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Abstract

Tritium, a radioactive isotope of hydrogen, and its decay product, helium-3, have enormous market

value. Both gases are used in multiple applications which require these gases to be periodically replaced.

Often, tritium-containing mixed gases are treated as nuclear waste when replaced rather than recycled,

requiring the costly production of new gas. This work investigates an economical, scalable approach to

recycling a gas stream containing mixed tritium/helium-3. Separation methods are discussed generally,

followed by an examination of specific methods effective for separating tritium. An apparatus and process

for conducting this separation is detailed, and the results of testing that apparatus are presented. A

discussion of how to avoid the problems encountered using the apparatus leads to an improved, new

separation system design. Simulation shows that this new system will be capable of economical, scalable

recycling of tritium and helium-3.
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Chapter 1: Introduction

Hydrogen and helium isotopes find many industrial and nuclear uses, and are vital for scientific

research. While extremely abundant in the universe, neither element is particularly plentiful on Earth.

This is especially true of two very rare isotopes: hydrogen-3, which is radioactive, and helium-3. This

thesis addresses a means of separating hydrogen from mixed gases, with an emphasis on hydrogen-3 and

helium-3 separation and recovery for recycling. A brief discussion of the value and uses of hydrogen

and helium isotopes is presented, as the methods investigated are applicable to other mixed gas streams

containing these isotopes. An overview of the rest of the thesis concludes this chapter.

1.1 Hydrogen and Helium Isotopes

The most abundant form of hydrogen (H) has only a single proton in its nucleus, written 1H, and is

referred to as protium (1P). 1P makes up about 99.98% of all H in nature, and about 75% of all matter

in the universe. On Earth, it is mostly bound up in chemical compounds, including water and biological

molecules. Over 50 metric tons (556 million liters1) are produced each year through a few different means,

noted by Miller [1], and used primarily in chemical processes such as refineries [2]. Nuclear engineering

applications of 1P include as an ion source for accelerator experiments and as a means of slowing neutrons

through scattering interactions; in addition, it is important in magnetic resonance imaging analysis.

Almost all of the remaining 0.02% of natural H has a proton and neutron in its nucleus, written
2H, and is referred to as deuterium (2D). While 2D exhibits chemical behavior nearly identical to 1P,

the extra nucleon imbues it with significantly different nuclear properties, including much lower neutron

interaction rates and a different magnetic resonance signature, with applications in chemistry, physics,

biology, and nuclear engineering [3, 4]. The primary source of 2D on Earth is water consisting mostly of
2D (referred to as heavy water), which is extracted from ocean water utilizing the slight mass difference

between deuterated and protiated water. 2D is consumed on the order of tons per year by chemical

production, research, heavy-water nuclear reactors, and other industries [5].

For nuclear applications, water containing almost entirely 1P, referred to as light water, can be used

in nuclear reactors to slow neutrons to energies where fission is more likely. However, light water also

absorbs a significant fraction of the neutrons produced, requiring more fuel atoms in the core, which is

typically achieved through fuel enrichment. While heavy water slows the neutrons less abruptly, it has

an absorption probability over two orders of magnitude lower than light water, allowing for the use of

natural uranium in the reactor. 2D also has some advantages in nuclear fusion technologies.

A third isotope of H, with a proton and two neutrons in its nucleus (written 3H), was discovered in

1939 at the University of California, Berkeley, due to its characteristic radiation release [6]. At the time,

it was noted to release very short-range radiation as it decayed to a form of helium. It was created by

bombarding 2D2 gas with ions of itself. Later referred to as tritium (3T), it was found to also be produced

through other nuclear reactions, notably 1n + 6
3Li −−→ 4

2He + 3
1T. Acting nearly chemically identical to

the other H isotopes, and due to the low risk presented by the low energy (5.68 keV) radiation produced,
3T was used as a tracer in biological and water-filled systems by substituting lighter isotopes of H.

1At 101.325 kPa and 0 ◦C, where 1 mole occupies 22.4 L. Note hydrogen is diatomic (H2)
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3T has a half-life of 12.32 years, making it a useful means of providing small amounts of power

to systems for around 20 continuous years. A prominent example of such an application was in self-

illuminating indicators and exit signs used for emergency lighting in many buildings. These signs load

around 20 curies (2.08 mg) of 3T into phosphor-coated glass tubes [7]. As the gas releases beta (β)

electrons, they strike the phosphor and produce photons, similar to how cathode ray tube television sets

operate. Today, there are tens of thousands of these signs that have reached the end of their useful life,

and now must be recycled to recover the gases inside or stored as radiological waste. They are replaced

with new signs lit by electrical components (e.g., LEDs) or which have a fresh loading of 3T.
3T and 2D are also particularly useful in the study and application of nuclear fusion, both for peaceful

power production and for nuclear weapons because it releases far more energy than other H reactions

and has a higher probability of occurring (see Table 1.1). While peaceful power production is still in

active research facing difficult scientific hurdles in controlling the reaction for an extended time, weapons

require less careful control and were reduced to practice over 50 years ago. Weapon stockpiles have been

drastically reduced since the end of the Cold War, reducing 3T consumption for weapons applications.

Fusion power research, on the other hand, is actively growing, and is expected to consume more 3T in

the near future.

Table 1.1: Energy release and probability for various fusion reactions. The number of each reaction
needed to equal the energy produced from a single 2D-3T fusion is noted in the last column [8, 9].

Reaction Energy Release (MeV) σmax
a (barns) εmax

b (keV) ED+T/EReaction

p + p 0.42 4.4× 10−25 100* 41.90

D + p 5.49 – – 3.21

D + D 4.03 0.096, 0.11c 1250, 1750 4.37

D + T 17.6 5.0 64 1

T + T 11.3 0.16 1000 1.56

D + 3He 18.3 0.9 250 0.96

T + 3He
12.1 (51%), 14.3 (49%)d;

Average 13.178
– –

1.45, 1.23;

Average 1.34

D + 6Li 22.4 – – 0.79

a. Maximum measured fusion probability; * = no maximum given; – = no value of any kind given;
b. Center-of-mass energy where maximum probability occurs
c. Resulting in T + p, resulting in α + 2n
d. Resulting in 4He + p + n; combined results of 4He + D and 4He + n + p

New 3T production today is nearly exclusively performed in operating fission reactors through two

major reactions. The first, 1n + 2D −−→ 3T, occurs in heavy-water reactors when 2D absorbs a neu-

tron, and is currently the only commercial source of 3T. A typical Canada Deuterium Uranium reactor

(CANDU, the most widely used heavy-water design) can produce about 130 g (483 L) of 3T per year.

Extraction of 3T from the heavy water requires processing at a facility dedicated to that purpose known

as a Tritium Removal Facility [10]. Only two such facilities are in operation worldwide as of 2018. The
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second reaction adds Tritium Producing Burnable Absorption Rods (TPBARs) containing enriched 6Li

into light-water reactors for 18 months of irradiation. While the exact amount of 3T produced from

each rod is not disclosed, it can be assumed to be less than 12 g per rod. This figure comes from the

fact that the 2.8 kg (10,400 L) per year needed by the United States government to maintain its nuclear

weapons cannot be fully met using 240 rods [11]. In addition to new production, significant quantities are

recovered from retired nuclear weapons, and, combined with the production from TPBARs, will provide

sufficient 3T for the remaining weapons until around 2025 [12].

Approximately 23% of the known matter in the universe is made of helium (He) with all terrestrial

He having two protons and two neutrons in its nucleus, written 4He. Helium also has another stable

isotope with two protons and one neutron, helium-3 (3He), which is the decay product of 3T. As an

inert gas, He is useful for creating a local, non-reactive atmosphere, and is one of the best heat transfer

fluids among elemental gases. It is also the coldest practical cryogenic fluid, with 4He liquefying at 4.2 K

(-270 ◦C) and 3He at a full degree lower (3.2 K). Many scientific applications requiring extreme precision,

such as superconductors and low-frequency-wave telescopes, utilize liquid He as a coolant, with liquid
3He specifically being used for the most demanding applications [13]. 3He also reacts with neutrons to

produce 1H and 3T, generating a 764 keV gamma (γ) ray in the process. This allows 3He to be a primary

component of neutron detectors for security and accountability [11]. After the terrorist attacks in the

United States on September 11, 2001, most of the global 3He supply was consumed for neutron detectors

positioned at ports and borders throughout America.

Global demand for all He is around 30,000 tons (168 million L) per year [14], while demand specifically

for 3He is around 10,000 L (1345 kg) per year, though this demand is highly erratic. On Earth, 4He is

produced primarily from the alpha (α) decay of radioactive elements such as uranium, thorium, and

radium, and extracted from underground reservoirs, such as natural gas deposits, at a rate of about 80

billion L (10,800 tons) per year. 3He is primarily produced from the decay of 3T and has no natural

terrestrial source. Both stable isotopes of He are currently in short supply with the shortage expected to

become critical within 20 years unless some alternative production methods can be found [13].

This shortage has pushed the market value of these gases to extraordinary highs, with 3He selling for

between 100–2,000 USD/L (750–15,000 USD/g) and 3T selling for as much as 81,000 USD/L (300,000

USD/g, 2017) [11]. An estimated annual 3He demand of 8 kg (60,000 L) places the annual value of

meeting demand at 6–120 million USD/year, and meeting the full 2.8 kg annual demand for 3T would

be worth 840 million USD/year. 3T production has continued to be slow in recent years. After use it

is frequently stored in a repository as radioactive waste rather than recycled. Since 3T decays into 3He,

indefinitely storing 3T is a waste of both of these precious gases. With the number of reactors capable of

producing 3T reduced by decommissioning, recycling has grown in importance for meeting demand.

Adding to shortages for regular use, 3T and 3He do not store well as the extremely small nuclei of

these gases allow them to diffuse through metals and many other materials that would be used to contain

them. Even though many processes that use these gases make efforts to recover these leaked gases, some

amount is always lost. Because they are such light gases, once they are released into the atmosphere,

they escape into space and are lost. They also tend to convert into other elements during normal use:
3T is continually transformed into 3He through radioactive decay, and 3He is transmuted into 3T when
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used as a neutron detector. These slow, continual losses mean that new production is always necessary

to allow for the gases to be regularly replenished for a given task, especially if a high purity of the isotope

is required.

As previously mentioned, self-illuminating signs, such as building exit signs, are a meaningful possible

source of 3T and 3He, with tens of thousands of these signs reaching the end of their useful lifetime each

year. They are currently collected (at a fee of several hundred USD per sign) by a disposal company and

buried as radioactive waste. Each sign at end of its life has approximately 0.675 mg of 3T and 1.40 mg of
3He, meaning large volumes of these signs would need to be economically processed to make recycling a

viable means of meeting demand. Nearly pure 3He with traces of 3T can also be recovered from neutron

detectors using the same means.

Additional future sources of 3T include fusion work, advanced fission reactors, and increasing the

number of reactors that process TPBARs. Of note, advanced reactors using lithium salts can produce

sizable amounts of 3T, currently considered by some to be a major problem. If a simple means of

harvesting it could be devised that would also function well in these reactors, this “problem” could become

an additional revenue stream for the reactor operators. If the separation methods prove flexible enough,

it could benefit other sources of H, including high-temperature chemical reactors that must separate

hydrogen from a complex chemical mixture. In short, a simple, largely passive means of removing H

would benefit many industries, but the benefit would be most pronounced with 3T recovery.

1.2 Purpose

The purpose of this thesis, and the project connected with it, is to investigate different low-cost,

largely passive methods for 3T/3He mixed gas recycling with high recovery rates. A secondary purpose

is to identify methods that would aid in separating any isotope of H from various production processes.

A bench-top system implementing one or more of these separation methods will be described, and data

from basic system validation will be presented. General research procedures will be discussed, as will

the ease of creating a 3He incubator that prevents significant 3T leakage for the years required to make

sizable quantities of 3He.

Chapter 2 discusses different separations processes and their operational theory. Chapter 3 includes

rationale for deciding on specific separation methods for testing and a description of the design process

for a bench-top system to test those methods. Chapter 4 details the experimental setup and methods,

explores the results of running the system, and discusses the lessons learned during this project, which

are used to design an improved system for future use. The work concludes with Chapter 5, summarizing

the significance of this research and detailing the experimental work that will need to be conducted in

the future to verify the underlying principles.
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Chapter 2: Separation Methods and Principles

“Separation” refers to a process by which individual components of a chemical mixture are extracted,

typically with the goal of producing or removing at least one pure or useful component. Examples

include the production of salt by evaporating seawater, the concentration of alcohol by distillation, and

the cleaning of combustion exhaust by filtering particulates and scrubbing carbon dioxide before releasing

the gas. While making a mixture of chemical species from separate chemical species (components) is a

spontaneous process that requires no energy input, the separation of such a mixture is not spontaneous

and does require energy [15]. Separation methods are measured by the purity of separation and the rate

of separation. The preferred separation method for a given mixture is generally the process that requires

the lowest energy input to obtain the highest purity product at the fastest rate.

Separation methods consist of independent steps, referred to as unit operations. While the parameters

of a given unit operation will vary in specifics depending on the components of the mixture to be separated,

the basic design principles, approach, and equations for the unit operation are always the same [16]. Unit

operations exploit differences between the physical properties of the components in a mixture, which could

include volatility, solubility, tendency to react to certain other chemicals, physical size, electric charge,

response to external force fields, etc. A single unit operation often does not achieve an adequate degree

of separation or result in the desired product, requiring repetitions of unit operations or inclusions of new

ones. As a result, industrial separation systems are often complex and consist of dozens to hundreds of

unit operations to perform the desired separation.

2.1 Types of Unit Operations Used in Separations

A separation system is designed to transfer mass between the different steps of the process. A basic

mass transfer equation is generalized using words by Wankat [16] (Eq. 2.1).

Mass transfer rate = (reaction area)× (mass transfer coefficient)× (driving force) (2.1)

The reaction area is typically related to the form of the separating agent, with strategies to increase

this area including the use of porous materials or powders and performing reactions in gaseous form.

The mass transfer coefficient is typically a property of the materials utilized in the unit operations. The

driving force can be any energy imbalance, including concentration and pressure gradients, electric or

gravitational fields, or chemical potentials, and can usually be actively controlled during the separation

process (e.g., if the driving force is a concentration gradient, the pressure of the system can be increased

to increase the concentration and steepen the gradient). Because each unit operation transfers mass

differently, an overview of the main methods will be presented that will follow the overview provided

in the first chapter of Seader [15]. After this overview, methods specifically useful for hydrogen (H)

separation methods will be explored in more detail. A summary of the separations method categories is

provided in Table 2.1.
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Table 2.1: Summary of separation methods. Only a sub-set of these methods are useful for H/He separations.

Method Unit Operations Selection Criteria How Achieved

1 Boiling/
Condensing

Partial condensation
or vaporization,
Flash vaporization

Species differ widely in volatility Vapor condensed by removing heat or increasing
pressure; liquid vaporized by adding heat or reduc-
ing feed pressure with throttling valve or turbine

2 Other phase
transition
operations

Drying, Evaporat-
ing, Crystallization,
(De)Sublimation

Removal of solvents, purification, concen-
tration, or fine control over phase transi-
tion cannot easily be otherwise achieved

Typically, the addition or removal of heat, though
controlling the position of the heat transfer is es-
pecially important for crystallization

3 Pure ESAa

distillation
Simple distillation Application of Operation 1 does not pro-

vide sufficient separation
Multiple “stages” where counter-currently flowing
liquid and vapor phases come in contact

4 Simple
MSAb distil-
lation

Extractive, Absorp-
tion, and Stripping
distillation

Relatively small volatility difference be-
tween components of interest

Miscible MSA acts as a solvent increasing volatil-
ity or an MSA with high solubility for components
is added to absorb it from the mixture

5 Complex
MSA distil-
lation

Azeotropic distilla-
tion, Liquid-liquid
extraction

Vapor is difficult to condense or compo-
nents of a vapor differ widely in solubility
in a solvent

MSA becomes part of mixture, altering the volatil-
ity or other property of some component(s)

6 Porous
membrane
processes

Dialysis, Filtration Mixture components differ widely in phys-
ical size

Fluid feed is introduced to one side of a mem-
brane that prevents components larger than the
membrane gaps from passing through

7 Nonporous
membrane
processes

(Reverse) Osmosis,
Pervaporation, Gas
permeation

Mixture components differ significantly in
transport properties (e.g., physical size,
ionic charge, solubility, etc.)

Fluid feed is introduced to one side of a membrane
that exploits physical properties of components to
selectively transport them across

8 Sorption Absorption, Adsorp-
tion, Ion exchange

Mixture components are at relatively low
concentrations, and chemically interact
with the solids

Mixture flowed through a bed of high surface
area solids that selectively remove the components
which interact with them

9 Non-electric
fields

Centrifugation,
Thermal diffusion

Mixture components respond differently
to external forces

Force field is applied to the mixture either me-
chanically (e.g., rotation) or by other means

10 Electric
fields

Electrolysis,
Electrodialysis,
Electrophoresis

Mixture components either respond to
electric fields differently, or can be ionized
to different degrees

Electric field is applied to the mixture, altering
how components migrate and causing separation

a. Energy separating agent (ESA); b. Mass separating agent (MSA)
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2.1.1 Phase Creation or Addition

Additional phases can be created through the addition or removal of energy, which Seader calls an

energy separating agent (ESA). Pure ESA unit operations include those that only result in phase changes,

with partial vaporization, partial condensation, and flash vaporization (grouped as Method 1 in Table

2.1) being prime examples. Partial vaporization involves forcing some components of the mixture to boil,

creating a gaseous phase. That vaporization can be achieved by adding heat or rapidly reducing the

pressure to put some components of the mixture into a supersaturated state, leading to rapid boiling.

In the case where the reduction of pressure is primarily used to cause the vaporization, the process is

referred to as flash vaporization. Partial condensation is achieved by increasing pressure or removing heat

to condense out components of a gas and create a liquid. These unit operations partition components of

the mixture in inter-phase mass transfer, resulting in a vapor enriched with respect to the components

more easily vaporized, and the liquid enriched with respect to less volatile components of the mixture

[15]. Gravity is usually used to separate the denser liquid from the vapor.

Other processes that can be pure ESA include drying, evaporating, crystallization, sublimation, and

desublimation (grouped as Method 2). These differ from the unit operations of Method 1 because these

processes typically produce a relatively concentrated final product that can be directly extracted, rather

than producing different phases enriched in one of the mixture components. For example, in drying,

the liquid is evaporated, and the solids left behind are the desired product. In evaporating, the product

is the vapor. In crystallization, the product is a solid that is removed from solution via cooling or

evaporating the solvent. Sublimation and desublimation involve phase transition between gas and solid

without a liquid phase. While these phase transitions can be achieved purely through the use of an ESA

for some products, they often require the use of another chemical, usually acting as a solvent. These

extra chemicals added to the process are referred to by Seader as a mass separating agent (MSA) [15].

MSAs are perhaps best understood in the context of distillation.

Distillation is the most widely utilized industrial separation process (Table 2.1, Method 3), and

connects multiple repeated unit operations together, typically in a column. It is employed when a single

unit operation does not separate the components enough, or multiple separation steps are needed. Each

unit operation step, referred to as a stage, contacts counter-currently flowing liquid and vapor phases,

producing a vapor that is increasingly enriched with respect to the more volatile species in the mixture as

it flows up the column, while the liquid is increasingly enriched with respect to the less volatile species as

it flows down [15]. Large sections of many textbooks on separation (e.g., Seader [15] and Wankat [16]) are

dedicated to the parameters of this process. Only a brief overview will be provided here, as distillation

is not particularly useful for the separation of H and He.

In distillation, the feed mixture usually enters at a middle stage. The portion above the feed is

referred to as the enriching or rectification section, while the portion below is referred to as the stripping

section [15]. To ensure that both vapor and liquid are present throughout the process, some vapor is

condensed into liquid (typically at the top of the column) called reflux and liquid is heated (typically at

the bottom of the column) in a reboiler to produce a vapor termed boilup. However, if needed, boiling

and condensing sub-stages (called interboilers and intercoolers, respectively) can be inserted into other
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portions of the column to optimize product isolation.

When the volatility difference between the components is small, a MSA can be added that typically

acts as a solvent to increase the difference. This process is called extractive distillation. For vapor that is

difficult to condense or for capturing components of the vapor, a liquid MSA, referred to as an absorbent,

can be added to dissolve components of the vapor. This process is called absorptive distillation. To

separate liquid mixtures, a vapor MSA can be added that functions much like an absorbent in a process

called stripping. These simple MSA distillation methods are grouped together in Method 4 of Table 2.1.

More complex MSA unit operations include azeotropic distillation and liquid-liquid extraction. In

azeotropic distillation, the volatility of a component is modified by adding a MSA that forms an azeotrope

with some components of the mixture. An azeotrope is a mixture that has the same proportions of

components in the liquid and gas phases (i.e., composition does not change when boiled), making it

impossible to separate the components of the azeotrope by ESA distillation at constant pressure [17].

Since azeotropes often have lower boiling points than their individual constituents alone and because

they have different boiling behavior, they are a useful method for extracting otherwise difficult chemical

species [15]. Pressure changes or an MSA separation technique can usually be applied later to separate the

components of the azeotrope. Liquid-liquid extraction is used widely when components of the mixture

are not thermally stable, and uses MSA(s) as solvents to remove components of the mixture without

needing to produce a vapor. These more involved MSA methods are grouped as Method 5 in Table 2.1.

While there are many variations of distillation tailored to meet the needs of thousands of unique sepa-

ration processes, the overview above is sufficient for this work. Some difficulties that may be encountered

in applying the above methods include:

• Considerable amounts of energy must be input, especially for phase transitional operations.

• Phase transitions can alter concentrations to the point where solubility limits are exceeded and

components of the mixture can precipitate onto the equipment in the system. A common example

is the scale and crud buildup in the flash vaporization of seawater. Such deposits can clog openings,

alter flow paths, and hinder instrumentation.

• Nearly all MSAs add complexity to the separation process, as additional unit operations are required

to separate the MSA from the desired product.

• Some MSA is lost from the system during operation and must be resupplied, adding another feed

stream to the process. This lost MSA poses a contamination risk to the desired product, and

increases cost.

However, MSAs make it possible to separate mixtures that otherwise could not be separated, and are an

invaluable tool to separation engineers.

2.1.2 Barriers or Membranes

Membranes are thin structures with large surface area that allow preferential mass transfer [18]. The

driving force for membranes is generally concentration or pressure gradients, though electric potential is

also often used for ionic mixtures. They can operate on differences in the physical size of components,

in which case they are termed porous membranes, or on differences in the solubility of the mixture
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components in the membrane material, referred to as dense or nonporous membranes. Many membranes

combine pore size with electric charge or other driving forces to enhance the membrane’s ability to limit

unwanted mass transport, referred to as selectivity.

Porous membrane processes (Table 2.1, Method 6) include filtration and dialysis. Filtration employs

pores or gaps in a membrane to allow molecules smaller than the pore size to pass through, and prevents

molecules larger than the pore size from passing. Filtration can range from scales large enough to only

retain large particles in the mixture to small enough to operate on individual molecules. When retaining

molecules 20 to 10,000 nm, the process is referred to as microfiltration, from 1 to 20 nm as ultrafiltration,

and down to 0.1 nm as hyperfiltration. For reference, sodium atoms have an effective molecular radius

of 0.1 nm, sucrose of 0.44 nm, hemoglobin of 3.25 nm, and a human hair is 45,000 nm in diameter [19].

Occasionally, the atomic spacing in crystalline solids are utilized like a filter. Referred to as molecular

sieves, they perform a molecular sieving unit operation and are not considered to be part of filtration unit

operations in the literature. Dialysis is similar to filtration, in that larger components of the mixture are

held back due to pore size. However, dialysis also utilizes a concentration and pressure gradient to pass

small solute molecules through the pores or gaps in the membrane, leaving the insoluble and nondiffusible

particles behind.

Nonporous membrane processes (Method 7, also called dense membrane processes) include osmosis

and reverse osmosis, pervaporation, gas permeation, and liquid membranes. Osmosis, like dialysis, utilizes

concentration gradients, but functions across a semi-permeable membrane that operates using principles

beyond simple component size filtration. The most common additional selector is ionic charge. Reverse

osmosis utilizes pressure to force mass transfer against the concentration gradient, thus transferring in a

direction opposite of typical osmosis operations. Pervaporation is reverse osmosis, but components are

transported after they are evaporated. This is one of the most effective means of separating azeotropic

mixtures, and requires significantly lower pressures than reverse osmosis [15]. Liquid membranes can be

formed from surfactant-containing mixtures at an interface between two fluid phases, or by filling the

micropores of a membrane with a fluid. The liquid dissolves or allows the passage of specific components

of the mixture, which then flow along the concentration gradient. Gas permeation is of most interest to

H/He separation, and will be discussed in more detail below. In this process, specific constituents of a

gas mixture are absorbed or dissolve into the membrane, and can diffuse through it along a concentration

gradient.

2.1.3 Solid Agents

Solids used in separations usually take a granular, powdered, or porous packed form to maximize

surface area (see Eq. 2.1). They are either the active separator themselves or act as an inert support

for a thin layer of the separating material. They selectively absorb, adsorb, or react with components

of a fluid mixture, binding them while allowing other components to flow through. These processes are

collectively referred to as sorption (Table 2.1, Method 8).

Sorption involves a chemical interaction between the solid and component(s) of the mixture in which

the component(s) form chemical bonds with and are immobilized by the outer surface of the solid. In

absorption, the immobilized species is able to diffuse into the bulk of the solid to form a solid solution
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and/or causing phase transitions throughout the solid, while in adsorption, the immobilized species

does not meaningfully diffuse into the bulk and is confined to the surface. It should be noted that

liquids can also be used as an absorbent. Adsorbents are usually employed to remove components at

low concentrations. Ion exchange is similar to adsorption, but also involves an ionic exchange reaction

where an ion is stripped from the exchange medium and replaced with an ion in the mixture that has a

higher charge affinity. Sorbents eventually saturate, and need to be regenerated to again become active.

The regeneration removes the captured molecules, and reverts the sorbent back to functional form. For

ion exchange sorbents, this is accomplished by flushing the medium with a concentrated solution of the

original ion. For non-ion exchange sorbents, one of four methods is typically employed:

1. Vaporizing sorbate with hot purge gas, referred to as thermal-swing adsorption;

2. Vaporizing sorbate by reducing pressure, known as pressure-swing adsorption;

3. Stripping sorbate with an inert purge gas without requiring a temperature or pressure change; and

4. Displacing sorbate using a fluid containing a more strongly adsorbed species.

2.1.4 External Field or Gradients

Differences in how components of the mixture interact with force fields can be exploited to cause

separation. Centrifugation, for example, artificially increases gravity by rapidly rotating the mixture to

separate components by mass. Thermal diffusion applies a temperature gradient to change fluid densities

and concentrations, leading to molecular diffusion. Other force fields, including magnetic fields, can also

be used. These are grouped together as Method 9 in Table 2.1.

There are several methods developed using electric force fields. Electrolysis decomposes molecules by

passing an electric current through them with the best known example being water which breaks down

to gaseous hydrogen and oxygen (2 H2O (l) −−→ 2 H2 (g) + O2 (g)). Electrodialysis uses membranes that

carry a fixed charge, preventing the migration of components of a like charge. Electrophoresis applies an

electric field to the mixture and exploits the varying migration speeds of different components. Positively

charged species migrate to the cathode, while negatively charged species migrate to the anode. Additional

MSAs can be added to change how individual species behave, leading to a versatile process. These electric

field processes are grouped as Method 10.

2.2 Hydrogen Separation Techniques

Of the methods presented above, only a subset are useful for extracting H and separating tritium (3T)

and helium-3 (3He) mixed gases. In particular, membrane, pressure- and temperature-swing adsorption,

and cryogenic separation methods are employed (cryogenic distillation is a variant of Method 3 from

Table 2.1) [20]. These three will be discussed below as they pertain to H separations. Though other

exotic options, such as laser-induced separation exist [21], they will not be discussed here as they are

not currently commercially viable. Additionally, research investigating the behavior of protium (1P) and

deuterium (2D) also applies to 3T, as the isotopes of H chemically behave in nearly identical ways. The

primary chemical difference between the isotopes is reaction rate, as the isotopes differ in size.
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2.2.1 Membrane Separation

Membranes transport mass using a combination of five basic principles, illustrated in Fig. 2.1:

Figure 2.1: Illustration of the main five H membrane separation mechanisms: (1) Knudson diffusion,
(2) surface diffusion, (3) capillary condensation, (4) molecular sieving, (5) solution diffusion, after [22].

1. Knudsen diffusion—interaction with the membrane wall. The diameter of the pore is smaller

than the mean free path of the gas to be separated, so the molecules interact with the wall more

than other gas molecules. If the pores are rough on a molecular level, or the molecule chemically

interacts (adsorbs) to the wall, the speed of diffusion can differ greatly from diffusion reacting

mostly with other gas molecules (i.e., from Brownian motion) [23].

2. Surface diffusion—adsorption and inter-solid transport on the surface. Different molecules can be

adsorbed into the surface and be transported through the solid. The molecules have low solubility

in the membrane material, and are transported via thermal motion to the other side of the pore

due to concentration gradients. Quantum tunneling effects have also been demonstrated [24].

3. Capillary condensation—formation of liquid in the pore. The vapor-phase particles adsorb the

walls of the pore to form a base layer that attracts additional incoming vapor particles until a

meniscus is formed at a liquid-vapor interface across the pore. Because the interactive forces (e.g.,

van der Waals) between gas molecules are higher in the confined space of the pores, this condensation

occurs below the saturation temperature [25].
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4. Molecular sieving—size-exclusion principle. Components of the mixture smaller than the size of

the pores in the membrane can pass through the pores, while larger components cannot pass. This

largely mechanical process depends on the molecular kinetic diameter, which is a representation of

the effective size of the atom or molecule as it interacts with other atoms. The kinetic diameter

is typically larger than the atomic/molecular radius because it measures electron cloud interaction

range [26].

5. Solution-diffusion—transport through the solid bulk. This transport depends both on the sol-

ubility and the mobility of the molecule in the solid. Similar to surface diffusion, it is typically

related to thermal motion and is influenced by quantum effects [27].

Membrane performance is most often discussed in terms of flux and selectivity. Flux, written with

the symbol J, is the total transport of a component through the membrane, measured in mass or mole

per unit time per unit area (e.g., mol s−1 m−2). It is governed by Ficks’ first law:

JH = −DH∇C(x, y, z) (2.2)

where DH is the diffusion coefficient for H and the differential vector operator acting on the concentration,

∇C(x, y, z), is the three-dimensional equilibrium concentration in Cartesian coordinates, which, because

we are mainly interested in the steady-state flux across the membrane itself, simplifies to a single dimen-

sion [22]. Permeability to component i, written ρi, is a fundamental material property that is unaffected

by thickness and takes the form of the Arrhenius equation:

ρH = K e−(E/RT ) (2.3)

where K is the preexponential factor constant (dependent on material), E is the activation energy, R is

the gas constant, and T is the absolute temperature [27]. Selectivity, or separation factor, is the ratio of

how much of two different components transport through the membrane, and is defined as:

αi,j =
ρi∆Pi/P

f
i

ρj∆Pj/P
f
j

(2.4)

where αi,j is the separation factor of component i from j, ρi/j represents the permeability for the com-

ponents, and ∆Pi/j is the difference in partial pressures of each component between the feed (retentate)

and product (permeate) sides of the membrane (P f
i/j − P

p
i/j) [22].

The design of a typical membrane test system is illustrated in Fig. 2.2. Distinguishing features include

an internal vessel (blue walls) capped by a membrane that is fed with a to carry any transported gas to

a chromatograph to determine concentrations. A feed gas charges the outer vessel (red walls). Any gas

that escapes the outer vessel enters a third vessel (black walls), through which a purge gas is flowing to

prevent the buildup of H outside the main vessel. The vessels are inside a furnace to provide the energy

necessary to accelerate transport through the membrane. Pressures across the membrane are controlled

by sweep gas flow rate and the pressure of the feed gas.

Membranes can be classified by their construction material, since their mode of operation (and,
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Figure 2.2: Diagram showing a typical setup for a laboratory-scale system for testing membrane perfor-
mance; drawing from [28].

therefore, governing mathematics) is different for each material. Of these materials, metallic membranes

are the most well-studied, thus more effort will be devoted to their explanation.

2.2.1.1 Metallic Membranes

Metallic membranes are typically dense sheets or films of various pure metals and alloys through

which H can diffuse. Pure metals with particularly high solubility and permeability include palladium,

vanadium, niobium, tantalum, β-phase titanium and β-hafnium. Pure metals usually suffer from changes

in chemical structure and unit cell dimensions as they form hydrides, causing damage over time. Alloying

elements such as aluminum, cobalt, chromium, gallium, or molybdenum have been shown to mitigate

these changes and improve long-term performance of many of the permeable pure metals [29]. Metallic

membranes offer high selectivity, as larger molecules cannot diffuse through them, and can be operated

at higher temperatures which further accelerate H transport. The fundamental transport mechanisms

involved are illustrated in Fig. 2.3.

Because the concentration in gas is strongly correlated to pressure for non-porous membranes, and

because mass trasport through a membrane is only concerned with one spacial dimension, Eq. 2.2 can

be simplified to Sievert’s law:

JH2
=
ρH2

(Pn
H,feed − Pn

H,perm)

L
(2.5)

where L is the membrane thickness [27]. The exponent n, referred to as “the n value,” relates the

dependence on pressure. If the rate-controlling step is the bulk metal diffusion of atomic H, then an n
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Figure 2.3: The seven-step diffusion mechanism in dense metal phases: (1) movement of a mixed gas
from feed stream onto the feed side of the membrane surface, (2) dissociation of H2 into ions (H+1 and
electrons, e−1), (3) adsorption of H+ ions onto membrane bulk, (4) diffusion of H+ and e− through
membrane, (5) desorption of ions from membrane bulk to the membrane surface on the product side,
(6) re-association of H+ and e− into discrete H2 molecules, and (7) diffusion of H2 from the membrane
surface into product stream; drawing from [22].

value of 0.5 is expected [30]. When the concentrations of the gases on the surface of the membrane are

not known, Henry’s law is used:

S =
Cgas

Pgas
(2.6)

where S is a constant relating the vapor pressure of a nondissociative gas to its solution phase, Cgas is

the concentration of the gas, and Pgas is the partial pressure of that gas.

Metallic membranes can be classified as pure (single element), crystalline, or amorphous. Pure metallic

membrane properties are summarized in Table 2.2, and are a function of the lattice structure, lattice

defects, and reactivity toward H or other components in the feed gas [22]. Membranes from palladium

(Pd) have been studied extensively for H separation for various favorable characteristics, but as it is

comparatively expensive (1–30 USD/g), greater interest recently has been placed on using the more

abundant and less expensive tantalum (0.08–0.80 USD/g), niobium (0.025–0.30 USD/g), and vanadium
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(0.30–0.60 USD/g, from [31]; for finished Pd, cf. [32]), among others. These metals suffer from slow

dissociation/re-association, and so research has focused on modifying the surfaces to catalyze this reaction.

Often, alloying the pure metals mitigates these problems.

Table 2.2: Pure metal membrane interaction properties. Higher H solubilities and lower activation
energies lead to higher permeation rates (H flux, JH), while stable hydride formation leads to lower
permeation rates and increased risk of embrittlement; table from [22].

Crystal

Structure
Metal

Hydride

Composition

H solubility

(H/M @ 27 ◦C)

Hydride

∆H formation

(kJ mol−1)

H permeability

(mol m−1 s−1 Pa1/2)

fcca Ni Ni2H ∼ 7.6× 10−5 -6 7.8× 10−11

Cu ∼ 8× 10−7 4.9× 10−12

Pd PdH 0.03 +20 1.9× 10−8

Pt PtH ∼ 1× 10−5 +26 2.0× 10−12

bccb V VH2 0.05 -54 1.9× 10−7

Fe FeH 3× 10−8 +14 1.8× 10−10

Nb NbH2 0.05 -60 1.6× 10−6

Ta Ta2H 0.20 -78 1.3× 10−7

hcpc Ti γ-TiH2 α ∼ 0.0014 -126

β ∼ 1.0

Zr ZrH2 < 0.01 -165

Hf HfH2 α ∼ 0.01 -133

β ∼ 1.0

a. fcc = face centered cubic; b. bcc = body centered cubic; c. hcp = hexagonal close packed

Further discussion of the most mature of the H separation membranes, Pd, is warranted, as any

viable alternative material must at least meet its performance. Pd benefits from the ability to naturally

catalyze the dissociation/re-association reactions of H at its surface, leading to H permeability as high as

2.2× 10−5 mol m−1 s−1 Pa1/2 with αH/N2
as high as 40,000 [33]. The permeability for a Pd membrane

increases as temperature increases (see Fig. 2.4), with practical getting temperatures topping out around

900 ◦C [29]. However, it cannot survive extended use because its performance rapidly degrades when its

surface is lightly contaminated. Additionally, as it is used and forms hydrides in its bulk, its unit cell

lattice parameter increases from 0.3890 to 0.3895 nm for the α phase (0.13% increase) and to 0.410 nm

for the β phase (5.4% increase). While this increase may appear small, it can lead to strain in the Pd

and recrystallization that changes bulk and grain boundary properties.

Alloying elements have been added to improve these qualities, with silver and ruthenium demonstrat-

ing markedly improved performance in both solubility of H and mechanical properties, and copper and

gold offering improved solubility and resistance to surface deactivation in the presence of contaminants
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Figure 2.4: Change in hydrogen flux through a Pd membrane from 0–600 ◦C. Steward notes that the
work of Koffler et al. seemed to be based on a more reliable data analysis and was therefore more preferred;
equations noted in [29].

[27]. Lessons learned from alloying Pd were carried over to alloying other metals as well. Alloys aim to

maintain the body centered cubic structure in Group IV (zirconium, titanium, hafnium) and Group V

(vanadium, niobium, tantalum) metals, as they are best suited to H permeation. Zirconium, molybde-

num, ruthenium, and rhodium have been shown to suppress embrittlement, while copper, nickel, silver,

and iron have been shown to reduce the negative effects of gas impurities (e.g., H2S, CO2, and H2O)

[22]. The best performing, non-Pd alloy reported by Ockwig is V85Ni10.5Al4.5 with a permeability of

5–7× 10−7 mol m−1 s−1 Pa1/2.

While alloying has shown improvements in permeability and stability, the alloying elements also add

possible interactions between the H and the chemical or structural defects they cause in the membrane

and could lead to H trapping. The trapped atoms reduce total H flux and can degrade the alloy. One

option to mitigate these problems for both Pd and other metal alloys is to create micrograin or nanograin

alloys, as diffusion rates along grain boundaries are typically faster than through the grains themselves.

Results have been mixed [22].

Another option for pure metallic membranes is to create an amorphous structure i.e., a metal with a

disordered atomic-scale structure. Amorphous metal membranes typically exhibit better mechanical and

structural properties than crystalline membranes, and can be stabilized in alloy form, avoiding the need

for defect-free film growth on the surface. In addition to better mechanical and corrosion performance,

they also often exhibit higher H solubility. Such membranes are also much more flexible and homogeneous

than their crystalline counterparts, making it easier to create catalytic surface coatings. Amorphous metal

membranes, however, still require research, as none yet exceeds the performance of Pd alloys. Significant

research has gone into developing these types of membranes; while they are still an area of active research,

amorphous metal membranes will not be investigated further here (for additional information, see [22]).

Metal membranes, particularly Pd, are the standard for H separation. However, they tend to be
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reactive to many types of molecules which potentially could be part of a mixture with H. Additionally,

metal membranes generally suffer from degradation over time and often require costly materials in their

construction, prompting the investigation of alternative materials.

2.2.1.2 Inorganics and Carbon

Inorganic membranes include combinations of silica, zeolites, oxides, and glass, with the most devel-

oped material options being silica and zeolites.

Silica membranes are easy to make, scale nicely, are inexpensive to produce, and are not susceptible

to H embrittlement. They have a network of connected micropores approximately 0.5 nm in diameter and

can accommodate separations of small molecules. They generally consist of a selective membrane layer

connected to a structural support substrate via an intermediate layer [33]. Typically, a mechanically

stable, porous, non-selective substrate such as aluminum oxide is chosen to provide structure to the

membrane. The intermediate layer is made by dip-coating the substrate in nanopartical dispersions,

typically of alumina, silica, or zirconia, followed by drying and calcination. This process is often repeated

with graded particle size to form a uniform cover, as shown in Fig. 2.5. Then, the selective membrane is

attached to the intermediate layer in one of two processes.

Figure 2.5: Diagram showing why graded particles can achieve a uniform coating. The blue represents
the porous metal with gaps on the surface. Attempts to coat the metal surface with the intermediate or
membrane layers often result in pinhole leaks, gaps, or cracks in the coating as shown in (a) and (b).
These coverage diagrams apply to both membrane attachment processes; drawing from [33].

In the first, known as the sol-gel method, a colloidal silica solution is spread on a substrate, polymer-

ized, and dried through careful control of pH, temperature, mixing, and time [33]. Chemical interactions

between silicate monomers and molecules used in the solvent affect pore size, structure, and stability,

making the chemistry as important as the processing. The second, more effective method is known as

chemical vapor deposition. Reactive chemicals are vaporized and flowed past the substrate, gradually

depositing on the surface. For both processes, inorganic oxides (e.g., TiO2, ZrO2, Fe2O3, Al2O3, and

NiO) have been added to improve the stability of silica membranes to steam. It should be noted that

chemical vapor deposition of silica membranes have achieved a H2/N2 permeance ratio of 1,000, and

another formulation achieved a H selectivity of 100% without loss of permeability [22].
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Microporous silica membranes are low cost, offer high stability and high performance, but lack sys-

tematic studies of operational stability and will likely suffer from pores closing during use (referred to

as densification), phase transformations, and structural disintegration at elevated temperatures and high

steam pressures [33]. Because they contain ceramics, rapid pressure fluctuations will likely not be possible

with such membranes. However, they do offer a promising non-metallic membrane.

Zeolite membranes, another inorganic membrane type, combine pore size and molecule shape

selectivity with inherent mechanical, thermal, and chemical stability for a membrane that can be used

in long-term separations [22]. Zeolites are inorganic framework structures made of TO2 units where T

represents an atom that can form tetrahedral structures (silicon, aluminum, boron, germanium, etc.). The

shape and distribution of pores can be tuned by adjusting the number of T atoms in the ring that makes up

the pore, accomplished by the choice of zeolitic phase(s). This tunability makes zeolites versatile molecular

sieves, though viscous flow through the grain boundaries is another important transport method, as shown

in Fig. 2.6.

Figure 2.6: Representation of possible permeation pathways through a zeolite membrane on a nonselective
oxide support (e.g., Al2O3). The intrazeolite path consists of five steps: (1) adsorption from the feed stream
to zeolite external surface, (2) diffusion from surface to inside of zeolite channels, (3) diffusion in zeolite
channels, (4) diffusion from zeolite channel to external surface, and (5) desorption from external surface
to gas phase. Interzeolite path is dictated mostly by gas component size. Not to scale; figure from [22].

At present, it is difficult to exclude intercrystal pores in the zeolite films. When the intercrystal pores,

also referred to as nonzeolite pores, are larger than the zeolitic pores, the membrane suffers a significant

decline in separation efficiency [22]. The type of zeolite, the synthesis procedure, and the calcination

conditions affect the number and size of such pores. Fig. 2.6 notes the steps of transport that are

possible in zeolites, but the actual mechanism depends on the gas adsorption properties of the zeolite.

If the gas does not adsorb, it may directly enter the pores of the zeolite from the gas phase. In such

situations, smaller, highly mobile molecules tend to permeate at a much greater rate than the larger, less

mobile molecules.
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2.2.1.3 Other Membrane Types

Carbon membranes are H rejective membranes that are prepared from organic polymers that

are converted to pure carbon by treatment at high temperature in an inert atmosphere [22]. Films,

hollow fibers, and capillaries have been prepared. They benefit from the ability to finely adjust the pore

dimensions and distribution by selectively adjusting the chemical pretreatment, using different precursors,

and through simple thermochemical treatment [22]. Because of this, they make for useful molecular sieves.

This fine tunability is important because it has been shown that different isotopes of H can be separated

by molecular sieving [26].

Unfortunately, carbon membranes suffer from extreme brittleness and are 10–1,000 times more ex-

pensive than polymer-based membranes because they are primarily made from polyimide. Thus, much

research is focused on improving their capabilities and substituting construction material for something

less expensive (e.g., polyacrylonitrile). These types of membranes are not ready for commercial applica-

tions.

Polymeric membranes can be porous or nonporous. Porous ones operate mostly on pore size diffu-

sion, including Knudsen and surface diffusion, capillary condensation, and molecular sieving. Nonporous,

or dense, polymeric membranes operate by solution diffusion. There are also ionic and ion exchange

polymers, though those usually prevent H from crossing and selectively pass certain constituents, such

as carbon dioxide.

The primary benefit of polymeric membranes is their low cost and great chemical flexibility. However,

they generally have limited mechanical strength, are sensitive to deformation, cannot operate at temper-

atures much above 100 ◦C, and are susceptible to various chemicals which are often in mixtures with H.

These weaknesses preclude the use of polymeric membranes for commercial H recycling.

2.2.1.4 Hybrids or Composites

The final category for membranes is hybrid or composite structures. This category includes metal-

coated silica systems, cermet, and complex zeolites. Metal coatings on silica layers can utilize the selec-

tivity of those metals through a very thin layer, and benefit from the transport properties of the silica

system to produce membranes with many of the benefits of metal membranes at a much lower cost.

Argonne National Laboratory produced several cermet (ceramic-metal composite) membranes expressly

for high H flux and selectivity. Their membranes consisted of 40–50 vol% of metal or alloy dispersed in a

ceramic matrix to achieve permeabilities as high as 5.36× 10−6 mol s−1 m−2 [28]. They were Pd in Y2O3-

stabilized ZrO2. Synthetic zeolites have been shown to be able to separate isotopes of H (and mixed H2

molecules, such as 1P2D) via molecular sieving at cryogenic temperatures [26, 34]. Hybrid membranes

are not commercially available, but hold promise to be a viable replacement for Pd membranes with

comparable performance.

2.2.2 Adsorption Separation (Getters)

Membrane materials are capable of adsorbing H, though as a membrane the desired behavior is to

transport the adsorbed H through the membrane thickness. Studies have looked at using this adsorption
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for storing H instead, particularly for storing 3T. Other materials, including heavy metals, binary alloys,

carbon-based compounds, and metal organic frameworks (MOFs), have also been investigated, though

currently metal- and metal alloy-based systems hold the most promise. When used for storage, these

materials are referred to as getters. For most getters, metal hydrides are formed (MH, MH2, or MH3),

binding the H. These hydrides are typically of lower energy, allowing the H to be liberated again by

adding enough energy, generally in the form of heat. Each of the material groups will be briefly discussed

in Sec. 2.2.2.2. However, the fundamental operation of all getter materials is largely the same. They

immobilize H by one of two methods [35]:

1. By dissociative chemisorption of gaseous H and diffusion of atomic H in the solid matrix (absorp-

tion). For this process, the rate determining step is generally reported to be the internal diffusion

or the growth and nucleation of the hydride phase (the β phase for getter metals).

2. By physical adsorption of H on the getter, forming a strong bond confining H mostly to the surface.

The rate limiting step here is usually the dissociation of the H2.

Both require appropriate temperature and pressure to operate effectively.

Getters are of interest for H separation because are capable of reversible uptake and immobilization of

H isotopes by forming hydrides. This allows getters to store large amounts of gas in small volumes when

compared to traditional H storage methods involving compressed gas or cryogenic storage. In most cases,

if the getter has been properly prepared, the hydriding reactions require “tens of seconds” to acheive

70–80% completion, and are essentially complete within minutes [36]. When released, the H is typically

of very high purity, making getters one of the least involved means of purifying the gas. The getters

experience an effective H vapor pressure above them which, if maintained, allow the getters to continue

to hold the H for years under proper conditions. For many getters, the vapor pressure remains low even

at room temperature, while others require cryogenic temperatures for long-term storage.

As with any technology, there are some unfavorable features that must be designed for [35]:

• All known getters must be activated before they will capture H. This activation consists of expos-

ing the getter material to high temperatures (typically 400–600 ◦C) under vacuum followed by H

exposure at high pressure. The material must go through several hydriding cycles (charging with

H and releasing it) before it is fully activated into a free-flowing powder that will readily adsorb H.

• Once activated, the powder not only adsorbs H, but also reacts with oxygen, nitrogen, moisture,

oxides, and other species in side-reactions that can reduce or destroy the adsorptive capacity of

the getter. These reactions can be reduced somewhat by treating the surface to make it more

selective (e.g., fluorination pretreatment with a KF solution or HF, a process shown to increase

matrix surface area and increase reaction selectivity).

• As already discussed in Sec. 2.2.1.1 above, materials expand on hydriding, and upon dissociation

can be left with altered adsorption and thermal conductivity properties, suffer decomposition, or

segregate into separate elements. If a getter system fails to accommodate these changes, it could lead

to large mechanical stresses on the bed walls, loss of effectiveness, and fine particulates dispersed

throughout the system.

• While modeled on equilibrium conditions, in reality these conditions are rarely met, and the getters
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typically adsorb less than models would suggest and do not release all that they have adsorbed.

• The hydriding reaction is exothermic, releasing large amounts of heat, and dehydriding requires

large amounts of heat (around 30 kJ mol−1 [37]). For scale, in a study investigating requirements

for getter use in vehicles, it was estimated that the getter beds would require 700 kW of cooling

during the hydriding reaction, and would require similar heating rates for release [38]. For reference,

the 700 kW needed for H capture or release is equivalent to 938 horsepower, meaning the release

energy could not be supplied by a typical internal combustion engine. Larger getter beds would

have higher heating/cooling requirements.

• Related to heating, getters function best as powders, which have very low effective thermal conduc-

tivities, typically in the range of 0.5–2 W m−1 K−1 [35]. The use of high conducting materials such

as copper or aluminum balls or expanded graphite fibers as additives have been shown to increase

the effective thermal conductivity to about 10 W m−1 K−1 [38], though they reduce the storage

capacity by weight. Other methods include using high conducting metals as structural frames,

flowing the gas to induce convection, and creating compacts with high conducting materials.

• Chemical kinetics are generally poor, and it is possible to form explosive reaction mixtures with

oxygen and moisture.

• Even though they store large amounts of H in a small volume, the H to getter mass (referred to as

gravimetric storage capacity) is low because the getters are significantly more massive than the H.

• Getters are currently very expensive and require difficult operating conditions.

The basic equations that are used to model this behavior are not as simple to generalize as for

membranes, and will be presented below. Bhattacharyya performed a literature review, and simplified

the equations using assumptions that were common among many researchers, noted below [35]. Table

2.3 lays out the necessary variables for understanding the equations.

Assumptions:

1. The gas and getter are in thermal equilibrium (i.e., the same temperature for solid and gas).

2. The getter is isotropic and uniform (i.e., thermal conductivity, density, specific heat, and porosity

are the same in both radial and axial directions).

3. Gas behaves as an ideal gas, with density expressed as in Eq. 2.14.

4. Thermal properties of the solid do not significantly change with extent of hydriding.

5. The relationship between equilibrium pressure and temperature can be related through the Van’t

Hoff law (Eq. 2.15), and the kinetics of hydriding and dehydriding can be expressed through

Arrhenius-type rate laws (Eq. 2.10 and 2.11 respectively), with constants specific to the getter and

particular H isotope combination being considered.

6. Gas velocity in the porous region can be expressed by Darcy’s law (Eq. 2.12).

7. Heat loss can be incorporated in the wall boundary condition by the use of an overall heat transfer

coefficient when coolant temperature remains almost constant. Otherwise, the coolant requires a

separate energy balance equation.

The system of equations below are used to model transport into a getter, including the reaction rate and

the mass of H collected. Material balances for the gas and getter are followed by energy balance and
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Table 2.3: Nomenclature for getter equations; adapted from [35]

A,B Van’t Hoff constants for equilibrium
temperature-pressure relation, demen-
sionless and K−1, respectively

ms mass of the solid, kg

C(t) density of the solid at any time, kg m−3 P instantaneous H pressure, Pa

Cpg specific heat capacity of the gas,
J kg−1 K−1

Peq equilibrium pressure of H over metal hy-
dride, Pa

Css density of fully hydrided or saturated
solid, kg m−3

R universal gas constant, 8.314
J mol−1 K−1

dp diameter of catalyst, m T absolute temperature of gas/solid (see
assumption 1 above), K

Ea activation energy of the hydriding reac-
tion, kJ mol−1

Ts absolute temperature of the solid, K

Ed activation energy of the dehydriding reac-
tion, kJ mol−1

t time, s

H enthalpy of hydriding reaction,
J mol−1 K−1

Vs volume of solid in the getter bed, m3

K permeability, m2 vg superficial velocity of gas in the porous
bed, m s−1

ka frequency factor for hydriding reaction,
s−1

ε void fraction in the hydride bed, dimen-
sionless

kd frequency factor for dehydriding reaction,
s−1

µ gas viscosity, Pa·s

ke effective thermal conductivity of the
porous solid, W m−1 K−1

(ρCp)e effective specific heat capacity of the H-
metal hydride system, J kg−1 K−1

Mg molecular weight of H isotope, g mol−1 ρg gas density, kg m−3

ṁ reaction rate, kg m−3 s−1 ∇ differential vector operator
(δ/δx, δ/δy, δ/δz)

rate equations, which are followed by fundamental equations and laws used to obtain various parameters.

The material balance for H is:

ε
δρg
δt

+∇ · (ρgνg) = −ṁ (2.7)

Material balance for the solid is:
dms

dt
= Vsṁ (2.8)

The combined energy balance, based on assumption (1), simplifies to:

(ρCp)e
δT

δt
+ (ρgCpg)(vg · ∇T ) = ∇ · (ke∇T ) + ṁ∆H (2.9)
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The rate equation for the hydriding step is:

ṁ = ka e
−(Ea/RTs) ln(

P

Peq
)(Css − C(t)) (2.10)

and for dehydriding:

ṁ = kd e
−(Ed/RTs) (

P − Peq

Peq
)Css (2.11)

Darcy’s law is:

vg = −K
µ
∇P (2.12)

where K, the permeability, comes from the Kozeny-Carman equation:

K =
d2p ε

3

150(1− ε)2
(2.13)

Gas density from the ideal gas law is expressed:

ρg =
MgP

RT
(2.14)

Finally, Van’t Hoff’s law is:

ln(Peq) = A− B

T
(2.15)

2.2.2.1 Design of a Getter System

The design of a typical getter test system is illustrated in Fig. 2.7. The full system has the getter

in an inner vessel surrounded by a heater. A thermocouple sits in the powder to measure the powder

temperature. This tank is valved off from other measurement instruments and reservoirs of feed gas. The

close-up of the getter vessel shows filters, heat transfer mechanisms (copper blocks holding the powder

and copper beads mixed into the powder), an inlet on the annulus outside the getter block, and an outlet

through the center of the getter block.

Figure 2.7: Left: Diagram showing typical setup for a laboratory-scale system for testing getter perfor-
mance. Right: Detail of the inner vessel design and loading; diagrams from [39].

Bhattacharyya elaborated that getter beds are typically double containment to lower permeation
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losses and to improve recovery of permeated hydrogen [35]. These vessels are typically stainless steel type

316L cylinders, and often include heat transfer (such as copper plates) and permeation barriers (such

as oxide layers or coatings) to reduce permeation. Getter powder is typically confined between steel

or ceramic screens with mesh/pore sizes around 2–5 µm. These screens allow gas access to the getter

while trapping the majority of fine particulates generated by hydriding/dehydriding cycling of the getter,

preventing system contamination.

Horizontal configurations typically have multiple tubes holding the getter arranged in an array, like

in Fig. 2.7, while vertical systems are usually a getter vessel inside an outer vessel acting like a jacket.

The annulus between vessels can be used to provide cooling by flowing an inert gas, or the heating from

the exothermic hydriding reactions can be controlled by limiting the amount of H introduced at any one

time. For long term storage, the annulus can be filled with another scavenger to further limit H gas

escape. Often, the primary vessel is divided into sectors using copper strips, which helps ensure even

loading and provides heat removal.

The beds are typically designed for a known amount of H, which will continue to be adsorbed until

the equilibrium pressure (effective vapor pressure) is achieved. The size of the bed should be sufficient

to allow for an even application of heat from heating rods, coils, or tape on the vessel. Total diameter

should be large enough to accommodate ports for inlet, outlet, and instrumentation, generally placed on

top of the closure. Vessel length and diameter ratios, which affect the total external surface area, are

determined by the outer surface temperatures during charging and the heat produced via radioactive

decay of 3T (0.324 W g−1 m−1) [35]. 3T inventory can be taken by passing an inert gas stream (generally

He) through the bed, and measuring the temperature rise. If such inventory is to be done, additional

ports for such measurements need to be accommodated.

2.2.2.2 Differences Between Getter Materials

The main classes of materials used as getters are heavy metals and their alloys, carbon-based materials,

light metal alloys, MOFs, and zeolites. The differences between them are summarized in Table 2.4.

Heavy metal getters have been studied more than any other getter material for 3T storage world-

wide, especially transition metals and rare earths and typically in binary (AB, AB2, and AB5) or more

complex alloys. The most widely used and studied getters, uranium and zirconium cobalt (ZrCo), are

in this category and are considered reference materials. Other common materials include titanium,

lanthanum nickel (LaNi5), and binary compunds of zirconium (ZrFe, ZrNi). H uptake is generally spon-

taneous at ambient conditions, and release is within reasonable limits. However, they suffer from low

gravimetric storage density (only 2–3% by weight) due to the mass of the metals used. Uranium powders

are also pyrophoric, and can spontaneously ignite in air when specific surface area reaches 2 cm2 g−1,

which occurs for spherical particle sizes below 1.59 mm (1/16 in) [40]. ZrCo has the closest performance

to that of uranium, but is less difficult to handle. Uranium and ZrCo have an atomic H/getter ratio of

about 3, while the same ratio for a Pd getter is about 0.7.

Hydrogen release temperatures range from a little over 100 to 850 ◦C. Metals (and nearly all getters)

experience a hysteresis between hydriding and dehydriding, with the degree of hysteresis dependent on

temperature and use history. They also exhibit the behavior where they can both capture and release H
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Table 2.4: Summary of the major advantages and disadvantages for using different getter materials for the capture and storage of H; table from
[35]

Material Typical form Advantages Disadvantages

Metals Uranium turnings/
powder

Fast kinetics, H uptake at ambient temperature
and pressure possible with powder, favorable ther-
modynamic properties, widely studied and used
for storage

Radioactive material, toxic, pyrophoric in powder
form, susceptible to poisoning by O2, N2, large
volumetric expansion on hydriding

Titanium pellets/
sponge

No reaction with ambient air, much less py-
rophoric compared to uranium, not radioactive

Relatively high regeneration temperature for H re-
covery, so suitable for long term storage, lower
storage capacity compared to uranium

Palladium powder Not radioactive or pyrophoric even in powder
form, relatively low regeneration temperature for
H recovery

Low gravimetric storage density among metals,
high cost

Metal alloys Powder/Chips/
Pellets

Tunable H storage properties depending on met-
als present in alloy, wide variety of metal combi-
nations can be used

Special synthesis techniques needed for each alloy

Carbon Porous/Activated
carbon, Nano-
tubes/Fibers

Opportunity of tuning storage properties by
changing synthesis techniques and adding doping
elements like palladium, recovery of H at ambient
conditions possible

All usable forms have to be specially synthesized
and treated, high pressure and cryogenic temper-
ature of H needed to load appreciable amounts of
H on carbon

Light
elements

Chemical hy-
drides of nitrogen,
lithium, alu-
minum, sodium,
boron

High gravimetric density of H as compared to
heavy metal based systems, property tuning pos-
sible and destabilization techniques can be applied
to improve thermodynamic properties

Most compounds are thermodynamically too sta-
ble, very slow kinetics of hydriding and dehydrid-
ing, high temperature and pressure needed

Metal organic
frameworks

Crystalline powder High surface area and pore volume allow H to be
physically adsorbed, recovery at ambient temper-
ature possible, fast kinetics, durability over many
cycles

High pressure and cryogenic temperature of H
needed to load appreciable amounts of H, have
to be synthesized specially, loss of surface area on
exposure to air

Zeolites Beads/Pellets High surface area and pore volume allow H to be
physically adsorbed, gas recovery at or above am-
bient temperature possible, much less expensive
compared to any other material

High pressure and cryogenic temperature of H
needed to load appreciable amounts of H
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at a range of temperatures. Fig. 2.8 shows capture and release isotherms for ZrCo, demonstrating this

effect. From that figure, it is also interesting to note that at and above 365 ◦C, the performance of the

getter is severely compromised due to the thermal energy disrupting the hydride bonds.

Figure 2.8: The isotherms of the ZrCo-H system, including charge and release; chart from [41].

Carbon-based getters include porous carbon, carbon nanotubes and fibers, and other structures.

Nanotube banks are capable of condensing H to about 5–10% by weight; however, the results are difficult

to reproduce. Variables affecting uptake include the structure (i.e., single or multi-walled, fibers or ropes),

the presence of other elements or doping agents (e.g., lithium or potassium), and the manufacturing

process used to make them. They can capture at room temperature, but require high pressures (1–10

bar) and exhibit higher storage capacities with higher filling pressures of H. Release temperatures range

from 27–325 ◦C, depending on the nature of the nanotubes [35], perhaps limiting their use for H storage.

Just as with carbon membranes, carbon-based getters also suffer from high manufacturing costs.

Activated carbon adsorbs H well, but performs best under high H pressures and temperatures around

77 K. It benefits from the fact that contaminant elements such as oxygen show only negligible effect on

the getting efficiency. Activated carbon powder at 77 K is able to adsorb 1% H by weight at 1 bar of H,

and 7% at 20 bar H.

Light element-based getters include nitrogen, boron, lithium, aluminum, and magnesium-based

materials and are often referred to as chemical H storage materials or chemical hydrides. These getters
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are most often investigated for use in onboard vehicle storage. While they have high H capacities, they

form hydrides that are extremely stable, resulting in temperatures of 600–900 ◦C to dissociate them in

the presence of a catalyst. They also store and release very slowly, limiting their practical use for a H

recycling center.

MOF-based getters are capable of storing significant amounts of H by physically adsorbing them.

They are porous compounds with metal ions coordinated with an organic molecule. They are tuned to

have a large surface area because that area acts as the storage medium; however, an optimized surface

area is 3100–4800 m2 g−1. Values below this range reduce storage availability, and values above do not

appreciably increase storage performance [35].

An example, Zn4O(BDC)3, where BDC is 1,4-benzenedicarboxylate, could adsorb up to 4.5 wt% of H

at cryogenic temperatures and 1 bar pressure, and 1% under ambient temperature and 20 bar pressure.

Their behavior can be further enhanced by adding metal ions (e.g., Li+, Cu2+, Mg2+), increasing the

number of polarized links, and using smaller pore sizes. Because of these facts, the generally accepted

mechanism for H uptake in MOF materials is the polarization of the H2 molecule by the metals, followed

by electrostatic stabilization [35]. A major problem with MOF getters is the cryogenic temperatures

needed to maintain storage.

Zeolite-based getters are able to store H at high pressure (up to 900 bar) and high temperatures

(up to 350 ◦C), which forces H into the zeolite’s pores. Once inside, it remains confined even when cooled

to room temperatures. This phenomenon, termed encapsulation, is highly dependent on the pressure,

temperature, and nature of cations present in the zeolite framework [35]. Zeolites are also capable of

physisorption at cryogenic temperatures (e.g., 77 ◦C) when H pressures are low. Increased surface area

corrilates well with increased storage capacity when physisorption is the dominant mechanism of H uptake

[35].

2.2.3 Cryogenic Distillation

Cryogenic distillation separates the components of a gas mixture by exploiting differences in their

boiling point. As an example, the process of cryogenic distillation for an air separation unit is illustrated

below in Fig. 2.9. Feed air is pre-filtered to remove dust, then compressed, typically between 0.5–1 MPa,

and passed through inter-stage coolers to remove water. This processed air is then passed through a

molecular sieve to remove other impurity gases (e.g., any remaining H2O, CO2, and hydrocarbons). The

purified air is then passed to an integrated heat exchanger, causing some of the air to liquefy. The chilled,

multi-phase fluid is fed into a cryogenic distillation column, which is further cooled by a separate device

that either expands compressed air through a turbine or cools through other means.

Oxygen liquefies first, and is removed. As the temperature continues to drop, argon is liquefied,

removed, and purified. The purification removes other liquefied gases in another distillation column until

the desired purity is reached. Liquid nitrogen cools last of the three gases noted here, and is drawn off

at the top of the column. High purity gases can be produced by boiling the liquids (e.g., see the argon

line shown in Fig. 2.9), or the remaining cold gases can be extracted and used to cool incoming air (e.g.,

see the oxygen and nitrogen streams in Fig 2.9).

Table 2.5 outlines the temperatures that different gases liquefy and boil at standard temperature
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Figure 2.9: Air is often separated by cryogenic distillation. The general process is depicted here for a
typical gas distributor; drawing from [42].

Table 2.5: Summery of boiling points at standard pressure for different gases of potential interest sorted
from lowest to highest; data from [43] (citation for page on 3T; data for the other gases were obtained
using the same service).

Boiling point

Gas (K) (◦C)

3He 3.2 -269.95

4He 4.23 -268.93

1P2 14.01 -259.16

2D2 23.67 -249.49

3T2 25.04 -248.12

N2 77.36 -195.79

Ar 87.30 -185.85

O2 90.19 -182.96

and pressure. The table is representative of a column in cryogenic distillation with feed coming in at the

bottom. As previously stated, oxygen, with the highest boiling point, is removed first. Argon and nitrogen
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are separated next as the mixture travels up the column. After they are removed, a mixture of H and He

remains, which must be cooled significantly more before they can be separated. The differences between

the isotopes of H can be a useful means for separating them. Note that pressure can be manipulated to

shift the boiling point temperature of the components in the mixture, with the boiling point for different

gases shifting by different amounts for the same pressure change. This can be utilized to increase the

boiling point temperature gap between different gases, making separation easier.

2.3 Concluding Remarks on Separation

The material above outlines separation processes generally, as well as separation techniques specific

to removing hydrogen. The purpose of the chapter was to provide the reader with an understanding of

the options available for consideration in this project. As noted above, there are some other separations

techniques that were not addressed here as they were not to be considered.
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Chapter 3: Design of Separation System and

Procedure

The original plan was to design a system that incorporates multiple separations processes that could

separate a gas stream containing both hydrogen (H) and helium (He) to a high degree of purity. Over

the course of two years, one separation method was spun off to a separate project with a slightly different

focus, while the project covered in this thesis was eventually reduced in scope to include only a single

separation method. This chapter discusses the design process for that system from method selection to

final build, including necessary changes after assembly.

3.1 Determining Separation Methods to Use

The criteria used to select viable separation methods for this project included:

• Immediate deployability—evaluated by whether the necessary components are currently available

for purchased from a vendor.

• Low cost as compared with other alternatives to keep the project within the established budget.

• High product purities—specifically, with H purities around 95%.

• Safety—the chosen methods needed to fit within the safety envelope set by the university.

• Small footprint—because the system would contain H, the entire system would need to fit in a

laboratory chemical hood for the university-led experiments.

• Availability of comparable results—evaluated by how large the body of literature was for a method.

Of the three possible separations methods discussed in Sec. 2.2 for H and He mixed gases, cryo-

genic separation was immediately ruled out as an option. Even though the components can be readily

sourced, such a separation system is large, complex, and beyond what could be supported by the available

laboratory space.

Most of the membranes mentioned in Sec. 2.2.1 are still in the experimental phases, and, therefore, not

available for immediate purchase. However, pure or alloyed palladium (Pd) and zeolite membranes can

be ordered, and are eligible. After some investigation, it was concluded that, if possible, a Pd membrane

would be preferred. This is because, unlike zeolite membranes, Pd has far fewer parameters that affect

its performance, making its operation more predictable. As the standard to which all other membranes

are compared, a large body of literature has accrued that would be useful for interpreting results and

determining experimental procedures. When looking to source a membrane, we were informed that we

would have access to a Pd membrane which was recently used in a different experiment that had ended,

and so plans were made to use that membrane.

Most getters in Sec. 2.2.2 are likewise experimental, leaving a choice between heavy metal or light

element getters. The heavy metal getters contain controlled and radioactive elements such as uranium,

and the actinide metal powders are explosively pyrophoric under ambient conditions. However, similar

to Pd for membranes, zirconium cobalt (ZrCo) is more predictable and has been selected as a standard

to compare all other getters, providing the benefit of more literature than for the other getter materials

besides uranium. It also has the benefit of not requiring temperatures that would be unreasonable for a
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small bench-top system with limited heating capabilities, and can currently be ordered from two different

companies.

3.2 Purpose and Overall System Design Goals

It was determined to investigate the use of a ZrCo getter powder and a Pd membrane for general

H separation potential, emphasizing the recycling of a gas consisting of almost pure tritium (3T) and

helium-3 (3He), such as what could be collected from spent exit signs. This system need to be able to

rapidly test some parameters of 3T/3He separation, including temperature and gas flow rate. Key criteria

guiding the design of the bench-top system included:

• The ability to rapidly evaluate parameters with minimal system changes—multiple experiment

parameters would need to be varied without forcing significant changes in system components or

layout. These parameters include the pressure of feed gas (which correlates to the amount of gas

initially charged), the temperature of operation, and effects of flowing the gas versus a static system.

• Allowance for flexible gas input—the project sponsors specifically wanted to test the effects of the

inclusion of an inert flow gas, which requires both a means of injecting the flow gas and a means of

removing it from the mixture.

• Reduction of system volume—since the system would contain nearly pure H at some point during

operation, it was desirable for safety to reduce the volume as much as possible. For the getter tank,

a smaller volume allows operation without additional cooling in place. For both the getter tank and

the membrane, a smaller volume also saves feed gas costs and allows rapid evaluation of operation

parameters.

• Ease of manufacturing—designer was to work with the welding shop to design components that

would be relatively easy to manufacture and required minimal customization.

• Ability to transition to pilot recycling—the system needed to be able to transition to use with

actual 3T/3He mixed gas streams with minimal changes required to the system. The gas source

selected for this criterion was exit signs which have been retired from service.

3.3 Evolution of the System and Its Components

As with any experiment, the design of the system and each component evolved over time. A discussion

of overall system evolution will be followed by the major component changes, along with the rationale

for those changes.

A piping and instrumentation diagram (P&ID) shows the configuration of system components, in-

cluding vessels and instrumentation such as thermocouples (TCs), and is useful to show the evolution of

the full system design. The major iterations for this system are shown in Fig.s 3.1—3.5. Each subsequent

iteration describes the changes from the previous design under the P&ID.
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Figure 3.1: First System P&ID. This is the base design used for discussions about making design
decisions. For details, see Sec. 3.3.1

Figure 3.2: First inclusion of membrane loop with direct connection to vacuum inlet.

Flow through the condenser was clarified, flow meter F2 moved to be more effective, valve numbering
changed to be more clear (getting loop had even-numbered valves, membrane had odd), and configuration
modified to enhance flow. With this setup, operation through either separation loop flows counter-clock-
wise through V1 and either [V2, V4] or [V3, V5] and the blower. V6 and V8 would be closed to prevent
flow elsewhere in the system. If flow gas was included, the forced flow could circulate counter-clockwise
through either loop, V6, the condenser, V8, and V1, bypassing the blower. After H/He separations, the
He/Ar mixture could be circulated clockwise through the Blower, V8, condenser, and V6, with V1, V4,
and V5 closed. The loop allowing the gas capture tank to be vacuumed out was accidentally omitted.
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Figure 3.3: Argon condenser clarification, heated membrane.

Instrumentation and valves renumbered to simplify the operating procedure. P2 and F moved to other
side of line 2-4 (getting line) so that flow could be reliably measured with either separation loop active.
Level sensors removed. Crush drum distinctively marked to show it’s a placeholder not to be included
in the prototype system. A pre-heater was added to the membrane loop. The Ar condenser and liquid
capture tank design was further developed, and expected orientation reflected in the diagram. The
evacuation loop to vacuum out the gas capture tank was added back in.

Figure 3.4: Last draft iteration including all portions of the system that had been discussed.

Instrumentation colored and renumbered to match numbering paradigms used elsewhere in the diagram.
TC added to membrane loop. P4 moved away from blower inlet to reduce effects of turbulence at the
inlet. TCs for condenser moved outside vessel to simplify manufacturing. Pressure gauge added to liquid
capture tank to provide a means of measuring pressure buildup if the Ar was to boil off. LN flow path
clarified, and condenser rotated to match new design configuration (see Sec. 3.3.3).
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Figure 3.5: Final system design for both separation methods.

It was determined that the recirculation blower and membrane tank could not be included (see Sec. 3.3.1), so they were marked as such. Style
of line from V7 to evacuation loop changed to make it clear that it was not teed into the lines between V6 and V8 or between V10 and V11,
but into the evacuation loop by V14. It had been determined that fluorinated ethylene propylene gas sample bags would be used to capture
the gas, not metal tanks, and was marked as such. V6 was added in front of the blower for two reasons: to close off the system as that blower
would not be built in, and to allow for eventual operation with or without the blower. Valves were renumbered to allow for even-odd segments
and loops, and to assign numbers higher than 10 to everything outside of the main separation loops to further help with segmentation for the
written operating procedure.
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3.3.1 Full System Design

The first iteration, shown in Fig. 3.1, provides the baseline for the other iterations, and so will

be summarized here. It included a visual representation of where gas would be injected for exit sign

processing (the crush drum), where the exit sign ampules would be crushed. The liberated gases would

then flow to the getting tank, where H is captured. When only He remains, it is vacuumed out through

valve 6 (V6) to a capture tank. As the project sponsors explicitly stated that they were interested in the

inclusion of an inert flow gas to flush the gas mixture from the crush drum, the bottom portion of the

diagram depicts a condenser to allow the removal of any added flow gas using liquid nitrogen (LN) as

a coolant. The gas chosen was argon (Ar) because it liquefies below the temperature of liquid nitrogen.

An additional loop to test the effects on getter performance of forcing the flow of the mixture through a

recirculation blower was also included for discussion. The ability to flow the gases in the system could

also be a means to provide cooling for the getter powder. Finally, a loop through V5 to evacuate the

capture tank is included.

By the final iteration, the system design consisted of a membrane separation loop in parallel with the

getting tank. Instrumentation had been more carefully considered, and specifics for the condenser and

liquid Ar capture tanks had been worked out and reflected in the diagram. The membrane loop requires

continuous vacuuming on the back side to maintain the maximum concentration differential (through

V7), so it is directly connected to the inlet of the vacuum pump by a dedicated line.

The portions marked with gray in Fig. 3.5 are to be excluded from the build, but remain in the P&ID

as placeholders to aid the sponsors with scale-up. The crush drum is excluded because the system is filled

by compressed gas cylinders for our tests. The membrane loop was excluded because the Pd membrane

could not be obtained. Because the membrane tank had to be designed around the membrane, the tank

design could not be completed. The blower was excluded for budget reasons, and because no off-the-

shelf blower or vacuum pump equipment could handle the expected -200 to +400 ◦C. It was explained

by multiple equipment manufacturers that such devices were designed to operate either in elevated or

cryogenic temperatures, but not both, due to the demanding tolerance required to maintain vacuum

pressures. However, custom or parallel systems can handle this range, and it had been concluded that

circulation would benefit the separation processes, so it remained as a placeholder on the P&ID.

3.3.2 Getter Tank

As the most important part of the system (since the membrane tank could not be included), the

Getter Tank both was the first component designed, and had the most iterations of any component. The

design generally followed the guidelines outlined by Bhattacharyya laid out in Sec. 2.2.2.1 [35]. Namely,

it was designed to have an internal vessel holding the cartridge heater and the getter powder, with an

outer vessel to allow gas flow and to act as a buffer for H diffusion. The getter is trapped in the inner

vessel using micron-scale screens, which are made of 316L stainless steel. The getter bed was initially

designed for a specific amount of H, but was later enlarged to make the getter tank easier to handle.

Inlets and instrumentation ports penetrate through the outer vessel, and an outlet is positioned to force

gas flow through the inner vessel.
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Two main designs were initially considered, shown in Fig. 3.6. Both concepts used porous plates

(metal barriers with pores on the micron scale) on the bottom and top of the getter tank to keep the

getter powder inside the vessel while still allowing gases to flow through. The concept on the left of Fig.

3.6 flows gas from the bottom, through a diffuser, and out the top. The concept on the right injects

the gas either on the side or top of the vessel, flows through the annulus, and then drifts up through

the getter and out the top. The diffused injection would be a flanged connection, while the upper/side

injection would either be screwed together at the top or bolted down with no flange.

Figure 3.6: Getter tank design concepts. Left: upward flow through a diffuser and out the top; Right:
injection through top or side and flow through annulus; Middle: methods of securing the tanks.

It was determined that manufacturing and mounting the upward flow tank would be significantly

more difficult, and so the getter tank was designed with a side entry port and a lid secured with small

screws. Trying to design for an expected amount of gas, the volume of the inner vessel was initially

calculated to hold the volume of getter necessary to capture one sign’s worth of H (0.224 mmolH1
or

2.5 mLH2) to reduce activity during tests with 3T, as one sign contains approximately 6.5 Ci of 3T.

This internal volume was found to be 0.018 cm3, assuming a getting efficiency of 80% [41], or about

12.6 mmolH1
/cm3

getter. This volume resulted in a tank less than 1/2 in long, which was too small to be

conveniently handled. The inner vessel was adjusted to 5 inches tall with an effective internal volume

(excluding volume taken up by the cartridge heater) of 20.5 cm3, enough to capture 1,154 signs (5.8 L

or 1.56 g) of 3T.

Other design principles guiding the initial concept included:

• Balance system compactness with manufacturability. Standard pipe is used for vessels, with sched-

ules high enough to give needed thickness.

• The lid seals the outer vessel. Gas enters via a tube through the outer vessel, and most of the gas
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must pass through the inner vessel to escape via a tube through the lid, allowing the inner vessel

to remain without a tight seal against the lid.

• Heater has intimate contact with getter powder.

• Two TCs enter through the bottom for redundant measurements.

This design is detailed in Appendix A.

In discussions with machinists and welders, two major issues necessitated design changes. First,

the groove for the seal for a compact lid design would leave dangerously thin walls, making for a brittle

component. Additionally, o-ring and gasket materials generally cannot survive the temperatures expected

for getter activation (up to 450 ◦C for ZrCo), and such a compact design puts the seal within millimeters

of the heater, exposing it to high heat fluxes. Second, the system did not have allowances for thermal

expansion which could result in high stresses. The inner vessel initially was designed with 1/8 in rigid

legs welded to the bottom, and was designed to seat against the lid (see Appendix A). The manufacturing

team suggested adding some space for thermal allowance, and switching from a compact lid to a flange

that could be more easily cooled to preserve the o-ring.

To solve these problems, the next design iteration saw a flange with small bolts and the inclusion of

a stacked wave disk spring under the getter tank. To prevent sideways motion, pegs were added on the

bottom of the outer vessel floor to center the spring and inner vessel. The bottom of the outer vessel was

broken out as a separate part that would be welded on, which was not explicitly addressed in the original

drawings. This iteration is also included in Appendix A.

The final major iteration came from a design review, where methods of cooling the o-ring were

discussed. It was decided to base the flange on ASME flange design principles and to include a copper

cooling tube in the flange itself. ASME standards dictated a much larger flange with four large bolts

instead of the three smaller ones [44]. Then, when ordering components, it was discovered that the porous

plates, which were assumed to be 1/16 in thick, were actually sintered steel screens less than 0.01 in thick,

necessitating design changes to the inner vessel. The screens would be sandwiched between two washers

and inserted into rings cut out of the inner vessel walls. The final drawings are in Appendix B.

3.3.3 Condenser

Initially, the condenser was envisioned as a horizontal shell-in-tube heat exchanger with a H/He/Ar

mixture flowing in from one side through the shell, and LN flowing counter-currently through the tubes.

Liquefied Ar would drip off the tubes to the bottom, which would be sloped towards a drain, shown in

Fig. 3.7. This design suffered from being difficult to manufacture (notably the slope on the bottom), and

from the fact that small amounts of Ar were likely to be used in the small system, and it was unsure if the

condensation beads formed on the tubes would collect into large enough drops to fall and flow through

the drain. Additionally, even if the drops did fall, the slope was not cooled, and would boil off much of

what fell.

Dr. Christensen, being an experienced heat exchanger designer, simplified the design to a vertical shell-

in-tube, with LN flowing up through the tubes. The mixed gas would enter from the side approximately

1/3 from the bottom, and exit out the top. Condensed Ar will flow down the vertical tubes by gravity,
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Figure 3.7: Argon condenser design concepts. Left: initial horizontal design; Right: tilted vertical
design.

even in small quantities, and then flow out the side of the tilted cylinder. This design also kept the

Ar pool in contact with a wall that was also in contact with LN, helping to keep it liquefied. After

manufacture, the possibility of flooding the vessel with liquid nitrogen on the shell side and flowing the

gas mixture up through the tubes from the bottom was discussed. In that configuration, heat transfer

would be more efficient, and the liquefied argon could drip through a tee below the vessel to the holding

tank.

Other design principles guiding the initial concept included:

• Balance system compactness with manufacturability. Standard pipe is used for vessels, with sched-

ules high enough to give needed thickness.

• The end-caps are identical, with flared openings to allow LN to spread out and fill all tubes (or to

allow liquefied argon to flow back through the gas inlet).

• Gases flow through, contacting the tubes, and any gases not liquefied escape through a tube near

the top. In the design where the shell is flooded with LN, the non-liquefied gas would escape out

the top of the heat exchanger, and boiled nitrogen would escape through the side tube.

• Instrumentation is included in the entrance and exit tubes, rather than in the condenser itself, to

allow the system to be fully enclosed.

CAD work did not begin until after the change to a vertical design, with only minor changes. As it did

not go through significant, rigorous design iterations, no drawing is included in Appendix A, and the only

drawing included will be the final in Appendix B.

The liquid holding tank attached to the condenser was designed to be a small vacuum flask, such as

a metal drinking bottle, wrapped in tubing through which LN would flow on its way to the condenser.

The wrapped flask would be in a container filled with insulating material (see Fig. 3.8). Before rigorous

CAD work began, some initial setbacks resulted in the option for Ar being cut from the system build

(see Sec. 3.4). No formal engineering drawings were made of this component.

However, preliminary investigation into the feasibility of this design found that the vapor pressure of

liquid Ar at the boiling point of LN (77.36 K) was 4.4 psi (0.3 atm) [45], which is significantly higher than



39

Figure 3.8: Argon capture tank design concept.

vacuum pressure. A pressure gauge and TC was added to the capture tank just below the isolation valve.

The TC would help determine if liquid Ar was flowing, while the pressure gauge would help determine

the rate of boil-off and confirm vapor pressure in the tank if this preliminary capture tank design is

included at some future date. It is expected that at least one iteration on the liquid Ar tank design will

be necessary before construction (e.g., to include a pressure relief valve).

3.3.4 Membrane Vessel

A Pd membrane was included fairly early on in the system design, as it was thought that we’d be

able to borrow one for the experiment. A rough, initial first draft of the vessel to hold the membrane

was put together to facilitate discussion and act as a placeholder until the membrane was located, as its

exact dimensions were unknown. The second iteration of the tank design was to build on the example

in Fig. 2.2 with discussions determining the best way to fold concepts from that example system into

the present design. However, this discussion led to an understanding that the membrane could not be

obtained and further led to the decision to cut the membrane from the design. This initial design followed

similar design principles to the other components:

• Balance system compactness with manufacturability. Standard pipe is used for vessels, with sched-

ules high enough to give needed thickness.

• Heater must have intimate contact with membrane.

• Instrumentation is positioned outside the vessel to allow for integral design and greater sensitivity

to control heaters.

• The membrane must remain undamaged, so seal and holder is designed around exact geometry.

This design be found in Appendix A.

Study of gas membrane systems and input from interviews recommended that the membrane loop
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be capable of some form of gas flow, leading to the solidification of the blower in the full system design.

Design of the vessel, however, did not continue past the initial draft, as it was cut from the system. It

remained on the final P&ID to indicate where it would fit in the process, should the project sponsors

choose to incorporate it later.

3.4 System Build and Simplification

The full system, as designed, could not be built because the membrane loop could not be completed

and a blower could not be sourced. It was decided to reduce the system to focus on the getter, leading

to the design in Fig. 3.9. While the system was being built, some features of the design could not be

implemented, and the system was built as closely as possible to the original design. A few additional

changes were made to ensure the system would still work as designed. This final design P&ID is included

below as Fig. 3.10.

Differences between the original reduced design and the final as-built design include:

• Addition of a vessel referred to as the Fill Tank. This helped to standardize the amount of gas

that was charged to the system (rather than relying on length of tubing from the cylinders) and

charged more gas to the system because the vacuum pump volume was much larger than expected.

For safety, it was determined that V0 must be closed when running to preclude any blow back into

the H-containing tank.

• Addition of a TC (T1) by the fill tank. This was added because when H is released, it is hot enough

to potentially cause damage to the capture bag or other equipment. So, it was planned to allow

the H to occupy the fill tank where its temperature could be monitored by T1 until it had cooled

sufficiently for removal.

• Elimination of the line between V0 and V10. This was done to allow the system to be more compact.

• Addition of a pressure transducer (PT) on the evacuation line. Because the vacuum pump’s internal

volume was so large, the changes in pressure after the getter tank were too small to be read by

analogue pressure gauges, and an instrument with higher resolution was deemed beneficial.

• Addition of V15, V16 in front of the capture bag. Due to the accidental use of the wrong graphic

in the original reduced system P&ID (a tank instead of a bag), those two valves are added so that

one could be removed with each capture tank (containing He, then containing H).

While testing the system, it was found that the gap between the hole in the top screen and the heater

rod was greater than 5 µm, and powder was escaping through the tank outlet. An in-line filter was

purchased and inserted between the getting tank and V10. Additionally, minor adjustments were made

to improve the usability of the system in the lab setting. After adding all the instrumentation, sensors,

and wiring, the system was complete and ready to perform a validation run with nitrogen. Photos of the

final system can be seen in Fig 3.11.

3.5 Data Capture

The Laboratory Virtual Instrument Engineering Workbench (LabVIEW) code, from National Instru-

ments, was chosen for data collection because the team already had experience working with it, and
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Figure 3.9: P&ID for the simplified or reduced system, optionally including a valve on the outlet of the
getter tank. The original numbering was unintentionally carried over.

Figure 3.10: P&ID for the reduced system as it was built.

because much of the hardware was already owned by the department. The front panel shows the P&ID

of the as-built system with readouts for the instrumentation positioned where it would sit on the P&ID.

Below this is a grid of data to assist the experimenter, including expected pressures and gas purity which

are computed when the program starts. After these are computed, the program reads in four TCs and

the pressure transducer every two seconds, displays them on the P&ID, tracks them on a chart, and

writes them to a file. The redundant TCs have their signals averaged, as well.

Screenshots of the code and front panel, a more detailed explanation of the code, and more details

about the setup is included in Appendix D.
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(a) View of the system from the back side while still in the shop. The Ar condenser can be seen on the left,
disconnected from the system.

(b) Front view of the completed system in the hood at the lab. Differences between this image and the image
above include: (1) the inclusion of the Fill Tank a pressure gauge and a TC on right before the getter tank; (2)
black-handled valves replaced with yellow-handled steam valves to survive the possible 400 ◦C gas that will be in it;
(3) replaced pressure gauge on the left before the vacuum pump; (4) inclusion of pressure relief valves on vacuum
pump outlet, (5) insulation on the getter tank; (6) pressure transducer in back visible just to the left of the getter
tank; (7) inclusion of electronics.

Figure 3.11: Photos of the system, as built, including a back view in the shop, and a hood view in the
lab
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Chapter 4: Validation and Lessons Learned

4.1 Development of Experimental Procedures

For the purposes of this thesis, the only experimentation performed will be simple validation tests to

show that the system holds pressure and the getter removes hydrogen (H). However, some additional tests

were planned for the full system design to collect useful information, which can be easily implemented

by other students or the sponsors later. These will be discussed in Sec. 4.1.2.

4.1.1 Validation

After the system had been designed, a procedure was drafted to validate the system, and reduced

the procedure to a step-by-step, written standard operating procedure (SOP). It was based on Fig. 3.5

under the assumption that a membrane would be provided. Each validation run consisted of charging

the lead line of the system to inject less than 0.02 mol of H gas, and then stepping through the necessary

actions to separate the mixed gas. Procedures for including an argon (Ar) flow gas were also drafted.

For the membrane, extraction of the H occurs during the run by continually vacuuming and collecting

what flows through the membrane, leaving behind helium (He) and, if included, Ar. When all H has

been extracted, the collection bag is replaced with an empty one, the Ar is condensed out, then the

He collected by vacuuming it out. For the getter, the H is captured in the powder, leaving He and, if

included, Ar. In this case, the Ar is condensed out, and the He vacuumed out first. After the He is fully

collected, the H is released by heating the getter powder. When the powder has released most of the H

adsorbed into it (monitored by pressure increase rate), the valves to the getter are closed and the isolated

H is allowed to cool. When the H temperature drops to the point where the temperature will not harm

the equipment, the gas is vacuumed out. Approximately half of the H will remain with the getter, so the

heat-isolate-cool-capture procedure is repeated until a cutoff pressure is reached.

Because the original SOP was written to reference Fig. 3.5, the design changes outlined in Sec. 3.4

necessitated that the procedure be rewritten so that the Ar condensation and membrane sections were

removed and references to system components matched Fig. 3.10. Otherwise, the separation procedure

remained basically the same as previously described. Writing the SOP before the design had been

completed proved to be extremely valuable for understanding where instrumentation was needed, and

contributed major adjustments to the overall design.

4.1.2 Additional Planned Experiments

Most studies have investigated the effects of changing pressure (concentration gradient) on the be-

havior of these systems. For this system, the pressure is more or less set to contribute to a reduction of

H in the name of safety, which limits charging the initial vessel to 100 psi (around 0.75 mmol of H2) for

work done in university labs. However, for the getter to simply adsorb the H out of the mixture, the only

requirement is that the partial pressure of H be higher than the partial pressure above the zirconium

cobalt (ZrCo) hydride. For the membrane, the concentration gradient, measured using pressures, is the
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driving force leading to diffusion across the membrane, and is, therefore, significant to the rate of sepa-

ration as the H concentration continuously drops during the experiment. The limit is reached when the

partial pressure of H on the feed side is equal to the vacuum pressure on the product side, though the

rate of diffusion will likely slow enough that the experiment could be considered at an endpoint before

that threshold is reached. These experiments are discussed below.

4.1.2.1 Temperature Dependence

This test will explore the effect of temperature on the performance of the getter and the membrane.

The independent variable, the one over which we have control, is the temperature of the separation

systems. The dependent variable is the time that it takes to reach half of the expected total pressure

(due to the near-complete removal of H from the 50-50 H/He mixed stream) or for instrumentation to

hold a constant value (implying a different thermodynamic limit has been reached). System modifications

include adding a heater around the fill tank, and possibly charging the system with more gas by adding

more volume and/or filling to higher pressures.

The general procedure is to charge the fill volume at lab temperature, and then valve it off from the

source gas. The fill tank will then be heated to temperature for the test. When the separation apparatus

(i.e., getter or membrane loop) and the gas in the fill tank are at the target temperature, valves leading

to the separation apparatus of choice are opened to allow the heated gas to flow to it. Pressures will

be periodically measured until the ending conditions outlined above are met. The heaters will then be

turned off, the system will be allowed to cool, and gases extracted from the system to prepare for the

next run. For the getter, it will also be important to measure the pressure as the H is released for each

temperature run. For simplicity, the release temperature will be the same as the capture temperature

unless the capture temperature is less than 250 ◦C, as lower release temperatures may not fully release

the majority of the H captured. Because the getter volume is low, heating rates should be high enough to

reach temperatures up to about 300 ◦C in less than 30 seconds, with a heater controller used to minimize

temperature overruns.

Getter - Sources suggest that activated ZrCo captures effectively at temperatures above 100 ◦C and

releases H above 150 ◦C [41], but hint that an optimum temperature for capturing and releasing H in the

shortest amount of time is dependent on powder hydriding history. There are also optimum temperatures

for maximizing the service life of the getter which are not likely to be the same as the temperature

optimizing getting speed. This test will help in identifying the temperature that captures and releases in

the least amount of time. The data from this test can later be used to determine performance changes

over time.

Other studies have looked at H solubility in ZrCo from 130–500 ◦C [41, 46] using 5–10 runs at different

pressures. These experiments show marked difference in behavior below 200 ◦C, and above 350 ◦C (see

Fig. 2.8). The getting portion of the system was designed to survive temperatures up to 350 ◦C, though

temperatures as high as 500 ◦C can be achieved using the built-in flange cooling. For the temperature

dependence tests, a span from 50–400 ◦C will be investigated, with a release at 250 ◦C to “clear” the

getter after runs below 250 ◦C. The order that the temperature tests will be held is randomized to avoid

bias, though it is noted that getter performance degrades over time. To account for this, two runs at
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each temperature will be independently randomized. Table 4.1 details the proposed 20 temperature runs

to relate temperature to adsorption/desorption rates.

Palladium Membrane - Pure palladium (Pd) membranes transport best above 350 ◦C [33], with

the rate of H transport increasing with increasing temperature. However, as He is also small (the kinetic

diameter of H2 is 289 pm [47], and the kinetic diameter for He is 260 pm [48]), there will likely be a

temperature at which He permeation sharply begins to increase. Other H isotopes have diameters even

closer to He, with deuterium (2D) having a kinetic diameter of 269 pm and tritium (3T) being even

smaller [49]. The Pd benefits from the ability to catalyze the dissociation of H at its surface and dissolve

it, but Pd does not appear to feature mechanisms to inhibit the diffusion of He, typically along grain

boundaries. This diffusion rate is expected to increase with increasing temperatures.

Pd membrane studies found in literature have typically spanned from room temperature to over 1300
◦C, finding very little change in solubility after 400 ◦C but demonstrating increasing transport rates as

temperature increased (see Fig. 2.4. The membrane tank would have been designed to survive up to 600
◦C by separating an inner vessel from the outer vessel and providing active cooling for the outer vessel,

similar to the getter tank. Pd also undergoes phase transition (combined α + β) below 300 ◦C, which

increases the crystal lattice parameter and leads to defect formation and recrystallization from hydride

formation and release [33]. It is, therefore, desirable to perform fewer runs at those lower temperatures.

A modified order was conceived that randomized temperatures above 300 ◦C, then randomized those

below, and then repeated the randomization for temperatures above 300 ◦C to determine changes due to

damage from previous runs, if any. Table 4.1 details the proposed membrane runs.

Table 4.1: Suggested test matrix to test the dependence of transport rates with temperature.

Getter Membrane

T (◦C) Order 1 Order 2 T (◦C) Order 1 Order 2

50 1 4 150 9 –

75 8 7 200 8 –

100 2 5 250 10 –

125 9 1 300 3 6

150 3 6 350 5 3

175 5 9 400 1 4

200 7 8 450 6 5

250 6 10 500 4 1

300 4 3 550 7 7

350 10 2 600 2 2
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4.1.2.2 Saturation

This test, exclusively for the getter since the Pd membrane will not store meaningful quantities of H,

will measure how much H can be held in the getter. Theoretical calculations using 12.6 mmolH/cm3
getter

[41] put the amount of H that could be captured in the system at 0.258 mol. With around 0.02 mol

inserted per run, this would take an expected 13 runs. There are three ways to reduce this number. The

first is to charge both the fill tank and the getter tank to 100 psi, which approximately doubles the H

load. The second would be a switch to higher purity H. The maximum H per charge, for pure H at

100 psi in both the fill and getter tanks, is about 0.08 moles, which would take just over four runs to

theoretically saturate the getter powder. The third way is simply to tee in a large reservoir that can hold

a significant gas volumes. This latter method is preferred, as it also allows careful heating control over

the gas charged into the system, and the extra reservoir could be made large enough increase the amount

of H in the system enough to only require one run. However, non-negligible amounts of heating will be

generated as the getter adsorbs all the H at once, and the increase in total H within the system could

lead to an increased explosion risk.

The procedure would be to charge the system to the chosen pressure, valve off the system from the

source gas, let the gas into the getting tank, and heat the getter to a target collection temperature.

By observing the pressure trend over time, it can be seen when the H has been captured. If it was all

captured, more H is injected by first allowing the system to cool, pumping out any non-H gas, then

recharging the system as described above to continue the run. This capture process is repeated as many

times as necessary until the pressure no longer drops sufficiently far to signify a full H capture from the

most recent system charge. It is expected that longer dwell times will be necessary the more saturated

the getter becomes. If the pressure change is less than 10% of the expected reduction from adsorbing all

the H charged in the system after an arbitrarily set threshold dwell time (e.g., two hours), the getter is

assumed to be saturated. The system is then vacuumed out, and all the captured H is released, and the

resulting pressure measured. The released H is then collected in a capture tank or bag, and the amount

of collected H is again measured.

Since literature already addresses the theoretical maximum loading for activated ZrCo powder (e.g.,

[41, 39]), this test would be to confirm properties for the current getter sample, and to measure degradation

over time.

4.2 Final System Adjustments and Results of Validation Runs

After the system redesign was implemented, the system was leak checked in the shop to around 50

psi. After it had demonstrated that it held pressure, it was bolted to a steel plate and transported to

the lab. There, the getter tank was filled with powder, and while rolling it to fully insert the heater rod,

a significant amount of powder leaked out. Three possibilities were considered for why this happened.

First, because the funnel used to fill the inner vessel could not fit down inside the fitting, some of the

powder used to fill the tank may have settled on the top of the screen, easily spilling out the side port

when disturbed. Second, perhaps the screen was not positioned correctly, had been damaged, or left a

large enough gap around the heater rod to allow powder to escape. However, because the internal getter
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vessel had been welded to the top flange, the status of the screen could not be investigated. Third, even

though literature suggests that a screen mesh of 5 µm was sufficient, perhaps the screen was not holding

back the getter powder. Further tests in the system clarified that the screen system was allowing getter

powder to pass into the system, prompting the purchase of an inline filter with a 2 µm mesh, which is

the typical lower limit mentioned in literature for experiments with getters [35].

While waiting for the filter to be delivered, the electrical connections, instrumentation, and other

minor adjustments were made in preparation for the validation run. During a pressure check after an

instrumentation adjustment, it was noticed that the system had suddenly started to leak. A systematic

check revealed that some of the weld-on fittings were leaking from the body threads (i.e., the threads

on the welded-on connector rather than from the nut threads or ferrules that are more common leak

points). This was likely caused by over-tightening the 1/8 in nuts securing the thermocouples (TCs) into

these connectors, though it is possible that the threads experienced thermal warping during welding. The

outer vessel was removed from the lab, taken to the shop, and those fittings were ground off and replaced

with new ones that were welded in quarter turns and cooled with compressed air between each turn to

minimize risk of heat warping. After re-assembly, it was noted that the leak rate was nearly the same,

though no gas was leaking through the welded fittings.

Testing again with soapy water, it was discovered that the heater rod was leaking through the wiring.

When removed, it was discovered that the inconel jacket around the heater had failed through what

looked like corrosion and was now allowing gas to escape. Previously, while making final preparations

for the validation runs, the heat controller had accidentally been turned on, and since the TC guiding its

control logic had been disconnected from the system, the cartridge heater had overheated, burning out

in the process. The damage is shown in Fig. 4.1. Simulations suggested that the temperatures exceeded

700 ◦C, possibly catalyzing or accelerating the chemical interactions between the heater jacket and the

getter powder. The heater was replaced, and it was noticed that a significant amount of getter powder

was trapped in front of the filter, again confirming that the screen around the heater rod was failing to

keep powder in the inner vessel. The heater controller was reset and programmed for a slow ramp rate

on the heater.

After the system passed a vacuum pressure test, the mock experimental run was started. The fill

tank was charged to 80 psi, and after it was verified to hold, it was let into the getter tank, which was

also verified to hold the pressure for 10 minutes. The heater was turned on, and set to 30 ◦C (from a lab

temperature of 20.3 ◦C). The TC was attached to the top flange using a C-clamp, and the delay caused

by the poor thermal conductivity of the stainless steel resulted in a temperature overshoot. By the time

the TC stopped climbing 10 minutes later, it peak at 40.2 ◦C. It was allowed to cool to 36 ◦C to rule

out the possibility of a fused relay in the controller, and then set for 50 ◦C. The fuse on the controller

blew shortly afterwords. The controller was a simple proportional-integral-derivative (PID) controller

that adjusted the current as necessary to maintain the current setpoint. The fuse was replaced so the

controller could be used to watch the temperature, but the heater was unplugged from the controller

and plugged into a 120V variable autotransformer (variac) to allow for easy, manual control over current

draw to investigate the cause of the fuse melting.

Over the next 20 minutes, output was adjusted from 10% to 100% of full output on the variac. The
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measured temperature did not increase during that period. Unsure if the variac was working properly,

the heater was directly connected to the power strip, and 5 minutes later, the temperature measured by

the TC in the controller was still dropping. The systems were powered down, and before leaving the lab,

the system was pressurized again, revealing that the system had begun to leak at about the same rate it

had leaked when the last heater rod had failed.

The second heater was taken out and examined. While not visibly corroded through, it also showed

signs of corrosion beginning and similar scorch marks as the first one (see Fig. 4.1). Interestingly, when

plugged into the power strip while outside the system, it did heat, though it drew enough power that

it tripped the breaker in the power strip. It is postulated that due to the loss of a significant amount

of getter powder, that much of the heated portion of the rod was not in contact with anything but the

fill gas, generating extremely high temperatures. This is supported by the scorching on the rod jacket,

and distinct lines between the scorching and more metal-colored portions of the rod. It is also notable

that the corrosion only appears below this line. The rod jacket was made of incoloy 800, which oxidizes

around 980 ◦C [50], though it is not thought to have reached these high temperatures in the test run

Figure 4.1: Heater rod damage. Both heater rods pictured: Set [A, B] are the first heater rod; set [C,
D] are the second. Corrosion and particularly visible damage is circled in red. Additional comments in
the text.
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because the incoloy itself would have conducted more of the 900 ◦C temperature difference within the

time that the TC registered 40 ◦C. Instead, it is postulated that skin oils from handling the rods or

something originating from the getter powder flashed or burned, scorching the surface.

Looking again at Fig. 4.1, a few observations can be made. In (A), two full penetrations on the rod,

circled in red, appear to have corroded through the incoloy 800 sheath, which is less than 0.4 mm thick.

On the other side (B), another apparent corrosion spot, circled in red, is visible but has not obviously

penetrated the sheath. Both (A) and (B) show pronounced discoloration on the upper portion, and a

distinct color change just above the blemish spots where is it thought to have entered the powder. This

sharp delineation supports the theory that the heater rod was not fully submerged in the powder. The

second heater stayed on significantly longer before the controller fuse blew, and the overall scorched area

on the rod was larger with more pronounced discoloration. In (C), a crack in the sheath weld is clearly

visible, with a particularly sharp line circled. In (D), what appears to be the beginnings of apparent

corrosion is circled, with other questionable spots visible. This second rod was operated under known

nitrogen cover to at a pressure of about 50 psi. After the fuse on the controller popped, leak rate grew

to about 5 psi min−1 at 80 psi, measured after a full cool down the next day. The dramatic increase in

discoloration on the rods and of the powder leads us to believe that the powder currently in the getter

tank has been rendered unusable and will need to be replaced.

Since it is possible that at least one of the heater rods reached temperatures above 700 ◦C, it should

be noted that ZrCo undergoes a sustained self-accelerating reactions with oxygen around 227 ◦C and

with nitrogen around 727 ◦C [51]. The system was filled with nitrogen during the validation run, but

non-negligible amounts of oxygen likely remained. It is unknown what gases were in the system when the

heater was accidentally turned on; it is possible that the system was filled with atmospheric air. In any

case, it is thought that either these reactions or a direct reaction with the incoloy jacket likely caused the

corrosion effects on both heaters, and the scorching was caused either by oxidation of the incoloy directly,

residues on the rod burning, or something in the powder burning or flashing. Further analysis, including

a chemical and crystallographic analysis, would be required to determine the true cause of damage in the

heater rods.

4.3 Lessons Learned and Suggestions

The experience gained working on the project associated with this thesis has led to some lessons and

suggestions for any group looking to continue this work or another group looking to perform similar work.

Those suggestions and lessons will be presented below.

1. The getter powder should have had a thermal conductivity around 2 W m−1 K−1 [35]. Simulations of

the getter tank that inserted a full 400 W of heat into such a material resulted in heater temperatures

exceeding 500 ◦C within 60 seconds. It was assumed that the controller would not allow the full

400 W to be inserted because the TC would respond more quickly—which turned out to be a poor

assumption (see #3). A weaker heater or slower ramp rate (the final run was around 10 ◦C min−1)

would be required to use the current design, though a better approach would be to consider using

an alternative heating method such as heating ropes around the outside of the inner vessel.
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2. There appears to have been some sort of interaction between hot inconel and ZrCo getter powder,

which also precludes the direct contact of an inconel-sheathed heater with the powder. Use of a

different sheathing material is necessary, or, as previously recommended, use a different method of

heating, preferably one that doesn’t directly contact the getter powder.

3. Our choice of TC placement was ineffective for controlling powder temperature. TCs on the top

flange required heat to conduct up the unheated upper portion of the heating rod and through any

stainless steel between that rod and the TC, leading to delays that, with the high heating rates, led

to component damage. The TCs in the vessel relied on the gas conducting the heat, which could

be in motion or have lower conductivity than the powder. It is strongly recommended to place TCs

either in direct contact with the getter, or in a location that will measure higher temperatures than

the powder will experience (e.g., in the conduction path). With the current design, by heating the

outside of the inner vessel (as in suggestion 1 above), a steel-clad TC could be inserted into the

tank to measure “centerline” temperature in the powder.

4. Order extra components of anything that might fail. For the current design, not only were parts

ordered for the full system design (the smaller system actually built being about 1/3 the size), but

extra components were ordered, including an extra cartridge heater, extra pressure gauges, extra

thermocouples, etc. No matter how well thought-out the design might be, when it comes time to

build and operate apparatus, unforeseen problems will arise, and having spare parts allows these

problems to be more quickly resolved.

The suggestions above indicate that a different approach (i.e., design) for the getting system would be

appropriate and beneficial.

4.4 Improved Design

A new design was analyzed for the getter system that both resolves the issues encountered with the

current design and adapts the designs found in literature for commercial recycling. Literature depicts

getting systems arranged in grids, with copper either in the grids or distributed throughout the getter

[35, 39, 52]. Screens with a mesh size of 2–5 µm or porous materials with similar sized pores were sufficient

to hold in the powder. The new system adapts and innovates on these principles to achieve a system

that is inexpensive to build and provides for the flexible operation of the system for 3T recycling.

The new system is comprised of a box with screens over the top and back with a screened door in front

that is heated by two 200–400 W rod heaters and optionally cooled by fluid flowing in a cooling channel

in the baseplate. The channels both cool the powder down between activation runs and can remove the

heat generated during H capture. A removable tray with 77 wells drilled into it to hold getter powder fits

inside the box, held down by leaf springs. The wells are covered by a screen with a mesh size of <5 µm.

Holes are drilled through the sides of the wells to provide an additional path for the mixed gas to flow

through, which are likewise covered on both sides by the same sized screen. TC holes are drilled into the

sides of the tray between central wells, and can be inserted after the tray is locked in the screened box.

Drawings can be found in Appendix C.

The heater plate is meant to be mounted in a horizontal vessel. The holding box frame is then bolted
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onto it. The leaf springs are attached to the lid of the box, which is then bolted to the frame. Cartridge

heaters and cooling lines are attached to the heater plate through gas-tight penetrations in the vessel.

The getting tray is inserted into the box, and the door is bolted into place through the heated plate to

secure the tray in place. Sheathed TCs are then inserted into the getter tray through holes in the holding

box, and the insulated wires pass through gas-tight penetrations in the vessel. It is recommended that

gas flow be directed at the back of the holding box so as to encourage gas flow through the holes near

the bottom of the wells. This external vessel should be designed to the constraints of the facility where

it will be run; as such the author does not provide a design for the external vessel explicitly in this work.

The system was sized so that the tray would hold enough getter for 1,000 signs’ worth of H (0.68 g),

assuming the same getting efficiency of 12.6 mmolH/cm3
getter used in Chap. 3. 1,000 signs started with

20,000 Ci of activity, and after 20 years would still have some 6,500 Ci, requiring access in a hot cell if the

loaded powder is to be removed, analyzed, or relocated (e.g., for storage to be used as a helium-3 (3He)

incubator). For this reason, the getting tray utilizes raised screen covers to facilitate operation using

mechanical manipulators in a hot cell. The system can be made of aluminum or copper, but if made

from aluminum then the wells on the tray should be electroplated in copper, as other designs have used

copper and not suffered adverse interactions with the powder [39].

The system was designed to operate between lab temperature and 500 ◦C to facilitate the activation

of the getter. To activate ZrCo powder, a procedure of de-gassing at 400–450 ◦C followed by hydriding

at a lower temperature is repeated several times [41], usually at high H pressure [46], after which it is

chemically active to multiple gases [53], including H. After it is active, it will capture at room temperature

when H pressures are relatively high, and at slightly elevated temperatures when H pressure is lower. From

a review of literature, the current author recommends capturing H at temperatures between 100–200 ◦C.

Because the powder reacts readily with components of atmospheric air, an airtight box is recommended

for transferring the getter from the vessel to any releasing or storage portions of the system.

The new design was analyzed with the Analysis System (ANSYS) code package, with the heater

plate, frame, and tray made of aluminum 6061 and the wells filled with getter powder (see Fig. 4.2) [54].

Thermophysical values for aluminum were provided by ANSYS, while the values for ZrCo were obtained

by Sei-Hun et al. [55]. This analysis found that, with 800 W of heat input, the getter system would heat

to the activation temperatures of 450 ◦C within 7 minutes in a vacuum, and would require nearly 25

minutes with convective flow of a purge gas. After the powder was activated, the recommended getting

temperature could be obtained in less than two minutes for 100 ◦C, assuming constant H/He flow, and

less than five minutes for 200 ◦C. Additionally, cool-down to an average system temperature of 40 ◦C

(considered a safe temperature for removal) under convection and radiation alone required 42 minutes,

confirming the benefit of the cooling channels for more rapidly running the powder through activation

temperature cycles. More details about the analysis can be found in Appendix E.

The simulation covered two hours, with 800 W of heat applied only in the first hour, and constant

convective and radiative cooling over the full two hours. Because of the position of the heaters, the tem-

perature distribution in the getter powder is not uniform (see Fig. 4.3). Fig. 4.4 shows the heating profile

for nine different wells for the entire two-hour run, which demonstrates how similar the temperatures are

during the full simulation. While the distribution is not uniform, the standard deviation was less than



52

Figure 4.2: Material arrangement for the analysis of the new design, where green is aluminum and
grey is ZrCo powder; Left: Orthographic view, Right: View from directly overhead. Screens removed for
clarity.

Figure 4.3: Temperature distribution in getter tray around the time that the getter powder in all wells
reaches 100 ◦C, with location of heaters (light red) and the cooling channel (light green) superimposed. The
heating and cooling both are supplied below the getter tray. Colors for the getter bed (center) exaggerated
for clarity. The red region was orange, the yellow region remained the same, and the vivid green in the
corners was the pale green under yellow in the key.

3 ◦C during heating. The standard deviation would be smaller (i.e., well temperatures more uniform) if

(1) the temperature was held constant, i.e., controlled, as it would be during an experimental run; (2)

the tray was made of a more conductive material, e.g., copper; or (3) copper or aluminum beads were
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mixed into the powder to increase its thermal conductivity.

Figure 4.4: Temperature profile of the tracked wells over the full two-hour simulation; Left: The nine
wells where average volume temperature was tracked, marked in green; Right: Temperature profiles of the
nine wells over the full two-hour run

After using the getter, the tray can be quickly extracted from the box by removing the right front

bolt to swing the front door open. This tray can then be quickly placed in a sealed box or vessel and

transported elsewhere for further processing (e.g., releasing the captured H for storage) or stored (e.g., as

a 3He incubator). This quick removal is necessary because activated getter powder is extremely reactive

with multiple gases in typical atmospheric air, and needs to be protected. This reactivity is reduced the

more saturated the getter becomes. To resume operations, a new tray is inserted. Alternatively, initial

capture and post-capture processing can be conducted in-place by setting up parallel batch systems using

a bypass (e.g., see Fig. 4.5).

The bypass is beneficial because it allows the side not in use to be flooded with an inert gas or

vacuumed out before the tray is removed, preventing unwanted reactions with components of air. It will

likely be necessary to remove the tray robotically, both because of chemical activity of the powder and

because the tray could have up to 6,500 Ci of 3T in it.

This redesign offers a simple, compact system that both corrects the problems encountered with the

previous design (items 1–4 below) and provides several additional benefits. These features include:

1. Full heater contact with conductive material, preventing the burnout seen in the vertical tank

design.

2. Heater separate from the getter powder, preventing any chemical interaction between the powder

and the heater materials.

3. TCs positioned in immediate vicinity of powder and in the path of conduction, providing better

response to and control over the temperature. Over the entire simulated run, the TCs showed
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Figure 4.5: Example parallel arrangement for getter system including bypass valves to allow for semi-
continuous operation of the system. This arrangement allows for collection and recovery in the same
system, precluding the need to handle the chemically active, highly radioactive tray.

the powder mean temperature +0.57/-1.34 ◦C when furthest off, and averaged +0.21/-0.047 from

overall system mean throughout the run.

4. Getter contained in separate package that is fully sealed at all times. The vertical tank, both as

designed and as built, had gaps around screen where the heater was inserted, preventing it from

completely sealing, and would be open when removed from the system.

5. Both heating and cooling provided from a relatively uniform source below the powder, keeping all

powder within a few degrees of the same temperature.

6. Easier access to the getter allows for quick replacement and easy removal of all the getter powder,

providing a more flexible system. The design of the tray facilitates access in a hot cell by using

raised covers. It may be necessary to make the system larger to use larger screws for hot cell access.

7. Larger screen area on the top, combined with the channels through the bottoms of each well,

provides space for the getter powder to expand, preventing damage to system components or powder

leakage over time.

The author recommends the getter tray design to continue this work.
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Chapter 5: Summary and Conclusions

5.1 Significance

This work investigated methods for the separation of hydrogen (H) from a mixture also containing

helium (He) to extract both to a purity of 95% or better. The work focused on investigating the economical

recycling of tritium (3T) and its decay product, helium-3 (3He). These valuable gases are often wasted

in long-term repositories even while significant efforts are undertaken at high cost to produce the gases.

This work has found that two separations methods stand out from the dozens of available methods

as particularly well suited for recycling high-purity 3T and 3He, namely metal membrane and metallic

getter methods. Further, membranes made of palladium (Pd) alloys offer predictable behavior and known

operation methods due to the large body of research conducted on such membranes; while zirconium

cobalt (ZrCo) as a getting material offers excellent performance, a higher gravimetric storage capacity,

and improved safety over other metal getters while also benefiting from a large body of research.

Three systems were designed for testing various parameters of such a separations system:

1. A conceptual system that contained both the getter and the membrane sub-systems. This system

was detailed in Sec. 3.3 and Fig. 3.5. While the design of the sub-systems continued to evolve, the

overall system design remains sound except for modifications in the specifics of the separation loops.

Specifically, the new getter system would reside in a larger, horizontal vessel with penetrations for

gas and cooling inlets and outlets, as well as instrumentation lines, and the membrane system would

likely be a similar double-vesseled setup.

2. A reduced system containing only a vertical getter tank (excluding the membrane subsystem). This

reduced system and associated vertical tank design, described in Sec. 3.4 and 3.3.2, was built and

tested. It was found that the vertical design and hole for the heater rod through the screen on

the internal vessel resulted in a system that did not reliably cover the heater rods to supply heat

transfer or provide rapid enough thermal detection. It was also discovered that the getter powder

chemically interacted with the heater sheath materials at these higher temperatures. This system

design provided many valuable insights that were leveraged in the third system design.

3. A new, improved getter system that designed out the problems encountered in the initial getter tank

design, incorporated the best of other designs in literature, and provided additional innovations that

eased system operation and use for a recycling system. This system, described in Sec. 4.4, is useful

both as a test system and as a production system, providing easy scale-up. Analysis was carried

out to predict time-to-temperature and temperature distributions to provide operational insight.

This work provided a foundation for the project sponsors to investigate the separation of 3T from

its decay product, 3He, allowing for the economical separation of these two gases. Further, the 3T can

be stored at typical laboratory temperatures using a getter power, which can act as a 3He incubator

because, after 3T decays, the 3He cannot maintain the hydride bond and is released from the getter. This

work provided a system design that incorporates the experience of literature and experimentation which

will provide valuable insights on key system design parameters. Suggested experiments were provided for
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testing the temperature dependence of the mass transport into the getter and through the membrane, as

well as a saturation test for the getter to determine performance compared to those published in literature

(see Sec. 4.1.2).

5.2 Future Implications

The University or the sponsors can continue this work, building the improved getter tank to follow the

suggested design and performing the work outlined in Sec. 4.4. Upon successful operation of the getter

tray design using typical H and He, the system could be used for temperature sensitivity and saturation

experiments, such as those outlined in Sec. 4.1.2. After all scoping experiments are complete, the system

can then be switched over to 3T and 3He and Geiger-Müller counters or spectrographs can be used to

provide additional insight about the adsorption behavior of the getter. The differences caused by the

much larger 3T compared to natural H could be easily compared by repeating previous experiments.

This system is easily scaled up for production by either placing two vessels in parallel with at least

four trays to allow the saturation of one vessel, then a switch to the other while the tray is replaced in the

first vessel. The saturated tray can then release its 3T in a separate system optimized for 3T handling,

then that tray used to replace a saturated tray in the capture system. Alternatively, the trays can be

enlarged to hold more 3T, though this is not recommended due to the high radioactivity (up to 6,500 Ci)

in a fully saturated tray as currently designed. It is likely that the getter trays would either need to be

further reduced in size, not fully filled with getter, or not fully saturated to allow for safe operation or to

comply with licensing constraints.
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Appendix A: Early-stage Drawings
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Appendix B: Final Component Design Drawings
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Appendix C: Getter System Redesign

This appendix contains the drawings for the full getter system redesign, necessitated by the problems

encountered validating the vertical getter tank from Appendix B. This design was verified using ANSYS

(see Appendix E), but not built or validated due to time constraints. The different drawings in this

appendix are noted on the list below.

Getter Tray and Holding Box Assembly (Fold-out) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Getter Tray (Fold-out) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Heating Plate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Holding Box Frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Holding Box Lid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

Holding Box Door . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Large Screen Covers (used on top of tray and lid) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Small Screen Covers (used on front/back of tray and door) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Medium Screen Cover (used on back of holding box) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Example Leaf Spring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .91
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Appendix D: LabVIEW Code

This appendix documents the Laboratory Virtual Instrument Engineering Workbench (LabVIEW)

code written for data collection for the simplified system as it was built. The LabVIEW code, from

National Instruments, was chosen for data collection because the team already had experience working

with it and because much of the hardware was already owned by the department. The data acquisition

(DAQ) was set up for a four-slot cDAQ-9174 with two NI-9211 thermocouple (TC) modules and an

NI-9205 voltage module for the pressure transducer. A Tempco TEC-9100 temperature controller in a

TEC-1000 chassis provided the power for the heaters, using a K-type TC directly connected to the getter

tank flange.

The front panel shows the piping and instrumentation diagram (P&ID) of the as-built system with

readouts for the instrumentation positioned where it would sit on the P&ID. Below this is a grid of

data to assist the experimenter, including expected pressures and gas purity. The program starts by pre-

computing the experimental parameters to populate the grid, which assists the experimenter in knowing

when steps in the procedure have reached their conclusion. After these are computed, the program reads

in four TCs (T1 in the fill tank, T2a and T2b in the bottom of the getter tank, and T2check on the getter

tank flange to check what our controller TC should have seen) and the pressure transducer every two

seconds. It displays the data read in on the P&ID, tracks them on a chart, and writes them to a file.

The T2aandb have their signals averaged.

What follows is a replication of a text document meant to explain the code to other members of the

research team. Specifically:

Front Panel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Pre-Calculation and Support Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94–95

Data Acquesition (Main Program) Loop and the rest of the Support Code . . . . . . . . . . . . . . . . . . . . . . . . . . 96
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A P&ID of the system with indicators for the thermocouples and pressure transducer, as well as the locations of the pressure gauges. I will probably add some logic to 
take values entered in those and tell you something about the program’s run, but for now, they don’t do anything. Below the P&ID is a pre-calculation of the system 
parameters. It takes P1 (fill pressure), as well as the lab temperature (T lab), temp of heater during getting phase (Tget), temp the getter will be heated to release the H (Trel), 
and the pressure when pulling a vacuum (Pvacuum). It also takes all the volumes entered in mL, and then computes the moles and partial pressures using known values. To 
the right are the charts so you can see the recent histories of the thermocouples and pressure transducer. At the very bottom is a button to stop data collection.

The pre-calculated values, for some reason I can’t find, require that the code be run 3 times to fully compute, but otherwise it’s a nice way of knowing about what can be 
expected during the run. Massive deviations from these values should be carefully evaluated, and could indicate problems with volume measurements (most likely), 
leaks, or failure to get/release. Following this page is the code behind these front-panel objects.
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The above is broken into 6 “sections” 
using +/- checkers and the number of 
segments passed. I tried to type below 
what each segment does, so hopefully 
that tells you.

To the right is the code for the ideal gas 
law (the block with P, V, n, T in on left 
and out on right. The logic here is that it 
looks at which one is 0, and uses that to 
figure out what to compute. If not 0 
(shown), it passes the value right through
and to the main computation block. 
However, if there were no 0’s or multiple
0’s (shown), then “else” is passed into 
the computational block, and it shows an 
error. In this case, the values passed in 
are passed back out to make debugging 
easier.



95

Again, above is the rest of the pre-calculation 
logic.

To the right, if any value is 0 (shown for all 
inputs), then the picker is set to a value that will
compute that variable. Assuming only one 0 is 
passed in (shown), the value to compute is 
passed as the selector to the case block. 
Calculation for pressure is shown to the right. 
The values not computed are passed straight 
through.

The other computational blocks (for V, n, and 
T) are on the next page.
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Right: The blocks for
calculating V, n, and T. Note
that, again, the values not
being computed are passed
through unaltered (straight
lines on top).

Above: after the pre-calculations are completed, a wire passes into this loop. By wiring it this way, it forces
LabVIEW to run all calculations before it starts this loop. The loop runs every 2 seconds, and reads in 4
thermocouples (T1, both T2’s in the bottom of the tank, and the one lashed to the top of the flange where heat
transfer is more favorable to controlling the heater), and the pressure transducer.

The transducer (DAQ Assistant at the bottom left) is a raw voltage, so we multiple by 2.94 to convert to PSI.
It’s values are passed to the PT indicator, the PT chart, and a merge for writing to a file.

The TCs are less straightforward. T1 is passed straight to the chart, indicator, and merger for file writing.
The two internal T2’s are averaged together, and the mean is written to the chart, while both individual values are
written to their respective indicators and merged for writing to the file. The T2 lashed to the flange is passed
unaltered to the chart, indicator, and merged for output.

All 5 measurements + the calculated average are smashed into a single data stream that is written to a row of
the measurement file (a .cvs file for easy access in Excel or through Python). Each row, therefore, will be:
Timestamp, T1, T2a, T2b, T2avg, T2check, PT. An example might be 10/19/2018 13.05.24, 35, 60, 61, 60.5, 90, -13.9
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Appendix E: Redesigned System Analysis

This appendix explains the thermal analysis of the getter tray system using the Analysis System

(ANSYS) code package, version 19.1. Discussion will cover the geometry and data used to run the simu-

lation, details of the model parameters and setup, and analyses the results with the goal of determining

how long the new design should take to get to temperature, and how that temperature will be distributed.

This analysis verifies that the getter tray design will not suffer from the same problems the vertical getter

tank had, and provides the confidence that the tray design will meet the sponsors needs.

E.1 Setup

The different steps of setting up the problem will be discussed in the order that they appear in the

Transient Thermal block used to set up the problem in ANSYS (see Fig. E.1 below).

Figure E.1: Transient thermal analysis block as shown in the Project Schematic of ANSYS Workbench
R19.1.

E.1.1 Engineering Data

The Engineering Data section is where the materials to be used in the analysis are built into a project

material library containing all the necessary thermophysical properties ANSYS needs to solve the model.

Pre-configured libraries have common materials, and there are provisions for building custom libraries

with user-defined materials.

Since this is a thermal analysis, the material Aluminum was chosen from the Thermal Materials library.

It specifies a density, ρAl, of 2.689 g cm−1, an isotropic thermal conductivity, kAl of 237.5 W m−1 K−1,

and a specific heat, Cp,Al, of 0.951 J g−1 K−1. The ZrCo getter powder, being a non-standard material,

was manually added using data from Sei-Hun et al. [55], who had values for the same getter that we

purchased. Sei-Hun et al. measured true density, ρZrCo of 7.6238±0.0093 g cm−3, and temperature

dependent thermal conductivity and specific heat values, shown below in Table E.1.
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Table E.1: Heat capacity and thermal conductivity of ZrCo powder over the temperatures expected during
the experiment.

T (◦C) kZrCo (W m−1 K−1) Cp,ZrCo (J g−1 K−1 J/gK)

25 0.139 0.328

100 0.125 0.339

200 0.108 0.308

300 0.081 0.299

400 0.122 0.314

500 0.133 0.330

These properties are sufficient for ANSYS to solve a transient thermal model.

E.1.2 Geometry

The CAD model imported included a simplified holding box, the heating plate, the getter tray, and

powder to fill the tray wells. This simplified geometry is shown in Fig. E.2. Screens, the front door, screws

and bolts, holes for screws and bolts, and the leaf springs were not included in the model. Together, it

consisted of 78 bodies total, with 75 of those being powder in the wells.

Figure E.2: Material arrangement for the analysis of the new design where green is aluminum and grey
is ZrCo powder; Left: Orthographic view, Right: View from directly overhead. This image is a replication
of Fig. 4.2.

E.1.3 Model

The Model section defines connections, mesh, and selections. The most important connections are

the bottoms of the getter tray and holding box with the top of the heater plate. Connections between

the powder and the getting tray were also established. These connections provide boundary conditions
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for the solver as it moves from mesh nodes on one body to nodes on another body.

Because the geometry is simple, the automatic meshing tools in ANSYS were used, specifying the

Transition Speed (fast or slow) and the Span Angle Center (coarse, medium, or fine). According to the

ANSYS user guide [56], the Transition Speed affects the rate at which adjacent elements will grow, and

the Span Angle Center sets the goal for the refinement of curvature, i.e., the mesh will subdivide in

curved regions until the individual elements span an angle as close to the goal as possible. The user guide

specifies that a setting of “Coarse” results in angles from 91° to 60°, while “Medium” results in angles

from 75° to 24°.
A fast Transition and coarse Span Angle Center were first used, resulting in 101,898 nodes and 39,533

elements. This meshing was used for the first few simulations to understand the time steps needed to

understand how the system behaves. After this behavior was estimated, a medium Span Angle Center

with slow Transition was used, generating 562,955 nodes and 361,599 elements, which is 5.53 and 9.15

times more, respectively, than the coarse mesh. The results from the two mesh configurations were within

5% of each other.

E.1.4 Setup

The Setup section is where boundary conditions are applied and solver settings, such as the time

steps, are set. Generally, the larger amount of time spanned over a time step, the larger the sub-steps

are. For this reason, 23 major time steps were used to divide one hour of heating and one hour of cooling.

In both cases, the first few time steps for each hour were short (a minute or so), with the steps increasing

in length over the hour.

Radiation to lab temperature (20 ◦C was applied over all exterior surfaces, correlated to ambient

with an emissivity of 0.25 over both simulated hours (typical for aluminum, [57]). An assumption was

made that a flow of mixed H and He would be established, producing a convection film coefficient, h,

over the same external surfaces of 32.18 at a temperature of 22 ◦C. This coefficient was calculated with

averaged properties (e.g., dynamic viscosity, thermal conductivity, etc.), using equations from a heat and

mass transfer textbook [57]. This approximation of covection was applied for the full two hours of the

simulation. Because this is a scoping analysis, this approximation of convection was sufficient.

Finally, a heat flow was applied to the inside surfaces of the heater holes on the heater plate to a

total of 800 W over the first hour, and all heating was cut for the second hour. The heating was chosen

assuming the use of two of the same 400 W heater rods that were originally planned for the system.

E.2 Results

The results showed a heating to activation temperatures of 450 ◦C within 7 minutes in a vacuum, and

would require nearly 25 minutes with convective flow of a purge gas. After the powder was activated,

the recommended getting temperature could be obtained in less than two minutes for 100 ◦C, and less

than five minutes for 200 ◦C assuming convective and radiative cooling. The system required 42 minutes

of cooling to reach a safe removal temperature, assumed to be 40 ◦C.

The temperature distribution in the getter powder at capturing temperature is shown below in Fig.
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E.3. To determine how close the individual getter well temperatures were to each other, individual

temperature probes were generated in the corner wells, the center wells along each edge, and the center

well (see Fig. E.3; tracked wells marked in green). The other side of Fig. E.3 is a plot of the temperature

of the 9 wells over the full two hour simulation. Because the spread between the wells is not easy to see

with a full ranged plot, a subset of Fig. E.4 showing the average well volume temperature from start to

100 ◦C is also shown (Fig. E.5). The standard deviation (σ) between the temperatures of the wells over

the run is plotted in Fig. E.6, and is interpreted as Twell = Tmean ± σ.

Figure E.3: Temperature distribution in getter tray around the time that getter powder in all wells
reaches 100 ◦C, with location of heaters (light red) and the cooling channel (light green) superimposed. The
heating and cooling both are supplied below the getter tray. Colors for the getter bed (center) exaggerated
for clarity. The red region was orange, the yellow region remained the same, and the vivid green in the
corners was the pale green under yellow in the key. This image is a replication of Fig. 4.3.

While the distribution is not uniform, the deviation was less than 3 ◦C during heating. The stan-

dard deviation would be smaller (i.e., well temperatures more uniform) if (1) the temperature was held

constant, i.e., controlled, as it would be during an experimental run; (2) the tray was made of a more con-

ductive material, e.g., copper; or (3) copper or aluminum beads were mixed into the powder to increase

its thermal conductivity.

The final important fix to verify for this new design was what the TCs read during the process.

Temperature probes over the surface of the TC holes revealed that the powder mean temperature was,
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Figure E.4: Temperature profile of the tracked wells over the full two hour run; Left: The nine wells
where average volume temperature was tracked, marked in green; Right: Temperature profiles of the nine
wells over the full two hour run. This figure is a replication of Fig. 4.4.

on average, +0.21/-0.047 ◦C off from what the TCs showed and +0.57/-1.34 ◦C when furthest off. The

closer positioning of the TCs to the powder and in the path of conduction, yielded the benefit of accurately

measuring the powder temperature. Even when furthest off, it showed the mean powder temperature to

less than the standard deviation between wells.

This analysis demonstrates that the redesign solves the problems encountered with the vertical getter

tank presented in Appendix B. Furthermore, the same manufacturing team that made the vertical getter

tank noted the ease with which the getter tray system could be produced, going so far as to say it would

take only one day to build. Upon seeing the results of this analysis, all others involved in this project

(including the project sponsors) concluded that the tray could meet the objectives originally set for the

project.
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Figure E.5: Temperature profiles of the nine wells in the first two minutes up to 100 ◦C. Note the slight
spread between different wells, with the back right coldest (102 ◦C at 112.8 s) and the front center the
hottest (109 ◦C at 112.8 s).

Figure E.6: Plot of the standard deviation between the tracked well temperatures over the heating portion
of the run. During cooling, the deviation rapidly plummets from a high of 2.665 at 58 minutes of heating
to less than one after 2 minutes of cooling.
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