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ABSTRACT

Using the dimensionless coordinates

e (2t )

where A_ = thermal conductivity at the critical point, Ayg = thermal conductivity at the
normal boiling temperature, Tyy (K), and A = thermal conductivity at any given temperature,
T(K) and

o= (L 1) (L
T Ty '
where 7 = the critical point temperature (K); an empirical equation,

- e

k+T*] "
has been established to calculate the thermal conductivity of saturated liquids over the entire
saturated liquid—vapour equilibrium range from the triple point to the critical point for
separate compounds as well as the C,-C,, alkanes, inert and halogen compound families.
The relation proposed in this work compares excellently in overall accuracy with other known
selected prediction correlations over the entire range of investigation (25 compounds with 548
saturated liquid-state data points).

INTRODUCTION AND PROPOSED CORRELATION

The need for predicting the thermal conductivity of saturated liquids as a
function of saturation temperature stems first, from the overall paucity of
the available experimental data [1], and second, from the current advances in
chemical engineering design, especially heat-transfer operations. To remedy
this need, a flurry of theoretical and semi-empirical thermal conductivity
prediction methods for liquids has been proposed [2].

However, these proposals have met with indifferent success. The theoreti-
cal ones have not checked out very well, while the semi-empirical predictive
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methods at times give very good results, but then, again, yield estimates
subject to an excessive error [2].

Despite the relatively early studies of the changes in thermal conductivity
with temperature along the saturated liquid-vapour equilibrium curve [3,4],
to date there is no satisfactory method for predicting the thermal conductiv-
ity of saturated liquids.

Since these saturated equilibrium curves represent states of coexistence of
pairs of phases (i.e., liquid-vapour) and the system is thermodynamically
univariant, we can say that for a pure substance at a given temperature 7'
and for a given value of A(T), a single value of P exists, satisfying the
following thermodynamic restriction

.= 8(T;) = h(P,) (1)

where subscript s indicates the saturated state with g and h representing
functions. Equation (1) specifies that only either the saturation temperature
or pressure is necessary to describe the thermal conductivity of the saturated
liquid uniquely, since choosing T, will at the same time determine the value
of P, for the given substance. In view of eqn. (1) it is feasible to develop a
direct empirical relation between the saturated liquid thermal conductivity
and the temperature.

To establish such a relation, we introduce [5-8] new reduced coordinates
associated with the phenomenological scaling renormalization group theory
[9-12] as follows

A* — (%_ 1)/(;;3 - 1) 2)
and
N

where A _ = thermal conductivity at the critical point; A = thermal conduc-
tivity at the normal boiling point temperature, T5(K); A = thermal conduc-
tivity at any given temperature, T(K); and T, = critical point temperature
(K).

For this coordinate system (eqns. 2 and 3) the thermal conductivity of the
saturated liquid of a pure substance can then be expressed as follows (Tables
1 and 2, Fig. 1)

mT* ]b

(4)

where m, b and k are constants characteristic of the pure substance in its
saturated liquid state, and have been obtained from experimental data sets
(Table 3) by means of non-linear least-square regression methods.

* =
A {k+T*
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The proposed method (eqn. 4) was generalized in terms of the given
compound families. In this work we could propose generalized correlations
for the C,-C,, liquid alkane, liquid inert and liquid halogen families (Table
2. Fig. 1) by noting that the m and k coefficients of eqn. (4) can be expressed
as non-linear functions of molecular weight

X=P(1)[MW - P(2))*+ P(3) (5)

(k= P(1)MW — P(2) for liquid halogens) where X is the running variable
for the m and k parameters, while the coefficients P(1), P(2) and P(3),
determined by means of non-linear regression techniques, are shown both in
their long and truncated forms in Table 2. The m and k functions (eqn. 5)
are both family as well as state dependent, while b remains a constant for the
particular compound family and the liquid state.

The validity of the correlation presented was tested with excellent success
by comparing the RMS% error values of this work against the RMS% error
values as obtained in combination of the Boiling Point-Robbins-Kingrea

equation {2,13] and the Missenard equation {14] for the low-pressure range,
and then ext‘endlno these results to high nressures hv the use of the Lenoir

these results to high pressures by the us e of the Len
correlation [15].

EXPERIMENTAL DATA USED

A summary of experimental data used, along with their temperature
ranges, is given in Table 3. These saturated liquid thermal conductivity data

1.2

*

Reduced thermal conductivity, A

o 0.5 10 1.5
Reduced temperature , T

Fig. 1. Reduced thermal conductivity (A*) vs. reduced temperature (7*) plot: () neon; (a)
argon: (@) krypton; () xenon; (O) radon.
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Fig. 2. Percent error in thermal conductivity vs. temperature plot for n-heptane: (¢ ¢
calculated using eqn. (5), original coefficients; (4p------ @) calculated using eqn. (4),
original coefficients; (a A) calculated by means of Boiling Point-Robbins—Kingrea
equation; (X X)) calculated by means of Missenard equation.

were taken from several sources. Table 4 presents the experimental data
needed for use in both the Boiling Point-Robbins—Kingrea equation [2,13]
and the Missenard equation [14]. One is directed to the paper by Lenoir [15]
for the correlation diagram used in adjusting thermal conductivity for
pressure effects. The data presented (Tables 3 and 4) were considered to be
sufficiently accurate and no further studies were made to re-evaluate their
accuracy. Hence, the presently used data sets (Tables 3 and 4) are only
representative ones. The RMS% error is used as a basis for comparison thus
facilitating a measure of accuracy if fit for this work (eqns. 4 and 5) and
other methods (Table 5, Fig. 2).

RESULTS AND DISCUSSION

The introduction of the proposed A*—T* relation (eqn. 4) enables one to
calculate the saturated-liquid thermal conductivities for pure compounds
along the entire range of the saturated liquid—vapour equilibrium curve from
the triple point up to the critical point.

The dimensionless parameter A*—-T* relation (eqns. 4 and 5) associated
with the phenomenological scaling and group renormalization theory
[10,12,16] introduced in this work, eliminates the need for any direct
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reference to the nature of the saturated liquid-vapour equilibrium, the
magnitude and type of the intermolecular forces involved, and the descrip-
tion of the molecular structure of the substance. Instead, the proposed
method (eqns. 4 and 5) requires the knowledge of the liquid—vapour critical
point and normal boiling point temperatures, along with their corresponding
thermal conductivities, and the molecular weight of the compound.

Table 5 compares the results obtained in terms of RMS% error values
between the proposed method, original coefficients (eqn. 4, Table 1) and
coefficient-molecular weight (MW) expansion (eqn. 5, Table 2), and the
Boiling Point—-Robbins-Kingrea [2,13] and Missenard [14] equations for the
C,-C,, liquid alkanes, liquid inerts and liquid halogens. Since the methods
listed are low-pressure correlations, these two test equations were corrected
for pressure by means of the Lenoir correlation [15]. Table 5 shows that the
method proposed in this work (eqns. 4 and 5), has the smallest RMS% error
values among all the test equations selected. Figure 2 illustrates this graphi-
cally by giving the plot of RMS% error vs. temperature for liquid n-heptane.
The proposed method (Table 5) equally well applies to the rare gases,
halogens and hydrocarbons (including highly dipolar compounds, such as
ammonia). The largest error is found for both the proposed method (eqn. 4)
and the other test methods used, for water (Table 5). To increase the ease of
using the proposed method (eqns. 4 and 5), the long original coefficients
(Tables 1 and 2) for both eqns. (4) and (5), were truncated to coefficients of
four decimal places (Tables 1 and 2). Table 5 shows that very little predictive
accuracy in the proposed method has been lost as a result of this coefficient
truncation.

Methods that work on non-polar organic compounds like the Boiling
Point-Robbins-Kingrea equation and the Missenard equation are simply
inapplicable to polar compounds like water (Table 5). Although eqn. (5) did
not accurately fit the saturated liquid curve for water, reasonable success was
obtained in the temperature regions 7 < 403.15 and T > 633.15 K (Table 5)
with the intermediate temperature range described by a hyperbolic function
(Table 5). In general, one can state that the reduced coordinate system of
A* = f(T*) proved remarkably successful in predicting the liquid thermal
conductivities for water.

CONCLUSIONS

A semi-empirical correlation method (eqns. 4 and 5) has been developed
which permits one to predict the saturated liquid state thermal conductivity
along the entire saturated liquid-vapour equilibrium curve, from the triple
point to the critical point with a great deal of accuracy. The characteristic
constants of this correlation (m and & for eqns. 4 and 5) have been not only
correlated for the individual compounds but, by means of an expansion
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through molecular weight (eqn. 5), also as members of the homologous
compound series.

The range of application of the proposed method needs to be extended to
other compounds, compound families and compound mixtures in saturated
and unsaturated states.

The results obtained and comparisons made (Figs. 1 and 2, Table 5)
strongly support the proposed method.
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NOMENCLATURE

b, m, k characteristic coefficients of pure compound, eqn. (4)
g(T,) arbitrary function of saturation temperature

h(P,) arbitrary function of saturation pressure

MW molecular weight

N number of data points

p pressure

P(1), P(2), P(3) coefficients in eqn. (5)
T, T*, Tng, T, temperature at any state of the saturated liquid—vapour

equilibrium curve; reduced temperature, eqn. (3); normal
boiling point temperature; critical point temperature (K),

respectively
X arbitrary (running) variable in eqn. (5)
Subscripts
c critical point
i component i, ith data point
NB normal boiling point
s saturated state
Superscripts

* reduced coordinate, eqns. (2) and (3)
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Greek letters

A, A Ags thermal conductivity at any state; reduced thermal conduc-

A

c?

A, tivity, eqn. (2); thermal conductivity at the normal boiling
point; thermal conductivity at the critical point; thermal
conductivity of saturated liquid (W m~! K1), respectively

ANT) thermal conductivity as a function of temperature
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