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Abstract

Literature data have been used to calculate K-factors for the
hydrogen-carbon monoxide system over the range of 68.2 to 122.2°K
and 10 to 225 atmospheres. K-factors are presented graphically for
eight 1sotherms over this range.

Published data on the soiid-vapor region are pregented
separately as composition versus pressure at constant temperature.

A bibliography of approximately 450 references 1s also
presented on related properties for this system and for the pure

components,
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1. Introduction

1.1 Purpose

Hydrogen gas for laquefaction purposes frequently contains
large amounts of other gases. Typical impurities or contaminants
found 1n hydrogen-source streams include mirogen, carbon monoxide,
methane, ethane, and higher hydrocarbons., Purification of these
various sources of hydrogen requires a considerable knowledge of the
physical equilibria ot the systems involved.

As an imtial step in the study of the physical equlibria of
hydrogen systems, a review of the laiterature was undertaken to
determine what has been done and 18 known 1n this area. In this paper,
the carbon monoxide-hydrogen system was so studied, (Previously,
the nitrogen-hydrogen system was examined), The purpose of this
paper 18 to determine what 1s known about the physical equilibria
relationships and to present an extensive compilation of known related
references for data for this system. It is hoped that this paper will
thus prcvide a firm basis for the conduct of research programs in
this area.

Future publications in this series will be concerned with the
physical equilibria of hydrogen and other important components,
Binary systems will be studred initially. When such a program is
compieted, it is hoped that the results w:ll be ot significant value in
the design of cryogenic equipment,

1.2 Organization

The information 1s presented in three principal parts: (1)
physical equilibria with major emphasis on vapor-liquid equilibria,
{2) properties related to physical equilibria, and (3) a bibliography of
references, Some discussion 18 presented with Part (1). The
information of Part (2) 1s presented in tabular form showing the
reference where such data are to be found, Part (3), the Bibhography,
lists the references alphabetically by author.
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1.3 Scope

The scope of this work 18 as follows: an exhaustive literature
search, as summarized in NBS Technical Nte No. 56, revealed much
of the pertinent data; such data were abstracted and presented in the
form of K-factor charts and a concentration-pressure chart and as a
bibliography of referer es for related areas of interest. The areas -
searched are presents in the above reference and will not be
enumerated here, Generatly speaking, the literature was searched
extensively and includes articles published up to and prior to July of ¢
1960.

1.4 Acknowledgements

The authors egpecially appreciate the aid ot the staff of the
Data Center of the Natjonal Bureau of Standards Cryogenic Engineering
Laboratory who provided the majority of the original papers for review,

2, Survey of Literature

The hiterature ‘earch revealed three amportant references for
carbon monoxide-hydrogen vapor-iiquid equilibria data. These were
Akers and Eubanks (4}, Ruhemann and Zinn (368), and Verschoyle
{423). K-factor charts were prepared from the data of these
references. In all cases the data had to be re-interpreted to arrive at
K-facrors,

Of noteworthy interest 18 the article by Verschov' (423) who
also presents solid-vapor and solid-liquid-vapor data for this same
system. Atlso, the extensive work of Dokoupil et al. (88) presents
sohid-gas equilibria data for this system,

No related physical data are actually presented in this report;
only references for such material are listed, Other areas so covered
include adsorption phenomena, purification processes, solubility -
relationships, density and compressillity data, equations of state,
thermodynamic and transport properties, P-V-T data, critical
constants, virial coefficients, Beatire-Bridgeman constants, analytical
techmques, and various processing reterences. Such material for the
pure components as well as for mixtures of carbon monoxide and
hydrogen 1s inciuded in many cases. A general phenomena category
1s also presented to aid in the theoretical study of adsorption, phase
equilibria, purification, solubility relationships, and other important
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areas.
3. Discussion of Available Data

For this system one could expect the vapor-hquid data, if
complete, to range roughly from the triple point temperature of
carbon monoxide to the critical temperature ot carbon monoxide
(68.1 to 132.9*°K). The three articles mentioned previously provided
data for eight isotherms between 68. 2°K and 122.2°K. The 1sotherms
so presented are at temperatures of 68,2°*, 73.2°, 78*, 83°-83.3°,
88, 2%, 90°*, 100°, and 122, 2*K, {(The vapor-liqud equlibria dara
for 83*K and for 83. 3°K are plotted as one isotherm and so labeted
83¢-83, 3°K). Thus, the data available do present a rather complete
picture of the vapor-liquid equilibria for this system.

The solid-vapor region has been explored at 58.2° and 63.2°K
and from 20 to 175 atmospheres by Verschoyle (423) and from 32° to
70°K and 1. 3 to 50 atmospheres by Dokoupil ct al. (88).

The P-T regions covered by the published data are presented
in Figure 1. This figure indicates that this system has been rather
well explored in both the vapor-liquid region and the sohd-vapor
region, (The P-T data of hydrogen and carbon monoxide needed for
the construction of Figure 1 were obtained from Johnson (189),
Verschoyle (423) and Woolley, Scott and Brickwedde (446)),

The original data were treated to arrive at the corresponding
K-factors. K is defined as y/x where y1s the mole fractior. of 2
component in the vapor phase and x 18 the mole fraction of that
component 1n the liquid phase. K-factors were calculated for each
component at a given temperature and pressure. After plotting the K-
factors derived from the various investigations, a smooth curve was
drawn for the given 1sotherm. Finally, the smoothed, individual K-
factors were transferred to a plot of K versus total pressure with
temperature as a parameter.

It 18 not the purpose of this report to present a test of the data
for thermodynamic consistency, Iowever, some general comments
regarding the agreement between investigators is in order. Most
discrepancies appear to lie 1n the pressure range from 10 to 30
atmospheres, In this range, there 15 some inconsistency in the
hydrogen data as evidenced by cross-over of the 1sotherms of different
investigators. The carbon monoxide data were not subject to these
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variations, This scatter of data for hydrogen may stem partly from
the analytical techmiques used.

The 78° and 90°K 1sotherms, as contributed by Ruhemann and
Z:nn, extend only to 50 atmospheres, By using the adjacent 1sotnerms
as gwde lines, one could, if required, probably make a reasonable
extrapolation of these two i1sotherms to higher pressures.

R TR 6

It must be emphasized that this report 1s based on the original
. data of the investigators. These data, in most cases, have not been
tested for thermodynamic consistency and shoutd be used only with
thorough awareness of this fact.

4. K-Factor Charts

Presented in Tables I, Il and IV an the Appendix are the data
used in computing K-factors,

o o

Figures 2 and 3 are plots of the K-factors of hydrogen and
carbon monoxide, respectively. Dotted portions on these figures
indicate extrapolated areas Figure 4 shows, finally, the curves for
both hydrogen and carbon monoxide as taken from Figures 2 and 3. In
Figure 4, hydrogen K-factors are situated above the hine K = 1 and
carbon monoxide K-factors are below this hine, The intersection of
an 1sotherm with the line K = ) is called the plait point for that :sotherm,
The plait points for the 68. 2* and 73, 2°K 1sotherms were estimated
by Verschoyle to be at pressures of 380 and 325 atmospheres, respect- '
ively, Critical constants for this system have been estimated by
Verschoyle (423) and are presenied 1in Table 11

e LI £ AP TS - WA

Figure 4 thus contains sufficient information to enable one to
calculate the vapor and liquid compositions under given temperature

and pressure conditacns.  After the K-factors are obtained, one simply
substitutes into the following formulae to obtain phase compositions:
. K, = y/x (1)
K, =v,/x, )
.
| . ; X o s
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l-i~yz=1.0 (3)

x»l‘-l-x2 =1,0 (4)
The subscripts refer to hydrogen and carbon ide. For le,
at a system pressure of 100 atm. , the phase compositions at 88. Z'K
could be found as follows‘

KCO = 0.159 = co/xco P Yoo ° 0.159 )

K = 3,72 =y, /X% HIR = 3,73 %

H, H,/"H, H, H,
Solving equations (3) and (4), one obtains

Yeo = 0,122 H xCO = 0,764

Y, = 0,878 HRS = 0,236

H, H,

Similarily, dew points and bubble points of given hydrogen-carbon
monoxide mixtures can be calculated.

5. Sclid-Vapor E quilibria

The data of Verschoyle (423) are given in Table V, These data
have been plotted in Figure 5 to show vapor phase composition versus
total pressure for the isothcrms of 58, 2° and 63, 2°K,

The extensive solid-gas equilibria data of Dokoupil et al. (88)
are given in Table VI, These data have been replotted (not shown) to
arrive at P-y curves at 5°K temperature intervals from 35° to 65°K.

The derived data are shown in Table VI and also on Figure 5. Of note-

worthy interest is the minimum shown by each isotherm. The locus
of these minimum points in the y-P curves thus allow the selection of
the optimum total pressure at a given temperature to yield a mimmum
CO concentration in the gas phase.

6, Three-Phase Equilibria

Verschoyle has also presented data showing the locus of the
three-phase curve, Table VIH contains this information.
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TABLEI
CO-Hz PRESSURE CONCENTRATION DATA

Reference Verschoyle (423)

Tempersture | Pressure Liguid Vapor L3

< 'K At vole A H, | Mole % €O | Mole % H, | Mote % CO i, N,
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TABLE 11
CO-HZ CRITICAL CONSTANTS
Reference: Verschoyle (423)
Plait-Point Critical Pont of Contact
Temperature Pressure Mole % Hz Pressure Mole % Hz
*C ‘K Atm Atm
~185 88.2 187 58 54 90
~190 83.2 228 60 48 93
~200 73.2 (325) (64) 34 97.5
~205 68,2 (380) {66) 30 99.5
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SOLID-VAPOR EQUILIBRIA
Reference: Verschoyle (423)
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TABLE V
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) Temperature Pressure Vapor Phase
*C ‘K Atm Mole % Hz Mole % CO
. =210 63,2 195.75 96. 31 3.69
" " 176, 41 96, 53 3,47
" " 147,39 96. 88 3,12
" " 137.76 97.03 2,97
" " 104, 01 97. 80 2,20
" " 79.80 97. 42 2,58
" " 65, 74 98. 76 1,24
" " 32.03 99.18 0.82
" " 21,85 99.12 0, 88
" " 16,81 99. 22 0.78
=215 58.2 176,37 98.18 1,82
" " 157. 03 98. 08 1.92
" " 128. 05 98. 50 1,50
" " 89. 52 98. 90 1. 10
" " 51.37 99. 47 0.53
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TABLE Vi

SOLID-VAPOR EQUILIBRIA

Dokoupil, Van Soest and Swenker (88)
Table VI, This Report

¥
Temperature, Prossure, | Mole Fraction CO
‘K Atm, in Vapor Phase
35 1.3 0. 00000355
" 5 0. 00000205
" 10 0. 00000240
" 15 0. 0000110
" 25 0.000083
" 50 0.000119
40 1.3 0. 000044
" 5 0, 000045
" 10 0 0000125
" 15 0, 0000175
" 25 0. 000112
" 50 0. 000180
45 13 0. 000223
" L] 0. 0000780
" 10 0. 0000620
" 15 0 0000510
" 25 0. 000153
" 50 0. 000310
50 1.3 0.00110
" 5 0 000361
" 10 0. 000253
" 15 0. 000212
" 25 0 000241
v 50 0 000630
55 1.3 0 00470
" 5 0, 00148
" 10 0.00103
" 15 0 000910
" 25 0. 000750
" 50 0 00160
60 1.3 0. 0160
" 5 0, 6059
" 10 . 0. 00420
" 15 0 00325
" 25 0, 00280
" 50 0. 00480
65 25 0 0081
" 50 0. 0100
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TABLE viiL
THREE-PHASE DATA

Reference: Verschoyle (423)

N

 ————————— —

et 54 1 £ F v o

Pressure Temperature

Atm *C ‘K

55.2 -206, 12 67. 04

55.2 ~206.15 67,01
104.1 -206, 54 66.62
104. 1 -206. 59 66, 57
104.1 -206.73 66,43
147.4 -206.48 66, 68
147. 4 -206. 67 66, 49
147. 4 -206.72 66,44
147. 4 -206,87 66. 29
205.5 -206, 34 66, 82
205, 5 -206. 38 66.78
205, 5 -206, 39 66.77
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