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Abstract-Thermal conductivity measurements were carried out on nematic 
p-azoxyanisole (commercial grade as well as purified PAA) with a steady state, 
cone and plate, variable gap, non-flow cell. Cell gaps were varied from 0.3175 
cm to 0.0032 cm and temperature gradients were varied from 0.5 to 200 "C/cm. 
Effective thermal conductivity value increased progressively with decrease 
in gap and for the purified sample, it  was about 12% higher at  the lowest gap 
studied compared to the value at the largest gap studied and gradually 
decreased with increasing temperature gradient at  each gap. A qualitative 
interpretation of the results is given with a discussion of the still unresolved 
pro blerns. 

1. Introduction 

It is well known that the molecules of a nematic mesophase can be 
oriented by a number of influences such as proximity to an interface, 
shear, electric, and magnetic fields. Stewart et aE.(8) reported that a 
temperature gradient also exerts an orienting influence for nematic 
p-azoxyanisole, an evidence which was subsequently questioned by 
Picot and Fredrickson(6) as well as by Fisher and Fredri~kson.'~) 
Studies on molecular transport properties such as thermal conduc- 
t i ~ i t y ' ~ , ~ )  ; viscosity(7,2) ; and mass diffusivity(l0) also show that 
nematic PAA exhibits anisotropic transport properties that are 
dependent upon the orienting influences. This paper reports on a 
study of the interfacial and temperature gradient effects on heat 
conduction in nematic PAA. 
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Figure 1 .  Photograph of thermal conductivity cell. 
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2. Experimental 

The heat conduction studies were carried out in a non-flow, variable 
gap, steady state thermal conductivity cell shown in Fig. 1 with a 
schematic sectional diagram in Fig. l(a). The working surface of 
the lower copper block B is conical in shape with an included angle 
of 179". This geometry of cone and plate has a distinct advantage 
over two parallel plates in that it facilitates the setting of zero gap 
between the two plates by allowing the checking of the electrical 

+-- 115 -+ 
Figure I (a). Schematic diagram of thermal conductivity cell. A-cell guarcl 
block with probe; B-cell lower conical block; C-cell heat distributor 
copper block; D-cell cap and micrometer reference base (stainless steel) ; 
E-brass outer sleeve ; F-glass fibre impregnated teflon inner sleeve ; G- 
micrometer spindle holder (stainless steel) ; H-cell heating coil enclosure 
(teflon) ; I-fluid filling and overflow reservoir (teflon) ; J-teflon base gasket ; 
K-base plate; P-probe. All the dimensions are in millimeters. 
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I 11-HEATING 
WIRE 

SURFACE 
T.C. HOLE 

INSULA-TION 
15 m.m. 

Figure l(b).  Schematic details of probe P. Heating wire consifits of 20 turns 
of nichrome wire, non-inductively wound and electrically insulated from the 
probe. All the dimensions are in millimeters. 

contact with the help of an external ohm-meter. The copper heating 
block A can be raised or lowered by means of a precision micrometer 
graduated to fifty millionths of an inch (0.00013 cm). Hlock A 
contains a heat flux probe (0.0792 sq cm in cross section) which 
includes a heating element and a surface thermocouple as shown 
in Fig. lb. The cone tip was rounded off over an arc length :t,pproxi- 
mately equal to the probe diameter. Surface thermocouples are 
located in blocks A and B a t  different radii, including one at) the tip 
of the cone. The surfaces of blocks A (including the probe) and B 
were polished to a mirror finish, gold plated (to make it chemically 
resistant) and finally repolished. Filling tubes were attached to the 
cell and served as reservoirs for the excess fluid when the cell gap 
was decreased. 

Thermal conductivity measurements were carried out with the 
cell placed in a constant temperature oven. A covered cyllindrical 
copper sleeve was placed over the cylinder to provide for better 
temperature regulation to  within * 0.05 "C. 
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The operating procedure was to establish a steady state tempera- 
ture difference between blocks A and B by adjusting the heating 
current to the block A heater, with the probe heater switched off. 
At steady state, the probe heater was switched on and adjusted to 
give zero temperature difference between block A surface and the 
probe surface a t  the new steady state. Under these conditions 
(block A acting as a thermal guard for the probe and being thermally 
insulated from it using Sauereisen 31 cement) the heat flux from the 
probe was completely directed into the fluid. The time required to 
reach the first steady state was one-half to one hour (after a change in 
setting of gap or heat input) and the time to achieve the second 
steady state was several minutes. A t  this steady state, the spatial 
and temporal (over several hours) temperature variation on the cell 
working surfaces was within + 0.01 "C. The base oven temperature 
variation was maintained within + 0.1 "C. The thermocouple e.m.f. 
was measured with a Leeds and Northrup guarded six dial potentio- 
meter. Probe heat flux was calculated from the measurements on 
the electrical heat dissipation in the probe heater. 

Cell calibration was carried out with a high viscosity polybutene 
oil (Petrofin 300, supplied by Petrofina of Canada Ltd.) a t  different 
gaps and temperature differences. 

The p-azoxyanisol used was supplied by K & K Laboratories 
Inc., Plainview, N.Y. This commercial grade material (99Yb pure) 
was purified by four stages of recrystallization from ethanol. Transi- 
tion temperatures were determined with a heated stage placed under 
a Reichert microscope and were as follows : 

crystalline to nematic: 118.5 to 119.5OC 
nematic to isotropic : 135 "C. 

The effective thermal conductivity is defined as follows : 

where q = heat flux input a t  the probe surface 

A X  = distance between probe and tip of cone (assumed as 

AT = difference between probe temperature T ,  and tem- 

two parallel plates) 

perature of tip of cone T,. 
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The subscripts a, t ,  ran, are used to indicate the axial, transverse and 
random orientation thermal conductivity values of the ellipsoidal 
swarms of nematic PAA. 

3. Discussion of Results 

The accompanying table of data (Table 1) shows results for 
polybutene oil in the temperature range of about 125-126°C and 
similar results were obtained for PAA for all gaps in the temperature 
range of about 140-141 "C when it is in the isotropic liquid state. 
From these results, it can be seen that there is no systematic change 
in the thermal conductivity value with changes in gap size and 
temperature difference which indicates that the cell design and 
operation are such that the results are free of experimental artifact 
for these isotropic liquids. These results validate the parallel plate 
assumption in the definition of kefr. 

The statistical average value of kerf for polybutene oil was found 
to be 2.43 x 10-4 cal/cm sec "C which agrees very well with the value 
2.47 x Simileirly the 
average kerf for isotropic PAA was 3.75 x 10-4 cal/cm sec "C which 
compares with a value of 3.75 x lop4 cal/cm sec "C given by McCoy 
and Kowalc~yk.(~)  The greatest deviation from the averabge was 
1.2% for polybutene and less than 1% for isotropic PAA. 

Figures 2 and 3 show the thermal conductivity results for nematic 
PAA (commercial grade and purified PAA respectively). The ex- 
perimental data are plotted as k/k,an against the temperature gradient 
for different gaps. The temperature gradient is an overall value and 
is equivalent to  1 AT/dX I. As can be seen from Figs. 2 and 3 ,  
k /kra ,  is dependent both upon the gap and the temperature gradient. 

Picot and Fredrickson(6) reported a thermal conductivity value of 
3.2 x 10-4 cal/cm sec "C for randomly oriented nematic PAA. This 
value compares with 3.22 x cal/cm sec "C a t  123 "C as reported 
by Fisher and Fredrickson(3) and 3.28 x 10-4 cal/cm sec "C as re- 
ported by McCoy and Kowal~zyk.(~)  Our lowest value of 1,hermal 
conductivity of 3.22 x 10-4 cal/cm sec "C a t  0.3175 cm gap (where 
for purified PAA, the interfacial effects appear to be negligible) 
agrees well with the previously reported values and this is used as 
kran. 

cal/cm sec "C reported by the supplier. 
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1.50 

1.40 

1.30 

1.20 

C 

. 
1.10 

1.00 

0.90 

I I I '1 0 0.0064 C M .  G A P  

- + 0.0127 '* 

0.0254 *. 

0 0.0508 

0 A 0.1016 *' 

- A 0.31 75 '* 
0 

0 

0 - 
0 

0 

* o o  
- 

' m  

- 
0 + 

0 

0 
+ 

0 

0 . a  + +  5 'b, 
A 
A '  
m 

w 
P 
A I I I 

0 2 5  5 0  7 5  100 

Figure 2. Reduced thermal conductivity of p-azoxyanisole (commercial 
grade) as a function of gap and temperature gradient. k,,, = 3.22 x 10-4 
cal/cm sec "C. 

There are two  important aspects of the results on Figs. 2 and 3. 
First, an interfacial effect is evident. For the purified PAA (Fig. 3), 
the largest value of keff  was 3.59 x 10-4 cal/cm sec "C for 0.0032 cm 
gap. For the commercial sample the value of kerf ranges from 
2.93 x lo-" cal/cm sec "C for 0.3175 cm gap to 4.57 x lo-* cal/cm sec 
"C for 0.0064 cm gap. The latter results agree well with those 
reported by Picot and Fredrickson'e) who reported 41% higher 
thermal conductivity in the highly oriented surface layer than in the 
bulk phase for a commercial sample. The results on the purified 
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Figure 3. 
function of gap and temperature gradient. 
gap reads from 0 to 250). k,, = 3.22 x 

PAA agree reasonably well with the results of Fisher and Fredrick- 
son(3) a t  123 "C where a fully oriented bulk phase a t  very high shear 
rate showed a 5.54% higher thermal conductivity than ih randomly 
oriented bulk phase at  zero shear rate. The shear field is claimed by 
the aforementioned authors to produce complete parallel orientation 
of the nematic swarms. Therefore, k, > k,. Assuming this to he true, 
the present study indicates that ellipsoidal nematic swarms of PAA 
are oriented with their long axes parallel to the cell surface with a 
gradual decay in degree of uniform orientation with distance away 
from the interface. When the two cell surfaces are very close together, 
the nematic liquid in the narrow gap could be completely oriented 
in a direction parallel to the surface. Yun(ll) has conducted ;similar 
studies on nematic p-n-decyloxybenzoic acid under the orienting 

Reduced thermal conductivity of purified p-azoxyanisole RS a 
(Note: Abscissa for 0.0032 cm 

cal/cm sec "C. 
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influence of magnetic field, and found that swarm to surface orien- 
tation was perpendicular. 

A second apparent thermal conductivity effect (from Figs. 2 and 3) 
is the decrease in thermal conductivity with increase in the tempera- 
ture gradient. There could be several reasons for this : 

(1) The increase in the bulk temperature of the sample when 
temperature gradient is increased will reduce the thermal 
conductivity. For the case of 0.0032 cm gap, the decrease 
in thermal conductivity (Fig. 3) is of the order of 9yo, whereas 
McCoy and Kowalczyk's(4) results indicate that the reduction 
due to  a temperature increase of 0.4 "C would be less than 1 %. 
This hypothesis is therefore discarded. 

( 2 )  The phenomenon of temperature gradient induced orientation 
has been discussed in the literature by Stewart et al.(*), by 
Picot and Fredrickson,(S) and by Fisher and Fredrickson. (3)  

The first of these papers reports (from X-ray studies) that a 
temperature gradient ( 1  to 2 "C/cm) produces orientation of 
the nematic swarms of PAA. In the second paper, the apparent 
thermal conductivity in the surface zone of the hot-wire probe 
was not altered by a two-fold variation in the impressed heat 
flux. I n  the latter paper, €or the experiments in a concentric 
cylinder annular flow cell, the effective thermal conductivity 
was not altered when the temperature gradient in the gap was 
varied from about 12 to 36 "C/cm. The results of Fisher and 
Fredrickson also indicate that in the presence of a shear field, 
there is a negligible influence of temperature gradient on 
orientation. The results of Stewart e t  al. indicate strong 
orientation effects in a non-flow cell (assuming that natural 
convection was satisfactorily eliminated) induced by a tern- 
perature gradient. The experimental evidence that k, > k, 
for the nematic swarms of PAA indicates that the effect of 
temperature gradient is to orient the swarms in a direction 
perpendicular to that of the orienting influence of the interface. 
A parallel orientation of the swarms a t  the interface is assumed 
as explained before. This tendency of the temperature 
gradient explains the reduction in the kerf values with increase 
in the temperature gradient. 
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Though the effect of temperature gradient at large gaps in our 
results as well as those of the past workers is inconclusive, i t  is our 
general conclusion that the temperature gradient effect is scrongly 
coupled with the interfacial orienting influence in the trstnsport 
phenomena in liquid crystals. 

There is also evidence in our results presently reported that the 
orienting influence of temperature gradient is of considerably different 
magnitude for purified and commercial samples of PAA. 

4. Concluding Remarks 
The above evidence of temperature gradient induced orient Ation 

requires that the external field flux term F in the equation of change 
given below for the anisotropy tensor introduced by Sullivan(9) 
should include the effect of temperature gradient also: 

DA _ -  - -6D,A+hAaA+F.  
Dt 

I n  this expression the anisotropy tensor A is given by: 

A = (_NiJ) - 1/31. 

& is the unit vector directed along the long axis of the swarirn, and 
the expression (Ng) is the local ensemble average value of the 
dyadic product _N&' and I is the identity tensor. D/Dt is the con- 
vacted time derivative ; D, is the rotational diffusion coefficient ; 
h is a particle interaction term; and the term F is represented as 
follows: * 

F =f(Vlr, H ,  V T ,  e )  

The form of F based on Vz (electric field strength), H (magnetic 
field strength), and *e (rate of strain tensor) is discussed by Fisher@) 
and by Sul l i~an . '~)  It is not obvious a t  this stage, how the depen- 
dency of heat flux on VT_ should be expressed, but the results indicate 
a non-linear relationship between the heat flux vector and Vjy. 

For transversely isotropic ellipsoidal particles in which the trans- 
verse and axial thermal conductivities are different, the following 
relation holds as ahown by Fisher(? 

kran =&(ha + 2kt). 
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In  the above discussion, the maximum thermal conductivity for the 
pnrified sample was 3.59 x 10-4 cal/cm sec "C, and it was 4.57 x 

cal/cm sec "C for the commercial sample, and this is for a high degree 
of orientation of swarms perpendicular to the direction of temperature 
gradient. This value can be assumed to be close to the value of k,. 
The value of k, computed analytically by Fisher@) is 2.82 x 
cal/cm sec "C. The preceding relation between the thermal con- 
ductivities then gives a value of k, of 2.48 x cal/cm sec "C  for 
the purified PAA sample and a k, value of 0.52 x cal/cm sec "C 
is obtained for the commercial grade sample using our value of k,. 

Carr") has pointed out that impurities in the sample as well as the 
surface play an important role in the orientation of liquid crystals. 
It is not clear at this stage, how the effect of impurities could be 
explained in terms of orientation mechanism. Further investigation 
is necessary to give a better understanding of the transport pheno- 
mena in liquid crystals. 
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