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SELECTED PROPERTIES OF HYDROGEN
(Engineering Design Data)

R. D. McCarty, J. Hord, and H. M. Roder

ABSTRACT

The National Bureau of Standards has been engaged in the compilation, review,
analytical and experimental derivation, and publication of hydrogen properties
for over 20 years. The properties data presented herein are compiled largely
from those accumulated data; of course, pertinent data and work of other
researchers in the field are also included.

The general interests of scientists and engineerg engaged in energy systems
studies were given top priority in choosing the properties material presented in
this book. Hydrogen systems cut across many energy related fields, e.g., nuc-
lear fusion, magnetohydrodynamics, electrolysis and thermochemical decomposition
of water, coal and shale derivative fuels, solar and wind power, ocean energy,
geothermal processes, etc. It is generally conceded that hydrogen could be used
to satisfy virtually all fuel requirements that are currently being met with
natural gas and oil. To satisfy the demand for properties data over this broad
spectrum of interests, we have attempted to provide comprehensive coverage of
physical properties over a wide range. of pﬁeSSures and temperatures.

Thermophysical properties of liquid, liquid-vapor, vaporous, and gaseous hydrogen
are presented in Chapter 1 and the solid-liquid, solid-vapor, and solid phase
properties are compiled in Chapter 2. Ortho-para modifications of the hydro-

gen molecule and attendant property variations are considered in both chapters.
Combustion and safety data, pertinent to hazard analysis of hydrogen systems, is
collected in Chapter 3. Important miscellaneous properties are compiled in
Chapter 4, data figures are compiled in Chapter 5, data tables are collected in
Chapter 6, and Chapter 7 summarizes symbols, units, and conversion factors used
throughout the book.

Key words: Hydrogen; hydrogen computer codes; hydrogen design data; hydrogen-gas;

hydrogen graphs; hydrogen handbook; hydrogen-liquid; hydrogen properties; hydrogen
safety; hydrogen-solid; hydrogen tables; hydrogen thermophysical properties.
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PREFACE

The National Bureau of Standards (NBS) has been engaged in the compila-
tion, review, analytiéal and experimental derivation, and publication of
hydrogen properties for over 20 years. The properties data presented herein'
are compiled largely from those'accumulatgd data; of course, pertinenf data
and work of other researchers in the field are also included. This compila-
tion was completed in March 1978 and data preparation, e&itorial review, and
final manuscript revisions were completed in October 1980.

The general interests of scientists and engineers engaged in energy
systems studies were given top priority in choosing the properties material
presented in this volume. Hydrogen-energy systems cut across many energy
reiated fields, e.g., nuclear fusion, maénetohydrodynamics, electrolysis of
water, thermochemical decomposition of water, coal gasification, solar power,
wind pﬁwer, ocean energy, geothermal processes, etc. It is generally conceded
that hydrogen could be used to satisfy virtually all fuel requirements that
are currently being met with natural gas and oil. To satisfy the demand for
properties data over this broad spectrum of interests, we have attempted to
provide comprehensive coverage of physical properties over a wide range of
pressures and temperatures. This new compilation provides 519 references,

62 data figures, and 30 data tables.
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Chapter 1 is a heavily revised and updated version of NASA special.
publication SP-3089.* Tabulated data in this chapter have been revised to
emphasize the higher temperature data for normal hydrogen and the lower

temperature data for parahydrogen. This emphasis is necessary to provide

coverage for a general audience that is interested in higher temperature
processes (thermochemical decomposition, electrolysis, coal gasification, and
other synthetic fuel production processes, etc.) as well as low temperature
processes (cryogenic purification, subliming refrigerators, liquid transport
and storage, etc.). NASA SP-3089 contained inconsistent and erroneous
tabulated data for vapor pressures of normal hydrogen and for thermal
conductivities, viscosities, thermal diffusivities, and Prandtl Numbers of
fluid hydrogen in certain thermodynamic regions. These erroneous data have
been eliminated in the new compilation,and appropriate uncertainty statements

for each property have been included in the téxt. The source document for

this chapter (NASA SP-3089) also contained numerous errors in text, formulae,

tabular data, and figures. All errors have been eliminated in those portions
of the original work that are included in this new compilation. In addition,
new descriptive equations and computer codes were developed to generate the
new data (tables and figures) for Chapter 1. This chapter deals with the
thermally variant properties of liquid, liquid-vapor, vaporous, and gaseous
hydrogen. These fluid state regions are illustrated by the speckled area on
the density-temperature phase diagram that follows. Both normal (75% ortho
and 25% para content) and parahydrogen (0.21% ortho and 99.79% para content)

properties are presented.

*See Reference 6.
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Chapter 2 is a compilation of the thermophsical properties of
solid-liquid, solid-vapor, and solid hydgpgen. ‘These thermodynamic states are
illustrated by the non—-speckled area on the accompanying density—temperature
phase diagram. Again ortho—para modifications of the hydrogen molecﬁle are
taken into consideration in presenting the properties. As might be expected,
there is some overlap of properties déta (at the phase boundaries) between
Chapters 1 and 2, but the redundancy is minimal and essential for
continuity of the properties across phase boundaries.

Chapter 3 is a collection of chemical and physical data pertinent to
the combustion characteristics of hydrogen. These data are frequently used to
perform safety assessments of fuels in various applications; therefore,

methane and gasoline properties are included for comparative purposes.
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Chapter 4 is a compilation of various properties of hydrogen that

gouldvnot logically be included in the first three chapters of this volume.
Some of these properties address topics of major engineering significance,
e.g., pressurization and heat transfer parametefs, mixture properties, slush
‘hydrogen technology, ortho-para modification, isotopes, etc.

Chapter 5 is a collection of the various figures and charts pertaining
to the properties described in the first four chapters.

Chapter 6 collects the tables of properties as described in the first
four chapters.

Chapter 7 provides the nomenclature for this volume and lists the
conversion factors needed to use the miscellaneous units of data collected and
presented herein. In a compilation of this type, it is not practical to |
convert the voluminous data to SI units. Also,ﬁopportdnities for introducing
new errors abound when constructing new SI figures from non-SI figures;

. therefore, most of the original figures and charts are used and are presented
herein exactly as they appeared in their original publication. Consequently,
a full mix of engineering and scientific units are retained. We have adhered
to the SI system of units in those cases where new figures and tables have
been generated for this volume. To accelerate the use of SI units, we have
also provided dual units or SI unit conversion factors throughout the text
where original non—SI data are reported or discussed.

The authors gratefully acknowledge the expert assistance of Mary J.
Pritchard and Grace R. Darr in the preparation of the text and the artistic
éfforts of Lewis J. Ericks in composing many of the thermodynamic diagrams.

J. Hord

Boulder, CO
October 1980
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CHAPTER ONE

THERMOPHYSICAL PROPERTIES OF HYDROGEN FROM THE

FREEZING LIQUID LINE TO 3000 K AND 100 MPa

Robert D. McCarty
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1.1. INTRODUCTION

This chapter contains.the available thermoéhysical properties of hédrogen
in the liquid, liquid—vapor,vand gaseous states. The work was performed at the
Cryogenié Data Center of the National Bureau gf Standards in Boulder, CO.

vThe Cryogenic Data Centef'haS'been'collecfing data and documents

pertinent to the field for 20 years and presently has about 120,000 coded
entries which may be computer searched to give bibliographies on the physical
properties of materials at low temperatures. A computer search of the data
center holdings préduced a bibliography for hydrogen of about 2,500
references. All of these references were considered; only selected references
appear here as a result of the review and editing process.

The scope of this chapter is defined as all physical properties of fluid
hydrogen (chemical properties were excluded). ‘

Papers on engineering processes utilizing hydrogen were specifically
excluded in the bibliographic searcﬁ and suBsequent review. The subject of
hydrogen embrittlement of materials is not treated here (see Reference 1).

The level of review of the properties of hydrogen varies from the

extensive tabulations of "critically evaluated" thermodynamic and transport
properties to the selection of a few representative values from the literature
by‘persons knowlédgeable in the field. 1In the latter case the data selected
were judged to be the most useful to the largest number of potential users of

these data. For those who need to pursue the subject in greater detail, a

list of references is provided.




1.1.1. DESCRIPTIVE SHEETS

These sheets servé as the starting point for the use of this chapter.
For a given property each sheet usually contains the following:

A. A brief déscriptionlor definition of the property td distinguish
between similaf sounding terms.

B. A locator of tabular values of the property. The range and units

the tables are given for convenience.

C. A locator of graphs and charts of the property.

D. - Mathematical equations which represent the property provided that
functionalvform is simple.

E. One or more values of the property, usually at fixed points to
illustrate the range of the propefty. | |

F. An estimate of uncertainty is usually given. It is made on a 2 C

level of probability. This means that there is a 95% chance that new

of

the

experimental measurements (of equal or greéter accuracy) of the property will

fall within a 2 0 band of the quoted numbers. The estimate of the uncertainty

of a property is seldom straightforward and is often made on the basis of the

accuracy of the instrumentation used rather than the random scatter of a given

set of data. In the case of a property that is tabulated over a wide range of

pressures and temperatures, the stated uncertainty is for the most uncertain

value, and the uncertainty of most of the tabular entries is much less.

Exceptions to the above convention are noted individually on the descriptive

sheets. The most common exception is the critical region where the

uncertainty of most properties is greater than the stated value. In no case

should the quoted uncertainty be associated with values from other than
recommended sources or values extrapolated from the tables.

G. A list of references is given with each descriptive sheet.

1-3
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Chapter 5 of this volume is a collection of hydrogen property
charts and diagrams. These figures were taken from the literature in the
original form of presentation; consequently, the units are a complete mix of
SI, metric, and English. In most cases‘the prime purpose of the figures is to
illustrate the behaviqr of a property over a wide range of pressures and
temperatdres. Althouéh the figures will provide adequate values for rough

calculations, the tabular values are recommended for precise calculations.

1.1.3. TABLES

Tables of properties are collected in Chapter 6 of this volume. The
extensive tabulations of thermodynamic and transport properties cover the
range from the triple point to 3000 K, with pregsures to 100 MPa. They are

presented in SI units for both para and normal hydrogen.

1.1.4. COMPUTER PROGRAMS AND EXTRAPOLATION

In many instances a computer program is a convenient source of property
data. In other instances, particularly where a large number of values is
needed in a short time, a computer program to furnish these values is a
necessity. For these and other reasons, the use of computer programs to
furnish fluid property data has steadily increased in recent years. This
increased usage has resulted in a variety of computer programs. At the
present time there does not seem to be a single program that will satisfy

every need, and a choice must often be made on the basis of the particular




job requirements. Table 1 lists the more important fluid property programs

for, hydrbgen and some of the pertinent information needed to select the proper
program for a particular job. A column-by-column description of Table 1 is
given below.

A. Column 1 lists four general methods used to computerize the
thermodynamic properties of fluids. The linear interpolation mefhod is, as
the namé implies, tabular interpolation of property valﬁes stored in the
computer. This methdd is fast but not very accurate and requires more
computef core storage than the other methods. The most accurate method, if
programmed properly, is polynomial interpolation. The disadvéntages of the
polynomial method are a lack of versatility and slow computations relative to
the other methods. A good compromise and a widely uséd method is the
2quation-of-state approach using a modified Benedict Webb Rubin (MBWR)
—=quation. This method offers accuracies only slightly worse than the
polynomial interpolation method and has the advantages of being faster and
more versatile and giving a continuous, thermodynamically consistent surface.
The main disadvantage of the MBWR is that it is functionally incorrect in the

critical region, i.e.,

0 =pc F20% and T = T, 5%

The nonanalytic equation-of-state approach (no programs using this method
are listed in Table 1) gives theoretically correct results in the critical
region, but these equations are usually difficult to use.

B. Column 2 gives the range of validity of a program in terms of
pressure and temperature limits. Extrapolation of these programs beyond the

stated limits is not recommended. If properties are needed beyond the stated

1-5
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range of validity, the list of references given for that property in Section

1.2 should»first be scanned, as references to properties at extreme
températures'and pressures have been noted there. If extrapolation of one of
the programs is necessary, the modified BWR eiuation of state is the most
convenientkto uée‘énd least likely to yield large errors.

C. The.stbols used in column 3 are defined as follows:

P = pressure
T = tempéfafure
= dénsity
H = enthalpy
S = entropy
A = thermal conductivity
n = viscosity
Cp = specific heat capacity at constant pressure
Cv = speéific heat capacity at constant volu?e
€ = dielectric constant
Y = surface tension
E = 1internal energy
RI = refractive index
W = speed of sound

The units of the properties vary from program to program.

D. The accuracy of the properties calculated from these programs varies
from property to property within a given program. The accuracies quoted in
column 4 are for densities calculated from a P-T input. Since they are an
estiﬁate éf the average accuracies, they are most useful as a basis of
comparison with the other programs.

E. Column 5 is self-explanatory. Copies or use of the program may be

obtained by contacting the agency listed.
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F. For certain applications the mathematical continuity of the

i
T
!
¢
i

properties is important. In other words, the numbers coming from the program
must not contain abrupt changes in the property or derivatives. Such
requirements_often occur in iteraﬁive calculations. If column 6 has a "no" in-
it, discontinuities may be expected.

G. The modification in column 7 refers to the relative orientation of
the nuclear spin of the two hydrogen atoms in the molecule (see the
explanation in Chapter 4 under ortho-para modifications).

H. The input to the various programs is given in column 8. The units of

! both input and output of the programs are not mentioned because in some cases

a choice of units is available and in most cases the user converts the units

to suit his/her particular need. An explanation of the input and output is

furnished when the program is requested.

1.1.5. EVALUATION OF THE LITERATURE
The preparation of this review involved the evaluation of each reference
to hydrogen data found in the literature. The Cryogenic Data Center's storage
and retrieval system was queried for references pertaining to the physical

properties of hydrogen (chemical properties excluded); this search yielded

2,543 references. The resulting bibliography from the Cryogenic Data Center
was further cross referenced by property, which greatly aided the evaluation
process.

In many cases preliminary examination of the bibliography for a given
property was sufficient to determine Qhether or not an article should be
inclqded. In the final evaluation process a copy of each remaining article

was then obtained, and evaluation was made on the basis of content of the

article.
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1.1.6. CRITICAL SELECTION OF "BEST VALUES"

When selecting so-called "best values"” many factors must be considered.
The first tendency is to equate "best” with most accurate; indeed, in some
cases this is true, but in other cases it is nof. For example, in many
engineering problems a continuous and thermodynamically consistent set of
properties is of utmost importance. This is not to say that accuracy is not
important. In the selection pfocess both factors were considered. Selections
were made to provide the most accurate and consistent set of properties over
the widest possible range of pressures and temperatures. |

In that regard, Tables 2,%3, 8 and 9 are thermodynamically consistent and
mathematically continuous. The properties given in these tables wefe
calculated by means .of a computer program (see Table 1) which is available

from the Cryogenic Data Center.
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1.2. DISCUSSION OF THE PROPERTIES

Hydrogen is the first element in the periodic. table Qith the atomic
number 1; therefore, it is the lightest of all gases. On the earth hydrogen
occurs chiefly in combination with oxXygen as water. It is the most abundant
element in the universe. It is a colorless, tasteless, and odorless gas and
liquefies at atmospheric pressure at 20.27 K. In recent years hydrogen has
been used extensively as a chemical feedstock and as a rocket fuel in the
space effort. It is now being éeriOusly considered as a recyclable fuel

substitute for petroleum and natural gas.
1.2.1. COMPRESSIBILITY COEFFICIENT“>7s8

Definition -~ The compressibility coefficient is defined as

2fov
T V\OP/p

Tables of Values - This quantity is not tabulated here, but it may be
easily obtained by forming the product of P times the isothermal
compressibility (see Subsection 1.2.4). The reciprocal of the isothermal

compressibility, V(0P/dV)p, is tabulated in Tables 2, 3, 8, and 9.

Units Range of table Table location
Dimensionless 13.8 - 3000 K 0.01-100 MPa 2, 8
Dimensionless Saturation boundary 3,9

Note: The tables reflect no differences for this property due to ortho-para

modifications.




j Figure - None

i

! ) :

: Equation - See Subsection 1.2.12

Range of Values — Para and normal

L

I Triple point ' Boiling point Critical .
1 Units Liquid Vapor Liquid Vapor point RTP
o ' : :

Dimensionless 7.79 x 10~° 1.02 2.02 x 10°°  1.12 ® 1.0

Uncertainty - For values derived from tables listed above, the uncertainty

varies from 0% in the low density limit to about 3 to 4% at 35 MPa and 10% at

100 MPa. 1In the critical region (Tc.i 5% and Pe + 20%) the uncertainties

are greater and very difficult to estimate as the property diverges at the

critical point.

g 1.2.2. ACCOMMODATION COEFFICIENT®

\

§§ Definition - The accommodation coefficient, a, is defined as the ratio a =
(Ey - Ex)/(EBy - E;), where (E; - Er) is the mean energy change of
molecules colliding with a wall and (Ef - E{) is the mean energy change if
55 _ the molecules come into thermal equilibrium with the wall.

Discussion -~ The accommodation coefficients of gases on solids are used to

estimate heat conduction by gases at low pressures (PK13.0 Pa). The
accommodation coefficient is a function of the gas, temperature, and
characteristics of the solid surface, especially the smoothness and

cleanliness. In general, the lighter the gas, the higher the temperature and

the smoother and cleaner the surface, the smaller is the value of the
accommodation coefficient. The coefficient is independent of the pressure if
the pressure is sufficiently high (P»13.0 Pa) to insure a monomolecular gas

film on the solid surface.

%
RTP = room (reference) temperature and pressure--300 K and 0.101325 MPa (1 atm).
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Tables of Values — None

Figure - None
Equation - None

Range of Values -

At room temperature
P = 13.0 Pa

Units

Dimensionless a = 0.311 on platinum9

Uncertainty — The uncertainty is estimated to be +17

1.2.3. COMPRESSIBILITY FACTOR"> 78

Definition ~ The compressibility factor is defined as Z = PV/RT.

Tables of Values - This quantity is not tabulated but may be simply

obtained by forming PV/RT from Tables 2, 3, 8, and 9.

Figure - 1
Equiition - See Subsection 1.2.12

Range of Values -

Units Liquid Vapor

Triple point Boiling point Critical
Liquid Vapor point RTP
0.01712 0.9060 0.3024 1.0006

Dimensionless 0.00161 0.9852

Uncertainty — The uncertainty of Z derived from the tables in Chapter 6

will correspond to the uncertainty of the PVT in the above tables. McCarty

and Weber’ estimated these uncertainties to be

Temperature range Pressure range
700 - 3000 K 1 - 100 MPa
300 - 700 K 1 - 35 MPa
300 - 700 K 35 - 100 MPa

13 - 300 K 1 - 100 MPa

Critical region Te + 5%,P, + 207

1-11

Uncertainty in density
1% (extrapolation)

0.5%

0.1% (except critical region)
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 The uncertainties quoted here are for parahydrogen. The tables in Chapter 6

Jreflect no difference in Z between the normal and para modifications. To
estimate the uncertainties for the normal hydrogen tables, add 0.1% for
témperatures above 100 K, 0.2% for temperatures between critical ‘and 100 K,
and 0.4% for the compressed liquid region.

Ortho-para Differences"> '~ There is probably a very small difference in
densities (less than 0.1%) between the ortho and para modifications. An
exception is the saturated vapor aﬁd liquid densities where the difference is

larger due to a difference in the vapor pressure curve (see Chapter 4).
1.2.4. ISOTHERMAL COMPRESSIBILITY"’7»°

Definition — The isothermal compressibility is defined as

1 fav
T V('sf)T

Tables of Values - The reciprocal of the isothermal compressibility is

given in Tables 2, 3, 8, and 9.

Units Range of table Table location?
MPa~! 13.8 - 3000 K . 0.01 - 100 MPa 2, 8
MPa~! Saturation boundary 3, 9

8To make the table entries positive, -1/Bp is tabulated. The
isothermal compressibility is a negative quantity.
Figure - None
Equation.— See Subsection 1.2.12

Range of Values -

Triple point Boiling point Critical
Units Liquid Vapor Liquid Vapor point RTP
MPa~! -1.10 x 107> -145 -1.99 x 107? -11.1 o -10

Note: The tables in Chapter 6 reflect no differences in this property

for the normal and para modifications.

1-12
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Uncertainty - The uncertainty for values obtained from the tables in

Chapter 6 varies from 0% in the low density limit to about 3 to 4% at 35 MPa
and 10%Z at 100 MPa. 1In the critical region (T, + 5% and poc * 207%) the

uncertainties are much greater and very difficult to estimate as the property

diverges at the critical point.

1.2.5. ADIABATIC COMPRESSIBILITY"®7»®

Definition — Adiabatic compressibility is defined as

1 {9V

C

BS = E%BT

A useful relation is

where Pp is the isothermal compressibility.
Tables of Values — This quantity is not tabulated, but it may be obtained
by means of the relationship Bg = l/sz, where p is density and W is sound

velocity, from the tables listed below.

Units Range of table Table location
MPa ! 13.8 - 3000 K 0.01 - 100 MPa 2, 8
MPa ! Saturation boundary 3,9

1-13
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Figure — None

Equétion ~ None

Range of Values -

Triple point Boiling point Critical
Units Liquid Vapor Liquid ~ Vapor point RTP
Para -
MPa™? 0.00807 8.56 0.0119 5.93 ® 7.29

Uncertainty — The uncertainty in the compressed liquid varies between 2%

at 1$w pressures. to 4% at high pressures; in the gas, wéll above the critical
temperature, it is 1%. In the critical region (Te + 5% and pc + 20%) the
uncertainties are undoubtedly larger; -however, they are not experimentally

derined as the property diverges at the critical point.
1.2.6. DIELECTRIC CONSTANT'°~'®

Definition - The dielectrié constant of a material may be defined as € =
c(p,T)/C(0,T), where C(P,T) is the capacitanée of a capacitor whose plates are
separated by the material at pressure P and temperature T, ana C(O,T) refers
to the capacitance of the same capacitor in a vacuum. In practical situations
corrections are often applied for pressure distortion of the capacitor. The
equation assumes no stray capacitances, i.e., the electric field is affected
only by the dielectric material. Note: The dielectric constant is also known
as specific inductive capacity.

Tables of Values - This quantity is tabulated in the tables in Chapter 6.

Units ‘ Range of table . Table location
Dimensionless 0.01 - 100 MPa 13.8 - 3000 K 2, 8
Dimensionless Saturation boundary 3,9
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Figure — 2 and 3

Equation — The dielectric constant for the fluid parahydrogen may be
calculated from

e -1
e+ 2

= Ap + Bp? +Cp?

where A = 0.99575, B = -0.09069, C = 1.1227, and € is the dielectric constant.
The density , p, must be in the units of grams per cubic centimeter. The

equation is valid over the range of the tables and may be extrapolated in the

fluid phase with reasonable results.

. Range of Values -

, Triple point Boiling point Critical
Units Liquid Vapor Solid Liquid Vapor point RTP

Dimensionless 1.252  1.0004 1.285 1.229 1.004 1.0980 1.00025
Uncertainty - The uncertainty of € — 1 is estimated to be no greater than
0.1% for the fluid phase and 0.2% for the solid phase.

hY

1.2.7. DIELECTRIC BREAKDOWN

Liquid®®~%?

- Below some critical electric field gradient, called the
“breakdown voltage,"” hydrogen is an insulator. In recent years there have
been a few experiments to determine this breakdown voltage for liquid
hydrogen. Two things seem evident from these experiments. First, there is a
fairly large dispersion in the measurements.(reproducibility in a single
experiment commonly has a 25% scatter); second, the breakdown voltage is quite
sensitive to pressure changes, i.e., an increase from 300 to 690 kV/cm was

observed when the pressure was increased from 0.101325 to 0.506625 MPa

(1 to 5 atm) at 20 K.2?
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20,21,23,28,30—44

Gas - Hydrogen in the gaseous phase is, like the liquid,
an insulator below some critical field gradient. When the critical voltage is
reached, the gas ionizes, a corona results, and the conduction takes place.
This bfeakdown voltage follows Paschen's law, which states the breakdown
voltage, V, does not change as long as pd is a constant and it is proportional
to pd,vi.e., V « pd, where p is the density and d is the electrode spacing.
This relation is surprisingly independentﬂof temperature, although some
investigators claim to have observed temperature dependence at low
temperatures. Also, a minimum breakdown voltage for hydrogen has been
observed at about 250 to 300 V at a pd of 1077 g/cmz.
Electrical Condut.:tivity”"“5"50

Hydrogen is essentially an insulator with a negligible electrical
conductance except when voltages in excess of the breakdown voltages are
applied. At elevated temperatures where ionization occurs, the gas becomes an
electrical conductor, and conductivities épr hydrogen to 30,000 and 40,000 K

36,37

have been calculated. A significant experimental paper on electrical

conductivity of the liquid is that of Willis."’
1.2.8. DIFFUSION COEFFICIENT

Definition - The diffusion coefficient is defined as the coefficient

relating the flux of a given species in a mixture to the concentration
gradient of the species under isothermal conditions. For a binary mixture of
species i and j: Jj ='Dij grad Cy, where J; is the mass flux of i, Cj

is the gradient of concentration, and Dij is the diffusion coefficignt.
Diffusion is usually thought of as a property of mixtures; however, the term

self-diffusion, as the name implies, refers to a diffusion of a single
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species. Thefe is, of course, no true means of measuring such a quantity, so
the process is simulated using different isotopes of the same species. A
third type of diffusion appears in the literature for hydrogen where the
E, binary mixture is that of molecules with different nuclear spin orientation,
i.e., ortho—-para mixtures.

Thermal Diffusion
Definition - In a binary system where a temperature gradient exists, the

above equation should be extended to J, = -D .V, - DT _VinT, where pT, is
i ijCy ij ij

thé thermal diffusion coefficient. The same extension is made to isotopic and
ortho-para mixtures.

The information on the diffusion of hydrogen has been categorized
according to the above definitions; references are listed below.
Fquations - From kinetic theory, for a dilute gas DijmT3/2, and at room
_temperature Dij for hydrogen systems is about 1 cm?/s 3 T is temperature.
For liquid or gas dissolved in a liquid

Djjn = comstant
T

where n is the viscosity of the mixture and T is temperature. Dij for Hy in

a liquid is about 10" %em? /s .«
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References -

A. Diffusion

1. Isothermal5!-5%
2. Thermal
a. Argon®6-59

b. KryptonS%,56,58,59
c. Xenon®8,60-64
d. C0257,65_57
53
e. 80,
g. N,08°
h 0270,71
i. co’!
P N._57558,64,66,67,70-73
. 2
k Ne74» 75
1 (He")58564,70,71,76-84
m. (He®)5?®
B, Self-diffusion
1. Isothermal®%>79,80,85-89
a. High temperaturess7’9°
b. Solids®!

2. Thermal®7>76-78,80,92-101

3, Ortho_paraah,99,100,102

1.2.9. THERMAL DIFFUSIVITY“> 7> 8

Definition - The thermal diffusivity, o, is defined as

= A
pCp
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where A is the thermal conductivity, p is the density, and Cp is the

specific heat capacity at constant pressuré.

Tables of Values — This quantity is tabulated in the tables in Chapter 6.

Units Range of table Table location
m’/h 13.8 - 3000 K 0.01 - 100 MPa 2, 8
m?/h Saturation boundary 3, 9

Figure - None:
Equation — None, except above and the equation of state (see Subsection
1.2.12).

Range of Values -

Triple point Boiling point Critical
Units Liquid Vapor Liquid Vapor point RTP
m’/h 0.00053 0.034 0.00052 . 0.0038 0 0.57

Note: Values for normal and para are the same at thése state points but
differ at other state points.
Uncertainty - The uncertainty of the values tabulated in Chapter 6 is
estimated to be +14%, except in the critical region (T, +5% and P, +20%)
and for TL100 K and P>35 MPa where the uncertainty is unknoﬁn.

1.2.10. ENTHALPY'®’°®

Definition - Enthalpy is defined by the equation H = U + PV, where U is

the internal energy, H is the enthalpy, and PV is the product of pressure and
volume. The change in enthalpy is a measure of the heat absorbed by a system
in a constant pressure process. The enthalpy of a substance is a derived
thermodynamic property and may be calculated by means of a thermodynamic
relationship which requires the PVT surface (see Subsection 1.2.12) and the

specific heat capacity (see Subsections 1.2.16 through 1.2.19).
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‘Tables of Values - Tabulated in Tables 2, 3, 8, and 9.

Units Range of table Table locétion

J/g 13.8 - 3000 K 0.01 - 100 MPa 2, 8.
J/g Saturation boundary 3,9

Figure - 4, T-S chart (para); 5, T-S chart (para); 6, T-S chart (normal);
7, T-S chért (normal); 8, T-S chart (normal).

Equation - None (seé above)

Range of Values - The reference state for enthalpy is zero for the ideal

gas at zero absolute temperature (see Subsection 1.2.20).

|

|

g

t Triple point Boiling point
|

[

|

1

I

i

Units Liquid Vapor Liquid Vapog RTP
é Para
; J/g ~-308.8 140.3 -256.3 189.3 4199.4
g Normal |
g J/g 218.3 667 .4 270.9 716.5 4226.9

"

Uncertainty - The uncertainties of the enthalpy values tabulated here vary
somewhat with pressure and temperature. In the region of T<300 K, uncertainty
is estimated to.range from 1.2 J/g at low densities to about 5.0 J/g in the
liquid. For all densities at 300<T<500 K the uncertainty is estimated to vary
from 1 J/g at low pressures to about 15 J/g at the highest pressures. TFor
temperatures above 500 K the uncertainty of the enthalpy at the lower
densities could be much greater, especially for temperatures above about

1800 K where dissociation is a large factor.
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1.2.11. ENTROPY"»7»8,110

Definition - Entropy is defined by the equation dS = dQ/T, or in any
reversible process.the change in entropy of a system is equal to the heat
which it absorbs, divided by the absolute teﬁperaturef The entropy of a
substance is a derived thermodynamic quantity, and many thermodynamic
equations exist which relate the PVT surface of a substance to the changes in
entropy. In addition to the PVT surface, or an equation of state, the
specific heat capacity of a substance is needed to complete the calculation.

Tables of Values — This quantity is tabulated in Tables 2, 3, 8, and 9.

Units Range of table Table location
J/g~K 13.8 - 3000 K 0 - 100 MPa 2, 8
J/g-K Saturation boundary : 3,9

Figure - 4; T-S chart (para); 5, T-S chart (para); 6, T-S chart (normal);

7, T-S chart (normal); 8, T-S chart (normal).

Equation - None (see definition)

Range of Values — The reference state for entropy is the ideal gas at 0.10132

(1 atm) pressure and zero absolute temperature (see Subsection 1.2.20).

Triple point Boiling point
Units Liquid Vapor Liquid Vapor RTP
Para |
J/gK 4.964 37.52 7.977 29.97 64.77
Normal
J/gK 14.08 46.64 17.09 39.08 70.58

Uncertainty - The uncertainty of the entropy values tabulated here varies
somewhat with pressure and temperature. In the region T<300 K, the
uncertainty is estimated to range from 0.04 J/g-K at low pressures to 0.17

J/g-K at the higher pressures. For all P at 300<T<500 K the uncertainty
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is estimated to vary from 0.05 i/g—K at low pressures to about 1.0 J/g-K at
the highest pressures. For temperatures above 500 K the region is again one
of extrapolation and the uncertainties are greater, especialiy for the low
pressures at temperatures above 1800 K where dissociation becomes significant.
Figures 6, 7, and 8 are the best available T-S diagrams for normal
hydrogen. These data will differ from those presented in Tables 8 and 9
because the tables and the figures are derived from different references;
however, both the tables and the figures are internally consistent so that

either the figures or the tables may be used for engineering calculations, but

data should not be transposed or transferred from one to the other.
1.2.12. EQUATION OF STATE2>%»7»8,103710%

Definition — The relationship between the pressure, temperature, and

density of a substance is called the eauation of state. This section will be
concerned with the mathematical model of the equation of state. Because of
the speed and availability of today's.digital computers, the mathematical
equation of state is an extremely useful tool. There are literally hundreds
of these to be found in the literature. To recommend an equation of state,
the detailed requirements must be knewn, or, to put it another way, there is
no single mathematical model of the equation of state that will be the best
choice for every pufpose.

Equations — For the equations used to generate Tables 2, 3, 8, and 9, see
References 4, 7, 8, and 104, 105. For a more versatile but not quite as
accurate equation of state, see Reference 2. For an equation of state
designed for extremely high-speed computation but less accuracy, see Reference

103. See also the main text on computer programs and Subsection 1.2.13.
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1.2.13. VIRIAL COEFFICIENTS"»>7s®

Definition - The virial coefficients are commonly defined in two ways, as
follows: P = RTp[1l + B(T)p + C(T)p? + ....] and PV = RT + B'(T)P + C'(T)P2.
The first two terms of these series may be inverted by the following:

C(T) - B(T)?

B(T) = B'(T) and C'(T) = —

where P is pressure; T is temperature; P is density; V is 1/p; R is the gas
constant; and B(T), B'(T) and C(T), C'(T) are virial coefficients of a power
series expaﬁsion in density and pressure, respectively. Both éeries are
theoretically infinite in length; however, the coefficients beyond the first
two [B(T) and C(T)] are of less interest because of their complexity. The
temperature at which B(T) = O is called the Boyle temperature. Either of the
above two equations is adequate. to describe' the PVT surface for densities up
to .about one half the critical density. Th; coefficients B(T) and C(T) for
the density expansion are given in Table 4. Most equations of state may be
algebraically arranged so that they are in a virial expansion form; therefore,
these equations of state may be used to calculate the virial coefficients (see
Subsection 1.2.12 for equations of state).
Tables of Values -

Units Range of table Table Location

B(cm®/mol), C(cm®/mol)? 14 - 500 K 4

Figure - None
Equation - The values in Table 4 have been calculated from the following
expressions. For temperatures below 100 K,

B(T) = (b,T + b, + b /T + bH/Tz)/RT
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where b, = 1.9397741 x 10°, b, = -1.9279522 x 105, b, = -2.2890051 x 10°%, b

2 4
= 1.1094088 x 107, R = 82.0597_éh3—atm/molva and T = Kelvin tempefature.
For 1¢55 K, n
c(T) = (C,T? +rC2#j+~C3‘+‘C4/T + C4/T? + C./T?)/RT
There are two sets of Cj coeffié@ﬁnts: one. for temperatures below T, =
32.957, | |
c = 1.0541776 x 10°

7

C, = -1.6597141 x 10
C, = 1.0431411 x 10°
c, = -3.2538718 x 10'°
‘ C, = 5.1405848 x 10"
C_ = -3.3123453 x 10°°

and a second set for temperatures between T. and 55 K,

C, = 1.6971294 x 10
k%

C, = -5.0854223 x 10°

C, = 6.7284118 x 10’

c, = -3.8045171 x 10°

C, = 1.0789413 x 10"
’ 12

C = -1.1515642 x 10

For 55<T<100,

ety = a,e%/T [1 - o2 (1(T/a)%,

where a, = 388.682, a, = 45.5, a_ = 0.6, a

1 3 = 20.0, and a, = 4.0.

I

For temperatures above 100 K,

g 230/

B(T) = bi

[
N M
—
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C(T) = Cox,/2 [1 + cx3] [1 - exp(1 ~x,%)]

Co = 1310.5, C = 2.1486, and x, = 20.615/T.

Range of Values -

Units 20K 100 K 200 K 300 K
B(T)cm?3/mol 146.7 -2.51 10.73 14.38
C(T)(em3/mol)?2 -1503 608.6 421.7 343.8

Boyle Point (B = 0) - 112.4 K
Uncertainty - The uncertainty of B is probably a maximum of 5% at the
highest and lowest temperatures. The uncertainty of C is a minimum of 5%

between 55 and 100 K and as much as 20% for temperatures below critical

temperature.

1.2.14. INTERMOLECULAR Pot;NTIAL FUNCTION!06-109

Definition - The intermolecular potential function is the potential energy

of interaction that exists between pairs of moiecules. Mathematical models of
this function are used to calculate macroscopic properties with kinetic theory
and statistical mechanics. |

General Comments - The potential energy of interaction between unlike
molecules, i.e. hydrogen and some other fluid, has not been considered here.
Only those papers with some relevance to H, ~ H, interactions have been used.
The Lennard-Jones Potential - The most common potential in the literature

is the Lennard-Jones or 12-6 potential

o[ ]
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where ¢(r) is the potential energy of interaction, r is the intermolecular

separation, ¢ is the maximum energy of attraction, and ¢ is the

intermolecular separation for which ¢(r) = 0. 0 is sometimes referred to as
the molecular diameter. Typical values for hydrogen106 are No = 15.6 cm®/mol
and €/K = 36.7 where N is Avogadro's number and K = Boltzmann‘s constant. The
above parameters for the Lénnard—Jones potential have been shown'?? to be

‘-; temperéture and property dependent. A new potential model has been

108,109

developed which has shown significant improvement over the

P ‘ Lennard-Jones; unfortunately, parameters for hydrogen are not yet available.

L 1.2.15. FIXED POINTSY»19,110-112

B
]
i
i
3
i
I
[
|

Discussion — Below is a summary of the P-p-~T data at selected fixed

points. To be consistentlwith the property tables in Chapter 6, the
temperatures in the para—-equilibrium column are on the NBS-55 scale. The
temperatures in the column labeled "normal" are also on the NBS scale. For

relationships between the IPTS-68 scale énd the NBS-55 scale, see Reference

112,
Para or equilibrium Normal

i Critical point

T = 32,976 + 0.05 K 33.19 K
P = 1.2928 MPa (12.759 atm) 1.315 MPa (12.98 atm)

P = 31.43 kg/m® (15.59 mol/L) 30.12 kg/m® (14.94 mol/L)
Normal boiling point

T = 20.268 K. 20.39 K

P = 0.101325 MPa (1 atm) 0.101325 MPa (1 atm)
p(liquid) = 70.78 kg/m3 (35,11 mol/L) 71.0 kg/m® (35.2 mol/L)
p(vapor) = 1.338 kg/m® (0.6636 mol/L) 1.331 kg/m® (0.6604 mol/L)
Triple point

T = 13.803 K 13.957 K

P = 0.00704 MPa (0.0695 atm) 0.00720 MPa (0.0711 atm)
p(solid) = 86.50 kg/m® (42.91 mol/L) 86.71 kg/m® (43.01 mol/L)
p(liquid) = 77.03 kg/m® (38.21 mol/L) 77.2 kg/m® (38.3 mol/L)

o (Vapor) = 0.126 kg/m® (0.0623 mol/L) 0.130 kg/m? (0.0644 mol/L)
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Solid-solid Transition - Solid hydrogen does undergo such transitions
(see, for example, Reference 19).
Molecular Weight - 2.01594 on the C!? scale.'!!

Other Propertiés at the Fixed Points - See Tables 2, 3, 5, 8, 9, and 10.

" 1.2.16., SPECIFIC HEAT (HEAT CAPACITY) AT CONSTANT PRESSURE%>7,8

Definition — The heat capacity at constant pressure is defined as Cp =
(BH/BT)P, where H is enthalpy.
Tables of Values -
Units Range of values Table location
J/gK 13.8 - 3000 K 0.1 - 100 MPa 2, 3, 8,9
Figure - 9, 10
Equation - None

Range of Values -

Triple point Boiling point Critical

Units Liquid Vapor Liquid Vapor point
Para

J/g=K 6.36 10.52 9.66 12.15 ©
Normal

J/g-K 6.36 10.52 9.66 12,15 ®

Uncertainty - The uncertainty is estimated to vary from 0.02% in the low

RTP

14.85

14.31

density limit to 3% at 35 MPa and 8% at 100 MPa. In the critical region (T,

+ 5%, Pc i.20%) the uncertainties are greater but difficult to estimate.
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1.2.17. SPECIFIC HEAT (HEAT CAPACITY) AT CONSTANT VOLUME

Definition - The heat capacity at constant volume is Cy = (3U/3T)y,
where U is internai energy, T is temperature, and v is specific volume.
“Tables of Values - |
Units ) Range of tables Table location
J/g-K 13.8 - 3000 'K 0.01 - 100 MPa 2, 3, 8,9
Figure - 11, 12
Equation - Noﬁe

Range of Values -—

Triple point Boiling point Critical
Units Liquid Vapor Liquid - Vapor pqin; RTP
Para
J/g-K 4.67 6.21 5.78 6.50 o 10.72
Normal |
J/g-K 4.67 6.21:. 5.78 6.50 ) 10.18

Uncertainty - The uncertainty is estimated to vary from 0.02% in the low
density limit to 3% at 35 MPa and 8% at 100 MPa. In the near critical region
(To + 5%, pe + 20%) the uncertainties are greater but difficult to

estimate.
1.2.18. SPECIFIC HEAT RATIO"»7,8

Definition - Y = Cp/Cy

Tables of Values — The specific heat ratio is not tabulated in the tables;
however, Cp and Cy are tabulated and should be used to form the ratio as
defined above.

Figure - None
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Equation - None

Range of Values -

Triple point Boiling point Critical

Units . Liquid Vapor Liquid Vapor point RTP
Para
Dimensionless 1.38 1.69 1.69 1.88 o 1.38
Normal
" Dimensionless  1.38 1.69 1.69 1.88 . L 1.41

Uncertainty — The uncertainty is estimated to vary from 0.02% in the low
density limit to 3% at 35 MPa and 8% at 100 MPa. In the near critical region

(TC + 5%, pe + 20%) the uncertainties are greater but difficult to

estimate.

1.2.19. SPECIFIC HEAT (HEAT CAPACITY) OF THE

SATURATED LIQUID AT CONSTANT SATURATION®!?

Definition — C; = T(BS/BT)O = (dH/dT)O - V(dP/dT)0 where the subscript o
denotes constant saturation.

Tabulated Values - None

Figure - None

Equation -

c.=_AT 4B +cT+D™ +ET + FT + GT°

O (Te - T)n
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1.6815742, B = -32.80279, C =

where T is tempefature in kelvin, =n = 0.10, A

6.8169871, D = -0.73194341, E = 0.033574357, F = -0.0007682974, G =

: *
0.0000069029224, and T, = 32.984. C; is cal/mol-K.

Units Triple point Boiling point Critical point
Para only :

Uncertainty - The uncertainty is estimated by Younglove and Diller'!? to

be 0.3% except near the critical poinﬁ.
1.2.20. IDEAL GAS PROPERTIES, THERMODYNAMIC''®

Discussion — All properties tabulated here are based on thermodynamic
properties of the ideal gas. These ideal gas propertieé are derived from
spectroscopic measurements and statistica} mechanics; they are taken from
Reference 110. The reference state for tﬁese properties is the ideal gas at

0 K where the molar‘internal energy, Eg, is at its lowest quantized value. By
convention the values of S°, C;, -(F° - E;)/T and H° - ES are tabulated!!? for
0.101325 MPa (1 atm) pressure; S° is molar entropy, C; is molar heat capacity
at constant pressure, F° is molar free energy, H° is molar enthalpy and T is
kelvin temperature.. All symbols refér to the ideal gaseous state.

Tables of Values - For normal, equilibrium and parahydrogen, see Reference

110.
Properties : Units Range of table Table location
%
C;, S°,-(F°-EQ)/T Cal/mol-K 10-5000 K Reference 110
%%
H°-EJ Cal/mol

Figure - None

*
(Cal/mol-K) x 2.0755 = J/g-K

Ak
(Cal/mol) x 2.0755 = J/g .
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Equation — None

Uncertainty - The uncertainty for C;'is estimated to be 0.2% to 700 K

increasing to 0.4% at 5000 K. The uncertainty for S° and E} is estimated to

be an order of magnitude less.

1.2.21. INDEX OF REFRACTION’>''*

Definition - The index of refraction n) of a medium is the ratio of the

speed of light in a vacuum to the speed of light in the medium, ny = C/Cp.
Discussion — The reffactive index of a nonpolar fluid depends on the
wavelength of the incident light, the density of the fluid and, to a lesser
extent, the temperature. The dependence on_temperature is usually small
enough to be neglected, as it has been in the equation given below; Figure 13
gives an indication of the temﬁerature dependence for parahydrogen. Reference

7 gives a comparison between the index of refraction for normal and

parahydrogen.

Table of Values -

Units Range of values Table location
Dimensionless Saturated liquid (Para) 6
Figure - 13.

Equation -

20ra(p) + 1\ 1/2
nx(p) =
1 - pr)(p)

where ry(p) = 0.99575 - 0.09069p + 1.227p% + 0.7799569 x 10°/XA% + 0.495126 x
10'%2/3", the specific refraction rx(p) is in cubic centimeters per gram,

densities are in grams per cubic centimeter, and the wavelengths, A, are in

*
angstroms -

* -~10
Angstrom x 10 = meter
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Range of Values -

Units Boiling point liquid RTP A
Dimensionless 1.1137 1.0001 435.8 nm o
(4358 angstroms |
Uncertainty — The uncertainty of the tabulated values is estimated to be '

less than 0.17%.

1.2.22. INTERNAL ENERGY"'»>’»®

Definition - Internal energy is &efined by the equation AU = Q - PAV,

where Q is the heat absorbed in a system, AU is the change in internél energy,
P is the pressure, and AV is the change in volﬁme. The internal energy of a
system is a derived thermodynamic property and may be calculated by means of
thermodynamic relationships which require the PVI surface (see Subsection
1.2.12) and the specific heat capacityg(see Subsections 1.2.16 through
1.2.19). The most common method of calculating the internal energy is by

using H = U + PV where H is the enthalpy (see Subsection 1.2.10) and PV is the

pressure volume product.

Tables of Values -

Units Range of values Table location
J/g 13.8 = 3000 K 0.1 - 100 MPa 2, 8
J/g Saturation boundary ' _ 3,9

Figure — None
Equation — None, see definition
Range of Values — The reference state for internal energy is zero for the

ideal gas at zero absolute temperature (see Subsection 1.2.20).
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Triple point Boiling point

- Units Liquid Vapor Liquid Vapor RTIP*
Para

J/g -309.0 84.2 -257.7 113.6 2961.38
Normal

J/g 218.2 611.4 ' 269.5 640.7 2989.0

Uncertainty — The uncertainty of the internal energy values tabulated here

is estimated to be the same as the enthalpy (see Subsection 1.2.10).

1.2.23. JOULE-THOMSON COEFFICIENT"» 758,118

Definition — The Joule-Thomson coefficient, U, is defined as | =

- CP_I(BH/SP)T = (3T/dP)y. The sign of u indicates whether a gas

‘expansion will cause an increase or decrease in the temperature. If u is

positive, the expanding gas will be cooled. The locus of points where u =0
is called the Joule~Thomson inversion cur;é. These data are given in Table 7.
Values of the Joule-Thomson coefficient are tabulated by Michels et al. !5 for
pressures up to 253.31 MPa (2500 atm). |

Tabies of Values - This quantity is not tabulated here but it may be
calculated from the property tables in Chapter 6.

Figure - 14, the inversion curve, T vs. P féf parahydrogen.

Equation - Nqne (may be calculated using an equation of state)

Range of Values -

Units Pressure 40 K 110 K 180 K
K/MPa 10.1325 MPa -0.424 0.247 -0.075
(K/atm) (100 atm) (-4.3 x 10 %) (2.5 x 10 2) (7.6 x 107 3%)

Uncertainty - The uncertainty is estimated to be 5%.
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4,7,8,19,116,117,129,130

1.2.24. HEATS OF TRANSITION

Definition — A heat of transition is equated to the energy associated with
a phase changé. In additioﬁ to the solid-~liquid (fusion), solid-vapor
(sublimation) and liquid-vapor (vaporization) transitions, hydrogen has two
knqwn solid-solid transitions.19 The energy changes due to these solid

transitiohsrarevnot known but are thought to be small. For values of the

19,116,117 19,129,130

latent heats of fusion and sublimation see Chapter 2. The

latent heat of vaporization is presented in Subsection 1.2.25.

1.2.25. LATENT HEAT OF VAPORIZATION'»>7»%>1?®

Definition - The latent heat of vaporization is the amount of heat

required to convert a unit mass of a substance from the liquid to the vapor
state at constant pressure.

Tables of Values — This quantity is not tabulated but values are easily
obtained from Tables 3 and 9 by subtracting the liquid enthalpy from that of
the vapor at the same temperature and pressure.

Figure - 15, 16, heat of vaporization vs. T.

Equation — None

Range of Values -

Units Triple point Boiling point Critical point
Para |

J/g 448.2 445.5 0
Normal

J/g 449.1 445.6 0

Uncertainty - The uncertainty is estimated to be 1.24 J/g for para and

2.5 J/g for normal.
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1.2.26. MELTING CURVE7»%,19,118

Definition — The melting curve is the boundary between the solid and
liquid regions in a phase diagram.

Tables of Values - The density of the saturated 1iqui& in coexistence with
the solid phase is found on the first line of each page of isobar data in
Tables 2 and 8. Thelliquid and solid densities of thfee state points are
given here. For more extensive tabulations, the reader is referred to
Reference 19.

Figure — 17 and 18

'Equation — See subsection 1.2.27 for melting pressures

Range of Values - _
10.1325 MPa 30.3975 MPa
Triple point (100 atm) (300 atm)
Units  Liquid Solid . Fluid ‘Solid Fluid Solid
kg/m® 77.0 86.9 81.8 89.9 88.7 96.0

Note: These values are for parahydrogen. For an estimate of normal-
para density differences, see Chapter 4.

Uncertainty — The uncertainty is estimated to be 0.1% for the liquid phase

and 0.5% for the solid phase.

1.2.27. MELTING PRESSURE’»1%»19,119,120

Definition - The relationship between pressure and temperature along the

solid-1liquid boundary.
Tables of Values — The melting temperature for a given pressure is found

on the first line of each page of isobar data in Tables 2 and 8.
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Units Range of table Table location
MPa ‘ 13.8 - 34.2 K 2, 8
Figure - 17 and 18, melting curve (T vs. P) for parahydrogen.
Equation - See Reference 7
Range of Values —
Units Triple point 20 K ‘50 K

MPa 0.00704 22.71 221.1

Uncertainty - The uncertainty of the pressures is about 0.1%.
1.2.28. PHASE DIAGRAM">7>®

Definition — Phase diagrams indicate the boundaries between the solid,

liquid, and gas phases. The diagrams that were referenced here are only those
which yield the PVT of the phases. FoF a diagram of the phases in other
coordinates, consult the subsection on\the particular property desired.

Figure - 19 and 20 |
Uncertainty - The uncertainty of values taken from the above (or any

other) diagrams is determined by the resolution of the individual chart.

1.2.29. VOLUME EXPANSIVITY®’7’®

!

Definition - the volume expansivity is defined as

B=l oV
v \ar/p
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Volume expansivity is often simply called expansivity or coefficient of volume

expansion. The property is one of the compressibilities of a gas, where here
the path (condition) of the compression is at constant pressure.

Tables of Values — This quantity is tabulated in Tables 2, 3, .8, and 9.

Units ' Range of table Table location
K~! 13.8 - 3000 K 0.01 - 100 MPa 2, 8
K~! Saturation boundary 3, 9

Figure - None
Equation - None

Range of Values -

Triple point Boiling point Critical
Units Liquid Vapor Liquid Vapor point RTP
Para and
Normal
K™! 0.0102 0.0752 . O.Q164 0.0642 - 0.00333

Urcertainty - The uncertainty in the compressed liquid is 2 to 3%; in the
gas and supercritical fluid, 1 to 2%. 1In the critical region (T, + 5%,
Pe + 20%) the uncertainties are larger; however, they are not experimentally

defined since the property diverges at the critical point.
1.2.30. PRANDTL NUMBER’

Definition ~ The Prandtl number, Pr, is defined by the relation Pr = Cpn/A,
where Cp is the specific heat at constant pressure, n is the viscosity, and )
the thermal conductivity.

Tables of Values -

Units Range of table Table location
Dimensionless 13.8 - 3000 K . 0.01-100 MPa _2, 8
Dimensionless Saturation boundary 3,9
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. Figure - 21 and 22
Equation - None, other‘than above defining relationship

Range of Values -

Tfiple point _ Boiling point Critical
Units Liquid Vapor Liquid Vapor point RTP
Dimensionless  2.24 0.623 1.29 0.809 ® 0.685

Uncertainty — The uncertainty is estimated to be 177 except in the
critlcal region, where it is greater. All data at pressﬁres gréater than 35 MPa

and at temperatures below 200 K are extrapolated (uncertainty unknown) .

1.2.31. PVT*»7,8,110

Definition - PVT stands for pressure, volume, and tembefatufe, the

fundamental variables of the state of a pure fluid at equilibrium. Any two of
threevvariables may be spécified; the third is then a unique value for a given
fluid, except where two or more phases' coexist, in which case the pressure is
a unique function of the temperature, ﬁut the volumes of the phases differ.
Tables of Values - The properties are tabulated in Tables 2, 3, 8, and 9.
Figure 1, 19, and 20.

Equation - See Subsections 1.2.12., 1.2.13., 1.2.27., and 1.2.38.

Range of Values -

Property Units Range of tables Table location
Pressure MPa 0.01 - 100 2, 8
Volume m3/kg 0.0097 - 1538 2, 8
Temperature K 13.8 - 3000 2, 8

Note: The tables for normal and parahydrogen do not reflect any
difference for PVI (see Chapter 4 for a more detailed discussion

of ortho-para differences).
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Uncertainty - The uncertainty is estimated to be

Temperature range Pressure range Uncertainty in density, 7% :
700 - 3000 K 0.1 - 100 MPa 1 a
300 - 700 K 0.1 - 100 MPa ' 0.5

13 - 300 K 50 - 100 MPa 0.2 ]
13 - 300 K 0.1 - 50 MPa 0.1

Critical region To + 1%, pe + 20% 6
Solid 34.45 - 70.93 MPa 1

1.2.32. SATURATION PROPERTIES

§ ook sedd

Definition - The term saturatiqn refers to a state condition where two or
more phases coexist in equilibrium.
Tables of Values — Saturation properties of the coexisting liquid and

vapor phases are tabulated from the triple point to the critical point in !
% Tables 3 and 9. The individual propertie;}which are tabulated in these tables i

are listed below along with the subsection in which they are discussed in more

detail.
i Property Subsection Property ‘ Subseétion
% Temperature 1.2.31 Constant pressure heat 1.2.16
Pressure 1.2.31 capacity
Volume (or density) 1.2.31 Velocity of sound 1.2.33
Internal energy 1.2.22 Surface tension 1.2.35 ‘
Enthalpy 1.2.10 Thermal conductivity 1.2.36 }
Entropy 1.2.11 Viscosity 1.2.39 i
Constant volume heat 1.2.17 Thermal diffusivity 1.2.9 i
capacity Dielectric constant 1.2.6 ‘
Prandtl number 1.2.30
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For tables of PVT below the triple point, see Reference 19.

Figure - See pages listed above.

1.2.33. SOUND VELOCITY"**7» 819

Definition - The thermodynamic (isentropic) sound velocity, W, is defined

3P
g
/g

where P ié pressure, V is specific volume, and S is entropy; since entropy is

by

not usually a variable in the mathematical models for the equation of state,

calculations are more easily made using

. EB. £ 1/2
C, \%9/T

which is thermodynamically equivalent to tbe above equation. Cp and Cy are
the specific heat capacity at constant pregéure and constant volume,
respectively; P is again pressure, T is temperature, and p is the density.
Sound velocity can be experimentally measured quite‘accurately.

Tables of Values -

Units Range of table Table location
n/s 13.8 - 3000 K 0.01 - 100 MPA 2,3, 8,9
m/s 0 - 12 K (para) Saturated solid Reference 19
m/s 4.2 - 13.96 K (normal) Saturated solid Reference 19

Figure - 23 and 24

Equation —~ None
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Range of Values -—

Triple point Boiling point Critical

Units Liquid Vapor Liquid . Vapor point RTP
Para :
m/s 1264 ' 305.7 1089 355 oa 1309

aTheoretically the velocity of sound should go to O at the critical
point. Experimentally only very low velocities have been measured in

the critical region.

Uncertainty - The uncertainty of the tabulated values has been estimated
by comparing tabulated and experimental sound velocities. The uncertainty

varies with pressure from 1 to 2% in the liquid and is about 0.5% in the vapor

or in the gas above the critical temperature. In the critical region (T, + 5%, 5

pc + 20%Z) the uncertainties are larger but not estimable.

1.2.34. SOUND ABSORPTION'Z!»!22 E

Definition — The experimental attenuation Opxp is defined by the relation

P = Pye TUeXp

where x is the distance between the point where the peak pressure due to the E

sound wave is P, and the point where it is P. The so-called "classical”

sound absorption 0.7 is often calculated from:

_2m2 |4 LYy -1,
%cal = YW [3n + Cp A]f /e
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C
where Yy is the specific heat ratio, EE” W is velocity of sound, f is frequency,
' v

P is pressure, N is the shear viécosity, and )\ is the thermal conductivity.
Papers found in the literature report sound abéorption in maﬁy diffefent
wayé; some of these are as follows:
0‘.excess = Gexp — Ocal
nepers = ln (P/Pg)
O‘exp/c‘cal
0"exp/f

aexpk(where A is wavelength)

Liquid - dexp for the saturated 1iquid121 at 17 + 1 K is reported to
be 0.11 cm™! + 10% for the frequency of 44,4 MHZ.

Gas - Values of “exp/f for both normal and jparahydrogen at temperatures
of 293, 90, and 77 K are given as a functigh of f/P in Reference 122.

Range of Values -

Temperature £/P Oexp/f(normal) Oexp/f(para)
K Hz/Pa MHz/atm (cm*MHz) ! (cm’MHz)"1
293 14.61 1.48 0.491
293 15.10 1.53 0.483
77 - 15.79 1.60 | ' 0.677
77 20.73 2.10 0.314

Uncertainty - The uncertainty of o is 10%Z for the liquid value and 5% for

the gaseous data.
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1.2.35. SURFACE TENSION7,123,12%

Definition - Surface tension is defined as the amount of work required to
increase the surface area of a liquid by one unit of area. Note that this
property 1s defined only for liquid in coexistence with the vapor phase.
Tables of Values -
Units Range of table Table location
dyne/cm” 13.8 - 32.976 K 3, 9
Figure - 25 and 26
Equation - Y = Y, (1 - T/Tc)l'065 (see discussion below), where Y is
surface'tenéion in dyne/cm, Y, is 5.328 for parahydrogen and 5.369 for normal
hydrogen, and T, is 32.976 K for parahydrogen and 33.18 K for normal
hydrogen.

Range of Values - ;
Units Triple point NBP Critical point 300 K

Para

N/m 0.00299 0.00193 0 Not defined
(dyne/cm) (2.99) (1.93) (0) Not defined
Normal

N/m 0.003 0.00195 -0 Not defined
(dyne/cm) (3.00) (1.95) - 4 0) Not defined

Discussion -~ Since Corruccini123 correlated the older experimental data, a

new set of experimental data for normal hydrogén124 has appeared in the

literature. These neﬁ data are consistently about 70 x 10 ® N/m (0.07 dyne/cm) lower
at all temperatures below 31.5 K than those calculated from the above equation.

These differences cannot be explained on the basis of differences in temperatures or
densities used in the calculations, but the experimental apparatus used by

124

Blagoi and Pashkov does not inspire confidence in their data. The capillary

%
(dyne/cm) x 0.001 = N/m.
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rise technique was used, which is the most common technique but is beset with

difficulties because of the corrections that must be applied. In the older

hydrogen surface tension experiments, these corrections amounted to about 107%

of the measured capillary rise. Because of the size of the capillaries used by
Blagoi and Pashkov'2?" the measured capillary rise must be corrected by about 40
to 50%.

Uncertainty — The uncertainty of the tabulated values is estimated to be 1%

for temperatures below the normal boiling point and increasing to about 5% for

temperatures above 0.8 T..
1.2.36. THERMAL CONDUCTIVITY’»!%,12%,126

Definition — The thermal conductivity coefficient relates the transfer of

heat through a material via molecular interaction due to a temperaturé‘gradient
across the material. q = — X grad T, wher; q is the heat flux (heat per unit
area per unit time), grad T is the temperature gradient, and A is the thermal

conductivity coefficient.

Discussion - The literature search revealed no experimental data outside

the P-T range of these tabulations. The tabulations include extrapolatiomns to
higher densities and temperatures of experimental data by Roder and Diller.'?®
An alternative method of calculating thermal conductivity is provided by the

modified Enskog theory.126 The most popular method of correlating thermal

e T R N e A e

conductivity data is to separate the property into a number of additive parts

i
]
[
i

that are temperature and density dependent: A= A (T) + Ag(p,T) + Ac(p>T)
where Ay (T) 1s the dilute gas contribution (a function of T only), e (p,T)
is the so-called excess function, and Ac(p,T) gives the enhancement due to

the critical point behavior. XE(p;T) and A;(p,T) are taken to be the same
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for the para and normal modifications but Ao(T) shows marked differences for

the para and normal modifications. A survey of the thermal conductivity of the
solid is given in Reference 19.
Tables of Values - 2, 3, 8, and 9.

Units Range of table Table location

Para and normal
mW/cm-K 13.8 - 3000 K 0.01 -~ 100 MPa 2, 3, 8,9
Figure - 27 and 28
Equation - None

Range of Values -

Triple point Boiling point Critical
Units Liquid Vapor Liquid Vapor point RTP
Para
oW/ cm-K 0.7259 0.1243 0.9892 0.1694 © 1.94
Normal |
mW/cm-K 0.7259 0.1243 0.9892 0.1694 ol 1.87

Uncertainty - The uncertainty of the tabulated data is estimated to be 7% except
in the dilute gas--all temperatures and pressures less than 0.101325 MPa (1 atm)
--where the uncertainty is estimated at 4% and in the critical region (TC + 5%

and pC + 20%) where it is 20%. All data at pressures greater than 35 MPa and at

temperatures below 100 K are extrapolated (uncertainty unknown).
1.2.37. THERMODYNAMIC DIAGRAMS"’’

Discussion - The thermodynamic diagrams listed below are based on the PVT
work of Roder et al."* and McCarty and Weber.’ These diagrams have been
prepared very carefully and are accurate to the precision to which they may be
read. For other figures the primary consideration in many cases was

availability and in others the range of P and T covered by the chart.
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Figure - 1, compressibility factor chart for normal hydrogen; &,

tempefatﬁfe—entropy chart (para); 35, temperature—entropy'chart (para).

1.2.38. VAPOR PRESSURE 1951045127

Definition - The vapor pressure is the pressure, as a function of
temperature, of a liquid in equilibrium with its own vapor.

Tables of Values -

Units Range of tabie - Table location
Para

MPa 13.8 - 32.976 K 3
Normal

MPa 13.95 - 33.180 K 9, 11

i Figure - 29 - 32

Equation - Parahydrogen:lo'+ in(P/Py) = nx + n2x2 + n3x3 +n, (1 - x)Bs,
where n, = 3.05300134164, n, = 2.80810925%13, n, = -0.655461216567, n, =
1.59514439374, n, = 1.5814454428, x = (1 - T¢/T)/(1 - T¢/Te),Te = 13.8 K,
T. = 32.938 K, and Pt = 0.007042 MPa.

Normal hydrogen:127 Log P(kg/cmz) = A+ B/T + C Log T, where A = -1.55447,

B = -31.875, C = 2.39188 and T is in kelvin.

This equation was used to calculate the vapor pressure data given in Table

11 and is restricted to the temperature range of 20.555 to 32.276 K. These

- AR

data differ slightly from those tabulated in Tables 8 and 9 because the normal
4 hydrogen thermodynamic properties tables were generated using the parahydrogen
PVT surface and the ideal gas thermodynamic properties of normal hydrogen.

Table 11 data are preferred where accurate normal hydrogen vapor pressures are

f desired; however, Tables 8 and 9 are internally consistent and sufficiently

accurate for all engineering calculations.
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1.2.39. VISCOSITY

7
Dynamic 128

Definition - The viscosity coefficient of a fluid relates the flux of

momentum in a fluid to the traceless symmetric part of the velocity gradient:

J =.-2nD, where J is thelflux of momentum, D is the traceless symmetric part of
the velocity gradient, and n is the viscosity coefficient. Note: The

coefficient n as defined is sometimes called the shear or dynamic viscosity.
Discussion - The viscosity of a fluid may be separated into two additive

parts: n = no(T) + ng(p,T), where ny(T) is the dilute gas contribution

and is a function of temperature only and Ng(P,T) is called the “excess"

viscosity and is a strong function of density. When compared on a density

basis, there does not seem to be a significant dependence on ortho-para compositio:

Tables of Values -

Units Range of table Table location

kg/m-s 13.8 - 3000 K 0.01 - 100 MPa 2, 8

kg/m-s Saturation | 3, 9
Figure - 33

Equation - Equations are presented in Reference 519.

Range of Values -

Triple point Boiling point Critical
Units Liquid VaPor Liquid Vapor point RTP
Para and
Normal

kg/m-s  255.1 x 107 7.36 x 1077 132.0 x 10”7 11.28 x 107 35.43 x 10~7 89.48 x 10~7

Uncertainty ~ The uncertainty of the tabulations is estimated to be 5% except
in the dilute gas——all temperatures and pressures less than 0.101325 MPa (1 atm)
—-where the uncertainty is estimated at 3% and in the critical region (T, + 5%

and p, *+ 20Z) where it is 10%. All data at pressures greater than 35 MPa and at
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temperatures below 200 K are extrapolated (uncertainty unknown). The dotted lines
- on Figure 33 represent a graphical smoothing of two algebraic functions that
represent high and low temperature experimental data and are extrapolated to join

in this temperature region.

Bulk

The shear viscosity should not be confused with the bulk viscosity. The
‘bulk viscosity relates the flow of momentum in a fluid to the divergence of the
velocity: J = 2nD - NyIdiv u, where I is the unit tensor, div u is the

divergence of the velocity of the fluid, and N, the coefficient of bulk

viscosity.

Kinematic
N
Definition - The kinematic viscosity, Y, is defined as Y = N/P, where N is

the shear viscosity and P is the density.

1.2.40. FREE ENERGY"'®’

Definition - The Gibbs free energy, G, is defined as G = H — TS, where H is
enthalpy, T is absolute temperature, and S is entropy. Similarly, the
Helmholtz free energy, F, is F = U - TS, where U is internal energy.

Tables of Values — These quantities are not tabulated but may be simply

obtained, using the formula above, from the following tables.

Units Range of table Table location
J/g 13.8 -~ 3000 K 0.01 - 100 MPa 2, 8
J/g Saturation boundary 3, 9

e s




Figure - None

Equation - None

Range of Values - (Gibbs free energy)

Triple point Boiling point Critical
Units Liquid Vapor Liquid Vapor point RTP
Para
J/g =377 =377 =420 -420 ~542 -15,233
Normal
J/g -21.9 17.0 -66.5 -80.3 -138 =16,945

Uncertainty - The uncertainty varies from about 0.5 J/g in the low density

limit to about 15 J/g in the liquid.
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CHAPTER TWO

THERMOPHYSICAL PROPERTIES OF HYDROGEN IN THE

SOLID, SOLID-GAS, AND SOLID-LIQUID STATES

Hans M. Roder




2.1. INTRODUCTION

This chapter is quite similar to Chapter 1 except that the properties
covered pertain to the solid phase. Definitions_for nearly all properties are
found in Chapter 1. We include the single phase compressed solid state as
well as the solid-vapor and solid-liquid two phase regions, i.e., phases IV,

V, and VI shown in the schematic density—temperature phase diagram below.

X

DENSITY

Solid-Gas

’/,/”/,gos I

TEMPERATURE

Ordinarily data are not measured in the coexisting regions solid-liquid,

or solid-gas, rather they are established from the phase boundaries in terms
of a variable called quality. The phase boundaries are included in the

description of the adjacent éingle phase region.
This chapter is based on an earlier survey19 done by the National Bureau
of Standards for the Lawrence Livermore Laboratory, which covered a wide range
of properties including PVT, thermodynamic, thermal, transport, electrical,
radiative,and mechanical. Only the ortho-para modifications of hydrogen have

been included here. For properties of the other isotopes of hydrogen the

reader should consult Reference 19 or the successor surveys prepared by the

Lawrence Livermore Laboratory, Reference 139. A second more recent review has

2-2




been given by Silveral“®, while the Russian work has been summarized in a

volume edited by Rabinovj.ch.141 Temperatures are limited to those below the
critical point, i.e., below 33 K. The Pressure range is not restricted,
however, very little data exist at pressures other than saturation.

The literature surveyed includes all references available to the
Cryogenic Data Center through March of 1973, some 1500 items. A llterature
search covering 1973 to March 1978 disclosed an additional 310 references.
Some of these references have been included in this chapter, particularly if
they contained firm data. The evaluation of these references was;.hbwever,
only cursory, i.e., coverage to March of 1978 is not claimed.

In selecting sources of data, a critical evaluation was not made,
however, the following guide was used:

a) If several sets of data exist, which, in our judgment, are the "best

data?”

b) Are these values consistent with otﬁér properties presented?

c) Are tables or graphs available? Are they in a convenient form?

d) Can we find any values at all - even if estimated?

Many inconsistencies or discontinuities exist in the data presented
because the values originate from‘many diverse sources. Considerable effort
would be required to reconcile the discrepancies between different sources.
It is best that the user be forewarned; therefore, we list a few of the
discrepancies which are most vexing.

First, of course, is the matter of temperature scales. The NBS-39 scale,
the NBS-55 scale, and more recently the IPTS-68 scale have been in common use,
and their interrelation is fairly well understood. For example, the triple
point temperatures are 13.803 K, on the NBS-55 scale, 13.813 K on the NBS-39

scale, and 13.810 K on the IPTS-68 scale. The values differ by 0.0l K. Next
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is the matter of pressure at the triple point. Vapor pressure equations for

solid and liquid as well as the melting curve should intersect mathematically
ét the triple point, yet they rarely do. Finally, different authors choose
different.refergnce states,for entropy and enthalpy. For example, the refer-

ence enthalpy,“Hong,.is zero for the ideal gas at 0.101325 MPa (1 atm) and

0 K for the ﬁpper part of Table 12, while the reference enthalpy is zero for the

ideal crystal at 0 K far the -lower part. The enthalpies of the solid at 10 K
compare as follows: =753.7 J/mol and 6.2 J/mol (1.479 cal/mol in Table 12).
Computer Programs

A significant portion of the tables and figures presented in this chapter
were prepared with the aid of computer programs. Both the slush hydrogen
program'“? and the equation of state!?® for liquid and vapor were developed by
NBS for Johnson Space Center of the NASA. The programs are integrated in a
way which avoids all of the inconsistencies mentioned above. They are

available from the NBS Thermophysical Properties Division, Boulder, CO

80303.

2.2. DISCUSSION OF THE PROPERTIES

2.2.1. CRYSTAL STRUCTURE!"“37161

Discussion — Hydrogen is an extremely interesting solid because for

certain isotopic compositions it may undergo a transition at low temperatures.
This transition has been studied by X~ray diffraction, electron diffraction,
neutron diffraction, NMqua, and infrared absorption.luk In general all
hydrogen isotopes solidify in the hexagonal close packed (hcp) structure,
particularly if cooled from the liquid state. Parahydrogen appears to be

stable in hcp down to the lowest temperatures investigated. In constrast,
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hydrogen rich in the ortho component (> 60%) undergoes a transition to the
face centered cubic (fcc) structure in the temperature range 1.2 to 4.2 K. 1In

addition, there is considerable evidence that unconverted hydrogen 1if

145

condensed from the vapor in thin films is in fcc form. Other experiments

show that the substrate can affect the lattice spacing, introducing the fcc

structure, and that plastic deformation initiates the fcc structure.' *®

The transition temperature is a function of ortho-para concentration1l+8
as well as density or pressure.1u9 The volume‘change of the transition is
small, 1.3%, but has been measured. '’ The transition corresponds to the A
anomaly in the specific heat but exhibits considerable hysteresis. It is
obvious that the difference in energy of the two close packed structures of
hydrogen is exceptionally small. It is also well known that solid phases
frequently undercool and remain in a metastable form; thus hysteresis is often

146

encountered in such a martensitic transformation. A different explanation

is that the changes in thermodynamic properties are due mainly to the order-

disorder transition of the rotational motions, and not to the crystalline

phase change.15°

Parahydrogen exhibits a second phase transition in the compressed solid

close to the melting line. This transition was predicted151, its volume

change has been measured!%3°!%" to be 0.15%, the singularity in the melting

line has been measured,157 and the structure of the new solid has been

determined to be fcc. 135,156

1

Studies !®2 of the Raman spectra initially were interpreted to show a fcc
p

structure at pressures of around 100 MPa (1 kbar) at temperatures near 4 K. 1In

158 the authors were unable to confirm their earlier report.

subsequent studies
A short paper by Mills!S? attempts to connect these transitions. The

controversy is far from being settled because in a most recent paper




Silvefa, et al.!®? attribute this phase ito an instrumentation effect rather

than a true transition. The discrepancies in the various diagrams are shown
clearly in Figures 34a, b, and ¢ wherev34a is based on the measurements of

Dwyer et al. 181 ag interpreted in References 19, 142, and 151, while 34b is

-taken from Reference 159, and 34c from Reference 160.

Figure - 34a, b, ¢

Range of Values - see lattice parameters, Subsection 2.2.15

2.2.2. DIELECTRIC CONSTANT!'Z>1%>16-18,19.162-16% ﬂ

Discussion — It is important for the user to realize that correlation or

analysis of the dielectric constant is almost always handled through the

Clausius—Mossotti relation M(e-1)/(e+2)p = P, or solved for

= (1 + 2Pp)/(1 - Pp), where € is the dielectric constant, M the molecular
weight, 0 the density, and P the molar polarizability. Polarizability is most

often expressed in em®/g; a nominal value for parahydrogen is 1.004 cm®/g.

However, to compare polarizabilities of hydrogen isotopes it is best if P is
expressed in molar units, thus the nominal value for parahydrogen becomes
2.02 cn®/mol.

Parahydrogen

The most extensive measurements have been made on parahydrogen. A
composite plot of the results, Figure 35 shows that the polarizability is a
very slowly varying function of density. Stewart!® is able to correlate his
entire set of meaeurements with a single equation (see Subsection 1.2.6).

Younglove'slu measurements extend to higher liquid densities and include

values for the solid. He represents his solid measurements by the equation
P = 1.011 - 0.049091p where P is in cm®/g and p in g/cm®. As shown in Figure

35, Younglove reports a difference of about 0.5% in P between liquid and
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solid. This value has recently been called to question by Udovidchenko and
Manzhelii'® and by Wallace and Meyerwz’163 who report a change of.no more
than 0.2%. The difference may be explained by the fecc solid phase near the
melting line (see Subsection 2.2.1).

Since the dielectric constant is proportional to density, a plot of € vs.
T is very similar to a density-temperature‘phase diagram. For parahydrogen,
liquid and solid boundaries are shown in Figure 36.
Normal Hydrogen

To estimate values of the dielectric constant for normal hydrogen, we use
the results of Kogan and Milenko'!? who measured the difference in dielectric
conétant for various concentrations of ortho-parahydrogen in the liquid state.

As recalculated!® the difference is:

molar polarizabilities, cm?®/mol difference conditions

n-H 2.0372 p-H

2 , 2.0279 0.0093 saturated liquid

More recent measurements of the normal—pata difference in the solid state have
been reported by Haase and Meyer.l5% The dielectric constant for normal
hydrogen is then estimated using the following steps:

a. find density or state at point desired (mol/cm?)

b. calculate polarizability of p-H, at an equivalent density (mol/cm?®)

c. adjust polarizability by the difference (0.0093)

d. calculate desired dielectric constant
The measurements reported in Reference 165 are probably not valid because the
measured dielectric constant should increase as the temperature is lowered.

The measurements on solid hydrogen in Reference 166 are probably not wvalid

because the experimenters did not succeed in filling the cell completely.

Figures - 35, 36
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Equation - see discussion for equation of solid

Uncertainty —~ the uncertainty in the molar polarizability of the solid can
be as large as 0.3%.

2.2.3. ENTHALPY129 142,161,167-169

Discussion - The cqvérage for parahydrogen is nearly complete. It is the
only isomer for which values in the compressed solid can be obtained, primarily
because the specific heats were measured by Ahlers.'®?® Enthalpy estimates for
the compressed solid are presented in Table 14. This table was assembled from
the reports of Dwyer and Cook.151’167’168
Tables of Values — parahydrogen, solid—vapot two phase region, Table 12;
parahydrogen, éolid;iiquid two phase region, Table 13; single phase compressed
solid, Table 14
Figure - 43, T-S chart
Uncertainty - as estimated in Reference 142

enthalpy: 1.2 J/mol for solid-liquid;

1.5 J/mol for solid-vapor

2.2.4. ENTROPY!?%:1%2

Tables of Values — parahydrogen, solid-vapor two phase region, Table 12;
parahydrogen, solid-liquid two phase region, Table 13
Figure - 43, T-S chart
Uncertainty - as estimated in Reference 142
entropy: 0.08 J/mol-K for solid-liquid;

0.146 J/mol-K for solid vapor.
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2.2.5. EQUATION OF STATE10%,105,129,142,169-173

Equations - In the correlation by Mullins, et al.!?? 4 virial

representation of the gaseous PVT surface is extrapola;ed to temperatures
below the triple point. The correlation of the solid-vapor and solid-liquid
two phase regions“}2 is achieved by having a specific 33 term MBWR equation of
state'®**105 supply ‘all properties for the saturated vapor below the triple

! point as well as all properties on the liquid side of the melting curve.

While the two correlations are reasonably consistent, discontinuities between
them exist as shown in Table 12. Whatever equation of state is used for the
liquid PVT surface, care must be exercised for densities near the melting

line, or the equations will fail to correctly predict the specific heats.!7?

The equation of state for the solid has been described on theoretical grounds

by Anderson, et al.!7”?

For the compressed solid a review which includes the so-called "metallic

hydrogen" is given by Douglas and Beckett.!7? Numerous equations of state are

presented, most of which are based on some kind of intermolecular potential.

Ahlers'®® calculates some of the derived properties such as compressibility

from the Gruneisen equation. The equation proposed by Burshtein and

Rabinovich!7! while "anchored" with experimental densities along the solid

melting line is not satisfactory because it does not yield the proper

densities of the solid under its own vapor pressure. None of these equations

of state account for the phase change near the melting line of the solid.
Therefore, & unique equation of state from which one could calculate the PVT

properties at an arbitrary point in the solid does not exist; however a paper

that gives an equation of state for the compressed solid without the phase

change and is based on a large number of PVT measurements is in preparation.!®?
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2.2.6. FIXED POINTS105, 142

Discussion - See also Subsection 1.2.15. We note here values for the triple
point used in the most recent correlation for parahydrogen!*? which differ very
slightly from those selected in Subsection 1.2.15 because the underlying

equation of state!?5

is slighﬁly different. In addition, so called values of

Vo, i.e., the molar volume of saturated solid hydrogen at the helium boiling

point (4.2 K) is of interest for work in X-ray or neutron diffraction. The

most consistent and recent correlation of these values is given by Silvera et al.!60
Triple Point

T = 13.800 K

P

]

0.0070420875 MPa (0.0695 atm)
p(solid) = 86.51 kg/m® (42.91 mol/L)
p(liquid) = 77.04 kg/m® (38.21 mol/L)
p(vapor) = 0.1258 kg/m® (0.06238 mol/L)-g

Vo(solid) = 23.14 + 0.08 cm®/mol at 4.2 K
2.2.7. SPECIFIC HEAT (HEAT CAPACITY) AT CONSTANT PRESSURE!6!,169

Discussion - See also Subsection 2.2.9. Experimental values for this
property have not been measured. Values for Cp in the compressed solid

states were estimated by Dwyer and Cook!®!

from the C; measurements of
Ahlers.'®® Ahlers estimated values of Cp at the saturated solid boundary
from his single phase C; measurements.

Tables of Values - Cp on the saturated solid boundary, Table 12; Cp in
compressed solid states, Table 14

Figure - 37

Uncertainty - About 2% at 4 K rising to around 5% at the triple point.
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2.2.8. SPECIFIC HEAT (HEAT CAPACITY) AT CONSTANT VOLUME 6% 17%

Discussion - See also Subsection 2.2.9. Experimental values for this

property have been measured in the single phase compressed solid by Ahlers'®®

and by Roberts and Daunt.!”*
Tables of Values - Table 14

Uncertainty - About 2% at 4 K rising to around 5% at the triple point.

2.2.9. 'SPECIFIC HEAT (HEAT CAPACITY) OF THE SATURATED SOLID'*Z»161,16,1747378 E
160 :

Discussion - We distinguish between heat capacity at saturation (Cg), |
heat capacity at constant pressure (Cp), and heat capacity at constant
volume (Cy). The property most commonly measured is.Cc, where for the
isotopes having ortho-para isomers a large dependence of specific heat on
composition is found in the solid.

A composite picture for the heat capacity of the solid (CO) is shown iﬁ _

Figure 38. Values for parahydrogen are given in Table 12; they are based on

values taken from Ahlers.'®® vValues for other ortho-para compositions are

175

primarily from the paper by Hill and Ricketson. Shown, but not in any

detail is the A-transition near 2 K, the best description of which is given by

177,178

Ahlers and Orttung. Ahlers'®® also measured the specific heat Cy for

three molar volumes of parahydrogeﬁ in compressed solid states. The values
are given in Table 14; they were converted to estimated values of Cp by

Dwyer and Cook.'®! The estimated values of Cp are presented in Figure 37.

¢

174 ,
are in very good agreement

More recent measurements by Roberts and Daunt

169

with those of Ahlers. Heat capacities at low ortho concentrations and very

low temperatures were examined by Popov, et al.l”®. a

The general features of the property for hydrogen are as follows: Below

about 14 K the heat capacity (CO) of the solid shows a broad ahomaly'for
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compositions between para and normal; with increasing ortho concentration in

this temperature range the heét capacity increases; for ortho concentrations
larger than 60%, a A transition exists'at low temperatures (Vv 1.3 to 4.2 K).
The values of CCr are commonly‘taken»tO‘be.the same as Cp; the values of Cy

are lower than CG at all temperaturesvbut'the difference is negligible below 5
K;‘a significant difference exists between CO of the solid and the liquid.
Tables of Values - Table 12

Figure - 38

Equation - The representation of Ahlers' values!®® as given in Reference

142 is : C, = -101. + 87.75 T - 26.95833333 T2 + 4.25 T° - 0.041666667 T* with
C, in mJ/mol and T in K for T ranging from 3 K to the triple point.

Uncertainty - About 2% at 4 K rising to around 5% at the triple point.
2.2.10. HEATS OF TRANSITION

Definition - A heat of transition is the energy associated with a phase
change. Besides the solid-liquid and liquid-gas transition, hydrogen has two
known solid-éolid transitions, (see Subsections 2.2.1 and'2.2.15). The energy
changes due to these solid transitions are not known but are thought to be
small. For values of the latent heats of fusion, sublimation and

vaporization, see Subsections 2.2.13, 2.2.14 and 1.2.25.
2.2.11. INTERNAL ENERGY'“2

Tables of Values - parahydrogen, solid-vapor two phase region, Table 12;
parahydrogen, solid-liquid two phase region, Table 13

Uncertainty - as estimated in Reference 142.
Internal energy: 1.2 J/mol for solid-liquid;
1.5 J/mol for solid-vapor
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2.2.12. ISOTHERMAL COMPRESSIBILITY!®»17°71%!

Tables of Values — Table 15 and Table 22

2.2.13. LATENT HEAT OF FUSION'®»110,116,117,142,169,1682,183

Definition - The latent heat of fusion is the amount of heat required to
‘melt a unit mass of a substance at constant temperature and pressure at
temperatures at the triple point and above.

Discussion - The latent heats of fusion are summarized in Table 16. Most

of the experimental work was conducted at essentially triple point
temperatures; however, some measurements have been made at elevated pressures,
and others as a function of ortho-para composition. If the authors indicated
the triple point temperature in the paper, then the value of that temperature
is given in brackets in the temperature c?lumn. For the measurements at
elevated pressures, both the temperature and the pressure at which the
measurements were made are shown. In the heat of fusion column the values
which are underlined are the ones which are given in Subsection 1.2.15 in the
fixed point tables. The value selected in the correlation142 is 117.277
J/mol for. the heat of fusion at the triple point, partially to remain
consistent with the earlier thermodynamic calculations, and partially

because this value is quite close to the average of all experimental
determinations (see Table 16).

Tables of Values — Table 16

Figure - None

Equation - The heats of fusion at elevated pressureg were determined

117

experimentally by Dwyer, et al. The authors represent the experimental
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results by a straight line in pressure. Using the value selected above

(117.277 J/mol) the equation used in Referemce 142 for the heats of fusion
becomes:

H_ . = (28.02693164 + 0.044149P) + 4.184
fusion

where M , is in J/mol and P is in atm. 4
fusion :

Range of Values -

Units Triple point 15.54 K 21.19 K

J/g 58.17 63.92 83.60
(cal/mol) (28.03) (30.80) (40.28)

Note: Values are for parahydrogen.

Uncertainty ~ The estimate of uncertainty based on the existing data is

about 0.52 J/g, or around 1%.
2.2.14. LATENT HEAT OF SUBLIMATION!9,1!29,130 142 184 185

Definition - The latent heat of sublimation is the amount of heat per unit f
mass required to vaporize the solid phase.

Discussion - The latent heat of sublimation like the heat of vaporization

is temperature dependent. Experimental measurements of the latent heat of
sublimation are rare. 8% The property is usually calculated from the Clausius- ‘ E
Clapeyron equation requiring values of the solid volumes, the vapor volumes,

and the temperature derivative of the vapor pressure curve. The difficulty is

to select a proper equation of state for the vapor, because the vapor volumes

predominate in the calculation. For temperatures involved, the extrapolation

of the virial coefficient B(T) 1s quite extended, therefore the ideal gas %
equation is often used for the vapor volumes. At the triple point the latent

heat of sublimation should equal the sum of the latent heat of vaporization
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and the latent heat of fusion. The equality offers a severe test of
thermodynamic consistency, in particular, of the various vapor pressure

derivatives used in the calculations.

The heat of sublimation at O K is of particular interest theoretically,

and a number of papers are concerned with this extrapolation. Clusius130

calculated a value of 380.6 J/g (183.4 cél/mol) for hydrogen, while Eyring, et al.l8*
have calculated values of 376.8 J/g (181.56 cal/mol) for parahydrogen and 379.6 J/g
(182.92 cal/mol) for‘normal hydrogen.

Thermodynamically consistent calculations on parahydrogen are given by
Mullins. et al.'?? and by Roder.142
Tables of Values - This quantity is tabulated in Table 12
Figure - None

Equation — None

Range of Values

Units 0K Triple point
Para %

J/g 376.7 507 .4
(cal/mol) (181.5) (244.5)
Normal

J/g 379.6 —
(cal/mol) (182.9) —_

Uncertainty - The uncertainty is estimated to range from 6.9 J/g at 3 K

to about 4 J/g at the triple point.

9.9.15. LATTICE PARAMETERS "°»'°%»18671%°

Discussion — The ranges of the lattice parameters have been assembled from
various sources into Table 17. It should be emphasized, though, that the

references given in the table are not exhaustive, only representative.
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Lattice parameters combined with crystal structure are very- often the
only way in which molar volumes for the solid can be obtained.

Tables of Values -~ Table 17

|
!
i
|

Uncertainty = The accuracy in the determination of lattice parameters from

X—ray diffraction is seldom better than about 1%.
2.2.16. MECHANICAL PROPERTIES'®?’174°191-201

Discussion = In other sections values for several mechanical properties

such as the velocity of sound of the solid (Subsection 2.2.25) and thermal

e el

expansion of the solid (Subsection 2.2,28) are presented. In this Subsection

the remainder of the mechanical properties of the solid phase are discussed.
Experimental measurements of uniaxial loading have been conducted by

Bolshutkin, Stetseako and their co-workers on polycrystalline parahydrogen?!®?

92

and on polycrystalline normal hydrogen.! In these papers the authors

i
|
}
|
?
present values of Young's modulus, shear modulus, tensile strength, nominal {
yield stress, and relative elongation. Values for normal and parahydrogen are !

i
summarized in Figure 39 which is taken from Reference 192. |

Experimental measurements of the velocity of sound in solid hydrogenlgs’197

yield calculated values of Poisson's ratio as well as values of adiabatic and !
isothermal compressibilities. These values are found in Table 24. In ‘
addition, the papers report values of the Debye 0, elastic constants, and the J
adiabatic bulk modulus, all of which together with a few calorimetric Debye
©'s are given in Table 18. Note that the calorimetric Debye g's are

consistent, and the mechanical Debye 6's are consistent, but that the results

of the two methods differ considerably as pointed out in Reference 196. The

explanation that "This decrepancy is due to incorrect elimination of the

anomalies in the temperature dependence of Cy «.." needs further study,
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particularly as the recent results on Cy of Roberts and Daunt!’* are in
excellent agreement with those of Ahlers.!6% Ahlers' measurements are at
constant volume; technicaily the correct way to determine a Debye O is from
Cy data. In addition, Ahlers' 6's vary from 128 to 106 for his lowest
isochore, that is for temperatures from O to 15 K, and they vary considerably
more for changes in density.

Finally there are measurements of shear strength as a function of applied
pressure. Initial values. of extrusion pressures were reported by Stew_art.194
These measurements have since been refined by Towle °' and Bignell.193
Towle's values are given in Table 19. Plastic deformation is discussed by

Bol'shutkin and Coworkers.!®%>19°

Deformation curves for hydrogen are given
in Reference 199, and a graph of creep is given in Reference 201. Calculation
of elasfic constants using several different experiments were made by Goldman.
Tables of Values - Debye 8, adiabatic bulk modulus, elastic constants -

Table 18; shear strength — Table 19; Poisson's Ratio, adiabatic¢ and isothermal
compressibilities — Table 24

Figure - Young's modulus, shear modulus, tensile strength, nominal yield

stress, relative elongation - Figure 39
2.2.17. MELTING CURVE'?®, 120,142

Discussion - See also Subsections 2.2.5 Equation of State and 2.2.21 PVT.

142

In the most recent correlation the properties on the liquid side of the

105

melting curve are supplied by a specific equation of state and its

intersection with the melting pressure equation!??

as given in Subsection
2.2.18.
Tables of Values - Table 13

Figures - 17, 18
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2.2.18. MELTING PRESSURE!*»>110,113,120,142,202

Discussioﬁ - Parahydrogen: The equation used is the one developed by
GObdwin,120 except that the*temperétUre scale has to be shifted by 0.003 K to
matchvthe triple point temperature and pressure of the liquid vapor pressure
curve used with the 33-term MBWR equation. The shift insures that the melting
pressure equation and the liquid vapor pressure equation intersect at the
triple point, 13.800 K and 0.00704 MPa (0.0695 atm), which are the values
chosen for the basic 33-term equation of state.  Additional experimental
values for the melting pressures of parahydrogen have been published by
Younglove!* and by Kechin et al.2°2;these values have not yet been
incorporated into a melting pressure analysis.
Normal hydrogen: The equation used is the one developed by Goodwin'?? which
is based upon the experimental results quoted by Woolley, et al.!!? and Mills
and Grilly.!1!®
Tables of Values - Parahydrogen, Table 13; normal hydrogen, Table 20
Figures - 17, 18
Equation -

(P - Pe)/(T - T¢) = [A exp (-0/T)] + BT
where A = 30.3312 atm/K, 0 = 5.693 K, B = 2/3 atm/K?%, and values of the triple

point parameters are as follows:

p-H, n-H,
T,, K 13.803 13.947
P, MPa 0.00704 0.00719
(atm) (0.0695) (0.071)

For parahydrogen in Reference 142 the Kelvin temperature shift is
T(shifted) = T + 0.003.

Uncertainty ~ The uncertainty of the melting pressures is about 0.1%.
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2.2.19. ORTHO-PARA MODIFICATIONS2?3-206

Discussion —~ See also Subsectioﬁ 4.2.6.

The user should be aware that temperature dependent ortho-para changes
gontinue to influence properties in the solid state. Several properties such
as specific heat (Subsection 2.2.9), thermal conductivity (Subsection 2.2.26),
and thermal diffusivity (Subsection 2.2.27) are highly sensitive to actual
ortho-para composition.

For solid hydrogen Ahlers???

made measurements of the ortho-para
conversion as a function of the molar volume of the solid. These measurements

are in excellent égreement with the experimental values obtained at very low

L 205

ressure by Cremer.2’ More recent measurements have been reported by Schmidt
p y P

and calculations have been performed by Milenko and Sibileva.2%®

2.2.20. PHASE DIAGRAM®7

Definition - Phase diagrams indicate the boundaries between the solid,

liquid, and gas phases. A schematic phase diagram was used in the
introduction, Section 2.1. The different phases are quite often shown in the
diagrams of other properties, even though it may not be possiﬁle to obtain the
PVT of the point in question. As a guide to the user all such diagrams are
indicated below. A phase diagram which includes metallic hydrogen is given in

Reference 207.

Figure coordinates Figure number

Pressure—temperature 34a,b,c

Dielectric constant-— ' 36
temperature

Molar volume-temperature 40a,b
Temperature—entropy 43

Vapor pressure—temperature 44
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Uncertainty - The uncértainty of values taken from the above (or any

other) diagrams is determined by the resolution of the individual chart.

2.2.21. PVT‘G,I'-I,16,19,110,118—120,129,111-2,151 9153,
154,158-161,169,179-181,208-211

Discussion - As indicated in the introduction, we distinguish three
separate regions, the solid-vapor and solid-liquid two phase regimes and the

single phase compressed solid states. Experimental data for the two phase

110,208,209 14,119,120

regions include vapor pressures, melting pressures,

saturated solid densities,“o’lsg’179 liquid densities along the melting
line,*’''® and volume changes on fusion.?!? Saturated solid densities are
also obtained from the crystal structure, Subsection 2.2.1, and the lattice
parameters, Subsection 2.2.15. The data for the solid-vapor region have been
correlated by Mullins, et al.,'?°® while the data for parahydrogen in both two

2

phase regimes have been correlated more re-cfi-zntly.“i Data for the single
N

phase compressed s01idt6»118,153,154,158,161,169,180,181,211 largely remain

. 160
uncorrelated. An exception is the PVT measurements by Silvera et al. These
authors ascribe the phase transition near the melting line to an
instrumentation effect rather than a true transition. The diagrams illustrate
that the controversy is far from settled. Figure 40a is based on the

! as adjusted in References 19, 142, 151 and

measurements of Dwyer et al.'®
shows two phase change points on the melting line. Figure 40b is taken from
Mills'®® and features only one phase change point along the melting line. 1In
comparison, figure 34c taken from Reference 160 shows no phase change along
the melting line.

Separate tables for normal hydrogen illustrate differences in PVT. The

differences, however, are very slight and can be neglected for most practical

applications.
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Tables of Values - paréhydrogen, solid-vapor two phase region, Table 12;
parahydrogen, solid-liquid two phase region, Table 13; normal hydrogen, Tables
20, 22, 23, 27; single phase compressed solid, Tables 14, 21, 22
Figures - 34c, 40a,b, 41, 43
Uncertainties - as estimated in Reference 142
temperature 0.0l K
pressure 1% at the triple point increasing to 2007 at very low tempera-
tures. Negligible for pressures above 0.101325 MPa (1 atm).
density 0.27 at temperatures above triple point. 0.4%Z at the

triple point increasing to 1.5% at 4 K.
2.2.22. SATURATION PROPERTIES

Discussion - the reader is referred to the various subsections on the
specific property desired.

Tables of Values — solid-vapor two phase region, Tables 12, 25 (solid only);
solid-liquid two phase region, Table 13 ) |

Properties covered in Tables 12 and 13

pressure, temperature, volume, density, enthalpy, entropy, internal
energy, heat- capacity at saturation, heat capacity at constant
pressure, heat of sublimation, heat of fusion

Properties covered in Table 25

temperature, density, heat capacity at saturation, thermal
conductivity, thermal diffusivity
Figures - 36, dielectric constant
38, heat capacity at saturation
40a,b, PVT
43, thermodynamic functions

44, vapor pressure
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2.2.23. SLUSH HYDROGEN PROPERTIES105,142

Discussion — See also Subsection 4.2.9.

Slush is the term used to designate a mixture of solid and liquid phases
of the gas under consideration. There are.two major reasons for the current
interest in slush. Fifst, since solid is more dense than liquid, slush offers
a way to carry a largertéuantity of thefcfyogen in a container of fixed
volume, as compared to the liquid alone. Sééond, as the solid melts,
absorbing heat, slush offers a way to lengthen the time that the cryogen can
be stored in a fixed voiume container before venting has to occur.

In Reference 142, the solid-liquid and the solid-vapor tﬁo phase regions
are treated. The solid-vapor region is included because slush is currently
produced by a freeze-thaw process. This means the properties of the vapor at
temperatures just below the triple point are also of concern. Further, the
properties of this two phase region are of interest in other applications,
such as subliming refrigerators, ﬁhich are used to cool infrared detectors,
and in making solid hydrogen targets for fusion experiments.

Computer Program Description — The thermodynamic properties of hydrogen can be
obtained from the computer program described in Reference 142 for temperatures
both below and above the triple point. Values of the various physical
properties required for the computations are either taken from the literature,
or are extrapolated. If extrapolated, the extrapolations are based on the
known behavior of other simple fluids. Inputs to the program are temperature
and quality. The properties returned include pressure, density, enthalpy,
entropy and internal energy. The present programs for slush hydrogen are an

extension of and dependent upon the equations of state developed previously

105
for these gases.
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Program List of
Name P~T Range Properties Accuracy Availability Continuous Modifications Input

SLH2* 0-35 MPa T,Q,TP,P, 0.1-1% NBS Yes Para T,Q,TP
0,H,s,U Cryogenic
Data Center

*Basic Equation of State H2PROPS is also required.

Comments - The program (by shifting, adjusting, or constraining) avoids the
vexing problem of inconsistencies in data which originate from many diverse

sources. The quality, Q, used for both solid-vapor and solid-liquid regimes

is defined in analogy to the more familiar quality used in liquid-vapor

problems. The triple point key, TP, is used to specify either solid-vapor or
solid-liquid regimes for the case in which the temperature, T, is exactly

equal to the triple poiﬁt. The program has been used to calculate the major
tables of this chapter, i.e., Tables 12 and 13 as well as the values used to

plot Figure 43.

2.2.24. SOLID TRANSITIONS

Discussion - See also Subsections 2.2.1 and 2.2.15.

Solid transitions are known to occur for hydrogen. One transition is
dependent on ortho-para compositions and involves a change in structure from
hep to fce. Typical transition temperatures range from 1.2 to 4 K. A second
transition also involves a change in structure from hcp to fcec. It occurs for

a limited range of elevated pressures along the melting line.
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2.2.25. SOUND VELOCITY!96,197,212-215

Discussion - The velocity of sound has been measured by a number of

authors. Bezuglyi and Minyafaev measured the longitudinal and transverse
velocity of sound in polycrystalline normal hydrogen.212 Bezuglyi, et al. !¢
made similar measurements on parahydrogen. Their results are reproduced in
Table 24. The transverse velocities agree very well with later measurements
on single crystal hydrogen and deuterium made by Wanner and Meyer.“”aua"215
The longitudina;:velocities, however, differ by about 10%. Thesé measurements
were made in the compressed solid states but have not been correlated with the
available PVT data to any extent.

Tables of Values - Table 24

‘Uncertainty - For polycrystalline samples about 5%; for the longitudinal

velocity in single crystals up to 10%.
2.2.26. THERMAL CONDUCTIVITY2l167221

Discussion - The thermal conductivity of solid hydrogen, similar to the

heat capacity, is highly dependent on ortho-para composition. It also depends
on crystal quality, and should depend on density for the compressed solid
states. However, most of the experimental measurements have been made at or
near saturation pressure.  Experimental measurements on hydrogen have been

216,217

conducted by Hill and Schneidmesser s, Dwyer, et al.,218 and Bohn and

219
Mate.

Thermal conductivity of solids is usually analyzed in terms of the
thermal resistance W = 1/k. The intrinsic resistance, Wi, that is phonon-
phonon scattering, follows a TR dependence for nonmetals where n ranges from

1l to 3. For parahydrogen, the value of n is between 3 and 4 if estimated
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from the results of Hill and Schneidmesser for temperatures between 4 and 11 K.

The results of Dwyer, et ai.218

are in apparent disagreement with this temper-
ature dependence; they are too low in W (too high in k). The disagreément
probably occurs because the measurements were taken along the melting curve at
elevated pressurés, i.e., the densities are higher than those prevailing at

the triple point. Solid heat transfer studies were made by Contreras and Lee.?

Experimental results on deuterium are contrasted to hydrogen in Reference 221.
Figure - 42

Uncertainty - We note that the hydrogen results of Hill and Schneidmesser

(1% ortho) and those of Bohn and Mate (1.1% ortho) differ by almost an order
of magnitude. This uncertainty should decrease to about 3% as the temperature

approaches the triple point.
2.2.27. THERMAL DIFFUSIVITY

Discussion — Values of thermal diffuéivity have been calculated from

values given in other subsections, thermal conductivity (Subsection 2.2.26),
density (Subsection 2.2.21), and Cp (Subsection 2.2.7).‘ Applicable property
values and calculated thermal diffusivities are shown for solid para and
normal hydrogen in Table 25.

Tables of Values - Table 25

Uncertainty - The uncertainty in thermal diffusivity near the triple point

is about 3% as obtained from the errors in the other variables. Since the
solid thermal conductivity is very sensitive to ortho-para content, the value
of thermal diffusivity of parahydrogen near 4 K has to be considered uncertain
by one order of magnitude. Note that values of thermal diffusivity for para
and normal hydrogen differ by several orders of magnitude for the lower

temperatures of the solid.
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2.2.28. THERMAL EXPANSION'®?:222

Discussion - Explicit values for any of the hydrogens were not found in

the literature. We can, however, estimate the thermal expansion from the
volume change. In the absence of preferred orientation the linear expansion
is to a very good approximation one-third of the volume expansion.  Solid
parahydrogen contracts by.about 1% in contrast to a typical metal which
contracts very little if at all in the same temperature range. Calculated
values of the thermal expansion céefficient for solid parahydrogen were taken
from Ahlers.l®?® A more recent paper by Udovidchenko, et al.??2 covers thermal
expansion at a pressure of 0.4053 MPa (4 atm) in the solid, i.e., at pressures
below the fcc form.

Table of Values - Table 26

Uncertainty - Since the molar volume of the solid is uncertain by about

1.5%, the uncertainty in thermal expansion #s at least that large.
2.2.29. THERMODYNAMIC DIAGRAMS!129>1%2,223

Discussion - Thermodynamic diagrams or Mollier charts are used by the
engineer in many applications because these charts summarize in one place the
phase diagram, the PVT surface, and some of the derived thermodynamic
properties. A temperature—entropy chart, fof example, contains the phase
boundaries, lines of constant pressure, volume, enthalpy, and quality. The
earliest of these charts was prepared by Mullins, et al.lzg; however, it lacks
information on the solid-liquid two phase region. The more recent version by
Sindt and Mann®?? includes both solid-1liquid and solid-vapor two phase

42

regions. It has since been updated by Roder.’

Figure - 43
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2.2.30. VAPOR PRESSURE!10,129,142,208,209,224

Discussion - We are interested here only in vapor pressures at

temperatures below the triple point (n 13.8 X). Ihése vapor pressures are
often called sublimation pressures. Measurements or correlations'prior to
1948, i.e., the paper of Woolley, et al.ll% are not reviewed. We note that
differences in vapor pressure measurements by different observers are nearly
always attributablevto differences in the temperature scales used.

Direct experimental vapor pressure measurements on solid n-H, between 3.4
and 4.5 K were made by Borovik, Grishin, and Grishina.2%8 Hydrogen gas was
condensed on a codled surface in a high vacuum. -After establishment of
equilibrium, the pressure was measured at which the rate of éondensation and
the rate of evaporation were equal. Errors in the measurement of temperature
did not exceed + 0.02 K, and pressure measurement error did not_exceed 10% as
reported by the authors.

Harrison, Fite, and Guthrie2©® e#per@mentally determined the vapor
pressure of solid n-H, from 4.7 to 11.1 K. For the two experimental
temperature ranges, 4.7 — 5.2 K and 6.5 - 11.1 K, the pressure readings were
taken at room temperature using é gauge connected by a tube to the low
temperature region containing the solid hydrogen, and corrections were made in
the calculations when necessary.

A much more recent survey of the vapor pressure of the hydrogen isotopes

has been prepared by Souers; et al.??" .
Tables of Values - parahydrogen, Table 12; normal hydrogen, Table 27
Figure - 44

Equations — One of the drawbacks of the earlier calculation by Mullins,

et al.'?? is that the authors presented no explicit equation for the vapor

pressure of the solid. Indeed they could not because one can either force
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exact thermodynamic consistency or use an:explicit vapor pressure equation,

but not both. The form of the vapor pressure equation is dictated by
thermodynamics. Integration of the Clausius-Clapeyron equation assuming the

vapor phase to be an ideal gas leads to the Kirchoff-Rankine equation:

log P =A/T+BlogT+C.

Parahydrogen
For parahydrogen the equation is constrained to the triple point

Py = 0.00704 MPa (0.0695 atm), T, = 13.800 K, and in other ways to force

2 The coefficients are:

thermodynamic consistency.l®
A = -90.77568949 B = 2.489830940 and C = 4.009857354

where P is in mmHg* and T is in K.

Normal Hydrogen

Harrison, Fite and Guthrie209 represent their data by the equation-

- - 43039 ‘\
log10 P = T + 2.5 log10 T + 2.047

' *
which is used in Figure 44 for temperatures up to 10 K, where P is in mm Hg

119 are shown in Figure

and T is in K. Above 10 K the results of Wooley et al.
44,

Uncertainty - For parahydrogenm2 intercoﬁparison to the available
experimental vapor pressures shows the maximum deviation in pressure down to
10 K is less than 1%Z. The simple equation cannot, however, represent the data
down to low temperatures, say 3 or 4 K. In this temperature range the
departure between predicted and experimental vapor pressures (for normal
hydrogen) increases to nearly 200%. Additional terms in the vapor pressure

equation improve the representation of the vapor pressures but not the heats

of sublimation calculated from the vapor pressure derivative. For normal

* -
(mmHg) x (1.3332 x 10™%) = MPa
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hydrogen the departures between experimental and calculated vapor pressures

are on the order of 5%, however the cross-correlation with the heats of

sublimation has not been done, and larger deviations are to be expected if

thermodynamic consistency is forced.

2.2.31. VIRIAL COEFFICIENTS

Discussion — No virial coefficients have been measured experimentally for
temperatures at or below the triple point. Extrapolation from temperatures
where these coefficients have been measured is often done. As with any
extrapolation, care must be taken so that the results remain physically

realistic. A check on the contribution that each extrapolated term makes to

any given virial expansion is highly recommended.
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CHAPTER THREE

SELECTED THERMOPHYSICAL, CHEMICAL, AND

COMBUSTION PROPERTIES OF HYDROGEN

Jesse Hord
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3.1. INTRODUCTION

Only those propertieé deemed appropriate for safety analyses are treated
in this chapter. Certain physicél, chemical, and combustion properties of
hydfogen are essential ingredients for intelligent safety studies in any
potential fuel application. Evaluation of the safety hazards of a particular
fuel is a highly complex task requiring interpretation of these specific
technical data and intercomparisons with other fuels. To permit insight and
provide perspective for the relative safety of hydrogen, comparative data are
given in Table 28 for hydrogen, methane, and gasoline. Methane is the major
constituent 6f most compressed natural gases and of liquefied natural gaé,

The technical data, listed in Table 28, were obtained from numerous sources .
and are believed to be the best available. Some of the data given in Table 28
were obtained by giving weighted consideration to. several.sources of data and
by performing appropriate computations. :

Most of the properties listed in Table Zé will be familiar to the average
reader and have been discussed in Chaptérs'One and Two; however, each of the
combustion properties will be briefly described in this chapter because of
their importance to safety analyses and because some of them are not commonly
used properties. The thermophysical properties conform with the
conventionally accepted definitions; howevef, explanatory notes are provided
at the bottom of Table 28 to explain the bases for some of the “gasoline”
properties. The heats of fusion and sublimation are taken at the triple point
(at the freezing point for gasoline) and the heats of vaporization are taken
at the normal boiling point. The combustion properties are defined in the
following subsections. For extended discussions of these properties and
hydrogen fire and explosion hazards, see Hord.?”® References 225-343 pertain

to hydrogen safety.
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3.2. DISCUSSION OF THE PROPERTIES

3.2.1. LIMITS OF FLAMMABILITY IN AIR232,237,238,242 264

These liﬁits are defined as the range of concentrations of gaseous fuel
in air at which the mixture will Burn, i.e., a homogeneous fuel-air mixture
will propagate a flame within a limited range of compositions. These limits
are determined experimentally?5* by visually observing upward propagation of
flames through flammable mixtures in vertical tubes. The wide flammability
limits of hydrogen are of practical significance only when fuel leakage into
enclosed spaces is a major concern. In this case the flammable limits of
hydrogen are sufficiently wide to enhance the probability of combustion from a
random ignition source. This flammability characteristic should not preclude
the use of hydrogen because the lower flammable limit (LFL) is the vital one
in most applications. Thé LFL is important because ignition sources are
nearly always present when a leaking fuel first reaches combustible

proportions in air.
3.2.2. LIMITS OF DETONABILITY IN ATRZ3972%35244,259,265

These limits are defined as the range of concentrations of gaseous fuel
in air at which the mixture will detonate, i.e., the flame front will
propagate at supersonic speed. These limits are usually determined by

243,259,265 . '
’ ? of combustion-supported pressure

measuring the rate of propagation
waves in long horizontal tubes filled with combustible mixtures of fuel in

air.

3.2.3. STOICHIOMETRIC COMPOSITION IN AIR

This composition defines the concentration of fuel in air at which all of
the fuel and oxygen in the mixture are consumed by the reaction and maximum

combustion energy is realized.
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3.2.4. MINIMUM ENERGY FOR IGNITION IN AIR2%0>245,266,267,286

This energy is defined as the minimum spark energy required to ignite the

moét easilj ignitéble concentration of fuel in air. The ﬁost;eaSily ignited
mixture of fuel in air is usually not the sfoichiometric composition. To
determine the minimum ignition enefgy, a calibrated capacitor is charged to a
specified voltage and discharged through an arc between parallel plate
electrodes that are immersed in the combustible mixtures of gases. Ignition
energy is calculated from (1/2)CV2 (see References 266,267).

The minimum spark energy required for ignition of hydrogen in air is
about an order of magnitude less than that for methane or gasoline; however,
the ignition energy for all three fuels is sufficiently low that ignition is
relatively assured in the presence of thermal (weak) ignition sources, e.g.,
sparks, matches, hot surfaces, or open flames. Even a weak spark due to the
discharge of static electricity from é human bqﬁy may be sufficient to ignite
any of these fuels in air —- 10 mJ sparks may be produced in such

electrostatic discharges.286

3.2.5. AUTOIGNITION TEMPERATUREZ232,241,242,268

The minimum temperature at which a combustible mixture of fuel and air
can be ignited by a hot surface is the autoignition temperature.

Although hydrogen has a higher autoignition temperature than methane or
gasoline, its low ignition energy characteristic makes it more readily
ignitable than either of the hydrocarbon fuels. The hot air-jet ignition
temperature (Subsection 3.2.6.) is highest for methane and lowest for
hydrogen; therefore, hydrogen is easiest to ignite by jets of hot combustion
products emitted from an adjacent enclosure. The flash point (see Subsection

3.2.20) is meaningless for the cryogenic fuels, hydrogen and methane, within
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the temperature*rénge of interest because these fuels will flash at all
temperatures above their normal boiling points. The boiling points of the
cryogenic liquid fuels are 'so low that these fuels are considered to behave
like gases. The flash point of gasoline is also well below room temperature;
therefore, all three fuels must“be considered volatile and will generate
sufficient vapor to create a fire hazard at earth surface temperatures. Then,
all three fuels are relatively easy to ignite. Hydrogen is most susceptible
while methane and gasoline appear to be equally susceptible to ignitiom.

3.2.6. HOT AIR-JET IGNITION TEMPERATURE?Z"®°>269,270

This ignition temperature is defined as the temperéture of a jet of hot
air as it enters pure fuelyvapors or a combustible fuel-air mixture at NTP (1
atm and 20°C) and causes ignition to occur. The data given in Table 28
represent the jet temperature of hot air as it enters pure fuel vapors at NIP.
The jet diameter for theSe data is 0.4 cm: This ignition temperature
decreases with increasing jet diameter and for a given jet diameter the hot
gas jet ignition temperature increases if hot jets of nitrogen gas (rather
than air) are squirted into combustible fuel-air mixtures. °° The hot gas jet
ignition temperature 1s dependent upon the composition of the combustible
mixture and the velocity of the jet of hot gas.

3.2.7. FLAME TEMPERATURE IN AIR®"’>%"%-27!

The flame temperature in air is defined as the temperature within the

flame when premixed stoichiometric fuel—air mixtures are burned in the open

3-5

1=




air. Fires at the scenes of fuel spills or leaks more closely simulate
stationary gaseous diffusion flames which burn at lower temperatures.

Detailed discussions on this topic and experimental techniques are reviewed by

Lewis and von Elbe.27!

3.2.8. PERCENTAGE OF THERMAL ENERGY

RADIATED FROM FLAME TO SURROUNDINGS2Y9*250

The percentage of thermal energy radiated from a flame to its
surroundings is defined as the percentage of the heat of combustion (high)
that is radiated from the combustion zone to its surroundings. Tﬁe higher
heating value of every flame is eventually dissipated'by radiative processes. | é
The data given in Table 28 are for flames fueled by vaporization of pools of
liquid fuels in an air environment. These data are similar to those obtained
in laboratory experiments with stationary gaseous diffusion flames.2%9,250

| Atmospheric moisture absorbs thermal energy radiated from a fire and can
reduce the values recorded in Table 28. Hydrgéen fires benefit most from this
absorption effect,zug e.g., it is estimated that 45 percent of radiant
hydrogen flame energy is absorbed wifhin a distance of 8 m in 25°C air

containing water vapor at (.002 MPa (15 mmHg) partial pressure.

3:2.9. BURNING VELOCITY IN NTP® AIR2%2>2%3,248,251,252,255,287-285,311

The burning velocity in NTP air is defined as the  subsonic velocity at
which a flame propagates4through a flammable fuel-air mixture. This velocity

is usually determined in the laboratory by measuring the velocity of gas flow

251
to a bunsen burner.

a
NTP = Normal temperature and pressure (1 atm and 20 C).
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- The burning velocity is a fundamental property of a combustible gas

287

mixture and should not be confused with the flame speed. The burning

velocity influences the severity of the explosion and along with quenching gap

287

is important in the design of flame arresters. Higher burning velocities

indicate a greater tendency for the combustible gas mixture to support the
transition from deflagration to detonation in long tunnels or pipes. The

instantaneous pressure rise due to the ignition of a fuel-air mixture

contained in a spherical vessel is proportional to the cube of the burning

289 , .. . .
indicate that the pressure rise ratios for

velocity.2®® Available data
adiabatic combustion of stoichiometric mixtures of hydrogen-air and
methane—air in closed vessels are nearlyvidentical. Similar data255 produced
pressure rise ratios for hydrogen-air that were 20 to 40 percent higher than
those for gasoline~air. 1In long tubes or tunnelg, hydrogen—air mixtures will
transit to detonation more rapidly than methane-air or gasoline—air mixtures;
therefore, overpressure hazards in confined spaces are enhanced in hydrogen
systems. Thus, the high burning velocity “of hydrogen is an indication of its
high explosive potential and of the difficulty of confining or arresting

hydrogen flames and explosions. Industrial equipment is currently available

to safely confine hydrogen explosions but pipeline flame arresters, though

successful in certain hydrogen—air combustion applications, are not yet

. . 311
considered reliable.

3.2.10. DETONATION VELOCITY IN NTP AIR?%3°253,254,259

The detonation velocity is the supersonic velocity at which a flame (and

accompanying pressure wave) propagates through a detonable fuel-air mixture.




272

3.2.11. DIFFUSION COEFFICIENT IN NTP. AIR

fhe diffusivif9‘of coefficient of diffusioﬁ fé:afparameter used in Fick's
equation to déscribe the rate at which a gaseéﬁékfﬁel=diffuses through air.
For a given fuel concentration gradient th; m;séidiffﬁsion flow rate is
proportional to the diffusion coefficient. This éoefficieht can be computed

from an empiriéal expreSsion272 that is based on the kinetic theory of gases.
'3,2.12. DIFFUSION VELOCITY IN NTP AIR*73

The diffusion velocity is simply the velocity at which a gaseous fuel
diffuses through air.r For aFSpecified fuel concentration gradient the
diffusion velocity‘ié proportional to the diffusion coefficient and can be

estimated from Stefan's equation.273

Diffus;on velocity varies with
temperature according to 13/2 and consequentiy low ﬁemperature gases

produced by cryogenic liquid fuel spills will diffuse more slowly than NTP
fuel gases. The values recorded in Table 28 are based on NTP fuel gas and NTP
air densities and fuel concentrations that vary from 99.99 percent to 0.0
percent over path lengths of 3 cm to 30 m.

3.2.13. BUOYANT VELOCITY IN NTP ATR249,2580,274,275,282,320

The buoyant velocity is the velocity at which gaseous fuels rise in air
under the influence of buoyant forces. This velocity cannot be determined in
a direct manner as it is dependent upon drag and friction forces that oppose
buoyant forces acting on the rising volume of gaseous fuel. Atmospheric
turbulence as well as shape and size of the rising volume of gas can affect

the terminal velocity of the buoyant gas. Buoyant forces are related to the
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difference in air and fuel densities; therefore, cold, dense fuel gases
produced by cryogenic fuel spills will rise more slowly than NTP fuel gases.
The buoyant velocities recorded in Table 28 were estimated from fundamental
principles of dynamics and with the aid of empirical data?7%,275; it was
assumed that the radii of the buoyant masses of NTP fuel gas Qaried from 3 cm
to 1.5 m.

The rate at which fuel vapors mix with air is indicated by their
diffusion velocities and their buoyant velocities. The buoyant effect is
dominant for hydrogen and methane and from the data listed in Table 28 it is
apparent that hydrogen can be expected to mix with air more rapidly than
methane or gasoline —- the latter is obviously the slowest mixing fuel of the
three fuels considered. In the event of a fuel spill, one could expect
hydrogen to form combustible mixtures more rapidly than methane because
hydrogen has a higher buoyant velocity and a slightly lower flammableblimit.
Again, gasoline would be orders of magnitgde slower than hydrogen or methane
in forming combustible mixtures in air. iﬁ some fuel applications these
relative mixing times may be important while in others they are meaﬁingless,
e.g., an instantaneous.fire hazard exists for the impact rupture of an auto
fuel tank irrespective of the type of fuel carried.

Because of their higher buoyant velocities, hydrogen and methane can also
be expected to disperse more rapidly than gasoline and thus shorten the
duration of the flammable hazard. Even though the upper flammable limit (UFL)
of hydrogen is much higher than that of methane, the higher buoyant velocity
of hydrogen permits it to disperse to concentrations below the lower flammable

limit (LFL) more rapidly282

than methane. Thus, one could expect a fire
hazard to exist more readily with hydrogen, methane, and gasoline respectively,

and to persist in the inverse order.
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Some caution must be exercised in analyzing fuel mixing and dispersion
rates by comparing relative buoyant and diffusion velocities of the NTP fuel

gases. In large cryogenic liquid fuel spills, thé vaporization of liquid and

warming of the vapor can cool large masses of air. In addition, NBP hydrogen
vapor density approaches that of NTP air while NBP methane vapor density is -
greater than the density of NTP air. Consequently; for some finite period of
time these cold vapor—air mix;ures are nonbuoyant and may extend to

appreciable distances from the spill. Therefore, both the range and duration

of the fire hazard may be extended somewhat when cryogenic liquid fuels are

spilied. More definitive experimental data are needed in this area to

supplement existing knowledge.2"%5250,320

3.2.14. MAXIMUM EXPERIMENTAL SAFE GAP
(MESG) IN NTP AIR?5%,256,276
AN
The MESG is defined as the maximum permissible clearance, between flat
parallel steel surfaces, that prevents the propagation of dangerous flames or

sparks through the gap. The MESG is measured by igniting a combustible

fuel-air mixture inside of a test enclosure and observing a similar combustible
mixture surrounding the enclosure to detect its ignition. The MESG is the E
largest gap size that does not permit ignition outside of the test enclosure.
Theé MESG is dependent upon the test gap flange width, composition of
combustible mixtures inside of and surroﬁnding the test enclosure, the initial
pressure and temperature of the mixture, location of the ignition source and

255,276

enclosure geometry. The hydrogen and gasoline MESG data recorded in \L

Table 28 were obtained using parallel steel flanges that were 1.905 cm wide
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and 10.16 cm long. The methane MESG data were obtained using an 8 liter
chamber with equatorial flanges that were 2.54 cm wide. MESG data are of

vital importance to the design and manufacture of explosion-proof equipment.
3.2.15. QUENCHING GAP IN NTP AIR240,257,277,287

The quenching gap is defined as the spark gap between two flat parallel
plate electrodes at which ignition.of combustible fuel-air mixtures is
suppressed, i.e., smaller gaps have the effect of totally supressing spark
ignition.2*%s257 Other types of electrode geometries are also used in
laboratory measurements?“9,257 of quenching distance. The experimental
data?%9,257,277 400 dependent upon the temperature, pressure, and composition
of the combustible gas mixture and electrode configuration.‘ Experiments have
shown that the quenching distance is relatively independent of the mode of
ignition. The quenching distance is sometimes determined by measuring the
smallest diameter tube through which flame will propagate in a flammable NTP
mixture of fuel-air that fills the tube. Similarly, quenching distances can
be obtained by measuring the gap required to quench propagation of flame
between flanges or plates that form a narrow channel and are filled with a
flammable fuel-air mixture at NTP. In the latter two experiments the
explosive gas mixture is ignited at one end of a long tube or channel by a
pilot flame.

In general, faster-burning gases have smaller quenching gaps and flame
arresters for faster-burning gases must have smaller apertures.?®’ The
quenching gap is the passage gap dimension required to prevent propagation of
an open flame through a flammable fuel-air mixture that fills the passage and

it is clearly distinguishable from the MESG. The latter is the maximum
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permissible clearance between flanges to assure that an explosion does not

propagate from within an enclosure to a flammable mixture surrounding the

enclosure. Because of the hlgh explosion pressures the MESG is always smaller

than the quenching distance.
3.2.16. DETONATION INDUCTION DISTANCE IN NTP AIR2%2>259,260,278

The detonation induction distance is the distance required for a
deflagration to transit to a detonation in a detonable fuel-air mixture. This
distance is usually experimenrally determined in a long cylindriéal tube with
a spark or hot wire ignitor on one end of the tube. The tube is instrumented
along its length to sense the velocity of the flame front as it propagates
through the detonable mixture of gases. The distance from the ignitor to the
axial position in the tube where the flame front first attains the detonatioﬁ
velocity is reported as the induction distance. fThis distance is dependent

upon the combustible mixture constituents, the pressure, temperature, and

concentration of the gaseous mixture, the enclosure geometry278 and strength

242 A deflagration is a low order explosioh resulting

of the ignition source.
from subsonic flame speed, relative to the unburned gas. It is conventionally
defined as a propagating reaction in which the energy transfer from thé
reaction zone to the unreacted zone is achieved through ordinary rate-limiting
transport processes such as heat and mass transfer. A detonation is a high
order explosion resulting from supersonic flame speed, relative to the
unburned gas. It may be defined as a propagating reaction in which energy is

transferred from the reaction zone to the unreacted zone on a reactive shock

wave.
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3.2.17. LIMITING OXYGEN INDEX>38,258

The limiting oxygen index is the minimum concentration of oxygen that
will support flame propagation in an unknown mixture of fuel, air, and
nitrogen, e.g., no mixture of hydrogen, air, and nitrogen at NTP conditions
will propagate flame if the mixture contains less than 5.0 volume percent .
oxygen.238 Use of diluents other than nitrogen results in different valueé
for the limiting oxygen index of each fuel.?%%°2%8 The low values of limiting

oxygen index reflects the high value of the upper flammable limit (UFL) for

hydrogen—air mixtures.
3.2.18. VAPORIZATION RATES OF LIQUID POOLS WITHOUT BURNING2S®

The vaporization rate of a liquid pool (in the absence of burning) is
determined by the rate at which the liquid level decreases after a pool of
liquid fuel has been formed by spilling f;el onto a warm surface such as sand
or soil. These evaporation rates are measured after subsidence of the violent
boiling that accompanies the initial liquid spill.' Vaporization rates of the
cryogenic fuels can be expected to vary widely with the conductivity and heat
capacity of the soil or other material confining the spilled liquid fuel. 1In
the case of gasoline, vaporization rates will vary with the volatility of
constituents (blend), age, fuel temperature, ground surface texture, and
temperature, etc. Wind velocity influences the vaporization rate of all fuels

considered herein.
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3.2.19. BURNING RATES OF SPILLED LIQUID POOLS2*9,250; 342

The burning rate is the rate at which the liquid level decreases after a
pool of liquid fuel has been formed by spilling fuel onto a warm-surface and
the resultant vapor-air mixture has been ignited. Again, these burning rates
are measured after the initial-spill violent boiling has subsided and the
vapor is mixing and burning in air above the pool of spilled fuel. These
bufning rates may also be obtained by adding the vaporization rate (Withouf
burning) and the liquid level regression rate attributable to the burning of
vapors in the open air over liquid fuels that are contained in open-mouthed
insulated vessels. Steady state burning rates increase with liquid pool |
diameter while vaporization rates continuously decrease with t1me,
irrespective of pool size. Burning rates can be expected to vary with pool
diameter and wind velocity.

As indicated in Table 28, the volumetric va?orization rates and bﬁrning
rates. are highest for hydrogen, methane, and gasoline, respectively.
Consequently, for a given liquid spillage volume, gasoline fires will last the
longest and hydrogen fires the shortest while all of the fuels burn at about
the same flame temperature. The thermal energy radiated from these poblffed
‘fires may be computed by multiplying the appropriate (burning rate) X (NBP
liquid density) X (high heat of combustion) X (percentage of thermal energy
radiated from the flame to its surroundings). The radiated thermal energy
should not exceed 276 W/em® of pool liquid-vapor surface area for hydrogen,
155 W/cm® for methane, or 212 W/cm? for gasoline. Then, the scene of a
hydrogen fire may be hotter than that of a hydrocarbon fire, but the
hydrocarbon fires will last five to ten times longer that hydrogen fires (for

equivalent fuel spillage volumes).
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3.2.20. FLASH POINT232,279

The flash point is the minimum. 1iquid fuel tempefature required to
provide a fuel vapor-air mixture éfﬁve the surface of.the liquid that will
propégate a flame. The liquid fuel is heated in an open or closed cup?79
until the vaporization rate is sufficient to form a mixture of fuel vapor and
air that is within the flammable limits near the liquid surface. Ignition is

accomplished with an open flame near the surface of the liquid.
3.2.21. ENERGY OF EXPLOSION2%°,298,309,320

The energy of explosion is the theoretical maximum energy available from
a chemical explosion. This maximum energy release is determined by computing
the isothermal decrease in the Helmholtz free-energy function. Explosive
energies listed in Table 28 are expressed in terms of equivalent quantities of
INT (symmetrical trinitrotoluene) and may‘ﬁe converted directly to energy
units by multiplying by 4602 J/(g TNT). Note that hydrogen is the most potent
on a mass basis and the least potent on a volumetric basis. The explosive
potential per kJ of stored heating value (based on the high heat of
combustion) is 0.17 (g INT)/kJ for hydrogen, 0.19 (g TNT)/kJ for methane, and
0.21 (g TNT)/kJ for gasoline. Thus, for equivalent energy storage, hydrogen
has the least theoretical explosive potential of the three fuels.

It must be emphasized that only a fraction of this theoretical explosive
yield can be realized in an actual open-air mishap because it is virtually
iﬁéossible to spill or release a large quantity of fuel and have all of it
mixed in proper proportions with air prior to ignition. Experimental data and
computations indicate that the fraction?°0,309,320 of fuel within the

combustible range at any time following a massive or continuous fuel spillage
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will be less than 10 percent of the quantity spilled. Such explosive yield

data are meager for all three fuels; however, the vapor or gas phase mixing
limitations are equally applicable to all fuels. Hydrogen disperses much more
rapidly fhan methane or gasoline, but it also has much wider flammable and
detonable limits, etc. Thus, in the absence of more definitive experimental
data it is impossible to accufately aésess the probable explosive yield
attributable to accidental release and ignition of hydrogen, methane, or
gasoline in air. The 'energy of ‘explosion' values listed in Table 28 should
be considered theoretical maximums and yield factors of 10 percent are
considered reasonable for fuel-air ekplosions. Higher yield factors are
possible in 1iquid bipropellant explosions.298

3.2.22. TOXICITY2617263,280,281

Although not a combustion property, the toxicity of a fuel is an important
factor in safety studies. Toxicity is the quality or condition of being
harmful, destructive, deadly, or poisonous to living organisms. The toxicity

of a fuel can only be described in terms of its effects on living organisms

280 80

and specifically in terms of its effects on humans. Toxicity ratings2
are (of necessity) relative values and threshold limit values for exposure to

toxic substances are published annually (see Reference 281).

3.3 DATA GRAPHS

3.3.1. DISCUSSION OF THE FIGURES

Personnel safety criteria and hydrogen storage standards have been
developed by combining the properties data in Table 28 with certain technical

formulae and experimental results.  These safety and storage criteria are
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summarized on Figures 45-47. The derivation and use of data shown on these

25 '
225,290 treating the explosive

figures are fully discussed in summary documents
hazards of hydrogen and only a brief summary of these figures is. given here.

Figures 45 and 46 summarize much of the fire and explosive hazard data
for experimental areas and illustréte the variation in conservatism of various
authorities that generate safety criteria. Obviously, when in doubt, the more
conservative criteria should be used. The overpressure band on Figure 45
corresponds to breakage of ordinary window glass (3.5 to 7 kPa) and the
overpressure band on Figure 46 relates to the estimated external pressure
capability of liquid hydrogen storage dewars. Note that the data on both of
these figures specify safe unbarricaded distances. Safe barricaded distances
for TNT and fuel-air explosions may also be estimated from data made available
in References 290, 298, and 308.

Unbarricaded distances required for the protection of personnel in
inhabited buildings that are exposed to shrapnel from TNT explosions are
indicated by curve 6 on Figure 45. These data also predict the maximum

298 3nd are more

observed fragment distances for space vehicle explosions
restrictive than the unbarricaded distances required for shraphel protection
of personnel on roadways (see curve 2 on Figure 45).

A single series of documents??8

offers comprehensive treatment of
overpressure, impulse, fireballs, shrapnel, barricades, structural response,
and physiological effects, as they relate to propellant explosions. These
documents are believed to be applicable to fuel-air explosions where the TNT
equivalent is properly estimated.

Figure 47 provides a ready comparison of industrially accepted fuel

storage standards for hydrogen, liquefied natural gas (LNG), and gasoline. By
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comparing curves 1 and 4 on Figure 47 with the data given on Figures 45 and
46, we find that the industrial quantity-distance standards (Figure 47) for
hydrogen are less demanding than those suggested for expgrimental areas
(Figures 45 and 46). Also, by’comparing curves:-1, 2, 3 and éurvesf4, 5, 6 on
Figure 47, we observe that industrial storage standards are more restrictive
for hydrogen, methane, and gasoline, respectively.

Curve 3 on Figure 47 represents the minimal distance for separation of
two adjacent above-ground gasoline storage tanks. The distance®"! between
such tanks shall not be less than 0.9 m (three feet) and not less than
one-sixth the sum of the diameters of two adjacent tanks. When the diameter
of one tank is less than one-half the diameter of the adjacent taﬁk, the
distance3%! between the two tanks shall not be less than one—half the diameter
of the smaller tank.

Curves 6A and 6B on Figure 47 represent the variation in quantity-
distance standards for the protection of perégnnel in buildings ad jacent to

341

gasoline storage tanks. These curves bound standards that vary with type

of tank construction, fire control measures and protection for exposures, tank
operating pressure, and emergency venting equipment.

The distance’"'! from any part.of an underground tank (storing gasoline)
to the nearest wall of any basement or pit shall be not less than 0.3 m
(one foot), and not less than 0.9 m (three feet) from inhabited buildings.

It is apparent that industrial storage standards are least restrictive
for gasoline; however, the industrial storage standards for LNG and hydrogen

fuels are not prohibitive and should not limit their use.
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CHAPTER FOUR

MISCELLANEOUS PROPERTIES OF HYDROGEN T
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4.1. INTRODUCTION

This chapter collects many of the §foperties,bof interest to scientists
and engineers, that are not readily catégdrized and treated in one of the

previous chapters.

4.2. DISCUSSION OF THE PROPERTIES

4.2.1. RADIATIVE PROPERTIES

No references to the emissivity of hydrogen were found in the literature;

see Subsection 4.2.2. for spectral absorption.

4.2.2. INFRARED ABSORPTION>**73%30

;
AN

Definition ~ The absorption coefficient, k, of ; material is a measure of

the loss in intensity, I, of radiation which is passed through a umnit length
of a homogeneous region of the material, i.e., if Z is the axis of
propagation, then dI/I = ~kdZ or in infegral form I = Ioe'kz.

Absorption Bands - k is for most gases a strong function of frequency,

being zero over large ranges of ffequency and sharply peaked in certain other
regions. It is difficult to summarize this subject because so many
transitions are possible for hydrogen, i.e., rotational, vibrational, Raman,
ultraviolet, infrared, and far infrared spectra have all been investigated.
An extensive survey of induced transitions in liquid and solid hydrogen up to

L8

about 1965 is given by Colpa.3 More recent data for solid hydrogen includes

70

Raman spectra at the lambda transition®’? and both infrared and Raman spectra

) 371

at pressures up to 1500 MPa (15 kbar As with other gases, the absorption
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coefficient k is density dependent, varying roughly as the density squared
(see Figure 48); in the particular case of hydrogen, k is significantly
dependent upon the ortho—para composition (see Figures 49 and 50). For an
estimate of importance to heat transfer problems, see Reference 349.
Figure - 48, Raman;sus 49, far infrared (rotational);ahh 50, far infrared
(translational);auk 51, far infrared (rotational);31+5 52, ultraviolet. 3"’
Uncertainty — The uncertainty varies with frequency but a typical
conservative estimate is 5%. Note: Differences of 30 to 40% for the peak

344,350

absorption between Jones and others have not been explained.

4.2.3. ISOTOPES!®

Definition - An isotope is an atom of an element having a different

nuclear mass and atomic weight from other atoms of the same element.
Discussion - Hydrogen has two such isotopes, deuterium with an atomic

weight of 2 and tritium with an atomic wgight of 3. The three different kinds
of hydrogen atoms may combine in six different ways to form a molecule, i.e.,
Hz’Dz’Tz’HD’HT’ and DT. There are some data in the literature for D2 but very
little for any of the tritium-containing molecules. The isotopes are beyond
the scope of this work, and the reader is referred to Reference 19 for data on
the hydrogen isotopes. Also, isotope data pertinent to magnetic fusion

applications are being compiled at the Lawrence Livermore Laboratory.139

4.2.4. MIXTURE PROPERTIES3%!73%9

Thermodynamic Properties — A review by Hiza et al.?%3 lists experimental

data for fluid mixtures properties of cryogenic interest; included are data




for hydrogen systems. In addition to the above review, two reviewg®5%5355

give experimental data and some theoretical‘discussion of~sdlid-vapor
equiiibria- For liquid-vapor equilibria, a bibliography by Oellrich et al.?56
gives ‘references for both experimental and theoretical studies; thls review
includes all components with normal b01ling points below 350 K. Also, the
liquid—vapor section of the review by Hiza et al. has been published. %7
Figure 53 can be used to obtain a rough estimate of the solubility of hydrogen
in various solvénts as a function of temperature and pressure. To estimate
hydrogen solubility use

X(100,T)

XD = 166 = oot

where X(P,T) is the mole percent szin the solvent at the desired pressure P,
in atmospheres, and temperature T, in Kelvin; X(100,T) is the mole percent in
the solvent at 100 atm and T which is obtained from Figure 535 po(T) is the
solvent's vapor pressure at T. It is recommended that the above equation bé

used only for pressures of 10.1325 MPa (100 atm) or less and that the curves

not be extrapolated to higher temperature; one should refer to the original data

(see References 351, 352, 360-368) for higher temperatures or pressures. To
éstimate the vapor phase composition one can use y = 100 X Po(T)/P, where y is
the mole percent of the soivent-in the vapor phase; however, this estiﬁate will
always be too low, especially if the pressure is more than 1.01325 MPa (10 atm)
above the vapor pressure. For additional information on thermodynamic
properties of mixtures, see References 351 to 359. Solubility references differ
from liquid-vapor equilibria references in that they consider only liquid phase
compositions, whereas the iiquid—vapor references consider both phases. Mixture

data on isotopes pertinent to magnetic fusion applications are being compiled




at the Lawrence Livermore Laboratory.'3° The influence of helium and neon
impurities on freezing of hydrogen isotopes is treated in Reference 369.
Transport Properties of Mixtures - This subsection considers only viscosity

and thermal conductivity. For dilute gas mixtures, Wilke's correlation can be

358 59

used to estimate the viscosity and thermal conductivity.3 To our
knowledge, no reliable technique exists for estimating the effect of hydrogen

concentration on the viscosity or thermal conductivity in the liquid phase.

4.2.5. METALLIC HYDROGEN'’"»207»3727380

Definition - Solid hydrogen under extreme pressure (about 2 to 3 x 10° MPa) is
thought to undergo a phase transition to the metallic state and may be
superconducting. The subject of metallic hydrogen is beyond the scope of this
work, but References 372 to 380 will serve as a starting point for those who
wish to pursue the subject further. These citations include surveys and

summaries,”“—377 Russian static press efforts,378 Japanese static press

79 20 380

efforts, ®’° a metallic hydrogen phase diagram, ’ and observations of a new
solid phase transition at pressures below those where the metallic phase

transition occurs.

4.2.6. ORTHO-PARA MODIFICATIONS'7»19,110,381,382

Definition - The hydrogen atom is composed of a nucleus of one proton and

an electron orbiting around the nucleus. The hydrogen molecule is composed of
two hydrogen atoms; however, there are two modifications of hydrogen molecules
called orthohydrogen and parahydrogen. The differentiating feature of these
molecules is the relative orientation of the nuclear spin of the individual
atoms. The nuclear spin is a rotational motion of the nucleus about an axis

perpendicular to the molecular axis. It is therefore possible to have two
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relative orienéations of these nuclear spins, i)e., the spins may be in the
same direction or they may be in oppdsité difeétions. These orientations are
commonly called parallel and antiparallel, reépectively. The nuclear spin is a
quantized motion; therefore, only éertain motions are allowed. Associated with
this quantization’afe quantum numbers for the‘spin and the corresponding energy
levels. The molecules with antiparallel nuclear spins, called parahydrogen,
have even quantum numbers and are in the lowest energy state. Conversely, the
molecules with parallel nuclear spins, called orthohydrogen, have odd quantum
numbers and are in a higher energy level. |

Discﬁssion = Fluid hydrogen may be thought of as a binary mixture of two
different species of molecules &ifféring from each other in physical
properties. These differences are easily deteqtable on a macroscopic scale and
in some cases are of great importance in design problems. The percentage of
the ortho-para concentrations in the mixture is temperature dependent. The
term equilibrium hydrogen is, as the name implies, the equilibrium
concentratiop at a given temperature. For ex;mple, at a temperature of about
80 K, the equilibrium concentration of ortho and para is 50% for each. Near
ambient temperature the composition is 75% ortho and 25% para. This 25-75
composition is called normal hydrogen. See also Subsection 2.2.19.

Tables of Values - These tables ére from Reference 110.

Units Range of table Table location
% Para 0 - 500 K 29
Figure - 54
Equation - None
Range of Values -
Units 20 K 300 K
%Z Para 99.821 25.072

4-6




Uncertainty - These values are estimated to be uncertain by less than 1%.
Heat of Conversion?!!?
Definition - The conversion of orthohydrogen to parahydrogen is an
exothermic process. The amount of heat given off in the conversion is
‘temperature dependent.
Table —~ Values taken from Reference 110.
Units Range of tables Table location
cal/mol* .10 - 300 K 30
Figure - 55
Equation - None

Range of Values -

Units 10 K 300 K
Ig 527.14 27.56
(cal/mol) (253.99) (13.28)

Uncertainty - The uncertainty of the heats of conversion is estimated to be
less than 0.1%.

Conversion\Rates
Since the percentage of the ortho—para composition is temperature dependent, the
rate of conversion is of interest in a variety of problems. The conversion of
a nonequilibrium ortho-para composition to an equilibrium composition is a very
slow process in the absence of a catalyst. This mode of conversion (no
catalyst present) is called self-conversion. In general, the self-conversion
rate is also a function of temperature. For example, at liquid air tempera-
tures the half-life of the conversion is greater than 1 year, while at 923 K
and 0.0067 MPa (50 mmHg) pressure the half-life is on the order of 10 min. The

"half-life period" is defined as the amount of time required to convert 1/2 of the

excess ortho or para composition present at the starting time.

*
(cal/mol) x 2.0755 = J/g.

47
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Catalysis increases liquefaction energy requirements by approximately 15

percent. If ﬁormal hydrogen is liquefied and not converted by catalyst to the
equilibrium cdncentration at 20 K, a portion of the liquid will boil away due
to ortho-para!conversiqn. Figure 56 shows the fraction of liduid hydrogen
boiled off as a function of storage time and initial ortho content. This
boil-off is due to the ortho-para heat of conversion only.
Tables of Values - None:
Figure - 56
| Catalytic Conversidn Rates 382

The ortho-para conversion process is greatly enhanced by catalysis; since
many substances as well as magnetic and radiation fields will speed up the
donversion, only a typical example of conversion will be given here. Weitzel
et al.,17 using 1.5 liters of unsupported hydrous férric oxidé granuies,
converted liquid normal hydrogen to 90 to 95% equilibrium H2 at an average rate
of 235 L/h. . Q
Tables of Values - None
Figure - None
Equation - None
Property Differences — In general, the larger differences in the properties
of ortho and parahydrogen will occur in the derived properties where heat is
important. Properties like enthalpy, specific heat capacity, and thermal
conductivity show large differences. On the other hand, the density of
ortho-para mixtures will vary very little. The difference in density between
normal and parahydrogen is probably less than about 0.3%, with
normal hydrogen having the larger density. For differences in a particular
property, the reader should consult Chapter One for a description of the property

and see the figures listed below.
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Figure - 57, density differences between normal and parahydrogen; 58,
specific heat (heét capacity) differences between normal and parahydrogen; 59,

thermal conductivity differences between normal and parahydrogen.
4.2.7. THERMAL TRANSPIRATION®®S

Definition - Thermal transpiration is the phenomenon of the flow of a gas
at very low pressures:through:a capillary due to a temperature gradient. In a
closed system, with a constant temperature gradient, a steady state pressuré
difference will occur between the ends of the capillary, provided the mean free
path of the gas is about equal to, or larger than, the diameter of the tube.
Thermomolecular Pressure Difference
If, at the steady state, the pressure at the ends of the tube are Py and

Pc, corresponding to tempefatures of Ty and Tg, then

where the subscripts H and C refer to hot and cold, respectively. The equation
is only valid in the limit of P—0. At higher pressures, correction terms must
be added. However, it must be remembered that thermal transpiration is an
apparatus effect; therefore, corréction terms to the equation should not be

added for a particular gas but rather for a particular apparatus.
4.2.8. HEAT TRANSFER AND PRESSURIZATION PARAMETERS">7»%»>38%

A number of thermodynamic expressions have become convenient for the
engineer to use in dealing with the storage and trahsfer of liquefied gases.
Tabulations for four such parameters for hydrogen have been included in this

subsection.
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Specific heat input oo S :
Vjp P \9P oT

(conmonly symbolized by 9)

T v
Energy derivative 3p v [op
. o V‘(ﬁ " T, \°r
(commonly symbolized by ?) V.. v A
Isothermal bulk modulus - ' (BP) 1 5p
(commonly symbolized by o) v T 9p T
Volume expansivity 1 <B_V> ;l ,(an) ) (_8_11) ,
vV \3T oT 3
(commonly symbolized by B) p P p )T

Specific Heat Input, 6 - This parameter is sometimes referred to as dQ/aM,
heat input per increment of mass. It is frequently expressed in terms of
density instead of specific volume, i.e., p(BH/ap)P. It is the amount of

heat required to expel a unit mass ofvfluid f?om a sforage vessel;. The units
are tﬁe same as those for enthalpy: J/g.

Ehergy Derivative, ® - This quantity is also frequeﬁtly expressed in

. density by substituting 1/p for V. Typical units aré MPa-cm®/J. This
parameter is often used in conjunction with the specific heat input, 6, to
deterﬁine expulsion rates from rigid. containers.

Isothermal Bulk Modulus, 0. - Likewise,. this parameter is frequently

expressed in density; —-P(3P/3p)r with the usual units of MPa. It is

the reciprocal of isothermal compressibility -(3V/3P)p/V and is a convenient
factor to use in certain engineering calculations.

Volume Expansivity, 8 - Often called simply expansivity or constant

pressure expansion, it is separately described in Subsection 1.2.29. Units are

K'. A related expression is the constant pressure expansion coefficient,
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T(3V/3T)p/V, but values for this latter expression have not been tabulated

and are not as widely used.

Tables of Values — These parameters are tabulated in Tables 2, 3,8, and 9

as follows:

Range of tables

Parameter Units
~
8 = V( aH/aV)P J/g
¢ = V(3B/JU), MPa-m3/kJ . » 13.8 - 3000 K

Q
It

-V(ap/'aV)T MPa

(av/aT)P/v K-! J

o]
]

Figure - 60, 61

Equations - None except as shown above

Range of Values -

Triple point

Parameter Units Liquid
Para
] Jl/g a
% MPa-m3/kJ a
a MPa a
8 K™! a
Normal )
© J/g 622.6
) (MPa-m®/kI)x102  0.2565
a MPa 90.34
B K~?! 0.0102

ayalues the same as normal table.

Vapor

n B o @

139.8

0.0668
0.0069
0.0752

Boiling point

Liquid

m.» o @

587.9
0.2018
50.21
0.0164

Vapor

[ 2 ]

189.1
0.0667
0.0903
0.0642

bNot conclusive; may be finite but small value instead of 0.
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0.01 - 100 MPa

} Saturation boundary 0.01 - 1.3 MPa

Table
location
2,8
3,9
Critical
point STP
a 4455
ob 0.0385
a
© a
199.0 4295
ob 0.0405
0 0.101
© 0.0033
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Unceftaintyf4iThefunéertainties*for each parameter are estimated as

follows:

Parameter ' Compressed liquid,z Gas and supercritical,Z
6 ‘ 3-5 3
> 3 2
o 3-5 2
B 3-5 2

4.2.9. SLUSH HYDROGEN TECHNOLOGY385 393

Definition - Slush hydrogen is a homogeneous mixture of coexisting liquid

and solid hydrogen. Slush hydrogen is more dense and has a greater heat
capacity than liquid hydrogen; therefore, it offers certain advantages in |
volume-restricted aerospace missions, e.g. deep space probes. The high density
of slush allows more fuel to be carried within ? prescribed tankage volume and
the increased heat capacity increases non—venti;g storage times, thereby
décreasing overboard vent losses and/or increasing mission duration. The
density of slush that is 0.5 solid (by mass) hydrogen is 15.5% greater than
that of normal boiling liquid hydrogen. Similarly 0.5 solid fractiom slush
hydrogen has 18.3% more heat capacity than normal boiling liquid. Slush heat
capacity and density relationships are plotted on Figure 62.

Production - There are two recognized methods of producing slush hydrogen.

386

One is the auger method and the other is the freeze-thaw method.385

The auger method simply uses an auger rotating inside of an externally-
insulated refrigerated cylinder that is submerged in liquid hydrogen. Hydrogen
freezes on the internal walls of the cylinder and is continuously shaved or

scraped off by the auger.386 Commercial ice-makers operate on a similar

4-12
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principle. Solid fraction is adjusted by the rate of outflow of slush and
equivalent inflow of liquid. The auger method can be used in a continuous
production mode and produces slush hydrogen at éuper-atmospheric pressures so
that the slush can be pressure-transferred to storage containers. The auger
method has been successfully used to produce small quantities386 qf slush
hydrogen and should be practical for large scale production.

The freeze—thaw method has been used to generate small3®® and relatively
large392 quantities of slush hydrogen. This production technique requires that
the ullage over a fixed volume of liquid be vacuum pumped until a solid layer
forms at the liquid-vapor interface. The vacuum pumping is then stopped and
the solid layer melts (thaws) and settles into the liquid. This cycle is
repeated until the desired solid content has been formed. The solid is then
mixed with the liquid by stirring to form a homogeneous mixture of solid and
liquid. The porosity of the solid formed in this manner is a function of the
pumping rate. Low pumping rates produce dense solid which when broken forms
large particles of solid and will not formlh homogeneous mixture with the
liquid. Higher pumping rates produce a porous solid which is easily broken
into much smaller particles and is easily mixed with the liquid to form a
homogeneous mixture which may be defined as slush. This batch method is
capable of producing slush in large quantities. Disadvantages of the method
are: 1) A safety hazard exists because the required low ullage pressures
(v 0.0061 MPa) invite air leakage into the slush container, and 2) transfer of
slush into a storage container requires ullage pressurization or pump—transfer.
Maximum solid fractions achieved to date are ™V 0.6 with 0.4 to 0.5 solid
content being practical and easily accomplished.

Storage - The latent heat of fusion of the solid makes slush hydrogen more

storable than subcooled liquid, i.e., the slush can absorb more energy (heat
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leak) and reduce boil-off losses; howevet, the solid particles settle and tend

to agglomerate in the absence of agitation. In low gravity environments this
settling is of litﬁle concern‘énd in one-g and high-g fields it can be overcome
by using mixers.3®®

Some very interesting aging effects have been observe’d385 in slush
hydrogen. Although the changéLin Ehe particle size was insignificant, the
structure : changed dramaticall§ during>agiﬁgu The: solid particles were observed
to change from particles with irfeguiar rough edges to particles with smooth
:edges. The smaller particles would tend to combine with the larger particles
to form a particle of higher density.

The rate of preséure—rise in 'slush filled vessels can be prédicted if the
storage vessel heat load distribution and heat transfer rates > °° are known.
Idealized calculationsggl, for uniformly distributed heat load, have been
performed. These thermodynamic calculations assume that an insulated storage
tank is filled at some specified fluid séate (known solid fraction when. fill is
complete) and then sealed off. Its contenté are allowed to warm up until the
fluid pressure rises to the predetermined tank vent pressure. -Both liquid and
solid-liquid mixtures expand when warmed; therefore, the designer must specify
an appropriate ullage (an unfilled portion of the‘veséél) to accommodate the
fluid when it expands. Thus, calculational input parameters are tank volume,
tank ullage; vent pressure, heat load (and distribution), heat transfer rates,
and fresh—-fill fluid state condition.

Handling - Slush hydrogen can be pressure transferred385 through pipelines,
orifices, flow devices, etc., using helium or hydrogen as a pressurant. In
general, slush behaves as a conventional Newtonian fluid and pipeline pressure
losses can be predicted385 using the Fanning equation. Slush with 0.3 or less

solid was found to have transfer losses of 10%Z less than those of the triple
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point liquid when the Reynolds number was 2 7 x 10°. Slush can also be

pumped390

using conventional liquid hydrogen pumps. Slush with solid content
of up to 0.6 may be pumped with losses similar to that of liquid hydrogen at
its triple.point.
Instrumentation - Commercial sensors are availabe to measure temperature,
pressure, quantity, and flow of slush hydrogen in practical applications.387
Germanium, platinum, and carbon thermometers are useful in measuring
temperature.

Pressure can be measured using a cold flush-mounted pressure transducer or
a remote transducer coupled via transmitting tubes. Care must be taken fo
avoid thermal-acoustic oscillations in these transmitting tubes and preventive
measures include: Estabiishing a low-flow bleed rate through the tube;
roughing the tube interior wall at its entrance (sensing or tap end);
restricting flow in the tube by using small bore tubing or packing the bore
with a wire or string; damping the osci%lations by using a stepped diameter
transmitting tube or by attaching a reséﬁant ca§ity to the transmitting tube.

Volumetric flow can be measured with standard head-meter (orifice, nozzle,
venturi) devices and microwave Doppler meters, and thermal boundary layer
meters have been used®®’ to determine mass flow. Fluid level gauging can be
accomplished with rod-to-blade capacitance'gauges,387 carbon resistance

point-sensor rakes, time-domain reflectometry (RF pulsed cable), and head-

difference pressure gauges. Mass gauging has been'accomplished using RF cavity

89 This technique uses a small antennae inside the metal tank

mode analy_sis.3
to generate electromagnetic standing waves. These standing waves occur at
resonant frequencies and resonance decreases with incréasing quantities of
dielectric fluid within the cavity (tank); i.e., the fluid slows propagation of

the electromagnetic wave and mass content of the tank can be determined by

measuring resonant frequencies.
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Density or solid fraction can be determined by using Beta-ray or Gamma-ray

attenuation,387 capacitance methods, and the RF gauging technique. The
capacitancevtechniques are currently considered the most dependable-—the bulls-
eye»ring‘capacitor.for point density measurements and the rod-to-blade
capécitance for average zone densify determinations.

Problems - Most of the difficulties expected with slush hydrogen
applications have been exposed herein. Production:should not be a safety
probleﬁ if the auger method is adapted. Thermal acoustic oscillations in
pressure-sensing lines and other plumbing (fill lines, relief tees, vent lines,
etc.) will always be a problem but it can be solved by appropriate design and
handling procedures. Likewise, the settling-aging—agglomeration and need-for-
mixing problem will stay with us and can be overcome with existing technology.
Mass flow and mass gauging measurements need to be improved. The thermal
performance of aerospace propellant systems ginsulated tanks, transfer'lines,
vents, etc.) must be improved to take full a&Vantage of the high density and
heat capacity of 0.5 solid fraction slush hydrogen. There are no known
insurmountable problems that exclude the use of slusﬁ hydrogen; on the
contrary, the use of slush hydrogen in properly engineered systems appears
practical and in some cases very desirable.

Thermophysical Properties — See Subsection 2.2.23 and Figure 62.
4.,2.10. OTHER MISCELLANEOUS PROPERTIES

Included in this subsection are properties that have not been discussed in

the preceding pages and their corresponding references.
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Py

Property
Birefringence
Creep
Cryopumping

Dispersion

Electrical properties (miscellaneous)

Electron diffraction
Electron drift

Emissivity-reflectance

Fusion power (microsphere targets, etc.)

Hydrogen gel

Ionization potential
Irradiation

Isotopic phase separation
Magnetic susceptibility

Magneto optics

Magneto resistance

Nuclear magnetic resonance (NMR)

Nuclear spin relaxation

Neutron diffraction
Neutron scattering

Neutron spectra

Opacity

Optical susceptibilities
Ortho—-para absorption
Plastic deformation (solid)

Relaxation time (electron spin)
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Reference
394
395
185, 396-404
405-411
47, 50
145, 187
412-415
416-418
419-423
424
425-429
430-436
437, 438
439-442
443
444
445-466
452, 457, 462
464-477
188, 432, 478
479-487, 514
480, 487-489
490
491
492
493-494

495




Property

Scattering

Specific,impulse
Surface energy

Thermomagnetism (Senftleben effect)

‘X-ray diffraction.

Cryogenic hydrogen instrumentation
Cryogenic hydrogen materials
Economics of hydrogen systems

Hydrogen fuel literature
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Reference
443, 480, 488, 489
496-500
501
502-507
508, 509

186, 510-513
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FIGURE 13. Index of refraction of saturated liquid parahydrogen.
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FIGURE 15. Latent heat of vaporization of parahydrogen.
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FIGURE 29. Vapor pressure of parahydrogen

below 0.101325 MPa (1 atm).
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FIGURE 30. Vapor pressure of normal hydrogen

below 0.101325 MPa (1 atm).
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FIGURE 31. Vapor pressure of parahydrogen

above 0.101325 MPa (1 atm).
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FIGURE 32. Vapor pressure of normal hydrogen

above 0.101325 MPa (1 atm).

5-33

VAPOR PRESSURE, psia

]
:
i
[
|
|
P




susaBoapiyeaed pue TJemiou Jo LITSOISTA *€f HINOIA

, I ‘FANLVIIdWAL
000€ 0007 000l 008 009 oor oot 002 . ooL 08 09 ov ot 0z sl

SO0 —
| 8
900 |— »
[ oL
800 [— (ANl
| BAINY UOHDINIDG{H FAOdV A
0 — I
— BIIID)D4W 8 1
= {1 Jodw Nom_, oz
E 1) S
20 = H > o€
. =] o_
- = N : Cnnwu”nuuinulmuu
< — e - T PR T aFo =2 ot
w»n €0 — a ¥ o UH.VHHMM
0 - \ - a a —
O ,oE = RS NN E] _
©w Vo O LN 09
- — . h AR Y \
IIA — - = I Cq N N r/ ow
— 90— L =\ Yo N {
o - #9551 [~ (2 N N,
2. — i T < ool
- . — bt AY QV ™~
=~ 80— 22 S P - NURER YA aiNd 1
(7] — - 0\4 AN N |
L H.'u ~ // // AN /r
N N A® N
— Y R
— AN X NTINR 00¢
[ A AN ANEA RN
L N N
— [ o N NI N
z = [Hos > 3 \ . — oo¢
— Hieo . NI9OJYAAH N \ N :
— Vivd ® TVWION N N 7 — ooy
€ HW.!&AOAH : jo N . n>huvc:om.l
— 1T - . —
W ALISODSIA C \\ PI19§ T
= T T T I T T 009
B L T T P T T [T ol
mb_«_m b b b bererre e e P bbb b e bt e e bl be b b o b bl
000§ 000€ © 0007 ~ 0001 008 . 009 ooy 00¢ 007 00l 08 09 (014 0og 92

do ‘TANLVIIdWIL

)s-wi /65 ‘ALISODSIA
5-34

(esrodijuad 0l



500+

P, atm

50

f.c.c.

0777238 13.8
T, K

FIGURE 34a. Location of the different crystal structures
in the solid hydrogen P-T plane.
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FIGURE 34c. TIsochores of solid parahydrogen in the P-T plane.

With permission from Silvera, I. F., Phys. Lett., A68(2), 207, 1978 [Ref. 160].
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FIGURE 38. Specific heat (heat capacity) of saturated solid hydrogen.
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1 - is Young's modulus (E), 2 - the shear modulus (G), 3 - tensile strength (Ot),
4 - nominal yield stress (Oy), g - relative elongation.
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FIGURE 41. PVT diagram for compressed solid hydrogen at high pressures and 4K,

With permission from Stewart, J. W., Phys. Chem. Solids, 1, 146, 1956 [Ref. 180];
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Thermal conductivity of solid hydrogen.
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FIGURE 48. Raman displacement. Note:

| r 5 |
4164 | ~ 4158 |~
| Q(0)

4162 — ~— 4156
—~ _
H .
[
E.
\.Li
- |
=1160 ' ' ' 4154
=
[AN]
(]
<C
-l
(o'
2
[an]
=4147 4129
=
<T
o

Amagats x 0.089881 = kg/m°.

conversions.

5-52

d

200 400 600
dy
A = density in Amagats and

See Chapter 7 for density
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Far Infrared Absorption
in LIQUID HYDROGEN, :
Rotational Band b

Para-Hydrogen

1.5 J

ABSORPTION COEFFICIENT (cm—l)

1.0~ n-Hydrogen
0.5
0 == l
200 300 400 500 600

WAVE NUMBER (cm™*)

FICURE 49. Far infrared absorption in liquid hydrogen (rotational band).
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Far infrared absorption in liquid hydrogen (translational
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Pure n-Hydrogen
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See Chapter 7 for Density Conversions

R(v) = (1/p°2v)T0g, (1/1)
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FIGURE 51. Infrared ab
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sorption (rotational band) for normal hydrogen.
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FIGURE 52. Ultraviolet absorption for hydrogen.
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FIGURE 60. Specific heat input function for hydrogen.
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‘TABLE 2

Thermodynamic .Properties of Parahydrogen
(Isobars, SI Units)

0.01 to 100 MPa ISobar,s
13.8 to 3000 K .




TEMPERATURE

»

L

«01 MPA ISOBAR

K

13.804
14,
14,4390
14430
15,
16,
17.
18.
19.
20,
21.
22.
23

24,
25¢°
26,
27.
28,
29.
30.
3.
32
33,

3h4e
36
38.
40,
42,
Gl
464
48
50,
52

5be
60'
65.
70.
75,
80
0.
100.
110,
120.

130,
140.
160,
180.
208,
220,
240.
260
280.
300.

350,
400.
450«
500,
5504
600.
700.
8090,
900,
1000,

1200,
1400
1600
1800.
2000.
2200.
2400.
2600.
2800,
3000.

¥ TWO-PHASE BOUNDARY

VOLUME
CU M/KG

«01298

«01301

«04307
583386
6507554
6449796
5491887
733861
Te75743
8417550
8459295
9.00988
9442636

9484245
10.25822
18.67369
11.08391
11.50391
11.91870
12.33332
12474778
1316210
13.57629

13.99036
14481819
15464568
16447288
17.29983
18,12657
18.95313
19.77953
20.60580
21443196

23.08396
24,73564
26.79987
28486380
30492747
32.99095
37.11746
41.24353
45,36928
49449480

53.62013
57474534
6539544
7424525
82449487
90.74435

98.99373°

107.24363
115.49227
123.73215

144435340
164497452
185459556
206421654
226483749
247.45841
288.70020
329.94195
371.18367
412.42538

494.90891
577439658
659.93254
742478144
826497486
915, 44934
1014,83413
1137461448
1303.75995
1538.60332

THERMODYNAMIC %ROPERTIES OF PARAHYDROGEN (ISOBARS: SI UNITS)

ISOTHERM
| CU M-MPA/KG

1.1628
1.1302 .
1.1173
0571
0596
40640
<0683
0725
+0768
<0810
0852
0:895
-0337

0979
«1021
010362
e1104
o1146
«1188
«1229
«1271
01313
«1354

1396
«1473
«1562
+1645
«1728
o1811
«1893
«1976
«2059
e2142

«2307
2472
2673
2886
«3092
«3293
« 3711
shi24
4537
«4950

«5362
«5775
«6600
«7425
«8250
«3075
+9900
1.0725
1.1558
1.2374.

1006436
1.6498
1.8560
2.0622
2.2685
2.4747
2.8871
3.2995
3.7113
4,1243

4.9492
577480
65988
Tel237
8.2485
9.0733
39,8982
10,7230
11,5478
12.3727

i

ISOCHORE
"DERIVATIVE DERIVATIVE

MPA/K
9233

«9233

¢9196
« 0007
«0007
+«0006
«0006

«0006"-

«0005

0005

«§005
« 0005

« 0004 .

«0004
<0004
<0004
« 0004
<0004
<0003
«0003
«0083
«0003
«0003

«0003
«0803
«3003
#0003
0002
«0002
«0002
«d002
#0002
<0002

«0002
«0002
«8002
«0001
<0001
«0001
«3001
«0001
«0001
«0001

«0001
«0001
«0001
0801
«000L
«0000
<3000
«0060
«0000
0000

« 8000
«0000
«0000
<0000
«0000
+0000
«5000
«0008
<0000
+0000

«0000
+0000
<0600
«0000
«0000
« 0000
«0000
«0000
«0000
«0000

TABLE 2

INTERNAL
ENERGY
KI/KG=K

=308.9
=307.6
=3 04e8
87.7
91.3
97.6
103.9
110.2
1164
12247
12849
135.2
14L.4

147.7
15349
160.1
166.3
172.6
17848
185.0
191.2
19744
20346

209.8
22242
23447
24741
259.5
2719
28414
296.9
309.4
322.0

3674
373.1
40640
4401
475.5
512.6
592.5
68049

T777.8

- 88246

993.8
1110.4
13512
1595,.7
1837.2
2073.0
2302.5
252645
274548
2961,7

349146
401446
4534, 8
5055.4
557541
'6096.1
Tiul.0
819344
925648
10334, 0

12544,2
14838.3
17233.3
19799.6
2277844
2676446
32969.2
43400.4
60877.2
88375.8

ENTHALPY

KJ /Kb

~3088.8
=307+5
-304e7
14640
15241
162.6
173.1
183.6
19440
204e5
214.9
22543
23547

24641
25645
26648
277.2
287.6
298.0
308.3
318.7
3298
333.4

34947
37044
391.1
411.8
43245
45342
47349
49447
51545
53643

578.2
62045
67640
72847
78448
84245
963.7

1093.6

1231.5

1377.5

1530.0
1687.5
2011.2
2338.2
266242
298045
3292,.5
3598,.9
3900.7
4199, 0

§4935,1
566443
6330.8
7117.3
784345
857046
10028.0
11492,9
12968.6
1445842

17493,3
2061243
23832.7
272274
31046e1
35919.1
43117.5
54776.5
73914.8
103761.9

ENTROPY
KJ7KG=K

44966

54059

5259
364498
36907
37.587
38e224
38.822
39,388
39.923
40.431

404916 -

41378

41,820
424244
424651
43.043
43.420
434784
444135
LLTY ¥4
44.803
45,122

45,431
464022
464581
47,412
474617
48.099
48.559
49,001
494425
49,834

50610
514339
524196
53.007
53.7890
544525
554952
574317
584630
59.901

61.121
624288
64eht3
664375
68,081
69,598
704955
726182
734301
744330

76598
784547
80.260
814789
83.174
840437
864685
88,640
9G.376
91.949

94.702

97.110

98.237
101.197
103.273
106,261
1104429
1164383
1244850
1364424

cv
KJ

4467
472
4480
6e22
6422
6e21
6420
6.20
620
6420
6420
6420
6420

6413
6619
6418
6419
6419
6.19
6419
6019
6419
6419

619
6413
6420
6+20
6421
6e21
6.23
6425
6427
6430

6.38
6449
6468
6933
724
7459
8,41
9.27
16.10
10,83

11.40
11.82
12.21
12.19
11494
11.63
11.33
11.07
10.87
10.72

10.51
10.42
10.40
10.40
10.61
10.42
10.48
10,57
10.70
10.86

11.24
11.70
12.28
1345
16449
23462
38.05
63416
100.49
145,32

/

cpP
KG-K

6438

6450
" Bed?
10.59
10.56
1d.52
10449
10.46
10,44
10,43
10.42
10.41
10.40

10,39
10.38
10.38
10,37
10,37
10.36
10,36
10.36
10.35
10,35

10.35
10.32
10.34
10,35
10.35
10.36
1037
10438
10.41
10,43

10.51
10.62
10.82
11.07
11.37
11.72
12453
13.40
14.23
1435

15.53
15,34
16434
16431
16,07

- 15.76

15,45
15.20
15.00
14.84

14,63
14,55
14453
14,52
14453
14455
14461
14470
14,82
14,98

15.37
15.83
1642
17.66
20.91
28.72
44431
Thel3
120.06
179.51

VELOCITY
OF SOUND
M/s’

1260,

1248a

1245.
312,
318,
329,
3404
3504
360
369,
379,
388
3G6.

405.
Gile
4224
430
438,
446,
453,
461,
468,
476.

483
497,
511,
524,
537.
549,
561,
573,
585,
596,

617,
636,
658,
679.
697,
71k,
Thie
772,
799,
827,

855,
883,
940.
997,
1953,
1109,
1162,
1213,
1262,
1309,

1418,
1517.
1610,
1697,
1780
1858
2066,
2142,
2268
2386

2601,
2795.
2970,
3121.
3235.
3322,
3417.
3545,
37106
3904,




+31 MPA ISOBAR

TEMPERATURE
K

¥ 13.804
Llbe

* 14430

¥ 144430
15,
16.
17«
15.
19.
28
21.
224
23a

2“.
25,
26
27
28
29.
30,
31,
32.
33,

34
36.
38,
3
42,
b
46e
48
504
52e

Sbe
60
650
700
75.
80,
90.
100.
110,
120,

139.
149,
160.
180,
200.
220.
240 .
260
280,
300.

350.
400,
450,
5000
550,
600.
700,
800.
900.
1040,

1208,
1400,
1600.
1800,
2008.
22G8.
2400,
2600,
2800,
3000,

* THO-PHASE

BENSITY

KG/CU M

7740167

. 7548435

76.4908
«1714
«1646
«1539
01445
«1363
«1289
«1223
01164
«1110
«1061

1016
+ 0975
20937
«0902
+0869
«»0839
0811
0784
3760
«0737

0715
«0675
«0639
«0607
3578
20552
«0528
« 0506
#0485
0467

«0433
o 0404
0373
0346
«0323
«0303
«0269
«0262
«0220
0202

«0186
«0173
9152
«0135
«0121
«0110
<0101
0093
+0087
«0081

«0069
«0061
-+0054
<0048
«00404
«00430
«0035
«0030
«f8027
.DDZﬁ

«0020
0017
«0015
«0013
«0012
«0011
#0010
« 0009
«0008
«300E

BOUNDARY

TABLE 2

THERMODYNAMIC PROPERTIES OF PARAHYDROGEN. (ISOBARS,
V(DH/DVI, V(DP/DU)V -V(DP/DV)T (DV/DT)F(V THERMAL
¥ CONDUCTIVITY

KJ7KG MPA~CU M/KJ MPA 1/K W/K=M
: x 102 X 183
64848 .+ 25650 8945531 01031 72463
61148 225478 8648501 « 01063 The61
62040 +25021 85,4586 « 01076 78459
14545 «06684 <0098 . 87279 12.77
151,5 « 06684 «0098 «06968 13,01
16241 06684 +0098 « 06488 13445
17246 + 06683 <0099 « 06074 13,89
183.1 «06681 +0039 . 05713 14440
193.6 + 06680 « 0099 « 05394 14499
20441 + 06679 «0099 «05109 15.53
21446 + 06678 «0099 » 04855 16432
225448 206677 « 0099 . 04625 17441
23544 06676 «0039 o 0Llt16 17,91
24549 «06675 «0093 04226 18,70
25643 «06675 <0099 « 04051 19,49
26647 06674 « 0100 »03891 20428
2771 06674 «0100 « 03743 21.07
2874 «06673 <0100 « 03606 21.85
29748 « 06673 «0100 « 03479 22464
30842 206672 ° 0100 « 03361 23,42
31846 «06672 «0100 « 03251 24412
32849 ' 06671 <0100 0 03147 24482
339.3 +06671 «0100 «03050 25451
349,7 « 06670 . 0100 « 02959 264 22
3704 «06668 .0100 +02793 27.63
391,.2 + 06665 <0100 02644 29.04
41241 «06660 <0100 «02510 3645
433.1 «06653 +0100 « 02390 31.85
454,2 + 06643 <0100 .02280 33.25
47545 +06628 « 0108 . 02180 34465
49741 «06609 <0100 « 02089, 36405
519.1 «06585 «0100 . 02005 37.45
5414k 206554 « 0100 . 02927 38,85
58747 06471 « 0100 + 01789 41,65
63645 «06357 20100 201669 44451
702.2 06174 « 0100 + 01540 48438
773.8 . 05950 <0100 » 01430 52,26
85241 «05699 «0100 001334 56413
937.2 + 05433 +0100 « 01251 60404
1127 .4 « 04909 <0100 $ 01112 659,96
1339.5 04450 «0100 « 01000 79,87
156447 204084 #0100 < 00909 92.12
1793.9 «03811 « 0400 . 00833 132,77
201842 « 03618 <0100 «00769 112,82
22319 + 33491 «0100 . 00714 121,77
2613.6 03378 .0100 . 00625 136435
2935,.8 «03385 + 0100 « 30556 147.52
321349 « 03453 <0100 « 06500 156462
346604 «03546 «0100 « 00455 164459
373848 03641 » 0100 « 00417 172405
3951.5 03725 «0100 . 30385 179,32
419941 <0379 «0100 200357 186457
445343 «03848 «0100 «00333 193.88
5121.4 . 03925 «0100 . 00286 212.50
5819.8 «03956 <0100 . 00258 231,39
6538 o4 «03964 «0100 00222 250,24
726243 «03966 #0100 200200 268483
7933.3 «03962 20100 200182 287,08
8729.7 +03956 <0120 .00167 305.01
16223.8 «03935 20100 00143 340416
11757.5 03901 «0160 «00125 374485
13341.4 +03855 «0100 « 00111 409,59
14983.4 .03798 +0100 .00100 Uhle 68
18642,2 «03668 0130 «00083 511.19
2215644 «03525 0100 200071 584,62
2626947 +33358 20100 . 03063 668493
31767.5 « 03065 20100 «00056 800.59
4171846 . 02508 « 0130 . 30058 1099.16
6263343 01762 +0099 00046 1809.21
10513746 01111 +0098 2 00043 3327.26
18167342 00693 + 0034 « 60041 6112, 35
29776547 +00463 <0089 00040 10361.10
43304848 + 09353 .0080 00061  15311.58

6-5

SI UNITS)

VISCOSITY THERMAL

KG/M=S
X 107

254483
247476
234409
TeTk
8.07
Be64
9,21
9.77
10432
10.87
11.41
11.95
12448

13.01
13.52
14404
14454
15.04
15,54
16403
16.51
16.99
1747

17,93
18.86
19.76
20465
21453
22.38
23.22
24405
24486
25,66

2722
28474
30.58
32.356
34,09
35.77
39.01
b2410
bheTh
47.58

50433
53.00
58e14
63405
67.80
72438
76+ 82
81415
85.36
8948

99.40
168,86
117.95
126470
135.18
143440
159.23
174,35
188,89
202.95

229.87
255449
280405
303.70
326, 65
345.83
369,24
394,58
421487
447,27

DIELECTRIC PRANDTL

DIFFUSIVITY CONSTANT NUMBER
SQ M/HR

«00053 1.25158 242385
00054 125097 2,1598
+00055 1.24972 1.98673
<2532 1.00052 « 6429
«02696 1.08050 «6546
02992 1.00046 +6756
«03300 1.00044 « 6949

+ 03635 1.00041 «7099
«03985 1.00039 «7235
«04382 1.00037 «7363
«0684E 1.05835 «7286
05334 1.00033 « 72867

« 35844 1.00032 « 7247
+06378 1.00031 «7225
«06934% 1.00029 7202
075190 1.080028 «7181
08109 1.00827 «7159
«08730 1.00026 «7136
039374 1.00025 o7112
10040 1.00G24 7088
«1069¢C 1. 00024 «7089
«11359 1.00023 «7088
«12049 1.00022 «7085
«12761 1.00022 7078
016247 1.00020 «7361
«15812 1.00019 R LY
«17454 1.00018 « 7017
«19166 1.00017 «6394
+20950 1.08017 #6971
22802 1.009016 «5949
24720 1.00015 «6927
+26696 1.00015 «69)8
«28725 1.00014 +6893.
«32922 1.0G6013 «6872
«37306 1.00012 «65861

e 43162 1.00011 «6836
«49076 1.00010 6852
«54958 1403010 «6335
«60829 1.00009 «6985

« 74586 1.00008 «63988
«8851¢ 1.000867 «7062
1.35750 1.086007 «6510
1422467 1.000086 «6822
1.40262 1.00006 +6926
1.58779 1.,00008 «6339
1.96308 1.00005 «6965
2441750 1.006004 «6972
2489449 1.00004 «6956
341274 1.,00083 «6928
3.96798 1.,06003 «6990
4.,55552 1.00003 «6877
5.17287 1.00083 «6861
5.81800 1.00002 «6851
7.54703 1.00002 « 6844
9.44559 1.08002 +6845
11.50749 1.00002 v6848
13.74060 1.00001 +6845
16413138 1.00001 «6843
18.67624 1,00001 «6840
24420609 1.00001 «6837
3023554 1.,00001 6836
36492235 1.00001 «6836
b4, )6646 1.00001 «6838
59426340 1.00001 «6911
76.78658 1.00301 «6916
96.65688 1.060080 «6883
121.23303 1.00000 +6699
156447369 1.00000 «6215
207457597 103000 «5691
270.64373 1.G0¢00 <4984
337.68331 1.00000 4786
405.03496 1.9006400 «4389
472.46613 1.00000 «5244




100.00 MP

TEMPERATURE
K

* 34.169
354
364
37 .
38.
39.
40.
42,
'L
464
48.

50,
52,
54,
564
58,
60,
65
7“.
75.
80,

85,

90'

95,
100.
110,
120.
130,
140,
160,
180,

2040,
220.
240
260.
280.
300,
3504
400.
450,
500.

550,
600,
70Q.
800,
900,
1008,
1260.
1400,
1600,
1800.

2000.
2200, ¢
2400.
2600
2600, .
3000,

*  THO-PHASE

A ISOBAR

VOLUME -
CY M/KG

«00977
00979
.00982
+00985
00988
+00990
«00993
+00999
-01085
«01011
£01017

01023
«01029
. 01036
01042
+04048
«01855
+01071
.01088
«81106
+01123

01141
«01160
001178
(01197
01234
«01276
«01315
«01355
« 01437
«01517

«01597
«01684
+01768
«01852
«0193%
« 02024
«02234
«02443
«02650
«02856

« 03061
+03266
«03674
«04082
«0 4488
« 04895
«05710
+ 06525
o) 7342
08160

«08978
«09798
10620
o 11446
«12276
«13115

BOUNDARY

THERMODYNAMIC PROPERTIES OF PARAHYOROGEN

ISOTHERM
CU M=MPA/KG

1542095

541881
5,1618
541350
5.1078
5.,0801
5.0520
49948
449365
48773
4i8175

4e 7573
4e65971
445369
45771
4e5178
heh591
43169
441826
4.0581
309448

348431
347530
3.6737
346035
344819
33346
3.2230
301987
341972
301143

209502
209419
3.0865
341323
3.1686
342500
3.3883
345426
3.7063
3.8759

bel0497
4e2264
445866
4,9536
543264
57030
64678
T+2439
8.0286
848200

9.6165
10,4171
11,2210
12,0275
12,8363
1346469

ISOCHORE
DERIVATIVE DERIVATIVE

MPA/K

1.542
1.535
1.526
1.517
1.508
1.499
1.490
1,472
1.453
1o 434
1.415

14396
1.377
1.359
1-340
1.321
1.302
1.255
1.209
1+162
1.116

1.070
1.024
+9796
<9357
«8522
<8066
«7503
+7030
+6180
+5439

4914
o488
+ 4119
#3779
«3488
«3354
w2846
« 2470
«2182
1955

o 1771
«1620
1385
01210
«1076
«0968
«0808
«069%
<0609
+ 0542

«0489
«0445
«0408
«0377
«0351
«0328

TABLE 2

INTERNAL
_ ENERGY
KIZKG=K

=16643
~161.9
=15645
-151.0
1454
-139.7
-133.9
~122.1
-110.4
‘9&02
~85.4

=723
~5849
-4542
«31.0
*16.7

-242

35.2

T4e3
11544
156.,5

203.9
251.4
301.2
353.3
46542
58440
709.2
839.3
1107.5
1377.3

164242
1900.6
215243
2397.5
2637.2
2847.0
340943
3958.2
4499,3

503647

5570.9
610347
716744
8233.9
9308.1
10393.9
1261648
14918,2
17302.8
1977044

2232042
24943,7
2765148
30460.2
33394.0
3648844

6120

ENTHALPY

KJ/KG

81044

81742
82544
833,8
842.2
85048
859.5
87741
895.1
91340
931.8

951.0

970+6

890.5
1011.1
1034.7
105247
110645
1162.6
1221.0
1281.8

1345.1
1411.0
1479.2
1549.8
1698.9
186040
202445
2194.3
254445
2893.9

3239.6
358447
392045
424942
457142
4870.5
5643.3
640049
7143.3
7892.9

8632.3
9369.9
10841,.7
123154
13796.5
15289,2
1832 6.5
2144344
2464446
27930480

3129846
347421
38272.3
41905.8
456701
49603.8

(ISOBARSs SI UNITS)

ENTROPY
KJ7KG=K

64279
6ol 7l
65¢7.06
64935
Tel61
Te384
7.603
8.033
84452
8.848
94249

9641
10.025
104401
10,775
11,137
11,493
12.355
13.185
13.991

‘14776

15543
164296
17.034
17.758
19.178
20580
21,896
23155
250493
27551

29.372

32047
324478
33794
34,988
35.991
384373
40.398
424162
43,728

454437
464419
484691
50.656
524399
534974
564730
59,136
61251
63.148

640988
67.301
69.883
724641
75.432
784089

cv
KJ

6460
6466
6473
6.81
6487
693
698
7.09
7419
7.32
Tolls

7455
766
776
7485
7.93
8.02
8.26
8454
8,87
9.23

9.62
10403
1044
10.86
11.72
12.38
12.91
13.28
13.59
13649

13.18
12.82
12.48
12.20
11,97
11.42
11.10
10.9%
10.86
10.80

10.77
10.76
10.77
10.82
10.93
11.06
11.42
11.63
12.23
12459

12.96
13.35
13.79
14434
15.03
15,91

ce
KG=K

8408
8418
8430
- PL 3%
8.52
8462
8.72
8,30
9.09
9.31
9.51

970

9.88
10.06
18.23
10440
10.56
16.99
1144
11.92
12441

12.91
13481
13.89
14434
15.21
16.19
16.83
17.25
17.53
17.42

17.36
17.09
16.560
16426
15,99
15.57
15.28
15.05
14492
14.82

14,77
14.73
14,72
14476

14486 °

15,01
15.37
15.80
16.21
16.58

16436
17737
1784
18.42
19.17
20.14

VELOCITY
OF -SOUND
M/S

2527,
2525,
2522,
2520,
2517,
2514
2511,
2505,
2498,
2490,
2481,

2472,
24624
2453,
2443,
2433,
2423,
2396
2367.
2336,
2304,

22724
2240,
2210,
2181,
2126,
2088,
2050,
2039,
2031,
2005,

1971,
1981,
2026,
2044,
2057,
2112,
2159,
2208.
2257,
2306,

‘23564
2406,
2504
2599.
2692,
2781.
2951,
3110,
3262,
3408,

3548,
3682,
3809,
3931.
4046,
4156,

SR s




i o o e

100,00 MPA ISOBAR

TEMPERATURE DENSITY

K

KG/CU M

¥ 344169 102.,3875

35.
36
37.
38.
39,
48,
42
bbe
46e
484

50.
52
She
56.
584
60
65
7.
75«
s“'

85
90.
95.
100.
110.
120
130.
1404
160
180,

2004
220,
240.
260.
280,
300.
3504
%00,
450,
500.

550,
600.

700,

900..
1000.

1200,
1400.
1600.
1800.

2000,
2200.
2400,
2600
2800,
3000.

*  TWO-PHASE BOUNDARY

1021417
10184560
101.5504
10142550
100.9598
100.6647
100.0751

99.4861

9848978

98,3099

97.7226
97.1359
9645496
9549639
95,3788
e 743
933370
91.8870
904480
89,0261

8746203
86e2414
8448920
83,5760
8140536
7843682
7640329
734799
69.5909
6549363

6246024
59,3817
5645559
5440061
51,7071
49,4193
447643
4049388
37.7%1
35.0120

3246639
3046169
27,2161
2445007
22,2795
20,4277
1745161
1543253
13.6206
12,2556

11.1379
10.2057
9.4158
847370
841459
T.6246

TABLE 2

THERMODYNAMIC PROPERTIES OF PARAHYDROGEN (ISOBARS,

Ve DHIDV)P
KJ/KG

279643
282545
28534
2891.7
2921.8
2949.0
297448
30243
3072.7
313046
3181.3

322846
327361
331545
335542
339146
342845
352646
3637.2
376344
390549

406442
423647
4421.2
461404
503741
524648
5498.1
5791.3
6312.1
65784

652444
665049
703642
727849
75134
75042
814245
8836.4
956141
10291.3

11028.1
1176847
1326843
1480647
1639747
1805040
21538.1
2526046
29121.1
3307647

37185.9
415078
4515549
5129743
57149.9
6396746

P/0
viop/s U)v

HPA-GU'E/KJ
X 10

»22830
+22560
.22250
«21955
«21682
221436
.21203
£20754
£20314
19798 -
«19345

.18922
.18524
+18144
«17786
« 17454
«17122
+16276
«15398
«14496
«13589

12700
11848
«11049
210311
«08973
08312
«07646
«07176
«06536
«0611k

+05955
«05898
«05836
«05737
« 05633
« 05944
«05726
« 05515
«05326
+05168

«05033
« 04918
04725
o 04564
«04419
« 04285
« 04043
«03829
«03654
«03512

«03385
«03266
e 03144
+03012
«02865
«02702

-v{opP/0 V)T

HPA

53343893
529.9203
52547090
52144625
517.1855
512, 8820
50845564
499, 8546
49141104
48243525
473.6076

46449006
45642550
447.6927
43902340
43048979
42207017
402492064
3843249
3670497
351.1813

3364 7366
.323.6679
311.8664
301.1698
28242177
261, 3250
245.0524
23640605
22244929
20543481

18446887
17446977
17445602
16941637
163.8406
1604 6133
151, 6740
145,0297
139.8609
135. 7041

13242775
129.3991
12448291
121.3674
118.6628
11644995
113, 2774
111.0148
109.3547
108.0935

107.1068
10603132
105. 6544
105,0844
10445631
10440528

(DV/DT%(V
1K

«00289
« 00290
« 00290
«00291
«00292
« 00292
«00293
«0029%
« 00296
. 00297
«00299

00300
« 00302
«00303
«00305
« 00307
«00308
« 00312
« 00315
«00317
00318

+ 00318
00317
« 00314

«00311

« 00302
» 00309
« 00306
« 00298
«00278
+ 00265

« 00266
«80257
«00236
. 00223
« 00213
« 00209
«00188
00170
« 00156
« 00144

«00134
« 00125
«00111
« 00100
»00091
«00083
«00071
« 00063
+ 00056
«006050

« 00046
« 00042
« 00039
«00036
« 00034
« 00031

6121

THERMAL

CONDUCTIVITY
W/K=M
x 103

2764 26
27634
276425
275.96
275451
274492
274420
272438
270425
267490
265+ 41

262.83
2604290
257054
254490
252429
250406
245478
241.67
237.86
234458

235+ 54
2364 46
237+ 48
238470
226467
2264 49
236440
250000
278417
300.77

315,25
322423
323.62
321.52
317.67
313.32
30446l
301.82
304457
311445

32115
332475
359.51
389.16
428467
453459
511.43
583430
655428
726059

799.20
875.57
960403
1058.86
1180419
1333.50

SI UNITS)

VISCOSITY THERMAL
DIFFUSIVITY CONSTANT

KG/M=S
x 107

937.81
870.98
800,91
740.27
687,46
641,22
600450
532443
478419
434426
398,20

368422
343.02
-321.63
303.31
287.50
27374
246424
225.80
21014
197.82

187.92
179.81
173.06
167,36
109.58
118.23
111,17
112.16
143.90
115.24

116431
117.30
118433
119,47
120,77
122422
126454
131,66
137.35
143404

149,78
156.27
16947

182,74

195.92
208495
234443
259,11
283.01
306415

328454
344488
366419
387403
407447
427463

SQ- M/HR

00120
«00119
.00118
«00116
«00115
«00114
«00112
«00110
«00108
. +00105
.00102

«30100
,00098
.00095
.00093

.. 00092
.00090
00086
.00083

+00079
.00076

.00075
.00074
.00073
.00072
.00066
.00064
.00066
.00071
.00082
.00094

00104
«00114
«00124
00432
»00138
«00146
«00160
«00176
«00195
200216

«00240
.00266
.00323
.00387
«00457
«00533
00684
«00867
.01069
.01287

«01523
01778
«02058
«02369
« 02721
«03126

DIELECTRIC PRANDTL

1034287
1.34497
1.34088
1.33980
1.33871
1.,33763
133655
1.33439
1.33223
1.33008
132793

1.32578
1432364
1.32151
1.31937
131725
1.31512
130984
1.30459
1.29940
1.23428

1.28924
1.268430
127948
1427479
1.26583
1.25634
1.24812
1.24029
1.22563
1.21299

1.20154
1.19054
1.18095
1.17234
1.16461
1.15695
14164148
1.12888
1.11840
1.10953

1.10493
1.03534
le 08444
1.07580
1.05876
1.56292
1.05378
1.04695
1+04165
1.03742

1.03397
1.03109
1.02866
1.02657
1.82476
1.02316

NUMBER

247436
245791
244065
242570
241263
200108
1.9090
17406
1.6086
1.5088
144263

103586
1.3028
1.2565
1.2178
1.1849
141563
1.1009
1.0690
1.0529
1.0468

1,0304
1.0197
140120
1.0052
«7353
«7881
«7916
«7738
«7178
+6675

«5406
«6221
6071
#6042
«6080
«6113
«6345
«6564
6727
«6828

+6837
16918
6938
«6933
«6923
06912
#7049
$7017
«7000
+6988

«6973
o65840
«6803
6732
6618
e6460
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, “Table 4 E .
SECOND: AND THIRD VIRIAL COEFFICIENTS

FOR PARAHYDROGEN
Temperature, B C
K (cm*/ mol) (em3/ mol)?
14 -2.372 x 102 -6.713 X 10°
16 -1.992 x 102 -2.265 X 10°
18 -1.698 x 102 -7.121 x 10°
20 ~1.467 x 10* -1.503 X 10°
22 -1.281 X 102 5.656 x 107
¥ 24 -1.129 x 102 1.323 x 10°
f _ 26 -1.003 X 102 1.580 x 10°
; 28 -8.969 x 10! 1.640 X 10°
| 30 -8.066 X 10! 1.615 x 10°
K 32 ~7.290 X 10! 1.550 X 10°
34 -6.615'X 10! 1.467 x 10° I
; 36 -6.025 x 10 1.376 x 10°
- 38 -5.504x 10"  /  1.290 x:10° 1
L 40 -5.042x 10" N 1.214 X 10°
£ 45 -4.086 x 10! 1.066 x 10°
50 -3.343 x 10! 9.638 X 10? -
60 -2.264 X '10° 8.351 x 10? |
70 -1.522 x 10! 7.510 X 102
80 -9.824 x. 10 6.878'X 10*
90 ~5.725X 10 6.405 X 102
100 -2.510x 10 6.085 x 102
120 2.144 x 10 5491 X 107
140 5.342x 10 5.063 % 10?
160 7.654 X 10 4.726 X 10? E
180 9.388 X 10 4.449 X 107 !
200 1.073 x 10! 4217 X 10?
250 1.300 x 10! 3.768 x 107
300 1.438 x 10! 3.438 X 10?
400 1.589 x 10! 2.976 X 102
500 1.660 x 10! 2.661 x 102
|
1
!
|
{
|
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: . Table. 6 _
REFRACTIVE INDEX OF SATURATED
LIQUID PARAHYDROGEN AT THREE
' WAVELENGTHS - ‘ ' '

Wavelength

Temperature; K 4358 nm " °546.:2nm - 693.9 nm

15 1.1222 1.1204 1.1191 :
16 1.1208 1.1189 1.1177 1
17 1.1192 1.1174 1.1162 :
18 1.1176 1.1158 1.1146 -
19 1.1159 1.1141 1.1129 : :
20 1.1141 1.1124 1.1112
21 1.1123 1.1106 1.1095
22 1.1103 1.1086 1.1075
23 1.1082 1.1065 1.1054
24 1.1059 1.1042 1.1032
25 1.1034 1.1018 1.1008
26 1.1007 1.0991 1.0981
27 1.0977 1.0962 1.0952
28 1.0944 1.0929 1.0920
29 1.0906 1.0892 1.0883
30 1.0862 1.0849 1.0840 ' ) T !
Table 7 " R
JOULE-THOMSON INVERSION CURVE ( PARAHYDROGEN)
Temperature Pressure Density
K R MPa atm psia mol/cm® X 103 lbm/t‘t3
28 504 1.000 9.87 145.1 30.06 3.783
29 52.2 1.525 15.05 221.2 29.90 3.763 |
30 54.0 2.035 20.08 295.1 29.73 3.742
31 55.8 2.534 25.01 367.6 29.56 3.720
32 57.6 3.025 29.85 438.7 29.40 3.700 E
34 61.2 3.968 39.16 575.5 29.05 3.656 -
36 64.8 4.870 48.06 706.3 28.70 3.612
40 72.0 6.545 64.59 949.2 27.99 3.523
50 90.0 10.02 98.93 1454 26.16 3.292
60 108.0 12.60 124.4 1828 24.30 3.058
80 144.0 15.55 153.5 2256 20.58 2.590
100 180.0 16.35 161.4 2372 17.04 2.145
120 216.0 16.42 162.1 2353 14.12 1.777
140 252.0 14.24 140.5 2064 10.86 1.367 '
160 288.0 10.36 102.2 1502 7.176 0.9031
180 324.0 5.165 50.97 749.1 3.321 04179 ‘
200 360.0 0.0547 0.54 8.6 0.036 0.0045 ; s
: !
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 TABLE 8

' Therﬁodyhamié'Properties of,Ndrma].Hydrogen

(Isobars, SI Units)

0.01 'to 100 MPa Isobars
13.8 to 3000 K
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TEMPERATURE

* &

«01 MPA ISOBAR

K

13.804
14,
Lhe 430
144430
15.
16.
17.
18.
19.
20.
224
2he
26,

28.
3“.
32
3he
36.
38.
404
42,
bt
46

48
50.
-1 N
60,
65,
70.
75.
80.
90,
100.

110.
120.
140,
160.
180,
200.
2204
240,
2604
280

300.
350.
400.
4504
500.
550,
600.
650
700.
750,

snn‘
850.
900.
950,
1000.
1100.
1200.
1300,
1400,
1500.

1600,
1700,
1800,
2000.
2200.
2400.
2600.
2800.
3000,

* TWO-PHASE BOUNDARY

TABLE 8 .

THERMODYNAMIC PROPERTIES OF”NORHAL‘HYDROGEN (ISOBARSs SI UNITS)

VOLUME
CU N7 KG

01298
«01301
«01307
5.83386
607554
6449796
6491887
7.33861
7.75743
8417550
9,00988
9484245
10.67369

11.50391
12,33332
1z.16210
13.99036
14081819
15.64568
16.47288
17.29983
18.12657
18,95313

19.,77953
20460580
2267099
24473564
26479987
28486380
30.92747
32499095
37.11746
41.24353

45.36928
49.49480
57.74534
65.99544
The24525
82.49487

90474435

98,399373
107.24303
115.49227

123.73215
144435340
164497452
185.59556
206421654
226483749
24745841
268.07931
288.70020
309.,32108

329.94195
350.56281
371.18367
391.80453
412442538
453.,66709
494.90891
536415138
577.39658
618465110

659493251
701.28140
T42. 78144
826497486
915.44934
1014483413
1137.61448
1303475995
1538.60332

ISOTHERM

ISOCHORE
DERIVATIVE. DERIVATIVE ENERGY. .
CU M=-MPA/KG MPA/ZK
1.1628 9233 218.2
141362 «9233 219485
1.1173 «9196 22244
«0571 «0007 614.8
«0596 «0007 61844
0640 +0006 62448 -
+0683 «0006 631,10
<0725 «0006 637.3
«3768 «3005 643.6
+0810 «0005 649.8 .
«0895 « 3005 66243
«0979 «0004 67448
1062 <0004 68743
e1146 «0004 699.7
1229 «0003 7i2.1
«1313 «3003 72445
+1396 «0003 737.0
«1479 0003 Tu9at
«1562 «0003 761.8
«1645 0003 77442
1728 0002 78646
1814 <0062 799.0
+1893 #0002 81le4
«1976 «0002 823.9
+2059 « 0002 836.3
+2266 «0002 867.4
2472 «0002 898.6
«2679 0002 930.1
+2886 « 0001 961.8
«3092 +0001 994.0
«3299 «0001 102645
+«371L <0001 1093,3
4124 «0001 1162.6
4537 «0001 12347
«4950 «000L 1309.8
«5775 «0001 1468, 7
«6600 <0001 1638.0
«7425 <0001 1816.0
+»8250 «000¢ 2001.0
«9075 «03060 2191.7
«9900 <0000 238647
1.0725 «0000 25852
1.15540 «00090 278643
12374 «0000 2989,.2
1.4435 «0000 3501.8
1.6498 « 00090 4018.3
1.8560 «0000 453645
2.0622 «0000 505546
242685 « 0000 5575.3
24747 «0003 609641
2.6809 «0000 6617.7
2.8871 «0000 714140
3.0933 «0000 7666, 2
3.2995 <0000 8193,5
345057 0000 8723.7
37119 «0000 925649
3.9181 «0000 9793.5
4.1243 «0000 10334.0
4e5368 -~Jo00 11429.4
49492 «0000 12544,2
543616 «0000 1368041
5.7740 «0000 14838.4
641864 «0000 16021.4
6.5388 «0000 17233.3
7.0113 «00090 18485.8
744237 «0000 19799.6
842485 «0000 227784
9.0733 «0000 2676446
9.8982 «0000 32969,2
10,7230 « 0000 4340044
11.5478 «0000 60877.2
12.3727 «0000 88375.8

INTERNAL -

ENTHALPY

KJ/ZKG=K . KJ/KG

6-130

21844
219.7
222.5
673.2
679.2
689.7
700.2
710.7
721.2
731.6
752, 4
773.2
794.0

814,.7
83545
85642
876.9
897.6
918,2
938.9
959.6
980.3
1001.0

1021.6
1042.3
109441
1166,0
1198.1
1258, 5
1303.2
135644
1464.5
1575.0
168844
1804.8
2046, 2
229840
255844
2826.0
3099.1
3376.7
3657.6
3941.2

422646
4945,3
566840
6392.5
7117.8
7843.7
8570.7
9298.5
10028.0
10759.4

11492.9
12229.3
12968.7
13711.6
14458,.2
15966.0
17493.3
19041.6
20612.3
22207.9

23832.7
25498.6
27227.4
31048.1
35919.1
43117.5
54776.5
73914.8
103761.9

ENTROPY
KJ/KG=K

144082
14,175
16,374
45.613
46,023
46,703
47.339
47,938
48.503
49,038
504033
50.938
51.767

524535
53.250
53.919
544546
554138
554697
564227
564732
574212
57672

5841212
584534
59.521
604425
61.258
624035
624763
63,449
64,722
654886

660963
674976
69.836
714516
73.049
744459
75.760
764968
78,093
794143

80.127
82343
844273
85,980
87,597
88,891
90.153
91.315
92.403
93. 414

944361
95.253
96,097
964899
97.664
99,091
1004412
101.651
102.822
103.937

104.378
105.9684
106.,97¢
1068.991
111.299
1144416
119.066
1264142
1364424

cv
KJ

4.67
4e72
4480
6.22
6.22
621
6.20
6420
6.20
6420
620
6419
6419

6419
6419
6019
6419
6019
6.19
6419
6019
6420
. 6e20

6420
6421
6423
6027
6431
6438
6e4b
6456
6.80
T7.67

Te33
7.66
8.22
8470
9.09
90‘.0
9.65
9.85
9.99
10.10

10.18
10.30
10.35
10.37
10.39
10.40
10442
10.45
10.48
10.52

10.57
1063
10.70
10.77
10.86
11.04

" 11.24

1i.456
11.70
11.97

12.30
12,78
13.52
16456
23.70
38413
63.23
100.52
145.32

/

cep
KG=K

6438

6450

6457
10.59
10.56
1052
10.49
10.46
1044
10.43
10.41
10439
10.38

10.37
10.36
10.35
10.35
10.34
10.34
10.34
1034
10.34
10.34

10434
16.35
10.37
10,40
10.45
10.51
10.59
10469
10.92
11.290

11.49
11.78
12.34
12.82
13.21
13,53
13.78
13.97
14,12
14,23

14,34
14442
1447
14.49
14,51
14.53
14,55
14.57
14,68
14464

14469
144,75
14.82
14,90
14,98
15.16
15.36
15.58

15.82

16410

1644
16494
17.71
20,99
28.81
44499
74419
120410
179.51

VELOCITY
OF SOUND
M/S

1260,
1248,
1245,
312,
318.
329,
340.
350,
360,
369.
3388,
4054
422.

438,
453 .
468,
483.
497,
S511.
524,
537.
550.
562.

S7h.
586,
614,
64l
666,
689,
712.
733,
772,
808,

841,
873
931.
986
1039.
1089,
1138,
1185.
1231.
1275,

1319,
1422
1519.
1611,
1697,
1780.
1858,
1334,
2006,
2075,

2142,
2206,
2268,
2328«
2386
2486,
2601,
2700,
2795,
2884,

2969,
3048,
3119,
3232.
3319.
3415,
3543.
3709.
3904 .
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TABLE 8
THERMODYNAMIC PROPERTIES OF NORMAL HYDROGEN (ISOBARSs SI UNITS)
«01 MPA ISOBAR .
-
TEMPERATURE DENSITY V(DHIDV)P V(DPIDUW -V(DPIDVH. (DV/DT%/V THERMAL VISCOSITY THERMAL OIELECTRIC PRANOTL
. ' " CONDUCTIVITY DIFFUSIVITY CONSTANT NUMBER
K KG/CU M KJ/KG MPA=-CU EIKJ MPA 1/K “IK-H3 KGIH;S SQ M/HR
X 10 X 10 X 10 ’
*  13.804 77.0167 618.8 +25650 89,5531 «01031 72454 254083 «00053 1.25158 22412 :
14, 7648435 61148 «25478 8648501 «01063 74454 24T 76 «00054 1.25097 241617 L
* 144430 7644900 62040 «25021 8544586 « 01076 78.55 234409 «00055 1.24972 1.9881 L
* 144430 1714 14545 «06684 - 0098 «07279 1274 TeTl «02526 1.00052 « 6435 ;
15. +1646 151.5 «06684 « 0098 « 036968 13.01 8.07 «02696 1.00050 «6547 b
16. +1539 16241 + 06684 «0098 «06488 1347 8464 «02997 1.00046 « 6745 E
17. o1445 17246 +« 06683 « 0099 « 06074 13,91 9428 «03306 1.00044 «6938 :
18, 1363 183.1 + 06681 «0099 «05713 1441 977 «03639 1.00041 e 7092
19. «1289 193.6 06680 «0099 + 05394 14.91 10.32 03987 1.00839 «723%
20. 1223 204.1. = .06679 «0099 «05109. 15.53 10.87 <6382 1.00037 «7302
224 «1110 22540 « 06677 « 3099 +» 04625 17.41 11,95 + 05332 1.00033 7270
24 w101 € 245.9 +«06675 + 0099 * 04226 18.69 13.01 «06376 1.00031 o 7227
26. «0937 26647 « 06674 «0100 «038%1 20+28 14400 07509 1.00028 «7182
28. +»0869 28Te4 +06673 «0100 «03606 21.85 15404 +08730 1.00026 27136 :
30. «0811 308.2 06672 «0100 «03361 23,43 16403 +10041 1.00024 7087 3
324 «0760 32849 «06672 «0100 o 03147 21U, 82 16.99 «11363 1.00023 «7085 s
- b «0715 349.6 +06672 <0100 « 02959 26423 17.93 «12767 - . 1.00022 «7075 3
1 36, +0675 370k «06670 0100 »02793 27.64 18,886 «1k254 1.00020 «7058 E
38. «0639 391.1 «06669 «0100 «026414 29.04 19.76 «15820 1.00019 « 7037
40 «0607 411.9 + 06667 0100 « 02510 304 45 20465 «17464 1.00018 « 7013
42, 0578 43246 « 06665 «0100 «02390 31.83 21.53 «19178 1.00017 +6990
LI 0552 45344 « 06662 «0100 « 02280 33.21 2238 «20963 1.00017 +6967
46 «0528 47442 «06659 0100 «02180 34457 23422 22817 1.00016 « 6344
48, 0506 495.1 +36655 #0108 « 02089 35.92 244 05 « 24734 1.00015 + 6923 i
50, « 1485 516.1 « 06649 «0100 «02005 37.25 244 86 «25709 1.000115 «6905 i
554 X3S 569.0 « 06624 « 0100 « 01822 4047 26484 «31862 1.00013 +6875 :
60« 0404 623.0 «06587 «0100 +01669 43455 2874 37298 1.00012 «6862 .
65. «0373 67842 +06535 + 0100 « 01540 46473 30.58 43156 1.00011 «6837 /
70, +0346 735.0 + 06467 «0100 « 01430 49.65 32436 «49083 1.00010 6851
75. «0323 793.7 «06385 0100 o 01334 52463 36409 +55322 1.00010 «6861
80, «0303 854k «06291 «0100 «01251 55.18 35.77 61322 1.00009 «6928
90. «0269 98247 +«26070 »0100 «01112 61476 3%9.01 | «75544 1.00008 «6900
100, o202 1119.3 «05835 0100 01000 67.78 42410 «89873 1.00007 + 6955
110. 0220 12634 « 05604 «0188 « 80909 76426 LhoTh 1.08415 1.00007 «6740
120, 0202 1413.9 «05387 «0108 «00833 B82.86 47.58 1.25287 1.00006 «6766
140, <0173 1728.1 «05019 «0100 «00716 96.08 53.00 1461795 1.00005 «6809
160, 0152 205144 «BU743 +0100 « 00625 108.16 58414 2,02283 1.00005 «6828
180, «0135 237844 « 04539 0100 «00556 121.88 63406 2446548 1.00004 +6836 —
200, «0121 270544 04387 + 0100 +00500 134.09 67.80 2.94392 1.0000% «6839
220. «0110 3031.2 «34273 20100 « 00455 145.72 72438 3.45508 1.00003 «6843
240, 20101 3353.1 o 04189 «0100 s 00417 156478 76482 3.99933 1,00003 «6846
260, +0093 367049 « 04127 «0100 +00385 167.31 81.15 4.57538 1.00003 <6847
280. 0087 3984.0 «04082 «0100 + 00357 177. 36 85436 518288 1.00003 «6848
300. «0081 4292.7 «04050 «01080 «00333 186.98 89,48 5.82079 1.00002 +6847
350, «0069 5048.8 «OU00G «0100 «00286 209.48 99, 40 T.54673 1.00002 « 6845
400, «0061 579040 « 03985 <0100 «00250 230.29 108.86 9.44925 1.00002 «6842
450, «0054 652249 03977 «0100 «00222 249,93 117.95 11.52072 1.098002 «68410
500. «0048 72571 «03970 «0100 « 00200 268.76 126470 134764702 1.00001 068642
550. 0044 7990.6 «03964 «0100 « 00182 287.02 135,18 16413349 1.00001 +6842
600, « 0040 872844 + 03957 «0100 «00167 304e 90 143,40 18.67226 1.00001 «6842
650. «0037 947046 « 03948 «0100 «00154 322454 151.41 21.36436 1.00008 «6840
700, « 0035 1022243 «03936 «0100 «00143 360.01 159.23 24.19941 1.00001 «6838
750, «0032 10982.8 «03921 #0100 «00133 357441 166486 27417932 1,00001 6837
800, +0030 1175446 « 03902 «0100 +00125 374,78 174.35 30.29753 1.00001 «6835
850. +0029 12539.5 03881 «0100 00118 392.16 181468 33.54945 1.00001 «6834
900. 0027 1333846 +03856 «0100 00111 409.59 188,89 36493071 1.00001 «6835
950 «0026 14152.9 «03828 «0100 «00105 427.10 195497 40.,43739 1.00004 «6836
1000, «0024 14968341 » 03798 #0100 «00100 4hhe 68 202,95 44.06624 1.00001 «6838
1100, +0022 16680.4 «03736 «0100 00091 475.57 216.59 51.22083 1.00001 «6906 )
1200, «0020 18437.5 «03669 «0100 « 00083 511.07 229.87 59.25423 1.00004 «6911
1308. «+0619 202574 «03600 0100 «00077 547.21 242.83 67.78122 1.00001 6915
1400. «0017 2215042 03526 «0100 «00072 58ke 47 255.49 T76.78772 1.00001 «6916 ;
1500, « 0016 2416642 « 03446 «0100 « 80067 6240104 267.89 86.35098 1.00000 «6909 i
1600, «0015 26303.1 + 03352 «0100 « 00063 668483 280.05 96.64986 1.008000 <6884 i_
17400, o014 28785.3 «03228 «0100 «00059 724487 291.98 108.05260 1.00000 «6822 |
1808, #0013 31869.2 03053 #0400 +80056 802,94 303,70 121420117 1.00000 «6700 .
2000. «0012 41867.6 « 02497 « 0100 « 00050 1102450 326465 156.38992 1.00000 «6218 :
2200. «0011 62819.1 01756 «0099 «00046 1813.25 345483 207.42375 1.00000 «5495 '
2400, «0010 105323.9 «01109 +0(898 «00043 3331.19 369.24 270.48414 1.00000 «4987 i
2600. «0009 181821.4 00692 «3094 «00041 6115.38 394459 337.57537 1.00000 787 i
2800. «0008 29784545 200463 + 0089 « 00040 10362, 66 421,87 404,98758 1.00000 «4889 :
3000. <0006 433048.8 «00353 «0088 «000641 15311.58 L4727 L4T72.46613 1.00000 5244

¥ THWO-PHASE BOUNDARY
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100.00 MPA ISOBAR

TEMPERATURE
K

* 344169

36,
38,
40,
G424
ey o
464
48
50,
52
Sk,

564
584
60.
654
70‘
75,
80.
85.
90.
95,

100.
110.
120.
140,
160.
180.
200.
220,
240,
260,

280,
300.
350,
400,
450.
500.
550,
600.
6504
T00.

7504
800.
850.
900.
950,
1000.
1100.
1208.
1300,
1408.

1500.
1600,
17400,
1800.
2000,
2200.
2600,
2600.
2800.
30060.

* THO-PHASE BOUNDARY

THERMODYNAMIC PROPERTIES OF NORMAL HYDROGEN

VOLUME
CU M/KG

00977
» 00982
«00988
«00993
«00999
«01005
«01011
«01017
+01023
«01029
«01036

001042
«01048
201055
o01074
«01088
01106
01123
e01141
«01160
«01178

«01197
001234
«01276
«01355
01437
001517
«01597
«01684
«01768
«01852

«01934
«02024
«02234
o 32443
«02650
«02856
+03061
«03266
«03470
«03674

«03878
«04082
«04285
«04488
«04692
«04895
«05362
«05710
«06117
« 06525

«06933
«07362

«07751

«08160
« 08978
«09798
«10620
+11446
«12276
«13115

ISOTHERM

TABLE 8

INTERNAL

DERIVATIVE - DERIVATIVE “ENERGY

CU M=MPA/KG

542095
5.1618
5.1078
540520
449948
449365
48773
48475
447573
4.6971
%+46369 -

445771
445178
444591
443169
4.1826
4,0581
3.9448
348431
3.7530
3.6737

346035
3.4819
3.3346
3.1 987
3.1972
3e1143
249502
2.9419
3.0865
3.1323

3:1686
342500
3.3883
35426
3.7063
3.8759
he 0497
4e2264
444055
4.5866

447694
443536
51393
5.3261
5.5140
5.7030
640838
644678
648546
Te2439

7.6353
8.0286
844236
8.8200
9.6165
10.4171
11.2210
12.0275
12.8363
13.6469

ISOCHORE
MPA/K KIZKG=K
1.542 36049
1.526 37047
1.508 38148
14490 393.2
1.472 405.0
1,453 417.0
1.434 42849
1415 h4l.6
1,396 454, 5
1.377 467.8
1.359: 48143
14340 495,3
1,321 509.2
1.302 523.3
1.255 559,2
1.209 59641
1,162 633.8
1,116 672.5
1,970 71149
1.024 75242
<9796 793.2
.9357 8349
8522 922.1
.8066  1011.2
«7030 1198.0
«6180 1394.3
+5439 1597,5
4914 1806.0
+ 4488 2019, 3
$4119 2236.5
$3779 265643
«3488 2677.7
«3354 2874.6
.2846 3419.5
2470 3961.9
.2182 4501.0
+1955 5037.2
1771 567101
«1620 6103.8
«1433 - 6635.5
+1385 716744
01291 770041
«1210 82340
«1139 8769.9
«1076 930842
«1019 984944
+0968 10393,9
«0881  11496.2
.0808 1261648
0747 13757,2
«0694  14918.2
+ 0649 161004
+0609 1730248
«0573 18526, 2
«0542  19770.4
<0489 22320.2
o045 26943.7
+0408 27651, 8
<0377 30460.2
«0351  33394.0
«0328 364688.4

6-268

ENTHALPY

KJ/7KG

1337.6
135246
1369.4
1386.6
1404.2
1422.2
144040
1458,8
1477, 8
1497,3
1517.0

1537.3
1557.6
1578.2
1638.6
168444
1739.4
1795.8
1853.2
1911.7

© 197142

2031.5
2155.8
2287.3
2553, 0
2831.2
311442
34034
3703.3
4004.7
4307.9

461147
4898,1
5653.5
640446
715140
7893.4
8632.6
9369.9
16105.9
10841.7

11578.1
12315.5
13054.9
1379646
145414,2
15289.2
16798.6
1832645
19874, 4
21443.4

23033.8
2464446
2627648
27930.0
3129846
3474241
38272.3
41905.8
45670.1
49603.8

ENTROPY
KJ/7KG=K

15394
15.822
164277
164719
17.148
17.566
17.964
18,360
18.750
19.131
19.5084

19.87¢
20.231
20.579
21l.416
22,214
22,973
23.700
244397
25.067
254709

264327
27.511
284656
30.703
32.560
344226
354749
37.179
38.491
39,705

40.831
41,788
44,118
464124
47,882
49,446
50.855
524135
53.318
St 407

554425
564377
57.273
584120
58,924
59.690
61.118
624440
63.678
Blhe848

65,959
664992
67.977
68.921
704706
724339
73.870
75323
764723
78,089

(ISOBARSy SI UNITS)

cv cre
Kd 7/ KG=K

6.59 8,08
6.73 8.30
6487 8452
6498 8,71
7.07 8.89
7.17 9.07
730 9.28
7440 9,46
7449 9,64
7457 9,80
7.65 9.95
7471 10,09
7.75 10,22
7,80 10,34
7.89 10.52
7.99 10,89
8,09 11,14
8,19 '11.38
8.30 11,60
8.42 11,80
8453 11.98
8.66 12.13
8.98 12447
9,22 13.03
9.68 13,65
10.07 14.02
10.39 - .. 14,33
10.64 14,82
10,86 15,11
11.00 15.42
11,12 15,18
11.21 15.23
10,88 15,14
10.89 15.07
10.86 14,97
10.82 14,88
16.79 14481
10.77 14.76
10,76 14,73
10.75 14,71
10476 14.72
10.79 14.73
10.82 1476
10.87 14,80
1092 14,86
10.99 14,93
11.06 15,01
11.23 15,17
11041 15,37
11,61 15,57
11.83 15,79
12.34 16.01
12.25 16,23
12.45 16.54
12.65 16464
13,63 17.04
13.43 17.45
13,87 17,91
14,40 18,48
15.06 19.20
15.91 20.14

VELOCITY
OF SOUND
N/S

2527,
2522.
2517,
2542,
"2506,
2499,
2491,
2482,
2470,
2465,
2457,

2448,
2440,
2h3L.
2410
2387,
2364,
2341,
2317.
2294,
2271,

2248,
2199.
2171,
2124,
2109.
2072.
2027.
2025,
2060.
2068,

2075,
2126,
2165,
2210,
2257,
2306,
2356,
2406,
2455,
2504,

2552,
2599.
2646,
2692,
2737
2784,
2867,
2951,
3032.
3110,

3186.
3261,
3335,
3406,
3546.
3679,
3807,
3929.
4045,
41564

l vy 0
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TABLE 8
THERMODYNAMIC PROPERTIES OF NORMAL HYDROGEN (ISOBARS, SI UNITS)

100.00 MPA ISOBAR -

TEMPERATURE DENSITY V(DHIDV)P V(DPIDU)V -V(DP/DV)T (DV/DT)'(V THERMAL VISCOSITY THERMAL DIELECTRIC PRANDTL

CONDUCTIVITY DIFFUSIVITY CONSTANT  NUMBER

: K KG/CU M KJ/KG HPA=-CU M/KS  MPA 1K H/K=M KG/H=S  SQ M/HR i

: ‘ x 102 x 103 x 107 1

; .

: * 34,169 102,3875 2795.8 +22835 533.3893 «00289 276426 '937.81 «00120 1.34287 2.7431 i
36, 101.8460 285847 +22256 52547090 + 00290 276426 800,91 «00118 1436088 2.4058 A
38, 101.2550 292046 «21694 51741855 «00292 275.52 687446 «00115 1.33874 2.1254
40, 100.6647 297247 .21222 50845564 00293 274,20 600450 «00113 1433655 1.9077 i

! 42, 10040751 35205 .20787 499, 8546 « 00294 272,37 532,43 00110 1.33439 1.7385 i

: s 99.4861 3066.5 +20366 49141104 +00296 270.22 478419 «00108 1.33223 1.6055
46, 98.8978 3120.9 +19876 48243525 «00297 267.84 434426 «00105 1.33008 1.5045
48, 98.3099 316701 +19456 473.6076 +00299 265,30 398,20 «00103 1.32793 1.4205
50. 97,7226 3208456 «19074 46449006 » 00300 262466 368422 «08100 1.32578 1.3511
52, 97,1359 324641 + 18723 45642550 «00302 259494 343.02 .00098 1.32364 1.2933
Sk 96.5496 327946 «18402 447,6927 « 00303 257.18 321.63 +00096 1.32151 1.2047
564 95,9639 3308.8 «18113 43942340 « 00305 254440 303.31 +00095 1431937 1.2034 ]
58, 95,3788 3332.7 +17861 43048979 «00307 251,62 287.50 . 00093 1.31725 1.1674 e
60, YUy 7943 335541 «17619 42247017 «00308 249.19 27374 .00092 1.31512 141354
65, 93,3370 340840 «17038 402, 9204 «00312 2u4, 27 246424 «80089 1.30984 1.0705 -
70. 91.8870 3461.0 +16466 38443249 «00315 239.28 225480 «00086 1.30459 1.0273 1
75, 9044480 351746 «15891 367.0497 « 00317 234,35 210414 «0008% 1429940 «9989 !
80, 89,0241 358040 +15308 351,18143 «00318 229.72 197.82 -00082 1.29428 «9798
85, 87.6203 3650.1 «14713 33647366 . 00318 229.10 187.92 +00081 1.28924 «9514
20, 8642414 3728.6 e14112 323.6679 900317 228.27 179.81 .00081 1.28430 +9296
95, 8448920 3813.3 .13521 31148664 «00314 227.38 173.06 +00081 1027948 * 9116

100, 83,5760 390546 +12934 301.1690 +00311 226460 167,36 +00080 1.27479 <8962 ;
110. 81.0536 4129.9 $11711 28242177 00302 210481 109,58 +00075 1.26583 +6483 |
120. 7843682 422047 «11169 26143250 + 00309 206,59 110.23 «00073 1.25634 +6951

140. 7347994 458248 + 09844 236.0605 +00298 224430 112.16 .00080 1.24029 +6825

160. 69,5909 504740 +08817 222,4929 « 00278 250,99 113,90 ~00093 1.22563 #6361 |
180, 65,9363 5409.2 +07936 205.3681 «00265 275,13 115,24 «00105 1.21299 +6000 I
200, 6246024 5569,0 «07378 18446887 «00266 292.72 116431 <0011 1.20154 «5888 '
220. 59.3817 588141 «06974 17446977 «00257 303.35 117,30 +00122 1.19054% +5843 1
243, 5645559 640842 « 06623 17445602 +00236 308435 118,33 +00130 1.18095 «5803 !
260, 5440061 6795.8 06294 169.1637 .00223 309.51 119.47 «00136 1.17234 +5860 |
280, 51,7074 7152.7 «06019 163. 8406 00213 308046 120,77 00161 116461 +5961

300. 4944193 - 7247.8 «06236 16046133 «00209 306442 122,22 $00147 1.15695 «6038 :
350, 44,7643 8031.9 +05835 151,6740 . 00188 301, 62 126,54 «00161 1.14148 +6322

400, 40.9388 879246 -05553 14540297 » 00178 300.72 131.66 «00177 1.128388 +6555 :
450, 37,7361 9539, 0 205343 139.8609 «D0156 304.27 137.36 «00185 1.11840 «6718 ]
500, 3540126 1028441 «05173 135.7041 «00144 311.38 143444 «00216 1.10953 +6824 "
550, 32,6639 1102445 «05036 132.2775 « 00134 321,09 149478 +00240 1.16193 «6886

600, 30,6169 11767.1 +04919 129.3991 +00125 332.64 156,27 +00266 1.09534 <6920

650, 28.8152 1251241 «04813 126.9455 « 00118 345,52 162,85 «00293 1.08956 +6934 |
708, 27.2161 1326644 «04726 126448291 «00111 359,37 169.47 .00323 1.08444 «6939 ‘
750, 25,7866 16402849 « 04643 122,9859 +00105 373.95 176411 +00354 1.07989 +6938

890, 24,5007 14803,2 «04565 12143674 +00100 389409 182,74 .00387 1.07580 «6933

850. 23.3373 15591.1 0 04491 119.9362 « 00095 404. 69 189435 «00422 1.07211 06927

900. 22,2795 1639443 «04420 118.6628 «00091 420.68 195,92 «00457 1.06876 «6921

950. 2143135 17213.7 04352 117.5236 +00087 436499 202,46 «00494 1406572 +6916
1000, 2004277 18050.0 «04285 116, 4995 «00083 453458 208,95 «00533 1.06292 «6912
1100. 18.8595 19760.5 + 04161 11447366 « 00077 475456 221479 +00598 1.05799 «7077

1200, 17.5141 2153246 « 0604, 113.2774 200071 511400 234443 +00684 1.05378 «7049

1300. 1643472 2336448 «03934 112.0534 £ 00067 546,88 246487 +00773 1.05013 «7030

1400, 15,3253 2525346 «03830 111,018 + 00063 583.15 259.11 +00867 1.04695 <7017

1500, 1444231 27193.¢. «03734 110.1246 « 00059 619471 271.16 -00966 1.06414 <7007 :
1600, 13.6206 2915847 «03648 109.3547 +00056 656.08 283.01 +01069 1404165 <7000

1700, 12,9023 3115844 «03569 108.6833 « 00053 692448 294467 «01176 1.03942 +6994

1800, 12,2556 33189.5 « 03496 108.0935 00850 728494 306.15 +01287 1.03742 +6989

2000. 11.1379 37349.7 +03366 107.1068 « 00046 802455 328.54 +01523 1.03397 <6974

2200. 10.2057 41711 .4 «03245 10643132 + 00042 879.65 344488 «01778 1.03109 «6842

2400, 94158 46361.9 +03126 105.6544 + 00039 964408 366419 +02058 1.02866 «6805

2600, 8.7370 5146547 «02999 105, 0844 «06036 1062.11 387,03 «02368 1.02657 «6734

2800, 8.1459 57245.9 +02859 104.5631 + 00034 1182.0¢ 407447 .02721 1.02478 +6619

3000. 7.6246 6396746 .02702 104.0528 .00031 1333.50 427.63 03126 1.02316 «6U60

* THWO-PHASE BOUNDARY |
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VAPOR  PRESSURE OF COEXISTING GASEOUS ‘ :

AND' LIQUID NORMAL HYDROGEN127 B

Temperaturé,-K' Pressure, MPa
20.560 0.1064887
21 0.1207211
22 0.1581615
23 0.2033624
24 | 0.2571729
25 0.3204464
26 0.3940357
27 ; 0.4787904
28 0.5755541
29 0.6851619
30 0.8084393
31 0.9462002
32 1.0992464 ‘
32.270 1.1432921 :
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Table 15. Isothermal Compressibility of Solid

Parahydrogen (XT X 10%), cm®/kg ‘ %

i ‘;T;;;:;E\Iz\f\ 14.5 13.5 12.0 10.0;8.0;6.0 %

1 ~

2 0 59.8a 57.12 53.7a

% 20 S54.4 + 1.4 52.3 + 1.3 49.4 + 1.6
40 53.1 49.9 48.2 45.8
60 48.8 46.2 447 42.8
80 45.0 42.9 41.8 40.2
100 41.8 40.2 39.3 38.0
120 39.1 37.9 37.2 36.2
140 36.7 ©36.0 35.4 34.8
180 33.0 + 0.7 32.9 + 0.7 32.5 + 0.8 32.3 + 1.2
200 | 31.22

agbtained by extrapolation.

With permission from Udovidchenko, B. G., et al., Journ. Low Temp. Phys., 3(4), 429,

o e m————

1970 [Ref. 16].
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Table 17. Lattice Parameters for Hydrogen

Ranges of lattice parameters, nm

species structure a c c/a References
p-H, hcp 0.375 - 0.3761 0.6105 - 0.614 0.1623 - 0.1633 146, 188, 189
fce 0.524 + 0.005 —-- - 155

n-H hep 0.376 - 0.378 0.6105 - 0.616 0.1623 - 0.1633 186-188, 190

fce 0.5312 - 0.5338 —— - 186-188

Table 18. Debye 8, Adiabatic Bulk Modulus and Elastic Constants for Hydrogen

Debye 6, K adiabatic bulk modulus!®7
111, single crystal normal197 174 MPa (1740 bar)
mechanical { 196
113, polycrystal para
124, para calorimetric'®’ (assuming V = 22.87 cm®/mol)
calorimetric 174
122, para calorimetric

Elastic Constants/density, cm? /¢? (Data from Reference 197)

normal

hydrogen €13 €12 €13 €33 Cas
o o 0 o o
4.10 1.35 0.45 4.99 0.94

Table 19. Shear Strength of Hydrogen at 4 K

shear strength(kg/cmz) 29 41.6 61.4 64.6
mean applied pressure(kg/cmz) 1050 2010 3190 3710
6-281
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Tabl-‘e 20. Melting Pres‘su(reys of vNorina‘l' Hydrogen
: femperature 5 Pre‘ssulre, | ]
| R MPa ~ o atm
13.947 o.bo?zk'  0.071
14. 0.1662 1.64
- 15. 3.2880 | 32.45 % -
16. 6.647  65.60 :
17. 10.22 100.9 i
18. 14 .01 138.3
19. 18.01 177.7
20. 22.18 218.9
21. 26.54 261.9 : i !
22. 31.09 li§06.8 !
23. 35.80 353.3 Ko
24. 40.68 401.5 [
26. 50.94 502.7
30. 73.35 723.9 :
35. 104.8  1034. F
40. 139.8 1380.
45, 178.5 1762 !
50. 220.7 2178 ; i
P
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Table 21. Molar Volumea of Compressed Solid Parahydrogen .

‘Temperature (°K)

Pressure -
(atm) 11.49° 13.98° 16.89° 18.20° 19.97°
0 23.08
25 22.63 22.83
50 22.22 22.58
75 - 21.85 22.24
100 21.53 21.93
150 21.26 22.00
200 21.55 21.52
250 21.10 21.07 21.45
300 20.70 21.30
350 21.15

a All values of the molar volume are in cubic centimeters per mole.

With permission from Cook, G. A., et. al.,
Note: atm x 0.101325 = MPa.

[Ref. 211].

Journ. Chem. Phys., 43 (4), 1313, 1965
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Table 22. CompréSsi@ns,of Nprmal Hydrogen at 4 K

: : 105
Pressure AV~ \4 M.V. Bi
kg/cm? v,” v, cm®/mol cn’/kg
P or 0 — 1;600 22.65 49
200 - .928 21.0 31
400 — .883 20.0 23
600 - 847 19.2 19
1,000 —im .794 18.0 14
2,043 0 J11 16.1 8.1
3,000 .065 .667 15.1 6.1
4,000 .110 .632 ; 14.3 4.8
6,000 .181 .583 ’ 13.2 3.5
8,000 227 549 12.4 2.7
10,000 .266 523 11.8 2.3
12,000 .297 .500 11.3 1.9
16,000 .343 .467 10.6 1.4
20,000 .376 445 10.1 1.2

With permission from Stewart, J. W., Phys. Chenm. Solids, 1, 146, 1956 [Ref.
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Table 23. Volume Changes of Hydrogen on Fusion at Elevated Températures

Bartholome21° Roder !*2
T n-H, p-Ha % Difference
13.96 K 2.83 cm®/mol 2.81 cm /mol .58
16.43 2.31 < 2.26 2.15

18.24 2.03 2.02 .61

Table 24. Sound Velocity in Solid Hydrogen

T, K \'A ) v, B X 101° adiabatic B X 10%° isothermal
cm®/mol  m/s m/s cm?®/dyn  Poisson's ratio cm®/dyn Poisson's ratio
n-hydrogen
4.2 22.64 2190 1160 3.8 0.30 4.4
11.49 23.08 2110 1080 3.9 ©0.32 4.6
13.96 23.24 2060 1030 4.1 0.33 5.1
p-hydrogen
g/cm?
0 0.0892 21102 11402  4.12 0.29, 4.1 0.29
1 0.0892 21102 1140%  4.12 0.29 4.6 0.29
2 0.0892 2110 1140 4.12 0.29 4.7 0.29
3 0.0891 2105 1140 4.15 0.29 4.8 0.26
4 0.0890 2100 1140 4.19 0.29 4.9 0.26
5 0.0889 2095 1140 4.22 0.29 5.2 0.25
6 0.0888 2090 1135 4.24 0.29 5.3 0.25
7 0.0887 2085 1130 4.26 0.29 5.3 0.25
8 0.0885 2075 1125 4,31 0.29 5.4 0.25
9 0.0883 2065 1120 4.36 0.29 5.4 0.25
10 0.0880 2050 1115 4.46 0.29 5.4 0.25
11 0.0877 2035 1105 4.53 0.29 5.4 0.25
12 0.0874 2010 1095 4,64 0.29 5.6 0.25

a
extrapolated

Note: (cm?/dyne) x 10° = cm?/N.
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Table 27. Experimental Vapor Pressures of Normal Hydrogen

Below the Triple Point

solid

T (K) P(Pa) P (aum Hg)
3.4 '1.33x 1077 1.0 x 107 )
3.6 7.33x 1007 5.5 x 107°
3.8 3.87x10°% 2.9 x 1078 > Reference 208
4.0 12.67 x 10°® 9.5 x 10”8
4.2 4.67 x 100° 3.5 x 1077
4.5 2.40 x 10°* 1.8 x 1076 _
4.71 6.03 x 10™*  4.52 x 107¢ )
4.78 7.64 x 10°* 5,73 x 10”6
4.85 9.71 x 10”% 7.28 x 10”¢
4.92 1.36 x 10°%  1.02 x 10”5
5.01 1.83 x 107*  1.37 x 107°
5.0 2.52 x 107 1,89 x 10”5
7.43 5.36 4.02 x 10 2 >Reference 209
7.74 8.96 6.72. x 1072
8.11 17.2 1.29 x 107!
8.76 42.4 3.18 x 10-1
9.29 97.6 7.32 x 1071
9.91 206.6 1.55

10.67  482.6 3.62

11.11  759.9 5.70 )
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Table 28. Selected Thermophysical, Chemical and Combustion Properties of Hydrogen,

Property

Molecular welght

Triple point pressure, atm

Triple point temperature, K

Normal boiling point (NBP) temperature, K
Critical pressure, atm

Critical temperature, K

Density at critical point, g/cm3

Density of liquid at triple point, g/cm3
Density of solid at triple paint, g/cm3
Density of vapor at triple point, g/m3
Density of liquid at NBP, g/cm3

Density of vapor at NBP, g/‘cm3

Density of gas at NTP, g/m3

Density ratio: NBP 1iquid-to-NIP gas

h

Heat of fusion,J/g

Héat of vaporization, Jl/g
Heat of sublimation, J/g

Heat of combustion (low), kJ/g

Heat of combustion (high), kJ/g

specific heat (Cp) of NTP gas, J/gK
specific heat (Cp) of NBP liquid, J/gK
specific heat ratio (CP/CV) of NIP gas
specific heat ratlo (CP/CV) of NBP liquid
Viscosity of NTP gas, g/cm-s

Viscosity of NBP liquid, g/co-s

Thermal conductivity of NTP gas, nW/cn-K
Thermal conductivity of NBP 1iquid, wW/cmK
Surface tension of NBP liquid, N/m
pielectric constant of NTP gas

Dielectric constant of NBP liquid

Index of refraction of NTP gas

Index of refraction of NBP liquid

Adiabatic sound velocity in NTP gas, m/s
Adiabatic sound velocity in NBP 1liquid, m/s
Compressibility factor (2) in NTP gas
Compressibility factor (z) in NBP liquid
Gas constant (R), em —atn/gK

Isothermal bulk modulus (®) of NBP liquid, MN/m?

Volume expansivity (B) of NBP liquid, K™

Hydrogen
2.016*%¢
0.0695%%°
13.80322¢
20.26822%
12.759%2¢

32.97622°

0.0314%2°¢
0.0770°%¢
0.0865%%°
125.59722¢
0.070822°
0.00134%2°
83.76422°

845%%°

58.23%%6
445.59%%°
507.3922°
119.932%7

141.86227

14.89%2°
9.69%%°¢
1.38322%°
1.68822°
0.0000881°%¢
0.000132%2°¢

1‘914226

0.99225

0.0019322¢

1.000267
1.2337
1.000122%°
1.110
129472°
1093%2°¢
1.0006%%°
0.017122%¢
40,7037228
50.13"

0.01658"
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Methane
16.043229
0.1159%2°
90.680%2°

111.632%%¢
45.38722°
190.5622°
0.160422°
0.4516"%°
0.4872%2°
251.5322°
0.422622°¢
0.00182%%¢

651.19%2°

649°7°

58.4722°
509.8822°
602.4422¢
50.62227

55.53227

2.2222¢
3.50%28
1.308%2°¢
1.6762%°
0.000110%2¢
0.00113022°
0.3302%%
1.8622°8
0.0129422°
1.00079%2¢
1.6227%%¢
1.0004%%8
1.2739%%°
448728
133122°
1.024322°
0.00414522°

5.1147722°

456.16%%°

0.00346>%°

Methane, and Gasoline

Gasoline
~107.0%%!

180 to 2202“a
310 to 4782319232
24.5 to 2777}
540 to 569°°"

0 23233

~.70231b
233b
~0.0045
~4400%%2

231,233

156

16126
309231’233
44'5227,229,233

48227’228‘233

16220
2.20233b
1.05Zalb
0.0000522%3
0.002233
0.11223%
1.31%%°
0.0122%%3
1.00352%%°
1.93233d
1.00172%4¢
1.39233d
154
1155236f
1.0069
0.00643°
0.77
76323#

b
0.00122%*




e e it i e 8 5 i

’Pfdéettz; i :
Linits of flamﬁabil;ty?in'a;i,,vol.;z =

Limits of detonability:in.éit,' ol. 2

Stoichiometric composition infgif;;vol. 4
'Minimumienergy for‘;gﬁi;gdg 1g';ir;‘m1

’Autoignition temperature, K

Hot air-jet ignition’ temperature K
- Flame. temperature in afr, K 00 .

Percentage‘of‘thermal,ehergy’taﬂihfed,",
from. flame ‘to su:roundings,‘Z” e

Burning velocity in ﬁTP'air,‘eﬁlg )
Detonation veldcity 1ﬁfNTP'§if;lkh[s’
Diffusion coefficlent in NT? air,fémzls
Diffusion velocity in NTP‘ait, ém/s -
Buoyant. velocity in NTf aif, n/s

Maximum experimental safe gap in NTf air, cm
Quenching gap in NIP air, cm

Detonation induction &istance in NTP air
Limiting oxygen index, vol. %

Vaporization rates (steady state) of
liquid pools without burning, ca/min

i Table 28... Selected The?ﬁbphyéié#l,fchemica;,gnd Combustion‘Properties‘offﬂydtbgen;

szrogen
4.0 to 75.0237:238

18.3 £o.59.023°
29,53
0.0224°
'8‘582"1
‘9432106

2318247

17 to 252‘09,250
265 to 32525%,252
1.48 to 2.15253,259

"0.61

€2.00

1.2 to 9

0.0082%%
0.0642405257
L/D=100259’260

5.0258

2.5 to 5.025°

Burning rates of spilled liquid pools, em/min 3.0 to 6.62%%,250

Flash point, K

Energy) of explosion, (g TNT)/(g fuel)

Enetgyj of exglosion,
(g TNT)/(cw’ NBP liquid fuel)

Energyj of explosion,
(kg TNT)/(m® NTP gaseous fuel)

Toxicity

gaseous

~24 N
1.71

2.02

nontoxic?s!
(asphyxiant)

Methane

5.3'to 15.02%7>238

' 6.3 to 13.5243
9.48
0.29%40
813232‘
1493246

2148247

23 to 332‘09’250
37 to 452‘02,2‘;.3
1.39 to 1.64%%3
0.16
<0.51
0.8 to 6
0.122%¢
0'2032h0,257

12.12%¢

0.05 to 0.52%0
0.3 to 1.22%9,250

gaseous
~11

4.56

7.03

nontoxfic?®?

(asphyxiant)

Methane, and Gasoline (cont'dJ

Gasoline

1.0 to 7.6232,2u2

1.1°t0:3,3244
1.76
0_242“0,2u5
301 to 7442325282
13132468

2470248

30 to 42249,250
37 to 432425248
1.4 to 1.725"
0.05
<0.17
nonbuoyant
0.072%%
0.2257

11.62581

0.005 to 0.02
0.2 to 0.924%,250

~2302 32

7.04

44,22

slight?®?
(asphyxiant)

NBP- = Normal boiling point.
NIP = 1 atm and 20 ¢ (293.15 K).

INT = Symmetrical Trinitrotoluene.

Note: Thermophysical properties listed are those of parahydrogen.

otherwise noted). Also atm x 0.101325 = MPa,

& Freezing temperatures for gasoline @ 1 atm.

b @1 atm and 15.5 c.

¢ Density ratio @ 1 atm and 15.5 C.
d e1 atm‘and 20 C.

e @1 atm and 100 C.

f @1 atm and 25 C.

& Based on the properties of butane.

h Based on the properties of n-pentane and benzene.

1 Average value for a mixture of methane, ethane, propane, benzene,

j Theoretical explosive yields.
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average of normal heptane and octane in those cases where “gasoline"

y values are the arithmetic
values could not be found (unless

butane and higher hydrocarbons.




ORTHO-PARA
CONCENTRATIONS AT
EQUILIBRIUM
Percentage
Temperature, _in para form
K for H,
10 99.9999
20 99.821
20.39 99.789
23.57 -
30 97.021
33.10 95.034
40 88.727
50 71.054
60 65.569
70 55.991
80 48.5317
90 42.882
100 38.620
120 32959
150 28.603
200 25.974
250 25.264
298.16 25.075
300 25.072
350 25.019
400 25.005
500 25.000
Table 30
HEATS OF CONVERSION FROM
NORMALTOPARAHYDROGEN
Temperature,
K J/g
10 527.139
20 527 .140
20.39 527 .138
30 527.138
33.1 527.138
40 527.117
50 526.845
60 525.531
70 521.770
80 513.932
90 500.757
100 481.671
120 427 .248
150 322.495
200 163.774
250 70.524
298 .16 28 .558
300 27.562

Table 29

6~-291

cal/mol

253.9865
253.987
253.986
253.986
253.986
253.976
253.845
253.212
251.400
247 .623
241.275
232.079
205.857
155.385
78.91
33.98
13.76
13.28
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CHAPTER SEVEN

PHYSICAL CONSTANTS, UNIT CONVERSIONS, AND SYMBOLS

Jesse Hord
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7.1. PHYSICAL CONSTANTS

Molecular weight = 2.01594

- Universal gas constant (Ry)

The international system
Publication 330°!°
tabulated by Mechtly.516
(ASTM), American National Standards Institute (ANSI),
Electrical and Electronics Engineers (IEEE) hase published a joint standard
~ for metric practice.®!? ‘

system are given in References 515, 517 and 518.

slug

8.31434 Jemol“l.x~!

1 8.31434 x 106‘N'c1‘n3'm_2k'mol_l'lb(‘_1

82.0562 atm*cm®+mol !+x™?

10.7314 psi. ft3 mol~—!-°g-1

32.174 1b

2.

of units is described in detail in NBS Special

UNIT CONVERSIONS

are given in the following tables.

kg/m?
16.018
1
1,000
2,015.9

0.089881

and lists of physical constants and conversions . factors are

The American Society for Testing and Materials '

The most recent guidelines for use of the metric

Selected unit conversions

UNIT CONVERSION FACTORS

g/cm?
0.016018
0.001
1
2.0159

8.9881 x 10~°

Density

mol/cm?

7.9458 x 10~3

4.9605 x 10~
0.49605
1

4.4586 x 10”5

Amagat
178.216
11.126
1.1126 x 10"
2.2428 x 10*

1

and Institute of

1b/ft?
1
0.062428
62.428
125.85

-3
5.6111 x 10




n® /kg
(L/g)

0.062428
1
0.001

4.9605 x 107

MPa
6.8948 x 1073
1
0.101325
1.3332 x 107*

0.1

kJ/kg
J/g)

2.3244
1
0.49605

4.1840

Specific Volume

em® /g cm’ /mol ££2/1b
| 62.428 125.85 1
1,000 2,015.9 16.018
1 2.0159 0.016018
. 0.49605 1 7.9458 x 1073
Pressure
Torr 1bf/in-2
atm (om HE) bar (psi)
0.068046 51.715 6.8948 x 1072 1
9.8692 7,500.6 10.0 145.04
1 760.0 1.01325 14.696
1.3158 x 1073 1 1.332 x 1073 0.019337
0.98692 750.06 1 14.504
Enthalpy, Heat of Vaporization, Heat of
C&nversion, Specific Energies
J/mol . cal/g Btu/1lb
4.6858 0.55556 1
2.0159 0.23901 0.43022
1 0.11856 0.21341
8.4345 1 1.8
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Specific'Heat;fEhtfopy

kJI/kg=K
- (J/gK) - J/mol-K
4184 | 7"W ; 8;4345 
:1, S 12,0159
50;49605. i 1
?2;0755 4,184
mW/émr& : J/s-cm-K
17.296 | 0;617296
1 0.001
1,000 1
4,184 4.184
kg/m-s Centipoise
(N—s/mz) (10-zg/cm—s)
1.48816 1,488.16
1 1,000
0.001 1
47.881 4.7881 x 10"

Velocity of Sound

cal/mol-K
2,0159,
0.48182

£ 0.23901

1

Thermal Conductivity

cal/s-cm-K
0.0041338
2.3901 x 107"
0.23901

1

i

Viscosity N

1b-s/ft?
(slug/ft~s)

0.31081
0.020885
2.0885 x 10~°

1

m/s ft/s N/m

0.3048 1 175.13

1 3.2808 1
0.001
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Surface Tension

dyne/cm
175.13 x 10°
1,000

1

Btu/1b-°R
1

0.23901
0.11856

0.49605 -

Btu/ft~hr-°R
1
0.057816

57.816

241.90

1b/ft-s
1

0.67197

6.7197 x 10~*

32.175

lbg/in.
1
5.7102 x 10™°

5.7102 x 10~°

£
I

T




Temperature
T(Rankine) = 1.8T (Kelvin)
T(Celsius) = T(Kelvin)'— 273.15
T(Fahrenheit) = T(Rankine) - 459.67

1.8T(Celsius) + 32

"

T(Fahrenheit)
7.3. SYMBOLS

Some of the symbols used in this compilation describe more than one
property because: (1) data and accompanying symbols are gléaned from the
litefature and the nomenclature selected by the originating author(s) is
retained and (2) the number of properties compiled far exceeds the number of
available symbols. Multiple use of symbols should not result in any confusion
as they are explained in the text, omn the figure or table wherein they are
used in context with the particular property under consideration.

N

7.3.1. LIST OF SYMBOLS

atm atmosphere (pressure)

a lattice parameter

a ' accommodation coefficient

bl,bz,b3, etc. coefficients in equations

c lattice parameter

cal calorie

ci concentration of species "{" in mixture
cm centimeter

cP centipoise

TiK




dt

ft

1b

1bg

Po

X7

Cdisethy o magate
;éé;;vatiiéuﬁifﬁlféspéct to time
Cfoot %
‘gfé§i£§£ibnal»éccéleration constant
‘izﬁéiém%?,?;
hour &

uséd:asisﬁb9cript to denote "ith" element or species

uSed'aéiSubscript to denote "jth"” element or species

thermal conductivity

infféréd:absorptiqn coefficient
kilogfam

liter

liter

pound mass

pound force

{
meter \
exponent in equations

index of refraction, also n, and n ... at infinite

A
wavelength

used as subscript to denote constant pressure

vapor pressure

second

time

specific volume

longitudinal velocity of sound in the solid

transverse velocity of sound in the solid

quality

fraction of ortho hydrogen in ortho-para mixture

isothermal compressibility
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A,B,C

coefficients in equations

jnfrared absorption parameter
second virial coefficient

British thermal unit

third virial coefficient
temperature in degrees_Célsius
elastic constants

concentration gradient of the "i" species
specific heat at constant pressure
molar specific heat at constant pressure
specific heat at constant volume
specific heat at saturation
diffusion coefficient

thermal diffusion coefficient
Young's modulus

internal energy

molar internal energy

temperature in degrées Fahrenheit
Helmholtz free energy

molar free energy

also fcc, face centered cubic
shear modulus

Gibbs free energy

enthalpy

molar enthalpy

also hcp, hexagonal close packed

intensity of radiation
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LFL

-‘ LNG

 MESG

NBP
NBT

NTP

Pa

Pr

RI

RTP

STP

Jjoules =‘watt - second

¢3535f1u3:of*the'"ith" species
-absOlﬁteﬁtemperéture in kelvin

1iterx‘g?*

‘lower flammable limit

1iquefied1na£ﬁralwgés
moleculgfﬂweightﬂﬂv‘
maximum experimenta1 safe gap
megéPascal (pressure)

Newton 

normal Eoiling point
normal‘Boiling‘temperature (same as NBP)
normal temperature and pressure (20°C and 1 atm)
Prandtl number |
pressure

molar polarizability

Pascal (pressurés

Prandtl number

triple\point pressure

quality

heat

absolute temperature in degrees Rankine
gas constant

universal gas constant

refractive index

room temperature and pressure (300 K and 1 atm)
entropy

molar entropy

standard temperature and pressure (0°C and 1 atm)
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i
#

Torr

TP

UFL

Greek

Bi
Bs
.

temperature

critical point temperature
triple point temperature
symmetrical trinitrotoluene
millimeter of mercury (pressure)
triple.point

internal energy

upper flammable limit

volume

watt

velocity of sound

mole percent solubility in solvent

compressibility factor (ZPV/RT)

parameter in eqﬁhtion

thermal diffusivity
isothermal bulk modulus
thermal expansion coefficient

volume expansivity

"{nstantaneous” compressibility (=xisothermal)

adiabatic compressibility
isothermal compressibility
specific heat ratio (ECP/CV)
surface tension

dielectric constant

relative elongation




‘ viscbéit& |

Debye teﬁpéfatﬁfé“
spééifié.ﬁéat inpuf parametef
vthermél‘condﬁctiQity
vavelength

viscééity

JOule—Thoméoﬁ coéfficient
frequéncy

density

density at critical point
tensile strength (stress)
nominal yield strength (stress)
energy derivative parameter

velocity of sound
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