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Abstract—A brief discussion of non-linear (non-Fourier) heat conduection is
given. Recent experimental data on nematic p-anisylidene p-aminophenyl-
acetate are also presented to confirm the earlier reported unusual effects of
temperature gradient and boundaries on the thermal conductivity of nematic
mesophases such as p-azoxyanisole.

1. Introduction

The simplest approach for the transfer of energy by conduction
is to postulate that the heat flux vector q is a function only of the
temperature 7' and temperature gradient V7',

q=q(T,VT) (1)
V-q =0 (steady state conservation of energy) (1a)
The relation between q and V7' is given in a general form as follows:
q=—-kVT {(2)

where k is the apparent thermal conductivity of the medium.
k=KkT,|VT}) (3)

| vT'| is the magnitude of the temperature gradient vector. These
have been shown to be valid for isotropie, homogeneous media. The
well known linear version of Eq. (2) requires that k be independent of
VT. This linear law is known as the Fourier Law of heat conduction.
Analogous relations are available for diffusive momentum and mass
transfer, known as Newton’s and Fick’s Law respectively. Extensive
discussions on these are given by Flumerfelt® and Slattery.? Very
little is known about the nature of the non-linear or non-Fourier heat
conduction process. We have no way of knowing a priori the nature

1 Presented at the Fourth International Liquid Crystal Confererice, Kent,
U.S.A., August 21-25, 1972,
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of the functional relation k(T, | VT |) for any substance. A simplified
molecular model for the material under consideration would be a
starting point.

For an anisotropic medium, the above equation may be extended
and written as follows®’:

q= -k(T,|VT|)- VT (4)
where k is a second order thermal conductivity tensor. Ifthe medium
is heterogeneous, we have

k =k(T,r, |VT|) (5)
where 7' = T'(r) and r is the position vector.

In contrast with the numerous studies of non-Newtonian momen-
tum transport (e.g. viscoelastic fluids etc.) very little experimental
evidence is available to show that the thermal conductivity depends
upon the temperature gradient. One possible reason for this (if
some materials such as liquid crystals have such a dependence®))
generally is the lack of a simple experiment by which k(T) is dis-
tinguished from k(| VZ'|). Recently, Flumerfelt and Slattery® and
Patharkar ef al.® experimentally showed that k& depends on | V7|
for powdered solid Sauereisen cement No. 31 and nematic p-azoxy-
anisole respectively. There seems to be no other experimental
evidence of this unusual phenomenon of non-linear heat conduction
in liquids, though non-linear effects are common in rarefied gases.

Patharkar ef al.® proposed that the effect of temperature gradient
on heat conduction is perhaps due to a reorienting effect of the
temperature gradient on the nematic liquid crystal. It has been
stated in the literature®-%-14) that the thermal conductivity tensor is
related to the director (unit vector) n(r) of the nematic spheroidal
swarms as follows:

k =k(l1+ 2 A) (6)

where A = anisotropy tensor®
= {(n(r)n(x)) -1/3 }
ko = isotropic or random oriented conductivity
A, = material constant (conductivity anisotropy)®t)
I = unit tensor

{ ) = ensemble average for all orientations as described by a
suitable distribution function f(n(r)). (n may also be time
dependent.)
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Transverse isotropy is assumed in the above—i.e., n is not dis-
tinguishable from -n (invariance to mirror reflections) for the long
axis of the swarms. In view of the interfacial and temperature
gradient effects,®% A depends on r, T and |VT'|. Experimental
evidence of this reorientation by |V7'| has been given by many
workers. 1:5:13) These experiments were subject to criticism because
of possible convective effects. These and other aspects are discussed
adequately in the review article by Rajan and Picot. 1) As discussed
in the preceding review, attempts have been made by many workers
to explain this orientation by temperature gradient for cholesteric
mesophases® and for nematics® with limited success. Leslie®
suggested that the assumption of uncoupled mechanical (orienta-
tional) and thermal effects may be amended by incorporating an
intrinsic body force (orientation) term as a non-linear function of
| VT'| in the constitutive equation. A similar suggestion was made
by Patharkar ef al.® for the equation of change for A®® as follows:

DA A

where D/Dt = convected derivative

A = interfacial effect diffusion constant for orientation

7 = thermal reorientation or relaxation time constant

R4 = orientation generation term

In view of the weak dependence of the thermal conductivity on T
for a narrow temperature range, the effect of 7' is not introduced in
the above equation.®1 For a steady state non-flow system with
large volume to surface ratio (i.e. interfacial effect can be neglected
for large distances from the surface), we have

A ~ R 4(|VT]) (8)
The functional relation for R4 (| VT'|) is still under investigation.

2. Experimental Results

To investigate further this aspect of non-Fourier conduction and
orientation phenomena in nematic liquid crystals, thermal conduc-
tivity measurements were made on nematic p-anisylidene p-amino-
phenylacetate (APAPA) in the cell described earlier.® The cell is of
a non-flow, steady state, parallel plate type.
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Table 1 gives the data on thermal conductivity. A decrease in
thermal conduetivity with increase in cell gap and also with increase
in temperature gradient at all cell gaps is observed. This is similar
to the observations for PAA.® Figure 1 is a plot of this data. This
affirms the temperature gradient effect on heat conduction (non-
Fourier effect) in nematic liquid crystals.

The interfacial effect for very low heat fluxes (or |VT'[) was
analyzed for this one-dimensional system with a * swarm-continuum
model by Rajan et al.®19 The coupling effect of the geometry of the
system and | VT | is yet to be analyzed. These data show that the
effect of | V7' | decreases with decreasing thickness of the sample when
the interfacial orientation is predominant. The increased effect of
| VT'| for very large gaps is not clear as one would expect the dis-
orienting effect of thermal motion or rotational Brownian motion to
be predominant. It must be noted that there is an upper limit on the
| VT'| for each gap to avoid natural convection effects.@1) Also,
there are two additional reasons for limiting the applied | V7’| given
as follows :

(i) the entire sample must remain in the nematic range
and (i) the effect of 7' should be kept small so that only | VT'| effect
may be observed.

For small gaps the above reasons, and for large gaps the convection
effect, seem to be the deciding factors for limiting the applied heat
flux.

3. Concluding Remarks

We have presented additional data to reinforce the earlier reported
non-Fourier heat conduction effect. Theoretical explanation of this
phenomenon for nematic mesophases in terms of an orientation effect
is still at an infant stage. There are two requirements in this field at
this stage of the art of liquid crystals:

(a) further experimental data on other nematics. We are investi-
gating this for MBBA, and

(b) an independent optical or other means of showing the reorien-
ting effect of heat conduction.
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Such a study will be an important contribution to the field of
applied mechanics of interest to both engineers and scientists.
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