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PREFACE

Progress in all fields of science and technology rests on a knowledge of the properties
of matter. This collection of tables is one of a series of compilations pubished by the National
Bureau of Standards in furtherance of its mission to compile and disseminate data on the physical
properties of substances of technical and scientific interest. The advances in high-speed flight --
both in research and engineering--are particularly dependent on precise knowledge of the behavior
of materials of construction, of the theory of flight, of the physical and chemical properties
of fuels and oxidizers, and of the very atmosphere through which flight is sustained.

The importance of basic thermodynamic and transport data for air and its constituent gases
in the conduct of aerodynamic research has long been récognized. In 1948, Raymond J. Seeger,
then Chief of the Aeroballistics Research Department, at the Naval Ordnance Laboratory, sug-
gested to Ferdinand G. Brickwedde, Chief of the Heat and Power Division at the National Bureau of
Standards, and to Hugh L. Dryden, Director of Research of the National Advisory Committee for
Aeronautics, that a program of research and compilation be initiated in this field. After consul-
tation with interested persons, F. G. Brickwedde proposed a program of research and outlined a
plan for the compilation of tables of thermodynamic and transport properties of gases. This
outline was circulated to a number of research laboratories and independent research workers for
comment. As a result, plans for the compilation were improved, the program was formulated,
and arrangements were made for a cooperative program with the National Advisory Committee for
Aeronautics. The work was organized around members of the Thermodynamics Section of the
Heat and Power Division who were at that time engaged in experimental research on the thermo-
dynamic properties of gases. The responsibility for coordinating the efforts of the staff and
supervising the work in general was delegated to Joseph Hilsenrath.

A decision was reached to distribute tables initially in looseleaf form in order to gain user
reaction and suggestions, to stimulate the receipt of prepublication research results, and to supply
research workers with the data without undue delay. The series was called the NBS-NACA Tables
of Thermal Properties of Gases. In all, 43 separate tables were prepared and distributed between
the inception of the project and October 1951, ‘

The compilation of these tables was greatly facilitated by advances in the mechanization of
thermodynamic calculations. From the beginning of this work, the staffs of the NBS Computation
Laboratory and the Thermodynamics Section have worked together closely. Valuable assistance
was rendered early in the work -- and indeed throughout - - by the hand-computing group of the
Computation Laboratory. Later many of the operations involved in the calculation of the tables
were performed by the IBM group which handled subtabulations, conversions, numerical integra-
tions, and the automatic-typing, by means of a card-controlled typewriter, of the more than 300
pages of tables presented here,

In the course of the calculation of thermodynamic properties, a number of codes were
devised for use on the Bureau of Standards Eastern Automatic Computer (SEAC). Codes are now
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available for the rapid calculation of: the harmonic-oscillator approximation to the ideal-gas
thermodynamic functions; the corrections to the rigid-rotator harmonic-oscillator approximation
including non-classical rotation and first-order corrections for rotational stretching, rotation-
vibration interaction, and vibrational anharmonicity; and the calculation of tables of compressi-
bility, density, and volume from virial coefficients. The advantage of the use of high-speed
electronic computers for the calculation of thermodynamic functions is evidenced by the time --
about 5 minutes -- which was required to comp'ute the some 320 entries in the table of ideal-gas

thermal functions for steam (table 9-9).

The following members of the Thermodynamics Section were assigned to the project:
William S. Benedict, Harold J. Hoge, Joseph F. Masi, Ralph L. Nuttall, and Harold W. Woolley.

The group was joined by Charles W. Beckett in 1950, and by Lilla Fano in 1951. Yeram S.
Touloukian, on leave from Purdue University, spent the summers of 1951 and 1952 on the project.
The division of responsibility was approximately as follows: Benedict and Hilsenrath correlated
the data on air, Beckett and Fano on argon and water, Woolley on hydrogen, nitrogen, and oxygen,
Touloukian on carbon monoxide, Masi on carbon dioxide, Hoge correlated the vapor pressure, and
Nuttall correlated the thermal conductivities. The viscosity tables were computed by Nuttall,
Hilsenrath, and Touloukian.

Since a number of the authors have left the National Bureau of Standards, their present
addresses are given below: William S. Benedict, Institute for Cooperative Research, Johns
Hopkins University, Baltimore, Maryland; Harold J. Hoge, U. S. Army Quartermaster Research
and Development Laboratories, Natick, Massachusetts; Joseph F. Masi, Callery Chemical
Company, Callery, Pennsylvania; Ralph L. Nuttall, Argonne National Laboratories,

Lemont, Illinois; and Yeram S. Touloukian, Department of Mechanical Engineering, Purdue
University, Lafayette, Indiana.

The project has had a number of contributors and assistants from time to time. Among the
jormer are: F. Charles Morey, who correlated the viscosity data for air; John Hubbell, who par-
ticipated in the calculation of the steam data; Robert L. Powell, who correlated the viscosity of
oxygen; and Robert Lindsay, who supeLvised the calculation of some of the air tables. The latter
group includes Mary M. Dunlap, H. W. Flieger, F. R. Grover, G. G. King, L. C. Mihaly,

J. T. Prather, P. P. Rumps, S. B. Schwartz, M. L. Snow, and Norma Young. One assistant,

F. D. Queen, merits special mention. He has the distinction of having served the longest term on
the project and for periods of time was indeed the only full-time worker. He was at times
computer, draftsman, typist, and literature searcher. His dstailed knowledge of the work and its
progress was of immeasurable help to the project,and the alf{hors are indeed in his debt.

Most valuable assistance was received from the Division of Applied Mathematics Computa-
tion Laboratory Staff under the supervision of Milton Abramowitz and Irene Stegun, and in particu-
lar from the IBM group which included L. Gordon, P. J. O'Hara, B. S. Prusch, M. Stein, and Ruth
Zucker. The SEAC coding was performed by Ethel C. Marden of the Computation Laboratory.
The preparation of the manuscript was expedited by the editorial assistance of Edith N. Reese, and
the typescript was prepared by Hattie M. Napier.
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A project of this magnitude could not be brought to fruition without the cooperation of many
persons within the Bureau and outside. The authors wish particularly to acknowledge the helpful
advice or data furnished by the following: N. A. Hall, University of Minnesota; J. O. Hirschfelder,
University of Wisconsin; H. L. Johnston, Ohio State University; F. G. Keyes, Massachusetts
Institute of Technology; E. J. LeFevre, Mechanical Engineering Research Organization, Scotland;
A. Michels, University of Amsterdam; and D. D. Wagman, NBS Thermochemistry Section.

Others who contributed advice or data include J. D. Ackerman, T. F. Ball, H. C. Beaman,
J. W. Beams, J. A. Beattie, E. W, Comings, S. Corrsin, C. F. Curtiss, M. C. Demler, W. S. Diehl,
P. Diserens, H. W. Emmons, W, H. Evans, 1. Glassman, J. A. Goff, L. Goldstein, R. P. Harrington,
G. A. Hawkins, W. F, Hilton, J. N. Huff, M. Jakob, E. D. Kane, G. C. Kennedy, J. Kestin,
A. M. Kuethe, J. M. Lenoir, A, S. Leonard, P. E. Liley, J. P. Longwell, R. J. Lunbeck,
J. W. McBride, R. Morrison, H. T. Nagamatsu, R. L. Olinger, Donna Price, S. Reed, N. C. Rice,
~ J. S. Rowlinson, A. E. Schmidlin, W. R, Sears, A. H. Senner, J. H. Shenk, L. E. Simon, R. Smelt,
D. W. Stops, M. J. Thompson, M. Tribus, L. R. Turner, C. N. Warfield, S. Way, and P. Wegener.
Helpful editorial suggestions were made by T. B. Douglas, Irwin Oppenheim, H. F. Stimson,
D. D. Wagman, and W. H. Evans.

Extensive checks were incorporated in the machine codes and IBM techniques in an effort to
eliminate computational errors in the tables. After the tables were typed, a systematic check

was made to eliminate random typographical errors. The authors will appreciate criticism and
comments and notification of any error or oversight which the reader may find.

A. V. Astin, Director
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TABLES OF THERMAL PROPERTIES OF GASES

Joseph Hilsenrath, Charles W. Beckett, William S. Benedict, Lilla Fano,
Harold J. Hoge, Joseph F. Masi, Ralph L. Nuttall, Yeram S. Touloukian,
Harold W. Woolley

Tables are given at close temperature intervals for the thermody-
namic and transport properties of air, argon, CO,, CO, Hy, Ny, Og, and
steam. The thermodynamic properties - compressibility factor, density,
entropy, enthalpy, specific heat, specific - heat ratio and sound velocity-
are tabulated for the real gas at pressures up to 100 atmospheres and to
temperatures of 600°K for hydrogen, 1500°K for carbon dioxide, 850°K for
steam, and 3000°K for the remainder. The ideal - gas thermodynamic
functions are tabulated uniformly to 5000°K. Also tabulated are the vapor
pressures and transport properties — thermal conductivity, viscosity, and
Prandtl number. These were fitted either semi-theoretically or empiri-
cally to the experimental values and are tabulated over the range of the
available experimental data. @ Comparisons of the tabulated values ‘with
the existing experimental data are shown in deviation plots which exhibit
the range and distribution of the experimental data as well as their agree-
ment with the tabulated values.

CHAPTER 1
INTRODUCTION

The computation of sets of mutually consistent tables of thermodynamic properties of air,
argon, carbon dioxide, carbon monoxide, hydrogen, nitrogen, oxygen, and steam has been accom-
plished through the representation of the pressure-volume-temperature (PVT) data by an equation
of state, which was then used to calculate the gas imperfection corrections to the thermodynamic
properties of the ideal gas. Since, usually, the experimental PVT data are abundant, cover a
wide range of temperatures and pressures, and are precise, the equation of state is an effective
and efficient starting point for the calculation of the values of the thermodynamic properties. In
representing the PVT data for these tables, the objective was to cover adequately the limited
range of pressure from zero to 100 atmospheres and of temperature from 100 to 200°K upward
through the experimental range with a suitable extrapolation to higher temperatures. The prop-
erties tabulated include, with a few exceptions, the thermodynamic properties of the real gas:
compressibility factor, density, entropy, enthalpy, specific heat, specific-heat ratio, and sound
velocity at low frequency; the transport properties: viscosity, thermal conductivity, and Prandtl
number; the vapor pressure of the liquid and the solid; and, for the ideal gas, the heat capacity,
entropy, enthalpy, and free energy function. The vapor pressures and transport properties were
torrelated independently and are tabulated over the range of the experimental data. The ranges
tovered in the various tables are shown in the summary table 1-A.



Fundamental Constants

The fundamental constants used in this compilation are those given in NBS Circular 461 [1]*
In the light of more recent information [2,3], these values should be readjusted. Such a readjust-
ment will have no significant effect upon the tables themselves, though it will affect the fifth figure
of some of the conversion factors. The values of the gas constant, R, are based on the value
1.98719 cal mole-1 °K_1, the calorie is the thermochemical calorie defined as 4.1840 absolute
joules, and, unless otherwise specified, the mole is the gram-mole. The subscript 0 (except in
the symbol Eg) is used to denote values at standard conditions (T =273.16°K and P =1 atmosphere).

Thermodynamic Properties of the Real Gas

The computation of the thermodynamic properties of the real gases was accomplished
through the representation of the data of state (PVT data) by one of a number of equations of state.
Except for the data for steam, which were fitted to an empirical equation, the virial equation of
state was employed in this compilation. The virial equation expresses the compressibility factor,
Z =PV/RT, as an infinite series either in powers of the density or the pressure.

The virial equation, derived from statistical mechanics and confirmed by experiment, can

be written either as

o . ® .
PV/RT = _):0 ajp’ or  PV/RT = 'Eo b;PL.
i= 1=

These equations represent, respectively, the density and the pressure virial expansions. The
virial coefficients, a; and bj, can be calculated, in principle, from a knowledge of the inter-
molecular forces. In most cases, the representation of real-gas properties was accomplished
using a three- or four-term virial expansion and the Lennard-Jones intermolecular potential
energy:
E(r) = 4€[(ro/r)'? - (ro/r)5),

where r is the intermolecular distance, € is the maximum binding energy between the molecules,
and r, is the distance at which the attractive and repulsive potentials are equal. The fitting of the
virial coefficients to the data of state was facilitated by the use of tabulations of second and third
virial coefficient functions for nonpolar gases prepared by Hirschfelder, et al., [4,5]. The cor-
'rections for gas imperfection to the thermodynamic properties were computed from the virial
coefficients using the usual thermodynamic relationships. These corrections were combined with
the values of the thermodynamic functions for the ideal gas to give the tabulated properties of the
real gas over the desired pressure and temperature range.

Experimental measurements of thermodynamic properties such as the specific heat, Joule-
Thomson coefficient, sound velocity, etc., were considered to varying degrees for each gas in
choosing the force constants. It should be emphasized, however, that the values tabulated here
for derived thermodynamic properties were obtained through the thermodynamic relationships
from the equations of state. This method ensures a set of mutually consistent tables. The con-
cordance of these derived properties with the scanty experimental data is, in general, quite good
as is illustrated by the deviation plots.

*Numbers in brackets indicate references listed at the end of the chapter.



The values of sound velocity at low frequency, given in dimensionless form as a/ag, are
obtained from the usual thermodynamic relations involving the specific heat, the compressibility,
and its derivatives. The tabulated sound velocities are for equilibrium conditions involving
excitation of vibrational and rotational energies. Hence, the tables apply only at low frequency.

The special problems presented by the available data for each gas dictated certain modifi-
cations in the correlating and calculating procedures from gas to gas. A full account of these
details is beyond the scope of this volume. Discussions of the general and particular methods
used are to be found in the literature or in National Advisory Committee for Aeronautics technical

reports cited later.
Thermodynamic Properties of the Ideal Gas

The values of the ideal-gas thermodynamic properties of the molecular and atomic species
tabulated herein were computed from spectroscopic data using statistical mechanical formulas.
The details of the computation are given in references cited here [6,7, 8, 9] and inthe succeeding
chapters. The values of the functions have been tabulated in dimensionless form as follows: C?/R.
S°/R, (HO-ES)/RTO, and (F°- ES)/RT. The zero reference point of the enthalpy and free energy
function is taken as the internal energy, Eg, of the ideal gas at absolute zero. The enthalpy function
is divided here by a constant RTy, where Tg=273.16°K(491.688°R). The values tabulated are for
the normal isotopic composition for all gases. The values of S°R and (F°-E8)/RT are for the

ideal gas at one atmosphere pressure. The effect of nuclear spin and isotopic mixing have not
been included. The entropy of mixing for the constituent gases has been included in the tables for
air. .

The Transport Properties

The transport properties, values of which are tabulated in dimensionless form in this work,
are the absolute viscosity, n /7 0 the thermal conductivity, k/kg, and the Prandtl number,

Npr =N Cp/k. The viscosities of the nonpolar gases at low pressures were calculated on the
bagis of the Lennard-Jones 6-12 intermolecular potential, for which Hirschfelder, Bird, and

Spotz [10, 11] have calculated the collision integrals given by Chapman and Cowling [12].

The force parameters for the Lennard-Jones potential were fitted to the experimental viscos-
ity data. The remainder of the viscosity tables were calculated from empirical formulas
(see summary table 1-B) which had been fitted to the experimental data. For nitrogen and
steam, where the pressure dependence of the viscosity has been investigated over a range of
pressure and temperature, the tables are based on the Enskog theory [13]. The values of the
thermal conductivity are tabulated at atmospheric pressure except in the case of steam. The
tables were computed from empirical formulas (see summary table 1-C) fitted to the experi-
mental data. The Prandtl numbers were computed directly from the tabulated viscosity,
thermal conductivity, and specific heat.

Vapor Pressures

The tables of vapor pressures were prepared from experimental data by the use of empirical
equations. In some cases, an equation of the form log1 0P = A+B/T was adequate, but, generally,
the equation contained an additional term or terms to give a closer fit. Deviations from the
-~ei1uation were plotted; a smooth curve was drawn through the deviations; and values read from



this smooth curve were added to the equation to give the values tabulated. Mathematical smoothing
procedures were used, where necessary, to avoid small irregularities in the tabulated values.
Since the differences in reported values of vapor pressures seem to be more the result of
uncertainties in the temperature measurement than anything else, the deviation plots for the
vapor-pressure tables have been prepared in terms of temperature deviations.

The Effect of Dissociation on the Thermodynamic Properties

\

The effect of dissociation has been included only in the tables for air. The tables for the
other gases have been extended to high temperatures without considering dissociation effects, so
that these tables might serve as building-blocks from which properties of equilibrium mixtures at
high temperatures can be computed by methods given in standard works [7, 14,15]. A discussion
of the effects of dissociation on the thermodynamic properties of pure diatomic gaseous substances
is given by Woolley [16]. For the simple case of the diatomic gaseous elements, a graphical
method of calculation is presented in reference 16 together with results of its application to HZ’
02, and Nz. Thgse results are presented in figures 6b, 6¢, 7e, 7f, 8e, and 8f for the entropy,
enthalpy, and compressibility factor.

Relaxation Phenomena in Gases

The thermodynamic properties tabulated here are based on the assumption that thermody-
namic equilibrium exists in the gas. This is a valid assumption for many research and engineering
épplications. In hypersonic wind tunnels, however, the instantaneous equipartition of energy among
the degrees of freedom in a molecule cannot be taken for granted. This delay in the redistribution
of energy between the vibrational and translational degrees of freedom is a relaxation phenomenon
and has been the subject of investigation by Griffiths [17], Kantrowitz [18], Huber and Kantrowitz [19],
Walker [20], and others.

The Consistency and Reliability of the Tables

As indicated earlier, the internal or mutual consistency of the tables of thermodynamic
properties was achieved through the application of the thermodynamic identities which relate the
properties of both the real and ideal gas. Although direct measurements of Joule-Thomson
coefficients, heat capacity, etc., were given weight in the course of correlation for various gases,
the resulting tables depend very largely for their reliability and consistency on the accuracy of the
data of state and the ideal-gas thermodynamic functions.

A precise indication of the uncertainties of the tabulated values is difficult to achieve for the
data of state outside of the experimental range and for the derived properties over the entire
range. The uncertainties can be ascribed to two major causes: the uncertainties in the values of
the ideal-gas properties and those in the corrections for the gas imperfection. It has been found
convenient to express these uncertainties separately. Approximate uncertainties for the ideal-
gas properties are given in the summary table 1-D. The uncertainties in the corrections for gas
imperfection are given in each chapter together with the deviation plots for the experimental
range. The magnitude of the corrections for gas imperfection (Z - 1), (Cp— Cg), etc., can be found
simply by subtraction of the tabulated values, except for the entropy where the effect of InP on
the tabulated entropy must be taken into account.



The specified reliabilities of the tables have been arrived at in two general ways. Where
tables have been computed from empirical or semi-theoretical equations fitted directly to the
experimental data, the departures of the experimental data from the tabulation form the basis for
the estimate of reliability. Such tables include compressibility, density, viscosity, and thermal
conductivity. The remaining tables - entropy, enthalpy, specific heat, specific-heat ratio, and
sound velocity at low frequency - having been computed through the thermodynamic relationships
from the equation of state, depend for their reliability on the accuracy and extent of the data of
state and the validity of the numerical differentiations involved, and not solely on the agreement
with the direct experimental data. The deviation plots for the derived properties serve to corrob-

orate the verity of the tabulation.

The degree to which the adopted equations of state fit the experimental data varies with the
gas. For argon, for example, the data are abundant and accurate and they are fitted to within a
few hundredths of 1 percent in PV/RT; whereas the data for carbon mdnoxide are fitted to a few
tenths of 1 percent. The reliability of the data of state tables in the extrapolated region and the
reliability of the pressure corrections to the thermodynamic properties over the entire range are
further dependent upon the temperature range covered by the experimental data and upon the mode
of calculation. The corrections for nonideality which depend on the derivatives of the virial coef-
ficients are less precise than the corresponding corrections for the data of state. Thus, in the
cagse of entropy and enthalpy, where the nonideality correction depends on the first derivative of
the virial coefficients, the uncertainty in this correction may be twice as large as in the case of the
data of state; whereas, in the case of heat capacity, it may be three to five times as large. The
above uncertainties are only rough estimates and are independent of the uncertaifties of the ideal-
gas values. For economy in machine tabulation, more decimal places are tabulated in some
regions than is warranted by the correlation. The reader should consult the deviation plots and
statements of reliability before using the tabulated values.

Conversion Factors

The compressibility factor is dimensionless. Values of the gas constant R are listed for
each gas in the frequently used units in order to facilitate the use of the tables in calculating, by
means of the equation Z =PV/RT, the pressure P, the volume V (or the density), or the temper-
ature T, when any two of these are known. The rest of the tables also are given in dimensionless
form. Conversion factors for frequently used units are given in each chapter immediately
preceding the tables of thermal properties for each gas.

Interpolation

The ease with which interpolations may be made is an important factor in the practical use
of a table. Seldom is it possible to avoid interpolation altogether. Since linear interpolation is
relatively simple and rapid as compared with higher-order interpolation, even when tables of
interpolation coefficients are at hand, the goal has been to subtabulate to the point where linear
interpolation yields valid results. Although this objective was achieved in the direction of tem-
perature, the pressure entries had to be curtailed to keep the tables within a manageable size.
The tabulations in pressure were therefore arranged o permit a four-point Lagrangian interpola-
tion formula to be used where the precision of the table justified it. It is for this reason that



entries are found for the pressures 1,4,7,10,40,70,100 atmospheres, etc. In the tables for vapor
pressure, with the exception of those for steam, the logarithms of the pressures have been
included to facilitate interpolation. A convenient rule ‘of thumb for determining the adequacy of
linear interpolation is the following: "The maximum error introduced in linear interpolation is
approximately 1/8 of the second difference. " Where this error greatly exceeds the uncertainty
in the table, Lagrangian or other forms of interpolation should be used. For the convenience

of the user, first differences have been tabulated in smaller type in the temperature direction.

\
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The references consulted in the course of the work have been listed at the end of each
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Table 1-A. SUMMARY OF TEMPERATURE AND PRESSURE RANGES OF THE TABLES

Table Tabulated Temperature Range (°K)
Property Number
.01 atm 0.1 atm 1 atm 10 atm 100 atm
Air

Compressibility Factor 2-1 50 - 2300 80-30001100-3000|110- 3000} 180~ 300G
Density 2-2 50 -2300 80-3000| 100~ 3000 | 110- 3000 | 180-3000
Specific Heat 2-3 50 - 2300 90-2800(100-3000 | 110- 3000 | 180- 3000
Enthalpy 2-4 50- 2300 80-2800| 100-3000 | 110- 3000 | 180~ 3000
Entropy 2-5 50- 2300 80-2800}100-3000 | 110-3000 | 180- 3000
Specific-Heat Ratios 2-6 50-2100{ 90-3000}110-3000|110-3000| 200- 3000
Velocity of Sound 2-7 50 - 2100 80-3000}100-3000 | 110- 3000 | 200 - 3000
Viscosity 2-8 100-1900
Thermal Conductivity 2-9 80-1000
Prandtl Number 2-10 100-1000
Ideal-Gas Thermodynamic

Functions* 2-11 10 - 3000

Argon

Campressibility Factor 3-1 70-5000 | 80-5000]100-5000|120-5000 | 180.- 5000
Density 3-2 70-5000 80-5000|100-5000 | 120-5000 | 180-5000
Specific Heat 3-3 100- 3000 | 100-3000 | 100- 3000 | 150- 3000 | 200 - 3000
Enthalpy 3-4 100 - 3000 | 100 - 3000 | 100 - 3000 | 120 - 3000 ; 250 - 3000
Entropy 3-5 100 - 3000 | 100 - 3000 ( 100 - 3000 | 120 - 3000 | 180 - 3000
Specific~-Heat Ratios 3-6 100 - 3000 | 100 - 3000|100~ 3000 | 180~ 3000 | 240 - 3000
Velocity of Sound 3-7 100 - 3000 [ 100~ 3000 | 100 - 3000 { 180 - 3000 | 240 - 3000
Viscosity 3-8 50 - 1500
Thermal Conductivity 3-9 90 - 600
Prandtl Number 3-10 100-1500
Vapor Pressure 3-11
Ideal-Gas Thermodynamic

Functions™® 3-12 10 - 5000

Carbon Dioxide

Compressibility Factor 4-1 200-1500 | 200-1500 | 220- 1500 | 240 - 1500 | 320~ 1500
Density 4-2 200-1500 | 200-1500 | 220- 1500 | 240- 1500 | 320~ 1500
Specific Heat 4-3 200-1500 | 200-1500 { 220- 1500 | 240-1500 | 320 -1500
Enthalpy 4-4 200 -1500 | 200 - 1500 | 220 - 1500 | 240 - 1500 | 320 - 1500
Entropy 4-5 200-1500 | 200-1500 | 220- 1500 | 240 - 1500 | 320 - 1500
Specific-Heat Ratios 4-86 200 - 1500 | 200- 1500 | 220- 1500 | 240 - 1500 | 320 - 1500
Velocity of Sound 4-7 200-1500 | 200-1500 | 220- 1500 | 240-1500 | 320.- 1500
Viscosity 4-8 190 - 1700
Thermal Conductivity 4-9 180 - 600
Prandtl Number 4-10 220 - 600
Vapor Pressure 4-11
Ideal-Gas Thermodynamic

Functions* 4-12 50 - 5000

* Ideal -Gas Entropy, Enthalpy, Specific Heat, and Free Energy Function.
- energy function for air and argon are not tabulated.)

345970 O - 55 -2

(Values of the free



Table 1-A. SUMMARY OF TEMPERATURE AND PRESSURE RANGES OF THE TABLES (Cont. )

Property ;ﬁﬂ; Tabulated Temperature Range (°K)
, €T .01 atm 0.1 atm 1 atm 10 atm 100 atm
Carbon Monoxide .

Compressibility Factor 5-1 200 - 3000 | 200- 3000 | 200- 3000 | 200- 3000 | 280- 3000
Density 5-2 200 - 3000 | 200- 3000 | 200- 3000 | 200- 3000 | 280- 3000
Specific Heat 5-3 200 - 3000 | 200-3000 | 200-3000 | 200- 3000 | 280- 3000
Enthalpy 5-4 200 - 3000 | 200-3000 | 200- 3000 | 200- 3000 [ 280- 3000
Entropy 5-5 200 - 2800 | 200-2800 | 200-2800 | 200-2800 | 280- 2800
Specific-Heat Ratios 5-6 200- 3000 | 200- 3000 | 200- 3000 | 200- 3000 | 280 - 3000
Velocity of Sound 5-7 200- 3000 | 200-3000 | 200- 3000 | 200- 3000 | 280- 3000
Viscosity 5-8 50- 1500
Thermal Conductivity 5-9 70-600
Prandtl Number 5-10 200- 600
Vapor Pressure 5-11
Ideal-Gas Thermodynamic

Functions* 5-12 60 - 5000

Hydrogen

Compressibility Factor 6-1 20-600 20-600 30-600 40- 600 60 - 600
Density 6-2 20-600 20-600 30-600 40- 600 60- 600
Specific Heat 6-3 30-600 40-600 60-600
Enthalpy 6-4 60-600 60-600 60-600 60- 600 60- 600
Entropy 6-5 60 -600 60-600 60 - 600 60 - 600 60 - 600
Specific-Heat Ratios 6-6 30 - 600 40- 600 60 - 600
Velocity of Sound 6-7 30-600 40-600 60-600
Viscosity 6-8 10-1100
Thermal Conductivity 6-9 10-700
Prandtl Number 6-10 60 - 800
Vapor Pressure 6-11
Ideal-Gas Thermodynamic

Functions (Molecular)* 6-12 10 - 5000
Ideal-Gas Thermodynamic

Functions (Atomic)* 6-12/a 10-5000

Nitrogen

Compressibility Factor 7-1 100-3000 | 100-3000 | 100-3000 | 110-3000 | 200- 3000
Density 7-2 100-3000 | 100-3000 | 100-3000 | 110-3000 | 200- 3000
Specific Heat 7-3 100- 3000 | 100-3000 | 100- 3000 | 140-3000 | 200- 3000
Enthalpy 7-4 100-3000 | 100-3000 | 100- 3000 | 140-3000 | 200 - 3000
Entropy 7-5 100- 3000 | 100-3000 | 100-3000 | 110-3000 | 200- 3000
Specific-Heat Ratios 7-6 100- 3000 | 100-3000 | 100-3000 | 140- 3000 | 200 - 3000
Velocity of Sound 7-7 100 - 3000 | 100-3000 | 100-3000 | 150-3000 | 200 - 3000
Viscosity 7-8 100-1500 | 300-1500 [ 300-1500
Thermal Conductivity 7-9 100-1200
Prandtl Number 7-10 100-1200
Vapor Pressure 7-11
Ideal-Gas Thermodynamic

Functions (Molecular)* 7-12 10-5000
Ideal-Gas Thermodynamic -

Functions (Atomic)* 7-12/a 10- 5000

*Ideal-Gas Entropy, Enthalpy, Specific Heat, and Free Energy Function.



Table 1-A. SUMMARY OF TEMPERATURE AND PRESSURE RANGES OF THE TABLES (Cont.)

Property :‘Iablg Tabulated Temperature Range (°K)
l umpber .01 atm 0.1 atm 1 atm 10 atm 100 atm
Oxygen

Compressibility Factor 8-1 100-3000 | 100- 3000 100- 3000 | 150 - 3000 | 200 - 3000
Density §-2 100-3000| 100- 3000 100- 3000 | 150.- 3000 | 200 - 3000
Specific Heat 8-3 100-3000 | 100 - 3000 120-3000 | 150 - 3000 | 200 - 3000
Enthalpy 8-4 100- 3000 | 100~ 3000 | 100- 3000 | 150 - 3000 | 200 - 3000
Entropy 8-5 100- 3000 | 100 - 3000 100- 3000 | 150 - 3000 | 200 - 3000
Specific-Heat Ratios 8-6 100- 3000 | 100 - 3000} 120- 3000 | 160 - 3000 | 220 - 3000
Velocity of Sound 8-7 100- 3000 | 100- 3000|120~ 3000 | 160 - 3000 | 220 - 3000
Viscosity 8-8 100 - 2000
Thermal Conductivity 8-9 80-600
Prandtl Number 8-10 100- 600
Vapor Presgsure 8-11
Ideal-Gas Thermodynamic

Functions (Molecular)* 8-12 10-5000
Ideal-Gas Thermodynamic

Functions (Atomic)* 8-12/a 10-5000

1 atm 10 atm 100 atm 200 atm 300 atm
Steam

Compressibility Factor 9-1 380-850 |460-850 |590-850 |650-850 |680-850
Density 9-2 380-850 |[460-850 |590-850 |650-850 |[680-850
Specific Heat 9-3 380-850 |460-850 |590-850
Enthalpy 9-4 380-850 |460-850 |590-850
Entropy 9-5 380-850 |460-850 |590-850
Viscosity 9-6 280-1500 600-1100 [650-1100 |700-1100
Thermal Conductivity 9-7 380- 800 450 - 800 |590-800 640 - 800 650 - 800
Free Energy Function 9-8 380-850 [460-850 }590-850
Vapor Pressure 9-9
Ideal-Gas Thermodynamic

Functiong* 9-10 50 - 5000

*Ideal-Gas Entropy, Enthalpy, Specific Heat, and Free Energy Function.



Table 1-B. SUMMARY OF THE FORMULAS WITH WHICH THE VISCOSITY TABLES WERE COMPUTED
Table 7 References to
Gas No. Pressure (1) Formulas (2) Constants n ox10 Experimental Data (3)
atm. poise
.
Air 2-8 1 7 x107= Ar3/2 A=145.8 1716 2{43-48, 55-68]
T+B B =110.4
~
Argon 3-8 1 €/k = 118.5°K 2125 3[10 - 16]
o
ry = 3.421A
M = 39,944 gmole~!
COg 4-8 1 €/k = 200°K 1370.1 4[42 - 45]
ro= 3.952A
(see footnote 4) M = 44,010 gmole'1
266.93Vy/MT
co 5-8 1 s 7 x107 = /" €/k = 110. K 1656. 8 5[19 - 23]
1,2“,(2)(2) o
o ro = 3.590A
M = 28. 010 gmole~!
Ng 7-8 1 €/k = 91, 46°K 1662. 5 7[36 - 50]
r, =3.681 4
M = 28.016 gmole'1
Og 8-8 1 €/k = 100°K 1919. 2 8[24 - 29)
/ ro=3.4994
M = 32 gmole'l
3/2 = -
H, 6-8 1 7y AT “(T+C) A=0.1017 841.1 6[48 - 63]
(T+B) (T+D) B =19.55
C = 650. 39
D =1175.9
Steam 9-6 1 7 = AT - B, for T< 800°K A = 0.361 9[24 - 30]
opd/2 B=10.2
7 = —————,for T2 800K C =39.37
D-T+ET< D =33.15
(7 is in micropoise) E = 0. 001158
~
N, 7-8 10,20,30,40, A=0.175 7[48, 51, 52, 59)
60,80,100 B = 0. 8651
= -1
(see footnotes 5 and 6) M . 28. 01(-53gmole
7)/7)'=1+A(bp)+B(bP)2, P, in gem ™7, from table 7-2
where
Steam 9-6/a 20,40,60,80, : s 32 A =0.175 9[31 - 33]
- v
100, 200, bx107=1.783M “(/T/7') B = 0.8651
250, 300 M = 18.016 g mole }

pP,ing cm™3, from table 9-2
and reference [9] 1

(1) Pressures for which the tables are explicitly tabulated.

(2) T is the temperature in degrees Kelvin.

(3) Number outside of bracket indicates chapter number; numbers inside brackets indicate references in the particular chapter cited.

(4) V and W(2)(2) are functions tabulated for the Lennard-Jones 6-12 intermolecular potential by Hirschfelder, Bird, and Spotz,l[ll].

(5) 7 ' is the visecosity in poise at T°K and 1 atmosphere.

(6) Above 60C°K, values in table 7-8 were adjusted empirically to provide a better fit to the experimental data.
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Table 1-C. SUMMARY OF THE FORMULAS WITH WHICH THE THERMAL CONDUCTIVITY TABLES WERE COMPUTED
Table References to
Gas No. Pressure (1) Formulas (2) Constants koxlo5 Experimental Data (3)
atm. calem~lsec-1°k-1
‘ (or °C1)
TN
Air 2-9 1 a = v.6325 x 10~9 5.77 2[48 - 54]
b = 245.4
c =12
Argon 3-9 1 a=0.3790x 1075 3.905 3[19 - 22]
b =179.59
c =10
CO, 4-9 1 a=4.608 x 1079 3.477 4[46 - 51)
b = 6212.0
K/kg =k [—2YT __ °T 1o
r o] .  bx10-¢/T
co 5-9 1 = a=0.5862 x 1075 5. 549 5[24 - 28]
b = 217.6
=1.75
N, 7-9 1 a=0.604x105 5,77 7{53 - 58]
below b = 224.0
300°K c=12
o, 8-9 1 J a=0.6726 x 1073 5. 867 8[30 - 36]
b = 265.9
c=10
H, 6-9 1 Wig = kgl(a +BTNCp - c) + a = 0.4780 40.21 6[64 - 73]
b = 0. 000505
a—1 c = 4.968
1+ 107107 d=3.722
e=59
Cp, in cal mole’t °C_1,
from table 6-3
Ny 7-9 1 Kko=1+at - bt +ctd, a=313x103 7[74]
above where b=1.33x 1076
300°K t = temperature in degrees ¢=263x10"10 ,
Celsius
Steam 9-71  0,1,4,7, Wk =;—o[k°+a(10bP/T4-1)] a=1,097 x 1073 9[21 - 23]
10, 40, 70, 0 b = 0.934 x 109
100 ¢ T ¢ =1.5466 x 10-3
and k%= = d=1737.3
1+ 'f 10

(k® =thermal conductivit
Y
at zero pressure).

(& =3.789x 10 5 calcm 1
sec” 'K_l,thermal
conductivity at zero
pressure and 273.16°K).

(1) Pressures for which the tables are explicitly tabulated.
(2) T is the temperature in degrees Kelvin (unless otherwise stated).
(3) Number outside of brackets indicates chapter number; numbers inside brackets indicate references in the particular chapter cited.
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Table 1-D. APPROXIMATE UNCERTAINTIES IN THE TABULATED IDEAL-GAS PROPERTIES*

co/Rr SO/R
p
I TOK 1 TOK T
100-500 | 500 - 1000 | 1000 - 3000 | 3000 - 5000 100-500 | 500-1000 | 1000 - 3000 | 3000 - 5000
+ + + + + + + +
Air . 0003 . 0006 . 002 . 05 . 0003 . 0006 . 002 .02
CO2 . 001 . 004 .03 .2 . 0005 . 003 .02 .06
CO . 001 . 001 . 001 .01 . 001 . 001 . 001 . 004
Hz . 001 . 001 . 002 .06 . 001 . 001 . 002 .02
N2 . 0003 . 0006 . 002 .01 ., 0003 . 0006 . 002 . 005
02 . 0003 ‘ . 0004 . 001 .2 . 0003 . 0004 . 001 .06
H20 . 002 . 004 .03 .2 . 001 . 004 .02 .06
(H-ES)/RT** -(FLEQ)/RT
[o] O
, T°K 1T T°K ,
100-500 | 500 - 1000 | 1000 - 3000 | 3000 - 5000 100-500 | 500 -1000 | 1000 - 3000 | 3000 - 5000
+ + + + E 3 * + +

Air . 0003 . 0005 . 001 .01 . 0003 . 0005 . 001 . 004
C02 . 0003 . 002 .01 . 04 . 0002 . 001 . 004 .02
CO . 0001 . 0002 . 0005 . 003 . 001 . 001 . 001 . 001
HZ . 04001 . 0001 . 001 .01 . 001 . 001 . 001 . 004
N2 . 0003 . 0005 . 001 . 003 . 0003 . 0005 . 001 . 002
02 . 0003 . 0003 . 0007 .04 . 0003 . 0003 . 0007 .01
HZO . 001 . 003 .01 .04 . 0004 . 002 . 006 .02

These values are suggested in cognizance of various sources of uncertainty, including rounding
in earlier tables, spectroscopic constants, unknown electronic states,and effects associated
with the dissociation energy region.

*The uncertainties in the ideal-gas properties of argon are of the order of the uncertainties in the
0. 0001 in C°% /R and 0. 001 in the other functions.

**To obtain the uncertainties for (H°-E8)/RT0, multiply the tabulated uncertainties by T/T.

atomic weight and the fundamental constants.

Thus:
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CHAPTER 2
THE THERMODYNAMIC PROPERTIES OF AIR

In spite of the important role of air as an atmosphere and as a technical gas, there are
surprisingly few direct determinations of the thermodynamic properties of air. Such charts [1-6]
as have been published on air have been limited in the range of temperature or pressure or both.
Although convenient tables are available for air as an ideal gas [7, 8], no published tables are
available which contain a complete consistent collection of values of the thermodynamic properties
of air treated as a real gas over a range of temperatures and pressures demanded in present-day

research and development.

The thermodynamic properties of air are tabulated here from 100° to 3000°K in the pressure
range 0.01 to 100 atmospheres. This range can be divided into two distinct regions. In the region
below 1500°K, the composition of the air was considered fixed and the corrections for gas imper-
fection are significant. Here the experimental data of state and other pertinent data are required
for an adequate representation. Above 1500°K, in this pressure range, the corrections for gas
imperfection are small and the predominant influence on the thermodynamic properties is the
degree to which the constituents of air have become dissociated. In this region, the properties of
air are based on the contributions from each of the molecular and atomic species present in the
equilibrium composition at each temperature and pressure.

Below 1500°K,the tables were computed from the virial equation of state. In this region,
the composition was taken as follows: 0. 7809 N2, 0. 2095 02, 0..0093 A, 0.0003 CO2 moles per
mole of air, yielding an average molecular weight of 28.966. In the region of dissociation, the
tables for air are based on the tables of equilibrium composition for air given by Hirschfelder and
Curtiss [9], who tabulated compositions and skeletal thermodynamic tables for air to 5000°K. The
decision to terminate the present tables at 2300°K at pressures below 0.1 atmosphere and at
3000°K for higher pressures was dictated by the uncertainty in the energy of dissociation of
nitrogen, which rendered the above-mentioned tables of compositions doubtful above 3000°K.

The Correlation of the Experimental Data

The pressure-volume-temperature relations for air were investigated in the late nineteenth
century by Amagat [10] and Witkowski [11]; in the early twentieth century by Koch [12], Holborn
and Schultze [13], Holborn and Otto [14], and Penning [15]; and in modern times by Michels, et al.,
[16,17, 34], and Kiyama [18]. The data of Holborn and Otto [14], corrected in the manner
suggested by Cragoe [19], were correlated with the existing Joule-Thomson data to form the basis
for these tables. The more recent data [16, 17, 18} became available after the tables were com-
puted and were not included in the fitting. A comparison of some of the experimental data with
the present tabulation is given in figure 2a.
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The data of state were represented by a virial equation in density employing second, third,
and fourth virial coefficients. The second and third virials were obtained for the Lennard-
Jones 6-12 potential function by a modification of a procedure outlined by Woolley [20]. The
fourth virial coefficients, which were found to have only a small influence in the tabulated region,
were estimated from a curve given in reference 21. The virial coefficients are given in
table 2-12. Since the tables were desired in terms of a pressure rather than a density argument,
an iterative process was resorted to by means of which, at each tabulated temperature and
pressure, trial values of # and Z were used successively until the values converged upon the

desired pressure with the desired accuracy.

A comparison of the Joule-Thomson data--and, in fact, of all the experimental data--for air
was made by Din in connection with the preparation, for the British Mechanical Engineering
Research Laboratory, of a new thermodynamic diagram for air [22]. This unpublished work, like
the present correlation, uses Joule-Thomson data to compensate for the lack of PVT data at
higher pressures. The data of Roebuck [23, 24] were found to be more consistent with the data of
state than were the results of Hausen [25]. This fact is also illustrated in figure 2c where the
specific heats derived from expansion experiments of Hausen and of Roebuck are compared with

the values resulting from this correlation.

During the course of the correlation, values for the derived properties such as specific heat,
sound velocity at low frequency, etc., were computed and checked against the existing experimental
data for these properties. Comparisons were made with experimental specific-heat measurements
of Dailey and Felsing [26], Eucken and V. Liide [27], and Kistiakowsky and Rice [28]; the sound
velocity measurements of Hodge [29] and of Van Itterbeek and Van Doninck [30]; the isothermal
porous-plug experiments of Eucken, Clusius, and Berger [31]; and the calorimetric measurements
of the enthalpy-pressure coefficient by Andersen [32] and the energy-pressure coefficients by

Rossini and Frandsen [33].

The dimensionless representation has been accomplished for certain properties by
expressing them relative to the value at standard conditions (0°C and 1 atmosphere). Thus, for
density, the property is expressed as p /po, for sound velocity as a/ ag, for thermal conductivity
as k/ko, and for viscosity as /7)0. The reference values, '°0’ ag, kO’ and 7 0’ result, in
general, from the correlating equations which were fitted to represent the experimental data over
as wide a range as possible. Values for these quantities are given in various units in table 2-b.
The values of P 0 and ko are in close agreement with the experimental data as shown in figures 2a
and 2f. The value of 7 0 is the average of values reported in 20 separate investigations [43-48,55-68].
The value of 331.45 m/sec for a, is in close agreement with the precise direct determinations
of 331. 41 by Hebb [69] and 331. 60+ 0. 05 by Kneser [70].

The Reliability of the Tables

The effects of dissociation are included in the tables for air above 1500° where this effect
becomes significant. They are applicable only when the air has been at an elevated temperature
long enough to achieve chemical equilibrium. Although such equilibrium is achieved in many
processes, it may not be reached in certain dynamic situations such ag occur in shock waves,
etc. The present tables are consistent in the low temperature region with the recent calculations
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of Hall and Ibele [35, 36], which did not include the effects of dissociation. If the properties for
air for the fixed composition (without dissociation) are desired, the tables of Hall and Ibele should

be consulted.

Above 2000°K, the tables for the compressibility factor should be reliable to 0. 0003 up to 10
atmospheres and to 0. 002 up to 100 atmospheres. Above 500°K, the tabulated values depend
largely on theoretical calculations; it is believed that the uncertainty of any entry does not exceed
20 percent in (Z-1). The departure of the experimental data from the tables is illustrated in
figure 2a. Corresponding uncertainties and corrections apply to the table of densities (table 2-2).
The data of Michels and co-workers [16, 17, 34] became available after the tables had been computed.
The agreement, however, is very good except at the low temperatures where the new data may be
used to modify the tabulated values in accordance with the deviations shown in figure 2a. Above 200°K,
the tables agree also with those calculated from the Beattie-Bridgeman equation [37] and with those

of Claitor and Crawford [6].
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Figure 2a. Departures of experimental compressibility factors from the tabulated
values for air (table 2-1)

In the case of specific heat (table 2-3) for the temperature range 100 - 300°K at all pressures
except the highest entry and for the temperature range 300 - 800°K at all pressures, the uncer-
tainty does not exceed 20 percent in Cp - Cg. For the highest pressure entries at temperatures
below 300°K, the uncertainty may approach 30 percent in Cp - Cg. Direct measurements of Cp
are few; figures 2b and 2c. present a comparison of the tabulated values with existing data, either
measured directly or derived, through assumptions for the equation of state, from the thermal

measurements cited.
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The values contained in the tables of enthalpy (table 2-4) and entropy (table 2-5) have been
rounded so that the uncertainty probably does not exceed two or three parts in the last place tabu-
lated, except at the extremes--low temperature and high pressure, or vice versa--where it may
reach two parts in the next to last place. Similarly, the uncertainty in the specific-heat ratios
(table 2-6) does not exceed two or three parts in the last place tabulated except at the extremes

where it may reach two parts in the next to last place.
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Figure 2b. Departures of low-pressure experimental specific heats from the
tabulated values for air (table 2-3)
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The uncertainty in the sound velocity at low frequency (table 2-7) can be expressed in terms
of the effect of the gas imperfection. Thus,in the temperature range from 100-270°K at all
pressures except the highest entry and in the temperature range 270-800°K at all pressures, the
error in (a/ao) - (a.°/a0).01 atm should not exceed 3 percent; the high-pressure entries below 270°K
may be in error by 10 percent in that quantity. A comparison with the experimental results of -
Hodge [29] is given in figure 2d. The departures are within his estimated experimental uncertainty
of 0.2 percent. At higher temperatures,the results are purely theoretical and should be accurate
to 0.1 percent if the assumption of equilibrium composition is valid. Such accuracy, however,
is unlikely since equilibrium is probably not attained and chemical dispersion effects undoubt -
edly occur (in the region of changing composition). Physical dispersion effects may also give
rise to considerable differences between experimental and tabulated results, especially at
high values of frequency/pressure. The tabulated values will, in all such cases, be a lower

limit to the actual velocity.
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Figure 2d. Departures of experimental sound velocities at 27°C from
the tabulated values for air (table 2-7)

The values of viscosity (table 2-8) and the thermal conductivity (table 2-9) were computed
from the empirical equations given in summary tables 1-B and 1-C. These equations are based
on the existing experimental data upon which the present tabulations depend for their reliability.
The\departures of the experimental data from the tabulated values are given in figures 2e and 2f
from which the reliability of the viscosities can be assessed as being within 2 percent and the

thermal conductivity within 4 percent.

The Prandtl number, NPr
(table 2-10) for dry air at 1 atmosphere. The nomogram in figure 2g will facilitate the calcula -

=7 Cp/k, and certain of its fractional powers are listed

tions of other fractional powers not tabulated.

18



]
1

% Departure

-2

¢ Vasilesco(1945)

T ] T T
i, e ' ' L ' * Shilling and Lexton (1930)
~ 0 Nobs ™~ "tab e 2 © Fortier(1939)
% D t = x 100
. » Departure = Ty T T X o e Fisher (1909)
— o °° a - 4 Grindley and Gibson(1908)
® % ooo00, ‘ - < [*] [ ]
@ .o o P 4 * o o ® o @ Sutherland and Maass (1932
— o T gy -’ o
oQm 20 ° . o M P ° + Trautz and Ludewigs(1929)
o o M Byt ° . } ] o Edwards and Rankine(1927)
b HE. * o Titani (1929)
A
= o . q1-2 ° Johnston and McCloskey(1940)
| | | | l ]' l l g | J 1 © Wobser and Muller(1941)
200 400 600 800
ToK —s
T | T T I T I [ T T 1 I i 1 1
o - 2
p— °® -~
L ]
o " -4 . . -4
P o ¢ "": o2 S o v ° ) %o * d°
= ~ -2
[ ! [ R [ N |
800 1000 1200 T°K 1400 1600 1800

Figure 2e. Departure of experimental viscosity data from the tabulated values for air (table 2-8)

% DEPARTURE

©7.6% ©6.0% Qf 85.3%
4.0
T/ I
2.0 |- —
. 2 /{ Y
® 74 l
® Kobs ~ Ktab
\ . Johr 4
20 = JLun P teth R T Departure = x 100
® Milverton (1934) ab
@ Mann & Dickins (1931)
W Schneider (1926)
|— -O Eucken (1911) —
| | | | | | ] |
-4,0
200 T,°K 400 600
Figure 2f. Departures of low-pressure experimental thermal

conductivities from the tabulated values for air (table 2-9)

19



tleraa g el

v bpiodernr e berebereeberma e brrra Ly o

—.95

~.85

LA
®
o

.
~
[¢ ]

<70

Y‘I'TYTTTTT‘IIIIII T
a o ®
& o b4

Ty

llll'

LI LI
% 8

III.I!

F -
o]

I]lll

35

i
4

25

T

T
n
(o]

Figure 2g.

+ .995

T .99

T .98

¥ .97

+ .96

T+ «95
1 .94

T 92

75

70

i
I
1
i
65
60
55
50
45
.40
35
30
25
20

Nomogram for the calculation of fractional powers
of the Prandtl number

20

0.

03

04

0.6

°I7

08

0.9

S—

-



(1]
[2]
(3]

[4]
(5]
[6]
(7]
(8]

[9]

[10]
(11]
[12]
(13]
[14]
[15]
[16]
[17]
[18]

[19]

[20]
f21]
[22]

[23]

R.

F.

J.

References

. Seligman, Z. ges. Kilte-Ind. 29, 77 (1922); 31, 129 (1924).
. Hausen, Forsch. Gebiete Ingenieurw., No. 274, (1926).

. V. Gerhart, F. C. Brunner, H. S. Mickley, B. H. Sage, and W. N. Lacey, Mech. Eng. 64,

270 (1942).
C. Williams, Trans. Am.Inst. Chem. Engrs. 39, 93 (1943).

H. Rushton, Refrig. Eng. 53, 24 (1947).

. C. Claitor and D. B. Crawford, Trans. Am. Soc. Mech. Engrs. 71, 885 (1949).

H. Keenan and J. Kaye, Gas tables (John Wiley and Sons, Inc., New York, N.Y., 1948).

N. Huff, S. Gordon, and V. E. Morrell, Natl. Advisory Comm. Aeronaut. Rept.
1037 (1951).

O. Hirschfelder and C. F. Curtiss, Dept. of Chem., Univ. Wisconsin (Naval Research
Lab. ) Report CM-518, (1948).

H. Amagat, Ann. chim. et phys. [6] 29, 68 (1893).

. W. Witkowski, Phil. Mag. [5] 41, 288 (1896); [5] 42, 1 (1896).

. P. Koch, Ann. Physik [4] 27, 311 (1908).

. Holborn and H. Schultze, Ann. Physik [4] 47, 1089 (1915).

. Holborn and J. Otto, Z. Physik 33, 1 (1925).

. M. Penning, Communs. Phys. Lab. Univ. Leiden, No. 166, (1923).

. Michels, T. Wassenaar, and Th. N. Zwietering, Physica 18, 67 (1952).
. Wassenaar, Dissertation, Amsterdam (1952).

. Kiyama, Rev. Phys. Chem. Japan 19, 38 (1945).

. S. Cragoe, in Am. Inst. Phys., Temperature, its measurement and control in science

and industry, p. 97 (Reinhold Publishing Corp., New York, N.Y., 1941).

. W. Woolley, J. Chem. Phys. 21, 236 (1953).

B. Bird, E. L. Spotz, and J. O. Hirschfelder, J. Chem. Phys. 18, 1395 (1950).
Din, private communication.

R. Roebuck, Proc. Am. Acad. Arts Sci. 60, 537 (1925).

21



[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
(33]
[34]

[35]

[38]
[37]
[38)
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

[49]

J.

H.

B.

=

R. Roebuck, Proc. Am. Acad. Arts Sci. 64, 287 (1930).

Hausen, Z. tech. Phys. 7, 371 and 444 (1926).

P. Dailey and W. A. Felsing, J. Am. Chem. Soc. 65, 42 (1943).

. Eucken and K. Von Lude, Z. physik. Chem.[B] 5,413 (1929).
. B. Kistiakowsky and W. W. Rice, J. Chem. Phys. 7, 281 (1939).
. H. Hodge, J. Chem. Phys. 5, 974 (1937).

. Van Itterbeek and W. Van Doninck, Ann. phys. [11] 19, 88 (1944).

Eucken, K. Clusius, and W. Berger, Z. tech. Phys. 13, 267 (1932).

. R. Andersen, Trans. Am. Soc. Mech. Engrs. 72, 759 (1950).

. D. Rossini and M. Frandsen, Bur. Standards J. Research 9, 733 (1932) RP503.

Michels, T. Wassenaar, and W. van Seventer, Appl. Sci. Research [A] 4, 52 (1954).

. A. Hall and W. E. Ibele, Univ. Minn. Inst. Technol. Eng. Exp. Sta. Tech. Paper

No. 85 (1951).
A. Hall and W. E. Ibele, Trans. Am. Soc. Mech. Engrs. 76, 1039 (1954).
A. Beattie, Phys. Rev. [2] 35, 643 (1930).

Vasilesco, Ann. phys. [11] 20, 292 (1945).

. G. Shilling and A. E. Laxton, Phil. Mag. [7] 10, 721 (1930).

A. Fortier, Compt. rend. 203, 711 (1936); 208, 506 (1939).

w

. J. Fisher, Phys. Rev. [1] 28, 73 (1909).

H. Grindley and A. H. Gibson, Proc. Roy. Soc. (London) [A] 80, 114 (1908).

P. Sutherland and O. Maass, Can. J. Research 6, 428 (1932).

. Trautz and W. Ludewigs, Ann. Physik [5] 3, 409 (1929).
. S. Edwards and A. O. Rankine, Proc. Rby. Soc. (London) [A] 117, 245 (1927).

. Titani, Bull. Chem. Soc. Japan 4, 68 (1929).

L. Johnston and K. E. McCloskey, J. Phys. Chem. 44, 1038 (1940).

. Wobser and F. Miller, Kolloid-Beih. 52, 165 (1941). -

. J. Taylor and H. L. Johnston, J. Chem. Phys. 14, 219 (1946).

22



[50]
[51]
[52]
[53]
[54]
[55]
[58]
[571]
(58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
(66]
[67]
[68]
[69]

[70]

G.

S.

W.

E.

A.

H.

J.

w

E.

K

G. Sherratt and E. Griffiths, Phil. Mag. [7] 27, 68 (1939).

W. Milverton, Phil. Mag. [7] 17, 397 (1934).

B. Mann and B. G. Dickins, Proc. Roy. Soc. (London) [A] 134, 77 (1931).
Schneider, Ann. Physik [4] 79, 177 (1926).

Eucken, Physik. Z. 12, 1101 (1911).

Kellstrom, Arkiv. Mat. Astron. Fysik [A] 27,1 (1941).

. M. Rapp, Phys. Rev. [2] 2, 363 (1913).

N. Bond, Nature 137, 1031 (1936).

. D. Majumdar and M. B. Vajifdar, Proc. Indian Acad. Sei. [A] 8, 171 (1938).
. A. Bearden, Phys. Rev. [2] 56, 1023 (1939).

. B. Banerjea and B. Plattanaik, Z. Physik 110, 676 (1938).

Vogel, Ann. Physik. [4] 43, 1235 (1914).

P. Rigden, Phil. Mag. [7] 25, 961 (1938).

. V. Houston, Phys. Rev. [2] 52, 751 (1937).
L. Harrington, Phys. Rev. [2] 55, 230 (1939).
. S. Van Dyke, Phys. Rev. [2] 21, 250 (1923).

Gilchrist, Phys. Rev. [2] 1, 124 (1913).

A. Gille, Ann. Physik. [4] 48, 799 (1915).

L. Hogg, Proc. Am. Acad. Arts Sci. 40, 609 (1905).

T. C. Hebb, Phys. Rev. [2] 14, 74 (1919).

H. O. Kneser, Ann. Physik [5] 34, 665 (1939).

345970 O - 55 - 3 23



Table 2-a. VALUES OF THE GAS CONSTANT, R, FOR AIR.

Values of R for Air for Temperatures in Degrees Kelvin

Pressure 2 2
t k i
Density atm g/cm mm Hg 1b/in
g/cm3 2.83286 2.92699 2152. 97 41.6317
mole/cm3 82. 0567 84.7832 62363. 1 1205. 91
mole/liter 0. 0820544 0. 0847809 62,3613 1. 20587
lh/ft3 0. 0453777 0.0468855 34.4871 0. 666871
b mole/ft3 | 1.31441 1. 35808 998. 952 19. 3166
Values of R for Air for Temperatures in Degrees Rankine
ressure
] atm kg/ cm? mm Hg Ib/in?
Density
g/cm3 1. 57381 1.62611 1196. 09 23. 1287
mole/cm3 45,5871 47.1018 34646. 2 669. 947
mole/liter 0. 0455858 0. 0471005 34. 6452 0.669928
lb/ft3 - 0.0252098 0.0260475 19. 1595 0. 370484
1b mole/ft3 0.730228 0.754489 554.973 10.7314
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Table 2-b.

CONVERSION FACTORS FOR THE AIR TABLES

Conversion Factors for Table 2-2

To Convert

. . . ipl
Tabulated To Havmg. the Dimensions Multiply
Indicated Below by
Value of
gcm-3 1.29304x1073
Pipy P

mole em~3
g liter~1
1b in~3

b3

4.46400 x 10°°

1.29308
4.67143 x 1072

8.07223 x 10~2

Conversion Factors for Tables 2-4 and 2;1 1

To Convert

Tabulated To Having the Dimensions Multiply
Value of Indicated Below by
(H°-E)/RT,, | (H® - ED), cal mole~! 542. 821
-1
o o]
(H - EQ)/RTy | (H - Ep) cal g 18.7399
joules g~1 78. 4079
Btu (Ib mole)~! 976. 437
Btu Ib~! 33.7098
- Conversion Factors for Tables 2-3, 2-5, and 2-11
To Convert
Tabulated To Having the Dimensions Multiply
Value of Indicated Below by
Cg/R, s°/R, Cg, s°, cal mole™! °k~1 (or oc7l) 1.98719