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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 series 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 data.

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,
reco.  jon 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 measurements made in a labora-
tory have many potential 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 results 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. Over 75,000 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 all the relevant resuits. 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 an
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
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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 rescurces 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,I wanttocongratulate Professor
Touloukian and his colleagues on the accomplish-
ments represented by this Series of reference data

books. Scientists and engineers the world over are
indebted to them. The task ahead is still an awesome
one and I 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.
EDWARD L. BrRADY
Associate Director for Information Programs
National Bureau of Standards

Au;._ﬁ
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Preface

Thermophysical Properties of Matter, the TPRC
Data Series. is the culmination of seventeen years of
pioneering effort 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 Data Book, first released in 1960 in
loose-leaf format, 11”7 x 17" 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
beg' n 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
loose-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 enabiing
the subscriber to inquire, by telephone if necessary.
for specific information and receive, in many in-
stances, same-day response on any new data pro-
cessed or revision of published data since the latest
edition. In this context, the TPRC Data Series departs
drastically from the conventional handbook and
giant multivolume classical works, which are no
longer adequate media for the dissemination of

e b —_— e S e

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, I 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 first seven volumes were
published in 1970, Volumes 8 and 9 in 1972, and
Volume 10 in 1973. Volumes 11, 12, and 13 are
planned for 1975. It is also contemplated that
subsequent to the first edition, each volume will be
revised, up-dated, and reissued in a new edition
approximaticly 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 comprehensive and authoritative collection
of numerical data of its kind for science and tech-
nology.

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 a text,

ix
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the body of numerical data with source references,
and a material index. :

The aim of the textual material is to provide
complementary or supporting role to the body of
numerical data rather than 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 in 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 formats
for convenience of the user. Every single point of
numerical data is fully referenced as to 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 and
therma! diffusivity of all the elements, the task of full
evaluation, synthesis, and correlation has been com-
pleted. 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 companion volumes.* The sets of
companion volumes are as follows:

Thermal conductivity: Volumes 1, 2,3

Specific heat: Volumes 4, 5, 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, rec-

*For the first edition of the Series, this arrangement was not
feasible for Volumes 7 and 8 due to the sequence and the schedule
of their publication. This situation will be resolved in subsequent
editions.

oncile, correlate, and synthesize all available data
for the thermophysical properties of materials with
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 empitical
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 grat-
itude the multisource financial assistance received
from over fifty sponsors which has made the con-
tinued generation of these tables possible. In par-
ticular, 1 wish to single out the sustained major
support received from the Air Force Materials
Laboratory-Air Force Systems Command, the De-
fense Supply Agency, the Office of Standard Reference
Data—National Bureau of Standards, and the Office
of Advanced Research and Technology-National
Aeronautics and Space Administration. TPRC is
indeed proud to have been designated as a National




Information 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

Preface xi

volume. I wish to take this opportunity to personally
thank those members of the staff, assistant researchers,
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 Engineering

Purdue University
West Lafayette, Indiana
October 1974
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Introduction to Volume 11

This volume of Thermophysical Properties of Matter,
the TPRC Data Series, presents the data and informa-
tion on the viscosity of fluids and fluid mixtures and
follows the general format of Volume 3 of this Series.

The volume comprises three major sections: the
front text on theory, estimation, and measurement
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
discussion of the theoretical nature of the property
under consideration together with an overview of
predictive procedures and recognized experimental
methods and 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 sufficient literature for a more
comprehensive 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 59 pure fluids, most of which are identical
to those covered in Volumes 3 and 6 of this Series,
and 129 systems of fluid 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 is discussed in detail in the introductory
material to the section entitled Numerical Data.

The data on pure fluids have been critically
evaluated, analyzed, and synthesized, and “recom-
mended reference values” are presented, with the
available experimental data given in departure plots.

The recommended values are those that were con-
sidered to be the most probable when assessments
were made of the available data and information.
It should be realized, however, that these recom-
mended values are not necessarily the final true values
and that changes directed toward this end will often
become necessary as more data become available.
Future editions will contain these changes.

The data on fluid mixtures have been smoothed
graphically and the smoothed values as well as the
experimental data are presented in both graphical
and tabular forms. Furthermore, the experimental
data for binary mixtures have been fitted with
equations of the Sutherland type and the Sutherland
coeflicients have been calculated and are presented.

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

This volume has grown out of activities made
possible principally through the support of the Air
Force Materials Laboratory-Air Force Systems
Command, the Defense Supply Agency, and the
American Society of Heating, Refrigerating and
Air-Conditioning Engineers, Inc., all of which are
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 their findings,
we consider this to be our challenge and our con-
tribution to negative entropy of information, 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




xiv Introduction to Volume 22

to his students the topography of the state of knowl-
edge on the viscosity 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 “information content.”

The authors are keenly aware of the possibility
of many weaknesses 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 need-
ing more detailed treatment, improvements in pre-

sentation or in recommended values, 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.

West Lafayette, Indiana Y. S. TOULOUKIAN
October 1974 S. C. SAXENA
P. HESTERMANS
- - ->r'_’ -
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1. ELEMENTS

Figure and/or Physical Page
Table No. Name Formula State* No.

1 VvArgon (R-740) Ar LvG . . . .. 2

2 Bromine Bry Y« R 9

3 Chlorine (R-771) cl =G . ... 11

4 Deuterium (R-704A) Dy T 13

5 Fluorine (R-738) Fa =G . o0 18

[ .- Heltum (R-704) He =G . . ... 18

7 , .- Hydrogen, normal (R-702) Hy Lv,¢ . . . . 24

8 Iodine L =G .. 35

9 Krypton (R-784) Kr B« J N

10 . Neoa (R-720) Ne Lv,G . . . .. 41

11 . Nitrogea (R-728) Ny L,v,G - . . 48

. 12 ~ Oxygen (R-732) Oy L,v,G e e e e 56
13 Xenon Xe - =G “ e 62

2. INORGANIC COMPOUNDS

14 Ammonia (R-717) NH, LV.G . . . .. 68
15 Boron Trifluoride (R-768) BE, Y N L7
16 Hydrogen Chloride (R-736) HCL Y 7
17 Hydrogen lodide H Y B 78
18 Hydrogen Sulfide (R-734) HyS B %
19 ,  Nitric Oxide (R-730) No : U 2
20 Nitrogen Peroxide (R-746) NOy P - S ']
21 Nitrous Oxide (R-744A) N0 R S o
22 Sulfur Dioxide (R-764) 50, Y R 91
23 ~Water (R-718) H0 LV,G . . . . . %

3. ORGANIC COMPOUNDS

24 Acetone (CHy)4CO S S 8
25 Acetylene CHCH =G . .. .. 100
26 Benzene CeHy =G . . ... 102
27 Bromotrifiuoromethane (R-13B1) CBrF, LV,G . . ... 104
28 i~ Butane (R-600a) 1-C Hy, LV,G . . ... 108
29 n-Butane (R-600) n-CHy, LV,.G . . ... 14
30 Carbon Dioxide (R-744) coy LV,G . . ... 119
Y Carbon Monoxide (R-728A) co =G . . e . . 128
) 32 Carbon Tetrachloride (R-10) ccl, - T
! 33 Carbon Tetraflucride (R-14) CF, B - S 11

* L = saturated liquid, V = saturated vapor, G = gus.
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3. ORGANIC COMPOUNDS (continued)

Figure and/or
Table No. Name

34 Chlorodifiucromethans (R-22)
as Chloroform (R-20)
3% Chloropentafinorosthans (R-115)
37 Chilorotrifiuoromethane (R-13)
38 Dichlorodifiuoramethane (R-12)
3% Dichloroflucromethans (R-21)
40 Dichlorotetrafinorosthane (R-114)
41 1, 1-Difluorosthane (R-152a)
42 Etbane (R-170)
43 Ethyl Aloohol
44 Ethylene (R-1150)
45 Ethyl Ether (R-610)
4 o-Heptane
47 n-Hexane
48 Methase (R-50)
% Methyl Alochol
80 Methyl Chloride (R-40)
51 Octafinorocyclobutane (R-C318)
52 n-Octane
83 n-Pentane
5 Propane (R-200)
56 Propylens (R-1270)
56 Tolnens
67 Trichlorofluoromethane (R-11) -
58 Trichlorotrifiuorosthane (R-113)
50 Trifluoromethane (R-23)

4. BINARY SYSTEMS

A, M ic -~ Monat Syst
60 Argon - Helium
61 Argon - Krypton
62 Argon - Neon
63 Argon - Xenon
64 Helium - Krypton
65 Helium - Neon
66 Helium - Xenon
67 Krypton - Neon
68 Krypton - Xencn
[ Neon -~ Xenon

B. M-WWeM-
70 Argon - Carbon Dioxide
n Argon - Hydrogen
72 Argon - Nitrogea

‘L-mum.v-mvm.o-m.

Formula

CHCIF,
cHa,
CCIF,
CCIF,
CCLF,
CHCLF
CiCyF,
CyH Fy
CyHy
CaH OH
Cyll,
(CyHg),0
B-Cyllyg
-CyH;,
CH,
CHy0H
cHyCl
CF,
B-CyHlyy
B-Cgll,y
CsH,
ol
CyH,CH,
CCLF
CyClyFy
CHF,

Ar - He
Ax - Kr
Ar ~ Ne
Ar - Xe
He - Kr
He ~ Ne
He - Xeo
Kr ~ Ne
Kr ~ Xe
Ne ~ Xe

L,v,G
= -G
L.V.G
L,V,G
L,V,G
L,V,G
L.,V,G
L, -, -
L,V,G

L,V,G

-y =~Q
=s =G

- =G
=+ =G .
- =G .
= =G .

~ =G « o
= =G

= =G .
=G ..

133
138
140
145
150
186
160
165
167
172
174
180
182
184
186
192
184

§¥E

208
2138
218

225
230

237
249
251
258
260

338

281
283

285
289
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4. BINARY SYSTEMS (continued)
B. M ic - Nonpolar Poly y (continued)
Figure and/or Physical Page
Table No. Name Formuls Rate* No.
3 Helium - Carbon Dioxide He - COp -G e e e 297
4 Helium - Hydrogen He - H, -G e e e 302
75 Helium - Nitrogen He - N -G .. ... 308
76 Helium - Oxygen He - Oy -G ... .. 322
7 Krypton - Carbon Dicxide Kr - COy N 331
78 Nean - Carbon Diaxide Ne - COy -G . ... 3
79 Neon - Hydrogen Ne - Hy 7 < 337
80 Neon ~ Nitrogen Ne - N, -G 3%
C. Monatomic - Polar Polyatomic Systems
81 Argon - Ammonia Ar - NHy -G e e e e 342
82 Argon - Sulfur Dioxide Ar - 80, -G us
D. Nompolar Polyatomic - Nonpolar Polyatomic Systems
83 Benzene - Cyclohexans CeHy - CyHyp L,- 350
84 Benzene - n-Hexane CgHg - n-CeHy( L, - 352
85 Beuzene -
Octamethylcycl 1 CqHg - [081(CHyg)g) L, - 354
86 n-Butane - Methane n-CHy, - CH, -G e e 387
87 Carbon Dioxide - Hydrogen COy - Hy N« 968
88 Carbon Dioxide - Methane COy - CH, -G 368
89 Carbon Diaxide - Nitrogen cOp - Ny -G 376
20 Carbon Dioxide - Nitrous Oxide CO, - O -G 383
91 Carbon Dicxide - Oxygen COy - Oy -G 385
92 Carbon Dioxide - Propane CO, - CyHy -G 387
93 Carbon Monoxide - Ethylene €O - CyH, -G 380
94 Carbos Monaxide - Hydrogen CO-H, -G .. .. 291
95 Carbon Monoxide - Nitrogen CO- N, LG . .... 393
96 Carbon Monoxide - Oxygen CO-0 -G e e e . 397
97 Carbon Tetrachloride -
Octamethyicycl {loxane  CCl - [O81(CHy)y) ¢ L, - e e e . 399
98 Carbon Tetrafluoride - Methane  CF, - CH, -G ... .. 401
99 Carbon Tetraflnoride -
Sulfur Hexafluoride CF, - 8F, -G ... .. 408
100 Cyclobexane - n-Hexane CgHyy - n-CgHyy L, - « e v e 408
101 n-Decane - Methane £-CyoHy - CH, L,- e e .. 410
102 Deuterium - Hydrogen D; - Hy -G [ S -
4 103 Dexterium - Hydrogen Deuteride Dy - HD -G « e e e . 4156
104 Ethane - Ethylene Cylly - CyHy L~ ... .. 47
108 Ethane - Hydrogen Celly - Hy -G e e a e e 419
: 108 Ethane - Methane CyHy - CH, -G C e e . . 421
‘i 107 Ethane - Propane CyHg - CyHy -G e e e e 423
. 108 Ethylene - Rydrogen Gyl - By - S
109 Ethylene - Methane CyH, - CH; L, - O
4 * L - satursted liquid, G = gas.
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4. BINARY SYSTEMS (continued)
D. Nongolar Polyatomic - Nonpolar Palyatomic Systems { @)
Figure and/or
Table No. Name Formula
110 Ethylene - Nitrogen CpHy - Ny
111 Ethylene - Oxygen Celly - Oy
112 n-Heptane - Nitrogen D-CyHyy - Ny
113 Hexadecafluoro~n-Heptane - n-CyFyg -
2,2,4-Trimethylpentane (CHg);CHCHC(CHy)y
114 Hydrogen - Hydrogen Deuteride Hy - HD
115 Hydrogen - Methane B, - CHy
116 Hydrogen ~ Nitric Oxide Hy - NO
117 Hydrogen - Nitrogen H - N,
118 Hydrogen - Nitrous Oxide Hy - N0
119 Hydrogen ~ Oxygen Hy - Oy
120 Hydrogen - Propane Hy - CsHy
121 Methane - Nitrogen CH(~ Ny
122 Methane - Oxygen CH - Op
123 Methane ~ Propane CH; - OgHy
124 Nitric Oxide - Nitrous Qxide NO - N,O
125 Nitric Oxide - Nitrogea NO - N,
126 Nitrogen - Oxygen N -0
127 Nitrous Oxide ~ Propane N;O - CyHg
E. Nonpolar Polyatomic - Polar Polyatomic Systems
128 Carbon Dioxide -
Hydrogen Chloride COy - HC1
128 Cerhon Diogide - Sulfur Dioxide  COy - 50y
130 Carbon Tetrachloride -
Diohloromethane CCY ~ CHyCly
131 Carbon Tetrachloride -~
Isopropyl Alcohol CCly ~ (CH,)yCHOH
132 Carbon Tetrachloride -~ Methanol  CCl, ~ CH,OH
133 Dioxane ~ Benzyl Acetate CHgOy - CH;COOCH,CyH;
134 Ethylene - Ammonia CyH ~ NBy
135 Hydrogen - Ammonia Hy - NHy
136 Hydrogen - Ethyl Ether Hy - (CH,),0
137 Hydrogen - Hydrogen Chloride B, - HCY
138 Hydrogen - Sulfur Dioxide H, - 80y
139 Methane - Ammoria CH, - NHy
140 Methane - Sulfur Dicxide CH, - 50,
141 Nitrogen - Ammonia Ny - NH;
142 Nitrous Oxide - Ammonia NyO - NH,
143 Nitrous Oxide - Sulfur Dioxide NyO - 80y
144 Oxygen ~ Ammonia Oy - NHy
F. Polar Polyat - Polar Polyatomic Syst
145 Ammonis - Methylsmine NHj - CHyNH,
148 Aniline - Bengyl Acetste CeHyNH, - CHyCOOCH,C¢H;
* L, = satursted liquid, G = gas.
A e -
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State*
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434
438

438

442
445 !
47
458

463
465
474
477
492
485
497
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4. BINARY SYSTEMS (continued)

F. Polar Poly ic - Polar Poly
Figure and/or
Table No. Name

147 Benzyl Acetate - meta-Cresol

148 Dimethyl Ether - Methyl Chlorid

149 Dimethyl Ether - Sulfur Dicxide

150 Methyl Chloride - Sulfur Dioxide

151 Refrigerant 500
[Dichlorodifluoromethane
(R~12) - 1,1-Difluoroethane
(R-1562a)]

152 Refrigerant 502
[Dichlorodifiuoromethane
(R-12) - Chloropentafluoro-
ethane (R-115)]

153 Refrigerant 503
[Chlorotrifluoromethane
(R-13) - Trifluoromethane
(R-23)}

154 Refrigerant 504
[Methylene Fluoride (R-32) -
C oethane
(R-115)]

155 Sodi Chl ~ Sod: Nitrate

156 Sulfur Dioxide - Sulfuryl Fluoride

G. Metallic Alloy Systems

157
158

Iron - Carbon
Lead - Tin

§. TERNARY SYSTEMS

A. Monatomic Systems

B. M

168

Argon - Helivan - Neon

160
1681
162

ic and N lar Poly Systems

Argon - Helium - Carbon Dioxide
Argon - Hellum - Methane
Argon - Carbon Dioxide - Methane

C. Nonpolar Polyatomic Systems

163

164

165

Carbon Dioxide - Hydrogen -
Oxygen

Carbon Dioxide - Nitrogen -
Oxygen

Hydrogen - Meth - Nitrog

D. Polar Polyatomic Systems

168

Dimethyl Ether ~ Methyl Chloride -
Sulpbur Dioxide

* L = satursted liquid, V = satursted vapor, G = gas,

Systems (continued)

Formula

CHyCOOCH,C H; -
CH,CgH,OH

(CHy),0 - CHLCL
(CHy)10 - 80,
CHyCl - 50y

CCLF; - GH,F,

CCLF, - C,CIF,

CCIF; ~ CHFy

CH,F, - CoCIF;
NaClOy - NaNO,
80 - SO;Fy

Ar - He - Ne

Ar - He - CQy
Ar - He - CH,
Ar - CO, - CH,

COy- By -

CO -8 - O
Hy - CH - Ny

(CHy),0 - CHyCl - 80y

Physical
State*

Ly-y=- . .

oG . .

=G .
-=G ..
Lv,G . . .

L,v.G . . .

L,-, - . .
=G e ..
Ly~ - L

- =G . .
=G . ..
4G . . .
Y S
=G ..
=G
N -

No.
545

547

551

553

558

563

673
576

580

581
582
583

584

585
587
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6. QUATERNARY SYSTEMS

Grouping of Materials and List of Figures and Tables

A, M and Nonpolar Poly Systems
Figure and/or Physical
Table No. Name Formuls
187 Argon - Hellum ~ Carbon Dioxide -~
Methane Ar - He - COy - CH, =,=.G
B. Nompolar Polystomic Systems
168 Carbon Dioxide - Hydrogen -
Nitrogen ~ Oxygen CO-Hy - N -0 =,~sG
169 Ethane - Methane - Nitrogen -
Propane CaHy - CH, - Ny - CgH, -.=:G
7. MULTICOMPONENT SYSTEMS
A. Monstomic and Nonpolar Polyatomic Systems
170 Argon - Helium - Afr - Carbon
Dioxide Ar - He ~ Air - COy =m0 G .
171 Argon - Helium - Air - Methane Ar - He ~ Air - CH, == G
172 Argon - Air ~ Carbon Dioxide Ax - Afr - COy ~e-aG
173 Argon - Air - Carbon Dioxide -
Methane Ar - Alr - COp - CH, -,=G
174 Helium - Air - Carbon Dioxide He - Air - CQy -G
175 Helium - Air - Carbon Dioxide -
Methane He - Air - CQ, - CH, -,=G
178 Helium - Air - Methane He - Alr - CH, -,-:G
B. Nompolar Poly , and Polar Polyatomic Systems
177 Helium - n-Butane - Ethane -
Methane - Nitrogen - Propane -  He ~ n~CHy, -ég". - CH, -
i-Butane Ny = CyH; ~ 1-CHy, -G
C. Nompolar Poly fc and Nonpolar Polystomic Sy
178 Afr (R-728) Air L,v,G
179 Afr - Carbon Dioxide Alr - COy -G
180 Alr - Carbon Dioxide - Methane Air - CO, - CH, ~y-.G
181 Air - Methane Air - CH, =G
182 Carhon Dioxide - Carbon Monaxide -
Hydrogen - Methane - Nitrogen  CO~ CO-Hy-CH,- N, -,-,G
183 Carbon Dioxide - Carbon Monoxide -
Hydrogen - Methane - Nitrogen - COQp ~ CO - H, ~ CH - N, ~ G
O )
184 Carhon Dioxide - Carbon Moncxide ~ COy ~ CO - Hy - CHy - Ny -
Hydrogen - Meothane - Nitrogen - Oy - Heavier Hydro-
Oxygen - Heavier Hydrocarbons carbons -G
18§ Carbon Dioxide -~ Carbon Monoxide -
Hydrogen - Nitrogen - Oxygen COp~CO-Hy - Ny - Oy -G

* L = saturated Mquid, V = sstursted vapor, G = gas.

No.

595

601
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803
604

605
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608
614
816
617

620
621

822
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7. MULTICOMPONENT SYSTEMS {continued)
D. Noapolar Polyatomic and Polar Polyatomic Systems

Figure and/or Physical Page
Table No. Name Formula State* No.
186 Air - Ammonia Air - NHy G Ce e e, 624
187 Alr - Hydrogen Chloride Afr - HC1 G . - 826
188 Alr - Hydrogen Sulphide Alr - Hy§ G . .. . 628
I
3
4
|
I
|
|
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* G =gus,
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Notation
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h-j

-

vap

POhmmL ©OSA

ME

act

b

vap

Root-mean-square radius in equations
(50 and 51): Numerical constant

Proportionality constant

Atomic weight ; Work function for melt-
ing point ; Numerical constant

Numerical constant

Parameter [equation (41)]

Impact parameter; Van der Waals con-
stant ; Numerical constant

Numerical constant

Numerical constant

Numerical constant

Numerical constant

Numerical constant

Numerical constant

Parameter [equation (41))

Molar specific heat at constant pressure

Molar specific heat at constant volume

Displacement ; Diameter

Self-diffusion coefficient ; Numerical con-
stant ,

Diffusion coefficient

Total energy ; Numerical constant

Energy of sublimation

Numerical constant

Energy of vaporization

Activation energy

Function [equation (64))

Resonant frequency

Correction factor

Numerical constant ; Resistance force

Partition function

Partition function

Gravitational acceleration; Initial rela-
tive speed [equation (10))

Pair correlation' function; Equilibrium
radial distribution function

Force constant of potential energy:
Numerical constant

Planck’s constant

Numerical constant

Enthalpy of vaporization

=

2

XTONTTT

Latent heat of vaporization

Moment of inertia

Coefficient of thermal conductivity
[equation (1)); Boltzmann’s constant;
Wave vector [equation (105))

Translational thermal conductivity

Adiabatic compressibility

Transmission coefficient ; Numerical con-
stant ; Bulk modulus

Length )

Mean absolute deviation, root-mean-
square deviation, and maximum ab-
solute deviation from smoothed
values [defined in equations (47)(49)]

Mass of a molecule ; Numerical constant ;
Molecular weight

Molecular weight

Numerical constant; Number of Mole-
cules

Avogadro’s number; Number of data
points

Dipole moment [equation (8)]

Pressure

Critical pressure

Reduced pressure

Numerical constant

Radius

Neighborhood of the resonant fre-
quency; Radius; Universal gas con-
stant; Resistance [equation (136)]:
Numerical constant

Displacement

Numerical constant

Collision cross section

Time; Temperature, C

Absolute temperature, K

Boiling temperature

Critical temperature

Melting temperature

Reduced temperature

Reduced temperature

Speed of sound
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Notation

Numerical constant

Specific volume; Volume of an atom;
Velocity

Mean speed

Molar volume

Free volume

Volume of a gram atom

Parameter [equation (71)]

Activation energy; Viscous drag; Ap-
parent weight

Energy dissipated per cycle

Vibrational energy

Displacement

Mole fraction of the ith component

Double Fourier transform of trans-
verse current—current correlation
function

Number of moles of a component;
Compressibility coefficient

Molecular mobility ; Numerical constant

Coefficient of thermal expansion

Interaction parameter

Friction constant ; Numerical constant

Cosefficient [equation (129)]

Parameter {equation (10)]

Deviation function; Correction factor;
Potential parameter

Logarithmic decrement ; Differential in-
crement

Small correction factor; Measure of,
intermolecular depth;  Potential
parameter ; Difference in energy

Orientation factor {equation (8)]

Einstein characteristic temperature

Mass rate of flow ; Angle [equation (8))

> >
-

DIV ANF CRRTE

Qll.u)t

Mean free path ; Logarithmic decrement :
Distance

Reduced de Brogic wavelength

Coefficient of viscosity

Reduced viscosity

Viscosity at atmospheric pressure

Coeflicient of kinematic viscosity

Molecular vibrational frequency

Parameter [equations (31) and (32)]

3.14159.. ..

Density

Average gas density

Critical density

Density of the ith component

Reduced density

Reduced density

Size parameter

Potential parameter {equations (8) and
L))

Period of vibration ; Mean life [equations
(70) and (71)}

Azimuthal angle

Angular deflection [equations (54) and
(55)]

Deflection angle in a binary collision

Coeflicient of the Legendre polynomial
of order 2

Sutherland coefficient

Parameter [equation (40)]

Parameter {equation (4)]

Angular frequency, angular velocity

Collision frequency

Larmor frequency

Viscosity collision integral

Reduced viscosity collision integral
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Viscosity of Gases and Gas Mixtures

1. INTRODUCTION

An adequate knowledge of viscosity plays a very
important role in a variety of interesting engineering
problems involving fluid flow and momentum trans-
fer. This much-needed information is scattered
throughout the literature, as may be seen from an
examination of the many sources cited in [1] for a
limited number of materials, either as obtained from
an experimental measurement or as values computed
according to a certain theoretical procedure. The
probability of finding even an approximate value of
viscosity decreases considerably as the molecular
complexity of the material increases and/or the
interest shifts toward extremes in such environ-
mental conditions as temperature, density, magnetic
fields, electric fields, etc. The information available
for multicomponent systems is meager in comparison
with that for pure substances, and in general the
theoretical understanding of the phenomenon is less
developed for the liquid state than for the gaseous
state. Measurements of the viscosity of liquids and
their mixtures are quite scarce. In the absence of
claborate experimental information and adequate
theoretical understanding of the coefficient of vis-
cosity for fluids and their mixtures, it wouid be most
desirable to critically evaluate the available informa-
tion and by a judicious interplay of theory and
experiment develop, as well as possible, both the
standard data and reliable procedures for theoretical
calculations. This volume is an initial effort in this
broad and general direction. In the first part we
review the present state of the art of theory, estimation,
and measurement techniques of gases and gas
mixtures, and then of liquids and liquid mixtures.
The second part deals with the critical evaluation of
viscosity data obtained by different workers and
different techniques, and lists the recommended
values for pure and mixed materials in the gaseous
and liquid states. In this entire volume we have
implied by the word fluid its traditional meaning, the
gaseous and liquid states.

P e Y I NSV

2. THEORETICAL METHODS
A. Introduction

The history of the development of the kinetic
theory of gases is both long and interesting. Chapman
and Cowling [2] in their classic book give a brief
description of this long development of several
centuries. Brush, in a series of articles [3-9], has
referred in a very original fashion to the contribution
of Herapath, Waterson, Clausius, Maxwell, and
others. Chapman [10] has delivered a very interesting
lecture on the history of development of kinetic theory.
The kinetic theory of trausport processes is described
in different detail and with varying degrees of rigor in
anumber of textbooks by Kennard [11], Jeans [12,13],
Loeb [14], Saha and Srivastava [15], Present [16],
Herzield and Smallwood [17], Cowling [18], Knudsen
[19], Guggenheim [20], Kauzmann [21], Golden [22],
etc. Desloge [23-27] has written a number of articles
presenting a pedagogical approach to the theoretical
expressions for the transport properties coefficients
starting from the Boltzmann transport equation. In
their treatises, Chapman and Cowling {2] and
Hirschfelder, Curtiss, and Bird [28] have presented a
detailed rigorous treatment of the derivation of
transport coefficients. Additional works which must
be mentioned in this context are those of Mintzer [29],
Mazo [3), Liboff [31], Cercignani [32], Waldmann
{33, 34], Hochstim [35], and DeGroot [36]. The
general theory of irreversible processes is also
developed to derive transport coefficients [36-38).

We briefly refer below to the kinetic theory
expressions for the coefficient of viscosity as obtained
by simple and by more rigorous theories. The simple
mean-free-path and the rigorous Chapman-Enskog
theories lead to quite different theoretical expressions,
but Monchick [40, 41] has successfully developed the
interconnection between the two theories and their
equivalence.

In Volume 3 of this series, Thermal Conductivity
of Nonmetallic Liquids and Gases [42), we have
described the various theories and the theoretical

3a
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expressions for the coefficient of thermal conductivity.
As the mechanisms of transport of energy and
momentum are similar in many ways there is an
inherent interconnection between the coefficients of
thermal conductivity and viscosity. We will, therefore,
when discussing the latter, omit at places certain
basic details which have already been given in
connection with thermal conductivity [42]. Further-
more, the scope of our present text is to reproduce
most of the practical results and refer to all major and
relevant works so that consulting the widely scattered
literature becomes easier. Many similar efforts of
varying scope are referred to later, but mention must
be made here of a series of survey articles by Liley
{43-46] reviewing the work on transport properties of

gases.

B. The Mean-Free-Path Theories

The transport of momentum is considered in a
homogeneous gas which is spherically symmetric and
monatomic, so that no inelastic collisions occur, and
the pressure and density are such that only binary
collisions between the gas molecules occur and the
collisions between the gas and wall are negligible in
comparison to gas—gas collisions. If the temperature is
high enough so that the quantum effects are negligible
and classical mechanics is adequate, if there is only a
small velocity gradientsothatv, , ,, = v, + (0v/0x)Ax
accurately describes the velocity variation over Ax,
and if the temperature is low enough so that the gas is
un-ionized, undissociated, and not electronically
excited, the simple kinetic theory predicts that

u = dpid = k/C, 0

Here u is the coefficient of viscosity, p the density of
the molecules, 7 the mean speed, A the mean free path,
k the coefficient of thermal conductivity, and C, the
specific heat at constant volume.

Different numerical factors are found in equation
(1) if consideration is given to the dependence of
mean free path and collision rate on molecular
velocity. A more rigorous calculation gives

Sm _
u= ﬁpvl @
or more precisely
Sz -
n= ?2'(1 + €)pbi (3)

where ¢ is a small number whose value depends upon
the nature of the intermolecular force field. Thus, ¢ is
zero for a Maxwellian gas and increases to 0.016 for a

gas composed of rigid impenetrable spheres. The
variation in the numerical coefficient of these relations
for viscosity is mainly due to the tendency of the
molecules to continue moving in their original
direction even after a collision.

If the simple mean-free-path arguments are
applied to a mixture consisting of n different gases, the
resulting expression for the coefficient of viscosity,
Hemix, 0 terms of the viscosities of the pure components
and other quantities, is [11, 47]

j n x
Bmix = z My (l + Z 4’.‘]"! “)
i=1 ’,:! X;
where
1/2
Vi = S, [1 + (MJ/M )] )

A

Here yu,, x;, and M, are the coefficients of viscosity,
mole fraction, and molecular weight of component i
in the mixture, respectively ; S, and S, are the collision
cross sections for molecules of type i and types i and j,
respectively. This general form of equation (4) has
been extensively studied, both to determine the
physical significance of ¥,;, and in the development
of methods based on equation (4) which can be
used for the estimation of i, and which offer different
alternatives for equation (5). These will be dealt with
later at appropriate places in this chapter.

These results of simple kinetic theory are only of
historical importance because estimates based on
these expressions are in crude agreement with the
directly observed values even for simple systems. The
principal limitation of this approach consists in
neglecting the effect of intermolecular forces during
molecular collisions. In the rigorous approach of
Chapman and Enskog this feature is considered and
the theoretical expressions for viscosity are derived
for a pure gas as well as for multicomponent gas
mixtures. These expressions have been further re-
fined in more recent years, as will be briefly described
in the next section.

C. The Rigorous (Chapman-Enskog) Theories

The pioneer work of Enskog and Chapman is
described in the treatise on the kinetic theory of
nonuniform gases by Chapman and Cowling [2).
Many notable efforts have been made since then to
reformulate the problem in different ways by adopting
different approaches, developing more general and
sometimes equivalent and alternative approaches
for solving the Boltzmann equation, and deriving the
expressions for transport coefficients. It will be in
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order to refer to some of these efforts: Kirkwood
(48, 49), Grad [50, 51), Kumar [52, 53], Green
[54-56), Green and Piccirelli [57], Hoffman and Green
(58], Snider [59], Mazur and Biel [60], Su [61],
McLennan [62], Garcia-Coling, Green, and Chaos
{63], Fujita [64], Bogoliubov (65, 66], Desai and Ross
(67], and Tip [1172]. Montroll and Green [68] have
reviewed various efforts aimed at developing the
statistical mechanics of transport processes. Grad
[69-71} has introduced a very strong approach to the
formulation of transport coefficients of dilute gases.
Zwanzig [72] reviewed the formulation of transport
coefficients in terms of time-correlation functions.
Model calculations have also been used in kinetic
theory to simplify many of the complicated aspects
whileretaining all the essential features : see Bhatnagar,
Gross, and Krook [73], Welander {74], Gross and
Krook [75], Gross and Jackson [76], Sirovich [77],
Enoch [78], Hamel [79], Willis [80], and Holway [81].
We refer to studies which have derived expressions
for the coefficient of viscosity for pure gases and their
mixtures of increasing molecular complexity and
under different environmental conditions of tempera-
ture, pressure, etc. It is also appropriate to mention a
recent article by Mason [82], who has reviewed the
present art of calculation of transport coefficients in
neutral gases and their mixtures.

a. Pure Monatomic Gases

The theoretical first-approximation Chapman-—
Cowling expression for the coefficient of shear
viscosky of a pure monatomic gas under the same
assumptions as mentioned above is [2, 28]

a/MT
[ul, = 2qEDe (6)

Here o2€1'2-2* js the viscosity collision cross section,
¢ is a size parameter, and Q2" is a function of the
reduced temperature T* = kT/e. ¢ is a measure of the
depth of the attractive part of the intermolecular
potential, T the temperature, and k the Boltzmann
constant. The quantity a is a numerical factor and if
pubeexpressedingem 'sec™!, gin A (10" % cm), Tin
degrees K, its value is 266.93 x 107",

The higher approximations to u are represented
in terms of [u},, the nth approximation being

e = Wl S M
S has been evaluated up to n = 3 and found to be
very feebly dependent on the nature of the inter-
molecular potential for moderate temperature ranges
and not much different from unity (28]. The expression
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for £ according to the procedure of Chapman and
Cowling [2] is quite complicated, and Kihara [83]
has developed an alternative scheme for representing
the transport coeflicients as an infinite series. The
latter procedure approximates the actual inter-
molecular potential as a perturbation to the
Maxwellian model. Joshi {85, 86] on the other hand
has developed another approximation scheme in
which the actual potential energy function is regarded
as a perturbation over the rigid-sphere model and has
derived the expressions for [’ and f. In either
formulation the higher-order approximation cor-
rection factors are simpler than those derived by the
method of Chapman and Cowling [2, 28], and a
tabulation of f{? is available for the Lennard-Jones
(12-6) potential on the Kihara approximation scheme
(87].

b. Multicomponent Systems of Monatomic Gases

The general expression for the first approxima-
tion to viscosity of a multicomponent mixture is
derived by Curtiss and Hirschfelder [88]. The higher
second and third Chapman—Cowling approximations
have been derived by Saxena and Joshi [89, 90] and
Joshi [91], respectively. The Kihara approximation
procedure has been extended by Mason [92], and the
theoretical expression for a binary gas system on the
Kihara—~Mason scheme is derived by Joshi and Saxena
(93]. The general characteristics of a gas mixture
have been discussed by Waldmann [94] on the basis
of the first-approximation Chapman-Cowling theo-
retical expression for the viscosity coefficient. Hirsch-
felder, Taylor, Kihara, and Rutherford [95] have
theoretically examined the conditions under which the
viscosity of a binary mixture will exhibit either a
maximum or a minimum in the plot of viscosity
versus composition of the mixture. They [95] have
based their studies on the first-approximation Chap-
man—-Cowling expression. Kessel’'man and Litvinov
(1158] have described the calculation of multi-
component viscosity from the first-approximation
theoretical expression in conjunction with a Lennard-
Jones (12-6) intermolecular potential with param-
eters regarded as depending on temperature. Barbe
[1160] has developed automatic computer calculation
procedure for multicomponent viscosity based on the
kinetic theory expression.

¢. Nonpolar Polyatomic Gases and Multicomponent
Systems

The transport theory of polyatomic gases is much
more complicated than that of monatomic gases, for
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two reasons. First, the intermolecular potential is not
central for polyatomic systems and due consideration
must be given to its orientation or direction depend-
ence. Second, the collisions are not all elastic and
various complications associated with inelastic col-
lisions must be properly considered. Consistent with
the general style and scope of this text we refer
briefly below to the various efforts made to resolve
the overall understanding of the momentum transfer
process in the above two categories.

Curtiss and co-workers [96-100] have developed
the classical theory of nonspherical molecules by
suitably modifying the Boltzmann equation and
considering only the rotational motion. Curtiss [96]
applied the perturbation technique of Chapman-
Enskog and solved the Boltzmann equation to
derive expressions for the transport coefficients
which may be regarded as referring to rigid convex
nonspherical bodies in which the center of mass is a
center of symmetry. Curtiss and Muckenfuss [97]
specialized the calculations [96] to a spherocylindrical
model and presented resuits for shear viscosity as a
function of two parameters characterizing the shape
and mass distribution of the molecule. These calcula-
tions have also been extended to multicomponent
mixtures [98] and ‘urther examined in detail including
rigid convex nonspherical molecules with symmetric-
top mass distributions [99, 100). Others who have
considered this molecular model are Sandler and
Dahler [101] and Kagan and Afana’sev [102).
Another molecular model which has been studied in
detail and for which the coefficient of viscosity is
derived is the loaded sphere (103, 104]. Historically,
the molecular model having internal energy, first
studied by Pidduck [105], consisted of perfectly
rough, clastic, rigid spherical molecules. For such
molecules the energy of translation and the energy of
rotation are interconvertible [2]. In more recent
years the kinetic description of such a dilute gas of
perfectly rough spheres was developed in considerable
detail by Condiff, Lu, and Dahler [106), McLaughlin
and Dahler [107], and Waldmann [108). Dahler [109]
made some interesting comments concerning the
developments in the transport theory of polyatomic
fluids. Pople [110, 111] has treated the interaction
between nonspherical molecules as consisting of a
central part and directional terms of various angular
symmetries. He considered in particular the axially
symmetric molecules. Attempts [28, 112, 113] have
been made to further extend such an approach, but
mainly equilibrium thermodynamic properties have
been computed. The transport properties of gases with

rotational states have also been examined by McCourt
and Snider [114, 115) and Kagan and Maksimov [116].
Studies have been made of transport phenomena in
diatomic gases [117), the probability for rotational
energy transfer in a collision [118], the relation
between angular distribution and transport cross
sections [119], etc. The subject of molecular friction in
dilute gases has been discussed by Dahler and co-
workers [120-122]. Bjerre [123] has derived the
expressions for shear viscosity starting from the theory
of Curtiss and Muckenfuss [96-98] and specializing
them for a model appropriate for planar molecules.
Other molecular models have been developed by
Morse [124) and Brau [125] to account for the
collision term in the kinetic equation for polyatomic
gases.

The topic of molecular collisions in poiyatomic
molecules has received considerable attention both
theoretically and experimentally. Here we refer only
to a series of articles written by Curtiss and co-workers
[126-135, 1164-1170] on this subject, which deals
with collisions between diatomic and polyatomic
molecules and considers both rotational and vibra-
tional excitations. Wang Chang and Uhlenbeck
{136, 137] developed a formal theory of transport
phenomena in dilute polyatomic gases. They treated
the problem semi-quantum-mechanically, treating the
translational motion of the molecules classically and
the internal moticn quantum-mechanically. This
enabled them to assume the existence of quantum
inverse collisions. Furthermore, they considered two
cases : one in which the energy exchange between the
translational and internal degrees of freedom is easy
[136), and the other extreme case in which such an
energy transfer is quite rare [137]; see also Wang
Chang, Uhlenbeck, and de Boer [138]. However, the
Wang Chang-Uhlenbeck equation is much more
complicated than the Boltzmann equation, and an
attempt by Finkelstein and Harris [139] to linearize
the former is interesting. They used the geometrical
technique of Finkelstein [140]. Hanson and Morse
{141] have developed the kinetic model equations for a
gas with internal structure by employing a modified
diagonal approximation and the Wang Chang-
Uhlenbeck equation. A classical theory of transport
phenomena in dilute polyatomic gases is developed
by Taxman [142] as an extension of the Chapman-
Enskog theory for monatomic gases [2]. This theory
{142] is also the classical limit of the work of Wang
Chang and Uhlenbeck [137].

The formal theory of Wang Chang and Uhlen-
beck [136-138] and of Taxman [142] has been very
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cleverly simplified by Mason and Monchick [143]
and Monchick, Yun, and Mason (144, 145] to derive
expressions for transport coefficients. They have
neglected terms arising from considerations of ine-
lastic collisions which are small and expressed the
others in terms of measurable quantities. The potential
of this procedure is also successfully tested in pre-
dicting the other transport properties [146-148]. A

-similar success is demonstrated for the loaded sphere

model calculations of the thermal diffusion factor
[149, 150]. Alievskii and Zhdanov [151] have discussed
the transport phenomena in mixtures of polyatomic
gases. Curtiss [1171, 1193] has recently derived an
explicit classical expression for the viscosity of a low-
density gas of rotating and nonvibrating diatomic
molecules. Stevens [1173) performed calculations for
methane including inelastic collisions and introducing
approximations in the calculation of transport cross
sections. He found that viscosity is hardly influenced
by inelastic effects.

d. Pure Polar Gases and Multicomponent Systems

The properties of polar gases are hard to calcu-
late because the interaction between two molecules
depends on their relative orientations and the
calculation of molecular trajectories for angle-depend-
ent potentials is not easy. The occurrence of inelastic
collisions and resonant transfer of internal energy
complicates the analysis considerably. The non-
spherical shape of the molecules gives rise to short-
range orientation-dependent overlapping repulsive
forces. The attractive force between polar molecules
arises from three different sources: dispersion, the
interaction between permanent electrostatic distribu-
tions (dipoles and higher multipoles), and interactions
arising from electric moments induced by the per-
manent moments of other molecules. A detailed
discussion of this topic is given by Buckingham and
Pople [156, 157], Saxena and Joshi [158], and
Hirschfelder, Curtiss, and Bird [28].

Krieger [159] assumed the following type of
Stockmayer potential (160, 161] to correlate and
estimate the viscosities of polar gases:

en-of]"- (-

where
{ = 2cos8,cos 8, — sin 8, sin 8, cos ¢

Here p is the dipole moment of the molecule, { is an
orientation factor in which @, and 8, are the angles of
inclination of the two dipole axes to the line joining
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the centers of the molecules, and ¢ is the azimuthal
angle between them. In the limit when p — 0, ¢(r) is
just the Lennard-Jones (12-6) potential, and ¢ and
6, are the potential parameters. Krieger (159] further
assigned a constant value of 2 to {, which implies that
the dipoles maintain an attractive end-on position,
corresponding to the maximum attractive orientation,
throughout their encounter. This assumption trans-
forms the above angle-dependent potential into the
following central potential :

D) = def(ao/r)'? ~ (0o/r)° — Blae/r)]  (9)
where
8 = p*/2e6)

Krieger [159] evaluated the viscosity collision integral
for the reduced temperature range, 7*, from 1.0 to
512 and for nine equally spaced 4 values from 0.00 to
2.00. He [159] correlated the viscosity data for twelve
polar gases and determined the values of the potential
which he found inadequate for highly polar gases.
Liley [163] made certain comments concerning the
accuracy of the tabulated viscosity collision integral
by Krieger [159) and presented a retabulation for the
low temperature range, T* = 0.70 to 5.00. More
detailed calculations of Itean, Glueck, and Svehla
[164] confirmed an error in the original calculations of
Krieger [159]. However, the Itean et al. [164] corrected
caiculations give only unreasonable values for the
potential parameters if experimental data are fitted
with the theoretical predictions on this model.
Monchick and Mason [165] argued that in
Krieger's model all repulsive orientations are
neglected, and the orientation of aligned dipoles of
maximum attraction and rotational energy is the one
in which the molecules spend the least amount of
time; hence this model may be unrealistic. They
suggested a model in which all relative orientations
are accounted for but still the dipole field is replaced
by a central field. The Monchick and Mason [165]
model assumes that the molecular trajectories are
insignificantly aflected by the inelastic collisions
even when they occur quite frequently. They justify
this on the consideration of energy grounds because
the rotational energy at ordinary temperatures is
much smaller than the translational kinetic energy,
which is of the order of kT. This assumption is likely
to be reasonable for shear viscosity because of the
small contribution of inelastic collisions to momentum
transport [145]). This assumption simplifies the
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theoretical expression of u given by Taxman [142]
so that

1 8 ,
x exp(—7*)y” dy

where

2 _ | M\,
’ ‘(4kr)g

Here m is the mass of a molecule, k the Boltzmann
constant, T the temperature, x the deflection angle ina
binary collision, b the impact parameter, ¢ the
azimuthal angle, and g the initial relative speed.
Equation (10) is the same as that obtained for no
internal degrees of freedom.

Monchick and Mason [165] further argued that
the relative orientation of the molecules over a small
range around the distance of closest approach re-
mains almost constant, and the angle of deflection is
primarily and mainly controlled by this particular
relative orientation rather than by all the possible
orientations assumed along the entire trajectory from
t= —axtot = +a. The work of Horn and Hirsch-
felder [166] also supports this point of view. The idea
of a fixed relative orientation during a collision leads
one, in actual calculation, to treat { as a constant {,
(value of { at the distance of closest approach) and
thus replace ® by a multiplicity of central field
potentials corresponding to all values of {, between
—2and + 2. Thecollision integrals are then calculated
for each of these potentials and average values are
determined by giving the proper weight of the
potential. The latter is essentially the probability of
the collision taking place along that potential. The
viscosity is then computed by the same expression as
that for nonpolar gases except that Q'%-2'* is replaced
by the average value, (2%} obtained according
to the above procedure. This is a valid approach for
all orders of the kinetic-theory approximations as
shown by Mason, Vanderslice, and Yos [167]. Mason
and Monchick [168] have extended this model with
reasonable success for the computation of the visco-
sities of mixtures. Singh and Das Gupta (1162] have
analyzed the data on polar gases according to a
simple preaveraged 12-6-6 intermolecular potential.
They [1163] have also studied the properties of binary
mixtures of polar gases where onc component has a
predominance of dipole moment while the other has a
quadrupole moment only.

e. Quantum Effects

The calculation of viscosity of light gases at low
temperatures is complicated because of the appearance
of quantum-mechanical diffraction and statistical
effects [28). The collision cross sections must now be
computed using quantum mechanics instead of
classical mechanics [169, 170). It aiso becomes
imperative to work through the quantum-mechanical
version of the Boltzmann equation as given by
Uehling and Uhlenbeck [171]. Considerable progress
has been made in both of these directions, and an
excellent review. on the subject by Buckingham and
Gal [172] has appeared. Here we refer vo some of the
pertinent works which may prove specially useful in
the art of computing viscosities of gases at low
temperatures.

Detailed discussions of derivations of the Boltz-
mann equation using different quantum-mechanical
approaches are available in two recent review articles
by de Boer {173] and Mori, Oppenheim, and Ross
[174]). Other interesting derivations have appeared
since then: Waldman [175], Snider {176, 177],
Hoffman, Mueller, and Curtiss [178), and Hoffman
{179]. Mention may be made of the diagram technique
of Prigogine and co-workers [180-182) in handling
the trousport equation in quantum gases. Quantum-
mechanica) kinetic theory has been worked out in
detail by Mueller and Curtiss [183, 184] for a gas of
loaded spheres. de Boer and Bird [185. 186] have
derived correction factors to be applied to the classical
collision integrals to estimate the quantum effects.
Their calculations are valid for relatively high
temperatures (above the reduced temperature, T*, of
five) and for a monotonic decreasing intermolecular
potential function [187]. Choi and Ross [188] have
calculated the first-order quantum correction by
solving without any approximation the equation of
motion of a two-particle system and have estimated
the magnitude by assuming a simple model for
molecular interactions. Buckingham and Gal [172]
have computed the quantum corrections assuming
the Buckingham-Corner {189] intermolecular po-
tential. Imam-Rahajoe, Curtiss, and Bernstein [190]
and Munn, Smith, Mason, and Monchick [191] have
determined the contribution of quantum effects to the
transport cross sections assuming a Lennard-Jones
(12-6) intermolecular potential function. More de-
tailed calculations of the phase shifts and quantum
corrections to transport corrections have been made
in recent years by Curtiss and Powers [192], Wood
and Curtiss [193], Munn, Mason, and Smith [194],
Smith, Mason, and Vanderslice [195], Bernstein.




- g - L e . e o

Curtiss, Imam-Rahajoe, and Wood (196}, and
Aksarailian and Cerceau [1161].

A number of calculations have been made on the
isotopic varieties of lighter gases (helium and
hydrogen) and their mixtures. This is because
quantum corrections are expected to be large for
such systems and many of these have been experi-
mentally studied. We mention here several such efforts.
Assuming the interaction model to be of rigid-sphere
type, Massey and Mohr [197] calculated the quantum
collision cross sections and collision integrals. This
work followed a series of investigations for He*
assuming different types of molecular interactions.
Massey and Mohr [198] and Massey and Buckingham
[199] did calculations using the Slater interaction
potential [201]; Buckingham, Hamilton, and Massey
[202] for six different potentials; de Boer [203],
Keller [204], Monchick, Mason, Munn, and Smith
[205], and Larsen, Witte, and Kilpatrick [206] for the
Lennard-Jones (12-6) potential [207]. Keller [204]
has considered the modified exp-six potential derived
by Mason and Rice [208]. Similar calculations have
teen made for He® by Buckingham and Temperley
[209], de Boer and Cohen [210], Buckingham and
Scriven [211], Cohen, Offerhaus, and de Boer [212],
Halpern and Buckingham [213], Keller [204], and
Monchick ef al. [205]. Some of these authors have
also discussed the properties of the mixtures of He?
and He* [214].

A number of interesting calculations have been
made on the isotopes of hydrogen. Cohen, Offerhaus,
Leeuwen, Roos, and de Boer [215] computed the
viscosities of ortho- and para-hydrogen assuming a
spherically symmetric Lennard-Jones (12-6) type of
interaction potential [207]. A similar investigation is
due to Buckingham, Davies, and Gilles [216]), who
approximated the force field by a Buckingham-
Corner type potential [189]. Takayanagi and Ohno
[217] and Niblett and Takayanagi [218] have further
extended the scope of these calculations by considering
the nonspherical potential. Waldmann [219] has
discussed the kinetic theory of para—ortho-hydrogen
mixtures, for which Hartland and Lipsicas [220] have
made some interesting comments. Diller and Mason
[221] have calculated the transport properties of H,,
D,. HD, and some of their mixtures employing a
Lennard-Jones (12-6) potential.

Calculations of the viscosity of atomic hydrogen
at low temperatures have also been made by several
workers: Buckingham and Fox [222], Buckingham,
Fox, and Gal [223], Buckingham and Gal [172],
Browing and Fox [224], etc. Konowalow,
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Hirschfelder, and Linder [225] have computed the
viscosity of oxygen and sulfur atoms from the potential
energy curves at large separations. It may be pointed
out that the low-temperature viscosity studies help in
the understanding of the operation of low-density
free jets such as those which occur in space vehicles and
low-density wind tunnels [226).

f- High-Temperature Calculations

The calculation of viscosity at high temperatures
is of particular interest to design engineers and to the
outer space exploration program. The computation is
tedious because with increasing temperature, internal
energy excitations, electronic excitations, dissociation,
and various degrees of ionization must be considered.
Multiplicity of intermolecular potentials, nonequi-
librium between the electron and heavy-particle
temperatures, appearance of quantum corrections
for high-density plasmas and, at extremely high
temperatures (above 10° K), for low-density plasmas,
and resonant charge exchange between ions are the
main factors making the calculation of transport
properties at high temperatures difficult. However,
many significant improvements have been made in
recent years, and in many cases reliable estimates
of viscosity are possible up to high temperatures of
practical need. Many review articles and books,
differing in scope and emphasis, summarize these
developments, e.g., Chapman and Cowling [2], Hoch-
stim [35), Spitzer [227], Ahtye [228, 229], and Brokaw
{230].

The kinetic equations and the calculation of
transport properties of ionized gases and plasmas have
been recently reviewed in a series of articles by
Tchen [249), Lewis [250], and Hochstim and Massel
[251]. Here we will refer very briefly to some of the
work which is of direct relevance to the calculation of
viscosity of gases under partial or complete ionization.

The calculation of viscosity at high temperatures
is casy if the contributions of internal degrees of
freedom, electronic excitations, dissociation, and ion-
ization areignored. Under such assumptionsthetheory
of Chapman and Enskog [2, 28] may be used if the
molecular interactions and corresponding viscosity
collision integralsare known. Amdurand Mason {231},
Kamnev and Leonas {232], and Balyaev and Leonas
[233] adopted this approach and predicted properties
of rare gases and homonuclear diatomic gases,
hydrogen, nitrogen, and oxygen, up to 15000 K. In
each case the interaction potentials were determined
by experiments on the elastic scattering of fast
molecular beams. Amdur, in a series of articles
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[234-236), has explained the limitations of such an
approach and their effect on the calculated values of
transport coeflicients. Brokaw [237] has discussed the
role of viscosity in calculating the convective heat
transfer in high-temperature gases. Yos [238, 239]
has computed the viscosity of hydrogen, nitrogen,
oxygen, and air in the temperature range 1000-
30,000 K and for pressures from 1 to 30atm. The
values for the fully ionized case were made to agree
with those of Spitzer and Harm [240]. The viscosity of
dissociating gases has been computed by Mason and
co-workers with the assumption of no ionization and
no electronic excitation for hydrogen [241, 242},
nitrogen and oxygen [243], and air [244, 245)
Krupenie, Mason, and Vanderslice [246]) have com-
puted the viscosity of ©.i + Li, Li + H, and O + H
systems in the temperature range 1000-10,000 K.
Belov and Klyuchnikov [247] have also considered
the viscosity of the weakly ionized LiH plasma in
the temperature range 1000-10,000 K and at five
pressure levels. The viscosity values of alkali metal
vapors have been computed by Davies, Mason, and
Munn [248]. Belov [1156] has computed the viscosity
of partially ionized hydrogen in the temperature
range of 6000-30,000 K and for pressures of 0.001,
0.01,0.1, 1, and 10 atm. The effect of charge transfer is
included.

It was observed by Ahtye [229] that for ionized
gases higher Chapman-Enskog approximations are
needed because the convergence of the infinite series
representing the transport coefficients is poor due to
the small mass of the electron. Devoto extended the
formulation of viscosity to include second [252],
third [253), and even higher approximations [254, 255).
In view of the great complexity of these expressions,
Devoto [256] has also attempted to simplify them,
and has assessed the adequacy of these simple ex-
pressions by performing actual calculations for
partially ionized argon.

A number of other interesting developments
have been made which facilitate the calculation of
viscosity at high temperatures in general. Mason and
Sherman [257] have made estimates of the cross
sections for symmetric resonant charge exchange
between ions differing by one electronic charge.
Chmieleski and Ferziger [258] have presented a
modified Chapman-Enskog approach for an ionized
gas where heavy particle and electron temperatures
are allowed to differ, though up to zero order all
species have the same macroscopic velocity. This
inequality of temperature is caused mainly by the
fact that the relaxation time for energy exchange

between the heavy and light species is much larger
than the time for each individual species to acquire
equilibrium with itself. In the limit of equal tempera-
ture for electron and ion, these expressions are
identical with the results obtained adopting the
Chapman-Enskog approach. Sandler and Mason
[259] have considered a scheme for the solution of the
Boltzmann equation which converges more rapidly
than the usual Chapman-Cowling procedure [2].
They considered a particular gas system called an
almost-Lorentzian mixture, where the mass of one
component is far greater than the other and the
proportion of the lighter component in the mixture
is smaller than that of the heavier component. A
partially ionized gas mixture constitutes such a
system. Hahn, Mason, Miller, and Sandler [1192]
have made calculations tc determine the contributions
of dynamic shielding to the transport properties of
partially ionized argon both at low and high degrees
of ionization. Meador [260] has discussed a collision
model, which is similar in many respects to a Lorentz
gas, for an ionized gas plasma.

A number of calculations have been made of the
transport properties in general and viscosity in
particular of ionized gases as a function of temperature
and pressure. Some of these will be quoted here.
Devoto and Li [261)] have tabulated the viscosity of
partially ionized helium in chemical equilibrium at
pressures 0f0.01,0.1, 1,and 5 atm and for temperatures
ranging from 4000 to 30,000 K. Kulik, Panevin, and
Khvesyuk [262] have reported the computed values
of viscosity of ionized argon in the temperature range
2000-30,000 K and for pressure levels of 1, 0.1, 0.01,
0.001,and 0.0001 kg/cm?. Devoto[263] has graphically
reported the viscosity values of equilibrium partially
ionized krypton and xenon covering temperatures
between 2000 and 20,000 K at pressures of 0.01,0.1, t,
and 10 atm. Devoto [264, 265] has also tabulated the
viscosity values for partially ionized hydrogen at these
four pressure levels but for temperatures ranging up
to 50,000 K. Grier [266] has given tabulations of
transport properties of ionizing atomic hydrogen.

Mason, Munn, and Smith [267] have used
repulsive and attractive screened coulomb potentials
to represent interactions among charged particles in
an ionized gas. They have computed ihe classical
Chapman-Enskog collision integral: these po-
tentials over a wide range of reduced temperatures,
the latter being equivalent to a wide range of electron
densities and temperatures. This work has also
included a discussion of quantum effects at high
densities and temperatures. This work supersedes the
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earlier computation of collision integrals for repulsive
screened coulomb potentials by Smith, Mason, and
Munn (268]. Beshinske and Curtiss [269] have
recently initiated the study of a dense fluid of mole-
cules composed of nuclei and electrons with purely
coulomb interaction potentials.

Dalgarno and Smith [270] have calculated the
viscosity of atomic hydrogen for temperatures up to
10° K and estimated that the classical calculations
are adequate for temperatures above 100 K; below
this temperature quantum corrections are important.
Dalgarno [271] has also shown that the effect of
quantum symmetry on viscosity cross section is
small for the collision of two similar particles. It is
also appropriate to mention the calculations of
momentum transfer and total and differential cross
sections for scattering from a coulomb potential with
exponential screening by Everhart and co-workers
(272, 273].

g. High-Density (or Pressure) Calculations

The calculation of viscosity of a dense gas
becomes very complicated because of the possibility
of occurrence of more than two particle collisions
and the transfer of momentum from the mass center
of one particle to another through the action of
intermolecular forces (2, 28]. These two effects are
briefly referred to as ‘“higher-order collisions™ and
“collisional transfer of momentum,” respectively.
David Enskog’s [2] efforts are pioneering contribu-
tions to the study of dense gases. He modified the
Boltzmann equation and applied it to a dense gas of
rigid spherical molecules. Since then this molecular
model has been extensively studied because for such
molecules the probability of muitiple collisions is
negligible and the collisions are instantaneous [2].
Curtiss [274] and Cohen ([275-277] have briefly
referred to the various efforts made to understand
the transport behavior of a dense gas, and a more
detailed review on the subject by Ernst, Haines, and
Dorfman (278] has recently appeared. We now cite
the different works which have helped in the under-
standing of this difficult subject and may also help
in the prediction of viscosity of moderately dense or
dense gases in general. A few attempts to examine the
individual gases are also mentioned.

As in the case of a theory for difute gas, here
also for a dense gas an appropriate development of
transport theory involves the formulation of an
alternative or modification tothe Boltzmann equation.
Many attempts have been made in this direction by
Bogoliubov [65], Cohen [280], Sengers and Cohen
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[281], Cohen [282, 285], Green and Piccirelli [57],
Piccirelli [286], Garcia-Colin [287], and others, as
discussed below. It may be pointed out that an
interesting question concerning the appropriate de-
finition of temperature arises in the kinetic theory of
dense gases. Two temperature definitions are possible,
based either on the kinetic or total energy densities.
The latter includes the molecular-interaction po-
tential energy. This is discussed by Garcia-Colin and
Green [288] and Ernst [289). The two definitions are
equivalent as far as the coefficient of shear viscosity is
concerned, but only the second definition is con-
sistent with the irreversible thermodynamics [289].

We now mention some simple kinetic-theory
approaches which have been developed to under-
stand the transport processes in dense fluids, in
certain cases for specialized molecular interactions.
Dymond and Alder [290] developed a theory for
transport coefficients on the basis of the van der
Waals concept of a dense fluid. Making certain
simplifying assumptions about the pair distribution
functions, Longuet-Higgins and Pople [291] and
Longuet-Higgins and Valleau [292] have derived an
expression for the shear viscosity of a dense fluid of
hard spheres, and Valleau [293] for rough spheres
exerting no attractive forces. Longuet-Higgins and
Valleau {294] developed the theory for a dense gas
whose molecules attract each other according to a
square-well potential, and Valleau [295], Naghizadeh
[296], and McLaughlin and Davis [297] extended the
theory to mixtures. McCoy, Sandler, and Dabler
[298] have also worked out the theory of a dense gas
of perfectly rough spheres including the effect of
rotational degrees of freedom. Sandler and Dahler
{299] have computed from their theory the shear
viscosity for a dense gas of loaded spheres. Sather
and Dahler [300] have considered a dense polyatomic
fluid whose molecules interact with impulsive forces
and derived, among other transport coefficients, the
expression for shear viscosity. Some other authors
who have used statistical mechanics to study the
kinetic theory of a dense gas composed of rigid
spherical molecules are O'Toole and Dahler [301]
and Livingston and Curtiss {302). Ono and Shizume
[303] discuss the transport coefficients of a moderately
dense gas on the basis of the statistical mechanics of
irreversible processes.

Snider and Curtiss [304] developed the kinetic
theory of moderately dense gases by ignoring the
effect of three-body collisions and considering the
collisional transfer of momentum arising {rom the
distortion of the radial distribution function [305].
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Their expressions when evaluated for the limiting
case of a rigid-sphere gas give the same results as
those of Enskog (2, 28]. These expressions were
simplified by Snider and McCourt [307] and evaluated
for a case where molecules interact according to an
inverse power potential. Curtiss, McElroy, and
Hoffman [308] have performed the numerical calcula-
tions of the first- and second-order density corrections
to the transport coefficients of a gasp assuming a
Lennard-Jones (12-6) interaction potential. Starting
from a generalized Boltzmann equation valid to all
orders in density [57] and adopting a method similar
to that of Garcia-Colin, Green, and Chaos [63],
Garcia-Colin and Flores [309, 310] have derived the
expressions for shear viscosity to terms linear in
density for a moderately dense gas.

Stogryn and Hirschfelder [312] have developed a
theory to compute the initial pressure dependence of
viscosity. They approximated the three-body col-
lisions effectively by a two-body collision between a
monomer and a dimer. The fractions of molecules in
bound and metastable states are calculated according
to procedures outlined by Hill {313, 314] and Stogryn
and Hirschfelder {312, 315]. The contribution of
collisional transfer is obtained by a semiempirical
modification of the Enskog theory [2, 28]. This theory
has been applied to explain many experimentally
observed facts with reasonable success [316, 320].

Singh and Bhattacharyya [321] have derived the
relation for computing the viscosity of moderately
dense gases with appreciable quadrupole moments.
Their approach is similar to that developed by
Stogryn and Hirschfelder [312]; they assumed equal
probability for all the relative orientations of the
interacting quadrupoles and employed equilibrium
constants for dimerization for quadrupolar gases as
evaluated by Singh and Das Gupta [322]. Singh and
Manna [323] have presented a similar formulation
for moderately dense dipolar gases using the equi-
librium concentrations of dimers as evaluated by
Singh, Deb, and Barua [324]. Kim and Ross [325), on
the other hand, have developed a theory for moder-
ately dense gases in which, though the contribution of
collisional transfer is neglected, a more complicated
picture of a triple collision is considered by including
in the calculation what they call quasi-dimers due to
orbiting collisions, in addition to bound and meta-
stable dimer states.

Curtiss and co-workers have developed the
theory for dense gases as an improvement of their
theory for moderately dense gases [304] by including
the contribution of three-body collisions, as have

Hollinger and Curtiss [326], Hollinger {327], and
Hoffman and Curtiss [328, 330]. Bennett and Curtiss
[331] have recently derived the transport coefficients
for mixtures on the basis of a modified Boltzmann
equation, considering the effects from both collisional
transfer and three-body collisions. The various col-
lision integrals which appear in this formulation are
evaluated numerically for the Lennard-Jones po-
tential. In this formulation the effect of bound pairs
is not included ; it is probably small at higher tempera-
tures. Sengers, in a series of papers [332-336, 1174],
has discussed how the expressions for transport
coefficients change if details of collisions are properly
accounted for. On including certain types of re-
collisions and cyclic collisions he finds a divergence in
the density expansion of the transport coefficients.
This particular topic has been discussed in recent years
by Dorfman and Cohen [337, 338], Dorfman {339,
340], Stecki [341], Andrews [342, 343}, Fujita [344,
345), and Ernst, Haines, and Dorfman [278] in con-
siderable detail. Sengers [346, 347). Hanley, McCarty,
and Sengers [348), and Kestin, Paykoc, and Sengers
[1175] have considered the experimental data on
viscosity of gases and their parametric dependence on
the density of the gas. Hoffman, Mueller, and Curtiss
[178], Imam-Rahajoe and Curtiss [349], Grossmann
[350-353], Grossman and Baerwinkel [354], Fujita
[355], and Morita [357] have discussed the various
features of dense gases from the viewpoint of quantum
mechanics.

~ Another approach used to study the density
dependence of transport coefficients in a moderately
dense gas is based on expressions in terms of time-
correlation functions. The developments of this
approach and the various methods used in recent
years have been reviewed by Zwanzig [72], Helfand
[358)], Ernst, Haines, and Dorfman [278], and Ernst
[279]. Reference is made to the efforts of Kawasaki
and Oppenheim [359-362], Frisch and Berne [363],
Storer and Frisch [364), Prigogine [365], Ernst,
Dorfman, and Cohen [366, 367], Ernst [368, 369],
Zwanzig [371, 372], Weinstock [373-378], and Gold-
man [379], whose work has helped very much in the
development of the theory of dense gases.

The various procedures used to derive the
theoretical expressions for the transport coefficients of
a moderately dense gas, based either ori a generalized
Boltzmann equation and the distribution function
approach or the correlation function approach, have
been compared by a number of workers such as
Garcia-Colin and Flores [380]), Chaos and Garcia-
Colin [381], Stecki and Taylor [382], Prigogine and




Resibois [383], Resibois [384-387], Brocas and
Resibois [388], and Nicolis and Severne [389]. Mo,
Gubbins, and Dufty [1187] have developed a pertur-
bation theory for predicting the transport properties
of pure fluids and their mixtures. Good agreement is
reported between the calculated and experimental
viscosity values of both pure and mixed dense gases
and lionids. Attempts have also been made in recent
years by Tham and Gubbin [1188]) and Wakeham,
Kestin, Mason, and Sandler [1189] to extend the
Enskog theory of dense gases to multicomponent
mixtures. The theory is found to agree with the
available experimental data.

h. Magnetic- and Electric-Field Effects

A good way of determining the contribution of
the nonspherical shape of polyatomic molecules to
the transport processes is to study the effects of
magnetic and electric fields. In 1930 Senftleben [390]
experimentally examined the effect of magnetic field
on the thermal conductivity of paramagnetic diatomic
gases. A similar investigation was made in relation to
shear viscosity [391-394] and a number of other
studies were made about the same time [395-400].
A simple mean-free-path kinetic theory to explain this
magnetic-field dependence in paramagnetic gases
was developed by Gorter [401] and Zernike and Van
Lier [402]. In the externally applied magnetic fieid,
the magnetic moment causes the molecular axis to
precess around it with a Larmor frequency, w,.
Thus, the changing orientation of the axis between
collisions alters the effective collision cross section,
and the net effect of the external field is to introduce an
additional averaging over different orientation. It is
also evident in this picture that collision frequency w,.
and hence pressure, should be a controlling factor, and
indeed this effect is found to be dependent upon the
ratio of the field to the pressure of the gas. Thirty-two
years later Beenakker, Scoles, Knaap, and Jonkman
[403): showed that the transport properties of any
polyatomic gas are influenced by the presence of an
external magnetic field; hence in recent literature
this phenomenon has been referred to as the
“Senftleben~Beenakker™ effect. The first measure-
ment [403] was confined to nitrogen up to 21 kOe at
pressures of 12.2 and 54 mm Hg. Since this pre-
liminary work, the viscosity of many other gases
has been studied. For example, O,, NO, CO, normal
H, and D,, para-H,, ortho-D,, HD, CH,, CF,, and
CO, have been studied by Korvig, Hulsman, Knaap,
and Beenakker [384, 406). In a smilar fashion the
thermal conductivity of nonspherical gases (H,, D,,
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0,,N,, CO, and CO,) is altered in the nresence of an
external magnetic field, as shown by the experiments
of Gorelik and Sinitsyn [407] and Gorelik, Redkobo-
rodyi, and Sinitsyn [408].

Efforts to develop a more rigorous theory to
explain the effects of external field, starting from a
rigorous Boltzmann equation [108, 114, 409] and
adopting a procedure somewhat parallel to that of
Chapman and Enskog, have been made by Kagan
and Maksimov [116, 410], McCourt and Snider [411],
Knapp and Beenakker [412], Tip [413], Levi and
McCourt [414], Tip, Levi, and McCourt [415]. Tip
[416], and Hooyman, Mazur, and de Groot [417)].
These theoretical studies also established that energy
and momentum transport will also occur perpen-
dicular to the directions of external field and gradient.
Korvig, Hulsman, Knaap, and Beenakker [418] have
reported experimental results of this transverse effect
in the case of viscosity for O,, N,, and HD at room
temperature. The experimental work of Kikoin,
Balashov, Lazarev, and Neushtadt [419, 420] on
oxygen and nitrogen has shown the necessity of more
detailed study of this transverse effect. In the last few
years many additional investigations have been
made to understand the effect of external magnetic
field on the transport properties of gases: Tip [421],
Korvig, Knapp, Gordon, and Beenakker [422],
Korvig, Honeywell, Bose, and Beenakker [423],
Gorelik and Sinitsyn {424], Levi, McCourt, and
Hajdu [425], Levi, McCourt, and Beenakker [426],
McCourt, Knapp, and Moraal {427], Gorelik, Niko-
laevskii, and Sinitsyn [428], Hulsman and Burgmans
{1180], Moraal, McCourt, and Knaap [1181], Korving
[1182], Tommasini, Levi, Scoles, de Groot. van den
Brocke, van den Meigdenberg, and Beer.akker {1183],
Hulsman, van Waasdijk, Burgmans, Knaap, and
Beenakker [1184], Hulsman and Knaap [1185]. and
Beenakker and McCourt [1186]. Studies have also
been made to determine the eflect of the magnetic
field on the properties of mixtures: viscosity [429],
diffusion [430], and thermal diffusion [431].

Similar studies have been conducted to investigate
the effect of an external electric field on the transport
properties of gases: Senftleben [432), Amme [433],
Borman, Gorelik, Nikolaev, and Sinitsyn [434)],
Borman, Nikolaev, and Nikolaev [435], Gallinaro,
Meneghetti, and Scoles [436), and Levi, McCourt, and
Tip [437].

i. Critical and Rarefied Gas Regions

Our understanding of the properties of fluids
near the critical point is far from being satisfactory
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[438], and much theoretical and experimental work
needs to be done. The status of knowledge concerning
viscosity is reviewed in recent articles by Sengers
[439, 1176, 1177], Sengers and Sengers [440], Deutch
and Zwanzig [441], Fixman [442], and Teague and
Pings [443]. Cercignani and Sernagiotto [444] have
recently discussed the Poiseuville flow of a rarefied
gas in a cylindrical tube and solved the integro-
differential equation numerically for the Bhatnagar,
Gross, and Krook model. Because of the limited
present understanding of these topics, we refer to
them only briefly here.

3. ESTIMATION METHODS

A. Introduction

A number of methods have been developed to
compute the viscosity of gases and their multicom-
ponent mixtures under conditions of temperature and
composition where directly measured values are not
available. Many ways have emerged from the frame-
work of Chapman-Enskog theory {2] to estimate the
collision integrals either through a simplified adjusted
potential or a more complicated potential whose
parameters are obtained from critical constants or
boiling point constants, or from viscosity data over a
limited temperature range. Attempts have been made
to arrange the rigorous theory expression in such a
form that various groups of quantities depend only in
an insensitive way on the temperature, composition,
etc., so that once the expression is adjusted for one or
two observed values of viscosity, the reliable estima-
tion for other conditions is possible with great ease.
Many sources list methods with various viewpoints
and consequently with varying degrees of rigor.
Reid and Sherwood [445] in their book describe
correlation procedures for the viscosity data of
gases as a function of temperature, and methods of
calculation for pure gases and mixtures. Westenberg
{446]) and Brokaw [740] have discussed the calculation
of viscosity of gases and multicomponent mixtures on
the basis of rigorous kinetic theory for polar and
nonpolar gases, labile atoms, and radicals. Hilsenrath
and Touloukian [447] and Hilsenrath, Beckett,
Benedict, Fano, Hoge, Masi, Nuttal, Touloukian, and
Woolley [448] have recommended viscosity data for a
number of gases based on various empirical or kinetic
theory expressions. Svehla [449, 450] and Simon, Liu,
and Hartnett [451, 773] have tabulated the estimated
values of viscosities of a number of gases and mixtures
as a function of temperature. Because of the interest of

the petroleumn industry, viscosities have been com-
puted for natural gases [452), light hydrocarbons
[453, 777], and lubricants [454]. Some other articles
will be referred to later while discussing the in-
dividual estimation procedures.

B. Pure Gases

The rigorous kinetic theory expression given
earlier can be used to compute the viscosity of the
desired gas under specified conditions if all the
necessary related information is known; this view is
supported by a large number of studies [28, 809]. For
simple molecuies in the predissociation and pre-
ionization range at ordinary pressures, the basic
information necessary is the intermolecular potential,
and hence, the computed viscosity collision cross
section. Much effort has been devoted to determining
the nature of intermolecular forces as well as in the
computation of collision integrals. We refer to many
such studies here, for they are of prime importance
in the calculation of viscosities of gases and gaseous
mixtures.

Various books [2, 28] discuss the subject of
intermolecular forces, but it will be sufficient here to
mention two recent publications [455, 456] which
exclusively deal with this complicated subject from
different points of views. Some other exhaustive
reviews on the subject are due to Margenau [457],
Fitts [458], Pauly and Toennies [459), Lichten [460],
Buckingham [461], Dalgarno [462], Walker,
Monchick, Westenberg, and Fowin [463], Treanor
and Skinner [464], and Certain and Bruch [370]. Some
papers deal with particular features in detail, eg,
zero-point energy [465)], long-range intermolecular
foroés [466-469], moderately long-range intermole-
cular forces [470, 471], short-range intermolecular
forces [472-474), exchange forces [475, 476], additivity
of intermolecular forces [477-479], quasi-spherical
[480, 481] and polar [482] molecule interactions, and
resonant charge exchange [483, 484]. The determina-
tion of short-range intermolecular forces from
measurements of elastic scattering of high-energy
beams has been discussed by Amdur (485] and
Amdur and Jordan [486). In spite of all such studies,
the understanding of intermolecular forces is still
quite primitive [487], and the qualitative features thus
derived are combined with experimental data to
determine the unknown parameters which are ad-
justed in this process to values depending upon the
property and the temperature range used. Here again
extensive work has been done, and we briefly review
below the various semiempirical potential forms so
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far used and the effort to determine their unknown
parameters.

Various semiempirical potential forms used for
computing transport properties are reviewed in a
number of articies {2, 488—491] and in many more;
some of these will be referred to later. The simple
inverse (or exponcntial) attractive (or repulsive)
potentials have been considered to compute trans-
port property collision integrals [492-496). The
more complicated potential forms are square-well
[776], various Lennard-Jones (12-6) [497-499], (9-6)
and (28-7) [500], (m-6) for m =9, 12, 15, 18, 21, 24,
30, 40, 50, and 75 [501], modified Buckingham exp-six
[502, 503], Morse [504, 505], and the Lennard-Jones
(12-6) with an added quadrupole—quadrupole term
[506]. Barker., Fock, and Smith {507] have computed
the viscosity collision integral for the Kihara spherical-
core potential [84] and for another particular potential
derived by Guggenheim and McGlashan [508]. Some
other forms used for polar gases or for gases at low
and high temperatures have been referred to earlier in
the text.

Mention may also be made of other potential
forms which have been studied in connection with the
various equilibrium properties but their use in the
calculation of viscosity still remains to be explored.
Some such references are: Pollara and Funke [509],
Saxena and Joshi {510, 5i1), Saxena, Joshi, and
Ramaswamy [512], Saksena and Saxena [113, 513],
Saxena and Saksena [514], Saksena, Nain, and
Saxena [515], Varshni [516], Dymond, Rigby, and
Smith (517, 1206], Nain and Saxena (518, 529],
Feinberg and de Rocco [519], de Rocco and Hoover
[520). de Rocco, Spurling, and Storvick [521],
Spurling and de Rocco {522], Storvick, Spurling, and
de Rocco [523], McKinley and Reed [524], Lawley and
Smith (525], Dymond and Smith (526], Spurling and
Mason [527], Carra and Konowalow [528], Nain and
Saksena [530], Konowalow [531], and Dymond and
Alder [1207]. -

A considerable amount of work has been done to
determine the potential parameters of the different
above-mentioned semiempirical potential functions—
from theory as well as from experimental data. In
reference [456] there are review articles by Mason and
Monchick [532], Bernstein and Muckerman [533],
Birnbaum ([534], Bloom and Oppenheim ([535];
some others have been referred to earlier in this
section. Potential parameters are also well estimated
on the basis of critical or boiling-point constants
(28, 536539, 735] and from densities in the liquid
phase (540). The independent calculation of long-
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range dispersion forces is also possible from experi-
mental data [541, 542], somewhat in the same manner
as repulsive forces are determined from the scattering
measurements on molecular beams [485, 486, 543,
544]. A series of articles discuss and demonstrate the
limitations associated with the choice of proper data
if appropriate values of the parameters are to be
obtained. Some of these are by Zwimino and Keller
[545], Munn [546], Munn and Smith [547], Klein
[548], Hanley and Klein {549, 550], Klein and Hanley
[551], Mueller and Brackett {552], and Hogervorst
[1196].

The experimental data on viscosity as a function
of temperature have been used extensively to deter-
mine the parameters of the intermolecular potentials.
Such methods are developed by Hirschfelder, Curtiss,
and Bird [28), Bird, Hirschfelder, and Curtiss [553],
Srivastava and Madan [554], Hawksworth [555],
Mason and Rice [208], Whalley and Schneider [556),
and Robinson and Ferron [557]. Using these methods
or their minor modifications, many workers have
determined the potential parameters from the viscosity
data, for example, Mason and Rice [558], Hanley
[559, 560], Hanley and Childs [561, 917], Childs and
Hanley [775], de Rocco and Halford [562], Milligan
and Liley [563]), Saran [564], Pal [565], and
Chakraborti [566). In a somewhat analogous fashion
the experimental data giving the temperature de-
pendence of thermal conductivity have been used to
determine the intermolecular potentials [567, 568).
Similarly the measurements on self-diffusion [569,
571] and the isotopic thermal diffusion factor [572-
575] are used to determine intermolecular forces
between similar molecules of a gas. Next to viscosity,
the second virial coefficient data as a function of
temperature have been employed most extensively to
determine force fields. Some of these investigations
were conducted by Yntema and Schneider [576),
Whalley and Schneider [577], Schamp, Mason,
Richardson, and Altman [578], Schamp, Mason, and
Su[579], Barua [580, 581], Srivastava [582], Srivastava
and Barua [583], Barua and Saran (584], and Mason,
Amdur, and Oppenheim [585). Zero-pressure Joule-
Thomson data have also been used to determine
potential parameters [28, 586-588]. Combination of
these two properties to determine the potential
parameters is also suggested {589]. Parameters are
also evaluated from the properties of the molecules
in the solid state [590-594) and from x-ray scattering
data {595). Theoretical calculations of intermolecular
forces between rare gas atoms are still common
[596-598]. Indeed, many workers have employed
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simultaneously the data on various properties to get
the best overall adjusted potential parameters, for
example, Fender [599], Bahethi and Saxena [600],
Barua and Chakraborti [601], Chakraborti [602,
603], Srivastava and Saxena [604], Konowalow,
Taylor, and Hirschfelder [605], Konowalow and
Hirschfelder (606], Bahethi and Saxena [607, 608],
Konowalow and Carra (609, 610], Konowalow [611,
612], and Saxena and Bahethi [613].

Semitheoretical combination rules have been
suggested to determine the interaction potential
between unlike molecules from the knowledge of
potentials between like molecules. Such semiempirical
combination rules have been given for Lennard-
Jones (12-6) {614, 1197, 1198], modified Buckingham
exp-six [615, 616],"and Morse [617, 1198) potentials
and have been extensively tested against the experi-
mental data on different properties of mixtures [28,
554, 555, 558, 559, 614, 615, 618, 619]. It was soon
realized that an alternative and maybe a better
approach would be to determine the interaction
potential parameters from the experimental data on
the properties of mixtures themselves. The data on
viscosity of binary mixtures have been used to

"determine unlike interactions by Srivastava [620],

but now it is well understood that the appropriate
properties are only those which are sensitive to such
interactions, such as diffusion and thermal diffusion.
Data on viscosity and thermal conductivity [621-628]
have nevertheless been used as a good check for the
appropriateness of the potential. Recently Alvarez-
Rizzatti and Mason [1199] have given a perturbation
and a variation method for the calculation of dipole-
quadrupole dispersion coefficients. They have thus
derived the combination rules.

A number of workers have used the experimental
data on the interdiffusion coefficient of gas mixtures
as a function of temperature to determine the param-
eters of the potential, for example, Amdur, Ross, and
Mason [629], Amdur and Shuler [630], Amdur and
Beatty [631], Amdur and Malinauskas [632), Mason,
Annis, and Islam [633), Srivastava [634), Srivastava
and Barua (635], Paul and Srivastava [636], Srivastava
and Srivastava [637], Srivastava [638], Walker and
Westenberg [639-642), Saxena and Mathur [643], and
Mathur and Saxena [644]. Srivastava and Madan
{645] suggested the use of thermal diffusion data as a
function of temperature to determine the unlike
potential parameters. Saxena (646, 647] and Srivastava
[648] have discussed and refined this method. Caicula-
tions by Madan [649] and Saxena [650] of other
transport properties and comparison with the ob-

served values revealed that the technique has a great
potential in experimentally determining the forces
between molecules. Srivastava and Srivastava [651]
and Srivastava {652] have used the thermal diffusion
data to determine the three parameters of the modified
exp-six potential. In recent years thermal diffusion
measurements have been used extensively 10 probe
into the nature of intermolecular-force laws [653-658].
Simultaneous use of diffusion and thermal diffusion
data has also been made to determine the potential
functions [659-661].

The determination of potential functions on the
basis of any type of experimental data is limited
primarily because of the scarcity of accurate measure-
ments. Consequently, theoretical calculation have
turned out to be very useful and attempts are being
continuously made to refine the theoretical approaches
or develop new ones; for example, McQuarrie and
Hirschfelder [662], Kim and Hirschfelder [663], and
Certain, Hirschfelder, Kolos, and Wolniewicz [664).
Some other calculations of specific interaction po-
tentials for atoms and molecules in their ground and
excited states have been made by Mason, Ross, and
Schatz [665], Ross and Mason [666], Mason and
Hirschfelder [667, 668], Mason and Vanderslice [669)],
Vanderslice and Mason [670,671], and Fallon, Mason,
and Vanderslice [672]. The interaction energies have
been computed between ions and neutral atoms by
Mason and Vanderslice [673-678] using the ion-
scattered measurements. Binding energies of He;,
Ne;, and Ar; have also been computed by Mason
and co-workers [679-681] on the basis of ion-scattering
data. A number of calculations of potential energy
from spectroscopic data have been made in recent
years for ground and excited states of atomic and
molecular diatomic gases by Vanderslice, Mason,
Maisch, and Lippincott [682), Vanderslice, Mason,
and Lippincott {683], Vanderslice, Mason, and Maisch
(684, 685], Fallon, Vanderslice, and Mason [686, 687],
Tobias and Vanderslice [691], Vanderslice [692),
Krupenie, Mason, and Vanderslice [693), Weissman,
Vanderslice; and Battino [694]), Knof, Mason. and
Vanderslice [695), Krupenie and Weissman [696], and
Benesch, Vanderslice, Tilford, and Wilkinson [697-
699].

Asalready pointed out[28, 536-539], the potential
parameters are also obtained from the knowledge of
critical constants through semiempirical relations.
We refer heie to a number of papers which deal with
the determination of critical constants of complicated
gases and their multicomponent mixtures. They are:
Stiel and Thodos [700] for saturated aliphatic
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hydrocarbons ; Thodos for naphthenic hydrocarbons
(701], aromatic hydrocarbons {702}, and unsaturated
[703] and saturated [704] aliphatic hydrocarbons;
Forman and Thodos for hydrocarbons [705] and
organic compounds [706); Ekiner and Thodos for
binary mixtures of aliphatic hydrocarbons [707},
ethane-n-heptane system [708], and ethane—n-pentane
system [709]; and Grieves and Thodos [710, 711] for
binary systems of gases and hydrocarbons. Grieves
and Thodos have also studied the critical temperatures
[712] and pressures [713] of multicomponent mixtures
of hydrocarbons. Many ternary systems [714], me-
thane-propane—n-pentane systems [715], methane-
ethane-n-butane systems [716, 717], ethane—n-
pentane-n-heptane systems [718], ethane—propane-n-
butane systems [719], ethane-n-butane-n-pentane
systems [720] have been investigated and their critical
constants determined by Thodos and co-workers.
Ekiner and Thodos [721-723] have proposed an
interaction model for representing the critical tem-
peratures and pressures of methane-free aliphatic
hydrocarbon mixtures. Rastogi and Girdhar [724]
have proposed a semiempirical relationship between
the critical constants and the chain length of saturated
hydrocarbons. Gunn, Chuch, and Prausnitz [725]
have recently determined the effective critical con-
stants for light gases which exhibit appreciable
quantum effects, and Gambill {726-728] has reviewed
the methods for estimating critical properties.

A number of attempts have been made to
develop semitheoretical correlating expressions for
the viscosity of pure gases based on the theoretical
equations (6) and (7). Thus, Keyes [729] suggested
that for the Lennard-Jones (12-6) potential f¥/Q(2-2)*
be replaced by a three-term equation involving only
the independent parameter T*. Gambill [730] has
tabulated the ratio as a function of T*, Westenberg
[731] and Sutten and Klimov [732, 733] have repre-
sented the viscosity collision integral, Q%-* by
different polynomials involving T*, and recently
Kim and Ross [734] have suggested the following
three expressions for the different reduced temperature
ranges: .

Q20 ~ 1 604T*)" Y2, 04<T*<14
22 ~ 0.7616[1 + (1.09)T*), 1<T*<5

Q-0 ~ 1,148T* — 0.145, 20<T* <100
(11)
These formulas lead to values which agree with the

directly calculated values within maximum deviations
of 0.7, 0.1, and 0.1 %, respectively. Hattikudur and
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Thodos (1201] have represented the reduced viscosity
integral by the following relation:

1.155 0.3945 2.05

Q(T*) = T*01462 T 666721% + oI 168T° (12)

This equation produces the original computed values
in the T* =030 to T* =400 range within an
average deviation of 0.13 9/ and a maximum deviation
of 0.549; at T* = 0.30. For T* > 1.15, the average
deviation is 0.099%, with a maximum deviation of
0.15% at T* = 1.15. Neufeld, Janzen, and Aziz [1202]
employed the following twelve-adjustable-parameter
equation:

QZ2%(T*) = (4/T*®) + [C/exp(DT*)]
+ [E/fexp(FT*)] + [G/exp(HT*)]
+ RT*Esin(ST*™ — P) (13)

They found that this relation reproduces the actual
values within an average deviation of 0.0509 and a
maximum deviation of 0.16% at T* = 100. Klimov
[733] has also reported the polynomiais representing
the viscosity collision integral for polar gases [28].
Brokaw [735] has expressed the collision integral for
polar gases, Qp‘2-2*_in terms of its value for nonpolar
gases, Qnp'2-2* by the simple relation

2
Qp(Z.Z)t ~ Q,,p(z.zu + 0123 (14)

This result is based on the collision integral tabulations
of Monchick and Mason [165]. Brokaw [735] has
given alignment charts for Qnp'>-?'* as a function of
T* to obtain quick estimates of viscosity with fair
accuracy.

Bromley and Wilke [736] wrote the theoretical
expression in a slightly modified form and presented
nomographs for rapid calculations. This procedure
has been extensively used and recommended by
Holmes and Baerns (737], and an interesting comment
is made by Weintraub and Corey {738] which facili-
tates the estimation of viscosity at high températures.
More recently, Brokaw [739] has presented alignment
charts similar to those of Bromley and Wilke [736).

Many semiempirical forms have been used to
represent the temperature dependence of viscosity.
Licht and Stechert [741] considered the data for
twenty-five gases and discussed the following four
forms:

n=aftl" (15)
KT KT'?
k=T%s rrem 19
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le:2
K= xplerT) an
U= dT(T3/4 + T—J/4)~m (18)'

These are all two-constant equations, these being a
and n, K and S, b and ¢, and d and m in the four
cases, respectively. Sutherland (1200] derived the
form of the second equation for the coefficient of
viscosity of a gas whose molecules are spherical and
attract each other. More complicated relations have
also been used. These are in many cases modified
forms of the above relations, for instance [741, 875),

ATI/Z
"1+ C/T+ D/T?
t=(A+ BT+ CT? + DTHT'? (20)

§ (19)

BTl/Z
"= SXplCHT + a) @1)
124245~ 1))
u=2T 22)

= 1+ UT(M-:)/(:-U

For the empirical choice of m = 5 and s = 9, this
equation reduces to

QTSM
“TELD

In the following relation the value 3 has been used for
S, as well as many other empirical choices:

KT
T 1+ (8/T)

The unknown constants are A, C,and D, A, B, C,and
D,B,C,and a, Q, U, m, and s, and K, n, and S in
equations (19), (20), (21), (22), and (24), respectively.
The simple polynomial expansion in temperature as
well as many other semiempirical forms have been
used for individual or groups of gases [447, 453, 729,
742, 746, 749, 754, 774, 778], but these will not be
enumerated here.

The principle of corresponding states has also
been applied to develop procedures for corrclating
viscosity data [28]. Smith and Brown [747] and
Whalley [748] have discussed extensively the form
of this law and analyzed the data on viscosity of a
large number of gases. Comings and Egly [1153)
developed a graphical correlation on the basis of
available data to predict viscosity of gases at high
pressures. Tham and Gubbins have correlated the
available experimental dense-gas viscosity data of
rare gases [1190] and nonpolar polyatomic gases

u 23)

u (24)

{1191] by applying the principle of corresponding
states. Licht and Stechert [741] used the same principle
to develop a universal equation for predicting
viscosities of gases. They even presented a nomograph
{741] to be used along with their proposed equation.
Bromley and Wilke {736] suggested a simple relation
for the prediction of viscosity based on the rigorous
theory expression in which the potential parameters
were eliminated in favor of critical temperature and
volume. The use of this equation is further facilitated
by the presentation of two curves by Gegg and Purchas
[755]. Shimotake and Thodos [756] and more recently
Trappeniers, Botzen, Ten Seldam, Van Den Berg,
and Van Qosten [757] have given the corresponding
states correlations for the viscosity of rare gases.
Thodos and co-workers have developed similar
relations for diatomic gases [758], para-hydrogen
[760], air [761], carbon dioxide [762], sulfur dioxide
[1154], ammonia [763], and gaseous water [764).
Recently more ambitious efforts have been made in
employing the principle of corresponding states in
correlating the viscosity data of spherical molecules
with a high degree of accuracy over a wide temperature
range by Dymond [1203), Kestin, Ro, and Wakeham
[1204], and Neufeld and Aziz [1205).

Stiel and Thodos [765] analyzed the viscosity
data at atmospheric pressure for fifty-two nonpolar
gases on the basis of a dimensional analysis approach,
to develop a correlation involving reduced tempera-
ture. This approach has been successfully extended to
dissociated and undissociated gases up to 10,000 K
[766], to polar gases [767), and to hydrocarbon gases
[1155]. Lefrancois [1159] has outlined a procedure for
the computation of the viscosity of pure gases as a
function of pressure based on the numerous measure-
ments of the compressibility factors for gases.

Many of the above-mentioned works also include
a discussion on the correlation of viscosity of dense
gases, but reference may be made now to some other
papers which deal exclusively with this aspect, for
example, Starling and Ellington [768], Lennert and
Thodos [769], Elzinga and Thodos (770], Jossi, Stiel,
and Thodos [771], and Stiel and Thodos [772].
Viscosities of pure gases are also generated from the
experimental data on other transport properties
through the framework of «xinetic theory [2, 28).
In particular, thermal conductivity data have been
used, and the relation between u and k has been
confirmed from direct experimental work [827].
Saxena and Saxena ([828], Saxena, Gupta, and
Saxena [829), and Saxena and Gupta (830] have in
this way generated the viscosity values for rare and
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diatomic gases from their measurements on k as a
function of temperature.

C. Muiticomponent Gas Systems

A number of empirical and semiempirical rela-
tions have been used to estimate the viscosity of
multicomponent gas mixtures. Some of these pro-
cedures can be justified to a large extent as simplifica-
tions of the rigorous theory expression. To assess the
methods one needs to evaluate the simplifying
limitations and the nature of the gas molecules
involved. We outline below the various methods used
so far for estimating viscosities of mixtures and point
out their basis and probable degree of success.

Many of the carlier semiempirical relations
employed for computing viscosities of mixtures are
given by Partington [778]. One such relation is due to
Enskog [779] and has been recently reexamined by
Keyes[729]. Gambill [ 780] has reviewed the prediction
methods. We list below some of the major methods
which have proved useful and have been tested
extensively in many cases. Hirschfelder, Curtiss, and
Bird [28] found that to a good approximation the
viscosity of a binary mixture of heavy isotopes is
given by

Ha'? = x 0]V + x,[py) 72 25)

The well-known Sutherland form [47] and the simple
quadratic form

Hmis = IXT + B12X Xy + poX3 (26)
for the viscosity of mixtures have been mentioned [11]
though never sufficiently tested. Not too much is
known about reliable prediction procedures for
dense gas mixtures [780, 789] at the present time, and
this development will have to await our theoretical

understanding of the dense gases and more experi-
mental work on such systems.

a. Method of Buddenberg and Wilke

Buddenberg and Wilke [781] showed that the
viscosity data on mixtures are adequately correlated
by the following Sutherland [47] type relation :

o = 3, s / [( 1385 5 ,/D.,] @7

i=1 XiP; 1-1

here D, is the diffusion coefficient and p, is the density
of the ith component. Wilke [782] further simplified
this relation to

Hois = 2. #x/‘l + = "}q’u) 8

=1 l -l

L]
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where
_ 1+ (I“i/“})”z(Mj/Mi)”‘]z
i 112
@/ + (MyM))]

Hirschfelder, Curtiss, and Bird [28] have discussed the
assumptions under which a relation of the type given
by Buddenberg and Wilke [781] is derived from the
rigorous kinetic theory expression. Bromley and
Wilke [736] and more recently Brokaw [739] have
given alignment charts which facilitate the computa-
tion of ‘P;; as given by the above equation. Saxena and
Narayanan [783] and Mathur and Saxena [784] have
examined the method of Wilke for nonpolar multi-
component mixtures up to about 1300K with
reasonable success. These workers have also suggested
that ¥;; computed at a lower temperature may be
used for computation of u,,, at higher temperatures.
That similar conclusions are valid for mixtures
involving polar gases is established by the calculations
of Mathur and Saxena [785].

b. Method of Saxena and Narayanan

Saxena and Narayanan [783] suggested that ¥,
in the u,,;, expression of Wilke may be regarded as
disposable parameters independent of composition
and temperature and may thus be determined from
two experimental mixture viscosities. Their [783]
checks against data at higher temperatures, as well
as for the mixtures of three gases, demonstrated the
potential and promise of the proposed method.
Mathur and Saxena [786] successfully examined this
method for binary systems of polar and nonpolar
gases.

¢. Method of Herning and Zipperer

Herning and Zipperer [787] suggested that u,,;,
may be estimated from a still simpler relation than
that of Wilke [782]:

B = 3, (xt;M}?) Z (M3 (29

i=1 i=1
This form is equivalent to Wilke’s if
W, = (M/M)2=v;! (30)

This formula has been tested extensively for hydro-
carbon and other mixtures with an uncertainty of
better than 29, [78Q]. Recently Tondon and Saxena
[788] tested it for mixtures involving polar gases, and
found that the method is particularly good for such
binary mixtures where the mass ratio for the two
components is small. For 174 mi.*ures of 11 systems

A
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the average absolute deviation between theory and
experiment is 6.1 %, and this improves to 2.7 for
89 mixtures when three systems involving gases of
large mass ratio are excluded.

d. Method of Dean and Stiel

Dean and Stiel [789] developed a relationship to
estimate the viscosity of nonpolar gases at ordinary
pressures in terms of the pseudocritical constants of
the mixture. Their recommended expression is

Mo =340 x 1075TF°, Ty <15 (31)
and
Hmins = 166.8 x 1075(0.1338T, — 0.0932)%/°
Ty > 15 32)

where
1/2
£ = T8 / [(zx.M,) Pf.’.’]

Here u,,, is centipoises, T = T/T,, and the defining
relations for pseudocritical constants of the mixture
as recommended by these authors [789] are

1::ln = le'T::l
Vuu = z_xin

ch = Z xlzd
i
and
P = ZWRT,p/Vem

They [789] have examined 339 experimental mixtures
in twenty-two binary systems and reproduced the
¥ mix Values on the basis of the above relations within
an overall average of 1.7,

e. Method of Strunk, Custead, and Stevenson

Strunk, Custead, and Stevenson [790] suggested
on the basis of approximate theoretical analysis that
the viscosity of a binary mixture of nonpolar gases
may be computed on the basis of an expression similar
to that given by the Chapman-Enskog rigorous
kinetic theory [28):

26693 x 10 (TM,,)"2

- oL .
where .
My = Z M,
i=]
'/mll = Z X,O'i

L]
-

and Q%2 is a function of the reduced temperature
T*, where

and

5= Bl o
i=1

Thus,all oneneedsinthecalculationare the parameters
of the Lennard-Jones (12-6) potential for the pure
components, and the mixture composition. These
authors examined 201 binary mixtures of eleven
different nonpolar gases. Strunk and Fehsenfeld [791]
also evaluated the potential of these equations to
predict viscosity of multicomponent mixtures of non-
polar gases. Their [791] detailed calculations on 136
mixtures containing three to seven components from
sixteen different gases indicated that the experimental
viscosities could be reproduced within —0.3 to
—6.79, for 95%; of the time. This led them to suggest
that the numerical coeficient in equation (33) be
replaced by 276.27 for ternary and higher-order
mixtures. With this modification the viscosities
could be reproduced to lie within +3.2 and —3.2%
of the actual values 95 of the time.

f. Method of Ulybin

Ulybin [792] has suggested an empirical method
in which the viscosity of a mixture at a temperature T,
is related to its value at a lower temperature T,
according to the following equation:

ot T) = T 3 TYT)] (34)

His detailed calculations on binary and ternary
mixtures did reproduce the experimental value in
most of the cases within the uncertainty in the latter.
The somewhat remarkable success of this empirical
relation is not surprising, in the light of the work of
Saxena [793]. He [793] has given a theoretical basis
to this formula; hence this relation is not to be
regarded as empirical, but as an approximate theo-
retical expression. The discussion by Saxena [793] deals
with the case of thermal conductivity but an exactly
parallel argument can be given for the case of Wiscosity.

g. Sutherland Form and Rigorous Kinetic Theory

The success “of the Sutherland form [47] in
representing the experimental data on viscosity of gas
mixtures is already evident from some of the work
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referred to above. This led to a large number of in-
vestigations which will be mentioned in this section,
they form the basis of the many methods of calculation
of viscosities of multicomponent gas mixtures de-
scribed later.

Cowling [794] and Cowling, Gray, and Wright
[795] gave a simple physical interpretation to the
coefficient ¥;; as the ratio of the efficiencies with
which molecules j and molecules i separately impede
the transport of momentum by molecules i. On the
basis of this interpretation [794], they {795] have been
ableto develop the physical significance of the rigorous
theory expression for viscosity [2]. Francis [796],
Brokaw [797, 798], Hansen [799], Wright and Gray
[(800], Burnett [801], and Yos [802] made notable
attempts to interpret the rigorous theory expression
for py,;, and in this process derived relations for \¥;;.
Various approximations have been made by different
workers resulting in different explicit expressions for
W¥;;, the Sutherland coefficients. Some of these
expressions of the interrelation between ¥;; and ¥,
have been used to develop methods for the predictions
of u..;,. These will be described now.

h. Method of Saxena and Gambhir

Following the analysis of Wright and Gray (800],
Saxena and Gambhir [803] suggested the foliowing
relation connecting 'V;; wit" W ;:

Wy A L085
By e
JARCE

Ji

Thus, if the yu, ;, value is known at one composition,
equations (28) and (35), together with the knowledge of
pure component viscosities, serve to obtain ¥;; and
¥ ;. Detailed calculations by Saxena and Gambhir
[804] on the binary and ternary mixtures of nonpolar
gases indicated that this scheme is capable of re-
producing the viscosity valuesto greater accuracy than
the experimental uncertainties. Their [804] calcula-
tions also revealed that ¥;; and '¥;; may be regarded
as independent of composition, so that the same set
correlates the data over the entire range, and may
also be used for multicomponent mixtures. They [804]
also found that these Sutherland coefficients are
feebly dependent on temperature: the experimental
data over the temperature range 300-1300 K could
be adequately represented by the ¥, 's calculated at
300 K. Mathur and Saxena [805] applied the method
to binary mixtures of nonpolar-polar gases and
found the same conclusion to be valid. Their (805)
calculations covering 79 binary mixtures reproduced
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the experimental values within an average absolute
deviation of 049,

i. Method of Gambhir and Saxena

Gambhir and Saxena [806] examined the tem-
perature and composition dependence of ¥;; and ¥ ;
on the basis of the theoretical expression for p,;, .
After making certain reasonable assumptions, they
[806] found that if the mass of the one gas is sufficiently
larger than the other in the binary mixture, the follow-
ing simple relation.connects ¥;; with ¥ ;-

Wi _ mM;S0M, +33M,

¥, ;M 33M + S0M;

Jji

(36)

Numerical calculations of Saksena and Saxena {807]
established that this procedure, where the above
relation and one p,,;, experimental value are used to
compute the Sutherland coefficients, is completely
satisfactory. Experimental data on ten binary systems
could be reproduced within an overall average
absolute deviation of 0.79,, whereas for a ternary
system this number improved to 0.5 ¢,. These calcula-
tions on mixtures of nonpolar gases also established
that the assumption of the temperature and composi-
tion independence of Sutherland coefficients is a good
and practical one. Mathur and Saxena (808] made a
detailed study of a similar nature for mixtures of
polar and nonpolar gases and found that the method
and above conclusions are also valid for these gas
systems.

Jj. Method of Saxena and Gambhir

Saxena and Gambhir [810] suggested that ¥,
may be calculated in the Sutherland equation with
the help of translational or frozen thermal con-
ductivity data (ie., the thermal conductivity of
monatomic gases and in polyatomic gases that part
of total thermal conductivity which is due to trans-
lational degrees of freedom only) so v.at

ks = i ki/[l + i ‘Pij(xj/xi)] (37)
i=1 j=1

Here ¥, is computed according to the formula
derived by Mason and Saxena [812]:

1 M2 ke\ 2 M\ ieT)2
¥, =—=1 + 1+(—;) (——') ]
Y 2\/3( M,-) [ kj M;
(38)

¥, is obtained from ¥; by interchanging the sub-
scripts referring to the molecular species. Numerical
calculations of Saxena and Gambhir [810], and
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Gandhi and Saxena [811] on the binary mixtures of
rare gases showed good reliability for the method,
particularly when one recalls that the knowledge of
thermal conductivity is employed to predict the
values for viscosity.

k. Method of Brokaw

Brokaw [797, 798] manipulated the expression
for the multicomponent mixture into the Sutherland
form and derived the increasingly complicated ex-
pressions for W,;. In approximations other than the
first the expression for ¥;; is quite complicated and
requires knowledge of the interaction potential and
different collision integrals, so that the actual calcula-
tion of p,,;, becomes as difficult as the kinetic-theory
expression. The first-approximation expressions for
the Sutherland coeffici :nt suggest that

¥y _mM,

fall/
u; M,

v 39

i

Gupta and Saxena [815] employed this relation
and one value of u,,, in the Sutherland form to
compute ¥;; and W;. On this basis they [815)
successfully correlated the data on twenty-two binary
systems and twelve ternary mixtures of argon—neon—
helium. They also confirmed that, treating these ¥,
as temperature independent, the high temperature
viscosities could be reproduced within an average
absolute deviation of 0.8 %;.

Brokaw [798] also suggested a simplified form
for ¥,

M/, — M/
Y, =Y, +—— L /¥ (40)
2AM; + M) + M /¥

where

LW 2M;
v, =4 _—J
= ;M + M,

i x 107 _ 26693/M

' S 2’

~ and
g x 107 = 266.93/2TMM /M, + M)

2,(1(2 2%

Brokaw’s [798] limited calculations on three binary
and one ternary systems of nonpolar gases indicated a
very good accuracy for this procedure. Tondon and
Saxena [788, 813], however, made detailed calcula-
tions on 224 binary mixtures of nonpolar—polar
gases and found an average absolute diagreement of

09%,. On the other hand the rigorous theory repro-
duced these results within an average absolute
deviation of 1.0,

Tondon and Saxena [788, 813] suggested a
modification to the above procedure of Brokaw [798].
It consisted in using the experimental values for the
viscosity of the pure components instead of the
theoretically calculated ones. This reproduced the
data on 95 mixtures at the lower temperatures within
an average absolute deviation of 1.2 %,. They [788, 813]
also suggested that these computed values of ‘P, at the
lower temperatures may be used in computing
viscosities at the higher temperatures. This pro-
cedure led to the reproduction of 174 experimental
data points within an average absolute deviation of
1.89;. It is to be noted that the simplicity does not
impair the accuracy seriously ; these computed values
are in better agreement with the experiments than the
original suggestion of Brokaw [798].

Brokaw [814] has simplified his complicated
expressions for '¥;; and suggested [735] that

\Pij = Sn‘in)(l‘i/Fj)uz (41)

where
o2Q)2-2)*
Sii= (Gizimiz.znoéﬂﬁ.zn)l.z
( e
(M./M) (MM )°**
X l+_ 1+(M'/M)04SC
1+Cy; &
and

4M,-Mj 1i4
Ci= g2
M, + M)

For mixtures of nonpolar gases S;; = 1, while for
polar-nonpolar gas mixtures

1+ (TITH2 + (63,/4)
[0+ TF + G /AN + TF + (@2/4)]
@)

In the limit when 6, = 4, = 0, as for nonpolar gases,
the above relation does not reduce to §;; = 1, and
hence Brokaw [814] suggested that when 4, and 4,
are both less than 0.1, §;; should be taken to be unity.
A;; is a function of molecular-weight ratio and
Brokaw (735] has given a scale giving A4,; and A in
terms of M/M, to facilitate numerical calculations.
Pal and Bhattacharyya [1194] and Brokaw [1195]

Sy=S;=

— e —




have performed calculations on binary polar gas
mixtures to check the accuracy of this procedure
[735, 814).

l. Viscosity from Thermal Conductivity Data

Saxena and Agrawal [816] employed the frame-
work of the transport theory [2], and computed
viscosities of seven binary systems of rare gases from
thermal conductivity data. Their [816] indirectly
generated values of u,,, were found to be in good
agreement with the directly measured values. Since
then this approach has been used to estimate the
viscosities of binary systems for rare gases by Saxena
and Tondon [817] and for mixtures involving poly-
atomic gases by Saxena and Gupta [628, 818]. The
various assumptions involved in these interrelating
expressions and their consequences for the generated
data are also discussed by Gupta [819], Gupta and
Saxena [820), Gandhi and Saxena [821), and Mathur
and Saxena [822].

m. Viscosity from Interdiffusion Data

Data on interdiffusion coefficients can be used to
generate reliable values of viscosities on the basis of
the Chapman and Enskog theory {2] as illustrated by
Mathur and Saxena [644] and Nain and Saxena [823].
The reverse of this approach, the determination of
diffusion coeflicients from viscosity data, has been
more common in recent years [824].

D. Sutherland Coeflicients

It is clear from the discussion in the previous
section that the Sutherland form is a very successful
one for correlating the data on binary systems, for
predicting the values at high temperatures, and for
multicomponent systems. The determination of these
coefficients, ¥,;, is not a straightforward job and
many suggestions have been made [825, 826, 1218].
Saxena [1218] found from an extensive numerical
analysis on sixty-six binary systems involving both
polar and nonpolar gases that the following Suther-
land form:

= Hy Ha
Hmie =175 ¥,a(x,/x,) *1 + ¥,,(x1/x3) “3)

is satisfactory when two different procedures were
employed to determine \¥;;. In the first method ¥;;and
¥, were assumed to be interrelated by

4 mwM
Bhall7 Qo R? | 44)
Y, uM, (44
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while in the second method this relation was modified
to

0.85
¥y = Ez(y_i} (45)
¥, u\M,
In both procedures the values of y,, u;, and p, at
one mixture composition must be known to correlate
the data of u,,, over the entire composition range at
the specified temperature.

Tables 1, on pages 47a to 86a, shows how the
calculated values of ¥,, and ¥,, obtained by one-
parameter fits to the available experimental data
reported in the next section using equations (43) and
(44) (the first method) and equations (43) and (45)
(the second method), depend on the value of y,;, for
the particular mixture composition used in making
the fit and also on the temperature. The last column
gives the viscosity values of the pure component on
which the calculations are based. The relative
constancy in the values of '¥;; for a given gas pair and
temperature indicates the accuracy with which
equation (43) represents the data.

Table 2, on pages 87a to 92a, contains recom-
mended values of ¥, for these mixtures, picked
from the values in Table 1, along with three measures
(L,, L,, and L;) of the deviations of experimental
data from the smoothed values computed with these
¥,;. If Ap is the percent deviation from the smoothed
value

Au = Bexp ~ Hsmoothed . 100 (46)
psmoo(hed

then L,, the mean absolute deviation, is given by

here N is the number of data points. L,, the root-
mean-square deviation, is given by

1 N
L=y Y (Aw)’ 48)
i=1
L,, the maximum absolute deviation, is given by

Ly = Ap,,, 49)

At each temperature, values of '¥';; obtained by each
method were selected to give the generally most
favorable set of values of L, (usually the smallest
values). The relative effectiveness of the two methods
is evident from comparison of the two sets of L,; for
practical interpolation one would pick the set of \¥,;
that gives the more satisfactory L,.
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The presentation of all the ¥;; values calculated
from the available experimental data (in Table 1) in
addition to presenting the recommended sets of ¥,;
values (in Table 2) is believed to be justified. First, the
selected values given in Table 2 show mainly the
temperature dependence, whereas the full values of
¥;; in Table 1 show both the composition and
temperature dependences. Thus the extensive tabula-
tion in Table 1 provides a general basis for data
correlation and analysis and should be useful for
further studies on these dependences. Second, the
fact that ¥,; are weakly dependent upon composition
and temperature is true only for mixtures of simple
molecules, and it is not true for mixtures of complex
molecules such as highly polar and polyatomic
molecules, for which the full values in Table 1 are
needed. Third, the full values of ¥;; in Table 1 are
useful for the estimation of viscosity values at high
temperatures and for multicomponent systems.

4. EXPERIMENTAL METHODS

A. Introduction

Historically, the early interest in the measurement
of viscosity was directed more to liquids than to
gases. This is obviously because of the practical
thrust and everyday interest in the general problem of
the flow of a liquid through a pipe. Dunstan and
Thole [831] in their monograph briefly review the
measurement done on pure liquids prior and subse-
quent to 1895 through about 1912. This work [831]
also includes a brief reference to the viscosity of liquid
mixtures, electrolytic solutions, and colloidal solu-
tions. In 1928, Hatschek [832] published a more
detailed account of the work done on the viscosity of
liquids, similar in scope to that of Dunstan and Thole
[831]. A more detailed description of the techniques of
measurement of viscosity of gases and liquids is given
by Barr [833]. Through these years the increasing
interest in the viscosity of non-Newtonian fluids has
led to the development of special techniques for such
materials. Van Wazer, Lyons, Kim, and Colwell [834]
have given an excellent description of the various
viscometers developed and commercially available
pertinent to the rheological studies. They [834] also
append a list of 100 selected books on rin slogy. In this
section, consistent with the scope of this monograph,
we will describe and refer to more recent work and to
techniques which have resulted in a large body of
data of reasonable accuracy. No claim can be made
concerning its completeness, though it is hoped that
this will constitute a fairly comprehensive survey of

the work done during the last three to four decades.
Gases will be discussed specially here and liquids in a
subsequent chapter. Very briefly, Partington [778],
Kestin {835], and Westenberg [446] have discussed
the major methods of determining the viscosity of
gases. Experimental measurements of viscosity fall
in two general categories, absolute and relative.
Absolute viscosity measurements differ from relative
measurements in that the latter lead to viscosity values
in terms of the viscosity of a known substance.

B. Various Methods of Measurement

a. The Capillary-Flow Method

The foundation pf this method was laid in 1839
by the work of Hag£1 [836], who measured the flow
rates of water through capillaries of varying bore and
length. Poiseuille [837] in 1840 published a note, and
his subsequent work describes in detail the theory of
fluid flow through thin glass capillaries. It is on these
pioneer investigations that a large number of efforts
are based. Viscosity determinations, made with
various variations of the same simplifying assump-
tions, do have to include many corrections before
accurate values of viscosity can be computed from
direct measurements. These will be discussed below,
but in passing it may be mentioned that Fryer {838]
has recently considered the theory of gas flow through
capillaries, covering all the three pressure regimes
when the mean free path is smaller than, comparable
to, and greater than the diameter of the tube.

In the simple case of an incompressible New-
tonian fluid flowing steadily through a capillary which
is a perfect cylinder and in which the flow is everywhere
laminar, with no slip at the wall, the mass rate of flow
at the inlet, §,, is given by

_ na*p(P. - P,)

y 8iu

(50)
Here a is the root-mean-square radius of the tube, /
its length, p the gas density evaluated at the capillary
temperature and average pressure between inlet and
outlet, P, and P, are the pressures at the inlet and
outlet, respectively. For a compressible fluid flowing
through a capillary of mean radius, a, with slip at the
wall, and including the kinetic-energy correction, the
above equation is given by [833]

_ ua‘p(Pl _ Po)
T 8161 + 8)

Here 4 is a small correction for nonuniformity of the
bore, (1 + 4{/b) accounts for the slip at the wall, and

4 6,
(l +3') —Cw (51)
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the last term arises because of the departure of the
flow patterns at the inlet and outlet of the capillary
from true parabolic velocity distribution. The detailed
form of the equation depends on the nature of the
experimental arrangement and the procedure being
adopted in taking the data ; see for example Shimotake
and Thodos [839], Flynn, Hanks, Lemaire, and Ross
[840], Giddings, Kao, and Kobayashi [841], Kao,
Ruska, and Kobayashi [1146), and Carr, Parent, and
Peck [842]. It is found that stable laminar flow exists
as long as the Reynolds number is less than 2000
[835, 840].

In one variant of this general capillary flow
method, the constant-volume gas viscometer, the gas
transpires from a bulb containing the test gas through
the capillary into a constant low-pressure region.
In many cases the latter is just atmospheric pressure
or a very low pressure obtained by continuous
pumping. The fall in gas pressure of the bulb is noted
over a known period of time. Since the historical
work of Graham {843] frequent use of this general
technique is made in determining the viscosities of
gases and gaseous mixtures. Edwards [844] employed
this principle and measured the viscosity of air
between 15 and 444.5C. This work resolved the
controversy over the applicability of the Sutherland
model to predict the temperature dependence of
viscosity arising out of the experimental work of
Williams [845] and the comment of Rankine [846).
Kenney, Sarjant, and Thring [847] built a similar
apparatus with emphasis on design for work at high
temperatures. They [847] measured the viscosity of
nitrogen—carbon dioxide gas mixtures up to about
900 C with an estimated accuracy of 2% Bonilla,
Brooks, and Walker [848] employed this type of
apparatus with a platinum capillary coiled in the form
of a helix and made measurements on steam and
nitrogen at atmospheric pressure. They went up to the
maximum temperature of 1102.2 C for nitrogen and
1205.6 C for steam. They corrected their data for
coiling of the capillary as outlined by White [849].
Bonilla, Wang, and Weiner [850] built another
apparatus and measured the viscosity of steam, heavy-
water vapor, and argon relative to the known values
for nitrogen. The measurements at atmospheric
pressure extend up to as high as about 1500C.
McCoubrey and Singh [851, 852] employed a glass
constant-volume gas viscometer and maintained a
much lower pressure at the exit end of the capillary
by continuously pumping, and thus determined the
relative values of viscosity within an uncertainty of
about 1 %,. They worked with a number of polyatomic
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quasi-spherical molecules and pentanes in the tem-
perature range 20 to about 200 C. A similar viscometer
has been used by Raw and co-workers [871-873] to
measure the viscosity of binary gas mixtures in the
temperature range 0-400 C with an overall accuracy
of +1%. Smith and co-workers [874-877] have
devised a modified viscometer of this type and made
relative measurements on pure gases over a wide
temperature range, 77-1500 K, with an estimated
accuracy of about 19;. Recently this group has
reported data on inert gases [1151] and three gases
each composed of quasi-spherical molecules [1152].
Pena and Esteban [1148, 1149] have employed a
constant volume capillary viscometer and determined
viscosities of organic vapors in the temperature
range from —10 to 150 C. It is, thus, clear that this
arrangement of capillary-flow viscometers is appro-
priate for moderate-accuracy absolute or relative
measurements on gases at pressures around one
atmosphere. The marked simplicity and convenience of
operation of such a viscometer has made it attractive
for undergraduate laboratory experimentation [853).
Trautz and Weizel [854] initiated a different
variant of this general principle of transpiration of
gas through a capillary to determine viscosity. They
allowed the gas to flow through the capillary into the
atmosphere from a reservoir whose volume was not
kept constant; instead a known volume of gas from
it is pushed by increasing the pressure and the time is
recorded. Thus, both pressure and volume of the gas
at the inlet side of the capillary change with time. The
integration of the basic flow equation thus becomes
somewhat difficult because of the variation in both
pressure and volume, and consequently this procedure
has been preferred for relative measurements.
Rankine [855, 856] devised a very clever capillary
transpiration viscometer which is simple, employs a
very small quantity of gas, and can be readily adopted
for relative measurements. It consists of a closed glass
loop of which one vertical side is wide while the other
is a capillary. A mercury pellet descending in the wide
leg exerts a known force and forces the gas up through
the capillary. The pressure difference across the
capillary remains constant because it is due only to
the mercury pellet. At high pressures it is necessary to
account for the buoyancy effect for the pellet. The
volume rate of gas flow through the capillary is
computed by timing the descent of the pellet between
two masks on the wide tube. The viscometer is
symmetrical about a horizontal axis and can be
rots*2d to allow the movement of the pellet in the
opposite direction. The surface tension of the mercury
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pellet plays a very important role, particularly if the
gases are not quite inert. Rankine and Smith [859]
corrected for such a possibility by taking observations
for each case both with the pellet intact and then
broken into two or three segments. It is assumed that
the capillary effect is doubled and tripled in a peliet
broken into two and three segments, respectively.
Rankine [860, 861] has used this technique extensively
to determine the viscosity of gases and vapors as a
function of temperature at ordinary pressures, in
order to determine molecular sizes.

Comings and Egly {862] and Baron, Roof, and
Wells [863] suitably modified the original design of
the Rankine viscometer sc that measurements at
elevated pressures and temperatures may be made.
Comings and Egly’s [862] work covers ethylene and
carbon dioxide at 40 C and extends up to a maximum
pressure of 137.1 atm. They claim a maximum probable
uncertainty of 2%/ for measurements below 89 atm,
and 4%, above this pressure. Baron, Roof, and Wells
[863], on the other hand, took measurements on
nitrogen, methane, ethane, and propane in the
pressure range 100-8000 psi and at temperatures of
125, 175, 225, and 275 F. The precision of their data is
better than 19

Heath [864] used a glass Rankine viscometer and
made relative measurements at 18 C and 70cm Hg
pressure for various mixtures of helium-argon,
helium-nitrogen, helium-carbon dioxide, hydrogen—
argon, hydrogen-nitrogen, and hydrogen—carbon
dioxide. A similar viscometer was used to measurc the
viscosity of rare gas mixtures within an accuracy of
+1.09 at about 18 C and 70 cm Hg pressure [865-
867).

Williams [845], in his experiment, dispiaced a
known volume of gas but controlled the flow rate so
that the gas inlet pressure and the pressure difference
across the capillary were constant throughout the
experiment. Anfilogoff and Partington [778] have
described in detail the design of such a viscometer
and in recent years Raw and co-workers [868—870] have
employed an apparatus of the same general principle
and measured viscosities of gases and gaseous mix-
tures up to a maximum temperature of 1000 C with
an estimated uncertainty of 19

A number of capillary viscometers have been
designed to obtain viscosity values * “lative in most
cases) of gases over wide temperatu.e and pressure
ranges through the basic Hagen-Poiseuille equation.
The pressure difference across the capillary is kept
constant and the flow rate of the gas transpiring
through the capillary is measured accurately. Some

»

important efforts of this type are by Timrot [878],
Makavetskas, Popov, and Tsederberg [879, 880],
Vasilesco [881], Lazarre and Vodar [882, 883], Luker
and Johnson [884], Andreev, Tsederberg, and Popov
[885]. Rivkin and Levin [886], Lee and Bonilla [887],
Masia, Paniego, and Pinto (1147], etc. Flynn, Hanks,
Lemaire, and Ross [840] and Giddings, Kao, and
Kobayashi [841] have developed very accurate abso-
lute viscometers, and reported data on gases as a
function of temperature and pressure with an accuracy
of a few tenths of a percent. The measurements of
Ross et al. cover a maximum and a minimum tempera-
ture of 150 C[888]and — 100 C [889], respectively,and
pressures up to 2 maximum of 250 atm. The measure-
ments of Kobayashi et al. [841, 890] cover the
temperature range — 90 to 137.78 C and the pressure
range 6.8-544.4 atm.

A very important variation in the general
capillary method was introduced by Michels and
Gibson [891] in 1931 while engaged in measurements
at high pressures. A known pressure difference is
imposed across the capillary and the flow rate is
determined under the decreasing pressure head.
Several alternative procedures have been developed
to obtain this type of operation and these unsteady
state viscometers will be mentioned below. Careful
interpretation of the observed data leads to very
accurate absolute values of viscosity. Michels and
Gibson’'s [891] measurements on nitrogen at 25, 50,
and 75 C and up to 1000 atm have been extended up
to 2000 atm on hydrogen and deuterium [892], argon
[893], and carbon dioxide [894]. Trappeniers, Botzen,
Van Den Berg, and Van Costen [895] have recently
revived this work and measured the viscosity of neon
at 25, 50, and 75 C and at pressures up to 1800 atm,
for krypton [896] at these temperatures and pressures
up to 2050 atm, and at 125 C at pressures between
1300 and 1900 atm. Some other workers who have
employed this general principle to measure viscosity
over a limited temperature range at ordinary pressures
are; Bond [897], Rigden [898), Thacker and Rowlinson
[899), Chakraborti and Gray [900, 901], and Lambert
et al. [902]. In most cases these measurements are
relative.

Shimotake and Thodos [839) developed a visco-
meter and, based on this unsteady-state method,
determined the viscosity of ammonia. Their [839]
relative measurements cover the pressure range
250-5000 psia and temperatures of 100, 150, and
200C. Thodos and co-workers have also done
careful measurements on sulfur dioxide [903], argon,
krypton, and xenon [904), and helium, neon, and



nitrogen [907]. Eakin and Ellington [908] and Starling,
Eakin, and Ellington [909] developed another design
for a viscometer on this very principle, and reported
data on the viscosity of propane within an estimated
accuracy of +0.59; for nine temperatures between 77
and 280 F and for pressures in the range 100-8000 psia.
On the basis of this viscometer a large body of data
was developed which is of special practical interest to
the petroleum industry [753, 910-916]. Guevara,
Mclnteer, and ‘Wageman [1208)] determined relative
values of viscosity employing a capillary viscometer
in the temperature range 1100-2150 K at atmospheric
pressure with an accuracy of +0.49; and precision of
+0.1%,. The data are reported on viscosity ratios
for hydrogen, helium, argon, and nitrogen [120¥),
krypton [1209], neon [1210]. and xenon [1211].

b. The Oscillating-Disk (Solid-Body) Method

This method, like the capillary-flow method,
has a long history following the pioneer work of
Maxwell [918] in 1870. This method in many respects
is the opposite of the capillary-flow method. Here the
test fluid is kept stationary while a solid body oscil-
lates and the effect of shearing stresses on the
oscillations makes possible, if properly analyzed, the
determination of viscosity. It may be recalled that in
the capillary-flow method it is the test fluid which
moves and the knowledge of flow rate and associated
pressure difference permit the calculation of viscosity.
The principle of the solid-body method involves the
measurement of the period and amplitudes of the
damped oscillations of a suitable solid body suspended
from an elastic wire in the test fluid and then in
vacuum. The latter makes possible correction for the
damping due to the torsion of the suspension wire in a
straightforward manner. However, the exact theo-
retical description of the velocity field around the
oscillating body in the test fluid is not simple: this
is the major limiting feature of this method. These
complications and their theoretical resolution for
various shapes of the oscillating body have been
understood only in recent years; this is reviewed by
Kestin [835]. In particular, the shapes which have
been adopted are a sphere or a thin cylindrical disk
oscillating freely in the fluid, or a thin disk oscillating
between two fixed parallel disks with finite spacing.
This latter alternative has received wide use for the
determination of viscosity both relative and absolute.
Craven and Lambert [919] employed a sealed quartz
bulb pendulum drawn out from a I-cm-diameter
tubing. The lower end was drawn out to form a
pointer. The pendulum was set into oscillations and
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the damping time was measured as a function of
pressure of the gas. The measurements were taken
refative to air with an estimated error of 19, as the
pressure independent damping times were taken to be
directly proportional to the viscosity of the gas. A
detailed discussion of the various efforts made to
theoretically and experimentally examine this method
is beyond our scope, and we refer the reader to the
article of Kestin [835] and to the number of original
articles referred in it. We will briefly review below
some of the recent efforts and point out develcpments
which bave helped considerably in improving the

potential of the technique and work which has -

produced a large body of data.

The KammerlinghOnnes Laboratory at Leiden
initiated experimental and theoretical studies of this
oscillating-disk-type apparatus: Van [tterbeek and
Claes [920, 921], Van Itterbeek and Keesom [922,
929), Van Itterbeek and Van Paemel [923, 924, 930),
Keesom and Macwood [925, 926), and Macwood
[927, 928]. In more recent years Van Itterbeek and
his co-workers [931-933] have also measured the
viscosity of binary mixtures of monatomic and
diatomic gases in the temperature range 72.0-291.1 K
with an estimated error of 1. The viscosity calcula-
tions was made from the equation

A
= C(’;I - (52)
0

where C, a constant of the apparatus, is obtained from

4l dd,

" nR*d, + d,

(53)

Here I is the moment of inertia of the oscillating disk,
R the radius of the oscillating disk, d, and d, the
distances between the oscillating and fixed disks, 4
and 4, the logarithmic decrements of the oscillations
in the test fluid and vacuum, respectively, and t and
7, the periods of the oscillations in the test fluid and
vacuum, respectively. Two types of oscillation systems
have been employed. In one the distance between the
fixed disks could not be changed, while in the second
it was adjustable. These authors [934-937] have
also measured the viscosity of light gases and their
mixtures down to temperatures as low as 14 K.
Mason and Maass {939] developed a design of
the oscillating-disk viscometer somewhat similar to
that of Sutherland and Maass [938], to measure the
viscosity of gases in the critical region. They [938]
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claim a differential accuracy of 1 in 3000 and an
absolute accuracy of I in 1000 in measurements over
a temperature range 0-100 C and for pressures up to
150 atm. The calculation procedure is the same as
described above. Johnston and McCloskey [940] also
built a viscometer of the same general pattern [938)
and measured the viscosity of a number of gases
[940, 941] between room and liquid-oxygen tempera-
ture with an accuracy of 0.39; at 300K to about
0.89% at 90 K.

Kestin and Pilarczyk [942] measured the viscosity
of gases by an accurately built oscillating-disk
viscometer and pointed out the necessity of improving
the theory of this apparatus if highly precise values are
to be obtained. Kestin and Wang [943] succeeded in
semiempirically developing the edge correction factor
arising because of the finite size of the disk and re-
evaluated [944] the earlier measurements [942].
Kestin, Leidenfrost, and Liu [945] further examined
the edge correction factor and verified experimentally
the procedure of relative measurements in such a
viscometer for moderate spacings. This provides
considerable confidence in the measurements of
Kestin and Leidenfrost [946, 947] on pure gases,
which were taken on a modified version of the
apparatus of Kestin and Moszynski [948].

Around this time a number of additional improve-
ments in the theory of such a viscometer appeared:
Mariens and Van Paemel [949], Dash and Taylor
[950], and Neweli [951]. These made it possible to
evaluate the experimental information onan absolute
basis to get very accurate values of viscosity. Kestin
and Leidenfrost [952, 953] thus succeeded in deter-
mining the absolute values of viscosity of gases and
gas mixtures at 20 C over a range of pressure values,
using their earlier viscometer [947] with a very high
degree of accuracy. Kestin an:! co-workers [954-961)]
have reported data at 20 and 30 C for a large number of
binary systems and pure gases as a function of
pressure from 1 to about 50atm with an estimated
accuracy of the order of 0.2%, and an uncertainty of
no more than 0.04 % for the relative values of the
mixtures in comparison with the pure gases. Di Pippo,
Kestin, and Whitelaw [962] have also designed an
absolute high-temperature viscometer appropriate at
atmospheric pressure in the temperature range 20—
950 C. In recent years Kestin and co-workers [1213-
1215] have employed an oscillating-disk viscometer
and reported the relative measurements of the vis-
cosity of pure gases and their binary mixtures in the
temperature range 25-700C and at atmospheric
pressure with a precision of +0.1 9.

Clifton [963] measured the viscosity of krypton
in the temperature range 297 tc 666 K and calibrated
his viscometer with helium. He also found that the
rigorous theory [951], with approximate geometrical
dimensions of the viscometer, gave the calibration

" factor within about 3%,. Thus he provided another

very much needed experimental proof of the theory of
viscometer as well as the calibration procedure which
forms the basis of all relative measurements. Pal and
Barua [964] constructed a metal viscometer and
determined the viscosity of H,-N, and H,-NH,
gas mixtures in the temperature range 33-206 C at
one atmosphere pressure. They calibrated their
apparatus according to the procedure pointed out
by Clifton [963] employing the viscosity data for H,
and N, of Barua et al. [888] and Kestin and Whitelaw
[965]. Pal and Barua [966-969] have reported data
on a number of other pure gases and binary gas
systems in this temperature range. A similar approach
has been adopted by Gururaja, Tirunarayanan and
Ramachandran {970] who have reported data on
binary and ternary mixtures at ambient temperature
and pressure.

c. The Rotating-Cylinder (Sphere or Disk) Method

The uniform rotation of a sphere, disk, or
cylinder in concentric spherical shells, fixed parallel
planes, or a fixed concentric cylinder, respectively, is
used to determine the viscosity of the fluid enclosed
between the two surfaces. A historical account of this
method is to be found in reference [833). Because of
practical convenience, the coaxial cylinder geometry
has been preferred by most of the workers with this
method. A brief review of such efforts will be given
here, with special reference to work which hasappeared
since the review of Barr [833]. In its most commonly
used variant, the angular deflection, @, of the inner
cylinder is noted when the outer cylinder is rotated
with a constant angular velocity of w. Let r; and r,
be the radii of the inner and outer cylinders, respec-
tively, and [ the length of the inner cylinder where the
test fluid is enclosed between the two cylinders. If the
end effects which arise because of the finite length of
the inner cylinder are ignored, the viscosity is obtained
from a rather simple relation

w®I(r? - r}
T el o9
Here I and t are the moment of inertia and period of
vibration of the inner cylinder and @ is obtained by
noting the steady-state deflection as read on a straight
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scale located at a distance d from the mirror and
attached to the suspension system of the inner
cylinder so that

tan ® = s/2d (55)

It may also be remarked that the speed of the rotating
cylinder must be so chosen that the fluid flow remains
viscousand radial or eddy motion does not occur [833].
The mathematical theory for the correction of end
effects has not yet been developed, but these are
reduced by providing “guard rings” above and
below the suspended cylinder. These are the major
considerations which limit the absolute nature of this
method and impair the accuracy. In principle, either
of the two cylinders can be rotated with a constant
angular velocity, though consideration of the in-
stability of motion suggests a preference for the outer
cylinder to be rotated [835].

Gilchrist [971] built a constant deflection type
coaxial cylinder apparatus, having guard cylinders
both at the top and bottom, and measured the
viscosity of air. He used a bifilar phosphor bronze
strip for suspension. Later Harrington [972] tried
to improve upon this design. He used quartz fibers
instead of phosphor bronze and very accurately
determined the geometrical constants of the apparatus
and the moment of the inertia of the inner cylinder.
His results on air at about 23 C are claimed to be
accurate within a maximum uncertainty of 0.04 9.
He also claimed that for his apparatus at ordinary
pressures the correction amounts to about 2 parts in
100,000. Yen [973] and Van Dyke [974] used this
apparatus to determine the viscosities of oxygen,
nitrogen, hydrogen, and carbon dioxide. The adap-
tion of this apparatus for operation at low pressures
and the theory of slip are discussed by Millikan [975],
Stacy [976], Van Dyke [974], States [977]), and
Blankenstein [978]. Several other efforts have been
made to build improved versions of the basic Harring-
ton-Gilchrist apparatus to measure viscosities of
normal pentane and isopentane [979] and air {980,
981].

Reamer, Cokelet, and Sage [982] built a rotating
cylinder viscometer for measurements at pressures up
to 25000 psia in the temperature range 0-S00 F.
They reported data on n-pentane with an estimated
accuracy of 0.4 %;. Additional measurements have been
reported on this apparatus for ethane [983] and
ammonia [984] and mixtures of nitrogen-n-heptane,
nitrogen—n-octane [985], and methane—n-butane
[986).
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d. The Falling-Sphere (Body) Method

The principle of this method, its scope and
limitations, and many of the experimental attempts
made are described in references [833] and [835]. The
basis for this method is in Stokes’ law, according to
which the viscous drag, W, on a rigid sphere of radius
a, falling in an infinite homogeneous fluid which has
attained a uniform velocity of v(free from accelerations)
is

W = 6ruav (56)

Furthermore, under these conditions, W is equal to
the apparent weight of the sphere so that

W = $na’(p, — Prig (57)

Here p, and p, are the densities of the sphere and the
fluid respectively, and g the acceleration due to
gravity. Combining these two equations

(ps - pf)gaz

(58)
v

_2
k=g

This relation is valid only for extremely low Reynolds
numbers, though modifications to this law have been
proposed for higher Reynolds numbers {833, 835].
For bodies other than spheres Stokes’ law is modified
so that

W = 6npav/é (59)

where the value of 6 depends upon the shape of the
body [833].

Ishida [987] employed this principle and by
observing the rate of fall of charged droplets in the
test gas determined the viscosity of the latter. It is
necessary to consider the effect of slip in view of the
small size of the drops, and further, it is implied that
the electric field of the drops does not alter the
viscosity of the test gas.

Hawkins, Solberg, and Potter [988] described a
falling-body viscometer similar to that which
Lawaczeck developed in 1919. It consists of a metal
cylindrical weight falling through the test fluid
contained in a vertical tube closed at the lower end
and having a diameter slightly greater than that of
the weight. Under certain conditions the simple
measurement of the time ¢t needed for the weight to
fall through a fixed distance is a measure of the
viscosity so that

u=Clp, — pit (60)
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Here C is a constant dependent on the dimensions of
the apparatus and can be determined if an experiment
is made with a fluid of known viscosity. These workers
[988] described a viscometer appropriate for measure-
ments up to pressures of 3500 psi and temperatures
of 1000 F. The viscometer was rotated through 180°
to permit the body to fall in the tube in the opposite
sense and the measurements repeated.

A combination of an inclined tube and a rolling
ball has been used as a convenient, simple empirical
method for the last fifty years to determine the viscosity
of fluids. Hubbard and Brown [989] derived general
relations, through the use of dimensional analysis,
between the variables involved and the simple
calibration for the rolling ball viscometer, in the
streamline region of fluid flow. An empirical correla-
tion is also given which enables viscosity to be
estimated from data taken in the turbulent region of
flow. The correlating functions were evaluated from
data taken on a viscometer consisting of a precision-
bore inclined glass tube, and times to traverse a known
distance were determined with an automatic photo-
electric device. This design was further modified by
Smith and Brown [747].

Bicher and Katz [990] employed a rolling-bail
inclined-tube viscometer and measured the viscosities
of methane, propane, and their mixtures with an
average error of 3.29. The ranges of pressure and
temperature examined were 400-5000 psia and 77—
473 F, respectively.

Swift, Christy, Heckes, and Kurata [991] designed
afalling-body viscometer and have reported viscosities
of liquid methane, ethane, propane, and n-butane
[992). Huang, Swift, and Kurata [993] modified the
design of the viscometer [992] so that measurements
were possible up to as high a pressure as 12,000 psia.
They [993] reported measurements on methane and
propane at pressures to 5000 psia and went down to
the lowest temperature of — 170 C with an estimated
precision of + 1.2%,. These authors have also extended
the measurements to the mixtures of methane and
propane [994].

Stefanov, Timrot, Totskii, and Chu Wen-hao
{1150] have employed an improved falling-weight
viscometer to measure the viscosity of the vapors of
sodium and potassium as a function of temperature
and pressure. -

e. The Less-Developed Methods: Based on Ultrasonic,
Shock Tube, and Electric Arc Measurements

Recent interest in the exploration and under-
standing of outer space have led to the development of

methods which may give viscosity values at high
temperatures up to about 15000 K. A very limited
amount of experimental work has been done and
many difficulties are not resolved, the techniques are
not entirely satisfactory. A considerable amount of
theoretical and experimental work is needed to
establish the techniques so that reliable data may be
obtained. In view -{ the unsatisfactory state of the art
only a brief account of the efforts made so far will be
sufficient.

Measurements of the velocity of sound in a gas
permit its temperature to be determined [995]
Carnevale et al. [996-998) employed this principle
and measured the viscosity at high temperatures
from the knowledge of the velocity and absorption of
ultrasonic waves in the test gas. In particular, they
(998] determined the viscosity of helium up to 1300 K
and of argon up to 8000 K at one atmosphere. This
attempt has been extended to include polyatomic
gases and temperatures as high as 17,000 K [999],
and high pressures up to 100atm [1000, 1001].
Besides experimental difficulties, there still remain
many theoretical questions to be answered. A critical
evaluation of this ultrasonic technique has been
given by Ahtye [1002], who has included in the
theory of ultrasonic absorption, in addition to
components due to viscosity and thermal conductivity,
also terms which arise due to chemical relaxation and
radiative heat transfer. Madigosky [1003], while
discussing his results of ultrasonic attenuation in
gases at high densities, has pointed out the need for
considering a significant absorption resulting from
the bulk viscosity, in addition to shear viscosity,
thermal conductivity, etc.

Measurement of the heat transfer to the side wall
of a shock tube is used in conjunction with a suitable
equilibrium boundary layer theory to determine
viscosity of shock heated gases. Carey, Carnevale, and
Marshall [1004] thus determined the viscosities of
argon, oxygen, nitrogen, and carbon dioxide up to
4000 K. Hartunian and Marrone [1005] used this
principle to determine the viscosity of dissociated
oxygen with an estimated accuracy of +49;.

Theoretical understanding and experimental
techniques have been developed to the point that
measurements on a confined electric arc are capable
of yielding fairly accurate data on viscosity and other
properties of the gas [1006]. Schreiber, Schumaker, and
Benedetto [1007] have recently described the details
of an argon-plasma source and related instrumenta-
tion, along with some preliminary measurements of a
continuing program. Schreiber, Hunter, and Bene-
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detto [1144] have measured the viscosity of an argon
plasma at one atmosphere and in the temperature
range 10,000-13,000 K.

Dedit, Galperin, Vermesse, and Vodar [1145]
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have described an apparatus in which the record of
displacements of a column of mercury as a function of
time is employed to determine viscosity of a gas
compressed to varying pressures.
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Viscosity of Liquids and Liquid Mixtures

1. INTRODUCTION

In the preceding sections a brief discussion is
given of the theoretical status, estimation procedures,
and experimental techniques for gases and gas
mixtures at ordinary as well as at high pressures
before condensation occurs. We will now review the
similarartinrelation to pureliquids and their mixtures.
Many of the ideas developed in connection with the
studies on gases are still valid, either as such or with
appropriate modifications, and consequently, our
present discussion will be essentially a continuation
specialized for liquids and consistent with our over-
all plan to be brief but relatively complete in references.
The work on liquids is less extensive than that on gases,
though in recent years more attention has been paid
to the former.

Many monographs are available which describe
the different theories developed to explain the liquid
state and the different thermodynamic and transport
properties. Some of these are by Frenkel [1008], Green
(1009], Rice and Gray [1010], Kirkwood [1011], and
Hirschfelder, Curtiss, and Bird [28]. Many excellent
review articles have also appeared, e.g., Rice {1012],
Kimball [1013], Lebelt and Cohen [1014], Brush
[1015], Partington [1016], Hildebrand [1017], and
deBoer [1064). These describe the status of the current
theory and its ability to explain the observed experi-
mental facts. In the next section we mention the
theoretical efforts made to describe the mechanism
of momentum transfer in liquids, and hence, the
coefficient of viscosity. The next two sections describe
the empirical approach to estimating and experi-
mentally measuring the viscosity of liquids. It may be
pointed out that very often the term fluidity is used in
literature to represent the recizrocal of viscosity.
The reason for this is that for liquids the fact to
explain is not their viscosity, i.e., their tendency to
offer resistance under the influence of a shearing
stress, but their fluidity, i, their capability of
yielding to such a stress [1008].

2. THEORETICAL METHODS

A. Introduction

Although the liquid state is intermediate between
the solid and gaseous states, most materials have
properties in the liquid state which are close to those
of one or the other of these two states. For a simple
example, liquids, like gases, adopt the shape of the
container—they lack rigidity. Similarly, liquids, like
solids, are hard to compress, in sharp contrast with
gases. I rom the molecular point of view, the molecules
are closely packed in solids and in liquids, while in
gases the intermolecular separations are so large that
the molecular motion is random and free from the
influence of the other molecules for most of the time.
In liquids, on the other i:and, mnlecules are so closely
packed that the molecular motion is much more
limited in space and is controiled by the influence of
many neighboring molecules. Thiis, the transport
of momentum in liquids takes place, in sharp contrast
with gases at ordinary pressures, not by the actual
movement of molecules, but by the intense influence
of intermolecular force fields. It is this basic difference
in the mechanism of momentum transfer which is
responsible for the opposite qualitative dependence
of viscosity on temperature for gases and liquids. The
viscosity of gases increases with temperature, while
that of liquids decreases with temperature. This simple
concept can be developed to give an appreciation of
the mechanism of transport of momentum, and hence,
of the coefficient of viscosity. We will now discuss the
various theories developed to explain the pheno-
menon of viscosity in liquids.

B. The Simpie Theories

It seems from the above brief description of the
viscous nature of liquids that formulation of a simple
theory to explain it has very little promise. Neverthe-
less, some efforts at the early stages of the development
of the subject were made by ingeniously interpreting
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the motion of molecules and by associating special
mechanisms of momentum transfer during collision,
as reviewed by Frenkel [1008] and Andrade [1018].
By considering the forces of collision to be the only
important factor, J. D. van der Waals derived the
following expression for the coefficient of viscosity u
{1018]:

p= and‘tml/zkx/z v T2~ 9RT  (6])

15 v —

Here n is the number of molecules of mass m and
diameter d per square centimeter, ¢ is the difference
between the amount of potential energy that the
molecules of the liquid possess on an average and the
amount which they possess at the moment of a
collision, v represents volume, and b is the van der
Waals constant. This theory predicts (1/u)(du/dT), to
be positive, although experiments lead to negative
values for this factor.

The theory of Andrade [1018, 1019] may be
mentioned because many of its predictions have
survived the experimental checks to some extent. He
attempted to develop the theory from the solid state
point of view. Assuming that at the melting point the
frequency of vibration is equal to that in the solid
state, and that one-third of the molecules are vibrating
along each of the three directions normal to one
another, Andrade [1018] showed that

p= 51 x 10" 4AT,)*(V,)~ %3 (62)

Here A is the atomic weight, T, is the melting point,
and V, is the volume of a gram atom at temperature
T,,. The above formula checked well against the data
on monatomic metals at the melting point. The
predictions were less satisfactory for liquid halogens,
oxygen, and hydrogen.

Andrade [1019] also extended his theory to
explain the temperature and pressure dependence of
viscosity. Assuming the frequency of vibration of
the liquid molecules, v, to be constant, Andrade [1019]
showed that the temperature dependence of viscosity
is given by

u= Aexplc/T) (63)

where A and c are constants. By including the tempera-
ture dependence of volume he found [1019), instead of
the above expression, a more complicated result,

uv'® = Aexplef(0)/T) (64)

Here v is the specific volume. When the molecular
interaction potential is approximated by the van der

Waals relation, the above relation becomes
uv'’? = A explc/vT) (65)

If the temperature dependence of the frequency v is
also considered, equation (64) becomes

uo'’® = (4'//k,) expic’/vT) (66)

Here A’ and ¢’ are constants and k, is the adiabatic
compressibility. Checks against the experimental
data showed that equation (64) leads to values which
are in better agreement with the experimental results
than equation (66). This is interpreted as indicating
that some compensating effect is responsible for the
superiority of equation (65) in representing the
observed data. Andrade [1019] aiso argued that
equation (66) will give the pressure dependence of u
if k, and v are given appropriate values corresponding
to the pressure under consideration. Consequently,

-2

H Uy, kl.p T Yp by
Here the subscripts on g, v, and k, refer to the pressure,
p, or the pressure at one atmosphere at which these
quantities are to be interpreted. Andrade [1019]
found the above relation to be satisfactory up to
about 3000 atm. Andrade also suggested that in the
absence of adiabatic compressibility, isothermal com-
pressibility values may be used. The constant c is to
be obtained from equation (64). Andrade [1066] has
given additional comments on the scope of these
formulas and assessed them against experimental
data.

Frenkel [1008] has discussed simple approaches
to derive expressions for u. Considering the molecules
of a liquid to be spheres of radius a, he takes the
resistance F suffered by a molecule as it moves with an
average velocity # with respect to the surrounding
molecules, on the basis of Stokes’ law to be

F = 6napp = a™'v (68)

where a is the mobility of the molecule. « is related to
the self-diffusion coefficient D by Einstein’s relation

a = D/kT (69)

Here k is the Boltzmann constant. The dependence of
the mean life of an atom  in an equilibrium position
on temperature is given by

T = 1y e"AT (70)

where W is the activation energy and 1, is a constant.
The average velocity of translation of the molecules

4
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through the whole volume of the liquid is
w =6/t = (§/1g) e "IT n

and the self-diffusion coefficient, which determines the
rate of their mixing together is

D = 6%*gt = (8%/aty) e T (72)
Substituting these relations one gets
i = (kTro/mad?) e¥*T = 4 7T (73)

The above relation successfully accounts for the
experimentally observed temperature trend of u,
though the absolute computed values are 102 to 10°
times greater than the experimental values. This
disagreement is explained by the decrease of W with
increasing 7. If this dependence is assumed in terms
of a parameter y, such that

W=W, - ykT (74)
the value of A then changes to
kTt _,
= 7
sl * 73

The u values are thus reduced by a factor of €.
Similarly, if the pressure dependence of W is included
according to the relation

W = W, + (BooP/K) (76)

where if v is the volume of an atom, v, is the value of v
for P = 0, and K is the bulk modulus, then the factor
A comes out to be an exponential function of pressure

A= Ay KT = g PP an

Here A, is the value of A for P = 0, and a' is the co-
efficient of thermal expansion, and P, is that character-
istic pressure where viscosity has increased by a
factor of e. This exponential increase of viscosity with
pressure is in accord with the experimental data.
The above analytical treatment is valid only for
moderate values of pressures where y = vya'f/k.
Furth [1038] derived a formula for the viscosity
of a liquid by assuming the momentum transfer to
take place by the irregular Brownian movement of the
“holes” [1039). These ‘“holes” were likened to
clusters in a gas and thus, in analogy with the gas
theory of viscosity and with the assumption of the equi-
partition law of energy, he [1038] showed that

o= 0.915R—VT ge"" (78)

where R is the universal gas constant, o the surface
tension, and A the work function at the melting point.
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He [1038] compared his theory with experiments as
well as with the theories of Andrade [1019] and Ewell
and Eyring [1022]. Furth [1039] developed the
concepts of the hole theory of liquids from basic
principles of classical statistical mechanics and found
he was able to quantitatively reproduce the thermo-
dynamic properties. Auluck, De, and Kothari [1106]
further refined the theory and successfully explained
the variation of viscosity with pressure.

A good critical review of these simple theories
and their abilities to explain momentum transport in
liquid is given by Eisenschitz [1065].

C. The Reaction-Rate Theory

Eyring {1020] developed an interesting pictorial
description of the liquid state and derived an explana-
tion for the phenomenon of viscosity by the applica-
tion of the theory of absolute reaction rates [1021]. Ina
liquid, if a molecule is assumed to be bound to others
by bonds of total energy E, then to vaporize a single
molecule will require an energy equal to E/2 provided
no hole is left behind in the liquid. This is because each
bond is shared between two molecules. However, if a
hole is created in the liquid while vaporizing a
molecule, an energy of E will be required. Now, if we
return this gas molecule to the liquid we get back an
energy E/2 only. Using this picture of a liquid,
Eyring [1020] concluded that it takes just the same
energy to create a hole in a liquid the size of a molecule
as to vaporize a single molecule without leaving a
hole. Like a gas molecule in empty space, a hole in
the liquid can take up a great number of different
positions. Whenever a hole is created in the liquid, a
neighboring molecule jumps into it leaving behind an
empty lattice point, and this process goes on. Conse-
quently, each hole contributes essentially a new
degree of translation to the liquid [1020], by permitting
the relative motion of molecules near the hole with a
minimum of disturbance to other molecules.

Viscous flow was considered as a chemical
reaction in which a molecule moving in a plane
occasionally acquires the activation energy necessary
toslip over the potential barrier to the next equilibrium
position in the same plane. The average distance
between these equilibrium positions in the direction
of motion is A while the distance between neighboring
molecules in the same direction is Z,, which may or
may not be equal to A. The distance from molecule to
molecule in the plane normal to the direction of
motion is 1, . /, is the perpendicular distance between
two neighboring layers of molecules in relative
motion. Eyring [1020] showed that the viscosity of




36a  Theory, Estimation, and Measurement

the liquid is given by

A,hF, AE,.,
KZ%igasF? P RT

Here K is the transmission coefficient and is the
measure of the chance that a molecule having once
crossed the potential barrier will react and not recross
in the reverse direction. K is usually unity for chemical
reactions and will be given this value in the present
work. F, is the partition function of the normal
molecule and F7 that of the activated molecule with a
degree of freedom corresponding to flow. AE,,, is
the activation energy for the flow process and h is
Planck’s constant. Further simplification results if
A= 2,,for then

AJA%,0; = NIV (80)

Here N is Avogadro’s number and V is the molar
volume. If the degree of freedom corresponding to
flow is assumed to be a translational one, while the
other degrees of freedom are the same for the initial
and activated states, the ratio of the partition functions
[1022, 1023] is

F/F* = QumkT)"'}(V}13/h) (81)

where V; is the free volume. Eyring and Hirschfelder
[1023] have shown that
bRT
3
| 4 VISNT(P ¥ aV) per molecule  (82)
Here a and b are constants. If AE,,, is the energy of
vaporization,

u= (79)

%z = -—-—V— » P (83)
so that
bRTV'?
Vit — (84)
! T N'"AE,,

b = 2 for simple cubic packing and varies weakly
with temperature and for other types of packing.

Ewell and Eyring [1022] argued that for a mole-
cule to flow into a hole, it is not necessary that the
latter be of the same size as the molecule. Conse-
quently, they write AE,, = AE,n"' for viscous
flow, because AE,,, is the energy required to make a
hole in a liquid of the size of a molecule. Combining
all these relations one finally gets

Nh 2zmkT)"? bRTV'® _ AE,.
K=V h NPaE,Parr ©

The above relation is used by Ewell and Eyring
(1022] to analyze the viscosity data as a function of

temperature for a number of liquids with choices for
n varying between 2 and 5. It was found that the
theory could reproduce the trend in the temperature
dependence of u but the computed values are greater
than the observed ones by a factor of 2 or 3 for most
liquids. Many possibilities exist which may be
tesponsible for this discrepancy. Any departure of K
from unity will further worsen the agreement between
theory and experiment. The packing factor cannot
explain this large discrepancy. A good possibility is
advanced in the “persistence of velocity theory,”
that a moving molecule after acquiring the necessary
activation energy may move more than one inter-
molecular distance, so that 4 may be equal to
4,,22,,34,,..., for any individual elementary pro-
cess. A strong possibility is that the flow process is
bimolecular rather than a unimolecular one [28, 1022,
1024]. Thus, two molecules in adjacent layers which
are in relative motion temporarily form a pair, rotate
through approximately 90°, and then separate. During
the rotation the two molecules will sweep out an
extra volume which would be of the order of one-
third of the molecuiar volume.

In order to account for the pressure dependence,
Ewell and Eyring [1022] argued that in the above
formula one should substitute

AEv-p = V(Pim + Pen) (86)

P, = (OE/0V); must therefore be known to account
for the pressure dependence of u. These authors
[1022]) used the u data to compute a consistent set

of P, values and compared them with those ob-

tained from the thermodynamic relation
P = (6E/0V)y = T(OP/OT), — P 87
AE,,, is related with the more familiar enthalpy
of vaporization, AH,,,, such that [28]
AH,, = AE,,, + RT (88)

Furthermore, the energy of vaporization can be
estimated according to the Trouton’s rule [28]

AE,,, = 94RT, (89)

where T, is the boiling point at one atmosphere.
Kincaid, Eyring, and Stearn [1143] have sum-
marized all the working relations and the underlying
theory needed to calculate the viscosity of any normal
liquid as a function of temperature and pres-ure.

D. The Significant-Structure Theory

Eyring and co-workers [1026-1029] improved
the “‘holes in solid”’ model theory [1024, 1025] to

vap
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picture the liquid state by identifying three significant
structures: (i) solid-like degrees of freedom because
of the confinement of a molecule to an equilibrium
position as a result of its binding by its neighbors:
(i) positional degeneracy in the solid-like structure
due to the availability of vacant sites to a molecule,
in addition to its equilibrium position; and (iii)
gas-like degrees of freedom for a molecule which
escapes from the solid lattice. A liquid molecule,
according to significant-structure theory, possesses
both solid-like and gas-like degrees of freedom, the
relative contribution of the two types being V,/V and
(V — V,)/V respectively. Here V, is the molar volume
of the solid at the melting point and V is the molar
volume of the liquid at the temperature of interest.
In brief, a molecule has solid-like properties for the
short time it vibrates about an equilibrium position
and then it assumes instantly the gas-like behavior on
jumping into the neighboring vacancy.

The above method of significant structures leads
to the following relation for the viscosity of a liquid
[1030, 1031]:

_¥ 1% 9
H=ph+ 1= Flu 50

Here p, and yu, are the viscosity contributions from
the solid-like and gas-like degrees of freedom,
respectively. The expressions for u, and u, are given
by Carlson, Eyring, and Ree [1031]. Eyring and Ree
[1032] have discussed in detail the evaluation of u,
from the reaction rate theory of Eyring [1020],
assuming that a solid molecule can jump into all
neighboring empty sites. They [1032] give an ex-
pression for y which in a more general form is [1033]

Nh 6 W [ aEV, ]

=2k pVvo v, PV V)RT
o1
e PU =1 V=2 it O
P —RrT vV 38\ 7

Here N is the number of nearest neighbors, E, is the
energy of sublimation, ¥ is the partition function for
the oscillator under consideration, a' is the propor-
tionality constant, m is the molecular mass, and d is the
molecular diameter, a’E,V,/(V — V,) is the activation
energy for jumping. The second exponential is intro-
duced in order to take care of the effect of pressure.
At higher pressures, the kinetic energy of molecules
becomes correspondingly large and thus the activation
free energy is reduced by the kinetic energy.

Lu, et al. [1034] have extended the scope of the
significant-structure theory to include the molten
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salts also. The u expression is of the general form (90),
where

_NhV 6 -1 -1
T V. \/E(V— Vo~ 1 — exp(-6/T)]

 exo] __GEAVIV PV - V)
Pl T3RT0v = Vv | *P| = ®RT

92

tg = [m/lny + my)lu,, + [ny/(ny + ny)ly,, (93)
uy, = dy *mkT/n3)'"?

and
Hg, = d3 Hm kT 2y ?

4g, and u, are the viscosities contributed by monomer
and dimer gas-like molecules respectively, d, and d,
are the diameters of the monomer and dimer gas-like
molecules respectively, m, and m, are the molecular
weights of monomer and dimer species, n, and n,
are the number of molecules of monomer and dimer
species respectively, and 8 is the Einstein characteristic
temperature.

E. The Cell or Lattice Theory

Lennard-Jones and Devonshire [1035. 1036]
introduced a simple model to describe the critical
phenomena in gases [1035] and in liquids [1036],
which is referred to in the literature by various names
such as cell, lattice, cage, free-volume, or one-particle
model. In this model each particle is confined to a
cell or cage by its nearest neighbors. These cells are
assumed to be spherical in shape, and the particles
remain in their mean lattice positions, except the one
under consideration which roams or wanders under
the influence of a spherically symmetric potential in
the cage. Thus, the mathematical formulation was
made tractable on intuitive grounds by effectively
reducing the description to a one-particle model. This
concept was regarded as an improvement over the
empirical hole theory of Eyring [1020] in as much as
a more quantitative description was given in the
model, in the size of the cell, the motion of each
molecule within its cell, the distribution of lattice
sites, etc. Pople [1037] further expanded these ideas by
considering the influence of noncentral forces. He
considered the polar liquids HCl, H,S, and PH,, and
assumed that the rotational and translational motions
of the molecules can be treated separately. The
molecules were regarded to be fixed in position at the
center of their cells, but at the same time free to
rotate in the field of the others.
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Eisenschitz [1040] employed the cell model and
developed a theory for viscosity by considering the
motion of the representative molecule to be Brownian
and their distribution according to the Smoluchowski
equation. The force within the cell was assumed to be
proportional to the distance from the center and
increasing from the center to the surface of the cell,
but to remain constant outside the surface, the final
expression being

= —%—[mka)”z/R°GS'2] exp(GR2/2kT)
¥4

Sy

94

Here B is the friction constant, m is the molecular
mass, G is the force constant of potential energy, and
R is the cell radius. If the friction constant, §, is
assumed to depend weakly on temperature, the above
formula gives a good representation of the temperature
dependence of u on T in spite of the fact that a some-
what unrealistic parabolic potential-energy form is
assumed in the formulation. Many of the short-
comings of this derivation have been overcome by the
author in a subsequent publication [1068] which,
however, does substantiate the final results of his
earlier work [1040).

Mention may be made of some efforts to extend
and modify the cell theory to give a better apprecia-
tion of the properties of liquids. Wentorf et al. [1041]
showed that the theory of Lennard-Jones and
Devonshire is not adequate for fluid densities below
and near the critical point but improves at higher
densities. Kirkwood [1042] developed a formulation
of the free-volume theory from the general principles
of statistical mechanics under well-defined approxi-
mations. This theory [1042] leac .o the results of
Lennard-Jones and Devonshire [1035, 1036] in
the first approximation. The assumption of empty
and multiple occupancy of the celis, and the caicula-
tion of their volume, etc., are discussed by a number of
workers in relation to the thermodynamic properties,
which lie outside the scope of our present effort.
Good discussion and reviews of many such efforts are
given in the articles of Rowlinson and Curtiss [1043]
and Buchler et al. [1044).

Dahiler, Hirschfelder, and Thacher [10:45] started
with the nonlinear integral equation for the free
volume of a liquid given by Kirkwood [1042] and
aumerically solved it for the Lennard-Jones (12-6)
potential [1046]. In order to achieve this solution they
[1046] spherically symmetrized the free volume and
employed a Boltzmann type of averaging for the
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pair interaction. However, the quantitative predic-
tions of thermodynamic properties were unsatis-
factory [1046]. This deficiency of the improved theory
was attributed to the neglect of spatial correlations
between the motions of the molecules in neighboring
cells. Chung and Dahler [1047] have given an approxi-
mate theory of molecular correlations in liquids.
De Boer and co-workers [1014, 1048, 1049] have made
extensive studies of this nature, which resulted in a
theory for the liquid state which is referred to as the
“cell-cluster theory.” Dahler and Cohen [1050] have
developed the cell-cluster theory for a binary liquid
solution. These theories have not been employed to
formulate the transport properties. A possible check
of the cell model is provided by the work of Dahler
[1076] who computed the radial distribution function
for liquids on such an approach. Levelt and Hurst
[1083] have developed a quantum-mechanical treat-
ment for the cell model but considered calculations of
only the macroscopic thermodynamic properties.
Collins and Raffel [1051] presented an approximate
treatment of the viscosity of a liquid of rigid sphere
molecules employing simple ideas of the free volume
theory and concerning themselves with the collisional
transport of momentum. They have introduced a
correction for the blocking effect of third neighbors.
Their final result for the collisional contribution to
shear viscosity is

_ 2d(mkT)'/?
5/mo[1 — (ve/v)'3]

93)

Here d is the diameter of the molecule; the quantity
ve/v, the ratio of the incompressible volume to the
molecular volume, is recommended by the authors

[1051] to be computed from the following relation
[1067]:

11— TN
T )

CJRT/M 12
Cll ~ $(vo/v)'"] - R} 06

C, is the molar specific heat, M is the molecular
weight, and , is the velocity of sound in the liquid.
The calculated u_ values are found to be of the order of
a quarter to a half of the experimental viscosity values
for various low-molecular-weight liquids [1051].

F. The Statistical-Mechanical Theory

The foundation of the statistical-mechanical
theory of liquids was laid by the efforts of Kirkwood
{48, 1011], Mayer and Montroll [1052), Mayer [1053],
Born and Green [1054), and others. These workers
have derived integral equations, the solutions of
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which give the distribution functions for the molecules
in the liquid. The functions involve the position,
velocity of the molecules, derivatives of these quanti-
ties with respect to time, and intermolecular potentials.
We will now refer briefly to some of the specific work
in the following.

Born and Green [1054, 1055] developed from
general kinetic theory an expression for the coefficient
of viscosity as

p= f W' dr — fsm J' O, dv (97)

Here @'(r) is the interaction potential at a separation
distance r, v and @, are functions of r, v is the velocity,
and m the molecular mass. The first term in the above
expression is due to the intermolecular forces and is
much greater than the second term due to the thermal
motion of the molecules. In an effort to derive a
simple expression for u, Born and Green [1055]
dropped the second term and through a series of
approximations found for a face-centered-cubic struc-
ture and for a' Lennard-Jones (12-6) intetmolecular
potential that

_r yz{To sﬂ -&(r; kT
= 3‘5(421:) ( 1’ - e (98)
Here v, is the molecular vibrational frequency near
the equilibrium point r,, and r; is the distance of
nearest neighbors from a given molecule. Thus the
work of Born and Green [1055] provided an explana-
tion from kinetic theory of the empiricai expressions
for u discussed before [1018, 1019, 1038]. However,
Born and Green’s work {1054-1056] did not include
explicit expressions for the distribution functions, and
the difficulty of numerical computations for liquids
prevented any theoretical estimation of u.

Kirkwood, Buff, and Green [1058] derived the
following general expression for the coefficient of
viscosity based on the statistical mechanical theory of
transport processes developed by Kirkwood [48]:

f R0y R dr
©9)

Here ®(R) is the intermolecular pair potential, N
is the Avogadro number, V is the molar volume, { is
the Brownian motion friction constant arising from
the total force acting on a molecule, p,, is the mass
density at a point R in a fluid, g?’(R) is the equilibrium
radial distribution or pair correlation function, and
¥,(R) is obtained from the solution of a differential

H= ”*2: lSkTV’
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equation. Implicit in the determination of these
functions is the knowledge of the intermolecular
potential. The general statistical-mechanical theory
of distribution functions in liquids is given by
Kirkwood {1011, 1058] and Kirkwood and Salsburg
[1059] and an integral equation is formulated, the
solution of which gives the radial distribution function
[1060]. Explicit solutions of the integral equation for
nonpolar liquids composed of rigid spherical mole-
cules are obtained by Kirkwood and Boggs [1061]
and Kirkwood, Maun, and Alder [1062]. In the latter
work, the theory of Kirkwood [1058] and the slightly
different formulation of Born and Green [1054] are
considered, to bring out the relative differences in the
two theories. Kirkwood, Lewinson, and Alder [1063]
further extended the work of Kirkwood, Maun, and
Alder [1062] by considering a more realistic inter-
molecular force field of the Lennard-Jones type.

Kirkwood, Buff, and Green [1057] computed u
for liquid argon at its normal boiling point on the
basis of the above expression, the Lennard-Jones
interaction potential, and an approximate radial
distribution function obtained from the intensity
measurements of x-ray scattering. Their [1057] result
involving the friction constant is

853 x 1078
4

Here u is in poises and they estimated { = 4.84 x
10" 1% gsec™!. The above result clearly shows that
the contribution to u arising from the momentum
transport (first term) is of less importance than the
contribution of intermolecular forces (second term).
This result is valid for liquids and is in sharp contrast
to that for gases. Zwanzig et al. [1082] further im-
proved the calculation by employing a more accurate
equilibrium-radial distribution function and the fric-
tion constant.

Rice and Allnatt {1010, 1012, 1069, 1070)
developed a model from dense-fluid kinetic theory in
which it is no more necessary to assume, as Kirk-
wood’s theory [48] does, that the momentum transfer
during collision between particles is small. They
approximated the pair-interaction potential by an
impenetrable rigid core and a soft attraction. In
such a model liquid, a moving molecule undergoes a
collision similar to that between two rigid cores,
followed by a Brownian motion under the influence
of the soft potential of the neighboring molecules.
The singlet and doublet distribution functions are
calculated for this model {1069-1071]). The shear

+ 2.63 x 10%¢ (100)
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viscosity has a kinetic component given by [1069,
1072]

_SKT [ + fa(mpa’ g (o))
= 3¢P(0) [T + (S /4pmg™ (o)}]

where

(101)

QZ.Z) = (4nk'r/m)llzal

Here o is the hard-core diameter, {, is the friction
constant arising from the autocorrelation of the soft
force on a molecule, p the number density, and g'®
is the pair correlation function.

The intermolecular-force contribution to vis-
cosity for R,, = o (collisional contribution) is given
by [1072]

#y = o) + fo) + uo) (102

The expressions for {'Y(0), u?!(0), and >N(a) are
complicated and will not be reproduced. For the
region R,, > g, the soft-potential contribution to
viscosity is [1072)]

_ af,
o 15:7'-“ R”dR F(R12)¥(R,;)dR,,
(103)

Here W, (R,,) is the coefficient of Legendre poly-
nomials of order two arising from the shear com-
ponents of the rate of strain.

Wei and Davis [1073] extended the theory of
Rice and Allnatt to mixtures. They [1073] derived the
singlet distribution functions and obtained the kinetic
contribution to shear viscosity. In a subsequent
paper these authors {1074] report the doublet
distribution functions and a complete expression
for the shear viscosity involving kinetic, collisional,
and soft-potential contributions. A comparison of
their results [1074] with the corresponding formula-
tion of Rice and Allnatt [1069, 1070] is also given. For
further details, the original papers must be consulted.

Longuet-Higgins and Valleau [294] and Davis,
Rice, and Sengers [1077] have worked out the theory
of shear viscosity for a square-well potential. This
theory is further discussed by Davis and Luks [1078],
who also present numerical results for liquid argon.
The theoretical expression is [1078]

5 ‘ka)"’{ [1+4bp(glo,) + Rgl0,)¥))
8(0)) + Rg(o,E + X/kT)T)

48
+ ”'—n(bp)z(z(al) + R‘g(a;)E)}
(104)

Here
4 «
¥=1-e" 4 [l + = ""Tf e x? dx]
2kT ST
E=enm — _* _ 2j x? + kT)H2 o~ dx

= (2/3)7Wh R = 0;/0,

where ¢,, 0,, and ¢ are the potential parameters of
the square-well intermolecular potential and g(a,)
and g(o,) are the equilibrium radial distribution
functions. These authors suggest that one determine
the repulsive and attractive radii and the depth of the
attractive square-well potential from the gaseous
virial coefficient data. Furthermore, g(o,) and g(o,)
were determined from the experimental thermal
conductivity and equation of state data by fitting
against the theoretical expressions. The agreement
between the computed and experimental values for
liquid argon was found to be satisfactory [1078).
However, these authors [1078] also outline an entirely
theoretical procedure for computing the pair correla-
tion functions. The numerical results for viscosity are
given for argon, krypton, and xenon [1078, 1079] and
the authors claim that a ‘“square-well” fluid is an
adequate first approximation to a real fluid [1084].

G. Correlation Function Theories

In this section, a brief reference is made to the use
of the time-dependent correlation functions as a tool
to determine viscosity. Kadanoff and Martin [1080]
have given a good account of the state of the art and
have pointed out the complications associated with
such an approach. Their paper [1080] must be referred
to for details and for references to some of the other
work in this area. F¢ ster, Martin, and Yep [1081]
have described a moment method to calculate shear
viscosity from the long-range (small wavevector k)
and long-time (small angular frequency w) part of the
correlation function. In particular, their starting
relation is

u = lim [lim (w/k?)x} (K, w)] (105)
w=0 | k=0

where x!! is the double Fourier transform of the
transverse current—current correlation function. They
have evaluated the various parameters of this relation
assuming a Gaussian spectral function, and have
computed numerical results for argon which are
found to be in reasonable agreement with the experi-
mental data.




- g - - o e .

H. Theories for Liquids of Complicated
Molecular Structures

In the above sections we have dealt with theories
which have been developed for normal or simple
liquids composed of spherically symmetric
monatomic molecules. Even for such simple liquids
these theories predict viscosity values correct in most
cases only within an order of magnitude. The viscosity
of polyatomic, nonspherical, polar, and association
liquids is harder to calculate and the task becomes
increasingly harder as complicated organic and
inorganic liquids, fused salts, glasses, polymers, etc.
are considered. However, the practical engineering
interest in such liquids is amazing. The present scope
of our effort does not permit us to undertake a
comprehensive review of the state of the art. Frenkel
[1008] has referred to some earlier work in this field
and many recent publications [1085-1089] include a
good account of the present ability to deal with such
nonideal liquids of special shaped molecules. Much
remains to be done in both the theoretical and
experimental areas.

3. ESTIMATION METHODS

A. Introduction

The inadequate state of the development of the
theory of liquids has led to the generation of a number
of correlative and predictive procedures for viscosity
of liquids and their mixtures. Unfortunately, in almost
all cases these are based on rather empirical or
semiempirical approaches. We will refer to some of
these below rather briefly because the domains of their
applicability and the estimate of the extent of their
uncertainties are still not known with enough reliance.
What is conspicuously lacking is a good correlation
of the existing data and its critical evaluation against
procedures which at least appear to have been
logically developed. Our efforts indeed are directed
towards such an ultimate goal, but one must be
content here with a brief statement of the procedures
and a limited statement concerning their appropriate-
ness to reproduce the available data. The data, in
many cases, are taken at face value and are not
representative of the entire stock of available informa-
tion. For convenience in presentation, we have
artificially divided the various procedures into three
categories. This may be regarded as appropriate
because of the provisional and to some extent in-
complete nature of this section.
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B. Procedures Based on the Principle of the
Corresponding States

The principle of the corresponding states has
been applied to liquids in the same way as to gases
(28], the basic assumption being that the inter-
molecular potential between two molecules is a
universal function of the reduced intermolecular
separation. This assumption is a good approximation
for spherically symmetric monatomic n-»npolar mole-
cules. For complicated molecules the principle be-
comes increasingly crude and many modified versions
have very often been used with varying degrees of
success. In general. more parameters are introduced
in the corresponding state correlations on somewhat
empirical grounds in the hope that this modification
in some way compensates for the lack of fulfillment
of the above stated assumption. We may quote the
work of Helfand and Rice [1090] and Rogers and
Brickwedde [1091], who have discussed the classical
and quantum versions of the principle of correspond-
ing states in relation to the viscosity. Very briefly, the
classical viscosity is

u= T, p,e 0,k (106)

Here Tis the temperature, p the density, e the potential-
well depth, o the collision parameter, and k the
Boltzmann constant. The reduced viscosity, u* =
uaz/\/t;, is a different universal function of reduced
temperature, T*, and reduced density, p*, so that

u* = uNT*, p*) (107)

In quantum fluids we have

u=puT peokh (108)
where his Planck's constant. In reduced dimensionless
form equation (104) becomes

u* = p¥(T*, p*, A*) (109)

here A* is a sort of reduced de Broglie wavelength
associated with the molecule of a certain kinetic
energy. In thelimit of A* — 0the quantum-mechanical
equations reduce to the corresponding classical
equations.

Rogers and Brickwedde (1091] have investigated
the saturated-liquid viscosity of *He, “He, H,, D,,
T,, Ne, N,,and Ar on the basis of the above equations.
They [1091] correlate the properties of the hetero-
nuclear isotopic molecules with the effective value of
A* obtained for the homonuclear molecules by the

—
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following relation ;

_ 2
Ak = A‘[l + é('"—‘mmLz)] (110)
17782

where m, and m, are the atomic masses of the two
atoms of the heteronuclear molecule.

Boon and Thomaes [1092] and Boon, Legros,
and Thomaes [1093] examined the validity of the
principle of corresponding states in conjunction
with the data on viscosity of many such simple
liquids as Ar, Kr, Xe, O,, N,, CO, CH,, and CD,.
Along the liquid-vapor equilibrium curve u* is a
unique function of T*. They found that plots of
In u* against 1/T* are approximately linear, although
the data do not lie on one line for all liquids. Ar, Kr,
and Xe data lie on one curve and the data points for
N, and CO fall very close on the same reduced curve.
Surprisingly, the oxygen viscosity data lie on a different
curve, as do the data for CH, and CD, . These authors
[1094-1095) have also extended the principle to
mixtures of two liquids and examined it against their
own data. The logarithm of the relative kinematic
viscosity, vg = (v/v,), was plotted against 1/T for
each binary mixture. Here, v = pu/p and the reference
value v, was taken as that of argon at 88.98 K. The
systems examined were Ar-Kr, Ar-CH,, Kr—CH,,
Ar-Q,, and CH,~CD,. The principle of correspond-
ing states for binary mixtures of more complicated
molecules, such as the normalalkane series, isdiscussed
by Holleman and Hijmans [1097], though they do not
consider the particular case of viscosity.

C. Semitheoretical or Empirical Procedures
for Pure Liquids

Gambill [1098, 1099] in two review articles has
referred to a large body of effort which has gone into
the development of a number of correlating expres-
sions to predict liquid viscosities and their variations
with temperature and pressure. We recommend that
readers consult his articles and the sixty-nine references
quoted in them (1098, 1099]. Thodos and co-workers
[759, 760, 762-764] in a series of articles have exmined
the viscosity data of a number of substances in the
gaseous and liquid states and have presented smooth
plots of excess or residual viscosity, u — u*, as a
function of reduced density, p/p.. u* is the viscosity of
the fluid at one atmosphere pressure at the temperature
of interest, and p, is the value of p at the critical
tcmperature, the critical density. Jossi, Stiel, and
Thodos [771], from dimensional-analysis arguments,
showed that (u — p*){ is a function of p/p,, where

{ = TYS/M'2P23 for nonpolar and polar liquids
[771, 772). Lennart and Thodos {1100] also related
(u — u*) to (0Py/0Ty),, for simple fluids, argon,
krypton, and xenon. Here Pg = P/P., Ty = T/T.,and
Pr = p/p.. Dolan et al. [1101] and Lee and Ellington
[[1102] have also employed the principle of a unique
plot between u — u* and density to correlate their
own and other available data on n-butane and n-
decane.

Swift et al. [992], while correlating their data on
methane, ethane, propane, and n-butane suggested
plotting

P,
LY. Pe p, versus Tx

JM Poop
Here P, is the critical pressure, P., of the reference
substance x. This was intended to be an improvement
on an earlier practice where plots of

#_Fu
M F
were employed to synthesize data. These authors [992]
also confirm the relation

Py versus Ty

2/3

He=K ( :4‘, 7

where K is a constant independent of the fluid which

Swift et al. [992] found to be equal to 0.00569. p, is in

g/cc, T, is in degrees Kelvin, and g, is in centipoises.

Swift et al. [992] chose ethane as the reference sub-

stance x, and their correlation predicts saturated

liquid viscosities for normal paraffins from methane

to n-octane within + 59 over the reduced tempera-
ture range from 0.65 to 0.95.

Othmer and Conwell [1103] suggested a linear
correlation for viscosity of liquids as a function of
temperature. They found that a log-log plot of
viscosity against the vapor pressure of a reference
material at the same temperature is linear. They
[1103] have presented a semitheoretical analysis
justifying such a correlation. Choosing the reference
material as water, they have analyzed the data for
eleven representative liquids. The plot using the
vapor pressure of water at the same reduced tempera-
ture (7/T) instead of T is suggested by them as still
more promising. Othmer and Silvis [1104] extended
the approach to solutions of solids in liquids or of
mixtures of liquids, and examined the case of caustic
soda solutions in which the plots of the log of the
mixture viscosity against the viscosity of water at the
same temperature were found to be linear for different
concentrations of the solutions.

)T}"Z (1in
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Thomas [1105] found that the viscosity of a large
number of liquids to be adequately correlated by

u = (0.1167 p°3)10° (112)
where
a = B(l — TR)/ T

Here u is in centipoises, p in g/cc, T = T/T,, and B
is a constant which depends upon the structure of the
liquid and is tabulated by Thomas [1105]. This is
based on an average correlation of the data, though in
many cases the error can be almost an order of
magnitude. The range of applicability of this equation
is limited to T, < 0.7.
Gambill [1098] suggested

1705 pl.3337';’ -

= —yr (113)
“:1'333 AHvb

where
a=(MAH,_,/17.85T) — 1.80

Here u is in centipoises, p is in g/cc, Ty is the normal
boiling point in degrees Kelvin, M is the molecular
weight, and AH,, is the latent heat of vaporization at
T, in Btu/Ib. For 12 different organic liquids in the
temperature range 040 C, he found the average and
maximum deviations between experimental and cal-
culated viscosity values as 33 9 and 94 9, respectively.

Gambill [1098, 1099] has given some other
forms and generalized charts which have proven
useful in representing the viscosity of liquids as a
function of temperature and pressure. He particularly
recommends the expressions of Andrade [1019] which
are given earlier. Dunstan and Thole [831] also list
many forms connecting the viscosity at a temperature,
t, to that at a lower temperature, t, and the empirical
constants:

B = B /(1 + Bty (114)
or in a simplified form
A
Al praprary v (13)
o ( )
AT, -t
= (116)

where ¢, is a temperature below the melting point. A
more complicated version is

“t—-t,)*+C
”gAﬁ(_I_:_—Io)zTC—l (1

Here a, B, A, C, and C! are constants.
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Recently Das, Ibrahim, and Kuloor [1107] have
suggested that the kinematic viscosity at 20 C and
the atmospheric pressure of organic liquids is cor-
related well by molecular weight and the two
empirical constants 4 and B by the following form :

(#20/p) = AM® (118)
D. Semitheoretical or Empirical Procedures
for Mixtures of Liquids

Gambill [1108] and Dunstan and Thole (831)]
have listed many forms which have been used to
compute viscosities of miscible liquids at a fixed
temperature and pressure. Some of these for binary
mixtures are:

“r;i}( = I‘l_lxx + #z_lxz
Hmix = H1Xg + X, (119)

Hmix = 11Xy — H2X;
and

108 ppmix = Xy log 4ty + x; log u, (120)

Here u,,;, is computed from the knowledge of pure
components viscosities and composition only. If one
value of p,,;, is known, relations with one adjustable
parameter have been tried such as:

10g fpix = x, log pt; + x,log u; + xyx,d (121)
108 Ui = X7 log(u,03/3,) + 2x, In(uy5/p,) + In g,
(122)

Katti and Chaudhri [1109] suggest that
108 prix Venin = X3 log s, Vy + x; log u, V;
+ x,x,(Wu/RT) (123)

Here V is the molar volume and Wy is referred to as
the interaction energy for the activation of flow: it is
suggested that it be determined from the known
value of u,,,;, for an equimolar mixture at one tempera-
ture. These authors have confirmed the validity of
such a procedure for a number of systems [1110-
1112). '

Heric [1113] suggested the following generaliza-
tion for the kinematic viscosity, v, of an n-component
system:

0g Voin = Y X;logv, + Y x;log M,
i=y . i=] “24)
- log Z M+ 9, ,
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where

M-

l L]
Sin= 3 Z XX 05
i=1
Here o;; is an interaction parameter, with «;; = o, and
a; = a;; = 0.9, , is a deviation function, representing
departure from a noninteracting system. For a binary

system

012 = Xy X505 = Xy X(Wp/RT) (125)
For a multicomponent system, assuming binary
interactions only, Heric [1113] suggested an im-
proved relation,

Oin= xixj[aij + ai{i(xi - xj)] (126)

e

as an example,
012 = Xy X[, + &y, + ay(xy — %)) (127)

,, and «, are to be determined from the experi-
mental data as explained by Heric [1113]. Heric
further suggested that inclusion of a term representing
ternary interactions will be essential so that
3
6123 = 2 xpxfay; + oifx; — x)] + xyx,x38

i=1
i<j

(128)

where ff may be regarded as concentration independ-
ent or its variation may be accounted by the form

B = Bi23 + Braslx, — x3) (129)

Numerical calculations could not suggest which
procedure is better, because composition-dependent
improved the reproduction only within the limits of
uncertainty of the data.

Kalidas and Laddha [1114] simplified the follow-
ing relation for the kinematic viscosity of a ternary
mixture :

logv = x3logv, + 3xix,logv,, + 3x,x3logv,,
M
+ x}logv, - log(xl + x,—’)
M,

+ 3x3x, Iog(z;.h;z/_lw_’_)

+ 3x,x3 log(#ﬁm—') + x3 log(%—z)
1

By considering a simplified model for ternary mole-
cular interactions these authors [1114] derived from
the above cquation, due to McAllister {1216], an

explicit expression with seven unknown constants
for the kinematic viscosity of a three-component
mixture. Six of these constants were obtained by
analyzing the experimental data for the three binary
systems possible with a three-component system. The
seventh unknown parameter was adjusted while
fitting the experimental data on a ternary system to the
theoretical expression. Their [1114] experimental
data on acetone-methanol-ethylene glycol mixtures
at 30 C were found to be adequately correlated by their
proposed theoretical expression.

Huang, Swift, and Kurata [1115] correlated
their data on binary systems at higher pressures by
plotting residual viscosity g, — u3;, versus molar
density. up.., the viscosity of the mixture at the
atmospheric pressure, was obtained from the relation

Homix = (x1/ My + x50/ Mop3)(x /M, (131)
+ X3/ M3)

Saxena [1217] suggested an expression of the
Sutherland-Wassiljewa form to correlate the data on
viscosity of multicomponent mixtures, in analogy to
the parallel work on gaseous mixtures. He found that
the data on binary systems is very well represented
by the following relation :

My Uz
mix = + 132
Hmix = T oax) T T+ B, 0wy 0D
where
Yo _M,
¥ M, u,

4. EXPERIMENTAL METHODS

A. Introduction

The viscosity of liquids is simpler to measure
than that of gases primarily because of the convenience
of handling; furthermore, fairly accurate values are
determined with relative ease as liquids are much
more viscous than gases. The technological interest
in lubrication has encouraged detailed study of the
subject as early as almost a century ago [1116].
Historically, more detailed attention is given to the
determination of viscosity of liquids than to that of
gases as is evident from the review accounts given in
the monographs of Dunstan and Thole [831],
Hatschek (832), Barr [833), and others. In addition
to the development of different absolute methods
already mentioned in connection with gases, many
relative methods have been developed as quick and
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fairly accurate alternatives in compliance with the
practical demands. Partington [1016] has given a
detailed reference to the various efforts made until
almost twenty years back ; in our brief review here we
will mention some of the more recent work on the
viscosity determination of Newtonian fluids. The
survey here is unfortunately incomplete and
constitutes what may be called a stray sampling of
recent efforts in the literature. As the basic principles
of the methods are already given while dealing with
gases, a straightforward approach is followed below.

B. The Capillary-Flow Viscometers

A large variety of viscometers (or more appro-
priately viscosimeters) are developed on the general
principle of liquid flow through a capillary. The
designs of a large number of such viscometers in
historical sequence are given by Hatschek [832] and
Partington [1016]. We have referred to some work in
connection with gases, and we will not repeat any
reference to these efforts here. Many -capillary
viscometers have been developed to obtain data on
liquid hydrocarbons. Lipkin, Davison, and Kurtz
[1117] have described two such viscometers for work
at low and high temperatures and pressures. They
[1117] reported data on propane, butane, and iso-
butane with an accuracy of +2%. Lee and co-workers,
whose work has been described earlier [453, 908-916],
have measured the viscosity of liquid n-butane [1101]
and n-decane [1102]. A number of workers have used
an Ostwald-type capillary viscometer. Boon and
Thomaes [1092-1096, 1118, 1119] have measured the
kinematic viscosity of a number of liquids and their
mixtures at saturation vapor pressure over a range of
temperatures with a stated precision of 17. Katti and
Chaudhri [1109] measured viscosity of binary mix-
tures with an Ostwald viscometer having an accuracy
of 0.5%. The measurements have been extended to
many more binary systems [1110-1112]. Denny and
Ferenbaugh [1120] developed a capillary-tube visco-
meter for superheated liquids and reported results for
CCl,. An Ostwald viscometer is used by Mullin and
Osman [1121] for viscosity of solutions ; they reported
results for nickel ammonium sulfate aqueous solutions
in the temperature ranges 10-35 C with an estimated
precision of +0.3%.

Swindells, Coe, and Godfrey [1122] determined
the viscosity of water at 20 C with a high degree of
accuracy with a capillary-flow viscometer, to provide
a standard value for relative measurements. They
found the value to be 0.010019 + 0.000003 poise,
which is appreciably different from the value 0.01005
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poise taken so far as standard. Following this work, the
National Bureau of Standards in the USA has

adopted the absolute viscosity of water at 20 C as -

0.01002 poise. Agaev and Yusibova [1157] have
reported measurements of the viscosity of heavy
water in the pressure range of 1-1200 kg/cm?, and
temperature range of 4-100 C.

C. The Oscillating-Disk Viscometers

Van Itterbeek, Zink, and Van Paemel [1123]
measured the viscosity of liquid oxygen, nitrogen,
argon, and hydrogen as a function of temperature
using an oscillating-disk absolute viscometer. The
viscosity is determined from the record of the
logarithmic decrement of the amplitude of the
oscillation. The measurements on liquids were further
extended to pressures up to 100 atm [1124, 1125] and
it was found that the viscosity increases linearly with
pressure.

D. The Falling-Body Viscometers

Hubbard and Brown [1126] determined the
viscosity of liquid n-pentane with a high pressure
rolling-ball viscometer in the temperature range
25-250C and at pressures up to 1000 psi. The
measurements were relative and estimated to have a
varying uncertainty of 5-107%. The data above
150 C are less accurate. As already mentioned while
discussing measurements on gases, Swift et al. [991,
992] have employed a falling-cylinder viscometer to
determine the viscosity of liquid hydrocarbons. Using
a falling-ball viscometer Chacon-Tribin, Loftus, and
Satterfield [1127] have determined the viscosity of
vanadium pentoxide-potassium sulfate eutectic mix-
ture at 461, 505, and 586 C. Riebling [1128] described
a variant of this general type of viscometer, which is
especially useful at high temperatures up to 1750 C.
In this design, the ball does not freely fall, but its
motiop is controlled by attaching it to an analytical
balance, and thus its effective weight and therefore its
velocity can be suitably varied.  The details of this
improved counterbalanced sphere viscometer, along
with its related instrumentation and necessary cor-
rections, are described by the author.

E. The Coaxial-Cylinder Viscometers

Moynihan and Cantor [1129] measured the
viscosity of molten BeF, by the fixed-cup rotating-
cylinder method using Brookfield Synchro-Lectric
viscometers. The temperature range covered is 573.7-
979 C and the uncertainty in the viscosity value at
any temperature level is estimated to be less than

P
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+3%. Cantor, Ward, and Moynihan [1130] deter-
mined the viscosity of molten BeF,-LiF solutions
covering the concentration range 36-99 mole’ of
BeF,. The overall temperature range was 367-967 C,
though for each mixture the temperature range was
less extensive. The data at each composition was
fitted to the form:

u = Aexp(E,/RT) (133)

and theconstants A and E, are tabulated. The equation
for pure BeF,is

1 = 7.603 x 10~ exp[(52590/RT)
+ (1471 x 10%/T?)

Here pis in poises and T in degrees Kelvin. It is shown
that the viscosity of the mixtures at a fixed temperature,
as well as the activation energy, decreases expo-
nentially for this system.

(134)

F. Other Types of Viscometers

Cottingham [1131] described a viscometer suit-
able for relative measurements of viscosity of low
melting point metals in the temperature range
20-600 C. Measured values for methanol, bismuth,
and lead are compared with the existing values in the
literature. The viscometer consists of a tank filled
with the test liquid. The two flat end faces of the drum
are in light contact with the sides of the tank, and
only a small clearance separates the bottom of the
drum and the tank. A scraper lightly pressed against
the top of the drum forms two compartments in the
tank and prevents any liquid flow from one compart-
ment into the other as the drum is rotated. However,
liquid is dragged through the narrow duct at the
bottom and a head of liquid builds up in one compart-
ment, which in turn forces a part of the liquid to
flow back. A measure of the viscosity is the equilibrium
value of the liquid head at the steady state, i.c., when
equal volumes of liquid flow in opposite diréctions
through the duct per unit time. The viscometer is
designed to measure viscosities between one and
more than a thousand centipoises, and the influence
of the various variables on the viscosity measurement
is analyzed.

Welber {1132] and Welber and Quimby [1133]
have described in detail the principle and operation
of a simple viscometer in which the electrical charac-
teristics of a piezoelectric cylinder of quartz oscillating
in a torsional mode are measured. The logarithmic
decrement A of the system is defined as

A= W2w* (135)

Here W* is the energy dissipated per cycle and W"* is
the vibrational energy of the system. The resistance R
in the neighborhood of the resonant frequency f, is
given in terms of A by

R = KMf, A (136)

where M is the mass of the crystal and the constant K.
dependent on the electrode geometry, is obtained
experimentally. The product up is related to (A — A,)?
as in the oscillating-disk viscometers. A, is the value
of A in vacuum and is referred to as nuisance decre-
ment. Webeler and Hammer [1134-1136] have used
this technique to measure viscosity of liquid helium at
low temperatures. DeBock et al. [1137, 1138] have
reported data on liquid argon as a function of pressure
(0-200 kg/cm?) and temperature (between the boiling
and critical points) with an estimated accuracy of
better than 37%.

Solov’ev and Kaplun {1139] describe a vibration
viscometer for the measurement of viscosny of
liquids within fractions of a percent and of a moving
liquid within 1.5%. The design is appropriate for
high temperatures and pressures and requires only a
small quantity of the test fluid. A thin plate attached
to a rod and suspended through an elastic element
executes plane oscillations under the influence of a
harmonic force. The equation of motion is analyzed
for the frequency—phase and frequency-amplitude
modes of operation, and it has been pointed out that
the selection of the mode is dependent on the viscosity
of the test liquid.

Krutin and Smirnitskii [1140]) describe the
theory of what they refer to as a vibrating-rod or
probe viscometer. The forced longitudinal and tor-
sional vibration characteristics of a slender rod (or
probe) in a liquid are shown to depend upon the
viscosity and density of the liquid, the density of the
probe, the modulus of elasticity and internc! loss
coefficient in the probe material, the configuration of
the probe cross section, and the driving frequency. By
introducing the damping coefficient, a measure of the
influence of damping of the fluid on the vibrational
characteristics of the probe, appropriate analytical
treatment is developed to guide proper selection of the
various quantities for accurate viscosity measurement.

Andrade and Dodd [1141, 1142] used a
rectangular channel formed between two plane steel
surfaces as a viscometer for detecting small relative
changes in viscosity (a few parts in a million) while
investigating the influence of an electric field on
viscosity.




- -y - [N v wwma— s - e - N ,

EENNN

Theory, Estimation, and Measurement 472

TABLE 1. COMPOSBITION AND TEMPERATURE DEPENDENCE OF ¥, ON

DIFFERENT SCHEMES OF COMPUTATION B
Gas Pair Temp. Mo'e Fraction First Method Second Method Viscostty
[Reference} (K) Compona ['R E™ Y, %, (N s m—ix10~)
omponent
Ar-He 72.0 0.0000 7.94
1165) 0.1580 0.2086  2.603 0.2496  2.206
0.2580 0.1805  2.377 0.2316  2.047
0.3570 0.1948 2.431 0.2400 2.121
0,3910 0.1924 2.401 0.2381 2.104
0.4585 0.1933  2.412 0.2406 2.126
0.5380 0.1900 2.371 0.2384 2,107
0.5570 0.1892  2.361 0.2378  2.102
0.6570 0.1900  2.371 0.2402  2.122
0.8280 0.1807  2.255 0.2316  2.047
1.0000 6.35
Ar-He 81.1 0.0000 .59
1165] 0.1590 0.2166  2.634 0.2588 2,228
0.2580 0.1968  2.3%4 0.2387  2.055
0.3570 0.2005 2,438 0.2462  2.120
0.3910 0.2005  2.439 0.2472  2.129
0.4585 0.1974  2.400 0.2451 2.110
0.5380 0.1983 2,411 0.2476  2.132
0.5570 0.1935 2.353 0.2424  2.088
0.6570 0.1928 2,344 0.2432  2.094
i 0.8280 0.2177  2.647 0.2727  2.349
: 1.0000 7.05 !
Ar-He 90.2 0.0000 9.08
f165] 0.1580 0.2129 2,539 0.253  2.141
0.2580 0.2050 2.444 0.2480  2.094
0.3570 0.2008  2.394 0.2462  2.079
0.3910 0.2018 2,407 0.2484  2.097
0.5380 0.1956  2.333 0.2444  2.064 .
0.5570 0.1953  2.329 0.2443  2.063 ‘
0.6570 0.1904 2.271 0.2404  2.030
0.6280 0.1551 1.849 0.2020 1,705 ;
1.0000 7.60
' Ar-He 192.5 0.0000 14.60
1165) 0.1055 0.2619  2.481 0.3039 2,039
0.2000 0.2577  2.441 0.3027 2,031
0.3030 0.2527  2.394 0.3003  2.015
0.4110 0.2507 2.375 0.3008  2.018
! 0.4650 0.2569 2,425 0.3079  2.066
0.4940 0.2515 2,382 0.303¢  2.036
0.6220 0.2551  2.416 0.3095  2.077
0.7110 0.2476  2.346 0.3027  2.03L
‘ 0.8010 0.2414  2.287 0.2972 1,994
i 0.8065 0.2776  2.251 0.2931 1.967
0.8870 0.2317  2.185 0.2877  1.930
1.0000 15. 38
Ar-He 229.58 0.0000 16.35
{165 0.1050 0.2707  2.498 0.3138 2,051 '
0.1990 0.2645 2,441 0.3100  2.026
0.3010 0.2567 2.369 0.3042 1.988
0.4090 0.2578  2.379 0.3083 2.015
; 0.5640 0.2581  2.382 0.3098  2.025
| 0.6210 0.2532 2,337 0.3072  2.008
0.7100 0.2473  2.282 0.3021 1.975
0.8000 0.2358 2,177 0.2910  1.902
: 0.8050 0.2390  2.206 0.2945 1.925
0.8865 0.2381  2.161 0.2903 1.897
1.0000 17.68
| :
-
*
" ;
}
i A
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i
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (ocontimued)
Gas Pair Temp. _E:‘“Hm" First Method Second Method Viscosity
{Reference) (K) c ¢ Yy oy Yy gy (N 3 mtx10~%)
Ar-He 288.2 0.0000 19.66
211) 0.1922 0.2888  2.552 0.3376  2.113
0.2915 o.2M42  2.512 0.347 2,095
0.5337 0.2791  2.467 0.3336 2,088
0.6119 0.2723  2.407 0.3274  2.049
0.6546 0.2852 2,521 0.3420 2.141
0.7705 0.2770  2.448 0.343  2.082
0.8074 0.268¢ 2,373 0.3256  2.038
0.8572 0.2607 2.384 0.3274  2.049
: 0.9093 0.2653  2.345 0.3233  2.024
0.9507 0.2706 2,391 0.3292  2.060
1.0000 22.20
Ar-He 2011 0.0000 19.35
(165] 0.1590 0.285¢ 2.532 0.3326  2.090
0.2580 0.2795 2.479 0.3285  2.064
‘ 1 0.3570 0.2758  2.447 0.3267 2.052
0.3910 0.2697 2,393 0.5205 2.0l4
' 0.4585 0.2689 2,386 o.3:211  2.017
0.5380 0.2610 2,315 0.3138  1.971
0.5570 0.2578  2.287 0.3106 1.951
0.6570 0.2620  2.324 0.3169  1.991
0.6280 0.2673  2.282 0.3141 1.973
1.0000 21,77
Ar-He 201.1 0.0000 19.13
1165) 0.1050 0.2891  2.540 0.3349  2.084
b 0.1990 0.2744  2.411 0.3202 1.992
. 0.3010 0.2678  2.353 0.3158  1.965
0.4090 0.2650 2.328 0.3154 1.962
0.4640 0.2608  2.292 0.3120 1,941
0.6210 0.2532 2,225 0.3067 1.908
0.7100 0.2447  2.150 0.2989 1,860
‘ 0.8000 0.2606 2,014 0.3066 1,807
, 0.8050 0.2465  2.166 0.3023 1.881
0.8885 0.2325  2.043 0.2884  1.785
1.0000 21.78
, Ar-He 201.2 0.0000 19.40
(213} 0.0610 0.2087  2.629 0.3456  2.154
| 0.2080 0.2863 2,520 0.3348 2,087
0.2990 0.2811 2,474 0.3312 2,064
0.4380 0.2800 2,472 0,333 2,081
0.5200 0.2751  2.421 0.3280  2.050
0. 5740 0.2760  2.429 0.3307  2.061
0.6450 0.2751 2.421 0.3%08 2,061
0.7200 0.2661 2.342 o.3221  2.007
0.7820 0.2698 2,374 0.3267 2.036
0.8440 0.2647 2.330 0.3220  2.007
l 0.9140 0.2667  2.385 0.3208  2.0%7
1.0000 22.00
Ar-He 263.0 0.0000 19.73
1223] 0.5094 0.2782  2.478 0.3324  2.086
‘ 0.6180 0.2733  2.434 0.3206 2,072
1.0000 22.11
‘ Ar-He 373.0 0.0000 23.20
223) 0. 5094 0.2878  2.483 0.:23  2.081
0.6180 0.2862 2,469 0.3421  £.080
1.0000 26.54
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TABLE 1,  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. ﬁ:‘m First Method Second Method Viscosity
{Reference) {K) Component W%, Wy iy Wy (N s m#x10-%)
Ar-He 373.2 0.0000 23. 56
{211} 0.1922 0.3046 2,598 0.355¢ 2.146
0.2015 0.2852  2.432 0.3323  2.007
0.5337 0.2984 2,545 0.3541 2.138
0.6119 0.2010  2.482 0.3470  2.096
0.6846 0.2054 2,519 0.3525 2.129
0.7706 0.2041 2,508 0.3519  2.125
0.8074 0.2850  2.431 0.3428  2.070
0.8572 0.2841  2.423 0.3423  2.067
0.9093 0.2897  2.470 0.3485 2.104
0.9607 0.3161  2.696 0.3755  2.268
1.0000 27.56
Ar-He 458.2 0.0000 26.91
(211} 0.1922 0.3158  2.629 0.3680  2.169
0.6119 0.3043 2,532 0.3609 2,127
0.6346 0.3018  2.512 0.3501 2.116
0.8074 0.2058  2.462 0.3539 2,086
0.8672 0.2930  2.446 0.3523 2,076
' 0.9093 0.3074  2.888 0.3865 2.160
' 0.9507 0.3485  2.900 0.4079 2,404
1.0000 32,27
Ar-He 473.0 0.0000 27.15
[223) 0.6180 0.2960 2,500 0.3523 2,108
1.0000 32.08
Ar-He 523.0 0.0000 29.03
(223} 0.6180 0.2975  2.500 0.353%  2.106 !
1.0000 34.48
{
Ar-Kr 201.2 0.0000 22.10
- 1278) 0.1090 0.7172  1.341 0.7551 1.263
; 0.2280 0.7221  1.350 0.7606 1,272
4.3300 0.7241  1.354 0.7629 1,276
0.4430 0.7256  1.356 0.7646 1,279
0. 5460 0.7234  1.362 0.7624 1.275
. 0.6730 0.7228  1.351 0.7619  1.274
: 0.7770 0.7133 1,333 0.7524  1.258
0.8650 0.735¢ 1.375 0.7748 1,298
1.0000 24.80
Ar-Ne 72.3 0.0000 11.72
: {180] 0.1618 0.4864 1,765 0.5179  1.700
] 0.3231 0.4858  1.767 0.5190  1.704
0.5011 0.4863  1.769 0.5202  1.707
0.6707 0.4858 1,767 0.6201 1.707
0. 8300 0.4919  1.789 0.5267 1.729
1.0000 6.38 .
Ar-Ne 90.3 0.0000 13.52
1180 0.1634 0.4900  1.692 0.5219  1.627
0.3266 0.5014 1,782 0.6350 1.668
; : 0.4828 0.5044 1.742 0.5387 1,679
: 0.6713 0.4939 1,723 0.5335 1.663
0.8390 0.4772 1.648 0.5114  1.504
1.0000 7.6
C Ar-Ne 193.4 0.0000 23.52
. [180) 0.1698 0.5408  1.647 0.5747  1.580
. 0.3202 0.5414 1.649 0.5760 1.583
by 0.5024 0.5492 1.65¢ 0.5783 1.500
0.6690 0.5662 1,691 0.5011  1.626
0.8298 0.5391  1.642 0.5748 1,580
1.0000 15.29

2.5 Lo Al
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TABLE1, COMPOBITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (contimed)
Gas Pair Temp. Mﬁmm Firat Method Second Method Viscostty
[Reference] (K) __Component e Yy LN oy (N s m-3x10~%)

Ar-Ne 229.0 0.0000 26.70
1180} 0.1654 0.5496  1.614 0.5835  1.547
0.3348 0.5470  1.606 0.5812 1.541
0.4308 0.5430  1.604 0.57714  1.531
0.5017 0.5484 1.613 0.5644 1.549
0.6507 0.5451  1.601 0.5804 1.539
0.8320 0.5408  1.588 0.5764 1,528

1.0000 18.00

Ar-Ne 201.1 0.0000 31.29
1180] 0.1693 0.5611  1.569 0.5849 1,502
0.3227 0.5673  1.587 0.6022 1.520
0.4970 0.5627 1.574 0.5979  1.509
0.6757 0.5685  1.584 0.6023 1.520
0.8323 0.5688  1.501 0.6050  1.527

1.0000 22.18

Ar-Ne 201.2 0.0000 30.70
213) 0.1570 0.5795  1.601 0.6146 1,532
0.2210 0.57186 1.579 0.6062 1.512
0.3280 0.5573  1.540 0.5013 1,475
0.4380 0.5616  1.552 0.5864  1.487
0.5410 0.5738  1.585 0.6085 1.520
0.6380 0.57%2  1.583 0.6090 1.519
0.7260 0.5801  1.603 0.6164 1,537
0.8030 0.5548  1.533 0.5806  1.473
0.9000 0.5544 1.532 0.5804 1.472

1.0000 22.00

Ar-Ne 203.0 0.0000 _ 20,92
(221} 0.2680 0.5782  1.600 0.6136 1,532
0.6091 0.5758  1.593 0.6117  1.527
0.7420 0.5735 1.586 0.6096  1.522

1.0000 22.13

Ar-Ne 373.0 0.0000 36,23
1221) 0.2680 0.5073  1.501 0.6332  1.522
0.6091 0.5965 1.589 0,6320  1.521
0.7420 0.5939  1.582 0.6304 1.515

1.0000 26.93

Ar-Ne 473.0 0.0000 42.20
(221] 0.2680 0.6068 1.573 0.6429 1.505
0.6091 0.6118  1.586 0.6486 1.518
0.7420 0.6132  1.500 0.6501 1.521

1. 32.22

Ar-Ne 523.0 0.0000 45.01
(221) 0.2680 0.6117 1.875 0.5481 1,507
0. 6081 0.6096 1.570 0.6462  1.502
0.7420 0.6184  1.588 0.6533 1,519

1.0000 34,60

Ar-Xe 201.2 0.0000 22.10
{324) 0.1090 0.6977  1.736 0.5861 1.583
0.2130 0.5262 1.696 0.5727 1,547
0.3000 0.5257 1.607 0.5738 1,550
0.4050 0.6281  1.705 0.5T71  1.5%
0.4980 0.5227  1.687 0.5719  1.544
0.5980 0.5254 1.696 0.5763  1.554
0.7010 0.5195  1.677 0.5696 1.538
0.7920 0.5186 1.674 0.5691 1.537
0.9050 9.5281  1.706 0.5793  1.564

1.0000 22.50
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (contimied) Y
Gas Pair Temp. Mﬁ‘ﬂm” Firat Method Second Method Viscosity
[Reference] (K) c s W, 1N (N e m~2x10-%)
He-Kr 283.2 0.0000 19.52
1325) 0.1021 0.1925 3.223 0.2302 2,442
0.2046 0.1888  3.12¢ 0.2281 2.419
0.3088 0.1820  3.047 0.2265  2.403
0.4995 0.1790  2.998 0.2280 2.418
0.7098 0.1755  2.938 0.2275 2,414
0.8100 0.1723  2.884 0.2252 2,389
0.8845 0.1683  2.817 0.2217  2.352
0.9454 0.1408  2.508 0.2022  2.145
1.0000 24.41
He-Kr 291.2 0.0000 19.40
{278] 0.0690 0.1858  3.043 0.2182  2.264
0.1510 0.1826  2.991 0.2197  2.27
0.2720 0.1760  2.882 0.2175 2,257
0.3530 0.1740  2.849 0.2181  2.263
0.4390 0.1739  2.848 0.2205 2.288
0.6000 0.1708  2.796 0.2205 2,288
0.6980 0.1618  2.650 0.2122  2.202
0.7970 0.1698  2.780 0.2223 2,307
0.8910 0.1887  2.599 0.2113  2.193
1.0000 24.80
Ho-Kr 373.2 0.0000 23.35
1326) 0.1021 0.2072  3.301 0.2473 2,497
0.2048 0.1968  3.135 0.2390  2.413
0.3086 0.1957 3.118 0.2415  2.438
0.4995 0.1936  3.085 0.2436  2.450
0.7088 0.1890  3.012 0.2418 2,441
0.8100 0.1834 2,922 0.2368  2.392
0.8845 0.1835  2.92¢ 0.2379  2.401
0.9454 0.1962  3.125 0.2615 2.5
1.0000 30.68
He-Ne 20.4 0.0000 3.50
1179) 0.2560 0.4061  2.036 0.4565  1.800
0.4920 0.3952  1.986 0.4483  1.768
) 0.7200 0.3976  1.999 0.4530  1.786
1.0000 3.8
He-Ne 65.8 0.0000 7.45
(179) 0.2580 0.4686  1.68¢ 0.5165 1.456
0.5080 0.4627 1.663 0.5144  1.450
0.7610 0.4601  1.653 0.5150  1.452
1.0000 10.45
He-Ne 90.2 0.0000 .12
(178] 0.2510 0.4884  1.863 0.5366  1.434
0.4910 0.4841 .69 0.5358 1.431
0.7550 0.4802 1.638 0.5351 1.4%
1.0000 13.50
He-Ne 1%4.0 0.0000 .93
1179 0.2440 0.5167 1.648 0.5658  1.416
0.4820 0.5148  1.642 0.5670 1.419
0.7500 0.5121  1.633 0.5670  1.410
1.0000 23.60
He-Ne 284.2 0.0000 19.29
f325) 0.0340 0.6518 1.753 0.562¢  1.806
9.2801 0.8199  1.71¢ 0.5713  1.477
0.4995 0.5150  1.700 0.5691 1.472
0.6804 0.5238  1.727 0.5789  1.497
0.7860 0.5228  1.723 0.6785 1.496
0.9091 0.5061 1.888 0.5625  1.455
" 0.9461 0.5062 1.668 0.5620  1.486
0.9900 28.50
:
;
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF Wu ON
DIFFERENT SCHEMES OF COMPUTATION (continued)

Gas Patr Temp. Male Fract Firet Method Second Method Viscostty
(Reference] (K) c A Wy Yy Yy Wy (N s m=¥x10-%)
¥
He-Ne 201.2 0.0000 19.20
1213) 0.1580 0.5294 1.645 0.5714  1.408
0.2500 0.5227 1.643 0.5720  1.410
0.3930 0.5305 1.635 0.5715  1.409
0. 8650 0.5222 1.641 0.5763 1.418
0.6550 0.5000 1.571 0.5532  1.364
0.7830 0.6027 1.580 0.5575 1.3T4
0.8940 0.4640  1.427 0.5007 1.257
1.0000 30. 80
He-Ne 293.0 0.0000 19.41
. (221] 0.2379 0.5260 1.664 0.5758  1.430
0.4376 0.5211 1.649 0.5730 1.423
0.7341 0.5061  1.602 0.5606 1.392
1.0000 30.92
He-Ne 293.1 0.0000 19.61
. 1179 0.2620 0.5263 1.680 0.5769 1.445
; 0.4980 0.5204 1.661 0.5731 1.435
' 0.7520 0.5166 1.649 0.5716  1.431
; 1.0000 30.97
He-Ne 373.0 0.0000 22.61
(221) 0.2379 0.5271  1.673 0.5773  1.437
0.4376 0.5198  1.650 0.5716  1.423
0.7341 0.5076  1.611 0.5622  1.400
1.0000 36.23
He-Ne 373.2 0.0000 23.35 .
[325) 0.0340 0.5331 1.768 0.5844 1.521 '
0.2801 0.5183 1.719 0.5697  1.482 \
0.4995 0.5167 1.714 0.5701 1.484 ;
0.6804 0.6146  1.707 0.5695 1.482 ‘
0.7850 0.5165 1.718 0.5722  1.489 !
0.9091 0.4791  1.589 0.5355 1.393 :
0.9461 1.299  4.307 1.339  3.484 ;
0.9800 35.49 ‘
I
He-Ne 473.0 0.0000 26.72
1221) 0.2379 0.5263 1.677 0.5755 1.441
, 0.4376 0.5180 1.653 0.5609  1.427
0.7341 0.5069  1.615 0.5605 1.404
: 1.0000 42.20
He-Ne 523.0 0.0000 28.53
1221 0.2379 0.5237 1.673 0.5737 1.438
0.7341 0.5140  1.642 0.5688 1.426
1.0000 45.01
He-Xe 291.2 0.0000 19.40
(324) 0.0630 0.1296  3.683 0.1568  2.638
0.1690 0.1293  3.673 0.1644  2.767
I 0.2010 0.1251  3.865 0.1609  2.708
0.3040 0.122¢  3.477 0.1619  2.725
0.4010 0.1201  3.412 0.1621  2.727
0.4940 0.1185  3.367 0.1623  2.731
0.5940 0.1130  3.210 0.1676  2.651
0.6870 0.1135  3.225 0.1594 2.682
0.7920 0.1142 3.245 0.1614 2.716
0.8980 0.0994 2.824 0.1450  2.440
1.0000 22.40
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Theory, Estimation, and Measurement S3a
TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION {contimued)
Gas Pair Temp. ﬁ:li.um“ First Method Second Method Viscosity
[Reference] (K) Component '] Wy W oy (N s m2x10-%)
Kr-Ne 291.2 0.0000 31.30
1278) 0.0650 0.3892  2.082 0.4344  1.832
0.1110 0.3898 2,035 0.4360 1.838
0.2290 0.3881  2.031 0.4372  1.843
0.3390 0.7%916 2,044 0.4413  1.861
0.4380 0.3899  2.035 0.4404 1,857
0.5330 0.3892 2,032 0.4405  1.857
0.6470 0.3747 1,956 0.4258 1.796
0.7970 0.5702  1.932 0.4222  1.780
0.8890 0.3974  2.074 0.4512  1.902
1.0000 24.90
Kr-Xe 291.2 0.0000 24.70
1324] 0.1150 0.7470  1.285 0.7735 1,244
0.2010 0.7500  1.290 0.7767  1.249
0.2960 0.7567  1.302 0.7838  1.260
0.3930 0.755¢ 1.299 0.7824 1.258
0.4910 0.7471 1,286 0.7745 1.245
0.5950 0.7590 1.308 0.7863  1.264
0.6930 0.7418  1.276 0.7688  1.236
0.7860 0.7600  1.307 0.7873  1.266
0.8960 0.7968  1.267 0.763%  1.228
1.0000 22,50
Ne-Xe 291.2 0.0000 31.00
[324] 0.1030 0.2787  2.510 0.3241  2.204
0.1990 0.2734  2.462 0.3203  2.178
0.2850 0.2699  2.451 0.3182  2.164
0.3930 0.2711  2.442 0.3216 2.186
0.5040 0.2655  2.391 0.3167 2.164
0. 5040 0.2672  2.406 0.3197 2.173
0.7940 0.2649  2.386 0.3190  2.169
0.9030 0.2588  2.312 0.3109 2.114
1.0000 22.40
Ar- 293.0 0.0000 8.5
{226 0.3485 0.2787  2.186 0.3189  1.588
0.65438 0.2708  2.124 0.3170 1,588
0.7058 0.2627  2.060 0.3126  1.566
1.0000 22,11
Ar-Hf 373.0 0.0000 10.29
i226 0.3485 0.2817 2.140 0.3212  1.568
0.5543 0.2732  2.0%5 0.3189  1.548
0.7058 0.2702  2.053 0.3189  1.563
1.0000 26.84
Ar-nf 473.0 0.0000 211
1226 0.3485 0.3266 4,258 0.3870  3.225
0.5643 0.2987  3.896 0.3546  2.954
0.7058 0.2809 3,794 0.3482 2,884
1.0000 32.08
Ar- 525.0 0.0000 12.96
{226 0.3485 0.20290 2.182 0.3332 1.585
0.5643 0.2840 2,115 0.3299 1.570
1.0000 .48 .
He-H, 278.2 0.0000 8.41
(74] 0.1881 1.098  0.9690 1.134  0.9029
0.3986 1.09¢  0.9685 1.1%  0.8993
0.5972 1100 0.9715 1.13  0.9046
. 0.7509 1.095  0.9661 1.130  0.8993
0.8640 1.003  0.9644 1.128  0.8977
0.8957 1171 1.038 1.206  0.9506
; 0.9609 1.08¢  0.9298 1.089  0.86e%
[ 1.0000 18,98
;
B
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON

. DIFFERENT SCHEMES OF COMPUTATION (contimued)
Gas Pair Temp. Mole Fraction First Method Second Method Viscosity
[Reference] (K) C nent W% Wa oy (N s m~2x10~%)
He-H, 288.2 0.0000 8.78
(741 0.1881 1105 0.9820 1142 0.9154
0.3986 1.108  0.9843 1144 0.9171
0.5972 1112 0.9877 1.147  0.9197
0.7509 1.113  0.9888 1.148  0.9202
0.8640 1.128  1.002 1.162  0.9319
0.8957 1.100  0.8772 1,134 0.9094
0.9609 1.080  0.9681 1.124  0.9011
1.0000 19.61
Ho-ty 201.7 0.0000 8.81
1327 0.1890 1113 0.9886 1150  0.9218
0.3530 1145 1017 1.183  0.9484
0.5030 1.168  1.039 1.207  0.9677
0.5650 1.193  1.060 1.231  0.9868
0.6830 1.192  1.059 1.228  0.9851
0.8110 1.228  1.001 1.263  1.013
1.0000 19,69
He-H, 293.0 0.0000 8.75
221] 0.3082 1127  o.9921 L164  0.9246
0.3931 1,120 0.9937 1.166  0.9258
0.4480 1.118  0.9837 1.15¢  0.9162
1.0000 19.74
He-H, 373.0 0.0000 10.29
221] 0.3082 1,107 0.9751 1.143  0.9085
0.3831 1.120  0.9863 1.156  0.9189
0.2480 1.114  0.9807 1.150  0.9135
1.0000 23.20
He-H, 373.2 0.0000 10.45
174) 0.1881 1.089  0.9653 1.125  0.8995
0.3986 1.096  0.9720 1,132 0.9056
0.5972 1.082  0.9591 L1117 0.8931
0.7509 1.090  0.9665 1.125  0.8999
0.8640 1.061  0.3408 1.096  0.8765
0.8957 1.046  0.9273 1.081  0.8643
0.9609 1.114  0.9876 1.148  0.9184
1.0000 23.41
He- 473.0 0.0000 12.11
1221 0.3082 L111  0.9840 L1148  0.9170
0.39031 1,125  0.9964 1.162  0.9285
0.4480 1114 0.9864 1.150  0.9189
1.0000 27.15
He- 523.0 0.0000 12.96
221 0.3082 1111 0.9845 L147  0.9175
0.3931 1121 0.9933 1.157  0.9256
0.4480 1,118 0.9913 1.155  0.9235
1.0000 29.08
Ne- 290.4 0.0000 8.78
221 0.1610 0.5615  1.584 0.6017  1.201
0.3470 0.6420 1.529 0.5838 1,166
. 0.5050 0.5808 1,684 0.6373  1.272
0.6570 0.5216 L.47T1 0.5689 1,136
0.7950 0.4040  1.3935 0.5441 1.086
1.0000 3116
Ne-1n 293.0 0.0000 8.75
221 0.2285 0.5482  1.563 0.5882  1.179
0.5301 0.5413 1.533 0.5870 1.177
0.7480 0.5319  1.507 0.5811  1.185
1.0000 30.92




- g - L A,

© mamatm = e -

Theory, Estimation, and Measurement 55a

TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥ ON
DIFFERENT SCHEMES OF COMPUTATION (contimued)
Gas rair Temp. Mg}"ﬂ"‘;::;::_°“ First Method Second Method Viscosity
[Reference] (K) c at M W, ¥, oy (N s m2x10%)
.omponent
Ne-H, 373.0 0.0000 10.29
(2211 0.2285 0.5450 1.549 0.5848  1.177
0.5391 0.5409 1.538 0.5867 1.181
0.7480 0.5242  1.490 0.573¢ 1,154
1.0000 36. 23
Ne-H, 473.0 0.0000 12.11
[221] 0.2285 0.5424  1.558 0.5825 1,184
0.5391 0.5367  1.539 0.5815 1.182
0.7480 0.5249  1.508 0.5743  1.168
1.0000 42.20
Ne-H, 523.0 0.0000 12.96
[221) 0.2285 0.5422  1.563 0.5824 1.188
0.5391 0.5395  1.555 0.5856 1.195
0.7480 0.5295  1.526 0.5790  1.181
1.0000 45.01
. Ar-NH, 298.2 0.0000 10.16
1134] 0.0540 1.080  1.142 1.129 1.050
0.1720 0.9952  1.052 1.03  0.9638
0.2740 0.9876  1.044 1.028  0.9562
0. 3860 0.9701  1.026 1.009  0.9390
0.5010 0.9735  1.029 1.013  0.9425
0.5950 0.9786  1.035 1,018  0.9475
0.6910 0.9793  1.035 1.019  0.9482
0.7850 0.9880 1.045 1.028  0.9564
0.8520 0.9800 1.036 1.020  0.9489
1.0000 22. 54
Ar-NH, 308.2 0.0000 10.49
: f134] 0.0380 1.162  1.238 1.221 1,145
0.1680 1.001  1.066 1.042  0.9771
0.2950 0.9818  1.046 1,022  0.9578
0. 3990 0.9734  1.037 1.013  0.9495
0.5190 0.9590  1.022 0.9981  0.9356
0.6190 0.9468  1.009 0.9859  0.9241
0.7020 0.9461 1,008 0.985¢  0.9237
0.7950 0.9367  0.9978 0.9763  0.9152
0.8600 0.9331  0.9940 0.9730  0.9121
1.0000 23.10
Ar-NH, 353.2 0.0000 11.98
[134]) 0.0530 1.017 1111 1.062  1.021
0.1840 0.9696  1.080 1.010  0.9714
0.2780 0.9703  1.061 1.011  0.9721
0.3810 0.9646 1.054 1.005  0.9662
0.4910 0.95%9  1.043 0.9934  0.9555
0.5940 0.9472  1.035 0.9868  0.9491
0.6840 0.9425  1.030 0.9822  0.9447
0.8600 0.9392  1.027 0.9794  0.9420
1.0000 25,71
Ar-S0, 298.2 0.0000 22.45
[£5] 0.1910 0.5862  1.602 0.6127  1.560
0.2500 0.5839 1,506 0.6104 1.55¢
0.3140 0.5893  1.611 0.6161  1.569
0.4040 0.5018 1.618 0.6188 1.576
0.5000 0.5918 1.618 0.6189  1.576
0.6120 0.5991  1.638 0.6265 1.595
0.7200 0.6012 1.643 0.6287  1.601
. 0.8300 0.6159 1.683 0.6436 1.639
‘ 0.9540 0.6868 1,877 0.7152  1.821
1.0000 13.17
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF Wij ON |
DIFFERENT SCHEMES OF COMPUTATION (continued) ;
Gas Pair Temp. Mole Fraction First Method Secand Metiod Visoosity 1
{Reference) (K) Component Wy Wy Wy %, (Nsm?x10~¥%) ,
Ar-s0, 308.2 0.0000 23.10
1351 0.0240 0.5374  1.489 0.5602 1,456
0.1500 0.5189  1.447 0.5414  1.407
0.2540 0.5124  1.420 0.5352  1.391
0. 3620 0.5166  1.441 0.5403  1.404
0.4640 0.5088  1.419 0.5327  1.384
0.5810 0.4958  1.383 0.5198 1,351
0.6660 0.4871  1.358 0.5113  1.329
0.7620 0.4751  1.325 0.4993 1,298
0.8720 0.4373  1.220 0.4610 1.198
0.8930 0.4228 1.179 0.4461 1.158
1.0000 13.28
Ar-80, 353.2 0.0000 25.71
{35) 0.0430 0.4984 1.9 0.5181 1,306
0.1630 0.5192 1.405 0.5413  1.365
0.2640 0.5162  1.397 0.5389  1.358
0.3870 0.5116 .38 0.5349  1.49
0.4830 0.5074 .74 0.5311 1.3
0.5860 0.4978  1.348 0.5218 1,316
0.6870 0.4896  1.325 0.5138  1.206
0.7810 0.49016 1.331 0.5163 1,302
0.8850 0.4838  1.310 0.5088  1.283
0.9200 0.4671  1.264 0.4918  1.240
1.0000 15.23
CgHg-CyHyp 298,2 0.0000 605. 90
(’ Liquid) 0.0967 1,582 1.188 1. 591 1.182
[355] 0.2186 1,598 1.201 1.607 1.194 )
0.3530 1,596 1.198 1.603 1.101 :
0.5126 1.599 1.202 1.607 1.194
0.6636 1,598 1.201 1.605 1.192
0.7826 1,618 1.216 1. 624 1.207
0.8718 1.662 1.248 1.667 1.239
1.0000 869.00
CeHy- 298.2 0.0000 605. 30
CHy(CH,) .CHy 0.1189 0,9164  2.03% 0.9266  2.029
(Liquid) 0.27684 0.9296  2.066 €,93903  2.057
[355) 0.4296 0.8862 1.969 0.8948  1.960
0.5950 0.8681  1.929 0.8761  1.919
0.7335 0.8536  1.897 0.8611  1.886 i
0.8719 0.8231  1.829 0.8303 1.818
1.0000 300. 80
CgHg-OMCTS 291.2 0.0000 670. %0
( Liquid) 0.0881 1.518 1.533 1.626 1,344
(360] 0, 3511 1.450 1.464 1.524 1.260
0.5997 1.445 1.460 1.501 1.241 ,
0.7738 1,442 1.456 1.488 1,230
0.8529 1.438 1.450 1.478 1.222
0.9369 1.433 1.447 1.471 1.218
1.0000 2520. 00
CqHg-OMCTS 208.2 0. 0000 602, 40
(Liquid) 0.0341 1.477 1.543 1.590 1.369
{360) 0.0609 1,451 1.516 1. 555 1.330
0.1407 1.426 1.489 1.519 1.299
0.2235 1.410 1.472 1.483 1.277
0.2938 1.403 1.466 1.481 1.266
0,3751 1.992 1.454 1.462 1.250
0.4689 1,994 1.456 1.457 1.248
0.6211 1,391 1.462 1.445  1.236
0.6777 1,392 1.454 1. 444 1.234
0.7510 1,348 1.409 1,296 1,194
0.8434 1,407 1.469 1.460 1.240
0.8783 1,397 1.459 1.439 1,230
0.9028 1.427 1.490 1.4687 1.254
0.9201 1,390 1.452 1.430 1.222
1.0000 2190.00
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TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Patr Temp. ﬁg"um“ First Method Second Method Viscosity
[Reference] (K) Component Ve " Wy 1 (N s m~%x10-%)
CqH~OMCTS 308.2 0. 0000 523. 50
( Liquid) 0.0886 1.349  1.485 1.442 1.300
(360} 0.3517 1.322 1.456 1.392 1.254
0.6020 1.323 1.456 1.378 1.241
0.7741 1.306 1,437 1.353  1.219
0.8544 1.330  1.463 1.373  1.237
0.9373 1.324  1.458 1.364  1.229
1.0000 1806. 00
C¢H-OMCTS 318.2 0.0000 460. 30
{Liquid) 0.0888 1.300  1.502 1.383  L.316
{360) 0.3526 1.250 1.45¢ 1.327  1.254
, 0.6036 1.262  1.457 1.317 1244
0.7763 1.263  1.458 1.310  1.238
0.8562 1.256  1.450 1.300  1.229 _
0.9134 1170 1.351 1.213  1.146
1.0000 1514.00
COy-Hy 300.0 0.0000 8.91
[234] 0.1112 0.2067 2.679 0.2373  1.946
1 0.2150 0.2024 2.636 0.2394  1.964
0.4054 0.1988  2.590 0.2432  1.995
0.5871 0.1951 2.541 0.2440  2.002
0.8006 0.1984  2.585 0.2514  2.063
0.8821 0.1892  2.465 0.2431 1,994
1.0000 14.93
COy-H, 400.0 0.0000 10.81
[234] 0.1112 0.2163  2.626 0.2478 1.895
0.2150 0.2169 2.633 0.2545 1,945
0.4054 0.2111  2.562 0.255¢ 1.952
0.5871 0.2072  2.515 0.2561 1.958
0.8006 0.2084  2.529 0.2614 1.998
0.8821 0.1977  2.399 0.2516 1.923
1.0000 19.44
CO,- 500.0 0.0000 12.56
[234] 0.1112 0.2261  2.634 0.2583  1.896
0.2150 0.2242 2.613 0.2618 1,921
0.4054 0.2191  2.563 0.2635 1.833
0.5871 0.2142  2.496 0.2631 1,930
0., 8006 0.2043  2.381 0.2570 1.886
0.8821 0.1998  2.328 0.2536  1.861
1.0000 23.53
COy-H, 550.0 0.0000 13.41
[234] 0.1112 0.2314  2.650 0.2643  1.806
0.2150 0.2289  2.621 0.2668 1,924
0.4054 0.2076  2.378 0.2502 1.805
0.5871 0.2201  2.520 0.2691  1.941
0.8008 0.2217  2.540 0.2748 1,982
0.8821 0.2144 2.456 0.2686 1,937
1.0000 25.56
COy-N, 297.7 0.0000 17.80
1337) 0.2260 0.7307 1.363 0.7581 1.321
0.2770 0.7236  1.350 0.7506  1.308
0. 3260 0.7285 1.359 0.7558 1.317
0.5800 0.7188 1.341 0.7458  1.300
0.7500 0.7114 1,827 0.738¢  1.287
0.8000 0.7591 1.416 0.7868 1.371
1.0000 14.99
CO-N,0 200.0 0.0000 14.93
' 234 0.1087 0.9806  0,9929 0.9806  0.9929
: 0.1903 1,003 1,008 1.003  1.008
0.3967 0.9927  0.9961 0.9927  0.9961
. 0.5976 0.9928  0.9962 0.9928  0.9962
[ 1.0000 14.88
i
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TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. ﬁ&ﬁﬂm“ First Method Second Method Viscosity
[Reference] (K) C Wy %, W L' (N s m2x10~%)
€O-N,O 400.0 0.0000 19.44
(234 0.1087 0.9968  0.9974 0.9968  0,9974
0.1903 1.004  1.008 1.004  1.005
0.3967 0.9920  0.9934 0.9929  0.9934
0.5976 0.9827  0.9933 0.9927  0.9933
0.8003 0.8920  0.9926 0.9920  0.9926
1.0000 19.43
CO-N;O 500.0 0.0000 23,53
(334] 0.1087 0.9800  0.9892 0.9900  0.9892
. 0.1903 0.9940  0.9933 0.9940  0.9933
0.3967 0.9905  0.9897 0.9905  0.9897
0.5976 0.9903  0.9901 0.9909  0.2901
0.8003 0.9972  0.9964 0.9972  0.9964
1.0000 23.55
CO-N,0 550.0 0.0000 25,65
) 1234) 0.1087 1.016  1.020 1.006  1.020
\ 0.1903 1013 1.017 1.018  1.017
. 0.3967 0.9856  0.9996 0.9956  0.9996
0.5976 0.8956  0.9996 0.9956  0.9986
0.8003 1.000  1.004 1.000  1.004
1.0000 25,55
cop- 300.0 0.0000 20.80
1337) 0.1950 0.7674  1.464 0.7895  1.436
0.3060 0.723  1.382 0.7443  1.354
0.3300 0.7189  1.372 0.7392  1.345
b 0.5600 0.6722  1.283 0.6914 1,258
0.7100 0.6820 1.321 0.7119  1.295
0.8000 0.7131  1.361 0.7333  1.334
0.9170 0.6989  1.3% 0.7191  1.308
1.0000 14.99
COy-CyHy 300.0 0.0000 14.93
(234 0.2117 0.7177  1.314 0.7179  L.314
0.4224 0.7173 1.313 0.7174 1.313
0.5975 0.715 1.311 0.7160 1.311
0.8106 0.716¢  1.810 0.7165  1.310
: 1.0000 8.17
, CO,-CyHy 400.0 0.0000 19.44
! (204 0.2117 0.7182  1.307 0.7184  1.307
0.4224 0.7188  1.308 0.710  1.308
0.5975 0.7173  1.306 0.7174  1.308
0.8106 0.7144  1.301 0.7146  1.300
1.0000 10.70
COy-CyHy 500.0 0.0000 23.53
lzad 0.2117 0.7273 1.311 0.7275 1.311
0.4224 0.7282  1.813 0.7283 1.312
0.5975 0.7332  1.322 0.7333  1.321
0.8106 0.7479 1,348 0.7481 1.348
1.0000 13.08
COy-CyHy 550.0 0.0000 25,56
(234 0.2117 0.7342  1.322 0.7344  1.322
' 4224 0.7335  1.321 0.73%  1.321
0.5975 0.7335 1.321 0.7336  1.321
0.8108 0.7293 1.313 0.7204 1.318
‘ 1.0000 .22
: CO-CyH, 300.0 0.0000 17.76
(227 0.2632 0.7448  1.282 0.7447  1.282
0.4354 0.7624 1.313 0.7625 1.313
i 0.8062 0.7897  1.380 0.7898  1.360
‘ | 1.0000 10.33
{
1
i
|
I
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Theory, Estimation, and Measurement 59
TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥ ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp, Male Fraction First Method Second Method Visconity
[Reference] (K) Component W %, Wz S, (N sm=2x10%)
CO-CyH, 400.0 0.0000 21.83
(2 0.2632 0.3555  2.011 0.3986  1.870
0.4354 0.3605  2.039 0.4061  1.906
0.8062 0.3667 2.074 0.4152 1,948
1.0000 13.42
CO-C,H, 500.0 0.0000 25.48
1227 0.2632 0.7817  1.230 0.7818  1.230
0.4354 0.7932 1.248 0.7933  1.248
0. 8062 0.8129  1.279 0.8130 1,279
1.0000 16.22
CO-CyH, 550.0 0.0000 27.14
(227 0.2632 0.7906  1.226 0.7907 1.226
0.4354 0.805¢  1.249 0.8055 1.249
0.8062 0.8144 1.263 0.8145 1.263
1.0000 17.53
CO-H, 293.3 0.0000 8.84
1327} 0.1190 0.3210  2.230 0.3596 1,683
0.1910 0.3212  2.231 0.3628  1.698
0.2740 0.3159  2.194 0.3596 1.683
0.3880 0.3088  2.145 0.3552 1.663
0.4940 0.3081 2.140 0.3573 1.673
0.6130 0.3046  2.116 0.3564  1.668
1.0000 17.68
CO-N, 300.0 0.0000 17.76
1227 0.1629 1.007  1.004 1.007  1.004
0,3432 1.005  1.002 1.005  1.002
1 0.6030 0.9980  0.9963 0.9990  0.9963
i 0.8154 0.9978  0.9951 0.9978  0.9951
] 1.0000 17.81
CO-N, 400.0 0.0000 21.83
{2271 0.1629 1.002  0.9987 1.002  0.9987
0.3432 0.9959  0.9928 0.9959  0.9928
0.6030 1.006  1.002 1.006  1.002
0.8154 1.006  1.003 1.006  1.003
1.0000 21.90
CO-N, 500.0 0.0000 25.48
[227) 0.1629 1.001  0.9962 1.001  0.9862
0.3432 1.005 1,000 1.005 1,000
0.6030 1.000  0.9956 1.000  0.9954
0.8154 0.9994  0.9948 0.9994  0.9948
1.0000 25.80
CO-N, 550.0 0. 0000 27.14
1227 0.1629 0.9984  0,9938 0.9985  0.9938
0.3432 0.9994  0.9948 0.9995  0.9948
0.6030 1.005  0.9998 1.005  0.9998
0.8154 1.007 1,002 1.007  1.002
1.0000 27.27
CO-0y 300,0 0.0000 17.76
{227 0.2337 1.007  0.9938 1.017  0.9830
0.4201 1.000  0,9863 1.009  0.9758
0.7738 0.9894  0,9858 1.009  0.9753
1.0000 20.57
CO-0y 400.0 0.0000 21.83
1227 0.2337 1.020  0,9901 1.020  0.9798
0.4201 1.016  0.9858 1.024  0.9752
0.7733 1.012  0.9828 1.021  0.9723
1.0000 26.68
i
¢
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TABLE 1. COMPQOSITION AND TEMPERATURE DEPENDENCE OF W“ O

DIFFERENT SCHEMES OF COMPUTATION (continued)

N

Gas Pair Temp. E$°Hm“ First Method Second Method Viscosity
[Reference} (K) Component s W%y W Wy (N sm¥x10%)
CO-0y 500.0 0.0000 25.48
f227] 0.2337 1,024  0.9884 1.034  0.9777
0.4201 1.020  0.9837 1.028  0.9731
0.7733 1.019  0.9835 1,029  0.9729
1.0000 30,17
CCL-OMCTS 291.2 0.0000 1001.00
(Liquid) 0.1780 1.112  0.8515 1,142 0,7927
{360} 0.3227 1.143  0.8752 1.175  0.8155
0.5718 1,171 0.8970 1,204  0.8358
0.7258 1.183  0.9063 1.216  0.8443
0.8618 1.185  0.8074 1.218  0.8451
0.9815 1,142 0.8749 1,175 0.8157
1.0000 2520.00
CCL-OMCTS 298,2 0,0000 901.00
( Liquid) 0.1089 1.058  0.8382 1.086  0,7808
[360} 0.1965 1.102  0.8743 1.133  0.8147
0.2890 1.120  0.8886 1,153 0.8285
0.4288 1,138  0.9034 1.172  0.8425
0.5841 1.156  0.9171 1.190  0.8552
0.6590 1.158  0.9187 1,192 0.8566
0.8443 1,172 0,9296 1.206  0.8662
0.9264 1.179  0.9352 1212 0.8711
0.9773 1.27  1.014 1.310  0.9420
1.0000 2190.00
CCL-OMCTS 308.2 0.0000 781.00
(Liquid) 0.1756 1.047  0.8727 1.076  0.8134
[360) 0.3239 1.079  0.8988 1.111  0.8397
0.5732 1,108  0.9226 1.140  0.8613
0,7200 1.129  0.9418 1,163 0.8789
0.8636 1.125  0,9383 1.159  (.8758
0.9817 1,084  0.9041 1,118 0.8447
1.0000 1806. 00
i CCL-OMCTS 318.2 0.0000 686, 60
(Liquid) 0.1779 1,009 0.8820 1.038  0.8228
: (360] 0.3249 1.041  0.9105 1.073  0.8503
' 0.5816 1,082  0.9460 1.116  0.8840
' 0.7307 1.094  0.9565 1.128  0.8936
i 0.8652 1113 0.9733 1.147  0.9087
0.9821 1,074 0.9392 1.108  0.8779
1.0000 1514. 00
CF,-SF, 303.1 0.0000 17.67
[339) 0.2460 0.8117 1,497 0.8461  1.446
0. 5090 0.7815  1.441 0.8131 1,390
0.7430 0.7738 1,427 0.8045 1.375
1,0000 15,90
‘ CF(-8F, 313.1 0.0000 18.17
[339] 0.2460 0.8120  1.488 0.8473  1.447
0. 5080 0.7830  1.445 0.8156  1.393
0.7430 0.7727  1.424 0.8034 1.372
1.0000 16,36
! CF(-SF, 329.1 0,0000 18,94
[339] 0.2460 0.8149 1,501 0.8495  1.461
0.5090 0.7838  0.444 0.8154 1.392
0.7430 0.7719 1,422 0.8028 1.371
1.0000 17.06
L - CF¢-8F, 342.0 0.0000 19,57
; [339] 0,2460 0.8144 1,504 0.8490  1.453
0. 5090 0.7798  1.440 0.8113  1.388
v, 7430 0.7713  1.424 0.8019  1.372
1.0000 17.50

3
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF VI“ ON

DIFFERENT SCHEMES OF COMPUTATION {continued)

Gas Pair Temp. M:“"Hm“ First Method Second Method Viscosity
[Reference] (K) P : Vg Wy %, (Nsm2x10-%)

Cg-Hya- 298.2 0.0000 869,00
cn,(c':H.J «CHy 0,0966 0.7736  2.288 0.7758 2,287
(Liquid) 0.2480 0.7637  2.259 0.7658 2,257
1355) 0.4127 0.7513 2,222 0.7583  2.220
0,5502 0.7410 2,192 0.7428  2.190
0.7258 0.7218 2,135 0.7235 2.133
0,8286 0.7079  2.084 0.7096  2.092

1.0000 300, B0

Dy-Hy 14.4 0.0000 0.79
(1791 0.2690 0.8117 1,272 0.8496  1.202
0. 5040 0.8126 1.274 0.8502  1.203
0.7600 0.8493 1,331 0.8872 1,255

1.0000 1,00

Dy- 20.4 0.0000 1.08
179, 0.3340 0.8020 1,254 0.8392 1.184
0.6770 0.7995 1,250 0.8366  1.181

1.0000 1.37

Dy-H,y 7.5 0.0000 3.24
1179) 0.2480 0.8316  1.204 0.9683  1.134
0.5020 0.8301 1,202 0.8669 1.133
0.7490 0.8430 1,220 0.8801  1.150

1.0000 4.44

Dy-| 90.1 0.0000 3.86
1179] 0.2620 0.8284  1.192 0.8658  1.123
0.5020 0.8285 1.191 0.8651 1.122
0.7450 0.8361 1,201 0.8730  1.132

1.0000 5.33

m-Hf 196.0 0.0000 6.75
[179 0.2510 0.8327 1,191 0.8691  1.122
0.4970 0.8347 1,184 0.8714  1.125
0.7530 0.8355 1,195 0.8724  1.126

1.0000 9.36

Dy-H, 229.0 0.0000 7.57
[179] 0.2480 0.8335 1,200 0.8703  1.131
0. 5050 0.8322  1.198 0.8690 1.129
0.7550 0.8448 1.217 0.8819  1.146

1.0000 10.43

D,-Hf 203.1 0.0000 8.86
(179! 0,2460 0.8336 1.191 0.8701  1.122
0.5070 0.8382 1,108 0.8761  1.130
0.7530 0.8363 1.195 0.8732  1.126

1.0000 12.30

Dy-HD 14.4 0.0000 0.91
[179] 0.2610 0.8380 1.086 0.9164  1.062
0.4970 0.8848 1.070 0.9028  1.048
0.7180 0.8761 1,059 0.8944 1.036

1.0000 1.00

Dy-HD 20.4 0.0000 1.27
179) 0.2420 0.9074 1.086 0,258  1.082
0.5030 0.9189 1,100 0.9377 1.075
0.7510 0.9092 1.088 0.9278  1.064

1.0000 1.41

Dy-HD 7t.8 0.0000 3.93
{179] 0.2540 0.9362 1.081 0.9562  1.067
0.8070 0.8348 1,090 0,959 1,085
0.7550 0.9342 1,089 0.9520  1.065

1.0000 4.48
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION {continued)
Gas Pair Temp. ﬁ:}eﬂi“‘:"’:‘:“ First Method Second Method Viscosity
[Reference) (K) C ot W 1 Wy By (N e m<x10-%)
Dy-HD 90.1 0.0000 4.74
11791 0.2380 0.9280 1.084 0.8478 1,058
0.4920 0.9286  1.083 0.9473  1.059
0.7480 0.9227 1.076 0.9414  1.052
1.0000 5.40
Dy-HD 196.0 0.0000 8,22
f178) 0.2490 0.9306  1.081 0.9493  1.057
0. 5000 0.9281  1.079 0.9468 1.054
0.7500 0.9280  1.078 0.9467 1.054
1.0000 9.40
~HD 229.0 0.0000 9.10
1179) 0.2480 0.9316  1.075 0.9502 1.051
0.4850 0.9324  1.076 0.9511 1,052
0.7550 0.9309  1.074 0.9495  1.050
1.0000 10.48
-HD 293.1 0.0000 10.75
{179] 0.2580 0.9375  1.080 0.9563  1.056
0.5080 0.9347  1.077 0.953¢  1.053
0.7360 0.9310  1.073 0.8486 1,048
1.0000 12.40
CyHe-H, 293.0 0.0000 8.76
f229] 0.1485 0.2067  2.971 0.2490  2.386
0.5500 0.1912  2.748 0.2422  2.321
1.0000 9.09
CyHg-Hy 373.0 0.0000 10.33
{2301 0.1485 0.2186  2.949 0.2617 2.354
0.5500 0.2087  2.816 0.2610 2,348
1.0000 11.42
C;Hg-H, 473.0 0.0000 ¢ 12.13
f230) 0.1485 0.2286  2.936 0.2725  2.333
0.5500 0.2197  2.821 0.2726  2.333
1.0000 14.08
Hy-H, 523.0 0.0000 12.96
f29) 0.1485 0.2322 2,942 0.2766 2,336
0.5500 0,2223  2.816 0.2762 2,324
1, 0000 15.26
CyHy-CH, 293.0 0.0000 10.87
1229] 0.1884 0.6504 1.478 0.6940 1.416
0.5126 0.6570  1.473 0.6917  1.411
0.8087 0.6543  1.466 0.6802  1.408
1.0000 9.09
CyHe-CH, 373.0 0.0000 13.31
1229] 0.1884 0.6690  1.462 0.7037 1,399
0.5126 0.6652  1.463 0.6999 1,391
0.8007 0.6627 1.448 0.6876 1,387
1.0000 11.42
CyH¢-CH, 473.0 0.0000 16.03
(229) 0.1884 0.6751  1.440 0.7086  1.377
0.5126 0.6740  1.439 0.7097 1.877
0. 8087 0.6733  1.436 0.7083  1.374
1.0000 14.08
C;Hq-CH, 523.0 0.0000 17.26
1229] 0.1884 0.6789  1.438 0.7136  1.376
0.5126 0.6788  1.438 0.7136 1,376
0.8087 0.6768  1.432 0.7100  1.371
1.0000 15.26
) . i e
—— K X T ~




. m— e P s W ke W ed 2% cemsermeme - - - .- .- - ,

Theory, Estimatior, and Measurement  63a - '

TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF Wu ON
DIFFERENT SCHEMES OF COMPUTATION (continued)

Gas Pair Temp. Mo fraction First Method Second Method Viscosity
[Reference] (K) C or Wy ™ ¥, gy (N s m=3x10-4) !
omponent
CaHy-CyH, 293.0 0.0000 9.09
1229) 0.5673 0.77%  1.290 0.7995  1.256
0.7437 0.7687 1.271 0.7876  1.238
0.8474 0.7719  1.285 0.7959  1.251
1.0000 8.01
CaH,-CyH, 373.0 0.0000 11.42
1229] 0.5673 0.7755 1.288 0.7996  1.25¢
: 0.7437 0.7688  1.279 0.7939 1,245
0.8474 0.7739  1.286 0.7979  1.252
1.0000 10,08
CaHg-CyH, 473.0 0.0000 14.09
[229] 0.5673 0.7764  1.280 0.8004 1.246
0.7437 0.7580  1.250 0.7817 1,217
0.8474 0.7792  1.285 0.8033 1.251
1.0000 12.53
. CaM-CyH, 523,0 0.0000 15.26
1229] 0.5673 0.7797  1.280 0.8037  1.246
; 0.7437 0.7749  1.272 0.7988  1.238
0.8474 0.7832  1.286 0.8072 . 1.251
1.0000 13.63
H,-H, 195.2 0.0000 8.70
230} 0.2501 0.222¢  2.888 0.2696  2.35%
0.5087 0.2176  2.825 0.2688  2.362
0.6444 0.2129 2.765 0.2668 2,334 |
0.8082 0.2276  2.936 0.2842 2,487 !
1.0000 7.18 }
! H,-H, 233,2 0.0000 7.40 |
i 230] 0.1638 0.2218 2.792 0.2646 2,244 w
0.2501 0.2268  2.985 0.2740  2.324 ‘
0.5129 0.2231  2.808 0.2757 2.338
0.6444 0.2206 2.776 0.2747 2,330
0.8082 0.2126  2.676 0.2681 2.274
1.0000 8.18
‘ clﬂ‘-ﬂ' 272.2 0.0000 8.30
i 230] 0.1638 0.2266 2.775 0.2695 2,224
‘ 0.2501 0.2248  2.753 0.2708  2.235
0.5129 0.2188  2.679 0.2706 2,232
0.6444 0.2169  2.656 0.2706 2,233
0.8082 0.2293  2.809 0.2868 2,358
1.0000 9.43
Crll.-H, 293.2 0.0000 8.73 .
230) 0.2160 0.2238  2.687 0.2678  2.166
0.6173 0.2204 2.646 0.2721  2.201
0.7033 0.2132 2,560 0.2673 2,162
©.8107 0.2005 2.514 0.2646 2,140
1.0000 10.12
H,-H, 328,2 0.0000 9.43
230} 0.2100 0.2279  2.686 0.2716 2,140
| 0.5173 0.2268  2.640 0.2777 2,188
| 0.7033 0.2162  2.517 0.2602 2,121
! 0.8107 0.2087  2.406 0.2605 2,052
‘ 1.0000 11.22
H,-H, 373.2 0.0000 10.30
230} 0.2114 0.2335  2.648 0.2774 2,119
0.5173 0.2306 2.618 0.2827 2,150
0.7033 0.2276  2.681 0.2823 2,187
0.8107 0.2101  2.484 0.2746  2.098 ‘
1.0000 12.64
) T — e —_—
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TABLE 1, COMPOSITION AND TEMPERATURE DEPENDENCE OF Wu ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. M:l‘eﬂmon First Method d Method Viscosity
[Reference] (K) Component e %, Wi Yoy (N sm2x107%)
H,-H, 423.2 0,0000 11,23
230] 0.2114 0.2358 2.617 0.2795  2.090
0.5197 0.2282 2.533 0.2797 2.091
0.7201 0.2299  2.551 0.2848 2.130
0.8043 0.2287 2.539 0.3847 2.128
1.0000 14.08
C,H-H, 473.2 0.0000 12.11
fzaol 0.2114 0.2397 2.611 0.2836  2.081
0.5197 0.2371  2.583 0.2893 2.123
0.7201 0.2379  2.592 0.2832 2.152
0.8043 0.2356  2.566 0.2918  2.142
1.0000 15.47
H-Hy 523.2 0.0000 12.84
230) 0.2114 0.2487  2.664 0.2938 2.120
0.5116 0.2443  2.617 0.2967  2.141
0.7201 0.2474  2.651 0.3032  2.188
0.8043 0.2479 2,655 0.3046 2.198
1.0000 16.81
H-N, 300.0 0.0000 17.81
227) 0.2405 0.7445 1,286 0.7446 1.285
0.5695 0.7588 1.310 0.7950 1.310
0.7621 0.7744 1.337 0.7745 1.337
1.0000 10.33
CH-N, 400.0 0.0000 21.90
{227] 0.2405 0.7751 1.261 0.7752 1.261
0.5695 0.7800 1.285 0.7901 1.285
0.7621 0.8164 1.328 0.8165 1.328
1.0000 13.48
H,-Ny 500.0 0.0000 25.60
227] 04,2405 0.7983 1.258 0.7964 1.258
0.5695 0.8046 1.272 0.8047 1.272
0.7621 0.8229 1. 301 0.8230 1.301
1.0000 16.22
H-N, 550.0 0.0000 27,27
2271 0.2405 0.7995 1.246 0.7996 1.245
0.5695 0.8107 1.263 0.8108 1.263
0.7621 0.8318 1.206 0.8320 1.206
1.0000 17.53
H,-Oy 203.0 0.0000 10.10
227] 0.2297 1.316 0.7508 1.324 0.7412
0.5865 1,327 0.7572 1.336 0.7473
0.8694 1,318 0.7511 1.325 0.7413
1.0000 20.19
crﬂ.-u, 323.0 0,0000 11.07
227] 0.2297 1.308 0.7672 0.317 0.7474
0.5885 1.323 0.7659 1.332 0.7589
0.8694 1,314 0.7608 1.323 0.7509
1.0000 21.81
Ctll‘-q 373.0 0.0000 12.62
227) 0.2207 1,304 0.7712 1.312 0.7613
0.5886 1.310 0. 7749 1.319 0.7649
0.8694 1.207 0.7672 1.308 0,7573
1.0000 24.33

j

r——-——"* ——




..

D R e Lie mmcsm———— e e

Theory, Estimation, and Measurement 65a

TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF Wu ON
DIFFERENT SCHEMES OF COMPUTATION (continued)

— Mole Fraction

Gas Pair Temp. of Heavier First Method Second Method Viscosity
[Reference) (K) c nent W, oy W2 Vo, (N s m2x10-%)
CHy(CH,) ;CH,- 303.2 0.0000 4.79 '
(CHy);CHCH,C 0. 1550 0.6812  1.339 0 7264 1.188
(CHy)s 0.3658 0.6801  1.337 0.7270  1.189
[354] 0.4830 0.6656 1.308 0.7125 1.166
0.6992 0.6521  1.282 0.7006 1.146
0. 8841 0.6127  1.204 0.6630 1,085
1.0000 8.29
CHy(CH,) (CH,- 323.2 0.0000 5.13
(CHy),CHCH;C 0,1550 0.7162  1.418 0.7661  1.263
(CHy) s 0.3658 0.6906  1.368 0,738  1.217
[354] - 0.4830 0.6511  1.289 0.6973  1.149
0.6992 0.6351 1.258 0.6832 1.126
0.8941 0.6235 1.235 0.6739  1.111
1.0000 8.82
CHg(CH,) {CHy~ 333,2 0.0000 . 5.32
(CHg) CHCH,C 0.4830 0.6623 1.331 0.7096  1.187
(CHg) 1.0000 9.01
[354]
Hy-HD 14.4 0.0000 0.79
' [178] 0.2640 0.8522 1.142 0.8766 1.106
0.5010 0.8604 1.153 0,8852 1.117
0.7570 0,8382 1.119 0.8598  1.085
1. 0000 0.88
Hy-HD 20.4 0.0000 1,11
1781 0.2450 0.8649  1.147 0.8897 1.111
0, 5050 0.8768  1.163 0.9020 1,126 '
0.7540 0.8881 1,178 0.9133 1.140 !
1.0000 1.25 :
| Hy-HD 71.5 0, 0000 3.26
1791 0.2500 0.8985 1.107 0.9233 1,071 ’ '
0.4990 0.9020 1.11 0.2969 1.075
0.7480 0.9009 1.110 0.9267 1.074
1.0000 3.95
i Hy-HD 90.1 0.0000 3.92
[179) 0.2530 0.8888 1.095 0.9131 1,059
0.4990 0.8991 1.108 0.9239  1.072
0.7410 0.9131 1,125 0.9381  1.088
1.0000 4.75
’ Hy-HD 196.0 0.0000 6.70
[179] 0.2360 0,1082 17.90 0.1462  10.92
0.4960 0.1335 22,00 0.1671  12.48
0.7460 0.1645 27.23 0.1935 14.45 -
1, 0000 8.16
Hy-HD 229.0 0.0000 7.45
[178] 0.1860 0.8916 1.090 0.8158 1,054
) 0.4870 0.9048 1.106 0.9206  1.070
! 0.7480 0.9029  1.104 0.9277  1.068 .
1.0000 9.10
Hy-HD 203.1 0.0000 8.83
[178] 0.2410 0.9080 1.121 0.9340 1,085
Cos 0.4980 0.9014 1,112 0.9263  1.076
T 0.7980 0.9457 1.166 0.9709 1.128
- 1.0000 10.69 .
~CH, 293.0 0,0000 8.76
229] 0.0777 0.3411  2.187 0.3855 1.811
0.3978 0.3331 2.136 0.3849 1.808
0.5148 0.3%090 2.122 0.3847  1.807
0.7102 0.3306 2.120 0.3878 1.819
1.0000 10.87 P :
i
" i
A -
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TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Patr Temp. M:}‘;;:fg"“ First Method Second Method Viscosity
[Reference] (K) Co ent L . ¥y Yy (Nsm<x10-%)

Hy-HC, 293.2 0.0000 9.24
83 0.2083 0.3483  2.276 0.3990 1.910
0.3909 0.3713 2,427 0.4280  2.049
0.4904 0.3530 2,307 0.4088  1.958
0.6805 0.3484 2,284 0.4069 1.948

1.0000 11.25

H,-HC, 333.2 0.0000 10.08
1) 0.2083 0.3586 2.292 0.4102  1.921
0.3909 0.3745 2,394 0.4310  2.018
0.4909 0.3546 2,267 0.4101  1.920
0.6805 0.M85 2.228 0.4056  1.899

1.0000 12.55

H,-HC, 373.0 0.0000 10.33
(229] 0.0771 0.3501  2.162 0.3047  1.786
0. 3978 0.343¢ 2,121 0.3955  1.789
0.5145 0.3400  2.100 0.3938  1.782
0.7192 0.3400  2.100 0.3968  1.795

1.0000 13.81

] H,-HC, 373.2 0.0000 10.90
; t1 0.2083 0.3569  2.244 0,4076  1.877
0.3909 0.3704  2.328 0.4260  1.962
0.4909 0.3519  2.212 0.4068  1.873
0.8805 0.3467 2,179 0.4036 1.858

1.0000 13.80

H,-CH, 473.0 0.0000 12.13
(229] 0.0777 0.3527 2.124 0.3966  1.750
0.3978 0.8521  2.120 0.4045  1.784
0.5145 0.3457  2.082 0.3996  1.763
i 0.7182 0.3477  2.094 0.4046  1.785

1.0000 16.03

H{-cﬂ. 523.0 0.0000 12.96
229] 0.0777 0.3610  2.158 0.4066 1,781
0.3978 0.3548  2.121 0.4073  1.784
: 0.5146 0.3503  2.084 0.4044 1.7T1
; 0.7192 0.3534 2.113 0.4104 1.798

1.0000 17.26

; Hy-NO 273.2 0.0000 8.49
‘ 1340} 0.1975 0.2780  1.955 0.3118  1.462
: 0.2299 0.2844 2,000 0,3208 1,506
0.2835 0.3083 2.168 0.3507  1.645
0,4508 0.3178 2,285 0.3662  1.717
0.7045 0.3176 2,233 0.3709  1.740
0.8503 0.3486 2,451 0.4037  1.803

1.0000 17,57

Hy-NO 2032 0.0000 8.88
‘ 1334) 0.0510 0.3220 2,287 0.3577  1.694
0.1002 0.3213 2,282 0.392  1.701
f 0.1489 0.3180 2,286 0.3585 1,698
: 0.1931 0.3060 2,173 0.3448  1.633
0.2500 0.3204 2,275 0.3837 1.723
0.2044 0.3188 2,263 0.3631 1.720
‘ 0.3425 0.3078 2,186 0.3524 1.869
: 0.3926 0.3202 2,274 0.3677  1.742
; 0.4423 0.3150 2,297 0.3632  1.730
0.4891 0.3197  2.270 0.3693 1,749
0.5393 0.3104 2,204 0.3606 1,707
y 0.6204 0.3269 2,922 0.3793 1,797
{ 0.6416 0.3128 2,219 0.9647 1.728
X 0. 6900 0.3246 2,306 0.3780 1,790
: 0.7483 0.3077 2,185 0.8816 1,713
0.7932 0.3307 32,349 0.3855 1.826
0.9430 0.2607 1.851 0.3187 1,496
0. 8047 0.3298 2,208 0.3795 1.798
0.9524 0.2519 1,789 0.3091  1.464

1.0000 18.61
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TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥ ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. ng‘“nm"‘ First Method Second Method Viscosity
[Reference) (K) W Yoy Wy Wy (N s m-¥x10-%)

H,-Nf 82.2 0.0000 3.62
(252 0.1600 0.2666 2,466 0.3080 1.919
0.3510 0.2803 2,592 0.3304 2.059
0.4410 0.2823 2,610 0.334¢ 2,083
0.6200 0.2814  2.602 0.3%62  2.095
0.7580 0,2880 2.663 0.3445 2.147

1.0000 5.44

H.-Nf 90.2 0.0000 3.92
[252 0.1600 0.2939  2.459 0.3369 1,809
0.3510 0.2775  2.322 0.3244¢ 1.820
0.4410 0.2775  2.822 0.3269 1.843
0.6200 0.2056 - 2,473 0.3498 1.972
0.7580 0.2048  2.466 0.3507 1.978
0.8660 0.2993  2.504 0.3564  2.010

1,0000 6.51

H,-N], 281.1 0.0000 8.77
(252 0, 1600 0.3302  2.207 0.3724 1,746
0.4410 0.3227 2.244 0.3719  1.743
0.6200 0.3162 2,102 0.8676 1.723
0.7580 0.3614 2,444 0.4065 1.905
0.8660 0.2839 1,975 0.3401  1.564

1.0000 17.52

H,-Nf 201.1 0.0000 8.77
(262 0.1360 0.3250 2.268 0.365¢ 1.718
0.1600 0.3286  2.204 0.3707 1,743
0.1870 0.3228  2.250 0.3642 t.713
3 0.2960 0.3159  2.205 0.3605 . %
0.4000 0.3136  2.189 0.3610 1.698
0.4410 0.3188  2.232 6.3689 1,735
0.5170 0.3134 2.188 0.3837 1.711
0.6200 0.3107 2.168 0,3620  1.707
0.6600 0.3004  2.159 0.3620 1.707
4.750 0.3438  2.90¢ 0.3984  1.874
0, 8660 0.2711  1.892 0.3272 1.5%9

1.0000 17.46

H.,-Nf 201.2 0.0000 8.82
[252) 0.1360 0.3266 2,292 0.3676 1,739
0.1870 0.3235 2.2T1 0.3658 1.730
0.2960 0.3166 2,222 0.3615 1.710
0.4000 0.3141 2,205 0.3617 1.711
0.5170 0.3137 2,202 0.3641 1,722
0.6900 0.3096 2.172 0.3631 1.717

1,0000 17.46

H,-Nr 307.2 0.0000 8.07
[341 0,2000 0.3178  2.206 0.3500 1.680
0,3991 0.3151  2.188 0.3622 1,695
0.5100 0.3156  2.191 0.3657 1.711
0.5794 0,3185 2,211 0.3703 1.732
0.7877 0,321 2.243 0.3785 1.1M1

1,0000 18.16

H,-Nf 325.4 0.0000 9.94
[341] 0.2000 0.3395 2,458 0.3886 1.886
0.3991 0.3374 2.448 0,3882 1.8
0.5100 0.3827 2.408 0.3849  1.878
0,5794 0.3310 2,897 0.8842 1.874
0.7977 0.3401 2,462 0.3969 1.931

1.0000 19.09

»
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TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥ ON
DIFFERENT SCHEMES OF COMPUTATION (contimed)
Gas Pair Temp. Maje Fraction First Method Second Method Viscosity
[Reference] (K) c ot ¥y W Yoy (Nsm2x10-%)

HN, 373.2 0.0000 10.42
1301] 0.2000 0.3512  2.421 0.3982  1.850
0.3991 0.3332 2,297 0.3822  1.715
0.5100 0.3312  2.283 0.3823  1.776
0.5794 0.3282  2.262 0.3804  1.767
0.7977 0.3112  2.145 0.3664 1,702

1.0000 21.01

- 422,17 0.0000 11.49
(3a1l 0.2005 0.3618 2,511 0.4111  1.922
0.3988 0.3483 2.417 0.3991  1.886
0.4996 0.3576  2.343 0.3891 1.819
0.5988 0.3363  2.326 0.3882  1.815
0.8002 0.3465  2.404 0.4019 1.879

1.0000 23.01

- 478.2 0.0000 12.64
Baf . 0.2005 0.3799  2.641 0.4327  2.027
0.3988 0.3401 2,427 0.4000 1.874
0.4996 0.3498 2,432 0.4022 1.884
0.5988 0.3540  2.460 0.4077  1.810
0.8002 0.3547  2.465 0.4101  1.921

1.0000 25.27

Byl 300.0 0.0000 8.91
{234 0.2143 0.2108  2.756 0.2496  2.055
0.4039 0.2084  2.725 0.2540 2,091
0.6011 0.2080  2.791 0.2592 2.1

1.0000 14.88

Hy-10 400.0 0.0000 10.81
f2ad 0.2143 0.2250  2.733 0.2642 2,020
0.4039 0.2209  2.683 0.2663  2.037
0.6011 0.2220  2.697 0.2722  2.082

1.0000 19.43

Bl 500.0 0.0000 12.56
234 0.2143 0.2335  2.719 0.27128  2.000
0.4039 0.22965 2,672 0.2750  2.016
0.6011 0.2303 2.681 0.2804 2.056

1.0000 23.55

Hf—NﬁO 550.0 0.0000 13.41
3 0.2143 0.2371  2.717 0.2766  1.996
0.4039 0.2338  2.679 0.2793  2.016
0.6011 0.2343 2,685 0.2844 2,052

1.0000 25.56

- 203.2 0.0000 8.78
{334 0.0520 0.3561 2,445 0.3964  1.803
0.1000 0.3344 2,302 0.3724  1.694
0.1530 0.3207 2.270 0.3830 1.678
0.2080 0.32090 2,209 0.3505  1.640
0.2650 0.3163 2.178 0.3570 1.624
0.2780 0.2600  1.780 0.2937 1.336
0.3500 0.3054 2,103 0.348¢ 1.584
0.4060 0.2066 2,042 0.3408  1.548
0.4470 0.2076 2,049 0.3427 1.568
0.4930 0.2040  2.024 0.3402  1.547
0. 6430 0.2002  1.995 0.3376 1.5
0.5910 0.2711  1.908 0.3262  1.479
0.6510 0.2844  1.958 0.346  1.621
0.7000 0.2816  1.939 0.3320 1.514
0.7480 0.2701 1.822 0.3315 1,508
0.7950 0.2715  1.869 0.3240 1.478
0.8470 0.2711  1.866 0.3258  1.481
0. 6980 0.2586 1.750 0.3110 1.414
0.9560 0.2385 1.642 0.2952 1.3

1.0000 20,24

_- - - — .
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF \lru
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. Mg}"nza":fg?“ First Method Second Method Viscosity
[Reference) (K) Com, 2 'Y W by (Nsm=2x107%;

H,—of 293.6 0.0000 8.85
(327 0.1610 0.3094 2.131 0.3452 1,570
0.2730 0.3073 2.116 0.3475  1.580
0.3800 0.3096 2,132 0.3538  1.609
0.5270 0.3042 2,094 0.3521  1.601
0.6700 0.2949 2,031 0.345  1.573

1.0000 20.40

~Oy 297,37 0.2500 15.60
1337] 0.3670 0.2910  6.854 0.3506  4.937
0.5750 0.2932  6.926 0.3473 4,890
0.6500 0.2824  6.671 0.3350  4.717
0.7450 0.3064 7,239 0.3570  5.026
0.8170 0.3696 8,731 0.4t * 5,862

1.0000 20.80

H,—(? 300.0 0.0000 8.89
{227] 0.2192 0.3278 2,248 0.3689  1.672
0.3970 0.3030 2.079 0.3469 1,572
. 0.6055 0.3064 2,102 0.3563 1.615
0.8165 0.2935 2,013 0.3475  1.575

1.0000 20,57

H,-c? 400.0 0.0000 10.87
[227 0.2192 0.3272 2,198 0.3674 1.630
0.3970 0.3147 2,114 0.3592  1.594
0.6055 ¢.3182  2.138 0.3682 1.634
0.8165 0.3095  2.080 0.3635 1.613

1.0000 25.68

Hy-0y 500.0 0.0000 12.59
12271 0.2192 0.3320  2.205 0.3734 1.634
0.3970 0.3199 2.119 0.3645 1.595
0.6055 0.3212 2,128 0.3712  1.624
0,8165 0.3045 2.017 0.3583  1.568

1.0000 30.17

- 550.0 0.0000 13.81
227 0.2192 0.3416 2,326 0.3847 1.730
0.3870 0.3204  2.181 0.3658  1.645
0.6055 0.3220  2.192 0.3725 1.675
0.8165 0.30632 2,085 0.3603  1.620

1.0000 32.20

~CyHy 273.2 0.0000 8.60
340) 0.0313 0.1583  0.3960 0.1842 3,058
0.0785 0.1434  5.588 0.1772  2.781
0,0891 0.1400  3.502 0.1734 2.731
0.1500 0.1333  3.33¢ 0.1687  2.657
0.2218 0.1310  3.277 0.1695 2,670
0.3271 0.1326 3,318 0.1753  2.760
0.5182 0.1256  3.139 0.1707  2.689
0.6978 0.1331  3.330 0.1819  2.865
0.8037 0.1671  4.180 0.2207 3.476

1.0000 7.52

~CyH, 300.0 0.0000 8.81
229] 0.0776 0.1537  3.666 0.1895 2.846
0.1250 0.1504  3.588 0.1883 2,828
0.2118 0.1477  3.522 0.1891 2,839
0.4182 0.1507  3.506 0.1983  2.978
0.6296 0.1523  3.633 0.2030  3.048
0.8179 0.1644  3.923 0.2178  3.271

8.17
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (contimmed) &)
Gas Pair Temp. S{m Firet Method Second Method Viscosity
[Reference] (X) c : Y Wy %y Wy (N s m2x104)
-CsHy 400.0 0. 0000 10.81
229} 0.0775 0.16290  3.600 0.1893  2.773
0.1260 0,1606  3.549 0.1993  2.773
0.2118 0.1576  3.482 0.1896  2.777
0.4182 0.1636  3.615 0.2124  2.955
0.6296 0.1616 3,571 0.2129  2.962
0.8179 0.1708 3,775 0.2245 3,123
1.0000 10.70
-CyHy 500.0 0.0000 12.56
228) 0.0775 0.1723  3.618 0.2101  2.778
, 0.1250 0.1689  3.547 0.2085  2.757
0.2118 0.1655  3.475 0.2082  2.753
0.4182 0.1674  3.516 0.2161 2,857
0.6296 0.1705  3.581 0.2224 2,841
0.8179 0.1855  3.897 0.2400 3.173
1.0000 13.08
' H}-C,H, 550.0 0,0000 13.47
i 229) 0.0775 0.1778  3.684 0.2171  2.831
: 0.1250 0.1725 3.573 0.2127 2.774
0.2118 0.1692 3,507 0.2125 2.772
0.4182 0,1708  3.540 0.2198  2.867
0.6296 0.1746  3.817 0.2268 2,958
: 0.8179 0.1875  3.886 0.2421 3.158
1.0000 14.22
CH-0y 293.2 0.0000 11.12
{334} 0.0510 0.9550  1.057 0.9908  0.9887
0. 0980 0.9166 1,014 0.8495  0.8475
) 0.1420 0.9227  1.021 0.9563  0,8542
0.1980 0,9140  1.012 0.9471  0,9451
| 0.2610 0.9051  1.002 0.9380  0.9360
0.2060 0.8107 1,008 0.9441  0.9421
0.3490 0.9266 1.026 0.9611  0.9580
0.5010 0.9243 1,023 0.9591  0.9571
. 0.5190 0.9296 1.029 0.9647  0.9627
! 0. 5970 0.9257  1.025 0.9609  0.9588
! 0.6470 0.9256  1.024 0.9609  0.9589
0.7020 0.9202  1.028 0.9648  0,9628
; 0.7650 0.9018  0.8980 0.9372  0,9352
i 0.7990 0.9367  1.037 0.9725  0.8705
! 0.8490 0.9237  1.032 0.9597  0.9576
i 0.8980 0.9089  1.007 0.9460  0.9440
‘ 0.9510 0.8927  0.9880 0.9281  0.9271
. 1.0000 20.04
‘ CH,-CyH, 293.0 0.0000 10.87
229} 0.3684 0.5042  1.881 0.5502 1,764
0.6383 0.4992  1.862 0.545¢ 1,748
0.8341 0.5072  1.892 0.5540 1,778
1.0000 8.01
! CH,~CyH, 373.0 0.0000 13.31
228] 0.3684 0.5063  1.838 0.5520 1.722
0.8383 0.5014 1,820 0.5478  1.707
0.8341 0.5158 1,872 0.5628 1.756
1.0000 10.08
' CH~CyH, 473.0 0.0000 16.03
' 12293 0.3684 0.5179  1.821 0.5640 1.704
) 0.6383 0.5120 1,800 0.5582  1.687
: 0.8341 0.5338  1.842 0.5708  1.735
! 1.0000 12.53
t
:
{
{
!
I
]
1
;o
N R, - -
— —— - -
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥ ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. Mole Fraction First Method Second Method Viscosity '
| [Referencel (K) Component %, Wy W, (N sm?x1079)
CH,-C,H, 523.0 0.0000 17.25
1229 0.3684 0.5247  1.825 0.5711  1.707
0.6383 0.5193  1.807 0.5658  1.691
0.8341 0.5261 1,830 0.5731  1.713
1.0000 13.63
N-NO 293.0 0.0000 17.47
(3151 0.2674 1.010  1.004 1.015  0.9989
0.5837 1.001  0.9957 1.006  0.9904
0.6948 1.013 1,007 1.018  1.002
1.0000 18.82
- N-NO 373.0 0.0000 20.84
(318) 0.2674 1011 0.9935 1.016  0.9882
0.5837 0.9941  0.9767 0.9890  0.9715
0.6948 1.000  0.9830 1.005  0,9777
' 1.0000 22.72
! Ny~ 298.7 0.0000 . 17.80
‘ 1337 0.1320 1.093  1.068 1.104  1.057
0.2560 1.027  1.003 1.036  0.9927
0.4100 1.030  1.006 1.039  0.9955
0.5100 1.035 1,011 1.044  1.001
0.6600 1.026 1,002 1.035  0.9917
0.7600 1.0 1.085 1,068  1.023
1.0000 20.80
Ny~ 300.0 0.0000 17.81
1227 0.2178 1.002  0.9912 1.012  0.9807
0.4107 1.006  0.9945 1.015  0.9839
, 0.7592 0.9988  0.9878 1.008  0.9774
1.0000 20.57
Ny-0y 400.0 0.0000 21.90
1227} 0.2178 1.009  0.9827 1.018  0.9721
0.4107 1.012  0.9862 1.022  0.9756
: 0.7592 1.000  0.9826 1.018  0.9721
1.0000 25.68
Ny- 500.0 0.0000 25.60
(227 0.2178 1.016  0.9849 1.025  0.9743
‘ 0.4107 1.020  0.9882 1.028  0.9776
‘ 0.7682 1.012  0.9813 1.022  0.9708
1.0000 30.17
N0y 550.0 0.0000 17.53
{227} 0.2178 1.231  0.9080 1.241  0.8973
0.4107 1.031  0.7609 1.089  0.7615 '
0.7592 1.193  0.8805 1.203  0.8698
1.0000 27.14
P N;O-CyH, 300.0 0.0000 14.88
1234 0.2018 0.7256  1.324 0.7256  1.324
0.4171 0.7201  1.330 0.7202  1.330
0.7984 0.7328  1.336 0.7324 1.336
1.0000 8.17
-
. NyO-CyH, 400.0 0.0000 19.43
: (234 0.2018 0.7362  1.339 0.7363  1.330
0.4171 0.730%  1.330 0.7310 1.3%0
. 0.7984 0.7316  1.331 0.7317 1.331
b, 1.0000 10.70
. NyO-CyHy 500.0 0.0000 23,55 :
& . (234] 0.2018 0.7517  1.356 0.7518  1.386 H
0.4171 0.7848  1.325 0.7349  1.325
0.7984 0.7380  1.331 0.7381  1.381
1.0000 13.08
T A Enanattttttt e T M o -t
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF *u ON
DIFFERENT SCHEMES OF COMPUTATION (continned)
Gas Pair T . M:'leﬂmon First Method d Method vi ity
[Reference] (K) __ Component Wiy Yy W oy (Nam*x107%)
N,0-CsH 550.0 0.0000 25.56
[234] 0.2018 0.7420 1.338 0.7431 1.338
0.4171 0.736¢ 1.327 0.7367 1.326
0.7984 0.7336 1.321 0.733 1.321
1.0000 14,22
HCI-CO, 291.0 0.0000 14.26
(346] 0.2000 0.1063 0.1238 0.1053  0.1204
0.4000 0.1190 0.1399 0.1150  0.1361
0.6000 0.1451  0.1708 0.1452  0.1660
0.8000 0.1967  0.2313 0.1870  0.2251
1.0000 14.64
HCI-CO, 291.16 0.0000 14.44
[346] 0.1000 0.8876 1.043 0.8997 1.028
0.2000 0.8862 1.042 0.8983 1.026
0.3000 0.8845 1.040 0.8967 1.025
0.4000 0.8824 1.037 0.8046 1.022
0.5000 0.8796 1.034 0.8020 1.019
0.6000 0.8783 1.032 0.8907 1.018
0.7000 0.8755 1.029 0.8880 1.015
0.8000 0.8734  1.027 0.8861 1.012
0.9000 0.8658 1.018 0.8786 1.004
1.0000 14.88
S0y-COy 289.0 0.0000 14.58
[346] 0.2000 0.7311 1.248 0.7531 1.215
0.4000 0.7318  1.249 0.7543 1.217
0.6000 0.7278 1.243 0.7506 1.211
0.8000 0.7216  1.232 0.7446  1.202
1.0000 12.43
30y-COy 280.0 0.0000 14.77
[346) 0.1000 0.7207 1.245 0.7516§ 1.212
0.2000 0.7310 1.247 0.7531 1.215
0.3000 0.7301 1.248 0.7623 1.213
0.4000 0.7316 1.248 0.7540 1.216
0. 5000 0.7323 1.249 0.7650 1.218
0.6000 0.7204 1.244 0.7522 1.213
0.7000 0.7298 1.245 0.7528 1.214
0.8000 0.7230 1.234 0.7461 1.203
0.9000 0.7243 1,236 0.7476  1.208
1.0000 12.60
-COy 298.2 0.0000 14.80
35] 0. 0800 0.7367 1.208 0.7569 1.170
0.1520 0.739 1.210 0.7616  1.177
0.1790 0.7398 1.210 0.7612 L1177
0.2770 0.7380 1.207 0.7509 1.175
0.3890 0.7304 1,185 0.7523 1.163
0.4240 0.7394 1.209 0.7617 1.178
0. 5030 0.732¢ 1.198 0.7547 1.167
0.5960 0.7328 1.188 0.7548  1.167
0.6550 0.7228 1.182 0.7483 1.152
0.7120 0.7190 1,176 0.7417  1.147
0.7830 0.7233 1.183 0.7461 1.154
0.8220 0.7246 1.185 0.7476 1.156
0.9720 0.8163 1.336 0.8400 1.299
1.0000 13.17
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Theory, Estimation, and Measurement

TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. Maje Fraction First Method Second Method Viacostty
{Reference] (K) Yoy W Wy (N s mx10-%)
5(?—00, 308.2 0.0000 15.38
35) 0.0410 0.7178 1.210 0.7385 1,177
0.1770 0.7231 1.219 0.7445 1.188
0.2690 0.7227 1.218 0.7444 1.186
0.3960 0.7327  1.235 0.7561  1.203
0.5080 0.7270 1.225 0.7495 1.194
0. 6080 0.7252 1.222 0.7478 1.192
0.6970 0.7160 1.207 0.7387 1.177
0.7820 0.7153 1.206 0.7382 1.178
0.8680 0.6988  1.178 o.7217  1.150
1.0000 13.28
-COy 353.2 0.0000 17.30
35) 0.0480 0.7669  1.268 0.7899  1.23%
0.1820 0.7531 1.245 0.7757 1.212
0.2880 0.7807 1.241 0.7733 1,209
0.3880 0.7483 1.237 0.7710 1,205
0. 5000 0.7478  1.236 0.7706 1,204
0.5980 0.7476 1.238 0.7706 1,204
0.6940 0.7443 1.231 0.7674 1.199%
0.7920 0.7431 1,229 0.7863 1.198
0.8780 0.7437 1.230 0.7671 1,199
1.0000 15.23
CCIt-CH,CI, 293.15 0.0000 10.25
202) 0.1575 0.7167  1.355 0.7498  1.207
0.2015 0.7234 1.’”3 0.7570 1. 309
0.4986 0.7085 1.339 0.7418 1.282
0.6886 0.7131 1.348 0.7487 1,291
0.8616 0.7101 1.342 0.7438  1.286
1.0000 9.82
CCI?-CH,Cl, 353.26 0.0000 12.02
292] 6.2261 0.6974 1. 309 0.7291 1,252
0.6351 0.7015 1.316 0.7345 1.261
1. 0000 11.60
CCL-CH,Cly 413.43 0.0000 14.27
(292] 0.1615 0.7085 1.343 0.7411 1,285
0.2882 0.7275 1.379 0.7614 1.321
0.4738 0.7060 1339 0.7380 1.282
0.7096 0.7199 1.386 0.75%  1.307
0.8730 0.7295 1.383 0.7633 1.324
1. 0000 13.63
(CHy) JCHOH- 313.2 0.0000 1330. 00
Toy, 0.1210 0.5M3  2.461 0.5881  2.353
(Liquid) 0.2550 0.5509 2.579 0.6143  2.458
{352} 0.3160 0. 5667 2.610 0.6206 2.483
0.3960 0.5708  2.671 0.6333 2,534
0.5000 0.5960  2.749 0.6497  2.509
0.5790 0.8168 2.841 0.6691 2.677
0.6750 0.6331  2.917 0.6842  2.738
0.7800 0.6677  3.076 0.7175  2.87
0.9850 0.6987  3.219 0.7465 2,987
1.0000 739.00
CH,OH-CCl, 313.2 0.0000 0.46
(Liquid) 0.0900 0.8513  1.633 0.5998  1.404
f352) 0.2100 0.5271 1.561 0.5738 1.343
0.2800 0.5135 1.821 0.65%8 1.311
0.3200 0.5038 1.492 0.5498  1.287
0.4900 0.4629 1.371 0.5093 1.192
0.6500 0.4167 1.234 0.4846  1.088
0.6970 0.4042  1.197 0.4530  1.080
0.9070 0.3648  1.080 0.4146  0.9712
0.8950 0.33%  0.9890 0.3854  0.9023
1.0000 0.7
. — )

e g



g -

T4a

GRPET— e M e M e A e~ ¢ e e o S — - P et -— —— -
R - . ol iy
Theory, Estimation, and Measurement
3
TABLE1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Mole Fraction
Gas Pair Temp. First Method Second Method Viscoaity
[Reference] (X) g& Wy oy Yy Wy (N s m2x10-%)
CHyCOOCH,CoH;-  313.2 0.0000 625.60
C K 0.2000 1.260  0.8936 1.296  0.94%0
(Liquid) 0.3000 1.196  0.9428 1.228  0.0034
(351) 0. 3800 1.190 0.9382 1.221 0.8887
0.5200 1.182  0.9318 1.212  0.8824
0.6450 1161 0.9152 1.190  0.8663
0.7480 1.142  0.9005 1171 0.8525
0.8750 1.217  0.9598 1.246  0.9067
- 1.0000 1352, 50
NHy-C,H, 293.2 0.0000 9.82
(222 0.1133 0.7402  1.188 0.7667 1.142
01929 0.7358 1,181 0.7624  1.138
0.3039 0.7380 1.184 0.7652  1.139
0.4828 0.7370  1.183 0.7648 1.139
0.7007 0.7374 1,188 0.7661 1.141
0.8904 0.7450 1.196 0.7744  1.153
1.0000 10.08
NHg-CyH, 7s.2 0.0000 12.7
{222 0.1133 0.7204  1.221 0.7552  1.175
0.1929 0.7279 1,220 0.7550  1.1%4
0.3039 0.7301 1,224 0.7578 1.178
0.4828 0.7294 1.222 0.7576  1.178
0.7007 0.7272  1.219 0.7560 1.176
0.8904 0.7346 1,251 0.7641  1.188
1.0000 . 12.57
NHy-G;H, 478.2 0.0000 16.46
(222 0.1133 0.723  1.273 0.7513 1,226
0.1929 0.719¢  1.266 0.7471  1.220
0.3039 0.7225  1.271 0.7508  1.225
0.4828 0.7220  1.270 0.7505 1.225
0.7007 0.7183  1.264 0.7473  1.220
0.9904 0.7209  1.268 0.7504  1.225
1.0000 16.41
NHy-C,H, 523.2 0.0000 161.3
1222 0.1133 0.7174  1.286 0.7452  1.239
0.1929 0.7183 1,282 0.7431  1.236
0.303% 0.7178  1.287 0.7460 1.241
0.4828 0.7190 1.289 0.7477  1.244
0.7007 0.7185  1.283 0.7445 1,238
0.6904 0.7179  1.267 0.7474 1.243
1.0000 16.66
NHy-H, 293.2 0.0000 8.77
12221 0.1082 0.267¢  2.018 0.3028  1.659 .
0.2239 0.2627  1.982 0.3030  1.660 :
0.2975 0.2603  1.984 0.3033  1.661 :
0.5177 0.2647 1.922 0.303%  1.665 i
0.7087 0.2505  1.890 0.303¢ 1.662
0.9005 0.2505  1.890 0.306¢ 1.679
1.0000 9.82
NHy-H, 06.2 0.0000 9.06
1341) 0.1950 0.2325 1,67 0.2645 1.387
0. 3990 0.3180  1.581 0.2589  1.388
. 0.5360 0.2104  1.520 0.2543  1.35¢ -
0.6770 0.193¢ 1,397 0.2%92 1.285
0.8550 0.1610 1.163 0.2080 1.080
1.0000 10.50
bl
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i
TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
; DIFFERENT SCHEMES OF COMPUTATION (contioned)
Gas Pair Temp. ° First Method Second Method Visoosity
{Reference] (K) _g;f& Yy W, N Wy (N s m*x10~%)
NHy-H, 327.2 0.0000 9.49
1341) 0.1950 0.2965  1.667 0.3685 1.374
0.39%80 0.2274 1.603 0.2680 1.372
0.5360 0.2145 1.512 0.2588 1.323
0.6770 0.2019  1.428 0.2484 1.272
0. 8580 0.1810 1.276 0.2209 1..172
1.0000 11.37
NHy-Hy .2 0.0000 10,40
[341) 0.1950 0.2%2 1.751 0.2938 1.441
’ 0.3990 0.2589 1.614 0.2802  1.374
0.5360 0.2274  1.537 0.2723  1.396
0.6770 0.2082  1.386 0.2518  1.235
0.8580, 0.1533 1.035 0.1968  0.9652
1.0000 13.00
; NHy-H, 9732 0.0000 10.30
1 (222} 0.1082 0.2990  1.993 0.3208  1.629
j 0.2239 0.2875  1.956 0.3280  1.625
‘ 0.2875 0.2856  1.943 0.3295 1.628
0.5177 0.2773  1.888 0.3271  1.616
0.7087 0.2767 1.882 0.3307 1,634
0.9008 0.2742  1.865 0.3312  1.636
1.0000 12,79
NHy-H, 421.2 0.0000 11.46
1341] 0.1400 0.2498 1,628 0.2782 1,317
0.4054 0.2658 1.733 0.3100 1.467
k 0.5170 0.2395 1.691 0.3067 1.451
« 0.68005 0.2413 1.573 0.2892 1,969
; 0.8042 0.1975 1.287 0.2462  1.165
! 1.0000 14.85
NRy 473.2 0.0000 12.11
‘ lwll" 0.1082 0.3176 1,974 0.3558  1.606
! 0.22%9 0.3183  1.060 0.3583  1.617
t 0.2976 0.3132 1.947 0.3885 1.618
0.8177 0.3077 1.912 0.3588 1,618
5 0.7087 0.3036 1,887 0.3584 1.618
j 0.9005 0.3028 1,880 0.3604 1.626
: 1.0000 16.46
! NHg-H, am.2 0.0000 12.62
{841] ’ 0,1400 0.2626  1.647 0.2921 1.3%
0.4054 0.2833 1,77 0.3287  1.497
0.5170 0.2778  1.742 0.3262  1.485
0.6005 0.2674  1.677 0.3172 1.4
0.8042 0.2255  1.414 0.2769  1.261
1.0000 17.00
NHy-H, 523.2 0.0000 12.96 )
(222) 0.22% 0.3280 1.963 0.3685 1.616
0.2075 0.5223  1.946 0.3680 1.618
0.5177 0.3180  1.908 0.9672  1.810
0.7087 0.3120 1.3  0,3670 1.809
0.9008 0.3080 1.880 0.3860 .1.605
1.0000 18.13 ‘
By~ (Cylig)40 288.16 0.0000 s.68
YTl 0.13%0 0.1083  4.654 0.1419  3.617 :
0.2680 0.1023  4.476 0.1418  3.616 .
1.0000 7.29 .
~(CyH;);0 373.16 0.0000 10.38
Rl ol 0.1330 0.1108  4.83¢ 0,183  3.566
0.2660 01121 4.4 0.1520  3.870
1.0000 0.49
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥; ON
DIFFERENT SCHEMES OF COMPUTATION (ocatinued)
Gas Patr Temp. Maje Fraction First Method Second Method Viscosity
[Reference] (K) Component Wy g Wy (Nsm*x10%)
Hy-(Cyly) 40 423.18 0.0000 1.3
{226} 0.13% 0.1197  4.665 0.1570  3.563
0.2650 0.1132  4.412 0.153%  3.491
1.0000 10.70
-( ) 486.16 0.0000 12.48
a lg’zsﬂf)’ 0.13%0 0.1230  4.646 0.1606 3,532
0.2650 0.1187  4.484 0.1602 3,523
' 1.0000 12.18
! HC1-H, 204.16 0.0000 8.81
. 1228) 0.2031 0.1781 1,975 0.2070 1,486
9.5042 0.2008  2.220 0.2466 1.771
’ 0.7179 0.1961 2.175 0.2476 1.779
0.8220 0.1920 2,120 0.2452  1.761
1.0000 14.37
HC1-H, 327.16 0.0000 9.41
1228] 0.2031 0.2128  2.267 0.2470  1.697
! 0.5042 0.2069 2.198 0.2582 1,739
1 0.7179 0.2027 2.180 0.2543 1,747
: 0.8320 0.1984 2,114 0.2620 1,737
: 1.0000 ' 16.05
HCI-H, 372.16 0.0000 10.96
[228) 0.2031 0.2232 2.288 0.2582 1.714
: 0.5042 0.2140 2.198 0.2604 1.729
0.7179 0.2080  2.101 0.256¢ 1,702
; 0.8220 0.203  2.090 0.2674 1,709
| 1.0000 18.28
\ HCI-H, 427.18 0.0000 11.42
¥ 1228] 0.2409 0.2281  2.265¢ 0.257 1,700
i 0.5092 0.2114 2,138 0.2576  1.688
: 0.6089 0.1868 1,887 0.2963 1.546
0.8417 0.1642  1.680 0.2152  1.409
1.0000 20.44
: HC1-H, 473.16 0.0000 12.24
t [228] 0.2409 0.2385 2,292 0.2762 1.719
0.5092 0.2287 2.198 0.2765 1,715
| 0.6989 0.2249  2.161 0.2764 1,720
| 0.8417 0.2218  2.131 0.2761  1.719
i 1.0000 23.04
? HCl-H, 523.16 0.0000 18.15
X 1228} 0.2991 0.2418 2.275 0.2613 1.718
! 0.5178 0.2398 2,245 0.2661 1,743
0.6312 0.2306  2.169 0.2806 1.709
0.7947 0.2206 2,159 0.2831 1.726
1.6000 28.28
$0,-H, 290.16 0.0000 6.88
1331) 0.1676 0.135¢  3.085 0.1661  2.218
0.2286 0.1321  2.960 0.1657 2,211
0.2963 0.1273  2.854 0.1634  2.180
1 0.5075 0.1230 2,756 0.1685  2.207
! 0.8218 0.1205 2,701 0.1682 2,244
; 1.0000 12.59
' 80y-H, 2032 0.0000 9.00
‘ (947 0.2008 0.1406 3,023 0.179  2.331
; 0.4050 0.1506 3,937 0.1938  2.461
‘ 0.4919 0.1512  3.280 0.1966  2.518
0.5057 0.1887 3.412 0.2068 3.646
: 0.8319 0.1008  3.2% 0.2010  2.573
\ 1.0000 13.%0
1 .
|
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Theory, Estimation, and Measurement  TTa
TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, oN
DIFFERENT SCHEMES OF COMPUTATION (oontinued)
Gas Pair Temp, Mole Fraction First Method Second Method Visoosity
[Reference] ({K) Component _ Yy W %y (N emx104) !
80,-H, 318,16 0.0000 9.45
[231} 0,1676 0.1386  3.002 0.1691 2,181
0.2286 0.1364 2.955 0.1702  2.195
0.2063 0.1293  2.801 0.1651 2,129
0.5075 0.1291 2.798 0.1722  2.220
0,8028 0.1034  2.241 0,148t 1,910
1.0000 13.88
80,-H, 328.2 0.0000 9.56
(347] 0.2005 0.1406  2.965 0.1730 2,172
0.4000 0.1511  3.187 0.1939 2,435
0.4863 0.1491  3.145 0.1939  2.435
0.5975 0.1522  3.210 0.1996  2.508
0.7866 0.1598 3.370 0.2102 2,639
1.0000 14.40
- 343.16 0.0000 9.94
[231] 0.1657 0.1401  2.983 0.1701  2.135
0.1676 0.1417  2.987 0.1722 2,161
0.23686 0.1385 2.921 0.1726  2.166 :
0,2063 0.1325 2.795 0,1684 2,114
0.4823 0.1328  2.797 0.1752 2,199
0.6176 0.1277  2.604 0.1728 2,169
0.6999 0.1276  2.690 0.1741 2,185
0.8028 0.1283  2.705 0.1765 2,215
1.0000 14.98 !
50,-H, 365.16 0,0000 10.37 |
(231) 0.1657 0.1445  2.979 0.1750 2,147 !
0.1676 0.1459  3.007 0.1769  2.170 |
0.2306 0.1414  2.914 0.1752  2.149 !
0.4823 0.1362  2.806 0.1780 2,195 '
0.6175 0.1298 2.675 0.1740  2.146 !
0.6929 0,133 2.810 0.1837 2,254 “
0.8228 0.1286  2.670 0.1781 2,185 .
1.0000 - 15.99
80y-H, 378,2 0.0000 10.47
(3471 0.2005 0.1568  3.080 0.1911 2,241 :
0,4000 0.1735 3.418 0.2182 2,558 )
0,4863 0.1758  3.464 0.2226 2,610
0.5975 0.1765 3.478 0,2251 2,639
0.7866 0.1853  3.650 0.2363 2,771
1.0000 16.89
S0,-H, 397.16 0.0000 11.02 i
[231] 0.163% 0.1482  2.985 0.1788 2,143
0.3285 0.1435  2.889 0,1817 2.178 ,
0.4698 0.1409  2.837 0.1836 2,201
0.6760 0.1388 2.735 0.18268 2,189 .
1,0000 17.99
80y-H,y 423.3 0.0000 11.56 '
[347) 0.2000 0.1708  3.288 0.2070 2,382
0,4018 0.1616 3,085 0.2042 2,321
0.5023 0.1661 3,173 0,2119  2.408 i
0.6034 0.1691 3,229 0.2170  2.467 .
0.8110 0.1771 3,381 0.2280 2.592 X
1.0000 19,22
t
80y-H, 432.1¢ 0.0000 11.67 | ‘
[231] 0.1512 0.1602 3,131 0.1919 2,233 !
0.1676 0.1837 3,004 0.1849  2.1520 ‘
0.3265 0.1473 2,880 0.1856 2,159 .
0.4898 0.1488 2,850 0.1887  2.106
0,6760 0,1453 2.840 0.1028  2.243
1.0000 18,97
\
1
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF
DIFFERENT SCHEMES OF COMPUTATION (oontinued)

ﬂu ON

~Mole Fraction
Gas Pair Temp. of Heavier First Method Second Method Viscosity
Reforence) K “2x10%,
[ )| (K) Component Yy iy Wiy Wy (N smtx10%)
$0y-H, 472.18 0.0000 12.87
{231) 0.1512 0.1526 3.013 0,1828 2.148
0.32656 0.1526 3.014 0,1920 2.2567
0.4905 0.1515 2.992 0.1959 2.302
0.6760 0.1465 2.893 0.1942 2.283
1.0000 20.71
§0y-H, 473.2 0.0000 12.26
(347] 0.2000 0.1699 38.129 0.2050 2,247
0.4018 0.1563 2.8789 0.1976 2.166
0.5023 0.1585  2.827 0.1974 2.164
0.6024 0.1546 2. 647 0.2010 2.203
0.8110 0.1479 2.725 0.1976  2.165
1.0000 21.15
NHy-CH, 287.66 0.0000 10.91
[346] 0.1000 0.8311  0.9832 0.8347  0.9787
: 0.2000 0.8243 0.9751 0.8279  0.9707
0.3000 0.8230 0.9737 0.8268  0.9694
0, 4000 0. 8242 0.9750 0.8280 0.9708
0.5000 0, 8211 0.9714 0.8250 0.9673
0.6000 0.8206 0.9708 0.8246 0.9668
0.7000 0.8156  0.9648 0.8196  0.9610
0. 8000 0.8123 0.9609 0.8164 0.9672
0.9000 0.8264  0.9777 0.8307 0.9739
1.0000 9.79
NHy,-CH, 208.2 0.0000 11,00
[134) 0.0740 0.8876 1.020 0.8916 1.016
0.1970 0.8646 0.9936 0.8684  0.9892
0, 3020 0.8573 0.9853 0.8612 0.9810
0.4040 0.8264 0.9488 0.8302  0.9457
0.4970 0.8150 0.9388 0.8189  0.9328
0.5910 0.813¢ 0.9348 0.8173 0.9310
0.7000 0.8327 0.9571 0.8368  0.9532
0.7950 0.82080 0.9538 0.8340  0.9500
0.8980 0.8598 0.9882 0.8641 0.9843
1.0000 10.16
NHy-CH, 308.2 0.0000 11.38
[134] 0.0800 0.9124 1.051 0.9166 1.046
0.1850 0.8884 1.023 0.8924 1.019
0.3040 0.8741  1.007 0.8780 1.002
0.4060 0.8732 1.006 0.8773  1.001
0.4990 0.8853 1.020 0.8894 1.015
0.5980 0.8547 0.9844 0.8588  0.9802
0.68970 0.8286 0.9508 0.8297 0.8470
0.7980 0.7991  0.9203 0.8032 0.9167
0.8710 0.7982  0.9193 0.8024 0.9158
1.0000 10.49
NH,-CH, 353.2 0.0000 12.53
[134] 0.0460 0.8558  0.9503 0.8604  0.9487
0.1780 0.8653 0.9608 0.8691  0.9563
0.2000 0.8637 0.9590 - 0.8675 0.9548
0.3940 0.8612 0.9562 0.8681 0.9820
0,4970 0.85786 0.98321 0.8615 0.94980
0. 5960 0.8586  0.8500 0.8508  0.9450
0.6890 0.8407  0.9423 0.6828  0.9384
0.7780 0.843  0.9370 0.8480 0.9332
0, 8360 0.8491  0.9428 0.8533  0.9390
1.0000 11.98
. PO —— ——
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥; ON
DIFFERENT SCHEMES OF COMPUTATION (ooutinued)
Gas Pair Temp. ﬁ:"‘m First Method Second Method Viscosity
{Refsrence) (K) b Wy ¥ (N s m3x10%)
sorcm 308.2 0.0000 11.38
35} 0.0850 0.5065 1.733 0.5645 1.542 \
: 0.2210 0.4884 1.671 0.6355 1,489
: 0.3020 0.4862  1.664 0.5343 1,485
0.4330 0.4770  1.632 0.5260  1.462
‘ 0.5670 0.4660  1.504 0.5160 1.434
P : 0.6740 0.4564  1.562 0.5073  1.410
: 0.7910 0.4410  1.509 0.4028 1,370
0.8710 0.4214  1.442 0.4737 1.317
1.0000 13.28
so‘- H, 353.2 0.0000 12.53
35) 0.1460 0.5056  1.663 0.5624 1,476
0.2600 0.5279 1.7%6 0.5791  1.548
0.3920 0.4970 1.638 0.5461  1.460
| 0.4780 0.4945  1.627 0.5445 1.456
0.6800 0.4901 © 1,612 0.5412 1.446
! 0.6810 0.485  1.508 0.5377 1.437
1 0.8710 0.4914 1.616 0.5451  1.467
f 1.0000 15.21
o NHy-N, 293.2 0.0000 9.82
: (222) 0.1117 0.9367  0.8670 0.9504  0.8242
: 0.2853 0.9316  0.8623 0.9552  0.6208
| 0.4362 0.9284  0.8504 0.9531  0.8188
| 0.7080 0.9207  0.8522 0.9474 0.8139 '
\ 0.8839 0.9226  0.8539 0.9507  0.8167 !
; 1.0000 17.45 |
NHy- 297.2 0.0000 10.28 i
[341}]" 0.2036 0.9701  0.9372 0.9962  0.8981 '
. 0.4201 0.9783  0.9450 1.005  0.9014 |
0.4973 0.9718 0,938 0.9991  0.8968 |
0.6980 0.8473  0.9412 1,002 0,8982 :
[ 0.79893 0.8505  0.8503 0.8867  0.7950 !
1.0000 17.50
NHy-N, 327.2 0.0000 11.87 ‘
1347 0.2036 0.8779  0.8584 0.8999  0.8167 ;
0.4291 0.9469  0.9250 0.9732  0.8832 -
0.4973 0.9351 0.9144 0.9616  0,8726 |
0.5980 0.9176  0.8872 0.9441  0.8567 ;
0.7993 0.9%2 0.9154 - 0.9642  0.8750 '
1.0000 19.13 :
|
NH,-N; 373.2 0.0000 13.07 A
(347 0.2036 0.8589  0.8791 0.8812 0.8371 ; !
0.4201 0,9303  0.9522 0.9570  0.9001 £
0.4973 0.9116  0.9330 0.9390  0.8010 Lo
0. 5980 0.9100 0.9334 0.9379  0.8910 <
0.7993 0.9077 0.9201 . 0.9358 0,8890 a
1.0000 21.01 P
NHy-N, 373.2 0.0000 12.79 %
s22) 0.1117 0.9M47 0.9229 09387  0.8790 i
0.2868 0.9136  0.9218 0.9386  0.8789 }; |
0.4362 0.9058  0.9196 0.9311  0.8719 .
0.7080 0.9001  0.9081 0.927¢  0.9684 .
0. 8889 0.8943  0.9018 0.9228  0,8641
1.0000
NHy-Ny 423.2 0.0000
[947) 0.2997 0.8700  0.9363 0.9034  0.6933
0.4080 0.8083  0,9869 0.9845  0.9140
0.5072 0.6915  0.0406 0.9181  0.9076
0.6018 0.9167  0.9768 0.9444  0.933
0.7748 0.9100  0.9694 0.9388  0.9277
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TABLE1, COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥ ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. ﬁﬁﬁﬂm” First Method Second Method Viscostty
[Reference] (K) __Component _ g Yy Ve oy (Nemtx107)
NH;y-N, 473.2 0.0000 16.46
1222) 0.1117 0.8950  0.9843 0.9205  0.9394
0.2853 0.8699  0.9786 0.9180  0.9348
0.4362 0.8871  0.9755 0.9137  0.9325
0.7080 0.8824  0.9704 0.9103  0.9291
0.8889 0.8762  0.9635 0.9050  0.9236
1.0000 24.62
NHg-N, 523.2 0.0000 18.13
(222] 0.1117 0.8802  0,9992 0.9058  0.9543
0.2853 0.8837 1,003 0.9102  0.9509
0.4362 0.8814 1,000 0.908¢  0.9570
0.7080 0.8773  0.9950 0.9054  0.9539
0.8880 0.8722  0,9901 0.9011  0.9493
1.0000 26.27
NHy-N, 573.2 0.0000 16.80
[347) 0.2397 0.8761  0.9506 0.9011  0,9160
0.4080 0.9139 1,001 0.9413  0.9569
‘ 0.5072 0.9240 1.012 0.9520  0.9677
i 0.6015 0.9316 1,020 0.9600  0.9759
! 0.7748 0.9250 1.013 0.9537  0.9695
; 1.0000 25,23
NH,-N,0 298.2 0.0000 10.16
{351 0.1050 0.5417  0.9570 0.5647  0.8653
0.2070 0.73%4  1.305 0.7817 1.198
0.3030 0.7333 1,298 0.7765  1.190
0.4060 0.7213 1.2+ 0.7641 1,171
: 0.5040 0.7258  1,28; 0.7693 1.179
0.5980 0.7325  1.294 0.7767 1.190
0.7020 0.7381 1304 0.7827 1.199
K 0.8020 0.7002  1.237 0.7446 1,141
: 0.8990 0.6071 1,232 0.7421 1,137
{ 1.0000 14.86
NHy-N,0 308.2 0.0000 10.49
[38} 0,1120 0.6490 1.144 0.6823 1.043
‘ 0.2100 0.8637 1,170 0.7000 1,070
i 0.3130 0.6095 1,180 0.7077  1.082
0.4020 0.6732  1.167 0.7128  1.090
: 0.5020 0.6805  1.200 0.7217  1.103
; 0.6020 0.6823  1.203 0.7245 1.108
0.7060 0.6860 1,209 0.7203 1.115
. 0.8210 0.6830 1,222 0.7374  1.127
| 0.9510 0.6963  1.227 0.7416 1.134
| 1.0000 15.38
. NHy~N;O 353.2 0.0000 11.98
{3s] 0.1420 0.6510 1,165 0.6856  1.064
0.2210 0.6593  1.180 0.695  1.080
0. 3200 0.6620  1.185 0.7002  1.087
0.4080 0.6638 1.188 0.7032  1.081
0. 5020 0.665%  1.192 0.7087  1.097
0.8060 0.6609 1.183 0.7026  1.090
1 0.7160 0.6577  1.177 0.7006 1,087
0.8160 0.6562 1.174 0.7001  1.087
‘ 0.9190 0.6409 1.147 0.6858  1.084
i 1.0000 17.30
!
f
-
|
}
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF WU ON
DIFFERENT SCHEMES OF COMPUTATION (continued)

Gas Pair Temp. Mﬁmﬂ First Method Second Method Viscosity
[Reference] (X) Compoaent Y Yoy W Wy (Nsm?x10-%)
s%-ufo 298.2 0.0000 14.86
36 0.0430 0.7685 1,262 0.7915  1.229
0.1780 0.7316  1.201 0.7530  1.169
0.2970 0.7360  1.209 0.7579  1.177
0.4010 0.7367 1.210 0.7590 1.178
0.4930 0.7421  1.219 0.7647  1.187
0.5860 0.7460  1.225 0.7688  1.194
0.7020 0.7328  1.203 0.7557 1.173
0.8000 0.7284  1.196 0.7514  1.166
0.9000 0.7488  1.230 0.7722  1.199
0.9140 0.8187 1.344 0.8425 1.308
1.0000 13.17
s%ﬂx«],o 308.2 0.0000 15.38
35 0.0420 0.8986  1.515 0.9298  1.481
0.1470 0.7608  1.282 0.7838  1.249
0.2490 0.7511  1.266 0.7739  1.233
H 0.3980 0.7405  1.248 0.7632  1.216
, 0.4760 0.7378  1.244 0.7605 1.212
0.5750 0.7341 1,237 0.7569  1.206
0.6720 0.7110  1.198 0.7335  1.169
0.7770 0.6931  1.168 0.7156  1.140
0.8790 0.6593 1,111 0.6819 1.086
1.0000 13.28
sof-ufo 953.2 0.0000 17.36
35| 0.0350 0.7489 1,238 0.7709  1.205
0.1830 0.7463  1.234 0.7685  1.201
0.2730 0.7443  1.230 0.7666  1.198
0.3750 0.7416  1.226 0.7639  1.194
0.4740 0.7420  1.228 0.7655  1.196
0.5760 0.7398  1.223 0.7626  1.192
0.6750 0.7337  1.218 6.7565 1.182
0.7860 0.7299  1.207 0.7529  1.177
0.8950 0.7188  1.188 0.7420  1.160
. 1.0000 15.23
NHy~Op 293.2 0.0000 9.82
{222} 0.1245 0.9346  0.8524 0.9603  0.7968
0.2921 0.9287  0.8470 0.9556  0.7929
0.5214 0.9272  0.8456 0.9563  0.7935
| 0.7014 0.9218 0, 8407 0.9527  0.7905
0.8649 0.9172  0.8365 0.9500  0.7883
1.0000 20.23
NH;-Oy 373.2 0.0000 12.79
[222) 0.1245 0.9215  0.9076 0.9490  0.8503
0.2921 0.9170  0.9031 0.9456  0.8472
0.5214 0.9146  0.9007 0.0449  0.8466
0.7014 0.8107.  0.8969 0.9425  0.8444
i 0.8649 0.9104  0.8966 0.9436  0.8456
! 1.0000 24.40
NH;-0y 473.2 0.0000 16.46
; i222) 0.1246 0.9077  0.9674 0.9372  0.9086
; 0.2921 0.9082  0.9657 0.9365  0.9079
‘ 0.5214 0.9033  0.9626 0.9349  0.9064
' 0.7014 0.8001  0.9502 0.9328  0.9043
0.8649 0.8032  0.9626 0.9370  0.9084
‘ 1.0000 29,02
! NH,y-CHyNH, 273.0 0.0000 9.20
(48} 0.2500 0.7121 1,372 0.7467 1.313
0. 5000 0.7065  1.361 0.7401  1.303
0."7500 0.6988  1.347 0.7326 1.290
1.0000 8.71
i
- — — - Ay
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF Wu ON
DIFFERENT SCHEMES OF COMPUTATION (continmed)

Gas Pair Temp. ”:'Hm"“ First Method Second Method Viscosity
[Reference) (K) P Wa Wy Y Wy (Namtx10~%)
NHy-CH,NH, 296.0 0.0000 10.09
1348 0.2500 0.7067 1.378 0.7393  1.319
0. 5000 0.7016  1.370 0.7352  1.311
0.7500 0.6965 1.358 0.7303  1.302
1.0000 9.43
NH,-CHTNH, 323.0 0.0000 10.99
[348 0.2500 0.7011 1,385 0.7346  1.326
0.5000 0.6977 1.378 0.7313  1.320
0.7500 0.6925 1,368 0.7262  1.311
1.0000 10.15
NHy-CH,NH, 348.0 0.0000 11.89
(348! 0.2500 0.6979  1.391 0.7313  1.332
0.5000 0.69564 1.386 0.7290 1.328
0.7500 0.6929 1.381 0.7267 1.324
1.0000 10.88
NH,-CHyNH, 373.0 0.0000 12.79
(348] 0.2500 0.6938  1.394 0.7271  1.335
0.5000 0.6922  1.391 0.7258 1,333
0.7500 0.6914 1.388 0.7253  1.332
1.0000 11.61
NH,-CH,NH, 423.0 0.0000 14.60
(348 0. 2500 0.6875  1.401 0.7208  1.342
0.5000 0.6851 1.396 0.7188  1.338
0.7500 0.6858  1.397 0.7196  1.340
1.0000 ; 13.07
NH,-CH,NH, 473.0 0.0000 16.47
1348 0.2500 0.6848  1.404 0.7181  1.345
0.5000 0.6897 1.414 0.7235  1.355
0.7500 0.6843  1.402 0.7181  1.345
1.0000 14.66
NH,-CHyNH, 523.0 0.0000 18.25
1348) 0.2500 0.6807  1.407 0.7130  1.348
0.5000 0.6822  1.410 0.7158  1.352
0.7600 0.6803  1.406 0.7141  1.348
1.0000 18.11
NH,-CHyNH, 573.0 0.0000 20.03
aes] 0.2500 0.6765 1.408 0.7095 1.349
0.5000 0.6987  1.454 0.7330  1.394
0.7500 0.673¢  1.401 0.7071  1.344
1.0000 17.56
NHy-CH, 823.0 0.0000 21.81
[348] 0.2500 0.6782  1.419 0.7114  1.361
0. 5000 0.6736 1,410 0.7069  1.352
0.7500 0.6731  1.409 0.7068  1.352
1.0000 19.01
NH,-CHyNH, 673.0 0.0000 23.60
348] 0.2500 0.6724  1.413 0.7054¢  1.355
0. 5000 0.6708  1.410 0.7041  1.362
0.7500 0.6678  1.404 0.7014  1.347
1.0000 20.48
CHyCOOCH,C¢H;-  303.2 0.0000 3148.70
C 0.1260 0.6263 1.618 0.5497 1.571
(Liquid 0.3000 0.5264  1.618 0.5516 1.576
[381) 0.4350 0.6262  1.615 0.5517 1.576
0.4950 0.8%01 1.627 0.5560 1.589
0.6050 0.5327  1.635 0.5589  1.897
0.7500 0.5387  1.654 0.5653 1.616
0.8500 0.542¢  1.666 0.5692 1.626
1.0000 1652.40
- - - »
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (continued)
Gas Pair Temp. Mole Fraction First Method Second Method Viscosity
[Reference} (K) Component Vg oy Wy L9 (Nsm2x10"%)
CHyCOOCH,C¢H;-  313.2 0.0000 6180.00
CHyCqH,OH 0.1160 0.3628 2,302 0.3715  2.280
( Liquid) 0.2720 0.3800  2.417 0.3968  2.306
(351] 0.4350 0.3820 2,424 0.3978  2.403
0.6200 0.3840  2.436 0.3999  2.416
0.8100 0.3964  2.515 0.4127  2.493
1.0000 1352.50
(CHg),0-CH,C1 308.2 0.0000 9.66
1349} 0.0460 1.010  0.8497 1.016  0.9426
0.2220 1.03  0.9742 1.043  0.9671
0.2990 1.040  0.9782 1.047  0.9710
0.4010 1.042  0.9794 1.048  0.9722
0.5080 1.041  0.8790 1.048  0.9718
0.6040 1.047  0.9841 1.053  0.9768
0.6990 1.047  0.9845 1.05¢  0.9773
0.8020 1.056  0.9914 1.061  0.9841
0.8770 1.062  0.9985 1.068  0.9910
1.0000 11.26
(CHy)30-CH,C1 353.2 0.0000 10.98
(3491 0.0630 1.081  0.9705 1.037  0.9634
0.1910 1.038  0.9772 1.045  0.9701
0.2810 1.043  0.9817 1.040  0.9745
0.4000 1.085  0.9750 1.042  0.9678
0.4740 1.041  0,9802 1.048  0.973
0.5880 1.040  0.9797 1.047  0.972¢
0.6690 1.041  0.9799 1.047  0.9727
0.7610 1.035  0.9748 1.042  0.9676
1.0000 12.78
(CHy),0-50, 308.2 0.0000 9.66
(3491 0.05%0 1.027 1.039 1.050 1.010
0.1840 0.9999 1.011 1.021  0.9828
0.2040 1.000  1.012 1.021  0.9832
0.3910 0.9980  1.009 1.019  0.9810
0.4920 0.9937 1.005 1.015  0.9767
0.5810 0.9969 1,008 1.018  0.9799
0.6920 .  0.9881  0.9994 1,000  0.9713
0.7820 0.9827  0.9940 1.004  0.9661
0.8440 0.9708  0.9819 0.9916  0.9546
1.0000 13.28
(cnf),o-so, 353.2 0.0000 10.98
349) 0.0490 1.039 1.042 1.062  1.013
0.1900 1.023  1.028 1.045  0.9972
0.2790 1.023  1.026 1.045  0.9968
0.3890 1.018  1.018 1.057  0.9894
0.5040 1.010  1.013 1.081  0.9838
0.5700 1.010 1.013 1.031  0.9841
0.6480 0.9930  0.9954 1.014  0.9673
0.7480 .01l 1018 1,032 0.9847
0.8600 1.006  1.008 1.027  0.9796
1.0000 16.23
CHrcl—so, 308.2 0.0000 11.28
349] 0.0450 1.013  1.090 1.031  1.070
0.1670 0.9774  1.081 0.9937  1.032
0.2660 0.9685  1.042 0.9845 1.022
0.3690 0.9579  1.031 0.9737 1.011
0.4920 0.9582  1.031 0.9741 1.011
0.8040 0.96% 1,026 0.9697  1.007
0. 6000 0.9520 1,025 0.9687  1.008
0.7680 0.9429  1.014 0.9506  0.9951
0.8470 0.9276  0.9979 0.943¢ 0.9793
1.0000 13.28
!
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TABLE 1.  COMPOSITION AND TEMPERATURE DEPENDENCE OF ¥, ON
DIFFERENT SCHEMES OF COMPUTATION (contimied) 1
Gas Pair Temp. Mafe Praction First Method Second Method Viscosity
[Reference] (X) Component Wy % Wy %, (N s m*x107)
CHyC1-80, 353.2 0.0000 12.78
13491 0.0510 1.004  1.069 1.021  1.049
0.1830 0.9806  1.044 0.9968  i.024
0.2850 0.9709  1.043 0.9961  1.023
0.3940 0.9682  1.031 0.9841 1,011
0.4830 0.9667 1,029 0.9826  1.009
0.5890 0.9636  1.026 0.9795  1.006
0.6860 0.8558 1.018 0.9716  0.9981
0.7930 0.9406  1.001 0.9564  0.9825
1.0000 15.23
-SO,F, 273.0 0.0000 12.26
- 350] 0.2500 0.8342 1.153 0.8615  1.110
0.5000 0.8301  1.147 0.8575  1.105
0.7500 0.8206 1.134 0.8482  1.093
1.0000 14.13
scﬁ-sc?r, 323.0 0.0000 14.42
350 0.2500 0.8152  1.155 0.8420 1.112
0.5000 0.8086 1.145 0.8357 1.104
‘ 0.7500 0.8035 1.138 0.8311  1.088
y 1.0000 16.22
: 50,-S0,F, 373.0 0.0000 16.52
_ 350] 0.2500 0.8049  1.159 0.8316  1.117
0.5000 0.7976  1.148 0.6245 1.107
0.7500 0.7972  1.148 0.8248  1.107
1.0000 18.28
so}_sofF’ 423.0 0.0000 18.62
350 0.2500 0.7964  1.164 0.8230 1.122
0.5000 0.7904  1.156 0.8174 1.118
0.7500 0.7801  1.155 0.8177 1.115
1.0000 : 20.29
' ~S0, Fy 473.0 0.0000 20.69
350] 0.2500 0.7950 1.178 0.8218  1.185
0.5000 0.7887  1.169 0.8158  1.127
0.7500 0.7931  1.175 0.8208  1.134
‘ 1.0000 22.25
)
-SO,F, 523.0 0.0000 22.69
350] 0.2500 0.7937  1.185 0.8206  1.142
0.5000 0.7909  1.180 0.8182 1,139
0.7500 0.7942  1.185 0.8220 1.144
i 1.0000 24,22
sot— F, 573.0 0.0000 24.68
350 0.2500 0.7964 1.198 0.8236  1.155
0.5000 0.7939  1.194 0.8213 1.152
0.7500 0.7963  1.198 0.8242 1.156
1.0000 26.14
’ -SO,F, 623.0 0.0000 26.61
; 350} 0.2500 0.7990  1.209 0.8265 1,167
: 0. 5000 0.7963 1,205 0.8239  1.163
0.7500 0.7989  1.209 0.8268 1.167
1.0000 28.01
so'- Fy 673.0 0.0000 28.45
350 0.2500 0.7967  1.211 0.8241 1.168
. 0.5000 0.7974 1.212 0.8261  1.169
0.7500 0.7984  1.216 0.8274 1.172
1.0000 20.83
j
\
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF Wu ON
DIFFERENT SCHEMES OF COMPUTATION (continued)

Ges Pair Temp. ﬁft‘Hﬁv‘fz‘;“ First Method Second Method Viscosity
[Reference] (K) c Wy ' ¥y Yy (N sm2x107¢)
Alr-CO, 290.0 0.0000 14.55
[346] 0.2000 0.7065 1,326 0.7310  1.288
0.4000 0.7068 1,326 0.7317  1.289
0.6000 0.7059  1.325 0.7311  1.288
0.8000 0.7043  1.322 0.7297 1,286
1.0000 17.97
Air-CH, 293.2 0.0000 11.21
[334) 0.1090 0.0244 1,042 0.9567  0.9863
0.1990 0.8683  0,9791 0.8965  0.9251
0.3020 0.8771  0,9890 0.9064  0.9354
0.4050 0.8962 1,011 0.9269  0.9565
0.5050 0.8956 1,101 0.9267  0.9563
0.6090 0.9027 1.018 0.9344  0.9642
0.7130 0.9110  1.027 0.9432  0.9733
0.8040 0.9252  1.043 0.9578  0.9884
0.9020 0.9244  1.042 0.9572  0.9877
1.0000 17.95
Air-CH, 293,2 0.0000 11.09
(334] 0.0450 0.9088 1,013 0.9384  0.9575
0.1500 0.8944  0.9972 0.9236  0.9423
0.2530 0.8762  0.9768 0.9048  0.9232
0.3540 0.8950  0.9978 0.9252  0.9440
0.4410 0.9037  1.007 0.9346  0.9536
0.5580 0.7961  0.8876 0.5244  0.8411
0.6540 0.9036  1.007 0.9353  0.9543
0.7490 0.9060  1.010 0.9381  0.9572
0.8540 0.9343  1.042 0.9670  0.9866
0.9490 0.9452  1.054 0.9779  0.9978
1.0000 17.96
Air-CH, 293,2 0.0000 11.28
{334] 0.1060 0.8968  1.025 0.9267  0.9691
0.1990 0.8623  0.9853 0.8906  0.9313
0.3000 0.8611  0.9839 0.8899  0.9306
0.3840 0.8191  0.9359 0.8467  0.885¢
0.5050 0.8850 1.011 0.9160  0,9579
0.6010 0.8017 1,019 0.9234  0.9656
0.6990 0.8999  1.028 0.9321  0.9747
0.7980 0.9080 1,038 0.9406  0.9836
0.9010 0.8016  1.030 0.9345  0.9772
1.0000 17.84
Alr-CH, 293.2 0.0000 11.28
13341 0.0480 0.8947 1,014 0.9239  0.9583
0.1520 0.8845  1.002 0.9135  0.9475
0.2520 0.8630  0.9780 0.8914  0.9245
0.3480 0.8873  1.006 0.9174  0.9516
0.4420 0.8077 1,017 0.9287  0.9633
0.5530 0.8075  1.020 0.9392  0.9742
0.6360 0.9007  1.021 0.9326  0.9672
0.7470 0.9126  1.034 0.9450  0.9801
0.8520 0.9318 1,056 0.9646  1.000
0.9460 0.9727  1.102 1.005  1.043
1.0000 17.97
NH,-Alr 288,7 0.0000 9.88
(346] 0.1000 0.9106  0.8454 0.9320  0.7998
0.2000 0.9157  0.8501 0.9301  0.8051
0.3000 0.9083  0,8432 0.9322  0.7992
0,4000 0.9024  0,8377 0.9270  0.7947
- 0. 5000 0.8986  0.8342 0.9241  0.7922
i 0.6000 0.8929  0.8290 0.9193  0.7881
r 0.7000 0.0362  0.8692 0.9644  0,8267
g 0.8000 0.8842  0.8208 0.9126  0.7824
0.9000 0.8908  0.8270 0.9205  0.7891
1.0000 18.10
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TABLE 1. COMPOSITION AND TEMPERATURE DEPENDENCE OF Wu ON
DIFFERENT 8CHEMES OF COMPUTATION (continued)

Gas Pair Temp. “3‘;3“’:"“ First Method Second Method Viscosity
[Reference) (K) Component Wy Wy L' Wy (N s m?x10~%)
HC1-Air 201.3 0.0000 17.94
(3461 0.2000 0.7194  1.155 0.7320 1,136
0.4000 0.7171  1.151 0.7310 1.133
0.6000 0.7111  1.141 0.725¢4 1.125
0.8000 0.6820 1,096 0.6974  1.081
' 1.0000 14,07
HCl-Air 289.7 0.0000 18.18
[346) 0,1000 0.7237 1.161 0.7370  1.143
0.2000 0.7201  1.156 0.7336  1.137
0.3000 0.7190  1.154 0.7327 1.136
0.4000 0.7178  1.162 0.7317  1.134
0.5000 0.7151 1,148 0.7292 1.130
0.6000 0.7109 1.141 0.7252 1.124
0.7000 0.7080 1.136 0.7224 1.120
0. 8000 0.6893  1.122 0.7139  1.107
0.9000 0.6935 1.113 0.7083  1.098
. 1.0000 14.26
i S-Alr 290, 36 0.0000 18,27
346] 0.1000 0.6808 1,161 0.6899  1.149
0.2000 0.6800  1.160 0.6884 1,148
0.3000 0.6785  1.157 0.6881 1,146
0.4000 0.6792  1.159 0.6890 1.147
0. 5000 0.6736 1.149 0.6835 1.138
0.6000 0.6788  1.158 0.6890 1,147
0.7000 0.67956  1.159 0.6899  1.148
0.8000 0.6766 1.154 0.6871 1.144
0.9000 0.6806 1,161 0.6913 1.151
. 1.0000 12.60
i
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TABLE 2. RECOMMENDED SETS OF Wi] AND L-VALUES FOR THE VISCOSITY DATA

Mole Fraction
Temp. First Method L, 1, Second Method
L woOH & & W " O B &
Ar-He 72.0 0.3570 0.2400 2.121 0.490 0.736 1.485

72.0 0.4585 0.1833  2.412 0.711 1.090 2.950

' 81.0 0.5380 0.1983  2.411 0.806 1.269 3.439 0.2476  2.132 0.710 0.933 1.683
90.2 0.3570 0.2010  2.402 1.177 1,551 3.233 0.2465 2.086 0.709 1,104 2.793

192.5 0.4650 0.2558 2.448 0.572 0.

646 0.967
192.5 0.4940 0.3034 2.036 0.312 0.376 0. 561
229.5 0.4090 0.3083 2.015 0.424 0.501 0.880
229.5 0.5640 0.2581  2.382 0.731 0. 898 1,721
288.2 0.2915 0.2842 2.512 0.468 0.570 1,125 0.3347 2.085 0.264 0.337 0.851
281.1 0. 3810 0.2697 2.393 0.956 1,181 2.400 0.3206 2.014 0.643 0.806 1. 500
291.1 0.3010 0.2678 2.353 1.140 1.345 2.782 0.31568 1.985 0.698 0.884 1.975
281.2 0.4380 0.2809  2.472 0.6812 0.759 1,668 0.3339  2.081 0.377 0.451 0.834
203.0 0. 5084 0.2782  2.478 0.230 0,326 0.461 0.3324 2.096 0.164 0.233 0.329
373.0 0.5004 0.2878  2.483 0.070 0,099 0.140 0.3423 2.081 0. 009 0.013 0.018
373.2 0.6119 0.3470 2.086 0.497 0.756 1.935
373.2 0.6846 0.295¢ 2.519 0.496 0.723 1.604
456.2 0.6119 0.3043  2.532 0.438 0.699 1.722 0.3609  2.127 0.302 0.406 0.874
473.0 0.6180 0.2960  2.500 0,000 0.000 0.000 0.3523 2.108 0.000 0.000 0.000
! 823.0 0.6180 0.2976  2.500 0.000 0. 000 0.000 0.3539 2.106 0.000 0.000 0. 000
' Ar-Kr 281.2 0.2280 0.7221  1.350 0.166 0.203 0.338 0.7606  1.272 0.176 0.208 0.338
Ar-Ne 72.3 0.5011 0.4883 1.769 0.083 0,124 0.264 0.5202 1.707 0.110 0.156 0.299
90.3 0.6713 0.4989  1.723 0.467 0.574 0.979 0.5335 1.663 0.457 0. 580 0.862
193.4 0.5024 0.5432 1.654 0.264 0.395 0.838 0.5783 1.580 0.283 0.412 0.884
229.0 0.8507 0.5451 1.601 0.195 0. 225 0.367 0.5804 1.539 0.164 0.187 0. 330
201.1 0.4870 0.5979 1.509 0.213 0.245 0. 339
291.1 0.87587 0.5665 1.584 0.162 0.212 0.328
281.2 0.2210 0.5716  1.579 0.496 0.615 1.186 0.6062 1.512 0.499 0.6800 1.167
203.0 0.68091 0.5758 1.593 0.106 0.132 0.180 0.6117  1.527 0.082 0.101 0.132
373.0 0.6091 0.5865 1.589 0.066 0,087 0.138 0.6320 1.521 0. 052 0.077 0.130
473.0 0.6091 0.6118 1.586 0.147 0.217 0. 389 0.6486 1.518 0.154 0.227 0. 386

523.0 0.2680 0.6117 1.575 0.130 0.164 0.243 0.5481 1.507 0.130 0.170 0. 266

Ar-Xe 281.2 0. 5980 0.525¢ 1.686 0.207 0.292 0.673 0.5753 1.554 0.211 0.256 0.516
He-Kr 283.2 0.2046 0.1866  3.124 0.769 0.844 1.252 0.2281 2.418 0.172 0.220 0.37¢
' 281.2 0.2720 0.1760  2.882 0.770 0.873 1.862
291.2 0. 3530 0.2181  2.263 0.217 0.263 0.482
373.2 0.2046 0.1868  3.135 0.709 0.834 1.201
373.2 0.4995 0.2436  2.458 0.224 0.281 0.574
He-Ne 20.4 0.7200 0.3976 1,998 0.376 0. 522 0.867 0.4530 1.786 0.286 0.329 0.450
65.8 0. 5000 0.4627 1.663 0.236 0. 345 0,586
65.8 0.7610 0.5150 1.452 0.061 0.083 0.136
90.2 0.4910 0.4841 1.649 0.198 0.269 0.414 0.5358 1.431 0.034 0.045 0.072
194.0 0.4820 0.5148 1.642 0.097 0.120 0.173 0.5670 1.419 0.032 0.085 0.095
284.2 0.2801 0.5199 1.714 0.188 0.217 0.329 0.5713  1.477 0.185 0,221 0.400
201.2 0.3930 0.5716  1.409 0.440 0.641 1.201
291.2 0. 6650 0.5222 1.641 0.526 0.762 1,326
208.0 0.4376 0.5211 1.649 0.377 0.473 0.680 0.5730 1.423 0.263 0.349 0. 658
i 293.1 0.4980 0.5204 1.661 0.235 0.327 0,544 0.5731  1.435 0.128 0.182 0.309
373.0 0.437¢ 0.5198 1.6850 0.409 0.503 0.669 0.5718 1.423 0.204 0.360 0.456
378.2 0.499% 0.5167 1.714 0.950 2.035 5.327 0.5701 1.484 0.811 2.039 5. 355
473.0 0.4376 0.5180 1,853 0.407 0. 500 0.663 0.5699 1,427 0.291 0,387 0.449
523.0 0.2379 0.5237 1.673 0.222 0.313 0.443 0.5737 1.438 0.110 0.158 0.220
He-Xe 291.2 0.2010 0.1281  3.555 1.058 1.152 1.837 .
291.2 0.7920 0.1614 2.716 0.43 0.452 0.801
Kr-Ne 201.2 0.1110 0.4360 1.838 0.%5 0.476 0.812
291.2 0.5330 0.3802 2.032 0.320 0. 542 1.232
Kr-Xe 201.2 0.2010 0.7500 1.290 0.292 0.338 0.544 0.7767 1.249 0.203 0.340 0. 664
. Ne-Xe 201.2 0.3930 0.2711  2.442 0.447 0.524 0.894
! . 291.2 0. 5840 0.3187 2.173 0.208 0.2%0 0.418
Pl
H Ar-Hy 203.0 0.3488 0.2787  2.186 0.5%4 0.650 0.808 *
.y 293.0 0.5543 0.3170 1,888 0.180 0.194 0.341
: Y 373.0 0.3488 0.3212 1.880 0.090 0.121 0.1968

A 373.0 0.5543
‘ 528.0 0.3485

232 2.078 0.443 0.879 1
.2029  2.182 0.628 0.646 0.809 0.3332 1.885 0.497 0.7 1.23¢

.
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TABLE 2. RECOMMENDED SETS OF \FU AND L-VALUES FOR THE VISCOSITY DATA (continued)
Mole Fraction
Temp. First Method L } Second Method Ly
Gas Pair of Heavier y
(K) Component W%a W, (%) (%) (%) ¥, Yoy (;‘) (?) (%)
He-H, 273.2 0.7509 1.095 0.9661 0.244 0.416 1.038 1.130 0.8993 0.246 0.417 1.034
288.2 0.5972 1.112 0.9877 0.145 0.172 0.286 1.147 0.9187 0.131 0.157 0.268
291.7 0.5030 1.169 1.039 1.039% 1.198 1.978 1.207 0.9677 0.988 1.139 1.883
293.0 0.3931 1.129 0.9937 0,207 0.315 0.539 1.186 0.9258 0.205 0.320 0.551
373.0 0.4480 1.114 0.9807 0.196 0.240 0. 300 1.150 0.9135 0.192 0.235 0. 309
373.2 0.7509 1.090 0.9665 0.284 0.360 0.629 1.125 0.8999 0.282 0.363 0.632
473.0 0.4480 1.114 0.9864 0.218 0.315 0.531 1.150 0.9188  0.214 0.317 0. 540
523.0 0.4480 1.118 0.9913 0.151 0.210 0.348 1.185 0.9235 0.146 0.198 0.323
Ne-H, 280.4 0.1610 0.5615 1.584 1.530 1.712 1.975 0.6017 1.201 1.418 1.611 2.317
283.0 0.2285 0. 5482 1.563 0.343 0.424 0.578
293.0 0.5391 0. 5870 1.177 0.104 0.134 0.208
373.0 0.2285 0. 5840 1.177 0.175 0.246 0.410
373.0 0.5391 0.5409 1.538 0.332 0.416 0.602
473.0 0.5391 0.5357 1.539 0. 349 0.442 0.661 0.581% 1.182 0.115 0.156 0.255
523.0 0.2285 0. 5824 1.188 0.108 0.137 0.202
523.0 0.5391 0.5395 1.655 0.207 0. 257 0.359
Ar-NH; 298.2 0.6910 0.8793 1.035 0.402 0.600 1.519 1.019 0.9482 0.401 0.588 1.513
308.2 0.3990 0.9734 1.037 0.907 1.043 1.987 1.013 0.9495 0,902 1.038 1.984
358.2 0.3810 0.9646 1.054 0.504 0. 585 0,866 1.005 0.9662 0. 501 0.583 0. 862
Ar-80y 298.2 0.5000 0.5918 1.618 0.477 0. 509 1.073 0.6189 1.576 0.484 0.604 1.076
308.2 0.2540 0.5124 1.429 1.373 1.829 3.287 0.56382 1.391 1.294 1.741 3.200
353.2 0.0430 0.4984 1.349 0.712 0.843 1.388 0.5181 1. 306 0.718 0.908 1. 47
CeHg-CeH;, 298.2 0.5126 1.599 1.202 0.262 0.414 0.962 1.607 1.194 0.246 0.395 0.930
C -Cﬂé 298.2 0.4296 0.8862 1.969 1.264 1.459 2.329 0.8848 1.860 1.293 1.489 2.357
1 )(CHy
C, Hg 201.2 0.3511 1.450 1.464 0.336 0.57 1.387 1.524 1.260 0.739 0.916 1.770
Oh TS 298.2 0.4689 1.457 1.248 0. 594 0.793 1.608
298.2 0.6211 1.391 1.452 0.378 0. 526 1.038
308.2 0.68020 1.323 1.456 0.185 0.287 0.568 1.378 1.241 0.433 0.608 1.215
318.2 0.3526 1.327 1.254 0.618 0.7711 1.310
318.2 0.6036 1.262 1.457 0.342 0.529 0.915
COy-H, 300.0 0.2150 0.2024 2.836 0.423 0. 502 0.762 0.2394 1.964 0.330 0.391 0.547
400.0 0.112 0.2163 2.628 0.440 0, 550 0.906
400.0 0.2180 0.2545 1.945 0.283 0.453 1.048
500.0 0.2150 0.2242 2.613 0.590 0.674 0.960 0.2618 1.921 0.215 0.270 0.538
550.0 0.1112 0.2643 1.906 0. 544 0.829 1.892
550.0 0. 8006 0.2217 2. 540 0.946 1,280 2.121
CO-Ny 297.7 0,2260 0.7307 1.383 0.548 0,671 1.057 0.7581 1.321 0.548 0.671 1.058
COy-NyO 300.0 0.3967 0.9927 0.9961 0.093 0,158 0.309 0.9927  0.9961 0.093 0.158 0. 309
400.0 0.3967 0.9929 0.9934 0.004 0.163 0.358 0.9929 0.9934 0.094 0.163 0. 356
500.0 0.5967 0.8909 0.9901 0.068 0.101 0.203 0.990% 0.9901 0.068 0.101 0.203
550.0 0, 8003 1.000 1.004 0.233 0.267 0,397 1.000 1.004 0.233 0.267 0.397
COy-O 300.0 0.3390 0.7189 1.372 1.131 1.610 3.248 0. 7392 1.045 1.130 1.609 3.245
COy-CyH, 300.0 0.4224 0.7173 1.313 0.050 0.064 0.085 0.7174 1.313 0.050 0.064 0.095
400.0 0.35075 0.7173 1. 306 0.069 0.085 0.126 0.7174 1.308 0.089 0.085 0.128
500.0 0.8075 0.7332 1.322 0.310 0,381 0.826 0.7338 1.321 0.310 0.381 0.626
$50.0 0.8075 0.7336 1.321 0.055 0.092 0.180 0, 7336 1.321 0.055 0.092 0.180
COy-CeH, 300.0 0.4354 0.7624 1.313 0.686 0.843 1.122 0.7625 1.313 0.686 0.843 1.122
400.0 0.435¢ 0.3608 2.039 0.327 0.416 0.629 0.4061 1.906 0.442 0. 560 0.839
500.0 0.4354 0.7932 1.248 0.450 0.558 0.777 0.7933 1.248 0.450 0,558 0.777
580.0 0.4354 0.8054 1,249 0.361 0.468 0.730 0. 8055 1.249 0.361 0.468 0.730
COy-Hy 293.3 0.2740 0.3159 2,194 0.673 0,739 0.889 0.3596 1.683 0.226 0.292 0. 500
COF-Ny 300.0 0.6030 0.9990 0.9963 0.129 0.171 0.258 0.9990 0.9963 0.129 0.1711 0.258
400.0 0.1629 1,002 0.9987 0.141 0,172 0.267 1.002 0.9987 0.141 0.172 0.267
500.0 0.1629 1.001 0.9962 0.067 0.099 0.190 1.001 0,9962 0.067 0.099 0.190
580.0 0.6030 1.008 0.9908 0.115 0.148 0.229 1.008 0.9998 0.115 0.145 0.229
CO-O 300.0 0.4201 1.000 0.9863 0.098 0.158 0.273 1.009 0.9758 0.100 0.157 0.272
400.0 0.4201 1,015 0.9868 0.088 0.111 0.183 1.024 0.9752 0.088 o.111 0.163
500.0 0.4201 1.020 0.9837 0.061 0.102 0.176 1.029 0.9731 0.062 0.102 0.176
CCl,- 291.2 0.8718 1.171 0.8070 0.688 0.980 1.995 1.204 0.835 0.649 0.971 1.979
oMCTS 298.2 0.4208 1.1% 0.9034 0,778 0.949 1,987 1.172 0.8428 0.776 0.947 1.984
308.2 0.5732 1.108 0.9226 0.748 1.049 2,000 1.140 0.8613 0.745 1.049 2.089
318.2 0.58168 1,082 0.9400 0.921 1.361 2.6% 1.116 0.8840 0.919 1.360 2,638
i
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TABLE 2. RECOMMENDED SETS OF ¥, AND L-VALUES FOR THE VISCOSITY DATA (contimued)
Mole Fraction ethod " 1 Method
Gaspur TP Uof Hoavier piretM k) k) b “ b @ s
Component Y Y, Yoy Vi ) )
CF-SF,  303.1 0.5080  0.7815 1.441  0.654  0.957 1,623  0.8131 1.390  0.682  0.991 1,676
313.1 0.5000  0.7839 1,445 0.681  0.941  1.5556 0.8156 1.393 0.712  0.978  1.610
329.1 0.5090  0.7838 1,444  0.720  1.009  1.669  0.815¢ 1.392  0.769  1.046 1,724
342.1 0.5080  0.7798 1.440 0.744  1.094 1,888 0.8113 1.388 0.772  1.127 1,910
C.HR-CH; 298.2 0.5502 0.7410 2.192 0.958 1.072 1.411 0.7428 2.190 0.964 1.078 1.416
(CHy) (CHy
DH, 4.4 0.5040  0.8126 1.274  0.462  0.778  1.338  0.8502 1.203  0.458  0.767  1.328
20.4 0.3340  0.8020 1.25¢ 0,061  0.087  0.123  0.8382 1.18¢  0.062  0.087 0,123
.5 0.2480  0.8316 1,204  0.171  0.252  0.427  0.8683 1.134  0.172  0.25¢  0.433
90.1 0.5020  0.8285 1,191  0.112  0.168 0,287  0.8651 1.122  0.110  0.172  0.295
186.0 0.4970  0.8347 1.194  0.045  0.0864  0.107 0.8714 1.125  0.049  0.068  0.114
229.0 0.2480  0.8335 1.200 © 0.163  0.242 0,412  0.8703 1.131  0.163  0.245  0.418
2031 0.7530  0.8363 1.195  0.103  0.127  0.167  0.8732 1.126  0.105 0.128  0.162
D,-HD 4.4 0.4970  0.8846 1,070  0.326  0.411  0.611  0.9028 1.046  0.319  0.403  0.600
20.4 0.7510  0.9092 1.088  0.202  0.309  0.530  0.9278 1.064  0.203 0,308 0,527
7.5 0.5070  0.9348 1.090  0.028 0,038 0,063  0.9536 1.065  0.030  0.041 0,067
90.1 0.4920  0.9286 1,083  0.080  0.120  0.223  0.9473 1.059  0.081  0.130 0,223
196.0 0.5000  0.9281 1.079  0.035 0,061  0.106  0.9468 1.05¢ 0.036  0.061  0.106
229.0 0.2490  0.93156 1.075  0.024  0.031  0.048  0.9502 1.051 0,024  0.031  0.048
203.1 0.5090 0,937 1.077  0.089 0,108  0.147  0.953 1.053  0.080  0.110  0.148
CeHyHy,  293.0 0.1485  0.2067 2.871  1.052  1.488 2,104  0.2490 2.386  0.418  0.501  0.835
373.0 0.1485  0.2186 2.949  0.623  0.882  1.247  0.2617 2.354  0.041  0.058  0.083
473.0 0.1485  0.2286 2.936  0.539  0.762  1.077  0.2725 2.333  0.001  0.002  0.003
523.0 0.1485  0.2322 2.942  0.507  0.844  1.193  0.2766 2.3  0.076  0.107  0.152
CyHy-CH,  293.0 0.5126  0.6570 1.473 0,080  0.099  0.13  0.6917 1.411  0.071  0.088  0.119
373.0 0.5126  0.6652 1.453  0.101  0.133  0.210  0.6099 1.391  0.082  0.121  0.182
473.0 0.5126  0.6749 1.439  0.02¢  0.035  0.059  0.7097 1.377  0.018  0.030  0.051
5§23.0 0.5126 0.6788 1.438 0.038 0.061 0.105 0.7136 1.376 0.034 0.087 0.099
CiHy-CiHy  203.0 0.5673  0.7764 1.200  0.209  0.309  0.525  0.7995 1.256  0.209  0.309  0.525
373.0 0.8474 0,773 1.286  0.093 0,118  0.178  0.7979 1.262  0.092  0.118  0.178
473.0 0.5673  0.7764 1.280  0.303  0.480  0.828  0.8004 1.246  0.303  0.480  0.827
523.0 0.7437  0.7749 1.272 0,179  0.220  0.206  0.7988 1.238 0,178  0.219  0.283
CH<H,  185.2 0.2501  0.2224 2.888  0.466  0.590  0.940  0.2060 2.3  0.247  0.909  0.688
233.2 0.2501  0.2268 2.855 0,557 0,642  0.771  0.2740 2.324  0.405  0.674  1.464
272.2 0.2501  0.2248 2.753  0.427  0.530  0.811
272.2 0.5129 0.2705 2.232 0.183 0.326 0.713
293.2 0.2160 0.2678 2.166  0.177  0.272  0.521
203,2 0.5173  0.2204 2.646  0.451  0.623  0.673
328,2 0.2100 0.2716 2.140  0.357  0.455  0.714
328.2 0.5173  0.2268 2.640 0,566  0.689  1.013
373.2 0.2114 0.2774 2,119  0.271 0.3  0.602
a73.2 0.5173  0.2306 2.615 0,333  0.405  0.559
423.2 0.5197 0.2797 2,091  0.150  0.207  0.343
423,2 0.7201  0.2299 2.551  0.346  0.670  1.119
473.2 0.5197 0.2893 2,123  0.309  0.45¢  0.964
473.2 0.7201  0.2379 2,562  0.136  0.184  0.339
5232 0.5116 0.2967 2,141  0.207  0.344  0.430
523,2 0.7201  0.2474 2,651 0,157  0.223  0.385
CHi-Ny,  300.0 0.5606  0.7589 1.310  0.487  0.597 0,749  0.7950 1.310  0.487  0.597  0.749
400.0 0.5695  0.7900 1.285  0.640  0.811  1.211  0.7901 1.285  0.640  0.811  1.211
500.0 0.5695  0.8046 1.272  0.406  0.520  0.831  0.8047 1.272  0.406  0.52  0.831
550.0 0.6695  0.8107 1,263 0,48  0.626  0.950  0.8108 1.263  0.489  0.626  0.590
CHi-O,  203,0 0.2207  1.316  0.7508 0,132  0.227 0,392  1.324  0.7410 0.152 0,298 0,394
23,0 0.8694  1.314  0.7608 0,169  0.216 0.3 1,323  0.7509 0.169  0.216  0.3%0
373,0 0.5856  1.310 0.7749 0,135  0.166 0,225 1.819  0.7640 0,135  0.166  0.226
n-CyFq -  303,2 0.48%0  0.6666 1,308 0,702  0.797  1.062  0.71256 1.166  0.619  0.709  0.981
(CHy)y 323,2 0.3658  0.6906 1.388  1.580  1.874 2,748 0,738 1.217 1.837  1.828  2.708
CHCH,C  333.2 0.4830  0.6623 1.331 0,000 0,000 0.000 0.7096 1,187  0.000 0,000  0.000
(CHy)y
Hy-HD 14.4 0.2540  0.8522 1.142  0.377 0.469 0.662 0.5766 1.106  0.376  0.465  0.848
20,4 0.5060  0.8768 1,163  0.529  0.407 0.560 0.8030 1.126  0.326  0.403  0.554
7.5 0.7490  0.9009 1,110  0.087 ©0.071  0.106  0.9257 1.074  0.087  0.072  0.107
901 0.4990  0.8991 1.108  0.338  0.414 0.633 0,923 1.072  0.339  0.416  0.835
196.0 0.2360  0.1082 17.90 L7758 2,192 3.007  0.146%8 10.92 1.537  1.892  2.5%
229.0 0.7480  0.9020 1.104  0.184  0.264  O.444  0.9277 1,068  0.18¢  0.266  0.448
293.1 0.2410  0.9089 1,121 0.616  0.608  1.137 0,930 1.086 0.516  0.896  1.1%
S - - — - J—
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TABLE 2. RECOMMENDED SETS OF q’ AND L-VALUES FOR THE VISCOSITY DATA (continued)

e e SR

—Wls Fractios p——
Gas Pair  TOP 'i& e & @ & N % @ k-

Hy-CH 283.0 0.3978 0.3331 2,136 0.274 0,382 0.713 0.3849 1.808 0.051 0.074 0. 141
203.2 0,4904 0.35%0  2.307 0.769 1.154 2,208 0.4088 1.958 0.826 1.177 2.076
333.2 0.2083 0.3586  2.292 0.750 1,083 1.908 0.4102 1.821 0.633 0.123 0.225
373.0 0.0777 0.3947 1.786 0.070 0.083 0.117
373.0 0.3978 0.3434 2.121 0.285 0.355 0.582
373.2 0.2083 0.3669 2.244 6.710 0.918 1,618 0.4076 1.877 0.578 0.995 Q.972
473.0 0.3978 0.3621 2.12¢ 0.238 0.347 0.643 0.4045 1.784 0.251 0.358 0.539
523.0 0.0777 ’ 0.4066 1.781 0.124 0.1538 6.218
523.0 0.3878 0.3548 2,121 0.285 0.349 0.527

H,-NO 273.2 0.2835 0.3083 2,188 1.867 2,587 4.861 0.3507 1.6845 2.233 2.888 5. 318
293.2 0.641¢ 0.3125 2.218 0.723 0.825 1,565
203.2 0.5303 0.3605 1.707 0.630 0.817 2,042
Hy-Ng 82.2 0.3510 0.2803  2.502 0. 509 1.042 2.286 0.3304 2.0% 0.932 1,430 3,055
90.2 0.1600 0.2839  2.459 0.785 1.273 2.35 0.3369 1.999 0.811 0.964 1, 506
291.1 0.1600 0.3302 2.207 0. 801 0.903 1.151 0.3724¢ 1.746 0.534 0.760 1.451
291.1 0.4410 0.3198 2.232
281.1 0. 5170 0.3637 1.711
201.2 0.2960 0.3166  2.222 0,571 0.746 1,400
281.2 0.6170 0.3641 1.722 0.211 0.254 0. 399
307.2 0.3991 0.3622 1.885 0,339 0.466 0.868
307.2 0.5100 0.3156 2.1% 0.2 0.2684 0.326
326.4 9, 3991 0.3374 2.443 0.276 0.339 0.514 0.3882 1.884 0.217 0.246 0.313

373.2 0.3991 0.3332  2.287 0.789 1.211 2,546 0.3882 1.775 0.529 0.896 1,912
4a2.7 0.3988 0.3483  2.417 0.794 1.056 1.875 0.3091 1.866 0.642 0.831 1.412
478.2 0.8002 0.3547 2.465 0.915 1.572 3.428 0.4101 1,921 0.903 1.280 2. 581

Hy-N,0 300.0 0.4030 0,2540 2.091  0.409  0.513  0.752
300.0 0.6011  0.2080 2.731  0.154  0.227 0,387
400.0 0.4039 0.2663 2.037  0.289  ©0.360  0.514
400.0 0.6011  0.2220 3.697  0.25¢  0.356  0.502
500.0 0.4039 0.2750 2.016  0.270  0.334  0.461
500.0 0.6011  0.2303 2.681  0.243  0.362  0.617
560.0 0.4039 0.2783  2.016  0.200  0.355  0.444
550.0 0.6011  0.2343 2.685 0.204 0.314  0.538
Hy-0y 203.2 0.4470  0.2075 2.049 1,934 2,698  6.846
293.2 0.4930 0.3402 1.547  1.479 2,268  6.351
203.6 0.2730  0.3078 2.116 0,337 0,418  0.770  0.3475 1.580  0.%1  0.392  0.714
300.0 0.6085  0.3064 2,102  0.899  1.602 3,147  0.3563 1.615  0.732  0.963  1.591
400.0 0.6063  0.3182 2,138 0.567 0.2  1.338
400.0 0.8165 0.3635 1.613  0.326  0.382  0.498
600.0 0.6055 ~0.3212 2,128  0.596  0.893  1.896  0.5712 1.624  0.353  0.437  0.717
550.0 0.6085  0.3220 2,192  ©0.88¢  1.441 2,830  0.3725 1.676  0.650  0.864  1.520
Hy-CyHy  273.2 0.1500  0,1333 3.33¢  1.383  1.823  3.599
273.2 0.9271 0.1763 2.760  1.060  1.3%0  2.861
300.0 0.0775 0.1895 2.846  0.820  1.096  1.805
00.0 0.4182  0.1507 3.505 0.431 0,554  0.858
400,0 0.1260  0,1606 3.540  0.42%  0.514  0.817
400.0 0.3118 0.1996  2.777  0.820  1.185  2.191
500.0 0.0778 0.2101 2.778  0.720  0.897  1.397
500.0 0.1250  0,1689 3.647  0.480  0.587  0.880
550.0 0.0775 0.2171  2.831 0,722  0.619  1.145
560, 0 0.1250  0.1725 3.573  0.533  0.656  1.117

CH-Oy 293.2 0.1420 0.9227 1.021 0.304 0.382 0.853 0.9563 0.9542 0.322 0.386 0.836

CHi-CyH,  293.0 0.9684  0.5042 1.881  0.185 0,228  0.378  0.5602 1.764  0.163  0.217  0.M9
373.0 0,3684  0.5063 1.838  0.243  0.297  0.389  0.5620 1.732  0.240 0,295 0.3
473.0 0.3684  0.5179 1.821  0.218  0.281 0.4%  0.5840 1.704 0.215  0.271  0.401
523.0 0.3684  0.5247 1.825  0.147 0.220  0.393  0,5711 1.707 0.146  0.216  0.368
N-NO 293.0 0.2674 010  1.004 0.179 0.250 0,414 1.015  0.9989 0.179  0.250  0.415
.000  0.9830 0.244  0.302  0.421 1.006  0.9777 0.244  0.302  0.422

.008 0.9945 0.118 0,153 0,238 1,018 0.983% 0.118 0.153 0.238
012 0.9882 0.088 0,104 0.129 1.082 0.0766  0.085 0.104 0.129
‘ 500.0 0.4107 1.020 0.9883 0.122 0.168 0.246 1.029 0.877¢  9.122 0.158 0.947
0.7%2 1.193 0.8805 2.814 4,283 7.3 1.208 0.8008 2.814 4.278 7.326

1
1
Ng-Oy 298.7 - 0.6100 1,038 1.011 0.818 0.873 1.321 1.044 1.001 0.6818 0.674 1,328
1
1

880.0

300.0 0.4171 0.7391 1.3%0 0.103 0.136 0.162 0.7298 1.3% 0.103 0.126 0.162
400.9 0.4171 0.7%8 1.3%0 0.091 0. 140 0.241 0.7310 1,330 0.091 0.140 0. 40
00,0 0.7984 0.7300 1.331 0.278 0.972 0.607. 06,7381 1.3M 0.375 0.372 0.6807
§80.0 0.41M 0.7%¢ 1,327 0.141 0.182 0.382 0.7387 1.338 0.141 0.183 0.2082

N0-Clly
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TABLE 2. RECOMMENDED SETS OF ¥; AND L~VALUES FOR THE VISCOSITY DATA (coutinued)
() on
Temp. First Method L, Second Method
Gas Pai) of Heavi
s W Mé ¥ Wy %) «53) k) e Y fi‘) (11‘.') (%
HCI~-CO, 291.00 0.6000 0.1451 0.1208 0.612 0.776 1.340 0.1452 0.1680 0.812 0.776 1.340
291.16 0. 5000 0.8796 1.034 0.17 0.189 0.261 0.68920 1.019 0.182 0.180 0.253
8C,-COy 289,0 0. 8000 0,7278 1.243 0.185 0.195 0.262 0. 7508 1.211 0.145 0.175 0,236
289,0 0.6000 0.7294 1.244 0.093 0,124 0,247 0.7522 1.213 0. 080 0.112 0.234
298.2 0.3390 0.7304 1.195 0.322 0.371 0.562 0.7523 1,163 0. 307 0.358 0. 589
308,2 0,6080 0.7252 1.222 0.287 0.373 0.744 0.7478 1.192 0,289 0.36% G, 729
383.2 0. 5000 0.7478 1.236 0.132 0.182 0.272 0. 7706 1.204 0.119 0.149 0,261
CCl-CH,C), 293,15 0,6886 0.7131 1.348 0.219 0,290 0.536 0.7487 1,281 0.209 0.279 0, 505
353.26 0.6351 0.7015 1.316 0.116 0.164 0,232 0.7348 1.261 0.145 0. 208 0.289
413.43 0.7096 0.7199 1.365 0.437 0. 541 0.956 0.7536 1.307 0.438 0,544 0.984
(CHy)y s13.2 0.5000  0.5960 2.749  2.301 2546 375  0.6497 2.509  2.000  2.272 3,253
CHOH-CC),
CH,OH-CCl, 313.2 0.3200 0.5038 1.492 2.215 2.637 4.127 0.5498 1.287 2.041 2.436 3.835
CHR,COOCH, 313.2 0. 3800 1.180 0.8382 0.828 1.112 2.233 1.221 0.8887 0,544 1.132 2.258
C -
CeligOy
NHg-CpH,  293.2 0.3039  0.7380 1.184  0.060  0.08¢  0.150  0.7652 1.139  0.071  0.098  0.195
373.2 0.4828 0,72 1.222 0.062 0.075 0.114 0.7576 1,178 0.070 0.088 0. 140
473.2 0.4828 0.7220 1.270 0.070 0,098 0.189 0.7505 1.228 0.0589 0.094 0.164
523.2 0.303% 0.7178 1.287 0.057 0.078 0.123 0.7460 1,241 0.064 0.080 0.136
NHy-H, 283.2 0.2978 0.2603 1.964 0.508 0.602 0.927 0.3033 1.661 0.043 0.052 0.084
306.2 0, 3990 0.2189 1.581 1.882 2.225 3. 368
306.2 0.5360 0.2543  1.3%  1.213  1.489  2.569
327.2 0.3990 0.2274 1.603 1.63¢ 1.874 2.568
327.2 0.5360 0.2685 1,323  1.008 1.1  1.436
371.2 0.3990 0.2389 1.614 2,535 3.032 4.834
3m1.2 0.5360 0.2723 1.3%  1.925  2.363  3.947
373.2 0.2239 0. 3289 1.825 0.092 0.109 0.189
3732 0.2975  0.2856 1.943  0.513  0.620  0.961
421.2 0.1400 0.2488 1,628 1,502 1.6874 3.239
421.2 0.6005 0.2092 1.369  1.656  1.900  2.546
473.2 0.2975  0.3182 1.047 0.378  0.438  0.635  0.3585 1.618  0.057  0.103  0.247
479.2 0.6005 0.26874 1.6877 1.260 1.532 2.321 0.3172 1.444 1.469 1.782 2.970
523.2 0.2975 0.3223 1.946 0,404 0,474 0,666 0. 3660 1.613 0,049 0.056 0.080
Hp-(CyH;),0 288.16  0.13%0  0.1063 4.654  0.727  1.020  1.455 0.1419 3,617 0.007 0.009  0.013
373.16  0.13%0  0.1156 4.636  0.588  0.831 1.175  0.1523 3.555 0.080  0.114  0.16l
425.15  0.1330  0.1197 4.685 1.055 1.492  2.110  0.1570 3.563  0.413  0.58  0.828
496.16 0.13% 0.1230 4.646 0.678 0.954 1.350 0.1609 3.532 0.054 0.076 0.107
HCI-H, 204.16  0.8220  0,1920 2.120  1.226  1.843  3.508  0.2452 1,761  0.112  0.131  0.167
327.16 0.2031 0.2128 2.287 0.508 0.590 6.756
327.16  0.5042 0.2552 178  0.276  0.509  1.015
372.16  0.2031 0.2582 1714  0.089  0.138  0.M43
372.18 0. 5042 0.2140 2.193 0.702 0.960 0.768
427.18 0,502  0.2114 2.138 1,500 1,745  2.184  0.28576 1.686  0.888  1.150  1.888
473.16  0.2409  0.2385 2.292  0.656  O0.788  2.131  0.2762 1.719  0.021  0.035  9.068
523,16  0.5178  0.2886 2.245 0,399  0.471  0.671L  0.2861 1.743  0.293 0,378  0.600
80y-H, 290.16  0.2266  0.1321 2.960  0.876  1.021  1.553  0.1657 2.211  0.149  0.230  0.487
303.2 0.4060  0.1506 9.237 0,762  1.292 2,73  0.1938 2.481  1.319  2.125  4.526
316.18  0.2206  0.134 2,956 1.16f  1.406  2.221  0.1702 2.195 0.595 0.795  1.368
328.2 0.4863  0.1491 5,145  0.730  1.100 2,332  0.1939 2.436  1.222  2.134  4.857
343.18 0.2366 0.1386 2.821 0.841 0.953 1,466 0.1726 2.186 0.283 0.400 0.858
368.18 0.2308 0.1414 2,914 0.778 0. 804 1,391 0.1762 2.149 0.264 0.3786 0.712
373.2 0.2006  0.1560 3.000  1.821  2.104 2919  0.1911 2.241  2.78  3.199  4.217
397.16 0.3265 0. 1436 2,889 0,618 0.780 1.810 0.1817 2.178 0.2561 0.351 0.6
423.2 0.5023  0.1881 3.173  0.641  0.665 1.110  0.2119 2.408  0.676  0.795  1.208
432.16  0.1676  0.1537 9.004  1.028 1,190  1.20  0.1849 2.1520 0.566  O0.771  1.484
472.18  0.3265  0.1526 3.014  0.183  0.288  0.561  0.1620 2.287 0.679  1.041  2.00%
473.2 0.4018  0.1563 2,879  0.866 1,515  3.3%
473.2 0.602¢ 0.2010 2,208  0.394  0.486 0,805
NH,CH, 287.66  0.5000  0.8211 0.9714 0.140  0.181 0,351  0.8280 0.9673 O.144  0.176 0,332
208.2 0.7000  0.8327 0.9571 0.703  0.826  1.180  0.8%8 0.9632 0.702  0.828  1.164
308.2 0.4080  0.8733 1.006  1.048  1.450  2.763  0.8773 1.00L  1.044  1.426  2.755 .
383,2 0.0080  0.3506 0.9500 0.232  0.270  0.482  0.8508 0.9480 0.227  0.873  0.447 ;
SO-CH,  308.2 0.43%0  0.4770 1.632  1.104 1.212  1.576  0.8280 1.463  0.940  1.042 1445 ¥
383.2 0.3020 0.4870 1.638  0.700 1183  2.706  0.5461 1.460 0.5T7  1.09  2.648 i
e e ——— e s e
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TABLE 2. RECOMMENDED SETS OF W“ AND L-VALUES FOR THE VISCOSITY DATA (continued)
Wols Yracton o 5 o
Guepatr TP of Hoavier LM W ) k) @ W, M B, ks A o
Component i ? ! :
NHy-Ny 2988.2 0.4362 0.928¢ 0. 8594 0.154 0.184 0,299 0.9531 0.8188 0.103 0.128 0.218
297.2 0.2038 0.9962 0.8931 0.819 1.468 3.238
297.2 0.4973 0.9719 0.9389 0.771 1.508 3.354
327.2 0.4873 0.9351 0.9144 0.768 1.156 2,369 0.9615 0.8725 0,783 1.177 2.432
373.2 0.7993 0.9077 0.9201 0.722 1.070 2.056 0.9353 0.8890 0.698 1.098 2.198
373.2 0.4362 0.9053 0,91368 0.210 0.245 0.3%0 0.9311 0.8719 0.166 0.200 0.345
423.2 0.4080 0.8982 0.9569 0.504 0.609 0.890 0.9245 0.9140 0. 5298 0.639 0.938
473.2 0.4362 0.8871 0.9755 0.149 0.169 0.216 0.9137 0.9325 0.115 0.130 0.171
523.2 0.4362 0.8814 1,000 0.097 0.120 0,169 0.9084 0.9570 0.082 0.094 0.133
573.2 0.5072 0.9240 1.012 0.627 1.023 2,192 0.9520 0.9677 0.642 1.038 2.222
NHy-N,O 298.2 0. 5040 0.7693 1.179 0.522 0.589 1.028
298.2 0.5880 0.7325 1,294 0.481 0.588 1.043
308.2 0.3130 0.6695 1.180 0.519 0.59¢ 0.873 0.7077 1.082 0.637 0.727 0.979
353.2 0.2210 0.6593 1.180 0.212 0.259 0.445
353.2 0.3200 0.7002 1.087 0.211 0.293 0.660
S0y-N;0 298.2 0.4930 0.7421 1.219 0.420 0.537 1,312 0.7647 1.187 0.426 06.542 1.326
308.2 0.4760 0.7378 1.244 1.041 1.207 2.072 0.7605 1.212 1.027 1.284 2.056
353.2 0.4740 0,7429 1.228 0.236 0, 313 0.531 0.7655 1.196 0.223 0.300 0.515
NH,-Oy 293.2 0.5214 0.9272 0.8456 0.142 0.167 0,227 ‘6.9563 0.7935 0.082 0.099 0.137
373.2 0.5214 0.9146 0.9007 0.114 0.135 0.213 0.9449 0. 8466 0.054 0.070 0.119
473.2 0.5214 0.9033 0.9626 0.082 0.108 0.147 0.9348 0.9064 0.054 0.061 0.081
NHy-CH3NH, 273.0 0, 5000 0.7065 1,361 0.226 6.277 0.347 0,7401 1.303 0.216 0.265 0.334
298.0 0. 5000 0.7016 1.370 0.160 0.19¢ 0.248 0.7352 1.311 0.149 0.183 0.228
323.0 0. 5000 0.6977 1.378 0.148 0.181 0.238 0.7313 1.320 0.137 0.169 0.225
348.0 0. 5000 0.6954 1.386 0.088 0.109 0.150 0.72080 1.328 0.078 0.097 0.133
373.0 0. 5600 0.6922 1.381 0.043 0,059 0.095 0.7258 1.333 0.034 0.047 0.077
423.0 0. 7500 0.6858 1,397 0.053 0.069 0.107 - 0.7196 1,340 0.047 0.058 0.071
473.0 0.2500 0.6848 1.404 0.123 0.199 0.344 0.7181 1.345 0.123 0.211 0.366
523.0 0.2500 0.6807 1.407 0.042 0.063 0.107 0.7139 1.348 0.047 0.076 0.131
§573.0 0.2500 0.6765 1.408 0.569 0,907 1.565 0.7095 1,349 0.567 0.921 1.591
623.0 0. 5000 0.6738 1.410 0.104 0.167 0.289 0.7069 1.352 0.091 0.153 0.265
873.0 0.5000 0.6708 1.410 0.081 0. 100 0.142 0.7041 1.352 0.066 0.084 0.125
CHyCOOCH,; 303.2 0.4950 0.5301 1,627 0.050 0.135 0.542 0. 5560 1.589 0.046 0.147 0.573
Celty-
CetgNH,
CHyCOOCH, 313.2 0.2720 0. 3809 2,417 0.645 0.R60 1.325
Collg- 313.2 0.4350 0.3978 2.403 0.613 0.850 1.414
CHiCeH,OH
(CH,),O- 308.2 0.5080 1.041 0.9790 0.199 0.247 0.413 1.048 0.9718 0.198 0.246 0.412
CH,C1 353.2 0.5880 1,040 0.9797 0.091 0.119 0,233 1.047 0.9724 0.091 0.119 0.232
(CH.),O-SQ 308.2 0.4920 0.9937 1.005 0.269 0. 308 0.550 1.015 0.9767 0.268 0,307 0.549
353.2 0. 5040 1.010 1.013 0.276 0.373 0.744 1.031 0.9838 0.277 0.376 0.747
CHyC1-80y 308.2 0.6040 0.9539 1.026 0.387 0.469 0.732 0.9697 1.007 0.384 0.466 0.726
353.2 0. 5890 0.9636 1.026 0.398 0.469 0.738 0.9795 1.008 0.396 0.467 0.737
80,-80,F;  273.0 0. 5000 0.8301 1.147 0.195 0.250 0.380 0.8575 1.105 0,184 0.237 0.366
323.0 0. 5000 0. 8086 1.145 0.180 0,226 0.334 0. 8357 1.104 0.163 0,205 0.305
373.0 0. 5000 0.7975 1.148 0.130 0.219 0.380 0.8245 1.107 0.120 0.200 0.347
423.0 0. 5000 0.7094 1.156 0.107 0.1%9 0.309 0.8174 1.115 0.096 0.159 0.276
473.0 0.7500 0.7931 1.175 0.122 0. 165 0.269 0. 8208 1.13¢ 0.115 0.174 0.297
523.0 0. 5000 0.7909 1.180 0.094 0.116 0.145 0.8182 1.139 0.092 0.114 0.157
573.0 0. 5000 0.7939 1.194 0.077 0,095 0.131 0.8213 1.152 0.075 0,092 0.115
623.0 0.5000 0.7983 1.205 0.083 0.103 0.142 0.8239 1.163 0.082 0.100 0.127
673.0 0. 5000 0.7974 1.212 0.040 0.052 0.082 0.8251 1.169 0.048 0.061 0.092
Air-COy 290.0 0.6000 0.7059 1. 325 0.037 0.045 0.063 0.7311 1.288 0,024 0.033 0.053
Air-CH, 203.2 0.5050 0.8856 1.010 0.575 0.691 1.170 0.9267 0.9563 0. 501 0.714 1.224
203.2 0.4410 0.9037 1,007 0.911 1.914 5.827 0.9348 0.9536 0.928 1.812 5. 801
208.2 0.5050 0.8850 1.011 0.918 1.417 3.794 0,9160 0.9579 0.940 1.430 3.825
293.2 0.6360 0.9007 1,021 0,547 0.738 1. 6841 0.9325 0.9672 0.574 0.768 1. 907
NH;-Air 288.7 0. 3000 0.9083 0.8432 0.442 0. 551 1.088 0.9322 0.7992 0.384 0,532 1.233
Air-HC1 289.7 0.6000 0.7109 1.141 0.336 0. 369 0.483 0.7252 1.124 0.311 0,342 0.464
201.3 0. 8000 0,7111 1.141 0.490 0.654 1.188 0.7254 1.125 0.46S 0.634 1.170
Hy8-Alr 290,36 0.8000 0.6766 1.154 0.133 0.145 0.208 0.6871 1.144 0.112 0,129 0.245
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Data Presentation and Related General

Information

1. SCOPE OF COVERAGE

Presented in this volume are 1803 sets of viscosity
data on 59 pure fluids and 129 systems of fluid mix-
tures. These substances were selected based on
consideration of scientific and technological interest
and needs.

Viscosity is strongly and intricately dependent
on the shape and structure of the molecules. Con-
sequently, different varieties and complexities of
molecules and their different combinations in the
mixtures have been selected. It is hoped that such an
investigation of the viscosity of different categories of
fluid molecules and their combinations will help in
elucidating the various ways in which the viscosity
of fluids and fluid mixtures can vary with changes in
such variables as temperature, density (or pressure),
and mixture composition.

The pure fluids include 13 elements, 10 inorganic
compounds, and 36 organic compounds, and were
originally selected to match parallel programs for
thermal conductivity and for specific heat, the tables
resulting from which have been published in Volumes
3 and 6, respectively. The data on pure fluids have been
critically evaluated, analyzed, and synthesized, and
“recommended reference values” are presented for
the saturated liquid, saturated vapor, and gaseous
states, with the available experimental data given in
the departure plots.

The fluid mixtures selected include 99 binary
systems, 8 ternary systems, 3 quaternary systems, and
19 multicomponent systems. These are further divided
into monatomic-monatomic, monatomic-nonpolar
polyatomic, monatomic—polar polyatomic, nonpolar
polyatomic-nonpolar polyatomic, nonpolar poly-
atomic-polar polyatomic, and polar polyatomic—
polar polyatomic systems. The data on fluid mixtures
have been smoothed graphically and the smoothed
values as well as the experimental data are presented
as a function of composition, density, or temperature
in both graphical and tabular forms. Those experi-

mental data originally reported in the research
document as a function of pressure have been
converted to functions of density. The experimental
data for binary mixtures with composition dependence
have been fitted with equations of the Sutherland
type, and the Sutherland coefficients have been
calculated and are presented in this volume.

2. PRESENTATION OF DATA

The viscosity data and information for each
pure fluid are presented separately for three physical
states : saturated liquid, saturated vapor, and gaseous.
For each physical state, the material presented
consists of a discussion, a tabulation of the recom-
mended viscosity values, and a departure plot.

In the discussion, the available experimental
data and information are reviewed and assessed, the
considerations involved in arriving at the recom-
mendation of the viscosity values are discussed, the
theoretical or empirical equation used in curve fitting
is given, and the estimated accuracy of the recom-
mended values is stated. Recommended values are
presented in tabular form, accompanied by indications
of phase transition temperatures where these fafl
within the range of the tabulation. A departure plot,
or plots, showing the concordance between the
various experimental and/or theoretical values and
the recommended values is given if sufficient experi-
mental data are available.

In preparing the departure plots the following
definition is used:

Percent departure

_ Experimental data-Recommended value

Recommended value x 100

By the above definition, departures are positive if the
experimental data are greater than the recommended
values and vice versa. Extrapolation of the values
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beyond the limits of the table is not recommended. If,
however, this must be done, the departure plotz should
be examined to obtain an indication of the probable
trend in the values in regions not yet experimentally
studied.

The viscosity data and information for each
system of fluid mixtures are presented separately for
three different dependences : composition, density, and
temperature. Those data originally reported as a
function of pressure have been converted to be as a
function of density. A consistent numbering system
for tables and figures is adopted. Thus, a table
numbered as 60-G(C)E, for example, lists the experi-
mental (E) viscosity data as a function of composition
(C) for gaseous (G) argon—helium (60) mixtures. The
viscosity variation is shown in terms of the mole
fraction of the heavier component in the mixture. A
table numbered as 60-G(D)E deals with the experi-
mental data as a function of the density (D) of the
gaseous argon-helium mixtures. Similarly a table
numbered as 60-G(T)E reports experimental data as a
function of temperature (T). In each case the remaining
variables are specified while reporting a given set of
data. Also the data of different workers on a given
system for the same dependence are grouped together
in the same table and listed in the order of increasing
temperatures. If all the experimental viscosity data
on a given system for the same dependence are not
easily accommodated in one figure, these are distri-
buted in a set of figures identically numbered.

The graphically smoothed viscosity values at
equally spaced twenty-one entries of the mole
fraction of the heavier component in the gaseous
binary system and at the temperature of measurement
are reported in o table numbered as G(C)S. These
tables giving the composition (C) dependence of
viscosity are also included for each system along with
the above-mentioned 3 sets of tables. Similarly the
smoothed values for round density and temperature
are reported in tables numbered as G(D)S and G(T)S,
respectively. In these different categories of data,
whenever a liquid system is involved instead of a
gaseous system the first letter Gis replaced by L. Inan
analogous manner the letter V is used to signify the
vapor state.

The experimental data for ternary, quaternary,
and multicomponent systems are also grouped to-
gether in the light of their molecular structure, but are
not further processed like those for binary systems
except in a few cases which are either pure air or
mixtures of air and other fluids. Treating air as a pure
component the data on systems air—carbon dioxide,

air-methane, air-ammonia, air-hydrogen chloride,
and air-hydrogen sulfide have also been smoothed.

It is hoped that a better understanding of the
viscosity of binary systems will help in predicting the
viscosity of systems containing more than two
components, for it is impossible in practice to
measure the viscosity of mixtures with all the possible
combinations of components. The data reported here
for complex systems will serve to check the various
predictive schemes either already developed or to be
developed.

3. SYMBOLS AND ABBREVIATIONS USED
IN THE FIGURES AND TABLES

Most abbreviations and symbols used are those
generally accepted in engineering and scientific
practice and convention.

In this volume the word **data” is reserved for an
experimentally determined quarntity, while quantities
determined by calculation or estimation are referred
to as values.

The notations “n.m.p.,” “n.b.p.,” and “c.p.”
refer to normal melting point, normal boiling point,
and critical point, respectively. Numbers in square
brackets in the discussion and those signified by the
notation ‘‘Reference” on the departure plot cor-
respond to the References to Data Sources listed at the
end of this Numerical Data section.

In the departure plots, curve numbers are
surrounded either by circles or squares, the latter
being used to indicate a single data point. Solid lines
are used in the plot to connect experimental data
points and dotted lines indicate calculated or corre-
lated values. When the percent departure for any of
the data points falls outside the range of the departure
plot, the numerical value of the departure is correctly
given at the data point with a vertical arrow pointing
up or down from the data point to the given value to
indicate the fact that the value is beyond the range of
the plot.

In the tables and figures for systems of mixtures,
the term “mole fraction™ is used to denote the ratio
of the number of molecules of one kind present in a
given mixture to the total number of molecules. Thus,
in an argon-helium mixture when the stated mole
fraction of argon is 0.20, it implies that in the mixture
argon is 20 9, by the number of molecules, and hence
that 1/5 of the total volume is argon. The mole
fraction of a given component will often vary between
the extreme limits 0 and | referring to its complete
absence and presence, respectively.
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4. CONVENTION FOR BIBLIOGRAPHIC
CITATION

For the following types of documents the
bibliographic information is cited in the sequences
given below.

Journal Article

a. Author(s}—The names and initials of all
authors are given. The last name is written
first, followed by initials.

b. Title of the article—The title of a journal
article is enclosed in quotation marks.

¢. Name of the Journal-—The abbreviated name
of the journal is given as used in Chemical
Abstracts.

d. Series, volume, and issue number—If the
series is designated by a letter, no comma is
used between the letter for series and the
numeral for volume, and they are both in bold-
face type. In case series is also designated by a
numeral, a comma is used between the
numeral for series and the numeral for volume,
and only the numeral denoting volume is
boldfaced. No comma is used between the
numerals denoting volume and issue number.
The numeral for issue number is enclosed in
parentheses.

e. Pages—The inclusive page numbers of the
article.

f. Year—The year of publication.

Report

a. Authort(s).
b. Title of report—The title of a report is
enclosed in quotation marks.

c. Name of the sponsoring agency and report
number.

. Part.
Pages.
Year.

. ASTIA’s AD number—This is enclosed in
square brackets whenever available.
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Book

. Authorts).

. Title—The title of a book is underlined.
Volume.

. Edition.

. Publisher.

Location of the publisher.

Pages.

. Year.

Semoao g

5. NAME, FORMULA, MOLECULAR
WEIGHT, TRANSITION TEMPERATURES,
AND PHYSICAL CONSTANTS OF
ELEMENTS AND COMPOUNDS

The table given here contains information on the
molecular weight, transition temperatures, and
physical constants of the elements and compounds
included in this volume and of a few selected com-
pounds in addition. This information is very useful
in data correlation and synthesis. The molecular
weights are based on the values given in the article
entitled “Atomic Weights of the Elements 1971,
published in Pure and Applied Chemistry, Vol. 30,
Nos. 3-4, 639-49, 1972, by the International Union of
Pure and Applied Chemistry. The electric dipole
moments are quoted from the compilation of Nelson,
Like, and Maryott, National Standard Reference
Data Series—National Bureau of Standards, NSRDS-
NBS 10, 49 pp., 1967.

6. CONVERSION FACTORS FOR
UNITS OF VISCOSITY

The conversion factors for units of viscosity
given in the table are based upon the following
defined values and conversion factors given in NBS
Special Publication 330, 1972:

Standard acceleration of free fall = 980.665 cms ™2
lin = 2.54cm
11b = 453.59237 ¢
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Name, Formula, Molecular Weight, Transition Temperatures, and Physical Constants of Elements and Compounds

Molecular  Density Melting (or Normal Boiling  Critical [ C Dipole
Name Formula “yeignt  (25C),  Triple) Pomnt,  Point, Temp, (@%), (5,  Moment,
gem= K K K cal g=IK-! cal g~'K! Debyes
Acetone C3H,0 58.080  0.933 ()t 178 L9 508 0.528 (1) 2.88
Acetylene CaHy 26.038 1,077 -3%* 178 189 309 0. 407 0.329 0
Air 28.968 1,184 -3 80 78b, 82d 133 0.240 0.172
Ammonia NH, 17.030  0.601 -3 195 240 405 0,515 0,387 1.47
Argon Ar 39.948  1.634 -3 84 88 151 0.126 0.075 0
Benzene Cey 78.113  0.876 (4) 279 353 563 0.415 (1) -- 0
Boron Trifluoride BF, 617.805 146 172 261 -~ -- ]
Bromine Br; 159. 808 266 332 584 0.113 -- 0
i-Butane i-CjHly  58.123 114 262 408 0.404 0.132
n-Butane n-CHy 58.123 2,491 -3 137 273 426 0. 409 0.358 $0.05
Carbon Dioxide COp 44,010 1.811 -3 216(5 atm) 195 304 0.203 0.158 [1]
Carbon Monoxide co 28.010 1.145 -3 88 81 134 0.249 0.177 0.112
Carbon Tetrachloride CCly 153.823  1.589 (1) 250 350 566 0.204 (1) -- [
Chlorine Cl 70.906  2.944 -3 172 239 a7 0.114* 0.084 0
Chloroform CHCl;,  119.378 1.469 (4) 210 334 536 0.228 1) -- 1.01
n-Decane Cyllyy  142.284  0.728 (1) 243 447 619 0.527 () --
Deuterium Dy 4.028  0.166 -2 18(.16 atm) 24 38 1.731* 1.241 0
Diethylamine CHyN 73.138  0.711 (4) 233 329 496 0.516 () -- L1
Ethane Cyliy 30.069 1.243 -3 90 185 306 0. 422 0.335 0
Ethyl Alcohot CiHeO 46,069  0.789 (4) 1693 351 516 0.580 (4) -- 1.69
Ethyl Ether CHypO 74.123  0.7186 (1) 157@), 150(8) 308 467 0,559 (¢) -- 1.15
Ethylene CqaHy 28.054 1.156 -3 104 170 283 0.374 0.297 0
Ethylene Glycol CyHgOy 62.068 1.100 @) 258 47 0.578 1) -- 2.28
Fluorine Fy 37.997 1.583 -3 54 85 144 0,197* 0.152 0
Freon 11 CCLF  137.368 5.840 3 162 207 471 0, 136* 0.125 0.45
Freon 12 CCLF; 130,914 5.0456 -3 116 243 385 0.146 0.128 0.51
Freon 13 CCIF;  104.459 4,388 3 91 191 302 0.153* 0.138 0.50
Freon 21 CHCLF 102.923 4.284 -3 138 282 451 0. 141* 0.119 1.29
Freon 22 CHCIF; 86,489 3.588 -3 13 233 369 0,151 0.133 1,42
Freon 113 CiCLF; 187.376  1.564 (1) 238 321 487 0,225 (1)
Freon 114 C,CLF, 170.922 17.012-3 179 276 419 0.170 0.157 0.5
Glycerol C3yHgOy 92,005 1,263 (1) 291 563 0.567 (1)
Hellum He 4.003 0.164 -3 4 5. . 240* 0.748 0
n-Heptane CyHy 100.203 0,681 (4) 183 371 540 0.536 £) -
n-Hexane CeHy 86.177  0.6567 (1) 178 342 508 0.543 ) --
Hydrogen H, 2.016 0.082 -3 14 20 33 3. 420 2.438
Hydrogen Chloride HCL 36.461 1.502 -3 16042 188 325 0.191* 0.140 1.08
Hydrogen lodide HI 127. 912 223 238 423 0, 054*
Hydrogen Sulfide He8 34,076 1,409 -3 180 213 374 0. 240* 0.157 0.97
lodine 1 253,809 4.93 (a) 387 4658 785 0,052 (8) -- [
Krypton Kr 83.80  3.429 -3 116 120 210 0.059* 0.035 ]
Methane CHg 16.043 0,657 -3 20 112 190 0.533 0. 409 0
Methyl Alcohol CHO 32.042 0,789 (1) 175 338 513 0.602 () .70
Methyl Chloride CHCl1 50, 488 175 249 416 0,193
Methy] Formate CyH,03 60.052 0,974 (1) 174 305 487 0.516 -
Neon. Ne 20.179 0,824 -3 25 27 44 0.246% 0.150 0
Nitric Oxide NO 30,000 1,228 -3 11 121 180 0.238 0.167 0.153
Nitrogen Ny 28,013 1,146 -3 63 78 126 0. 249 0.178 0
Nitrogen Per oxide  NOy 46,008 1.44 (1) 263 295 431 0,369 (L) 0.316
Nitrous Oxide NyO 44.013 176+ 7 184 310 0.209* 0.170 0.167
n-Nonane c 128.257 0.714 (1) 220 424 594 0.529 (¢) --
n~Octane CaHyy 114.230 0,701 ) 216 399 569 0.530 (1) --
Oxygen 0, 31.999 1,310 -3 55 20 155 0.220 0.157 ]
n-Pentane MW. cgH, 72.150  0.621 (&) g 144 309 470 0.561 (4)
Cyclopropane 42. 000-Gylly aviae 0. 61(! ) 14 240 --
Propane C,Hg 44,096 1.854 86 231 369 0. 400 0.350 0,084
Propylene CaHy 42,080 0,514 88 226 365 0.370 0.320
Radon Rn 222 202 211 anm [
Sulfur Dioxide 80y 64,0590 2,679 -3 198 263 430 0. 149* 0,081 1.63
Toluene CyHy 92.140 1,028 () 178 384 584 0.410 ¢) -- 0.36
Tritlum Ty 6,032 2 26 4“4 [}
Water HyO 18.015  ~4wed® (L)) 47273 373 647 0.998 (1) -- 1.85
Xenon Xe 131.30 5.397 -3 16) 185 290 . 0378 0.0227™ o0
" For ideal gas state.
* Ihe notation -3 signifies 104, 0 that 1,077 -3 means 1.077 x 10, ete.
1‘(l.) and () designate liquid and solid state, respectively.
e s e m—— ——— - - - — -
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BINARY SYSTEMS

i The viscosity data (expressed in N 8 m~?) for ninety-nine binary systems are presented in Figures and Tables
60 through 158. Each Figure and Table includes data on a single binary system and it is further divided into as many

as three different sections to accommodate data with composition, density, and temperature dependences. Those data : f
originally reported in the research document as a function of pressure have been converted to be as a function of density. 1

In graphical smoothing of the data for a binary system giving the composition dependence at a particular temperature, o
the two end points, referring to the two pure components, were regarded as correct, and then, consistent with the ac~
curacy of the data, a smooth curve was drawn through the experimental points. This approach, which was adopted in
almost all cases, has many implications. The reliability of the viscosity data for pure fluids is generally better than
that for the mixtures obtained on the same apparatus. This is because in principle a better theoretical mechanistic
formulation of the viscometer is accomplished for pure fluids. Also in relative measurements, viscometers are cali-
brated at the end points with pure fluids and consequently these are most reliable of all the reported data points. A
reconsideration of the data of a particular worker will then be necessary in case his data on pure fluids is significantly
different from the most probable values. A greater reliance can be placed in such cases on the relative changes in vis-
cosity with the variable parameter than on the absolute values.

! A close look at the viscosity data of the binary systems as displayed in various figures reveals that no general

common trends in the variation of viscosity with temperature, composition, and density exist. It appears that the vis-

cosity of a binary gaseous system always increases with temperature for a given composition and density of the mixture. |

On the other hand the viscosity of several of the liquid systems examined such as sodium chlorate - sodium nitrate, ;

iron - carbon, lead - tin, carbon tetrachloride - octamethyleyclotetrasiloxane, n-decane - methane, ethane - ethylene,

and ethylene - methane exhibit the opposite trend, viz. the viscosity decreases with increasing temperature. {
|
i
i
1
4
i

t The variation of viscosity with composition is rather complex. Some systems such as argon - krypton, helium -
neon, argon - ammonia, liquid benzene - octamethylcyclotetrasiloxane, carbon monoxide - hydrogen, carbon monoxide -
. oxygen, liquid carbon tetrachloride - octamethylcyclotetrasiloxane, ethylene - oxygen, hydrogen - nitric oxide, etc.
| exhibit a monotonic increase in the viscosity with increasing proportion of the heavier component in the mixture. Sim-
ilarly, for many systems such as argon - neon, neon - krypton, krypton - xenon, neon - xenon, argon - sulfur dioxide,
liqu’d beuzene - n-hexane, carbon dioxide - nitrogen, carbon dioxide - oxygen, carbon dioxide - propane, carbon |
monoxide - ethylene, ethylene - nitrogen, methane - propane, nitrous oxide - propane, carbon dioxide - sulfur dioxide,
their viscosity is found to systematically decrease with the increasing proportion of the heavier component in the mix-
ture. For many other systems such as argon - helium, argon - xenon, helium -~ krypton, helium - xenon, ethane -
hydrogen, ethylciie - hydrogen, hydrogen - propane, carbon dioxide - hydrogen chloride, hydrogen - ammonia, hydrogen -
ethyl ether, hydrogen - sulfur dioxide, methane - ammonia, methane - sulfur dioxide, carbon tetrachloride - methanol,
! etc. the viscoeity exhibits a maximum at & certain value of the mole fraction of the heavier component in the mixture.
‘ In the liquid ci¥bon tetrachloride - isopropyl alcohol and benzene - cyclohexane systems, a minimum is observed in the
viscosity versus mole fraction of the heavier component. Thus, examples of all possible variations have been encountered ‘
while treating the data on binary systems. !

The dependence of viscosity on density is also ltkewise complicated. For most of the syastems such as argon - !
b, neon, helium - krypton, argon - hydrogen, argon - nitrogen, helium - carbon dioxide, helium - nitrogen, krypton - _
carbon dioxide, n-butane - methane, carbon dioxide - methane, carbon dioxide ~ nitrogen, carbon tetrafluoride - methane, !
{ methane - nitrogen, methane - propane, the viscosity is found to increase with density. Of all the systems examined
here only the' viscosity of helium - hydrogen system is found to decrease with density and this dependence is feeble.

It may be noted that even for mixtures of nonpolar and spherically symmetric rare gas molecules the viscosity
variation 1s not systematic and does not fall in one characteristic category. This stresses the need for a careful study ;
of the predictive procedures and thorough analysis of the available data on viscosity of fluid mixtures. '

! The experimental data for ternary, quaternary, and multicomponent systems are presented in Tables 159 through ‘
188. These data are not further processed like binary systems except in a few cases which are efther pure sair or its i
] mixtures with other substances.
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60-G(C)E. EXPERIMENTAL VISCOSITY DATA AS A FUNCTION OF COMPOSITION FOR GASEQUS
ARGON-HELIUM MIXTURES

Cur. Fig. Ref. Temp, Pressure Mole Fraction Viscosity
No. No. No. Author (s) © tatm) o Ar  (Nemix10%  ° Remarks
1 60-G(C) 168 Rietveld, A.O., 72,0 1,000 6.35 Ar: purity not specified, He:
Van Itterbeek, A., and 0,828 6.79 hydrogen free; oscillating disk
Van den Berg, G.J. 0,657 7.2 method, relative measurements;
0.567 7.52 mixture composition correctad for
0.538 7.57 thermal diffusion effect; precision
0.4586 7.78 about 1,0%; L, = 0.365%, L, =
0.391 8.01 0.598%, Ly= 1.708%.
0.357 8.08
0,258 8.45
0.169 8.34
0, 000 7.98
2 60-G(C) 165 Rietveld, A.O., etal, 81,1 1,000 7.05 Same remarks as for curve 1 except
0.828 7.37 Ly =0,507%, L, = 0.713%, Ly =
0.657 7.97 1.873%,
0.557 8.28
0.538 8.28
0,4585 8.55
0.391 8.72
0,357 8.83
0,258 9.19
0.159 8.02
0.000 8.59
3 80-G(C) 165 Rietveld, A.O., etal. 90.2 1.000 7.60 Same remarks as for curve 1 except
0.828 8.28 Ly = 0,411%, Ly = 0.713%, Ly=
0.657 8.61 1.908%.
0.557 8.89
0.538 8.95
0.391 9.35
0.357 9.48
0.258 9.69
0.159 9.71
0.000 9,10
0,000 9.15
4 60-G(C) 165 Rietveld, A.O., etal. 192.5 1.000 15.38 Same remarks as for curve 1 except
0.887 15.74 Ly = 0,305%, L, = 0.411%, Ly =
0.8065 15.96 0. 829%.
0.801 15,94
0.711 16.13
0.622 16.25
0.494 16.62
0.465 16.58
0.411 16,81
0.303 16.88
0. 200 16.64
0.10566 16.07
0,000 14.71
0.000 14.48
8 60-G(C) 165 Rietveld, A.O., etal. 229.5 1.000 17.68 Same remarks as for curve 1 except
1,000 Ly = 0.054%, L, « 0.093%, Ly~
0.8865 18,08 0. 218%,
0,805 18.33
0. 800 18.38
0.710 18,54
0.621 18,70
0.484 18,96
0.409 19,08
0,301 19.17
0.199 18.74
0.108 17.99
0.000 16.42
0,000 16.27
8 60-Q(C) 211 Tangler, P, 288.2 100. 00 22.20 Ar: prepared by method of Ramsay
96.074 22.31 and Teavers, He: spectroscopically
90.93 22.43 analyzed for purity, prepared by
88,718 22,53 hesting Mondzite sand to glowing;
80.744 22.66 capiilary transpiration method;
77.088 22.64 Ly = 0,.200%, Ly = 0.396%, Ly=
88,468 .68 1. 17¢%,
61.193 23.03
53.374 22.99
29,147 22.80
19,215 23.%0
. 19.08

4<>«‘




TABLE 80-Q(C)E.

ARGON-HELIUM MIXTURES (continued)

EXPERIMENTAL VISCOSITY DATA AS A FUNCTION OF COMPUSITION FOR GASEQUS

Cur. Fig. Ref. Temp. Pressure Mole Fraction Viscosity
No. No.  No. Author(s) (KY (mmHg)  ofAr (N 8 mex100) Remarks
7 60-G(C) 165  Ristveld, A.O., 291.1 1,000 21.85,21.68 Same remarks as for curve 1 except
Van Rerbeek, A., 0.828 22.28 L; = 0,138%, L, = 0.186%, Ly =
Van den Berg, G.J. 0.657 22.70 0, 444%, |
0.557 23.06
0.538 23.02
0.4585 22,93
0.391 22,96
0.357 . 22,75
0.258 22,46
0.159 21,76
0.000 19.35
8 60-G/C) 165  Rietveld, A.O,, etal, 291.1 1.000 21,72 Same remarks as for curve 1 except
1.000 21.75 Ly = 0.249%, Ly = 0.297%, Ly =
0.8865 22.23 0.514%. !
0.805 22.43
0.800 22.40
0.710 22,81
0.621 22,94
0.464 23.11
0.409 23.04
0,301 22,90
0.199 22.29
0.105 21.01
0.000 19.14
0.000 19.11 !
9 60-GIC) 213 Thornton, E, and 291.2 700 1,000 22.0 Ar: 99,8 pure, He: spectroscopic- .
' Baker, W.A.D. 0,914 22.2 ally pure; modified Rankine visco- :
0,844 22.4 meter, relative measurements;
0,782 22.5 uncertainties: mixture composition ?
0,720 22.7 + 0.3%, viscosity +1.0%; L, = 0.196%, ]
0.645 22.7 Ly = 0,249%, Ly = 0.548% !
0.574 22.8 :
0.520 22,9 |
0,438 22.8 i
0,299 22.7 ‘
0.208 22.2 i
0,061 20.5 :
0,000 19.4 !
10 60-GIC) 223  Trautz, M. and 293 1.0000 22.11 Gas purity: He <1% Ne, Ar <0.5% :
Kipphan, K. F, 0.6180 22,91 N,; method of Trautz and Weizel,
0.5004 22,96 calibrated with air; L, = 0,000%,
0.0000 19.73 Ly = 0.000%, Ly = 0. 000%.
11 60-G(C) 223  Trautz, M. and 373 1,0000 26.84 Same remarks as for curve 10
Kipphan, K. F, 0.6180 27.45 except Ly = 0. 144%, l., 0.211%,
0.5094 27.50 Ly = 0, 3%4%,
0, 0000 23.20 '
12 60-G(C) 211 Tanzler, P, 373.2 100,00 27.56 Same remarks as for curve 6 except
95,074 27.56 Ly = 0.165%, Ly = 0.230%, Ly = ‘
90,930 27.70 0.429%. f
85,715 27.83
80,744 27.91
77.055 27.84
68,468 27.90
61,193 28.06 :
83,374 27.88
20,147 27,53 i
19,215 26.64 i
0,000 23.585
13 60-0(C) 211  Tanzler, P, 458.2 100,00 32,27 Same remarks as for curve 6 except ,
95.074 32.17 Ly = 0.124%, Ly = 0.204%, Ly = ‘
A 90,930 32.32 0,526%. .
85.715 32.48
80,744 32.52
68,458 32.50
61,193 32.44 '
19.215 30.42
0.000 26.91
14 60-G(C) 223 Trastz, M. and 473 1.0000 32,08 Same remarks as for curve 10
Kipphan, K. F, 0,6180 32.50 axcept L, = 0.000%, L, = 0.000%, '
0.0000 27.18 Ly = 0,000%, |
18 60-G(C) 223 Traus, M. and 823 1.0000 94.48 Same remarks*as for curve 1o :
Kipphan, K. F, 0,6100 34.88 & = 0,000%, L, ~ 0.000%, Pl .
0. 0000 29.03 Ly=0. : .

po




Mole Fraction 72,0 K 81.1K 90.2K  192.5K 229.5K 288.2K 291.1K 201.1K
of Ar [Ref, 165] [Ref. 165} [Ref. 165] (Ref. 165] [Ref. 165] [Ref. 211] [Ref. 165] [Ref, 165) '
0.00 7.98 8.59 9.12 14,48 16.35 19.66 19.35 19.11
0.05 8,23 8,90 9.40 15.45 17.57 20,80 20,31 20.10
0.10 8.34 9,02 9.60 16.02 17.94 21.36 21.10 20.92
0.15 8.37 9.07 9.70 16.39 18.41 21.92 21.68 21.72
0.20 8.37 9.07 9.74 16.64 18.75 22.33 22 12 22,28 |
0.25 8.32 9.03 9.70 16.79 19.00 22,63 22,44 22.64
0.30 8.24 8.96 9.60 16.88 19.17 22,84 22.67 22,87
0.36 8.13 8.86 9.47 16.89 19.15 22.98 22.83 23.00
0.40 8,00 8.74 9.32 16.84 19.09 23.06 22,93 23.07
0.45 7.85 8.60 9.17 16.71 19,01 23.08 22,97 23.07
i
0.50 7.70 8.44 9,03 16,57 18.93 23.10 22,98 23,06
0.55 7.54 8.27 8.90 16.44 18.85 23.08 22,95 23,03
0.60 7.40 8.09 8.76 16.31 18.76 23.04 22.89 22.97
0.65 7.24 7.92 8.63 16.19 18.67 22.98 22,78 22.91 .
0.70 7.09 7.76 8.49 16.07 18.57 22.90 22,69 22.81
0.75 €.95 7.61 8.35 15.97 18.46 22.80 22,56 22.67
: 0.80 6.82 7.48 8.21 15.86 18.34 22.69 22.41 22.50
. 0.85 6.70 7.36 8.07 15.76 18.20 22.58 22.24 22.33
1 0.90 6,57 7.25 7.93 15.67 18.04 22.46 22,06 22.13
0.95 6,50 7.1 7.80 15.57 17.97 2