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Abstract—The volume expansion factor associated with the liquid-solid transition at the triple
point, €=V /Vse,is a fluid characterizing parameter that finds utility in the prediction of the transport pro-
perties of substances in their dense gaseous and saturated and compressed liquid states. Values of this factor

were independently established from the generalized treatment of self-diffusivity, viscosity and thermal con-

ductivity involving information relating to these transport properties for. monatomic, diatomic, and
pulyatomic substances and hydrocarbons of all types of molecular complexity.

These values, derived from each of these transport properties, were found to be consistent and in agree-

menl with each other and corresponding experimental measurements. This factor has been applied to the

development of a relationship capable for its generalized prediction using information relating to Z.. the

critical compressibility factor and Tg, the reduced temperature at the triple point.
Values of € obtained from limited experimental measurements were compared with values predicted by

this method and were found to be in close agreement with corresponding values resulting from experimental

measurements. Therefore, this development can be made to apply in a generalized manner to all types of

substances.

INTRODUCTION

The critical constants of substances have so far pro-
ven to be satifactory normalizing parameters for the
generalized treatment of thermodynamic and transport
properties consistent with the theorem of correspon-
ding states. In this regard, temperature, pressure and
volume are ordinarily normalized with corresponding
critical temperatures, critical pressures and critical
volumes to produce reduced quantities which are then
applied to the correlation of these thermodynamic and
transport properties. The involvement of these not-
malized quantities has proven satisfactory for the cor-
relation and prediction of transport properties
associated with the dilute and dense gaseous states of
fluids; however, its extension of application into the li-
quid region has so far proven to be of limited utility.
Thus. for liquids existing at temperatures above their
normal boiling point, these generalized methods of cor-
relation have been found to conform reasonably well to
the prediction of these transport properties; however,
for temperatures below their corresponding normal
boiling points, and particularly for conditions ap-
proaching the triple point region, these methods fail to
account properly for the generalized behavior of self-
diffusivity, viscosity and thermal conductivity. This pat-

tern of behavior is not unexpected since the involve-
ment of the critical point stipulates a frame of reference
near its vicinity and properly accommodates the dilute
and dense gaseous states, but may not necessarily con-
form to the behavior of liquids at low temperatures and
particularly for temperatures approaching the triple
point region. Because of this duality in behavior, it
could be well argued that the triple point as well con-
stitutes a frame of reference relating to its immediate
region in the same manner that the critical point has
been found to apply for state conditions in close prox-
imity to it.

Reasons for this disparity may be accounted for the
following reasons: in the near vicinity of the critical
point, a highly disorganized order of molecular orienta-
tion prevails for both saturated liquids and saturated
vapors and extends into the dense fluid state provided
the temperature and pressure conditions are not
significantly removed from this frame of reference.
However, with decreasing temperature, and particular-
ly for conditions existing below the normal boiling
point, this prevalent randomness gradually begins to
disappear with the onset of a new realignment dictaled
by the specific crystalline configuration of the substance
which must be realized as its freezing state is app-
roached. Consequently, the liquid-solid coexistence
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cquilibrium state at the triple point becomes a frame of
reference at this phase transition. Therefore, this frame
of reference reflecls in significance, in the same man-
ner as does the critical poinl. This argument stipulates
that there must exist a dual frame of reference which
dictates in what region the critical point or the triple
point becomes dominant. Thus, in general, the critical
point can be associated with vapor-liquid phase transi-
tion while the triple point becomes of significance in
the near liquid-solid phase transition.

TREATMENT OF AVAILABLE EXPERIMENTAL
DATA

Al the present time no rigorous melting theory ex-
1sts. Moreover, there is not even a generally accepted
philosophy that qualitatively reflects the understanding
of the physical nature of melting. The unavailability of
adequate experimental measurements of substances
along their melting curve has been so far largely
responsible for the lack of a development relating to the
generalized behavior of this region. However, by this
time, limited information has appeared in the literature
for a few substances to justify a reappraisal of the
melting behavior.

Sharma [1] initiates arguments for the development
of a corresponding states approach and points that solid
molar volumes at their triple point play an important
role in describing the thermodynamic behavior in this
liquid-solid phase transition. In this connection, Shar-
ma compares calculated solid molar volumes at the tri-
ple point with experimental measuremenis available
for twelve substances. Additional informafion is cur-
rently available from the experimentat studies of Cheng
et al. {2] obtained from their work relating to the
melting behavior of methane and nitrogen. Ree et al.
{31 report experimental measurements for the molar
volumes at the triple point of solid methane, benzene,
carbon tetrachloride and carbon dioxide. Supplemen-
tary experimental measurements: are reported for
cyclohexane by Hopfner et al. [4] and for sulfur hex-
afluoride by Semenova et al. [5]. All these experimental
values are presented in Table 1. This table aiso includes
experimental liquid molar volumes at the iriple point,
v, for a number of substances obtained from the com-
prehensive study of the saturated liquid state of polar
and nonpolar substances [6]. If not available, values of
v, can be calculated from the relationship of Rackett {7]
applied at the triple point and modified by Spencer and
Adler (8] to the expression,

. Vo7 207 y
Vie TVeldia & (1)

where Z,,, is a constant specific to a substance. Spencer
and Adler present such constants for 165 pure com-
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pounds. If Z,,, values are not available. the critical com-
pressibility factor, Z_ proposed by Rackelt, can be
substituted for it.

The volume expansion associated in the course of
melting at the triple point is shown to bear directly on
the behavior of self-diffusivity, viscosity and thermal
conductivity of the dense gaseous and liquid states of
substances of both simple and complex molecular con-
figurations. This volume expansion factor can be defin-
ed as,

e = 2)

Vst

and applies specifically to the liquid-solid phase transi-
tion at the triple point. In their studies relating to the
significant structure theory, Zandler et al. '9] in-
vestigate the three structurally similar molecules, CO3,
COS and CS: and show that some of the ther-
modynaniic and mechanical propetties of these com-
pounds in their liquid state are quite dissimilar. For ex-
ample, the triple point vapor pressures of CO2, COS and
CS, are 5. 112, 0.00065 and 0.000018 atm, respective-
ly, campared with typical values near 0.1 atm for most
other small molecules. When the temperatue is raised
to the triple point, the solid melts undergoing a very
large volume and entropy change. Using the data of
Zandler et al., the volume expansion factor at the triple
point becomes 1.068 for CS» and 1.284 for CC». This
approach was extended in this study to include the
limited experimental liquid and solid molar volumes at
the triple point available in the literature for a few
substances. Values of ¢ calculated from these ex-
perimental measurements are presented in Table 1 for
13 substances.

For the solid-liquid phase transition, the Clapeyron
equation offers a means for establishing the volume ex-
pansion factor. For this factor at the triple point, the
Clapeyron equation takes the form of the following ex-
pression,

£ e e e e (3)

where the derivative(aP/9T), represents the slope ot
the fuston curve at the triple point and A, is the heat of
fusion. Unfortunately, information of this type at this
time is available only for a limited number of
substances and therefore, at present, equation (3) does
not offer a convenient means for the calculation of
e-vafues.

VALUES FROM TRANSPORT PROPERTIES
OF DENSE GASES AND LIQUIDS

For the generalized behavior of self-diffusivity,
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viscosily and thermal conductivity of dense gases and
liquids, limited by their freezing curves, Lee {10]
utilizes the triple point as a frame of reference to nor-
malize these transport properties and generates expres-
sions consistent with the theorem of corresponding
states. For self-diffusivity, the expression for all types of
substances was found to be,
D * 10 *—exp(4.0443g" ¥ 40, 9783g" ) ~ |
4)
where the normalizing self-diffusivity parameter,
6. M'7/T*v,]7* The global variable,g = x/ ¢ % 25°*
7% requires for its definition information relating to
the density and temperature of the fluid and the fluid
characterizing parameter, e =v. /vs . The variable,
x=w/t ', requires that the density and tempera-
ture of the tluid be normalized with the corresponding
triple point values (t= T/T, and @ =p/0,). Thus, with
equation (4), a single volume expansion factor can be
calculated for a substance from corresponding ex-
perimental measurements of self-diffusivity, density
and lemperature and the normalizing values ¢, and T,
corresponding to the triple point. Using a nonlinear
regressivn  analysis, ¢ -values were obtained for a
number of substances. These values derived from self-
diffusivity considerations are reported in Table 1.

An independent approach, utilizing the generalized
behavior of viscosity, was also made to establish
e-values. For residual viscosity, the generalized expres-
sion has been found to be,

0.09 w*

= u*) 7y X 10° =
exp(2. 9328g% 2% 44, 5424 %) - 1 {5)

where the normalizing viscosity parameter, 7+~ v,k
M 2T} % Likewise, the global variable becomes,
g= %/ (0. 9766 ) 2 2558/2 5578 where x= /7007«
Again, using experimental viscosity measurements and
corresponding densities and temperaturss, e-values
were obtained for a number of substances. These
calculated values are also presented in Table 1.
Following an analogous treatment for residual ther-
mal conductivity, the generalized expression becomes,

k=—k*) g, x10°=
exp (3, 5761g% "2, 6963 ) — 1 6)

where the normalizing thermal conductivity parameter,
¢, =M% 22 /T 7% However, in addition to € the
establishment of the global variable g for thermal con-
ductivity requires Z, the critical compressibility factor.
The global variable tor this transport property has been
found to be, g=x/& *™ """ where x=¢¢ o827 w5
and ¢ is a fluid characterizing parameter specific to a
substance. Table 2 presents the deviations between
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calculated values resulting from equations (4), (5) and
(6) and experimental values. Experimental residual
thermal conductivities, and corresponding densities
and temperatures enabled the calculation of parameter
{. Values of this parameter resulting from this treat-
ment are presented Table 1. This fluid characterizing
parameter has been assumed to depend onZ_ and ¢ as
follows:

C=all +@e ™+ yZle? (7)

where values of Z. were obtained from the literature
and the volume expansion factors, as a first order of ap-
proximation, were assumed to be those resulting from
self-diffusivity and viscosity measurements. A
nonlinear regression analysis for the dependence of §
on Z.and ¢ produced the following values for equation
(7):

- %3’86 - 0. 1131¢ "o
[
33,7017 Z3 ¥ 5 vese (8

Equation (8) now can be used to calculate values of ¢
corresponding to thermal conductivities. Using cor-
responding values of § and Z., this equation has been
applied to calculate values of ¢ for each substance.
These values are also presented in Table 1 and are
found to be in reasonably good agreement with the cor-
responding values of e resulting directly from the in-
volvement of self-diffusivity and viscosity.

GENERALIZED PREDICTION FOR ¢ -VALUES
FROM THERMODYNAMIC PROPERTIES

The e-values resulting from the involvement of self-
diffusivity, viscosity and thermal conductivity have
been related to their corresponding parameters, Z_, the
critical compressibility factor and Tg, the reduced
temperature at the triple point. Using a nonlinear
regression analysis produced the following relation-
ship:

~ 0. B405
e~ O%Oﬁs_gg +4.6237Z. 21 4.0, 0113%—;%0—7; 9)
Rt c

Values of ¢ calculated with equation {9) are presented
in Table 1 and are compared with corresponding values
derived from each of the transport properties.
Calculated and actual e-values are found to be in
Jreasonably good agreement within themselves, thus
lending credence to the capability of equation (9) to
predict values for this parameter from corresponding z.
and T values. Therefore, equation (9) summarizes the
predictive capability for the estimation of volume ex-
pansion factors for the liquid-solid transition at the tri-
ple point.



The Volume Expansion Factor for Liquid-Solid Transition at the Triple Point 13

Tahle 2. Average percent deviations for self-diffusivity, viscosity and thermal conduetivity resulting

from eqs.(4),(5) and (86).

Self-diffusivity, eq.i4) Viscosity, eq. (5 Thermal conductivity eq.i6)
Substance — e e ) - - . S e
No. Points 7 Dev, No. Points 7. Dev. No. Points 7 Dev.
Monatomic
Neon 30 8.72 81 4.32 6 1.58
Argon 14 10. 02 134 3.36 164 4. 47
Kryvpton 19 16. 34 19 0. 85 147 4. 46
Xenon 17 4.43 56 3.34 77 4. 39
Diatomic
n-Hydrogen 25 4. 68
Nitrogen 9 4.46 111 4.74 17 2. 13
COxygen 99 1.61 116 1.57
Fluorine 71 2.23
Hydrocarbons
Methane 88 4, 83 92 6. 27 151 8.30
Ethylene 60 3. 44 14 1.26 7 0.69
Ethane 13 9. 36 125 1.24 65 6. 06
Propane 4 11. 65 68 6. 38 70 1.42
n-Butane 7 0.65 ) 0.91
n-Pentane 7 6. 47 243 1.42 16 1.29
n-Hexane 10 7.15 32 1.76 13 0. 64
Cyclohexane 39 4.96 25 3.10 49 3.97
Benzene 35 4.85 35 3.35 12 .75
n-Heptane 9 7.92 36 5. 71 o 3.45
Toluene 16 0. 86
n-Octane 8.78 27 4. 47 11 0. 31
n-Nonane 8. 56 17 2.58 64 3. 66
n-Decane 9 15. 38 136 3.29 4 0. 46
r-Undecane 51 319
r-Octadecane 3 2.99
Miscellaneous
Ammonia 32 8.07
Carbon dioxide 7 8. 41 57 1.39 79 1.22
Carbon disulfide 29 3.15
Carbon tetrafluoride 4 [.94
Chloroform 8 1.41
Carbon tetrachloride 27 2.84 27 1.99 9 2.28
Sulfur hexafluoride 16 8. 60
Tetramethylsilane 42 4. 05 43 8.74
Fluorobenzene 17 7.48
Chlorobenzene 15 9.17
EBEromobenzene 15 9.04
I>dobenzene 16 12. 63

Korean J.Ch. E.{Vol. 4, No. 1}
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CONCLUSION

A comparison of ¢-values obtained from self-
diffusivity, viscosity and thermal conductivity
measurements with those resulting from equation (9)
shows a close agreement amongst all three, with the ex-
ception of n-hydrogen. For this substance the disagree-
ment between values of 1.22091 and 1.14170, may be
due 1o the higher quantum behavior associated with
hydrogen.

It should be noted that the values of the volume ex-
pansion factor at the triple point obtained from self-
diffusivity, viscosity and thermal conductivity
measurements are in close agreement with each other
and that this factor presents a unified approach to all
three transport properties comparable to the free-
volurne concept originally advanced by Batschinski
[11] and later applied by a number of investigators in-
cluding Hildebrand [12]. The ability to calculate ¢ pro-
vides an independent approach capable of establishing
this triple point parameter with no recourse to ex-
perimental measurements.

NOMENCLATURE

g . global variable

k : thermal conductivity, cal/sec cm K

k' : thermal conductivity of dilute gas, cal/sec
cm K

M . molecular weight

m,n,p,q : exponents, equation (7)

p. - critical pressure, atm

R : gas constant

T : temperature, K

Te . critical temperature, K

T, . triple point temperature, K

Tr : reduced temperature at triple point T, /T,

v, . cntical volume, cm?/g-mole

v, * liquid molar volume at triple point, cm*g-
mole

Vi . solid molar volume at triple point, cmB/g--
mole

X . density-temperature variable

Ze . critical compressibility factor, P.v./ RT,

Zps : constant for modified Rackett equation
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Greek Letters

a. 8.7 coefficients, equation (7)
Y : viscosity parameter, v,i”/M'2T,”?
&y . self-diffusivity parameter, M 72 /T %y, |3
D - self-diffusivity, cm%/sec
: volurne expansion factor,
. fluid characterizing parameter
’ : heat of fusion
: Viscosity, poises
: viscosity of dilute gas, poises
. density, glem?
- liquid density at triple point, g/cm®
: normalized temperature T/T,
: : thermal conductivity parameter,

N{ I/ZV”2/3/T’1/2

w : normalized density o /p,,
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