Thermodynamic Properties of Nitrogen from
the Freezing Line to 2000 K at Pressures to
1000 MPa

Cite as: Journal of Physical and Chemical Reference Data 15, 735 (1986); https://doi.org/10.1063/1.555754
Published Online: 15 October 2009

Richard T Jacobsen, Richard B. Stewart, and Majid Jahangiri

) &

View Online Export Citation

oan N

ARTICLES YOU MAY BE INTERESTED IN

A Reference Equation of State for the Thermodynamic Properties of Nitrogen for
Temperatures from 63.151 to 1000 K and Pressures to 2200 MPa

Journal of Physical and Chemical Reference Data 29, 1361 (2000); https://
doi.org/10.1063/1.1349047

Thermodynamic Properties of Nitrogen Including Liquid and Vapor Phases from 63K to 2000K
with Pressures to 10,000 Bar

Journal of Physical and Chemical Reference Data 2, 757 (1973); https://
doi.org/10.1063/1.3253132

o
O w©
c
mﬂ
- O
@ O
.25
(7))
>h
c@
a o
y— X
O —
— @©
m.g
gE
)
o Na
RXT)

Thermodynamic Properties of Air and Mixtures of Nitrogen, Argon, and Oxygen From 60 to
2000 K at Pressures to 2000 MPa

Journal of Physical and Chemical Reference Data 29, 331(2000); https://
doi.org/10.1063/1.1285884

+
Where in the world is AIP Publishing?

Find out where we are exhibiting next

Journal of Physical and Chemical Reference Data 15, 735 (1986); https://doi.org/10.1063/1.555754 15, 735

© 1986 American Institute of Physics for the National Institute of Standards and Technology.



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/222900553/x01/AIP/HA_WhereisAIP_JPR_PDF_2019/HA_WhereisAIP_JPR_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.555754
https://doi.org/10.1063/1.555754
https://aip.scitation.org/author/Jacobsen%2C+Richard+T
https://aip.scitation.org/author/Stewart%2C+Richard+B
https://aip.scitation.org/author/Jahangiri%2C+Majid
https://doi.org/10.1063/1.555754
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.555754
https://aip.scitation.org/doi/10.1063/1.1349047
https://aip.scitation.org/doi/10.1063/1.1349047
https://doi.org/10.1063/1.1349047
https://doi.org/10.1063/1.1349047
https://aip.scitation.org/doi/10.1063/1.3253132
https://aip.scitation.org/doi/10.1063/1.3253132
https://doi.org/10.1063/1.3253132
https://doi.org/10.1063/1.3253132
https://aip.scitation.org/doi/10.1063/1.1285884
https://aip.scitation.org/doi/10.1063/1.1285884
https://doi.org/10.1063/1.1285884
https://doi.org/10.1063/1.1285884

Thermodynamic Properties of Nitrogen from the Freezing Line to 2000 K at
Pressures to 1000 MPa

Richard T Jacobsen, Richard B. Stewart, and Majid Jahangiri

Center for Applied Thermodynamic Studics, College of Engincering, University of Idaho, Moscow, Idaho 83843

A new fundamental equation explicit in Helmholtz energy for thermodynamic proper-
ties of nitrogen from the freezing line to 2000 K ot pressurcs to 1000 MPa is presented.
New independent equations for the vapor pressure and for the saturated liquid and vapor
densities as functions of temperature are also included. The fundamental equation was
selected from a comprehensive function of 100 terms on the basis of a statistical analysis of
the quality of the fit. The coefficients of the fundamental equation were determined by a
weighted least-squares fit to selected P-p-T data, saturated liquid, and saturated vapor
density data to define the phase equilibrium criteria for coexistence, and velocity of sound
data. The fundamental equation and the derivative functions for calculating internal ener-
gy, enthalpy, entropy, isochoric heat capacity (C, ), isobaric heat capacity ( C,), and
velocity of sound are included. Tables of thermodynamic properties of nitrogen are given
for liquid and vapor states within the range of validity of the fundamental equation. The
fundamental equation reported here may generally be used to calculate pressures and
densities with an uncertainty of + 0.1%, heat capacities within + 3%, and velocity of
sound values within + 1%. Comparisons of calculated properties to experimental data
are included to verify the accuracy of the formulation.

Key words: density; enthalpy and entropy; equation of state; nitrogen; heat capacity; property table;
thermodynamic properties; velocity of sound.
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Nomenclature
Symbol Physical quantity Unit
T Temperature K
P Pressure MPa
p Density mol/dm?
v Molar volume dm?/mol
z Compressibility factor, Z = P/pRT
v Internal energy J/mol
A Helmholtz energy J/mol
-G Gibbs energy J/mol
H Enthalpy J/mol
S Entropy J/(mol K)
C, Isobaric heat capacity J/(mol K)
o Isochoric heat capacity J/(mol K)
C, Two-phase heat capacity J/(mol K)
14 Heat capacity ratio
w Velocity of sound m/s
B Second virial coefficient dm®/mol
o Third virial coefficient (dm®/mol)?
D Fourth virial coefficient (dm®/mol)?
(6P /dp)r Isotherm derivative dm® MPa/mol
(8P /M), Isochore derivative MPa/K
R Gas constant (8.314 34) J/(mol K)
M Molecular weight of nitrogen (28.0134)
a Reduced Helmholtz energy, «a =4 /RT
7,0 Reduced temperature, 7= T,/T
] Reduced density, 6 = p/p,
Superscript
o Ideal gas property
Subscripts
0 Reference state property
c Critical-point property
o Property at saturation
tp Triple point property
eqn Calculated using an equation
data Experimental value
nbp Normal boiling point
Sv Saturated vapor
SL Saturated liquid
tpv Triple point (vapor)
tpl Triple point (liquid)
Additional abbreviations
exp Exponential function
A Difference
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Fixed Points for Nitrogen

Symbol Quantity

T, Critical temperature

P, Critical pressure

Pe Critical density

T, Triple point temperature

P, Triple point pressure

Pipv Triple point density (vapor)
Pipi Triple point density (liquid)
Toop Normal boiling point temperature
Prvpy Normal boiling density (vapor)
Prbpl Normal boiling density (liquid)
T Reference temperature

H, Reference enthalpy at 7

Sa Reference entropy at T,

Value

126.193 K
3.3978 MPa
11.177 mol/dm?
63.148 K

0.012 52 MPa
0.024 10 mol/dm?
31.046 mol/dm?
77.348 K

0.1650 mol/dm3
28.794 mol/dm?
298.15 K

8669 J/mol
191.502 J/mol K

1. Introduction

Nitrogen is produced commercially in large-scale
plants and is widely used for scientific and industrial pur-
poses. Accurate tables of thermodynamic and transport
properties of nitrogen are essential for industrial equipment
design, safe cryogenic storage, and equitable custody trans-
fer.

Throughout this manuscript the word “data” is used to
refer to experimental measurements. The term “formula-
tion” refers to the equation or equations necessary to calcu-
late fluid properties from a correlation. The term “funda-
mental equation” is used to describe the equation of state
used in this work. The ideal gas heat capacity representation
is an integral part of the fundamental equation. A separate
equation for ideal gas heat capacity is also given. Ancillary
equations for the vapor pressure, saturated liquid density,
and saturated vapor density are used to calculate values to
define liquid—vapor coexistence states in the development of
the fundamental equation. These ancillary equations are also
useful as estimating functions for defining saturated states
using the Maxwell criterion for phase equilibrium.

1.1. Prior Correlations of Nitrogen Properties

A comprehensive correlation and evaluation of nitro-
gen data was reported by Jacobsen and Stewart in 1973.
This work was the basis for an international table of proper-
ties of nitrogen published by Angus er a/.”> in 1979. This work
has been the accepted standard for thermodynamic proper-
ties of nitrogen since its publication.

Jacobsen and Stewart' and Angus ef al.? discussed sev-
eral correlations published prior to 1973. Although these
correlations are of historical interest, they are not discussed
in detail here. These earlier correlations, especially that of
Strobridge,® provided interim properties of nitrogen for use
in commerce, and perhaps more significantly, created an
awareness of the need for more accurate experimental prop-
erty measurements and more accuraie correlation methods.

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986

Jacobsen and Stewart' extended the ranges of validity of the
prior correlations for nitrogen in temperature and pressure
and introduced a 32-term pressure-explicit equation of state
for nitrogen. This pressure-explicit equation form has been
widely used for correlating properties of other fluids. This
equation of state was also used in the National Bureau of
Standards (NBS) Technical Note No. 648,* which was pub-
lished for engineering use in customary engineering (Brit-
ish) units. Based upon comparisons of calculated properties
of nitrogen from these prior correlations to experimental
data, it was recognized that improvements in the accuracy of
the equation of state were needed for the critical region and
the low-temperature liquid and vapor regions. This work
represents an improvement over prior correlations in these
regions. An additional reason for this new formulation is the
availability of new data for various thermodynamic proper-
ties, and the development of new techniques of correlation.

1.2. The Fundamental Equation for Nitrogen

The fundamental equation used in this work is explicit
in reduced Helmholtz energy. Other thermodynamic prop-
erties are derived from the fundamental equation by differ-
entiation. The coeflicients of the fundamental equation were
determined using a least-squares regression procedure® for
selection of an optimum group of terms from an initial bank
of 100 proposed terms. The range of validity of the funda-
mental equation for nitrogen is from the freezing line to 2000
K at pressures to 1000 MPa. With a few exceptions, the
equation presented here represents the selected experimental
P-p-T data to within the estimated accuracies of these data.

Throughout this paper, comparisons of calculated
properties to experimental data are used as the basis for va-
lidity and estimated accuracy of the correlation. In all com-
parisons given, percentage deviations are defined as

[(Xdata —Xeqn)/(Xdalu)] XIOO, (11)
where X is the property compared. Detailed comparisons of
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calculated thermodynamic properties to experimental data
are given in Sec. 6.

In addition to the fundamental equation, ancillary
functions including a vapor pressure equation, equations for
the density of the saturated liquid and saturated vapor, and
an equation for the ideal gas heat capacity are given. Sum-
maries of the available data for coexistence properties of ni-
trogen are given, and the ranges of these data are tabulated.

The fundamental equation may be used for the calcula-
tion of accurate tables of thermodynamic properties of nitro-
gen within its range of applicability. This equation may also
be readily used for systems analysis where iterative solutions
are required to solve the equation for variable pairs other
than density and temperature. The fundamental equation
was developed to conform to the Maxwell criterion for lig-
uid-vapor phase equilibrium. The fundamental equation
given here is accurate in the critical region to within 0.1% in
pressure. However, for accurate property determination in
the critical region, the revised and extended scaling formula-
tion of Jahangiri and Jacobsen’ should be used.

The thermodynamic property correlation for nitrogen
reported here includes specific improvements over that of
Jacobsen and Stewart.” Saturated liquid and vapor densities
consistent with the best single-phase data in adjacent regions
have been used in the development of the formulation. The
techniques first applied in the correlation of thermodynamic
properties of ethylene by Jahangiri ef al.® to improve the
accuracy of calculated properties in the critical region were
used in the development of this formulation for nitrogen.
The accuracy of derived properties including heat capacities
and velocity of sound has been improved from that of Jacob-
sen and Stewart.’

2. Experimental Data for the Single-Phase
Region

The available experimental data for nitrogen are sum-
marized in the following sections. These data were the basis
for the development of the new thermodynamic property
formulation reported here. Some of the data in the selected
data sets were not used in determining the coefficients for the
fundamental equation. However, all available data were
compared to values calculated with the formulation. Sources
for experimental property data with temperature, pressure
and density ranges, uncertainties, and sample purities are
tabulated. The data for the coexistence states (liquid-vapor

and solid-liquid) are discussed and summarized in Secs. 3
and 4.

2.1, P-p-T Data

The experimental P-p-T data for nitrogen are summar-
ized in Table 1. The distribution of these data is shown in
Figs. 1-5. Five separate graphs were used to illustrate these
data because of the large number of available P-p-T" data for
nitrogen. The data selected for the determination of the coef-
ficients of the fundamental equation are illustrated in Fig. 1.
Data from the same sources as those in Fig. 1 that were not
used in the fit are illustrated in Fig. 2. The data illustrated in
Figs. 3 and 4 were not used in the fit. Further discussion of

the data selection is given in Sec. 5. For clarity of illustration,
P-p-T data for nitrogen in the critical region are shown sepa-
rately in Fig. 5.

2.2. Isochoric and Isobaric Heat Capacity

The reported measurements of the isochoric heat ca-
pacity, isobaric heat capacity, and heat capacity of the satu-
rated liquid for nitrogen are summarized in Tables 2, 3, and
4. Figure 6 shows most of the recent experimental heat ca-
pacity data for nitrogen on P-T coordinates, including the
values of saturated liquid heat capacity from several authors.

2.3. Velocity of Sound Data

Extensive measurements of the velocity of sound for
nitrogen have been reported, especially in the vapor region.
The sources of these data are summarized in Table 5, and
Fig. 7 shows the distribution of these data on P-T coordi-
nates.

2.4. Virial Caoefficients

There are many published values for the second virial
coefficients of nitrogen for temperatures from 70 to 1000 K.
In the opinion of the authors, the most reliable second virial
coefficients available are those of Levelt Sengers et al.** Dis-
crepancies of the values from other sources with the selected
data may be attributed to the associated experimental and
correlating procedures and to considerations of impurities
and adsorption. Table 6 summarizes the sources for the vir-
ial coefficients for nitrogen. Only the values of Levelt
Sengers et al.®* compiled and recorrelated from other
sources were used for comparisons in this work.

2.5. Enthalpy Data

The sources of enthalpy data considered in this work
are summarized in Table 7. These values have been used only
for comparison to calculated values.

2.6. Heat of Vaporization Data

There are few reported experimental values of the heat
of vaporization (latent heat) for nitrogen. These data arc
summarized in Table 8.

2.7. Critical Point

The difficulties of experimental determination of the
critical parameters are the cause of considerable differences
among the results obtained by the various investigators. The
critical density cannot be defined accurately by experiment
because of the infinite compressibility at the critical point
and the associated difficulty of reaching thermodynamic
equilibrium. Therefore, reported values for the critical den-
sity are generally calculated either by extrapolation of recti-
linear diameters utilizing measured saturation densities, or
by correlating single-phase data close to the critical point.
Recent reported temperature, pressure, and density mea-
surements for the critical point of nitrogen are listed in Table
9.

The critical parameters given by Zozulya and Blagoi®

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986
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Table 1. Summary of experimental P-p-T data for nitrogen
Uncertainty Uncertainty Uncertainty  Purity
Number of Pressure Temperature in in in of
Source Year data points range range pressure density temperature  sample
(MPa) (K) (k) (percent)
Amagat® 1880 72 10-100 273-473
Amagat1® 1888 75 10-300 273-317
Holborn & Utto'! 1922 32 2-10 213-373 (U.2)2 (0.1}
smith & Taylor!? 1923 40 3-32 273-473
Holborn & Otto!l 1924 66 2.4-10 273-673 (0.2) (0.1)
Holborn & Ottol* 1924 24 2-10 143-273 (0.2) (0.25)
Kamerlingh Onnes & 1924 143 2.3-6.3 124-293 (0.5) (0.2) (0.01)
van Urk!S
Bridgman!® 1924 14 245-1470 341 99.6
Verschoylel” 1926 36 2.5-20 273-293 0.1 0.06 0.02
Bartlett!® 1927 9 .1-100 273 99.8
Bartlett et al,'? 1928 46 5-100 273-673 0.1
Heuse & Otto?? 1929 8 .N4-1 273 (1) (1) (0.01)
Bartlett et al.?! 1930 42 7.5-100 203-293 0.1 0.2 0.1 99.91
Basset & Dupinay?? 1930 8 1001-5001 273-289
Otto et al.?? 1934 63 4,5-40 273-423 {0.005) (0.01)
Michels et al.2" 1934 56 2-8 273-423 (0.2) 0.01 0.01
8ridgman?® 1935 25 301-601 133-296 99.9
Michels et al,?® 1936 147 20-300 273-423 (0.2)  0.01 for P<1000 0.01
0.1 for P>1000
Benedict?’ 1937 25 10-156 90-273 0.1 0.3 0.2 99.8
Benedict?® 1937 124 98-588 98-473 0.3 0.3 0.1
Maron & Turnbull?® 1942 8 10-100 273
Friedman®® 1950 201 .02-20 80-300 (0.2)2 (0.5) 0.01
Tsiklis?! 1951 45 300-1000 323-423 .2 MPa 1.0 (0.5)
Grilly & Mil1s3? 1955 10 7-35 64-120 99.99
Townsend?? 1956 35 214 298-323 1.0 mn Hg
Saurel 3* 1958 87 10-100 423-1273 (0.2) (0.3) (0.01)
van Itterbeek & 1960 67 1.3-14 66-91 (0.2) (0.2) (0.001)
Verbake3
Miller et al.3® 1960 10 .9-26 294 0.01 psi 0.1 0.03 99.9
Van ltterbeek & 1961 13 8-80 77-90 {0.2) {0.2) {0.001)
Verbeke3?
Canfield et al.*® 1962 9 5-40 143-273 0.01 0.01 99,995
Canfield et al.%? 1962 152 . 2-54 133-273 0.01 0.18 0.01 99.995
Golubev & 1965 59 5-48 77-133 (0.01)2 (0.05) 0.01 99,995
Dobrovol *skiik?
Crain*! 1965 90 .2-50 143-273 (0.2) (0.05) (0.001)
Streett & Staveley'? 1967 107 .4-68 77-120 0.1 0.5) 0.01
Cockett et al.“3 1968 63 2.5-20 85-120 0.1 0.1 for T>107 0.001 99.999
.25 for T<107
Tsiklis & Polyakov"* 1968 69 150-1000 294-673 .2 Mpa (0.3) 0.5 99.5
Robertson & Babb*S 1969 170 150-1000 308-673 .5 MPa 0.05 (0.001)  99.95
Gibbons“® 1969 17 2-13 72-78 (0.03) 0.15 0.03 99,99
Malbrunot & Vodar*” 1969 63 100-400 473-1274 (0.2) (0.3) (0.001)
Malbrunot“8 1970 191 79-500 473-1274 (0.2) (0.3) (0.001)
Hall & Canfield"® 1970 18 .2-1.7 103-113 (0.2) 0.001
Weber®0 1970 76 14-266 80-140 0.01 0.15 0.01
Cheng®! 1972 420 22-1025 87-309 (0.1) 0.2 (0.001)
Rne52 1972 80 .02-10.8 156-201 0.01 0.02 0.008%
Rodosevich & Miller®3 1973 4 0.4-2 91-115 0.01 0.03 99,997
Rivkin®" 1975 43 0.4-10 273-473 {0.02)2 (0.05) (0.001)
Zozulya & Blagoid®® 1975 570 2.3-7.5 120-150 2 x 10-% wPa  0.06 0.005 99.97
Liebenberg®® 1975 520 70~2000 247~321 {0.3) (0.2) (0.05)
Antanovich & 1976 49 100-800 400-1800
Plotnikov®’
Da Ponte et al.5® 1978 27 0.05-0.1 110-120 0.1 (0.1) (0.001)  99.99
Younglove & McCarty®® 1979 236 0,03-1.5 80-350 0.3 0.005 99.999
Straty & DillerS? 1980 280 0.0-35.0 84-300 0.15 0.1 (0.001)  99.999
Morris & Wylie®! 1983 48 197-560 253-308 0.034 0.019 0.005 99.996

aNumbers in parenthesis indicate uncertainty assigned in this work for calculation

propagation formula,
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Table 2. Summary of experimental isochoric heat capacity data for nitrogen

Uncertainty Uncertainty Uncertainty Purity
Number of Density Temperature in in in of
Source Year data points range range Cy temperature density samplie
(mo1/am? ) (K} (percent) (K) (percent)
Lestz?3 1963 152 0.1-1.2 273-303 99.95
Chashkin et al.%"* 1965 11.1 123-129 . 99.8
Voronel et al.%3 1965 69 11,177 105-167 5 0.0002 0.01 99,98
veber?S 1981 104b 8.2-27.5 78-250 0.3-0.6 0.001-0. 005 99,999

a[)er"ived from velocity of sound data.
bIm:1ud1‘ng 43 points on saturation line between 78 and 125 K.
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Table 3. Sumaty °§ e‘*’i”“‘e’.':‘” isobaric heat Table 4. Summary of experimental heat capacity data
capacity data for nitrogen of saturated liquid for nitrogen

No. of data Pressure Temperature Purity of

Source Year points range range sample No. of data Temperature
" (HPa) () (percent) Source Year  points range
‘ (k)
Krase & Mackey®® 1930 45 0-70 303-423
Mack. rased? V1o 42
ackey & FKrase 1030 18 0.1-81 303-423 99 Eucken7q 1916 5 64-73
Workman?® 1931 14 1-12.7  299-333  99.5 01
Clusius 1929 5 66-74
Giauque & Clayton721933 31 15-77 99.997
Bloomer & Rao®® 1953 9 2.8 172-228 Wiebe & Brevoort19Z 1930 14 80-117
Faulkner100 1959 9 2-8 172-228 Keesom & 1930 5 64-76
a Kamerlingh Onnes!03?
Lestz®? 1963 15 0.1-1.2 273-303  99.95
72
Mage et ai.’s 1963 37 1-13 117-274 Giauque & Clayton’® 1933 7 65-78
Van Kasteren & 1979 .3 5.07 100-270 < : : s
Zeldenrust®® 2 private communication to Wiebe & Brevoort!0Z,

2 perived from velocity of sound data.
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Table 5. Summary of experimental velocity of sound data for nitrogen
Uncertainty Uncertainty Purity
Number of  Pressure  Temperature in in of
Source Year data points range range W temperature samp]e
(MPa) (K) (K) (percent)
Keesom & 1937 42 0.01-0.1 72-273 0.5
Van Lammeren!®%
van Itterbeek et al.l%5 1949 8 64-78 0.2 0.4
Van Itterbeekl106 1060 4 0.05-0.12 71-79
Verhaegen et al,107 1952 12 0.01-0.1 6477 +0.16 0.5
Van Itterbeek et al,!%8 1957 122 0.2-5 227-298
van Itterbeek & 1958 29 0.4-5.6 77-90
Van Dael!?? :
Van Itterbeek & 1961 44 0.4-20 83-90 1
Van Dael
Van Itterbeek & 1962 76 0.3-77 64-91 99.8
Van Daelt!t
van Dael et al,l12 1966 37 0.018-3.3 65-125 0.3 0.5 99.85
Pinell3 1969 17 0.01-0.1 63-77 0.1 0.4
Voronov et al.ll* 1969 113 20-405 298-448 0.3 0.05
Younglove & McCarty5® 1980 255 0.02-1.6 80-350 0.03  0.005-0.05 99.99988
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Table 6. Summary of virial coefficients for nitrogen
Number of Temperature virial
Source Year values range coefficientd
(X)
Holborn & Ottol! 1922 3 273-373 B,C
Holborn & Ottol* 1924 3 143-223 B,C,D
Holborn & Ottol3 1924 7 273-673 B,C
Kamerlingh Onnes & van Urk!%1924 12 123-293 B
verschoyle!” 1924 2 273-293 B,C
Michels et at,2" 1934 7 273-423 B,C
Michels et al.2b 1936 7 273-373 B,C
Friedman3® 1950 12 80-300 B,C
Bird et al,l1® 1950 2 273 B
Michels et al.l1l7 1951 2 273 B
Whitell8 1952 2 273 4
Van Itterbeek et al.l?%® 1957 9 70-150 8
Saurel3* 1958 8 423-1073 8,C,D
Pool et al.ll® 1962 1 90 B
Canfield et al.38 1962 5 133-273 B,C
Witonsky & Miller!20 1963 5 448-748 B
Hoover et al.12! 1964 6 133-273 B,C
Crain & Sonntagl2? 1966 4 143-273 8,C
Roe’2 1972 13 155-291 8,C
Levelt Sengers et al.l23 1972 50 100-1400 B
38 = second virial coef. = third virial coef. D = fourth virial coef.
Table 7. Summary of enthalpy data for nitrogen Table 8. Summary of heat of vaporization data for nitrogen
Number of Temperature  Pressure o Number of Temperature Pressure
Source Year data points range range Source Year data paints range range
(k) (Mpa) (X) (MPa)
Wiener62 1966 17 138450 4.7-6.7 Furnkawa & McCoskey5? 1953 6 67.96-78.02 0.28-1.08
Dawe & Snowdon®® 1974 60 273-358 .1-10 Jones68 1961 5 119.16-124.29 23.80-30.61
Van kasteren & Zeldenrust®* 1979 33 100-270 .5 pana®® 1925 1 77 1
Clark & Piacentini®s 1967 88 69-313 .01-2.5 Rodebush et al,”? 1925 4 99.124,5
Sahgal et al.%® 1964 12 313-383 .8-10 Mathias et al.”! 1923 11 64-125
Giauque & Clayton’? 1933 6 77 1
Clark & Mckiniey”? 1969 1 122 27
Eucken”" 1916 1 77 1
Mage et al.”s 1963 5 119-124 23-30

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986
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Table 9. Critical-point parameters for nitrogen Table 10. Measurements of the triple-point pressure for nitrogen
Critical Critical Critical Source Year Pressure
Source Year temperature pressure densit‘g (MPa)
(K) (MPa)) (mol/dn’ )
verschoyle!? 1926 0.012479
Cardoso”® 1915 128.45 3,410
Justi®’ 1931 0.012520
pin?? 1961 126.2 3.39 11.1004
Giauque & Clayton”? 1933 0.012534
Kobe & Lynn’® 1953 126,15 3.39 11.10
Henning & Otto®® 1936 0.01261
Mathews”® 1972 126.15 3.39 11.17
Keesom & Bij1%° 1937 0.012534
Mathias et al.%? 1914 11.10£0,01
Kirschenbaum & Urey®? 1942 0.012514
Kamerlingh Onnes et al.%! 1914 126.02+0.05  3.393420.005
Clusius & Schleich®! 1958 0.012534
Sengers et al.%? 1976 126.24 3.398 11,205
Moussa et al.®? 1966 0.012520
voronel et al.8? 1966  126.191-126.197
Wagner®" 1973 0.01252
Wagner®" 1973 126.200 3.4002
White et a1.%s 1951 126.242£0.04  3.398+0,002
Zozulya & Blagoi®® 1975  126.193:0,0032  3.3978  11.177:0.01

3Converted to IPTS-68 from published values of 126.206 K on IPTS-48,

are consistent with the single-phase P-p-T datain the critical
region. These values were used in the development of the
fundamental equation in this work and for the revised and
extended scaling equation of Jahangiri and Jacobsen.’

2.8. Triple Point

The triple point temperature for nitrogen is a secondary
reference point of the International Practical Temperature
Scale of 1968 (IPTS-68) with a value of 63.148 K.*¢ Sources
of triple point pressure for nitrogen are listed in Table 10.
The selected temperature and pressure for the triple point in
this work are 63.148 K and 0.012 53 4+ 0.000 01 MPa, re-
spectively.

3. Liquid-Vapor and Solid-Liquid
Coexistence Properties
A new vapor pressure equation and equations for the
density of the saturated liquid and the saturated vapor as
functions of temperature have been developed to include the
critical-region data. The functional forms for the ancillary

equations reported here are similar to those reported by
Wagner and Ewers'* and by Pentermann and Wagner.'?*

3.1. The Vapor Pressure Equation

The functional form for the vapor pressure equation is

P/P. = (T/Tc)(l + Ny7 + Nop7'° + Nyr? + N7~>*

17
+NsT+ Y MT“*”’Z), 3.1)

i=6

Table 11. Summary of vapor pressure data for nitrogen
Uncertainty Uncertainty Purity
Number of  Temperature in in Temperature of
Source Year data points range temperature  pressure scale sample
(K) (percent)
Cromme)in!26 1915 9 87-130
cath!?? 1918 8 64-85 0.01
Porter & Perryl2® 1926 12 90-121
Dodge & Davisl2® 1927 30 76-122 0.03
Giauque & Clayton’? 1933 19 54-78 0.001 66.66 x 10-° MPa
Keesom & Bij18° 1937 12 70-78 Leiden
Friedman & Whitel30 1950 20 77-126 99.86
Michels et al,131 1953 10 96-126 IPTS-48
Armstrong? 32 1954 74 64-78 2 x 10-% MPa  NBS-39 99,975
Moussa et al.%2 1966 32 63-78 0.001 2.67 x 10-° MPa NBS-55
Webers0 1970 47 65-126 0.001 1.5 x 10-* MPa  IPTS-68
Wagner®* 1973 68 63-127 0.005 1 x 10-2 IPTS-68
Zozulyal33 1975 28 84-127 0.0005 0.05 IPTS-48  99.97

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986
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Table 12. Coefficients for 1iquid-vapor coexistence

property equations for nitrogen?

where 7= [(T,/T) — 1]. P, and T, are the critical pres-
sure and critical temperature, respectively. The values of P,

and 7, for nitrogen used for this equation are 3.3978 MPa

Vapor Pressure Equation (3.1) and 126.193 K, respectively, from Zozulya and Blagoi.’® Ta-
N, = -5.072183802 ) ble 11 is a summary of available vapor pressure data for
Np = 0.1367990776 x 10 ;
N, = -0.1194002133 x 102 nitrogen. . ' .
Ne = 2.641788411 Coefficients for Eq. (3.1) are given in Table 12. The
’T‘tg N '8;322%22?%2 « 10-1 data selected for the development of this equation were the
data of Wagner® from 63 to 118 K and those of Zozulya'*?
Saturated Liquid Density Equation (3.2) from 121 to 126,14 K. C?mparisons o.f this} eqllmtlon to the
vapor pressure data for nitrogen are given in Figs. 8-11.
Ny = 0.1780437699 x 102
N3 = 0.1202958313 x 10% i .
N, = -0.4601087081 x 10% 3.2. The Equation for the Saturated Vapor Density
Ns = 0.1051265347 x 103 )
Ng = -0.1188582325 x 107 The functional form of the equation for the saturated
Ng = 0.1740912806 x 10 .
Ng = -0.1934202934 x 10° vapor density is
Nig = 0.7191464655 x 10" o 23
N = 0.8015275102 — Gl 1)/3 .325
Noy = -0.1895717510 x 103 ln—p = lNﬂ' PR 4 Ny In 6 + Nps7*, - (3.2)
c =

Saturated Vapor Density Equation (3.3) where 7 = [1 - (T/Tc)], 0= TC/T, andp” is the density
N, = 1.345167397 5 of the saturated vapor. The data used in the determination of
Ny = 0.2721335451 x 10 ;
N = 0.1189562787 x 10° the coefficients for Eq: (3.2) for te?mperatqres between 103
N, = -0.2681972897 x 10§ and 120 K were obtained by the intersection of the vapor
xg - _nggﬁégﬁg . _}83 pressure Eq. (3.1) and afund.amenta} equation reprefsenting
Njo = 0.3447426258 x 1022 selected vapor phase data. This equation of state for nitrogen
No, = -0.5724027229 x 10 s : 143
Nps = -1.592976033 vapor is discussed in Jacobsen ez al.'*> Also, saturated vapor

3Coefficients not listed are zero.

density values calculated from the virial surface of Young-
love and McCarty>® were used for states at temperatures
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Table 13. Summary of saturated liquid density data for nitrogen
Uncertainty Uncertainty Purity
Number of  Temperature in in Temperature of
Source Year data points range temperature density scale sample
(K) {X) {percent)
Inglis & Coates!3S 1906 2 74-80
Van Itterbeek & 1960 9 74-90
Verbeke
Cockett et al."3 1968 10 80-125 99.998
Goldman & Scrasel3® 1968 30 78-126 0.01 0.175 99.8281
Terry et al.}37 1969 15 78-105 0.1 99,99
Brauns!38 1972 49 66-111 4 x 10-2 99.998
Rodosevich & Miller3® 1973 4 91-115 0.02 0.01 IPTS-68 99.997
Ely & Straty!3* 1974 19 63-127
Zozulya & Blagoi®® 1975 16 120-126 0.0005 0.06 IPTS-48 99.97
Haynes et al.!3? 1976 19 95-120 0.03 0.05 IPTS-68 99,99
orrit & Laupretre!*® 1978 19 78-112 0.01  0.03 mol/dm3
Straty & Diller®? 1979 9 80-120 0.1 1PTS-68 99,999
Albuquerque et al.!*! 1980 6 93-120 0.1 NBS
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