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Abstract—Thermal conductivity measurements available in the literature, for 23 fluids in their dense

gaseous and liquid states, have been used to develop the generalized relationship for excess thermal conduc-
tivity. Calculated thermal conductivities relating to these 23 substances which include monatomic, diatomic

and polyatomic fluids and hydrocarbuns of all types have been compared with curresponding experimental
measurements to produce an overall average deviation of 3.87% (1111 points) for all fluid conditions through

the compressed liquid state.

INTRODUCTION

The treatment relating to the thermal conductivity
of fluids in their dilule gasevus state has been difficult
tu accommodate in a generalized manner. This diffi-
culty alsu extends to include the behavior of the dense
gaseous and liquid regions. In this state of aggregation,
the prediction of this transport propetty is complicated
by rnuitiple collisions and forces of attraction that are
complex in nature. In particular, this argument ex-
tends to liquid systems consisting of polyatomic
molecules since no satisfactory statistical solution is
yet available lo account for their behavior in this dense
state of aggregation. In this context, the prediction of
thermal conductivity is beset with difficulties because
the individual translational, rotational and vibrativnal
modes of energy transfer are not well understoud
under varying temperature and pressure conditions.

Atternpts to treal thermal conductivity i a gerer-
alized marmer are reported by Gamson [1] who devel-
oped, from measurenents available in (he literalure, a
corresponding states correlation in which the reduced
thermal conductivity. K/K ., is plotied against reduced
temperature for parameters of reduced pressure. Corn-
ings and Nathan [2] combined the Enskog relation-
ships for viscusily and thermmal conductivity to obtain
an expression for (he ratio, K/K*, in terms of the vis-
cousty ratio, m/p”™ and y, the Enskog modulus. I therr
fina relationship, the effects of the internal degrees ot
freedom of the molecules was neglected. Stiel and
Thodos [3] utilized a dimensional analysis approach
which involves the use of the critical copstants and

219

showed that excess thermal conductivity depends on
reduced density and the critical compressibility factor.
More specifically, they were able to produce a unique
expression for dense gases and liquids relating (K-K*)
AZ5 versus p, for 20 substances which included mon-
atomic, diatomic and polyatomnic molecules and hydro-
carbons of all types. In this expression, A = 7784'%/
PR, Their correlation extends up to reduced densities
of 8, =2.80 and is restricted in application to nonpolar
substances. However, the generalized behavior of
anomalous thermal conductivity enhancement ap-
pearing near the critical point has been separately in-
vestigated in the previous works [4,5].

DILUTE GASEOUS STATE

For the thermal conductivity of the dilute gaseous
slale of rigid spherical molecules having negligible
attractive forces of interaction, mulecular theury has
been applied to the develupment of the relationship
(6]

i

K*=19.981x10"° R m
This relationship predicts thermal conductiviiies ac-
cuately for monatomic gases and is consistent with the
simple kinetic theory which considers only the Irans-
fer of translational energy of such rigid spherical mole-
cules. To extend the application of thermal conductiv-
ity to polyatomic gases in their dilute state, Roy and
Thudos (7] applied a dimensional analysis approach
and showed that

UZ.Q‘{'Z"
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K*A=BZI T} (2)

where the thermal conductivity parameter, A . 719
M'®1P*?. From the analysis of data available in the
literature, they concluded that m = 0 and that KA is
only a function of T, However, this dependence was
found to relate uniquely to molecular complexily.

For the monatomic gases. which possess only trans-
lational degrees of freedom, Equation (2) was found to
be,

(K*A)n=9.96 X 10 *[exp (0.0464 Ty
—exp (—0.2412 T4} | (3)

for temperature up lo T, = 20. Equation (3) reproduced
experimental measurements for neon, argon, krypton
and xenon with an average deviation of 2.8% (219
puints). However, in order to take into account the
transfer of energy between translativnal and internal
degrees of freedom in polyatomic gases, Roy and Theo-
dos [7] extended their treatmient beyond monatomniic
gases and presented for diatomic and triatomic gases
the relationships,

(K*¥A1 =110 (K*Ai 5"
and
(K*20, =102 (K*A %"

(diatomic gases) (1)

itnatomic gasesi, (5}
Equation (4) has been used to calculate thermal con-
ductivities for the diatomic gases, nitrogen, carbon
monoxide, nitric oxide, oxyvgen, fluorine, hydrugen
chloride and hydrogen bromide which, when comn-
pared with corresponding experimental measure-
meunts, produced an average overall deviation of 4.3%
(282 points). For the triatomic gases, carbon dioxide.,
sultur dioxide, nitrous oxide and water vapor, Equa-
tion (5) reproduced experimental measurerments with
an overall average deviation of 4.61% (242 points)

For the complex nature of hvdrocarkons that in-
clude normal aliphatics and thelr isomers, olefies,
acelylenes, naphthenes. and aromalics, Roy and Tho-
dos [8] ulilized a group contribution approach to ac-
count for the sum of the rotational and vibrational con-
tributions of these substances and represerted thein as
the difference between the total and translativnal con-
tributions.

CEA = (¥R o= (KR A= (KA, 6

This approach was utilized by (heni to develop a oeih-
od for predicting thermal conductivities for 27 hvdro-
carbons of all degrees of complexity with an overall
average deviation of 2.1% (109 points). Using the
same arguments, their approach was extended [91 o
the development of a method for the treatment of or-
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ganic compounds including alcohols, esters, ketones,
aldehydes, halides, amines and cyclics. For 52 organic
compounds, a comparison between calculated and
experimental values produced an average devialior: of
3.0% (291 points).

BASIC CONSIDERATION FOR THE NON-
DILUTE GASEOUS STATE

Anatternpt to account for the excess thermal con-
ductivity, K-K™. of nonpolar fluids of all degrees of
molecular complexity was reported by Stiel and Tho-
dos [3]. Their approach involved the use of a dimen-
sional analysis, based on the critical constants of a
fluid, to show thal

(K= K" 1AZ=f{pg). (7)

This dependence was found (o apply to mounalomic,
diatomic, and triatomic fluids and hydrocarbon of all
lypes in their dense gaseous and salurated liquid states
for temperatures above the normal boiling point. In
their study, because of the lack of experimental liquid
measurements, not much attention was directed to the
behavior of thermal conductivity for temperatures be-
low their normal boiling point and particularly those
approaching the triple point region and also for con-
ditions associated with the compressed liguid state.

A projection to transcend the inability to predicl
i generalized manner thermal conductivities in the
highly compressed region, and particularly in the
proximity of the liquid-solid transition slate, requires a
close scrutiny of the behavior of this transpuort praperty
with particular emphasis placed at this extreime state of
liquid aggregation. Experimental measurements are
now becoming available and report thermal conduc-
tivities that extend as low as the triple point and which
alsu acconmimodate the compressed liguid region. A
dimensional aralysis, based on the triple point values
of a fluid. presents an alternate approach that may
have more significant implications lo the generalized
treatment of thermial conductivity than has been possi-
ble with that using critical constanis. Thus, the excess
thermal conductivity ay be related to lemperature
and volume as follows:

R-K¥=aT" T/ MR, 181
Using  mass-dength-lime-tenmiperature  ditmensions. i
«5"7 kel

tollows frorn Equation (8) thal,

a

K- R U=p 5 o
[¢7)

where =720l 3 /Ty 70 p==aR°F o= TV T,

and w=p/pu.
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Fur this state of liquid aggregation, it is interesting
t draw a paralle! line of reasoning between that pro-
posed by Andrade [10] for viscosity and the present
study dealing with thermal conductivity. According to
Andrade, the molecules in liguids may be regarded as
executing vibrations just as they do in the solid state.
The movement of the equilibrium positions of these
mulecules has been shown to be very slow and need
nol be taken into account if interest is not directed to
such phenomena as self-diffusion and viscosity. Fol-
lowing the procedure outlined by Andrade for viscos-
ity it can be inferred that the thermal conductivity of
liquids becomes

K=" 10

where x is the Boltzmann constant, v is the frequency
of vibration al the melting point and o = {¢,/N)™, the
average distance between molecular centers. For the
frequency of vibration, Andrade presented the expres-
sion
——
v=2,8x10" /1= b
M 'Z';z( :
Combining Equations (10) and {11) with o = (2,70,
it can be shown that
M) <2 Z;Z -3
1t

KN., I

F a0 12

The approximation given by Equation {12) applies al
the triple point and is closelv related to the application
involving spherical molecules. However, this expres-
sion cannol be applied for conditions removed from
the triple point region avd also for nonspherical coni-
plex nolecules,

DENSE GASEOUS AND LIQUID STATLS

Experimental information relating to the behavior
of thermnal conductivity in the dense gascous and lig-
vid states s now becoming avatlable for a limited
pumber of fluids. In this connection, experimental
thermal conductivities for the dense gaseous and conn-
pressed liquid state of oxygen are reported by Roder
(11} who alsu investigated the behavior of propane in
its highly compressed liquid state [12]. Along these
lines, Menashe and Wakeham [13] reported thermal
conductivity measurements for the liguid state of n-
heptare and also for n-ponane and n-undecane 141,
each for pressures up 1o 500 MPa (4935 atim). The re-
suits for n-heptane are expressed as excess thermal
conductivity, (K-K*) ¥ versus w. the deusity normal-
ized with the liquid density at the trip ¢ point. The

1~
(8
—

experimental measurements for oxygen, propane, /-
nonane and n-decane exhibited patterns of behavior
similar to that found for n-heptane. The behavior of ali
these fluids indicates that thermal conductivity contin-
ues to be strongly dependent on density, and weakly
dependent on temperature.

The dependence of (K-K*) ¥ on the both tempera-
ture and density is consistent with the resu.ts of the
dimensional analysis expressed by Equation (9). How-
ever, the term, %', is not so straightforward. but
turns out to be more complex in foran as depicted from
actual measurements. A careful coordination of both
temperature and density introduces x, the single vari-
able comibining both of these properties as follows:

x=wr®®" 13)

where @ and n are constants to be established from
experimental measurements. Using a = 0.08527 and
n = 1.8158 determined from the nonlinear regression
analysis, the three isotherms combine to the unique
dependence of (K-K*) ¥ versus x, the single density-
temperature variable. The application of this variable
using a = 0.08527 and n = 1.8158 extends as well 1o
the application of the data available for oxygen and the
normal hydrocarbons, n-propane. n-nonane and n-
undecane to produce the unique, but different rela-
tionships of (K-K*) ¥ versus x for each of these fluids.

Additional substances, varying in molecular com-
plexily from monatomic, diatomic and polyatomic
configurations such as cyclohexane, benzene and tolu-
ene, were included in this study. Experimental ther-
mal conductivities for the dense gaseous and liquid
state uf these substances obtained from literature sourc-
es were presented in Table 2, which altogether in-
cluded 23 fluids of an essentially nunpolar nature. Ex-
cess thermal conductivities expressed as (K-K ) &
when related 1o x, the combined densily-temperature
variable. produced for each fluid continuous and
unique relationships for the dense gaseous, saturated
fiquid and compressed liquid regions. The general
form of these relationships can be expressed by the fol-
lowing funclivral dependence.

(K~ K* W=explax"+8x"| -1 {14
where a, 8. and nare specific constants assoctaled
with this funclional dependence for each substance.
Table 1 includes the values of these constants for eachi
fluid obtaived from a nonlinear regression analysis.
This table atso rcludes other basic constants related Lo
these fluids.

GENERALIZED TREATMENT FOR THE DENSE
GASEOUS AND LIQUID STATES

Korean J. Ch. E. (Vol. 7, No. 3)
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Table 2. Basic parameters and deviations resulting from eq. (17)
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Compd. 4 Tg, ZJit.) Zc(cale’d) Pts % Dev. Lit.
Monatomic
Neon 1.5615 0.5521 0.298 0.298 6 1.58 [16)
Argon 1.4984 0.5554 0.293 0:293 169 4.47 [17]
Krypton 1.4985 0.5537 0.292 0.293 147 4.46 18]
Xenon 1.4313 0.5569 0.290 0.289 77 4.39 (18]
Diatomic
Nitrogen 1.3500 0.5003 0.290 0.289 17 2.13 (19
Oxygen 1.2365 0.3517 0.288 0.284 116 1.57 [11]
Hydrocarbons
Methane 1.4069 0.4758 0.289 0.294 151 8.30 [20)
Ethylene 1.1283 0.3683 0.276 0.278 0.65 [21]
Ethane 1.0678 0.2943 0.274 0.276 65 6.06 [22)
Propane 0.9940 0.2310 0.271 0.270 70 1.42 2]
r-Butane 1.0140 0.3172 0.274 0.269 6 0.91 [23]
r-Pentane 0.9695 0.3054 0.269 0.265 16 1.29 [23]
ri-Hexane 0.9567 0.3505 0.263 0.261 13 0.64 23]
Cyclohexane 1.1380 0.5058 0.277 0.271 49 3.97 [24)]
Eenzene 1.1502 0.4958 0.271 0.273 12 1.75 [25)
n-Heptane 0.9480 0.3379 0.260 0.260 50 345 [13]
Toluene 09718 0.3011 0.263 0.265 16 0.86 (23}
2-Octane 0.9183 0.3804 (1.255 0.256 1 0.31 {23}
n-Nonane 0.9141 0.3699 0.250 0.256 64 3.66 [14)
n-Decane (0.8656 0.3943 0.245 0.250 9 0.46 [23)
n-Undecane 0.8813 0.3876 0.240 0.252 51 3.19 [14]
Miscellaneous
Carbon Dioxide 1.4202 0.7119 0.274 0.274 79 1.22 [26]
Carbon Tetrachloride 1.0685 0.4493 0.272 0.268 9 2.28 [25]

The nonlinear relationships of (K-K*) ¥ versus x,
begin from the origin and increase exponentially to ap-
proach for each fluid the respective freezing curve,
where the thermal conductivity remains finite. The
menatomic fluids, neon, argon, krypton and xenon ex-
hibit the least dependernice of (K-K) ¥ on x, whereas
for the structurally complex molecules, this depend-
ence increases nmore rapidly, as exhibited, by the
heavier hydrocarbons. In general, with increasing
melecular complexity, the critical compressibility fac-
tor, Z,, is found to decrease progressive y. However,
besides Z.. a sirung inference exists that an additional
parameter also plays a role in defining the (K-K7) ¥
versus x behavior of each fluid. This additional parar-
eter has been taken to represent the volume increase
as the solid melts at the triple point and has been de-
signated as ¢ = v,/v,,. Thus, the combined influence of
Z.and e bears directly on the characlerizing nature ot
the fluid and has been defined as,

{=f1Z., ¢ 15

where ¢ can be applied to define the global variable as
follows:

g= E;; {16)
This variable is an all inclusive factor that represents
in a combined manner the influence of density and
temperature alung with the parameters € and Z, need-
ed to characterize the physical nature of the fluid.
Based un these premises, the variable g assumes a uni-
versal significance capable of defining excess thermal
conductivity in a mannper similar to Equation (14) as
follows:

(K- K* U=explag”+bg¥] -1 {17

where a, b, 7, and v are assumed (o be constarts appli-
cable to all fluids. To establish these constants, the
fluid characterizing parameter, {, and exponent. r,
must first be determined individually for each sub-
stance. This approach requires the simultaneous sotu-

Korean J. Ch. E. (Vol. 7, No. 3)
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tions for six unknowns. A nonlinear regression anal-
ysis of the experimental values (K-K*) ¥, density and
temperature, for the 23 fluids included in this study
produced for each parameter of Equation (17), the ful-
lowing values:

a=3.5761
b=2.6963

n=0.1602
v=0.9941

and the value r = 0.13963 needed tu define g in Equa-
tion (16). On the other hand. the fluid characterizing
parameter & was found to be constant and unique (v a
fluid, but o vary from substance to substance. The
best values of £ obtained from this treatment are in-
cluded in Table 2 and, in general, decrease with mole-
cular complexity. The highest value was found for
neon, & - 156147 and the lowest for n-decane, & -
0.86958.

ESTIMATION OF PARAMETER §

The fluid characlerizing paranmeler § has been as-
sumed to depend on the critical compressibility factor,
Z, and e, the volume expansion factor at the triple
point. through the relationship,

== AZS+ Be® + CZ{ e* (s

where A, 8, C ¢ d fand g are constants. Since reliable
values for volume expansion factors are difficult (o
obtain, a method has been devised for the estimation
of this factor using reasonable thermodynamic argu-
ments. To predict €, the molar volumes ol the solid
and hquid states al the triple point must be available.
The liquid molar votume can be calculaled by apply-
ing the Rackelt equation [13] at the triple point to
vield,

0.286

vn= 0L, TR (19

The solid mular volume at the triple puint refates line-
arly with & the modified van der Waals covolutne
pararreter as follows:

Usi=kb (20

where the proportionality constant has beer: found to
be &£ . 1.20 and the covolume parameter is defived
through the modified van der Waals equation of stale,

P fn V= b =RT Q)]

in which & - Din+ D and o 22 - [ 425+ 1
Therefure it follows that, for the calculation of parain-
eter b, all critical constants must be available. With
these interiocking relationships. €, the volume expan-
sion factor at the iriple point now can be defined, with
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the elimination of ¢ as follows:

i Ty, 0288

k=1 T

(22

Through this approach, € is shown to depend upon the
two parameters Z and Ty . Values of these parameters
are presented in Table 2 for each fluid included in this
treatment. A nonlinear regression analysis has been
applied, using values of Z. and 7 available in the
literature, to establish the constants A, B, C, ¢, d, fand
g of Equation (18). The compromising constants of this
equations for the 23 fluids were found to be

A =5.75907 ¢ = 1.47895
B = -0.08363 d = 6.53786
C - 82.06644 f = 4.38948

g =4.91170

Since the accuracy of the triple point parameter,
7',‘,[\ is better known than the corresponding Z. val-
ue, the fluid charactlerizing parameter £ expressed
throught the relationship of Equation (18), becomes
strongly influenced on the accuracy associated with 2.
The parameter § associated with a fluid represents a
comproinise obtained frum a number of thermal con-
ductivity measurements ranging from low o high den-
sities, which extend (o the triple point region, and
therefore this parameter for a substance is known bet-
ter than its corresponding Z. value. For the sake of
comparison, values of 2. were calculated with Equa-
tion (18) and its compromised constants. These cal-
culated £ values are included in Table 2. and. for the
maosl part, are in good agreement with corresponding
values obtained from the literature. The grealer depar-
ture noted for the heavier normal hvdrocarbons, n-
nonane, r-decane and n-undecare, is undoubtedly
due to the uncertaimties of both thermal conductivities
and critical constants for these fluids. Values fur (he
global variable, g corresponding (o experimential
excess thermal condudtivities were calculated using
Equation {18} to estimale parameter ¢, and density
and temperature to obtain v

CONCLUSIONS

The procedure outlined through the of Equations
(13). (16), (17) and (18) permitted the calculation of
excess thermal conductivities, K=K, which were coin-
pared with corresponding experimental nieasure-
merts for all 23 fluids included in the study. The re-
sults of this comparison were summarized in Taole 2
and produced an overall average deviation 3.87%
(1111 points). This deviation inctudes fluid states tha
extend from the deose gaseous state into the saturated
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and comipressed liquid region. The individual average
deviations ranged from 0.31% (11 points) for liquid
n-octane to 8.30% (151 points) for methane in its
dense gaseous and liquid states.
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NOMENCLATURE

: glubal variable

thermal conductivity [cal/sec cm K]

thermal conductivity of dilute gaseous state [cal/
sec ¢cm K]

molecular weight

pressure {atm]

. critical pressure [alm]

temperature (K]

critical temperature {K]

reduced temperature

reduced temperature at triple point

triple point temperature [Ki

molar volume [cm?/mol!

critical volume [em?/mol]

liquid molar volume at triple point [em®/mol]
solid molar volume at triple point [cim®/mol]
density-temperature variable

Enskog modulus

critical compressibility factor

Greek Letters

D ® RR > & vy

™
B

g 2 Q

1.

vulumetric expansion factor for melting at triple
point

fluid characterizing parameter

Boltzmiann constant

thermal conductivity parameter

viscosity -g/sec cmy

viscosity of dilute gaseuus state [g/sec cnil
density {g/cm'%]

liquid density at triple point [grem?)
reduced density

average distance between molecular centers
normalized temperature

thermal conductivily parameler

normalized density
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