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WEAKLY NONLINEAR VISCOELASTIC NEMATODYNAMICS

A.l.Leonov?and V. S. VoIkovb UDC 532.584+612.117

A weakly nonlinear viscoelastic theory is developed for nematic liquid crystalline (LC) polymers. A small
transient elagtic strain due to the change in length of macromolecular strands under stress and a director of
unit length are employed in the theory as hidden variables. The theory allows describing anisotropic viscoe-
lasticity and the evolution equation for the director in flows of relatively rigid LC polymers or in sow flows
of LC polymers with flexible spacers. As shown, omitting the director gradient does not affect macroscopic
predictions of the theory. In the infinitesimal case, the evolution equation for the director looks like the Erick-
sen equation, but with an additional relaxation term. Although the present theory is mostly applicable for
thermotropic LC polymers it can also be used for concentrated lyotropic LC systems, as well as for analyzing
flows of concentrated polymer suspensions and nano-composites filled with uniaxially symmetric particles.

1. Introduction. Polymer liquid crystals consisting of relatively rigid macromolecules belong to a class of an-
isotropic polymer materials that combine the properties of liquid crystals and liquid or solid polymers [1]. There are
two basic types of LC polymeric fluids. (i) lyotropic and thermotropic polymers consisting of fairly rigid monomer
units, which are only commercialy available, and (ii) the LC polymers with flexible spacers where the rigid monomer
units belong either to the backbone or to side chains. There is also a class of solid LC elastomers where the LC mac-
romolecules in elastomers of the second type are crosslinked. In contrast to common polymeric fluids, LC polymers
exhibit during flow anisotropic viscoelastic properties characterized by both anisotropic relaxation times and viscosities.
The solid-like LC elastomers also exhibit nonlinear, anisotropic, mechanical and other properties in thermodynamic
equilibrium, in addition to nonlinear anisotropic relaxations characteristic of LC polymer fluids.

Numerous theoretical efforts were made to develop molecular theories that could model the lyotropic LC
polymers. These highly publicized [2-6], mainstream theories typically use the Doi molecular, long rigid-rod approach
[2, 3] with further elaborations. The Poisson—-Bracket (PB) continuum theory has also been developed for deriving con-
stitutive equations for LC polymers [7, 8]. It reduces to the Doi theory in the monodomain limit. Note that Dzy-
aloshinskii and Volovick [9] were the first to develop the PB nonlinear dynamics for low-molecular-weight (LMW)
liquid crystals. There have also been some unsuccessful attempts to utilize the Leslie-Ericksen theory [10], elaborated
for LMW liquid crystals to describe flows of thermotropic LC polymers.

All the above theories [2-8, 10] employ the same state variables for LC polymers as in the case of LMW
liquid crystals, i.e., the director n (or the second-rank order tensor) and the director’'s space gradient, V ® n. Surpris-
ingly, none of these theories is capable of describing the viscoelastic experimental data for LC polymers. For example,
in the mono-domain limit these theories incorrectly predict that the dynamic modulus vanishes when the director is
parallel either to the flow or to the flow gradient direction (see, eg., [11]).

It is well known that for LMW liquid crystals the common solid-like elasticity is insignificant and the rotation
mobility of small molecules, idealized as rigid rods, dominates. On the contrary, in high-molecular-weight polymeric
liquid crystals with a typical degree of polymerization of several hundreds, the new quaity due to the nature of long-
chain molecules comes into action. This is the flexibility of long molecular chains, even with highly rigid monomer
units, not mentioning the LC polymer with flexible spacers and LC elastomers. The molecular nature of this flexibility
might be different for the above two types of LC polymers.
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A good example of where the molecular flexibility plays a dominant role is the equilibrium behavior of LC
elastomers. De Gennes [12] first used continuum thermodynamics to analyze weak nematic eagticity, involving the di-
rector gradient in the set of state variables. Later, Warner (e.g., see the recent publication [13] and the references
therein) extended the De Gennes approach for finite deformations and finite rotations of LC elastomers, ignoring the
director gradient. The statistical theory of rubber elasticity was also extended in these papers to the case of nematic-
type anisotropy.

Attempts to include in the theory the molecular flexibility of LC polymers of both types were first discussed
in the original Russian versions of the papers, which were later published in English [14-16]. This approach was
aimed at studying anisotropic viscoelasticity of monodisperse LC polymers in slow relaxation regions. A continuum
theory of anisotropic viscoelasticity of LC semi-flexible polymers was initiated in those papers, however, without ther-
modynamic analysis. The theory [14-16] extended the Maxwell constitutive equation to the anisotropic case, with
uniaxial symmetry and small transient elastic strains. The field-induced orientation of the director described in several
papers [14-16] demonstrated that the highest deviation from isotropic behavior occurs when the director is oriented
along the velocity gradient. This result is consistent with the data obtained by Porter and Johnson [17].

Pleiner and Brand [18, 19] were the first to develop a linear non-equilibrium thermodynamic scheme, how-
ever, not in a minimal sense: in their description of LC polymers with flexible spacers, they took into account the
space gradients of thermodynamics state variables. Rey [20, 21] also applied the irreversible thermodynamics approach
for describing nonlinear phenomena in flow of LC polymers with flexible spacers. He employed as the state variables
the director and small transient elastic strains. However, his free energy expression consisted of very specific terms of
doubtful significance. His approach also contains several fundamenta errors, e.g., the occurrence of an asymmetrical
stress component in his thermodynamic scheme, and aso incorrectly predicts vanishing of the dynamic modulus when
the director is parald either to the flow or to the flow gradient direction [21].

At present, polymer "nematodynamics,” i.e., a thermodynamicaly related continuum theory of viscoelasticity
for LC polymers, is still significantly undeveloped. The recent attempt [22] to develop a molecular insight into poly-
mer nematodynamics did not produce a descriptive set of anisotropic viscoelastic constitutive relations, even in the lin-
ear case. It should also be noted that while a comprehensive microscopic theory of low-molecular-weight LC's
currently does not exist, the dynamic properties of these LC's have been successfully described by nematodynamic
theories.

Although a completely nonlinear approach has been sketched in [23], it is still too general to use it in de
scribing experiments. Therefore, the present paper develops thermodynamically related, weakly nonlinear constitutive
equations, which describe the viscoelastic and orientation properties of polymer nematics. Our theory may aso be ap-
plied for flow analyses of concentrated suspensions with axially symmetric particles suspended in polymer fluids.

2. Thermodynamic State Variables and Free-Energy Function. To develop a continuum theory of nematic
LC polymers, we introduce along with temperature T two thermodynamic hidden variables. The first one, the director,
is a unit vector n that characterizes the physical properties of uniaxia anisotropy in LC polymers. The relation of the
director to the microscopic characteristics of liquid crystals has been discussed in [24]. Ancther hidden variable in the
theory is a symmetric second-rank tensor € of a small norm ([Ee0<<1) that characterizes the elastic deformations in
polymeric fluids. It is defined in a common way via the finite transient elastic strain tensor ¢ as €=1/2(c-9). The
tensor c is, in turn, related to the "conformation tensor,” the average dyadic (R ® R) built up on the end-to-end vector
R between the ends of macromolecular strands and normalized with its equilibrium value. The elastic tensor € turns
out to be of a small norm when the characteristic relaxation time of the system is small enough. In this case, one can
expect that the Weissenberg number of the system, We = UB/L, is dso very small, even if the rates of deformation
are high enough. Here 6, U, and L represent, respectively, the characteristic relaxation time, velocity, and length scale
of the flow.

Neglecting the effect of the director gradient can be, eg., justified for LC polymers when using the rubber
elagticity concept. Comparing a typical gradient term in Frank energy density [10] (Sec. 3) with the rubber elastic term,
one can conclude that omitting the director gradient term is validated in the length scale more than Vk/p ~ 10 nm.

When the external (electrical or magnetic) fields are absent and the effects of the director gradient and inertia
of internal rotations are ignored, the stress tensor is proven to be symmetric and the full energy of the system per
mass unit is the sum of the kinetic and internal energies. Being interested mostly in isotherma situations, we can in-
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troduce, instead of the interna energy, the Helmholtz free energy f per mass unit, f = f(T, n, €), which should be in-
variant relative to the transformation n —» —n. Additionally, we use the simplifying incompressibility assumption, com-
mon for polymeric liquids. Then the free energy of the system vanishing in the equilibrium (€ - O,n - ng) is
represented with an accuracy of O(sz) as a positive-definite, quadratic-linear form of tensor € and director n:

pf = 1/2 Gy tr (€9) + G, tr (n 0 niE) + G [tr (n 0 nE))° + 1/2 G, tr (0 niE) . @

Here Gg, G1, G%, and G, are temperature-dependent shear "moduli” in the model. The last term in (1) describes the
possible yield in the system, with non-vanishing stress at the equilibrium. To simplify /I\Eq. (1), we consider a specid
mobile coordinate system where the director takes the form n = n= {1, 0, 0} and € = €. Then Eq. (1) takes the form

Df = 1/2Gytr (€2) + Gy tr (1 + £y + £19) + Gy £ + 1/2 Gy .

Here the minimum value of the free energy, whose quadratic terms still hold convexity at any strain tensor /s\ is
achieved when G% =-G;, the values of moduli Ggand G; being positive. Thus, the minimized free-energy function has
the final form

pf=1/2Gytr (82) +G; %r (nO n2) —[tr(nO n)]2§+ 1/2G,tr (n O nig) . )

As seen from the above derivation of Eq. (2), the second term on its right-hand side is positive, whereas the last term
on the right-hand side represents the anisotropic yield with the sign-indefinite "modulus’ Go.

It should be mentioned that expression (2) is different from those [12, 13] used in the equilibrium, solid-like
nematic elasticity. First, we neglected the director gradient term, contained in [12], and more importantly, Eqg. (2) does
not contain the relative rotations [12, 13] Q,=Q - Q;, where Q and Q; are, respectively, the body and interna rotation
tensors. To justify the above approach, we now outline the "renormalization" procedure of derivation of Eq. (2) (with-
out the yield term) from the genera expressions in [12, 13] demonstrated in the case of small elastic strains in [29].
Starting from the general expression for free energy, containing Q, it is easy to caculate the asymmetric part of the
stress tensor g5, When the external (magnetic or electrical) fields are absent and the internal inertia effects are negli-
gible, the stress tensor is symmetric (e.g., see [29]), i.e., 0;=0. This equality serves as an additional relation for ex-
pressing Q, via € and n. Substituting Q, into the initial expressions for both the free-energy function and the
symmetric part of the stress tensor results in Eq. (2) as a renormalized equation, with renormalized initial thermody-
namic constraints and a potential relation between free energy and stress.

3. Entropy Production and Thermodynamic Fluxes and Forces. We adopt below all the basic assumptions
of the non-equilibrium thermodynamics [25, 26], such as "closeness' to the equilibrium and the local equilibrium as-
sumption. Utilizing the laws of mass, energy, and momentum conservation and using the routine derivation procedure
[25, 26], one can obtain the frame-invariant expression for the dissipation D (or the entropy production Pg under iso-
thermal conditions) in the system as follows:

D = TP, [y = tr (018) — pfy = tr (018) — p tr (3f/d€[E) + pof/and (2 0). ©)

The symbol = in (3) means that the dissipation is positive for al irreversible processes and vanishes in the
thermodynamic equilibrium. In Eq. (3), p is the density, o is the traceless, symmetric extra-stress tensor (stress tensor
minus isotropic pressure term), and e=1/2[V®u+(V® u)T] is the traceless, symmetric strain-rate tensor, where u is
the velocity vector. In Eq. (3), g: xp— £l +wE and A =1T- N are the co-rotational (Jaumann) time derivatives. Here
w=12[Veu-(V® u)T] is the anti-symmetric vorticity tensor and overdots mean the material time derivatives. To
hold the constraint [n0J=1 during the differentiation, one should introduce the scalar Lagrange multiplier g and modify
the free energy f for f as follows: f =f(T, n, €) — 172 gni. The same holds for the pressure p included in the full stress
tensor.
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It is seen that the dissipation in (3) is represented as a bilinear form, D = ZXkYk, where the thermodynamic
k
forces Xy are chosen to characterize dynamic variables and the thermodynamic fluxes Yy conjugated to them represent
the kinematic variables. For example, the stress and strain-rate tensors 0 and e represent the external conjugated ther-
modynamic force and flux, respectively.

The completely nonlinear situation, determining the thermodynamic forces and fluxes related to the hidden
variables, is generally not a trivial problem [23]. However, in our weakly nonlinear case, these variables are defined
relatively easily. The thermodynamic flux and thermodynamic force related to the director conjugated to it are respec-
tively the vectors f and %af/an. As the thermodygamic flux and the thermodynamic force conjugated to it, related to
€, we accept the tensors € and pof/de. Accepting € as the thermodynamic flux has an approximate, modeling character
[23]. Nevertheless, this approximation leads to a good prediction of anisotropic viscoelastic effects when We <<
1. Thus, the above thermodynamic forces with an accuracy of O(g) have the form

N = -pof/on~-G,¢eM; (48)
0, = pdf/dg = Gue + G, [N O nE+€M 0 n-2n 0 nff (n0 nE)] +G,(N0On-1/38). (4b)

Subsgtituting (4) into (3) yields
D =TP [ =tr (01€) — tr (5,8, + NI@. (5)

Because the director n has unit length, the "orientation" force N can be replaced without loss of generality by
N =N -gn. Here g is the Lagrange multiplier defined in (3) to hold the constraint nim =1, and, correspondingly,
nﬁ?: n@ = 0.

Conjugated thermodynamic force and flux, tensors ge and g have natural limits in the anisotropic solid equi-
librium. Therefore it is convenient to introduce, as has been done for isotropic viscodasticity [27, 28], the non-equi-
librium thermodynamic force g, and flux €, that vanish in equilibrium:

0
0,=0-0; §=€e-¢. (6)
Because the right-hand side in the second relation (6) is traceless, tr ;= 0. Note that the tensors g, and €, in (6) have
yet to be determined from the set of constitutive equations.

Subsgtituting (6) into (5) yields the most convenient form for dissipation:

D = TP [y =tr (6,(8) + tr (a8, + NIl (20). %

Equation (7) clearly shows the three sources of dissipation: (i) deviation of the stress tensor from the thermodynamic
one (0p =0-07 0), (ii) deviation of the strain-rate tensor from the thermodynamic one (e,=e—-e.# 0), and (iii)
the presence of the orientation force (N # 0).

4. Congtitutive Réations. In the present weakly nonlinear theory, the constitutive relations between thermo-
dynamic forces and fluxes are quasi-linear, i.e., they are linear but the phenomenological coefficients are considered as
functions of director n. Onsager's symmetry of phenomenological coefficients has been proven for both the linear [25,
26] and quasi-linear [30] cases. The positiveness of dissipation imposes some additional constraints on the pheno-
menological coefficients. In accordance with Eq. (7), the thermodynamic forces are defined as o, O, and N. Here
Oc=0g—Gy(n®n—1/39) is introduced instead of Ge. This is because, in contrast to plasticity theories, the "yield"
term Gy(n® n-1/39d) has an equilibrium, non-dissipative character. The thermodynamic fluxes conjugated to these
thermodynamic forces, respectively, are e, ,, and f. The quasi-linear phenomenological relations between the thermo-
dynamic fluxes and forces with account for Onsager symmetry are
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(11) (12) ~ (13) . 8.1

= A’ i+ Aiid’ O+ bijge Nics D
(12) (22) (23) \, . 8.2
Qp ]kl 0Ik Ij|<| b Nic ; 82)
3 p. @)= (8.3)

nk_bljk 0 +b|]k 0 +ak|N

Here al the kinetic coefficients, tensors of various rank in (8), are some functions of temperature T and vector n. The
fourth-rank kinetic tensors A,Jk? (s,t=1, 2) are symmetric and traceless in the first two and the second two pairs of in-
dices and in transposition of the first and second pairs of indices. The third-rank kinetic tensors bIJ K (s=1,2) are
symmetric and traceless in the first pair of indices. Because [n[1=1, there is the evident constraint b( k)nk 0. The
second-rank kinetic tensor a is symmetric and aso has the following constraint: ayjn, =0

The structures of these tensors are represented as follows:

ot 1 2 1
A =@ng) af+@nd ol ) ol = 1258 + 8,81 - 2/38;8,) ;

2
I(jk)l (nN=12( kn|n +6kn|n + 6” ey + 3 nkni) ; ©
i 8y = ' 10
8= (/M) i &y =0~ iy (10
s3 n N

Here 6 is the transverse Kronecker symbol, which makes a projection on the direction orthogona to the director;
r]k are temperaluredependent 'viscosities." The properties of numerical tensors aﬁdz)(”) and Bijj k(n) are considered in
the Appendix.

Substituting (8) into (7) yields the expression for dissipation presented as a quadratic form of the thermody-
namic forces:

(11) oP (12 p (22) e e (13) p (23)
D = TPy = Ajy 0||<+2Auk| Gluclk*Aukl 0O + 20;j i 0Ny + 2057 1 03N + 83NNy -

(12)
The positive-definiteness of dissipation D imposes additional constraints on the kinetic tensors, e.g., the fourth-rank
tensors A and A® and the second-rank tensor a should be positive-definite. Also, some additional constraints
should be imposed on the combination of these tensors. All these constraints guarantee the existence of inverse consti-
tutive relations, which represent the "dual" quasi-linear relations between the thermodynamic forces gy, 0e, and N and
the thermodynamic fluxes e, g, and A, with the dual kinetic coefficients havi ng the same structure as in Egs. (9)—(11).

The second relation in (6) presents the evolution equation for the thermodynamic parameter €, as soon as the
irreversible strain-rate tensor €, is expressed via other thermodynamic forces, as shown in (8). The evolution equation
for the director n is presented as the third equation in (8). Equations (6) and (8)—(11), along with definitions (4) for
N and g, represent a closed set of anisotropic viscoelastic congtitutive equations for LC polymeric liquids. There are
also three important particular (limit) cases:

(i) Anisotropic solid-like behavior of the Kelvin—Voight type. This occurs when the irreversible strain rate e,
in (6) and (8) vanishes. In this case the elastic strain € is equal to the total one. There are two sources of irre-
versibility there: the difference between the actua stress o and thermodynamic (equilibrium) stress g (0p # 0) and the
evolution of the director (N # 0). The constitutive equations here present a limiting case of (8), where

13
AR A@ . @ (13)
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(if) Anisotropic liquid-like viscous behavior of Ericksen type. This occurs when e,=¢, meaning that € =0.
Therefore, N = 0 and 0¢=0. In this case b3 =0 and the irreversibility comes from the terms proportional to
A A1 g Using Egs. (9), (11), and the formulas in the Appendix, we easily reduce Egs. (8) to the Ericksen
one (eg., [10]).

(iii) The liquid-like behavior of the Maxwell type is described in the next section.

5. Consgtitutive Equations for Weakly Nonlinear Maxwell Anisotropic Liquids. The Maxwell case occurs
when the irreversible stress op, =0 in (6). This means that, in this case, the thermodynamic extra-stress o, defined in
(4) coincides with the actua extra-stress 0. The irreversibility here comes from the existence of irreversible deformar
tions (g, # 0) and the evolution of the director (N # 0). The congtitutive equations are described by a limit case of (8),
where

A . A g, (14)

=0,

The free energy of the system is represented in Eq. (2), with orientation force N and extra-stress tensor 0 = 0, being
defined in Eq. (4), with the evolution equation for tensor € being presented in the second relation in (6). The pheno-
menologica relations (8) with account of (9)—(11) are simplified with the use of (14). Using the properties of numeri-
cal tensors o((l'z)(n) and B(n) proved in the Appendix, we write the closed set of constitutive equations as follows:

§+(1/90)s+(1/91) [nOng+e@On-2n0Ontr(nOnE)] =e; (15)
A =(1/8,) [eM - ntr (eh O n) ; (16)
0., =pof/0e=Gye+ G [nOng+eMdOn-2n0ndr (nOnE)] +G,(n0On-1/39). (17)

Here 6, 64, and 6, are the relaxation times in the model, 68y and 64 being positive and 6, sign-indefinite. They are
represented via the parameters Gi and ng as

_l —
No G, Gy+G, G,0 [Gy+G; G,0 18
=g i 81=0 + +—=0 ; B= 3 ——+—0 . (49
0 o N1 N2 0 Ns N2

Here, in the notation of Egs. (9)—(11), the viscosities nk are presented as follows: ng= r]%z; ni= n%z; Nna3= r]§3. The
general initial conditions for these equations are
€li=0 =€y, Nlt=0=Np- (19)
We finally demonstrate that the constitutive equations proposed in [14-16] can be derived under certain con-
ditions from equations derived in this section. Consider linearized equations for orientation, slightly different from
those in equilibrium, when n=ng+ dn, with congtitutive relations where the norm of the elastic strain € is infinitesimal
and the yield is ignored, i.e.,, G, = 0. Here ng is the value of the director in equilibrium and on, being orthogona to
both n and ng, describes small rotations of the director relative to its initia state. Multiplying (16), where in the linear
case N =8N - ngly, by the third-rank tensor 1/n, B(ng) and using Egs. (A3) and (A4) from the Appendix yields with
an accuracy of O(g) the linear equation for the director:

NoN1 L 2oy

= DA= . (20)
(Gp+ Gy (Ng+ny) N, (No+ Ny

do o
T Mt M= A (8gNg ~ Nodoingi&j) + T

Here A is a non-dimensional constant and 1 is the orientation relaxation time. Equation (20) shows that the evolution
equation for the director n reduces to the Ericksen equation, where the Weissenberg number defined with relaxation
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time 1 should be considerably small, i.e.,, We; =TU/L << 1. The theory in this limit has been developed in [14]. Com-
paring that with other characteristic relaxation times that occur in (15), one can see a variety of asymptotic cases
which can be found in flows. Using another approach, in [15] an orientation equation similar to Eq. (20) was derived,
however in a less convenient form.

According to the evolution equation (20) for the director, the small disturbance 6n is of the order of the ve-
locity gradient. Using this fact along with the simplifications N = O(g ) 0, tre=0, and s € that are evident in the
linear case and the formulas in the Appendix, it is easy to represent Egs. (15) and (17) as an anisotropic evolution
(Maxwell-like) equation for the stress deviator:

Bijia (No) Oy + T ~ Ny (Ng) &g - (21)

Here, using Egs. (A5), (A6), and (A13) from the Appendix, we present the fourth-rank tensors of anisotropic viscosity
and relaxations in the form

n=nola®-r,a® (ng]; 0=y Gy [a® -ra® (ny)] . (22)

Here the numerical fourth-rank tensors (x(l)(no) and a(z)(no) are defined in Eqg. (9), and the non-dimensiona coeffi-
cients ry and ro are

_ (Gg*GY/Ni+Gy/ng Mg
r{= ; Tp=——. (23
(Go+ Gy (Vny +LV/ng N1+ No
The expression for dissipation (12) with account of (14) is
2 O 2 20
D = TP = Ay (1) 003 = 1/Ng tr (0°) + 1/ny itr (ng O ng6”) = [tr (ng 0 ngi@)] . (24)

Equations (21) and (22) demonstrate that the linear viscoelasticity of nematic polymeric liquids near the rest state is
completely determined by the initial orientation of the director.
Acknowledgment. V. S. Volkov acknowledges partial support from INTAS, Project No. 278, 2001.

APPENDIX

Properties of Tensors Characterizing Uniaxial Anisotropy. The non-dimensiona kinetic tensors a(l), a(z),
and B, defined in Egs. (9)—(11), possess the following multiplicative properties that can be checked by direct calcula-
tions:

@ 43 @ @ @ /. Al
ijmn A (N) = Wiy (M) O = A (M) 5 AD

(1) (1) (1) . (2) (2) @ . A2
i @l () =S () oSy 0y () = affy () (A2
@ 2 A3
Bij ki = B s Bij kijrm = Brnk - (A3
We will also prove that a fourth-rank tensor,
(A4)

s =50 +sa? (n)

is positive-definite when the constants &, S; > 0. We initially prove that the reciprocal tensor S can be found from
the equation
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smstm=a?. (A5)
It is easy to prove that the general presentation for S has the same form as shown in (A4),
S (n) Soa(l) + Soa(z)(n) Then unknown constants S and Sl are found by substituting this expression and (A5) into
(A6). Thus, stis presented in the form

1, 100 S

st ()= o () (A6)

S5 s 0

The tensor St in (A6) is positive-definite, because Vx = {x;j} (trx=0, x = xT):

3 630 ) - [tr (B 0 )2 2 () +S [ o]’

So S . S (S+S)

Here the obvious inequality tr (x2 ® n) str(xz) has been used. The above inequality also proves that the fourth-rank
tensor S(n) in Eq. (A4) is positive-definite.

Si (0) X% = SO oA -

NOTATION

Auk? ajj, by}, |2 kinetic coefficients; c, finite transient elastic-strain tensor; D, dissipation; e, strain-rate tensor; ey,
irreversible strain-rate tensor; f, Helmholtz elastic potential; f modified eastic potential; Gg, G1, Gp, eastic modull K,
Frank elastic constant; L, characteristic flow length scale; n, director; ng, value of the director in equilibrium; n, Jau-
mann time derivative of the director; N, orientation force; Pg, entropy production; g, Lagrange multiplier; R, end-to-
end vector; (R® R), conformation tensor; rq, rp, non-dimensional constants; S, fourth-rank tensor; &, S,
non-dimensiona congtants; T, temperature; U, characteristic flow velocity; u, velocity vector; We, Weissenberg num-
ber; x, second-order, symmetric traceless tensor; Xy, Yk, conjugated thermodynamm forces and fluxes; a2 , B, non-di-
mensional anisotropic tensors; €, smaII elastic transient strain tensor; s Jaumann time derivative of g xp materlal time
derivative of €; &, unit tensor; 6”, transverse Kronecker symbol; U, rubber easticity modulus; r]o, r]l, N2, r]3, scalar
viscosities; 1, tensor of anisotropic viscosity; V, operator of space derivative; Q;, Qj, and Q, tensors of relative, inter-
nal, and body rotation; p, density; @, asymmetric part of stress tensor; g, complete (Ssymmetric) extra-stress tensor;
O and gy, elastic and inelastic parts of g; 6, characteristic relaxation time; 8q, 6;, 8,, scalar relaxation times; 8, tensor
of anisotropic relaxation.
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