian
frame corotating with the body, and d and P are the

time derivatives of d and P in this frame. The time
derivatives of the directors in this frame are

I=Q'xl, m=@xm, A= xn, (3.10)
It follows from this equation that
0=2x0Q, (3.11)

The corotational time derivatives and £’ are objective
quantities.
The second law of thermodynamics is expressed in
the dissipation inequality
ds
Qa +V-J=0,20,
where s is the entropy density, J, the entropy current
and o, the entropy production. We assume the validity
of the relation
1
=7

which holds always in a local equilibrium state.

(3.12)

(3.13)

799

With the state space Z' the time derivative of the
entropy in the corotating frame is

dS_ldu+§‘i ﬁ‘n+§"o'
i Tdat o Tom " on
3 o 05 o
+ 2. Q2. p (3.14)

As the entropy is a scalar, it has the same form in any
other frame. Equivalently with the choice of the rele-
vant variables Z:

ds 1du O o O o Os o

dt_Tdt+aQ'Q+ :0+ P. (3.15)
It has been used that the velocity is not an objective
variable and that therefore by the principle of objec-
tivity it appears only in the corotating time derivatives
which are objective. Moreover, use has been made of
the fact that the entropy does no depend on the defor-
mation rate in a local equilibrium situation. The rela-
tion

os 1

T (3.16)
known to be valid in equilibrium, has also been used.
The derivations can be carried out explicitly using the
constitutive relations (2.15) or (2.17) for the entropy.
Examples of this calculation are given in the appendix.
Substituting (3.15), (3.13) and (3.7) into the dissipation
inequality (3.12) results in

To,=t:d+V-(@-1)+: (Vo)

Os o Os o Os
T —: T—:0 T —
TeTa' e 5% +<Q 6P+QE>

P [0

de

In the first term of the right hand side only the sym-

metric part of the stress tensor is relevant. Inserting

the spin balance for ds/dt in the last term, one sees that

also the antisymmetric part of the stress tensor con-
tributes to the entropy production.

The following identities are used to simplify this

expression:

:—3:6=%:(n'xQ)=2n'-w<:—é-QT>,

V- 2+ IM:Vo=(VR):II + Q-V-1I,

vRe=0+0-d—2xO0. (3.18)
The derivation of the last identity is given in the ap-
pendix.

(3.17)
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For the energy dissipation function we get

Tas=9’-{2w|:QT<éa—é-QT>—H'OT]+V~H}

o Os o
<1 T — d:{t -1
+O{ +0 ao}+ {t+0"-II}

0 Os ds
$oT — - — Q. 3.19
. {Q T } dr G.19)
The energy dissipation function fulfils the inequality
To, >0 (3.20)

with T ¢,=0 in and only in an equilibrium.

4. The Equilibrium Conditions

, In equil%brium the objective rates of processes £2',
0, d, and P vanish. As the energy dissipation function
(3.19) is linear in these fluxes, the equilibrium condi-
tions are that the corresponding forces are equal to
zero [18]. The only constraint to be taken into account
is that d is a symmetric traceless tensor as we consider
only volume preserving motions:

d:6=0, d:A=0 (4.1)

with any antisymmetric tensor A. The components of
€' and O are all independent. The auxiliary function,
taking also the constraints (4.1) into account, is

F=To, +d:(pd+A)

=Q’-{Zw[gT(S—é-QT>—H-OT]+V-H}

o 0Os o Os
< 1T T —¢+P<eT— E
+O{ +0 60}+ {Q ap“’ }
+d:{t+OT -1+ pd+A}, 4.2)
where it has already been used that ds/dt =0 in equi-
librium.
p and A are Lagrange multipliers, which have to be

eliminated from the resulting equilibrium conditions.
These equations for equilibrium are

0
ZW[QT—S'QT—H-OT:I+V'H=O, (4.3)

oQ
H+QT$=0, (4.4)
o0
t+OT-II+pd+A=0, 4.5)
T§+E=0. (4.6)

oP
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The term IT- O" in (4.3) has no analogon in the case
of a uniaxial nematic liquid crystal [16].
Equation (4.6) gains the form

oP=y,lE-l+ y,mE-m+ y,nE-n 4.7)

with 7' =Ts%, z2'=TsB, %'=TsB,
(4.8)

Os
oP
expression for the electric polarisation is the usual
one. Equation (4.4) is rather explicit for the couple
stress, and only the large number of material coeffi-
cients in the entropy function (2.15) can cause diffi-
culties.

To determine the equilibrium stress, we combine
(4.3), (4.4), (3.6), (3.9) and (4.6). In the balance of angu-
lar momentum (3.6) it is used that in equilibrium ds/
dt=0. We get first

when determining the derivative — from (2.15). This

0s . Os =
) . I = 4.
2QTW|:6 Q +a O]+V Im=0, (49)

2w+ V-T=oTPx S =20Tw| P
" =k op 2" ap

(4.10)
and then

Os Os . O o
2w(t)—29Tw|:aPP+aQ Q +60 O:|.
(4.11)

Making use of the indentity

a8 . Os s\’ Os
S or=p% 10 (& (95
o =P "0 (ao) +0 (ao)’

(4.12)

which is a consequence of the fact that the entropy is
an objective quantity, we arrive at

wit+0O" I =0, 4.13)
from which
2
t=ps+oTO — (4.14)

00
is obtained. The scalar pressure p is available only
when integrating the differential equation. It is worth
mentioning that the right hand side of the expression
for the stress is quadratic in the components of the
angular distortion tensor, so, in linear approximation
the distortion does not contribute to Cauchy’s stress.
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5. The Motion of Biaxial Nematic liquid crystals

The equations of motion in the linear Onsager
theory have a very simple form if the generalized
forces and fluxes are independent and the body is of
high symmetry. This is not so in our case because the
constraint equations (4.1) hold and the symmetry of a
biaxial nematic liquid crystal is rather low. A further
difficulty is that a transformation of fluxes producing
independent variables spoils the frame independent
notation and makes the calculations clumsy. The vari-
ational principles of thermodynamics worked out by
Gyarmati [17] in the 60’s offer a more elegant and
easier procedure. The most convenient representation
for dealing with biaxial nematic liquid crystals is the
flux representation of the local principle in the energy
picture.

To apply the variational principle we have to look
for the actual form of the dissipation potential ¢. It is
a homogenous quadratic function of the fluxes, and
the derivatives of ¢ with respect to the fluxes are equal
to the generalized forces. ,In our case the dissipation
function depends on ', O d and P and contains the
local state variables u, P, O, and Q as parameters. To
make the task a bit easier we suppose that the dielec-
tric losses are negligible, i.e. (4.6) holds also for dissip%-
tive processes. In this way ¢ does not depend on P.
Moreover, we supose that the sample of the liquid
crystal is large enough to neglect the angular distor-
sion O and its time derivative in the dissipation poten-
tial. This supposition is encouraged by the thermody-
namic theory of uniaxial nematics, where the same
simplification leads to the Ericksen-Leslie-Parodi the-
ory [16]. In this way the function we are looking for is
of the form

9=0@.4 Q).
This function has to be objective, i.e. the equality
¢R-2,R-d-RLR-Q=0®,4Q (52

holds for any proper orthogonal tensor R. Moreover,
it has to be invariant under the transformations (2.13).
The special choice of R=Q" leads to

¢=0(Q"2,Q"-d-Q,3d),

making use of which we conclude that ¢ consists
of three kinds of terms, terms quadrauc in QT-Q’,
terms bilinear in Q"-2'and QT- d- Q and quadratic
inQ"- d- Q. As the mappmg QT transforms the axial
vector 2’ and the tensor d into the abstract reference

(5.1)

(5.3)
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frame, we put down the dissipation potential as a
function of the vector and tensor components in the
reference frame. The invariant form of ¢ is

»=3Q"- Q) R* Q" Q)'F(QT Q)
‘R*:(Q"-d Q) +1 1@Q" d-Q):R*“:(Q"- -d-Q).
(54)
Here R “?is a second order tensor, R is a third order
one (remember that R is an axial tensor) and R% is

a fourth order one. To avoid misunderstanding, (5.4) is
repeated in cartesian coordinates:

= 2 z an Q’ Q]r Ql kz ijk Qsl Q’ er th rt
ijsr ijkrst
o+ % Z ukl Qpl Qu st Qtl (55)
ijklprst

We determine the possible form of polynomial (5.5)
similarly as it has been done with the entropy func-
tion. According to the transformations (2.13) the
nonzero coefficients of the phenomenological tensors
are listed here:

R{Y, R, R3Y,

R123’ R132’ R213’ R231’ R312’ Rglzdl’
R‘idllls Rgdzzz’ Rgd333’ (5 6)
R1122’ R1212a RLZZIs R2112’ R2121’ R2211’
R1133’ 1313’ R1331, R3113’ R3131’ R3311’
R2233’ R2323’ R2332’ R3223’ R3232’ R?322'

Next we make use of the symmetry relations

R{5 = R, (5.7)

which are well known from the algebraic theory of
quadratic forms and are equivalent to Onsager’s re-
ciprocal relations [2]. Moreover, because d is a sym-
metric tensor, the relations

dd
Ruk! Rijlk ’

(5.8)

can be required without hurting the generality. This
way the independent coefficients reduce to

Rll ’ R?Zn’ R?flana

R123’ Rznf37 Rgzldz’

Rldlll’ R2222’ Rgd333’

R1122’ R1212’

Rll33’ R13139
(5.9)

R2233 ’ R2323

The number of the independent coefficients, is further
reduced, when regarding the fact that, for volume pre-
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serving motions
(5.10)

For this reason only the 6 coefficients of the 9 elements

dy, +dyy+dys=0.

of R in (5.9) are independent, and the coefficients’

R% ,,, R%, 45, and R%,,, can be chosen for zero. Now
we are able to put down the actual form of the dissipa-
tion potential:

0= lRll;K)QrZ 8 R.(ZQQIZ lRﬂOQIZ
+ 2 len QI dmn + 2 Rmnl Ql dnl + 2 Rnlm Q:l dolm
llll d 3 R;jr:‘mmm d2 R::nn dZ
+2le1md +2R1nlndn+2erndnmndin9 (511)

where again the directors /, m, and n are chosen to be
parallel to the coordinate axes. As the dissipation po-
tential is always positive except for equilibrium, when
it is zero, the following inequalities hold:

R¥>0, RZF=0, R{F>0,
R%,320, Ri4;3>0, RY,,>0,
R{PR%.: = (RY5)% RIFRY,; = (R
Rﬁanuz > (R$1))%
RYi11 + R3S, 20,
R%%22 + R$5;33 20,

R 11 RS20 + RY 11 RYS3s + RY55, R, > 0,
(5.12)

dd dd
Rii11 + R3333 20,

The coefficients appearing in the dissipation potential
are material coefficients depending on the chemical
composition of the biaxial nematic liquid crystal and
on the temperature. The equations of motion are ob-
tained from a partial form (flux representation) of
Gyarmati’s local variational principle, which says that
I*=T o,— ¢ is maximal if the fluxes belong to real
processes [17]. Applying the variational principle, the
constraint conditions (4.1) have to be kept in mind.
The auxiliary function of the variational problem is of
the form

F=To,— ¢ +(pd+A):d, (5.13)

where p and A are Lagrange multipliers; the latter is
an antisymmetric tensor. The differential equations
describing the processes are obtained from here. Fi irst
of all notice that neither the components of Pnor O
enter the dissipation potential; consequently, the
derivatives of the Lagrangian I* with respect to them
exhibit the same equations as in equilibrium, i.e. (4.4)
and (4.6) remain valid for nonequilibrium situations.
Making use of these, we can reduce the actual form of
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the dissipation function. Combining (3.6), (3.9) and
(4.6) so as it was done in the case of equilibrium,
moreover applying the identity (4.12), we arrive at

Os 9
20 dt

(5.14)

Tas=—-2{2’-{ [t—gTOT

Os
o0 |
This form of the energy dissipation function shows

that it is useful to introduce the viscous stress tensor
by

+d: [t—aToT

Os
t=:QTOT~a— +t" + 2 %39, (5.15)
where t** is a symmetric second order tensor and t* is
an axial vector. The energy dissipation function gets

the form

To,=—28Q 1 +d:t°, (5.16)
or in components
To,=—2(Q t]*+ &, -ty + - 17°)
+ dll Yls + dmm t:’nsm + dnn t::
+2d,,.tm +2d,, e, +2d, 0. (5.17)

The axial vector ' includes the term gds/dt of the
time derivative of the internal angular momentum.
Within a statistically founded alignment-tensor the-
ory [22] this term can be identified with the expression

ds 1 d 1 .
dt —w[aa—waa]=5w[a], (5.18)

where 4 is the time derivative of the alignment-tensor

in the corotating frame. From here it can be seen that

ds/dt is an axial vector. On the other hand there is

some evidence that the relaxation of the spin is so fast

that for experimentally observable times the spin bal-

ance can be assumed to be stationary, i.e. ds/dt=0.
The constitutive equations are determined as

t;,a S %Rl?ﬂg, len dmn’
t:':=_ %erl);{njg:n mnldnl’
t:a = %Rr{rzlag:l nlm dlm’ (519)
t}'ts +p =R dy, .
m = P= Rmmmm dmm’
t“ +p=R%4 d,m, (5.20)
+ Alm e anl Q/ + 2le1m dlm’
‘r':n + A - len QI + 2 R:ldnmn dmn’
+ Anl - len Q, + 2 Rnlnl dnl? (521)
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As all tensors in (5.22) are symmetric, the multiplicator
A turns out to be zero:
£ =RMQ 4 2RM §

nml Imlm % Im>

o
t;lsn = Rl?:t Ql + 2R:in'ilmnodmm

£3=R2™Q +2RY 4 (5.22)

min ninl

The above equations completely determine the trace-
less part of the viscous stress tensor. The scalar multi-
plicator p, i.e. the scalar pressure, can be determined
during the integration of the balance equations. It can
be seen that both the deformation and the rotation of
the director have influence both on the symmetric and
on the antisymmetric parts of the viscous stress tensor.
The number of independent viscosity coefficients is 12,
the same number as in the ansatz used by Carlsson,
Leslie and Laverty [23]. It is very interesting that the
structure of the equations is more transparent than in
the theory of uniaxial liquid crystals. This may be due
to the fact that neither the direction of the angular
velocity of the director nor the couple stress tensor are
restricted. In the light of the present theory it seems
worth reformulating the thermodynamic theory of
uniaxial liquid crystals.

The assumptions we have made in the derivation of
these constitutive equations can be summarized as
follows:

Gyarmati’s variational principle has been used, the
validity of which can be proved only in the case of
linear relations between the thermodynamical forces
and the fluxes [14, 24]. The relations

o 1

ou T

have been assumed, which are valid in a situation of
local equilibrium. It has been shown that in some
examples the first of these relations is not valid [25].
But this equation does not mean that we have ne-
glected the contribution of the pointing vector to the
nonconvective energy flux, as J, is only the mechani-
cal heat flux. The model of Grot and Eringen [21] has
been accepted for the interaction of the electromag-
netic field with matter. It is shown in appendix A how
the form of the energy balance used in the present
work follows. The couple stress exerted by the electro-
magnetic field has been assumed to be

m=PXxE.

1
J, = ?Jq and

The eigenvalues of the alignment-tensor are taken to
be constant, i.e. we consider only rigid rotations of the
angular distribution function.
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The entropy has been approximated by a polyno-
mial quadratic in the components of O and P, and
flexoelectric terms have been neglected. These simplifi-
cations are only made for the sake of convenience.

O and P have been neglected in the dissipation
potential with the argumentation given above.
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Appendix

A) The Balance of Energy in the Electric Field

The energy e, the nonconvective energy flux ¢ and
the stress tensor T can be decomposed into mechani-
cal parts u, J,, t and electromagnetic parts e,,,, gem>
t

em*

e=u+e q=Jq+qe,,,, T=t+tema

em>

Within the model of Grot and Eringen [21] the electro-
magnetic parts are in a nonrelativistic approximation

1
tp=——B-B+22-8 48P,
2 u, 2
Gem = EX K,
1 1
t=|— B B—~e,&-&—B-H |5
2 u, 2

+&D+ HAB
with

E=E+vxB, #=H—vxD.
With these equations the electromagnetic terms in the

energy balance are

d
— Uy + Vo — ton: VO

de
4 L pBissiap|+vgxm
Tode| 2, 2
—|(s-B-B-28-6-%-B)s+&D
2u, 2

+ o B):Vv.
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Using the Maxwell equations in the formulation [26]
with the objective quantities &, # and the objective
time derivatives

B=B+BV-v— BV,
D=D+DV-v—D-Vo,

and
F=J-0¢u

we arrive at

d
auem +V @ —tem: Vv

1 . . : o
= ;—B-B+soé’-&+é’~P+d’~P—B-.}f
Ot
—-D-&—F-8—t,,:Vo.
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