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ABSTRACT 
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Chair: Jacob W. Leachman 
 

As long distance human space travel becomes more realistic, the need for long term storage of 

cryogenic propellants becomes a forefront issue. Effective cryo-fluid system management becomes a 

necessity to solve this issue. Over a 5 day mission, 1% per day of cryogenic fuel boil-off is not an issue; 

adding only approximately 6% to the gross lift-off weight (GLOW). Over a 500 day mission, however, this 

quickly becomes unsustainable due to increased mass required to offset the boil-off, increasing both the 

GLOW of the vehicle, and cost of a launch. The fuel/oxidizer combination of choice for NASA is LH2 

(liquid hydrogen) and LOX (liquid oxygen). The current strategy used on many upper stage vehicles, 

ƛƴŎƭǳŘƛƴƎ ¦ƴƛǘŜŘ [ŀǳƴŎƘ !ƭƭƛŀƴŎŜΩǎ ό¦[!ύ Advanced Cryogenic Evolved Stage (ACES), is to use the boil-off 

gasses of the colder cryogen (LH2) to help insulate the warmer cryogen (LOX) and reduce the static boil-

off. Previous research has shown that a catalyst present in hydrogen vapor cooling channels can give a 

theoretical 50% increase in cooling capacity. Experimental values obtained previously in the Cryo-

catalysis Hydrogen Experiment Facility (CHEF) in the Hydrogen Properties for Energy Research (HYPER) 

lab have approached this limit, as the values showed a 35% increase. This thesis is an extension of 

previous research, in a practical application. Data was collected for a range of catalyst materials and 
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weight loadings of Fe2O3 and RuO2 catalysts ƻƴ ŀ bƻƳŜȄϰ {ŎǊƛƳ .ƭŀƴƪŜǘ ƛƴ ŀ ƴƻƴ-isothermal catalytic 

reactor over a 23 Kelvin input temperature heated up to 90 Kelvin output temperature. An avenue of 

implementation of this research is on a spacecraft: placing the catalyst within the multi-layer insulation 

(MLI) blankets currently used to reduce radiation heat transfer to the tank. Results of catalyzation of 

parahydrogen to orthohydrogen gas is presented as well as a catalyzation model to represent the 

measurements for future use. 
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CHAPTER 1: INTRODUCTION 
1.1 Historical Background 

500 day missions to Mars, with a return journey, place stringent demands on cryogen fluid 

storage. Current cryo-fluid management (CFM) systems have boil-off rates as low as 3% per month 

(~.1% per day) (Dunbar, 2008).  Even a boil-off rate of 1% per month is unacceptable for a 500+ day 

mission to Mars and back. Boil-off of cryogenic propellants has been an issue since the beginning of 

human space flight, the Titan-Centaur 5 hydrogen tank had a 21% propellant boil-off per day rate. 

(Chato & Doherty, 2011) Current Titan-Centaur tanks are closer to 2% per day. (Kutter, Zeglar, & Lucas, 

2005) The most prestigious goal of CFM research is to realize zero boil-off (ZBO) technology. 

Figure 1 below illustrates the importance of decreasing the boil-off rate of cryogenic 

propellants. The graph (Kutter, Zeglar, & Lucas, 2005) shows the relation between the boil-off % per day 

of cryogenic propellant versus the increase of GLOW (Gross Liftoff Weight) for various mission lengths. 

Boil-off of more than 3% per day is unacceptable from a GLOW increase for even a single day mission. 

The increased weight of useless propellant increases the cost of a launch exponentially, and leaves less 

available weight to transport equipment and personnel to space. This is the reason that in-space 

propellant boil-off is a primary contributor in launch expense. 
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Figure 1. Increase of Mass vs. Boil-off Rate. 

The low temperature of the cryogenic fuel, LH2 (liquid hydrogen), and oxidizer, LOX (liquid 

oxygen), is a considerable gradient to drive boil-off through heat transfer. Boil-off hydrogen vapors are 

used for thermal shielding of LOX tanks because LOX is 16 times denser than LH2 (Lemmon, 2016) and 

the normal boiling point (NBP) of LH2 is lower than that of LOX (20.4 K versus 90 K). Hydrogen has an 

additional potential to store thermal energy due to the endothermic heat of para-orthohydrogen 

conversion. Para-orthohydrogen conversion will be discussed in greater detail in the next chapter. In 

short, this helps reduce the boil-off of the LOX with only a static GLOW increase of the catalyst and 

associated systematic implementation, without a complete redesign of the fuel tanks. 
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Decreasing in-space boil-off is a topic of ongoing research. The CRYOTE (CRYogenic ORbital 

Testbed) is a cryogenics testbed created by ULA (United Launch Alliance) to test long term cryogenic 

storage in space. This can be seen below in Figure 2. (Kutter, Gravlee, Wollen, Rhys, & Walls) It is placed 

as an extra payload on Centaur upper stage modules to be activated after the primary mission is 

completed, filled from the excess fuel of the Centaur. Versions of CRYOTE were equipped with VCS 

(vapor cooled shielding), a version of IMLI (Integrated MLI) with intravenous hydrogen flows to study the 

boil-off reduction characteristics. (Gravlee, Kutter, McLean, & Marquardt, 2011) The effectiveness of a 

catalyst within the VCS is the focus of this thesis.  

An extension of the VCS concept is the Ψ{ƛƳǇƭŜ 5ŜǇƻǘΩ ǇǊƻƧŜŎǘ ǘƘŀǘ uses a Centaur upper stage as 

a long term storage container in orbit to test a larger scale, long term, deep space fuel depot concept. 

Based on analysis, the depot would have a boil-off rate as low as 0.1 % per day. (Bergin, 2011) But even 

at a boil-off as low as this, it is still unsustainable for a mission much longer than 45 days. In 2015, ULA 

announced plans to develop ACES (Advanced Cryogenic Evolved Stage) for the Vulcan launch vehicle, 

designed from the ground up as a fuel depot. (Gruss, 2015) The advantage of fuel depots in space is that 

an individual space craft does not need to carry all fuel from launch, and therefore may be designed 

smaller, cheaper, and more efficient. 
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Figure 2. CRYOTE Main Components. 

 

1.2 Prior Work and Experimental Goals 

Using a catalyst to convert between parahydrogen and orthohydrogen is a classic field of study. 

Research into effective catalysts started as early as 1929 by Bonhoeffer and Harteck at the dawn of 

research into the two allotropic forms of hydrogen. (Bonhoeffer & Harteck, 1929) There was greatly 

renewed interest in the late 1950s and continuing on through the early 1970s during the Space Race 

between the United States and Russia, and much of the research conducted in catalyzation of hydrogen 

takes place in this time period. (White, 1989) During this time period, Hutchinson completed a seminal 

work on the reaction mechanisms for parahydrogen and orthohydrogen. (Hutchinson, 1966) In 1989, 

James White produced a literature review, with nearly 100 pages of sources for a final report to the Air 

Force Systems Command of works done since 1910 for research into parahydrogen/orthohydrogen 

conversion. (White, 1989)   

Research integrating endothermic catalytic change of parahydrogen to orthohydrogen to cool a 

system is not new, with research into integration into spacecraft starting as late as 1983 for sensor 
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cooling. (Nast, 1983) In 1991, a NASA (National Aeronautics and Space Administration) SBIR (Small 

.ǳǎƛƴŜǎǎ LƴƴƻǾŀǘƛƻƴ wŜǎŜŀǊŎƘύ ƎǊŀƴǘ ǿŀǎ ŀǿŀǊŘŜŘ ǘƻ WƻƘƴ IŜƴŘǊƛŎƪǎ ƻƴ ŀƴ άhǊǘƘƻ-Para Conversion in 

{ǇŀŎŜ .ŀǎŜŘ IȅŘǊƻƎŜƴ 5ŜǿŀǊ {ȅǎǘŜƳǎέΣ ƘƻǿŜǾŜǊ ƴƻ Ŧƛƴŀƭ ǊŜǇƻǊt for this can be found. (Hendricks, 1991)  

All research that was found during the literature search utilized an isothermal catalytic reactor for 

testing. Bliesner was the first to conduct research into non-isothermal catalysis. (Bliesner, 2013) 

.ƭƛŜǎƴŜǊΩǎ ǿƻǊƪ ŦƻŎǳǎŜŘ ƻƴ the temperature range from 20.4 K to 90 K that significant catalyzation can 

be expected, and that a measurable increase of cooling power can be observed. This thesis is an 

ŜȄǘŜƴǎƛƻƴ ƻŦ .ƭƛŜǎƴŜǊΩǎ ǿƻǊƪΦ 

 Research for this thesis was carried out under a NASA SBIR grant (H2.04-8901) awarded to 

Ultramet, an advance materials research-company located in Pacoima, California. Ultramet partnered 

with the HYPER lab for catalytic testing of Nomexϰ blankets that were loaded with various types and 

weights of catalysts. The main deliverable ƻŦ ǘƘŜ I¸t9w ƭŀōΩǎ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ {.Lw ǿŀǎ ǘƻ determine if 

detectable catalyzation occurs, as well as which combination is the most effective, for the given catalysts 

and weight loadings. A secondary deliverable was to create a catalyzation model for future samples.  
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CHAPTER 2: THEORY 
2.1 The Allotropic Forms of Hydrogen 

 Hydrogen1 as we know it is a mixture of two different allotropic forms differentiated by the 

nuclear spin state of the protons at the center of each hydrogen atom. These two forms were analyzed 

by Werner K. Heisenberg, and was noted directly in his Nobel Prize awarŘΥ άŦƻǊ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ ǉǳŀƴǘǳƳ 

mechanics, the application of which has, inter alia, led to the discovery of the allotropic forms of 

ƘȅŘǊƻƎŜƴέΦ (The Nobel Prize in Physics 1932, 2016) Orthohydrogen is the allotropic form of hydrogen 

where the spin states of both protons are symmetric, while parahydrogen is the form where the spin 

states are antisymmetric (Atkins & Paula, 2006). A visualization of this can be seen in Figure 3 below. 

(Leachman, 2015) 

 

Figure 3. The two different allotropic forms of Hydrogen  

CǊƻƳ ŀ ǎǘŀǘƛǎǘƛŎŀƭ ƳŜŎƘŀƴƛŎǎ ŀǇǇǊƻŀŎƘΣ ǘƘŜ ǿŀǾŜ ŦǳƴŎǘƛƻƴΣ ʌΣ Ŏŀƴ differentiate between the two 

ŘƛŦŦŜǊŜƴǘ ŀƭƭƻǘǊƻǇƛŎ ŦƻǊƳǎΦ ʌ Ŏŀƴ ƘŀǾŜ ŀ ŦƻǊƳ ǘƘŀǘ ƛǎ ŜƛǘƘŜǊ ǎȅƳƳŜǘǊƛŎ (even levels) or antisymmetric 

                                                           
1 Hydrogen refers to the molecular form H2, reference to a single hydrogen atom will be noted specifically. 
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(odd levels). This is analogous to positive and negative numbers, whereby two symmetric, or two 

antisymmetric wave functions will combine to form a symmetric wave function; and combination of a 

symmetric and antisymmetric wave functions will result in an antisymmetric wave function. Because of 

ǘƘŜ Ƴŀǎǎ ƻŦ ŀ ƘȅŘǊƻƎŜƴ ŀǘƻƳΣ ʌtot Ƴǳǎǘ ōŜ ŀƴǘƛǎȅƳƳŜǘǊƛŎΣ ŀƴŘ ǘƘŜ ʌvib will always be symmetric because 

hydrogen is a homonuclear ŘƛŀǘƻƳƛŎ ƳƻƭŜŎǳƭŜΦ ¢Ƙƛǎ ǳƭǘƛƳŀǘŜƭȅ ƭŜŀǾŜǎ ƻƴƭȅ ʌrot ŀƴŘ ʌspin left to be 

determined, however only one can be selected independently.  

Because orthohydrogen and parahydrogen are defined by their nuclear spin states, for a 

ǎȅƳƳŜǘǊƛŎ ʌspin (orthohydrogen) ǘƘŜƴ ʌrot must be antisymmetric, relating to all odd rotational energy 

levels. On the opposite side, for an antisymmeǘǊƛŎ ʌspin όtŀǊŀƘȅŘǊƻƎŜƴύ ǘƘŜƴ ʌrot must be comprised of 

only even, or symmetric, rotational energy levels.  

From a raw statistical mechanics equation approach, it can be shown that the partition function 

of hydrogen is given by equation [1] below, where gn is the degeneracy of the nuclear spin state at 

ground level, given by equation [2], with mn equal to the spin quantum number of hydrogen, ½, from the 

Pauli Exclusion Principle. The first term of [1] relates to even rotational levels (parahydrogen) and the 

second term relates to odd rotational levels (orthohydrogen). (Sonntag & Van Wylen, 1986) A more 

accurate form using both rotational and vibrational energy levels can also be used. (Le Roy, Chapman, & 

McCourt, 1990) 

ὤ  
Ὣ Ὣ ρ

ς
ᶻ ςὮ ρ Ὡz

ȟȟȟȣȢ

Ὣ Ὣ ρ

ς
ᶻ ςὮ ρ Ὡz

ȟȟȟȣȢ

 

 

[1] 

 

Ὣ ςz □ ρ 
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[2] 

 Separating the partition functions for parahydrogen and orthohydrogen, and applying the 

definition of a partition function, it can be shown that for a system of hydrogen, the ratio of 

orthohydrogen to parahydrogen is given by equation [3] below. In this equation, T is the temperature of 

ǘƘŜ ǎȅǎǘŜƳ ŀƴŘ ʻr is the characteristic rotational temperature of hydrogen, 85.4K2. This equation is 

plotted out over a temperature range of 20.4K to 300K in Figure 4 below. As the temperature rises, the 

values within the summations of the odd and even rotational levels become equal, cancelling each other 

out. This means that for temperatures around 240K and above a 3:1 ratio of orthohydrogen to 

parahydrogen exists in equilibrium, and is ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨƴƻǊƳŀƭ ƘȅŘǊƻƎŜƴΦΩ  

ὔ

ὔ
 
σz В ςὮ ρ ὩzȟȟȟȣȢ

ρz В ςὮ ρ ὩzȟȟȟȣȢ

 

 

[3] 

                                                           
2 ɸr Ґ утΦрY ƛǎ ǘƘŜ ǾŀƭǳŜ ƎƛǾŜƴ ŦƻǊ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿƛǘƘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŜǉǳƛƭƛōǊƛǳƳ ƘȅŘǊƻƎŜƴΦ ɸr = 85.4K is the 
accepted value for low temperature applications of hydrogen. (Sonntag & Van Wylen, 1986) 
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Figure 4. Equilibrium Curve of Orthohydrogen 

2.2 Cooling Capacity Increase 

From a purely energy standpoint, the change of ratio to pure parahydrogen at the NBP of 

Hydrogen, 20.4K can be easier to understand. At this temperature, only the first rotational levels of the 

allotropic forms of hydrogen are in use, so j=0 for parahydrogen and j=1 for orthohydrogen. Because of 

this low temperature, the orthohydrogen does not have sufficient thermal energy to continue occupying 

the 1st rotational energy mode and preferentially adsorbs onto a surface to hinder rotational energy. 

Catalytic conversion from O->P (ortho to para) hydrogen occurs whenever the hydrogen molecule is not 

in thermal equilibrium with a catalytic surface. The conversion of O->P hydrogen is an exothermic 

reaction as the difference in the energy levels must be released according to the conservation of energy.  

The energy released by this reaction is 525 kJ/kg at the NBP of normal hydrogen (707 kJ/kg for pure o->p 

conversion), almost 15% greater than the enthalpy of vaporization of hydrogen at the same conditions, 
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447 kJ/kg. This can be found from statistical mechanics. (Le Roy, Chapman, & McCourt, 1990) This is why 

LH2 is stored in its equilibrium form and not as normal hydrogen, to prevent the energy released from 

natural catalyzation from boiling away the liquid. The converse of this is also true, in that a P->O 

conversion is an endothermic reaction, so will draw in energy from its surroundings, changing the 

energy of the system without changing the sensible heat. It was this principle that was tested by Ron 

Bliesner to show that the cooling power of hydrogen can be increased with the addition of P->O 

conversion. A theoretical increase of approximately 50% cooling efficiency can be seen when looking at 

the integral of the isobaric heat capacity of equilibrium hydrogen as it warms up from 20.4K (NBP of 

Hydrogen) to 90K (NBP of Oxygen) versus the parahydrogen curve in Figure 5 below. (Leachman, 2015) 

The equilibrium curve of heat capacities is only followed when the orthohydrogen fraction follows the 

Ψ9ǉǳƛƭƛōǊƛǳƳ hǊǘƘƻƘȅŘǊƻƎŜƴ CǊŀŎǘƛƻƴΩ ŘŀǎƘŜŘ ƭƛƴŜΦ Bliesner showed an experimental cooling power 

increase of 43% using a packed catalyst bed ƻŦ ŀŎǘƛǾŀǘŜŘ LƻƴŜȄϰ. (Bliesner, 2013) 
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Figure 5. Isobaric Heat Capacity of Various Forms of Hydrogen and Equilibrium Curve.  

2.3 Catalyzation 

A catalyst is defined as any substance present that increase the rate of a reaction without 

modifying the overall standard Gibbs energy change in the reaction. (McNaught & Wilkinson, 1997) In 

the case of orthohydrogen converting to parahydrogen, the change itself is a very energetically 

unfavorable process because the bond between the two hydrogen atoms must first be broken before 

the energy from the rotational spin levels may be released. With no catalyst present, natural 

catalyzation is a slow process, relying on the magnetic dipole interaction between orthohydrogen 

molecules (Milenko & Sibileva, 1996), however if a transition metal, or a rare earth metal, catalyst is 

introduced, this conversion rate increases several orders of magnitude because of the free orbital shell 

electrons present in these metals. (Illisca, Bahloul, & Rami, 1996) It has also been shown that the 
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addition of a finely tuned magnetic field can increase the activity of transition metal catalysts to ensure 

favorable electron energy levels. (Illisca & Paris, 1998) 

The actual physical mechanism by which the dissociative catalyzation occurs follows as such: a 

hydrogen molecule comes in contact with a catalyst whereby the magnetic moment of the catalyst 

weakens the bond between the two hydrogen atoms, and they are broken. (Buntkowsky, et al., 2006) 

The hydrogen atoms adsorb to the catalyst and will then reform with other free hydrogen atoms 

creating either a parahydrogen or orthohydrogen molecule. The mechanism for non-dissociative 

catalyzation is very similar except the bond between the two hydrogen atoms never breaks, instead the 

strong magnetic field gradients are able to uncouple the hydrogen proton spins. (Ishii, 1986) Essentially 

ǘƘŜ ƘȅŘǊƻƎŜƴ ΨǊŜƭŀȄŜǎΩ ƛƴǘƻ ŀ ƭƻǿŜǊ ŜƴŜǊƎȅ ǎǘŀǘŜΦ Non-dissociative catalyzation is more predominant at 

cryogenic temperatures. 

The likelihood of forming either allotropic form is dependent on the temperature via equation 

[3]. When this reaction takes place in a gas phase it is considered a first order reaction, however is  

considered a zero-order reaction when taking place in a liquid phase, meaning that the reaction 

constant, k, is independent of concentration of the reactant. (Brooks, Wang, & Eyman, 1994) 

All catalyzation sites need to be available for hydrogen atoms to adsorb in order for a catalyst to 

work at maximum efficiency. When catalysts are exposed to atmosphere, water starts to adsorb onto 

the surface, reducing the available catalyzation sites, lowering the activity. This degradation of the 

catalyst can be reversed if the water molecules are removed through a combination of heating the 

catalyst while simultaneously flowing a dry inert gas to transport the water away. A catalyst that has this 

process done to it is considered an activated catalyst. (Essler & Haberstroh, 2011) 
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2.4 Space Velocity 

 A useful parameter to measure flow rate in a catalytic reactor, and compare reactors of differing 

volumes, is the reactor space velocity. Space velocity is a measure of the volumetric gas flow per unit 

time per bulk volume of catalyst. It is the reciprocal of the reactor space time (dwell time of a volume of 

hydrogen), a measurement of the dwell time for a single volume of gas. Space velocity is defined by 

equation [4] below. In this equation ὠ  is the volumetric flow rate of the hydrogen gas based on 

reactor temperature and pressure, and ὠ  is a characteristic volume: either the volume of the 

reactor, or the volume of the catalyst itself. (Hutchinson, Barrick, & Brown, 1964) The space velocity 

parameter does not give any information on a catalysts activity. 

ὠὩὰέὧὭὸώ 
ὠ

ὠ
 

[4] 

The volume of the reactor works well for a packed bed catalyst where a fluid is forced through 

the catalyst; however, it is better to use the volume of the catalyst itself when there is little catalyst 

present in the reactor. One notable drawback of using space velocity to characterize catalyst activity is it 

is directly related to density. In non-isothermal settings where hydrogen density can change by a factor 

of 4 from 20K to 90K, a constant space velocity assumption is invalid. For isothermal reactors (almost all 

reactors found in hydrogen catalyzation research literature), the density of the working fluid does not 

change, and therefore neither does the space velocity. (Hutchinson, Barrick, & Brown, 1964)A more 

detailed analysis of the space velocity for this experiment can be found in the Space Velocity Analysis 

section below. 
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2.5 Beta Values   

An alternative method of characterizing catalyst activity that is not dependent on density is 

there for desired. The ̡  ǾŀƭǳŜ was developed for precisely this reason (Brooks, Wang, & Eyman, 1994).  

ʲΩ is defined by equation [5] below. Here, ά  is the mass of catalyst present, the Max % 

convertible (o->p) term is the change of orthohydrogen to parahydrogen at a specified temperature, 

ά  is the mass flow rate of the hydrogen, and % converted is that actual percent of 

orthohydrogen converted. Its units are in the time parameter of the mass flow rate value, usually given 

in [s]. This unit does not have as physical of meaning like the reactor space velocity, or the reactor space 

time. 

‍  
ά ὓzὥὼ Ϸ ὧέὲὺὩὶὸὭὦὰὩ έO ὴͽὝz χπϷ

ά Ϸz ὧέὲὺὩὶὸὩὨ
 

[5] 

 The ̡ Ω ǇŀǊŀƳŜǘŜǊ ƛǎ ǘƘŜ ŎƻǊǊŜŎǘ ŦƻǊƳ L ŀƳ ƛƴǘŜǊŜǎǘŜŘ ƛƴΣ ōǳǘ  additional modifications are 

required to allow the function to work for non-isothermal reactors. Because of this I have defined a new 

ǇŀǊŀƳŜǘŜǊ ōŀǎŜŘ ƻƴ ʲΩ ǘƘŀǘ L ǿƛƭƭ Ŏŀƭƭ ʲϝΦ ʲϝ ƛǎ ŘŜŦƛƴŜŘ ƛƴ equation [6]. While similar to equation [5] 

ŀōƻǾŜΣ ʲϝ is instead based on conversion from parahydrogen to orthohydrogen, and the 70% scaling 

factor is removed. The 70% factor was removed because 100% of ideal catalyzation is ultimately the 

goal. 

‍ᶻ  
ά ὓzὥὼ Ϸ ὧέὲὺὩὶὸὭὦὰὩ ὴO έͽὝ

ά Ϸz ὧέὲὺὩὶὸὩὨ
 

[6] 

 ʲ ǾŀƭǳŜǎ ƘŀǾŜ ǘƘŜ additional benefit of combining the activity of the catalyst and the flow rate 

into one single value. This makes intuitive sense as the exposure of active catalytic sites to the flow on a 
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per mass basis of catalyst is important. ! ƳƻǊŜ ŘŜǘŀƛƭŜŘ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ʲϝ ǾŀƭǳŜ ŦƻǊ ǘƘƛǎ ǘƘŜǎƛǎ Ŏŀƴ ōŜ 

found in the Beta Value Analysis section below. 

2.6 Composition Measurement 

Detecting the composition of orthohydrogen and parahydrogen is not a new problem. While 

some physical properties of orthohydrogen and parahydrogen are nearly identical, the thermal 

conductivities differ above the NBP of hydrogen to nearly 30%.This is seen in Figure 6 below (Vargaftik, 

1993), Using the thermal conductivity to determine the composition of a sample of hydrogen was used 

as far back as 1929 by Bonhoeffer and Harteck, but their method required a small sample of gas, around 

30 mL at STP, to produce a measurement. (Bonhoeffer & Harteck, 1929) Stewart & Squires designed a 

thermal conductivity cell driving a constant current along a long thin wire to determine thermal 

conductivity (and by extension composition).The method required up to 10 minutes to come to steady 

state before a measurement could be taken. (Stewart & Squires, 1954)  
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Figure 6. Thermal Conductivities of Para and Normal Hydrogen  

The challenge faced in the previous iteration of experiments in CHEF was finding an in-situ, 

instantaneous, method of measuring the composition of hydrogen.  In 1981, Hans Roder released a 

paper on a new transient hotwire thermal conductivity apparatus for fluids, using a Wheatstone bridge 

to measure the thermal conductivity, unfortunately this method also required two different length 

hotwires to be present within the hydrogen flow as compensating wires, a difficult task to achieve 

within the confines of the CHEF vacuum chamber. (Roder H. M., 1981) Ron Bliesner designed a new 

thermal conductivity cell specifically for use in CHEF. (Bliesner, 2013) 

Many thermal conductivity cells in apply a constant current through a hotwire to measure 

thermal conductivity. The resistant of the wire changes with temperature, resulting in a measureable 

voltage deviation. This response is calibrated in order to measure thermal conductivity. This simple 
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measurement system is difficult to calibrate and requires computationally expensive interpolation of 

thermal properties. 

Another type of thermal conductivity cell uses a constant temperature hotwire. Temperature is 

held constant by maintaining a specific resistance across the wire using a Wheatstone bridge, Figure 7 

below (National Instruments, 2016)Φ .ƭƛŜǎƴŜǊΩǎ ƘƻǘǿƛǊŜ ƳŜŀǎǳǊŜƳŜƴǘ ŘŜǾƛŎŜ ǳǎŜǎ ŀ ²ƘŜŀǘǎǘƻƴŜ ōǊƛŘƎŜ 

setup with the platinum coated tungsten hotwire in the R2 position, and a variable resistor in the R3 

position. Because R1 and R4 are chosen to have the same resistance, the variable resistor essentially sets 

what temperature the hotwire will be driving towards with no load placed upon it. When a gas is flowed 

over the hotwire, the difference between R2 and R3 causes a potential voltage, VO, to form across the 

bridge. This voltage is then run through an amplifier and driven across the hotwire bridge, thereby 

increasing the power output and temperature of the hotwire, and equalizing the resistance difference. 

 

Figure 7. Wheatstone Bridge  

The composition of the hydrogen gas sample can be found starting from the basis of energy 

conservation. (Lomas, 1986) Equation [7] below relates the heat output, Qtotal, of the hotwire to the 

equation for power where E is the voltage across the hotwire, and R is the resistance of the hotwire. The 

total heat output of the hotwire is split into the constituent power transportation avenues of 

convection, Qconv, conduction, Qcond, and radiation, Qrad, in equation [8] below. Because the hotwire has 
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the same orientation, same flow rate for each measurement series, and is indifferent to the composition 

of parahydrogen and orthohydrogen, the contribution from conduction and radiation are constant, and 

can be neglected in calculations 

ὗ    
Ὁ

Ὑ
 

[7] 

ὗ ὗ ὗ ὗ  

[8] 

Equation [9] below now relates the total power output of the hotwire to the definition of the 

convective heat transfer of the hotwire itself, where Nud is the Nusselt number based on the diameter 

of the hotwire, k is the thermal conductivity of the flowing gas, l is the length of the hotwire, Tw is the 

temperature of the hotwire, and Tқ is the bulk temperature of the surrounding gas. Because the aspect 

ratio of the hotwire radius to the length is so large, it can be approximated by an infinite length cylinder, 

in which case Nud is given by equation [10] belowΣ ƪƴƻǿƴ ŀǎ YǊŀƳŜǊΩǎ [ŀǿ (Hinze, 1959).  

ὗ  ὔό Ὧzz “z ὰz Ὕ Ὕ  

[9] 

ὔό πȢτςzὖὶȢ ȢπσχzὖὶȢ ὙzὩȢ  

[10] 

0ÒὪὯȟ”ȟ‘ȟὧ Ƞ ὙὩ Ὢ”ȟὺȟὨȟ‘ 

[11] 

The Nusselt number is only a function of the Prandtl number, Pr, and Reynolds number, Re, 

which are shown as functions of their constituent factors in equation [11] above. Because the thermal 

conductivity value is only dependent on the composition of hydrogen, the Nusselt number becomes a 

function of thermal conductivity alone. Plugging equation [7] into equation [9] and rearranging terms 

produces equation [12] below. This equation relates all terms dependent on thermal conductivity to the 
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rest of the remaining terms. Finally, because the radius of the hotwire, r, the length, and the difference 

in temperature is constant across all measurements, these can be ignored and equation [13] can be 

formed, showing that the thermal conductivity of the gas is proportional to the hotwire bridge voltage 

squared. 

ὔό Ὧz  
Ὁ

ὶz “z ὰz Ὕ Ὕ
 

[12] 

ὔό Ὧzθ Ὁ  

[13] 

It can be shown that the thermal conductivity of hydrogen is approximately linear as the 

composition changes. (Roder H. , 1984) Because of this, as long as a calibration measurement is taken 

from pure parahydrogen, and another is taken from a normal hydrogen sample, the composition of any 

hydrogen gas can be found using equation [14] below. Calibration data must be taken for each flow rate 

because of the assumption of constant flow rate. 

ὼ πȢχυ
Ὁ Ὁ

Ὁ Ὁ
 

[14] 
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CHAPTER 3: EXPERIMENTAL SETUP AND PROCEDURE 
3.1 Vacuum Chamber 

CHEF (Cryo-catalysis hydrogen experiment facility), pictured in Figure 8 below, was originally 

used as a plasma experiment vacuum chamber, but was retrofit during the first catalyzation tests to be 

used as a cryogenic vacuum chamber.  

 

Figure 8. (Left) CHEF Setup. (Right) Cutaway of CHEF Vacuum Chamber 

CHEF is designed to be a robust and adaptable test chamber for the HYPER lab to use into the 

future. A complete redesign and retrofit of the system was required because of the increased scope and 

size of this experiment from the previous experiment by Bliesner. The base form of the experiment is 

shown in Figure 9. The vacuum chamber itself did not need to undergo large modifications. The 
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chamber is 0.6 m in diameter and has a volume of approximately 0.25 m3. The lid is attached to an 

electric motor to raise and lower for tests. A large rubber J gasket goes around the entire vacuum can 

edge to ensure there is a good seal for the chamber. An inverted Gifford-McMahon Cryocooler creates 

the cold potential for cryogenics and is discussed more in the Cryocooler section below. 

 

Figure 9. Inside of the CHEF vacuum chamber (before build) 

  A picture of the final setup in the vacuum chamber can be seen in Figure 10 below. 



22 
 

 

Figure 10. Final build within Vacuum Chamber 

3.2 Vacuum System 

While achieving a vacuum is not necessary for the actual experiment itself, it is a requirement to 

have a high vacuum to achieve the temperature minimum (20.4K) that is the NBP of hydrogen. High 

vacuum is defined as a pressure that is below 1x10-3 torr, and is also known as the free molecular region: 

this is the point where the mean free path of the gas molecules inside is longer than the length of the 

test chamber. (Ekin, 2006) As there is no longer a continuum of gas, pressure gradients cannot exist. In 

this range the convective heat transfer into the system is negligible. 

CHEF has 3 vacuum pumps used in the system. The first is a Leybold D60 Trivac Rotary Vane dual 

stage mechanical pump used as a roughing pump for the chamber itself. Because of the large internal 
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volume of the vacuum chamber, a large vacuum pump is required to pull vacuum down in a short time 

frame. The roughing pump is used to get the chamber down to a level where the turbomolecular pump 

can start. One downside of such a large pump is that it requires a 208VAC power source and is loud.  

The next pump is an Agilent Turbo-V 81-M turbomolecular vacuum pump run in series with the 

Leybold roughing pump. Where the roughing pump relies on pressure gradients to move molecules 

around, the turbo pump spins at 81,000 rpm and relies on preferential momentum transfer from the 

turbo blades to the molecules for removal from the vacuum chamber. The turbo pump has a base 

pressure of 3.8x10̂-10 torr, however a vacuum level this low was not realized within the CHEF vacuum 

chamber during testing.  

The roughing pump is connected to the turbo pump through a KF-40 vacuum tube converted to 

a KF-16 flange to attach into the turbo pump. The turbo pump is attached to the CHEF vacuum chamber 

through a KF-25 fitting onto a vacuum shutoff valve. The vacuum level of the chamber itself can be read 

through a VARIAN FRG-700 Inverted Magneton/Pirani Gauge attached into the same Turbo-V 81-AG 

controller as the turbo pump. While this gives a good idea of what level of vacuum is inside the 

chamber, it can have up to a 30% error so cannot be fully relied upon in edge cases near the free 

molecular region 

Finally, there is a Leybold D8 Trivac Rotary Vane dual stage mechanical pump that is used to 

evacuate the experiment internal lines of air before the chill down process. This attaches into the 

system through KF-25 lines. Because it is only able to pump a fifth of the volumetric flow rate of the D60 

model, it is more suited to vacuuming out experiment lines. 
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3.3 Cryocooler 

CHEF uses an inverted Gifford-McMahon style Sumitomo CH-204R 10K cryocooler. This is one of 

only a few models of cryocoolers that can be used in any orientation and therefor very useful because 

the cryocooler must be inverted in order to enter into the vacuum chamber. It uses a Sumitomo HC-4E 

water-cooled Helium compressor to allow the cold head to lift  as much as 7.1 W of power at 20K from 

the second stage, and 16.2 W of power at 80K from the first stage. The minimum temperature that the 

cryocooler can achieve is 7.4K, however because of the large thermal mass and heat load that the 

experiment had, a minimum temperature of 16K was the lowest observed. The first stage cryocooler 

head has an aluminum plate attached with ¼-20 threaded holes to allow for easy mounting of 

components. The colder second stage simply has a copper flange attached for easier mounting without 

causing harm to the cold head itself. These can be seen in Figure 9 above. 
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3.4 Tubing and Connections 

 

Figure 11. CHEF P&ID 

Figure 11 above shows the CHEF P&ID (piping and instrumentation diagram). Lines that are red 

are normal flow paths for hydrogen during an experimental run. Lines that are blue are for venting 

purposes. And lines that are green are supplementary pressure relief lines added in specifically for the 

tank. All parts within the box are located within the vacuum chamber. 

¢ƘŜǊŜ ǿŜǊŜ ǘƘǊŜŜ ǘȅǇŜǎ ƻŦ ѻέ ǘǳōƛƴƎ ǳǎŜŘ ƛƴ /I9CΥ thin-ǿŀƭƭŜŘ όΦлмέ ǿŀƭƭ ǘƘƛŎƪƴŜǎǎύ 316 SS 

(Stainless Steel), standard-walled όΦлорέ ǿŀƭƭ ǘƘƛŎƪƴŜǎǎύ 316 SS, and όΦлорέ ǿŀƭƭ ǘƘƛŎƪƴŜǎǎύ Copper. 

Reactors 

Vacuum Chamber Walls 
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The thin-walled 316 SS tubing was originally chosen for all vacuum system lines to keep heat 

ŎƻƴŘǳŎǘƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ ǎȅǎǘŜƳ ŀǘ ŀ ƳƛƴƛƳǳƳΦ IƻǿŜǾŜǊ ƛǘ ǿŀǎ ŘƛǎŎƻǾŜǊŜŘ ǘƘŀǘ ǘƘŜ ōŜƴŘƛƴƎ ǘƻƻƭΩǎ ǊŀŘƛǳǎ 

ƻŦ фκмсέ ǿŀǎ ǘƻƻ small for the thin-walled tubing as it would start buckling at bends of only 30 degree, 

significantly smaller than the 90 degree bends that were required. Because of size constraints, a larger 

bending radius was not an option. It was decided to still use the thin-walled tubing for the final straight 

сέ Ǌǳƴǎ ƛƴǘƻ ǘƘŜ Ǝŀǎ Ǉŀǎǎthroughs to limit the heat conduction to the outside.  

The standard SS tubing was used in Swagelok fabricated portions of the vacuum system. 

Because of the design decision to have three reactors within the system, a compact tubing solution had 

to be found. The HYPER lab lacks the resources to do precision tube bending, or orbital welding for tube 

ends on site. Instead it was decided to order this part of the fabrication directly from Swagelok as we 

would be using their fittings for the project, and they offer customized engineering solutions. The final 

tubing assembly came as 5 individual tubing sections that were connected directly into the rest of the 

system, and can be seen in Figure 12 below. All tubing sections shown in the figure are Swagelok made. 
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Figure 12. (Left) SolidWorks conceptual rendering of Swagelok Tubing Sections (Right) 2 close up views of the reactors and 
valves; Labels as follows: A. Condenser Tank, B. Reactor, C. Solenoid Valve, D. Hotwire Composition Sensor, E. Cold Head, 

Reactors are numbered 

Copper tubing was chosen for lines outside of the vacuum chamber. This is because it is cheap 

compared to stainless steel, easy to bend, and heat conduction through the lines is often desirable. 

Copper tubing was also used for the heat exchanger on the outlet of the vacuum chamber to ensure that 

all hydrogen going through the mass flow meter would be at room temperature. When the system was 

first fabricated a solution had to be found for the fact that the thin-walled SS tubing would not work. It 

was decided that copper would be used for several lines within the vacuum chamber itself. However, 

because of the large thermal conductivity of the copper tubing the copper was only used for the parts 

that required bends, and connected into the thin walled SS tubing before connecting to the vacuum 

pass-through, to reduce heat transfer. 
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