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Abstract

We have examined heat absorption from the transition between the two quantum states of the
hydrogen molecule (para-ortho) in a full-scale (151 L internal volume) automotive cryogenic
pressure vessel at pressures and temperatures up to 345 bar and 300 K, and densities between 14
and 67 g/L (2.1-10.1 kgH,). The relative concentration of the two species is measured using
rotational Raman scattering and verified by calorimetry. In fifteen experiments spanning a full
year, we repeatedly filled the vessel with saturated LH, at near ambient pressure (2-3 bar), very
low temperatures (20.3-25 K), varying densities, and very high para-H, fraction (99.7%). We
subsequently monitored vessel pressure and temperature while performing periodic ortho-H,
concentration measurements with rotational Raman scattering as the vessel warmed up and
pressurized due to environmental heat entry.

Experiments show that para-ortho H, conversion typically becomes active after 10-15 days of
dormancy (“initiation” stage), when H, temperature reaches 70-80 K. Para-ortho H, conversion
then approaches completion (equilibrium) in 25-30 days when the vessel reaches 100-120 K at
~50 g/L. density. Warmer temperatures are necessary for conversion at lower densities, but the
number of days remains unchanged. Vessel dormancy (time that the vessel can absorb heat from
the environment before having to vent fuel to avoid exceeding vessel rating) increased between 3
and 7 days depending on hydrogen density, therefore indicating a potentially large benefit for
reduced fuel venting in cryogenic pressurized hydrogen storage.

1. Introduction

Storing hydrogen on-board a vehicle presents many challenges, such as safety, cost and
compactness. Although the low temperature and high density of liquid hydrogen (LH») offer
interesting features for safe and long range hydrogen vehicles, boil-off losses have been a
limiting factor for the application [1]. In order to address this issue, cryogenic pressure vessels
have been developed over the last decade ([2], [3], [4],[5]). Cryogenic pressure vessels are rated
for high pressure (350 bar vs. 6 bar in LH, automotive vessels [6]) and can therefore contain the
hydrogen even as it heats up and pressurizes due to heat transfer from the environment. When H,
is extracted during driving, the remaining H; in the vessel expands isentropically, cooling down
in the process. Isentropic cooling becomes more effective as vessel temperature increases.
Therefore, vessels that warm up due to infrequent use will cool down the most. Very little driving
(a few miles per day) will therefore suffice to stay within the vessel’s rated pressure. As a



consequence, the dormancy (time for which a cryogenic vessel can absorb heat from the
surroundings without venting to avoid exceeding the rated pressure) increases considerably, and
venting losses are eliminated for typical vehicle utilization scenarios.

Because cryogenic pressure vessels operate over a wide range of pressures and, more
importantly, temperature (from 20.3 K to 300 K, and above), they are more likely to take
advantage of one of the unique thermal properties of hydrogen: the conversion of the quantum
spin states of the molecule. The H, molecule is homonuclear and therefore its rotational wave
function can be symmetric or antisymmetric, the two quantum states being respectively described
as ortho and para. The antisymmetric (para) form has lower internal energy than the symmetric
(ortho) form, and their distribution is a function of temperature: almost all molecules are para-H,
at equilibrium at liquid temperature (20.3 K), while the ortho-H, fraction becomes 75% at room
temperature. As H, warms up in the cryogenic pressure vessel, para-ortho H, conversion would
therefore take place and absorb energy, thus reducing the pressure and temperature rise (hence
the boil-off losses), improving the overall dormancy performance.

In this paper, we examine the kinetics of natural para-ortho H, conversion in a full-scale
automotive cryogenic pressure vessel rated for 345 bar. After a brief theoretical background on
para and ortho-H, fundamentals and the effect of the conversion on the thermodynamics of
cryogenic pressure vessels, we present measurements of para-ortho H, fraction vs. time for
densities between 14 and 67 g/L, up to 345 bar and 300 K. The kinetics of the conversion is then
analyzed and the resulting heat absorption described.

2. Theoretical background

In quantum mechanics, the (complex) wave function y represents a solution to Schrodinger’s
equation and describes the behavior of a system. In particular, the probability density function
(i.e. the probability of finding the particle at any given location and time) can be calculated as the
product of the wave function and its complex conjugate yy*.

The wave function for a hydrogen molecule is the product of five functions [7]:

= ( ) )
( ) ) ) M)

In accordance with Pauli’s exclusion principle, it has been observed that the wave function for
the hydrogen molecule (Equation 1) is antisymmetric in the proton coordinates (i.e. the wave
function changes sign when the two protons are exchanged). Separately considering each of the
five factors in Equation (1), it can be shown that the first three factors are symmetric with respect
to a proton exchange. Considering that the total wave function is antisymmetric, the last two
factors in Equation (1) necessarily have opposite symmetries. Two possibilities exist [8]:

1. Para-hydrogen: symmetric nuclear rotation and antisymmetric nuclear spin
2. Ortho-hydrogen: antisymmetric nuclear rotation and symmetric nuclear spin



The rotational wave function for the hydrogen molecule using the rigid rotator approximation is
symmetric for even J and antisymmetric for odd J, where J is the eigenvalue (quantum number)
for the rotational wave function solution. Therefore, para (ortho)-H; has an even (odd) rotational
quantum number J. The partition function for each rotational state is written as [9]:
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Where B is the rotational constant and kg the Boltzman constant. The “3” in equation (3) is the result of
the 3-fold degeneracy associated with the (triplet) odd-J states (from quantum mechanics, there are
three degenerate spin (triplet) states for every antisymmetric (singlet) spin state for a pair of
interacting spin "2 particles). Equations (2) and (3) can directly be derived into the equilibrium molar
fraction of even-J (or “para”) and odd-J (or “ortho”) states population (see equation (4) for the equilibrium
fraction of ortho-H,) and thermodynamic properties such as the rotational energy (see equation (5)) [9]:
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At elevated temperature (T>300 K) where all the rotational energy levels are populated, H»
equilibrium composition is 75% ortho-H, and 25% para-H,. This mixture is typically named
“normal H,.” At low temperature, thermodynamic equilibrium shifts toward the lower energy
form (J=0, para-H;), and the equilibrium fraction at LH, saturation temperature at 1 bar (20.3 K)
is almost pure para-H, (99.7% [8]). Figure 1 shows para-ortho H, equilibrium, and rotational
energies of ortho-H, and para-H,, as a function of temperature calculated form Eq. (4) and (5).
The para-ortho H;, conversion (Econversion) 1S the difference between the rotational energies.

Conversion between ortho and para-H; is, however, very slow because such a transition results
only from perturbations involving nuclear spins, and these are small in magnitude. Therefore, if
not catalytically assisted, ortho-H, remains unconverted during liquefaction even as LH»
temperature is approached. If normal H, is liquefied, ortho-H, will then slowly convert to para-H,
over many days, liberating enough heat to vaporize 65% of the LH, [10], even if the LH, remains
perfectly insulated.

Catalytic ortho-para H, conversion is therefore necessary for efficient liquefaction. Metastable
ortho-H, is brought into equilibrium through interaction with strong magnetic field gradients.
For example, paramagnetic impurities [11], electric discharges [12], atoms formed by thermal
dissociation [13], metal catalysts [14] or radiation [15] are all known to increase the ortho-para
H, conversion rate. Ortho-H; itself is also a (slow) catalyst. Ortho-H, has a nuclear spin magnetic



moment, and causes J=1 de-excitation of neighboring molecules through bimolecular collisions
due to interaction between the nuclear magnetic moment and the magnetic moment of the
rotating molecule [16]:
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When normal H; is cooled from room temperature and liquefied and an appropriate catalyst is
used, between 100 and 708 kJ/kg is released during ortho-para H, conversion [17], depending on
the temperature (Figure 1). By comparison, the enthalpy of vaporization of LH, at atmospheric
pressure and 20.3 K is 445.4 kJ/kg [18]. In a liquefaction plant, conversion energy needs to be
removed to cool down the mixture and avoid vaporization, thereby increasing energy
consumption [19].
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Figure 1. Equilibrium ortho-H; fraction (red), energy of para-ortho H, conversion (black),
rotational energy of ortho-H, (green) and para-H; (blue), and maximum cooling from para-ortho
H, conversion, given as Econversion(ce/Z)z/(l-ce) (see text for details), all as a function of
temperature.

Ortho-para H, conversion kinetics has been carefully studied because it is critical to efficient
liquefaction. However, conversion kinetics of the reverse para-ortho H, reaction has until
recently lacked practical interest because hydrogen has always been stored at near constant
temperature (as a liquid at 20.3 K and 99.8% para-H,, or as compressed gas at room temperature
and 75% ortho-H; and 25% para-H,) where para-ortho H, conversion is unlikely to occur.



Cryogenic pressurized H, storage, on the other hand, operates at varying temperatures, cooling
down when frequently driven and warming up when parked. Equilibrium para-ortho H, fraction
may therefore vary substantially depending on the details of vehicle utilization. In particular,
when the vessel heats up due to infrequent driving, equilibrium shifts from para to ortho-H, - an
endothermic reaction that may absorb a non-negligible amount of energy, reducing the
pressurization rate and the potential for fuel venting. Para-ortho H, conversion is therefore
synergistic with the storage needs of cryogenic pressurized H; storage.

In the absence of an external catalyst, the kinetics of natural (self-catalyzed) para-ortho H,
conversion (Equation 7) can be expressed as [20]:
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where c is the ortho-H, fraction, k is the kinetic constant of the forward reaction (ortho-para), and
k’ is the kinetic constant of the backward reaction (para-ortho).

At equilibrium, the variation of ortho-H; is null. Therefore, k and k’ are related by:

k= (8)

where c. is the equilibrium fraction of ortho-H, (a function of temperature, Figure 1).

Equation (7) can then be written as:

ac__kc(c—c)
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For a given k, the rate of change of the ortho-H; fraction is maximum for c=c./2 (condition for
which the second derivative of ¢ vs. time is equal to zero). For c=0 (no ortho molecules in the
system) and for c=c. (equilibrium), the rate becomes zero: conversion cannot take place.

While several fundamental studies have been performed on para-ortho H, conversion in the solid
phase, surprisingly few studies exist on conversion kinetics of fluid H, in the supercritical region.
The earliest known studies of para-ortho H, conversion kinetics in isothermal liquid H, were
from Cremer and Polanyi [20], who found a rate constant &=12x10~ hr" at 20 K. Around the
same time it was suggested by Wigner [21] that the rate constant would be sensitive to density
and temperature (k~ pT™"%) in the presence of paramagnetic impurities. More recently, Milenko et
al. [22] presented ortho-para H, conversion data on both liquid (17-32 K) and supercritical (40-
120 K) H; up to 92 g/L density based on H, thermal conductivity measurements. A semi-
empirical model was then derived which supplemented Wigner’s model by considering the



velocity dependence of the approach distance between colliding molecules. Milenko’s correlation
for the kinetic rate is given in units of 10> h™" as a function of temperature and density as:

k=(182+16)T  *  p+5.10 (0.77+£003+ (921 +94)T - )p - (10)

While the conversion rate constant was observed to scale (roughly) linearly with density, their
data showed an increase in conversion rate with temperature, in contrast to the ~pT™"? law
expected from Wigner’s theory.

Finally, Matthews et al. [23] studied natural para-ortho H, conversion for temperatures between
32 and 280 K and densities between 14 and 60 g/L, and showed similar temperature variability as
Wigner’s original paramagnetic theory. Some of the results from this work are used here to study
their effect on the thermodynamic behavior of cryogenic pressurized H; storage.

3. Cryogenic Pressure Vessel Thermodynamics

For a closed H; vessel of constant volume, mass (noted m), and baseline environmental heat
transfer rate Q, the conservation of internal energy E is written as:

dE
m =0 (11)

Thus:
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Using Eq. (9), the variation of the internal energy of a constant density H, mixture including
natural para-ortho H, conversion becomes:

1 )dE N dE O+ mE ke(c—c ) 3
m O~ e Term 1—c (13)

As previously stated, para-ortho H, conversion is fastest for c=c./2. The maximum cooling due to
para-ortho H; conversion is thus Econversion(Ce/2)*/(1-cc). This is shown in Figure 1 as a function of
temperature.

Epara and Eorno are derived from temperature and pressure using the 32 term modified Benedict-
Webb-Rubin equation of state as implemented in REFPROP [24]. This database has been shown
[25] to adequately determine isomer transitions properties in H, assuming they are adjusted to a
common reference state.

Equation (13) predicts the rate of change in internal energy, and thus directly governs vessel
temperature (and pressure) rise. The right-hand side of Equation (13) is named apparent heat



transfer and it gives an indication of the impact of para-ortho H, conversion vs. heat transfer
from the environment.

Consider now the theoretical effect of para-ortho H, conversion on LLNL’s experimental
cryogenic pressure vessel with 151 liters, 345 bar rating, 5 Watts heat transfer, initially filled with
50 g/L of saturated LH, at atmospheric pressure and 20.3 K [4]. Figure 2 shows pressure,
temperature, apparent heat transfer, and ortho-H, fraction as a function of time for three different
cases: (a) no para-ortho H, conversion, (b) para-ortho H, conversion at the kinetic rate defined by
Milenko et al. [22], and (c) infinitely fast conversion, c=c.. Results show that Milenko’s kinetics
predicts a time lag of 10 to 12 days before conversion starts, and that conversion is almost
complete in 25 days. The conversion temperature is ~115 K. Vessel rated pressure (345 bar) is
reached in about 12 days if no para-ortho H, conversion takes place (case a). Thus H, venting
would then take place. Para-ortho H, conversion lengthens dormancy by 8 days according to
Milenko’s kinetics, case (b). The infinitely fast rate for case (c) lengthens dormancy even more.
Apparent heat transfer (baseline environmental heat transfer minus heat absorbed by para-ortho
H, conversion) is predicted to be negative during day 18, cooling and depressurizing the vessel
even as heat transfer from the environment continues.

Based on these preliminary calculations, it appears that para-ortho H, conversion may play a
significant role in lengthening the dormancy of full-scale cryogenic pressure vessels.
Experimental results are necessary to validate these modeling results.
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Figure 2. H, pressure, temperature, apparent heat transfer, and ortho-H, fraction as a function of
time, for a cryogenic vessel with 50 g/L and 5 Watts heat transfer for three cases:
(a) no conversion (pure para-H;) (b) Milenko’s kinetics [22],
and (c) thermodynamic equilibrium (infinitely rapid kinetics).

4. Experiments

Experiments were conducted in LLNL’s 345 bar cryogenic vessel with 151 L internal volume
installed onboard a modified hydrogen-fueled Toyota Prius (Figures 3 and 4). A silicon diode
(TC3 in Figure 3) measured temperature to an accuracy better than 0.12% while the pressure
transducer (PT2 in Figure 3) has +/-1.7 bar accuracy. H, density was derived from measured
pressure and temperature using the Younglove equation of state [26]. Uncertainties in density for
the equation of state are 0.1% in the liquid phase, 0.25% in the vapor phase, and 0.2% in the
supercritical region.

Two methods were used for determining ortho-H, fraction: rotational Raman spectroscopy and
calorimetry. For rotational Raman spectroscopy we collected H, samples from the experimental
vessel through the relief line (Figure 3). The initial step was venting a small amount of H, (Ap
<0.6 bar) to flush the vent tube and guarantee that analyzed samples were representative of the
bulk H, contained in the vessel. Samples were then collected through a bleed valve into a 12.5
mm diameter 60 mm long copper Raman cell equipped with 5 mm thick fused silica windows



(Figure 4, right). Figure 5 shows the main steps required for data collection and analysis.
Because the sampled gas quickly comes to thermal equilibrium, the non-equilibrium ortho-para
mixture immediately begins to slowly convert. Therefore, rapid transfer of the sample from the
vessel test area to the Raman spectroscopy lab was essential. The exact transfer times were
logged in order to assess possible errors in kinetic coefficient estimation.
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Figure 3. Piping and instrumentation diagram of the 151 L, 345 bar Cryogenic Pressure Vessel.
Hydrogen samples are collected through the relief line by opening valve MV2.

Figure 4. Sample collection for rotational Raman spectroscopy on the experimental hydrogen-
fueled Toyota Prius equipped with a 151 L, 345 bar cryogenic pressure vessel.



Laser Raman analysis Spectrumresults
Figure 5. Experimental protocol for measuring para-ortho H; fraction using rotational Raman
spectroscopy

Raman scattering measurements were carried out using a diode-pumped frequency-doubled Nd-
YVO4 CW (continuous wave) laser operating at 532 nm in a back-scattering confocal collection
geometry. Laser light enters through a window in the Raman cell and the light is analyzed after
interacting with the hydrogen (Figure 6). Most of the light leaving the Raman cell has the same
frequency as the laser (Rayleigh scattering). 532+5 nm light is blocked using an optical notch
filter allowing only inelasticly scattered light of different frequencies into our collection optics. A
very small portion of the incident laser photons give up some of their energy to the various
rotational-vibrational manifolds of the hydrogen molecules. Thus they scatter with slightly less
energy and are therefore shifted to slightly longer wavelengths. This is the Raman Effect. The
amount of spontaneous Raman scattered light is directly proportional to the number of molecules
in each rotational energy state. Each energy state yields a slightly different Raman wavelength.
Thus we can make a direct measurement of the relative populations of para and ortho H,
molecules.

Filtered Raman light was dispersed through an /4 spectrometer onto a liquid nitrogen-cooled
1100x330 pixel back-illuminated Charge Coupled Device, yielding a spectral resolution and
accuracy of ~4 cm™ and <1 cm™'. A quartz-tungsten-halogen lamp was used for absolute intensity
calibration. The total integration time for each spectrum was 60 s.
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Figure 6. Schematic of the confocal Raman microscopy setup for measuring para/ortho-H,
fractions.

Figure 7 shows the observed change in H; rotational Raman scattering measured from samples
taken between 72 and 168 K for a vessel with 51 g/L Hy. Between 200 and 700 cm™ two peaks at
354 and 587 cm™ are observed corresponding to the Sy(0) rotational transition (J=2«0) of para-
H, and the Sy(1) transition (J=3<«1) of ortho-H, respectively. Raman peaks corresponding to
So(2) and Sy(3) transitions (>700 cm™) were observed but not used for relative fraction
measurements. The observed Raman bands were well fit (least-squares) to a Gaussian, from
which the area of each peak was numerically evaluated. The fraction x; of para- (J=0) and ortho-
H, (J=1) isomers was derived from integrated scattering intensities /; given proportionally by

(J+1)J +2) )

I, =
J (2J+1X2J+3)xjpjijs (14)

where p; is the Boltzmann-distributed population of the initial J® level (at room temperature,
T=295 K), y, is the anisotropy of the polarizability tensor and w; is the scattered light angular
frequency. A sample of normal H, (ortho-para ratio of 3:1) was used to verify our method,
yielding a value of xy=0.752+0.026.
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Figure 7. Rotational Raman spectra of H, for 51.3 g/L density, at (a) 72 K, (b) 88 K, (c) 114 K,
and (d) 168 K. Spectra are normalized for the applied laser power, baseline corrected, and offset
vertically for clarity.

Ortho-H; fraction was also calculated from calorimetry. The apparent heat transfer rate, defined
as the right hand side in Equation 13 and representing the heat transfer rate that would reproduce
the experimental rate of vessel pressurization in the absence of any para-ortho H, conversion, is
first determined from pressure and temperature measurements. Considering that environmental
heat transfer is fairly constant throughout the experimental runs (except for day and night cycles),
para-ortho H, conversion can be calculated by subtracting the baseline environmental heat
transfer rate minus the apparent heat transfer rate, and dividing this energy deficit by the internal
energy of para-ortho H, conversion (Figure 1). Although less accurate than Raman spectroscopy
due to uncertainty in environmental heat transfer measurements, this method is used as an
independent verification of rotational Raman spectroscopy results.

An important concern about this study on natural para-ortho H, conversion kinetics is the
possible effect of catalysis near the aluminum vessel wall. If near-wall catalysis and molecular



diffusion were rapid enough within the hydrogen vessel (as compared to typical timescales of
natural para-ortho H, conversion), this “catalytic” reaction would be predominantly observed
experimentally instead of the intrinsic effect. To explore this possibility, we modeled the
diffusion time of molecular ortho-H, across the dimensions of the vessel using the Stokes-
Einstein equation and Fick’s law. By fixing the initial slope of the modeled extrinsic conversion
to our observed values, we find that this diffusive-catalytic effect is negligible above ~1% ortho-
H, fractions. Kinetic rate constants obtained at ortho-H, fraction lower than 1% should thus be
disregarded.

5. Experimental Results

The effect of natural para-ortho H, conversion on the thermodynamic behavior of a cryogenic
pressure vessel was investigated through a series of experiments spanning 10 months at H,
densities between 13.8 and 67 g/L, and temperatures between 21.4 and 300 K. Table 1
summarizes the experimental conditions.

Table 1. List of fifteen para-ortho H, conversion experiments conducted between March 2010

and February 2011.
. Initial Final orth .
Exp. Date D[egl;;f]ty Tem[ﬁ(r]ature ortho fraction fracfion ’ D[l:;;;:]m
[%o] [Yo]

1 March 2010 67 23.2-68 <0.3 0.3 8.5
2 March/April 60-50 61.5-116 0.3 63 22
3 April 11.8 58.5-97 63 60 2.5
4 May/July 14 20.3-300 <0.3 75 52
5 July/August 514 21.4-113 <0.3 58 18
6 August/September 23 76-278 58 75 40
7 September/October 514 21.2-109 <0.3 52 20
8 October 13.8 53-195 52 72 14
9 October/November 51.3 21.2-108 <0.3 60 23
10 November 13.8 55-123 60 61.5 7
11 |[November/December| 61.2 21.2-85 <0.3 19.2 17
12 December 51.8 75-106.9 19.2 58 11
13 December 13.8 58.8-170 58 69 14
14 January 2011 62.4 21.1-75.5 <0.3 4 10
15 January/February 28 40-227 4 73 35

Experiments 1, 4, 5, 7, 9, 11, and 14 started with a fresh LH, charge at 2-3 bar, 20.3-25 K, and
<0.3% ortho-H; fraction. The other experiments started after some of the initial H, was vented,



typically because the vessel’s maximum working pressure (345 bar) was reached. For these
experiments, the initial ortho-H, fraction equals the final ortho-H, fraction of the previous
experiment.

Figures 8-14 show H, temperature (blue line), equilibrium ortho-H, fraction (thin red line)
calculated from measured temperature, measured ortho-H, fraction from Raman spectroscopy
(red circles), and modeled ortho-H, fraction (thick red line) based on Milenko’s kinetics [22] all
as a function of time.

Analysis of experimental results in Figures 8-14 allows us to draw general guidelines about para-
ortho H; conversion kinetics in a full scale (151 L internal volume) 345 bar H, vessel. First, para-
ortho H, conversion typically becomes active after 10-15 days of parking, when H, temperature
reaches 70-80 K. Para-ortho H, conversion approaches completion (equilibrium) after 25-30 days
when the vessel reaches 100-120 K at ~50 g/L density. Warmer temperatures are necessary for
full conversion at lower densities (experiments 4 and 15), but the number of days remains
unchanged.

Vessel rated pressure sets a limit to the maximum density that can be used in para-ortho H;
conversion experiments. Considering that para-ortho H, conversion typically approaches
completion at 100-120 K, density is limited to 48-54 g/L within the 345 bar vessel limit. This is
confirmed by experiments 1, 11, and 14 with 60+ g/L where only partial conversion was
achieved before venting became necessary.

It is also observed that Milenko’s para-ortho H; kinetic model consistently underpredicts reaction
rates for all experiments. The validity of the model is discussed in more detail in the next section.
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Figure 14. Temperature (blue), modeled ortho-H; fraction (thick red line), measured ortho-H,
fraction (red circles), and equilibrium ortho-H, fraction (thin red line), as a function of time
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6. Range of validity for Milenko’s para-ortho H; Kinetic correlation

It is important to mention that the semi-empirical expression of the kinetic rate for the conversion
between para and ortho-H, proposed by Milenko et al. [22] and used for the modeling results in
Figures 8 to 14 was elaborated based on the experimental study of the reverse reaction (ortho-
para instead of para-ortho) and only for ortho-H, fraction between 62 and 75%. In addition to
this, Milenko’s correlation does not include catalytically enhanced para-ortho H, conversion at
the vessel walls, which may play a role in building an initial ortho-H, concentration. It is
therefore not surprising that Milenko’s correlation underpredicts para-ortho kinetics at the very
low initial ortho-H, concentrations presented here.

In this section, we present a qualitative approach to evaluate the range of validity for Milenko’s
kinetic correlation [22], based on the experimental results of Figures 8 to 14. In this approach, we
select experiments with large para-ortho H, conversion (experiments 4, 5, 7, 9, 11, and 14), and,
for each experiment, we make several runs with a thermodynamic model that includes Milenko’s
kinetics, starting each of the model runs at experimentally measured pressure, temperature, and
ortho-H, fraction. We then compare the numerical and experimental results to determine
agreement using a coefficient of determination (R?). For example, consider experiment 4 (Figure
15). In this experiment we made 9 Raman spectroscopy ortho-H, measurements in addition to
continuous measurements of pressure and temperature. We therefore run the thermodynamic



vessel model 9 times, with initial conditions equal to the measured temperature, pressure and
ortho-H fraction.

The results show that Milenko’s correlation accuracy increases as ortho-H, fraction and
temperature increase. For the low density experiment (experiment 4, 14 g/L, Figure 15), 27.5%
ortho-H; and 163 K are necessary to obtain accurate conversion predictions (within R%>0.99).
Higher density experiments (e.g. experiment 7, 51.4 g/L, Figure 16), demonstrate accurate
prediction at lower temperature and ortho-H, (94 K and 14% ortho-H,). Similar observations
have been made for other experiments and the analysis suggests that these threshold values
(above which the experimental results agree with the theoretical equations from Milenko)
decrease with increasing density (Table 2).
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Figure 15. Ortho-H; fraction as a function of temperature for experiment 4 (14 g/L). The circles

represent experimental values; and the lines are the ortho-H, fraction variation calculated usin

Milenko’s correlation [22] from four different starting points. Coefficients of determination (R”)
for each of the modeling runs are also reported.
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Table 2. Threshold values of temperature and ortho-H, fraction above which good agreement
(R*>0.99), has been found between the experimentally observed kinetic rates and the semi-
empirical values from Milenko et al. [22] at 4 different H, densities.

H, density Minimum temperature and ortho-H; fraction [%]
above which experimental results agree well with
Milenko et al. [22] (R*>>0.99)

14 g/L 163K & 27.5 %
28 g/L 108K & 17 %
513 ¢g/L 90 K & 13%
61.2 g/L 75K & 4 %

It can be shown [23] that while the magnitude of our measured kinetic constants agree well with
Milenko’s measurements [22], the slight decrease with increasing temperature (Fig. 17) is
consistent with Wigner’s original theory [21] if we assume unrealistically small collision
distances (<<300 pm) that are required to achieve reasonable values. This might suggest that the
collision approach distance dependence on temperature may in fact be somewhat weak, a
possibility that may be borne out of more precise calculations of paramagnetic molecular
collisions in a dense fluid. An experimental apparatus with independent control of temperature
would be necessary in order to further investigate this effect, by decoupling the effects of
temperature vs. ortho-H, fraction on the kinetic rates. This was, however, not possible in this
study.
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7. Thermodynamic analysis

Knowing the range of wvalidity of Milenko’s correlation, it is now possible to conduct
thermodynamic analysis with improved predictive accuracy by initializing para-ortho H,
calculations at the appropriate conditions (Table 2). The results of the analysis can be found in
Figures 18-23. These figures show pressure, temperature, ortho-H, fraction (measured by Raman
spectroscopy and calorimetry, and modeled with Milenko’s kinetics, within the range of validity
from Table 2) and heat transfer (baseline and apparent) as a function of time for the experiments
with the most active para-ortho H, conversion rates: experiments 1-3, (Figure 18), experiment 5
(Figure 19), experiment 7 (Figure 20), experiment 9 (Figure 21), experiments 11-13 (Figure 22),
and experiment 15 (Figure 23).

The top chart in Figures 18-23 shows baseline (black) and apparent (red) heat transfer into the
cryogenic vessel. The figures show daily heat transfer cycles because the experiment was



conducted in the open to analyze real world para-ortho H, conversion effect on dormancy.
Baseline heat transfer during para-ortho H, conversion (“Q” in Equations 11-13) is calculated
based on H, temperature, environment temperature, and insulation vacuum quality (pressure in
the vacuum jacket [10]). The average baseline heat transfer is ~5 Watts. However, greater (up to
7 Watts, Fig. 16) and lower (down to 2.5 Watts, Fig. 20) are noticed. Higher than average heat
transfer is due to loss of vacuum quality caused by composite vessel outgassing [5]. Lower than
average baseline heat transfer is explained by high hydrogen temperature (up to 220 K, Fig. 23).
The green area represents the total energy absorbed by para-ortho H, conversion during the
experiments. Para-ortho H, cooling reduced apparent heat transfer to as little as 1.5 Watts
(Figures 18-20). Ortho-H, fraction can be calculated from calorimetry (Section 4), by measuring
the green area and dividing it by the para-ortho H, conversion energy (Figure 1).
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Figure 18. H; pressure (green line), pressurization rate with no para-ortho H, conversion (black
dashed line), temperature (blue line), equilibrium ortho-H, fraction (red thin line), measured
ortho- H, fraction (Raman spectroscopy, red circles), modeled ortho-H, fraction (thick red line),
H, density (thin gray line), and baseline heat transfer (upper chart, black line), apparent heat
transfer (upper chart, red line), and energy absorbed by para-ortho H, conversion (upper chart,
green area) for experiments 1-3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 18 summarizes the first full-scale (151 L) para-ortho H, experiment performed in a
cryogenic pressure vessel (experiments 1-3 in Table 1). The vessel was filled with saturated LH;



to 68 g/L (10.2 kg, 95% full) and was monitored during pressurization. After 8.5 days of
dormancy, the vessel reached 345 bar, with virtually no para-ortho H, conversion. Venting 1.2 kg
H, reduced density to 60 g/L and depressurized the vessel to 210 bar. Active para-ortho H,
conversion was then observed, starting on day 12 and becoming most active at day 18.
Conversion was essentially complete by day 27. Measurement of the green area in the upper chart
of Figure 15 revealed that para-ortho H, conversion absorbed 35 Watt-days (3 MJ), sufficient to
extend dormancy by 7 days at the observed baseline heat transfer rate.

Figures 19-21 show three experiments (5, 7 and 9) conducted at similar H, density (~51.4 g/L).
Comparing the experimental pressure (green line) and the predicted pressure in the absence of
para-ortho H, conversion (black dashed line), we can observe that the rate of pressure rise
decreases substantially as para-ortho H, conversion proceeds, and then increases as para-ortho
conversion nears completion. Overall, para-ortho H, conversion extends dormancy by about 5
days. The figures show that ortho-H, Raman spectroscopy measurements (red circles) are in good
agreement with calorimetry (red dashed line). Figures 20 and 21 show that rapid para-ortho H,
conversion in days 16-18 considerably reduces apparent heat transfer to 1.5 W from a baseline
average of 5 W. Minimum apparent heat transfer was higher (2.5 Watts) for experiment 5 (Figure
19) due to higher pressure in the vacuum space leading to higher baseline heat transfer.
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transfer (upper chart, black line), apparent heat transfer (upper chart, red line), and energy



absorbed by para-ortho H, conversion (upper chart, green area) for experiment 5 at density 51.4
gH»/L. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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calorimetry (red dashed line), modeled ortho-H; fraction (thick red line), and baseline heat
transfer (upper chart, black line), apparent heat transfer (upper chart, red line), and energy
absorbed by para-ortho H, conversion (upper chart, green area) for experiment 7 at density 51.4
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the web version of this article.)
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transfer (upper chart, black line), apparent heat transfer (upper chart, red line), and energy
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the web version of this article.)
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o

Fig. 22 shows experiments 11, 12 and 13 (61.2, 51.8 and 13.8 g/L H, densities), where we
attempted to study the conversion kinetics at similar density as previous experiments (~51 g/L,
experiments 5, 7 and 9) but with different initial temperature (75 K) and ortho-H, fraction (19.2%
vs. ~3% for experiments 5, 7 and 9 when the temperature equals 75 K). Higher ortho -H, fraction
in experiment 12 results in doubling of the conversion kinetics (2.5% per day vs. 1.2% per day in
experiments 5, 7 and 9). We also observe that some conversion occurred at the high density of
experiment 11, lengthening dormancy by ~3 days (days 13-16).

Fig. 23 shows para-ortho H, conversion at a low H, density of 28 g/L. This lower density enabled
full para-ortho H, conversion without the need for H, venting. We can observe that conversion
time (~20 days) is similar to that observed for ~51 gH»/L (Figures 19-21), although conversion is
complete at a much higher temperature (~150 K vs. ~110 K for experiment 9). Para-ortho H,
cooling (green area in upper chart) is also smaller due to lower H, density: the minimum apparent
heat transfer is 3.8 Watts for experiment 15 vs. 1.5 Watts for experiment 9.



Fig. 24 emphasizes dormancy gain due to para-ortho H, conversion for the high-density
experiments (51.3-62.4 gH,/L). This is the density range of most interest because (1) extended
parking is most likely to lead to H, venting, and (2) para-ortho H, conversion produces the most
cooling due to high density. For each experimental line (blue, experiment 14; green, experiment
11; gray, experiment 7; and red, experiment 9) there is a dotted line of the same color indicating
the pressurization rate in the absence of para-ortho conversion, i.e. pure para-H,, so that the
dormancy gain of the spin conversion can be directly estimated. For our operating conditions
(internal volume of 151 L, rated pressure of 345 bar, ~5 Watts heat transfer), the dormancy gain
due to para-ortho conversion is estimated to be about 3 days for experiments 11 and 14 (densities
of 61.2 and 62.4 g/L) and 5 days for experiments 7 and 9 (51.3 and 51.4 g/L). Here again, the
figure shows that conversion times are similar for the different densities: it takes about 9 to 10
days to convert from 2% to 50% ortho-Ha.
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Figure 24. Pressure as a function of time for experiments 7, 9, 11 and 14. The solid lines
represent experimental temperatures, and dotted lines are (modeled) pressurization rates in the
absence of para-ortho H, conversion. Circles represent the ortho-H; fraction, in %, for each test.
Temperatures are also shown. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

8. Conclusions



In a year-long project, we have conducted fifteen para-ortho H, conversion experiments in a full-
scale 151 liter vessel rated for 345 bar at densities from 14 to 67 g/L. In these experiments, the
vessel is initially filled with saturated LH, at near ambient pressure (2-3 bar), very cold
temperature (20.3-25 K), varying densities, and very high para-H, fraction (99.7%). The vessel is
subsequently left to pressurize and warm up due to environmental heat transfer. As the vessel
warms up, para-H, converts to ortho-H», absorbing energy and reducing the pressurization and
fuel vent rate. Ortho fraction is measured by two approaches: rotational Raman spectroscopy and
calorimetry. Experimental results are then compared to an existing para-ortho H, kinetic
correlation by Milenko et al. [22]. The main results from the project are:

e Experiments show that para-ortho H, conversion typically becomes active after 10-15
days of parking, when H, temperature reaches 70-80 K. Para-ortho H, conversion
approaches completion (equilibrium) after 25-30 days when the vessel reaches 100-
120 K at ~50 g/L density. Warmer temperatures are necessary for conversion at lower
densities, but the number of days remains unchanged.

e Good agreement was observed between ortho-H, measurements obtained from
rotational Raman spectroscopy and calorimetry. Raman spectroscopy is, however,
considered more accurate due to uncertainties in environmental heat transfer rate.

e Vessel rated pressure sets a limit to the maximum density that can be used in para-
ortho H; conversion experiments. Considering that para-ortho H, conversion typically
approaches completion at 100-120 K, density is limited to 48-54 g/L within the 345
bar vessel limit. This is confirmed by experiments with 60+ g/ where only partial
conversion was achieved before venting became necessary.

e Para-ortho H, conversion increases dormancy (time that the vessel can absorb heat
from the environment before having to vent fuel to avoid exceeding vessel rating)
between 3 and 7 days for the conditions studied here. Considering that the vessel
average heat transfer rate is ~5 Watts, para-ortho H, conversion cooling equals 15-35
Watt-days (1.3-3 MJ).

e Milenko’s kinetic correlation consistently underpredicts para-ortho H, conversion rate
at the initial low ortho-H, fraction and low temperature conditions. This may be
partly due to catalytically enhanced conversion at the vessel wall that may play a
significant role when ortho-H, concentration is below 1%.

e The quality of agreement between experiments and Milenko’s correlation
consistently improves as the temperature and initial ortho-H, fraction increase. We
have established ranges of applicability where the correlation and experiments agree
to within a coefficient of determination R*>0.99.

e The experiments show that the slight decrease of our measured kinetic constants with
increasing temperature is consistent with Wigner’s original theory [21], although
Wigner’s original theory predicts different orders of magnitude than the rates we
observed. This might suggest that the collision approach distance dependence on
temperature may in fact be somewhat weak, a possibility that may be borne out of
more precise calculations of paramagnetic molecular collisions in a dense fluid..

Our experimental effort was limited to ~50 g/ H, density due to the vessel rating (345 bar).
Higher pressure cryogenic vessels are now planned that may enable higher density para-ortho H,
conversion experiments. Ultimately, a controlled temperature apparatus is necessary to fully



research para-ortho H; kinetics over the entire range of pressures and temperatures of interest for
cryogenic hydrogen storage.
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