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Critical Temperatures, Pressures, and Volumes of
Hydrogen, Deuterium, and Hydrogen Deuteride

Harold J. Hoge! and James W. Lassiter*

The critical temperatures, pressures, and volumes of H,, HD, and D, have been deter-
isotherms in the neighborhood of the critical

mined by measuring short sections of P-1"
points.
are designated e-H, and e-D,.
atm, and V.= 65.5 cm? mole™!

and 62.8 ('111‘ mole™1;

The H, and D, samples wer= catalyzed to ortho-para equilibrium at 20.4°
For e-H, the values found are 7.=32.9y°
For HD the ('orrosponding values are 35
for (‘-l) the values are 38.24°

K and
155, 12 =12 10
J90s° K, 14.645 atm,
K, 16.25 atm, and 60.3 em? mole1,

A method of (-()rr(‘latm;\ isotherm data for different substances, based on the use of graphs of

log P versus log 17, is described.

1. Introduction
The present paper and the accompanying one on
vapor pressures and dew-point pressures [1]? com-
prise a full report of a program of determination of

properties of the hydrogens undertaken at the
National Bureau of Standards early in 1950. The

situation with regard to critical data at that time
was very similar to the situation with regard to

rapor pressures above 1 atm; the field having been
neglected from the time of the last Leiden measure-
ments [2] in 1917, until very recently, when White,
Friedman, and Johnston [3] published critical data
for normal hydrogen, and a preliminary report [4]
was made of the present work.

2. Experimental Methods

The measurements were made with an apparatus

used previously in an investigation of the vapor
pressure of oxygen [5]. Minor modifications are

mentioned in [1].  Pressure exerted by the hydrogen
in the equilibrium chamber was transmitted out of
the cryostat through a small metal tube that con-
nected to one end of a U-tube of stainless steel (%4-in.
outside diameter). The lower-part of the U-tube
contained mercury, and the arm not filled with
hydrogen contained water through which the pres-
sure was transmitted to oil and thence to the piston
gage with which pressures were measured. By
means of a pump, water could be forced into or
removed from the line. This caused the mercury
to rise in one side of the U-tube and to fall in the
other, thus varying the space available for hydrogen
in the U-tube and causing material to flow into or
out of the equilibrium chamber. This made it
possible to measure the sample in the equilibrium
chamber at different molar volumes.

The experimental data are given in tables 1,
2, and 3. All observations are numbm('(l in chrono-
logical order, with the run number preceding the

1 Present addr Leeds & Northrup Company, Phila.,

2 Present addr U. 8. Coast Guard, Cape \la\, IR
3 Figures in brackets indicate the literature references at the end of this paper.

Pa.
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decimal point.  The directly observed (unadjusted)
ralues of temperature and pressure are given in
columns 2 and 3 of each table. Temperature
variation among the ])()ints of a given isotherm was
small; nonetheless, corrections were made to bring
each group to a common temperature. This was
accomplished by using appropriate values of
(1/P) (dP[dT) obtained whenever possible from
tables 5, 6, ‘m(l 7 of [1], which give log P as a function
of 1/T. Above the range of these tables, estimated
values of (1/P)(dP/dT) were used. The correction
is exact only where two phases are present in the
equilibrium chamber;, but fortunately this is the
place where the corrections are most important.
Adjusted values of 7 and P are given in columns 4
and 5 of the tables. The adjustments seldom
changed the pressure by more than 1 mm Hg.

The molar volume corresponding to each observa-
tion is the effective volume of the equilibrium cham-
ber divided by the number of moles of hydrogen pres-
ent in it when the observation was made. This
quantity, V', is given in column 6 of the tables. The
effective volume of the equilibrium chamber and the
volumes of the various parts of the pressure-trans-
mitting line were determined in a separate series of
(‘xl)o[innnls The number of moles of sample
confined in the equilibrium chamber and in the pres-
sure-transmitting line, including the U-tube, was
determined s(‘pamtvl\' for each run. For each ob-
servation of a given run, the number of moles not
in the equilibrium chamber was computed by means
of the gas laws, and subtracted from the total num-
ber to give the quantity actually inside the chamber.

All the nec essary l\nowl(‘(l(r(‘ of volumes may be
obtained after the apparatus is assembled, provided
the inside diameter of the U-tube is known.

If » moles of gas are confined in a volume V, at
temperature 77, they satisfy the equation PV =
nRT\7,, where the compressibility factor 7 ac-
counts for the deviation of the gas from ideality.
If the volume containing the gas is not all at uniform
temperature it must be divided into subvolumes.
The number of moles of gas in the ith subvolume is



TasLe 1. Isotherms of e-H,

Observations of the dependence of pressure on volume in the critical region

TasLe 2. [Isotherms of HD

Observations of the dependence of pressure on volume in the critical region

\ \ =
| | | |
Obser- i Pd § T P v ‘ | Obser- | " v ' | ( P . r P .
vation (unad- (unad- s . adicto, vation unad- | (unad- At s N v
number | justed) | justed) | (adjusted) ‘ (adjusted) | number | justed) | justed) (adjusted) ‘(‘“““St‘ d)
&1 mm Hg °K | mm Hg i cm? mole-! ‘ °K | mmHg oK mm Hg | cm? mole~!
18. 6a 32. 8935 9654. 4 [( 9653.7 52.07 | 3.16b 35.033 | 9844 9844 59. 48
18. (?h 3?. 893{3 957:9. 8 | 957:?. 4 515. 24 | 3. 1(1{3 35. 0{{2} 9841 ?841 (?& 60
18. 6¢ 32. 8933 9566. 8 ‘ 9566. 4 58. 61 3. 16a 35. 033 9841 [ £ 9841 68. 10
19.1¢g 32. 8936 9564. 4 9563. 6 60. 69 3. 16d 35. 034 9843 | (T/1 9842 73.23
18. 6d 32.8932 9566. 1 ‘ 9565. 8 62. 50 3. 16e 35. 034 9841 ; 9840 81.75
19.4h | 328897 | 9536.0 |  32.803 9560, 6 62. 86
19.4i | 328043 | 05611 | (T/T.=0.99694) | 9559.7 66. 09 5.2h 10889 | 10888 57.76
18. 6e 32.8933 9565. (8) | Il 9565.5 ﬁg. gi | §) %? H}g:g “ {8:25 ﬁg. ?;
19. 4j 32.8938 9560. 11 9559.7 70. 2: 5. 108 888 64. 12
18.6f | 328933 | 9566.0 9565. 6 7184 5.2d W0SST | 35749 ) 108ss 07, 68
19. 4k 32. 8936 9558. 2 9557. 4 76.81 5.2 10885 (T/T:=0.99557) | 10884 67.84
19.41 | 32.8936 | 05546 9553. 8 80. 55 5.20 10836 | 1086 21
[N 5 (9.
18.50 | 33.0455 | 9925.1 9924.4 52.20 | 5.2a 10860 10860 82,50
18.5b | 33.0463 | 9837.0 9835. 1 55.35 | |
19.3h 33.0453 9815. 2 9814. 8 56.58 | ik 3% | 35.8798 | 11095 11095 57.83
18. 5¢ 33. 0455 9799. 7 9799. 0 58.87 | 5.3 | 35.8796 | 11091 11092 61. 04
19. 3i 33.0453 9784. é 9783. 8 61. 95 | 5.3¢ ; 35.8798 | 11089 35. 880 ] 11089 64. 68
18. 5d 33.0458 9786. 7 33.045 9785. 6 62.79 | { 3d | 35.8796 | 11091 (T/T.=0.99922) 11092 69. 36
18. 5g 33.0452 9782.5 (T/T:=1.00155) 9782. 2 65.12 | 5.3e 35. 8795 11078 11079 74. 15
18.56 | 33.0457 8 9777. 8 67. 44 5.3{ | 358795 | 11056 11057 78.75
}3 g%{ :;g 8:.2(1 3 :E 977:4. 1{ ﬁ'{. 32 5.3¢ 35. 8793 11021 11022 82. 68
. D, e . | R Y
18. 5f 33. 0460 59. 3 ) 72.70 3.17d 36. 022 11319 11321 59. 86
19.31 | 33.0456 | 97563 o7 76. 09 317e | 36,025 | 11308 36,023 l 11308 63, 22
19.3m | 330456 | 97316 9730. 7 81.17 | B | B0m | LW | (7/Te=10020) ) 11208 66. 80
3.17 36. 02 57 | 257 75.7
17. 5e 33. 2935 10733 10732 3.17a 36. 023 11132 ] 11132 86. 76
16. 12a 33. 2933 1075:’? 10755 L . .
Al | G e | 10390 10385 +10c 11684 11682 6. 51
b 5 385 4, y 50.
17. 51 3. 293¢ 10334 10334 4.10a | . 28 | 11648 11646 65. 15
16.12b 33. 2928 10324 10324 4.10d 1 36.250 | 11626 36. 250 11626 67. 87
18.4m 33. 2931 10244 10244 | 4. 10e 36.250 | 11603 (T/T=1.00952) 11603 70. 61
19. 2r 33. 2928 10238 10238 [ 4.10f | 36.249 | 11565 11567 74.39
16. 12¢ 33. 2944 10193 10191 4.10g | 36.249 | 11508 11510 79. 05
19. 2s 33. 2925 10177 || 10178 4.10h 36. 249 11427 11429 84.35
18.4n | 33.2035 | 10175 33.203 |} 10174 | 1 ) |
19. 2td 33. 2925 10136 (T/T:=1.00906) || 10137 o
16. 12 33. 2939 10136 |1 10135 5
18. 40 33. 2925 10133 10134 65. 74 . .
17.5¢ | 33.2042 | 10105 10103 b 70,68 volume of the eryostat was determined by noting the
S : g :
L el e L s | | pressure, first with all volumes at room temperature,
17.5h | 33.2085 | 10035 10054 er.56 || and again after cooling the cryostat with liquid air,
19. 2v 33. 2922 10008 10009 82.38 9 § ¢ G m N
17. 5i 33,2067 | 9963 9958 b 86.28 and applving eq 1 to the results. The volume was
17. 5§ 33. 2038 9798 9797 96. 60 = T 3
nedl || ebeRE | e found to be 5.88 e¢m?.

b 108. 67 ‘
|

a, b No measurements of mass of material were made corresponding to the two
groups of observations marked respectively by a and b. Masses were determined
as described in the text, from the superposition of graphs.

given by n,R=PV,;/T;7Z; and summing over all
subvolumes

nRZR:ni:P.\.;(‘vi/TiZ,-). (1)
1 1

With all the volumes V; at the same known temper-
ature (room temperature), and with enough gas in the
apparatus to obtain convenient pressures, the posi-
tion of the mercury meniscus in the U-tube was
varied and the resulting changes in P observed.
In this way the total volume occupied by the sample
was found to be

2V, (cm?*)==84.66 —0.0968h,, (2)

where A, was the scale reading in millimeters of the
mercury meniscus in the arm of the U-tube con-
taining hydrogen. Previously, when the apparatus
had been used to measure the vapor pressure of
oxygen [5], similar measurements had given 84.45
for the constant term. The agreement is considered
satisfactory. Having obtained eq 2, the effective
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Once the volumes were known, the number of
moles of gas confined could be determined from any
set of pressure and temperature readings, provided
none of the sample was condensed. Normally, such
a determination was made at the completion of each
run, after the crvostat had warmed to liquid-air
temperature and the pressure had risen to 25 to 35
atm. The molar volume V corresponding to each
individual observation of the run could then be
computed by summing eq 1 over all volumes except
that of the cryostat itself, and subtracting the result
from the total number of moles in the system. The
temperature of the U-tube was indicated by a mer-
cury-in-glass thermometer. The table of Z-values
given by Woolley, Scott, and Brickwedde [6] was
used for all three gases. The table is for 71, but was
considered adequate for HD and D, also, in view
of the fact that other quantities involved in the
calculation were not known with very high accuracy.

In two instances we failed to make any measure-
ment of the total mass of sample in the system.
The two groups of observations involved are for the
highest isotherm of e-H, and are indicated in table 1.
Calculations of the molar volume were made for
these observations in the usual way, except that
the unknown total number of moles appeared as an
arbitrary constant. Graphs of pressure versus



TasLe 3. Isotherms of e-D,

Observations of the dependence of pressure on volume in the eritical region

Obser- T ( I T ‘ P . |
vation (unad- unad- b || st : |
number justed) justed) (adjusted) ‘ (adjusted)
°K mm Hg °K mm Hg | em3 mole!
6.21¢ 37.1983 10708 37.199 10709 | 63. 74
6.21a | 37.1988 10709 (1T _‘0' 97299) 10709 70. 60
6.21b 37.1991 10708 | G LA 10708 80. 73
7.4a 38.2029 13969 { 13969 40.19
7.4b 38.2036 12292 | 12291 52.48
8. 6a 38. 2038 12276 | 38. 203 12275 56. 44
8.6b 38.2031 12272 (T/’T: —.U ;}08413) 12272 63. 04
6.22¢ 38.2017 12274 Sem 12276 64. 20
6. 22a 38.2022 12272 12273 72.35
| 6 22b 38.2018 12163 12165 84.13
8.7a 38. 3978 12630 | 12630
8.7b 397 Il 12610
8.7¢c 38. 398 12599 |
8.7d (T/T:=1.00355) 12588 |
8.70 12570 | ‘
8.7f 12536 ‘
7.5a 15011 |
7.5b 14237 | i
7.5¢ 13655 | w
7.5d 3295 13295 |
7.5¢ | 13106 13107 | |
8.4a | 13003 38. 556 13002 { |
7. 50 | 12991 (T|T:=1.00768) 12992 | |
7.5¢ | 12952 12953
8.4b 12907 12906
8.4¢ 12866 12865
8.4d 12¢ 12826
8.4¢ 12742 12742
7.6a 15981 | ! 15982 ‘
7.6b 38, 15075 [ 15082 |
7.6¢ 38.8795 | ; ‘ 14422 |
7.6d 38 ; \ 14018 ‘
7.6e 38. 874 13776
8. 5a 38. 8801 | 38. 880 13666
7.6 38.8794 1 (T/T.=1.01615) 13609
7.6g 38.8791 | 13547
8.5h 38.8807 | 13491
8.5¢ 38. 8801 13399
8.5d 38. 8801 13312
8.5e 38. 8806 13154 |
7.7a 39.1990 | 16037 | ‘ ‘ 1
7.7b 39.1985 | 15878 [ |
7.7c 39.1988 | 14113 39. 199 | & |
6.23¢c 39. 1981 1 ) (T|T.=1.02449) 74 |
6.231 | 30.1995 | 136 w | 7358 |
6.23b 39. 1980 13211 | 87.00
6. 24a 40. 1960 14876 40. 196 ‘{ 14876 ‘ 74. 98
6.24b 40. 1959 14151 (7T .=1.05055) 14151 | 89. 63
|
6. 25a 41. 2076 16066 41. 208 { 16067 ‘ 76. 42
6.25b 41. 2085 15020 (T]T.=1.07700) 15019 | 92. 33
|

number of moles of hydrogen in the equilibrium
chamber were made on transparent paver for these
data (with the zero of abscissas undetermined);
and a similar graph was made of the rest of the data
of the isotherm, for which the zero of abscissas was
known. The graphs of the ‘“‘unknown” data were
superposed in turn on the graph of the “known”
data, and moved along the axis of abscissas until
known and unknown graphs merged into a single
continuous curve. By comparing the two abscissa
scales the total number of moles of sample employed
in each unknown run was determined.

3. Analysis of the Data

The preliminary analysis of the isotherms was
carried out in the usual way by plotting P versus V
for each modification of hydrogen, drawing in the
liquid-vapor domes, and taking the highest point of
each dome as the critical point of that particular

modification. It was difficult to determine the
positions of the domes with the desired accuracy,
however, so we sought some method of correlating
the data for the three kinds of hydrogen in order
to obtain more accurate critical constants for all.
If the critical temperature and pressure of each
variety were known, P/P, could be plotted versus
ViV, with all three modifications on the same
graph; and, if the law of corresponding states were
obeyed all the isotherms would form a single family.
Since only approximate values of P, and V, were
available, this method of correlation could be used
only by a process of successive approximations.
However, it was recognized that this difficulty
could be avoided by taking logarithms. If log
(P/P,) were plotted versus log (V/V,), the isotherms
of the three modifications would, of course, form a
single family just as they would when the variables
were P/P, and V/V,. But a graph of log (P/P,)
versus log (V/V,) differs from a graph of log P versus
log V' only by a translation of —log P, along the
axis of ordinates and of —log V. along the axis of
abscissas.  Hence, if separate graphs of log P
versus log V for each modification are prepared on
transparent stock, it should be possible to superpose
them in such a way as to form a single family of
isotherms, to draw a single liquid-vapor dome for
the family, and thus to obtan critical constants
for the three modifications with improved absolute
accuracy and much greater relative accuracy than
could otherwise be obtained.

The result of applying this type of correlation is
shown in figure 1. The three sets of data were
mitially plotted on three separate sheets of tracing
cloth and superposed for viewing by transmitted
light. The graphs were shifted relative to each
other along the axes of coordinates until they most
nearly blended into a single family. The relation
between the various coordinate scales was then noted
and all the data plotted on a single sheet. On this
egraph the liquid-vapor dome was drawn and the
critical point selected. The coordinates of this
point with respect to the three original graphs give
log P, and log V., for the three modifications of
hydrogen. The corresponding critical temperatures
were found by substituting each value of P, into
the appropriate vapor-pressure table (table 5, 6,
or 7) of [1]. The ecritical constants are given in
table 4. Values of the compressibility factor
Z=PV/nRT at the critical point are included.
After the eritical constants had been determined,
T/ T, was computed for each isotherm of figure 1,
and coordinate scales in terms of log (P/P,) and log
(V/V,) were substituted for those originally used, so
that the same scales could be used for all three
modifications.

Tasre 4.  Critical constants of e-Hy, HD, and e-D,

' ‘ T. ‘ 1% Ve P.Vo/RT.
°K mm Hg atm psia cmdmole!
e-Ho.__| 32.994 9, 705 12.770 187. 67 65.5 0.309
HD_ __| 35.903 11, 130 14. 645 215. 22 62.8 .312
e-Da | 33.262 12,374 16. 282 239. 27 60. 3 .312
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Ficure 1.

To help in properly drawing the liquid-vapor
dome, several other sets of isotherm data were
plotted on log P versus log V" graphs and compared
with our own results by superposition. The data
plotted included those of Michels, Blaisse, and
Michels for CO, [7], and those of Onnes, Crommelin,
and Cath for hydrogen [2]. The isotherm data in the
latter paper are given graphically rather than numer-
ically, so the coordinates of the plotted points and of
various points on the dome bad to be read from the
published graph. The dome drawn in figure 1 is
in agreement with that of the Leiden observers
within the accuracy of the observations. The
CO, data could not be satisfactorily superposed on
our hydrogen data because the dome was too wide.
It was estimated that if for CO, one should plot
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Isotherms of e-Hy, HD, and e-Ds in the neighborhood of the critical point.

log P versus 0.81 log 17, the resulting eraph could
be superposed satisfactorily on the hydrogen graph.
The difference in dome-shape of hydrogen and CO,
is undoubtedly real. It would be interesting to
compare the ecritical regions of other triatomic
molecules, such as N,O and SO, with [that of CO,,
to see the extent to which triatomic molecules follow
one law of corresponding states and diatomic mole-
cules another.

The vapor-pressure tables of [1] are believed to be
accurate near the critical point to 48 mm Hg in
the case of e-H, and e-D,, and to 415 mm Hg in
the case of HD. The uncertainties of the critical
constants are greater than these values, however,
because they include the additional uncertainty in
locating the proper spot on figure 1 to choose as the



critical point. It is estimated that the critical point
selected is uncertain by -+0.001 in log (P/P.). This
is equivalent to =22 mm Hg for e- H 426 mm Hg
for HD, and 28 mm Hg for e-D,. Fo these may l)o
added the estimated uncertainties in the vapor-
pressure tables, giving (after rounding off) 430 mm
Hg for e-H,, i40 mm Hg for HD, and 435 mm Hg
for e-D,. Lsmg values of dP/dT from the ace opted
vapor-pressure tables of [1], these uncertainties are
approximately equivalent to 420 mdeg for e-H, and
e-Ds,, and to 25 mdeg for HD. Anadditional allow-
ance of +20 mdeg must be made for uncertainty
in the temperature scale.

The position of the critical point_in figure 1 is
uncertain by perhaps +0.005 in log (17/17), which is
equivalent ‘to slightly more than 1 percent in 17
Errors in determining the volumes of the equilibrium
chamber and the various parts of the pressure-
transmitting line are not included in this figure.
These would affect the determinations of the total
mass of material employed in each run, and would
introduce a systematic error into log (V/17,). An
uncertainty of -2 percent is thought to be adequate
to cover errors due to all causes. The relative
errors of the critical volumes of the three varieties are
much smaller than the total errors. This type of
error may be estimated from the accuracy with
which the three original log P-log V' graphs could be
correctly superposed. It is estimated that the ratio
of any two critical volumes is cocrrect to 5 per mille.
The relative accuracy of any two eritical pressures is
probably 1 per mille, and that of any two critical
temperatures about 3 parts in 10,000.

The published critical data for hydrogen were
summarized by Pickering [8] in 1926. He selected

as best values: t,=—239.9° C, P,=12.8 atm, and
p.=0.0310 ¢ em™® (equivalent to 1,=65.0 cm?
mole™"). These are essentially the values of Onnes,

Crommelin, and Cath [2] for the ecritical tempera-
ture and px('s\m(\ and that of Mathias, Crommelin,
and Onnes [9], for the eritical density. 1In [2] the
critical temperature is given both in centigrade and
in Kelvin units (—239. ()I° (C=33.18° K). Sin(-(- the
Leiden authors were unaware of the necessity of
controlling ortho-para compositions, we may assume
that thoy worked with normal (normal=0.25 para-
hydrogen, 0.75 orthobydrogen; see [1]) hydrogen,
possibly with an appreciable conversion in the
direction of equilibrium hydrogen. In the recent
determination of critical constants at Ohio State

23

University [3], normal hydrogen was also employed,
so there are no published data exactly comparable
with ours. The Ohio State values are 7,—33.24,° K,
and P,=12.797 atm.

The above critical points are shown in figure 3
of [1], which is a graph of deviations of observed
rapor pressures from an accepted vapor-pressure
table. Note that the n-H, data in this graph are not
to be expected to give zero deviations because the
table from which deviations are calculated rep-
resents not n-H, but e-H,. To our knowledge there
are no previous measurements of the critical con-
stants of HD and e-D, with which our results may be
compared.

The valuable assistance of Dino Zei and Raymond
A. Nelson in making the measurements is acknowl-
edged.
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