
t^r: 

APFK;-TR-6I-M^(VI) 

(^ 
&(i— i^'ii (y^^-^ 

ARALnilCAL AND PRELZMHIAST DESIGN STUDIES 
OF HUCIiBAR ROCKET FSOFUISION SYSTEMS 

VOLUME VI - COMPIIJffllOH m mtBOSES PROPERTIES 

John D. Barney 
Patrick M. Nagee MASTER 

AEROJET-GENERAL CORFORATZQR 
Aztua, California 
A Subaidiary of 

The General Tire & Rubber Company 

Aerojet-General 
Report Ho. 1999 (Final) 

Contract No. AP 0M6ll)-6028 

JUNE 1961 

OlSraiBUTION OF THIS DOCUMENT 
UNUMITEO 

FILE COPY 
NRO 

Technical Document Center 
aJMQ»^it^wm*a«iWfe^mJWM''ft»-J>»'W*%^^'^»Mfe»*iw)^ 

Directorate of Rocket Propulsion and MiesileB 
AIR FCStCE FLIGHT TEST CKNTEH 

AIR RESEARCE AND DEVELOF»ffi39T COMMAND 
WraBD STATES AIR FORCE 

Edvards Air Force BMe, C a l i f o m j 

122 

fMs-. ^^^a..'̂  . . ^ ^ x^.i^'^^Mii.-i^'hi f. '% .... .,-..„.,',•,v>A^^^^'-i3r^v.^-la^-'^.,. . g ; a-;... 

TECHNICAL DOCUMENTtENTER 
Nuclear Rocket Operations 

DOC. NO / / - /<^^7 
AGCS 0120-48 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



hh(Yi) 

ANALYTICAL AND PRELIMINARY DESIGN STUDIES 
OF NUCLEAR ROCKET PROPULSION SYSTEMS. 

VOLUME VI - COMPILATION OF HYDROGEN PROPERTIES 

John D. Barney 
Patrick M. Magee 

AEROJET-GENERAL CORPORATION 
Azusa, California 

Aerojet-General 
Report No. 1999 (Final) 

Contract No. AF 04(6ll)-6028 
Project No. 7990 
Task No. 79812 

JUKE 1961 

• NOTICE-
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Energy 
Research and Development Administration, nor any of 
their employees, nor any of their contractors, 
subcontractors, or their employees, makes any 
warranty, express or implied, or assumes any legal 
liabiUty or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would not 
infringe privately owned rights. 

Directorate of Rocket Propulsion and Missiles 
AIR FORCE FLIGHT TEST CENTER 

AIR RESEARCH AND DEVELOPMENT COMMAND 
UNITED STATES AIR FORCE 

Edwards Air Force Base, California 

filSTRIBUTION OF THIS DOCUMENT UNLIMITED 



AGO iieport 1999 

ERRATA 
FOR 

ANALYTICAL AND PR l̂ LIMINARY DESIGN STUDIES 
OF NUCLEAR ROCKET PROPULSION SYSTEMS 

VOLUME VI <̂  COflPILATION OF HYKIOQE;: PriOPERTIES 

1-, Fifiir? 9<, Pape l5y Compressibility Factor hydrogen Gas a t Low 

Teii^eratureSo 

CosBprassibility Fectors 06, „7 and 08 should be moved down 1/2 
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ABSTRACT 

This volume presents a graphic compilation of the physical, thermodynamic, 

and transport properties of molecular hydrogen, including the effects of varia­

tions in the ratio of concentrations of orthohydrogen and parahydrogen. It pro­

vides a single source of correlated data in engineering units for the design of 

fluid systems utilizing hydrogen. 
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THE HYDROGEN ATOM 

The hydrogen atom is the simplest of all the chemical elements. Its nucleus 
consists of one proton, and it has one orbital electron. Hydrogen has two isotopes: 
deuterium, in which the nucleus consists of one proton and one neutron, and tritium, 
which has a nucleus of one proton and two neutrons. Deuterium is stable and has a 
natural abundance in hydrogen of O.OI5 atom-/o. Tritium is unstable, but has a long 
half-life (12.26 years). It decays into helium 5 by the emission of an 0.0l8-Mev 
beta particle (Ref. 29). 

The atomic mass unit (amu) is defined as one-sixteenth the mass of an oxygen 
atom. The most abundant stable isotope of oxygen is 0-̂ °, but O^'^ and 0I8 ar6 also 
stable. The abomic mass unit on the physical scale is one-sixteenth the mass of 
the 0-*-° atam. Due to the presence of the O-J-Y and O-̂-̂  isotopes, the average atomic 
weight of oxygen is somewhat greater. The atomic mass unit on the chemical scale 
is one-sixteenth the average atomic weight of oxygen with the stable isotopes in 
their natural abundances. 

Because of the natural occurrence of deuterium in hydrogen, the average 
atomic weight ©f hydrogen is slightly greater than the atomic weight of the hydro­
gen atom. It is this average atomic weight on the chemical scale that is used in 
thermodynamic calculations. The atomic weights of some particles and atoms are 
given in Table 1 (Ref. 50). 

The thermal-neutron absorption cross section for hydrogen is O.55O barn, and 
it follows the (l/v) law with no resonance (Refs. 51 and 59). For neutrons of any 
energy, the absorption cross section (Oĝ , in barns) can be determined by the rela­
tion 

where E is the neutron energy in electron volts. 

The thermal-neutron scattering cross section for hydrogen, averaged over a 
Maxwell distribution of neutron energies, is 58 barns. The total cross section of 
hydrogen for neutron energies from O.OO5 ev to 100 Mev is shown in Figure 1 
(Ref. 51). 

Vol. VI Page 1 
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Ele ctron 

Proton 

Neutron 

Hydrogen atom 

Deuterium atom 

Av atomic -wt of 

Oxygen l6 atom 

Av atomic wt of 

ATOMIC 

hydrogen 

oxygen 

TABLE 

WEIGHTS OF SOME 

Symbol 

e 

P 

n 

H^ 

D2 

H 

0̂ 6 

0 

1 

PARTICLES AND ATOMS 

Atomic 

Physical Scale 

0.0005^8760 

1.007595 

1.008982 

1.008144 

2.OIU759 

1.008295 

16.000000 

16.004400 

We ight, amu 

Chemical Scale* 

0.000548609 

1.007518 

1,008705 

1.007867 

2.0l4l85 

1.008018 

15.995601 

16.000000 

1 chemical amu = 1.000275 physical amu. 
-24 

1 physical amu = I.6598 x 10 gram. 
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THE HYDROGEN MOLECULE 

Each nucleus (i.e., proton) of the diatomic hydrogen molecule has a mechani­
cal momentim characterized as "nuclear spin." Molecules in which the spins of the 
two nuclei are parallel are called orthohydrogen (o-Hg), and those in which these 
spins are sintiparallel are called parahydrogen (p-Hp). At teirtperatures above 0°F, 
hydrogen is 75/° 0-H2 and 25^ P-Hgj this composition is referred to as normal hydro­
gen (n-H2). When the temperatiire is lowered, the 0-H2 molecules gradually convert 
into P-H2 molecules. The equilibrium ortho-para coaiposition of hydrogen as a func­
tion of temperature is shown in Figure 2. This equilibritim ortho-para ratio is 
not appreciably affected by pressure (Ref. l). 

The rotational energy levels of the o-Hg molecules have odd quantum numbers; 
those of the P-H2 molecules have even numbers. Thus, in their respective lowest 
energy states, the 0-H2 molecules have a rotational level of 1 and the p-Hg mole­
cules have a rotational level of 0. In the conversion of 0-H2 to P-H2, this differ­
ence in rotational energy is released as heat. This heat of conversion (Ref. 53) 
is 

H =302.4 Btu/lb 

In the liquid, the conversion rate is independent of temperature and, in the 
absence of pajramagnetic substances, is proportional to the square of the 0-H2 con­
centration. Letting o denote the fraction of liquid in 0-H2 form, 

- ^ = O.OllU hr"^ o^ dt 

Integrating and letting the initial condition be the normal composition. 

V5 + 0.0114 hr"-*- t 

The conversion, in the absence of molecular dissociation, is caused by a 
reversal of the nuclear spin of one proton^ which requires the presence of a strong 
magnetic field that must be inhomogeneous on a scale of molecular dimensions. Be­
cause P-H2 molecules have no net magnetic moment, the self conversion must occur 
by the interaction of two 0-H2 molecules. The p-Hg concentration and rate of heat 
liberation with time are shoxm in Figure 5 for liquefied normal hydrogen. 

In the solid state, the self conversion commences at a much faster rate them 
in the liquid: 

- |2 = 0.019 hr-l o2 

Vol. VI Page k 



Report Wo. 1999 

However, when the 0-H2 fraction becomes reduced to about O.3O, the reaction-rate 
constant begins to decrease and becomes even less than for the liquid. If the 
solid is melted and resolidified, the rate constant returns to its original high 
value and starts decreasing again. This phenomenon is explained by the small 
mobility of the molecules in the solid state. As the conversion proceeds, the 
0-H2 molecules become isolated from each other and cannot interact. When the 
solid is melted, their mobility is restored and they have the opportunity to 
"find" each other, thus accelerating the reaction rate. 

The conversion rate is increased when paramagnetic molecules (O2, NO, 
Fe(0H)2, etc.) are added to the liquid, because an o-Hg molecule then no longer 
requires a second o-Hg molecule to provide the magnetic field for the conversion. 
A surface catalysis is effected if the liquid is contained in a paramagnetic 
vessel. 

Vol. VI Page 5 
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GAS CONSTANT, CRITICAL POIHT, AM) TRIPLE POim 

Gas Constant 

R = 1.98719 cal/mole-°K = 766.53 ft-lbf/lbm-°R (Refs. 5 and kS) 

Critical Point 

Normal hydrogen (n-Hg): 75^ o-Hg, 25^ P-H2 

T^ = 59.8'+ °R (Ref. 3k, p. 11) 

P = 188.12 psia 

Equilibrium hydrogen at 56.7 °R (e-Hg): 0.21^ o-Hg, 99.79^ P-H2 

T^ = 59.59 °R (Ref. kl) 

P^ = 187.67 psia 

Triple Point 

Normal hydrogen (n-Hg) 

T.̂  = 25.15 °R (Ref. 55) 

P, = 1.044 psia 

Equilibrium hydrogen at 56.7 R (e-Hp) 

T^ = 24.9 °R (Ref. 40) 

P^ = 1.02 psia 

Because equilibrium hydrogen is very nearly piore parahydrogen, its properties 
may be taken as those of pure parahydrogen with negligible error. 

Hydrogen should be considered "normal" if it is a freshly prepared un-
catalyzed liquid or if it is in the process of condensing from a vapor. If liquid 
hydrogen has been stored for a long time, the equilibrium values are a better ap­
proximation. 

Vol. VI Page 8 
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DENSITY 

Several sources are used in plotting the pressure-temperature-density graphs 
(Figures k through 6). In the vapor region, the data are interpolated from Refs. 1 
and 5. The experimental data of Ref. ik are used for the liquid. The only known 
source for solid hydrogen is Ref. 1, which gives the density corresponding to 
several pressures, mostly at 7.56°R. 

Dissociation effects (see Figure 7) are negligible below 2000 R. There is 
no noticeable change in the density due to changes in the ortho-para ratio (Ref. 5* 
p. 254). There is a slight shift in the liquid-vapor boiindaxy line, however. 

At pressures below 0.2 psia, the perfect-gas equation can be used in the 
vapor region without introducing noticeable error. Figures 8 and 9 show com­
pressibility factors plotted against temperature. 

Vol. VI Page 9 
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HEATS OF VAPORIZATION AND FUSION 

Very little experimental data have been reported on the heat of vaporization 
of hydrogen (Figure lO). Reference 13 (1950) is probably the most complete article 
published. However, it covers only the tenjierature range of the data, and no 
comparison is made with the work of other researchers. 

References 38 and 55 sxe articles on vapor pressure. Each conrputes the heat 
of vaporization at one point. 

The experimental data used in Ref. 1 in calculating the heat of vaporization 
axe those of F. Simon and F. Lange in I925. The existence of the ortho and para 
forms of hydrogen was not known until 1928. Consequently, this early research does 
not consider the effect of the ortho-para ratio. It appears that Simon and Lange 
had a mixt\ire between normeil hydrogen and parahydrogen (Ref. 58) • The data do not 
agree with the other sources and have been disregarded. 

An estimated curve is shown between 25 and 57 H because there are no avail­
able data. 

The only heat-of-fusion data reported are the following: 

For normal hydrogen, 

Hp = 28.0 +0.15 cal/mole = 25.0 +O.I3 Btu/lb (Ref. 1, p. k6j) 

For parahydrogen, 

Hj, = 28.08 +0.15 cal/mole = 25.08 +O.I3 Btu/lb (Ref. 58) 
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SPECIFIC HEAT 

Figures 11 through 16 present specific-heat data and heats of conversion for 
hydrogen (Figure I5). 

The specific-heat data given for normal gaseous hydrogen above 53°K (59-k°'R) 
are based on an expression given in Ref. 1 and the subsequent solutions in Refs. 5 
and 6. Below 35°K, the experimental data of H. Gutsche (1959); as cited in Ref. 1, 
have been used. 

Above 2000°R, hydrogen begins to dissociate and the specific heat increases 
tremendously, to peaks up to about 80 Btu/lb-°R, and then decreases. It is best 
in this area to use the enthalpy difference directly. The specific heat also has 
high peaks in the supercritical region. At temperatures below lOO"^ and at pres­
sures greater than about 20 atmospheres, it is best to use the enthalpy difference. 

Ref. 5 states that errors in the reported data may possibly be about 10^ at 
room temperatures and may be considerably larger than this at low temperatures. 
Consequently, the values of the specific-heat ratio are considered to be reliable 
to within 10^ of their departure from values for the ideal gas. 

The effect of P-H2 concentration on specific heat is shown for the ideal 
gaseous state. Quoting from Ref. 6, "There is no reason to believe that a first-
crder difference exists between C_ normal and. C para for the real gas other than 
the difference in the ideal gaseous state." The variation of specific heat with 
the ortho-para ratio is independent of pressure. At low temperatxares, the varia­
tion with pressure is caused by action between the molecules, while the variation 
with differing p-Ho concentrations is caused by actions within the molecule. 

At absolute zero, the theoretical enthalpy of orthohydrogen is 302.4 Btu/lb 
greater than that of parahydrogen, while at high temperatxires (above 700*^) the 
two enthalpies are equal. The heat of conversion is the difference of these 
enthalpies. Because specific heats are given in general by C = dH/dt, the chang­
ing enthalpies produce unusual effects in the specific heats of ortho-para mix­
tures. Of particular interest is the shape of the C_ curve of equilibrium hydro­
gen (mixture in equilibirlum at every teniperature). A complete theoretical dis­
cussion of the relationship between the heat of conversion and the specific heat 
of hydrogen is given in Ref. I8, pp. 5-I9 and 33-38. 
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: liii Û  l i ' . . _ 1 . tajnrhiix T r T M TT 1 

_L-L4-Ji J ^ , L I L I „ 4 

t . _ - - r i n jJit 1 , 
'alt l i l i l rmi ttft-I I 1' 1 

111 U 1 

+i-r t i t r r i r~ 
J 1 . 1 ^ 1 1 1 

0 a t m 
1 ^ ^ ""1 " 1 1 

4̂ 
1 P 

1 
m -1 

in 
i 

T t| r 

ii •• 

r 1 

r 

a t i r 

-

-

m 

1 ^ 
r n 

"i 

' 1 

T 

J 

1̂' 
r 

T 

• 

1 1 1 1 1 1 1 1 I I I 

i 1 1 1 1 l \ 1 0 0 a t m 
1 -iV 11 1 — 1 

' 1 
, N ~ ' \\\ ' \ 

h i 1 ' M l M \ 
1 1 1 M l 
n 1 kr M M V 

M M l 
"1 \ 

n o atm \ 1 J. t 
1 
r 

'-

r~l 

1 

1 

\ 

1 

\ 

1 

1 
1 
" 1 

\ 

•^ 

i ' 1 M M 1 V 
M I \ 

M ' M \ 
Mr V h > ̂

 
M ^ 1 \ " 

M i A ' ' ' M 1 M ^ i 
II 1 M 1 \ 
\ 1 M 1 * 
N \ \ \ i 

N \ \\\ TV 1 1 M \ 1 r 
I N 1 1 J I N . "" \ •• 

iSL N n̂ s \ J J ' 1 M • MS. M \ 

iptJa;>--]—"'"j"" H r 
j n*̂ ^ 5» "̂^ 1 

I I I M I 1 'sJ '^^ t 1 1 
1 1 1 ^ T^^Jv 1 1 

1 1 1 H TSES 
1 I I 1 1 1 M 1 1 1 l^pfe 

M 1 1 1 1 11 1 i P 
1 1 1 1 1 1 > 1 ' 

1 i , j 1 1 1 1 1 

I Ml ' I I 
' M M '' 

I I ' ' 1 ' I I ' 
' M .1 M 

, . 1 
11 M r ' 1 1 M 

II 1 11 M1 1' 1! 1111' 1 
JdJ u 1 ' " ' i4 i N ' ' 1 1 M M1 

]-\' r '111 -|]-l 1 • 1' 

M i l ^ T | t ! 'M r1 t M '' t 

i n 1 T^^^T-M^ IPM 1 ni r i i l iH - t+ t "TM,|I M| 1 ' 1 1 1 1 1 1 1 M i l , 1!' I'I'III 
DJJ AJ' ± "_L1MJ M \Mw 
M4J ~"' V' ±1 m 1 I 
MjJ M "itllM LM ' 1 
1 ^ -r - i i M M M M ' J 1''' J : ..| 11 iMUM 1 ' I ' l l 
B J 11 'Mr 1N .. 
ni T : r " i r M , 'id 1 Ti^s1 Ml 1 ' 1 nlrlTlit 
i L s^ t i ,L ' i i " iLi; 
td J5; j i t p i ] rTt 
ftj J 1 |V 1 M 11 1 1 ' 

i^s 1 1 ^ ^ I ' l l 1 1 
1 1 ^ * > i 1 rSi 1 

• *fco4. R'̂ ^̂ xL 1' 
1 rf l^ JHJ r'*'*<-J 1 

1 ' " ^ ^ r i J , , / p " ^ ' 1' 1 u. 
1 1 1 ' 1 1' 1 1 "r' 11 [ 11111_ 
1 1 j 1 { 1 1 1 1 1 1 1 

1 i M ' 11 
' ' . . h 

' 

i 1 

1 'l 

1 pp 
t tpl 1, 

1 ''̂  
i l 111 J. I l l II 
1 1 Ml 

1' '!• 
!'i 

1' 1 
" 1 

'' 
M M . 

1 1 1 

LILI' 
' 

1 

mm 1 
1 '1 

1l i ' 1 

11 ll 1 i 

ni ifi 
1 '11' 1 
1 '• 'I ' 1 

1 ' 
' hi " 

' ! 
1 , 1 . • . u 1 

'1 pi 
' M l 

' M L 

LIILIJ 
1 . ' ''I'p 1 +1 
11 li'r^ 1 
t i l l 

J uJ—L4x* 
20 30 40 50 60 80 100 200 

T E M P E R A T U R E , *R 

FIGURE 16 

S P E C I F I C - H E A T RATIO 

F O R GASEOUS NORMAL HYDROGEN 

300 400 500 600 800 1000 

o 



Report No. I999 

THERMAL COKDUCJTIVITy 

In the gas phase, the thermal conductivity of hydrogen is dependent on 
temperature, pressure, and the ortho-para ratio. The thermal conductivity of 
normal gaseous hydrogen up to I5OO psia and to 4000°R is shovn in Figure 17. The 
curves for pressures above 1 atmosphere were determined from the correlation of 
Schaefer and Thodos (Ref. 82). Several references give data at atmospheric pres-
sure; the data of Refs. 1, 3, 56, and 26 were used. The data of Ref. ^5 were 
used above 2000°R. 

The effect of para-concentration on the thermal conductivity of hydrogen is 
indicated by Farkas (Ref. I8, p. 20). The results of calculations based on the 
following equation are plotted as Figure 2 in Ref. 6: 

/C „ + 2.25R\ 

where p = para, n = normal, and R is the gas constant. This calculation assumes 
that the para-concentration effect on the real gas is the same as that on the 
ideal gas. 

The ortho-para effect on thermal conductivity of low-pressure hydrogen is 
shown in Figure 18 of the present report. 

Reference 20 reports experimental data for the thermal conductivity of 
liquid hydrogen. A straight line 

K = (O.Oi+117 + 0.0007^88 T) ^ 
hr ft*̂  °R/ft 

with T in R, is fitted to the data in Ref. 8 by the method of least squares and 
is shown in Figure 19. The thermal conductivity of liquid hydrogen is independent 
of the ortho-para con5>osition. 
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:-î i 
.. 
rzrr 

MZ 

. - . " • -

- - -

~ 

1500 p s i a -

- 1000 p s i a 
. -, . . . . . . . . . 

: - r t 

•~T-!---H 

• - ~ - - - ~ \ 

- ^ : > ^ 

r^ 
^ 

> ^ 

4 •/> 
/ 

MiM:. 

I^A 'A 
L:MM/ 

Tf;; 
MM.̂  

/ ^ 2 0 0 p s i a : 

100 p s i 

: - 7 T t 
_^_ _i. 

i U I I -

1 
-4--

1 _J J 

a ^• 
4 .4 . 

1 

1 M 

^.ri' 

, ' ! 
i l l ' 

hi 
1 i ! ! 

i n ; 

^ 
Mi% 
^ 
j ^ 

:r;T 

L l i 

.:r-:i 

iMI 

MM 

' • - • -

h i ! 
1 1 1 ! 
1 1 : 1 

:-::a.-j 

••-H.-:-.-

- • -

•M; 
—.. 

:.:.: 

: : ' • 

-— 

— 

•V 
nN 
-' Jf 
y 

y^ 
r.--. 

--':: 

:-J-
r : : 

r": 

î 

^ . 

M"! 
' ' 1 

11 

: ' - ' • 

;M 
.— 

" • : 

Mr 

LI 

— 

—-

y' 

r 
:. : 

;M 

[1": 

-.: I 

• " " - • 

;T ' 

1 

11 1 

"". :, 

- • : : : 

K-:T 

-— -̂  
r^n: 

'̂ .̂ii 

MM: 

>/ 

' ^ ^ 
^ i ; 
IM-; 
"! r: : 

: :H 

M î 
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PRMDTL NUMBER 

The Prandtl number of gaseous hydrogen has been calculated from the thermo­
dynamic properties (specific heat, viscosity, and thermal conductivity), using 
only properties of normal hydrogen. The Prandtl number at other para-concentra­
tions can be calculated by using the modified properties of specific heat and 
thermal conductivity. 

Because of large uncertainties in specific-heat and thermal-conductivity 
data, the Prandtl number has an xmcertainty estimated between 10 and 15^> the 
larger value being more realistic at low temperatures. 

The smoothed curves presented in Figures 20 and 21 are in fair agreement 
with those of Ref. 6. Above 800°R they differ by about 8^ from the values tabu­
lated in Ref. 5. 
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VISCOSITY 

The viscosity of hydrogen is plotted as a function of temperature in Figures 
22 through 2k. 

Very little information has been reported on the viscosity of hydrogen. 
Probably the best source of data is the 195^ report of Chelton, Maciiiko, and 
Dean (Ref. 6). 

In the gaseous region, the viscosity of hydrogen is independent of the ortho 
para ratio. It is only dependent on the temperature and the pressure. The curves 
plotted are very reliable between 100 and 550°R. Below 100 R, the curves are not 
uniform in shape and are plotted from few points. Above 550°R, the reported data 
are very meager and not in agreement. 

Curves from two sources are shown in the liquid region. They are not in 
agreement but are within the spread of the experimental data. 
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îV 

i'i^ 

' i i i 
i i i ' 

' M ! 

1 ; M 

c a s a 
" M i l l 

I I I I 

n i l 

\ 

^ 

iVii 

1 1 , 

• * • 1 

' i i i 

. , 

: M ' 
i i i . 

• i • 

; ; 1 1 

ii ' i 

I I I I 

. i M 

: : : ; 

1111 

' i ii 

i i 
iii! 
iii! 

i i j i 

i i i ' 

I I I I 

iiii 

i i i -
i l i i 

i i j i 
! : M 

i i i 

-
rlXi, 

• - " • + 

i M i 

. . . 1 

. . . . 

i i i i 

i-i' 
[ i i i 

i i i i 
1 
1 

1 

! i 

i i 
11 

i jM 
i M 
i i M 
I I I I 

MM 

I 1 ; • 

- _ 

n i l 

iiii 

iiii 
: ; I i 

i i ' i -

lii^i-

i l i ; 
l i i i 

IIM' 
Ml ! 
i i i i 

i i 1 

1! {1 

' M 

i ' i ! 

. ! ! i 

15 a t m 
• 1 

1 • " 

. „ o r e 
t y^^ f 
i i i i | i i i i | i i i i 

SSMT^e 

j j _ ht : i 

' : : . .:-

-rii'f 

iii" 

Mliir 

i J f r 

r r.ii-! 

• ' i'­

i i - ! i 

I •" 

• i i " 

i i i i 
I i M 

; ! M 

j ' 

i' i 
l|-M 
; 1 I 1 

i i i ; 
MM 
f i t ' 

i ' i 

iii^-

—t-t-T-

~t". i '.. 

^ : i : 

- ; i 

Mr:. 

i i-ij". -

'iiy 
' i i" i 

1 [;.; 

i-i'i-i 

! i M 

iii! 
i M 

i i l l 
MM 

ijli 

i l i i 
j i i ! 

I I I I 

• - , ' 

i i M 

Sii 
,M?i 

iiii 
i i- ' i 

r i - i 

iiM 

;-i-

'ii'' 
iii-

i j . i i 

ii''i 
i''ii 

1 . , 1 

li'ii 
111-1 

M l 

• M l 

i i j i 

iMi 
1}-[ ( 
i H1 
1 1 1 1 

i i - i i 

'M 

i-Ht 
i i i : 

ii.,-4-.-

i-iit^i 
i j i t 

— 
t:z: 

4 ; . . . : 

iife 
yu 1" 
.;;; ] ; ! 

i;ii 
i f i i 

i ' ;-

i-ii-i 

.'11' 
• t 1 

; M 1 

I ^ (I ; 1 !r 

iiii 
]-) 11 

i l i i 
!Mi 
. 1 1 -

, l l l 
; ! ; r 

i i i ! 
i i i i 
: - . 

W,' 
m± 
-|-f-f-f-

MM 
"Mtlil'i 

iMiii 

-iiiiii-

iiii 
:Mt 

iiii 

ill.; 

' i i i 
•I-i 
-iiiif 
Ijil 
iiiĵ  
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SURFACE TENSION 

Figure 25 is from Ref. 16, vhich used the basic data of H. Kamerlingh Onnes 
and H. A. Kuypers (Leiden Communication lî 2d) and A. Van Itterbeek (Physica, 7: 
325). 

An empirical equation was fitted to the data. The equation is not valid at 
high temperat\ires (near the critical) because the temperature corresponding to the 
vanishing of the surface tension calculated from it does not agree with the tempera­
ture of the critical point. In the region covered by the data, 26 to 59°R* the 
estimated uncertainty is IC^. 

DIErECTRIC CONSTANT 

Reference I6 credits several sources of data, all agreeing to within 0.3^ 
in the teioperature range from 25 to 45°R. An empirical equation, 

dielectric constant = I.296 - O.OOI9IT T 

where T is in °R, has been fitted to the data and is presented in Figure 26. 

SONIC VELOCITY 

Reference 3 is the source for velocities in the vapor region (Figure 27); 
its data are from several observers. The values are considered very reliable 
except at the lowest temperatures and at elevated pressures. The uncertainty is 
probabily less than O.I5& for presstires of 10 atmospheres or less. For 100 atmos­
pheres, it is probably less than O.6/5 up to l80°R, 0.2^ up to 560°R, and 0,1^ at 
higher temper attires. 

For the liquid, Ref. 72 (19^9) provides the only data reported, the accuracy 
of which is not Itnown. 
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ENTROPY 

There are three known teniperature-entropy charts for hydrogen. They differ 
Bignificantily in the high-pressure, low-temperatvire region. The first (Figure 28) 
was prepared by the National Bvureau of Standards (NBS) and is taken from Ref. 1. 
The second (in two parts, Figures 29 and 30) was prepared for the internal use of 
the National Advisory Committee for Aeronautics (NACA), which is now the National 
Aeronautics and Space Administration (NASA). It is classed (by NASA) as prelimi­
nary and has not been formally released for publication. 

Except in the high-pressiire area near the dome, the two charts appear to be 
in substantial agreement. The most obvious difference is in the shape of the 
isenthalpic lines. There appears to be no compelling reason for their directional 
discontinuity at the saturated-liquid line in the NBS chart. 

The third chart (Figure 51) was prepared in Germeiny. Efforts to locate the 
publication in which it was issued have been \insuccessful. 

The NBS has undertaken an experimental detennination of hydrogen properties 
that should resolve the differences between these charts. 
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FIGURE 28 

NBS TEMPERATURE-ENTROPY DIAGRAM 

Vol. VI Page 41 



Report No. 1999 

7 8 9 10 

ENTROPY B T U / ( L B ) ( ' R ) 

14 

FIGURE 29 

NACA T E M P E R A T U R E - E N T R O P Y DIAGRAM. 25 to 100 R 
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FIGURE 31 

GERMAN TEMPERATURE-ENTROPY DIAGRAM 
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