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Abstract This article contains a survey of experimental data for the thermal
conductivity and viscosity of hydrogen, which are needed for many applications in
system analysis and design. It includes an analysis of the current standard models for
thermal conductivity and viscosity of normal hydrogen and parahydrogen, which are
based on measurement and correlation work done before the mid1980s. Properties cal-
culated with these models are analyzed and compared to all available experimental data
for normal hydrogen and parahydrogen. Finally, recommendations for future work,
including new experimental measurements to enable the development of improved
transport property formulations for hydrogen, are provided.

Keywords Hydrogen - Model - Normal hydrogen - Parahydrogen - Thermal
conductivity - Transport properties - Viscosity

1 Introduction

A relatively large body of experimental data (over 3,000 individual data points) exists
for the thermal conductivity and viscosity of hydrogen, dating back to the early 1900s.
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There are several sources of recommended values or correlations in the literature,
including the studies of Vargaftik et al. [1], Stephan and Lucas [2], Assael et al. [3],
Touloukian et al. [4,5], and NIST [6]; bibliographic information is available as well
[7]. In this article, we will use the designation “standard” to refer to the transport
property formulations selected for inclusion in the National Institute of Standards and
Technology (NIST) database, REFPROP [6]. REFPROP uses the formulations given
in the earlier NIST12 computer program [8], which are based primarily on the work
of Diller [9] for viscosity and the work of Roder [10] for thermal conductivity. These
formulations are based on the IPTS-68 temperature scale, and can be used at pressures
up to 121 MPa and at temperatures to 400 K. We are not aware of any recent published
efforts to evaluate and analyze the available data and modeling methods for wide-range
representation of the viscosity and thermal conductivity of hydrogen, and the time is
appropriate to consider a re-evaluation.

Transport properties are needed for engineering applications in systems for
hydrogen transportation and storage. For instance, transport properties are needed
up to 1,300K for hydrogen generation using nuclear and coal gasification processes.
If the projected future utilization of hydrogen for replacement of conventional fuels
in transportation and other applications happens, accurate transport properties will
be needed to support system design and analysis for the global “hydrogen
economy.”

2 Background

The hydrogen molecule occurs in two allotropic modifications that differ in the rela-
tive orientation of the nuclear spins of the individual atoms in the molecule. The spin
orientation relative to the individual nuclei of the molecule has a significant influence
on the rotational states for the molecule. Molecules with parallel spins (same direc-
tion) are called orthohydrogen, have odd rotational quantum numbers (J = 1, 3, ...),
and are predominant at higher temperatures. Those with anti-parallel spins (oppo-
site directions) are called parahydrogen, have even rotational quantum numbers, and
allow the lowest energy state (J = 0). Normal hydrogen is a mixture of about 75%
orthohydrogen and 25% parahydrogen. This paper is a companion to a parallel study
on the thermodynamic properties of hydrogen [11], which contains information on
hydrogen behavior.

In general, the largest differences in the thermophysical properties of orthohydro-
gen and parahydrogen occur in the properties where the rotational heat capacity is
important. The thermal conductivity, in particular, exhibits significant differences. In
the temperature range from 120 to 190K, the thermal conductivity of parahydrogen
can be 30-50% larger than that of orthohydrogen [12]. Figure 1 shows the differences
in thermal conductivities of parahydrogen and normal hydrogen at temperatures up to
300K, calculated by use of REFPROP [6].

The storage and transportation of large quantities of liquid and gaseous hydrogen
present unique problems for engineering designs to monitor and control the ratio of
orthohydrogen to parahydrogen in commercial systems. The energy of conversion of
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Fig. 1 Thermal conductivity of normal hydrogen and parahydrogen

orthohydrogen to parahydrogen is discussed by McCarty et al. [13]. There are few
proven methods for measuring the ratio of orthohydrogen to parahydrogen in the
liquefaction process or in storage and transportation. Those being investigated most
recently use methods described by Zhou et al. [14] that are based on the differences
between the thermal conductivities of the orthohydrogen and parahydrogen species.

3 Experimental Data for the Transport Properties of Hydrogen

Tables 1 and 2 list the available data for the viscosity and thermal conductivity of
normal hydrogen and parahydrogen, while Figs.2—5 graphically display the tempe-
rature and pressure regions where data are available. When possible, the original au-
thor’s estimate of uncertainty (or in some cases, the precision, in italics) is also given.
Although the tables summarize arelatively large amount of data, there are very few data
sets that provide enough information (detailed description of experimental method,
sample purity/composition, complete working equation, analysis of errors) to obtain a
reliable uncertainty estimate; the estimates given by the original authors are often un-
realistically low and the data sets do not agree with each other to within their stated un-
certainties. (This will be demonstrated in the next section.) In addition, data at tempera-
tures below 240 K require a specification of the orthohydrogen-parahydrogen concen-
tration to be reproducible, as the concentration of a non-equilibrium sample at these
temperatures changes over time. Data for these temperatures published
before 1933 were taken before the existence of orthohydrogen and parahydrogen was
established and are compared to normal hydrogen here, although the true concentra-
tion of the measured samples is uncertain. While most data sets after 1933 estimate
a sample concentration prior to taking data, the only data set with clearly specified
measured values of the orthohydrogen-parahydrogen concentration for each point is
that of Roder [15].
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4 Comparisons of Calculated Transport Properties of Hydrogen
with Experimental Data

Comparisons of calculated properties to measurements can provide a basis for the
assessment of the quality of the representation of the transport properties model and
of the variations among the data sets. In Tables 1 and 2, we list the absolute average
deviations (AAD) of transport properties calculated with the standard model, with the
definitions:

Xdata — Xcalc) (1)

n
AAD =1 > 1%AX|, where %AX = 100(
n im1 X data
X is any property, n is the number of data points in the data set, and i is the index for
each data point. Even though the range of applicability of the formulations is exceeded,
comparisons are included to data above 400 K, to illustrate the extrapolation behavior
of the formulations.

4.1 Normal Hydrogen

Figures 6 and 7 compare the thermal conductivity of normal hydrogen calculated with
REFPROP [6] to experimental data as functions of pressure and temperature, respecti-
vely. In Fig. 6 we see that the accurate wide-ranging data of Roder [15] are represented
to within their uncertainty, 1.5%, except for pressures from 60 to 70 MPa, where the
correlation begins to deviate from the data and reaches 5% deviations at 70 MPa. In
order to meet the demands of high-pressure storage applications, pressures as high as
70 MPa are of interest [110]; therefore, a correlation should be developed that repre-
sents the data to within their uncertainty at least to 70 MPa. Although there is a large
amount of scatter, most of the data sets are represented to within 5%, except for data at
temperatures above 400 K (the limit of the correlation), as shown in Fig. 7. The devia-
tions from these data sets increase as the temperature increases, approaching 30% at
1,000 K, demonstrating that the present correlation does not extrapolate well outside
of its recommended temperature range. In order to support proposed nuclear hydrogen
generation processes (above 900K) [111], it is necessary to extend the range of the
transport formulations to higher temperatures. In addition, Assael et al. [3] assessed
the low pressure gas-phase data, and concluded that the only data of quality high
enough to be suitable for correlation development are those from Roder [15], Clif-
ford et al. [20,21], and Assael and Wakeham [16], none of which cover temperatures
above 400 K. Therefore, even though there are ten data sets for thermal conductivity
of normal hydrogen in the temperature range 400-2000 K, additional measurements
are recommended in this temperature range to support correlation development.
Figures 8 and 9 compare the viscosity of normal hydrogen calculated with REF-
PROP [6] to experimental data as a function of pressure and temperature, respecti-
vely. Within the stated range of validity of the correlation, up to 400K and 121 MPa,
there is considerable scatter, and most deviations are within 10%. Figure 8 shows
that the correlation agrees with the wide-ranging data of Michels et al. to within 2%

@ Springer
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Fig. 2 Thermal conductivity data for normal hydrogen

up to 100MPa. The data of Rudenko and Slyusar [86] and the data of Golubev and
Shepeleva [59] are both wide-ranging, comprehensive data sets, but they show very
different trends below 100 K. Thus there is a need for more measurements in the region
from about 40K to 100K that extend to 100 MPa. Figure 9 shows that the correlation
represents the data to within about 3% from 400 K to about 1,000 K, indicating that the
extrapolation behavior is reasonable in this range. There are 14 data sets available for
the viscosity of normal hydrogen at temperatures over 400K ranging up to 2,128 K.
Large systematic deviations up to 12% occur above 1,000 K with the data of Guevara
etal. [61] that may indicate limitations in the extrapolation of the correlation to tempe-
ratures above 1,000 K. Measurements of both the thermal conductivity and viscosity
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Fig. 6 Comparisons of thermal conductivity calculated by use of REFPROP [6] with experimental normal
hydrogen data (% A X versus Pressure)

of normal hydrogen should be extended to 5.5 MPa and 1,300 K, consistent with coal
gasification hydrogen generation processes [112] (Figs. 10-13).

4.2 Parahydrogen

Thermal conductivity data for parahydrogen range from the saturated liquid line to
273.6 K. The data should be extended to higher temperatures (350 K) consistent with
engineering applications. The thermal conductivity formulation for parahydrogen fits
the existing data of Roder and Diller [37] to within about 5%, and Roder [15] to within
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Fig.7 Comparisons of thermal conductivity calculated by use of REFPROP [6] with experimental normal
hydrogen data (%A X versus Temperature)

2% except near the critical region. The near-critical data at 33 K of Roder and Diller
[37] have very large deviations, approaching 80%. The present correlation does not
diverge at the critical point, leading to very large deviations in the critical region. Any
future correlation should incorporate the correct behavior in the critical region.
Viscosity data for parahydrogen range from 15 to 100K, and are reproduced by
the standard formulation to within about 2%. This exceeds the reported uncertainty
of the data set. Also, since there is only one source of data, we recommend that
additional measurements be made to verify the existing data. Hanley et al. [113]
stated that for the gas phase, the differences between the viscosities of normal hydro-
gen and parahydrogen are negligible. However, in the liquid region, differences have
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Fig. 9 Comparisons of viscosity calculated by use of REFPROP [6] with experimental normal hydrogen
data (%A X versus Temperature)
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been reported. Stephan and Lucas [2] found that their recommended values for liquid
parahydrogen and liquid normal hydrogen differed by as much as 5-10% and some-
times more. Diller [9] reported differences in the measured viscosity of the saturated
liquid of up to 5% between normal hydrogen and parahydrogen, which is greater than
his reported uncertainty. Becker and Stehl [114,115] also report differences between
parahydrogen and normal hydrogen ranging from 1% at 90K to 7% at 15 K. However,
their reported uncertainty is relatively large, 5%, making it difficult to separate what
is a true difference and what is measurement error. We recommend that additional
low-uncertainty measurements of normal hydrogen and parahydrogen in the liquid
region be made to help clarify whether there are significant differences (exceeding the
level of uncertainty of the measurements) that should be accounted for in any future
correlation efforts.

5 Conclusions
The goal of any reference quality correlation is the representation of the experimen-

tal data to within the experimental uncertainty. As shown in the previous section,
there is clearly room for improvement in the correlations for viscosity and thermal
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conductivity of hydrogen, and revised correlations should be developed. We also noted
that there are deficiencies in the existing experimental data and made recommendations
on the need for additional measurements with low uncertainties. The state of the art in
experimental techniques, regression methods, equation of state (EOS) development,
and theory (especially in the critical region) have progressed since the publication
of these correlations, and all of these factors can contribute to the development of
improved formulations. Development of equations of state is especially important
because correlations for viscosity and thermal conductivity are typically formulated
in terms of density and temperature, while measurements are usually reported in terms
of temperature and pressure. Thus, the analysis of the experimental measurements of-
ten requires density, which is not directly measured but rather obtained independently
from an EOS or other correlation. As recently pointed out [11], there are deficiencies
in the equation of state of Younglove [116] that is presently widely used. The develop-
ment of an improved equation of state will allow improvement in the representation of
the transport surfaces. In addition, any future correlations also should be revised to be
consistent with the ITS-90 temperature scale. This is most important at temperatures
below 20K and above 500K, where deviations between temperature scales become
significant.
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