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Foreword

In 1957, the Thermophysical Properties Research
Center (TPRC) of Purdue University, under the
leadership of its founder, Professor Y. S. Touloukian,
began to develop a coordinated experimental,
theoretical, and literature review program covering
a set of properties of great importance to science and
technology. Over the years, this program has grown
steadily, producing bibliographies, data compila-
tions and recommendations, experimental measure-
ments, and other output. The serics of volumes for
which these remarks constitute a foreword is one of
these many important products. These volumes are a
monumental accomplishment in themselves, re-
quiring for their production the combined knowledge
and skills of dozens of dedicated specialists. The
Thermophysical Properties Research Center de-
serves the gratitude of every scientist and engineer
who uses these compiled aata.

The individual nontechnical citizen of the
United States has a stake in this work also, for much
of the science and technology that contributes to his
well-being relies on the use of these data. Indeed,
recognition of this importance is indicated by a
mere reading of the list of the financial sponsors of
the Thermophysical Properties Research Center;
leaders of the technical industry of the United States
and agencies of the Federal Government are well
represented.

Experimental mea:urements made in a labora-
tory have many poten.al applications. They might
be used, for example, to check a theory, or to help
design a chemical manufacturing plant, or to com-
pute the characteristics of a heat exchanger in a
nuclear power plant. The progress of science and
technology demands that rvesults be published in the
open literature so that others may use them. For-
tunately for progress, the useful data in any single
field are not scattered throughout the tens of thou-
sands of technical journals published throughout
the world. In most fields, fifty percent of the useful
work appears in no more than thirty or forty journals.
However, in the case of TPRC, its field is so broad

that about 100 journals are required to yield fifty
percent. But that other fifty percent! It is scattered
through more than 3500 journals and other docu-
ments, often items not readily identifiable or ob-
tainable. Nearly 50,000 references are now in the
files.

Thus, the man who wants to use existing data,
rather than make new measurements himself, faces
a long and costly task if he wants to assure himself
that he has found 41l the relevant results. More often
than not, a search for data stops after one or two
results are found—or after the searcher decides he
has spent enough time looking. Now with the
appearance of these volumes, the scientist or engineer
who needs these kinds of data can consider himself
very fortunate. He has a single source to turn to;
thousands of hours of search time will be saved,
innumerable repetitions of measurements will be
avoided, and several billions of dollars of investment
in research work will have been preserved.

However, the task is not ended with the genera-
tion of these volumes. A critical evaluation of much
of the data is still needed. Why are discrepant results
obtained by different experimentalists? What un-
detected sources of systematic error may affect some
or even all measurements ? What value can be derived
as a “recommended” figure from the various con-
flicting values that may be reported ? These questions
are difficult to answer, requiring the most sophisti-
cated judgment of a specialist in the field. While a
number of the volumes in this Series do contain
critically evaluated and recommended data, these
are still in the minority. The data are now being
more intensively evaluated by the staff of TPRC as ar
integral part of the effort of the National Standard
Reference Data System (NSRDS). The task of the
National Standard Reference Data System is to
organize and operate a comprehensive program to
prepare compilations of critically evaluated data on
the properties of substances. The NSRDS is ad-
ministered by the National Bureau of Standards
under a directive from the Federal Council for Science

vii
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viii Foreword

and Technology, augmented by special legislation
of the Congress of the United States. TPRC is one
of the national resources participating in the National
Standard Reference Data System in a united effort
to satisfy the needs of the technical community for
readily accessible, critically evaluated data.

As a representative of the NBS Office of Stan-
dard Reference Data,l wanttocongratulate Professor
Touloukian and his colleagues on the accomplish-
ments represented by this Szries of reference data

books. Scientists and engineers the world over are
indebted to them. The task ahead is still an awesome
one and 1 urge the nation’s private industries and all
concerned Federal agencies to participate in fulfilling
this national need of assuring the availability of
standard numerical reference data for science and
technology.

EpwarDp L. BRADY
Associate Director for Information Programs
National Bureau of Standards




Preface

Thermophysical Properties of Matter, the TPRC
Data Serics, is the culmination of twelve years of
pionecering cffort in the generation of tables of
numerical data for science and technology. It
constitutes the restructuring, accompanied by ex-
tensive revision and expansion of coverage, of the
original TPRC Dara Book, first released in 1960 in
loose-leaf format, 11" x17" in size, and issued in
June and December annually in the form of supple-
ments. The original loose-leaf Data Book was or-
ganized in three volumes: (1) metallic elements and
alloys, (2) nonmetallic elements, compounds, and
mixtures which are solid at N.T.P., and (3) non-
metallic elements, compounds, and mixtures which
are liquid or gaseous at N.T.P. Within each volume,
each property constituted a chapter.

Because of the vast proportions the Data Book
began to assume over the years of its growth and the
greatly increased effort necessary in its maintenance
by the user, it was decided in 1967 to change from the
loosc-leaf format to a conventional publication.
Thus, the December 1966 supplement of the original
Data Book was the last supplement disseminated by
TPRC. ;

While the manifold physical, logistic, and
economic advantages of the bound volume over the
loose-leaf oversize format are obvious and welcome
to all who have used the unwieldy original volumes,
the assumption that this work will no longer be
kept on a current basis because of its bound format
would not be correct. Fully recognizing the need of
many important research and development programs
which require the latest available information,
TPRC has instituted a Data Update Plan enabling
the subscriber to inquire, by telephone if necessary,
for specific information and receive, in many in-
stances, san.e-day response on any new data pro-
cessed or revision of published data since the latest
edition. In this context, the TPRC Data Scrics departs
drastically from the conventional handbook and
giant multivolume classical works, which are no
longer adequate media for the dissemination of

numerical data of science and technology without a
continuing activity on contemporary coverage. The
loose-leaf arrangements of many works fully recog-
nize this fact and attempt to develop a combination
of bound volumes and loose-leaf supplement arrange-
ments as the work becomes increasingly large.
TPRC's Data Update Plan is indeed unique in this
sense¢ since it maintains the contents of the TPRC
Data Series current and live on a day-to-day basis
between editions. In this spirit, 1 strongly urge all
purchasers of these volumes to complete in detail
and return the Volume Registration Certificate
which accompanies each volume in order to assure
themselves of the continuous receipt of annual
listing of corrigenda during the life of the edition.

The TPRC Data Series consists initially of 13
independent volumes. The initial ten volumess will
be published in 1970, and the remaining three by
1972. It is also contemplated that subsequent to the
first edition, each volume will be revised, updated,
and reissued in a new edition approximately every
fifth year. The organization of the TPRC Data Series
makes each volume a self-contained entity available
individually without the need to purchase the entire
«Series.

The coverage of the specific thermophysical
properties represented by this Series constitutes the
most comprchensive and authoritative collection of
numerical data of its kind for science and technology.

Whenever possible, a uniform format has been
used in all volumes, except when variations in
presentation were necessitated by the nature of the
property or the physical state concerned. In spite of
the wealth of data reported in these volumes, it
should be recognized that all volumes are not of the
same degree of completeness. However, as additional
data are processed at TPRC on a continuing basis,
subsequent editions will become increasingly more
complete and up to date. Each volume in the Series
basically comprises three sections, consisting of atext,
the body of numerical data with source references,
and a material index.
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The aim of the textual material is to provide a
complementary or supporting role to the body of
numerical data rather tharn to present a treatise on
the subject of the property. The user will find a basic
theoretical treatment, a comprehensive presentation
of selected works which constitute reviews, or com-
pendia of empirical relations useful ir estimation of
the property when there exists a paucity of data or
when data are completely lacking. Established
major experimental techniques are also briefly
reviewed.

The body of data is the core of each volume
and is presented in both graphical and tabular format
for convenience of the user. Every single point of
numerical data is fully referenced asto its original
source and no secondary sources of information are
used in data extraction. In general, it has not been
possible to critically scrutinize all the original data
presented in these volumes, except to eliminate
perpetuation of gross errors. However, in a signifi-
cant number of cases, such as for the properties of
liquids and gases and the thermal conductivity of
all the clements, the task of full evaluation, synthesis,
and correlation has been completed. It is hoped that
in subsequent editions of this continuing work,
not only new information will be reported but the
critical evaluation will be extended to increasingly
broader classes of materials and properties.

The third and final major section of each volume
is the material index. This is the key to the volume,
enabling the user to exercise full freedom of access to
its contents by any choice of substance name or
detailed alloy and mixture composition, trade name,
synonym, etc. Of particular interest here is the fact
that in the case of those properties which are re-
ported in separate companion volumes, the material
index in each of the volumes also reports the con-
tents of the other cor~panion volumes.* The sets of
companion volumes are as follows:

Thermal conductivity: Volumes I, 2, 3
Specific heat: Volumes 4, S, 6
Radiative properties:  Volumes 7, 8, 9
Thermal expansion: Volumes 12, 13

The ultimate aims and functions of TPRC's
Data Tables Division are to extract, evaluate, re-
concile, correlate, and synthesize all available data
for the thermophysical properties of materials with

*For the first edition of the Series, this arrangement was not
feasible for Volume 7 due to the sequence and the schedule
of its publication. This situation will be resolved in sub-
sequent editions,

the result of obtaining internally consistent sets of
property values, termed the ““recommended reference
values.” In such work, gaps in the data often occur,
for ranges of temperature, composition, etc. When-
ever feasible, various techniques are used to fill in
such missing information. ranging from empirical
procedures to detailed theoretical calculations. Such
studies are resulting in valuable new estimation
methods being developed which have made it possible
to estimate values for substances and/or physical con-
ditions presently unmeasured or not amenable to
laboratory investigation. Depending on the available
information for a particular property and substance,
the end product may vary from simple tabulations of
isolated values to detailed tabulations with generating
equations, plots showing the concordance of the
different values, and, in some cases, over a range of
parameters presently unexplored in the laboratory.

The TPRC Data Series constitutes a permanent
and valuable contribution to science and technology.
These constantly growing volumes are invaluable
sources of data to engineers and scientists, sources in
which a wealth of information heretofore unknown
or not readily available has been made accessible.
We look forward to continued improvement of both
format and contents so that TPRC may serve the
scientific and technological community with ever-
increasing excellence in the years to come. In this
connection, the staff of TPRC is most anxious to
receive comments, suggestions, and criticisms from
all users of these volumes. An increasing number of
colleagues are making available at the earliest pos-
sible moment reprints of their papers and reports as
well as pertinent information on the more obscure
publications. I wish to renew my earnest request that
this procedure become a universal practice since it
will prove to be most helpful in making TPRC'’s
continuing effort more complete and up to date.

It is indeed a pleasure to acknowledge with
gratitude the multisource financial assistance re-
ceived from over fifty of TPRC’s sponsors which
has made the continued generation of these tables
possible. In particular, I wish to single out the sus-
tained major support being received from the Air
Force Materials Laboratory-Air Force Systems
Command, the Office of Standard Reference Data-
National Bureau of Standards, and the Office of
Advanced Research and Technology-National Aero-
nautics and Space Administration. TPRC is indeed
proud to have been designated as a National In-
formation Analysis Center for the Department of
Defense as well as a component of the National




Standard Reference Data System under the cog-
nizance of the National Bureau of Standards.

While the preparation and continued mainten-
ance of this work is the responsibility of TPRC's
Data Tables Division, it would not have been possible
without the direct input of TPRC’s Scientific Docu-
mentation Division and, to a lesser degree, the
Theoretical and Experimental Research Divisions.
The authors of the various volumes are the senior
staff members in responsible charge of the work.
It should be clearly understood, however, that
many have contributed over the years and their
contributions are specifically acknowledged in each
volume. I wish to take this opportunity to personally

Preface  xi

thank those members of the staff, research assistants,
graduate research assistants, and supporting graphics
and technical typing personnel without whose dili-
gent and painstaking efforts this work could not have
materialized.

Y. S. TOULOUKIAN

Director
Thermophysical Properties Research Center
Distinguished Atkins Professor of Enginecring

Purdue University
Lafayette, Indiana
July 1969
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Introduction to Volume 3

This volume of Thermophysica! Properties of Matter,
the TPRC Data Series, covering the thermal con-
ductivity of fluids, presents the data on nonmetallic
materials which are in the fluid state at normal
temperature and pressure. It is not as compre-
hensive as its two companion volumes, Volumes 1
and 2, primarily because we have not been able to
cover an extensive number of fluids due to lack of
technological interest.

The volume comprises three major sections:
the front text material together with its bibliography,
the main body of numerical data with its references,
and the material index.

The text material is intended to assume a role
complementary to the main body of numerical data,
the presentation of which is the primary purpose of
this volume. It is felt that a moderately detailed dis-
cussion of the theoretical nature of the property
under consideration together with a review of pre-
dictive procedures and recognized experimental
techniques will be appropriate in a major reference
work of this kind. The extensive reference citations
given in the text should lead the interested reader to
a highly comprehensive literature for a detailed
study. It is hoped, however, that enough detail is
presented for this volume to be self-contained for
the practical user.

The main body of the volume consists of the
presentation of numerical data compiled over the
years in a most meticulous manner. The coverage
includes a selected number of pure substances,
identical to those covered in Volume 6 of this Series,
and a number of mixtures which are felt to be of
greatest engineering importance. The extraction of
all data directly from their original sources ensures
freedom from errors of transcription. Furthermore,
a number of gross errors appearing in the original
source documents have been corrected. The organiza-
tion and presentation of the data, together with other
pertinent information on the use of the tables and
figures, are discussed in detail in the section entitled
Numerical Data.

The data covering pure substances have been
critically reviewed and analyzed, and *recom-
mended reference values™ are presented. It is hoped
that in future editions of this volume the data on
mixtures will also receive similar critical scrutiny and
“recommended reference values” will be incor-
porated.

As stated ecarlier, all data have been obtained
from their original sources and each data set is so
referenced. TPRC has in its files all documents cited
in this volume. Those that cannot readily be obtained
clsewhere are available from TPRC in microfiche
form.

The material index at the end of this volume
covers the contents of all three companion volumes
(Volumes 1, 2, and 3) on thermal conductivity. It is
hoped that the user will find these comprehensive
indices helpful.

This volume has grown out of the activities
made possible initially by TPRC’s Founder Sponsors,
and, since 1960, principally through the support
of the Air Force Materials Laboratory-Air Force
Systems Command, under the monitorship of Mr.
John H. Charlesworth. The effort on the critical
analysis of the data on the eclements was made
possible through the Office of Standard Reference
Data-National Bureau of Standards, under the
monitorship of Dr. Howard J. White, Jr. The authors
wish to acknowledge with pleasure the cooperation
of their colleague, Dr. R. W. Powell, who has
contributed the portion of the text covering the
liquid state. Extensive personal inquiries have been
made to the authors of research papers and reports
requesting clarifications and/or original data. Their
enthusiastic response to these inquiries is gratefully
acknowledged.

Inherent to the character of this work is the
fact that in the preparation of this volume we have
drawn most heavily upon the scientific literature
and feel a debt of gratitude to the authors of the
referenced articles. While their often discordant
results have caused us much difficulty in reconciling
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xiv Introduction to Volume 3

their findings, we consider this to be our challenge
and our contribution to negative entropy of informa-
tion, as an effort is made to create from the randomly
distributed data a condensed, more orderly state.

While this volume is primarily intended as a
reference work for the designer, researcher, experi-
mentalist, and theoretician, the teacher at the
graduate level may also use it as a teaching tool to
point out to his students the topography of the state
of knowledge on the thermal conductivity of fluids.
We believe there is also much food for reflection by
the specialist and the academician concerning the
meaning of ‘“original” investigation and its *‘in-
formation content.”

The authors are keenly aware of the possibility
of omissions or errors in a work of this scope. We
hope that we will not be judged too harshly and that
we will receive the benefit of suggestions regarding
references omitted, additional material groups
needing more detailed treatment, improvements in
presentation, and, most important, any inadvertent

errors. If the Volume Registration Certificate
accompanying this volume is returned, the reader
will assure himself of receiving annually a list of
corrigenda as possible errors come to our attention,

Y. S. TOULOUKIAN
P. E. LiLEY
S. C. SAXENA

Lafayette, Indiana
July 1969
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1, ELEMENTS

Figure and/or Physical

Table No. Name Symbol State*
1 Argon Ar s,Lv,Gég . . . .
2 Bromine Bry “bVE : i s a
3 Chlorine Cly =L VAGT & fl e e
4 Deuterium D, -Lv,G . . ..
-] Fluorine F, SEVEG . L o6
6 Hellum He SULENGL . D G
7 Hydrogen H, SSIEVEE@ . . F &
8 Krypton Kr sLve . . . .
9 Neon Ne s,L,v.Gé¢ . . . .
10 Nitrogen Nj s,L,V,G . . . .
11 Oxygen 0, sl VoG o o . .
12 Radon Rn S VAG. = o .
13 Tritium Ty o LS ol RS
14 Xenon Xe SLWV, @ . . .

2, INORGANIC COMPOUNDS

15 Ammonia NH, - LG, -
16 Boron Trifluoride BF, - -G, -
17 Hydrogen Chloride HC1 - =G, -
18 Hydrogen lodide HI - =G, -
19 Hydrogen Sulfide HS - =G, -
20 Nitric Oxide NO - =G, -
21 Nitrogen Peroxide NO, - LG, -
22 Nitrous Oxide NO - -G, -
23 Sulfur Dioxide SO, - L,G, -
24 Water HLO - L,G, -

3. ORGANIC COMPOUND&

25 Acetone (CH,)CO -, L,G, -
26 Acetylene CHCH = =G, -
27 Benzene CyHg - LG, -
28 i-Butane i-CHye =5 oG
29 n-Butane n-CgHyy - LG, -
30 Carbon Dioxide CO, - LG, ~

—
8 = golid, L = saturated liquid, V = saturated vapor, G = gas.

L el M

Page No,

13
17
21
26
29
41
650
56
64
76

87
88

-
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3. ORGANIC COMPOUNDS (continued)

Figure and/or Physical
Table No, Name Formula State *
31 Carbon Monoxide co L,G IMOT Ol O OF C
32 Carbon Tetrachloride CCly LG Ol o S o gl
33 Chloroform CHCl4 LG A%m R ERen &
34 n-Decane CyoHae L,G G Ok Ofiiose o odld
35 Ethane Callg -G ooy i S ol o o G
36 Ethyl Alcohol C,H;OH LG 5. 0luomn 0 Lo o
. 37 Ethylene CH CH, LG ol W e o ) Gl
: 38 Ethylene Glycol CHOHCHLOH B SRS
39 Ethyl Ether (Cal5)0 L,G e e e
40 Freon 11 CICF LG ol ol o ou olll®
41 Freon 12 CICF, L,G 0L 0Lk Dk O 0 O
42 Freon 13 CICF, -G o B EFNpRiE
13 Freon 21 CILCHF LG I ek .
44 Freon 22 CICHF, L,G 60040 0. 0do o
45 Freon 113 CCl1,FCCIF, L,G R L
16 Freon 114 CCIF,CCIF, LG Dj O 10/ kP ro ko dg
4 Glycerol CH,OHCHOHCH,OH L, - J El AN
18 n-Heptane CyHyg L,G Opu ol o T o 5 N
49 n-Hexane Cetiy LG Siol gl h L 5o NG
50 Methane CH, LG A Iy Ry vl L
61 Methy! Alcohol CHOH LG Op 0.0 Ot Oy 0G5
52 Methyl Chloride CH4Cl L,G ool ot T4 0,0
63 n-Nonane CyHag L,G ool oo o it
54 n-Octane CoHlge L, G o oo ol o R
55 n-Pentane CyHya L,G Op 20 lelonsom Oy or 8
56 Propane C,H,y -G il Yogt omt 4 oG
67 Tolucne CgHCHy L,G foe e e e e s

4. BINARY SYSTEMS

A. Monatomic - Monatomic Systems

58 Argon and Helium Ar and He -G O LolG o o Mg
59 Argon and Neon Ar and Ne -G o' oo
60 Argon and Krypton Ar and Kr -G e ™
61 Argon and Xenon Ar and Xe -G s A=l
62 Helium and Neon He and Ne -G T n
63 Helium and Krypton He and Kr -G =y
64 Helium and Xenon He and Xe -G SRR R,
o 65 Krypton and Neon Kr and Ne G e s e iy

66 Krypton and Xenon Kr and Xe -G AR e e

‘ 87 Neon and Xenon Ne and Xe -G

|

] * L =saturated liquid, G = gas.
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4. BINARY SYSTEMS (continued)

B. Monatomic - Nonpolar Polyatomic Systems

n,i‘.:;feusg‘/ o Name Formula pg{:::: J Page No.
68 Argon and Benzene Ar and C¢Hg G Rah & LEESE 295
69 Argon and Carbon Dioxide Ar and COy G .o 297
70 Argon and Deuterium Ar and Dy G v e e 298
71 Argon and Hydrogen Ar and H, a eoe e e 301 .l
72 Argon and Methane Ar and CH, G e e . 304 !
73 Argon and Nitrogen Ar and Ny G o RGO ol d 306 ‘i
74 Argon and Oxygen Ar and O, G T N 311 '
75 Argon and Propane Ar and CyH, TR R R !
76 Helium and Air He and Afr G . . e+ . 318
71 Helium and n-Butane He and C{Hy G ¢ e e e e o. s BRO ‘
78 Helium and Carbon Dioxide He and COy G soe e e e e . 322
79 Helium and Cyclopropane He and CyHg G . R - 1) :
80 Helium and Deuterium He and Dy G coe e e e 327
3 81 Helium and Ethane He and CyH, G ) v ® skl & 329
82 Helium and Ethylene He and CyH, G L T T ) §
83 Hellum and Hydrogen He and H, G e e« o+ . s s 333
84 Helium and Methane He and CH¢ G - & 1.
85 Helium and Nitrogen He and Ng G - 1 1]
86 Helium and Oxygen He and O, G o oM g o oG 343
87 Helium and Propane He and C3li; G T S 1 1
88 Helium and Propylene He and CyH, G . e . . 347 1
89 Krypton and Deuterium Kr and Dy G ) & Wil 349
90 Krypton and Hydrogen Kr and Hy G . . . 351 1
i 91 Krypton and Nitrogen Kr and Ny G A 354
| 92 Krypton and Oxygen Kr and O, G o o s s Gelle W68
93 Neon and Carbon Dioxide Ne and CO, G o e o ke . 888
94 Neon and Deuterium Ne and Dy G .. s o o+ o+ 360
95 Neon and Hydrogen Ne and H, G 5 ol o 362 i
96 Neon and Nitrogen Ne and Ny G e 0 s e e 366
97 Neon and Oxygen Ne and O, G T )
98 Xenon and Deuterium Xe and Dy G O LR R 8 .
99 Xenon and Hydrogen Xe and Hy G s e e . 374
100 Xenon and Nitrogen Xe and N, G P T ) i |
101 Xenon and Oxygen Xe and O, G T O £

C. Nonpolar Polyatomic - Nonpolar Polyatomic Systems

102 Acetylene and Air CyH; and Air G . e o s e o« 381

& 103 Afr and Carbon Monoxide Air and CO G e o e« . . 383

104 Air and Methane Alr and CH{ G e ¢« + 4 e« o+ - 385

105 Benzene and Hexane C¢Hy and CgH ¢ G SO TR SO

| 106 Carbon Dioxide and Ethylene COy and CyH, @ il 00, WL el

107 Carbon Dioxide and Hydrogen CO, and Hy G G e e o4 e .. 86

108 Carbon Dijoxide and Nitrogen COy and N, G SRR S SO T

109 Carbon Dioxide and Oxygen CO, and Oy G = : )1

110 Carbon Dioxide and Propane COy and CyH, G A G B R T

-
G = gas,
J

4 : — ———————
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4. BINARY SYSTEMS (continued)

C. Nonpolar Pulyatomic - Nonpolar Polyatomic Systems (continued)

F l%ul;(;em;g/. or Name Formula Physical

State® Page No.

111 Carbon Monoxide and Hydrogen CO and B, G o' 0 o Or o 405
112 Deuterium and Hydrogen D; and H G C e e e e 407
113 Deuterium and Nitrogen D; and Ny G o v e e 410
114 Ethylene and Hydrogen CaH g and Hy G om ol g . 413
115 Ethylene and Methane CaHgand CH, G o mormomt ol T o o (13
116 Ethylene and Nitrogen Ca;H, and Ny G S ORI I TR 17
117 Hydrogen and Nitrogen Hy and Ny G . AR 419
118 Hydrogen and Nitrous Oxide H,; and N;,O G 0 . el G AR
119 Hydrogen and Oxygen H; and O, G e e e 429
120 Methane and Propane CHg and CyHy Gl o M G ¢ B
121 Nitrogen and Oxygen N; and O, PR TR o O
122 Nitrogen and Propane Nj and CgHg G STl s boeoEby e

D. Polar - Nonpolar Polyatomic Systems

123 Acetone and Benzene C3HgO and Cglig G PO D o o )
124 Ammonia and Air MNH, and Air G . . 442
125 Ammonia and Carbon Monoxide NH; and CO G e e e e . 444
126 Ammonia and Ethylene NH; and CoH ¢ G .. e . . 446
127 Ammonia and Hydrogen NH; and I» G otk o™ 3 . 448
128 d Nitrogen NH; and N3 G . . o o . 451
129 D Il‘k (CHy),0 -Gy and Ar GrL 5L G E (GGGl el
130 majiﬁro;nne (cu ’; 0O and CyHy G P el WSS
131 Methanol and Argon - CH,O and Ar G e s+« « o« 458
132 Methanol and Hexane CH4O and CgH G « e s s s . . 460
133 Methyl Formate and Propane C3H Oy and C4Hy G woET e el BB slopA8R
134 Steam and Air Hy0 and Air G e . . 464
135 Steam and Carbon Dioxide H;0 and CO, G . coe .. 466
136 Steam and Nitrogen H,0 and Ny G . « s & .+ s 468

E. Dolar - Polar Systems

137 Chloroform and Ethyl Ether CHCly and C4H O G . Y (0]
138 Diethylamine and Ethyl Ether CHgNHand CHyO G 5 : N T
P .

ETET 1 Formate (i",S  09z#e@ and CyH,0; Gl b D o X =T

5. TERNARY SYSTEMS

A. Monatomic Systems

140 Neon-Argon-Krypton Ne-Ar-Kr
141 Hellum-Argon-Xenon He-Ar-Xe
142 Heljum-Krypton-Xenon He-Kr-Xe
143 Helium-Argon-Krypton He-Ar-Kr
144 Helium-Neon-Xenon He-Ne-Xe

145 Argon-Krypton-Xenon Ar-Kr-Xe
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5. TERNARY SYSTEMS (continued)

B. Monatomic and Nonpolar Polyatomic Systems

2 ‘%“aﬁem&%/-m Name Formula Plg{:éz:l Page No,
146 Helium-Oxygen -Methane He-0,-CHy G . ol O Lo 484
147 Argon-Oxygen-Methane Ar-0,-CHy G oglolT o IR
148 Helium-Argon-Nitrogen He-Ar-N,; G RIRCE. o SR SO )
149 Helium-Nitrogen-Methane He-Ny-CHy G I TR R TR
150 Argon-Krypton-Deuterium Ar-Kr-Dy G R IR R SR ]
151 Helium-Neon-Deuterium He-Ne-De G 3 om0 48y
152 Neon-Argon-Deuterium Ne-Ar-Dy G . B
153 Neon -Krypton-Deuterium Ne-Kr-Dy G
154 Neon-Hydrogen-Oxygen Ne-Hy-0, G
155 Argon-Hydrogen -Nitrogen Ar-Hy-Ny G o ¥
156 Neon-Hydrogen-Nitrogen Ne-H;-N; G B oo D
157 Neon -Nitrogen-Oxyg.n Ne-Ny-0, G SIS
158 Argon-Krypton-Hydrogen Ar-Kr-Hy G .

C. Nonpolar Polyatomic Systems

159 Nitrogen-Oxygen-Carbon Dioxide N3-0;-COy G e e s
160 Hydrogen-Nitrogen-Oxygen Hy-Ny-0O, G ook

D. Nonpolar and Polar Systems

Dimethy| Ethey (cHs),0
161 Argun-Propane & Ar-Cylly-Gpbiye G .
162 Hydrogen-Nitrogen-Ammonia Hy~Np-NHy G StoR 1oy 1o

6. QUATERNARY SYSTEMS

A. Monatomic Systems

163 Neon-Argon-Krypton-Xenon Ne-Ar-Kr-Xe G T .

B. Monatomic and Nonpolar Polyatomic Systems

164 Argon-Krypton-Xenon-Hydrogen Ar-Kr-Xe-Hy G .
165 Argon-Krypton-Xenon-Deuterjum Ar-Kr-Xe-Dy G g - .
166 Argon-Hydrogen -Deuterium-Nitrogen Ar-Hy-Dy-N; G g . 5
167 Argon-Hydrogen-Nitrogen-Oxygen Ar-H;-N;-0, G
168 Neon-Argon-Hydrogen-Nitrogen Ne-Ar-H;-N; G v ey N
169 Argon-Xenon - Hydrogen-Deuterium Ar-Xe-Hy-Dy G 3 o 0
'
7. MULTICOMPONENT SYSTEMS
l 170 Air G of o ommG

£ 3
G = gas.
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Je
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Numerical constant; Accommodation co-
efficient

Numerical quantity dependent or tempera-
ture in equation (19L)*; Constant; Cross-
sectional area

Collision integral function

Numerical constant

Constant term (4,CpoM ~1'%) of equation
(21L)

Collision integral function

Numerical constant

Specific heat

Specific heat at constant pressure

Specific heat at constant volume
Contribution of internal degrees to C,
Molar heat capacity (subscripts p or v
indicate constant pressure or volume)
Density; Distance

Density at 0 C, equation (12L)

Molar density

Trouton’s constaat; Coefficient of self-
diffusion

Diffusion coefficient

Emissivity

Energy interchange, equation (3L)
Constant, equation (82G)*

Gas mixture function, equation (73G)
Independent function; Eucken factor
Correction factor to k for higher approxi-
mations and weakly dependent upon
reduced temperature

Correction factor to v for higher approxi-
mations

Eucken factor

Eucken-type correction factor due to
Hirschfelder

Eucken-type correction factor due to
Mason and Monchick

Eucken-type correction factor due to
Saxena, Saksena, and Gambhir

*Equations in the sections on liquids and gases are here, and
here only, differentiated by letters L and G respectively.

e

8y

h, hy, by

Numerical constant

Gravitational acceleration
Multicomponent gas mixture thermal con-
ductivity function, equation (62G)
Parameter of equation (26L)

Heat loss per unit area of the wire for unit
difference in temperature of the wire and
surroundings, such a loss by radiation
only, such a loss by conduction

Structural hindrance factor of equations
(26L) and (27L); Enthalpy

Heat of reaction

Latent heat of vaporization at boiling
point

Heat of ionization

Latent heat of vaporization

Electrical current

Thermal conductivity

Frozen thermal conductivity

Liquid thermal conductivity

Thermal conductivity at a pressure P
Thermal conductivity of the wall material
of the cell tube

Thermal conductivity of a reacting gas
system

Solid thermal conductivity

Thermal conductivity of a mixture
Thermal conductivity of a mixture with
frozen internal degrees of freedom
Thermal conductivityat0 C,equation(12L);
Limiting value of k as density tends tozero
Wire conductivity

Gas conductivity

Boltzmann constant

Kelvin

Half length of wire

Intermolecular parameter

Component of matrix

Number of carbon atoms

Molecular weight

Number of atoms in a molecule ; Concentra-
tion; Number of components in a mixture

1a

soale oA
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AS,

AS*

Notation

Stoichiometric cocfficient for species & in
reaction i

Avogadro’s number

Exponent (p = 3.77 — 2.94T,)

Pressure

Prandtl number

Heat quantity; Heat quantity conducted in
unit time

Molecular radius

Half width at half maximum

Inner radius

Outer radius

Wire radius

Tube radius (inner)

Outer radius of the tube

Gas constant; Rayleigh number (product
of Grasshof and Prandtl numbers); Re-
frigerant number

Exponent; Molecular diameter

A characteristic dimension, such as liquid
film thickness; Sutherland constant
Entropy of vaporization at the normal
boiling point

Modified Everett entropy of vaporization
[AS* = AH, T, + RIn273T,})

Time; Temperature, C, in equations (1L)
and (4L) etc.

Temperature, K

Reduced temperature

Boiling point

Critical temperature

Incident gas stream temperature; Tem-
perature of the inner surface

Melting point

Reflected gas stream temperature; Re-
duced temperature (T, = T/T,)

Reduced boiling point (T, = T,/T,)

= Tm)/(Tc o Tm)

Temperature of the wall

Temperature of the outer surface

Hot-wall temperature

Cold-wall temperature

Temperature difference

Concentration; Gas velocity

Velocity of sound in a liquid

Mean speed

Molecular volume of liquid at melting
point

NN > &%

Te
é
by

(.
Qi

Molecular fraction of constituent; Distance
Mole fraction of an atom

Mole fraction of an ion

Numerical constant, equation (12L)
Distance

Compressibility coefficient; Number of
collisions during 7

Coefficient of volume expansion; Co-
eflicient of resistance; Small correction
factor; Thermal diffusivity

Coefficient indicating degree of association
Griineisen constant; Ratio of two specific
heats of a gas

Mean distance between centers of mole-
cules; Small correction factor

Increment

Therma! conductivity factor, equivalent to
w?; Intermolecular force parameter
Viscosity

Characteristic tempcrature; Excess tem-
perature

Constants of equation (9L) having values
depending on the structure of the liquid
and of the homologous series to which it
belongs

Temperature difference between the inner
and outer walls of the cell tube

Mean free path

Number of chemical species

Equal to 3.14159. ..

Frequency of molecular vibration; Number
of independent chemical reactions; Nu-
merical constant

Resistance per unit length; Density
Molecular diameter; Lennard-Jones poten-
tial constant; Electrical conductivity;
Stefan-Boltzmann constant

Reduced electrical conductivity, equation
(39L)

Relaxation time characterizing transla-
tional energy exchange

Time between two successive collisions
Exponent; Coefficient

Wassiljewa coefficients

Expansion factor, equation (34L); Acentric
factor

Reduced collision integral




Thermal Conductivity of Liquids

1. INTRODUCTION

The substances considered in Volume 3, Thermal
Conductivity of Nonmetallic Liquids and Gases, are
those that occur in the liquid or gaseous state at
normal temperature and pressure. Mercury is not
included here, since it is a metallic element. The
thermal conductivity of liquid mercury, and of other
molten metals, may be found in Volume 1 which is
devoted to the metallic elements and alloys. For a
few of the substances included in Volume 3 values
for the solid state are also given. This has been done
to make the data section as complete as possible
but the present text will not deal with the experi-
mental methods used for the solid phase.

Volume 3 has a somewhat different format to
that which has been adopted in Volumes 1 and 2.
For each of the fluids treated, there is a short dis-
cussion of the available data. These data have often
been fitted by a curve for which a formula may be
given. Recommended values evaluated from this
equation, or graphically, usually at 10 K intervals,
are tabulated and a graphical plot is included for
each liquid which shows the percent departures of
the available experimental data from those given
by the equation.

Since detailed analyses of this kind have not yet
been completed for all liquids, it is felt desirable
to include in this text such supplementary informa-
tion as may assist the reader in obtaining thermal
conductivity values for other liquids. For liquids
which may not feature in the data section that fol-
lows, the reader should consult another TPRC work,
the Thermophysical Properties Research Literature
Retrieval Guide [598),* in the hope that one or more
papers containing the desired thermal conductivity
will be located among the 33,700 referenced papers
that have been published prior to July 1964. The
remaining sections of this introductory text on liquid
thermal conduction are also designed to be of

*References appear under the heading References 1o Text.

assistance by serving to supplement the data section
that follows.

Section 2 contains references to compilations of
thermal conductivity data, together with a brief
outline of their scope, and to a few selected papers
thought likely to be of value, either because they
contain values for particular groups of liquids or
because they relate to other factors likely to in-
fluence thermal conductivity determinations, and
which should be taken into consideration when
heat transfer estimations are being made.

Section 3 deals very briefly with the theoretical
position and more extensively with many empirical
equations that have been proposed. On the basis of
this information it should be possible to make
thermal conductivity estimations that should prove
helpful for many liquids for which no experimental
thermal conductivity values can be located.

Section 4 relates to the experimental methods
and is intended for those who wish to have some
insight into this phasc of the subject, to contribute
to further knowledge in this field, or to become
equipped to make measurements on liquids for which
the required information does not appear to be
available.

2. NOTEWORTHY SUPPLEMENTARY
PUBLICATIONS

A. Data Compilations

This section lists a number of collections of
liquid thermal conductivity data together with a
brief outline of their scope. Each account is headed
by the name(s) of the author(s) and chronological
order has been adopted.

Sakiadis and Coates [454, 456] published two
survey papers containing outlines of the experi-
mental methods used by earlier workers for the
determination of liquid thermal conductivities. An
attempt is made to assess the reliability of the results
but some of their ratings need modification in the

3a




4a Theory, Estimation, and Measurement

light of later publications. Tables are included of the
available data for the thermal conductivity of pure
organic and inorganic liquids and for their aqueous
solutions. A miscellaneous section includes several
oils, but helium and molten metals and alloys are not
treated. These two papers serve to givc a nearly
complete presentation of the data available up to
1954.

Filippov [151] published his own results obtained
from new determinations of the thermal con-
ductivity for 41 organic liquids at 30 C. He also lists
most probable values at this temperature for 150
organic liquids. Source references are included,
together with cstimated uncertainties, which are all
under § percent. Several years later Filippov [154]
published another table for 83 substances with some
small changes, made in the light of subsequent work,
in the tabulated values for the thermal conductivity
at 30 C and the temperature coefficients.

Robbins and Kingrea's [447)] paper is primarily
intended to present the derivation of an empirical
formula for the estimation of liquid thermal con-
ductivities. A table is however included of thermal
conductivities for about 70 organic liquids, some
for a range of temperatures, in which their estimated
values are compared with the available experimental
values. The average differences were below 4 percent
with extreme differences of —108 and + 18.2 percent.

Tsederberg’s [600] Russian book dealing with
the thermal conductivities of gases and liquids is
available in English translation [601). In the latter
edition, pp. 199-204, two tables are presented. The
first contains the thermal conductivity of some
150 organic liquids at 30 C, together with source
references. The reliability is thought to be within
5 percent for all the data. The second table lists the
temperature coeflicients, applicable to temperature
ranges within 15 to 90 C for about one third of these
liquids.

A subscquent table, pp. 220-221, relates to the
thermal conductivities of liquid mixtures (solutions).
Comparison is made between experimental values
(all Russian, e.g., Filippov and Tsederberg) and
calculations made using the additive rule. The
original Tsederberg’s account should be consulted for
details, particularly regarding those solutions for
which this rule can and cannot be used. Another
table, p. 231, lists the thermal conductivity of
aqueous alkali, acid, and salt solutions, at 20 and
30 C, based mainly on the publications of Riedel
[441-3] and of Vargaftik and Os'minin [622], while
the final table, p. 233, contains values for aqueous

solutions of sulphuric and nitric acids for the full
range of concentrations and temperatures from 0 to
90 C (93C for HNO; solutions). More recent
contributions in this field are those of Chiquillo [80]
and Grassmann et al. [189]. (See Section B.g for
details.)

Vargaftik [621] edited a handbook (in Russian)
which contains tabulated values for the thermo-
physical properties of liquids and gases including
thermal conductivity. The many tables of data are
presented without discussion or probable reliability
estimates but are useful in that the results of Russian
measurements are strongly represented.

Jamieson and Tudhope [248) prepared two com-
prehensive and most useful reports. The first surveys
the data available up to 1963 for the thermal con-
ductivity of about 300 liquids at atmospheric
pressure. It excludes liquefied gases, liquid metals,
and inorganic salts but does include aqueous
solutions of electrolytes and nonelectrolytes, mainly
from the aforementioned investigations of Riedel
and of Vargaftik and Os'minin. Assessments of the
accuracy of the tabulated values are also given, to-
gether with short descriptions of the methods used in
62 instances. The second reviews data for some 300
liquid mixtures, and includes work published
through 1968.

Missenard’s [365] book on heat conduction
gives extensive data. Pages 116-177 are devoted to
pure liquids and pp. 403-444 to liquid mixtures and
to salt solutions. Empirical equations are derived
(see also reference 364) and tables are presented
which enable most existing data to be compared with
calculated values. The thermal conductivities of
about 300 liquids are presented. A later paper [366]
contains additional data and about a 7 percent
reduction in the numerical coefficient of the em-
pirical equation is to be noted (p. 421) from 90 to 84,
while, according to a private communication of
November 1966, a further reduction from 84 to 82
has since been thought desirable. (This equation is
equation (12) of Section 3B.)

B. Special Groups of Fluids

In this subsection it has been thought desirable
to list recent papers containing thermal conductivity
values for particular classes of liquids for which
information may be sought. The classes included
are:

a. Organic liquids

b. Refrigerants

c. Oils
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d. Biological fluids

e. Fruit juices and sugar solutions

f. Aqueous solutions of organic compounds:
mixtures of organic liquids

g. Aqueous solutions of inorganic salts

h. Metal-ammonia solutions

i.* Some polyphenyls and mixtures thereof

j.* Molten salts

No attempt has been made to list all available
papers, for which the reader should consult the
TPRC Retrieval Guide [598), but for each group a
recent paper has been included and this will often
contain references to earlier publications.

a. Organic Liquids

Filippor [150] has measured the thermal con-
ductivities of 50 organic liquids, many over the
range 15 to 90 C, and tabulates values for their
thermal conductivities at 30 C and for their tempera-
ture coefficients. Values for the thermal conduc-
tivities of about 150 and 80 organic liquids are given
in two later publications [151, 154).

Dick and McCready [120] used a horizontal-
plate apparatus in which the liquid thickness could be
varied for thermal conductivity determinations at 20
and 60 C on 19 organic compounds. These included
isomeric ethers and some esters of varying structure,
but of comparable molecular weights. The main
purpose of this work was to study the dependence of
thermal conductivity on the structure of high-
molecular-weight compounds. The general con-
clusions reached were that the thermal conductivities
increase with increasing chain length and that the
effect of side chains is to reduce the thermal con-
ductivity.

Sakiadis and Coates [457, 458] made measure-
ments of the thermal conductivities of 88 organic
liquids in another type of plate apparatus, in which
sample thickness could also be varied. These
measurements were mainly for the range 30 to 75 C
and values of thermal conductivity and temperature
coefficient are tabulated. Details are also given of two
methods for predicting thermal conductivities (see
Section 3) in which the data for different homologous
series are correlated as a function of the reduced
temperature and of the number of effective carbon

*These classes of substances belong to Volume 2, which
should also be consulted, but are included here as the methods
employed are common and will make this volume of the
maximum assistance to those interested in liquid thermal
conductivitics.
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atoms. The original paper should be consulted for
details of their correlation method, according to a
modification of the theory of corresponding states,
and of the value of this last-mentioned parameter for
various homologous series of organic liquids.
Several examples give good agreement between
predicted and experimental values.

Gudzinowicz, Campbell, and Adams [198] have
presented the results of thermal conductivity
measurements made using a hot-wire cell on some
60 hydrocarbon fuels at temperatures of 63, 104, and
158 C. Using the same apparatus, measurements are
also reported for glycerol, o-xylene, toluene, Aroclor
1248, n-decane, n-nonane, chlorobenzene, and nitro-
benzene. Comparisons with existing values obtained
by plate, cylinder, and sphere methods give maxi-
mum differences of +3 and —17.6 percent.

Tufeu, LeNeindre, Bury, and Johannin [604) used
a concentric-cylinder method to determine the
thermal conductivities of seventeen organic liquids
over various temperature ranges between 2.7 and
93.2 C. These included the alcohols C,Hgp42,0
with the number of carbon atoms, m, increasing from
1 to 10, but omitting CgH,,O. For this group of
liquids the authors plotted the thermal conductivity
at 25 C as a function of m and, as m increased,
obtained a smooth rapidly falling, slowly rising
curve having a minimum at about m = 4 or §S.

Missenard contributed an interesting foreword
to this paper. He plots in a similar manner thermal
conductivity data at 0 C against m for four groups of
organic liquids, (i) the acids, C,H;,0,, (ii) the
alcohols, C,H,,,20, (iii) the saturated hydro-
carbons, C,H,,.2. and (iv) the iodide derivatives
CnHapm . 1. The points for each group conform to a
different smooth curve, but there is a strong in-
dication that as m increases to high values the four
curves should converge to a common limiting value
of trom 0.00155 to 0.00160 W cm~! C~1, This is at
0 C; presumably other temperatures will yield
different values. Such a convergence to a common
value will be shown later to be in general accord with
an empirical treatment that had been proposed by
Missenard [see Equation (12) and the accompanying
discussion in Section 3B]. This information could
afford a valuable means for estimating the thermal
conductivity of the less-studied higher members of
various groups of organic liquids, and, in order to
check the validity of Missenard’s conclusion, thermal
conductivity determinations arc urgently required on
group members for which m has values of the order
of 20 or 30.

S
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b. Refrigerants

Tauscher [189, 579] has been responsible for one
of the most comprehensive investigations to be
reported for the thermal conductivities of liquid
refrigerants. This is a field in which considerable
differences have occurred in many of the reported
values, and doubt as to the true values still exists.
Tauscher’s values are obtained by an unsteady-state
hot-wire method for 14 of the fluoro-chloro-
derivatives of methane and ethane, R10, R11, R12,
R13, R14, R20, R21, R22, R23, R112, R113, R114,
R115, and R116. They cover various sections of the
temperature range —125 to 105 C and graphical
comparison is made with the existing data, for which
references are included.

c. Oils

Powell and Challoner [413] have been responsible
for one of the more recent papers dealing with the
thermal conductivities of oils. This paper only
contains measurements for five transformer oils but
includes references to other work. Indeed one of the
main reasons for this investigation stemmed from
some measurements by Allen [6], which appeared
anomalous in yielding a strong positive temperature
coefficient for the thermal conductivity of an oil.
These measurements are treated in more detail in
Section 2Cd. Whereas Smith [550] in 1936 considered
the thermal conductivity of oils to lie within 6 to
13 percent of a constant value of 0.00137 W cm™!
C~1, Powell and Challoner find the thermal con-
ductivities of the transformer oils which they studied
to vary much less with temperature and to be lower
by at least the upper limit of this assumed variance.
They suggest that for the range 20 to 60 C a value of
0.00118 + 0.00003 Wcm~™! C-! seems to be more
appropriate for modern oils.

A paper by Rastorguev [425], that was in course
of publication at about the same time and so was not
referenced by Powell and Challoner, indicates values
at 40 C of from 0.00129 to 0.00142 W cm~! C~! for
five oils with low solid-hydrocarbon contents. Those
of concentrate and raffinate oils with 10 to 14 per-
cent and 15 to 20 percent paraffins respectively were
0.00149 and 0.00157 W cm~! C~! at 40 C. All seven
oils measured by Rastorguev had negative tempera-
ture coefficients over the range 0 to 120 C. These
coefficients agreed closely and were shown to be
proportional to the volumetric expansion coefficients.

d. Biological Fluids
Spells [555] has determined the thermal con-

ductivities, mainly near body temperature, of
several biological fluids including blood, blood
plasma, blood corpuscles, milks, cream, egg white
and yolk, and cod liver oil. A fair correlation with
water content is claimed. (See also Riedel [440].)

e. Fruit Juices and Sugar Solutions

Riedel [440] has made determinations of the
thermal conductivities of apple, pear, and grape
juices and of saccharin and glucose solutions for the
range 20 to 80 C. This paper also contains values for
several types of milk over the range 1.5 to 80 C.

J. Aqueous Solutions of Organic Compounds: Mix-
tures of Organic Liquids

Rastorguev and Ganiev [426] used a concentric-
cylinder apparatus for thermal conductivity deter-
minations on ethylene glycol, diethylene glycol, and
dimethylformamide over the range 20 to 80 C and
on a wide range of aqueous solutions of these liquids
and of glycerol, formamide, and pyridine at 40 C. On
the basis of these results and of the most reliable
values of earlier workers, they derived for the
dependence of k, the thermal conductivity (W m~?
C 1) of the aqueous solutions, both on concentration
and temperature, the equation

k= klxl +k2.\'2 + |.4.\'1(.\'1 - l)(Ak - 0.2)
— Lax,(x, — 1)t - 20)10-3 )

where x, and x, are respectively the molecular
fractions of the organic liquid and of water in the
soluticn, Ak = ky — k, is the difference in thermal
conductivity between water and the organic liquid,
and ¢ is the temperature (C) to which the values of k,
and k, apply. The tabular results also include those of
Riedel [445] for eight solutions, and it is stated that
the mean and maximum differences between these
calculated and his measured values were respectively
1.5 and less than 6.5 percent. Rodriguez [449], how-
ever, found that a logarithmic equation due to
Jordan and Coates [255])

Ink = X1 lnk1 + Xa lnk2
+ XX Infe*s =k — 0.5(k3 + k)] (2)

when used with units of Btu ft =1 h=! F~! gave values
which were all within +3 percent for 21 different
organic-organic and aqueous-organic binary
systems, including the values of Riedel [445]).
Subsequent work by Shroff [543) also supported
equation (2). Shroff, who did not appear to be aware
of the work by Rastorguev and Ganiev [426, 428],




found equation (2) to yield an average deviation of
+2.2 percent for his own measurements on ethanol-
water, n-propanol-toluene, methanol-toluene, meth-
anol-benzene, and n-butanol-benzene as well as for
the data of Riedel [445), Rodriguez {449], Mc-
Laughlin [351], and Frontas’ev [159]. Yet another
semiempirical equation has been proposed by
Venart [628]

k= [kl + (,\2 - kl).\'zl(l = .\'1.\'2A(’/;I_( T) (3)

which opens up the possibility of intercomparing data
for the diffusion, viscosity, and thermal con-
ductivity of liquid mixtures, since the energy inter-
change term Ae/k, with k the Boltzmann constant
and Ae a constant indicating the mean energy change
of a molecule of one kind on exchanging all its
neighbors for molecules of another kind, occurs in
expressions for all three properties and is derived in
each instance from experimental values for a par-
ticular mole fraction and temperature.

g. Aqueous Solutions of Inorganic Salts

Chiquillo (80, 189] used a transient hot-wire
method to obtain thermal conductivity values at
temperatures between 20 and 40 C for aqueous
solutions of 22 salts, namely: the chlorides of lithium,
sodium, potassium, rubidium, cesium, magnesium,
calcium, strontium, and zinc, the bromides of
lithium, sodium, potassium, rubidium, and cesium,
the iodides of lithium, sodium, and potassium,
potassium fluoride, zinc and copper sulfates, lead
nitrate, and potassium carbonate. An appendix
details earlier determinations of the thermal con-
ductivity of aqueous solutions.

h. Metal-Ammonia Solutions

Varlashkin and Thompson [626] have reported
measurements that yield the thermal conductivity of
solutions of the alkali metals lithium, sodium, and
potassium in liquid ammonia. For ammonia solu-
tions approaching saturation, near 15 mole percent
for sodium or potassium and 20 mole percent for
lithium, thermal conductivity values of the high
order of from 0.03 to 0.06 W cm~! C~! are obtained.
These values are some 6 to 12 times the thermal
conductivity of liquid ammonia at about - 50 C [625]
and approaching 5 to 10 times that of water at 27 C.
The thermal conductivity for a particular concentra-
tion is fairly independent of the alkali metal used
and the high values appear to be due to the presence
of free electrons in the metal-ammonia solutions.
The measurements extend down to —-100C, and
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indicate that systems of alkali metals in liquid
ammonia could be of value as efficient low-tempera-
ture heat transfer media.

i. Some Polyphenyls and Mixtures Thereof

Reiter [430] has used a steady-state hot-wire
method to determine the thermal conductivity of the
following liquids, smoothed values being given in
W m~! C~! over the indicated temperature ranges:

Diphenyl 100 to 250 C 0.133100.110
o-Terphenyl 100 to 350 C 0.127 t0 0.100
m-Terphenyl 100 10 350 C 0.134 t0 0.117
p-Terphenyl 25010 350 C 0.126 t0 0.111
OM, 100 to 350 C 0.131 t0 0.112
Dowtherm A 50t0 250 C 0.134t0 0.106

OM, is a mixture of 25.5 percent o-terphenyl,
72.2 percent m-terphenyl, 2.1 percent p-terphenyl,
and less than 1 percent diphenyl and higher boiling
residues; Dowtherm A is mainly 26.5 percent
diphenyl with 73.3 percent diphenyloxide. Graphs
are included showing comparisons with existing
data.

J. Molien Salts

Turnbull [605] has used a transient hot-wire
method to determine the thermal conductivities of the
following molten salts: potassium and silver nitrates,
zinc chloride, sodium, potassium, and ammonium
hydrogen sulfates, and potassium thiocyanate. Near
the melting point Turnbull finds the ratio of the
thermal conductivity of the liquid to that of the
solid, %,/ks. to be 0.86 + 0.13, a finding which, if
generally true, would be of value in predicting the
thermal conductivities of other molten salts from
information given in Volume 1 of this series. Two of
the molten salts studied by Turnbull, zinc chloride and
ammonium hydrogen sulfate, have negative tempera-
ture coefficients whereas those of the others are
positive just above the melting point, but in no case
is the temperature dependence very appreciable.

White and Davis [660] have since suggested that
the electrical conductivity of molten salts is too high
for use of the hot-wire method, and they used a con-
centric<cylinder apparatus. Determinations made on
the five molten alkali nitrates, LINO;, NaNO;, KNOj3,
RbNO,, and CsNO,, all gave positive temperature
coefficients, and for NaNO,; and KNOj the thermal
conductivity values of Turnbull and of White and
Davis differed considerably. Since Turnbull [605]
had certainly considered the possibility mentioned
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and appeared to be satisfied that under his experi-
mental conditions no trouble should result and since
White and Davis do not appear to have checked their
apparatus for any material of comparable and well-
established thermal conductivity, it seems that further
information is required before these differences can
be completely resolved. Bloom, Doroszkowski, and
Tricklebank [33] had used basically the same
method as White and Davis and for KNO; in the
range 340 to 400 C their values exceed those of
White and Davis by about 16 percent and those of
Turnbull by only 11 percent. As was stated by
McLaughlin (351}, when making an advance report
of data for NaNO, from 313 to 465 C, molten salts
belong to another class of fluids for which further
thermal conductivity determinations are still needed.

C. Influence of Environmental and Structura!
Factors

a. Conduction

A primary requirement of the design of an
apparatus for the measurement of thermal con-
ductivity is that the whole of the supplied energy
should be used to establish the observed temperature
distribution within the test fluid. As all materials
conduct heat, this requirement is never completely
realized and corrections have to be made for any
undesired heat conduction, to or from the section of
the fluid on which observations are being made.
Even when the guarding is perfected to avoid
extraneous heat transfers, losses can occur within the
cell itself. In the main types of apparatus, the
parallel plate, concentric sphere, and cylinder,
correction has to be made for heat flow that occurs
along paths parallel to the required heat flow across
a liquid film such as through spacers, supports, and
boundary walls, and also for any disturbance in the
required, normal, or radial flows, induced by these
other conducting paths. Similarly in methods of the
hot-wire type it is necessary to allow both for any loss
of heat along the wire toward the electrodes as well
as for any axial heat flow component within the
liquid that might arise because of this end cooling.

b. Effect of Convection

In order to determine thermal conductivity it is
necessary for a temperature difference to be estab-
lished in the test sample. Now it is well known that
differences in tempe.ature cause density changes,
and, when the test sample is a fluid, these density
changes can lead to the establishment of convection
currents which influence the heat transfer. In

designing and operating thermal conductivity ap-
paratus the necessity of avoiding convection has
become well appreciated and, among others, has been
dealt with by McLaughlin [351]). The onset of con-
vection is determined by critical values of the
Rayleigh number, which is the product of the
Grashof and Prandt! numbers. It has been shown that
in general this product R should be less than 1000,
where R = (7C,/k)gxd®ATS3/7?), v being the dy-
namic viscosity, C, the specific heat at constant
pressure, g the gravitational force per unit mass of
fluid, « the volumetric expansion coefficient, d the
density, AT the temperature difference, and S a
characteristic length such as the liquid film thickness.
While this critical value of R applies to the test
section proper of the apparatus, care in the design
of any connecting volumes is also of importance
since fluid motion set up in these regions may cause
fluid movement in the main test section even when R
is less than 1000.

When fluid thermal conductivity determinations
have been attempted by the guarded hot-plate
method close to the critical point of the fluid,
special precautions have been necessary to ensure
that the marked changes observed are not due to
convection. The work of Michels and Sengers [356] is
of particular interest in this connection.

With variable-state methods of the hot-wire
type the restriction on sample thickness is no longer
necessary. For a fixed energy input, the initial rate of
heating of the wire remains constant until convection
is set up in the fluid. McLaughlin [351] is able to
show that the observed elapsed time before the onset
of convection agrees with a calculated time that is
obtained when a value of 1000 for the Rayleigh
criterion is assumed. In this way an independent
check for the validity of this criterion is obtained.

¢. Effect of Radiation

Poltz and collaborators have been responsible
for a series of four papers [158, 405-7] which showg
that, unless allowance is made for the heat trans-
mitted by radiation across the test-fluid layer,
measurements of thermal conductivity made on
liquid layers can be too large by a few percent even at
normal temperature, whilst the temperature co-
efficient is likely to be still more in error.

It is of interest to note that two relevant con-
tributions to this subject had been made in 1954.
One was an earlier theoretical treatment by Filippov
{149], the other was a comment made by Bonilla
when discussing the work of Dick and McCready




{120] which now assumes greater significance. These
workers had obtained thermal conductivity in-
creases of from 6 to 8 percent with sample thickness
increase from 0.6 to 2.2 mm for several organic
liquids when tested at 60 C. The relevant part of
Bonilla’s contribution states “It is the writer’s
theory that extrapolation to AS = 0 (i.e., to zero
sample thickness) has two effects: (a) conduction
in the fluid sample increases so that any wall-to-wall
radiation becomes negligible, and (b) radiation
within the fluid also becomes negligible. Thus the k
extrapolated to AS = 0 is the true value of k by
molecular conduction alone.” However, in these
particular experiments, Dick and McCready had an
alternative explanation that was peculiar to their
apparatus.

While the papers of Poltz er al. have been
appearing, Leidenfrost [294] has also devoted
attention to the errors likely from this cause. Most
workers have considered the liquids to be perfectly
transparent and have regarded radiation effects to be
negligibly small when making thermal conductivity
measurements on liquids, at least near room tempera-
ture and so long as the adjacent metal surfaces are of
low emissivity. Challoner and Powell [73], however,
did make determinations on light and heavy water
and on carbon tetrachloride using liquid thicknesses
of 2 and 3mm, which revealed no significant
differences up to temperatures of about 80 C for the
two forms of water and of 56 C for carbon tetra-
chloride. Also, their measurements on transformer
oil over the range 28 to 60 C for 2 and 3 mm thick-
nesses, showed no differences [413].

The measurements of Fritz and Poltz [!158]
confirm that for water and also for methanol,
liquids which strongly absorb thermal radiation, 2
thermal conductivity that is independent of sample
thickness is obtained for small liquid thicknesses but
that an increase, which is attributed to convection,
occurs when the thickness exceeds 1 or 2 mm. The
later measurements of Poltz and Jugel [407] for
liquids that absorb thermal radiation only weakly
show a definite dependence on thickness for sample
thicknesses of from 0.46 to 1.93 mm, which are
thought to be too small for convection to be present.
These last include benzene, carbon tetrachloride,
toluene, m-xylene, nitrobenzene, and liquid paraffin.
The anticipated differences between the effective
measured thermal conductivities for near zero and
large liquid thicknesses, yet for conditions that are
considered to be well within the Rayleigh criterion
for no convection, are of the order of 5 percent, and,
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for carbon tetrachloride Poltz and Jugel show that
about four-fifths of this difference occurs as the
layer is increased to 2 mm thickness. Thus, according
to Poltz and Jugel, although the measurements of
Challoner and Powell [73] for 2 and 3 mm thick-
nesses would be expected to agree to within the limits
of accuracy claimed for their method, the measured
values at both thicknesses could have included a
radiation component of about 4 percent.

The measurements of Poltz and Jugel [407] on
toluene are of particular interest. A few years ago
Ziebland [675] suggested that toluene might serve
as a thermal conductivity standard. The equation
proposed was

k = (3.36 — 0.00671)10-* @

k beingincalcm™! s~ C~t and 1 in C. In proposing
this equation it was pointed out that all determina-
tions from five independent investigations agreed
with it to within 3 percent and 85 percent of them
to within 1.5 percent. This equation yields at 25 C
a thermal conductivity of 3.1925 x 10~4 cal cm™~!?
s72C-1, 0r0.001336 W cm~! C~1, which is 3.5 per-
cent higher than the value of 0.00129 W cm~! C-!
given by Poltz and Jugel for the true thermal con-
ductivity corresponding to a zero film thickness, but
less than 1 percent greater than their value fora | mm
thickness. At least three further papers containing
data for the thermal conductivity of toluene have
appeared since Ziebland proposed equation (4). Of
these, the values at 25 and 60 C of Horrocks and
McLaughlin [240] and of Venart [627] for the range
0 to 80 C agree with Ziebland's equation to within
1 percent, but those of Tufeu, LeNeindre and
Johannin [603, 604) are greater by approaching
5 percent. Those last mentioned values would appear
to be too high.

Poltz and Jugel [407] conclude that many of the
differences between recent measured values can be
attributed to the inclusion of varying radiative com-
ponents, and their paper includes a useful supporting
table for the six liquids which they had studied.
Since Tufeu er al. [603, 604] used a concentric
cylinder apparatus with a liquid thickness of the
order of only 0.5 mm some other reason would
presumably need to be found to explain the high
values which they reported. Rather surprisingly, in
the table of Poltz and Jugel the values attributed to
Tufeu et al. and quoted. for benzene, toluene,
xylene, and carbon tetrachloride have all been
reduced by nearly 5 percent. Hence these values no
longer appear unduly high, but no reason for the
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change is given, moreover no change in value
appears to have been made by the authors in their
papers which preceded [603] and followed [604] that
of Poltz and Jugel [407).

It has been considered desirable to include this
rather detailed account of recent work on toluene
to emphasize something of the uncertainties that
are still to be found in the subject of liquid thermal
conductivities and which in this case relate to a liquid
which had been recommended as a thermal con-
ductivity standard in 1961. These and other un-
certaintics should certainly receive further considera-
tion.

The subject of the effect of radiation that has
been highlighted by the work of Poltz and his
collaborators still requires further confirmation. It
also demands consideration in connection with
other thermal conductivity methods, particularly
hot-wire methods in which the observed wire tem-
perature is presumably dependent on the degree of
radiation absorption in the surrounding fluid. This
additional uncertainty has developed since most of
the data sheets that follow have been prepared.
Hence no allowance has so far been made for any
radiation component. This means that the recom-
mended values for some of the liquids may ulti-
mately prove to be high by a few percent.

A contribution by Ewing, Spann, and Miller
(143] also makes definite reference to complicating
effects due to radiation, although this work was at
much higher temperatures and for materials that
belong to Volume 3 of this series. These workers
made measurements on molten boric oxide and on
molten “Flinak,” a mixture, expressed in mole
percent, of 11.5 NaF, 42 KF, and 46.5 LiF. With boric
oxide, changes were observed in the heat transfer,
and consequently in the apparent thermal conduc-
tivity, due to changes in the emissivities of the adja-
cent hot and cold surfaces; with Flinak, observed
apparent thermal corductivity changes were attrib-
uted to an increased impurity concentration which
occurred on heating and which caused increased
reradiation to occur within the liquid.

The few examples quoted above indicate some
complicating factors which can arise when thermal
conductivity determinations are made on liquids.
Similar factors can also occur in practical installa-
tions and demand consideration when heat transfer
estimations are being made.

d. Possible Effect of an Applied Electrostatic Potential
When Allen [6] used the variable-state hot-wire

method to determine the thermal conductivity of
transformer oil over the range 20 to 80 C he obtained
a large positive temperature coefficient of the order
of 60 x 10-* C-1, corresponding to an increase in
thermal conductivity of nearly 40 percent over the
range studied. As most oils had been found by the
earlier, more conventional methods to have small
negative temperature coefficients, Allen, without
checking his method with any other liquid, pro-
ceeded to suggest that these earlier measurements
might have been subject to error. Evidence was
produced, but for rather different conditions, show-
ing that an electrostatic potential could develop
across the plates of a steady-state thermal conduc-
tivity apparatus when tests are made on a dielectric
fluid, and that this could inhibit the heat transfer
to a greater extent at high than at low temperatures.
Under such conditions the observed temperature
coeflicient could be too low and the sign could even
be reversed. Allen concluded that errors from this
cause could have frequently occurred and have
probably masked the true variations of thermal
conductivity with temperature. He recommends the
provision of an electrical connection between the
hot and cold plates.

In view of the magnitude of the difference
indicated by Allen’s data and of his suggestion,
which, if found to be true, could have affected the
results of most of the usual thermal conductivity
methods, Powell and Challoner [413] made a series
of careful checks on the guarded hot-plate apparatus
in use at the National Physical Laboratory, Tedding-
ton. These tests were made with both medicinal
paraffin and transformer oil samples of 3 mm thick-
ness and covered mean temperatures of from 24 to
60 C. When operated under normal conditions the
voltage gradient between the plates was found to
vary from 2Vem~! at 24C 1023 Vem™! at 60 C.
The plates were then electrically connected and
further measurements made. Subsequently, tests at
a mean temperature of 41.7 C in the case of medi-
cinal paraffin and 60.7 C in the case of the trans-
former oil were made with an applied voltage of
+90 Vcem~l In no instance were the changes of
potential across the plates accompanied by any
significant change in the observed thermal conduc-
tivity.

As a final check the observations were repeated
on a sample of the transformer oil that Allen had
used. For two different sample thicknesses of 2 and
3mm and throughout the range 28 to S8.8C a
thermal conductivity of 0.001200 W cm~! C~! was




obtained. Hence these tests afforded no evidence for
any radiation effect of the type discussed in the
previous section. Electrically connecting the hot and
cold plates only gave an increase in thermal con-
ductivity of 3 parts in 1200, which was well within
the normal experimental variation. The straight line
drawn through Allen’s results gives this value at
about 41 C but is some 7.3 percent lower at 28 C
and 9 percent higher at 59 C.

The final conclusion reached was that Allen’s
measurements would appear to have been subject
to some as yet unexplained error and that thermal
conductivity determinations made on liquids by
means of conventional methods are not likely to be
subject to any serious error due to the small eleciro-
static potentials that can occur during normal
operation.

It is clear, however, from the observations of
Schmidt and Leidenfrost [529, 530] that an enhanced
heat transfer, which is greater at high temperatures,
does occur with polar liquids when the applied
voltage is sufficiently great, say 0.5kV cm~! and
above. For transformer oil at 21.3 C an applied
potential of 10kVem=?! led to about a 1C percent
increase in the apparent thermal conductivity and
at 50 C the increase was about doubled. These
increases were regarded as due to the setting up of
convection.

Rastorguev and Ganiev [427] have more
recently studied the influence of an applied electric
field on the thermal conductivity of a liquid as
measured in a concentric cylinder apparatus. They
also observe an increase to occur when the field
strength is sufficiently great, but this is attributed
to ionic flow that arises from ionization of dipolar
molecules. Furthermore, the values obtained are
stated to be in striking disagreement with those of
Schmidt and Leidenfrost. This appears, therefore,
to be another subject requiring further investigation.
It is clear that estimates of the heat transfer through
certain fluids in the presence of an electric field may
need to make allowances for an augmented heat
flow and that precise values will need to be deter-
mined for specific operational conditions.

e. The Soret Effect

The Soret effect is a measure of the change in
concentration of a solution which can occur in the
presence of a temperature gradient. Thus, in the
case of solutions, it would seem that density changes
can arise from two independent causes, namely:
the normal thermal expansion and the concentration
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changes of the Soret effect. Hence this additional
factor could presumably lead to complications, not
only by medifying the composition of the sample
but also due to the fact that the Rayleigh criterion
may no longer be adequate to ensure freedom from
convection owing to the additional energy transport
provided by the migrating molecules.

So far as is known, no definite instance has
been reported in which difficulties have arisen due
to the Soret effect when thermal conductivity deter-
mination§on so.itions have been made, but this
does not necessarily mean that troubles from this
cause can never arise. Indeed, Powell and Tye [418]
do refer to two earlier sets of measurements on
calcium chloride brines for which unacceptable
results had been obtained. The reasons remain
uncertain, but may be connected with concentration
changes and associated density changes. The Soret
effect was also mentioned by Tyrrell [606] as a
possible contributing , factor that might help to
explain the rather different values obtained for liquid
mixtures by Frontas’ev [159]. Clearly this is another
possible source of error for which more conclusive
experimental information is required.

[. Possible Effect of Molecular Orientation

Sutherland, Davis, and Seyer [575] made
measurements of the thermal conductivity of n»-
octadecane in an unguarded plate apparatus con-
structed of copper. By varying the liquid thickness
from 6.9 to 0.1 mm they obtained thermal conduc-
tivity values for n-octadecane that decreased from
about 0.00152 to 0.00019 W cm~! C~, The authors
did not seem to be at all perturbed by the fact that
a thermal conductivity of 0.00019 W cm~! C-! is
lower than that of any liquid yet measured by a
factor of about 3. Yet, from these results they were
led to make two very surprising statements: that
“The most reliable method for determining the heat
conductivity of a liquid is the thick film method”
and that *Under quiescent conditions the orientating
forces on the copper surface can extend several
millimeters deep into liquid octadecane, and this
depth appears to be dependent on the size and shape
of the molecule.”

The first of these statements is certainly contrary
to general belief, and the second casts severe doubt
both on the usual thin-film method and on the results
of earlier thermal conductivity measurements for
long-chain hydrocarbons. Fortunately these observa-
tions by Sutherland, Davis, and Seyer have not
been supported by subsequent measurements on
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n-cctadecane, made first by Powell and Challoner
[415]) and later by Ziebland and Patient [679]. It
now seems clear that should there be any orientation
of the kind suggested, its influence on thermal
conductivity determinations by ‘% usual methods
involving thin liquid films must be small and within
the other uncertainties normally associated with
these methods.

An instance where application of a magnetic
field led to orientation of molecules of p-azoxyanisole
producing a 25 percent increase in thermal con-
ductivity has been reported by Bereskin and Stewart
[29]). When long-chain fluids are flowing through a
narrow space, molecular orientation seems likely to
occur and such special conditions may introduce
some degree of anisotropy into the thermal conduc-
tion component required for heat transfer estimations.

3. THEORY AND #MPHREAE EQUATIONS
EMPIRICAL
In this section an account will be given of the

various theories and empirical equations that have
been proposed for the conduction of heat in liquids.
Owing to the wide range of values obtained experi-
mentally for the thermal conductivity of mest liquids,
satisfactory comparison is only really possible once
values that are known to be reliable have been
obtained. Thus some proposed theories will need
to be reexamined, whilst empirical equations having
a parameter adjusted to yield good agreement with
sets of data now known to involve experimental
errors, should be revised before comparison with
subsequent more accurate data is attempted. The
whole subject appears to be in a somewhat unsatis-
factory condition and will be due for a renewed
appraisal at some future time when thermal con-
ductivity values for a wider range of liquids are
known with greater certainty. In view of the un-
certainties that have been mentioned such re-
appraisal will not be attempted at the present time:
also whenever reference is made to a comparison
between theory and experiment, these uncertainties
should be borne in mind.

A. Theories for Electrically Nonconducting Liquids

A fully satisfactory theory for the thermal
conductivity of liquids is not available as yet; nor
does any one of the many empirical relationships
that have been proposed appear to be entirely
satisfactory.

The theoretical position can well be appreciated
by referring to the previously mentioned book by

Tyrrell [606), another by Bondi [37], or a survey
paper by McLaughlin {351). This paper presents
brief accounts of the various statistical theories
which have been proposed. Enskog [135, 136]
extended the dilute gas theory for hard-sphere
molecules to liquids by allowing for a change in
density, Later approaches through use of this
model include Longuet-Higgins and Pople [312] and
alternative treatments by Horrocks and McLaughlin
[238] and Rice, Kirkwood, Ross, and Zwanzig [435).
Other theories based on a model in which molecules
interact with a square-well potential have been
proposed by Longuet-Higgins and Valleau [314] and
by Davis, Rice, and Sengers [110]. Then follow the
more complex treatment of Zwanzig, Kirkwood,
Oppenheim, and Alder [681] using nonequilibrium
statistical mechanics, an approach that is hampered
by lack of knowledge of a molecular friction constant
term, the rather approximate but simpler theory of
Rice and Kirkwood [434), and others by Collins
and Raffel [90], Rice and Allnatt [432, 433), and
Helfand [218].

Where comparisons with experimental values
have been possible, the agreement is seldom close
and the temperature coefficients often disagree.
Rather better agreement, together with the correct
temperature dependence, appears to result from the
treatment by Horrocks and McLaughlin [238), who
assumed the liquid to have a quasicrystalline face-
centered-cubic lattice-type structure through which
the excess energy due to the temperature gradient
is transferred with a frequency determined by the
molecular mass and the intermolecular forces.

An interesting point emerges from the fact that
by differentiating their thermal conductivity expres-
sion with respect to temperature at constant pressure,
Horrocks and McLaughlin [241] were able to show
that the temperature coefficient of thermal conduc-
tivity is negative and is a linear function of the
coefficient of thermal expansion, as Rastorguev [425]
had found (see Section 2Bc). As the simplest liquids
usually expand more than complex ones this finding
agrees with the smaller negative temperature coeffi-
cients usually found for liquids of higher complexity.
Furthermore, the line that is obtained when available
experimental data are plotted does not pass through
the origin but intersects the expansion coefficient
axis at a positive value. This means that a liquid
having an expansion coefficient below this value
should have a thermal conductivity that increases
with increase in temperature. Bridgman [44] had

noted that the sign of the temperature dependence
] |




of most common liquids changed at pressures above
about 3000 atm. This change now seems to arise
from the considerable reduction of the expansion
coefficient that occurs at high pressure, and is
consistent with the theory of Horrocks and Mc-
Laughlin.

In a very similar manner, but by differentiating
the equation of Horrocks and Mc! aughlin [238]
with respect to pressure at constant temperature,
Kamal and McLaughlin [257] showed the depen-
dence of thermal conductivity on pressure to be a
linear function of the isothermal compressibility.
In this instance the line passed through the origin
indicating that the thermal conductivity would
always be expected to increase with increase in
pressure.

Whereas Horrocks and McLaughlin [238] have
obtained these results by treating a liquid structure
as somewhat like that of a solid, another approach
by Kanitkar and Thodos [259] assumes that the
modes of energy transfer of the gaseous state still
hold for the liquid. Kanitkar and Thodos obtained
a simple correlating expression for the thermal
conductivities of several monatomic liquids. In these
liquids only translational atomic motions can occur,
so this same relationship is assumed to hold for the
translational contribution to the thermal conductivity
of polyatomic liquids and any difference between the
measured and the calculated thermal conductivity is
then attributed to the net contribution of other forms
of motion. Separate correlations are then made for
this additional contribution and the total thermal
conductivity is obtained as the sum of the two
contributions derived in this manner. Kanitkar and
Thodos have applied this form of treatment to the
simpler liquids of low molecular weight, but the
results seem sufficiently encouraging to suggest that
further analysis along similar lines could be reward-
ing. Bondi [37] considers longer molecules and
polymer melts.

Concerning the thermal conductivities of binary
mixtures of liquids, Thorne [75] has generalized the
Enskog theory, Longuct-Higgins, Pople, and Valleau
[315) have extended the carlier treatment [312] to
apply to a binary mixture of hard-sphere molecules
of the same molecular diameter, and Bearman and
Kirkwood [27] have extended the theory of Zwanzig
et al. [681], their equations being further reduced by
Horrocks and McLaughlin [239], whilst Rice and
Allnatt [431] have extended that of Rice and Kirk-
wood [434]. Bondi [37] also has a useful section on
liquid mixtures.
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B. Empirical Equations for Electrically
Nonconducting 1.iquids

An approach to the problem of predicting the

‘thermal conductivity of liquids that appeared more

rewarding than the purely theoretical approach was
the use of semiempirical relations, in which what
scemed to be reasonable qualitative theoretical
equations were formulated and the constants
adjusted to fit the available experimental data.

A convenient starting point for the consideration
of these contributions to the subject is with the
account of Reid and Sherwood [429a] published in
1958, and then to mention their revised account of
1966 [429b), some of the subsequent proposals and
a few others taken from other sources.

Reid and Sherwood [429a] tabulated* experi-
mental values for thirty liquids, some over a limited
range of temperature, and compared them with
values derived from six of the suggested equations.
Maintaining the form and the units, these equations
were:

Due to Weber [645}

k =359 x 10-3C d(d/ M)"® (5)

where M is the molecular weight, d the density, and
C, the specific heat at constant pressure.
Due to Smith [550]

k =430 x 1073Cd(d/M)*? (6)
Due to Palmer [397]

k = 94,700 x 10-8C,d(d/M)"3(AS,)"t  (7)
with AS, the entropy of vaporization at the normal
boiling point, cal (g mole)~' C~1,

Due to Smith [550]
10% = 11 + 6450(C, — 0.45)°
+ 1250(d/ M)'3 + 100(n/d)}'® (8)
with v, the viscosity.

Due to Sakiadis and Coates {457, 458] (corre-
sponding-state method)

k, = 2.268, — 1.260, — 2.10(6, —8,)T, (9)

k, being the thermal conductivity at the reduced
temperature 7, = T/T,, the ratio of the observed
temperature (K) to the critical temperature (K) and
6, and 6, are constants, with values depending on

*This table is in the 1st (1958) edition of their book which is
included here since it is referred to by Missenard whose
theory will be considered later. The 2nd (1966) edition
{429b] has a more extensive table where comparison is
given with two subsequent empirical equations.

B W L = —
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the structure of the liquid and the homologous series
to which it belongs. Also,

k = C,dUL (10)

with U the velocity of sound in the liquid and L a
molecular dimension.

The works of Sakiadis and Coates [457, 458]
and of Reid and Sherwood [429] should be consulted
for details regarding the appropriate values of the
quantities 8,, 8,, U, and L for the various types of
organic liquids. Alternative means are given for
deriving L based on liquid densities at the freezing
and critical temperatures or at the normal boiling
and critical temperatures. This explains the entries
of Table 1 under equation 10. The derivation of U
also involves the use of a parameter, the values of
which depend on the basic molecular structure
[429, 455).

This last equation somewhat resembles that of
Bridgman [43] but whereas Bridgman assumed

k =2RUS"? (11)

with R the gas constant and with  the mean distance
of separation between centers of molecules and
equated to (M/d)'/3, Sakiadis and Coates, as men-
tioned above, again derive several different values
for the L of equation (10).

The results of the comparison made by Reid
and Sherwood [429a) are indicated in Table 1.

This analysis would appear to show none of
these equations offer a very satisfactory means for
calculating the thermal conductivity of a liquid.
Because of the quite large uncertainties which could
have been associated with some of the chosen
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