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Abstract.

A new instrument for the measurement of the thermal conductivity 
of both electrically insulating and electrically conducting liquids, 
has been designed, built and commissioned. It is capable of operating 
in the temperature range of 30° - 100°C and pressure range of 
0 - 0.5 GPa, with an associated accuracy of +0.3% of the absolute 
thermal conductivity values.

The construction of this instrument, which is based upon the 
transient hot-wire principle, was implemented in two stages. The first 
stage was the design and construction of a new computer-controlled 
Wheatstone Bridge, that is capable of initiating a run, processing the 
results to yield the thermal conductivity of the liquid of interest. 
The new bridge was applied to liquids and gases previously measured in 
the laboratory, to assess and confirm its performance. The results were 
excellent and showed close agreement with earlier work.

The second phase was the construction of a new high pressure rig 
housing the purpose built thermal conductivity cells. The cells 
themselves were made of Inconel 625 alloy, to alleviate corrosion 
arising from the use with water and saline solutions to be measured. 
The cells were constructed so as to accomodate tantalum wires in place 
of the conventional platinum wires, which are not suitable for use with 

electrically conducting liquids, owing to current leakage. By employing 
tantalum wires anodically coated with their oxide, the electrically
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conducting fluid can be electrically insulated from the wire without 
inducing an untoward thermal resistance.

Thermal conductivity data for a number of electrically insulating 
and conducting liquids have been determined over a wide range of 
pressures up to 500 MPa. They have been used to test a model of 
transport properties of liquids based upon a hard-sphere theory. For 
electrically insulating, non-polar fluids, the model represents the 
density dependence of the experimental data almost within experimental 
error, and leads to a reliable scheme for the interpolation among and 
extrapolation of the thermodynamic states and fluids covered in this 
study. For electrically conducting fluids, the importance of attractive 
molecular forces, means that the same scheme fails and a new approach 
becomes necessary.
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Chapter 1

Introduction

Data for the thermophysical properties of fluids and, in 
particular, the transport properties of liquids, are required for the 
design and operation of many types of process plant. The impossibili ty 
of carrying through a measurement programme to determine all the 
properties of all the systems of interest over all thermodynamic states 
means that an alternate strategy to fulfil this need must be found. The 
most efficient strategy is began with the rather careful measurements 
of high accuracy of the properties of a limited number of selected 
systems. The subsequent application of available theory to the accurate 
data then permits refinement and development of the theory and its 

parameters, so that when the same theory is applied to systems for 
which no measurements exist, the properties may be predicted reliably. 
Quite obviously, the accuracy of such predictions can never match that 
of the best direct measurements, but it cam often be sufficient for 
engineering purposes. At the same time, this strategy leads to an 
increased understanding of the relationship of the thermophysical 
properties to the underlying microscopic properties of fluids.

Among the transport properties of fluids, the thermal conductivity 
has proved the most difficult to measure accurately. Indeed for 
liquids, it is rather easy to find examples of discrepancies as large 
as 100% in the thermal conductivity of a single fluid reported by 
different authors. The inevitable confusion arising from this situation 
has undoubtedly contributed to the relatively slow development of
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theories of transport properties in liquids. The present thesis 
continues the acquisition of a body of accurate data for the thermal 
conductivity of electrically insulating liquids over a wide range of 
conditions, as a contribution to the first part of the strategy set out 
above. In addition, a new instrumental development is described that 
makes it possible to begin the same process for electrically conducting 
liquids. It has also proved possible to begin the application of 
available theoretical methods to the interpolation and extrapolation of 
the experimental data obtained according to the second and third parts 
of the strategy set out above.

The principal difficulties with early measurements of the thermal 
conductivity of liquids were the neglect of, or improper correction 
for, the occurence of natural convection and radiative absorption of 
heat. Both of these processes inevitably accompany the heat conduction 
process in any measurement made in the earth’s gravitational field and 
invalidate the measurement of the thermal conductivity. In the form in 
which it has conventionally been employed, the technique is suitable 

only for fluids that are non-polar and electrically insulating. In an 
effort to extend the applicability of the technique to electrically 
conducting liquids, a number of developments have had to be made which 
are described in this thesis. Such an extension is essential if 
measurements are to be made on systems auch as aqueous and alcoholic 
salt solutions, molten salts and liquid metals. Because such materials 
are receiving increased attention as heat transfer media in fields as 
varied as refrigeration cycles, nuclear reactors and energy storage 

systems, [1-10], there is evidently a need for reliable experimental 
measurements of a few carefully selected systems of each type to



initiate the same predictive process that has proved successful for 
insulating liquids.

In order to apply the transient hot-wire technique to electrically 
conducting liquids, it is necessary to modify the apparatus in several 
respects. In this thesis, these modifications, the adaptation of the 
theory of the method to encompass them and the application of the new 
instrument are described in detail. In addition the first measurements 
with the new instrument on water are presented.
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Chapter 2

2.1 Theory Of The Experimental Method.

In the transient hot-wire method, the thermal conductivity of a 
liquid is deduced from the temperature history of a very thin, 
vertical, metallic wire, surrounded by the test fluid, which becomes 
the source of a uniform, radial heat flux as a result of a square 
voltage step applied across its ends. The temperature rise of the 
metallic wire is accurately measured as a function of time, and the 
thermal conductivity of the fluid is established from a theoretically 
based relationship.

Up to 1970, there was a slow development of the transient hot-wire 
technique. But with the advent of computers and the advancement of 
electronics, serious consideration was given to this technique [10].

The starting point for the formulation of the theory of this 
technique is an ’’ideal" instrument of this type [11,12]. This ideal 
instrument consists of an infinitely long, line-source of radial heat 
flux, q, which is supposed to lose heat only by conduction, initiated 
at time, t=0, and immersed in a fluid, initially at temperature, To, of 
infinite extent, as illustrated in figure 2.i. The line heat source is 
coincident with the axis of a cylindrical coordinate system (r,z,0).



z1
q W /m

FLUID A = const
p=const 

Cp=const

Figure 2 .i. The idealized experimental arrangement.



The temperature history of the fluid at a radial position, r, from 
the axis of the system is given by the solution of the non-steady state 
conduction equation:

6T = jcv2T (2.1)
6t

where k  = A/pC^ is the temperature independent thermal diffusivity of 
the fluid, together with the definition of the fluid temperature rise :

AT(r,t) = T(r,t)-To (2.2)

where T0 is the equilibrium temperature of the fluid.

The thermal coductivity of an isotropic fluid is formally defined 
by the Fourier equation of conductive heat transfer:

Q = -A vT  ( 2 . 3 )

where Q is the three-dimensional heat flux and T the local fluid 
temperature. The solution of the above equation (2.3) is subject to the 
initial and boundary conditions:

initial conditions:

at t < 0 and any r position, AT(r,t) = 0 ( 2 . 4 )
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boundary conditions:

at r = 0 and any t > 0 Limit r<5T = - ^
r— >0 6r 2ttX

(2 .5 )

and at r = «> and any t > 0 Limit AT(r,t) = 0
r — >°°

(2 .6)

with the additional constraint that X = constant.

The temperature rise of a point in the fluid AT..dea^(r,t 
by [13]:

AT.d(r,t) =
47rX

- E t
4k: t

(2 .7 )

where

E i ( x )

-x
2__dx = -nr - £ n  x + x + 0(x2)

x x
(2.8)

where

x = r2/4fct and nr =Euler’s constant (0.5772156649)

For small values of (r2/4/ct), the exponential integral E 
expanded to yield, at any radial location a,

AT ,(a,t) = JL In [  + JL. + ... \  (2.9)
47rX \ a2C 4/ct ' J

is given

! may be
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In the ideal model of the experimental method, this temperature 
rise is identified with that of the source of the radial heat flux, q, 
were it of finite radius a, which is such that, for sufficiently long 
times, the second term in the above equation is rendered negligible by 
comparison with the first.

Thus, for sufficiently small values of (a2/4xt) , the thermal
conductivity of the fluid can be obtained, from the slope of the 
experimental line AT vs in t according to the relation:

AT.d(a,t) _ 2 _ « n

4irX a2C
(2 .10)

without a knowledge of the wire radius or the thermal diffusivity of 
the test fluid.

When performing transient measurements with a hot-wire instrument, 
there are inevitable departures in several ways from the ideal model 
discussed above. It is imperative that the design of the practical 
instrument deviates as little as possible from the ideal case. This 
means that all corrections to the working equation of the ideal model 
should be small and that some should be rendered entirely negligible. 
In this way, it is possible to retain equation (2.10) as the working 
equation for the interpretation of the raw experimental data subject to 
small corrections, which are readily estimated. The retention of 
equation (2.10) then provides a means of confirming the correct 
operation of the hot-wire instrument. Only if the heat transfer is
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achieved by pure conduction, will the relationship between the 
temperature rise of the heat source and the time, remain of the form of 
equation (2.10). Thus, it is possible to detect experimentally the 
onset and effects of, for example, convective heat transport in the 
fluid, if a departure from linearity between AT and £n t is observed. 

The effect of this phenomenon can usually be eliminated from 
measurements by ensuring that the transient run is of sufficiently 
short duration, so as to render the additional heat transfer caused by 
convection negligible. Typically a time of the order of one second is 
sufficient for this purpose.

To simplify the following analysis of the assumptions and 
corrections employed,the discussion is separated into three main 
categories. First, corrections that are eliminated entirely will be 
discussed. Such corrections are eliminated by careful design and mode 
of operation of the equipment. Secondly, corrections that are rendered 

negligible will be presented. It is implied that each particular effect 
constitutes a correction to A T ^  which is not more than 0.01%. Finally, 
the remaining corrections will be discussed, generally these 
corrections will be of a magnitude such that they must be applied to 
all experiments.

The following analysis will assume that the temperature rise of a 
finite segment of an infinite wire as a function of time is available 
from experiments. It has been ascertained that the required corrections 
to ideality are small [14,15]. The combined effect can be taken to be 
simply additive:
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Hence,

AT. , = AT + 2 6T. (2.11)id . l v 'l

where 6T. is a temperature correction due to the physical system in one 
respect being non-ideal, and AT is the measured temperature rise of the 
finite segment of the wire.

2.2 Effects Eliminated Entirely*

2.2.1 Convection.

Convection, which is a major source of errors in most other 
methods [16-23] deserves to be examined carefully for this method. It 
is necessary to distinguish between the two types of convective 
transfer. One type is due to temperature gradients along the vessel 
created if the upper regions of the wire enclosures are colder than the 
lower regions. This kind of convection can be avoided by ensuring that 
the top part of the wire enclosure is at a slightly higher temperature 
than its bottom part.

The second type of convection is due to the heat dissipation in 
the wire. Considering figure 2.ii. the current in the wire induces a 
heat flow in the fluid such that temperatures TA and T2 are higher than 

Tj’ and T21.



q
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However, this results in temperature T2 being higher than Tj’ and 
thus the conditions for the onset of convection are established. The 
experimental conditions can be so arranged that the characteristic time 

required for the bouyancy forces to accelerate the fluid, and thus 
appreciably affect the rate of heat loss from the wire, is higher than 
the experimental times employed. This dictates that the experimental 
times can be chosen to eliminate convective heat transfer entirely. 
However, the transient hot-wire method has the additional advantage 
that should convection occur, it can be immediately detected.

A significant influence from convection causes the wire 
temperature to increase less rapidly owing to the convective heat 
transfer mechanism and leads to an appreciably lower plateau than 
AT^ - <5Tq£ represents the outer boundary correction [section 
2.4.211. Furthermore, this effect results in a sudden increase in the 
apparent value of the thermal conductivity. This manifests itself, as 
depicted in figure 2. iii. as a curvature in a plot of the apparent 
thermal conductivity as a function of time through a run.

Because the phenomenon of convective flow in a transient hot-wire 
cell is not amenable to exact analysis, conditions for measurements are 
always chosen so that such curvature is not observed. Thus, the 
experiment itself is employed to confirm the absence of convective heat
transfer.
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Figure 2.iii.
Effect of Convection on Temperature Rise.
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2.3 Corrections Which are Rendered Negligible:

2.3.1 Finite Diameter of the Wire.

Evidently, in any real experiment, the wire employed as the heat 
source must be of a non-zero radius, a. Thus, the previous boundary 
condition has to be modified to r = a, and at any t > 0:

6T _ q 
dr “ 27rXa (2 . 12)

The solution of the conduction equation under these conditions 
(page 338 of Carslow and Jaeger [24]), reads:

AT(r,t) =_ -  q
rco

7T2aA
(1 - e-kdu21-

Jo(ur).Y1(ua) - Y0(ur).Jt(ua)| du 
u2(Ji(ua) - Yi(ua))

(2.13)

For small values of (r2/4jcdt), the ideal solution is recovered as:

AT(r,t)
r 4»c,t

^ £n ____ + 0(a2//c,t)
4tX *■ r2C J d

(2.14)

The effect of the last term can be made small (0.01%) by employing

a wire of small radius.
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2.3.2 Radiation:

In deriving the working equation,

AT(a,t) (2.15)

it was assumed that heat transfer occured entirely by a conductive 
mechanism. In reality, there exists two types of heat transfer which 
take place. These are conductive and radiative heat transfer.

The error incurred due to radiation can be rendered negligible if 
the test fluid is transparent, and the temperature rise is kept small 
(<5K). Based on the assumption that the fluid is transparent, the 
radiative heat flux at the surface can be shown to be:

Q = A E F , - a A, E, F, (2.16) r a a a b  b d ba v J

where A and E refer to the surface area and emmisive power of the wire 

surface respectively. The subscripts a and b denote the surface of the 

wire and the surface of the cell, a is the absorptivity of the cell.

Using reciprocity, the view factor is found as:

ba (2.17)

with F , = 1 ab



Hence

Qr = Aa (Ea " “ V (2.18)

or

q = 27ra ( €ctT4 - aaT4 ) ^r v a b 3 (2.19)

where € is the emissivity of the wire and o is the Stefan-Boltzmann 
constant.

If it is assumed that

e ~ o (2 .20)

qr  = 2wa6a ( T« -  T« ) (2 .2 1 )

3

qr = 87ra€a T0 AT (a,t) (2.22)

and from equation ( 2.10 )

3

6Tr q^ 8ira€oT0 AT(a,t) (2.23)

AT q q

The resulting correction is negligible in the present apparatus.

In the case of fluids which absorb and re-emit radiation, there
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has been only one exact solution of the full 
integro-partial-differential equation governing simultaneous conduction 
and radiation [14,25]. In addition, there have been a number of 
approximate analytic treatments of the problem [26-28]. These studies 
indicate that the effects due to radiation are smaller in the transient 
measurement techniques than in those operated at steady state 
[29-39,40]. Since the aim of the present work is to perform thermal 
conductivity measurements with an accuracy of a fraction of 1%, it is 
clear that these approximate analyses are inadequate for the present 
purpose. We therefore make use of the numerical solution of Menashe and 
Wakeham [25], in the manner described by Nieto de Castro et.al.[41].

Menashe and Wakeham [25] carried out a full numerical solution of 
the full radiation-conduction heat transfer equation for the transient 
hot-wire cells, with dimensions similar to these employed here. The 
study was carried out for a mildly absorbing fluid and in such a manner 
that the magnitude of each term in the full equation of transfer could 
be evaluated.

pC _  = Xv 2T +
p a t

QV->dV.
1
+ QAi->dV + QA2->dV. 1 L 2 l

4K.E.
l  l

(2.25)

In this equation, the Q ’ are the heat flux gradients, V denote the
fluid volume, the inner (wire) surface, A2 the outer (cell) surface
and dV. a volume element. In addition, K. is the absorption coefficient 

l  l

of the (grey) fluid and E.. the black body radiative flux.
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For cells with the dimensions of those employed here, and for the 
time scales of interest, Nieto de Castro et.al. [41] showed that the 
dominant term of these arising from radiation was always the last on 

the right hand side of the above equation, and demonstrated that this 
arose from the very large temperature gradients induced in the 
experiment even though the absolute temperature rise was small. 
Subsequently they neglected all the terms Q ’ in equation (2.24) and 
were able to obtain an analytic solution to the resulting equation. 
They found that the temperature rise of the wire could be written as:

2 2

> H II 1 *° ’ i + ‘£n 4/ct + ^ _ Bqt +
4ttX L 4#c J L r2C 167ticA 47rX

1

2
0[(Bt)2, rj/4/ct]

(2.25)

which implies that for certain values of the radiation parameter B,

B =
3

16 K a2 o T0 
P Cp

(2.26)

a curvature of the line AT vs £n t would be observed as a result of 
radiation.

It is not, in general, possible to evaluate the parameter B from 

independent optical studies of absorption under all the conditions of 
interest. Consequently, a different approach has been suggested by
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Nieto de Castro et.aj,. [41] which is followed here - it is similar in 
spirit to that employed for the examination of convection.

If the radiation parameter B is sufficiently small, then the 
curvature in the line of AT vs in t will be negligible. In which case, 
it can be seen that the effect of radiation on the thermal conductivity 
determined from the slope of A T ^  vs in t is negligible.lt follows that 
the absence of any systematic curvature in the line AT vs in t implies 
the absence of any significant radiation effect. This will be shown to 
be the case for all of the measurements reported here. If there should 
be a residual curvature, equation (2.26) can of course always be 
employed to estimate the parameter B, and subsequently used to correct 
the experimental data.

2.3.3 Viscous Heating.

As mentioned earlier, the temperature gradient in the fluid 
inevitably gives rise to a velocity field. This velocity field in turn 
can cause viscous dissipation in the fluid leading to local temperature 
increases and a consequent reduction in the heat loss from the wire.

Healy et.aT., [13] showed, by solving the energy balance equation, 
and obtaining an approximate formula for the effect of viscous heating 
on the temperature rise of the wire:



(2.27)CTvisc = (q/4^)2{ P r } m 2 / 2T2Cp

For liquids where the Prandtl number, Pr ss 10, 1 as 0.15 tfm'1 K"1, and 

C ss 2000 J Kg'1 K'1, it was shown [14] that for experimental
r

conditions employed in the transient hot-wire measurements, q a 0.5 

Wm"1, t a Is and To « 350 K, this correction amounts to less than 

0.017. of the temperature rise, and is therefore negligible.

2.3.4 Compression Work

In the ideal model, the outer radius b, as well as the axial 

length L of the cell are assumed to be infinite. In reality, the 

hot-wire is accommodated in a cylinder of finite dimensions, 

(constant volume V = nb2L, and constant mass m) and the fact that the 

heat is introduced into it, causes the pressure, P, to change with 

time. Thus, elementary cylindrical expansion waves spreading 

outwards with the velocity of sound result in essentially constant 

pressure in space but which changes with time.

An approximate analysis of this effect produces a correction to 

the temperature rise of the wire as [13, 42]:

(■ -  •'bV4'‘t! * f e  ■ * < w wP v
(2.28)

with R being the universal gas constant, V the volume of the 

containing vessel, and 1 the length of the wire. Cp and Cy are the



heat capacities of the fluid at constant pressure and constant volume 

respectively. The correction may be rendered negligible by employing 

a sufficiently large container for the gas [13]. In the case of 

liquids, this effect can be neglected completely because of the much 

lower compressibility.

2.4. The Remaining Corrections

The final group of corrections that must be considered are those 

that are sufficiently large to warrant application to the elucidation 

of the temperature rise of the wire. They arise from the difference 

between conditions at the inner wall (the wire surface), the outer 

wall and the temperature dependence of the fluid properties. In 

part, some of the corrections are connected with the desire to employ 

the metallic heat source as its own temperature monitor [13, 43-48]. 

The intention of the design is to make all of these corrections 

sufficiently small, that they can be estimated with adequate accuracy 

to ensure that their application has a negligible effect on the 

thermal conductivity of the fluid.
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2.4.1 End Effects.

In the idealised model, the wire is assumed to be infinitely long. 
In practice, it cannot be infinitely long, since the wires are attached 
to relatively massive supports at either end, to provide the electrical 
connections. These connections give rise to departures from ideality, 
known as end effects. Healy [13], Haarman [49] and Blackwell [50], have 
provided different approximate analyses of these end effects. Both 
approaches recommended that such effects are best eliminated 
exper imentally.

The apparatus used employs two wires which are constructed so as 
to be as near as identical ( apart from their lengths ) as is 
practically possible. They are both surrounded by the same fluid, and 
both are subjected to the same heat dissipation per unit length, due to 
the same current passing through both wires. The difference in 
resistance of the two wires, which can be determined experimentally, 
then gives, to within the required accuracy, a measurement of the 
temperature of a hypothetical, finite segment of an infinitely long 
wire. The length of this segment being equal to the difference in the 
lengths of the two wires. Thus, the end effects of the two wires can be 
eliminated by a practical cancellation.

This cancellation requires, that apart from their lengths, the 
wires must be identical. This, in practice, is impossible due to method 
of manufacture of the wires, their diameter is subject to fluctuation 
over their lengths. It is also not possible to duplicate the



spot-welded connections (see Chapter 3 ) to the wire ends, thus 
introducing further dissimilarities. However, provided the resistances 
per unit length of the two wires differ from each other by less than 
0.8% , then an analysis given by Kestin and Wakeham [46] can be used. 
From the analysis, the measured temperature rise of the middle portion 
of the long wire can then be calculated. This temperature rise is shown 
by Kestin and Wakeham [46] to correspond, within the required accuracy, 
to the temperature rise of an infinitely long wire.

2.4.2 The Outer Boundary Correction.

The mathematical model used to obtain the idealised temperature 
rise of the fluid as a function of time, assumes that fluid to be 
infinite in extent. This is not the case, and an outer concentric 
cylindrical boundary at r = b exists owing to the need to contain the 
fluid.

The existence of this outer boundary will alter the temperature 
field, and a correction to the measured temperature rise is required, 
in order to recover the necessary idealised temperature rises, through 
which the thermal conductivity is calculated. It is expected that the 
correction due to the outer boundary will be small, and will increase 
with time. This is because, in the idealised model, at small times, the 

temperatures of elements of the fluid, at the position which would be 

occupied by the outer boundary in the real system, will be very close 
to the initial temperature of the fluid. The real and idealised models 
would therefore be very similar at small times, but, as these elements



in the idealised model increase in temperature with time, the effect is 
expected to increase.
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To obtain the deviation due to the outer boundary, the equation,

dT _ k a r rdT | (2.29)
dt r dr dr ^

must be solved subject to the initial condition:

AT( 0 < r < 00 , t < 0 ) = 0 (2.30)

and boundary condition (2.5):

Lim
r->0

rdT
dr )

q

2 tt\
constant t > 0

and

A T ( r ^ ,  t > 0 ) = 0 (2.31)

The second boundary condition implies that the outer boundary is kept 
at the initial condition In reality, the boundary cylinder is 
relatively massive, and made of a metal with a large thermal 
conductivity, so making this an acceptable and valid approximation. The 
asymptotic form of the solution as derived by Fischer [51] is:
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AT(a,t) 2£n(b/a) - ^ e 
v=0

[  ITY0 ( g u ) ] 2 \

(2.32)

where g are the consecutive roots of JD{ g ) = 0v  v ° u  7

This is subject to b/a >> 1 and 4»ct/a2 »  1.

It can be seen that the ideal solution can again be recovered if 
an outer boundary correction is used, which results in a correction dTj 
to the idealised temperature rise of:

00

(2.33)

which in the present apparatus, when performing measurements on 
liquids, as expected increases in magnitude with time, but ammounts to 
no more them 0.1% in AT.,.

2.4.3 Finite Heat Capacity of The Wires Correction.

In the mathematical model from which the idealised temperature 
rise of the fluid is calculated, heat is assumed to be emitted from a 
line source, whereas in reality, a hot wire with finite, non-zero 
physical properties different from those of the fluid is used, thus 
incurring an error. To account for the error, one requires the solution
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of coupled equations for the composite cylinder system ( hot-wire and 
fluid ). The following two coupled Fourier equations can be written for 
the wire and the fluid respectively:

3T
(p cp )w _JL  = X v2T -  q

d t
W W 27ra

0 < r < a (2.34)

and for the fluid:

p Cp = X v2T 
d t

r > 0 (2.35)

The continuity condition can also be used giving:

T/a.t) = T(a,t) (2.36)

and

Xw (2.37)

The initial condition is:

T ( r. t < 0 ) = T( r, t < 0 ) = T0 (2.38)w

for all values of r, and the boundary conditions are:

r 91
I —W[  d r

=  0
r=0

t > 0 (2.39)
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T ( r“> 0. t ) = T0 t > 0 (2.40)

t > 0 (2.41)

This is a standard problem (p 379 of [24]) whose solution for large 
values of 4ic,t/r2 is found to be:

ATw (r, t) = _!L_ {4ttX ^
1 a 2 [ ( p c  )  - p C  ]p w pJ

2Xt

■ 4>ct ■
£n 2/~,

J r C

+
a2 _

■ 2K.t ■ w

+  q

4 7 rXw 4icXt JJ w
(2.42)

During measurements on a fluid, what is measured in the hot-wire 
method, using the hot-wire as a thermometer, is the average temperature 
rise over the wire diameter as defined by:

a
J AT(r,t)rdr

AT (t) = °__________w v J a
J* rdr

(2.43)
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so that

AT (t) = wv 1
a2[(pC ) -pC ] LV p'w r pJ

2Xt ■}

47rX l 2\ct 4 k. t 2X w w
(2.44)

where

w = X / (pC ) w v p'w (2.45)

It should be noted that the second term, is usually negligible [13]. 
The last term in this correction is time-independent and therefore has 
no influence on the determination of the thermal conductivity from the 
slope of the line A T ^  vs 2n t. Consequently, for most runs, the 
correction to be applied can be written as:

ST2 q
47 rX

- i ( p c p ) w - ( p c p ) ] ] (2.46)

This term arises solely from the finite heat capacity of the wire, and 

generally causes the measured temperature rise to fall below the ideal 
value at short times. By choice of a suitable small radius a, typically 
a few microns, and long measurement times, t, ( greater than 50 ms ), 
the magnitude of the correction may readily be limited to at most 0.5% 
of the temperature rise, and it falls rapidly with increasing time so 
that equation (2.46) is entirely adequate for its calculation.
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When the diameter of the wire becomes of the same order of 
magnitude as the mean free path of a molecule of the fluid under 
observation, the temperature of the fluid at r=a becomes less than the 

temperature of the wire surface. This is known as the Knudsen effect 
and is due to a temperature jump existing at the surface of the wire 
[11,52]. Because the mean free path of a molecule of a liquid is never 
of the same order of magnitude as that of the hot-wire employed, this 
effect does not manifest itself and is only applicable to gases at low 
densities, and therefore the details are omitted from this discussion.

2.5 Effects of an Insulation Laver on the Measurement of the Thermal 
Conductivity of Liquids.

In order to apply the transient hot-wire technique to fluids that 
are polar or electrically conducting, additional experimental 
difficulties must be overcome. This is because a bare metallic wire 
immersed in such a fluid leads to new electrical effects not present 
for electrically insulating fluids. To deal with these problems, a thin 
layer of electrical insulation must be added to the wire and this 
provides one more difference between the ideal model and the practical 
instrument.

The transient heat conduction problem arising from the use of a 
wire coated with an insulation layer has been solved [53,54] by using 

the appropriate initial and boundary conditions.
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The Fourier equations that describe the problem are given as, with 
reference to figure 2.iv:

d2AT1 + 1 3ATi - 1 dATi = - q  0 < r < r. (2.47)
3r2 r 3r X* 3t Tn^X*

32AT2 + 1 3AT2 - 1 3AT2 = 0 r^< r < rQ (2.48)
dr2 r 3r fc2 3t

d2AT3 + 1 3AT3 - 1 aAT3 = 0  rG < r (2.49)
3r2 r 3r k3 dt

where X is the thermal conductivity, k . the thermal diffusivity, r the 
radial coordinate measured from the centre of the wire, q the heat 
generation per unit length of the wire, r^ the radius of the metallic 
wire and rD the radius of the insulated wire.

Here, AT is the temperature rise of the wire as defined by the 
equation^

AT (r,t) = T (r,t) - T0 (2.50)

where T0 is the initial temperature. The suffixes denote each material 
according to figure 2.iv.



Figure l . i v . The Hot-Wire Arrangement for Electrically

Conducting Liquids : (1) The Metallic Wire. (2) The

Insulating Layer. (3) The Fluid.
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The initial condition and boundary conditions are:

ATt = AT2 = AT3 = 0 t < 0 (2.51)

XidATj = X2c?AT2 r = r^ (2.52)
d r  d r

ATj = AT2 r = r (2.53)

X29AT2 = X39AT3 r = rQ (2.54)
d r  d r

AT2 = AT3 r = rQ (2.55)

AT3 = 0 r -> co (2.56)

The solution for the problem cam be expressed as follows [53-55]:
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and

where

AT j ( r . t ) _ q ___

4ttA3
in 4<Cat + 2^±2n 

r2C X2
r o

r .
1

^ 3 )

I][ ( r Fi )C(x2-x3)(t 11 4X, K3 K-2 K-i

2 2r.l ( L - _ L )  + li( L - L )
2 k2 4xt 2 k3 k2

+ —  ( h. -  h. ) «n 12.
X 2  k-2 K-1

o

(2.57)

(2.58)

C = exp t = 1.7811 ( Euler’s constant ). The above approximate
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solution is valid for large values of ( fc3t/r2 ), using the expansion 
method as outlined by Carslaw and Jaeger [24]. It should be noted that 
these equations include the solution without the insulation layer. 
Thus, in equation (2.57), if we replace rQ by r.. , suffix 2 by 3 and 
take an average over the wire radius, we obtain:

ATJr.t) = _ 1 _  { f 1 -  r2 CpQ»).-(pQ»)3 1 £n
4ttX3 1 1 1 2X3t J r2C

r2
+ 1

r2
- 1 + *3 \ (2.591

2fc31 4/c, t 2X, ^

which is the same solution as Healy et .aJ.[13]. The measured
temperature rise is deduced f rom the resistance of the wire
corresponding to the average integral of AT1(r,t) in equation (2.57):

So,

AT
°  r .

AT, =_ q £n 4/c3t + 2 «n r° +
47rX3 r2Co X2 r. 2X,

+ u :

.2
-  [( X3—X2 ) d - - L )  + i. - !_

t  ̂8 JC2 fC2 K-i

r?
+  I °  (  i _  -  i _  )  +  _ L ( ^ l - ^ L )  « n  l £ .

2 fc3 fc2 X2 K-2 fc. r .
1

_ L  [ r? ( ) + r2 ( )] en 4lC3t )
2Xt 1 k z  k ,  °  k3 k2 r2C ' •

O

( 2 . 6 0 )
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This equation can be re-written in a simplified form using A, B 
and C which are constant for a particular insulated wire and the test 
fluid as follows:

ATt = _5__I to t + A + 1  ( B t + C ) } (2.61)
4ttX3 1 t j

where

A = in + 2 in (2.62)
r2C X2 r. 2Xt 

o 1

—  ]) + r2 | u 1 x
/Cl o *3 K (2.63)

C X3 X2 
X i K! /C2 /C2

2
K l

>

+  _ ^ . ( ^ _ - l _ )  +  _ i ( ^ i - ^ i )  t o ^

2 /c3 /c2 X2 /c2 Ki r j

to IcT _ X2 ^ } en
° k3 /c2 ' r2CO

(2.64)

Thus, for wires coated with an insulating layer, it is possible to 
discern additional corrections arising from conditions at the inner
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surface over and above these arising from the metallic wire itself, 
6T2. The additional correction is:

6T = __
C 47tX 3

( 1  -  ^  )  M i -o / i O 2
X 2 [

X3 X2 
X i

(— - i —) + 4( L  -  I _  ) + 4 ( r 0/ r . ) 2 ( L  -  L )
K 2  fC2 fC i K i  X 2

+ !_  [ -  h -  ] in  (12.) +
X2 fc2 Ki r.

4  [ ( X 2 - X 3 ) ( l - ( r ° ) 2 ) ^ n ( 4 f C 3 t )

X3 L x2 jc3 r^ r r .
l

Kz K3 K2

(2.65)

2.6 Effect of Thermal Contact Resistance Between Metallic Wire And 
Insulation Laver.

There may exist a thermal contact resistance between the metallic 
tantalum wire and the oxide ( tantalum pentoxide ) layer, which is 
attributed to the fact that the two exhibit different thermal 
coefficients of expansion.

To account for this phenomenon, the boundary condition between 
layer 1_ and 2, equation (2.52) is replaced by the following equation:



^irA^dAT, = 1 ( AT, - AT2 )
dr 5 1

r=r. 
1

(2 .66)

R p represents the thermal contact resistance per unit length.

An appropriate solution can be derived, in the same way that was 
followed to obtain equation (2.60), giving:

AT, _ q ___

47 tX 3
£n t + A + 2X3V  x,h

+

r .V /c2

B 2n t + C

V k.,  ̂X2 _ X, ^
> n r2  k >

£ ^ 1  +  ^ 2  

V /c,»c2

(2.67)
where A, B, and C are the same constants as given by equations (2.62), 
(2.63), and (2.64), and h=2r.Rp.

To obtain the magnitudes of the thermal contact resistance between 
the metallic wire and its oxide insulation layer is very difficult in 
situ. The reason is that the insulated layer is too thin to perform 
such an experiment.

Several researchers have reported a correlation which is based on 
the experimental results, so that the thermal contact resistance can be 
related to contact geometry parameters and contact materials.
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According to Vezuroglu [56], he gave a correlation which covers
_ g

wide ranges of variables; h was estimated to be in the order of 10 K 
W by using roughly evaluated parameters, such as the ratio between 
the actual contact area, apparent contact area C and gap thickness 8.

Therefore, the relative magnitudes of the term involving h in 

equation (2.67) compared with ( B t + C ) can be calculated to about 
10%. This yields a negligible effect in the AT..̂  vs. £n t relation, ( 
<0.005% ).

2.7 Variable Fluid Properties.

A final correction occurs due to the fact that the density and 
thermal conductivity of the fluid vary with temperature. This results 
in the observed temperature rises differing from their ideal values, 
since in the ideal model, the fluid parameters are considered constant.

The thermal conductivity of a test fluid is obtained from the 
slope of a plot of AT vs €n t and in the present work, the time domain 
within which measurements are recorded is between 150 ms and 1 second, 
and the change in temperature rise during this period is around 4 K. 

Because the change in thermal conductivity during this period is less 

than 0.5%, it is sufficiently small to enable the use of the analysis



given by Healy et.al.[13]. It is found that when using this analysis, 
the temperature rise has the form:

AT(t) = AT.d.1 x(AT)2 + {
2

^ }( x - ) £n4
4 7 r X 0

( 2 . 68 )

where by definition:

A ( T, p ) = X Q( 1 +  xAT ) (2.69)

and

pCp = p0Cp( 1 + «pAT ) (2.70)

The last term in the above equation is time independent and does
not influence the slope of AT vs t and is therefore ignored. Now
considering the temperature rise at either end of the range of
measurement times, AT, . and AT, (corresponding to the first and

1 t n ;

final bridge balance conditions,(see Chapter 3)), from their difference 
it is found:

AT(tn) AT(t>)
q €n [ tn/t1 ]

4 7 rA 0  {  1 +  l x [ A T ( t 0 + A T ( t  } ] >  

2 1 n
(2.71)

which using equation (2.71) is identical in the form to the idealised 
temperature rise with the properties evaluated at:



49.

(2.72)

= T0 + I ( AT. ,, . + AT. . )
2  l  i d ( t i )  i d ( t n )  J

(2.73)

and

P = Pr( Tr. P0 ) (2.74)

where subscript r refers to the reference temperature, and fp refers to 
the temperature correction due to variable fluid properties.

It is therefore implied that the fluid thermal conductivity 
obtained from the slope of the measured AT vs €n t line corresponds to 
the thermal conductivity at temperature Tf and density Pr(Tr>P0).

In the case where a wire is insulated, the contribution to the 
reference temperature is rather more involved. However it may be 
evaluated from the work of Nagashima and Nagasaka [53]. The result is 
that T must be written as:r

(2.75)

6 T c

K-3 K-2. ^ 2  ^ 2
-  — ) ^ n ( r 0 / r i )

where
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.) + ( r 0/ r . ) [ ^  -  h.
Ka K2

] ] } (2.76)

2.8 Thermal Diffusivitv.

The transient hot-wire technique has now become established as the 
primary source of accurate data on the thermal conductivity of fluids, 
over a wide range of thermodynamic states [15,57,58]. This technique, 
since its conception [59], was capable of yielding the thermal 
conductivity and thermal diffusivity of the fluid simultaneously. There 
has been a number of independent investigations into the thermal 
diffusivity problem [60-62]. The claimed accuracy for the corresponding 
thermal diffusivity measurements was in the range of +1% [61], and +11% 
[62], and has not been directly linked to the accuracy obtained in the 
measurement of the thermal conductivity.

Very limited progress has been made until recently [61,63], in 
attempting to modify and improve existing thermal conductivity 
instruments, to yield highly accurate thermal diffusivity measurements, 
complimenting the accuracy (+0.3%) of the thermal conductivity data. In 
order to improve the thermal diffusivity evaluation, it is necessary to 
obtain the fundamental working equation for the thermal diffusivity, 
equation (2.14), and this can be solved to yield :



K. (2.77)= exp(47rX(Tr,pr)ATid(t’)/q)
4t *

where t’ is the specific time at which AT.^ is evaluated. Jn deriving k . 

from the regression line of AT as a function of €n t, it has been 
demonstrated that when t’= 1 second, k0 can be given by [64]:

a2Ck0 = ^ exp(I/S) (2.78)
4xls

where I is the intercept of the regression line, S=q/4irX(Tr,pr) is the 
slope, and k d refers to the thermal diffusivity at zero time condition, 
(i.e. bath temperature), so that:

*o = k (To .P o ) = M To .P o ) /P o (C p )o  ( 2 . 7 9 )

with

Po - P(Po*To) (2.80)

An error analysis has been carried out [42,65], to give 6/c0//c0 and 
the result is:

6a + --
--
-
1

X o S[ATw(t’)] + in ox
>

6S
a . a2C . AT(t’) . a2C . S

(2.81)

The prescribed time, t’, is chosen to be around one second, to minimize



errors and the onset of convection. It is subsequently found that [65],

CMIIo*to 5a + £n 4k0 { 5Ts +
6(R (t)-R v wv * wo

Ko a . a2C .l ATw . R (t)-R wv J wo

+
fi(ATw) *

+ 6a + SS +
6Rwo +

6Rwo
ATw t. a s Rwo (R (t)-R v w v ' wo

(2.82)

In the liquid phase instrument, where a=3.5jim (instrument for
electrically non-conducting liquids employing platinum wires), the
determination of the wire radius by electron microscopy gives 6a/a =
0.02. For the same instrument, the statistical estimate of 5S/S
obtained from the linear regression of a set of AT versus €n t points

-4leads to 6S/S = 2x10 . In addition to that, the instrument has been
designed [66], so that:

6(R (t)-R v wv J wo
R (t)-R wv J wo

SATw
ATw

= 5x10-4 (2.83)

a figure confirmed by experiment [66]. Thus, if a figure for 6a/a = 
-41x10 is assigned to the temperature coefficient of resistance of

-4platinum, and take 6T /AT = 1x10 [65], due to the chosen operatings w
conditions, then the remaining errors are due to the uncertainties in 
the absolute values of R^q during a transient run. For the liquid phase

_3instrument, the magnitude of 6R (0)= 7x10 0, while R £2500 andwv ' wo
R (t)-R (0)= 1.80. Equation (2.82) has been evaluated [65] retaining w w
the order of terms and inserting the appropriate values of k0, a, and 
C. The final estimate of the uncertainty in k.q for the absolute
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measurements is:

^  _si —4  _/\
z2̂ _ = 0.04 + 9.5[lxl0 + 5x10 + 1x10 +2x10
* o

+ 3x10 5 + 4xl0“3] (2.84)

o r

£ ^ = 8 . 7 x 1 0  2 (2.85)
K o

With this, the error with which the thermal diffusivity can be 
obtained is about +9%.

The primary source of the uncertainty in evaluating the thermal 
diffusivity stems from the difficulty in the measurement of the wire 
radius itself. The wire radius is difficult to obtain with the high 
precision required, and varies along the wire length. Another source 
for concern arises due to the fact the term £n(4xt/a2C) that multiplies 
the remaining errors, is large and amplifies the individual errors, and 
this is a direct consequence if the theory of the method is to be 
complied with. Thirdly, the dominant contribution comes from the 
uncertainty in {6R /(R (t)-R )}. The present bridge design (Chapter
3), makes it rather difficult to reduce the uncertainty in the 
measurement of the absolute resistance, because it is essential to 
avoid systematic errors. This feature contributes about +4% to the 
uncertainty in the thermal diffusivity.
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An improvement in the elucidation of the thermal diffusivity can 
be achieved by performing relative measurements. It can be seen from 
the working equation (2.77), that for two fluids, or for two states of 
the same fluid, denoted by the subscripts 1 and 2, the ratio of the two 
thermal diffusivities is:

D c o L

[ K o ] 2

exp {
'ATld  { * • ) ' ' " i d * * ’ ) '

s 1 s } (2 .86)

If the thermal diffusivity of one fluid is accurately known under 
one set of conditions, then the same property may be determined for 
other liquids as a ratio. The advantages of this arrangement is that 
some of the errors in equation (2.82) can be neglected, and only the 
random errors in the determination of AT..̂  and S are left outstanding. 
Thus, it is possible to determine the thermal diffusivities with a 
precision of about +4%, but the accuracy of these measurements is 
invariably worse, owing to the error in the reference value of the 
thermal diffusivity.

The isobaric heat capacity can be obtained from measurements of 
the thermal conductivity and thermal diffusivity:

fc (2.87)

with an error comparable to that of the diffusivity itself. An error of
about +5% in C is tolerated, but then the current application of the P ^
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transient hot-wire method permits this modest accuracy to be 

maintained, over a wide range of thermodynamic states.

The analysis presented above has been confirmed by carrying out 
measurements with the thermal conductivity instrument for electrically 
insulating liquids [42], in conjunction with the new bridge described 
later in Chapter 3. The reference datum employed in this analysis was 
that of toluene at a pressure of 0.1 MPa and a temperature of 28.5K. A 
reference value was obtained by using the thermal conductivity given by 
Nieto de Castro et.al. [67], the density reported by Kashiwagi et.al. 

[68], and the heat capacity data tabulated by Vargaftik [69]. The final 
value is:

Kref = K(p=0-1 MPa* T=328.5 K) = 8.01xl0-8 m2 s_1

(2 .88)

Additional transient hot-wire measurements of the thermal 
diffusivity for toluene and m-xylene over the temperature range of 308 
K to 360 K, and for pressures up to 380 MPa have been carried out [70]. 
They obtained thermal diffusivity values with a standard deviation of 
+2.7%, and with a maximum deviation of +4.9%, which are commensurate 
with the estimate of the precision of the thermal diffusivity 
measurements for this instrument. Thermal diffusivity measurements have 
been performed on toluene over the temperature range 308 K to 345 K at 
pressures up to 70 MPa. It was estimated [42] that the error in the 

diffusivity and heat capacity data was in the region of +6% for
toluene.
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It may be concluded that under favourable conditions, an error of 
+7% to +9% in absolute measurements of the thermal diffusivity of 
liquids is the best that can be achieved, in the current state of the 
art technology. If the wire diameter is very well known, or if relative 
measurements are performed, then a subsequent improvment in the thermal 
diffusivity can be readily attained as has been shown.

2.9 Summary of Corrections.

The transient hot-wire technique is based on the idealised 
solution for the temperature rise of a fluid of infinite extent, 
initially at thermal equilibrium, through which heat is conducted from 
an infinitely long line heat source within the medium. The solution at 
a distance a ( the diameter of the hot wire ) into the fluid, after 
truncation, supplies the working equation from which the thermal 
conductivity is calculated:

ATid J n
4irX

(Tr )

4 K Q t

a2C
(2.89)

From measurements on the hot-wire apparatus, the temperature rises 
of the wire, AT^^, at a number of times, following the initiation of 
the ohmic dissipation to the fluid, are found. From these 
experimentally measured temperature rises, the corresponding idealised 
temperature rise A T ^  must be calculated in order to use the above
equation (2.89) to calculate y  As stated previously, it has been
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assumed that because the error corrections involved, in transforming 
the measured temperature rises to idealised temperature rises, are 
small, their combined effect is additive. The idealised temperature 
rise is therefore, obtained by summing the experimental temperature 
rise and individual temperature corrections:

ATid(t) = + 1 6Ti (2.90)

Similarly, the reference temperature T at which the thermalr
conductivity is obtained:

T = T0 + 2 6T* (2.91)
i

Limiting the inclusion of errors which contribute temperature 
corrections of greater than 0.01% in AT.^ results in:

AT.d = AT(t)  + 6Tj + 6T2 + 6Tc (2.92)

where from (2.33):

ST, = - J L  { €n[ ± 1  1 + ) e gu Kt/b2 [ IT Y0 (g ) ]2} 
4irX 1 1 b2C J L v 1v=0

euid from (2.46):

6T2 = _2_ 
4ttX £ ] [a C J L 2Xt

XpCp)w-(p C p )]

and from (2.65):



6 T  =  _ 1  
c

4 v \ .
(1 - —  ) «n(r0/r<)2

-  i  { —  [ (x ° Xz) ( i _  -  1 _  )+ 4( I _  -  i _  )
t  ^  8  ^  X i  K t K2 fC2  K.±

4 ( r 0/ r . ) 2 ( L  -  L )  + L_ [ L  - L  ] «n(l£.)
(Cj >c2 X2 /c2 /Ci r.

l

j _  ( >^ - X 3_ ) ( l - ( 1!g_)2 ) ^ n ( 4 , C 3 t )  -  M — ) 2 { ( — - — ) + ( ^ - — ) } ] ] } ]
X3 fc2 ic3 r_. r?C r, k.< jcn k ,/C2  K-i /C3  (C2

The reference temperature to which the thermal conductivity 
calculated from equation (2.46) corresponds, is obtained from equation 
(2.73) as:

T = T0 + 5Tr + 6T* r u fp c (2.93)

where 6Tr is:
f p

ATid(ti) + AT.,, >
i d ( t n ) }

and from equation (2.76), 6T* is:

6T = - c
8 l f \ r

{ 2en(l2 .)2 -  T 2  [ [ L + L ]
 ̂ r. L t4 t2

( L - L )
. K-2 K-1

+  ( L - L )  +  L [ ^ - ^ . ] « n ( r 0 / r . )

Kq K-2 X2 K-2 K-i
2
^ 3

^ X 2 _ X 4 ^

k 2 (Ci

+ ^ r 0 ) 2 ( X 3 _ X 2 )  

r i  k 3 k 2
5n(r0/rj[)
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+ ?_[(—-—) + [L infill + i_ in**’3*2
X3 L k.2 K.J r. k.3 k.2 J Lt± a2C t2 a2C

and the reference density is:

Pr = p  ̂Tr’ P° ) (2 .94)

where PQ is the initial pressure of a measurement.
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Chapter 3

Apparatus Design And Use:

3.1 Introduction-

This chapter is principally devoted to the design, construction, 
and application of the apparatus for transient hot-wire measurements of 
the thermal conductivity of electrically conducting liquids, in the 
pressure range 0.1-700 MPa and temperature range 300-360 K. The 
equipment has been designed so that it conforms as closely as possible 
to the mathematical model that it is intended to describe it. In 
addition, the desire to study electrically conducting, and ultimately, 
corrosive heat transfer liquids has also been included in the design 
study. The design of the thermal conductivity cells emerging from this 
study has itself imposed new requirements for the system employed to 
determine the transient temperature rises. Consequently, the electronic 

measurement system itself has been redesigned and reconstructed.

The significance of this apparatus, is that the accuracy of the 
thermal conductivity obtained is +0.3% and the precision of the 
instrument used is +0.2%. This surpasses anything previously achieved 
for polar or electrically conducting fluids.

In the following sections, the- descriptions of the thermal 
conductivity cells for electrically conducting liquids, the hot-wires
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employed in the new instrument, the pressure system, and the electronic 
a p p a r a t u s  will be given, together with the working equations used in 
analysing the data. The experimental procedure will also be described 
and finally the handling and data processing will be discussed.

In addition to the novel application of the transient hot-wire 
technique to electrically conducting liquids, some work has also been 
carried out in parallel on an older instrument for use with 

electrically insulating liquids. This work has partly been the 
improvement of the existing instrumentation following the development 
of the instrument for electrically conducting fluids, and partly the 
application of the measurement procedure to new fluids. The latter 
section of work is intended to complement earlier studies [14,71], and 
to provide a wider range of data for the testing of predictive and 
correlation schemes for liquid thermal conductivity. Because much of 
the instrumentation for the apparatus used to study insulating liquids 
has been described elsewhere [12-14,44,45,71,72], a detailed 
description is omitted here, and attention is concentrated upon the 
experimental results. The most important features of the new apparatus 
for electrically conducting liquids are noted wherever appropriate. To 
this end, the chapter is begun with a description of the thermal 
conductivity cells for insulating liquids.

3.2 The Hot-Wire Cells For Electrically Insulating Liquids:

The original form of the transient hot-wire cells for the 
measurement of the thermal conductivity of electrically insulating
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fluids has been described in detail elsewhere [12,14,71]. Here, we 
describe the form briefly in order to establish its defects and the 
rationale for the improved version used in most of the work reported 
here.

In this apparatus, figure 3. i. the two cells are constructed 

within a stainless steel cylinder (type EN85-M). The cells were made up 
from two hemi-cylindrical sections. The fixed half of the steel 
cylinder 1 carries the cell top 2 which connects the cell to the 
pressure vessel plug; the terminal posts 3 and 4 provide mechanical 
support for and electrical connections to the two platinum hot-wires 5 
of the cells. The removable half of the cells 6 forms a cover and 
provides a cylindrical outer surface for both cells when fixed in 
position. A plan view of the complete cylinder assembly is shown in 
figure 3. i. and this illustrates the channels 7 and 8 used to carry 
platinum wire connectors ( 0.5mm diameter ) insulated with glass
tubing, from each of the terminal posts to the upper end of the cells.

The hot-wires of the cells are made from 7pm nominal diameter 
platinum wire, ( purity > 99.9% ), supplied by Sigmund Cohn 
Corporation. At its lower end, the 7pm platinum wire is attached to a 
gold sphere at one end of a cylindrical platinum weight of about 50mg 
9. At its upper end, the weight is electrically connected to the lower 

terminal by a loop of annealed gold attached at either end with a 
gold-tin solder 10. The wire, therefore, hangs vertically and is 
subjected to constant tension due to the weight, this tension being 
independent of the thermal expansion of the elements of the cell at the
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various experimental temperatures used.

The disadvantages of this type of cell, appreciated in hindsight, 
are thoroughly described elsewhere [73]. The principal point for the 
present discussion is the fact that the transient heating of the 
platinum wire causes a thermal expansion of a few microns, so that the 
tensioning weight ’falls’. This stimulates a mechanical oscillation of 
the weight in which the wire acts as a spring. This reveals itself 

through the phenomenon of electro-striction, as an oscillation of the 
wire resistance, superimposed on the steady rise in resistance owing to 
heating. Thus, a careful examination of the output of the bridge 
balance revealed oscillations deriving from this origin. Although the 
effect on the measured temperature rise of the wire is small, it is 
systematic. Consequently, it was necessary to adopt an improved cell 
configuration to remove the effect. Figure 3. ii shows the mechanism 
adopted in the modified thermal conductivity cells employed in most of 
this work for insulating liquids. Here, the platinum wires are 
connected at their upper end to a weak gold spring so designed that its 
spring constant for linear motion is one-tenth of that of the platinum 
wire. In this way, the fall of the weight is accomodated mainly by the 
extension of the spring, and not the wire, and the strain in the 
platinum wire is much reduced. It was verified by direct measurement 
[73], that the electrostrictive oscillations in the bridge output were 
rendered entirely negligible by this technique.

It was felt necessary to confirm that this new cell configuration, 
did not throw into doubt any of the earlier measurements made with the
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Figure 3.ii. The new arrangement for the installation of the 

platinum hot-wires in the thermal conductivity cells for non­

conducting liquids.
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original cell configuration. Consequently, measurements were made of 
the thermal conductivity of toluene, which had been reported earlier 
[41,74]. These new results will be presented later together with their 
comparison with earlier data. It suffices to say that the new data are 
entirely consistent with the earlier set within their mutual 
uncertainty, so that all earlier results can be retained together with 
their associated uncertainty.

The characteristics of the measurement cells for the 
electrically insulating liquids are given below in table 3.1.

Characteristics of the cell design for electrically insulating 
liquids, and a typical set of platinum wires, at 302.60K [75].

Internal diamater of cells 9.90mm + 0.01mm
Long wire length (platinum) 145.11mm +0.02mm
Short wire length (platinum) 44.34mm +0.02mm
Long wire resistance at 4.224MPa 353.670 +0.050
Short wire resistance at 4.224MPa 108.820 +0.050
Platinum wire radius 3.81pm +0.01jim
Cell material of construction: stainless steel EN85-M.

Table 3.1.



67.

3.3 The Hot-Wire Cells For Electrically Conducting Liquids:

The problems associated with the use of a bare thin metallic ( 

usually platinum ) wire as the sensor in the transient hot-wire 
instrument for the measurement of the thermal conductivity of 
electrically liquids and polar liquids are that:

a) Polarisation takes place on the surface of the wire due to the 
current flowing during the transient run.

b) Part of the current flows through the test liquid and the heat 
generation of the wires becomes distorted.

c) The electrical system combines with the metallic cell through the 
test liquid, and the small voltage signals become distorted, and this 
constitutes the most serious deficiency in the bare metallic wire 
instrument.

The experience gained with the instrument described above for 
electrically insulating liquids has been applied to the design of a new 
set of cells for electrically conducting liquids in order to overcome 
all of these problems. For this reason, the basic construction of the 
cells is similar as is shown in figure 3.iii.

The cell-body, 1, consists of two cylindrical cavities machined in



68.

Figure

CT----- 7 2

.iii. The thermal conductivity cells for electrically

conducting liquids.
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a cylinder of Inconel 625 alloy, supplied by Wiggin Alloys Ltd., 
Birmingham. The Inconel 625 has been chosen for the cell body in order 
to avoid significant corrosion by media to be studied in future work. 
The single cylinder is divided along a dimetral plane, so that one 
half, 1, carries the hot-wires, while the other half, 2, forms an 
easily removable cover to provide access to the interior. The hot-wires 
3 are in this case manufactured from 25pm nominal diameter tantalum 
wire and are affixed at either end to tantalum hooks 4 secured in a 
machinable ceramic insulator, 5, held in the cell body. There are two 
such wires of different length, employed to compensate for end effects 
{ sec 2.4.1 }. At the upper end, the wires are secured directly to the 
hook by a spot weld. At the lower end, the same technique is used to 
attach the wire to a lOOmg tanatalum weight 6 that provides sufficient 

tension to maintain the wire taut and vertical. The electrical 
connections to the lower tantalum hook is achieved by means of a thin 

loop of tantalum 7 arranged so as to exert no lateral force on the 
weight. At the rear of the cells, a groove was made so as to accomodate 
the tantalum wires 8 of 0.5mm diameter, which provide the electrical 
connection to the bridge. These wires were insulated so as to prevent 
electrical contact with the cell body by covering them in a 
heat-shrinkable nylon tube. The active half of the cells , carrying the 
tantalum hot-wires, is attached to an adaptor 9, which screws onto the 
high pressure vessel cap.

The spot-welding of the various components, that is, the wires to 
the hooks and weights, were made using an EMIHUS Microcomponents Ltd. 
Spot-Welder. The tantalum wire, 1, is positioned onto the tantalum 
hook, 2, was placed over the jaw of the electrode, 4, as shown in
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Figure 3.iv. The spot-welding technique for the tantalum wires.
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figure 3. iv and the wire was laid above it. The second electrode, 3, 
was then brought over and the spot-welder was discharged to provide a 
spot-weld. A large number of attempts were required to give a secure 
weld between the tantalum wire and the tantalum hooks. Once achieved, 
the joint was rather secure and robust, and could withstand knocks, 
unlike the platinum wires employed elsewhere. It is important to note 
that the electrodes used were made of tantalum, because copper or steel 
electrodes were found to deposit a dissimilar metal onto the tantalum 
spot-weld. This was due to the melting of the metal surface of the 
electrodes onto the tantalum metal during the discharge. Initially, the 
spot-welding was carried out under water to stop the formation of the 
metal oxide when employing the copper or steel electrodes. The oxide 
formation was due to the arcing of the electrodes when discharged in 
air. By having a disimilar metal deposited onto the tantalum, 
electrical insulation was virtually impossible, because of current 
leakage and chemical reaction of a comparatively reactive metal ( 
copper ) during electrolysis and anodization.

The characteristics of the thermal conductivity cells employed for 
the present measurements on electrically conducting liquids, namely 
water, are given below in table 3.2:
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Characteristics of the cell design for electrically conducting 
liquids, and a typical set of tantalum wires, at 297.62K [66]

Internal diameter of cells 9.90 mm + 0.01mm
Length of long wire (tantalum) 144.08mm + 0.02mm

Length of short wire (tantalum) 46.36mm + 0.02mm
Long wire resistance at 262.9MPa 42.850 + 0.050
Short wire resistance at 262.9MPa 14.250 + 0.050
Tantalum wire radius 12.7pm + 0.01pm

Cell material of construction: Inconel-625 Alloy.

Table 3.2

The cell construction described, in particular the use of tantalum 
as the primary element, arises from the fact that it permits the 
insulation of the metallic wire to be accomplished rather simply and in 
situ. This is because it is possible to deposit a very thin layer of 
tantalum pentoxide on the surface of the tantalum wire by anodization. 
This oxide layer provides a strongly adherent insulating coating, while 
its thickness is such that the additional correction required to the 
measured temperature is very small { chapter 2 }.

The process of anodization is crucial to the success of the 
present instrument, and so it is described in some detail in what

follows.
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3.3.1 Anodization of the Tantalum Wires:

Prior to anodization, the wire assembly comprising of the tantalum 
hooks, wires, and weights as shown below in figure 3.v was chemically 
polished in a bath containing 98% H2S04, 70% HN03 and 40% HF solutions 
in the ratio 10:4:3 by volume [76] for a few seconds.

Following this period, the tantalum wire assembly was immediately
leached in boiling water for around fifteen minutes, to remove the film
formed during chemical polishing. Anodic films produced on surfaces
prepared in this way have previously been found to be strongly
adherent. This treatment removed all scratches and any grease present,
and left a surface comparable to that obtainable by electropolishing
[76,77], and provided a good surface for the formation of the tantalum
pentoxide. The wires were placed in position in the cells and the whole
was then immersed in a dilute aqueous electrolyte of 0.2M H2S04. The
tantalum wire was connected as the anode of an electrolytic cell, and a
0.5mm diameter platinum wire introduced into the cell as the cathode.

-2An anodizing current density of 2mA.cm was established in the cell by
increasing the applied voltage. When the voltage reached 50V, it was
held at this value for three hours until the current density fell to 

-25pA.cm . Under these conditions, a layer of tantalum pentoxide, Ta205,
o

with a thickness of about 800A is formed on the surface of the tantalum
o

wire [77]. The equation relating the thickness x(A), to the voltage, V, 
was found to be:

x  = 19 + 1 6 .3 2  V (3.1)
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e

Figure 3.v. The tantalum wires' assembly prior to placing

in the Inconel thermal conductivity cells.
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When the anodization was complete, the electrolyte was removed, 
and the cells were cleaned and washed with distilled water several 
times, to remove traces of the electrolyte. The cells were then placed 
into a special housing that would contain the test fluid of interest, 
in this case, water. The water would then be introduced into the cells 
under vacuum and this will be described in a later section.

3.3.2 Effects of Pre-existing Film on Adhesion of Anodic Oxide to Its 
Substrate:

Films formed on chemically polished tantalum were initially found 
to be poorly adherent. The degree of adhesion depends to a large extent 
on the precise way in which the chemical polishing is done.

If the anodized metal is stretched, the oxide becomes detached in 
flakes of a size which depends on the method and materials used in 
chemical polishing. The oxide is detached in diagonal bands where slip 
occurs. If the anodized metal is cathodically polarized in dilute acid, 
hydrogen is liberated from under the film and separates it from the 
metal.

The reason for the initial poor adhesion on chemically polished 
tantalum was to be sought in the effect of the film left by chemical 
polishing. This was confirmed by leaching in distilled boiling water 
for longer than initially was thought necessary after chemical
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polishing and before anodizing. In fact, on stretching the metal, such 

as when making the hooks, the oxide changed colour, indicating a 
decrease of thickness. The oxide does not become detached even where 
the fracture eventually occurs. It transpired that the time required 
for leaching for good adhesion, depends on the precise way in which the 
metal is chemically polished. One minute in boiling water is stated to 
be normally sufficient [78], but for metal " polished " in a cold bath, 
( as it was done here ), up to thirty minutes were required.

3.3.3 Mechanism of Oxide Formation:

The chemical reaction that accmpanies the oxide deposition onto 
the metal surface is:

2 Ta + 5 H20 ------ > Ta205 + 10H+ + lOe"

E0= - 0.81 V 
(3.2)

In detail, this takes place initially:

2 H20 + 2e~* -----> H2(g) + 2 0H~ (3.3)

Ta -----> Ta5+ + 5e~ (3.4)

then:

2 Ta5* + 10 OH' -> Ta205 + 5H2(g) (3.5)



Figure 3.vi. Postulated distribution of potential during anodic 
oxidation of tantalum.
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At the tantalum electrode, two reactions are possible; evolution 
of hydrogen and formation of tantalum oxide. When the tantalum is 
covered with an oxide film, as it is in this case, activity of the 
metal is very small, so that the electrode potential will be less 
negative than 0.81V and is designated in figure 3.vi by V^. It is 
supposed that this potential difference occurs across a very thin 
double layer in the solution next to the tantalum pentoxide film.

It may be seen from figure 3.vi that although tantalum is negative 
with respect to the bulk of the solution, it is positive with respect 
to the solution immediately in contact with the tantalum pentoxide 
film, so that the field in the oxide film is in a direction to cause 
tantalum ions to move out through it to react with the water, and form 
the tantalum pentoxide layer.

3.3.4 Cell Mounting*

The cell is mounted on the top closure of a lOOOMPa pressure 
vessel, 1_» within a two component sheath as shown in figure 3.vii. The 
inner part of the sheath 2 is an inconel support section, whereas the 
outer part 3, is a thin walled, flexible heat shrinkable polymeric 
material, which forms a seal to the inconel at either end by using 
specially supplied adhesives. This polymer sheath provides the 
enclosure for the test fluid 4, and separates it from the hydraulic 

fluid 5, which is pressurised using an external hand pump. This 
separating sheath is sealed to the upper cap of the pressure vessel by 
a lead gasket 6. The enclosure may be filled with the test fluid under



vacuum through the ports 7 and 8 prior to insertion in the pressure 
vessel.
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The polymeric material 3, DR-25, was supplied by Raychem (UK) Ltd. 
This tubing is capable of operating from -75°C to +150°C, and has a 
number of suitable properties for application to the work undertaken in 
this work. These properties include flexibility, chemical resistance 

and abrasion resistance. It is made from a radiation cross-linked 
elastomeric material formulated for optimum high temperature fluid 
resistance and long term heat resistance.

3.4 The High Pressure Equipment.

A schematic diagram of the pressure vessel employed for the 
measurement of thermal conductivity is shown in figure 3.vii. The 
pressure vessel was manufactured by Harwood Engineering Company Inc. 
from aircraft quality steel, designed to the following specifications'-

Working Pressure 10000 Kg cm 2 .
Working Cavity 0.205m Long and 0.0381m i.d.
Outside Diameter 0.21m.
Overall Length 0.5m.

Table 3.3 High Pressure Vessel Specifications.
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With reference to figure 3.vii. the pressure vessel, 1., is sealed 
at its upper end by plug 9, which carries a phosphor bronze sealing 
ring 10, together with a rubber 0-ring 14, supported by a teflon 
primary sealing ring 12. These rings are all secured in position by a 
retaining ring 14, separated by a phosphor bronze washer ring, 13. The 
top plug 9, is bored with four holes to enable the connection of the 
electrical leads to the inside of the pressure vessel. The four 
feed-throughs consist of Invar cones lapped into ceramic cones, which 
themselves are lapped into the plug body. Thus, the electrical leads 
are connected to the Invar cones and are passed through the holes in 
the plug body to the exterior of the vessel and straight to the 
measurement bridge.

It is, of course, not possible to insulate the Invar cones by 
means of the anodization process applied to the tantalum components of 
the cells. Consequently, a different method had to be applied, and it 
proved rather difficult to insulate both the connections between the 
tantalum wires and the Invar, as well as the surface of the Invar 
cones. After many trials, the greatest degree of success was achieved 
with an electronic component potting resin, a polyurethane flexible 
Encapsulant 555-106, supplied by Radio Spares Components, Corby. This 
compound proved both sufficiently strongly adherent and flexible to 
withstand pressures as high as 300MPa and temperatures up to 90°C. This 
material completely filled the cavity indicated by 9, between the 
bottom of the pressure vessel plug, and the top of the cells as 
indicated in figure 3.iii.



At its lower end, the pressure vessel is connected through high 
pressure piping to a hydraulic system. The thermal conductivity cells 
are mounted onto the pressure vessel sealing plug as shown in figure
3.vii. then inserted within the cylindrical housing which contains the 
liquid under test. The housing 2 is sealed to the pressure vessel cap 
by means of a lead gasket 6. At its lower end, the housing carries the 
heat shrinkable polymeric sheath. The housing containing the thermal 
conductivity cells, is filled with the test liquid under vacuum, to 
ensure complete filling of all the voids, before insertion into the 
pressure vessel.

A schematic representation of the pressurizing system is shown in 
figure 3.viii. The system is essentially divided into a low pressure 
and a high pressure side. The low pressure side is for pressurization 
of the pressure vessel and the high pressure side up to 25MPa. After 
this initial pressurization, the high pressure side, when isolated from 
the low pressure side by valve 5, pressurizes the autoclave via an 
intensifier 7 from 25MPa up to 700 MPa.

The specifications of the individual components of the 
pressurizing system employed in this apparatus are given below:

1. Relief valve, non-rotating, spindle type, model number V-l10-20, 
made by Pressure Products Inc. Ltd. and rated to 20,000 psi (150 

MPa approx.).
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2 Low pressure isolation valve, non-rotating, spindle type, model 
number V-l10-30, made by Pressure Products Inc. Ltd. and rated to
30.000 psi (200 MPa approx.).

3 Low pressure isolation valve, non-rotating, spindle type, model 
number V-l10-60, made by Pressure Products Inc. Ltd. and rated to
60.000 psi (400 MPa approx.).

4 Low pressure isolation valve, specification as 3.

5 Low pressure isolation valve, specification as 3.

6 Relief valve, specification as _1.

7 Intensifier model number A2.SJ, manufactured by Harwood 
Engineering Company Inc. USA, with intensification factor of 15 
and rated to 200,000 psi (1400MPa approx).

8 Hand-operated low pressure pressurizing pump manufactured by 
Blackhawk Hydraulic, model number P76, rated at 10,000 psi, (75 
MPa approx.).

9 Hand-operated high pressure pressurizing pump manufactured by 
Enerpac model number P228, rated at 40,000 psi.(300 MPa approx.)

10 Pressure vessel manufactured by Harwood Engineering Company Inc., 
USA, designed to sustain a working pressure of 10,000 MPa.
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11 Vent valve, non-rotating spindle spindle type, made by Harwood 
Engineering Company Inc. USA, and rated to 10,000 MPa.

12 1500 Atmosphere gauge made by the Budenberg Gauge Company, 
accurate to + 1% of full-scale deflection.
For calibration, see appendix 3.

13 3000 Atmosphere gauge, same as 12.

14 5000 Atmosphere gauge, same as 12.

The tubing used in the low pressure line was 1/4" o.d. and 1/16" 
i.d., type 304S stainless steel seamless tubing, supplied by Nova-Swiss 
Ltd.

The tubing used in the high pressure side was 3/4" o.d. and 1/16" 
i.d., type 12H-1 composite, type 316 stainless steel core with alloy 
shroud and with a working pressure of 200,000 psi.

The entire pressurizing system, apart from the two hand-operated 
pumps 8 and 9, is enclosed within, but electrically insulated from, a 
steel cabinet with 1/4" mild steel plate sides. This was made for two 
primary reasons, (i) safety - in case of pipe or fitting rupture or 

failure due to the high pressures attained, and (ii) electrical noise 

pick-up that may be introduced to the highly sensitive electronic
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measuring apparatus, connected to the pressure vessel via the leads to 

the wires. It has been an ardious task to insulate the entire system 
from external sources of electrical interference, and to stop the whole 
apparatus from acting as an aerial for picking up stray signals from 
within and outside the building.

The test liquid in the autoclave is pressurized by initially 
pumping on the low pressure side pump 8 until about 1000 bar is 
attained within the system and the pressure vessel. The low pressure 
side is then isolated with isolation valve 5 and then further 
pressurization is performed using pump 9. The pressure in the system 
was determined by one of the three Budenberg gauges depending on the 
pressure. The first gauge 12 had a range to 150 MPa, the second 13 to 
300 MPa and the third 14 to 500 MPa. Each pressure gauge was 
independently calibrated against a dead-weight tester certified by the 
National Physical Laboratory. The detailed results of the calibration 
are given in appendix 3.

The entire pressurizing system was mounted on pneumatic 
anti-vibration supports to isolate the entire instrument from building 
vibrations, which are rather easily transmitted to the hot-wire 
assembly. Such vibrations, appear as low frequency noise on the bridge 
output, as a result of strain induced fluctuations in the resistances 
of the tantalum wires.

The pressure vessel and pressuring system for the work with



insulating liquids, is essentially the same as that described here and 
the full details may be found elsewhere [14,71].

8 7 .

3.5 Thermostats.

The pressure vessel itself is contained within a well-stirred oil 
bath, whose temperature is controlled by a three-term control system 
with a platinum resistance thermometer sensor operating on a 
distributing immersion heater network. The stirrers of the thermostat 
bath are mounted independently of the pressure vessel, so as to avoid 
the transmission of vibrations to cell-wires. The oil employed in the 
bath was Thermia B, manufactured by the Shell Oil Company, which which 
can be maintained at a temperature up to 150°C without any significant 
degradation.

A temperature differential, (0.25°C) increasing upwards, was 
maintained along the length of the pressure vessel by means of a small 
auxilliary heater. This ensures that convective currents cannot be 
established in the thermal conductivity cell under steady state 
conditions. The absolute temperature of the liquid within the thermal 
conductivity cells was determined using a Degussa platinum resistance 
thermometer, in good thermal contact with the presure vessel. The 
resistance of the Degussa element was measured with a Comark 
Microprocessor Thermometer type 6800, and was converted to temperature 
using an independent calibration. In this way, it was estimated that 
the temperature of the test liquid was determined with an uncertainty 
of no more than +0.01K. Tests of the stability and uniformity of the
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temperature in the oil bath indicated that the variation of the 
temperature was no more than +0.03K over a six hour period. Because the 
duration of a single experiment is of the order of one second, this 
stability is more than sufficient for accurate measurements.

The thermostat system employed for the measurements on the 
electrically insulating liquids, differs only in detail from that 
described here, and a complete description is given elsewhere [14,71].

3.6 Auxilliarv Measurements.

Two auxilliary measurements are necessary in order to be able to 
make absolute thermal conductivity measurements. The first is the 
determination of the temperature-resistance characteristics of the 
metallic wire, and the second is its diameter. The first result 
contributes directly to the accuracy of the thermal conductivity data, 
whereas the second need be known with only moderate accuracy to permit 
the application of small corrections. { Chapter 2 }.

3.6.1 Resistance-Temperature Characteristics Of The Wires.

A literature survey was conducted to obtain the physical 
properties of the tantalum wires employed here as temperature rise 
sensors. There proved to be conflicting sets of values for the 
temperature-coefficient of resistances of this material, that ranged 
from 0.0031 to 0.00383. Because the final, reported thermal



conductivity depends directly on this temperature coefficient, it was 
decided to determine the temperature coefficient independently, for a 
sample of wire employed in the thermal conductivity studies.

A sample of tantalum wire was mounted in a stainless steel frame, 
so that it was free from tension. The frame and wire were immersed in a 
glass cell full of toluene, which itself was mounted in a thermostat 
oil bath. A standard platinum resistance thermometer (Tinsley), was 
immersed in the toluene, in order to determine the absolute temperature 
of the sample. The resistance of the tantalum wire was determined at 
ten degree intervals in the range 20°C to 90°C using an A.C. resistance 
bridge, ( ASL ) with a resolution of 0.00001ft. From a statistical 
analysis of the data, the correlating equation:

Rp/Ro = 1 + 3.3738E-3(T-273.15) + 3.17669E-7(T-273.15)2

(3.6)

was established. Figure 3.ix shows the deviations of the experimental 

data for this correlation, and demonstrates that the deviations are 
commensurate with the accuracy of the resistance measurements. It is 
estimated that the uncertainty in the temperature coefficient of 
resistance of tantalum at any temperature is no more than +0.2% [66].

In the case of the platinum wires employed for the measurements on 
electrically insulating liquids, there is considerably less difficulty 

in obtaining the resistance-temperature characteristics. This is
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because the platinum employed for the measurements, supplied by Sigmund 
Cohn Ltd. has a purity in excess of 99.99%. Thus, it is possible to use 
the formulation of the resistance-temperature characteristics of 
platinum which forms the basis of the International Practical 
Temperature Scale [79]. Thus, for platinum, we employ:

R ^ / R o  = 1 + A(T-273.15) + B(T-273.15)2 (3.7)

where, A = 3.98471xl(T3K“1 and B = -5.874557x10"7K_2.

This has been shown to be adequate for the platinum wires employed for 
measurements in the gas phase [80], where the absolute value of the 
thermal conductivity determined depends on this calibration, can be 
checked independently.

3.6.2 Wire Diameter Measurements.

The diameter of samples of the platinum and tantalum wires were 
determined by electron microscopy. For this purpose, samples of 
different sections of each wire were mounted in specially manufactured 
potassium bromide blocks. From the electron micrographs it was possible 
to determine the diameter of each wire. Accounting for magnification 
errors in the measurement, as well as the inevitable non-uniformity of 
the wire diameters, the final results, together with their uncertainty 
are*.

for platinum
a = 3.82 pm + 0.1 |im,
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for tantalum

These quoted uncertainties are relevent to the estimation of the 
error incurred in applying many of the corrections listed in Chapter 2. 
However, the values quoted above are sufficiently small to ensure that 
the effect on the final reported thermal conductivity is negligible.

a  = 1 2 .7  jxm + 0 .1  pm.

3.7 Filling Procedure.

The test liquid is first distilled, so as to satisfy the 
requirement that it is as pure as possible. This purity was invariably 
verified with a gas chromatogram test, and was usually greater than 
99.9%. To facilitate introduction into the cell enclosure, so as to 
ensure complete filling without any voids - as these voids tend to lead 
to possible rupture under pressure due to air entrapment - the liquid 
is introduced under a vacuum through ports 7 and 8, see figure 3.vii. 

via a special filling rig, specifically designed to perform such tasks 
[71]. Because the liquid is filled in such a manner, it is necessary to 
degas the fluid. The liquid of interest is at first frozen and the air 
above it in the flask is evacuated until a good vacuum is achieved. The 
frozen mass is allowed to melt, and hence, evolution of air bubbles 
dissolved in the liquid is observed, which will occupy the evacuated 
space above the liquid. The liquid is then refrozen and the volume of 
air above the solid is evacuated again. This process is repeated until 
no more air is observed in the space above the liquid. This is 
confirmed by using sensitive Pirani and Penning Vacuum Gauges.



3.8 Electronic Apparatus.

The main purpose of the electronic components in the apparatus is 
to determine the temperature rise of the tantalum hot-wires in the 
thermal conductivity cells, as a function of time during their 
transient heating.

The use of 25pm diameter tantalum wire in place of the 7pm 
platinum wire of earlier instruments [14,71], means that the resistance 
of the temperature-sensing elements in the thermal conductivity 
hot-wire instrument, is drastically reduced, by a factor of five 
compared with the earlier instruments. Since it is desired to retain 
the same precision in a temperature rise measurement of no more than 3 
- 5K, it has been necessary to design a new measurement system, to 
improve the resolution of the automatic Wheatstone bridge employed. At 
the same time, a similar, new bridge has been applied to the cells in 
the instrument for electrically insulating liquids. This is because, in 
addition to its other advantages, the new bridge allows automatic 
data-acquisition and greater flexibility in operation.

The bridge provides a means of determining the times, following 

initiation of transient heating, at which the resistance difference of 
the long and short tantalum wires attains certain preset values. Thus, 
on the one hand, it provides a means of automatically compensating for 
end effects in the wires [12,13,45], and, on the other hand, it allows 
the temperature rise of the wire as a function of time, to be



determined from the resistance-temperature characteristics of the 
metal.

94.

The symbols R^ and Rg represent the long and short wires of the 
thermal conductivity cells respectively. The left-hand arm of the 
bridge is identical with that of previous arrangements [14,71]. 
However, the right-hand arms of the bridge used earlier are replaced by 
a different arrangement, in which is a source voltage, which can be 
arranged to provide accurate preset values, to a programmed sequence. 
This element is, in practice, a digital to analogue convertor.

The other resistive elements of the bridge are high precision 
decade or fixed resistors. The bridge power supply VQ is a stable, high 
precision source of a direct current voltage, used to provide the wire 
heating current and as a reference voltage for the digital to analogue 
convertor, V̂ ,. Si is a mercury-wetted reed relay. C is a very high 
impedence null-detector ( comparator ).

Both the digital to analogue convertor and the comparator are 
interfaced to a microcomputer, which controls the entire measurement 
cycle. Prior to the initiation of a measurement, a sequence of values 
for V£ are stored in the microcomputer. A first value of Vg is 
established and the bridge is set out of balance. Upon initiation of a 
run by closure of relay St, a timer is started, and the current in Rg 
and Rg would cause their temperature to rise, at a rate determined by 
the thermal conductivity of the fluid in the surrounding cell. The
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temperature of the wires increases according to:

AT., = AT + T 5T. id w L 1
(3.8)

i

where (3.9)

and at some time later, the bridge balances. This balance is 
detected by the zero crossing of the comparator, and the time at which

be determined. Subsequently, the microcomputer downloads the second 
value of Vg so that the bridge is unbalanced, from which a second 
balance condition is achieved later in the cycle. By repetition of this 
process, up to 1024 ( AT, t ) points may be acquired in a single run 
with a duration of one second. A description of the comparator is given 
in a later section, together witha diagram of the comparator employed 
in this bridge.

In order to use this bridge to measure the transient resistance 
difference of R^ and Rg, a complete circuit analysis is necessary. The 
same analysis then permits the selection of the various resistors in 
the circuit to achieve the required precision in the temperature rise

this occurs is recorded for the first preset value of V̂ ,. From the 
balance condition, the resistance difference ( R^-Rg ) at this time may

measurements.
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3.8.1 Circuit Analysis.

With reference to figure xi, the following equations can be 
established:

* 1

* 1

*5

x7

V0

V0

*2 + i3

17 *6

i~ + ^ A
6  4

*5 + * 1 1

+ J4R4 + i5R5

J2 ( R 1 + RL) + i 8 ( R 2  + V

1 6 R 6  + 1 5R5

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

These equations may be solved to yield the out-of-balance voltage 
across A-B as:

VAB . R1+RL
' R3 + *3 * 

R 6  •
_ VE R3 
VoRfi

v 0 ( V W V 1 + ' *3 + R4 '

■ h  V

r Rs i _ +  1

R 6  JJ
(3.17)
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Figure 3.xi. 
The automatic bridge for the measurement of thermal 

conductivity, showing the currents for the circuit analysis.
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At balance, VAB = 0  , and this leads to the result:

V rl

‘ R3 + *3 ' 
. R5 R 6

+ VE R3
v ° r 6

R1+RL+R2+RS
1 + ' ^  + R4 ' 

■ R5 R5 •
R5 11 _ +  1r 6 JJ

(3.18)

so that:

r \  l 
_  - 1
R_,

* • 

CR2 - (l-CJRj

Rt - r ^ = _L  s J •

Jl (1-C) - C

where C is

(3.19)

C =

R3 + R3
R5 V
1 + '*3

i R5

VE R3
Vo K

(3.20)

Equation (3.19) therefore forms the working equation for the 
interpolation of the bridge measurements. It will be noted that the 
equation for the resistance difference of the two wires, contains the 
ratio of and Rg. However, this ratio is almost independent of time, 

so that the equation is (almost) explicit in ( R^-Rg )•



3.8.2 Precision of The Resistors and The Temperature Rise.

In order to determine the thermal conductivity of a fluid with a 
precision of +0.1%, it has already been shown [57], that the 
temperature rise measurements should be made with a precision of 
+0.05%. This implies tolerances for all of the resistors in the bridge 
as well as the voltage V^. In addition, VQ should be known with an 
uncertainty of less than +0.05%. Because the precision in the 
temperature rise is identical to that in the value of

{[RL(t) - R g ( t ) ]  - [Rl (0) - Rg(0)]} (3.21)

so far as the thermal conductivity is concerned, equation (3.19) forms
the basis for the calculation of the tolerances in each of the bridge
components, as well as their absolute values. In this manner, it is
found that to achieve the specified uncertainty, the resistors R^, R^,

Rg and Rg should all have a tolerance of +0 .0 1 %, while V^/Vo should
have a tolerance of +0.01%. The absolute values of the resistances
selected are listed in table 3.3. For R,, Rot and R~, decade resistors1 Z  o
were employed to retain the greatest flexibility.
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Resistor Make/Model Resistance Value 
(0 )

Temperature 
Coefficient 
per °C

Tol.

Ri ’R2 H.Tinsley 
& Co. Ltd. 
Model 5690

1 0 x 1 0  ,1 0 x 1  

10X0.1,10x0.01
Not
Available

+0 .0 1 %

*3 Vishay 
Welwyn 4812

2 x 1 0 0 0 0.0025% +0 .0 1 %

R4 Vishay 
Welwyn 4812

1 x 1 0 0 0 0.0025% +0 .0 1 %

R5 Vishay 
Welwyn 4812

1 x 1 0 0 0 0.0025% +0 . 0 1

Muirhead Vac 
Pye Manganin

2 x 1

lxl
N/A +0 .1 %

+0 .1 %

R 6
Muirhead Vac 
D 805-F

1 0 x 1 0 0 0 0 <+0 .0 0 1 % +0.05%
D 805-G/I 1 0 x 1 0 0 0 0 0 <+0 .0 0 1 % +0.05%

rd Muirhead Vac 1 0 x 1 0 0 .0 0 2 % +0.05%
D.C. Power Supply: Hewlett Packard Output 0-40 volts at 

0-500 mA, Model Number 6112 A.
Switches: S^ One Mercury-Wetted Reed Relay Type Switch.

Table 3.3 Bridge Components.

The circuit described above has also been repeated for the case
when the input impedance of the comparator is finite and not infinite
as assumed in section {3.8.1}. The comparison of this calculation with
the earlier one, enables the definition of the comparator input

-5impedance necessary to introduce a negligible effect, ( < 1 x 1 0  ) into
9the evaluation of ( R^-Rg). It is found that an impedance of 10 Ohm is 

sufficient for this purpose which is rather easily achieved.{ Section

3.8.3 }.
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9It has been shown that, if Rg and R^g exceed 10 Ohm - that is
essentially the conribution from the input impedance of the comparator

-5- then an error in the evaluation of (R^-Rg) is only 1x10 % . An input
9impedance of 10 Ohm is easily achieved.

3.8.3 Limitation of Rg and R ^q  Resistances In The Circuit.

3.8.4 Electrical Noise.

A final consideration in the design of the electronic circuitry 
concerns the level of electrical noise at the bridge output. Any such 

noise manifests itself as a scatter in the temperature rise 
measurements. Consequently, the noise level must be maintained as low 
as possible. The tolerable level, consistent with the precision aimed 
for, can be deduced from the circuit analysis given earlier, and it 
transpires that the value needs to be of the order of 1 pV. This is one 
order of magnitude less than that necessary, and achieved in early 
versions of the automatic bridge. This is because of the much lower 
signal to be observed in the case of the tantalum wires. The problem is 
exacerbated by a further factor associated with the case of an 
electrolytically deposited oxide film for insulation. Figure 3.xiifa^ 
shows a schematic diagram of the earthing arrangement used in earlier 
automatic bridges to reduce noise. In essence, the center point of the 
bridge ( the comparator ) is maintained at earth potential, which is 
also the potential of the outer walls ot the thermal conductivity cells 
and the pressure vessel. This arrangement ensures the lowest 

interference pick up by the comparator.
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(a) Floating earth set-up. (b) New earthing arrangment.



In the case of the tantalum wires, the same scheme cannot be

adopted, because the structure would be maintained at a negative 
potential with respect to the vessel wall and the fluid achieved within 
it, and so the insulating oxide film will be destroyed by electrolysis. 
Consequently, the configuration shown in figure 3.xiirb) has to be 
adapted, in which the tantalum wire is biased by a d.c. voltage supply 
with respect to the ground potential. Although this arrangement 
obviated the dissolution of the oxide film, it means that the center 
point of the bridge is no longer at earth potential, and the pick-up of 
electrical noise is made worse.

For these reasons, great care had to be taken with the location of 
each element of the automatic bridge system, to minimize such pick-ups. 
Thus, the comparator was built into a screened box and both it and the 
bridge resistors were mounted inside a hermetically sealed enclosure. 
The latter could be mounted very close to the pressure vessel 
containing the cells, so as to keep the connecting leads to the 
hot-wires as short as possible. Furthermore, it was necessary to select 
very carefully the position of the computer, in order to avoid pick-up 
of its radiation. After a considerable amount of trial and error, 
suitable positions and conditions were found, so that the noise level 
at the bridge output attained a value of 1 pV.

3.8.5 The Comparator.

From the preceding discussion, it should be clear that the



comparator forms a vital element in the circuit. This is because the
device must possess a high input impedance, a high common-mode
rejection ratio and a high gain, while maintaining an internal noise
level below that intrinsic to the bridge itself. The times at which the
bridge balances during transient heating are determined by recording
the times at which the voltage across points A and B in figure 3.x.
This is achieved by using a comparator which is in essence a very
sensitive electronic galvanometer. The circuit diagram of the
comparator employed is shown in figure 3.xiii. It consists of two input
buffer amplifiers (type 0P37) which are balanced in a cross-coupled

9mode, so as to attain a very high input impedance (greater than 1 0  

ohms), and a common mode rejection ratio of better them 96 dB.

The cross-coupled mode implemented, ensures that common mode 
signals are passed at unit gain, while differential signals are 
amplified. The outputs of the two buffers feed a conventional 
differential circuit, that is provided with a zeroing adjustment and a 
meter to allow offset adjustment.

In this apparatus, the specifications of the comparator are a band 
width of 100 kHz, and a peak to peak noise level of approximately

3nV/vkz at input. These parameters are consistent with the inherent 
noise level from the resistors used in the bridge, and the time scale
of the measurements.
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It was shown in a previous section how the difference in the 

resistance of the wires ( R^-Rg ) can be obtained during an
experimental run. In this section, it will be shown how the actual 
temperature rise of the middle portion of a wire which acts as a finite 
segment of an infinitely long wire, can be obtained from this 
resistance difference.

For this purpose, it is necessary to use the
resistance-temperature characteristics of the hot-wires, and it is 
convenient to employ a psuedo-linear temperature coefficient of 
resistance for any wire, defined by the equation:

3.8.6 The Working Equations.

refers to the equilibrium bath temperature prior to a measurement. The 
advantage of this definition is that the full quadratic expression for 
the resistance of a wire given by this equation:

(3.22)

where R

R(T) = 1 + A(T-273.15) + B(T-273.15)2 (3.23)
R(273.15)

has been substituted by a linear relation,

a ’(T,T0) = A + B{2(T0-273.15) + (T-T0)}
1 + A(T0-273.15) + B(T0-273.15)2

(3 .24)
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The main purpose of employing two wires in the opposite arms of 
the automatic bridge, is to eliminate the effects of axial heat 
transfer in them, which occur at the point of connection to the cell 
terminals, i.e. the hooks. In the ideal case, when the two wires and 
their supports are identical except for their length, this compensation 
works exactly and it is possible from the resistance difference of the 
two wires, to calculate the temperature rise of a central portion of 
one of them directly [13]. However, due to the manufacturing process of 
the wires, it is almost impossible to ensure uniformity in the radius 
of the tantalum wire, thus it is necessary to use a different approach 
to calculate the wire temperature rise.

It is necessary to ascribe to each wire a different average radius 
and heat flux per unit length, denoted by a^ and for the long wire,

and a and q for the short wire. Then, if each wire behaved as as s
finite portion of an infinitely long wire, the temperature rise of each 
wire would be:

(3.25)

and

(3.26)
s

All corrections due to the heat capacity and outer boundary and
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the effect due to the insulation layer, are ignored for the purpose of 
this analysis, since it is assumed that the effects that are being 
discussed are small and so their coupling to other small effects is one 
order smaller.

Experimentally, the temperature rise for the wire is inferred from 
its resistance change. Thus it is possible to describe an

"experimental" temperature rise for the long wire AT^ defined by the 
equation:

Rj  — R ^ q  ̂ = a ( ^o) *Rj q̂^• ( 3 . 2 7 )  

and for the short wire:

R - R f/~\\ - a(T0).R ,n>.AT s s(0 ) v UJ s(0 ) s (3 .2 8 )

Here, R^ and Rg represent, as before, the resistance of the long
and short wires at a time t, whereas R . a n d  R the resistances of1(0) s(0)

the long and short wires at t = 0  ( i.e. the bath temperature prior to 

the initiation of the current, so that R. = R. ,T , ).

The "experimental" temperature rise AT^ differs from the ideal 
temperature rise (AT)^ by an amount dependent on the axial heat 
conduction at the ends of the wire. Therefore, this can be written as:
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1

(3.29)

and for the short wire:

(3.30)
s

where G is a function of the wires’ respective radii, thermal 
diffusivity, and thermal conductivity, together with the wires’ 
geometry as well as being a function of time.

A further temperature rise AT’ is now defined, ( the
experimentally measured temperature rise ), which is:

Substituting equations (3.26) to (3.29) in the above equation
(3.31), we obtain:

AT’
(Rr Rs) - (R’l-Rg) (Rl(0 )"Rs(0 )) 

a (To) (Rx( 0 )_RS( 0 ) )
(3.31)

AT'
(AT)X R

s
1 (0 ) Rs(0 )

1

(3.32)

and a = R
S !s (0 )^^ s  *
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It can be seen that if the radii of the two wires were exactly the 
same, their resistances per unit length would have been equal and so 
would the heat dissipation within them and the temperature rise in each 

wire. In this case, equation (3.32) would read as:

AT* = (AT^ (3.33)

The first term in equation (3.32) accounts for the difference in 
the temperature rise of each wire. The second term represents the 
consequent incomplete cancellation of the end effects of the two wires. 
Because the end effects for each wire constitutes at most only about 2% 
of the temperature rise, the difference between them at most can 
usually be neglected [46]. Therefore, the temperature rise of a portion 
of the long wire acting as a segment of an infinitely long wire may be 
obtained from the temperature rise AT’ as:

(AT) 1
+ Rs ( 0 )

Rl(0 ) " Rs(0 )

(AT)S

(AT)X

- 1

]}
(3.34)

By manipulating equation (3.34) together with equations (3.29) to
(3.32), it can be shown that the required temperature rise (AT)^ can be 
obtained from entirely experimental parameters by the following 
expression:

(AT). = AT' (3.35)
1 + e 0

where AT’ is given by the equation (3.31) and
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^3 Rs(0)

* Rl(0 ) " Rs(0 ) ^
(3.36)

€ 2 (3.37)

and

€« = 1 -  a  / ct, x s i (3.38)

The difference ( - Rg ) in equation (3.31) is obtained from the 
bridge balance equations (3.17-3.20). There, it was stated that to 

zeroth order, the ratio Rj/Rg which is required for the evaluation, may 

be equated to ^i(o)/̂Rs(0 )* ^ more rigorous approach is to calculate the 
corrected value of Rj/Rg with the aid of the following equations:

R 1 _ Rl ( 0 )

Rs Rs(0 )
1 + a(T0 ).[(AT) 1 - (AT)s] (3.39)

R 1 _ Rl ( 0 )

Rs Rs(0 )
1 + oCToJ.iTj.ej (3.40)

where € 2 is defined by equation (3.37) and a(T0) is the effective 
temperature coefficient of resistance of the tantalum wire given by:

a(T0) = a ’CT.To) - ( 1 - e, ) (3.41)



An approximate value for (AT)^ may be obtained from the zeroth order 

approximation ( Rj/Rg = ^i(0 )/̂ s(0 ) 0 3 1 1 t̂ ien be used in
equation (3.40) to generate a better estimate of Rj/Rg which can be 
returned to the bridge balance equations for a better estimate of 
(AT)j. Normally, one iteration of this type is sufficient.

3.8.7 The Heat Flux From The Hot-Wire.

Having obtained the temperature rise of the middle portion of the 
long wire, the final quantity required to arrive at the thermal 
conductivity of the surrounding fluid, is the heat flux per unit length 
from this portion of the wire.

The present bridge configuration, as depicted in figure 3.x. 
ensures that equal current flows in both wires. However this alone does 
not guarantee that an equal rate of dissipation per unit length in the 
wires; this is mainly due to their physical construction. It is 
difficult to ensure exact radial uniformity along the wire. Therefore, 
this limitation is overcome by treating the heat flux per unit length 
of the middle portion of the long wire, q, written in terms of 
experimental quantities as:

*
q = --------%-------- - (3.42)

(1 - €4) 2 (1 + €5)

where
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K
q

V2 ( R.-R ) / ( 1. - 1 )'“ I s 7 v 1 s '

{ Hi + r2  + ( v Rs ){ > 7  ( w } *

(3.42)

and

€* =
2 a 1. € l . 1r 1s

( iris )( v Rs >+ < RrRs H h *1.  >
(3.43)

with

1 .€*
e5 = ---!------ (3.44)

< h - 1 .  >

Here, V is the applied bridge voltage, and Rj and R2 are the bridge 
resistances as defined previously.

It is necessary to correct for the temperature difference of the 
performed measurement and room temperature when the wire lengths are 
measured at about 295K, by introducing a further small correction owing 
to the linear coefficient of expansion of the metallic wire. This 
correction is expressed as-

1 (T0) = 1 (Tm){ 1 + T ( T° “ Tm ) } (3.45)

where t is the temperature coefficient of expansion of tantalum metal,
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“ 6  “ 1( 6.5x10 K ), T is the temperature at which the wire measurements 
were performed, and 1 is the length of the wires.

The heat flux emitted from the tantalum hot-wires during a 
transient run was initially found to be greater than expected. This 
effect was present from the beginning when the tantalum wires were 
employed in the new thermal conductivity cells. The thermal 
conductivity values obtained for test runs in the initial period for 
toluene were not correct. After careful reanalysis of the results, it 
was found that the leads resistances made a profound effect on the 
calculated thermal conductivity. The reason for this was the use of 
25pm diameter tantalum wires in place of the thinner 7pm platinum 
wires, resulted in an eight-fold decrease in the resistance of the 
hot-wires. This meant that a decrease in the resolution of the bridge 
circuitry was inevitable. To overcome this handicap, the bridge had to 
be built with an enhanced sensitivity in order to give a higher 
resolution, and the ability to perform the said measurements with a 
lower temperature rise. The comparator can then detect the much smaller 
out of balance conditions due to the reduced wire resistances. It 
transpired that the connecting electrical leads from the hot-wires to 
the bridge played a significant part in the evaluation of the heat flux 
emitted from the hot-wires. Because the heat flux forms the basis of 
the thermal conductivity calculation, it was necessary to take into 
account the contributions that these lead resistances made in the final 
bridge balance equations.

In the platinum hot-wire cells, the lead resistance connecting the
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long wire to the bridge was measured to be 0.0650, and the long wire 
itself had a resistance of 3500. But in the tantalum case, the same 
lead resistance of 0.0650 has a greater effect when the long wire 
resistance is only 410. Therefore, it was deemed necessary to 
re-measure all the wires and leads’ resistances. This was carried out 
by using an accurate milliohmeter. The analysis of the temperature rise 
of the hot-wires is given in detail in appendix 2 .

3.9 Testing The Bridge

Once all the preliminary tests have been made in order to 
ascertain the correct operation of all the bridge components, that is, 
the bridge relays, the various resistors (fixed and variable), the 
timers and finally, the software of the computer that handles the 
operation and execution of the entire measurement of the thermal 
conductivity of fluids, it was necessary to test the instrument as a 
whole.

The new automatic bridge for the measurement of the thermal 
conductivity of liquids has been constructed so as to perform the 
transient run in one second with a reasonable number of balance points 
( > 50 ), unlike the previous instrument [14,71] which could only 

muster six balance points at a time in one second. The various 
components that make up the bridge were tested seperately, to ensure 
the correct performance of the relays that initiate the transient 
heating, the internal clock and the timers which record the balance 
times and their corresponding voltages, when the zero crossing of the
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comparator takes place. The fluid employed for the testing of the 
instrument was a reference standard the IUPAC commission have selected 
as a reference for the measurement of thermal conductivity. The 
deviations of the new results were entirely consistent with those of 
the previous measurements, which indicated that the bridge was working 
with the required accuracy and precision. These experiments were 
carried out in parallel with the ’old’ bridge, and the platinum wires 
[14,71,75], so that the operating conditions were identical, i.e. the 
pressure at one atmosphere and 302.65 K. The maximum deviations 
amounted to +0.7% , while the standard deviation was one of +0.15%.

3.10 Data Acquisition and Handling.

The hardware employed for the data acquisition and handling was a 
BBC microcomputer model B. This machine was•- capable of running a 
programme that initiates the transient heating of the hot-wires in the 
thermal conductivity cells, storing the voltages and times at each 
balance point onto a floppy disk, so that these could be retrieved at a 
later date-if desired-to perform an analysis of the run. The software 
was written in basic and assembler machine code for the controlling of 
the bridge. The analysis programme was written in basic.



CHAPTER 4

R E S U L T S

4.1 Introduction:

This chapter is devoted to a presentation of the experimental 
results of the thermal conductivity measurements performed with the 
instruments described in the earlier sections. We begin with a 
presentation of the results for toluene which has been adopted [82] as 
a reference standard for liquid thermal conductivity. Accurate 
measurements of the thermal conductivity of toluene have been made in 
this laboratory [41,67,70,83,84] and elsewhere [68,85] by the transient 
hot-wire technique, so that the present measurements serve to confirm 
the correct operation of the two instruments employed here following 
their modification.

First, we present the results of measurements on toluene made in 
the instrument for insulating liquids, following the introduction of 
the new automatic bridge described in the previous chapter. Secondly, 
the results of a similar series of measurements on toluene performed in 
the new instrument for electrically insulating liquids are presented. 
This latter series serves to confirm the correct operation and theory 
of the new cells, as well as the new automatic bridge.

In subsequent sections, the results of measurements of the thermal 
conductivity of five electrically insulating liquids,



tetrachloromethane, n-pentane, ethylbenzene, oct-l-ene, and o-xylene 
are presented. These measurements extend over the temperature 300-370K, 

and for pressures upto 500MPa or the freezing pressure, whichever is 
the smaller. Finally, we present the thermal conductivity of water 
determined in the instrument designed for use with electrically 
conducting liquids. Table 4.1 shows the details of the sources and 
purities of all liquid samples used. Generally, the samples been 

redistilled in the laboratory before use, and the improved purity 
confirmed by chromatography.

In a final section of the chapter, a simple correlation of all the 
experimental data as a function of pressure is given, to aid 
interpretation of the data. A discussion of the more theoretically 
based density dependence is given in the next chapter.

4.2 Results.

4.2.1 The Check Measurements on Toluene.

The thermal conductivity of toluene has been measured in the 
platinum wire cells, designed for operation with 
electrically-insulating liquids, along three isotherms at pressures up 
to lOOMPa. These measurements were performed with the new automatic 
Wheatstone bridge described earlier. The results of the new
measurements are listed in table 4.2 corrected to nominal isotherms at
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Liquid Purity (as stated 
by manufacturer.)

Purity (after 
distillation)

Supplier

n-Pentane 99.0% 99.9% BDH Chemicals 
Ltd.

o-Xylene 99.0% 99.9% Aldrich Chem. 
Company.

Ethylbenzene 99.0% 99.9% Koch-Light 
Laboratories.

Carbon
Tetrachloride

99.5% 99.9% BDH Chemicals 
Ltd.

Oct-l-ene 99.0% 99.9% BDH Chemicals 
Ltd.

Toluene 99.5% 99.9% Hopkin and 
Williams Ltd.

Water 99.0% 99.9% Imperial
College.

Table 4.1 Summary of the Liquids Employed for the Measurement of the

Thermal Conductivity, their purities and sources.



p/MPa (T ,p) /mW m  ̂K ^ p/MPa ( T ,p ) /m W m  * K * p/MPa (T,p) /mW m * K *

T=306.15K T=319.15K T=343.15K

0.1 129.6 1.7 126.3 3.3 119.4
0.3 129.9 8.5 128.2 3.3 119.4

1 0 . 0 133.0 18.9 131.8 14.9 123.5
30.5 139.2 52.0 142.1 29.8 129.6
53.1 146.5 1 0 1 . 6 155.1 29.6 129.5
73.0 151.5 52.3 135.9
73.2 151.5 78.1 144.0
113.3 160.8

Table 4.2 Thermal Conductivity of Toluene.
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306.15K, 319.15K, and 343.15K in the manner described by Menashe and 
Wakeham [25]. Because the correction never exceeded +0.3%, the 
additional uncertainty introduced in the final results is negligible.

Figure 4. i is a plot of the thermal conductivity, A, of the newly 
measured toluene, against pressure. Figure 4.ii compares the set of 
results with the correlation of the earlier data presented by Nieto de 
Castro et.ad. [41,67]. The deviations do not exceed the mutual 
uncertainty of the two independent determinations, which is +0.3%. The 
fact that the deviations are systematic, reflects the general result 

that the precision of the thermal conductivity measurements is superior 
to their accuracy. We may deduce from this comparison that the new 
automatic bridge and its theory are satisfactory.

Table 4.3 presents the results for the thermal conductivity of 
toluene obtained in the new Inconel cells designed for use with 
electrically conducting liquids. In this case, the measurements have 
been carried out only at a pressure of O.IMPa at a reference 
temperature of 299.8K. The table also contains the values recommended 

as standard reference data at one atmosphere by IUPAC [82]. The latter 
values have an estimated uncertainty of +1%. The measurements with the 
new cells are entirely consistent with the values, and we conclude that 
the new instrument operates successfully.
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T(K) P/MPa This Work 
A/mW m" 1 K_ 1

IUPAC Standard[82] 
A/mW m" 1 K- 1

299.8 0.1013 131.1 + 0.4 130.6 + 1.3
299.3 0.1013 130.9 + 0.4 130.6 + 1.3

Table 4.3 The thermal Conductivity of Toluene.

4.2.2 Carbon Tetrachloride.

In the case of carbon tetrachloride (tetrachloromethane ), the 
measurements extended from 310.15K to 364.15K, and included five 
isotherms. This liquid freezes at relatively moderate pressures, and 
thus the ranges were rather restricted. Also owing to the relative 
unreliability of the density data available at the higher temperatures, 
the thermal conductivity was listed as a function of density, 
AfT ,p ) only for the three lowest isotherms. At the higher 
temperatures, a tabulation of the thermal conductivity as a function of 
A(Tnom,P) is given. In addition to that, the data in every case have 
been corrected to the nominal temperature by the application of a 
linear correction, which never ammounted to more than +0 .1 %, so that 
the process made a negligible contribution to the error in the thermal 
conductivity [57]. The uncertainty in the reported thermal conductivity 

data of carbon tetrachloride is estimated to be one of +0.3%, and the



uncertainty in the tabulated density is estimated to be no more than

The density of carbon tetrachloride was measured over a part of 
the range of states appropriate to this work by Easteal and Woolf [8 6 ], 
and their data has been represented by a modified form of the Tait 
equation:

The heat capacity of the liquid required for the data processing 
were taken from the tables of Vargaftik [69]. It is also necessary to 
record here that none of the experimental measurements revealed any 
evidence of the effects of radiation absorption [41], so that the 
results reported are " radiation-free ".

Tables 4.4 to 4.8 list the experimental values obtained for carbon 
tetrachloride.

4.2.3 N-Pentane.

For n-pentane, the experimental data for the thermal conductivity 
along four isotherms at 305.8K, 322.8K, 342.5K and 359.5K are given in 

tables 4.9 to 4.12. In each table, the listed thermal conductivity data 
are adjusted to a nominal temperature by means of a linear correction, 
at both the experimental pressure, P, and the reference density, p. The

+0 .2%.

V
1 - P = C £og (4.1)



correction never exceeded +0.2%, and hence the extra uncertainty 
introduced is negligible.

The density of normal pentane has been measured by a number of 
investigators under the conditions of interest [86,87]. For the 
purposes of applying small corrections in the analysis of the thermal 
conductivity data, the results of Bridgman [87], have been employed 
together with heat capacity data from Vargaftik [69]. However, for the 
purposes of representing the thermal conductivity data of n-pentane as 

a function of density, it was preferable to employ the more accurate, 
although less extensive, data of Easteal and Woolf [86]. These new 
results cover the temperature range 278.15K to 338.15K, and pressures 
up to 280MPa and have an estimated uncertainty of +0.2%. These 
densities were not entirely consistent with earlier data [87-89] in the 
overlapping range of states; their deviations exceeding 1% in some 
cases. Some doubt is therefore cast on the older results. Consequently, 
in the tabulation of the results, the densities only for those 

conditions are included which have been obtained by interpolation or a 
modest extrapolation of those covered by Easteal and Woolf.

Tables 4.9 to 4.12 list the thermal conductivities of n-pentane as a 
function of pressure and density, together with the corrected values of 
the thermal conductivity to the nominal temperatures at constant 
pressure and density.
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4.2.4 O-Xvlene.

Measurements on the thermal conductivity of ortho-xylene were 
carried out at four isotherms, 308.15K, 318.15K, 337.65K, and 360.15K 

and pressure ranges up to 419MPa, or the solidification pressure. For 
the application of small corrections in the data reduction, the density 
data by Mamedov et.al.[90], have been employed for the o-xylene. For 
this liquid, the highest pressure for which the density has been 
measured is 50MPa. Consequently, solely for the purpose of making these 
corrections, it has been necessary to extrapolate the equation of state 
fitted to these data for the higher pressures. The effect of this 

extrapolation on the reported thermal conductivity data is negligible. 
The data here have been also corrected to the nominal temperatures as 
mentioned earlier [57], and this correction never amounted to more than 
+0.3%, so that the additional uncertainty in the reported data is 
negligible. It is estimated that the overall error in the tabulated 
thermal conductivity is one of +0.3%. The corresponding density is also 

quoted whenever it lies within the range of direct measurements [90]. 
No extrapolated density data have been included.

Tables 4.13 to 4.16 list the data for the thermal conductivity of 
o-xylene, together with the pressure and density values available.

4.2.5 Oct-l-ene.

Measurements of the thermal conductivity of oct-l-ene have been 
carried out along the four isotherms at 307.65K, 320.65K, 344.15K, and
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360.15K, and at pressures up to 500MPa. The density of oct-l-ene in the 
appropriate temperature range for pressures up to 260MPa has been 
determined by Isdale [91]. These data, together with the heat capacity 
data compiled by Vargaftik [69], have been employed to make small 
corrections during the analysis of the measurements. It is worthwhile 
again to mention here that there was no evidence of radiation 

absorption in any measurement [41], so that the data reported here are 
also "radiation-free” values.

Tables 4.17 to 4.20 list the experimental data for the thermal 
conductivity of oct-l-ene, along the four isotherms, as a function of 
pressure and density. At the higher pressures, the density is not 
quoted, since the pressures lie beyond the range of the density 

measurements. The corrections of the experimental data to uniform 
nominal temperatures has been accomplished in the manner described 
elsewhere [57]. In this case, no correction amounted to more than 
+0.2%, so that the additional uncertainty introduced is negligible. The 
uncertainty in the reported thermal conductivity is estimated to be one 
of +0.3%, whereas in the associated density is +0.2%.

4.2.6 Ethylbenzene.

Measurements on the thermal conductivity have been carried out on 
ethylbenzene at four isotherms 304.65K, 319.15K, 339.65K, and 357.15K, 
and at pressures up to 500MPa. The value of the density of 
ethylbenzene, which was required to make small corrections in the data, 
was taken from the results of Mamedov et.al.[90], and the heat capacity



Tr P (ii)'•srpr
(ii)v3 r p *<Tr ,Pr) U T n ,Pr) X(Tn ,P) pr

(K) (MPa) (mW m”1 K~2) (raW in'1 K~2) (mW m 1 K *) (mW m 1 K *) (mW m * K *) (Kg m 3)

310.126 5.376 0.882E-01 “0.289E+00 97.49 97.49 97.49 1573.30
309.947 8.329 0.861E-01 -0.283E+00 98.52 98.51 98.47 1578.20
309.931 14.440 0.846E-01 -0.224E+00 100.33 100.34 100.28 1587.70
310.236 17.282 0.850E-01 -0.212E+00 101.02 101.02 101.04 1591.70
309.820 22.853 0.871E-01 -0.191E+00 102.44 102.47 102.37 1600.50
310.076 29.251 0.908E-01 -0.177E+00 104.12 104.13 104.11 1609.60
309.963 36.257 0.958E-01 -0.170E+00 105.89 105.90 105.88 1619.50
309.983 42.091 0.100E+00 -0.168E+00 107.29 107.31 107.26 1627.40
308.896 47.583 0.104E+00 -0.171E+00 108.54 108.56 108.48 1634.60
309.968 53.278 0.107E+00 -0.176E+00 109.94 109.96 109.91 1641.60

309.877 58.837 0.109E+00 -0.183E+00 111.28 111.31 111.28 1648.50

311.303 63.749 0.108E+00 -0.186E+00 111.77 111.64 111.96 1652.50
310.085 68.234 0.109E+00 -0.198E+00 113.27 113.26 113.26 1658.80
310.104 72.708 0.108E+00 -0.207E+00 114.20 114.20 114.19 1663.60

Table 4.4 Thermal Conductivity of Carbon Tetrachloride at T =310.15K----- ----  nom

130



Tr

(K)

P

(MPa)

(ii)vsrp r
(mW nf1 K~2)

(2!)V3T'P

(mW m"1 K~2)

X(T ,p ) r r

(mW m * K *)

X(T ,p ) n

(mW m 1 K *)

X(Tn ,P)

(mW m * K *)

pr

(Kg m'3)

322.574 1.367 0.128E+00 -0.201E+00 93.41 93.42 93.40 1548.10322.619 5.271 0.113E+00 -0.208E+00 94.41 94.41 94.40 1555.10322.566 9.805 0.101E+00 -0.214E+00 95.75 95.75 95.73 1563.20322.617 15.072 0.918E-01 -0.217E+00 97.51 97.51 97.50 1571.90322.514 20.332 0.868E-01 -0.216E+00 99.31 99.32 99.28 1580.50322.584 24.743 0.849E-01 -0.215E+00 100.78 100.78 100.76 1587.20322.666 26.421 0.848E-01 -0.214E+00 100.81 100.81 100.81 1589.60322.810 27.051 0.846E-01 -0.214E+00 100.82 100.81 100.85 1590.40322.480 32.391 0.854E-01 -0.210E+00 102.33 102.34 102.30 1598.60322.491 37.717 0.878E-01 -0.205E+00 104.04 104.06 104.01 1606.10322.609 44.377 0.915E-01 -0.198E+00 105.51 105.52 105.51 1614.90322.520 52.665 0.978E-01 -0.188E+00 107.62 107.64 107.60 1625.90322.589 61.397 0.103E+00 -0.177E+00 109.80 109.80 109.79 1636.20322.752 68.844 0.107E+00 -0.168E+00 111.45 111.44 111.47 1644.70322.686 77.383 0.109E+00 -0.160E+00 113.24 113.23 113.24 1654.30322.688 81.446 0.110E+00 -0.156E+00 114.31 114.30 114.31 1658.70322.793 84.492 0.110E+00 -0.153E+00 114.95 114.93 114.97 1661.80322.902 91.393 0.108E+00 -0.149E+00 116.17 116.14 116.21 1668.80322.733 95.145 0.107E+00 -0.147E+00 116.28 116.28 116.30 1672.80322.563 101.125 0.103E+00 -0.146E+00 118.15 118.15 118.13 1678.90322.644 105.889 0.989E-01 -0.146E+00 119.13 119.13 119.13 1683.50322.482 112.883 0.909E-01 -0.149E+00 120.31 120.33 120.29 1690.20

Table 4.5 Thermal Conductivity of Carbon Tetrachloride at T = 322.65K----------  nom

•i
n



Tr P (3!)3TV (2!)varp X(Tr,Pr) X (T ,p ) n r X(Tn ,P)

(K) (MPa) (mW m K-2

342.302
342.171
342.128 
342.181 
341.932 
342.148 
342.272 
342.301 
342.200
342.128 
342.274 
342.046 
342.053 
342.351
342.172 
342.139 
342.223 
342.680 
342.585 
342.584 
342.703 
342.466 
342.667 
342.746 
342.802 
342.741

6.220
10.964
14.861
21.488
30.089
38.551
44.896
49.766
55.751
62.113
68.844
74.639
80.431
86.015
89.871
94.739
101.429
108.626
113.896
121.598
126.057
132.643
138.419
146.824
152.893
156.128

0.220E+00 
0.179E+00 
0.154E+00 
0.123E+00 
0.994E-01 
0.883E-01 
0.851E-01 
0.847E-01 
0.861E-01 
0.890E-01 
0.928E-01 
0.966E-01 
0.100E+00 
0.103E+00 
0.105E+00 
0.107E+00 
0.109E+00 
0.110E+00 
0.109E+00 
0.107E+00 
0.104E+00 
0.994E-01 
0.938E-01 
0.834E-01 
0.742E-01 
0.684E-01

-1 .,-2(mW m K

-0.533E-01 
-0.104E+00 
-0.135E+00 
-0.169E+00 
-0.182E+00 
-0.197E+00 
-0.185E+00 
-0.192E+00 
-0.188E+00 
-0.183E+00 
-0.178E+00 
-0.175E+00 
-0.173E+00 
-0.172E+00 
-0.172E+00 
-0.173E+00 
-0.174E+00 
-0.177E+00 
-0.178E+00 
-0.178E+00 
-0.178E+00 
-0.174E+00 
-0.169E+00 
-0.154E+00 
-0.138E+00 
-0.128E+00

) (mW m

90.71
92.35
93.33
95.59
98.10

100.22
101.95
102.35 
104.73 
106.41 
108.08
109.36 
110.55 
111.63 
112.58 
113.98
115.13 
117.05
118.14 
119.49 
120.54 
121.57
122.91
123.92
124.92 
125.65

(mW m 1 K *) (mW m

90.76 90.69
92.43 92.30
93.44 93.26
95.65 95.51
98.17 97.96
100.27 100.13
101.99 101.88
102.38 102.28
104.77 104.65
106.46 106.32
108.12 108.02
109.42 109.26
110.61 110.45
111.65 111.58
112.63 112.50
114.03 113.89
115.18 115.06
117.04 117.05
118.15 118.13
119.50 119.46
120.53 120.55
121.59 121.54
122.91 122.92
123.92 123.94
124.91 124.94
125.64 125.66

K S (Kg m 3)

1519.40
1529.30 
1536.80
1548.70
1563.70 
1576.50
1585.60
1592.40
1600.60
1609.00 
1617.10
1624.40
1631.00
1636.90 
1640.60
1641.30
1653.40
1660.00
1665.30
1672.70
1676.70
1683.00
1687.90
1695.00
1700.00
1702.90

Table 4.6 Thermal Conductivity of Carbon Tetrachloride at T = 342.65Knom
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Tr

(K)

P

(MPa)

(ii)var pr

(mW m 1 K 2)

(11)V3T'P

(mW nf1 K-2)

A(T ,p ) r r

(mW m * K *)

\(T ,p ) n r

(mW m"1 K”1)

X(Tn ,P) 

(raW m 1 K

pr

(Kg m 3)

359.400 6.115 86.18
359.418 13.176 — — — — 88.57 —

359.342 25.058 — — — — 92.73 —

359.229 37.300 — — — — 96.27 —

359.378 48.456 — — — — 99.79 —

359.331 59.245 — — — — 102.30 —

360.171 70.064 — — — — 105.16 —

360.148 77.586 — — — — 106.88 —

360.007 86.421 — — — — 108.68 —

359.936 93.218 — — — — 110.54 —

359.915 103.456 — — — — 112.38 —

359.534 112.173 — — — — 114.33 —

359.706 120.990 — — — — 116.22 —

359.844 130.921 — — — — 118.32 —

359.569' 141.559 — — — — 120.00 —

359.628 153.398 — — — — 122.40 —

359.568 163.995 — — — — 124.41 —

359.602 173.967 — — — — 125.94 —

359.394 184.333 — — — — 128.00 —

359.292 194.185 — — — — 129.68 —

359.311 204.357 — — — — 131.51 —

359.258 214.622 — — — — 133.47 —

359.252 224.586 — — 135.22 —

Table 4.7 Thermal Conductivity of Carbon Tetrachloride at T = 359.65K----------  nom
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T = 364.15K nom .

Pressure P/MPa Thermal Conductivity X/mW m * K *

3.478 84.26

9.277 86.60

19.81 90.10

34.90 94.64

47.70 98.67

63.75 102.9

76.37 105.8

87.84 108.5

100.9 111.6

118.0 115.1

128.8 117.2

Table 4.8 Thermal Conductivity Of Carbon Tetrachloride at T =364.5K ---------  nom



Tr

(K)

P

(MPa)

(i!)
v3T'pr

(mW nf1 K~2)

(2!)

(mW m"1 K"2)

A(T ,p ) r r

(mW m 1 K *)

A(Tn ,pr)

(mW m * K *)

A(Tn,P)

(mW m  ̂ K *)

pr

(Kg m 3)

307.024 1.790 0.897E-01 -0.340E+00 110.12 110.01 110.54 614.71
306.898 5.693 0.878E-01 -0.342E+00 112.95 112.86 113.33 619.76
305.598 14.124 0.818E-01 -0.350E+00 118.05 118.07 117.98 630.67
306.208 24.743 0.737E-01 -0.355E+00 123.10 123.07 123.25 640 91
305.918 35.422 0.638E-01 -0.366E+00 128.28 128.28 128.33 650.70
305.937 47.282 0.525E-01 -0.378E+00 133.47 133.46 133.52 660.11
306.021 58.629 0.414E-01 -0.391E+00 137.90 137.89 137.99 668.14
306.106 62.829 0.374E-01 -0.396E+00 139.13 139.12 139.26 670.88
305.982 69.352 0.308E-01 -0.404E+00 142.36 142.35 142.43 675.15
305.977 80.431 0.199E-01 -0.416E+00 146.07 146.07 146.15 681.79
305.823 91.088 0.925E-02 -0.428E+00 150.84 150.84 150.85 687.84
305.823 102.240 -0.157E-02 -0.438E+00 154.11 154.11 154.12 693.67
305.811 112.072 -0.110E-01 -0.446E+00 157.35 157.35 157.35 698.52
305.811 122.612 -0.210E-01 -0.461E+00 160.68 160.68 160.68 703.45
305.720 134.062 -0.318E-01 -0.477E+00 163.84 163.84 163.80 708.59
305.678 143.179 -0.403E-01 -0.490E+00 167.14 167.14 167.08 712.50
305.882 145.104 -0.418E-01 -0.493E+00 166.86 166.86 166.90 713.17
306.007 153.600 -0.493E-01 -0.504E+00 170.37 170.38 170.47 716.57
305.888 167.522 -0.621E-01 -0.521E+00 173.48 173.49 173.53 722.13
305.600 180.810 -0.744E-01 -0.535E+00 177.60 177.58 177.49 727.32

Table 4.9 Thermal Conductivity of n-Pentane at T = 305.8K---------  nom



Tr

(K)

P

(MPa)

( ! ! )
va r p r

(mW m 1 K 2)

( 2 i )
v8 T ' p

(mW m"1 K-2)

X (T ,p ) r r

(mW m 1 K *)

X (T ,p  ) n r

(mW m 1 K *)

X(Tn ,P)

(raW n K *)

pK r

(Kg m 3)

305.772 197.817 -0.892E-01 -0.555E+00 182.02 182.02 182.00 733.37
305.824 213.414 -0.103E+00 -0.573E+00 186.62 186.62 186.63 738.75
305.756 229.964 -0.117E+00 -0.591E+00 190.13 190.12 190.10 744.33
305.823 243.432 -0.129E+00 -0.607E+00 192.95 192.95 192.96 748.66
305.875 262.454 -0.145E+00 -0.631E+00 197.49 197.51 197.54 754.61
305.764 283.081 -0.162E+00 -0.655E+00 202.08 202.07 202.05 760.94
305.838 303.132 -0.179E+00 -0.685E+00 206.11 206.12 206.14 766.78
305.825 332.898 -0.203E+00 -0.734E+00 209.81 209.82 209.83 775.19
305.910 342.446 -0.211E+00 -0.753E+00 214.32 214.34 214.40 777.74
305.890 362.719 -0.227E+00 -0.794E+00 217.85 217.87 217.92 783.18
305.911 382.617 -0.242E+00 -0.840E+00 222.02 222.05 222.11 788.31
305.973 402.439 -0.257E+00 -0.891E+00 225.29 225.33 225.44 793.23
305.877 427.563 -0.276E+00 -0.960E+00 230.28 230.31 230.36 799.35
306.151 453.060 -0.294E+00 -0.102E+01 233.93 234.03 234.29 804.91
306.131 476.390 -0.310E+00 -0.112E+01 238.21 238.31 238.58 809.98
306.110 501.194 -0.326E+00 -0.121E+01 242.05 242.16 242.43 815.06

Table 4.9 Thermal Conductivity of n-Pentane at T =305.8K ( continued ) ---------  nom
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r — *-------
Tr

(K)

P

(MPa)

(li)v3 r Pr

(mW m"1 K-2)

(2!)v9r p

(mW m"1 K“2)

X(T ,p ) r r

(mW m"1 K"1)

X(Tn .Pr)

(mW^nf1 K*"1)

X(Tn,P) 

(mW m  ̂K

pr

(Kg nf3)

323.282 3.689 0.915E-01 -0.303E+00 106.06 106.01 106.20 600.99
322.998 4.849 0.916E-01 -0.302E+00 106.96 106.95 107.02 602.95
323.155 14.861 0.892E-01 -0.304E+00 112.97 112.94 113.08 615.98
322.900 24.848 0.838E-01 -0.306E+00 118.12 118.11 118.15 627.49
322.814 37.926 0.743E-01 -0.309E+00 124.47 124.47 124.47 640.27
322.764 52.349 0.620E-01 -0.311E+00 130.66 130.66 130.65 652.28

‘ 322.690 65.382 0.503E-01 -0.313E+00 135.97 135.98 135.94 661.79
322.886 70.268 0.460E-01 -0.316E+00 137.38 137.37 137.40 664.95
322.661 81.040 0.358E-01 -0.316E+00 142.02 142.03 141.98 671.89
322.540 94.435 0.233E-01 -0.317E+00 146.75 146.75 146.67 679.73
322.707 112.173 0.715E-02 -0.322E+00 151.37 151.37 151.34 688.99
322.625 124.435 -0.415E-02 -0.322E+00 155.19 155.19 155.13 695.01
322.696 142.268 -0.204E-01 -0.326E+00 161.53 161.53 161.50 703.11
322.937 155.823 -0.323E-01 -0.329E+00 165.50 165.50 165.54 708.81
322.967 173.161 -0.487E-01 -0.330E+00 170.15 170.16 170.21 715.87
322.933 173.363 -0.480E-01 -0.330E+00 170.29 170.30 170.33 715.97
322.987 187.352 -0.604E-01 -0.329E+00 173.05 173.06 173.11 721.39
322.860 203.351 -0.747E-01 -0.327E+00 177.28 177.29 177.30 727.44
322.891 217.441 -0.871E-01 -0.325E+00 181.10 181.10 181.13 732.53
322.787 236.891 -0.104E+00 -0.319E+00 185.53 185.53 185.52 739.39

Table 4.10 Thermal Conductivity of n-Pentane at T = 322.8K nom



Tr

(K)

P

(MPa)

(i!) var pr
(mW m 1 K 2)

(2!)
va r p

(mW m”1 K”2)

X(T ,p ) r r

(mW m 1 K *)

X (T ,p ) n r

(mW m"1 K-1)

X(Tn>P)

(mW ni K )

pr

(Kg m'3)

322.742 257.557 “0.123E+00 -0.313E+00 189.99 189.98 189.97 746.39
322.811 277.865 -0.140E+00 -0.305E+00 194.66 194.67 194.67 753.03
322.734 300.330 -0.160E+00 -0.287E+00 199.75 199.74 199.73 760.18
322.735 322.105 -0.179E+00 -0.270E+00 203.56 203.55 203.55 766.87
321.632 342.346 -0.197E+00 -0.244E+00 208.14 207.91 207.85 772.99
322.801 368.069 -0.218E+00 -0.229E+00 212.65 212.65 212.65 780.35
323.344 394.305 -0.240E+00 -0.202E+00 217.20 217.33 217.31 787.68
323.291 417.014 -0.259E+00 -0.176E+00 220.95 221.08 221.04 793.74
323.279 441.459 -0.278E+00 -0.146E+00 225.39 225.52 225.46 799.99
323.210 465.417 -0.296E+00 -0.115E+00 228.90 229.02 228.94 805.78
323.268 497.781 -0.319E+00 -0.706E-01 234.09 234.24 234.14 813.10

Table 4.10 Thermal Conductivity of n-Pentane at T = 322.8K ( continued ) ----------  nom
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Tr

(K)

P

(MPa)

(ii) pr

(mW m 1 K 2)

(*!) p

(mW m"1 k“2)

X (T ,p ) r r

(mW m 1 K *)

X(Tn ,Pr)

(mW m 1 K *)

X(Tn ,P)

(mW m * K ')

----------1'

pr

(Kg m-3)

342.357 4.638 0.867E-01 -0.278E+00 101.46 101.47 101.42 582.84
342.329 14.019 0.912E-01 -0.259E+00 107.31 107.32 107.27 597.16
342.247 24.743 0.906E-01 -0.245E+00 112.98 113.01 112.92 611.01
342.652 25.058 0.906E-01 -0.242E+00 113.10 113.09 113.14 611.07
342.234 35.422 0.864E-01 -0.235E+00 117.99 118.02 117.93 622.76
342.397 46.971 0.796E-01 -0.226E+00 123.51 123.52 123.49 633.70
342.437 57.294 0.723E-01 -0.221E+00 127.95 127.95 127.93 642.44
342.349 72.403 0.602E-01 -0.217E+00 134.04 134.05 134.00 653.85
342.281 87.842 0.471E-01 -0.214E+00 139.14 139.15 139.10 664.13
342.340 102.544 0.343E-01 -0.212E+00 144.14 144.15 144.11 672.91
342.767 117.038 0.217E-01 -0.206E+00 148.77 148.76 148.82 680.71
342.934 133.049 0.745E-02 -0-205E+00 153.15 153.15 153.24 688.83
342.491 148.241 -0.660E-02 -0.212E+00 157.60 157.60 157.60 696.28
342.458 162.382 -0.195E-01 -0.214E+00 161.49 161.49 161.48 702.72
342.472 182.722 -0.381E-01 -0.219E+00 166.62 166.62 166.62 711.51
342.559 202.048 -0.559E-01 -0.225E+00 171.57 171.58 171.59 719.44
342.522 223.386 -0.758E-01 -0.234E+00 176.15 176.15 176.16 727.89
342.531 243.331 -0.946E-01 -0.243E+00 180.45 180.46 180.46 735.51
342.546 263.353 -0.114E+00 -0.254E+00 184.27 184.27 184.28 742.95

Table 4.11 Thermal Conductivity of n-Pentane at T = 342.5K------------ ' nom
CO
VO



Tr

(K)

P

(MPa)

(ii)v3rp r
(mW m 1 K 2)

(il) v3r p

(mW nf1 K"2)

X(Tr,Pr)

(mW m 1 K *)

X(T ,p ) n r

(mW m * K *)

X(Tn,P)

(mW m * K 5

pr

(Kg m 3)

342.687 283.282 -0.132E+00 -0.271E+00 189.44 189.47 189.50 750.08
342.647 303.632 -0.152E+00 -0.285E+00 192.63 192.66 192.68 757.31
342.851 327.960 -0.176E+00 -0.302E+00 196.09 196.15 196.19 765.75
342.719 328.457 -0.176E+00 -0.301E+00 197.19 197.23 197.26 765.95
342.666 353.366 -0.201E+00 -0.317E+00 202.00 202.03 202.05 774.44
342.729 378.065 -0.225E+00 -0.334E+00 205.87 205.92 205.94 782.63
342.675 402.935 -0.249E+00 -0.350E+00 209.92 209.96 209.98 790.68
342.727 426.876 -0.367E+00 -0.376E+00 213.98 214.04 214.06 798.19
342.708 450.200 -0.295E+00 -0.381E+00 217.47 217.53 217.55 805.28
342.727 475.996 -0.319E+00 -0.396E+00 221.40 221.48 221.49 812.80
342.772 500.218 -0.340E+00 -0.409E+00 224.88 224.97 224.99 819.54

Table 4.11 Thermal Conductivity of n-Pentane at T = 342.5K ( continued ) --------- J nom
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r " .
Tr

(K)

P

(MPa)

(ii)' i'pr
(mW m 1 K 2)

(i!)

(mW m"1 K~2)

X(T ,p ) r r

(mW m 1 K *)

A(T ,p ) n r

(mW m * K *)

A(Tn,P)

(mW m * K *)

pr

(Kg m 3)

358.921 4.005 0.732E-01 -0.183E+00 98.41 98.45 98.30 565.03
359.265 4.216 0.733E-01 -0.181E+00 97.96 97.98 97.92 565.14
359.259 14.440 0.874E-01 -0.148E+00 104.13 104.15 104.10 584.34
359.144 25.268 0.915E-01 -0.125E+00 109.52 109.55 109.47 600.42
358.960 35.422 0.901E-01 -0.110E+00 114.58 114.63 114.52 613.01
359.515 46.971 0.853E-01 -0.965E-01 119.50 119.50 119.50 624.95
359.481 57.499 0.789E-01 -0.886E-01 123.48 123.48 123.47 634.72
359.537 67.216 0.719E-01 -0.825E-01 127.43 127.43 127.44 642.81
359.585 82.157 0.601E-01 -0.754E-01 133.12 133.11 133.12 653.99
359.671 97.983 0.466E-01 -0.703E-01 137.99 137.99 138.01 664.51
359.542 112.680 0.335E-01 -0.691E-01 142.85 142.85 142.86 673.40
359.722 127.475 0.202E-01 -0.691E-01 147.29 147.29 147.31 681.57
359.706 142.471 0.657E-02 -0.732E-01 151.83 151.83 151.85 689.31
359.728 158.448 -0.804E-02 -0.810E-01 155.99 155.99 156.01 697.01
359.742 174.168 -0.224E-01 -0.926E-01 159.92 159.93 159.94 704.14
359.656 188.896 -0.359E-01 -0.107E+00 163.90 163.90 163.91 710.50
359.696 205.665 -0.512E-01 -0.128E+00 166.65 166.66 166.67 717.39
359.663 205.464 -0.510E-01 -0.128E+00 166.27 166.27 166.29 717.31

Table 4.12 Thermal Conductivity of n-Pentane at Tnom= 359.5K



1
Tr

(K)

P

(MPa)

(ii)kn'pr

(mW m 1 K

(!!)'31 P

(mW m 1 K

X (T ,p ) r r

(mW m 1 K *)

X (T ,p ) n r

(mW m 1 K *)

X(Tn,P)

(mW i K )

pr

(K|; nf3)

359.670 205.665 -0.512E-01 -0.128E+00 166.41 166.42 166.43 717.39
359.646 209.187 -0.544E-01 -0.133E+00 168.63 168.64 168.65 718.80
359.938 224.495 -0.682E-01 -0.156E+00 173.47 173.50 173.54 724.72
359.808 253.357 -0.943E-01 -0.211E+00 178.48 178.51 178.54 735.41
359.750 273.556 -0.112E+00 -0.254E+00 182.73 182.76 182.79 742.51
359.747 292.914 -0.130E+00 -0.298E+00 186.43 186.46 186.50 749.03
360.439 314.572 -0.148E+00 -0.357E+00 190.44 190.58 190.78 755.88
360.937 337.937 -0.169E+00 -0.426E+00 194.78 194.87 195.02 763.37
360.214 362.719 -0.190E+00 -0.503E+00 199.34 199.48 199.70 770.82
360.231 363.314 -0.191E+00 -0.505E+00 199.12 199.26 199.49 770.98
360.089 363.512 -0.191E+00 -0.505E+00 199.44 199.55 199.74 770.12
360.048 383.013 -0.208E+00 -0.568E+00 202.67 202.79 202.98 776.87
360.067 407.399 -0.229E+00 -0.646E+00 207.20 207.33 207.57 783.81
359.918 427.563 -0.246E+00 -0.710E+00 210.13 210.23 210.43 789.49
359.898 446.951 -0.262E+00 -0.770E+00 213.32 213.42 213.63 794.72
359.916 466.506 -0.278E+00 -0.829E+00 216.38 216.49 216.72 799.81
359.825 486.004 -0.293E+00 -0.883E+00 219.23 219.32 219.52 804.84
359.755 505.502 -0.309E+00 -0.934E+00 222.14 222.22 222.38 809.71

Table 4.12 Thermal Conductivity of n-Pentane at T = 359.5K ( continued )------------ J nom
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(K)

307.551
307.503
307.461
307.398
307.369
307.237 
307.271 
307.329 
307.266
307.238 
307.302 
307.342 
307.385 
307.193

(MPa)

0.310
8.901
24.061
43.291
58.330
76.570
93.375
122.916
147.836
169.234 
194.295 
224.696
244.235 
143.484

( n
dT'pr

(— ) dX P *(T.,pr) X(T ,p ) n r X(Tn>P) pr
(mW nf1 K~2) (mW m"1 K-2) (mW m“1 K"1) (mW m * K *) (mW m * K *) (Kg m 3)

0.109E+00 -0.169E+00 130.82 130.88 130.72 869.510.117E+00 -0.161E+00 133.72 133.79 133.62 875.660.125E+00 -0.155E+00 138.23 138.31 138.12 885.620.126E+00 -0.149E+00 143.51 143.61 143.40 896.980.123E+00 -0.143E+00 147.24 147.33 147.12 905.060.118E+00 -0.134E+00 151.84 151.95 151.72 914.140.114E+00 -0.126E+00 155.93 156.03 155.82 921.820.109E+00 -0.108E+00 161.05 161.14 160.97 934.140.109E+00 -0.873E-01 165.54 165.64 165.46 943.620.112E+00 -0.669E-01 169.96 170.06 169.90 951.180.121E+00 -0.401E-01 174.02 174.12 173.98 959.420.138E+00 -0.139E-02 178.60 178.71 178.60 968.730.154E+00 -0.260E-01 181.53 181.65 181.55 974.340.108E+00 -0.907E-01 165.18 165.29 165.09 942.05

Table 4.13 Thermal Conductivity of o-Xvlene at T = 308.15K ---------  nom

u>



Tr

(K)

P

(MPa)

varPr
(mW m"1 K~2)

(ii)v3r P

(mW m"1 K“2)

A(Tr,Pr)

(mW m  ̂K *)

X(T ,p ) n r

(mW m * K *)

A(Tn,P) 

(mW i K

pr

(Kg m 3)

318.038 2.721 0.961E-01 -0.245E+00 128.23 128.24 128.21 863.17318.236 15.991 0.114E+00 -0.219E+00 132.03 132.02 132.05 872.74318.049 26.043 0.121E+00 -0.205E+00 135.57 135.58 135.55 879.66318.053 41.324 0.126E+00 -0.191E+00 139.59 139.61 139.57 889.15318.092 57.100 0.125E+00 -0.181E+00 143.73 143.74 143.72 898.08318.013 76.977 0.121E+00 -0.173E+00 148.82 148.83 148.79 908.42317.952 96.868 0.116E+00 -0.167E+00 153.58 153.61 153.55 917.86317.926 122.206 0.111E+00 -0.158E+00 158.92 158.94 158.88 928.80317.970 148.241 0.108E+00 -0.148E+00 164.21 164.22 164.18 938.99317.837 150.163 0.108E+00 -0.147E+00 164.50 164.53 164.45 939.78317.937 173.665 0.111E+00 -0.134E+00 168.84 168.86 168.81 948.19317.851 203.955 0.120E+00 -0.112E+00 174.25 174.29 174.22 958.31317.833 228.830 0.133E+00 -0.889E-01 178.09 178.14 178.07 966.01317.824 228;,830 0.133E+00 -0.889E-01 177.89 177.94 177.87 966.01317.793 253.257 0.151E+00 -0.622E-01 181.74 181.80 181.72 973.12317.798 253.257 0.151E+00 -0.624E-01 181.81 181.86 181.79 973.12317.812 279.671 0.174E+00 -0.291E-01 185.28 185.34 185.27 980.36

Table 4.14 Thermal Conductivity of o-Xylene at T = 318.15K --------- J J nom
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Tr P (2!)^ar p (2!)^ar p A(Tr,pr) X (Tn’pr> A(Tn,P)

(K) (MPa) -1 „ -2(mW m K

337.783
337.760
337.696
337.700
337.643
337.643 
337.576 
337.454 
337.413 
337.637 
337.351 
337.275 
337.348 
337.247 
337.171 •
337.177
337.177 
337.195 
337.128 
337.099

8.692
8.692 
24.896 
30.523
41.221
41.221 
57.510 
77.180 
98.591
123.726 
148.949 
173.762 
184.232 
204.760 
234.877 
263.653 
295.120 
306.525
319.726 
352.966

0.577E-01 
0.578E-01 
0.967E-01 
0.105E+00 
0.116E+00 
0.116E+00 
0.125E+00 
0.126E+00 
0.123E+00 
0.116E+00 
0.111E+00 
0.108E+00 
0.108E+00 
0.111E+00 
0.112E+00 
0.134E+00 
0.157E+00 
0.167E+00 
0.181E+00 
0.218E+00

-1 „-2(raW m K

-0.318E+00 
-0.318E+00 
-0.262E+00 
-0.249E+00 
-0.229E+00 
-0.229E+00 
-0.210E+00 
-0.197E+00 
-0.191E+00 
-0.188E+00 
-0.186E+00 
-0.183E+00 
-0.180E+00 
-0.173E+00 
-0.158E+00 
-0.140E+00 
-0.112E+00 
-0.101E+00 
-0.864E-01 
-0.448E-01

) (mW m

125.44
125.32
130.80 
132.22
135.81 
135.73 
140.29 
145.55 
150.85
156.32 
161.63 
166.14 
167.77
171.58 
176.99 
181.84 
186.17
187.59 
189.65
194.33

(mW m 1 K *) (mW m

125.44 125.48
125.31 125.36
130.80 130.81
132.21 132.23
135.81 138.81
135.73 135.73
140.30 140.27
145.57 145.51
150.88 150.80
156.32 156.32
161.66 161.57
166.18 166.07
167.80 167.71
171.62 171.51
177.05 176.92
181.90 181.77
186.24 186.12
187.66 187.54
189.75 189.61
194.45 194.31

K *) (Kg m 3)

850.83
850.85
863.43
867.43
874.66
874.66 
884.76 
895.81
906.62
917.92 
928.51 
937.95
941.66 
948.74 
958.39
966.92
975.62
978.62 
982.05 
990.23

Table 4.15 Thermal Conductivity of o-Xylene at T = 337.65K ---------  J nom
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Tr P (5i)vDT;p (1A.)v3x P M T r,pr) X (Tn ,p ) r X(Tn ,P)

(K) (MPa) (mW m

360.455
360.638
360.481
360.515
360.497
360.435
360.292
360.267
360.196
360.166
360.017
359.982
360.037
359.977
359.954 
359.872 
359.875
359.954 
359.943 
359.349
359.955

5.696
16.122
23.957
42.360
42.360 
56.792 
74.842 
97.375
123.118
150.669
171.349
176.282
203.854
233.668
262.554
291.610
325.775
338.037
354.764
382.716
419.192

-0.714E-01 
-0.925E-02 
0.274E-01 
0.819E-01 
0.820E-01 
0.106E+00 
0.121E+00 
0.126E+00 
0.124E+00 
0.117E+00 
0.113E+00 
0.112E+00 
0.109E+00 
0.109E+00 
0.116E+00 
0.127E+00 
0.148E+00 
0.157E+00 
0.171E+00 
0.199E+00 
0.243E+00

-1 „-2(mW m K

-0.430E+00 
-0.358E+00 
-0.316E+00 
-0.249E+00 
-0.249E+00 
-0.218E+00 
-0.195E+00 
-0.182E+00 
-0.177E+00 
-0.177E+00 
-0.178E+00 
-0.178E+00 
-0.176E+00 
-0.171E+00 
-0.162E+00 
-0.147E+00 
-0.123E+00 
-0.113E+00 
-0.968E-01 
-0.671E-01 
-0.215E-01

) (mW m

118.26
121.97
124.90
130.86
130.75
135.07
140.30
146.15
152.29
158.01 
162.19
163.01 
168.41 
173.84 
178.64
183.30 
188.38 
189.95
192.16 
196.04 
200.55

K-1) (mW m

118.28
121.98 
124.89 
130.83 
130.72 
135.04 
140.29 
146.14 
152.28 
158.00 
162.21 
163.03
168.42 
173.86 
178.66 
183.33
188.42
189.99 
192.20 
196.09 
200.60

K-1) (mW m

118.39 
122.15
125.00 
130.95 
130.83
135.14 
140.33 
146.18 
152.30
158.01 
162.17 
162.98
168.39 
173.81 
178.61 
183.26 
188.35 
189.93
192.14 
196.03 
200.55

k"1) (Kg m“3)

827.99
837.18
843.94
857.89
857.90
867.69 
878.79 
891.10
903.67
915.70 
924.04
925.95 
935.93
945.91 
954.85 
963.25 
972.42 
975.52
979.68 
986.35 
994.54

Table 4.16 Thermal Conductivity of o-Xvlene at T = 360.15Knom
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T
r

00

P

(MPa)

( i i )
va r p r

(mW m 1 K

( M .)
V3T P 

(mW m * K

X(T ,p  ) 
r  r

(mW m * K 1 )

X (T ,p ) 
n  r

(mW m 1 K *)

------------------------------ ,

X(Tn , P )

(mW m 1 K *)

p r

(Kg m 3 )

3 0 7 . 6 2 9 7 . 1 7 3 0 . 1 4 6 E + 0 0 - 0 . 2 8 1 E + 0 0 1 2 4 . 6 1 1 2 4 . 6 1 1 2 4 . 6 0 7 0 9 . 6 0

3 0 7 . 5 2 3 1 4 . 7 4 3 0 . 1 4 9 E + 0 0 - 0 . 2 6 5 E + 0 0 1 2 8 . 1 5 1 2 8 . 1 7 1 2 8 . 1 1 7 1 6 . 1 2

3 0 7 . 5 2 3 1 4 . 7 4 3 0 . 1 4 9 E + 0 0 - 0 . 2 6 5 E + 0 0 1 2 8 . 4 2 1 2 8 . 4 4 1 2 8 . 3 9 7 1 6 . 1 2

3 0 7 . 4 2 0 2 1 . 4 4 1 0 . 1 5 3 E + 0 0 - 0 . 2 5 2 E + 0 0 1 3 1 . 1 7 1 3 1 . 2 0 1 3 1 . 1 1 7 2 1 . 5 2

3 0 7 . 1 8 9 4 2 . 2 3 2 0 . 1 7 1 E + 0 0 - 0 . 2 1 4 E + 0 0 1 3 8 . 9 8 1 3 9 . 0 6 1 3 8 . 8 8 7 3 6 . 3 1

3 0 8 . 0 0 3 4 5 . 5 1 9 0 . 1 7 3 E + 0 0 - 0 . 2 1 0 E + 0 0 1 4 0 . 3 9 1 4 0 . 3 3 1 4 0 . 4 7 7 3 7 . 8 2

3 0 7 . 1 2 9 5 9 . 5 4 3 0 . 1 8 6 E + 0 0 - 0 . 1 9 0 E + 0 0 1 4 5 . 0 0 1 4 5 . 0 9 1 4 4 . 9 0 7 4 6 . 7 8

3 0 7 . 9 4 4 7 0 . 9 7 1 0 . 1 9 4 E + 0 0 - 0 . 1 7 6 E + 0 0 1 4 8 . 8 6 1 4 8 . 8 0 1 4 8 . 9 1 7 5 2 . 4 9

3 0 7 . 3 6 2 8 0 . 1 1 1 0 . 2 0 2 E + 0 0 - 0 . 1 6 5 E + 0 0 1 5 2 . 1 0 1 5 2 . 1 6 1 5 2 . 0 5 7 5 7 . 4 9

3 0 7 . 6 4 2 9 7 . 4 7 6 0 . 2 1 3 E + 0 0 - 0 . 1 5 2 E + 0 0 1 5 6 . 6 7 1 5 6 . 6 7 1 5 6 . 6 7 7 6 5 . 5 0

3 0 7 . 7 4 6 1 0 4 . 6 7 3 0 . 2 1 8 E + 0 0 - 0 . 1 4 5 E + 0 0 1 5 8 . 6 1 1 5 8 . 5 9 1 5 8 . 6 2 7 6 8 . 6 2

3 0 7 . 6 5 8 1 4 7 . 7 3 5 0 . 2 3 5 E + 0 0 - 0 . 1 2 5 E + 0 0 1 6 8 . 0 8 1 6 8 . 0 8 1 6 8 . 0 8 7 8 5 . 4 3

3 0 8 . 1 0 9 2 0 1 . 1 3 8 0 . 2 4 1 E + 0 0 - 0 . 1 2 4 E + 0 0 1 8 0 . 9 4 1 8 0 . 8 3 1 8 1 . 0 0 8 0 2 . 5 1

3 0 7 . 8 8 9 2 4 9 . 3 5 2 0 . 2 3 2 E + 0 0 - 0 . 1 3 6 E + 0 0 1 9 0 . 2 4 1 9 0 . 1 8 1 9 0 . 2 7 8 1 6 . 3 3

3 0 7 . 7 8 9 2 8 8 . 2 9 9 0 . 2 1 4 E + 0 0 - 0 . 1 5 3 E + 0 0 1 9 7 . 3 3 1 9 7 . 3 0 1 9 7 . 3 5 8 2 6 . 6 3

Table A.17 Thermal Conductivity of Oct-l-ene at T = 307.65K-----------  y nom
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1-----------
Tr

(K)

P

(MPa)

(ii)vsrp r

(mW m 1 K 2)

p

(mW m“1 K~2)

A(T ,p ) r r

(raW m 1 K *)

X(Tn,Pr)

(mW m * K *)

A(Tn>P)

(mW m * K ;

pr

(K£ m'3)

321.5A6 8.352 0 . 145E+00 - 0 . 224E+00 121.36 121.23 121.56 699.60
321.413 14.645 0 . 145E+00 -0.231E+00 124.77 124.66 124.94 705.39
321.300 24.794 0 . 148E+00 -0.234E+00 129.42 129.33 129.58 713.88
320.911 48.213 0 . 164E+00 - 0 . 224E+00 138.72 138.67 138.78 730.83
320.778 70.058 0 . 181E+00 - 0 . 207E+00 145.90 145.87 145.92 743.85
320.589 91.389 0 . 198E+00 - 0 . 188E+00 152.97 152.98 152.96 754.85
321.059 147.634 0 .228E+00 -0.148E+00 167.08 166.98 167.14 777.79
320.732 187.251 0.239E+00 - 0 . 128E+00 175.77 175.75 175.78 791.36
320.888 199.528 0 .241E+00 - 0 . 123E+00 178.88 178.82 178.90 795.11
320.491 279.269 0 .230E+00 - 0 . 108E+00 194.48 194.52 194.47 817.84
321.103 298.327 0.222E+00 - 0 . 108E+00 197.81 197.71 197.86 822.52
320.915 343.048 0 . 196E+00 - 0 .1 15E+00 205.53 205.28 205.36 834.04
320.791 399.661 0 . 143E+00 -0.137E+00 213.80 213.78 213.82 848.28
320.713 447.738 0 . 764E-01 - 0 . 174E+00 220.84 220.83 220.85 860.59
320.570 492.138 - 0 . 593E-02 - 0 . 225E+00 227.51 227.51 227.49 872.25

Table A.18 Thermal Conductivity of Oct-l-ene at T = 320.65K------------ nom
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Tr

(K)

P

(MPa)

^arpr
(mW m 1 K 2)

(H) var p

(mW m”1 k"2)

*(Tr,Pr)

(mW m 1 K *)

X(T ,p ) n r

(mW m 1 K *)

X(T ,P) n

(mW m * K *)

pr

(Kg m 3)

343.969 29.734 0.145E+00 -0.142E+00 128.29 128.31 128.26 700.95
343.775 53.416 0.151E+00 -0.199E+00 134.91 134.96 134.83 718.27
344.259 97.679 0.180E+00 -0.219E+00 149.93 149.91 149.96 742.75
343.820 151.073 0.213E+00 -0.201E+00 164.21 164.28 164.14 765.45
344.223 203.452 0.233E+00 -0.179E+00 176.49 176.47 176.50 782.96
344.053 248.250 0.241E+00 -0.163E+00 185.86 185.88 185.85 796.30
344.688 302.832 0.237E+00 -0.145E+00 196.23 196.11 196.31 810.88
344.434 345.053 0.223E+00 -0.141E+00 203.68 203.62 203.72 821.97
344.264 393.611 0.194E+00 -0.145E+00 211.97 211.95 211.99 834.46
344.162 449.215 0.140E+00 -0.159E+00 220.31 220.31 220.31 848.86
344.084 496.807 0.707E-01 -0.186E+00 227.31 227.31 227.30 861.50

Table 4.19 Thermal Conductivity of Oct-l-ene at T = 344.15K --------- nom
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1--
 

— P

(MPa)

(ii)"•arpr
(mW m * K 2)

(!!)3̂T'p

(mW m-1 K"2)

X(T ,p ) r r

(mW m 1 K *)

X(T ,pj n r'

(mW m 1 K *)

X(Tn,P)

(mW a  * K )

pr

(Kg m 3)

360.491 22.427 0.159E+00 -0.136E+00 118.59 118.53 118.63 683.13
360.143 55.020 0.145E+00 -0.155E+00 132.27 132.27 132.27 709.12
360.486 100.213 0.169E+00 -0.129E+00 147.44 147.39 147.49 734.86
360.226 154.712 0.203E+00 -0.872E-01 162.46 162.44 162.47 758.20
360.598 205.062 0.226E+00 -0.351E-01 174.50 174.40 174.51 775.48
360.501 241.018 0.236E+00 0.471E-02 182.59 182.51 182.59 786.70
360.629 298.828 0.241E+00 0.831E-01 193.61 193.49 193.57 803.40
360.774 351.065 0.229E+00 0.163E+00 203.27 203.13 203.17 817.98
360.595 
. . .

399.561 0.202E+00 0.237E+00 211.80 211.71 211.70 831.65

Table 4.20 Thermal Conductivity of Oct-l-ene at T = 360.15K --------- nom

LnO



Tr

(K)

P

(MPa)

(M,
r

(mW m"1 K”2)

^T'P

(mW m"1 K~2)

X(T ,p ) r r

(mW m 1 K *)

X(Tn,Pr)

(mW m 1 K *)

A(Tn,P)

(mW m 1 K *)

!--- ' ^
pr

(Kg m 3)
306.261 4.014 0.420E-01 -0.305E00 131.52 131.46 132.02 859.01
306.262 4.225 0.421E-01 -0.305E00 131.26 131.19 131.75 859.17
305.358 8.559 0.435E-01 -0.298E00 133.26 133.23 133.47 863.17
305.363 8.559 0.435E-01 -0.298E00 132.94 132.91 133.15 863.16305.225 15.949 0.456E-01 -0.291E00 135.19 135.17 135.36 868.58305.137 25.848 0.484E-01 -0.281E00 137.99 137.96 138.12 875.32
305.141 36.018 0.514E-01 -0.273E00 141.39 141.37 141.53 881.75
305.095 49.756 0.555E-01 -0.260E00 145.03 145.00 145.14 889.86304.918 60.473 0.588E-01 -0.253E00 147.90 147.89 147.97 895.86
304.835 85.305 0.663E-01 -0.235E00 154.00 153.99 154.05 908.41304.864 92.204 0.684E-01 -0.229E00 155.16 155.14 155.21 911.63304.821 100.922 0.711E-01 -0.223E00 157.82 157.81 157.86 915.60304.704 126.462 0.789E-01 -0.206E00 163.10 163.10 163.11 926.48
304.580 162.685 0.899E-01 -0.183E00 170.30 170.31 170.29 940.31
304.636 184.232 0.962E-01 -0.173E00 174.46 174.46 174.46 947.76
304.494 204.257 0.102E+00 -0.162E00 177.82 177.83 177.79 954.37304.438 233.265 0.111E+00 -0.147E00 182.63 182.65 182.59 963.29
304.465 263.653 0.119E+00 -0.133E00 187.30 187.32 187.28 971.94304.466 293.516 0.127E+00 -0.119E00 191.93 191.96 191.91 979.89304.444 324.187 0.136E+00 -0.106E00 196.11 196.14 196.09 987.59304.478 352.966 0.143E+00 -0.940E-1 199.68 199.71 199.67 994.38
304.415 360.637 0.146E+00 -0.913E-1 200.77 200.80 200.75 996.17
304.499 382.815 0.151E+00 -0.820E-1 203.65 203.67 203.64 1001.08304.409 421.761 0.161E+00 -0.663E-1 208.83 208.87 208.82 1009.37304.482 460.471 0.171E+00 -0.532E-1 212.88 212.91 212.87 1017.06
304.465 501.096 0.181E+00 -0.393E-1 217.32 217.35 217.31 1024.72

Table 4.21 Thermal Conductivity of Ethylbenzene at T = 304.65Knom
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(K)

356.588
357.702
356.221
357.538
359.096
357.304
358.845
357.189
358.737
357.091
358.416
358.325
357.003
358.714
358.270
356.595
358.111
358.179
358.228
356.640
358.227
356.526
356.741
356.730
356.731 
356.639 
356.597 
355.651 
356.479 
356.441 
356.489 
356.336

(MPa)

3.501
5.494
8.031
13.522
18.901
24.692
34.344
41.029
49.652
56.672
65.892
82.259
96.969
97.273
121.801
145.103
147.431
147.431 
173.665 
174.067 
204.156 
202.747 
232.055
262.154
262.154 
293.917 
321.609 
352.166 
383.211 
422.845 
462.350 
501.780

3T pr *(Tr,Pr)(— ) dT P X<Tn,Pr) X(Tn,P) pr
(mW m"1 K~2) (mW iif1 K"2) (mW m 1 K ^ (mW m 1 K (mW m"1 K_1) (Kg m'3)
0.329E-01 -0.273E+00 115.06 115.08 114.90 813.690.330E-01 -0.271E+00 116.26 116.25 116.41 814.760.333E-01 -0.274E+00 117.73 117.76 117.47 818.630.337E-01 -0.271E+00 118.50 118.49 118.61 822.800.342E-01 -0.268E+00 120.36 120.30 120.88 826.460.352E-01 -0.270E+00 121.96 121.96 122.00 832.960.366E-01 -0.265E+00 125.37 125.30 125.81 839.630.381E-01 -0.265E+00 127.02 127.02 127.03 845.960.395E-01 -0.260E+00 129.93 129.86 130.34 851.050.414E-01 -0.261E+00 132.09 132.09 132.08 856.980.431E-01 -0.256E+00 135.19 135.13 135.51 862.040.468E-01 -0.250E+00 139.46 139.40 139.75 871.910.509E-01 -0.246E+00 142.88 142.89 142.85 880.820.505E-01 -0.244E+00 143.84 143.76 144.22 879.930.569E-01 -0.234E+00 149.33 149.27 149.59 892.470.635E-01 -0.227E+00 154.39 154.43 154.27 903.920.636E-01 -0.224E+00 155.06 155.00 155.28 904.080.636E-01 -0.224E+00 155.58 155.52 155.81 904.040.705E-01 -0.214E+00 161.04 160.97 161.27 914.700.712E-01 -0.216E+00 160.51 160.54 160.40 915.700.786E-01 -0.203E+00 166.81 166.73 167.03 925.990.788E-01 -0.204E+00 166.94 166.99 166.81 926.360.865E-01 -0.193E+00 171.98 172.02 171.90 936.190.944E-01 -0.182E+00 177.87 177.91 177.79 945.620.944E-01 -0.182E+00 177.98 178.02 177.91 945.620.103E+00 -0.171E+00 183.38 183.43 183.29 954.870.110E+00 -0.161E+00 188.05 188.11 187.96 962.400.118E+00 -0.151E+00 192.88 193.06 192.66 970.620.125E+00 -0.140E+00 197.35 197.44 197.26 977.710.135E+00 -0.128E+00 202.55 202.64 202.46 986.670.144E+00 -0.115E+00 207.54 207.64 207.47 994.980.153E+00 -0.103E+00 212.54 212.66 212.46 1002.88

j '

Table 4.22 Thermal Conductivity of Ethylbenzene at T = 319.15Knom
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T P (ii)r v3T'pr V3T;P

(K) (MPa) (mW m 1 K 2) (mW m"1 K~2)

340.420 6.234 0.348E-01 -0.336E+00340.384 16.371 0.366E-01 -0.321E+00340.590 23.745 0.380E-01 -0.312E+00340.430 24.271 0.382E-01 -0.311E+00340.305 25.217 0.384E-01 -0.310E+00340.336 40.090 0.417E-01 -0.294E+00340.328 54.200 0.451E-01 -0.282E+00340.235 65.994 0.480E-01 -0.273E+00340.114 82.157 0.523E-01 -0.261E+00340.034 99.402 0.570E-01 -0.250E+00339.902 105.483 0.587E-01 -0.247E+00339.916 105.483 0.587E-01 -0.247E+00339.876 123.118 0.636E-01 -0.237E+00340.205 148.140 0.704E-01 -0.225E+00340.231 148.140 0.703E-01 -0.225E+00339.849 150.770 0.712E-01 -0.225E+00340.050 173.866 0.776E-01 -0.214E+00340.001 204.357 0.860E-01 -0.202E+00339.961 204.357 0.860E-01 -0.201E+00339.905 232.156 0.936E-01 -0.192E+00339.958 263.054 0.102E+00 -0.181E+00339.741 293.917 0.110E+00 -0.172E+00339.972 354.664 0.126E+00 -0.154E+00339.840 383.508 0.133E+00 -0.147E+00339.696 383.508 0.133E+00 -0.147E+00339.408 423.239 0.143E+00 -0.137E+00339.374 462.544 0.153E+00 -0.127E+00339.221 500.706 0.162E+00 -0.119E+00

A(Tr,Pr)

(mW m 1 K *)

X(T ,p ) n r

(mW m 1 K *)

X(Tn,P)

(mW m * K *)

pr

(Kg m 3)

121.81 121.78 122.07 830.95125.47 125.44 125.71 839.86127.77 127.74 128.06 845.65127.42 127.39 127.66 846.19128.16 128.14 128.37 847.03132.78 132.75 132.98 857.90136.95 136.95 137.14 867.25140.37 140.34 140.53 874.51144.48 144.45 144.60 883.71149.39 149.37 149.49 892.69150.48 150.47 150.55 895.76150.42 150.40 150.48 895.75154.79 154.78 154.84 903.98159.77 159.73 159.90 914.50160.21 160.17 160.34 914.48160.41 160.39 160.45 915.77165.72 165.69 165.81 924.65171.54 171.51 171.61 935.56171.46 171.43 171.52 935.58176.69 176.67 176.74 944.74180.46 180.43 180.51 954.11186.15 186.14 186.17 962.93194.92 194.88 194.97 978.38198.92 198.90 198.95 985.22199.10 199.10 199.11 985.28205.50 205.54 205.47 994.19210.67 210.72 210.64 1002.35215.23 215.30 215.18 1009.87

Table 4.23 Thermal Conductivity of Ethylbenzene at TnQm= 339.65K
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(K) (MPa)

(li)V3T'p

(mW m 1 K 2)

(3!)var p

(mW m~1 K”2)

X(Tr,Pr)

(mW m 1 K S

X(T ,p ) n r

(mW m * K

UTn,P)

(mW m 1 K (Kg m 3)

319.967
319.773 
319.723 
319.633 
319.422 
319.488 
319.353 
319.183 
319.767 
318.043
319.774 
319.594 
319.434 
319.584 
319.485 
319.295 
319.530 
319.666 
319.778 
319.602 
319.507 
319.754 
319.888 
319.875 
319.694

3.697
15.949
16.160
29.524
46.230
60.678 
77.790 
77.891 
96.767
97.679 
118.153 
144.294 
172.457 
203.150 
234.172 
263.853 
293.014 
323.790 
352.466 
354.165 
382.320 
421.958 
421.662 
463.043 
501.096

0.384E-01 
0.413E-01 
0.414E-01 
0.448E-01 
0.494E-01 
0.535E-01 
0.585E-01 
0.586E-01 
0.638E-01 
0.648E-01 
0.701E-01 
0.778E-01 
0.861E-01 
0.949E-01 
0.104E+00 
0.112E+00 
0.120E+00 
0.128E+00 
0.136E+00 
0.136E+00 
0.143E+00 
0.153E+00 
0.153E+00 
0.164E+00 
0.173E+00

-0.362E+00 
-0.339E+00 
-0.338E+00 
-0.316E+00 
-0.296E+00 
-0.280E+00 
-0.265E+00 
-0.264E+00 
-0.251E+00 
-0.249E+00 
-0.236E+00 
-0.221E+00 
-0.208E+00 
-0.194E+00 
-0.183E+00 
-0.172E+00 
-0.164E+00 
-0.154E+00 
-0.147E+00 
-0.146E+00 
-0.139E+00 
-0.130E+00 
-0.131E+00 
-0.121E+00 
-0.113E+00

126.57
130.71 
130.40 
134.84 
139.88
143.99 
148.27 
148.52 
152.93
153.80
157.99 
163.47 
169.02 
174.69 
180.04 
184.67 
189.16 
193.60 
196.35 
197.77 
201.39
207.81
207.71 
212.75 
217.34

126.54 
130.69 
130.38 
134.82
139.86 
143.97
148.26 
148.52 
152.89
153.87 
157.95 
163.43 
168.99
174.65 
180.01
184.65 
189.11
193.54
196.27
197.71 
201.34
207.72 
207.60 
212.63 
217.25

126.87
130.92
130.59
135.00
139.96
144.08 
148.32 
148.53
153.09 
153.52 
158.14 
163.56 
169.08 
174.77 
180.11 
184.70 
189.22 
193.68 
196.45
197.83 
201.44 
207.89 
207.81
212.84 
217.41

847.03 
856.89 
857.09 
866.71 
877.63
886.05
895.36 
895.52 
904.46 
905.99 
914.14
925.05 
935.73 
946.19
956.04 
964.82 
972.67 
980.50 
987.39 
987.87
994.37 
1002.82 
1002.70 
1011.10  
1018.46

Table 4.24 Thermal Conductivity of Ethylbenzene at T = 357.15K --------- nom
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required for the same purpose was obtained from the compilation of 
Vargaftik [69]. For ethylbenzene, the measured thermal conductivity has 
been corrected to the nominal temperature, in the manner described by 
Menashe and Wakeham [57]. In no case did the correction exceed +0.3%, 
so that the additional error incurred by using this correction is 
negligible. It is estimated that the uncertainty in the tabulated data 
is +0.3%. For ethylbenzene, a tabulation of the thermal conductivity as 
a function of density is included in tables 4.21 to 4.24 over the range 
for which direct measurements of the volumetric properties are 
available ( P £ 50MPa ) Mamedov et.al.[90]. It is claimed [90] that the 
uncertainty in the density data is within the range of +0.2% to +0.5%.

4.3 Correlation Of The Experimental Results.

For the purposes of correlating the experimental data, the thermal 
conductivity obtained at the nominal temperature and reference density, 
X(Tn ,pr), and the thermal conductivity at the nominal temperature and 
experimental pressure, were fitted to polynomials. The pressure 
dependence of the thermal conductivity, X, of all the liquids along 
each isotherm, has been represented for the purposes of interpolation, 
by an equation of the form:

The coefficients which secure the optimum representation of the data 

for all the liquids are listed in tables 4.25 to 4.29.

n
(4.2)

1=1



1

T(K) p'/MPa X '/mW m 1 K 1 10a1 102a2 102a3 102a,4

310.15 50 109.09 1.041 -0.79 9.00 -0.26

322.65 50 107.05 1.146 -1.71 2.09 1.081

342.65 50 103.09 1.236 -1.03 3.79 -1.722

359.65 50 99.87 1.355 -1.95 4.19 -0.472

364.15 50 99.16 1.381 -1.88 4.72 -1.183

Table 4.25 Coefficients of the Correlation for the Pressure Dependence of the 
Thermal Conductivity of Carbon Tetrachloride. ( Eq. (4.2)).
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TOO p'/MPa X' / mW m  ̂K ^ 10a1 102a2 1 0 % 102a,4

305.8 250 194.36 2.892 -6.256 4.971 -3.026

322.8 250 188.38 2.927 -5.873 4.968 -4.183

342.5 250 181.79 2.821 -6.377 6.138 -4.409

359.5 250 177.39 2.963 -5.954 5.558 -4.486

Table 4.26 Coefficients of the Correlation for the Pressure Dependence of the 
Thermal Conductivity of n-Pentane. ( Eq. (4.2)).



TOO p'/MPa X'/mW m 1 K 1 ioai 102a2 1 0 % 102a4

308.15 250 182.39 1.9512 -7.7619 -6.1889 -7.2386

318.15 250 181.22 1.9957 -7.9077 -1.4013 -3.3111

337.65 250 179.29 2.2372 -4.8354 0.30786 -4.2433

360.15 250 176.40 2.3554 -4.8825 2.1394 -3.4978

Table 4.27 Coefficients of the Correlation for the Pressure Dependence of the
Thermal Conductivity of o-Xylene. ( Eq. (4.2)).



T(K) p’/MPa X '/mW m  ̂K ^ 10a1 102a2 102a3 102a4

307.65 200 180.337 2.358 -3.089 -1.229 -7.372

320.65 200 179.120 2.279 -5.689 3.952 -1.464

344.15 200 175.689 2.556 -5.957 1.773 -0.251

360.15 200 173.468 2.577 -6.108 4.034 -1.644

Table 4.28 Coefficients of the Correlation for the Pressure Dependence of the
Thermal Conductivity of Oct-l-ene. ( Eq. (4.2)).



T(K) p '/MPa X »/mW irf1 K 1 10aL I02a2 1 0 % lo2aA4

304.65 250 185.24 2.0902 -5.0071 2.4829 -1.1205

319.15 250 182.39 2.1728 -4.3991 3.5221 -1.5883

339.65 250 179.13 2.3033 -5.2290 3.6199 -1.1947

357.15

i______________

250 175.65 2.5455 -5.3766 2.4115 -1.7728

Table 4.29 Coefficients of the Correlation of the Pressure Dependence of the

Thermal Conductivity of Ethylbenzene. ( Eq. (4.2)).
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Figures 4. H i  to 4.vii contain the deviations of the thermal 
conductivity of the five electrically insulating fluids from the 
optimum correlation of equation (4.2). The same figures contain the 
results of earlier measurements of the thermal conductivity of the same 
liquids for comparison.

Figure 4.iv illustrates the deviations of the experimental data of 
n-pentane from the correlation. In no case do the deviations exceed 
+1.0%, the standard deviations of the entire set being +0.2%. This 
figure also includes a comparison with earlier measurements of the 
thermal conductivity of n-pentane [92-94]. The earlier results 
generally deviate from the present correlation by more than the mutual 
uncertainty. The data of Carmichael et.al.[92] are systematically lower 
than the reported ones by about 6 %, as well as Bogatov et.al.T941 which 
are also systematically lower than the current values by 2%. Those of 
Mukhamedzyanov and Usmanov [93] are systematically higher by about two 
to five percent. Owing to the higher precision of the present data, 
they are to be preferred to the earlier results.

Figure 4.vii represents the pressure dependence of the thermal 
conductivity , X, of ethylbenzene over the entire range of the 
measurements. The figure contains a plot of the deviations from the 
above correlation (4.2), which reveals that the maximum deviation is 
+0.61%, while the standard deviation is +0.13%. The same figure
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includes a comparison with the earlier results of Rastorguev and Pugach 
£95]. The significant systematic departure of the earlier results from 
the correlation of the present values is outside the claimed 
uncertainty of the two sets of results. However, the present results 
are to be preferred owing to their accuracy.

Figure 4. iii shows the deviations of the experimental data of 
carbon tetrachloride from the correlation of (4.2). It can be seen that 
they do not exceed +0.5%; the standard deviation over the entire set 
being one of +0.15%. There appears to have been no previous 
measurements of the thermal conductivity of carbon tetrachloride under 
pressure against which to compare the present results.

Figure 4.v contains the deviations of the experimental data of 
o-xylene from equation (4.2) that secures the optimum representation of 
the pressure dependence on the thermal conductivity. The standard 
deviation of the data from the correlation is about +0 .1 %, while the 
maximum deviation is +0.4%. Accurate data on the thermal conductivity 
of o-xylene is lacking. Mamedov et.al.[90], gives the equation of state 
of the said liquid for the density dependence on temperature and 
pressure, but with a very restricted range, up to 500 bar.

Figure 4. vi gives the pressure dependence of the thermal 
conductivity of oct-l-ene along each isotherm based on the correlation 
of equation (4.2). The figure illustrates the deviations of the present 

experimental data from this correlation and includes the results of the
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Figure 4.iv.
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Figure A.iii 
data from their 
equation (4.2), 
%  310.15 K 
^322.65 K 
H  342.65 K 
A359.65 K 
A  364.15 K

The deviations of the thermal conductivity 
correlation as a function of pressure by 
for liquid carbon tetrachloride.

Figure 4.v The deviations of the thermal 
data from their correlation as a function of 
equation (4.2), for liquid o-xylene, m-xylene 

o-xylene

conductivity 
pressure by 
and p-xylene.

m-xylene
p-xylene
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Figure 4.vi. The deviations of the experimental thermal 
conductivity of oct-l-ene, from the correlation of equation (4.2).

0307.65 K; ►320.65 K; |  344.15 K; ^  360.15 K. 

[96] :
A  307.65 K; □  320.65 K; O  344.15 K; ^360.15 K.
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Figure 4.iv The deviations of the experimental thermal 
conductivity of n-pentane, from the correlation of equation
(4.2).
Present work:
0305. 8 K; 0  322.8 K; 3  342.5

[92] : A  305.8 K; V  342.5 K.
[93] : □  305.8 K; |  342.5 K.
[94] : H  305.8 K; Q  342.5 K.

©  359.5 K.

Figure 4.vii The deviations of the experimental thermal 
conductivity of ethylbenzene, from the correlation of equation 
(4.2).
This work:
O  304.65 K; £  319.15 K; □  339.65 K; H  357.15 K.

[95] :
A304.65 K; A319.15 K; V339.65 K; ^357.15 K.



only earlier set of measurements at pressures up to 50MPa [96]. The 
present data do not depart from the correlation by more than +0.7% over 
the entire range of pressures. The agreement with the results of Naziev 
and Abasov [96] is within the mutual uncertainty of the two sets of 
data in the limited range of overlapping pressures, although the 
present results are of higher accuracy.

171.

4.4 Water.

Water is a highly polar fluid and whilst it is possible to obtain 
the material with an extremely low electrical conductivity, this cannot 
be maintained in the presence of the metallic walls of the thermal 
conductivity cells. Thus, in any practical instrument, the water will 
contain a very low concentration of ions. This low concentration is 
most certainly not enough to cause any change in the thermal 
conductivity of water, but has a profound effect upon the electrical 
conductivity. Water is therefore a suitable prototype fluid for the 
first test measurements for the new thermal conductivity instrument for 
electrically-conducting fluids. Water has also the peculiar advantage 
over other electrically conducting liquids in that it has been the 
subject of many earlier studies of the thermal conductivity, which have 
been critically reviewed by the International Association of the 
Properties of Steam. As a result, there is a quite accurate and wide 

ranging correlation of the thermal conductivity against which to test 
the results of new instruments.

For these reasons, we report here measurements of the thermal



conductivity of water as a proof that the new instrument operates 
correctly and in accordance with the theory of it. The measurements 
have been carried out at four isotherms of 302.65K, 312.55K, 324.15K 
and 341.65K at pressures up to lOOMPa. A further set of measurements 

was carried out in the extended pressure range up to 300MPa. The 
thermodynamic properties of water required for the application of the 
corrections detailed in Chapter 2 have been taken from the work of Haar 
et.aT. [97,98], and these for tantalum pentoxide required for the same 
purpose taken from [99].

Tables 4.30 to 4.33 list the experimental data for water. As well 

as the thermal conductivity at the reference conditions X(Tr«Pr) we 
list the values corrected to the nominal temperature at the same 
density and the experimental pressure. The thermal conductivity has 
been converted to a nominal temperature by the application of a small, 
linear correction based upon the I.A.P.S. formulation for the thermal 
conductivity of the water substance [100,101]. The quoted density is, 
in each case, based upon the equation of state of Haar et.aT. [96,98]. 
These tables include check measurements carried out at the end of each 
isotherm.

4.4.1 Accuracy of the Measurement of Water.

In order to demonstrate that the apparatus operates in accord with

the theoretical model of it outlined earlier, it is essential to
ascertain that the experimental term AT vs.MI in t line with AT



T To r
(K) (K)

297.57 302.71
297.52 302.68
297.52 302.67
297.60 302.73
297.57 302.69
297.62 302.73
297.62 302.76
297.62 302.80
297.62 302.83
297.57 302.67
297.57 302.67
297.57 302.59
297.57 302.61
297.62 302.69
297.62 302.70
297.60 302.67
297.57 302.54
297.60 302.56
297.60 302.58
297.62 302.57

Pressure
(MPa)

X(Tr,
(mW m ^

0.1013 611.7
0.1013 613.5
3.74 614.7
9.72 616.1
16.01 618.0
20.75 620.9
25.49 623.6
25.49 623.7
28.99 624.6
41.96 628.5
41.96 630.6
52.15 634.0
52.15 635.6
62.63 638.9
62.63 638.2
70.44 644.9
82.14 648.5
92.82 651.8
92.82 652.6
102.66 655.4

(P, T ) r r X (T o ) nom^ r (T ̂v‘Lnom* P)

(kg m 3) (mW m ^

995.7 611.7
995.7 613.4
997.4 614.7
1000.0 615.9
1002.7 617.9
1004.7 620.7
1006.6 623.4
1006.6 623.5
1008.1 624.2
1013.4 628.5
1013.4 630.6
1017.5 634.1
1017.5 635.7
1021.6 638.8
1021.6 638.1
1024.6 644.9
1029.1 648.7
1033.1 652.0
1033.1 652.7
1036.7 655.6

k"1) (mW m"1 K”1)

611.7 
613.5
614.7
617.0 
617.9
620.8
623.4
623.5 
624.3
628.5
630.6
634.1
635.7
638.8
638.1
644.9
648.7 
652.0
652.7 
655.5

297.60 302.79 0.1013 613.5 995.7 613.3 613.3

Table 4.30 Thermal Conductivity of Water at T = 302.65Knom
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r------------
T T Pressure X (Tr, Pr) Pr(P, Tr) A (T ,p ) A (T , P)o r nom r nom
(K) (K) (MPa) (mW m"1 K"1) (kg m 3) (mW m_1 K_1) (mW m  ̂K

319.58 324.29 0.1052 645.4 987.5 645.2 645.2
319.55 324.30 6.22 648.5 990.1 648.3 648.3
319.55 324.32 6.22 649.6 990.1 649.4 649.4
319.55 324.29 9.00 649.6 991.3 649.4 649.4
319.50 324.20 19.82 655.6 995.9 655.5 655.5
319.50 324.16 19.82 655.3 995.9 655.3 655.3
319.50 324.23 19.82 654.0 995.8 654.0 654.0
319.53 324.15 33.52 658.3 1001.4 658.3 658.3
319.53 324.15 33.52 659.5 1001.4 659.5 659.5
319.55 324.22 41.55 663.0 1004.6 662.9 662.9
319.55 324.11 50.91 668.2 1008.3 668.2 668.2
319.55 324.14 61.29 672.2 1012.3 672.2 672.2
319.55 324.14 61.29 673.1 1012.3 673.1 673.1
319.55 324.20 72.70 676.9 1016.5 676.8 676.8
319.55 324.15 72.70 677.3 1016.5 677.3 677.3
319.50 324.07 82.76 681.6 1020.3 681.7 681.6
319.55 324.29 92.82 687.8 1023.8 687.8 687.8
319.55 324.18 92.82 686.4 1023.9 686.4 686.4
319.55 324.23 92.82 686.5 1023.9 686.4 686.5319.53 324.18 102.56 689.5 1027.4 689.5 689.5319.53 324.08 102.56 688.8 1027.4 688.9 688.8
319.50 324.12 38.77 663.6 1003.6 663.6 663.6
319.53 324.32 0.1052 644.0 987.5 644.0 644.0

Table 4.31 Thermal Conductivity of Water at T = 324.15K ---------  nom
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T0
(K)

Tr
(K)

Pressure
(MPa)

X(Tr> pr) 
(mW m"1 K_1)

pr(p. v
(kg m 3)

X (T ip ) nom r
(mW m"1 K_1)

A(T . P) nom
(mW m * K )̂

337.34 341.78 0.1013 661.8 978.6 661.6 661.7
337.394 341.82 5.39 664.1 980.9 663.8 663.9
337.29 341.87 10.34 666.8 983.0 666.5 666.6
337.37 341.63 14.16 667.7 984.6 667.7 667.7
337.29 341.89 14.67 670.7 984.6 670.3 670.5
337.29 341.85 14.67 669.1 984.6 668.8 668.9
337.32 341.84 17.97 672.5 986.1 672.2 672.4
337.32 341.86 17.97 674.9 986.1 674.6 674.7
337.29 341.74 32.18 676.7 992.1 676.6 676.6
337.32 341.81 41.34 678.7 995.7 678.5 678.6
337.29 341.84 51.01 686.1 999.5 685.6 685.9
337.34 341.69 62.12 692.9 1003.8 692.9 692.9
337.32 341.63 73.11 695.7 1007.9 695.7 695.7

Table 4.32 Thermal Conductivity of Water at T = 341.65K --------- nom 175



To Tr Pressure XvTr, pr) Ar(P, ^ Tnom,pr̂ A(Tnom P)
(K) (K)

297.70 302.64
297.65 302.73
297.65 302.48
297.73 302.53
297.65 302.43
297.67 302.51
297.65 302.35
297.73 302.31
297.73 302.31
297.67 302.27
297.67 302.21
297.65 302.25
297.20 302.24
297.67 302.31
297.67 302.14
297.65 302.11
297.62 302.12
297.62 302.12
297.62 302.15
297.62 302.07
297.62 302.19

(MPa) (mW m

0.1013 613.7
3.95 616.6
9.52 617.4
16.11 619.5
22.61 621.4
36.51 628.3
51.84 635.2
67.15 640.4
67.15 640.2
82.56 647.6
100.41 655.2
110.65 660.0
125.20 665.1
125.20 666.2
147.29 672.7
172.83 682.2
200.87 691.6
200.87 690.4219.71 703.4
262.90 710.9
285.72 718.3

(kg m 3) /■—
s l 3 1

995.8 613.8
997.5 616.5
999.9 617.8
1002.8 619.8
1005.5 621.9
1011.3 628.8
1017.5 635.8
1023.5 641.1
1023.5 640.9
1029.4 648.31036.0 656.1
1039.7 660.9
1044.8 665.9
1044.8 666.9
1052.4 673.8
1060.8 683.4
1069.6 692.8
1069.6 691.51075.2 704.5
1087.6 712.2
1093.7 719.4

) (mW m

613.8
616.5
617.7
619.7
621.8
628.7
635.7
641.0
640.8
648.2
655.9
660.7
665.8
666.8
673.6
683.2
692.6
691.3
704.3
712.0 
719.2

if1)

Table 4.33 Thermal Conductivity of Water at T = 302.65Knom
up to 300MPa



corrections as outlined in Chapter 2, is linear. This serves also to 
establish that the measurement of the thermal conductivity is free of 
convection and radiation effects.( Chapter 2 ).
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In consequence, figure 4.viii displays a plot of the deviation of 
the corrected, experimental measured temperature rises as a function of 
time from a linear fit to the data, for a run in water at a temperature 
of 302K, and a pressure of 102.7 MPa. Figure 4. ix contains a plot of 
the absolute temperature rise itself, for a run in water at 298K and 
0.1 MPa. It can be seen that no point deviates by more than +0.04% from 
the linear fit, while the standard deviation is one of +0 .0 2 %, which is 
consistent with the estimated precision of the measurements. 
Furthermore, there is no evidence of any systematic curvature in the 
data.

This figure is typical of these encountered under all conditions, 
and can be taken as proof that the experiment operates in a manner 
consistent with the theory of it.^.Vlii)

The precision of the measurement of thermal conductivity, based 
upon the statistical uncertainty in the slope of the line AT vs. t 
is +0.1%. However, the accuracy is rather worse, because it involves 
the uncertainty in the temperature coefficient of resistance of 
tantalum. It is estimated that the overall accuracy of the data is one
of +0.3%.
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Figure 4.viii. Deviations of the corrected, experimental temperature rise as a
function of time, from a linear fit in In t, for a measurement in water at T=302.65 K, P=102.7MPa.
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4.4.2 Comparison With Other Data.

The International Association for the Properties of Steam have 
prepared a correlation of the thermal conductivity of water substance 
for scientific use. The correlating equation has the form [100,101] :

A AQexp
4 5

p i= 0  j= 0

b. .ij 1 I + AX 

(4.3)

where

An = ' T 1 / 2 r v r T k 1— — i  "k HP

L T J . k= 0
1 J

(4.4)

AA =
V

r T * -]Tp to

*
[ T p J

a(p/p*)

. d(T/T )

- . 2 * •P
J . P „

1/2

e x p j  -

2 * *

A L  - 1 - B £_-i
j* *L T J L P J

t

} (4.5)

Numerical values of the constants

T* = 647.27 K 

p* = 317.763 kg/m3  

P* = 22.115 MPa



C = 3.7711xl0~8 W Pa s/K in 
&) = 0.4678 
A = 18.66 
B = 1.00

Here,

A denotes the thermal conductivity ( W m ^  ), 

p denotes the density,

T denotes the absolute temperature on the 1968 
Practical Temperature Scale,

P denotes the pressure,

ji denotes the dynamic viscosity as defined in the

I.A.P.S. Release on the International Representation 
of Dynamic Viscosity of Water Substance, 1975, as 
amended in 1982 ( Pa.s),

* r  =
• •

p ' d(p/p * )

*
1 p J [ a ( p / p  )  J

(4.6)

is the reduced isothermal compressibility, T , P , and p denote 
numerical constants which are close to, but do not represent the 
corresponding critical constants. C, u, A, B, a, , b. . are numericalK 1J
constants listed above.



In figure 4.x. this correlation is used as the basis for a 
comparison with the results of the present work, as well as a selection 
of the most accurate earlier measurements covering the same range of 
conditions as we have studied here. In this region of states, the 
I.A.P.S. correlation has an estimated uncertainty of +1.5-2.5%, and it 
can be seen that the present data lie within this band. For the lower 
isotherm at 302.65K, the present data are systematically approximately 
0.4% below the correlation. At a temperature of 324.15K, the data are 
distributed about the correlation. In neither case does the deviation 
exceed +0.7% while the standard deviation over the entire set of data 
is +0.3%.

The I.A.P.S. formulation [100,101] therefore provides a reasonable 
representation of the present data, although the latter are more 
accurate. Other measurements are in progress to extend the ranges of 
temperature and pressure of the present measurements, which should 
eventually allow the improvement of the international correlation.

It should be noted that the accuracy claimed for the present 
measurements is superior to that associated with any earlier 
measurements, or indeed the I.A.P.S. correlation itself.
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Chapter 5.
t r a n s p o r t t h e o r y  in liquids

5.1 Introduction.

A substantial effort has been expended into the accurate 
measurement of the transport properties of fluids [102,103]. The 
reasons are two-fold; first, the industrial need for accurate data of 
the transport properties, which is geared to efficient running and 
optimizing manufacturing processses [104], and equally as important, 
the fundamental molecular information that can be gained from such high 
quali ty measurements [105,106].

Reliable predictions of the transport of dense and/or polyatomic 
fluids cannot be made ab initio for a number of reasons. First, there 
is no solution of a suitably generalised Boltzmann equation [107-111], 
nor are the necessary intermolecular potentials, either pair and 
many-body known. It is true that there exists a formal statistical 
mechanical theory for the transport coefficients, but its application 
for use to calculate physical properties for real fluids, has only been 
accomplished by obtaining approximations based on uncertain physical 
assumptions. In addition to that, transport coefficients calculations 

of simple fluids based on these approximations do not yield results 
with the desired accuracy and are frequently in poor agreement with 
experimental data. In such circumstances, it is necessary to use the 
approximate theories carefully, as a guide to the development of
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prediction methods, and not as the prediction methods themselves. Among 
the most successful of the approximate theories is known as the Van der 
Waals model. It is to the application of this theory to the present 
experimental data and to the development of a refined prediction method 
for the transport properties, namely, the thermal conductivity of dense 
polyatomic systems that the present chapter is devoted.

5.2 Summary of Available Methods for the Calculation of
Thermophvsical Properties.

At this point, it is desirable to consider briefly the methods 
that have been used to evaluate certain thermophysical properties, such 
as transport phenomena, which includes thermal conductivity, thermal 
diffusion and viscosity. A number of moderately successful theories and 
models were postulated to describe transport phenomena, but each of 
these models had serious deficiencies ascribed to them. They could not 
adequately represent the entire thermodynamic ranges of density or 
temperature required, and most importantly, these theories could not 
fully support one another, thereby contradicting some aspects of the 
predicted properties and evaluations of the calculated results. The 
following sections are devoted to brief descriptions of these models, 
and then lead to the more concise theories of the smooth hard-sphere 
and the rough hard-sphere models.

5.2.1 The Monte-Carlo Method.

In this method, the configurational thermodynamic properties of a
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model are calculated by the method of statistical mechanics. The model 
comprises a specification of the intermolecular potential for the 
fluids and their masses. The particular form of the Monte-Carlo method 
used in liquid state physics, is that devised by Metropolis et.al 
[ 1 1 2 , 1 1 3 ] .

The Monte-Carlo method consists in generating a set of molecular 
configurations of the N particles in the model. A configuration N. ist)
accepted or rejected according to a criterion which ensures that in the 
limit of an infinite number of transition, a given configuration occurs
with a probability proportional to the Boltzmann factor, exp(-<f^/kT) 
for that configuration.

A criterion is required for the acceptability of the new 
configurations, such that they develop with the correct Boltzmann 
weighting: when the thermodynamic and configurational characteristics 
of the assembly may be determined as actual canonical averages in the 
true statistical mechanical state*.

The thermodynamic average, < f > is thus determined as a weighted 
phase average where P(x) is the weighting function. A commonly used 
prescription for the acceptability of a trial configuration is the 
following: a particle of the system is selected, either serially or at 
random, and given a random displacement from state i to state j. The 
increase in the total configurational energy is then assumed to be

( 5 . 1 )
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A(Ĵ J, then if ACĵ * is negative, the move is accepted and the new 
configuration replaces the old one - the new configuration is evidently 
more probable than the former one. If ACfĵ  is positive, the move is 
accepted only with the probability that P. j=exp(-A((^^/kT), the machine 
then selects a random decimal number in the range 0  to 1 and compares 
it to exp(-A<tjj^/kT). If the exponential is the greater, the move is 
allowed, otherwise the move is rejected. If a move is rejected, the 
previous configuration is counted again. The distribution in the 
configuration space develops as the Boltzmann factor exp(-<{^/kT). The 
overall chain average of any function therefore converges to the 
canonical ensemble as the number of steps in the chain approaches 
infinity. This technique cannot be used for the transport properties, 
because they involve a time dependence for the system.

5.2.2 The Molecular Dynamics Method.

Molecular dynamics simulation has proved to be extremely effective 
in predicting the physical properties of systems ranging from simple 

liquids and plasmas to systems governed by more complex potentials such 
as liquid metals and gases. A number of investigators have studied the 
dynamics of particles interacting through hard sphere (short range) 
potentials [114-122]. Such systems are easy to analyse, because the 
particles stream freely between collisions. The time evolution can be 
treated as a sequence of binary, elastic collision events. The 
essential idea is to integrate the equations of motion characterising 
the particles as they interact, moving about in an arbitrary cell of a 
fixed volume. In this method, the Classical Newtonian equation of 
motion of an assembly of particles are solved numerically and
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integrated to yield the evolution of the configurational and velocity 
distributions. The particles are released from an arbitrary ( 
non-overlapping ) configuration within the fundamental cell, either 
from rest or with a random distibution of velocities. The system 
evolves rapidly, attaining a Maxwellian velocity distribution after 
about six collisions per particle in the case of hard-spheres, in which 
the energy of the assembly is purely kinetic - rather more for 
realistic interactions in which configurational adjustment must 
accompany the potential-kinetic energy exchange in attaining the 
equilibrium velocity distribution.

The position and velocity coordinates are stored as a function of 
time, and after the transient effects of the initial starting 
configuration have died out, the data may be analysed for the 
microstructure of the assembly. The net force on an atom i may be 
determined classically by talking the vector sum over the neighbouring 
particles:

N-l
- Y v&ij) (5-2)
j

presupposing a knowledge of the distribution of atomic centres and the 
interaction potentials (J)(ij). If the configurational and momentum 
coordinates of each atom at some time t are stored, then the classical 
trajectory of atom i over a period of time At may be determined by 
solution of the Newtonian equation as a sequence of discrete linear 
steps. The new position coordinate in the absence of any external
fields will be:
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N-l
q (t+At) = v (t)At - vCf)(ij)(At) 2 + q (t)

1 2m. . 1i J
(5.3)

whilst the new velocity coordinate will be:

N-l
v.(t+At) = v^t) - 1_ J v(j)(i j)(At) (5.4)

m. .i j

Short life-time vibratory modes are interdispersed with diffusive 
motions, and the phonon spectrum of a liquid shows these two components 
quite clearly. The simulation proceeds sequentially determining the net 
force trajectory of each of the N particles in the assembly, and the 
system executes an implicitly pairwise evolution.

The second general application of the molecular dynamics method is 
the simulation of assemblies of molecules, interacting with somewhat 
over-simplified forms of potential energy function, in order to 
establish a sound physical basis for the development of a successful 
theory of transport properties in dense fluids. For example, the 
computations of Alder and Einwohner [118,119], on the free path 
distribution for hard-spheres, which interact according to :

U(r) = 0  r > a

U(r) = 00 r < a



and square-well molecules, for which the interaction potential is:

U(r) = 0 r > Rcr 
U(r) = -e cr < r < Rcr 
U(r) = 00 r < a

showed that molecular motion proceeds by a succession of small 
diffusive steps, and not by relatively small number of jumps, whose 
length is approximately equal to the intermolecular spacing, as is 
implicit in the model of Eyring [123]. Furthermore, they showed 

[118,119] that the Brownian motion approximation, which postulates that 
the molecules undergo many collisions involving the attractive part of 
the potential, between successive repulsive interactions, and which was 
used by Rice et.al.[124], as a basis for a theory of transport 
properties, is unsatisfactory even at high pressure and low 
temperature.

Such simulations have been performed for systems characterised by
a variety of short range interaction potentials, including the
Lennard-Jones potential and exponential repulsive potentials. The
simulation of systems interacting by way of long range
forces-particularly Coulomb forces-is a bit more difficult, since a

5 6very large number of particles may interact ( 1 0  to 1 0  ) to produce 
"self-consistent" fields that act on the particles [125].

The conflicting interests of computational expediency, and 
significance of the calculated result, restrict the time graining
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At~10 seconds. If coarser time graining is used, overlapping 
configurations of atoms will develop, and the particles will 
subsequently separate with infinite or near-infinite velocities, 
depending upon the details of the repulsive core of the interaction 
potential.

“1^

5.2.3 Comparison of Molecular Dynamics Simulations and the Monte 
Carlo Methods.

Many of the essential limitations of the computer schemes 
discussed earlier, apply to both the principal simulation methods. The 
restriction to small, finite assemblies ( N = 1 0 0  to 1 0 0 0  ) is
inevitable in both procedures and periodic boundary conditions are 
introduced to eliminate surface effects. In neither case is pairwise 
additivity of the potential function an essential restriction; although 
it is generally employed because of the great simplification that 
ensues.

The great advantage of the Molecular Dynamics approach lies in its 
ability to deal with non-equilibrium and transport phenomena, provided 
the relaxation time for the process is significantly smaller than the 
computation time. Since the maximum temporal extent for which a dynamic 
event can be followed is 1 0  ^s, the process is therefore limited to 
microscopic non-hydrodynamic events.
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The equivalence of the asymptotic results of the Monte Carlo 
configurational averages for the thermodynamic quantities, and 
molecular dynamics results obtained as time averages over phase-space 
trajectories depends essentially on the passage to the asymptotic limit 

N— >«> , V— >°° , N/V— >constant. The two methods should produce results 
in agreement to order N * , and one would generally expect agreement of 
the two approaches within statistical error.

One particular advantage of the Monte Carlo method is that it may 
be relatively easily extended to quantum-mechanical system, in which 
the exchange symmetry of the single-particle wavefunction must be 
preserved. Neither these models are easily applied to calculations 

involving real fluids, because the pair-potential in not known.

5.2.4 The Brownian Motion Theory.

The classical theory of Brownian motion as developed by Einstein 
in 1905 [126], can provide the basis for a theory of transport in 
fluids, with an application to dense fluids, in which the particles 
interact through realistic intermolecular potential. The 
configurational diffusion of particles in a fluid, may be interpreted 
at a macroscopic or a microscopic level.

The approach to equilibrium is regarded as a relaxation of a 
concentration gradient, c, with time, or alternatively, the individual 
particles may be imagined to execute random trajectories (Brownian
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motion), until they have spread uniformly throughout the accessible 
volume.

In the macroscopic case, the evolution is determined by the 
diffusion equation:

gc = DVZC = uf *1 + *1 + *1 }
dt ' dx2 dy2 t*2'* 'dx d2z

(5.5)

where D is the coefficient of self-diffusion and it is straight-forward 
to show that D=kt/p^y  The result is important, first, in that it 
describes an irreversible configurational evolution towards equilibrium 
in the fluctuating soft force field, and second, that the diffusion 
equation can usually be readily solved for given initial and boundary 
conditions, to yield the concentration as a function of the coordinates 
and the time. The natural extension of this equation is towards the 
molecular interpretation.

Smoluchowski showed that the corresponding generalization of 
Brownian motion in an external field X, with c replaced by n(iy t̂le 
simple particle distribution function, is:

driji)/5t = div
{

kT

( 1)
grad n(1) P ( 1)

n(i)}

(5.6)

in vector notation. This is the Smoluchowski equation.
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( Setting X=0, the right hand-side becomes (kT/a)div grad 
n 1 =(kT/a)v2 n1, which with D = (kT/a), reduces to the original diffusion 
equation ). Clearly, equilibrium is characterized by the absence of 
generalized fluxes in the system:

dn^^/dt = div
{

kT

(1)
grad n(1) P ( 1)

nd ) } = 0

(5.7)

There is one important modification which has to be made to this 
treatment, before it can be used to describe the configurational 
evolution in a dense fluid. As it has been described thus far, the 
Brownian particles are regarded as being independent, as in a dilute 
gas, so that all the structural information is continued in the 
single-particle distribution n ^ . a dense fluid assembly, it is 
known that there are we 1 1 -developed spatial correlations, and the 
evolution of the hierachy of higher-order distributions need to be 
known. In a better approximation, the evolution of the two-particle 

function n 2̂ ) needs to be known.

The necessary modifications of equation (5.6) have been made by 
Kirkwood and Eisenschitz [127]. The representative pair of molecules 
are now considered as the Brownian particle moving in the fluctuating 
soft force field of the remaining (n-2) particles. The irreversible 
progress towards equilibrium is now expressed in terms of a two-body 

friction constant P^)' S*ven by force autocorrelation acting on 
the representative pair-'
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(2) 3mkT < F(2)^'Ff9V(2) (N-2) (5.8)

The upper limit is set at t rather than infinity to avoid 
difficulties, and irreversibility is ensured by time smoothing over the 
period of decay of the force autocorrelation, t. The remaining question 

is the evaluation of P(2)* Assuming P(2) *s lar6 e enough, the 
configurational projection of the two-body Fokker-Planck equation, 
sometimes called the Kramers-Chandrasekhar equation, [128] is regained:

dn(2)
dt

= div { J l L  grad n(2) - [ - p H  ]»(2) } 
\2) P(2)

(5.9)

which is the two-body Smoluchowski equation. Instead of the external 
force acting on a Brownian particle, the mean relative force of one 

molecule on the other is then obtained, -grad 1 2 ) * w^ere ^(1 2 ) *s t*ie 
potential of the mean force.

To apply the theory to viscosity, the bulk velocity vector C is 
given an appropriate form for the steady laminar flow, where the 
velocity gradient can be chosen to be small, since the liquid is 
assumed to be Newtonian. As the flow is steady, i.e., not 
time-dependent, the slightly distorted radial distribution function is 
also independent of time, and the left hand-side of equation (5.9) 

diminishes. The small perturbation of the equilibrium distribution can 
be solved and inserted in equation (5.9). On expressing the operators



in spherical planar coordinates, the angular functions can be cancelled 
throughout. The outcome was evaluated by Kirkwood and Eisenschitz 
[127], and its solution furnished a value for the viscosity, provided 
the numerical value of the friction constant was known.

At equilibrium, dn^^/cH = o, and the generalized current

J(2) = div { J £ _  grad n{2) - [ - E S l l  ]»(2) }
P(2) p(2)

(5.10)

is zero; i.e.

kT
P(2)

grad n(2) = " (2)
grad (5.11)

which follows directly from the definition of the potential mean force, 
n^2) = exp(-x///kT).

5.3 Van der Waals Model.

5.3.1 Smooth Hard Sphere Theory.

The Van der Waals model replaces the rigorous view of a dense 

fluid as an assembly of molecules each interacting with the others 
through an intermolecular pair potential with separation dependent 
repulsive and attractive regions. Figure 5. ifa’) depicts the simple 
model which assumes that an assembly of molecules possess a weak
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long-range attractive energy and a hard-core repulsive energy. For real 
systems, the dependence of the pair interaction potential energy on 
molecular separation is shown in Figure 5. ifbl. The molecules are there 
seen to interact with a hard-core ( infinitely steep ) repulsion at a 
fixed distance, and to move otherwise, in a uniform attractive field. 
This means that the dynamics of molecules comprise hard-core 
interactions, between which the molecules move in straight lines. The 
model is expected to be most applicable at high temperatures, when the 
real repulsive forces dominate collisions, and at elevated densities 
when the view of uniform attractive potential is most realistic. Thus, 

the Vein der Waals model, at sufficiently high densities and 
temperatures, becomes equivalent to the hard-sphere model. Significant 
progress towards a successful molecular theory of transport properties 
of dense fluids has been made as a result of computer simulation 
studies by the molecular dynamics method [118,119]. These studies 
clearly indicate that this description of molecular motion based on the 
Van der Waals model is physically much more realistic for real fluids 
than descriptions based upon the activation energy model [123,129], or 
the Brownian motion approach [124,130].

For real systems, the potential does have a steep repulsive part 
and the range of attractive force can be considered large relative to 
the interparticle spacing at densities greater than the critical 
density. Furthermore, the attractive potential energy can be considered 
weak relative to the kinetic energy whenever thd temperature is greater 

than the well depth or, roughly, the critical temperature. As a result, 
for densities and temperature greater than critical, real systems are 
found [131] to obey the Vein der Waals equation of state, provided that
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U(R)

R

(a) Van der Waal’s Model.

Figure 5.i(a): Van der Waals model.

Figure 5.i(b); Realistic Pair Potential Function.
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the core size is allowed to diminish as the temperature increases, a 
consequence of the relatively soft repulsive energy of real molecular 
systems.

An extremely important consequence of the Van der Waals theory for 
the transport properties is that the particles move in straight lines 
before core collisions, because the attractive potential forms a 
uniform surface. This so-called "free-flight" approximation is in 
direct opposition to the Brownian motion approximation, which 
postulates that there are many collisions involving the attractive part 
of the potential (soft-collision), between hard-core collisions.

The effect of Brownian motion would be to break the velocity 
correlation between successive core collisions of a particle. So far as 
transport properties are concerned, one important difference between 
the Brownian motion and the hard-sphere models is that the former 
prohibits correlations of the velocity of a molecule beyond a simple 
collision, whereas the latter allows them. Because molecular dynamics 
does indicate that relatively long time velocity correlations exist, 
the hard-sphere theory is to be preferred. However, significant 
velocity correlations do not persist for more than three or four 
collisions even in pure hard-sphere systems [132], and so the numerical 
consequences of the Brownian approximation may not be great. On the 
other hand, the opposite model of a straight-line path for a particle 
between hard-core collisions is approximate, because non-uniformities 

in the potential surface cause the linear trajectory to be diverted. In 
so far, as these deviations caused by soft collisions are small, they
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can be treated by perturbation theory [133], and the Van der Waals 
theory is a good approximation. The real situation clearly lies 
somewhere between these two extreme approximations. At high 
temperatures and densities, the Van der Waals model is more realistic. 
However, it does not follow that the Brownian motion concept is the 
better approximation at low temperatures and high densities. Molecular 
dynamics simulations of the number of soft and hard collisions for a 
realistic potential showed, that they were compatible in number in the 
region of ordinary liquid conditions, indicating that the Van der Waals 
model is still the better concept or approximation.

The Van der Waals theory can be said to give the better 
approximation for transport properties whenever it can explain the 
equilibrium properties satisfactorily. Before stating this fact, two 
effects have to mentioned. The first one concerns the magnitude of the 
effect on a given property of a non-uniformity in the potential 
surface. It is conceivable that the transport properties are much more 
sensitive to these non-unifomities than are equilibrium properties. 
After all, a small change in a trajectory can alter the whole 
subsequent history of the system. This can be analytically investigated 
by perturbation theory. The second factor concerns the quantitative 
failure of the Van der Waals theory under ordinary liquid conditions, 
not because of any conceptual failure of the Vein der Waals model, but 

because of a cancellation of terms which make the pressure respond more 
sensitively to the higher-order deviations from the Van der Waals 
theory. For the transport coefficients in the liquid phase, such a 
cancellation does not occur, hence the first-order perturbation theory 
from the van der Waals approximation is likely to provide reasonably 
good results.



In the treatment that follows, the perturbation is neglected, and 
only the hard-sphere contribution is treated in order to estimate over 
what region of temperature and density the transport coefficients are 
insensitive to deviations from linear trajectories. For this purpose, 
it is first necessary to establish under what conditions the equation 
of state can be adequately described by the Van der Waals equation. 
From this analysis, an effective hard-sphere diameter is obtained, 
which must be independent of density, but can depend in a reasonable 
way on temperature.

In addition to the restriction of the validity of the Van der 
Waals model to high temperatures and densities, another constraint is 
to be considered, which is the fact that a hard-sphere fluid exhibits a 
solid-like transition at densities where the molar volume is less than 
1.5V0 , where VQ is the volume of close packing of the hard spheres. 
Despite these limitations, it has been found empirically that 
correlations based on this model, may be reliably extended to higher 
densities and lower temperatures within the liquid phase. The 
perturbation theory has been usefully employed [133] to extend the van 
der Waals model to even lower densities, so that the increasing 
influence of attractive forces could be accounted for.

Enskog has derived a kinetic theory for transport in a dense 
hard-sphere fluid [134], and this version was complimentary to the Van
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der Waals model. In the Enskog theory, modifications to the Boltzmann 
theory were made to provide a first approximation to the behaviour of 
dense systems. The mechanism for the transport of momentum across a 
plane occurs via the movement of the molecules themselves across a 
reference plane. If density or temperature is raised, a molecule will 
then transfer its momentum across the plane to another neighbouring 
molecule, but without moving across the plane. This is referred to as 
the collisional transfer of flux. In a dense system, the collision rate 
is higher than in a dilute system, because the inter-particle distance 
becomes significant compared to the diameter of the molecules. The 
Enskog theory of diffusion [134] assumes that the high density system 
behaves exactly as a low density system, except that the collision 
frequency is increased by a factor of g(a), where g(<j) is the radial 

distribution function of contact for hard spheres of diameter a, and 
the difference in position between the two colliding molecules is no 
longer neglected. The solution of the Boltzmann equation valid at low 
density is merely scaled in time to give the ratio of the diffusion 
coefficient D̂ , at high number density n relative to that at low 
density, subscript zero:

nDj,/n0D0 = l/g(cr) (5.12)

where g(<7) is obtained from computer simulation studies, and is given 

by the Carnahan-Starling equation [135]

g(a) = ( 1 -0 .5C ) / ( 1 -f ) 3 (5.13)
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where £ = b/4V for a molar volume V. and

b = 2ttNc73/3 = 37tv5v o (5.14)
2

D0 is related to the number density nQ at temperature T by the 
expression:

D0 = ( 3 n0 7rc7 2 )(7rkT/m) 0 , 5  (5.15)
8

where m is the molecular mass, and k is the Boltzmann constant, and

V0 = Nac7°A£ (5.16)

For diffusion, the particles themselves must move, but for 
viscosity and thermal conductivity, there is the additional mechanism 
of collisional transfer whereby momentum and energy can be passed to 

another molecule upon collision. The Enskog theory for the viscosity 77 ,̂ 
and the thermal conductivity Â , , in terms of the low density 
coefficients accordingly contains additional terms:

[ 1 + 0.80c£  + 0 .761g(CT) ( b 2
V V

Ag/Ao — [ 1 + 1.200^ + 0 .755g(CT) ( b 2 I
L g ( < 0 V V J

(5.17)

(5.18)

where the low density coefficients are 
approximation by:

given to first order
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i7o = ( 5 7ra2)(TrmkT)°'5 
16

(5.19)

Xo = ( 25C ttct2 ) (TrkT/m) ° ’5  

32 V
(5.20)

where Cv is the molar heat capacity at constant volume.

In order to apply equations (5.12), (5.17) and (5.18), for the 
calculation of dense fluid transport coefficients, it is necessary to 
assign a value to the core size. In the original application of this 
method [136], values for a for the rare gases were obtained by fitting 
pVT data to the Van der Waals equation of state, and g(cr) was taken 
from results of computer simulation for hard spheres [135]. It was 
found that the calculated high density transport coefficients differed 
by less than ten percent from the experimental values.

Now the Enskog theory is based on the molecular chaos 
approximation, and neglects all correlations of molecular velocities in 
the evaluation df the transport coefficients. A sphere is considered as 
always colliding with other spheres approaching from random directions, 
with random velocities from a Maxwell-Boltzmann distribution for the 
appropriate temperature. However, molecular dynamics calculations 
[137,138] have shown that there are correlated molecular motions in 
hard-sphere systems. These corrections may be ascribed to in the form 
of ratios of the exact hard sphere results (subscript MD) to the Enskog 
results, (subscript E), so that*.
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(5.21)

(5.22)

(5.23)

where the superscript ° indicates the low density results.

At high densities, the principal correlation effect is 
back-scattering, whereby a sphere closely surrounded by a shell of 
surrounding spheres, is most likely to have its velocity reversed on 
collision with its neighbours, and this leads to a decreased diffusion 
coefficient. At intermediate densities, there is a different 
correlation effect associated with an unexpected persistence of 
velocities, which leads to an enhanced diffusion coefficient. The 
resulting corrections to, the Enskog transport coefficients have been 
computed by Alder [120] and correlated as functions of molar volume by 
Dymond [139] for systems of 108 and 500 particles, with the diffusion 
coefficients extrapolated to infinite systems on the basis of 
hydrodynamic theory.

For VQ/V up to 0.5, corresponding to dense gases at densities up
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to 2.5 the critical density, the corrections to the Enskog theory for 
the viscosity and thermal conductivity coefficients are less than 1 0 %, 
but for diffusion, the corrected coefficient is significantly greater 
than the Enskog value at densities corresponding to 1.5 to 2 times the 
critical density. At the highest densities, approaching the onset of 
solidification, the corrections arising from back-scattering result in 
the exact hard sphere diffusion coefficient being lower by about 40%, 
and the viscosity coefficient being higher by a similar amount. To 
obtain exact expressions for the dense hard-sphere transport 
coefficients in terms of the low density coefficients, equations 
(5.12), (5.17) and (5.18) must be multiplied by an appropriate
correction factor at the given reduced volume. With core sizes 
determined from equilibrium data by extrapolation to infinite 
temperatures, quantitative evidence for the existence of these 
correlated motions in real systems was obtained of self-diffusion 
coefficients of methane [140] and of carbon dioxide [141].

5.4 Applications of Exact Hard Sphere Expressions.

5.4.1 Introduction.

Dymond [102] has discussed a number of ways of applying the 
corrected Enskog theory, to the evaluation and correlation of the 
transport properties of dense fluids. The following section will 
outline these methods for the smooth hard-sphere fluids.



5.4.2 Self-Diffusion.

The determination of the core size from equilibrium data [102], 
was not satisfactory, and different methods were proposed [142] for 
comparing calculated and experimental transport coefficients, without a 
prior estimation of core size. A quantity D which is independent of 
molecular diameter was defined as:

D* = ( nD/n0D 0 )( V/V0 ) /o (5.24)

D can be calculated from theory by expressing:

D* = ( _ L _  )( D/D )( V/V0 )2/o = f(V/VD) (5.25)
g(<7)

where ( D/D̂ , ) is the computed correction to the Enskog theory. D can 
also be calculated from experimental data on the assumption that the 
real fluid exhibits a behaviour like an assembly of hard spheres, since 

on substitution for hard-spheres expressions for n0D0 and VQ leads to:

D* = Fd (V/V0) = 5.030x 108(M/RT)1/2 D/V^ 3 (5.26)

from equation (5.25), D is a function of (V/V0); from equation (5.26), 
D is a function of V for a given substance at a given temperature. To 
test whether this smooth hard-sphere theory cam adequately account for 
the density dependence of the experimental measurements at a given 
temperature, D from theory, equation (5.25), is plotted against the 
logarithm of (V/V0), and D from experiment, equation (5.26) is plotted 

against the logarithm of (V). If these curves are superimposable 
laterally, then the hard-sphere theory does represent the density



dependence of the data, and the range of applicability of the theory 
can be established. Furthermore, V0 can be obtained from points where 
the curves coincide.

208.

In the absence of extensive accurate diffusion coefficient 
measurements for rare gases, accurate methane data [142,143] obtained 
using nuclear magnetic resonance spin-echo technique have been used 
[102,142,143,144,145] to test the applicability of the smooth hard 
sphere theory. It was assumed initially, and subsequently confirmed, 
that methane is a polyatomic molecule to which the rough-hard sphere 
model applies, but with a minor correction necessary. It was shown that 
the experimental points at these temperatures from 1.7 times the 
critical temperature T, down to 1.2T, lie within 5% of the smooth 
hard-sphere values down to densities about 0 . 8  times the critical 
density. A subsequent experimental study was proposed by Harris and 
Trappeniers [144] on methane at 110, 140 and 160K. They found the 
reduced diffusivity D isotherms fell on a common curve when plotted 
against reduced density n (=no ), in agreement with the smooth hard 
sphere predictions, except at the highest densities ( n > 0 . 8 6  ), 
where the experimental values are significantly higher. A similar 
conclusion was reached by analysis of the self-diffusion data for 
ethene obtained by Arends, Prins and Trappeniers [146].

The discrepancy at high density cast some doubt on the validity of 
the model. However, a recent molecular dynamics study by Easteal, Woolf 
and Jolly [147] of the self-diffusion coefficient in a hard-sphere 
system, concluded that although the computed corrections to the Enskog
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theory were dependent on the number of molecules considered in the 
calculations, the number dependence was significantly lower than that 
previously reported by Alder, Gass and Wainwright [120]. By taking 
small increments in density, the dependence of (D/D̂ ,) on reduced 
density was obtained, and their results were compared with previous 
computations.

The result is given by the following equation, where the 
coefficients have been rounded off to give significant figures only:

D/D£ = 0.7144 + 2.878f - 0.8223f2 - 10.93f3

(5.27)

Using this correction to the Enskog theory, Easteal, Woolf and 
Jolly [147] found that D for methane obtained from experiment was in 
good agreement with the smooth hard sphere predictions over the whole 
density range.

The smooth hard-sphere model has been used [148] as a basis for 
the calculation of rare gas self-diffusion coefficients. Core sizes 
were derived from densities at freezing temperatures close to the 
triple point. The calculated values generally agree with the 

experimental results to within the large experimental uncertainties of 
the measurements, and in fact provide a more reliable estimate of this 
property for these substances.
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5.4.3 Viscosity for Monatomic Fluids at Supercritical Temperatures.

Analysis of dense gas viscosity coefficient data on the basis of 
the hard-sphere model can be carried out in an analogous manner to the 
analysis of diffusion coefficient data described earlier. A quantity rj 
is defined by*.

*7gHs = F„(V/Vo) = ( r,/T7E )( 77E/n0 )( V/V0 ) /a
(5.28)

where is the Enskog dense gas value, ( Ty/rjg ) is the computed 
correction [120] to the Enskog theory, and (17^/1 7 0) is given by equation 
(5.17). Values of 17 can be obtained from experimental data by 
substitution of the hard-sphere expression to give:

T7* = (16/5)(2Na) /o (tt/MRT) /2 t]V /a =

6.035x 1087]V2/3/(MRT) '/z
(5.29)

The range of applicability of this model is tested by 
superimposing curves of 17 against log(V/VQ) from theory, equation 
(5.28), and 17 versus log(V) from experiment, equation (5.29). Using 
extensive measurements at the above critical densities for neon [149], 
argon [150,151,152], krypton [151,153], and xenon [151], it was shown 

that the density dependence of the data above the critical temperatures 
was very satisfactorily represented by the hard-sphere theory at 
densities from above twice the critical density down to about 1 . 2  times 
the critical density. Although the computed corrections to the Enskog
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theory are less well known than the corresponding corrections to the 
diffusion coefficient, nevertheless, it can be concluded that the 
smooth hard-sphere theory gives an adequate fit to the viscosity 
coefficient data at densities down to 1 . 2  times the critical density. 
Deviations obtained as a function of reduced density demonstrate that 
the fit is generally better than the uncertainties in the measured 
viscosity coefficients [149-153].

5.4.4 Thermal Conductivity Coefficients for Monatomic Gases at 
Supercritical Temperatures.

The applicabilty of the smooth hard-sphere theory for 
interpolation of thermal conductivity data has been conveniently tested 
by considering the function X defined by:

A* = ( A/Aj. )( A^/Aq )( V/V0 (5.30)

where (X/X̂ .) gives the computed correction to the Enskog theory 
[118,119,134], (XjV X q ) is the ratio of Enskog dense hard-sphere thermal 
conductivity coefficient to the dilute hard-sphere value, equation
(5.18) and X is core size independent.

Theoretical values of X ^ may be obtained from the molecular 
dynamics simulation results, and experimental values from equation 
(5.31):
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A* =51
exp 75

(5.31)

so that whenever the Van der Waals model is applicable, i.e. dense 
monatomic fluids, it should be possible to superimpose plots of A ^

The Van der Waals model for the transport properties of fluids 
incorporates a hard-sphere theory for dense fluids, with a temperature 

dependent core size, V0, [102,139,154]. Its basis and application to 
liquids have been attempted with some success [139], It has been shown 
recently, that the thermal conductivity of liquid argon and liquid 
methane can be adequately described by this model [58,155] to within 
+2%. The main result of the model results in a definition of a reduced 
thermal conductivity, A . Substitution of the hard-sphere expressions 
[58,102] leads to the following relationship for a monatomic fluid, 
which behaves as an assembly of hard spheres:

against log(V/VQ), and Aexp against log(V).

= [1 . 0 2  + 0 .l(x-0.3). (l-0.7405x)3 + 3.554 x
(l-0.3702x)

+ 6.624 x2
(l-0.3702x) x - 2 / 3

.(l-0.7405x)3.

where x = V/VQ, so:

A* = 1.610x 10^V2/3(M/R3T)1/2 (5.32)



This theory can be treated using the extensive experimental 
measurements at high pressures and temperatures above the critical 
temperature for argon [156,157], and krypton [157], for which the 
values for the core sizes have been obtained by application of the 
rough hard-sphere theory to viscosity coefficient data. There are thus, 
no adjustable parameters, and X from experiment, equation (5.32), can 
be compared directly with X from theory, equation (5.30) by plotting 
versus log(V/VQ). At higher densities, the experimental results are 
lower than the hard-sphere predictions. This is unlikely to be due to 
errors in the computed corrections to the Enskog theory, since recent 
calculations for 108 particle system [158] agree closely with the 
earlier results [1 2 0 ], and the number dependence of the results would 
not account for this significant discrepancy. The difference may be due 
to uncertainties in the density at these high pressures.

New values for the thermal conductivity of liquid argon were 
presented [159] over a range of densities, 23 to 36 mol.L The 
precision of these results was +0.5% at the 2o level, and the accuracy 
of the measurements was better than +1%. Earlier, a set of measurements 
was performed [58] and the agreement between the two sets of data was 
+0.5% at the 1 a level. The extrapolation of the later results to the 
saturated liquid line confirmed the earlier results to better than 
+0.5%, and those of the correlation scheme employed by the IUPAC [160], 
to better than 1%. The authors concluded that their experimental 

results in the range of 110K to 140K, did not conform to the 
hard-sphere theory.
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A comparison of calculated thermal conductivities with 
experimental values at densities below 0 . 8  times the critical density, 
shows the predicted values to be lower, and this difference increases 
as the density is decreased. This is attributable to neglect of 

intermolecular attractions, which become significant at lower 

densities. These differences can be related [161] to the reduced 
temperature and the reduced volume.

There is an additional factor with regard to the thermal
conductivity and that is the anomalous behaviour in the critical
region. The smooth hard-sphere theory, modified to account for the
effects of intermolecular attractions [161], is unable to reproduce
this behaviour. It is worthwhile to note that deviations begin to occur
at temperatures as high as 1.7T and this has been shown to be true inc
a recent accurate experimental study [162].

5.5 Rough Hard Sphere Model for Polyatomic Fluids.

5.5.1 Introduction.

Polyatomic fluids exhibit three major differences from monatomic 
ones. The most important being the physical shape of the molecules, in 
that they are invariably non-spherical in shape, and the second regards 
the fact that these molecules possess internal energy, due to their
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structural nature. The third difference is attributed to the energy 
transfer by virtue of the coupling that occurs between the 
translational and rotational motions. These three phenomena could not 
be accounted for by the smooth hard-sphere theory. To overcome these 
difficulties, a different approach was necessary^ The rough hard-sphere 
theory was therefore introduced, to complement the description of the 
transport properties of such fluids.

The rough hard-sphere model considers the molecules to be rigid 
spheres, each of diameter a and mass m, possessing a moment of inertia 
I, associated with the spherically symmetric distribution of the 
aforesaid mass about the molecular center of gravity. Therefore, the 
molecules exhibit rotational degrees of freedom, and a collision 
between two rough hard spheres, is of zero duration. At the points of 
impact during collision, the relative velocity of the two spheres is 
completely reversed, and thus, one sphere can transfer linear and 
angular momentum to the impacted sphere.

The model accounts for the basic characteristics of a polyatomic 
fluid in a concise concept. The model is useful because the radial 
distribution function is the same as that for the smooth hard-spheres, 
and in addition to that, many of the integrals occuring in the relevant 
theory have already been evaluated. But there is a pitfall to the 
model, in that it tends to overemphasise the role of inelastic 
collisions, and does not take into account the molecular configuration.
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There are two approaches to the calculations of the transport 
coefficients of dense polyatomic fluids by the rough hard-sphere model. 
Chandler’s approach [163] was based upon the correlation function 
formation, and this has been studied extensively by Dymond. The second 

formulation was founded upon a kinetic description involving the 
solution of an appropriate kinetic equation, which was essentially a 
follow-up to Dahler’s work.

Chandler’s rough hard-sphere model is merely an extension of the 
smooth hard-sphere model for the determination of the transport 
coefficients of polyatomic fluids. The change introduced to the smooth 
hard-sphere concept was done by incorporating a parameter referred to 
as the "roughness” of the hard-sphere, which is the degree of coupling 
between the rotational and translational modes of motion. The value of 
the roughness is deduced from experimental data for the transport 
coefficient of interest.

5.5.2 Application of the Rough Hard-Sphere Theory to Diffusion.

The motion of a polyatomic molecule in a real fluid has been shown 
by Chandler [163,164] to be related to the motion of a particle in a 
rough hard-sphere fluid. It is assumed that the motion is determined 
primarily by those parts of the intermolecular potential that are 
short-ranged and steeply repulsive. This is considered valid at 
densities about twice the critical density, where attractive 
interactions will play only a minor role. For polyatomic molecules, 
there is a possibility of changes in angular momentum, as well as in



translational momentum upon collision. Chandler [163,164] showed that 
coupling between translational and rotational motions led to the result
that the diffusion coefficient for a rough hard-sphere fluid D̂ jjg was 
related to that for a smooth hard-sphere fluid Dg^:

D * °RHS * ^ SHS (5.33)

where 0 < A < 1.

A represents a translational-rotational coupling factor, and was 
assumed to be rigorously independent of density and furthermore, 
assumed to be temperature independent. There is thus a lowering of the 
self-diffusion coefficient as coupling produces an additional mechanism 
for molecular velocity relaxation.

On the basis of the rough hard-sphere theory, the reduced 
self-diffusion coefficient Dj^g is given by:

D* = 5 -0 3 0 x108 (M/RT) /z D/V1 / 3 (5.34)

If the coupling factor is density dependent and temperature 
independent, Djjjjg is just a function of molar volume for a given fluid 
at a constant temperature. Plots of Dgjjg (or log Dgpjg) versus log(V) 
for different isotherms will therefore be superimposable laterally, and 
the amount by which the curve at a given temperature has to be moved to 
superimpose it on a curve at a reference temperature, TR , leads to a 

value for V0 (T)/V0 (TR) [145].
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The initial application of the rough hard-sphere theory was to 
carbon tetrachloride data [164]. The temperature dependent core size 
was determined by matching along isotherms of the logarithmic 
derivative of the experimental diffusion coefficient, with respect to 
that predicted by the theory. For ease of application, D̂ . was 
calculated using the Alder, Gass and Wainwright [120] correction to 
Enskog, and was represented by an analytical quadratic expression in 
reduced density na3. A satisfactory fit to the high pressure 
measurements of McCool and Woolf [165] at different temperatures was 
given with a constant value of A of 0.54 and with core sizes given by:

a/nm = 0.5270[ 1 - 0.051{(T/K - 283.2)/283.2}]
(5.35)

Since then, accurate measurements of self-diffusion coefficients 
have been made for several polyatomic fluids, by n.m.r. spin-echo 
technique, and the data interpreted in terms of the rough hard-sphere 
model.

5.5.3 Viscosity Coefficients of Polyatomic Fluids.

For a system of fairly spherical polyatomic molecules at densities 
greater than twice the critical density, Chandler [164] showed that the 
viscosity coefficient is approximate to the rough hard-sphere viscosity 
coefficient Tfpjjg* When account is taken of the effect of changes in the 
singular momentum as well as changes in the linear momentum of a 

particle upon collision, then it was found that the rough hard-sphere



219.

coefficient is directly related to the smooth hard-sphere coefficient:

where C is assumed to be constant. It obeys the inequality C £ 1, and 
equals one when coupling between angular and translational motion is 
absent.

Most tests of the rough hard-sphere model for viscosity have been 
performed using the full equation:

where (tj/tTj,) is the Alder, Gass and Wainwright [120] computed 
correction to the Enskog theory. Values of the core sizes were obtained 
either from fitting the high density diffusion coefficient data for the 
fluids, or from plots of log(l/T)) vesus log(p), from which the slope 

was determined and a, the core size, was derived by using the smooth 
hard-sphere expressions for fluidity, given by Dymond [166]. Values for 
the core diameters agreed closely with values obtained from 
self-diffusion coefficient data.

The coupling factor, C, is practically independent of density or 
pressure for those molecules which can be considered pseudospherical, 
but shows a marked temperature dependence, where there is a significant 

departure from spherical shape, or where the molecules can hydrogen

17 ~ T?RHS ~ ^SHS (5.36)

V = 0(17/17^7^ (5.37)

bond.



The rough hard-sphere model of transport properties has been 
treated in a different way by Dahler, with the derivation [167,168] and 

solution [169,170] of an appropriate kinetic equation. The transport 
coefficients depend on the internal mass distribution, characterised by 
the moment of inertia in reduced form, is given by:

k = 41 (5.38)
mcr

The dimensionless moment of inertia can have values from zero when 
the mass is evenly distributed over the surface of the sphere. The
coefficient of viscosity can be written [71] in terms of k and the

reduced volume V/V0. It is found that ( TfRjjg/T7gjjg ) îas a maximum value 
of 1.64, and more important, it is constant to within 2% for a given 
value of k over the range of V/VQ from 1.5 to 2.5. This supports the 
result obtained by Chandler [164], that the rough hard-sphere
coefficient is proportional to the smooth hard-sphere coefficient, 
though in Chandler’s theory, there is no way of evaluating the
proportionality constant. The disadvantage of the Dahler theory, is 
that it over emphasises the role of inelastic collisions, in the same 
way as the other rough hard-sphere theories.

Generally, the values derived for the translational-rotational 
coupling factor derived from viscosity, are greater than unity as 
postulated by Chandler [164]. However, for chlorotrifluoromethane, 
Harris [171] obtained the figure of 0.77 for C, which he showed to be 
reasonable, since application of the slip and stick boundary conditions
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of the Stokes-Einstein equation leads to the inequality:

2/3 < AC < 1 (5.39)

where A is the coupling factor from self-diffusion.

Recently, Easteal and Woolf [148] have used their calculated 
corrections to the approximate Enskog theory, based on methane data, to 
determine the density and temperature dependence of the
translational-rotational coupling factor for relatively simple
polyatomic fluids. They found that the coupling factor may have a 
strong density dependence; the shear viscosity data (tabulated by
McCool and Woolf [148]), gave the value of A^, which is the
translational-rotational coupling factor for viscosity, and it appeared 

to be a temperature-independent function of density. This must throw 
some doubt on the physical validity of the rough sphere model, but in 
view of its success for predictive purposes in other areas, it is 
evidently worthy of retention.

A method analogous to that described above for self-diffusion 
coefficients can bu used for the successful correlation and prediction 
of viscosity coefficients over the whole density range. A quantity rj’ 
was defined [172]:

= 9.118x107t?V2/3 /(MRT)1/2 (5.40)

For the density region where the rough hard-sphere theory is
2 j

applicable, i)' will be proportional to (Vgtfg/Vo) (V/VQ) 3, and so will
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depend only on (V/V0) for a given fluid at a given temperature. This 
holds true providing that the translational-rotational coupling factor 
for viscosity is density and temperature independent. Plots of tj’ or 
log(Tj’) versus log(V) using data for a given compound at different 
temperatures, should be superimposable on the curve obtained for any 
reference temperature. The amount of adjustment gives a value for 
V0 (T)/V0 (T^). Results obtained [145,165,173,174,175] for carbon 
tetrachloride and tetramethylsilane showed that the curves were 
super imposable, not only over the density range for which the rough 
hard-sphere theory was applicable, but over the whole density range. 
This method has been successfully applied to the correlation of 
viscosity data for liquid normal alkanes, aromatic hydrocarbons and 
their binary mixtures. The system also works for n-alkanes, such as 
n-octane and n-dodecane [176], n-hexane and cyclohexane [177], and 
benzene and hexafluorobenzene [178]. It was found that the internal 
energy had a profound effect on the thermal conductivity coefficients, 
and simple expressions for providing correlations for the thermal 
conductivities of monatomic fluids could not be formulated with 
confidence. This is due to the presence of direct internal energy 
transport, and the coupling between motions. Therefore, Chandler’s 
approach could not provide a similar basis for the problem of the 
thermal conductivity as it did for viscosity and diffusion.

5.5.4 Thermal Conductivity Coefficients for Polyatomic Fluids.

The application of equations (5.30) and (5.32) to polyatomic 
fluids required a fundamental modification introduced by Menashe [179]. 

It is well known that polyatomic molecules possess internal energy in
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addition to the translational energy. The contribution of the internal 
degrees of freedom to the thermal conductivity was assumed to have the 
same density dependence as the translational part. Therefore, the 
quantity:

X ’ = L-(V/Vo) /o (5.41)
X°

was made by analogy with the monatomic case, and should be a function 
of (V/V0), but X° is the zero density total thermal conductivity of the 
fluid.

The sound foundation of the kinetic theory description of the 
rough hard-sphere theory, with a proven result for the viscosity of 
real dense polyatomic liquids, implies that the same can be extended to 
provide a basis for the analysis of the thermal conductivity of the 
aforementioned systems. The thermal conductivity for a rough 
hard-sphere fluid has been treated by Theodosopulu and Dahler 
[167,169,170]. Li [71] has evaluated their expressions and shown that 
the translational and rotational contributions vary quite significantly 
with changes in the moment of inertia. According to them, the thermal 
conductivity of a rough hard sphere fluid is given by the sum of a 
translational and internal contribution as:

y B  _ ^tr ^int
kHS " ARHS arhs (5.42)

where
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where A. is the determinant obtained by replacing the i column of A 
by the column vector:
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Here,
P = nkT 
nr = bng

a = nga2 (7rkT/m)
b = ttN.cj3  

3 A

(5.48)
(5.49)
(5.50)
(5.51)

where n, k, N^, and m are the number density, Boltzmann constant, 
Avogadro constant and molecular mass, respectively.

In order to evaluate the thermal conductivity of the rough 
hard-sphere fluid, we employ the radial distribution function for
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hard-spheres at contact, given by Carnahan and Starling [135]:

g = (1-0.5?)(1- ? ) 3 (5.52)

where

f = 2 ttVo (5.53)
6 V

and V0. the close packed volume of the hard-sphere system, where b is 
obtained from equation (5.14).

Following some laborious algebra [71], and using the earlier 
results for g and o in terms of the characteristic volume V0, and the 
molar volume V, it can be shown that the ratio:

is a function only of the relative molar volume (V/V0), and the 
dimensionless parameter K. Here,

is the thermal conductivity of a fluid of smooth spheres of diameter o

(XRHS/A°)(V/V°) / 3  = A*(V/V0. K) (5.54)

(5.55)

at zero density.
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Recently, the thermal conductivity of liquid methane [155,180], 
was measured with an accuracy of better than 0.5%. It was found that 
the excess thermal conductivity is a function of density alone, within 
the range of experimental conditions of 110K and 180K, with pressures 
up to lOMPa. A reliable correlation scheme for accurate interpolation 
and extrapolation was devised based upon an empirical modification of 
the dense hard-sphere theory. The corrected dense hard-sphere theory 
was able to represent the data with a standard deviation better than 
+0.5% and a maximum deviation of +1%. The mod^l is capable of being 
used to predict the thermal conductivity of liquid methane along the 
saturation line, and an equation was found to reproduce the 
extrapolated data to within +0.3%. The accuracy of the correlation 
scheme is believed to be better than + 1 .0 %.

Unlike the case of viscosity, direct calculations show that the 
dependence of the thermal conductivity upon the parameter K, cannot be 
factorized from equation (5.54) in any range of densities. Therefore, 
the technique used by Dymond [181,182] cannot be used to examine the 
applicability of the rough fard-sphere model for the description of 
viscosity.

The density dependence of the viscosity for n-hexane and n-octane 
at 25°C were analysed using Chandler’s result,[164] (equation (5.36)) 
for the rough hard-sphere by means of the method proposed by Dymond 
[181,182]. For neither n-hexane nor n-octane is the range of 
thermodynamic states for which the rough hard-sphere model is strictly 
applicable to the viscosity, very extensive, because of the importance



of the attractive forces in the low temperature region, characteristic 
of the liquid phase. In fact, for n-hexane, the range is limited to 
pressures below 150MPa and for n-octane it is even smaller.

228.

Since the theories of Chandler and Dahler are mutually consistent 
for viscosity of rough hard-sphere systems, a value of dimensionless 
moment of inertia, k, can be derived from C and the thermal 
conductivity calculated and compared with experiment. Li [71] applied 
this method to n-hexane at 298K, for which he found that C = 1.45, VQ =

—fi O — 178x10 m mol , k = 0.44 and n-octane at 298K for which C = 1.77, VD =
_ g  ^

105x10 m mol and k = 0.66. The calculated thermal conductivity
coefficients agreed [176] with measured values for n-hexane to within 
5% over the density range for which the smooth hard-sphere model is 
stable. For n-octane, the differences were somewhat greater [183], but 
still less than 1 0 %, which is good in view of the simplicity of the 
model.

On the basis of the rough hard-sphere theory of Dahler [169,170], 
the thermal conductivity coefficient of a fluid can be represented by 
the general equation:

A0

Ci 1 + C2
' b ‘ + Cq r  i 2(b/V)

[ g (tf) J [ V J . g(<?)
(5.56)

where A0 is given by equation (5.55), and Cj, C2 and C3 are algebraic 
functions of the dimensionless moment of inertia k. As shown by Li



[71], the dependence of the thermal conductivity on k is weak. For this 
model system, k is temperature independent, and for a real fluid the 
temperature dependence is likely to be small.
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Substitution for A0 and VQ in equation (5.54) allows X to be
calculated from experimental results:

X* = (64>^5)(7r1/2(2NA)1/3/R)XV2/3(RT/M)“1/2

75 |k3TJ n 2 / 3

A

(5.57)

with all the quantities in SI units, where M is the molecular weight, R 
the Universal gas constant, and V the molar volume, X the experimental 
thermal conductivity, and T the temperature, so that

Again, the available data for monatomic gases confirm the validity 
of equation (5.58), and the values of VD for them derived from an 
analysis of viscosity through equation (5.28), or the thermal 
conductivity through equation (5.58) are mutually consistent [139,161],

For polyatomic fluids, the situation is rather more complicated 
than the viscosity, because the internal energy is very much more

^SHS = FX<V/V°> (5.58)
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important for the thermal conductivity. The first attempt to account 
for the internal energy, within the spirit of the hard-sphere model, 
proposed an ad hoc modification to equation (5.58), so that for 
polyatomic fluids [179]:

A* = B FX(V/V0) (5.59)

with

B = {1 + 0.352 C° (5.60)

where C° is the internal energy contribution to the ideal gas molar 
heat capacity of the fluid. The thermal conductivity of a number of 
normal alkanes can be represented quite accurately by equations (5.59) 
and (5.60), although the values of V0 derived are not consistent with 
those derived from an analysis of viscosity data [71].

An alternative scheme to correlate the same set of data was 
envisaged by Dahler et.al. [169,170] , employing the rough hard-sphere 
theory. This approach led to a different functional form for FX(V/V0) 
and an expression for B which relates it a single parameter of the 
rough hard-sphere model [71,184]. An analysis based upon their idea was 
successful in providing a somewhat reliable correlating scheme. But, 
whereas the derived values of the characteristic volume were closer to 
those obtained from an analysis of the viscosity, they were not 
entirely consistent with them [71,169,170,184]. In addition to that, 
the use of a rough hard-sphere model meant that the internal energy of 
the molecules is species independent, C° = 3R/2, which is not
realistic.
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By analogy with D for diffusion and T]’ for viscosity, X is 
expected to be a function only of (V/VQ). Plots of X versus log(V) at 
different temperatures for a given fluid should therefore be 
superimposable on the curve for a reference temperature. The relative 
shift along the log(V) axis provides a value for the ratio of VQ values 
at different temperatures. Li [71] has tested this approach using 
accurate measurements on n-hexane, n-octane, benzene and cyclohexane, 
using the lowest isotherm as the reference in each case. A very 
satisfactory correlation was obtained with values for V0 (T)/V0 (T^) in 
close agreement with values obtained by Dymond [176,178,185] for the 
same liquids.

Since X is so weakly dependent on k, there is the possibility of 
deriving a universal correlation for X . This was studied and concluded 
by Li [71], using accurate thermal conductivity measurements on eleven 
hydrocarbons over a wide range of pressures and temperatures. This 
earlier study was complimented here by new accurate thermal 

conductivity measurements performed on five additional liquids 
[70,75,186,187,188].

Analysis of the experimental thermal conductivity data has led to 
a successful means for interpretation. This may be understood from the 
viewpoint that the data for all the normal alkanes studied conform to



the general equation:

€n X* = aD + a^nV* (5.61)

where V = V/V0, with essentially universal values of aA [179,184]. 
Thus, the problem of the determination of B and VD from such data is 
basically one of finding the shifts, parallel to the axes to the £nX 
and £nV , which superimpose a number of parallel, straight lines.

5.6 The Correlation.

The rough hard-sphere theory as it stands, is not capable of 
providing a rigorous and accurate means of predicting the thermal 
conductivity of polyatomic fluids. But according to the discussion in 
the previous sections, there are some indications that such a scheme is 
possible to form the basis of a reliable interpolation and 

extrapolation procedure. In order to present such a procedure, it is 
necessary to define X in equation (5.54), according to the rough 
hard-sphere model for one particular fluid, a quantity K is constant, 
so that X = X (V/V0) only. This means that it should be possible to 
superimpose plots of X against £nV for one fluid along several 
isotherms upon one another, merely by shifts along the £nV axis. The 
amount of the relative shift for two isotherms then determines the 
ratio of the core volume V0 at the two temperatures. As mentioned 
above, this method is similar to that adopted by Dymond and Brawn [172] 
for viscosity and diffusion, and to that put forward by Menashe [179]. 

However, there are two fundamental differences between the current 
formulation and that which was introduced by Menashe [179]. First, the
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definition of X adopted here is somewhat different from the heuristic 
proposal put earlier. Secondly, the current formulation is founded upon 
a model which includes the essential features of transport in dense 
polyatomic systems, albeit in a simplified manner, which the former 
proposal did not.

In order to ascertain the proposition found in equation (5.57), 
the precondition that the function X should itself be accurately 
predicted by the rough hard-sphere model , and with it the constraint 
on the range of densities to which it applies, is waived. First, the 
function X is determined empirically for each fluid, by assigning an 
arbitrary, but realistic, value to the core volume VQ at the lowest 
temperature for which accurate thermal conductivity data exists. This 
is followed by evaluating the function X according to equation (5.54)

afor all the available isotherms. The plots of X against €nV for the 
higher temperatures are then superimposed upon that for the lowest 
temperature, by translation along the £nV axis only. In this way, 
values of V0 (T) are evaluated for each isotherm.

5.6.1 Experimental Data.

Since the earlier analyses of transport coefficient data for 
liquid normal alkanes were performed, new measurements on a further set 
of liquids, namely, ethylbenzene, carbon tetrachloride, n-pentane, 
oct-l-ene, and ortho-xylene over a wider range of thermodynamic states 
have been performed within the scope of this work [70,75,186-188]. 
Diller et.aj,. [189-191] have measured the viscosity of ethane, propane
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and n-butane in the temperature range 90-300K at pressures up to 30MPa; 
Dymond, Isdale et.al [176,185] have reported data on n-hexane and 
n-octane in the temperature range 300-400K at pressures up to 500MPa. 
Both sets of measurements have an estimated uncertainty of +1 to +2%.

In the case of thermal conductivity, Roder et.al [192,193] have 
reported results for ethane and propane in the temperature range 110K 
to 300K at pressures up to 70MPa. de Castro et.al. [194] have reported 
data for liquid n-butane in the temperature range 300-413K at pressures 
up to 70MPa. Again, the accuracy of these results is estimated to be in 
the range of +1 to +2%. Li et.al. [183] have reported thermal 
conductivity data for n-hexane and n-octane in the temperature range 
300-400K and pressures up to 700MPa, with an associated uncertainty of 
+0.3%. To complete the study on the n-alkanes series, we have performed 
thermal conductivity measurements on n-pentane in the temperature range 
of 300-370K at pressures up to 500MPa, with an accuracy of +0.3% [186].

5.6.2 The Density Dependence of the Thermal Conductivity.

For the normal alkanes, a correlation scheme based upon the ideas 
of the rough hard-sphere model of a dense fluid, has proved successful 
[179]. The basic idea of this scheme is that the experimental group,

A* = 1.936x 107AV2/°(M/RT)1/2

= F(V/V0) (5.62)
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should be a function only of the ratio (V/VQ) . where V is the molar 
volume of the liquid, and VQ is the characteristic molar volume only 
weakly dependent on temperature, and is defined as the close-packed 
volume of the hard-sphere system.

5.6.3 N-Pentane.

The thermal conductivity of the liquid n-pentane [186], has been 

measured within the temperature range of 306K to 360K and pressures up 
to 500MPa; the experimental accuracy associated with this set of data 
is one of +0.3%. Whereas the correlation of the pressure dependence of 
the thermal conductivity by means of equation (4.2) is suitable for 
interpolation, it has little or no value for extrapolation and 
prediction. For such purposes, it has been mentioned earlier that a 
correlation in terms of density or molar volume, V, is much more 

meaningful. The isotherm 305.8K was adopted as a reference and assigned 
a characteristic molar volume, V0, which was:

Vo(305.8K) = 62.56xl0-5 n^mol" 1 (5.63)

chosen to be approximately consistent with those established for other 
normal alkanes [195]. Subsequently, the values of VQ for the isotherms 
322.8K and 342.5K which secure the optimum degree of superposition of 
lines of X versus £n(V/V0) for all three isotherms, have been 
determined and are included in table 5.lfal. The resulting single line 

has been represented by the equation:
X* = 4.6022 - 2.0602£nV*
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where V* = V/VQ (5.64)

which provides a simple method of correlating the experimental data. 
Figure 5. ii gives the thermal conductivity ratio, X , for n-pentane, as 
a function of the reduced molar volume (V/V0), and it can be seen that 
the data lie in a smooth curve. Figure 5. iii contains a plot of the 
deviations of the experimental data from this correlation. The maximum 
deviation of any datum from the values generated by equation (5.46) is 
one of +3.8%, whereas the standard deviation is one of +1.3%. These 
deviations exceed the estimated uncertainty of the experimental data, 

and a closer examination of figure 5. iii reveals that the three 
isotherms exhibit marked different and systematic deviations from a 
common correlation. This situation is similar to that observed for 
n-hexane [183]. Thus, whereas the temperature independence of the 
function F^ in equation (5.46) suggested by the hard-sphere theory of a 
dense fluid, is confirmed within limits suitable for correlations of 
modest accuracy, there is distinct evidence of its failure under a more 
rigorous test.

Consequently, in order to provide a better representation of the 
density dependence of the present thermal conductivity data, they have 
been represented along each isotherm by means of an equation of the 
form:

£nA* = aQ - a 1 ^n(V/V0) (5.65)

in which a0 and a 4 are allowed to be temperature dependent. The values
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T ( K ) 1 0 5 V ( m ^ m o l " 1 )

3 0 5 . 8 6 . 2 5 6

3 2 2 . 8 6 . 2 1 3

3 4 2 . 5 6 . 1 8 8

T a b l e  5 . 1 ( a )  C h a r a c t e r i s t i c  V o l u m e s ,  V , f o r  N o rm a l  P e n t a n e .

T(K) ao a i

305.8 4.6883 2.2138

322.8 4.6020 2.0580

342.5 4.4731 1.8470

T a b l e  5 . 1 ( b )  C o e f f i c i e n t s  o f  e q u a t i o n  ( 5 . 6 1 )  f o r  N o rm a l  P e n t a n e .



2 3 8 .

1.5 1.7 1.9 21
V/vvo

Figure 5.ii. The thermal conductivity ratio, \ , for n-pentane as a

function of reduced molar volume.

A  3 0 5 . 8 0  K; •  3 2 2 . 8 0  K; ■  3 4 2 . 5 0  K.
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Figure 5.iii. 
Deviations of the experimental thermal conductivity 

from equation (5.64), as a function of density.
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of V0 adopted in these representations are given in table 5.1(b) the 
same table includes the optimum values of the coefficients aQ and a±. 
Figure 5.iv contains the deviations of the thermal conductivity for the 
three isotherms from the correlations of equation (5.65). In this case, 
the deviations amount to no more than + 1 .0 %, whereas the standard 
deviation is one of +0.25%. These departures are much more nearly 
consistent with the combined uncertainty in the thermal conductivity 
and density.

5.6.4 Oct-l-ene.

In the case of oct-l-ene, which not a normal alkane, a similar 
analysis was applied to the experimental thermal conductivity [188], 
initially without reference to the results of earlier work for alkanes. 
The analysis was begun by adopting an essentialy arbitrary value for V0  

at the lowest isotherm. This allowed the construction of the function 

A* versus £n(V/V0) for that isotherm (307.65K). Subsequently, if 
equation (5.62) is obeyed by the fluid, it should be possible to 
superimpose plots of A vesus £n(V) for other isotherms on that for the 
reference isotherm, merely by selecting a suitable value for VQ. In 
this way, values of VQ for all the isotherms have been determined, and 
they are listed in table 5.2. It has been found that the best 
representation of the single, composite curve A versus (V/V0) is given 
by the simple equation, and is illustrated in figure 5.y :

£n A* = 4.9339 - 2.3458£n(V/V0) (5.66)

Figure 5.vi gives a plot of the deviations of the present experimental
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data from this correlation, which contains just one adjustable 
parameter. It can be seen that, with the exception of one point, the 
deviations do not exceed +0.8%. The standard deviation of the fit is 
one of +0.4%. Although this exceeds the uncertainty in the thermal 
conductivity alone, it is consistent with the combined uncertainty in 
the thermal conductivity and density. The correlation can therfore be 
employed for extrapolation of the present data to regions of state not 
covered in the present study.

Because the thermal conductivity of oct-l-ene is represented by a 
form of equation which proved successful for a variety of alkanes, it 
is worthwhile to examine this correspondence more closely. For this 
purpose, we have attempted to fit the thermal conductivity of oct-l-ene 
to the equation best describing the data for the alkanes [184]:

£n A* = 4.8991 -  2.2595£n(V/V0) (5 .6 7 )

It is by means of such a fit for the lowest isotherm alone, that the 
value of Vo(307.65K) has been determined for the preceding analysis. 
Figure 5.vii shows the deviations of the thermal conductivity data for 
oct-l-ene from this universal correlation, using VQ values listed in
table 5.2. and althiugh there is some evidence of systematic deviations

\
of the data from the universal correlation, they never exceed + 1 .0 %. 
This observation suggests that prediction of the thermal conductivity 
of other liquid alkenes may be possible over a wide range of states, 
provided that it is possible to determine the core volume VD from just

a few measurements.
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T(K) 105V (m3.mol l ) o

307.65 9.9435

320.65 9.9286

344.15 9.8988

360.15 9.8840

Table 5.2 Characteristic Volumes, V , for Oct-l-ene. ---------  o
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Figure 5.v. The thermal conductivity ratio, \ , as a function of 
the reduced molar volume for oct-l-ene.

A  307.65 K; □  320.65 K; ■  344.15 K; ♦  360.15 K.
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Figure 5.vi. 
Deviations of the 

from the correlation of equation
thermal conductivity of oct-l-ene
(5.66).

• 307.65 K; 
H 320.65 K; 

► 344.15 K; 
4360.15 K.
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Figure 5.vii. 
Deviations of the thermal conductivity of oct-l-ene 

from the correlation of equation (5.67), universal among the alkanes.

• 307.65 K; 
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5.6.5 Carbon Tetrachloride.

It was interesting to see whether carbon tetrachloride, by virtue 
of it being a spherical molecule, would be capable of being represented 
in the same manner as for straight chain normal alkanes. A similar 
approach to that described above was applied to liquid carbon 
tetrachloride, and the scheme was well represented [187]. Therefore, it 
was necessary to assign a value for VQ to the isotherm 322.65K for the 
thermal conductivity measurements data performed on carbon 
tetrachloride. We have selected a value reported by Dymond [139] from 
an analysis of self-diffusion coefficient data so that:

Subsequently, we have determined the values for the other two isotherms 
which secure an optimum representation of the thermal conductivity by 
means of a single, temperature-independent function F^(V/V0). The 
resulting values of VQ are:

Vo(322.65K) = 6.080x10 5  m3mol (5.68)

Vo(310.65K) = 61.15x10 5  m3mol (5.69)

V0(342.65K) = 60.56x10 5  m3mol (5.70)

and they are listed in table 5.3.

The corresponding single curve for X as a function of (V/V0). and
illustrated in figure 5.viii. has been represented by the simple
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equation:

i n  X* = 4 .4294 -  2.2162£n(V/V0) (5.71)

Figure 5.ix contains a plot of the deviations of the experimental 
data from this correlation, and it can be seen that they do not exceed 
+0.4%, while the standard deviation amounts to +0.1%. These values are 
commensurate with the combined uncertainty in the density and the 
thermal conductivity, and the figure provides considerable support for 
the hypothesis contained in equation (5.62)

It now remains to be seen whether the same values of VQ provide a 
similar description of the other transport coefficients of carbon 
tetrachloride. For the viscosity, the analogue of X is a quantity t] 
as defined by the equation:

tj* = 6.035x108t]V2/3(MRT)1/2 (5.72)

Again, the hard-sphere theory leads to the result that:

t?* = y v / v o ) (5.73)

where F^ is independent of temperature.

In order to test whether the values of V0 derived from the thermal
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1.4 1.6 1.8 2.0

V/ V o -

Figure 5.viii. The thermal conductivity ratio, X, for carbon 
tetrachloride, as a function of reduced molar volume.

A  310.15 K; •  322.65 K; ▲  342.65 K.
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Figure 5.ix. 
The deviations of the thermal conductivity data from 

their correlation as a function of volume by equation (5.71).
• 310.15 K; 

▲ 322.65 K; 
■ 342.65 K.
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Figure 5.x. The function 77 for carbon tetrachloride.

Experimental data 173 : #311.55 K; ■  323.15 K.



Figure 5.xi. The function D for carbon tetrachloride.

Experimental data 165 : #  313.20 K; ■  328.20 K.

REDUCED VOLUME . V / V0



T(K) 105V (n^.mol"1) 0

310.15 6.115

322.65 6.080

342.65 6.056

Table 5.3 Characteristic Volumes, V , for Carbon Tetrachloride. ----- --- o

T(K) 105V (m3 .mol”1) 0

304.65 7.545

319.15 7.474

339.65 7.412

357.15 7.334

Table 5.4 Characteristic Volumes, V , for Ethylbenzene.
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10^V (m^.mol *) o

TOO o-xylene m-xylene p-xylene

308.15 7.9880 7.8714 7.9521

318.15 7.9473 7.8098 7.9185

337.65 7.8826 7.7739 7.8586

360.15 7.8282 7.7292 7.8178

Table 5.5 Characteristic Volumes, V , for the three isomers, o-xylene, 
m-xylene and p-xylene.
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conductivity data are consistent with this result, we have employed the 
viscosity data of Col lings and McLaughlin [173] to evaluate 17 along 
isotherms at 311.55K and 323.15K. Values for V0 for these temperatures 
have been interpolated from the value quoted earlier. Figure 5.x 
contains a plot of 17 versus (V/VQ) for these two isotherms, and it can 
be seen that the data conforms to a single curve within the uncertainty 
of the viscosity, which is estimated to be one of +2 .0%.

An analogous treatment may be applied ^to the self-diffusion 
coefficient data of McCool and Woolf [169], for the two isotherms at 
313.2K and 328.2K. In this case, we employ equation (5.26) for a test 
of the hypothesis that:

D* = Fd (V/V0) (5.74)

Again, the values of VQ have been interpolated from the analysis of the 
thermal conductivity data. Figure 5.xi contains a plot of D versus 
(V/V0) for the two isotherms, and shows that the data fall on a single 
curve within their estimated uncertainty of +4.0%.

5.6.6 Ethylbenzene.

Earlier, measurements have been performed on benzene [196], and 
toluene [197] with the transient hot-wire instrument. The density 
dependence of the thermal conductivity was successfully applied to 

these two simple aromatic liquids.
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In order to establish whether such a correlating scheme is equally 
applicable to accurately measured thermal conductivity data on 
ethylbenzene, which is a disk-shaped molecule, a similar approach of 
representing the density dependence was followed [175]. We first used 
the thermal conductivity and density data to construct lines of X 
versus in(V) for each isotherm. Therefore, we adopted a reference value 
for V0 at 304.65K of:

Vo(304.65K) = 75.45x10~ 6  m3 mol_ 1  (5.75)

According to equation (5.62), it should be possible to superimpose the 
lines of X against €n(V) for other isotherms upon that for the 
reference isotherm, by a shift on the £n(V) axis only; the amount of 
the shift yields VQ at each temperature. We have applied this analysis 
to all of the data within the range of the experimental densities ( p < 
50MPa ). Table 5.4 lists the VQ values for each isotherm. The single 
curve resulting from this process, as depicted in figure 5.xii. has 
been represented by the equation:

in X* =4.7533 - 2.1178£n(V/V0) (5.76)

and figure 5.xiii depicts a plot of the deviations of the experimental 
data from this fit. It can be seen that the thermal conductivity data 
of ethylbenzene are represented within a maximum deviation of +0 .8 6 %, 
with a standard deviation of +0.23%. These values exceed the estimated 
uncertainty in the thermal conductivity data alone, and it is possible 

to discern systematic deviations from a universal correlation, 
particularly at the highest temperature. Table 5.6 lists the
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148 160 1.80 2.00

\ vo

.Figure 5.xii. The thermal conductivity ratio, \> for

ethylbenzene, as a function of reduced molar volume.

A  304.65 K; •  319.15 K; ■  339.65 K; ♦  357.15 K.
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Figure 5.xiii .Deviation of experimental thermal conductivity data for ethylbenzene from the

correlation of equation (5.76). £= 100( X _\ w \A exp A corr;/ Acorr*
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T(K) ao ai Deviation (%)

304.65 4.3112 2.1409 +0.26

319.15 4.3311 2.2118 +0.18

339.65 4.2879 2.0666 +0.12

357.15 4.2278 1.8965 +0.35

Table 5.6 Coefficients of the Correlation of Equation (5.61) for

Individual Isotherms of Ethylbenzene.
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coefficients of the correlation of equation (5.61) for individual 
isotherms of ethylbenzene.

5.6.7 The Xylene Isomers.

A similar study [70] was made on the representation of the density 
dependence of the thermal conductivity on the three xylene isomers, 
ortho-xylene, meta-xylene and para-xylene, which are essentially flat 
disk-shaped molecules. A reference value of V0 for o-xylene at T = 
308.15K was adopted:

which allows the experimental thermal conductivity for the other 
isomers and their measured isotherms, to be employed to determine the 
optimum values of the coefficients aQ and a* of the general equation 
(5.61). The coefficients are listed in table 5.5. In this way, the 

optimum correlation has been determined as:

for all the isotherms of xylene, because this study included the other 
two isotherms. Figure 5.xiv shows the resultant single curve for 
o-xylene only.

Vo(308.15K) = 79.88x10 6  m3mol (5.77)

A* = 4.675 - 2.234£n(V/V0(I)) (5.78)

Figure 5.xv displays the deviations of all the experimental 

thermal conductivity data for the three xylenes, ( within the range of
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Figure 5.xiv. The thermal conductivity ratio, X , for o-xylene 

as a function of reduced molar volume.

A  308.15 K; •  318.15 K; ■  337.65 K; □  360.15 K.
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the available density data ) from the universal correlation of equation 
(5.61). It can be seen that the maximum deviation amounts to no more 
than +0.4%, while the standard deviation is one of +0.15%. This result 

provides ample confirmation of the universality of equation (5.61) 
among the three xylene isomers and, as usual, [195], permits ready and 
reliable interpolation and extrapolation of the present thermal 
conductivity data to other ranges of thermodynamic states.

Table 5.7 lists the coefficients of equation (5.61) for the 
individual fluids studied in this work.
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5.7 The Universal Correlation.

A further feature of the results for the rough hard-sphere model 
may be utilized to extend the correlation procedure. It was mentioned 
in 5.5.4 that whereas the translational and internal contributions to 
the thermal conductivity of the rough hard-sphere fluid depended quite 
strongly on the value of K. the total thermal conductivity is almost 
independent of it. This result implies that the reduced thermal 
conductivity defined by equation (5.54) may be a nearly universal 
function of V/V0 among the hydrocarbons studied. Again, this hypothesis 

is similar, but not identical, to the one made earlier [179].

In order to confirm the hypothesis, the curve of A against 
£n(V/V0) for n-hexane at 307K was first adopted as a reference together 
with its corresponding value of V0. Subsequently, the superimposition
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of plots of X versus £nV for other liquid hydrocarbons have been made, 
at several different temperatures, upon a reference curve along the £nV 
axis only.

The single curve resulting from the superposition process for each 
liquid studied earlier [184] has been represented by the single 
equation

£n X* = 4.8991 - 2.2595£n(V/V0) (5.79)

with the coefficients aQ and a* securing the optimum representation of 
all the data. The success of this correlation procedure has the 
immediate advantage, that it allows the thermal conductivity to be 
evaluated outside the range of densities covered by direct measurement. 
In addition to that, it is possible to predict the thermal conductivity 
of any of the studied or correlated liquids, along an isotherm, from 
just one measurement at a particular density, for example, the density 
at saturation. It is worthwhile to add here, that the precision of 
these predictions should be only slightly inferior to that of direct 
measurements. Also, it should be mentioned that the temperature 
dependence of VD follows a smooth curve, which lies very close to that 
obtained from the analysis of viscosity data, carried out by Dymond 
based upon the rough hard-sphere model.

These liquids, which have been included to obtain the correlation 
in equation (5.79), ranged from the simple straight chain molecules, 
such as n-propane to n-tridecane, the branched 2,2,4-trimethylpentane,
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Figure 5.xvi. The thermal conductivity ratio, X, as a function of 

reduced molar volume, for fluids studied in this work, in addition to 

some previously studied I 71 I .



L i q u i d ao ai S t a n d a r d  D e v i a t i o n  
(%)

n - p e n t a n e 4 . 6 0 2 2 2 . 0 6 0 2 + 1 . 3 0
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Figure 5.xvi. The thermal conductivity ratio, A » for liquids

studied in this work, as a function of reduced molar volume, V/V .o
( Some points have been omitted for clarity. )

This plot contains data from previous work [71] for completeness.
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and finally benzene and cyclohexane. The new liquids studied in this 
work was a logical continuation for extending the range and diversity 
of the systems studied. The liquids studied here, include n-pentane, 
carbon tetrachloride, oct-l-ene, ethylbenzene, and ortho-xylene. It is 
worthwhile noting here that all these measurements have an accuracy 
commensurate with the ones previous set. Figure 5.xvi displays the 
result of this super imposition of all the data points of all the 
systems studied, including the initial set that was instrumental in 
obtaining the universal correlation ( some data points have been 
omitted for clarity ). The striking feature of this procedure, is that 
the data points lie in a smooth curve, considering the fact that the 
systems investigated, lie within a wide density and temperature range, 
and that the molecular structures vary from the spherical for carbon 
tetrachloride, to the straight chain for n-pentane, and disk-shaped for 
ethylbenzene.

New values of VQ were adopted in order to enable the 
superimposition of the experimental thermal conductivity data, obtained 
for n-pentane, oct-l-ene, carbon tetrachloride, ethylbenzene and 
o-xylene, onto the previously derived correlation (equation 5.79), 
obtained from a regression analysis.

This equation is of the same form as those employed earlier, but a 

superscript ’u ’ on VD is added, to signify that the basis for the 
derivation of the characteristic volume of each liquid for each 
isotherm, is somewhat different from that which was derived in the
earlier sections. So that now we write:
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Figure 5.xvii. 
Deviations of the experimental thermal

conductivity data from the correlation of equation (5.80). 

The symbols used here are as in figure 5.xvi.
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Table 5.8.

The Characteristic Volumes, V^, for the Correlation of Equation 

(5.80) for All the Liquids Studied.

n-pentane

T(K) 305.80.. 322.80 342.50

VUxlO^ m^ mol  ̂o 57.50 57.13 56.80

oct-l-ene

T(K) 307.65 320.65 344.15 360.15

VUxl06 92.22 92.02 91.96 91.58O

carbon tetrachloride

TOO 310.15 322.650 342.65

VUxl06o 51.04 50.69 50.50

ethylbenzene

TOO 304.65 319.15 339.65 357.15

VUxl06 72.87 72.25 71.77 71.15o
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Table 5.8 (continued).

o-xylene

TOO 308.15 318.15 337.65 360.15

VUxl06 71.56 71.02 70.95 70.45
o
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in \* = a0 + a ^ n  (V/\£) " (5.80)

These values have been derived by employing the n-hexane curve at 
307 K as the reference, and subsequently, fitting all the data for each 
liquid and its associated isotherms, onto that curve, simply by 
shifting along the £nV axis. Therefore, all the derived VQ values are 
relative to the selected value for n-hexane, and should not be regarded 
as absolute. The values of Vq for each fluid for each experimental 
temperature are listed in table 5.8. Figure 5.xvii shows the deviation 
of the experimental thermal conductivity from the correlation of 
equation (5.80) Though the maximum deviation of some individual points 
from the best curve amounts to +0.05 %, and the standard deviation is 
about +0 .0 1 %, it is apparent that this near universality can provide a 
very good estimate of the thermal conductivity for the systems of 
interest. These deviations are in excess of the estimated uncertainty 
of the density and the thermal conductivity, and are somewhat larger 
than the corresponding values, when each liquid is considered on its 
own. The fact that it is possible to correlate all the data of the 
liquids studied with a single equation, with an associated accuracy of 
+0 .1 %, is remarkable, in view of the wide ranging thermophysical 
conditions.

The derived characteristic volume, V0. of n-pentane has been 

represented in a plot of the number of carbon atoms of normal alkanes, 
against the characteristic molar volume. As can be seen in figure 
5.xviii. the data for n-pentane fits well in the curve that was used
earlier by Li [71] to illustrate the trend of the characteristic volume
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Figure 5.xviii.
u

The characteristic volume (Vo) as a function of the 
number of carbon atoms of a series of normal alkanes

0 2 4 6 6 10 12 14

Number of carbon atoms
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Figure 5.xix. The characteristic volume for liquids 
studied in this work.
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increasing with molecular weight.

It has been shown that the density dependence of the thermal 
conductivity of the fluids that have been included in this work, can be 
represented by a single universal equation, valid over a wide range of 
thermodynamic states. The form of the representation has been based 
upon a rough hard-sphere model, which contains many of the principal 
features of real polyatomic fluids. There is some evidence that such a 
model could provide a means of unifying the various transport 
properties of dense polyatomic fluids.

Further work is required to secure a means of embracing a much 
wider range of fluids, so as to make the process of predicting the 
thermal conductivity more powerful. The near universality of the 
relationship of the reduced thermal conductivity to the reduced 
characteristic molar volume, provides a reliable means of estimating 
the thermal conductivity of the liquids studied here, since all that is 
needed, is the characteristic molar volume Vq for the required 
temperature. This is easily obtained from a measurement of the thermal 
conductivity at one density at the temperature of interest. If this is 
not possible, then an interpolation or a modest extrapolation of the Vq 
value can be made by using the data given in table 5.8. Figure 5.xix 
illustrates the characteristic molar volume for each liquid as a 
function of temperature.

An alternative method of obtaining VQ would be from viscosity

data, if the thermal conductivity has not been measured, as mentioned
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for carbon tetrachloride, but at the expense of inferior accuracy. In 
view of the restricted range of the volumetric properties available for 
some of the fluids studied, this universal correlation could be 
systematically improved by extending the density range, so as to 
include a greater number of points in the statistical evaluations.
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Chapter 6 .

Conclusions.

A new instrument for the measurement of the thermal conductivity 
of electrically conducting liquids for use at the temperature range of 
30° to 90°C and pressures up to 500 MPa has been constructed. This 
instrument is based upon the firmly established transient hot-wire 
technique, which has been suitably adapted to the special operating 
conditions that are demanded by the use of electrically conducting 
fluids. It was shown that the instrument was capable of operating with 
an accuracy of better than +0.3%, in common with the transient hot-wire 
instruments employed for gases and electrically insulating liquids. It 
is confidently believed that the thermal conductivity data obtained 
with this instrument, are the most accurate available at present. It is 
therefore hoped and recommended that further measurements on water and 
new measurements on saline solutions be undertaken to complement the 
high quality data accumulated so far with this instrument. The high 
accuracy of the experimental data obtained for the thermal conductivity 
of water, means that the results can be used in establishing a 
reference standard, and the possible calibration of other thermal 
conductivity instruments currently being constructed in various 

laboratories.

Some minor, but significant improvements have been implemented in



the thermal conductivity instrument for electrically insulating 
liquids. This apparatus continues to provide new thermal conductivity 
data for liquids of interest. This continuous quest for accurate data 
acquisition is fundamental in providing a firm foundation upon which 

molecular transport properties and theories can be modelled and tested 
with.

The preceding chapter dealt with the discussion of the Van der 
Waals theory, and its application to the smooth hard-sphere model, 
which in turn has been heurestically extended by Chandler and Dahler to 
encompass the rough hard-sphere model. The rough hard-sphere theory has 
been shown to provide a remarkbly successful means of predicting the 
thermal conductivity, as well as the thermal diffusivity and viscosity 
of dense fluids, over a wide range of thermodynamic states. This can be 
done by employing correlations that have been deduced from experimental 
results of one of the transport properties. This correlating scheme, 
can be reliably used for the interpolation and modest extrapolation of 
the limited - though highly accurate - available experimental data. 
Thus, the range of densities and temperatures can be extended to 
include conditions that have not been studied for various reasons, such 
as the limited time available in performing the measurements, or some 
physical constraints that are imposed on the experimental conditions, 
which are beyond the design capability of the instument.

It is imperative that the thermal conductivity instrument 
continue to yield highly accurate data of fluids. This is essential in
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order to provide a rigorous means of testing the various theoretical 
approaches, such as the rough hard-sphere model, to explain the 
transport properties of real dense fluid systems. Significant progress 
is still needed to fully explain the transport properties of dense 
hard-sphere fluids with the same conciseness that is available for 
dilute monatomic fluids.
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Appendix 1

A1.1 Introduction.

A new method of operation of an automatic Wheatstone bridge for 
use in conjunction with a transient hot-wire thermal conductivity 
instrument, has been employed for the measurement of the thermal 
conductivity of electrically insulating and electrically conducting 
liquids. The new arrangement provides greater flexibility of operation 
by replacing the resistance network of previous versions [14,71] with a 
digital to analogue converter.

Figure A 1 . i contains a schematic diagram of the new bridge 
arrangement. The symbols Rg and Rg represent the long and short wires 
of the thermal conductivity cells respectively. The left-hand arm of 
the bridge is identical with that of previous arrangements [14,71]. 
However, the right-hand arms of the bridge used earlier have been 
replaced by a different arrangement in which Vg is a digital to 
analogue source of voltage, which can be arranged to provide preset 
values accurately to a programmed sequence. Elements Rg and R^q are 

included in the circuit merely to simulate the input impedance of the 
null-detector ( comparator ) connected across A-B.
For details of bridge operation, see section §.3.8.



Figure A1 .i. 
Diagram of the new automatic Wheatstone bridge,

depicting the currents flowing in the circuits.
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A1.2 Circuit Analysis in Detail

With reference to figure A1.i. the 
established:

following equations can be

*1 = i2 + i3 (Al)

11 = i7 “ 1 6
(A2)

X2  = X8  + X9 (A3)

x3 = X4 + h o (A4)

*5 = J 6  + *4 (A5)

*7 = *5 + h i (A6 )

X 1 1  = X2  + h o (A7)

Vo = 1 3R3 + X4R4 + 1 5R5 (AS)

V0 = 12(Ri + RL) + 1 8 ^ R 2  + V (A9)

VE = X6 R 6  + X5R5 (A10)

V° = i3 R 1 0  + iioRlO (All)
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These equations may be solved to give the across A-B as follows:

(r 2  + RgKRi + rl >
V R1 + RL +VAB 1 ^ R,

V0 (Rx + RL + R2 + Rg) + (R2 + RS)(R1 + Rl )

*3 *3__ + __
[R5 R6j

1 + R5R6 ( W

(R5 + R6 ^ R3 + Rl 0 ) < V R10>

VE R3
V o X

1 - *3 f . 2( V R4)(R5+V
(r3+R10 ) { l +

R5R6
-}

l + R̂5+R6 ^ R3+R10^ (R5+R6^ R3
R5R6 R5R6 (R3+Riq) -

(A12)

At balance, V^g = 0, this leads to the result:

R 1 + RL +
(R2  - RgHRj + \ )

R,

R-+R0 +Rt +R + 1 2 L s
(*2 + RS)(R1 + V

R,
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R3 + R3 
R5 R 6

1 + R5R6 V R4
(R5+R6^ ( V R10> V R10

1 +
( R 5  + «6>(*3 + R4> + R5 + R 6  ^

R5R6 R5R6 ^*3 + R10>

Vo R«
1 + *3

R̂5+R6^(R3+Riq7 <
1 +

2(R3 +R4 )(R5 +R6)

R5R6
}

1 + (r5+r6 ) ( V R4 ) V R6 R3

R5R6 R5R6 (R3+Riq)

(A13)

Solving this equation for the resistance difference of wires, RT-
Rg, we obtain:

RL RS "

_  - 1  

R«
CR2 -(1-C)R1 - (1-C)

RL_  ( 1-C) -  c 
R~

(R1+RL) ( R2+RL)

R,

(A14)

where
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C =

R3 + *3 
R5 R 6

1 + **
__

__
__

i

R5 11 +
. R5 + R5 . V

(A15)

A1.3 Leakage Currents and Their Effects.

A phenomenon has been observed in the thermal conductivity 
instrument for electrically insulating liquids, and this had a 
significant effect on the measurements being made with the instrument. 
An attempt to explain the phenomenon is thereby given. Leakage between 
the wires and the cell walls can occur in two ways: By conduction 

through the liquid itself, or possibly by conduction through 
contaminated insulatiog cones at the ends of the hot-wires. In either 
Case, some current is taken from one or both arms of the bridge, into 
the ground circuit, thereby disturbing the balance of the bridge.

The circuit of the bridge during operation is shown in figure 
A1. ii. The power supply, VQ is centre tapped and decoupled to earth by 
the resistors, R^ to R^ , and capacitors C. The cell walls are also 
returned to the same earth point. R ^  represents the spurious leakage 
resistances.

It can be seen that if the leakage currents from the top and 

bottom arms of the bridge are similar,' then the symmetry and balance 
are not greatly affected. But, as the resistances of the wires and the
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bridge conditions change during an experiment, the leakage current may 
also change, and the relative effect on the balance point may be more 
or less significant. Such conditions would give rise to a curvature of 
the deviation plot.

To rectify this observation, a bias battery, Vg, was introduced 
into the earth circuit, so that the potential difference between the 
wires and the cell walls, could be varied. ( A capacitor was included 
across the battery, to ensure high frequency noise decoupling.) These 
conditions were tried:

(a) Battery voltage = 0 Volts.
Result was a slight curvature.

(b) Battery voltage = +9 Volts.
Severe curvature was obtained. Steady state values show 

inflexion. Therefore, leakage current having a dynamic effect on 
balance.

(c) Battery voltage = -9 Volts.
Much reduced curvature. Steady state values linear,but

shif ted.

Condition (c) would appear to be the best for the transient run, 
as a deliberate leakage current is introduced at a level which remains 
substantially constant throughout the experiment, and therefore has 
little effect on the slope.

To get the best reading of the steady state condition, it might be
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best to remove the battery, and allow the cell to find its own bias 
level, at which point no current would be flowing out of the bridge 
into the earth circuit. The maximum allowable leakage current is 
probably that at which the heating effect in the wire is significantly 
compromised in terms of the accuracy of the experiment.

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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Figure A1.ii. 
An illustration of the leakage currents 

encountered in the bridge for electrically insulating liquids, 
from the bridge to the cell walls.

O

EARTH
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Appendix 2.

A2.1 Introduction.

The bridge balance equations derived in section § 3.8. assumed 
that the lead resistances did not contribute significantly to the 
resistance difference, used to. evaluate the temperature rise of the 
tantalum wires, employed in the transient hot-wire instrument for the 
measurement of the thermal conductivity of electrically conducting 
liquids.

It was necessary to reanalyse the derivation of the bridge balance 
equations in order to obtain the correct thermal conductivity for the 

test liquid. It was found that the lead resistances in the circuit had 
a profound effect in the evaluation of the thermal conductivity, 
because the calculation of the temperature rise is very dependent on 
the resistance of the difference of the long and short wires, R^-Rg, 
and each contributing element in the circuit had, therefore, to be 
taken into consideration in the calculations.

Figure A2. i presents a schematic diagram of the various resistive 
elements that form part of the bridge circuit. The various components 
had each to be ascribed a suitable symbol to make it easier to analyse 
the problem.



292.

----------- Short Wire

______ Long Wire

Figure A2.i . The bridge circuit with the various resistive elements.
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Referring to figure A2.i.

The long wire and its connecting leads to the bridge:

Let + 6 Rjj  ̂= 6 R^ (B1)

The short wire and its connecting leads to the bridge:

Let 5R0  + 6 R0, = 5R0oa bb o (B2)

with 6 Rt = 6 Rt +Lc Lc i 6RLc-

and 6RSc = 5 RSc, + 5 RLc:

(B3)

(B4)

being the contributions from the selector box present in the circuit. 
The selector box has a function of replacing the long and short wires 
in the arms of the bridge in order to evaluate the absolute resistances 
of each wire in turn. Thus, the wires connected to it contribute to the 
overall resistances. Therefore the current flowing through the arm of 
the bridge is:

V
Rj + R2  + ^ ( t) + Rs(t) + 6 R^ + 6 Rg + 5R^c + 6 Rgc

(B5)
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So, the heat generation in the long wire is’

. ,2 \
1 __

It
(B6 )

where lj is the long wire length and a^ is the resistance per unit 
length of the long wire.

In a transient run, where we are concerned with (R^-Rg), the total 
resistances are*

[ Rl + 6 Rl + 5RLc ] - [ Rs + 6 RS + 6 RSc ] (B7)

Therefore AR = (R^-Rg) + (6R^+6R^c) + (6 Rg+6Rgc) (B8 )

And at equilibrium:

AR = [Rl (0) - Rg(0)] + (SRL+6 RLc) + (aRs+5RSc)
(B9)

R — R
How R. + R_ = ____i.(l,+l2) - 5^1£ l,.l2 (BIO)

U-l2 l.-l2

where 2 = 1 -  a^/o^ (Bll)

Therefore the current flowing is:

l =

W
( r l - r s ) 

1  i~^2
(1 1 + l„)-2 g ‘2 -1 1 'l2 +6 R. +5R„+5R. 5R

ll-l: Lc Sc

(B12)
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So AR = (\-Rs)measured = (RL+6 RL+6 RLc) - (Rg+5Rg+6RSc)
(B13)

“ d ‘W m e a s u r e d  = AR “ (fiV 5V  ~
(B14)

In greater detail, the current is:

1 =
R-+R0+

AR -(6 RL-6 Rs)-(6 RLc-6 RSc)'
1 2 (ll-l2 ) (ll-1 2 )

+6 Rt+6 R0 +6R +6R0L S Lc Sc
(B15)

Note: li = long wire length and 1 2 = short wire length.

Now heat generated q is:

. . 2q = l tfj (B16)

, ARand _____= a
li-l: w (BIT)

Therefore:

Rĵ -Rg

11— I2 ll“l2

(B18)



(819)= °i 1 ^ 2  

ll-l2

RL RsSo cr, = L b[lx-laCl-S)]

and with

Rl  Rg — 11 o i 12(7 2

giving

(r l- V

1 2  ° z

Rearranging yields:

(RL-RS) + 2̂C72
= ---------------

ll

(B20)

(B21)

(B22)

(B23)

To solve the bridge balance equations, we need R^(t) and Rg(t), the 
resistances attained at time = t. It is necessary to evaluate R^(0) and 

V 0) at the equilibrium conditions, that is prior to a transient run. 
This is done during the steady state measurement of the long wire and 
the short wire independently, using the selector box previousely 
mentioned. The selector is capable of substituting the long wire only, 
then the short wire only and then both wires together in order to 
evaluate the individual wires’ resistances. Here, it is meant the 

absolute resistances of the wires R^ and Rg.
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Therfore the measured long wire resistance at initial conditions 
is:

RT(0) , = Rt (0)+5Rt +5R. +6R.,+6 R (B24)Lv 'measured Lv 9 Lc La Lb c 4 v *

and the measured short wire resistance at initial conditions is: 

RS^measured = RS^0 ^+6RLc2 +6RSo,+6RSb+6 RSa+5 Rc 1

Therefore,

(B25)

\  = RL(°)measured " (5 RLc+6RL+6RCl> <B26>

and

*S = M e a s u r e d  “ (5 RSc1 +5 V 6 Rc1+5> W  <B27)

RL (°)
with CTj =

li

Rs (°)
. and t7o =

I2

Note: The value of 6 RC must be added to the R0 valuebc2 ^

X M X X X X M X X X * * M X M K X X X X X X X

A2.3 Temperature Rise Evaluation.

The temperature rise of the wires can be calculated from the 
resistance difference of the long wire and the short wire during the
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transient heating.
Therefore:

AT. = AR(t) ~ AR(0 )_______________
a(To)[ AR(0 )-(5RL-5Rs)-(6RLc-6RSc)

(B28)
AT is evaluated from AT’ as before (see section 3.8.6) w v J

AR is the directly measured resistance difference,

RL-Rg = AR - (6Rl-6Rs) - (5RLc-5Rgc) (B29)

Now for the single wire measurement when the long wire only is in the 
circuit, the current is:

Long wire:

1 =
R1+R2+Rl (t)+5RL+6RLc+6Rc 1+6RSc:

(B30)

R^(t) is found from the balance equations,

ARt = Rt + 6Rr + 6 R + SR. + 6 R0  L L L cA Lc Sc2
(B31)

Therefore

Rl = 4RL - (5RL+SRCi+fiRLc) (B32)

and the temperature rise is
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AR. (t)-AR(O)
AT = ___________ (B33)

a.RL
When the short wire only is in the circuit, that is substituted in 

place of the long wire, we get:

i ’ = _________________X____________________ (B34)
Rl+V RS(t)+6 RLc2+6RSc 1+6RS+6 Rc 1 +SRSc2

and

ARS = Rs + 6 RS + 6 R. +
L c 2

6 R +Ci fiRsCl + 5RSc-
(B35)

A2.4 Values of the Various Resistive Elements.

The resistances of the individual components in the resistance 
network were measured accurately with a very sensitive Ohmeter. The 
values of each resistance is included in the table below.

Component Resistance (fi)

6 Rt
1_iC £

0.067
SRt

L c 2
0.073

6R
C i

0.062

6 Rc2
0.061

“ Sc, 0.064

6R S c 2
0.068

X X X X X X X X X X X X X X X X X X X X X X X X X X X
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Appendix 3.

A3.1 Calibration of Pressure Gauges.

The pressure gauges employed in the new instrument for the 
measurement of the thermal conductivity of electrically conducting 
liquids, were calibrated against a dead-weight tester. The dead-weight 
tester was described in detail elsewhere [14,71], and is accurate to 
better than IMPa at 700MPa, and has been calibrated by the National 
Physical Laboratory.

A3.2 Calibration Constants.

A ^  = A ( a + AbT ) PT pv 7
(Cl)

where

Ap = A0( a + aP ) (C2)

and

AT = T - 293.15 (C3)

A0 = 3.227477x10 6  m2  +1.29x10' (C4)



3 0 1 .

a = 2.973x10- 6  MPa" 1 +1.45x10 7  MPa" 1 (C5)

b ~ 23xl0"6 K_ 1  (C6 )

The pressure, p is then obtained as:

P = J L £ (CT)

pT

where M is the total mass of the piston, carrier and weights

The calibrations of the preesure gauges obtained are presented in 
table A3.1. and the pressure of the test fluid in the autoclave can be 
deduced from the gauge readings by the interpolation of the calibration 
data.



Gauge ( 1 }.

Temperature
°C

Gauge Reading 
( bar )

Hass 
( Kg )

Absolute Pressure 
( MPa )

2 0 . 0 670.0 22.315846 67.8917
20.5 960.0 31.973597 97.28745
20.5 1249.0 41.614696 126.60883
20.5 1540.0 51.280947 156.01580
20.5 1830.0 61.000047 185.49638
20.5 2119.0 70.610946 214.70003
20.5 2406.0 80.233146 243.87694
20.5 2696.0 89.893247 273.21781
20.5 2985.0 99.540397 302.51709
20.5 3270.0 109.166800 331.47862
20.5 3562.0 118.789800 360.97212
20.5 3851.0 128.451800 390.28115
20.5 4140.0 138.063250 419.47318
20.5 4428.0 147.704900 448.68373
20.5 4716.0 157.351600 477.89816
20.5 5010.0 167.083950 507.47117
20.5 5294.0 176.700650 536.50068
20.5 5585.0 186.365050 565.78832
20.5 5818.0 194.170850 589.45713

Table A3.1 Calibrations for gauge number { 1 }.
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The low range pressure gauges were calibrated against another 
dead-weight tester independently. The results of their calibrations are 
presented in table A3.2.

Dead Weight 
( bar )

Up
( bar )

Down 
( bar )

Mean 
( bar )

70 73 77 75.0
2 1 0 2 1 0 214 2 1 2 . 0

350 348 351 349.5
490 485 488 486.5
630 625 629 627.0
770 762 765 763.5
910 900 904 902.0
1050 1040 1043 1041.5
1190 1178 1181 1179.5
1330 1314 1317 1315.5
1470 1457 1457 1457.0

Table A3.2 Calibration of lower range pressure gauge.

The simple linear fit gives this equation:

P = -4.559 +1.0132Pg (+1.1) bar (C8 )

The quadratic fit represents the data more realisticaly.

P = -5.834 + 1.0182Pg -3.2306x10 6 Pg2  (+0.9) bar

(C9)
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