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New developments in ecience and industry are aided by accurats knowledge of {he
behavior of important substances. The grest abundanee of chemicsl processes sud com-
pounds in which hydrogen ia invelved make it of partipular intersat. The exparimental
and derlved dats presented here for hydrogen extend oyer a large range of tempereture.
Low teraperatiares are requiced for the liguid and solid, and moderaie and high temparatures
ooewr in chembesl rasctions,

The availsble thermal data for Hs, HD, and D in zolid, liguid, and gasecus states
have hesn brogght together, ineluding the distinctive properties of ortho and pars forma
of H: and Ix. Home data not previcusly published have been added. The thermnl data
inelpde thermodyosinie funetions for the ideal gaa state, equilibrivm constants, data af
state, visopaity, and thermal conductivity with depondenee on the préegaure, YAPOT DrEdEUTE
solitd-liguid squilibris, specific heata, and latent heata. Values of state derivatives usefn]
In thermodyoamie caleulations have been given for normal hydrogen, and the related dif-
feremoes hetween thertnodynamic funetions for real and idesl gas atetes have been evaluated:
A temperature eotropy disgram For normesl Hp jn the ronge of exparimental dets i also
given. The compiled thermeal properties of hydrogen are presented in 38 tables, 32 graphs,

and numerous edquationg,
hiblicgraphy.

I. Introduchon

It was recommended by the National Research
Coungil Comimitice on Thermal Data for Cherm-
cal Industries *? and by others that the thermal
data on substances of industrial importance
ghould be resxamined with the intention of pre-
paring consistent tables of thermal date of eapecial
intereat to chemical engineers and investigators.

In this paper thermal data on hydrogen in its
varioue izotopic and ortho-para modifications ere
compiled and correlated. Dets on properties of
the gaseous, liquid, and solid states are presanted
in tables and graphs, and by uss of formulas.
Thermodynamic properties are given for the ideal
gas state, In addition, tables hased on the PVT
data for the real gas furmish the additional infor-
mation required for the ealeulation of the thermo-
dynamic propertiea of the real gas, For the con-

' Division of Chemistry end Chemical Teshnology, Nstional Reasacch

Crouncil.
1 F. Romeeil Bichowsky, Chalrman, 1938 to 19€7.
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The pourees of the dats have been given in an extcnsive

densed pheses, direetly abservable propertiez are
given. Because of the industrinl importance of
flow and heat-transfer problems, correlations of
viecogity and of thermal conductivity arc in-
cluded and their dependence upon pressure dis-
cossed briefly, A nomber of topics are discussed
in detall to explain the fundamental principles
involved., Most of the date ineluded were taken
from published papers. However, & smuall pro-
portion arc bezed on unpublished measnrements
made at the Bursan.

The following are the symbols and values of
phyeicel constants and conversion factors used in

this paper.
1, Symbols

Muny symbals that are not vsed extensively in
this paper have been omitted from this list.
A, constant in an equation for & FVT fgptherm.
B, sacond virial coefficient in aquation obgtate of
£as.
E,, rotational spectroscopic constant.



&, b, constant in an equation for a PVT ieotherm;

aleo, & conatant in an equation of state,

7, {, constant in st equetion for a PYT iagtherm;
alzo, the Sutherland eonstant in 8 viscosity
formula. )

(¥, constant in an equation for & PVT 1sotherm.

C;, molar heat capacity {molar specific heat) at

constant pressure for idesl gas.

¢}, molar heat capacity (molar spacific heat) along

& saturation curve,

7 molar heat capaecity (molar specific heat) at

constant volume for ideal gas.

¢, ¢, velecity of light; also & conatant in an equa-

tion for & PVT isotherm.

¢s, radistion constant ke)k.

I3, rotational spectroscopic constant.

E, a thermodyoamic function, internal energy per

mole,

E® & for a stbstance in the idesl gasacus state.

£q, E° at the ahsolute zero of temperature when

for each molecule the enerpy assnciated
with internal degrees of freedom is &t its
loweat quantized valua,

F, a thermodynamic function, molar free energy
F=FE4{+PT-T8.

F°, F for n substance in the ideal gnseous state at

a pressure of 1 atmosphere,

F,, rotational spectrosecpic constant.

Fo . or F, term value.

. a thermedynamic function, fugaeity:

if., vibrational term value.

g, statiatical weight of a quantuin level.

H, n thermodynuimic funciion, molar heat content
or enthalpy, H=FE} P

H*®, H for a substance in the idcal gazeous state.

H,, rotational spectroacopic conatant.

&, FPlanch's constant.

i, nuclear spin.

of, rotationa] gquantum number,

K, equilibrium constant.

&, &, Boltzmann constant; also, thermal  con-
ductivity.

L., latent heat of vaporization.

M, molecular weipht.

m, reduced mass for molecule.

N, total number of molecules eonsiderad.

N, number of molecules in & piven quantum level,

Ny, Avogadro’s number.

P, pressure.

P,, pressure at the critical point.
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By, pressare of 1 standard atmosphers, 1.01325%
10% dynes em~* by definition.

p. momentum corresponding to generalized co-
ordingte 9.

¢, a generalized coordinate.

B, molar gas constont.

#, atomic separation.

¥ Atomic separation » for minimum potential
CICTEY.

8, a thermodynamic function, molar entropy.

57, § for a substance in the ideal gaseous atate at

a pressure of 1 atmosphera.

T, absolute temperature on the Kelvin scale.

T,, tempernture T ak critieal point.

Tor Kelvin temperature ¥ of the ice point, that is,

of 0% C,

I7, intramaolecular potential energy.

L, ratio of mean free path langthe for diffusion

and viscosity.

¥, molar volume.

Ve molar volume ot the eritical point.

Vi, molar volume of gas ab 1-atmosphere pressuce

and the ice point,

vy, molar volume of liquid at zero pressure.

#, vibrational quantum number.

Z, abbreviation for PVIRT.

+, Titio of specific heats, /0.

¢, enetgy for a quantum state.

7, Viscosity.

A, a characleristic Kelvin lemperature for a
crystal lattice in Debye's theory of specific
heats.

A, length of mean free path.

g, doule-Thoms=on cocfficient.

£, fractional increase in atomic separation beyond
that for minimum potential energy.

g, density in Amagat units.

o, & correlation function for PYT data.

x, & function in one equation of state,

@, & correlation function for PYT data,

2. Values Used for Some Physical Constants and
Conversion Factors

{Nunmibers in parentbeses refer to the referchces given

hetow)
¢ (velocity of light=290776:<10" em sec™ (1)
. _he  Nohe
¢ {radiation mnstunt.}—F—T—lAES*l cIm

deg (2).
i (Planck’s conatant=a.624 % 10¥ cm sec (1).
Ny {(Avogadro number)=6.0228 < 10* mole~" (1).
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F, (pressure of standard atmosphere)=1.01325¢
10 dynes cm™ (3).
K {molar pss constant)=Ng==83144<10° erg
mole™! deg™! {1).

=1.D8714 thermochemical cal mole™ deg—* (4.

T, {Kelvin temperature of ice point)=273.16° K
(57, .
-Atomic weight of hydregen (H!) on chemical

seale=1.000736 (1).

Atomic weight of deuterinm (D or H?) on chemical

scale=2.01413 (1).

! thermochemical calorie—=4.1833 international

joules (57,

1 international joule (NBS1=1.000165 absoluta

joulea (6},

{1y Raymond T. Birge, Rey. Muodern Phys, 13, 233
(1641},

(2} Birge'n value ({Rev. Modern Phya, 13, 233 (19411
adjusted for later MBS veiue of the ratic international
coulomb/sbeclute coulomb = 29885; see also reference (7).

(31 Definition.

(4] Birge's value {Rev, Moders Phys. 13, 233 {10410}
adjusted to thermochemical eslorie and NBS valus for
ratio internationsl joulefabaolute joule,

{5 Defnition,

(6} MBS Technical Naws Bullatin 31, 40 (1947).

(7} B, W. Curtds, R. L. Ddsenll, and C, L. Critchfield,
J. Resenrch WEBS 26, 133 {19432).

M. Thermodynamic Properties for the
Hydrogens in the Ideal Gas State

1. General Frinciples of Calculation

For » gas in o stete of extreme rarefaction the
energy of imieraction between molecules forms a
minute part of the total energy of the gas. At
such low pressures the thermodynamie properties
of the gas may be calculated from the spectro-
scoplcslly determined energies of the single mole-
cules and the general physical conatanta without
considering the energy of interaction of ono mole-
cule with another. Some thermodynamic prop-
ertiea, a6 for example molar entropy and free
energy, do not appreach a definite value as the
pressure of the gas goes to zero. For this renson,
values of thermodynamic funetions of a gas at Jow
pressure are often indicated by giving valuss for a
pressure of 1 atm for a fictitious ideal gas having
in the limit of low presaure the same thermody-
namic functions ns the actual gas. The result is
than said to be for the gas at & pressure of 1 at-
mosphere in the hypothetical idesl gas state.
Data of state may be usad to calculate the diffar-
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enced between properties in the real and ideal
gas gtates.

Tha precedure for calculating the thecmody-
namie properties of & substance in the jdeal pes
state has been discussed by many writers [3, 30,
31, 3273

In outline, it involves tha following ideas: The
average oumber n; of molecules in & gquantum
utata of energy o is related to the average number,
7z of molecules in another state of enerey e by the
Boltzmann distribution law

ﬂlj.m=g—||ﬂf'}fe-|gf¢f= e tij'ﬂ:”l'l',

(2.1)

whete £ is the Boltemann constant, and T is the
absolute temperature.

As thera are often seversl states having the sema
energy, the number of molecules in & piven enargy
level * is also proportional to the number of states,
g. 1If M, Ny N, . . . are the nombers of mole-
cules in the levels o, e, €2, . . ., respectively, the
pumber of molecules in any one level is

‘H*_fgﬁ—q}#'l‘ i Ng —u, /5T

S — — e =
N iy e s T " Ege
>4

whera N, the tota]l number of molecules heing
considered, iz equal to EN,. If properties are to
be expressad on the basie of 1 mole, & is taken
ajjual to Avogadro’s number, N,

The quantum states are specified by means of
guantum numhers, the integer vaeluss which
certain natural variables have when a molecule
has & siationary value of energy. The magnitude
of the enargy is gencrally caxpressed in terms of
these numbers, In diatomic molecules, tha quan-
tum numbers of interest are .f, the rotational
quantum wirmber, K, the rotational quantum
number apart from spin, and o, the vibraticnal
quantum number. The elcctronic state is also
sinilarly quantized, and quantum numbers ap-
propriate to it may likewise be assighed. The
nuclear zpins of the two constiluent atoms are
desigmated by 4, and ¢;. In terms of these num-
bers, the stetistical weight, g, of u level of & die-
tomic molacule composed of unlike atoms, as for
example HID, is 4,(2¢,4-13(2i:4+1){24 1}, whera
F. is the weight of the electronic level of the mole-

? Flpuren In besckete Indicate the Hteeature roforences at the end of this
pa;rl'frl';n tevm sare iz used in Che sensa that two states difer il any of off the
qranum numbers assoclated with the states are different. The term Tevel
Lt b £y % e the Iden that the ey vis 1 definlta valune,  Fhe statisticel

weight, g, of n lavo] & the number of states burleg the eosrgy which define
rlwe beval, & bevel vdth iwe bhan gre state 8 sald b be deganorate,
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cule. The ground electronic level of HD, and of
H, and Dy, al=o, is & singlet state, and accordingly
g 18 1.

The proten and deuetron spiz are ¥ and 1,
rezpectively. For diatomic molecules composed of
like stoms, as for example, H; and D, there is a
divizion of the rotational levels of the molecule into
two groups referred to az the ertho and para eeries,
one of which is composaed of the even numbered
and the other of the odd numbered rotational
lavels. Ordinarily, traneitions betwaen orthe and
Iors levels are relatively rare, sc that the gas can
be considered as a mixture of two distinet com-
ponents. The high temperature equilibrivm mix-
ture of the two forms is eslled the normal mixture,
and the mora shundant component of the normal
mixture is called the ortho component. The sta-
tistical weaights of the two series depends upon the
guantum gtatistics applicable to the nueclei. For
H: it 18 the Fermi-D¥rae statistice, for D}, the
Boze-Kinstain atatistics.

Fermi-IHrac stodistics:

f (pAra series, even J'a) =
o (2138027 4-1)

(2.3)
& (orthe series, odd J's) =
ge (22313084212 L1)
Bose-Einslein slalistics:
g [ortho series, even J's)=
ge (2414 1)(2741)
(2.4}

g (para seriee, odd J'2) =

ga {204 13i(2J+1)

The energy per mole due to molecular rotation
and inteamoleculsr vibration is

ek T
Eu-l-r— E-lh"'_fﬁ.l' = N@g,e,s .

T gt (2.5)

where the ¢’z are the energies of the rotational-
vibrational levels relative to the lowest energy
[evel of the moleculs. The transiational evergy,
3/2 N&T or 3/2 RT, i& added to this to get
E°—E,, the total internsl energy per mole for
the ideal gae above the chosen zero in which there
would be no translational energy and each mole-

cule would be in the lowest energy state available
to any form of the molecula.’

Zye T

E°—E;=3/2 RT+N, LW (2.6)
J

The saperscript zero is used to indicate the idenl
gas etate,

The enthalpy E°, the specific heats ¢! and C,
the entropy 5°, and the free energy F° for the
ideal pas state are derivable in accordance with
familiar methods of thermodynamics from (1) the
internal energy E°— £, {2) the equation of state
PV=RT and (3) the translational entropy 8, of
an ideal gus of meleenlar weight M. The equa-
tiona for these properties aa functions of {¢,/%kT)
are

BT
E"u' ?ﬂif‘ﬂf‘kT}g £ +E‘ {2 T}
RT ZgeT 2 :
e_F EO_F°
o Zgfa fk et fZgfa kT )emstTy2 3
ﬁ : Ty e HiwT _(" g itT +§‘
J f (2.9)
% UR-I-I (2.10)
& i Zgy(efke e T 5
- =gk
R-ln}ﬁg_.e +J—2yj£_“t., +R (2.11)
]
G I PET
S —Sn T4 3/2In M—In(P/Py) +1n ‘3—,?:'?}.— i3
(2.127
St 3 1 T4 3200 Mot1n Ve In BIRET e+
{2.13)
F;—TES:HG_E;T_TS e InS Sg ,,,mrﬁ 8
(2. 14]

1 Acoordingly for oethehydragen and paradsuteriom £ la nat the internal
enetgy at 0" K. For (hede sobatancss at 0* K the Internol enecpy abowe the
chosenl 2eca (=0, #={] 13 ibe rptatlabal enepy pec owls of mmelsenley o e
rotatipnal favel =1, Af 0F K iblertad emecgled of horesal Rydimpen sl
Borooal denteriom mos regsclirely Uhrsadogriby D intanal siecky of
octbohy Ao 2d anethird Ehe inbers] enemgy of porndeateriin,
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In eq 2.12, £ and P, are the pressure of the gas
and standard atmospheric pressyre, respectively,
with both expressed in dynes em % The ratio
PP, is the pressure expressed in atinospheres,

For a monatomie gae in which the ground state

is 30 far below the others in energy that it alone
makes appraciable contribution to the state-sum,
?gJe"F“', eq 2.7 to 2.14 are simplified consider-
ably. With ¢, the energy of the ground state,
telen as zero, the state-sum reduces to the con-
gtant §
As & result, (E°—E})/BT=3/2; (H°—E3/RT=
Bf2; CyfR=3/2; C4/R=5{2; S*{R=In g+ 8yR,
and (F°— Ep/BT=—In g,+5/2—5;/K. When the
nuclear spin is incladed, g contains (2i--1) a3 a
factor,

Normal hydrogen s a mixture 75 percent of
orthohydrogen aad 25 percent of pershydrogen,
and normal deuterium GG percent of ortho-
deuterinm, and 33} percent of paradeuterium.
The melar entropy snd free enorgy of & mixture of
ideal gases present in the mole fractions z,, x,

. ara

Hictar == ?:EJSG:_ Rfﬂ-': In (2.15)

me=?r;F°;+RTjE:x_flﬂ Xy, {2.16}
whers 8°; and #°,, the molar entropy and free
energy of the ideal gas § in o pure state at the
pressure of the mixture, are given by og 2,12 and
2.14, using aq 2.12 for the evaluation of S°.
The surnmation —REx, In #,is cailed the entropy
of mixing. Using eq 2.13 for the evaluation of
&, and setting ¥V equal to the molar volutne of the
constitient, that is, tha volume of the mixture
divided by the moles of constituent present, is
equivalent to using partial pressures in eq 2.12,
in which case the entropy and free energy of the
mixture are equal simply to 2z,5%, and Z2,F°,,

2. Energqy Values From Spectroscopic Data

The values of £ to be used in evaluating the
equationz of the preceding section are derived
from analyeis of molecular spectra. In general,
bonded electronic absorption and emission spectra,
infrared, rotation-vibration absorption spectra,
and Baman spectra are coneiderad. But as the
H; and D. molecules have no electrie dipole
moments in their normal states, they have no
rotation-vibration ebsorption spectra. Similarly,
no asuch epectra have been observed for HD,
althcugh leck of symmetry permits it to have a
very weak dipole moment.

The spectroscopic enargy level data for hydrogen
are represented by s zeries in which the energies
of the levels relative to the ground level, =10,
J=0, divided by ke are expressed as a function of
the rotational and vibrational quantum numbers -
o and #, sea eq 2.17. The quantity &;/he is called
the ferm pafue of the level und is designated by
the aymbol F. Term values are determined
experimentally from differences between the wave
numbers of spectriom lines and are expressed in
tarms of reciprocal centimeters ns & unit, Here
F. ;i3 the term value for the level », J; Fy,, for the
ground state being zero.

TUp to 25,000 cm™', the term values on which
tables 4, 7, and 8 are bascd, can be represented by

Foy=Go—Got BJWJ+ 1)+ DI+ 1P+
Ful(T+ 1P+ HIT+ 1)

{H T+
o ST A 5 CT i Ay Ly

(2.17}

where the subseripts used indicate the quantum
numbers on which the different syinbols depend
for their values.

The functions &, B, I, F,, and H, for H;, HD} and D, are as follyws:

For H.:

(.= 4405.3(p-+ ¥) — 125.325{p-+ )"+ 10473 (o + 1P — 0.11265 {p+ )"
B,=60.8483 — 3.06635 v+ k) +0.068361 (z+ X2 —0.0085(n+ )*

D\=—0.046435-40.0014904 (24 %) —0.000063648 (#+ }4)*

F,—4.93203 % 1074+ G.02800>C 10 o+ 1)
H,=—6.7217Xx10"

Properties of Hydrogen
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For HD:

6.=3817.00(p 1) — 94 958 (p+ %)+ 14568 (v %)'— 0.07665 (045"
B,=45.6540— 1.002721 {g-- 1) 1-0.038482 (-1 )7 — 0,003 16885 (24 ls)o
D =—0.0261536 4 0.00072661 {p+ 1) — 000002687 73 (24 15)*°

F,=2 0827 % 10001024 X 10~*p+ ¥}
H o= —2.1205% 108
For D

G,=3118 46{o+ %) —64.10{p+ 1) 1.251 4 (04 K)*— 0.10612(p+ k)* =+ 0.00034 (s + 1)* [
E,=304286—1.04017{¢+ %)+ 00057034 (v+ %12— 0. 00027486 (v+ 42
D= — 0011586000015 (2 %) 4 0000058 {2+ 1)*

Fy=6.22X 1074 0.105> 10~ %(v + %)
H,=—04422710"%

The numerical values of the coefficients in oy
2.18 to 2.20 are based on the latest availahle spec-
trozeopic measurements duc principally to Rasetti
[2], Hyman [5, 6], Jeppesen [A, 7, 12, 15, 24],
Beutler [20, 21], and Teal and Mae Wood [22].
The data of Fujioka and Wadg [23] were not used
ond the data of Mie {16] on HI} only through its
influence on the formula for @,. The cquations
, for H; and HI) are those given by Teal and
Mac Wood [22], and that for I; by Jeppesen [24].
The equations for B, are essentially Jeppesen's
[12, 24] equationa expressed for vee with J{/4-1).
The constants in the equations for D, F,, and
H, were obtained from theory using the equa-
tions for &, and B, and the formulas of Dunham
[10] without his correction terms.

In the case of hydrogen as for many other suh-
gtances, extrapolations of spectroscopic formnlas
have to be made into regions of large rotational
guanfum pumbers for which ne wuavclength
measurements are availshle in order to obtain
valucs for the encrgies «; of the higher guantum
states. The energy values for large rotational aned
vibrational quantum numbers nro influenced by
the law of internuclear foree of the molecule for
large separations of the nuclei. Special con-
stderation has been given to this point in the pres-
ent work and two methods were developed where-
by more reliable values of the energics of the
unchserved higher rotationsl levals wera obtninal.

The first improvement was the addition of the
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final terin ineq 217, (HP (T 1V PF | FuF -1 7 —
H A1), Without the final term, eq 2.17 ia
of the form in which spectroscopic data have here-
tofore been represented, but in that form it is not
a good approximation for large values of . The
third, fourth, fifth, and sixth terims of eq 217 are
of alternate sign and for Hg the third, fourth, and
fifth terms are approximately aqual for J=28.
This seggested that the serics be extended with
Auccessive terme in conatant patio.  The final tarm
of oq 2.17 is the sum of the gecmetric series of
added terms in which the term to term ratio is
that between the fifth and sixth terms of eq 2.17.

This change in the formuls for the energies of
the rotational-vibrational levels of the normal
{15'Z) electronic state of hydrogen has only o
stnall effect on the energy values of the abserved
spectrum lines. Thus the mean difference be-
tween Jeppesen’s [12] observed and calculated
term values for the 2p'E—14'Z band for H;
was 1.032 em™!, whereas vsing oq 2.17 in place of
Jeppezen’s equation for the 1£'E atate the mean
diffarence hatwean obsarved nnd caleulated valuca
is 1.030 em™t.

As a second improvement, for the caleulation of
thermodynamic properties above 2000° K, an
alternative determination of the highest rota-
tional levels was mude. Eostead of using the
powar eeries eq 2.17, the energies corresponding
to any degree of rotation and wibration were deter-
mined from the potential energy. This was
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carried out in effect by (1) determining the poten-
tial energy [ of the nonrotating H; melecule 2z n
function of the internuclear separation, {2) adding
the rotational energy AT+ 1)/ 802 efr,)? to &7
to obtain an effective potential cnergy, L7, jor a
molecule with rotational quantum number J, and

{3) using the quantum conditzon §gﬁ£g= f{zm}'”

{en. s — LV o= (v41/2)k to determing the energy
¢, s of the quantom state @, J.

The coeflicients of & power series used to repre-
sent the molecular potential energy were evalusted
for the H; molecule using Dunham®s [10] theoreti-
cal relations and the rotational and vibrational
data for Hy:

U="707345% 1 — 160825+ 185088 — 188828+
171188 — 1450854 1.4214%), {2.21}

where ¢ is {r—r,)fr,, r, being the equiliboium value
of the internuclear zeparation, and I7 is expressed
in reeciprocal centimeters. Althovgh this series
is & poor representation of [7 for internnclear
separations fwics the equilibrium value (i. e., at
£=1}, it 15 very good for small values of £ There-
fore, thiz serics wa= not used for the potential

energy function finally accepted for internuclear
saparations much greater than the equilibrium
value, but it was used for internuclesr separations
less than the equilibrium valoe. At dissociation
the minimum value of r for classical motion is
more than half of r, (1. e, [£]<0.5), and the series
determines the inner portion of the potential
energy curve with sufficiont reliability for the
present. prurpodes,

The ranzes of internuclear oscillation, £na:— Zmin,
for different values of the encrpry needed to fix the
outer portion of the potential energy curve, were
determined from (1) the vibrationsl levels of the
nonrotating molecule, symbolized by 6, in eq 2.17
to eq 2.20, which have been accurately measured
to within 140 cm~! of dissociation[5, 12, 20, 21]
and (2} the quantum condition.

§ qu={2mrfhc}“*§ {G— T8 dE= (w1 1/2}h.
(2.22)

The method used to obtain (fgee—E&mw) by catis-
Iying eq 2.22 was esscntially that of Rydberg [8]
snil Klein [§]). Caleulated values of the potential
energy L7 in wave numbers are given in table 1.

S ey 300600 900 200 BCO

8

WAVE NUMEERS, oM i
&

1]
(=]

10}
1] . N
0 | 2 3
rfr,

Fiookr 1.  Polenizal-energy curdes for Hy
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Tasie 1. Moleenfar polenttal energy IF for Ha az @ funclios
af £={r—r)/r,, the change in fnlernuclear separalion

£ Loy £ [ £ 14
£m-1 em—1 -l
-8 6 | 53,048 L8] S0, 2.3 4, 828
—A1 ol Ll 1.0 I, 87 a4 37, 100
-3 1%, 54 Li M, 11 R A7, 322
-z £, 611 1.2 i, 514 T 37, 50
-1 ™E 15 I, BO% LT A7, B
] 1] Lt 0 ;| R AT, T
.1 a3 L& A1, b AT e
.2 34,30 LB 32 472 4.0 ar,
. 4,62 LT 33, 454 41 4B, g
4 7,28 LR 4, 52 8, O]
o0 PR 1B 35001 4.3 38, 102
NN T .4 35, = ad 34, 13
.7 15, 44H) 1 A, (2 i -1 38, 18T
N 18,07 T2 i, 496 L] ELY-Sil

Fe=th 419 Wrirm

The effective potential ensrey curves for rotat-
ing molecules obtained by adding to I7 for the
nonrotating molecule the energy of rotation,
JFDBJ(1+E2 in o™, are ilustrated in
figure 1. By applying the guantum integral,

§ ptiq=i2mrfhc)”“§ (F= IVt ={e+1/2}h,
{2.23)

to the effoctive potential energy curves, I7', a sat of
corresponding values of energy (F) and vibra-
tional quantum mumher was determined for each

15
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o 5 10
Froure 2, Energy coniour disgrom jor Ha.
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of a few large walues of the rotational quantum
number. In table 2 these corresponding values
are given together with the maximum and mini-
mum values of the energy (F) for different values
of J{F4+1). The data were used to detarmine
the constant energy lines in the v versus J dia-
gram in figure 2,

TavLi 2, Corresponding values of v, SJ41), and F

oblatred by evaluming ﬁ pdg=iv+ 1[5

{The valuas of ¢ and 7 ave not Inlegral and ap do tok repesend Stat Ry
stabes, yot the tahle values Indisate how F Septtcds on ¢ and F 076 & T30g0
inchidlng many stakionary stalbes,]

F
(above £7 [ KT ¢

nf f=if)

a1
b, M o B. %84
1, 5 0 £.29H
2, =5 00 4. 5015
26, 209 am a8l
22, 288 300 L EaAl
=49, 260 00 4. E178
34, 500 0 7. T
0, N 1,087
5, 261 oL 1, W32
13,30 1, A 0, 344

Mazimaom values of F and 5 for

given vahuss of JLFHL
T, R » 15 05
5, 188 0 . 014
4, 32 0 4, 515
d1,5m o0 2, 0
FLA 1, 0 1,708
A8, 0 LE0 | =tz

Mnimom vatuee of & and o for
mwon valoes of JL4E}

D
15, 027
25,847
B, 111
40, Gl 1
43, 604 1

ZESEE-
I L

Table 3 shows that over a wide range of J
values the resultz of the numerical iotegration
just deseribed are in good agresment with the
rotational energy formula (eq 2.17) when the last
term, corresponding to a geoinetric acrics con-
tinuation, is included. For the larger values of
o there are appreciable differcnces; yot, when it
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iz observed how large the final term of oq 2.17
is in these eases, it seems surprising that the
dizcrepancies between F {table 2) and F {eq 2.17
are as emall as they are. In another publicaiion
[27] a more rapidly eonverging 2eried representing
g (J+1) as 8 function of the rotationgl energy
has besn suggestad.

3. Defailz of the Caolculotions and Keanits

In the evaluation of the series of section II, 1
for the calewlation of the thermal properties,
direct summation was employed for temperatures
below 2,000° K. The resulting velues to 2,000°
K for the vanous thermodynamic functions S°,
HO~F), —{(F°—E;)]T, and (,° for the ideal
gas state at one atmosphere pressure are tabu-

TarreE 8. Comparteen of rolefogal-mibrational energies ;
F from table £ and from equation 2.17 lated in tables 4, 5, and 6, for Hy, HD, and D,.
For n-H; for temperatures above 2,000° K, tha
[ P R centributions duc to levels below 25000 cm™!
e ET i S TP S were caleulated by direct summation, whereas for
levels sbove 25000 e 2 less laborions method
et —t | ey -t . - . f .
w00 | ssoim ! snme | em s was  Used mvulvmg _thc dctelzrnma,tmn of tha
M0 | &R | M0 | -3 18 number of levels within suceessive equal steps of
ot 10757 | 30,268 o7 LX) 1 . . -
o | Lame | moee | —mo | %4 2,000 em™" in the rotational vlb%'a.tmnal Sneryy,
L0 | fess | 1 751 B5, 445 using the resulta of the caleulations of the last
section which led to figures 1 &nd 2. For these
. TapLE 4.  Thermadynomie functions for Hy i the ideal paaeous siale
Valoes for & and —( - &)/ T Include nociear spin
Fo—F§
5%, eal mole -1 dog Ho=Ff, cx] roole ~E5 P8, ca mole -1 deg = €2 vl muole; 4 deg -1
Tremperaiure
PH | oHr | aE oHe #Hz i aHe £-Fs oz aHe | pH | oHy | s-H
| |
oE : ‘ 1
Mo mapd | asas | owmeer | apems! ask g MLAS | AMT | —2EST | —1L7e0 | 4988 | coes | Lee
- 14608 | IB02d.| 10080 sz &30 T | 1600 | —2.57 L382 | 4806 | co88 | Loe
WA e7H | 1 | s | e 20, 143 WEW | ke | 24 Lyd | oee | 4o | Lom
wmo_. . 18 872 21,088 21, i 149, 06 447, B 4k, gl 1L M 4 TEY 7. 630 o BER Lof8 |- 4 DGR
Bl. 17. 181 1. 5% 1. 558 it 437 SR, (S 4148, 443 L 10 B 328 .11 4 Bil 4 iR 4 D6l
.. jLR 1L 22408 22 5 188, T2{ 547, 4ok 4538, T 13. 134 : R 1L 178 4623 4. 0GR 4, e
. I, 19234 5. 518 p= M A 5L SET. 0 B0 428 14 M3 11.E38 1E B LA ir) 4 oA 4§74
[ 1 . 148 24 dp2 I3 288 I 58, T2 S52 A1E 15 150 13 BFD 15 T - EL 4, Dl . (15
N M | mE | mope | osneml meam BOLAZ2 | 150m 18 442 6T | 53 | emz b 506
A Ik | T | met | 46ml 7AW BEL G | 16 B 16, 710 o | sew | smm | s
B WIS | 000 | 26890 | 464383 TRG.08M w60 | 17107 17, T 1Bl | s0m | sns | s
| [ s AL | .08 b L i 195 ) B, 27T TAR, 0140 1716 18, By 19554 B 455 . [ i)
b | 24 258 iR 28151 B30, i s 2dT 480 b 15 79 20. 140 0. B T oM F T 8T8
[ 1. | 25 5 2 145 20441 Ef RO 1, D69 TH 1, M5, B 0007 o1, BZE 2 4RE a7 B 447 £, 7
B0 __..___..| 202 | 30808 | ALTIS |LeSET0 | L 38TW0 | LABLAl | 207ER | o3e w8 | n7E | 810 | 651
a0 ... Mo | Amor | AT | LAMLMD| LTDSS) | LAsLT | 2mPe | e 2548l | name | sees | e
POBIA. ... e | A | s1om [noemow | Zomas | zemis | Mam | a0 s | rim b sEs | aEm
W SLEE | B | STOE [ 20210 | 74087 | 24M4d ; M.46E | 3648 war | rime | amm | amm
e same | 24505 | ssoo lmavmas| zamse | zmove | ommr | onese | ss3es | roee | ospIT | 40u
[ 1| TR 3326 35,432 8. 03 2 7ML 1% T 2, T30 95 5 431 4, 85 20175 | 114 1. MR 4, ok
11 3 B 5. 900 37 oAl 4 420 24 3, 42953 5,430 46 T 30,14 3. T i 14, w . ¥l
L1, | 38, k= 35 4 3F EX8 + 1M 4B 4, 1% 52 4 1451 20200 L 383 Al Boh T.0Ia 1008 7. 008
O ___..____.| @n0e6 | 3345 | MO0 | 4.EALBS | 483086 | ASILEM | 30289 A | o | rolw | o |z
Loot . __...__| amTon | sisme | 4zes | L 32 721 WA | atam | | 2B
LS00 .| 4nvm | sem | d64TE [ L an, x ww | cmaes | | 77
g0 ________| snoer | 4moase | snme | ar mm 20,981 waz | | 5198
BOOG. | | sz | oL SR D LA | |, 8,80
Q000 | e | el | snmeR | L S D 5,758 | ... 0.2
LY TN R, sse0 | L P | aos
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TasLe 5 Thermoiynamue funcliiong Jor HD o the {dend
goa slale
Values for &° gnd ={F%=F ;T mclnds nouear spla

Temperaturs -3 H_F | - %E‘ oo
cl thofet caf mode ~1 | el mod 0
e —1 o me ey 1 deg L
15, pe2 19641 11, {4 + 571
19, 497 1D0. GOG 15, 488 5 385
20. 050 112 2% 1+ 4B S
Z1.841 1580 X6 Ifi. 553 L% 1)
iy 20, A0 151 [y
5576 b b 19, 436 1. 1%
I 55 8, e Bl 7.1m
.12 434 g 20434 7.0
5T 410, 484 = - =] T.0ar
2, 542 H80. T T DER T.013
30, 279 BE). TR = ] -]
316 0. . W AT
.11 1,042, 0 B, A 18" |
an i 1, 348,82 o i %
M, I 1, GV i A, BiS % rr)
el 2, (5 06 31,004 B. ¥
¥ ME 2,48 5] 31 B S
3, 857 3T T2 LR B =8
4]. 517 3, M3 85 4. 828 fh. £
+2 TEE 4 1dd._ e 3a. 984 TS
3 381 4, 0w 3. 853 T2
ik 443 T 5 H. ] T
LI N 0o, B2, 2 42313 T, o
LIk 14, 8 4 44, 43 B TE

higher levels having characteristic temperaturcs
above 36,000° K, the exact placemeni of each
individual Javel 12 not important for caleulations
up to 50007 K.

Figure 1 shows that the effective potential
energy curves for rotationel quantum numbers
other than O have broad potential energy barriers
above the tminimum disseciation enerpgy, 38,296
em~!, for J=0. As s result there are wbhove 38,204
cm™, the minimum dissociation energy, quantized
rotationel-vibrational levels belonging to  the
gequences of levels below 38,296 cm—!. These
stotes ore represented by the points in figure 2
between the dashed curve and the full line dis-
sociation energy curve passing through (J=0,
w=15.1) and (F=325, v=—MN).

It seemed proper to include in the celeulations
of the thermal properties of hydrogen above 2,000°
K these quantized or partislly quantized rotation-
al-vibrationgl states. The values of the thermo-
dynamic functions for #-H; from 2,000° to 5,000° K
in teble 4 are based on this convention.

Tha effect of the quantized rotational-vibration-
ol levels above the minimum dissociation encrey
of H, on the most sensitive of the functions cal-
culated, nemely the molecular heat capacity, is
represented in figure 3. Cerve A represents the

Tabrne 8. Thermodpnamic funciions far Dy in the ideal paseons sigle
Values for 5° god ={F” = &3 Ji'T includre: nuchear =pln

&°, ral mole-1 deg -1 Fre— K5 cal pale— — ‘r'ﬁ;l' Tyl malet deg-1 5, cal Ialg-! deg—1
Tamperatura — ————. —— _ : —_ _
el a-In; -Th frad WEY o-Dg #-Tt oLy 4-12 -4 105 N3 -1z
1T. 65 14. 838 18. 372 220 505 4. 878 1. 221 —4 408 1471 7.7l 4, BB 4. B8R 4. B
., 08R 0. 283 a1, BLA& 27 153 . Ak 158 md T.5M 15315 14. (L 4. BiE £ B2 £ 7L
-4 a1, 1, 2%, 653 RTS8 117. 139 1M S LN 18 131 13. HE £. 888 IR ER
o, ok 22,31 H, b2 419 %6 g 514 W By 12 440 17 &1 IR, K} 4. B 5. 1is B, (I
24, 533 =45 20, ik ARG, it Hrd, 776 o6, S 16, Bq L8 rE I15. 470 4. B 5417 b, fH
25, E4l 25, 150 25, B0 410, 5 vz, A1l 216, (45 17, 257 14, g bl B ] 5 B.412 § 6952
M5 26416 ] A3 420 43 B4 Xl e 14, T34 A W £1. 48 Ll T 183 | B 485
oFAM | FTOSAR il 52T ME 5. 198 L 19413 21775 22 41p 5 B TG B8
.14 | R1 bl [ Lt 4RE BT 514 5% o) 983 T 554 23.me S5 . R 10
o0, TR bt Y g . Fan IR N A6l 61 w014 b L | 3. oRT b W= =T T RAl 118
2, 414 FUI I | B [ L. S 3%, 57h iR bR k! 1.4 b2 B | ity T el FR 1o
0, 56 A1, T iz 511 19, 1 Vi1, s 1 B bl B, 1N o, 4. 460 T4 1,125
=204 4. A B4 LMe | 1,009, B2 1,00 47 1,413, 42 FLN LI 5, 4k o, 452 4. v Tl PRI
ho N 35 95 38 202 I, 35E, 1 1,362 B0 1, Ja 24 o 1 24, 4D 0, i=a i 47 ih Y5 H 80
3. BS 38. 183 7B 588 2, 044, 11 2, 4B. DB 2 N 28, #iB 31,318 & 118 B &T7 . B7E B 678
. B 39. =38 A0 031 2, M08 2, 0Al. B2 o0 w2 ZWmE 31. 455 32.181 LN 8 BB LiN: 1]
0, BT o, 24 L1 T R O I, 2 TR 1R 31858 53, 346 . 142 ———- - LN =]
0. 418 41, 75 42, i 3,454 w0 MY aj. 4t 1009
41704 43, 0 4, By A, 10413 M T . 141 L0801 I I 1.0
42 202 o, 178 M e | - LA Fomah 7 g MHE | % b
A5 €32 6. 400 A7, a5 [ - 1,084 30 x| W o, 621 — — ¥, bl
iE §11 41, 888 S0, Tt - - 11,7 3 21,260 - Er ik 9042 | . - B 178
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FIGURE 3. Specific heal of mormaol Aydrogen ol constand presvure.

Tapre 7. Thermodynamic funcfens for Hy e tdeal guseows
Almie
[Basad only on levels helow minlmum disselaiion snerpy)

T Entropy | Euthalpy | —qad | Speuifc

el made calf mole=! | oo made=t
*K dega ead modet eyl dag
AR M.l 2, 2308 45, 4§78 LY.
4| mes | zmaa 45 764 L
S000_ . ___...__..| 58980 43, 554 47. 584 B 875

moleculsr heat ecapacity if the quantized rota-
tzonsl-vibrational levels above the minimum dis-
sociation energy are included as molecular levels,
and curve B represents the molecular heat capac-
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ity if the molecular levels are regarded as extend-
ing only up to the minimym dissoclation enargy.
In table 7 are tabulated the values of the thermo-
dynamic funetions for »-H; based on calculations
involving only energy levels below the minimum
diszociation energy.

For convenienca in the ealeulation of the fhermo-
dynamie functions of the real gas n-H;, values for
n-H, in the ideal gas state at all temperatnres for
which there are entries in the tables of PVT data
were obtained from table ¢ by interpolation ansd
are tabulated in table 8. The interpolated values
of §°, —(F*—E3T, and ¢ agree to within
+0.001 with valees that would have heen ob-
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tained by direct summation. In the cage of
H°—E,, the sgreement is within three in the
last digit carried,

Thermodynattic functions for normal Hz in
the tdeal paseons siale

Tarre 8

Valoes for &° sod = (LF°= BT indlude nhelcer apin:

T e | w-m  EIER| e

=1 | =]
LS m‘:@l pal stabe —1 tﬂi":;ﬂfel ! Eﬂdgﬂ:
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TagLe B, Thermedynamic funclions for normaf Hy in
the tdeal paseons safe—Continued
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482 2.1M.83 27, B [ &=

4872 %213 M 28, 068 A

I, X S4td 1N 28, 457 [ % Try

35, (=8 Ll 63 28, B £ S

B4 000 2 7340, 06 M 17E 80675

T | N | ¥ °T 2. E70. 5L 0. 500 & D&
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B0 ___ R - 7 a, Mg HL 422 6. D
S0, IT. Ml 2,420, 46 o TR I i
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The contributions to the entropy and to the re-
lated free energy funciione ariing from (1) the
vuclsar spins, (2) the triple degeneracy of the low-
et rotational state of o-H; and p-Ds, and (3) the
mixing of the ortho and para varieties in #-H; and
#i-D; have been included through eq 2.3, 2.4, 2.15,
and 2.16 in all the tables. A comparizon of the
entromes aod {ree energies of hydrogen and deuter-
ium caleulated from calorimetrie date with volues
in the tables must take into aceount the degener-
acies existing in the solid state at the lowest temp-
erature of the calorimetric measurements. There
must accordingly be added to the calorimetric val-
uea of entropy caleulated from data oxtending from
10° K to higher temperatures, the entrooies of
table 9. In calculations concerning chemieal re-
actions above room temperature nuclear spin en-
tropies are customarily omitted for oll components
of the reactions.

Te obtain entropies of n-H,, HD, and #-D,
suitable for such wse above room temperature,
there should he subiracted from table values of
the entropics B In {2441) (24,12} where 1
wnd #; are the two nuclear sping within the mol-
ecule [14]. For »-H; this is equal to £ In 4=2.755
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TasLE % Low-temperavure (10° K sniropy condribuwdions arietng from rodational and nuclear-spin degeneracies

! H, HD In
b L Parp Orthuy onlx L .! Drtho Fars
Valueas of . feeicceeceeo- | Fovom Qad Both odd snd aven [ Even il
Welght of lowrest rotatlonad Jewsd | 1 3 1 1 H
{2FH1).
Nuedear spth wekght, se6 e 23 and | 1 b} L L] 2
- %
Total Adind snrapy. . o.._.| 0 B In 9=4368 cal B In 6=1.60 cal R o 6= 3680 cal R lo f=4.004 cal
mole =tdeget, mob: —ldeg -l male —\degl, maobe =1deg=I.
| n-H; Dy
— R B 0 ) aeoeiiiraaea| RO A— 1o B 10T bl ol deg! Rl 3—% In 21 m ] 200 oa] Tole! degt
Bl Tty o e cenannnna| WO 1o B EETE o] MR0n) deg! FOME I 3rh34 in 23 =3, 550 cal ticla ) deg
“Total aided entropy (Fmy=RIrlmrd..... | KO0 dd=-H o Fp=i39 eal toole-ldeg l R In 30004 cal moledegt

cal mole~! deg—*; for HD}, B In f=3.560 ¢al molz™!

dog™, and for a-D,;, R in 9=4366 cal mele™

deg™,

The reliability to be expected in thermody-
namic functions for the ideal gas state caleulated
from spectroscopic data has been considered by
earlier writers on the basie of the reliability of
speetroacopic constants and the ges constant R.
The former estimate of ope or two hundredths
of a calorie mole™® deg™® for the probable error
in the free energy function, epecific heat and
entropy, appears reasonable. Over much of the

- temperature range it is probably w more liberal
estimate than necessary, as more recent and pre-
sumably hetter spectroscopic data and values
for the physical constants have been used. A
larger allowance may be neceasary for the higher
temperatures, however, possibly twice as much
at 5,000° K.

The results of the present calculations below
2,000 K are in fairly close agreement with those
of Gisuque (4], Johneton and Long [18], Davis
and Johnsten {17]), and Wagman, et al. [28]
Above 2,000° K the effect of the new ealeulations
of the high rotational levels of H. is npparent.

This can be seen in figure 3 in which the results
of Davis and Johnston {eurve ) for the specific
heat of hydrogen, the most sensitive property
caleulated, are compared with table voalucs of this
paper (curves A and B). Curve A, correspond-
ing to table 4, iz based on the inclusien of the
quantized rotational-vibrationsl levels above the
minimopm dissocistion energy as molecular lavels,
and curve B, corresponding to tablo 7, is based
only on levels below the minimum dissociation

enErgy.
Proporten of Hydrogan

In figure 3 ure plotted also a large number of
seattered points representing the experimental
obsorvations of many investigators. [32 to 37,
40 to 46, 50, 51, 56]. In cases where mean specific
heats were reportod, they have been plotted for
the mean temperatures of the experimental in-
tervals, At room temperatures and below, the
theoretical and experimental specific heats are in
good agreement, as has been the case since the
cofrect treatment of the ortho sod para forms by
Denmizon {1] in 1927. Above 1,200° E the ob-
servations obtained by the explosion method lia
above the theoretical carve. The difficulties of
the explosion method are great and the aceuracy
not high [53], consequently the authors feel that
the caleulated curve and table are more relinble.

At atmospherie pressure and a temperature of
2,000" K, there is a email byt perceptible dissocia-
tion of Hy, HD, and I);.  As the heat of dissocia-
tion of hydrogen is large there are aignificant
differences between the caleulated properties of
molecular Hy, HD, and I}, tablea 4 to 6, and the
properties of the disscciating gases. At 2,000°
K the table value of £, for molecular #; is 5,195
edl mole~!deg ™!, whereas for an ideal gas mizture of
moleculay and atomic hydrogen in equilibrium
at atmospheric pressure the wvalue is 8797, &
difference of 0.60 cal mole™ deg ~*. For HP} and
I}, the differences between thoe two specific heats
are 0.41 and 0.57 cal mole™! deg™, respectively.
The affest of pressure upon the specific heat of
dizsociating hydrogen is illustrated in figure 4 and
discuzeed in section IIT. At termperatures where
there iz appraciable dissociation of HD, aquilib-
rinm mixtures of H,, HD, and D., are established.
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IMI. Equilibrium Constants for Dissociation,
Isotopic Exchange, and Ortho-Para
Conversion

The equilibrinm constant B of a paseous reae-
tion

fnﬁi‘l'ﬂsAr}‘ﬂzﬁm . =ﬂiﬂl+ﬂzﬂr+ﬁ33& Oy {3-1]

in which each of the participating gases A4,,A.,

. owy By B, bas fhe aquation of
state PT'=RT, is related to the partial pressures
of the gases and to their free energies, 7, ab unit
pressura by the aguation

PEPEPR... ~
BTIn Papzpa _—RT]n K=

— (36, Fa,—Za,Fu )= —aF*%  {3.2)

Equilibriutn constants for disscciation, isotopis
exchange,* and crtho-para conversion of hydrogen
may be caleulated by using the —(F°—B)T
values of tables 4, 5, and 6. E, is the internal
enargy per mole of molecules without translational
motion in the lowest enerpy level J=0, =10 and
in the ideal gar state, and F° is for the idaeal

1 Equilibrium H; and .

gae state and a presanre of 1 atm: Using

—{(F°—E})T instoad of F¥,

—{F°=E\} AE,
T T

REln KE=A (2.3)

The values of AE,® {or the reactions considered
in this seetion are given hy the spectrowcopic
data used in the previous secticn. Using free
energy values as given in the tables of this paper,
the atmosphere ja the unit of pressure for K and
F in the maes action law,
PAPEPE. .. .

PEPIPT .. @4

Deviations from the laws of ideal gases can
be toaken into account by use of fugacities or
activitics in place of partial pressures and the
forma of eq 3.2, 3.3, and 3.4 for A are retained.
When fugacities or activitics arc substituted for
partial pressures, F* hecomes the free energy at
unit fugacity or activity. For a fuller discussion
of the use of fugarities and activities the reader
iz referred to refarsnees [29 to 32].

The entropies of monatomic H nnd I} (zee p.
353) must include the nuclear and eleciron spin
entropies besides the entropy of translation, eq

=ly
60 /\\
E‘;.. 40 —_ I ‘ f’/_\\
LX)
20 . . | _ .-u-"'_q
/ g /K
FARA ] R e
uﬂl 00 [ - Q000 BOL0
' T °K
Frovse 4. Curvee showing effect of dissacigiion on specific heat of Hy.
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212, when usad with tabla values of the entropy
and free energy of molecular Hy, HD, and I,
tn the caleulation of equilibrium constants for

dizssociation. Accordingly for H,
F-E, 5 8
- RT u=-§ In 7—2.2663 and R—_
%ln T4 0.2337, (3.5)
and for 12,
F—E, 5 8
T ln T+ 16777 (3.6)

in the ideal pas state at & pressure of 1 atm for
the range of temperatures covered by the tables,

1. Digeociation of H., Dy, and HD

The chemical equations for dissociation and the
eorrespending maszs action equaiions are

P3
{ﬂ.} HgtfﬁH: _F—%=KH=‘ {3?}
P
b) Dyi52D; =Ky, a8
(b) D, po=Ks, (3.8)
{¢) HDsH+D; ‘i;'i”:f{m (3.9)

For these reacticns, AE; of eq 3.3 ig the dii-
ference between the internnl energy of 2 moles of
diesociated atoms and 1 mole of molecules in tha
rotational-vibrationsl state J=0, #=0. Beuilar’s
value [21], 36,116+ 6 cm™!, was accepted for the
dissocintion of H, from its ground state. Assum-
ing that the total depth of the potentinl energy
curve 1s the same for H;, HD, and D, the disso-
cigtion energies of HIY and D; were obtained from
the zero-point vibrationsl energies. These zero
peint ensrries were caleulated by adding to &
fsee eog 2.17), the term which Dunham [10]
included in the enargy of the ground state relative
to the bottom of the potential energy curve and
designated ¥y in his system. The values thus
obtained for the zero point energies of H, HD,
gnd I}, were respectively 2,170.6, 1,8¢1.0, 1,.548.6
em™!, and the corresponding energies of dizsocia-
tion for HD and I); from the ground state 36,404,
and 36,749, em™!, respectively.

Proparties of Hydrogen

The heats of dissociation of H,, HI}, and I); in
the ideal gas state ab temperature T are aqual to
AE 4+ 5RT—(H°—E;), where (H°—FE}) i the
toble valwe of the enthalpy at tempersture T.
The heats of dizsociation at 0° and 298.18° K are
given in table 11. The theorstical value for the
heat of dissociation of n-H; at 205° K agrees well
with the calorimetric valoe 1050004 3,500 cal
mole™! obtained by Bichowsky and Copeland [47].

Om tho assumption that the atomic nod melecu-
lar forms of hydrogen and deuterium are individu-
ally ideal gases, the fraction of the originally totally
nondissaciated hydrogen which has dissocinted is
+Ej(K14P), where K is the dissociation constant
and P is the total pressure in atmospherea.

The dissociation constants K and fractions of
originally undissociated diatomic molecules, dis-
sociated at 1-atmosphere pressure, are given in
table 10 for H,, HD, and D,

The experimental values of the equilibrium dis-
sociation constants of H; as determined by Long-
muir and Mackay [32], and by Langmuir [39], are
in agreement with the theoretical velues of table
10. Langmuir's z-velues are 0.17 percent st

Tamg 10, DMeseocialion constanis, K, and fraction
disgocioded, =, gt I-gitm pressure

For Hp=TH
TR i K T
atm
b- i | 18, T 10— 2L HxIn -
& 5E 1 3. 514 %) =l
5 17N 10 -1 1. 13710+
|| A e g - H.675%10 +
S R T L 5, 12540
I - (L O, I3
-] 2 bwd , e
L) s B
Fu HDieH+Ir
O IR I - 4 Nid 30 =
F= 1 I, 1. 2E5 1k =k 1. T 10 =h
L L | O, 1 BE7 1 =10 T B IO =
LMW, ... 1. 3505 10 =10 5 BHE 10 -
. e 1. 23510 =2 SR I0 =
Far Dy=2Dr
.|| VPR B I 11 b L 5 MExI0 -V
1.1 . 1. BT 11 1. MixIn-n
1000 . ... .| EOFEN - . A0 10 -1l
L ... | IR 7, fa2s 1) 5
A1 | LETHI T, 0 1) —
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2,000° K, 1.6 percent at 2,500 K, 7.2 percent st
3,000° K, and 21 percent at 3,500° K,

Tasrk 11. Hewds of disseciniian of Hs, HD, and Tx in

ot mals

T a-Hi r-Hx w-Hy HD Tk pLy n-IHy

"K

1k 500 | 16k 546 | 16+ 04 | 106,048 | 1M, 7T | 1M, 801
10, 173 | 104 177 | 104, P2 | 105,867 | 105, baw | 105 pET

264 18, .| MH 191

An equation of atate for 1 mole of molecular
H,, HID, or D; capable of forming 2 moles of
atoms whoo completely dissociated, assuming
as before that atoms and molecules individually
bhehave as ideal gases, is

PT K
RT=1+ E+4P (3.10)
or
RT_I SRT( \/l-i-lﬁ (3.113%

where & is a function of T determined by eq 3.3
and V" is the volume per 2N, atoma uncombined
or combined as molecules.

The thermodynamic properties of an equilibrinm
mixturc of atomic and molecular hydrogen in the
ideal gas state can in principle be caleulnted from
the properties of atomic hydrogen at low pressures
atid the equation of state (eq 3.10) or (eg. 2.11).
1t is simpler, however, to determine the properties
of the mixture from the properties of the atomie
and molacular warieties and the fraction disso-
ciated.

The equation given by Epstein [30] for the heat
capacity of 3 reacting gas mixture, when applicd
to the heat capacity of an eqmlibrium mixture
of atomic and molecular hydrogen, is

{G:Jmuma {G’hm”'-l-'[l ot {G:jmm_l_
{l_f}x |:2 {Hﬂ}ntrrmir: {Hﬂ}mnlmm

3 ol (3.12}

where z ia the fruction of the originally totally
nondissociated hydrogen that has dissocisted,
{G::'-mmin and {G:}muﬂtuln are heat capacities per
mole of atoms and molecules respectively in the
idesal gas state, and (CDuiswe 18 for & mixtvre
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coitaining 2N, of atoms combined or uncombined,
the components being in the ideal gas state.
(€ ) mrmmure 18 & function of P as well s T sinee r is
& function of P. In figure 4, curves D, €, and B
show the variation of {C/R)aimue for H: with
temperature for pressures of 0.01, 1, and 100
atmospheres, respectively. Curve A drawo for
comparison i2 the heat capacity of 1 mole of
undissociated Hj that is, {C)/R)muecctsr It
appears from these curves that when dissociation
has ite greatest importance, thermal effects
crigingting in other waya are likely to be dwarfed
by compearison. Wildt [19] has calculated the
ratio of epecific heats of hydrogen at high tempera-
tures using principles similar to those employed
bere. The results obtsined have application to
stellar atmospheres.

2. Ortho-Para Eguilibrium

Fen -H.
oHympHy, pro=(EE0) =K. (519)
pDiso-Dyy o ('*D’)=K. (3.14)
Py .

The equiliberiom sonstants of the ortho-para
conversion of H; and I); in the ideal gasz state are
independent of P, Accordingly, pressure does not
appreciably change the ortho-para ratio under
equilibrium conditions. Although the lowest rota-
tiomal levelz of the ortho and para varieties differ,
AR for the two reactions (eq 3.13 and eq 3.14)
is zero, becauss in the caloulations for both the
ortho and para varieties the ground state of the
molecule, J=0 and =0, was arbitrarily selected
as the origin of energies.

In table 12 are given values of the percentage
pars composition in the ideal gas stete of equi-
librium mixtures of ortho-para varieties calculated
from the state-suma, Zge~ o7, gee eq 2.2 and o
2.14. These velues ara in close agreement with
egrlier values obiained by Harknesz and Deming
[11] and sre in sgreement with the variztions in
the relative intensities of the ortho-para spectral
lines and with estimates of the ortho-pars compo-
sitions based oh mensurements of thermal conduc-
tion from heated wires. The suecess in explaining
the heat capacity of gassous hydrogen at moderate
and low temperatures iz also corroborating evi-
denco for toble 12 [48].
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3. Isotopic Exchange
The chemical snd mass action equations for
1Botopic exchange are
H,+Dym22HD: BDF k.. @15
' P ?j ATON =

Propertiss of Hydrogen

The equilibrium constant A, of the isotopic
exchange reaction (ag 3.15) is related fo the dis-
sociaticn constunts K of eq 3.7, 3.8, and 3.9 by

tha equation
K. Ertin,
* IEJ:-I].‘.!
The equilibrium constant K ; for isotopic exchange
in the ideal pas atate s mdependent of P, and
accordingly the relative equilibrivm concentra-
tions of H;, HD, and I}, are also independent of
pressure in the idesl gas state. For this reaction
the AES of eq 3.3, the difference between twice
the energy of the ground state of HD} minus the
gurn of the ensrgies of the ground states of H,
and D, is equal to twice the zero-point vibra-
tional energy of HD minus the sum of the zero-
peint vibrational energies of H. and ;. Using
the values given in section II1, 1 for thezero point
energies, AK: iz 159.5 cal for the formation of
2 molez of HI).
in figure 5 are plotted experimentsl values of
K., wheress the curve was derived from spactro-
scopic data ns has been indicated. The data of
Rittenberg, Bleakmey, and Urey [54] were ob-
tained from mensurements on hydropen-deuterinm
mixtures prepared by the decomposition of mix-

(3.16
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tures of HI and DT, and those of Gould, Bleakney,
and Taylor [65] were obtained with mixtures of
hydrogen and deuterium that had been adsorbed
on various cetalystz or had been diffused through
palladium. Some of the observations of Gould,
Bleakney, and Taylor plotted in figure 5 were ot
plotted by them in their published article.

Although the theorctical curve of figure 5 is
thought to be more reliable than the experimental
data, it is to be pointed out that the uncertainties
in the zero-point energies of He, HD, and D, can
give rise to perceptible shifta in the curve. Thus
8 change in AK of 3 cal mole!, which is equivalent
to about 1 em™ in 2(lan (Gl (Fo)n,
changes K,; by ahout 1.5 percent at 100° K. It
zocms doubtful that AR, is known better than to a
very few calories per mole, for while it is plavsible,
it is apparently not certain that £2,, the dissociation
energy above the minimum of the potentisl energy
curve, i so nearly the same for Hy, HI}, and D,
[25]. The theoretical values of Urey and Ritten-
berg [13] are, therefore, practically ws reliable as
the newly caleulated onea.

IV. PVT Data and Belations for
Hydrogen and Deuterium

'In order to calculate the thermodynamic prop-
erties of gaseons hydrogen at high densities (in
principle at any densities other than very low)
from values of the properties for the hypothetical
ideal gaseous state, it is necessary to have informa-
tion concerning the relativns between preesure,
volume, and temperature for each temperature
in question extending from wvery low to high
densities,

1. Hydrogen

The available PVT data for hydrogen fall
ketween 14° nnd 700° K. They consist, in gen-
eral, of measyrements of velome of known amounts
of gas at peveral different pressures along selected
motherms. The guantities ususally reported are
values of PV or PV, V, &t the megsurad pres-

sures or densities. In this report this information
is presented in be form of tablea in which intagral
values of the variables of state arc spaced closcly
cnough to allow accurate interpolation.

The dependent variable £ appearing in the
tables is PV{RT. Through the definition of R,
this quantity has the value 1 at extremely low
densities, and it is of the same order of magnituda
over a very axtended range of densities. The
independent wariables chogen are T, the Kelvin
temperature, and p, the Amagat density, which is
defined ns the ratio of the observed density to the
density at standard conditiona (0°C and 1 atmos-
phere). Density was chosen as an indcpendent
variahle of state in preference to pressura becanse
thizs resuited in simpler representation of the
PVIRT izotherms. The Amageat density is alzo
the ratic of tha volume ¥V, of the gas at standard
eonditions to ita obeerved volume.

_ obzerved density W
~ density at standard conditions  V

(4.1}

The best valee for ¥, the molar volume of hydro-
gen st standard conditions, 1= 224279 liters or
224285 em?, according to the values of KT,
obtained by Cragee [90] and the value of PV/RT
for hydrogen at standard conditione ag given by
Cragoe and the present corrolation. The density
of hydrogen at standard conditions is 0088328
gram liter =1 '

Values of PV/ET, or 2 for =n-H: arc given in
table 13 for different wvalves of T and p.  Cor-
regpending values of P oand of the derivatives
(EZ}dT),, (BZET?, and (dZ(dp}r needed for the
calculation of some of the more important thermal
propertics of the real gas from ideal gas values (see
section ¥} are given as functions of the same
varables of state p and Iin tables 14, 15, 16, and
17, reapectivaly. The temperaturs intervala vaed
are of gradunted size, being os amall &s 2 degrees
at low temperstures and as much ag 20 deg above
0° C. The density intervals, except for entries at
p=1, 2, 3, 6, and 10, are uniformly equsl to 20
Amagais from p=0 to p=500.
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temperaliure, gnd g, ihe dengity on Amagad unils—Continued
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Tanie 15, Velues of (24T, at integral values of T, the abaofute
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— 15 — 57 48 {[.~] o8] JH 8581 L] B

-3 -+ 13 20 a53 488 588 1% i
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12 228 e e R i 40 0 8 B
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23 14im 41 m2 e a0 548 il 1,078

a55 450 T 47 o 01 7a 1,03 1, 210

444 o556 A5z 75l BoE #84 1076 1,181 1,312
- 5l A5l 1 E43 o 1,050 1. 194 1.2 1,3

fild 3 far'1] =1 =] 1.01% 1,128 1,231 LG 1, %84

1% Sz .7 Ded 1,1 1,183 1,58l 1, 4 1, 228

i L M8 1,039 1. 1% I, =34 1, Ra 1 4H 1,50

820 01 w7 1, 068 I, 150 1578 1.3 1,486 1,818

£70 o4 1,041 1,129 Lz 1,318 1,422 1,1 144

914 ol 1, 1,107 1, 2% 1355 1,4% 1,51 1,870

s 1,082 1, 115 1,201 1, 201 1, 237 1, 426 1, ==7 1, Ead

5 1, O I, 144 L 1, #20 1,414 1,511 I, Bl 1715
1,014 1,002 ILI1T3 1,257 1, #45 1,437 155 I, = 1, 736
1. M1 I.117 1, IB7 1, 350 1,385 1, 457 1, &i2 1 6% b TH
1,0 1 140 1, 28 | 1. 3k 1,47F 1, b5y 1,887 [ M
1,15 1, 150 1,14 1. 314 1,384 1, 1E7 1, &6 1,678 L3
1, 103 1. 178 1,2 1,31 L4LF 1, 500 1,91 1, R 1,783
1,13} 1. I'EIEI. 1, 1,345 Ly 1,51 1, 800 1, 4 1,790
1,134 1, 205 1,8 1,25 L3 1, & 1, 807 1, 54 ' 1, 76
1, 15 1,218 1,0 1, 304 1, 44 1, R 1, E12 1.7 1,78
1, 162 Lz 1, 44 1,80 L4M 1, 5L 1818 1,707 1,801
1, 17 1, 240 1, 50 3,391 1, 457 1998 1818 177 1, ik
1, 15 1, a8 1,417 1,58 1, 4z 1,59 L B0 1,7 LW
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TasLe 17. Values of {dZfd.)r of inlepral vatues of T, {he absofufe

Temperatute pu 240 260 B0 00 Ei
1 dEz it ErEK I L. 0245 1 1, 01 ¥ 10+ 1. 1403 1
P ol mz 1,H3 1,058 1,158
ni wal 1,060 1,080 1L, 113 1168
a0 W 104 La7 L1 1,18
™3 pes L o7 1.0 L197 LI%
956 Lot 18 1, 004 1,118 1, 108
%7 1,001 1087 1,004 15 1,205
o7 1,000 1, 42 IXTE 1, 180 Lm
o 1,027 1,472 L7 1,185 1,418
L0 1,085.1 1,078, 8 L1221 1,189.3 TR
m B L 0.7 1078 2 1,173 L 17 g L2194
B8, B Lesp | seae ] Lima LI L 20 2
10M.5 1AHAT 105 4 LImT L1M7 1t
1,008 % 1,040, 3 1R & 1,130, 0 L1748 L4
1,009 1,58 1,000, t LIz 8 1,i7m 1 1,2%0.1
1,004,7 L, 0 3 1,081, 3 LIELT 1,178 5 L1
1,006.9 1054 0912 1,080, 8 1, 100 b LEE e
LH7.8 1, 0424 1.040.4 1, 128.9 L1845 LaT
LHT.E 1,08%.2 1, U699 L1T7% LM E L8
LUI%.& 1,062 2 1, 0678 LT LIz 59 4
LLT 1 1 850.8 1.0R5.9 L1210 L1 1, 196, 4
L0155 LR 4 LRz L LIlse Lisg 10902
Lol 0 LiME & L% | Llzs 1,147.4 L 1%
LoIL g L2 5 1,474 8 1,108 0 L1421 L1774
1, 000, 5 140, § 10710 LWaE ] 1,134 LIFLE
1, ik, B 1,004, 1,067, 1, 008, 6 1,181 b 1,184.8
L. 2 1081 1. ez, b 1,00, 7 1,025 ¢ 1, 166.2
10012 1,00 B 1,084, 7 1,084 8 L 11508

.2 1,000, 0 1,054.8 1,084 & LM L145.7

095, 1 1,03 1,050 1072 10188 1138, 5
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temperature, and p, [he densidy in Amagal units—Continued

B a6l it Hn 420 440 4R 430 L[L]]
1, 110 1, 2sa 10 1 010 1, e 10+ L4710 1, MG I 1, #2d 1, TN 1+ 1, T M 10t
T 2E 1,308 1, 34l L He 1,478 1, 590 Lix 1, 1, Tan
I 237 I, 287 1,450 L 418 14R4, 1, a5 L6228 1, He 1,10
1, M7 1, f 1,368 1,422 1, 4Ed 1, 558 1. 63¢ 1, e 1, TS
1, M5 1,34 1,385 L8 I, 49a 1. 9l 1,633 1, He 1, ‘T
1,253 1,310 Lam - 1, 496 1. K 1,630 4, Tk 1, e
1,25 1,315 187 1,434 1, 467 1,563 1,65 1, 76 1, 7E3
1,2 1,419 1,37 1,43 1,45 1, 53 1,651 1,702 1,77
1, M7 Lz Lam 1,438 1 407 I, 541 I, 528 1. 887 b |
1,268, 3 1, 3% 4 La7T B 1.435.2 1,485 1 1.557.4 1,692 R 1, (8. K 1, T8
1,28 T [ = 1,377.4 1.4+H. 6 L. 3 I.558.3 1821, 1 1, %58, 5 1,741
1L,2xmi 1, R 4 1,378, 8 14331 Liplg 1, a5 [ 8-1 ] 1,083 T 1, ™31
1L2%% 13m3 LareA 14273 14841 153.9 1, 8045 1, 868, 1 1,785.8
1257 1,320.0 13723 L4365 14683 LSt 1,603, 5 1,87 4 1,780
1, 246, b 1, #E.4 1, 4 7 LAalg 1, 97L 5 1,424, 2 1 54 1 1L, 84p. 5 1, TI3. 4
1, 242, 2 1, 306. 0 14877 i, 94, 2 1,450.8 1.515.1 Li7L.B 1, 8H0E 1, 8620
1, 254. 8 1,30i.8 14w 4 LT 5 1L, HE 0 1, 500. & 1,355 1 1,A1E.B 1,677
1, 254 L2 T 1, ML d 1, 500 2 L4384 1, 400, B 1L Hi 1 1, W4 1, 8.9
L2 1L g 1.330.3 1,38 4 Liaxs g I.4585.8 1, 538, 4 1L 53,0 1497
L2z 1265 ¢ 1,356 1.375.1 14223 1,471, % 1,520 L5M. 8 1,629.4
1261 1272 L33 1368, b 1,406.4 1, 4%. 7 1, 5055 15088 1,408,
1,787 1,78, 1389 13625 1,388 14428 1,400, 1 1.5 2 1,500, 1
1,721.4 12401 1,500, 1 L3415 1,884 5 1,438, 9 L£H.b 1,582 4 1,571.8
L d 1. 2518 1. 240, 5 1. 530 B 1,872 4 I, 416 6 1, 460. 1 1. 304, 2 1, 6549
1, 1. 5 L33 1,411 1, 52 1, 80,7 1. 402.8 14458 1, 48 & Lh3g 2
L1862 LXEH 8 1,27 S L2N.D LB d 1, e 1 I,433.1 1475 B 1, 5205
1,184 Lk 3 [ 130D 1, 1B 4 1,3180 14188 I, 461.2 LNH.E
11848 L2158 1,241 1,280, 3 1377 L3883 Ldoe 2 1 447. 1,4%0.8
1178 12112 1L E 280, 0 TE L350 13534 1,430 b, 475.4
L1710 1, .4 1,773 LF. 7 L3 4 141 1, %20 142 1,461.5

Propmiisa of Hydrogen 423



Many thermodynamic squations involve da-
rivatives in which P, V', and T are the variables of
state. Applications of the tables of this paper in
which the variables are Z, g, and T to calculations
of propertics involving derivatives in which tha
varigbles are P, ¥, and T moy be facilitated by
means of equations relating the P, V, T and the
Z, g, T derivatives, The following are adeguate

for many ordinary uses:
~itz (dz)

(P) T(dP) Td’ﬂ
) =) 5D,
B T -3, -2

T
_tzlar)
)

(4.4}
The Joule-Thomsen coefficiont 4 may be utilized
to illustrate the uee of thess formulas, Thus for
purposes of calculations with the tables of this
paper, the familiar cqualisn

AT e[v@m) oo
is put in the form
g e .

1+z(@)

where V, 15 the molar volume of hvdrogen at
standard conditions and £ is the molar heat
capacity ot the given conditions of T and P or
T and p.

In correlating the PVT data for hydrogen the
function

- ii:; TI;[, logy g (4.7)
was uded, where T iz the Kelvin temperature of
the ice point. Heported temperstures were re-
duced wherever possible to a thermodynamie segla
having the ica point tempersture 273,167, Al
available detn were considered in this work but
only those sppesring most relighle were used and
these were weighted according to their apparent
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precision. The date wsed [59, 61, 63, 65, 66, 67,
70 to 74, 78, 79, 81, 85, 88, 91, 177] are plotted in
figure & with the exception of a fow observations
at temperatures below 29° K and at densities
lower than p=10, which were omitted because in
these regions of low precision the scattering is so
grest that the points would be confusing.

A lower houndary to the o versus p goas-ligquid
diagram in figure 6 is fornished by the vapor-
liguid ssturation line and the freezing curve.
Thage are representad in figure 6 by dashed lines.
The saturation line for the vapor rises steeply
onto the diagram at low densities and with de-
ereasing slope approaches tangeney to the eritical
isotherm at the eritical peint which iz indicated
by an asterisk. The satoragtion line for liguoid
hydrogen iz a nearly straight and horizontal line
from & density somewhat greater than the critical
to the triple point. The freczing curve, which
represents the values of » for liquid when for o
givon femperature the pressure 3z great enouph
to cause the liquid to freeze, rises nearly vertically
from the triple point and bends towards higher
donsibies,

The saturation curve on the vapor side was
obilained with the help of the vapor pressure
equation {eq 7.2} and the P¥VT representation
given by eq 4.14 and table 18, On the liquid zide
it was obtained from the same vapor pressura
equation and the volumes of the liquid at satur-
ation pressore, given m teble 31 and diseuszed in
section VIII. The freezing curve was obtaine
from the melting pont-pressure relations piven
in tabie 30 combined with extrapolations based
on the higher density observations of Bartholomé
for the isotherms of the liquid which are given in
table 32.

The isothermal curves of gure @ represent final
table velues. The curves are not necessarily the
best fit for the cxperimental data for each indi-
vidual soiherm inasmuch as the surves and tabla
values are the vesult of corrclating oll the data
and melude the temperature dependence which,
while it does not affect the relative position of
points on ong isotherm, may shift the whole
isotherm somewhat. Isotherms that depended
upen only a few individusl observations and cov-
ered only a small range of densities were given less
weight than others. For a given isothorm, data
at higher densities, corresponding to larger devi-
ations from the tdeal gas law, were ususlly given
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greater weight then data at low densitics. Infact  of penetration of the containers by hydrogen. At
in some instances the low density data were given  very low temperaturcs the deviations from the
zero weight. Data at the highest temperatures  ideal pas law have not been measured very pre-
do not appear to be very relinble, probably because  cisely because the pressure raunge over which
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measuramenta ¢an be made is limited by condensa-
tiom.

Crapos has shown that for densities up to p=>500
the 0° C isotherm is fitted to within experimental
accuracy by the equation s=8-+ep. Figure &
shows that, although this linear relation between
e and p fails at low temporatures, it is valid withm
experimental error over a econsiderable range of
temperatures above 200° K. This relation was
made the basis for the correlstion of the PYT data
above (° 0. The different method usad for cor-
relating the data below (° C ia deseribed under (h).

{a) Region Ahove G°

Above 0° O, equations of the form s=8&4ep
were fittod to the PVT data plotted in figure 6,
and § and ¢, the intercept and slope of an iso-
thermal line, were determined as functions of T
The quantity Z=FPV/ET thus obtained as a
function of T and p,

PV/RT—axp 2.30250 % [6{ T)p+e( TpT] =
exp [B( Tp+C{T)e,

was used for the caleulation of the tables of Z,
P, (dZ{dp)y, (dZ/dT},, and (#2/d77),.

Before fitting finctions of T to & and ¢, small
correciions were applied to some of the data. A
constant error in T oand constant factor arrors
along an imotherm in P, ¥, and the number of
moles of gas, canse deviations from the tene iso-
therm thet are very nearly proportional to 1/
Buch hyperbolic deviations from a straight line
wre most easily detected in data extending from
low to high densities. A change in V by 0.2 per-
cent is suffictent to considerably siraighten the
573.16% K (300 C) sotherm of Wiebe and
Geddy, and raise the line drawn through their
adjusted data so that it intersects the o axiz of
ficure 6 only 0.7 unit below the teble line for
573.16° K and crosses the table line at p=550.
Wicbe and Gaddy call attention in their paper to
an estimated error of 0.05 to 0.10 percent in the
volume of their high pressure stecl pipette at
200 snd 300° C. It would scem that some part
of the 0.2-pereent adjustment, which straightens
the 300" C izotherm of Wiebe and Gaddy, might
be attributed to small temperature and pressure
errors &nd to some loss of hydrogen in the steal.

Hyperbolic adjustments propertional to 1/ of

(4.8)
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Bartlett’s higher temperature data straighlen the
otherms and improve their agreament. with the
lines representing the tables. A comparison of the
obscrvations of Michels, Nijhoff, and Gerver [79]
at different temperatures for nearly constent
values of p, revealed apparent small hyperbolic
trends of the data for the eeparaie lsotherms
superposed on one larger though small random
pattern of scattering common te all their iso-
tharms. Tlaing their 0° C isotherm as & raference
line, their other data were adjusted to removc the
hyperbelic deviations. The points of fipure &
represent reported data adjusted only to the
Kelvin scale having 273.18° at the ice point,
Lenst square determinations were made of the
straighl lines fitting the adjusted o« versus p isu-
thermal data {or the diff ercat observers scparately.
From thess, values of intercept & and elope ¢
were obtained for the different observers at each
temperature of mensuremant. Heolbomn'’s date
above 0¥ (], however, wera used only for obtaining
intercepts, the slopes of adjacent isotherms of
other observers being used with his date.
Expanding the exponential of ag 4.8,

PVIRT=1+ Bp+[{1/2)B*+ o +[{1/6} B*+ BC]
FI 2B (12O 2R ... (49)

shows that F (T) i3 the second virinl eoefficient
and that s correlation of intercepts b of F-isotherme
ia essentially a corrvelation of values of the seccnd
virinl coafficienta of hydrogen. Formulas express-
ing the depandence of the second virial coeficient
on temiperature have been derived theoretically
on the assumption of sinple laws of intermolec-
ular forees. One of the most satisfretory form-
ulas is based on a law of intarmolecular force of
the form Mg *—h™™ and is due to Lennard-
Jones. For #=:13 and #m=7, the Lennard-Jones
formula for 7 i=

E=RT-AL BT BT, (4.10)

where all the coefficienta 5, of this infinita series
are determined by X, and k.. Following essenti-
ally a procedure used suc: sssfuilly by F. G. Keyes
58], we used only the first three terme of this
series and selected walues for E,, 5y, and 5,
which resulted in the best fit of & three constant
anquation with the miercepts of the s-isotherms.
Qur formela,

B=0.0055478 T—"*—0,036877 T -#1--0.22004 T -4,
(4.11)
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intended for use above 0° C, passes through the
intercept of the —50°  isotherm determined by
the eorrelation below 07

‘Fhe slopes of the s-teotherms were represented
by a two term empirical formule without theoreti-
eal justification, exeept that it involves powers of
T which mnke £ go to zero as T grows very large.

O=0.004783 T2 —0.040537 .  (4.12)

The ¢xponents of T were chosen so a3 to simplily
the temperature function eoefficients in the power
series in p of eq 4.9,

The tables from 270° to 600° K have been
computed on the basis of these formulas, snd in

0.06 perceni for the 100° L isotherm, and for the
other isotharms it is of this approximate magnitide
or zmaller. At low densities the deviation for the
0° C isotherm does not appear to be systematic,
On the other hand, it will be szen that there i5 &
syetematic deviation at densities greater then 500
with the cxpenmoental values for « lese than those
obtained by linear extrapolation from the interme-
diate densities. This trend is supported by the high
pressure data of Kohnstarmm and Walstra [61, 811,
also shown in the figure. M the represcotation of
the ¢ isotherm by an equation is extended beyond
p=800, it will be necessary to include a small
quadratic term in the expression for ¢.

Fioumr 7.

thiz temperature range the varions derivatives
tabulated heve been caleulated analytically.

It was not until considerably after the prepara-
tion of the tables on hydrogen that we were able to
examine the data of Michels and Goudeket pub-
lished in Physica 1941 [81]. Values of ¢ for these
data on H; arc shown as solid eireles in figure 7
with the tables represented by the selid straight
lines. The agreement for H; is not estnplete but
seems fairly satisfactory st moderate densities. At
low densities there are discrepancies, roughly
hyperbolic, which have the appearance of the
hyperbelic deviations resulting from emall ays-
fematie errors discussed earlier in this section. If
the hyperbolic devistion is atiributed to a sys-
tematic error in the volumme, the error amounts to
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A plot of part af the PVT date for Hy and Iy from 0° C fo 150° £

(b} Regicm Below 0° C

At low temperatures the ¢ versus p isotherms
are curved; making it difficult to decide how the
isptherm should be drawn at low densities where
the data werc mesger and the preeision was low.

Another function, T2 (1 -%;)- plotied

against p= 1,V us nhscissp gave lines which ap-
pearcd to be straight at low densities for tem-
peratures below 56°K, though there i= consider-
able curvature at high densities. In figure 8,

T”’V,"Vn(l —%)+l],ﬂﬂﬂﬁp=fr is plotted against

a, the term 0.0006, being added to make otherms
nearly horizontal at low densities and thus in-
crcase the scale of the plot. The seusitivity to

427



small changes of PV/ET at p=200 and T=55" K.
is 18 Limes greater in figure & than in figure 6 and
14 times greater at s=200 and F=33° K. The
curves of figure 3 were drawn to {it the data for
each particular isothern considered independently,
and though the curves do not represent. the tables
exgctly they agree closely with them. Below
21°K the dats were not sufficient and pregiae
enough to determine eonsistant isothermal curves
when the isotherms were considered independently.
The data lower than 20°K weare not plotted he-
couse the double valued nature of ¢ canscs the
data below 29° K to fall in the same region on the
diagram as ie eovared by the data above 20° K.

At first it appeared that the critical isetherm in
figure 8 could be represented by & atraight line
from p equal to gero to g greater than the critieal
density. However, the conditions that {dP 4V}
and (FP{17)y be zero at the eritical point impose
upon the slepe and curvnture of the isotherm at
the critical point the conditions

( “")T‘ wf(z PGV"— 1)-]—[!.0006,]

( ) ET’"“( PV

BT,

(4.13)

In addition, values for the eritical temperature and
pressure should satisfy the vapor-pressure
equation.

Only & single determination has been made of
the critical temperature and pressure of hydrogen
[62]. The eritical isotherm was located some-
where between the 2 measured isotherms at 32,94°7
and 33.20° K, and was at the time {1917) con-
sidered to be 33.19° K with a certainty of ahout
{1.1°%, though in 1925 it was stated in a footnote to
Leiden Communication 1728 thet T, should be
about 0.1° lower. The eritical pressure inferred
from the P versus ¥ isotherma in 1917 was 12 80
atm. ILater in 1917 [142] the vapor pressure
equation of If; above the boiling point was deter-
mined and the walue 12.75 atm deduced for P,
n=ing T.=33.18% K {on basiz of -T,=273.09). Two
determinations [62] were made of the critical den-
sity based on the extrapelation of the rectilinear
diameter. These gave p,—=345. The values re-
ported in later Leiden Communications have
not in all cases been the Iatest determined velues,
The most recently reported Leiden values [69] arc

1 Toless etherwlise stated, tomperatores are siprossed o Lt Eelvln Seqln
with Tyw=r273.18°.
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T.=33.19" K (on basis of T,=273.16), P,=12.751
atm and 1/, =0.02000 or p,=344. The lower cti-
cal temperature 3317 K inferred from Leiden
Communicaticn 1728 is supported by the agree-
ment of the vapor pressurc 12,81 atm, ealeulated
from wapor pressure squation f{og 7.2) with the
critical preseure determined in 1917 from the
F versus T isotherme,

Difficultiez are cncountered in obtsining agree-
ment with the cxperimental PYT data (fig. 5)

vapor pressure equalion (7.2).  These eritical con-

stants are listed in table 15,

Tasie 16, Critfeal conslants of Apdrogen
| on [l v | B0
R L5 iRl

.0 1%, 68 433 0, 46 0.3l

it seemed rearonable to assume that the iso-
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Fromne 8. Frfereeptn ond slopes fromt figiere 8.

on the baszia of ¥,=33.1% and P.=12.81 atm,
however, unless the critical density 1= inferred to
be about 320, in Amagat units, inetead of the
reported values 345 or 344, This difference io
critical density scemed too large on the basis of
the probabla precision of the density measuremcnts
The adjustment has nstead been so made and
the critical isotherm in figure 8 so drawn that T,=
33.10°, P,—12.98% atm, and p,=335. This valupe
of P, iz consistent with the PVT data and with
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therms of fignre 8 are straight lines up to p=200.
This assumption was used in corvelating the
ohacrved dats below the critical temperature
whers the data were ecarce and the precision low,
In figura 9 the intereepts A and the slopes 7 of
the isotherms of figure 8 are plotted &s functions
of the temperature. The curve for the slope
was extrapolated smoothly to lowser temperatures
ag dopes could not be obtained from the date
below 33° K.
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Also shown in figure B are velues for A caleulated
from second virial cocfficients determined experi-
mentally by Schifer [85]. Schafer reported the
results of his PVT measurements as virial coefli-
cicnts BY{ TV =d{PVIRT)/dF at constant tempera-
ture and at P=0. The values of A= —(RIT*Y
VoB (T obtained from Schéfer’s results agree
wall with those obtained from date of the Leiden
Laboratory as shown by figure 9. Schifer ohserved
no vonsistent difference between the second virial
coefficients of para hydrogen, normal hydrogen,
and & one 0 one mixture of ortho sand para
varietiea.

The equation for the straight part of the -
isotherms of figurc 8 mey be written

TSJ’E ( PT .

P {4.14)

" where C=C"—0.0006, € being tha slopes plotted
in figurs 9 of the Y-isotherms in fignre 8. Values
ol A and 7 and their derivatives are given for
hydrogen in table 19. The valucs of PT/RT from
p=0 to p=200 and from T=14" to ©=56" K in

TakLE 19, Hydrogen vafues gf A end O {amd derivatives}
i The equalfen for ixodherma
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TapLe 20. FPressure, densily, and PU/ET for salurebed

H; vapor
T P = | PviRT
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lable 13 were caleulated using eq 4.4 with table
18. Table 20, giving the pressure, density, and
value of PV/RT for saturated H. vapor, was pre-
pared eimilarly using the vapor pressure equation
for n-H: (eg 7.2). For certain uaes eq 4.14 with
table 19 may be more convepient than the tables
of PV/RT and ita derivativoa.

For temperatures below 56° K and densities
greater than p=200 where ¢ conld not be eep-
reacnted by a simple function of p, & table was
made of values of ¢ for each p and F entry in the
Ztable. The ¢—values of thia table wore obtained
from figure 8 by praphicel interpolation. Large
plots of y-isochores, 20 Amagat units apart, on
¢ versus T graphs were made of values of ¢ read
from figure 8. Values of ¢ at 2-degree intervals
wera read from the isochores. A Z{p, 7 table was
caleulated from the (T table.

From 56° to 273% K, the ¢-function rather than
the J-function wo= used because above 56° K the
r-izotherms approach linear funotions of the
density. The method of graphical interpolation
used below 56° K was tsed ahove, also, 10 obtnin
a table of r-valuea for the p and T entries of the
#-table. The accuracy of graphical interpolation
wad mmproved by usng more sansjtive ploks than
figure i of modifted s-functions ocbtained by adding
to o simple functions of T and p, which brought
the isotherms and isochores closer together so that
they could be casily plotted to s large seale.
Values of + were obtained at denaitiss as high as
s=500, altheugh between 70® and 200° K meas-
urements were not available at densities this high,
Thie region was filled in by extrapclation of o-
curves to higher densities along isetherms and by
interpolation along iscchorea between the upper
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and lower temperature regions where there were
data t0 determing the trend. From the o{p,T)
tahle a Z{a, T teble was obtained by ealeulation.

The Z(p, ) table obtained through graphical
interpolation of the ¢ and ¢ isotherms as has just
been deacribed was smoothed along iscthermsa and
along isachores by inspection of second differences.
In general the Z-tables ave smooth to ohe unit in
the last digit.

The tables of dZ/ 4T, and (dZ/dp)r bolow 0°
were for the mosi part calculated from the
smoathed Z tabla by the method of Rutledge
[179] for the caleulation of derivataves from
smocth sets of tabular valves of data? In the
region below 656° K and p=200, where the ¢
versus p izotherms are straight lines, the following
equations, obiained by differentiating eq 4.14,
were used with table 19 to calculate the deriva-
tives

dz 3[1—

i@) _
(%)
Where the derivatives could be obtained hoth by
the method of Rutledge and by eq 4.15 and 4.16,
the agreement was very satisfactory. The (dZ/dp)r
and (Z/dT}, tables were alse smoothed along
isotherme and isochores by inspection of second
differences.

The (FZ/dT%), table below 0° C was obtained
throughout by ithe method of Rutledge from the
smoothed (@27, table and was also smoocthed.
The equation for {#Z/dT?), corresponding to eq
4.15 for the first derivative was considered too
mvolved for ensy computation,

In general, the tables of derivatives are smooth
to the last digit recorded.

(<) Beliakility of Tables of F¥T Dala

ad P al
~qegr T gy (1)

"%ﬂ [A4 200" —0.0006)0]. (4.16)

By inspecting figures 6 to 8 1t iz possible to
arrive at some general conclusions regarding the
deviations of the observed data from the Zip, T
table. It may be noted that, except at low
densities, the deviations of ths observationsl
values of o from the curves represcnting the table
are of abhout the same mapnitude at different
densities along a given izotherm up to p=500.*
Thiz means thalt deviations of (PV/RT)—1

'Axsuming thed diffocerces of higher order than the fourth see negligible.
7 Fior shilt greater denaities larger doviadlons ooenr as shown by Agure 7.

Properten of Hydrogen

along an isctherm are approximately proportional
te the density, At low densities the deviations are
large because the sensitivity of the s &nd ¢ plots
approaches infinity as p approaches zere. It is
difficult t¢ make an estimate of the probable error
in PViET based on the deviations because, as
is sean, the greatest deviations are the systematie
differencea between the results of different oh-
servers and are not accidental crrors as should he
the case if erroi theory were to apply. The user
of the tablea can meaka an astimate of the mesn
differcnee between the observed and tabulated
valoes of PVIRT, in any particular region of
temperature and density by noting the deviations
shown on the graph and from these caleulating
the corresponding deviations in PV{ET. For
ternpernturcs below 80° K it would be best to use
figure 8 for this purpose as it is plotted to a larger
seale than is figore 6.

In conetructing the tables for the intermediate
temperature regions where analytical eguaiions
of stapte were not used, just enough digits were
retained o that changes made in smoothing
would be confined to the last digit. As & con-
siderable amount of smoothing resulted from the
graphiral methods used, many of the irregularities
in the measured values were not apparent in the
unsmoothed takles.

It i3 believed that throughout the table the
values were carried out to at least as many
significant firures as were at all jusiified by the
data, and that the last dipit recorded should be
considered very uncertain. In thai part of the
table between 777 and 200° K which was filled in
by interpolation and extrapolation the last two
digita should be considered uncertsin, the last
recorded digit being retzined to achieve continuity
with the rest of tha table.

The tables are thought to be most reliable for
temperatures between 273° and 373° K (0° and
100° %, becausc at these temperatures the
experimental difficulties encountered are not as
ereat a3 at higher and lower temperatures. Also,
a5 is shown by figure 6 the results of several
different. inveatigators are in agreement at thesc
temperatures. Above 373° K the experimental
data are not ag self-consiztent as at temparatures
immediately below. As the values of PVIRET
given in the tables for these hicher temperatures
are derived largely from an extrapolation bosed on
the temperature region between 273° and 373° K,
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an estimate of reliability of the high temperature
portion of the tables involves hoth the applica-
bility of the correlating function, eq 4.3, and the
precision of the experimental data. Coneidering
the differences between the isothermal lines
determined by different sets of experimental dats
of different obzervers and the same obearver at
different temperaturez, it scems probable that the
extrapolation ia more reliable than the experi-
tental date nt temperatures above 473° K.

It is dovbted that PV/RT is known to better
than (.2 percent for densities aa high as 10
Amagats near 33° K, the criticel temperature.

Below the critical temnperature, the data are not
very satisfactory. In addition to the difftculties
of makitg measurements at low temperatures,
thare exista the ecireumstiance that below the
critical temperature the range of vapor densitics
that can be covered is limited by the density of
saturated vapor. At low densitiea the deviations
{1—Z) from the ideal gas law are smali and hence
difficult to measure precisely.

Therc iz another method of obtaining values of
second virial coefficients which may be advanta-
goous for the low temperature region. It involves
the determination of the velocity of sound, which
hos been carried out for gaseous hydrogen at
liquid-hydrogen tcmperatures and vartous pres-
sures by wan Itterbeck and Keesom [77], using a
recsonance method. The change of the velocity of
sound with pressure at very low pressures is re-
lated to the walue of the second virial coefficient
and te its first and second derivatives. Because
of this relationship, it ia possible Lo determine the
sccond viried coefficient from the velocity of sound
if the sceond virial coefficient is already known In
an adjacent renge of temperature.  Van Itterbeck
and Keesom concluded that the sgrecrment be-
twaen their own measuremente and the PVT data
was “rather good”, slthough for both types of
data the scattering was quite appreciable

In calculating the tables of derivatives by the
method of Rutledge, the criterion for retaining
significant figures in the recorded values was the
same 88 that previouvsly mentionsd, namely,
ctiough places were carried se that the changes
regulting from the smoothing were in genersl con-
fined to the last digit. Asin the case of the tables
of PViRT, it is believed that the tabulated values
of the derivatives ara given to a3 many significant
fignres as are justificd by the data.
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2. Deuterium

The mitcresting fentores of the PVT data for
deuterium &re most evident when deuteriom is
comparad with hydrogen. The difference between
the second virial cosfficienta of He and I[); has bean
investipated theovetically [86, 87], though & com-
plete treatment of the problem h&s not been made,

Assuming the =zame intermolecular {orces for
H; and I}, classical mechanics and statisties
lead to the snme equation of state for Hy and D..
The quantum theory of virial coefficients leads
to effactive volumes of molecules and to second
virin] coefficients that are larger than the classical
values, the differences being small at erdinary
temperaturas but becoming larpe st low tem-
peratures

In table 21 are given ratios between guantum
mechanical and classical values of second virial
coefficients, for gases whose molecules are rigid
nonattracting spheres, They may alse he con-
siderad ns ratios between apparent mmolecular
vilumnes for the two treatments. These ratios are
based on formuias derived by Thienbeck and Beth
[#4]. Columns 2 and 3 are for gases with molecular
weilghts 2 and 4, rospectively. The valuc of the
ratio depends, among other things, upon the
diameters of the rigid spheres. Here the size of
the spheres was takken %o be the same for the two

Tapiue 21. Ralio betivcen quantinum mechanical and clasmical
recond wirigl corficienis for nonefiracifng rigid apherical
modecules * of medecwlor wefght M

E quantury

7 quantum
o Por AT w3 S el  Tae B md
T Folasial =2\ Frlassionl =
K
LT 1.21 1. 16
- | | 1.5 1.3
wm. . 1.5% 1.3
1 R, 2T FR
L, 4.4 |

= With dismaters esleulated trom the veo der Woals' b [of hydroguen,

W The application of quantem meghogics Instewd of WOILAFY eI
hus 68 ona offect for riggd spherical meleeabes thie retoval of e el
dlzcoptioulty [n the caleulated distributioo of Sadesieles fw padt 3epme igns
correspolding o contact between the spheres,  As amaller zepiialions abd
prevented by the Impenstrability of tha spheres, the oplinully 15 evkoblished
hy n reduetion of the moleculsr denalty tor separotions greater thsn that
eomeapinding to eottast. The effeot 18 burpe for separations of sphere surtaces
up o B condiderutde Feacibon «f the de Broglie wavelength (for which
nlr.,,-*ﬂm.t'r 14 a mprecnbative velwe) aod depends through this vpon
tho tempersfure, This redwelion of moleculter denziey beyond the mind-
mum seraration could bie represetted moghly inoa classical description a3
an loereasa of the volume from which | mieleeube cansea the centers of other
molecules to be excluded, 1o clwssicwl theay the second vidal seedelent
Tor nonattractiog rigld spheres 15 progaatioond b the exclndod volnme.
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gascs and to be equal to the size ealenlated from
the van der Waals 4 for H-.

Although it would scarcely be expected that the
resulta of ecaleulations for rigid nonattracting
gpheres would apply to real H. and I, molecnles,
it would seem likely that guelitative indications
would be correct, at lenst at higher temperatures
where the excluded volume predommates over the
intermolecular atiractive forees in determining
the magnitude of the second virial coefficient.
Thiz is borne out by experiment, the diflerence n
second virial coefficients {8y —2B; ), being posi-
tive, thopgh amaller than wonld be indicated by
table 21 for rigid apheres by a factor of about 2.6
ot 300° K. Thlenbeck and Beth derived an ap-
proximate quantum mechanical representation
for the second virial coefficient applicable &t high

" i/ﬁ"_l_?au.:m .
A
- | ! ] n
% _ ! - ..._m‘g
40 : . &
A ;
lb - — 00
d o
| ! _ w00
%I R WY L]

T "K
Finee 10, Second vivial cogfictent for By and the difference
between second viriel eosffiedenta for Hy and D,

temperatures for molecules with radially sym-
metrical foree fickds. Their formulas were applied
to hydrogen and deuterium by de Boer and
Michels [87] upon the assumption that the inter-
molecular forces were the same for H: and Dy
They obtained differences between the virial co-
efficients for H, and D, represented by the upper
temperature portion of one of the curves of figure
10. In a later paper by Michels and Goudekat
[92] attention was called to the fact that the inter-
molccular forees of hydrogen and deuteriom do
differ & little because the mean internuclear
separations of H; and I}, molecnles are different
as a reault of the different zero point wibrations
of their noclei,

Proporties of Hydrogen

Thae effect of the mmtermolecular attractive
forees overbalances the effect of the excloded
volume or the repulsive forees of the molecules
in determining the magnitude of the sceond virial
coefficient. at low temperatnres, and malkes the
coefficient negative. Nevertheless, at low tein-
paraturcs, as &t high temperatures, the difference
in second virial coefficients By, — By, 18’ positive,
partly for the reason already discussed in the case
of high temperatures, namely the larger apparent
gquantum-machanical volume of H: molocales, and
partly for ancther reazon. There 13 & ploser apacing
of the discrete nepative energy stetes and smaller
zero point energy for pairs of I3 molccules than
for pairs of H; molecules because of the mass dif-
ference, so that by rcason of the Boltzmenn fac-
tor, exp [—enersy AT, there is 8 greater degree
of association or cluatering together of D) mole-
cules than of H; molecnles, Without a constdora-
tion of the Boltzmann factors for these negafiva
energy levels the effect of the differenco of mass
would be less clear, as the quantum treatment for
the continuum would require that the spacing of
the levels there ba smaller for Dy than for He in
esapntially the same ratio as in the cese of the .
discrete negative energy levels. With these or
gimilar ideas in mind, Schifer [86] derived a
formula for the difference in sacond virial eo-
officients for H: and 1. at low temperatures,
which involved & constant whose magnitwde he so
chose as to obtain o fit with his experimental
valugs for the differctice in the second vwirial
cocfficients.

Figurc 9 shows values of 4 in the equation of
gtate {eq 4.14) caleulated fromy the second virial
coafficicnts of deuterium for the temperature
rainge 23° to 45° determined experimentally by
Schifer [85].

A= — TGZ o) yuy= — T*2B;,  (4.17)

where B, i1z the second virial cocfficient in the
equation of state PV=RKT (148 p+ 808+ . )
The dashed line curve in figure & was obtainad by
adding to the A's for Hy the differences hetween
the A’ caleulated from the differences betwean
the second virial coefhictents of H, gnd D, which
Schéfer determined partly theorotically and partly
empirically. Schifer’s measurements wers made
on deuteriom at low densities and hence do not
give information on higher wirial cocflicients.
Approximete values of PV for dentevium st low
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tempetratures may be found by weing values of A
from figure 9 in eq 4.14, and eithor neglecting the
' term or preferably using the correspordine
value of £F for H,,

Values of the function «={TV/T,Vy log,,
{(PVIRT) calculnted from the data of Michels and
Goudeket [92] for D, are shown as open circles in
figura 7. The dashed atraight lines for deuterium
are ¢btaingble from the equation

PVIRT=explB(T)o+ C(T)pl,  (4.18)

where

BT =0.0055298 T =14 —0,036040 T34 —
0.258787 -5

and

() =0.00580 T3 —0.0565 7%

The conatants in the formula for B have been so
chosen that the difference between D, and H,
interceptz on the s—uxis 1s in close agreement
with the theoretical result of de Boer and Michels
[87] from 260° to 450° K.

In figure 10, & curve marked 10*{By,— Bp,) shows
the trend of differences between second virial
coefficients based on the theorctical caleulations
above 150° K and on the results of Schifer helow
#% K with an interpolation between., It may be
inferred that the differences between the FVT
data for Hy and Iy decrease rather rapidly with
increase of temperature. For comparison, the

curve marked 10° By, in figure 10, shows on a

different segle the magnitude of the corresponding
second wirial cocfliciont for H; at the same temper-
atures,

If it is assumed that the « or (VT V) log
(PVIRT} isotherms for Dy, and H, are parallel,
values of PVIRT for D; may be obtained from
those tabulated for H, by (1) caleulating the
og, or ¢ for Hy, from the values of PV/RT, T and
p. {2Y subtracting the difference {en,—on,)e-q tO
get op, and then (3} caleulating the correspend-
ing value of FVIET for ;. A piot of the
difference 10° {ay,—op ) which may be nsed
for this purpose iz shown in figura 11.  An alter-
native method based on the assuraption that only
the seecnd fertn of the series expansion eq 4.9
for PV/RY ie to be changed iz a= follows. 10°
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{By,— Bp ), obteined from figure 11 by multiply-
ing 10° (v, —on,le-o bF 2.302585 TofT or obtained
directly from figure 10, is multiplied by 107F and
tho product subtracted from PV/ET for H, to
give PV/RT for D,. This alternative method is
simpler than the other method and may be as
relinble.

R

L]

LB 200 400 &0
T K -

Differenes befween inlercepir of o mersns p
santherms for Hy amd D..

V. Calculation of Thermal Properties
of the Real Gas

The calculation of thermodynamic properties of
8 real gas from values of these properties for the
ideal gas rests upon the principle that the differ-
ence betwaen valuss of o thermodynamic function
at different densities for the same temperaiure
may be deterinined from data of state for the gas
at the given temperature.

The entropy and frce onergy of & gas are depend-
ent upon the pressure, even in the ideal state, and
in tables 4 to 8 they are given for the hydrogens
in the ideal gas state nt s pressuve of 1 standard
atm. On the other hand, the internal energy,
enthalpy, and epecific heat in the ideal gas state
areindependent of density at constant temperature.

Equationg 5.1 to 5.8 show how, using the data of
state expressed in the form, Z=Zp, I}, the
thermodynamic properties of the veal gas at a
temperature T and an Amagat density o may be
calculated from properties for the ideal gas state

Fiauae 11.
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at a pressure of 1 atm, given for the hydrogens in
taldes 4 to 8,

&I_r:m]m_s::-l.fﬂduﬁ Pﬂﬂ_ I_ ——
F i I A AT

[Zwz—visido— {17z D inlde
(5.1)
Thiz ¢an be expressed in & alightly different form
by using the identity
[tz vimds+ | 17@ziaTioldp=

(47 1z— vl ey 62)

Hp, {uu:qﬂ_Hﬂ — "
—Er =RT LITMZ;@W»]&#{Z(—;;;;

Fpﬂ‘m Fﬂ— b
RT S ="RT ]nRTu+]nT+lﬂp+

J:[(Z—l}prdeZ— 1). o

In [f (fugncity of real gas].."P]=f; (Z—1)/pldp—

In Z+(Z—1). (8.5
E, 7t EJR“}‘*” [T(4Z{dT,fp)dp. {5.6)
(Gt (O s 2L" (T(dZ{dT},/olde
_ L [THdZd T, }oldo (5.7)
{% ﬁm=@ﬁﬂ_

2 [“1TazaTuide— [ 1T4@ZIaTH 1o +{ B

12+ T(dZ/dT)] 12+ pldZ{dp}s]} - 1.

In order to facilitate the calenlation of the
thermodynamic properties of hydreogen in the real
pas state, tables 22 and 23 were computed.l!
Lagrangian four point formulas [181] were used
for the tabular integrations.

Table 22 ia intended for use in the caleulation of
MUJEH::& ol thess tables the puthors e Endebted o Meses

Higer E, Tlapp., Elngzley Elder, Jv., and Robetl Mgno, who worked we
stavlmot emistantd pl the Tontiotul Burcsw of Blendands dering the aummer

T oof 1y,

Properties of Hydrogen

entropies. The wvelues in the second column,
hended (8..,—82/E, are for tha difference
hetween entropies of hydrogen in the ideal gas
state at 1-atm pressure and at unit Amagat
density, divided by R,

P.;.Vn
—hpg, I n

—0.000618+1n T/ T,

S;pw'l T tldeat) _S;p-I T iddeatr __,

(5.9)

The row at the bottom of the table, headed
{85-1—8°)/R, iz for tho difference between entro-
pigs in the idesl gas states at Amagat densities one
and p, divided by R.

-} qﬁ
el Ty ~— Aho, Pl

=Inp {5.10}

The other rows and eolumns of tablo 22 headed
{(8°— 8} E give the differences between the entro-
pies in the ideal and real gas states at the same
ternperature and density, divided by &

SPL Tﬁd“l]g L3 T{mlizﬁp[':z__lhfp]dp_'_

|; [ T(AZ/AT /oMo (5.11)

In order, then, to gei S/R for the real gas
hydropen at a temperature 7" and Amagat density
p one subtracts from S%K, obtained from &°
given in table 8, the smin of three numbers for the
appropriate values of T and s to be ohtained from
table 22: one comes from the second column,
headed (S..,—&.,)/R; another from the bot-
tomt row of the table, headed (§,..—S°/R;
and the third from the rows and columna of the
table headed {8°—8)/R.

Table 23 iz for the difference between tha
enthalpy of hydrogen in the ideal and renl gus
states gt temperature T and Amaepat density o,
divided by BT

Hywor—Horean _ [“10(a7)dT),jp] dp—(Z—1).
BT 1,

{5.12)

Hence to obtain H/RT for hiydrogen in the real
gns state one subtracts the appropriate value of
(Ir—H)/RT in table 23 from the value of
H%/RT obigined from H° given in table 8 for the
denl pas stale
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Values of F/RT, E/RT, and In(f{FP) may b=
obtained rather simply from valves of S/E and
H{RT and the Z-table in accordanes with tha
fellowing equations:

FiRT=(H/RT)—(5!R) (5.13)
n %zfp.!'mm_;nﬂidw]_]nz {514}
E/RT=(H/BT)—-Z (5.15}

The walue of [F°, rugen—Fe, rien/BT)
may be obtained by subtracting {8*—&)/R, given
in table 22, from (H°—H)/RT, given in table 23.

Tha calenlstion of the heat capacitics of the real
gaz involves the evaluation of

i@z, ioda

- Comtt= (S S ) -G 5D} B

This may be carried oot using the (2ZdT™),
table {table 16), and a method of tabular
integration. Table 23 may be used fo obtain

J; | T@Z/dT), /o]dp, since from eq 5.12 it follows
that
fP[T(dZIdTMp] dp=

Hﬂ

—RT {imm table 23} +(Z£—1}. (5.16)

In the temperature and density renges where Z
may be represented by an anslytic expression,
these two integrals may be cvaluated by unsing
serics expansions for 7 and ite devivativea in tha
mtegrands. The difference betwean the specific
heats at constant pressure for the real and ideal
gas states may be calenlated using the equation

{5.17)

D B AD YD)

The derivatives in eq 5 17 may be calculated from
tables 14 and 23, using 8 method of tabular differ-
entiation. Except for the first term, the deriva-
tives in £g §5.17a arc given in tables 15 and 17,

mr | —
%.l'::_ g | /;//:

.

AT
rev

Tioguee 12,  Effeet of denstly on spegifie keal of By al 50°

Figure 12 shows the depondence of the specifie
heat at constant pressure for hydrogen at 50° €
upon the Amagat density p.  The curve represents
the results of the evaluation of formula 5.3, using
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the PVT corrclution of this paper. The plotted
points are obaervationa by Worlunan [49]. No
other direct experimental doin on the effect of
pressure upon the specific heat at constant pressure
are availabls for hydrogen.

An indircet indication of the offect of presaure
on the speeific heat of hydrogen is found in the
work of van Itterbeak |75], who used the rosulis of
van Ltterbeck and Kecsom [77] oo the effect of
pressure on the velocity of sound in hydrogen at
liquid hydrogen tempersturcs. The results of
van Itterbeck at a pressure of one-tenth of an
atmosphere indicate that the increase of O, with
pressure above the zero-pressure wvalue aprees
with the PVT prediction within 3 percent at

? K and st 19.0° K, but is lower by more
than 30 percent at 20.5° K. At pressures above
¥ atm at 20.5° K, this difference in heat capacity
has become approximately 0.1 cal deg™ mole™,
but thie discrepancy is reduced by roughly 50
pereent of the data of van Itterbeek and Keesom
are evaluated with values of (,—¢, based on
the PV'T tables of this paper.

11 Tp to p= 4N 8l tempernturess sbova 07 C, the equetion Z=exn [(Bed Cof)
bz been used, 'T'his is oq 4.8 and g 4.9 I= o =ries expansion.  The symbols
atand fw lunctiooa o T, which are glvon by mg 4,11 snd 4,15

From a=0 tp g=200 and T=14" to 5% K Z can be exprexed by Zwml=
AT D p— (O T2t which I equlvelent to oq 414, The symbale 4 and
Catand tor functions of T, whose values ave tabukated b tebbo 18,
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The specific heat of hydrogen at constant
volume has been determined by Eucken [165]
for warious combinations of temperature and
density in the ranges 35° to 110° K and 60 to
150 Amagais.

Joule-Thomson cocfhicients of hydrogen ray be
of interest, These may be calcnlated from eq 4.6.
For this caleulation there are required: the value
of €', which may be calculated using eq 5.3 or
5.17. Values of Z, (dZ/dT),, and (dZjdp)r are
given cxplicitly in tahles 13, 15, and 17. By
ueing values of (7, for H, at 50° C derived from
figure 12, the following values of u for 50° C were
abtaimed hy calculation: at g=20, p=—0.0350
deg atm™; p=40, u=—0.03684 ; p=560, p= —0.0F7E;
p=80, p=—0.0300, and p=100, p=—0.0403.
By extrapolation, one obtains for p at p=0 the
value —0.0335.

There are no accurate measured Joule-Thomson
data for hydrogen for 50° C with which these
calculated values of p may be compared.

Besulis of mesamrements on  Joule-Thomson
effecis in hydrogen snd deuterium at liguid aiv
and room temperaturss have been published
recently by Johnston and coworkers [57, 58],
with eurves showing calculated values for hydro-
gen based on the tables of this paper.* Consider-
“ing that the Joule-Thomson rcoefficients are not
obtained with great simplicity from the PVT
daia and depend sengitively on the trends of the
representation, the agreement ta considered faicly
satiafactory.

The location of the inversion curve for the
Joule-Thomeon effect in hydvegen on a g-F graph
may be determined from tables 15 and 17 by find-
ing values of p and ¥ for which T{dZ/dT).=
pldZ o)y, in accordance with eq. 1.5,

An expression for u in terms of derivatives of the

enthalpy, H, is
('ﬂ-f:'r dﬁ‘]r

@@ @),

In accordance with this equation the inversion
curve tmay be determined by inspection of the
(H*—INIAT table (table 23), sinee a=0 whare

(d[H"' HYy B T)

*The whbes of this paper were completed belfora the pupers by Jobnston
and coworkera v, 48] on the Joule-Thomaon coefficients of Hzmnd 17 sppenred.,
Our eoarelation of FY T dals would donbiless have betn betier if thesa Fonla-
Thamzan deta bad been svallable at tha time the correlation was marle,

(5.15)

{5.19)
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The heavy curve in figure 13 is the inversion
curve of hydrogen as given by the eorrelation of
this paper. In locating it, values of F were detor-
mined with the help of table 14. For temperatures
below 75° K some extrapolation beyond the limit
of the tables was necessary. In this extrapolated
region the ¢ versns g diagram, figure 6, was worked
with, and the relation for the inversion curve on
this diagram was used to get the exteapolated part
of the inversion curve directly from the o veraua p
diagram.

In » Joule-Thomeon expansion of hydrogan at
constant temperature from a high to » very low

¥ aQ an 120 [[13] 200

F. AMrrzphnes,
Frovke 13,  Curres refaled to the Foule- Thomaon
coling af Hy

density, approaching zero density, there is a
change in enthalpy equal to (H°—H), In figure
13 the curves that oross the inversion eurve hori-
zontally are curves of constant F°—H. AzsH %150
function of temperature, these constant (H°—FF)
curvas are not isenthalpics,

The horizontal erozsing of the inversion curve
by the (H"—H} curve ia related to the fact that p,
which i= zere aleng the inversion murve, 18 equal
to (@i dP)r{C,, which means that along the inver- -
ston curve (5 /dP) is zero. The enthalpy change
{H*—H) is equal, very nearly, to the amount of
refrigeration, per mole of gas, available for the
liquefaction of hydrogen in & Hampson or Linde
low preasure type of hydrogen liguefier in which &
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continuous flow of gaseous hydrogen is allowed to
expand from a high te¢ a low pressure without
doing work against an external forece system.
The fraction & of the high pressure hydrogen Qow
that might, theoretically, be liguefied is

_H-H_  H-H
*“H—H. (H—H)¥L

{5.20)

where H and O’ are the enthalpies of the com-
prezeed and capanded hydroegen at the tempera-
ture at which the eompressed hydrogen leaves the
pracooler and enters the last stage interchanger
before expansion; L, i the heat of vaporization of
liquid hydrogen at the boiling temperature deter-
mined by the pressure of the expanded hydrogen;
and {H,,—H, ) =1L, 1s the differcnce in cnthalpics
- of saturated vapor and liquid in equilibrium at the
pressurc of the cxpanded hydrogen. Only a rela-
tively small ervor iz made in 2 if in place of H'
and A, for the real gas at atmospheric pressure
one nses the enthalpics H° and H®,,, of hydrogen
in the ideal gas state at the same temperatures as
would be used for H and H ..

_ H-—H o
-, TL 520
For a temparature of preccoling equal to 65° K,
the error introduced by the approximation is
about 0.5 percent.

The lines of figure 13 thai are roughly parallel
to the inversion curve and converge with it at
the inversion point, 204.6° K, are lines showing
the pressure at which H°—If has reached a given
fraction of it maximum wvalue for the given
temperature. A= the mversion curve is the line
of maximum wvalues of (H*—H); it is also the
1C0-pereent. line in this family of constant per-
centage lines.

in the free expansion of a continwous flow of
gas not doing work against an external force
systein, the maximum refrigeration is chtained by
expanding from the inversion pressure for the
given temmperature of the compressed pas. The
curves of constant percentzge of maximum values
of {H°—H} are also curves of constant percentapge
of the maximum available refrigeration in an
expansion to low pressure,

Figure 13 makes uwpparent how greatly the
refrigeration and the fraction of hydrogen liquefied
(2q 5.21) by s Hampson type liquefier arc increased
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by lowering the temperature of the compresscd
hydrogen before 1t enters the final interchanger
from which axpansion of the hydrogen takes placa.
It i= ul=o seen that the condition of highest inversion
pressure {92° K and 165 atm) is by no means the
most favorable condition for liquefaction ; a further
cooling of the compressed hydrogen by 32 degress
nearly doubles the refrigeration produced and more
than doubles the fraction liguefied. It is nlao seen
from figure 13 that for the usual range of tempera-
tures {55° to 90° K) to which compressed hydrogen
is precooled before expension In & Hampeon-type
liquefier, about %5 percent of the maximum refrig-
erntion is obtained when the pressure of the eom-
preased gas ie only 75 percent of the inversion
pressura.

V1. Viscosity and Thermal Conductivity

1. Viscosity and Thermal Conductivity of the Gas
Mear Atmospheric Pressura

{2} Hydrogez

Values for the viseosity of goseous normal
hydrogen at atmospheric pressure for tempers-
tures above the boiling point and at saturation
presstre for two temperatures below the boiling
point are given in table 24. These were calcu-
lated using the empirical equation

T2:  T+650.30

poises (6.1}

for the viscosity at very low pressure,'* together
with values for the small differences hetween
viseositics 8t atmospheric or saturation pressure
and at very low pressure (see eq 6.17 and 6.16).
The {four constanis of eq 6.1 ware chosen on the
basis of expermmental data nesy 207, 007, 300°,
and 685% K. The value used for the vizcosity
of hydrogen at 685° K was .55 percent larger
than the experimental values of Travtz and Zink
[49], as their value was based on Milliken's velue
for the vizeosity of air which is now known to be
low by about this amount.

In Ggore 14 are plotted deviations of recent
experimental viscosity data from eq 6.1. No
changes were made in the experimental data for

1 This wlamoalty at very bew pressures 18 8 tre of bulk tiaccslty, The prea-
sure effact mentloned leve |8 not the famileer bow pressira offst om the
apparent experieental visoogity EByvolving the asommedsiben coeficient
ahd the Umited sl of seperimsnby] appanatge.
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the differemces in density. Deviations of table
24 values from ¢q 6.1 are represented in figure 14
by the peaked curve, which i appreciably above
the zero line hatween 10° K and 100° K and in
very clozc agreement with it at highee tempera-
tures. This peaked curve represents the viscosity
gt atmoapheric pressure ahove the boiling point
and at saturation vapor pressure below the boiling
ponk,  Different reported valuea of viseosity atb
Iow temperatures are so0 poorly in agreement that
their comporison docs not indicate the magnitude
of the peak, which has accordingly been obtained
from theory, using data of state. To limit the
crowding of cxperinental points in the figure,
those plotted represent only dats published since

1928, but a few dats chtained wfter 1928 have

been omitted. The data of Traute and eo-workers
[94 to 102] would be in better agreement with the
gero line if inereased by abont one half percent
for the revision in the value for the viecosity of
air.

It has been pointed out by others that the
Sutherlend formula

TN T4

=rlr) 130 (8-2)

Properties of Hydrogaen

does not fit the data for hydrogen over an extended
range of temperature. This may be seen in figure
14 in which the deviations of the Sutherland for-
mula from o 6.1 are represented by the curve below
the zere line. The constant ¢7 waa evaluated at
300° K to represent the trend of the hest datn.

Valuea of ithe thermal conductivity of gaseous
normal hydrogen are given in table 25.

Tapwe 25, Thermgl conduchiviy of paseons Aydrogen ol
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They were ealeulated from fhe equation

k=[1.8341—0.004458 74 (1.1308 4

u.musgraﬂﬂﬂﬁ(l—

1+§1'—,?1)

In principle, a correction from low pressure to
one atmosphere would be applicable, Tut it has
been omitted becsuse the vneertainty of the
cxperimental valuss is mueh greater. In eq 6.3,
Af is the molecular weight, » the vizcosity given
by oq 6.1, £ the specific heat in calerics per mole
per degree at constant pressure, and I the tem-
perature in degrees Helvin,  This equation is an
empirical representation of the dola and waa

(6.3}
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Ficuer 14. Viscoady of hydrogen,

obtained in several steps, which will be explainad
in the diacussion that follows,

In figure 15, curve A represents eq 6.3, whereas
curves B and ¢ are theoretical and are given for

comparison. Curve (F iz for Fucken’s relation
b=(9y—5)Cg/(4 M), (6.4}
or its equivalent
b= (4 1.25R /M. {6.5)

Chapman and Cowling [137] proposed the formula

15 o
b= Rl +5 Uu5—30) [ 2078, ©.0)
which is equivalent to
F=[0 O (8.75— 2507 BlnfM. (6.7}

The transport of internal molecular enercy of &
gae is supposad to be represented beitor theoret-
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ically ms a result of ineluding the guantity L7,
which is the ratio of mean frea path lengths for
diffusion and viseoaity.

My is & pure number whose value was deter-
mined theorctically for {1) smocth clastic spheres
and (2} for molecules repelling as the inverse fifth
power of the distence (Moxwellian molecules),
the valoes being 1.204 and 1.55, respectively.

For Uy equal to 1, curve iz chiained, as cqg
6.8 and 4.7 then reduce to oq 6.4 and 6.5, Curve
B of figure 15 is & graph of eq 6.7 with £7,=14,
& value indicated by a group of measurements of
the conductivity near 300° K. It is evident that
the main body of the experimental data is not
consistenl with a eonstant value of I7,. On the
basis of & value of 1.4 for I7; near 300° K and a
higher value at 700° K, as indicated by a curve
representing the daia, the relation

M=1.13084+ 00008073 T
Journal cf Ressorch
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Frauvee 15,  Thermal conduclivity of Aydrogen.

was adopted. It was found that the curve was
not eriticelly dependent on the functional form of
U,w as & change to LUf,=e+b4T saltored the
final curve negligibly between 300° and 700° K.

At temperatures somewhat below 100° K, the
ideal gae specific heat of hydrogen at constant
preseire approaches the value {(5/2)F character-
jstic of & monatomic gas. For this value of (T,
the 1/, terms in eq 6.7 cancel and eg 5.4 to 6.7
reduce t¢

k=2 y(CyM). (6.9}

Thiz cquation bas been derived cxactly for a force
that at all distanees is repulsive and proportional
to 1/r'. Enskop[132] has shown that for attracting
rigid spheres {Sutherland molecules),

=[2.522/1(1 4 0.03CY T\ O/ M,

where ' iz the Sutherland constant in eq 6.2,
Thermal conduetivities of hydrogen measurad 2t
liquid air temperaturcs are a few percent lower
than equations 6.4 to 6.9 would indieate. No the-
oretieal explanation of thiz i3 at hand, but the
agreement of the three independent investigations
in this region indicates that the lower value s to
be aceepted. To take account of this, a correction

Propertiez of Hydrogen

faotor 1/{14-2.2{T} has been included, having a
form sugrasted by Enskop's theoretical result for
attracting rigid epheres but with the constant
chosen to fit these exporimentsl data. The in-
¢lusion of thiz factor also brimgs the final corve
cloger to Eucken's experimental valua at 20.96° X,
which is atill almest 12 percent lower than the
CUTTE.

The surve aa chosen to fit the thermal condue-
tivity data is net regarded as completely satisfoc-
tory. [In the temperatore range 270° to 400° K,
the experimental data appear to fall into two
groups, ona quite close to the curve adopted and
the other lower by about 7 percent. The lower
group inciudes the most recent data.

Equation 6.4 to 6.9 make it evident that at low-
temperatures where the spacific heata of ortho and
para hydrogen differ, their thermal conductivities
differ alse. This dilference in thermal conduc-
tivity was the hasis of the method of ortho-para
analysis used by DBoenhocfer and Hurteck [121].
The temperature or electrical resistsnee of an
clectrically heated wire carrying & given current
determines, witer calibration, the ortho-para com-
position of the hydrogen that surrounds the wire
in & tube externally thermostated at liquid air
termperature. A small difference is to be expected
in the viseosities of ortho and para hydrogen by
reason of small differences in theie intermolecular
forees manifested by small differences in vapor
pressure, and density of the condensed states.

This difference in viseosities is small and was not
detected in the experiment vndertaken by Harteck
and Schmidt {122], i which an acourscy of 1
percent was attained. In later developments of
the so-called thermal conductivity method of
ortho-pars analysis, the pressure of the gas was
reduced to make the mean free path large com-
parcd with the diametsr of the heated ware.  For
this condition the ordingry thermel conduetivity
is not the controlling {nctor.

{b) Deuterium

Several investigations have been made of the
viscosity of deuterium at atmospheric pressure,
the most recent being that of Van Itterbeek and
Van Pasmel [106, 107], published in 1940. Table
26, which gives walues for tho ratic betwoen
viscositiez of deuteriom and hydrogen for several
temperatures, was taken from the paper by Van
[tiarback and Van Pacmel.
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TapLe 26, Koo of vizcosiiiea for goseows I and Hy
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The ratio of the thermal conductivity of deu-
terium st 0° O to the thermsl conductivily of
hydrogen also at 0° was determined by C. T.
Archer [127] and by W. G. Koannuvluik [130], who
obtained  respectively, the waluea 0.738; and
0.732,. By using the mean of these values with
appropriate valuez of £, and 5, one obtains for
[f, in eq 6.7 for the thermal conductivity of D,
at 0% C the value 1.55. Archer alse measured the
thermal conductivity of various equilibrium mix-
tures of Hy, HI, and D,

For two isotopic gases with identically the same
intermolecular forees, the classical theory values
for the ratio of their viscositios,nnd the ratio of their
thermal conductivities at temperatures where their
heat capacities are equal are

aiim= MM, and kijk,— MM, (6.10)

For H. and I); these ratios have the wvaluea:
#o,/me,=1.414 and ko Sy, =0.707, und are inde-
pendent of the intermoelecular force fiald so long
ag it is the same for the twe isctopes. The
diifferenne between the rotational heat sapeeities
of H; and I}; at low temperatures by itaell makes
the ratic kn,/te, larger and thus has an effect
opposite to but less than that of the smaller meun
veloeity of Dy molecules caused by the greater
mass. Using Eucken’s e 6.4 for £ and making
allowance for the differetice in heat capacities of
H; and D, one obtaine 0.718 for kg fhg, at 0° C.
The classical theory wvalues for these ratios of
thermal conductivities and viscosities are ap-
proached closely at room temperstures, The
effact of guantum mechanical interaction in
trapsport phenemena can be described in termes
of nerense m the apparent size of Lhe molecules,
In classical theory the size of the malecule plays
ah mmportant role, the viseosity and thermal con-
ductivity deereasing as the size increases. For
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hydrogon and deuterium, the quantum mechanical
Increase in apparent size is small at room temper-
ature but becomea large at low tempernture. The
increase dependa alse upon the masses of the
colliding molecules and is larger for H; than for
I3, at the same temperature, [t was pointed out
in the section on the PVT data for deuteriym that
the quantum theory of second virial coefficients
inchrdes an effect interpretsble classically as an
ineresse in apparent size of melecules, becoming
very larpe at low temperatures. The quantinm
mechanically obteined increase in appareni size
with lowering of temperature iz not the same for
viscosity 83 that associated with the second virial
coefficient, however. Thig iz nut surprising when
one considers that the increase in the mean
de Broglie wave length with decreasing tempera-
ture increnses the diffraction behind o scattering
molecule; an effeet that docs not enter in the
determnination of the second virial coefficient, but
which taken by itself would deerease the apparent
size of B scattering melecnle for viscosity.

2. Viscosity and Thermal Conductivity of the Gas
at High Pressures

There are no experimental data on the thermal
conductivity of gazeous H; ut high pressures.
For viscosity, however, experimental data ob-
tained by Boyd [134] and Gibson [135] are avail-
able.  Gibzon’s data, which are for 25° C, are
more precige than those of Boyd and are plotted
in figure 16. It will be seen that there is fairly good
agreement between these better experimentol
dats and the curve representing the theoratical
formula dee to Enskog. Dhiffering approaches
to the problem of relating viscosity and variables
of state will be found elsewhere [133, 136].

In elementary theory, the viscosity and thermal
conduetivity for & given pas are proportional to
the product of ¥V, 5, and A, where Vis the mean
molecular velocity, p is the density, and A
is a suitable mcan path length for the transfer
of momentum or energy.  Although A 1z often taken
ag identical with the crdinary free path of moles-
ular motion, it is actually greater by a small
distance of the order of magpitude of 4 molsenlar
diameter, as at each ecollision the moments and
energies arc transferred an additionsl distance
related to the dismeters of the moleculesinvolved.
Thus instead of A decreasing as 1/p when p is
increased, which would make pA independent of
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g, & decreases a litile lese slowly =20 a5 to make
ph increage elightly as p I8 increased. Aceord-
ingly, both the thermal conductivity and the
viscosity of a gas would be expected to increase
with increasing density, particalarly when mul-
tiple encounters hetween molecules ceour fre-
quently as in the case of high densitiea,

Enskog's theory was developed for v gas whose

uzed by Enakog takes account of aimultaneous
encounters of three and four molecuies as treated
by Boltzmann and Clausius,

According to Enskop's theory, the viscosity
and thermal conduectivity of a compressed gas are
related to the viscosity my and conductivity kg
at low pressure by the equations

molecules were assumed to be outually attracting nim=>5p(1/(bpx)+0.8+0.7614bpx . . . | (6.18)
rigid spheres, for which the equation of astate has and
the form
Paap'=RTo{1+box), (6.11) Eiko=bol1/{box}+1.2+0.7674bpx . . . | (6.15)
LT /fJA
wa /""f ‘:
wa ad T
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where the constants ¢ and b are assumed to ba
independent of T and p, and x iz o function of o
exprested in the form of a power series in &s.
The equation of state that was used i= thus almost.
the satne as the Van der Waals equation

Ptap=RTpe{1—bp '=RTp
[1+ba{14+bp4-ip*t. . )]

cxcept for the details of the depandenca of x
upon g. The ¥en der Waals equation is derived
ori the basis that simultaneous encounters of
three or more molecules are rare enough to be
neglected. Omly at low pressures is this valid
and under this condition terms of the sccond
degree and higher in bp are neglected in the deriva-
tion. The function

(6.12)

x=1+0.625bp-} 0.28605%°+ . . ..

Properties of Hydrogen

{6.13}

It follows (rom eq 6.11, the equation of state
asaumed for Enskog's theory, that

ﬁpx=§(§)ﬂ(%¥)—l=g—l+1’ dz - (6.16)

Thus, the valua of bey may ha celenlated from the
tables of Z and (dZ/dT), and the value of bp may
then he found with the help of eq 6.13.

Ovwer the range of Gibson's cxperimental vis-
cosity data very little change is made in the values
predicted i simpla power series expansions in
By, obtained from equations 6.14 and 6.15, arc
uszed:

Bfmg=1+0.1788px+ 0.7557 (box 1 — 0.405({bpy )"
(6.17}

kfky=1-+0.575bpx +0.5017 (bpx J — 0.204{bpx}*
{6.18}
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The coctlicient of the last term of each equation
would be changed i higher order terms were added
te eq 6.13, 6.14, and 6.15. Dropping the last
term of eq 6.17 for n/n, does not significantly
change the agreement with Gibson's experimental
data.

In order to show the general magnitude of the
theorctical effect of pressure on the viscosity and
thermal conduetivity of hydrogen the preceding
equations have been evaluated for several addi-
tional combinations of temperature and prossure,
using data frem the PYT tables. Tahble 27 gives
the walues thus obtained. It is scen that tho
calculated relative change in # and & with pressure
is much more pronounced ot the lower tempera-
tures, for which large deviations from the ideal
gae law ocour even &t moderate pressures,

Tarwe 27. Effect of presenre on siscomity and thermal
condusttvily of kydrogen
T F L1 L
e |
LR LH 1. podl 1.4138
- 1, M7 1,4k25
1, Mif 10125 10447
1 1007 1.0
| e 1. 108G (Wi~}
.2 1.5 L
1 (T 1. ok
.80 10067 Lok
$7.0 1.5% I, T
1 Lk 1,43
355 ] 1L
50 LH 1. 40
i 1, 0012 1 MKT
1 1,000 1. 0w
B, i L1 1 L0ss
] 1L 122
1 1. DUOTS 1 nozd
i 1. 0008 e
6. 5l 1.0 1.4
0.0 1.05 112
1 1. DOO5E 1.00LE
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3. The Viscosity of Liguid Hydrogen

The first determination of the viscosity of
liguid hydrogen wea made in 1917 by Verschuaffolt
and Niecaize [135] fromn measurementa of the
logarithmic decrement. of the oseillatory rotation
of & sphere i liquid hydrogen at 20.36° K.

482

Leter, detexyminations were made of the viscosity
of liquid hydrogen from 15° to 20° K, in 1938 by
Keezom and Mac Wood 1139] from messprements
of the logarithmie decrement of an oscillating
dise, and in 193% by Johns [140], using the capil-
lary flow method. The reported viscosities are

%o !
B
BN T Wmookly of Liquid Hydrpgin
. Yachollall & Mook o
N o Kégiam & MogWood 2
& o
B dahna o
210 &\ *
% .
2
n
o« 190
-
-
=)
e
H
H
e
130
| o
ne, 15 T ] T 19 T

Temperalure _"K

Fioure 17.  Viscosity of louid fypdrogen,

shown in figure 17. The walues obtained by
Johms are roughly 10 percent greater then those
of Keesom and Mar Wood excapt near the hoiling
point, 204° K, There scems to he no elesr
indication in the papera reporting the messure-
ments that either of these two later setz is loss
dependuble than the other. Accordingly a curve
fo represent the present most probable values of
the wviscosity of liguid hydrogen was drawn
principally between the two sets. Near the hoil-
ing point the curve was drawn approximately
parallel to that of Johna becsuse it was folt thet
the lower value of Verachaffelt and Niesisc sup-
ported the more regular variation of viscosity with
temperatire 83 reported by Johns.

VI. Pressure Temperature Relations for
Two-Phase Equilibria for H,, HD, and
D as Single Components

In this section are presented data on (1) vapor
pressures of solid and liguid H., HD, and D, with
sueh detived constants as normal boiling tem-
peratures gnd triple-point temperatures and pres-
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sures; differences between the vapor presaures of
different mixtures of o- and 5-Hi; and changss
vapor pressures of ortho-para H; mixtures result-
ing from self conversion; (2) the pressure-tem-
perature relations for the solid-liquid equilibrinm
of Hs, HI}, and D;. The data are pressnted in the
form of equaticns, tables, and graphs.

1. Vapor Pressures, Boiling, and Triple Points ™

The present vapor-pressure data on ihe hydroe-
gens can Le fitted with equations of the form

log,.’= A+ B/ T+ OT (7.1}

to within the aceuracy of the experimental dnta.
The millimeter of He at 07 C and standard gravity

H Boilingpoint and fripke-point dats from this ssction hsve been nsed in
wilvunee of pubHestion o the ““T'ables of Selacted Values of Themleal Ther-
modynsmic Fropanties” prepared by the National Burean of Standards i
cantjunctlan with the Odfice of Maval Hesearch of the 1T 8. Navy Depaviment.

14 uged in this scetion as the unit of vapor pressure.
Temperatures are on the Kelvin Scale,

In tables 28 and 29 the vapor preasures, boiling
pointg, and triple peints of the different isctopic
and ortho-para medifieations of hydrogen are
compared,

{a) Ha

The differences between the hydrogen vapor-
pressure date reported in the litersture [143 to
146, 148] are the result, principally, of differences
in the temperature scales used by different observ-
erg and of unknown differences in the ortho-para
compodition of the hydrogen,

The vapor-pressura data recently obtainad [148]
gt the National Bureau of Standards are on the
low-temperature scale established at the National
Buresu of Standards and sre for known ortho-

TasLE 28, Vapoer pressurea of the several fncfopic variefies of hypdrogen of inlegral temperalures and ol thefr driple poinlds gnrd

boiling poinis,
[Valoes mearked warg obtaimed by extr atlmm of the ™, peAure dqumllon to tempoatores at which oo dsta were availsbla. The o-H: tablde s
busond DrL am. 8k ra polsk wltI:LL'\oeﬂpeat:t,t,uu:-umlmluI on ] S
;e E it Nora] deulerinss | 204° K Equillrium
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TABLE 29, Bmifng points gud triple points of ke hydrogens

Triple pwint
Mli_in%l Ve pain
L T P
=N K mm Hy

204* K squllibrivm hydropen {0_21 =Hy) W Ty LAy N8
38 percent ¢-Hy, B2 pergent pebfy. . el WLER 13 96 20
Kormal bardeogen (TR oDy - . X, o 13 Wk L]
Ctbighoy g e .- LI L P ER: 55,1
Hortmal dedterpim (G079 oDy T 5ia BTy 1A, b
X4 K cquilibrivm deaterlunrs (370% 0T 4. 5% IE. 6t 124, [
Parsdeutsrlum . . .- 2358 TE TR 1245
Hrdrogen dwmrlde ........................ b Y 1A 6lly 8

pars compoeitiong. Only the NBS results sre given
hara,

Normal Aydrogen (75 percent o-Hz 25 percent
p-H):

Liquid: Jog,.P{mm Hg) =4 66687 —
44 95’59

+0.020537 7. (7.2)
Solid: log P (mm Hg)=4 5684588 —
47, 2”59+u 030397 (7.3)

20, 4° K -equilibrium hydrogern (99.79 percent p-H,,
0.21 percent o-H,:

Liquid: log,,P{mm Hg)=4.64302

230 +o.020037. (7.4)
Bohd: log,,Pimm Hg)=4.62438 —
L2 1 0.036357. (7.5)

The triple-point tempetaturcs and pressures
were determined experimentally with a Jow-tem-
peraturs calorimeter with a platinum resistance
thermometer for the temperature measuraments.
Equationa 7.2 to 7.5 were made to fit these tripla
points, and are based on wvapor pressure dsta
extending from 10.56° to 20.4° K. Although the
equation for liquid normal H; is based only on
Nationsl Bureau of Standards data below 20.4° K,
the equation represents, within the hmits of exper-
imentsl accuracy, the Leiden data that extend
nearly to the eritical pomt, 33.19° K. As men-
tioned in section IV, the vapor-pressure equation

for normal hydrogen was used in eonstructing the

PVT relations for hydrogen. The experimentally
determined triple-point temperatures and pres-
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sures for 7-Ha end e-H; are given in tablea 23
and 20,

Figure 18 is a diagram of differences batween the
vapor presgures of 8 20.4°K equilibrium mixtars
of o- and 3-Hs {0.21 percent p-H;) and five different
mixtures of ¢- and p-H; in the liquid state. The
vapor pressure of the 20.4°K equilibrivm mixture
is denoted by F(,_g, ;and that of any other mixture
b¥ FPimens Each cutve of the graph ia for a
gingle mixture whosa composition is indicated on
the graph by its o-Hy composition. The 75 percent.
curve iz for normal hydrogen. The vapor pressure
differences AP are plotted as a function of the
vapor pressure of the 20.4°K equiltbrium hydrogen.
The eircles represent the sxperimentsal data.

Figure 18 shows the vapor pressure differeoces
of figure 18 extended into the solid range, for mix-
tures of 38 and 75 percent ortho eomposition. At
the extreme right of the figure, thesa mixtures and
the &-H; with which they are compared are all
liguid. Passing to the left, the first sharp break
encounterad on either curve corresponds to tha
triple point of the mixture. The sacond sherp
break corresponds to the triple point of e-Hy. To
the left of the last hreak, both materials are solid.
Between the two breaks on either ourve, the mix-
ture is solid but the &H; ia leguid.
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A comparison of the AP for different mixturcs
of o- and p-H; in fgures 18 and 1% shows that the
AF’s are not proportional to their corresponding
differences in compoaition.

For ideal soluticns the ratio AF/Az, where Az
is the difference in composition, is independent of
the composition at constant temperature. In
figure 20 this ratio is pletted for four temperatures,
the circles representing the experimentsl wvapor
pressure data as given by poinis on the smooth
curves of fizure 18, Figure 20 shows that the
vapor pressures of ortho-para mixtures differ
greatly from ideal solution predietions.

The vapor pressure differcnces (P,.g,— Py) for
mivtures of o- and p-H; of any composition at
14.00°, 16.00°, 18.00° and 20.39" K may be caleu-
lated from the isotherme of figure 20. Other
isotherms may be determined with the help of
figures 18 and 19. By extending the isotherms
of figure 20 to 100 pereent #-H,, the vapor pres-
sure of pure liquid 4-H, was determined. The
following equation represents the vapor pressures
»f pure liguid o-H; abigined in thiz way:

ligquid: logP(mm Hg)= 4_ﬁﬁm_45.m39 +

2.021168T (7.6)

The triple-point temperature and pressure of

3-H, were determined by a quadratic extrapolation
if the triple point temperatures snd pressures of

Propertiss of Hydrogen

e-Hy(204° K), m-H;(388 percent ¢H;) and n-Ff,.
The wvalucs thus obtamed for o-H: were 14.05°
K and 551 mm Hg These are in sgrecmant
with eq 7.6 for the vapor pressure of liquid o-H,.

Ii linear extrapolation iz used, omitting the
vaiues for m-H., one obtains 14.00% K and 54.4 mmw
Hg as lower limiting values of the triple point con-
atants for ¢-H;. The triple point constants of
m-H: were obtained by reading the velues Pe-H}
and AP corresponding to the wpper break in the
3% percent curve. The difference of these is the
triple poink pressure of m-H.. By substituting
Ple-H,) into the vapor presaure equation (eg 7.4)
for liquid e-H;, the triple point temperature of
m=I1; 15 obtained, The uncertointics in these de-
rived triple peint constanta of m-H, and o-H, are
greater than for the experimentally determined
values for e-H, and #1-Ho,,

The vapor preasura of a nonequilibriom mixture
of o- and p-H,; changes slowly with time hecause of
the slow conversion of & nenequilibriom mixture,
liquid or solid, to the equilibrium composition. At
its normal beiling point, the vapor prossure of
#-H; changes at the rate of 0.23 mm Hg per hour
(148]. Paramsagnetic subzstances increase the rate
of conversion. The rate of incresse of the vapor
pressure at 20.4° K of & sample of hydrogen con-
taining (.01 pereent oxygen was abouh three times
that for pure hydrogen.

The interconversion of ortho and parahydrogen
in the abaence of molecolar dissociation i= the re-
sult of an intre-molecular rearrangement of pro-
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tons in the presence of a strong magnetic feld,

inhomogeneous on a scale of molecular dimensions.
Ae p-H; has no net nuclesr magnetic moment,

the self conversion of nonequilibrium mmixtures
results only fram the interaction of o-H, mole-
cules, which de have a nuclear magnetic moment,
with each other and with p-H; molecules. Hence,
the ortho-para conversion in liquid and solid H;
is » bimolecular chenge.

—dlo-Hy) jdt =k [o-F;]' —kes[o-H,] [p-FHs] (7.7)

The velocity constant &; is much smaller than &,
in accord with the small equilibriom proportion
of o-H;. At equilibrium, where &lo-H;]/d is zero,
Fafky=lo-Hal/[p-Hal. Values of equilibrium con-
centratione gre given in table 12. For lignid hydro-
gen the welocity constant #y, for conversion ia
0.0114 per hour when concentrations are expressed
in mole fractions. The value of & for solid H,,
0.019 he=f [147], is larger fhan for liguid H: but
decreases with time due to the immohbility of
moelecules in the solid. The nitial value of & is
restored however by melting and freezing.

) D;

The vapor pressures of normal and equilibrinm
deuterium were measured [149] relative to the
vapor pressure of liquid »-H; from 14° to 20.4° K.
As these messurcments are independent of a
temperature scale their functional relations are
given. Yapor pressures are expressed in terms of
mm of Hg at standard conditiona.

Normal deutertum (66.67 percent o-D,, 33.33
percent p-D);

Liquid: logy, P(n-D;)=—1.3376+1.3004 iog,,

F (n-Hy). (7.8)
Boltd: log, FPir-D;)=—1.0044+1.5142
logi P {n-H,}. {7.9)

M AK Fguilibrium deuterium (978 percent
0-1D;, 2.2 percent p-Du):

Ligquid: log,P{e-D;)=~1.3302+1.3000
log” (#-Ha). (7.10)

Solid: logwPie-Dy)=—1.887311.5106

log (n-Hu). {7.11})

Substituting for log,, Pin-H.) values given by eq.

7.2 for liquid »-H, the following equations for
logi P (D;) are obtained:
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Normod deuwterium (66.67 percent o-D;, 33.33
percent p-I):

Liquid: logy,P {mm Hg}=4.?312_53-4;19

+0.026717.

(7.12)

Solid: Jog.F{mm Hg)=5.1 ﬁzﬁ_ﬁs.{gsz

+0.031107.

{7.13)

204K equilibrium  dewlerium (973  percent
oD, 2.2 percent $-1D;)

Liquid: log,oP(mm Hpg)=4 7367 _E_S%Q
+0.02670T. (7.14)

The triple-point temperatures and pressures for
Dy given in takles 25 ond 29 were obtained by
similtanecus aolution of the vapor pressire cqua-
tions for solid and liguid.

Tho self conversion of nonequilibrivm mixtures
of o- and p-D, procesds at a very much slower rate
than for Hy. Thus no increase in the vapor pres-
gure of liquid #-Ds resulting from eell conversion
was ohserved at 20.4° K over & period of 100
hours [149]. The sstimated probable error of two
obeervations extending over 100-hour periode was
+0.27 mm Hg. The emall rate of self conversion
of Dy, compared with H,, iz a result of the smaller
magnetic moment of the deuteron compared with
the preton.  The ratic of nuclear magnetic mo-
menta 1/H is 0.26. The relative rate of gelf con-
version for the same displacements of Dy and
H, from the equilibrinm ortho-para composition
ia proportional, as i¢ order of magnitude only, to
the fourth power of their relative magnetic mo-
ments, that iz to 0.035. Allowing for the amaller
displacement of #-Dy from equilibrium composi-
tion and the smaller difference between the vapor
pressuros of the orthe and pars wvarieties of D,
the expected ratio of the rates of vapor pressurs
change, n-D; t0o n-Hs, is of the order of 1072,
For a more detailed discussion ses reference [149).

) HD

As the two nuclei of the HI} malocule are dis-
gimiler, hydrogen deuteride does not have ortho
and pare varieties. Measurements of tha vapor
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pressure of HI? extend from 10.4% to 20.4° K
[150]. The following vapor-pressure equations
wera made to fit the triple-point temperature
16.60," K measured with a platinum resistance
thermometer in 8 calorimeter in which the solid
and liquid phases were in equilibrium.
HDI:
Liquid: log,, P (mm Hg)=5.04964 -
55.24095
T
Solid: logy, P {mm Hg)=4.70260—
@T}E+U.MIHIT

The triple-point pressure of HD given in tahles
28 and 29 ¢an be obtained from either of these

equations.

+0.01479T {7.16)

(7.17)

{d) HT and DT

Tritium, T, the hydrogen isotope of atomie
weipht 3 18 radioactive and has & heif-lifotime of
21 +8 vears [151]. Iis disintegration products are
& negative Z-particle and He®. Because of its
comparativaly short half-life, the naturgl sbun-
dance of T in hydrogen is extremely amall. Libhy
und Barter [152] determined the vapor pressures of
HT and DT using T made by the irradiation of o
block of metallic Li with neutrons {Li*4-n—
He*4+-T%).  The trikivm held by the Li oz LiT was
liberated by the reaction of HO or D} with the
Li block., Gaseous H; or I); with & trace of HT or
DT was chtained. The gas was liqueficd and
then evaporated, and the radioactivity of the
evaporatcd vapor was measured as a function of
the volume of the remaining unevaporated liquid.
From a comparison of the radioactivity of the
vapor leaving the liquid during different periods
of the eveporation, Libby and Barter ealculated
the vapor pressures of HT and DT, making use of
ideal solution lawe for this purpose, They ob-
tained for the vapor pressures of HT snd DT,
254 116 and 123 L8 mm Hg, respectively, at tho
. normal boiling temperature of hydrogen (20.30° K.

By extrapolation, they estimnted that the vapor
pressure of Ty at 20.39° K i& 45 =410 mm Hg.

2. Pressure-Temperature Relations for Solid-Liquid
Equilibriwn

The melting, or freeging pressures, of n-Hp,
HD, and #-I); given in table 30 are bascd on

Propertles of Hydrogen

smooth curves drawn through the experimental
data (H;, [153 to 157]; HD [150]; D [174]) and
cover the same ranges of pressure and temperature
as the data. Figure 21 iz a diagram of the devia-
tions of the data for n-H; from the table, The
daszhed line shows a 1-percent deviation from the
table and the full-ling curve represents the devia-
tion from the table of the aguation

logn{237.1+ P)=1.85004 log,, T+0.24731, (7.18),

where P is in kg em™2.

TapLe 30 Melling tempergturepressure relolions  for
n-Hy, ED, and n-Th
r
T
n-Ihy HD nTh

r® "Ly pay ! ke exhr by et
151, R Tl o [
__ . 1.4
15 3.2
W L]
[1:1 | N — 0.13
S W5 M.z
16 _.._ Hx g a2, 4 crareras
IETA.. RSSOV O I ajr
W e 143, B Ty LER
wo .1 PR 6.0
H — mia 100, 6

Figure 22 is intended to show the relation
between the melting pressures of #-H; HI), and
#-D;. The curve for »-H; is a graph of table
values. The curves through the experimental
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data for HD and D, were obfained by a simple
vertical displacement of the H; eurve and show
that the differences in meliing pressures of the
three isotopic verieties are only slightly dependent
upon the temperature. These differences in
pressure are 898 kg em™ for Hy and HD and
1706 kg em™® for H; and D,.  As the change of
melting pressure with temperature, dP/dT, has
nearly the seme walue for H,, HD, and Dy, if
comparad at the sama temperature, it follows from
the Clapeyron equations that L8V, the ratio of
tha heat of fusion to the change in volume on
melting, aleo has nearly the same value for the
threa isotopes when compared at the same value
of T. A similar statcment can be made for S, /87,
the ratio of the entropy of fusion to the change in
volume on melting.

The tabla values of melting pressure for HD

and T}, were ohtained from curves drawn throvgh
the experimental data and not from the curves of

figravs 22,

VIII. PVT Data for the Condensed States

The available date of state for the condensed
phascs of Ha., HD, and I}; are meager [158 to 166]
and in general not aceurate enough for the calcula-
tion of reliable values of thermodynamical propar-
ties. The date on the liquid, however, were
used in the construction of the liguid regions of tha
o versus p disgrams, figure 6, and the T versus 8
diagram, figures 31, 32, and 33.

1. Lieuid H,, HD, and D;

In table 31 are given the molar volumes of
liguid #-H., p-H;, HD, sad #-D: m equilibrium
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Tagie 31. Molar vwolumes of normel hydrogen, porekydro-
gen, narmel dewberium, end Aydrogen devieride, tn the
Yiguid sfnle
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with vapor from the triple point to the highest
temperature of mensurement. From the triple
point to 20.4° K, these equilibrium molar volumes
hava heen represented by the following equations,
in which termperatures are on the Kelvin scale:

Normal hydrogen [163]:
Vicm® mole™1)=24.747—0.08005 T+ 0.0127167*.
{8.1)
Parahydrogen [163]:
F{em?® mole=') =24.902—0,0388 7+ 0.013104 =,

(8.2)
Huydrogen deuter{de [150]:
Viem® mole™)=24.886— 030011 TH0.01717 T
(8.3)
Normal dewterium [174]:
Viem?® mole~')=22.965—0.2460 7+ 0.0137T=
(8.4)

Table values at 20.29° K and lower were calenlated
from these equaticns. Values of the molar volume
of liquid normal hydrogen above 204° K were
obtained from the experimental data of hathias,
Crommelin, and Onnes [161] with the help of a
senaitive interpolation method based npon the gee

of an empirical equation snd o deviation graph.
A change was made in the experimental data
bacause the value used by Mathias, Crommelin,
and Onnes for the density of gaseous hydeogen at
standard conditions differs from thai recom-
mended in this paper on page 394.

Bartholomé [177] measured the molar volumes
of liquid #-H; and »n-D; as a {unction of pres-
gure at three temperatures hetween 16° and 21°
K. The measurements extended from the vapor
pressure Lo nearly the freezing pressure. Smoothed
values of molar volumes are given io tables 32 and
33. Bartholomé showed thet isothermal changes
in volume to about 9 percent of the volume of
“saturated” liquid ean be represcnted to within
the precision of his measurements, 4-0.06 em?
mole™' by Eucken's equation

e ili5)
in which V, the molor volume of the hqwd, is
expressed as a Tunction of the pressare P. 2 is
the molar volume extrapolated to Zero pressure,
and ¢ is oo empirical constant dependent wpon
the temperature. Tables 32 and 33 ineclude
values of the molar velumes of liguid »-H, and
#-Dy at freesing pressure for the thice {emprora-
tores of Bartholomé&'s messurements.

{5.5)

TasLs 342, Moler valumes of Hgwid n-Hy for veriour
lemperplurey prd prosturen,

Frigmr Tmif” K Tmlz @ K =g K

Ly tm—t orat gl el mpfe| ot mafel
| 2087 T M 29 42
LT o 50 118 ww
Mo - 6, H .73 A0
[T I 5 8 o5 14 3.8
1. T .3 LN 25 8
2L o ] e
0 214 L]
125 MTL M9l
154 U —_ M, 30 M. 47
ISLEE. ... T
75 M0%
b1, | I Y (AU =
-1 S Y (RS 3,48
LB, [ o e .51
trigled oled et
o= SRX 10 re | emd I i | amd I8 10mLT R

= The valoct st om0 prestar wirs oblalied By exbrapolatbon cenpitent
with the moksT voluitws ot ssturnbin FRExT prescrs given by eq. 81
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Tane 33. Molar volumes of Hguid n-Dy for sarfous
lomperainres and Dressuresr
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= The vahise at sere presnre wers obtaled by extrapalatbon oonsistanit
wilh the molar volumee a1t ssfuration Yapor preasucs given by eq 8.4,

2. Solid H,, HD, ard D,

The crystal strueture of solid hydrogen s
thought to be hexagonal close-packed, on the bagis
of an X-ray investigation of solid parahydrogen
by the Dabye-Bcherver method at the tempera-
ture of liguid helium, conducted by Keesom, de

Smedt, and Mooy [162].
Tablas 34 and 35 contain all the available experi-

mental data of state on solid He, HD, and D,
Molar volumes at ¢° K wera obtained by caleula-
tion,

Molar volumes of the solid at the triple point
given in table 34 were obtained by subtracting
the volume chonges on {usion from the triple point
volumes of the liquid caleulated from eq 8.1, 8.3,
and 8.4. The volume changes on fusion, given
in table 34, were calculated using the Clapeyron
equation with the celorimetrically measured heats
of fpsion (zection IX, 3), and P/ T for the =olid-
liguid equilibrium at the triple point {section
¥IL, 2).

Molar volumes of the solid in tabie 34 above
the triple-point temperatura were obtgined from
Bartholome's measuremcnts of the change in
volume on fusion at the temperstures given in
table 34, and the volumes of the liquid at melting
pressure given in tables 32 and 33

The molar volumes of solid H; end D, at 4.2°
K in table 34 were measured by Megnw [165] with
a picoometer in which the solid H; or I} was sur-
riuinded with liquid helium, the volume of which
had previously been measured ag & function of
pressure at this temperature. The compressibili-
tiea of golid H; and Ds at 4.2° K, given in table
35, were calculated by Misa Megaw from the
results of these measurements.

TabLs 34. Molar solumes of soifd n-Hi, HD and n-Dg and volume changes wpon fusion

n-Hjy HD #-In
™ P Ewmarks
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Vohime Voloma Valttng
fhpt chanps 0w - Ehitia (o
e golld | argeng | RO apalid | ST
K Rafemd e ale emlmole ra o e eml'malc eI ole
W -1 S I SR I R . 07 1.96 } .
205 - o B e 020 218 T and P {or solid-linuid equilibriam.
18.72... - oLin e .48 & 05 | Do tripdo pobng,
1980 ..o L6 b Y RN P ED triple peint.
150 | .. I PRI PP (S [P
& ey sa | o e T e }Ta.ua F toy gatid-Lleoid equilibeinm,
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TapLE 35 Erperimeniolly delermined compressibilities,
1];(%}1;)1_. of solid H, and D; at 4.8° K

Crmpressiblity ‘ B compresl: | Darompresst
k! ani? B et
At poeasura Dkgam=f .. B8 ] 510 | (45 201
At poregaors DD Lg om=t___ . 210 PAR 4
Average Rt cange ( to WOEE amd | (6.0 S0 B3I | Q5 20T

Miss Megaw calculated the axpansivities of
solid H; and D, at 4.2° and 11° K, given in table
36, using the formuia

N AT

with the ealorimctrically determined specific heats
at congtant pressure and volume, and the com-
pressibility measured at 4.2° K (table 35).

TARLE §6. Erpanstesiies, 71.(5—;.-); of aolid Hy and Ds
catctilaed from Op— Oy

T LIt Iy
Ly ) ]
4.2 LIR0 4 [ O 1T U
i K oAl

The eompressibilities and expansivities of solid
H; and I}; nre large when compared with values of
these propertics for other substancea. This is
ascribed to the zero-point vibrational energy of the
luttice which for hydrogen iz an unusually large
fraction of the negative potential energy of the
fattica, This accounts also for an unusually large
variation in the compressibilities of H; and I} with
pressure (see table 35), and for the vanation with
Tand V of 4 In 8/d In V, which derivative of the
Dehya ¢ is usually regarded as o constant for other
solids [165].

IX. The Thermal Properties of the
Condensed Phases

In this zcction are included the calorimetrically
meagured properties: specific heats and heats of
fusion and vaporization.

1, Bpecific Heats of tha Solids and Liquids
{a) Hydrogen
The specific heats at saturation pressure of solid
and liquid hydrogen were messured (1923) by
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Simon and Lange [171] between 10° and 20° K,
before the discovery of parahydrogen. Clusius
and Hiller [172] measnred {1929) the specific heats
of solid and liquid parahydrogen over the sama
range of temperatures and obiained the same
values, within experimental error, for the spacific
heats of parshydrogen as had besn ohtained by
Simon &nd Lange for supposedly normal hydrogen.
Mendclsohn, Ruliemann, and Simon [173] mess-
ured {1421} the specific beats of several mixtures
of ortho- and parghydrogen between 2.5% and
11.5° E. Their rasults on pure parahydrogen
were in agreement with the earlicr measurements
of Clysiuz and Hiller, the date from 2.5° to

.4
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Fiouge 23, Specific hesd, O, aof aolid Hy for werieus
oTtho=prara compositions.

14° K fitting rather clossly a Debye function
with 9=91° K. '

The data of Mendelschn, Huhemann, and
Simon are shown in figure 23. It is seen that, at
temperatures below 11° K, the specific heats of
mixtures containing orthohydrogen are larger
than for pure parabydrogen. This difference in
specific heats is connected with the multiplicity
of states belonging to the lowest o-Hy rotational
lavel, J=1. The different states, three in number,
correspond to three different orientetions of the
angular momentom wvector of an o-Hy; molecule

" relative to the electrie field in the hydrogen

crystal. At 0° K, all ¢o-H; molecules are in the
orientation state of lowest energy. At tempers-
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turcs of the order of AEME, where AFE i3 the
difference in the energy of the states, the dis-
tribution of o-H; molecules over the three atates
changes rapidly with change of temperature.
Along with this there is an abeorption of energy
end an increase in specific heat. As tempera-
turea are approached that arc high compared
with AFE/E, the distribution of o-H, molecules
becomes yniform over the three orientation states,
and the apecific heat of orientation approaches
zero. It may be seen from figure 23 that 12° K
in effectively a high temperatore for this distri-
bution, and that at temperatures above 12° K the
distribution over the three J=1 states must be
practically uniform,

The specific heats, ,, of liquid and solid
hydrogen along the saturated vapor lines are
given in table 37. The ) curves of figures 24,
23, and 26 for »-H; st temperatures above 11° K
represent this table.

In fipures 25 and 26 the heat capacity, &, of
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Fraver 25 Specific heals, € and O, of softd Hy and D,.

solid and of iiquid #-H; at consiant specified valuss
of the density are compared with the heat capacity,
i, of zolid and liguid »-H, in aquilibrinm with
gaturated wapor. It i to be noted that the Y,
curves of these two figures are not for ', of solid
and liquid H, along & line of aquilibrium of vapor
and condensed phase. The , measurements on
the solid were made by Bartholomé and Eucken
[176] at the density of solid H; at s meliing temp-
erature of ahout 18%* K. The 7, measurements
for the liquid were made by Eucken [189] and by
Bartholomé and Eucken at densities ranging from
0.034 to 0.077 g om™ (380 Amagats to 860 Ama-
gats). The density of liquid x-H; at its normel
heiling point is G.OT097 g em™* (789.7 Amagats),

The difference between €, in figure 25 for the
solid at constant density and ¢, at densities of
the solid aleng the solid-vapor equilibrivm lie
iz =mall, The corresponding difference for the
liquid is larger and, at the critical temperature

and Ds. 33.19° K, is of the order of 1 or 2 cal mole™ °K™
® I
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TaprLe 37. Specific Aeols of safurchion pressure of normal
bydrogen, normal devterfum, and hpdrogen deuwleride in
the aolid and Hguid stales

£, along the liquid-vaper line being greater [176).
The diiference betwaen £, and £, for hydrogen i
levge when compnared with the differences for

Hydrogen Deatechun Hypirogen deaterkds other subetances having higher boiling tempera-
r tures. In gemeral, (€,—(7) is larca for low-
& Btate G Srake i Btate boiling substences because of their larger expan-
sivities,
The Debye & in the Debye apecific heat fune-
T tion thet fits the &) data on solid H, is 106° K.
g This may be compared with 91° K for (..
The specific heats at constant pressure of com-
_— 231 | Liguia pressed liquid hydrogen and gasecus hydrogen
4. am|.do.| tam|_de..| 1#:| pa  were measured by Gutsche [178) for temperatures
A el s B - from 16° K to 38° K and for pressurea of about
TS IS N S I z4z| Do 10, 25, 40, 60, 80, and 100 kg cm™?, using & calori-
meter 2o arrangad that approximats conztancy of
1060, | SN SR N 649 | Liguis o .
7. 3.8 |...G0... 291 |, ... s Da pressure was maintained by manual operation of
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In figure 27 are plotted Gutsche's experimental
data with dotted curves as drawn by Guische in
his paper to represent the experimental data.
The full line curves apply only to the vapor and
waro obtained by caleulation from the PVT corre-
latione of preceding sections of the paper and
specific heata in the ideal gas state, table 8. The
heavy eurve shows O for saturaied vapor, The
fullline ¢urves bepinning on this heavy curve, or
gaturated vapor line, sloping downward towsrd
the right represent the specific heata, O, for the
vapor at pressures of 5 and 10 ke em™2.  Parte of
eimilar curves alse based on the PVT data arc
shown for 11 and for 1241 kg em~3, the eritical
pressure.

For temperatures above the critical, the dashed
curves of Guteehe for 10, 25, and 40 kg em™® ars
quite different from the full line curves based on
PVT data. The dashed curve for the gas at 10
kg em™* is certasinly incorrect at the hipheat
temperatures, az the actval deviation from the
ideal gas law for hydrogen is auch as to increage
¢!, above the approximately 5 cal deg™' mole™
of the ideal gas at these temperatures,

It iz seen in figure 27 that Gutsche's experi-
mental values for the liquid scailcr considerably.
It is believed that Gutsche's recommended values
‘of €, for liqguid hydrogen, represented by the
dashed lines in figure 27, are too high.  In figure 30
are shown two zots of isobars, K snd K, on a
temperature-entropy diagratn for liquid hydrogen.
The full-line curves, £ were calevlated from
Gutsche's €7, data; the dsshed curves, £, are the
beat it for all the thermal and staie data on liquid
hydrogen and are the ones used in the construc-
tion of the temperature-entropy diagram. As
(@S Ta= )T, the two zets of isobars, Eand E¥,
imply different ;s and show that Gutache’s
values of {7, are too high to be consistent with the
other data on liquid hydrogen. The differences
are of the order of 15 percent in the {%'s of liquid

‘hydrogen, The ratio (5/C7, for liquid bhydrogen
in equilibrium with vapor was caleulated from
the welocity of sound in liquid hydregen, and
wis obtained by combining this calculated value
of the ratio (CL/0,), with €, from figure 26.  Pitt
and Jaockeon [175] obtained the walue 1,127 m
sec™! for the velecity of sound in hquid hydrogen
pt 20.46° K. TUsing this with a value of (dV/JP)
extrapolated from Bartholomé's data (VIII), cne
obtains & value of 5.07 cal deg™ mole™? for ()

Propertles of Hydrogen

for liguid hydrogen in equilibrium with vapor
{~1 atm) at 20.48° K.

This is slightly lower than would probably be
obtained by extrgpolating Gutsche’s curves to
1 atm.

{:} Dy and HD

In figure 24 the apeeific heats €, ot saluration
pressure of liqguid and solid »-I}; and HD are
compared with ¢!, for Hs, The D, measurements
were made hy Clusius and Bartholomé [174] and
the HD measurements by Brickwedde and Scott
[150]. The solid I}, data are Atted, within axperi-
mental accuracy, by a Dehye function with 6=
39°. The dute on solid HD, however, can not be
fitted over the range of measurement with a single
valuz of 9. Thus @ for £, of HD at 16.3° K is 797,
whereas for 12,5° K, 0 is 98°. As the Dabye
function is intended to represent £, this failure
o fit the ) data is not surprising.

In figures 25 and 26 the specific heat £, at con-
stant volume of solid and liquid Iy is compared
with £, for D, and ©, for He. A Debye function
with 9=97° fita within experimenial accuracy
the ¢, data for selid I, This value of © for solid
D; may be compared with 105° for solid H,. Ae
cording to the simple theory of lattice vibrations,
which assumes simple harmonic restoring forces
in the lattice, # would be proportiomel to 1/4M
and the ©s for H; and D; would be in the ratie
+4/2=1.41. The ratio of the cxperimental vailues
however, iz 1.08, This is evidenca that the lattice
restoring forcea in solid Hy and Dy arve strongly
atharmonic,

2. Latent Heats of Vaporization

(a} Hormal Hydrogen

Simon and Lange [171] measured the heat of
vaporizetion of normal hydrogen at several
temperetures between the triple point and the
boiling point. They found that heat of vaporiza-
tion, in ¢aleriea per mole, was given by

L,=2197—0.27 {T—16.6), 9.1}
where T is the Kelvin temperature.

(b} Mixtures of o-Hy and p-Hy

Ag orthohydrogen and parahydrogen are very
closely related, it might be expected that their
mixtures would have properties related wvery
simply to thoze of the pure components. Never-
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theless, the H, vapor-pressure data of Brickwedde
and Scott [146] given by the equations and graphs
of Saction 7 show that the ortho-para Hy mixtures
do not follow Raoult's law for ideal solutions. A
gimpie application of the Clapeyroti equaticn in
the form applying to a pure snbetance indicates
that the latent heat of vaporization and the
internal enargy of the liguid and solid do not follow
w linear, bul rather an approximately quadrstic
dependence upon the compositicn. This same
qualitative result is obtaihed when account is
taken of change of eomposition by fractionation
during vaporization. Functions approxumately
linear in x, the ortho mole fraction, are ohtained
when Ly p— Ly, the difference in latent heats, and
E o — Eqis, the difference in the internal encrgy, are
divided b¥ Zgi—eg, the corresponding difference
in the ortho mele fraction. The subscript “eq”
indicates the ortho-parn wmivture that iz at
equilibrium at 20.4° K, conteining 0.21 percent
of ortho- and 99.79 percent of parahydrogen. The
subscript “mix” refers to any other mixture for
which data were obiained. When the line for
AE{Az ia horizontal, itindicates that idesl solution
laws apply. The line has & clear indication of
dlope, an shown by the continuoua lings in figuto
28, indicating that ideal solution laws do not
apply. In the graph for AE/Ax, the points for the
fiquid include & contribution of about 7 percent
related to change of compogition due to fractiona-
tion. The lower dashed line shows the result
when this correetion is omitted, For the solid it
wae thought proper to omit the correction for
thie effect becauze departure from equilibrinm
due to slowness of diffusion in the solid would
make it too uncertain. The upper dashed line
ghows the result for the solid when such a correc-
tion for frectionation is ineluded.

The use of straight lines for AE/Ax, the divided
difference of the internal energy, has & theoretical
justification apart from tha fact that the scaltering
of individual values is 20 great as to obecure the
exact shape of the curve for the liquid. If the
interngl energy of tha liquid is a simpie sum of
independent energies of different moleculer paics,
all of essentinlly equal probability of formation,
then the enargy haa the form

E=aFE,,+ 21—z} B+ {1—1) B, {9.2)

In this case, the differences E -, dividad
by the corresponding differences in # for the mix-
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tures of differeni compositions will be linearly
dependent on 7. The slope of this line is 2

EByy—E,a—E,, and the value of the ordinate at

T=—y 15 2 (B p—E,). From the curves in
figere 28, it will thus be {found that E,;,— E,, 18 0.7
cal mole™ and E,,—E,, is 4.2 ¢al mole™! for tha
liquid. For the aolid the corresponding valres are
0.6 cal mela™ and 5.4 cal mole™, respectively.
The relntive size of E,,—FE,, as compared to
E,,—E,, suggests that most of the deviation from
ideal solution laws s due to special effocts between
g-Hy molecules.

From the scattering of the pointa plotted, it
uppears that ordinates ere uncertain to 0.2 or 0.3
cal mole™! for the liquid and possibly to 1 cal
mole™! for the solid. The use of the straight line
for AL/Ax in figura 29 is very nearly consistent with
its vze for AF{Ax nnd is allowed within the acatfer-
ing of the data. Combining the results for the
dependence upon composition with the results of
Simon and Lange for normal hydrogen, the latent
heat of vaporization of liguid hydrogen in calories
per male is approximataly

217.0—0.27 (T—18.6)°+1.42+2.94 (5.3)

for any mixture of o-H; and #-H;, where = is tha
orthohydrogen mole fraction.
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The heats of fusion of para- and normal hydrogen
" are reported in table 38 as being equal within 0.03
cal mole. On the basis of the two distinet
straight lines for liquid and solid hydregen in
figure 29, it would be expected that tho diffcrence
would be about 0.7 cal mole™, The reason for
thig diserepancy is not known, though it may sug-
gest that the lines for the liquid and solid should
be more nearly identical,

Tapre 38. Lafend heodr of fusion

Sabatencr Hoat ot T E
el mode-t R min Hi
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The manner in which the vapor pressures
depend on composition and temperatpre has
formed the basis for the treatment of latent heats
of vaporization given in this section. Cohen and
Urey [166] and Schifer [164] have given theoretical
digeussions of the vapor pressurez of ortho and
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para H; and I);, Cohen and Urey did not expoct
devintions from the lew of perfect solutions,
Sehifer suppested that forees connected with To-
tation within the erystal lattice might acconnt for
vapor-pressure diffcrences.

(2] Normal Deuterium

Clusins and Bartholomé [174] measured the
heat of vaporization of normal denterium, ob-
taining the value 302,53 cal mole™! at 18.70° K.

{d) Mixtures of D4 ood p-I4y

The difference in Intent heats of vaporzation
and the approximate ditference in internal ener-
gries have been celeulated from the vapor pressures
of the normal and the 204°% K egueilibrivm mix-
turcs of ortho- and paradeuterium messured by
Brickwedde, Scott, and Taylor [14%). FPYT data
for deuteriutm s determined by Schafer were also
used in the calewlation. As there are deta for
only two compositions, giving only one difference
of composition, it is not possible either to correct
for Iractionation or to test for deviation from
Baoult's Law. Tt scems improbable that the lsw
holds for deuterium, as it doss not held for hy-
drogen. Tha indicated differences in latent heats
of vaporization are smaller then for hydrogen.
Thus, Lyyn—Leq=0.3 cal mole™ for the Ngnid
and 1.0 cal male™? for the solid. ‘The same valuves
arc obtained for the differences in internal ener-
vies, Foy—Foym Cohen and Trey [166] on the
bagis of their theoretical calewletions, coneluded
that differences in binding energy between cor-
responding forms should be half as great for Dy
ws for Hy. Considering that the uncertaintics in
the data for I}, are comparable with the magni-
tudes themselves, the dats ean not be said to
conflict with the theorctical preducticn.

(&) Hydrogem Deutaride

Brickwedde and Seott [148] measured the heat
of vaporization of hydrogen deuteride, ohtrining
the value 257 cal mole~! at 22.54° K,

3. Latent Heats of Fusion

The latent heats of fusion of hydrogen, para-
hydrogen, norimal deuterium, and hydrogen deute-
ride were measured by Simon and Lange [171],
Clusius and Hiller [172], Clugius and Bartholomé
[174], and by Brickwedde and Scott [150], respec-
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tivaly, and are listed in table 3% with correspond-
ing vapor pressures and temperatures.

X. The Temperature-Entropy Diagram

L. Data

Duatn of several different types were used in
determining the tcmperaturc-entropy diagram.
For the vapor, and for the gas below & density of
500 Amagats, values of the various quantities
wera obtained by interpolation from tables 14, 22,
and 23. The particular difficulties encountered in
treating the liquid region will be evident from the

R O DA MY COMETIENT
WITH T8 DU

== Fiinih FORITICN GH T-B ERLWWAM

- -1 T
S, CoL B

Ficure 30. Discrepancica e the thermal dada for Hi in
the regian of the Mouid.

following dizewssion., Discrepancics between the
various data for the liquid are shown in figure 30.

Between the triple point nod the beiling point,
the entropy of liguid normal hydrogen at satura-
tion pressure wns obtained using calorimetric
data for the solid and houid and adding a theoret-
icel value for the entropy of mixing. The result
is shown as line B in figurc 30. The entropy of the
liquid was also caleulated using the theoreticsl
entrapy of the ideal gos, correcting to the state of
saturated vapor and subtracting the Iatent heat
of wvaporization. The latent heat of vaporization
was determined in twe ways—by direct calori-
mctric measurement and by using vapor pressures
and other data with the Clapeyron equation.
Line A is based on calorimetric latent heats and
line € on latent heats froln vapor pressures. At
20° K, line B indicates values 0.03 cal deg=!g™!
greater then line d and 0.03 cal dep g~! greater
than lina €'
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Lines of constant density could be obtained for
the compressed liquid by integrating €./, begin-
ning at line 8. Values of £, from figure 26 were
used. The resulis indicate that these constant
density lines are approximately parallel at a given
temperature for densities less than 500 Amagats.
Data of tehle 14 indicate that there is a similar
parallelism for higher densities nesr the eritical
temperature,

Values of entropy of the liquid for various prea-
gurcs along the 17.34° K and 19.28° K isothermns
were obtained by integration of the equation

(dS/dFPYp= — (dV{dT)e. {10.1)

The valuas used for (@V/dT), were based on
smoothed values of volume for the liquid as given
in tabla 32 for the temperatures 16.43°K,1824°K,
and 20.33° K. The constent of integration was
chogen to fit line B. From the results, a seb of
constant pressure lines, of which the segment Fia
typicel, was obtained for various pressures. In
addition, a point that should have been on the 860
Amagst density line waa obtained by interpolation
ond & line &7 was drawn through it and through
the 860 Amagat density point oo line B as dater-
mined by aq 8.1. The lne marked £ represents
the final correlation.

An unsatisfactory set of values of entropy for
the liquid salong constent pressure lines was
obtained by integrating the ¢ data of Gutarhe,
figure 27. Curves & are the results for 25 nnd 60
atm, whila the final correlation gave curves £,

2. Final Correlation

In the fingl correlation, the saturation eurve B
was accepted and the sochores were coneidered
parallel. The isochores at high density were
given by integration of £/T, beginning on line B,
The isochores at intermedigte density were
obtained by interpolstion between valves at high
density and values below 500 Amagats. The
interpolation was made along the 35° K isotherm
from an entropy-density plot extending from
p=860 Amagats to p=540 Amagats.

The extension of curve B to temperatures higher
then were given by calorimetric dats for the liquid
wns mada from the lower parts of the interpolated
tsochotes and the tempersiure-density relations
for the liquid at ssturation pressure given by eq
8.1.
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The constant pressure lines were determined
mainly from the vapor-pressure equantion snd the
agquation

{2S{dV)r={dP{dT)v. (10. 2}

At lower temperatures the lines were in fair
agreement with Bartholome’s PVT dats, which
served 10 locate them more elosely.

The lines of constant enthalpy were determined
from integrals of TdS under the constant pressure
linea and were checked by integration along the
tsochores bosed on the equation

(dHdT),=T(d8d T+ Vd3/dV)r. (10.3}

The location of the curvea within the dome is
quite sirsightforward, as the fractionation of the

Properties of Hydrogen

ortho-pars mixture is t0o small to affect these
curves significantly.

The resulting temperature-entropy diagram for
normal hydrogen ie presented in composite form
in figures 31, 32, and 33, The thermal unite need
are bnsad on the calorie, the Kelvin degree, and
the gram, with pressures in atmospheres and den-
sities in Amagat units.

The diagram shows lines of constant enthalpy,
pressure and density and, in the region of coex-
istance of liquid and vepor, lines of constant
“guality.” Tho painstaking construction of the
curves pertaining to the liguid region, amounting
to & correlation of the data for the liquid, has been
made by Robert N. Schwarts, who has also drawn
the remainder of the diagram on the basis of the
tablos of this paper.
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