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ABSTRACT 

Flueckiger, Scott Michael. M.S.M.E, Purdue University, May, 2009.  Thermal 
Property Measurements of High Pressure Metal Hydrides.  Major Professors:  Dr. 
Yuan Zheng; Dr. Timothy Fisher, School of Mechanical Engineering. 
 

Metal hydrides are potential materials for onboard hydrogen storage.  

Thermal property measurements are needed to optimize the thermal 

management design of metal hydride storage systems which require a 

measurement technique developed with considerations of the thermodynamics of 

the hydriding process and the pyrophoric nature of the material.  In the present 

work, a transient plane source (TPS) apparatus was integrated with a pressure 

vessel to measure effective thermal conductivity (keff) and thermal diffusivity (α) of 

metal hydrides in a high pressure hydrogen environment (up to 275 bar) for the 

first time.  From these direct measurements, the material specific heat (CP) was 

derived from isotropic property relations.  Furthermore, a custom pellet press was 

fabricated to make metal hydride pellets, including additives for structural 

integrity and thermal enhancement. 

 

Thermal properties of Ti1.1CrMn in oxidized pellet, oxidized powder, activated 

powder were measured.  Pellets composed with graphite and polyvinylidene 

fluoride (PVDF) had the highest keff between 6.3 and 6.9 W/m·K.  Pellets with 

aluminum powder had a keff of 1.7 to 3.5 W/m·K, dependent on the compression 

force applied on the pellets.  Oxidized powder keff increased from 0.80 to 1.6 

W/m·K with increasing hydrogen pressure from 0.17 to 275 bar.  The pressure 

dependence of keff was attributed to the change in mean free path of the 

hydrogen gas with pressure.  In contrast to oxidized powder, keff of activated 

Ti1.1CrMn powder ranged from 0.31 to 0.71 W/m·K as a function of hydrogen 



 

 

xiv

pressure from 2.9 to 253 bar.  While keff was only dependent on the hydrogen 

pressure, both α and CP data of activated powder had strong dependencies on 

the hydriding reaction progress.  This dependency was attributed to the change 

in metal hydride lattice structure between the desorbed and the absorbed phase, 

which affected the phonon transport.  The present thermal property study 

provided data and insights for the implementation of efficient thermal 

management in metal hydride based onboard hydrogen storage systems. 
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CHAPTER 1. INTRODUCTION 

1.1. Fossil Fuels and Alternative Energy 

Since the Industrial Revolution, automated machinery has enhanced and 

accelerated all forms of manufacturing and transportation in modern society.  

With this new infrastructure has been the development of a separate energy 

infrastructure required to power it.  It is without coincidence that the nineteenth 

century experienced a parallel growth in the understanding and application of 

thermodynamics.  The energy output of this machinery depended on the amount 

of energy supplied.  Generating work from heat via combustion, the engineers of 

the era soon discovered that fossil fuels were the most energetic and volatile 

materials readily available.  As a result, the demand for fossil fuels has been an 

endearing trait among modern societies for the past 150 years.   

 

Fossil fuels are hydrocarbon based materials that can be extracted directly 

from the Earth.  These hydrocarbons exist in all three material phases; solid coal, 

liquid petroleum, and natural gas.  Production occurs from the decomposition of 

organic material over several millennia.  As a natural resource, fossil fuels are 

thus non-renewable in terms of human consumption and have a finite supply.  

Contrary to this limitation, the twentieth century experienced an exponential 

increase in the extraction and use of fossil fuels.  In the past, global supplies 

were ample enough to satiate this growing demand while maintaining low supply 

costs. 

 

Much of the demand for liquid fuel can be attributed to the growth of the 

automobile industry.  According to the United States Energy Information 
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Administration (EIA), transportation accounted for 52 percent of liquid fuel 

consumption in 2005 [1].  This figure is expected to increase to 58 percent by the 

year 2030.  The continued growth of the United States coupled with the 

emergence of newly industrialized nations such as India and China has 

generated an unprecedented spike in the global demand for oil.  Despite record 

levels of production, the current supply of oil has been unable to prevent 

dramatic increases in costs.  From 2000 to 2008, the year average national cost 

of oil has increased from $26.68 to $93.05 per barrel [2]. 

 

The environmental effects associated with fossil fuels must also be 

considered.  The transportation sector releases two billion metric tons of carbon 

dioxide every year, second only to the generation of electric power [1].  In the 

atmosphere, carbon dioxide acts as a greenhouse gas which inhibits thermal 

radiation of heat from the Earth to outer space.  The increased presence of 

greenhouse gases in the atmosphere has contributed to the environmental 

phenomenon known as global warming.  If not addressed, the long term effects 

of global warming include permanent changes in critical weather patterns and 

destruction of ecological systems across the planet.  In addition to carbon 

dioxide, automobiles emit pollutants such as carbon monoxide and nitrogen 

oxides as a result of fossil fuel combustion.  According to the Department of 

Energy, 60 percent of Americans reside in areas with levels of pollution high 

enough to affect public health [3]. 

 

Due to supply constraints and environmental concerns, global consumption of 

oil is unsustainable for long term energy demands.  To maintain current energy 

needs, significant time and money has been spent researching a new automotive 

infrastructure powered by renewable sources of energy.  With any large scale 

system such as the automotive industry, several engineering issues must be 

considered and resolved before implementation.  For an energy source, these 

issues can be organized into generation, storage, transportation, and 
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consumption.  Any new source must address each of these aspects with respect 

to feasibility, practicality, and safety to the consumer.  Three distinct alternative 

energy systems have thus far been proposed to replace the current oil based 

infrastructure; ethanol, electricity, and hydrogen.  While there are societal 

benefits to each alternative, all require technical advancements to match the 

performance standards and practicality of gasoline. 

1.1.1. Ethanol 

Ethanol is a liquid hydrocarbon synthesized from organic material.  Unlike 

fossil fuels, ethanol is a renewable resource that can be generated from existing 

crops.  Current generation is dominated by sugar cane production in Brazil and 

corn production in the United States.  As these crops consume carbon dioxide, 

an ethanol based energy system has the potential to be carbon neutral. 

 

Despite the environmental advantages of ethanol, several implementation 

issues remain unresolved.  Ethanol has a lower energy density than gasoline and 

typically used in a mixture for vehicles to achieve sufficient energy content.  Thus 

the use of ethanol cannot eliminate the use of oil, but temper consumption to 

stabilize the current demand spike.  And as the use of ethanol as fuel increases, 

production must displace land previously used for farming.  If ethanol is to 

become a larger source of energy, production limits must be enacted to prevent 

unacceptable losses to the global food supply. 

1.1.2. Electricity 

While ethanol is an improvement to the current automotive design, vehicles 

would still require combustion engines for power.  An alternative power source is 

an electric motor.  Electric vehicles have existed for over a century, but have 

never been cost competitive with combustion engines until recent technological 
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developments coupled with the increasing oil costs.  Without a combustion 

engine, the most attractive feature of an electric car is zero onboard emissions.  

 

However, electricity is not a true fuel but an energy carrier that must be 

generated from physical resources.  Current production is largely dominated by 

fossil fuel consuming power plants.  As a result, vehicle emissions are not 

eliminated but transferred to the power plant.  A successful electricity based 

energy system requires generation from renewable sources such as solar, wind, 

and biomass.  

1.1.3. Hydrogen 

In a proton exchange membrane fuel cell, hydrogen and oxygen molecules 

react to generate water.  During this reaction, the hydrogen atoms release 

electrons which can be used as current for an electric motor.  A hydrogen based 

vehicle applies a scaled version of this system to provide the necessary amount 

of energy.  As water is the only product of this reaction, emission of greenhouse 

gases and pollutants would be eliminated.  Due to the high gravimetric energy 

density of hydrogen, minimal storage mass is needed to power a vehicle.  But as 

a gaseous energy carrier, a hydrogen based society requires a revolution in the 

current energy infrastructure to be renewable and environmentally acceptable.  

This proposed infrastructure is referred to as the hydrogen economy. 

1.2. The Hydrogen Economy 

The hydrogen economy is a theoretical energy cycle in which hydrogen is 

renewably generated and consumed on a global scale to satisfy current energy 

demands with negligible environmental impact.  This cycle requires enhanced 

methods of production, delivery, consumption, and storage of hydrogen that are 

safe and cost competitive with the current gasoline infrastructure. 
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Hydrogen gas can be obtained from multiple sources, including both fossil 

fuels and renewable resources.  The traditional and most common production 

method is the fossil fuel based steam reformation of methane, 

 

heatHCOOHCH ++fi+ 224 3  (1.1)

 

Two renewable alternatives to this process are biomass generation and 

electrolysis.  The goal of biological hydrogen production is to develop farms of 

algae that generate hydrogen molecules at efficiencies comparable to traditional 

methods.  Under certain conditions of photosynthesis, these particular strains of 

algae produce hydrogen instead of oxygen.  The current challenges associated 

with this process are the discovery and purification of algae strains most efficient 

and economical for hydrogen generation. 

 

Hydrogen is also attainable through decomposition of water molecules in a 

process known as electrolysis.  When two electrodes are inserted in water with 

an applied voltage, a portion of the water undergoes a chemical dissociation.  

The oxygen atoms accumulate at the anode while the hydrogen atoms travel to 

the cathode.  The liberated hydrogen atoms can then be harvested for external 

applications.  Research in generating an economically viable form of large scale 

electrolysis includes development of novel electrode materials and optimization 

of the thermodynamic conditions to maximize efficiency and reaction rate. 

 

The use of fossil fuels remains the most cost effective method of producing 

hydrogen under current conditions.  To spur further development and innovation, 

the Department of Energy (DOE) has defined future cost targets for hydrogen 

production [3].  The desired costs of production for natural gas, biomass, and 

electrolysis are listed in Table 1.1.  To compare with the existing petroleum 

infrastructure, the costs are tabulated in terms of a gallon of gasoline equivalent 

(gge).  
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Table 1.1: DOE cost targets for hydrogen production [3]. 

Year Production Source Target Cost ($/gge) 
2010 Natural Gas 2.50 
2015 Natural Gas 2.00 
2012 Biomass 3.80 
2017 Biomass < 3.00 
2012 H2O Electrolysis 3.70 
2017 H2O Electrolysis < 3.00 

 

Along with producing sufficient amounts of hydrogen, the generated supply 

must be delivered to local areas that are readily available to consumers.  Due to 

the physical nature of hydrogen as a low density gas; this requisite transportation 

from production sites can contribute significant costs to the overall energy cycle.  

The DOE has addressed this issue with stated cost targets through 2017 for the 

delivery of hydrogen, listed in Table 1.2 [3]. 

Table 1.2: DOE cost targets for hydrogen delivery [3]. 

Year Transfer Process Target Cost ($/gge) 
2012 Production to Refueling Stations < 0.90 
2015 Handling at Refueling Stations < 0.40 
2017 Production to End User < 1.00 

 

Energy consumption in the hydrogen economy must also be optimized for 

practical vehicle applications.  The foremost challenge associated with hydrogen 

consumption is the development of high performance fuel cells that are 

economically feasible.  Current technologies require platinum in the fuel cell 

membrane, adding a significant cost inhibitor for large scale use.  As with 

hydrogen production and delivery, the DOE has set performance targets through 

2015 to spur improvement of existing fuel cells, listed in Table 1.3 [3]. 
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Table 1.3: DOE status and targets for hydrogen fuel cells [3]. 

Parameter Units 2005 Status 2010 Target 2015 Target 
Energy Efficiency % 59 60 60 

Power Density W/L 500 650 650 
Specific Power Density W/kg 470 650 650 

Cost $/We 110 45 30 
Durability hrs 1000 5000 5000 

 

As one of the lightest gases in existence, ambient hydrogen has an 

unacceptably low volumetric energy density for vehicles.  A hydrogen storage 

system must minimize the overall volume and weight to be viable for the 

automotive industry.  According to the initial DOE statement, an acceptable 

hydrogen storage system should provide a gravimetric density of 0.06 kg H2/kg 

system and a volumetric density of 0.045 kg H2/L system by 2010 [3].  

Accounting for future design improvements, these targets are increased for 2015 

to a gravimetric density of 0.09 kg H2/kg system and a volumetric density of 

0.081 kg H2/L system.  An overview of the storage targets for system cost and 

performance are provided in Table 1.4. 

Table 1.4: DOE targets for hydrogen storage systems [3]. 

Parameter Units 2010 Target 2015 Target 
Gravimetric Capacity kWh/kg 2 3 
Volumetric Capacity kWh/L 1.5 2.7 

Cost $/kWh 4 2 
Temperature Range K 243 ~ 323 233 ~  333 

Cycle Life cycles 1000 1500 
Max Delivery Pressure bar 100 100 

Fill Time (5 kg H2) min 3 2.5 
 

These targets are not trivial values and require significant technical advances 

with respect to current hydrogen storage capabilities.  As a result of the 

engineering challenges associated, the DOE has since updated several of the 

storage parameters with lower target values [4].  These new values are listed in 

Table 1.5. 
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Table 1.5: 2009 DOE targets for hydrogen storage systems [4]. 

Parameter Units 2010 Target 2015 Target Ultimate 
Gravimetric Capacity kWh/kg 1.5 1.8 2.5 
Volumetric Capacity kWh/L 0.9 1.3 2.3 

Cost $/kWh 4 2 - 
Temperature Range K 243 ~ 323 233 ~  333 233 ~ 333 

Cycle Life cycles 1000 1500 1500 
Max Delivery Pressure bar 100 100 100 

Fill Time (5 kg H2) min 4.2 3.3 2.5 

1.3. Hydrogen Storage Techniques 

Due to the inherently low density of hydrogen gas, storage under ambient 

pressure and temperature conditions is impractical for a passenger vehicle due 

to the excess volume required.  Several advanced storage methods have been 

investigated to maintain hydrogen at the requisite densities specified by the DOE 

targets.  The most prevalent of these methods include pressurized gas, low 

temperature liquid, and solid state storage with metal hydrides. 

1.3.1. High Pressure Gaseous Storage 

As with any gas phase material, the density of hydrogen can be significantly 

increased via pressurization.  Reported by Incropera et al., 2007, hydrogen 

density (ρ) is 0.0808 kg/m3 under ambient thermodynamic conditions [5].  Zhang 

et al., 2005, reported that gaseous pressurization to 700 bar increases ρ nearly 

50 fold to 39.6 kg/m3 [6].  For system use, a high strength pressure vessel is 

required to sustain this pressure.  To store the requisite amount of hydrogen for a 

commercial vehicle, traditional metallic vessels add an unacceptable amount of 

mass to the integrated system.  Composite tanks can reduce this parasitic mass, 

but add financial cost due to expensive materials and fabrication methods 

required.  Another concern for gaseous storage is the amount of energy required 

to compress the hydrogen from ambient conditions to a high pressure state.  
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Assuming a polytropic process, the compression work required to raise 1 bar of 

hydrogen to 700 bar is 10,161 kJ/kg [6]. 

1.3.2. Low Temperature Liquefied Storage 

A low pressure alternative to gaseous storage is that of liquefied storage.  In 

this process, hydrogen gas is cooled below its boiling point of 20.3 K to form a 

liquid phase at ambient pressure.  The resultant ρ for liquid hydrogen increases 

to 70.8 kg/m3 [6].  As the liquid is not pressurized, a thick walled vessel is not 

required to contain the hydrogen.  However, liquefied storage is not a static 

system.  Heat transfer between the system and surroundings induces boil off and 

pressure build up.  This gaseous build up must be periodically vented off to avoid 

over-pressurization and potential system failure.  Venting causes an unavoidable 

loss in stored hydrogen over time.  Thus a practical liquefied hydrogen storage 

system must be used on a continuous basis to minimize the hydrogen loss 

associated with the boil off process.  Similar to gaseous storage, the energy cost 

of cooling ambient hydrogen to liquid phase must also be considered. 

1.3.3. Material Based Hydrogen Storage 

A third storage option is to apply solid materials that reversibly react with 

hydrogen gas.  The most prominent of these materials are metallic alloys known 

as metal hydrides.  Under the appropriate thermodynamic conditions, hydrogen 

atoms diffuse into the hydride lattice in high volumetric density, comparable to 

liquefied storage densities [6]. 

 

At the beginning of this absorption reaction, the lattice exists in what is known 

as the α-phase, where a minimal amount of hydrogen atoms are sporadically 

dispersed inside the hydride structure.  As more hydrogen is added to the 

system, the lattice transitions to the β-phase, in which the structure is fully 

saturated with hydrogen atoms.  Under ideal conditions, this transition occurs at 
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constant pressure and temperature.  In reality, a slight pressure increase is often 

observed due to the surface stresses induced in the lattice from the hydrogen 

absorption [7].  This trend can be visually observed by plotting the equilibrium 

pressure against the hydrogen to metal atomic ratio.  Shown in (1.2) and (1.3), 

Chandra et al., 2006, reported the chemical reactions for the two phases [7], 

 

yMHyHM «+ 25.0   (α-phase) (1.2)

  

xy MHH
yx

MH «-+ 22
 (β-phase)  

(1.3)

 

Activated metal hydride is typically a fine powder with a large surface area to 

mass ratio.  The particle size is often small enough to induce pyrophoric behavior 

in many different metal hydrides.  When exposed to ambient air, a pyrophoric 

material spontaneously undergoes an exothermic reaction.  For a metal hydride, 

the result of ignition is a high temperature metal fire leading to system failure and 

a serious safety hazard.  Acceptable storage of metal hydride prohibits exposure 

to air or other oxidizer at any time during application. 

 

Despite the high volumetric storage density attainable, common metal 

hydrides include heavy elements which lower the gravimetric storage density of 

hydride state.  Since typical metal hydrides store less than 10 wt% hydrogen, 

parasitic mass is a severe design issue for large scale storage.  As the 

hydrogenation process is exothermic, the resultant heat of formation is also 

important to system operation.  This heat drives the metal hydride to a 

thermodynamic equilibrium which slows the reaction rate of the hydrogen 

absorption.  An acceptable storage system must efficiently remove the reaction 

heat to maintain fast absorption rates and short filling times.  This performance is 

quantified by reaction kinetics unique to each metal hydride. 
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As a powder bed, metal hydrides have poor heat transfer performance due to 

internal contact resistance between particles which disrupts the solid conduction 

pathways.  The result is thermal conductivity values similar to an insulating 

material.  With low conductivity, the reaction heat cannot be easily removed and 

a well designed heat exchanger becomes necessary.  The basis for any heat 

exchanger design is full understanding of the thermal properties for all materials 

in the system. 

1.4. Thermal Property Measurements 

To develop a robust heat exchanger for metal hydride storage applications, a 

detailed knowledge of the thermal properties including thermal diffusivity (α), 

specific heat (CP), thermal contact resistance (Rtc), and the effective thermal 

conductivity (keff) is needed.  Effective thermal conductivity lumps the multiple 

conduction modes that occur in a powder bed to a single representative value.  

These thermal properties are known to have dependencies on hydrogen 

pressure, temperature, absorbed hydrogen concentration, and metal hydride 

particle size.  As the hydrogen sorption involves significant variations in pressure 

and temperature, these dependencies cannot be neglected.  The importance of 

metal hydride thermal behavior has been addressed several times in the 

literature.  Most of these investigations applied steady state measurement 

techniques under relatively low pressures with a singular focus on keff data.  

1.4.1. Steady State Methods 

One of the most common methods of thermal property measurement is the 

comparative method, detailed in ASTM standard E-1225 [8].  In this method, the 

test material is inserted between two samples of reference material with 

thermocouples inserted along the assembly.  Heat is added to one side of the 

assembly and monitored by the thermocouples.  Once a steady state thermal 

gradient is present in the assembly, the resultant profiles can be manipulated to 
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determine the conductivity of the test material.  As this method involves contact 

between other materials, the thermocouples should be positioned in locations not 

affected by Rtc to prevent distortion of the property data.  While this method 

provides a good measurement of k, it is unsuitable for measuring other thermal 

properties.  As a result, alternate facilities are needed to obtain additional 

property data. 

 

One of the earliest investigations in metal hydride thermal behavior was 

performed by Suda et al.,1980, who measured keff of activated TiMn1.5 metal 

hydride powder [9].  The particle size of this hydride was reported to be 400 µm.  

Measurements were performed under a steady state comparative method inside 

a cylindrical pressure vessel.  Heating fluid passed through the center of the 

vessel, surrounded by an annulus of reference material.  Between this material 

and the vessel wall was a second annulus composed of metal hydride.  Outside 

the vessel was a cooling jacket to generate a temperature profile throughout the 

vessel.  Thermocouples were positioned at different radial locations inside the 

vessel to record this profile.  Once the apparatus reached a steady state profile, 

the radial heat diffusion equation was solved for keff. 

 

In these experiments, the hydrogen pressure inside the vessel ranged from 

0.5 to 40 bar.  The measured keff varied between 0.5 and 1.2 W/m·K as a function 

of pressure and hydrogen content due to the absorption reaction.  As both these 

parameters were increased, the keff increased because the added hydrogen 

atoms provided additional pathways for gas conduction between the hydride 

particles.  An empirical formula was developed to model keff of TiMn1.5 for a given 

pressure and hydrogen concentration. 

 

Suda et al., 1983, advanced their investigation with keff measurements of 

LaNi4.7Al0.3 and MmNi4.5Al0.5 powders.  The previous experimental apparatus was 

reapplied for the new measurements, but also incorporated thermal 
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enhancement materials including copper mesh and aluminum foam [10].  With 

the aluminum foam, keff values of 4 W/m·K were measured in the enhanced 

MmNi4.5Al0.5 at 40 bar of hydrogen, a significant increase from the previous 

investigation. 

 

Suissa et al., 1984, reported the keff of activated Mg2Ni metal hydride with an 

average particle size of 16.5 µm.  As with the earlier investigations, keff was 

measured inside a pressure vessel under a steady state temperature profile [11].  

Cooling fluid was passed through the center of the vessel surrounded by an 

annulus of metal hydride.  Reference material was positioned around the 

pressure vessel with thermocouples placed in the different radial locations.  The 

apparatus was installed inside a furnace to generate the requisite temperature 

profile for analysis.  With determination of keff from this profile, dependencies on 

hydrogen pressure, temperature, and number of pressurization cycles were 

investigated.  The pressure and temperature ranges investigated were 2 to 40 

bar and 253 to 333 K, respectively.  The value of keff increased with hydrogen 

pressure as before, but also slightly decreased with temperature.  With respect to 

pressurization cycles, the keff converged to a constant value after four absorption 

cycles.  The result of this work was a maximum keff value of 0.83 W/m·K.   

 

Kempf et al., 1985, investigated the keff of TiFe0.85Mn0.15 metal hydride.  The 

apparatus used for this research was a cylindrical pressure vessel under a 

steady state axial temperature gradient [12].  Thermocouples were placed at 

varying axial heights inside the vessel to record the temperature profile of the 

metal hydride.  Different from previous work, the material was tested as both a 

powder and a bulk solid.  The bulk material was evaluated in 273 to 423 K with 

helium gas from vacuum to 11 bar, eliminating any hydrogen absorption effects.  

The results of these experiments yielded an average keff of 37.2 W/m·K with little 

dependency on either temperature or pressure.  As the bulk material was a 

continuous solid, the conduction pathways were not disrupted by internal contact 
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resistance inherent to a powder bed, resulting in an order magnitude increase in 

keff from the previous literature.  In addition, this reported value was near the 

volumetric average conductivity (based on the M, ρ, and k data for each element) 

of 42 W/m·K for TiFe0.85Mn0.15.    

 

In addition to the bulk material measurements, the keff of TiFe0.85Mn0.15 was 

measured in powder form with an average particle size of 150 µm. These 

experiments were conducted under both helium and hydrogen pressure, allowing 

for the absorption reaction to occur in the metal hydride.  For the hydrogen test 

scenario, the powder was evaluated from 298 to 363 K at the equilibrium 

pressure.  The maximum keff measured was 1.5 W/m·K at a temperature and 

pressure of 363 K and 50 bar, respectively.  In both the helium and hydrogen test 

cases, the keff exhibited a strong dependence with pressure above 10 bar.  The 

disparity between the bulk and powder bed for TiFe0.85Mn0.15 could be attributed 

to the internal contact resistance generated in the powder bed. 

 

Lloyd et al., 1998, measured keff of LaNi5 under vacuum conditions with the 

comparative method.  Prior to testing, the hydride was plated with copper and 

then compressed with tin powder to form a porous metal hydride compact.  The 

average particle size prior to compaction was reported to be 25 to 45 µm.  The 

compacts were situated between a heat source and a copper sink along with a 

304 stainless steel meter bar for reference [13].  Thermocouples were inserted in 

the stainless steel and copper heat sink to record the temperature profile along 

the assembly.  This experimental apparatus was situated inside a vessel to 

generate a vacuum.  

 

As the thermal properties were deduced from the temperature gradient across 

the sample, experimental uncertainty was induced from Rtc at the metal hydride 

interfaces.  To account for this, the contact conductance of the interfaces was 

estimated to be 17730 ± 7100 W/m2·K.  Inverting this term yields an Rtc estimate 
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of 56 mm2·K/W.  Nine different porous metal hydride compacts were generated 

with copper platted LaNi5.  Differences between these compacts included 

concentration of tin additive and applied compaction pressure.  The keff of each 

compact was determined from the temperature profile under vacuum three times 

and then averaged.  The maximum value recorded was 6.4 ± 0.5 W/m·K for the 

maximum compaction pressure at tin content of 15 wt%.  These conditions were 

expected due to the high k values of copper and tin along with the increased 

compaction pressure improving the conduction pathways. 

 

Kim et al., 2001, investigated the thermal enhancement of compacting LaNi5 

with expanded graphite into pellet structures.  Several different pellets were 

generated with varying weight percent of expanded graphite (2.1 to 100 wt% 

EG).  To measure keff, the pellets were inserted between a stainless steel meter 

bar and a copper heat sink [14].  Heat was applied to the end of the stainless 

steel bar while cold water passed through the copper to generate a temperature 

gradient across the entire assembly.  This gradient was measured via several 

thermocouples imbedded in the stainless steel and at the interface of the metal 

hydride pellet and copper heat sink.  For testing, the assembly was placed inside 

a pressure vessel and operated under vacuum.  From the thermocouples, keff of 

the metal hydride and Rtc at the copper interface were determined.  The results of 

these tests revealed a strong dependence on the weight percent of expanded 

graphite in the pellet.  The maximum observed keff was nearly 6 W/m·K with an 

expanded graphite content of 22.9 wt%.  The Rtc at the copper interface was 

analytically measured to be 203.6 ± 52.6 mm2·K/W.  As all measurements were 

taken under vacuum, the hydrogenation effects of LaNi5 were not assessed. 

 

Sanchez et al., 2003, compacted LaNi4.85Sn0.15 with expanded graphite 

additive for keff measurements.  The keff of the pellet mixture was measured with 

the comparative method in ambient air conditions [15].  The maximum keff 

recorded from these tests was 11.2 W/m·K with an expanded graphite content of 
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34 wt% and a porosity of 0.872.  This value was a significant increase from 

reference [14], which implies the addition of interstitial gas molecules (not 

present in vacuum) improves the performance with conduction pathways in the 

mixture regardless of the poor conductivity of air relative to hydrogen.  After 

these measurements, the metal hydride compacts were loaded into a pressure 

vessel with hydrogen to measure the reaction kinetics.  Thermocouples were 

also positioned inside the vessel to provide an estimate of the Rtc at the interface 

between the metal hydride and the vessel.  From these absorption experiments, 

the Rtc was estimated to be 1000 mm2·K/W at the interface. 

 

Klein et al., 2004, extended the analysis of LaNi4.85Sn0.15 with additional keff 

measurements in expanded graphite compacts.  Several cylindrical pellets were 

generated with varying weight percent of expanded graphite and porosity [16]. 

The keff was determined for each pellet with the comparative method.  Of these 

pellets, the composition of 16.9 wt% expanded graphite with a porosity of 0.3438 

yielded the maximum keff of 70.12 W/m·K.  This value was substantially greater 

than the previous keff reported in reference [15], despite a reduction in expanded 

graphite content.  However, the porosity of the pelletized mixture was more than 

50 percent less than the previous data, increasing the amount of particle to 

particle contact points for solid conduction.  It should be noted that the volumetric 

average k of LaNi4.85Sn0.15 was 59 W/m·K.  If accurate, the reported keff implied 

the metal hydride had greater conductivity as a compacted powder than as a 

continuous solid simply through the addition of expanded graphite. 

 

The thermal contact resistance (Rtc) was measured by inserting the pellets 

between a steel annulus and a tube of cooling fluid.  Heating wire coiled around 

the steel ring to generate a temperature gradient across the assembly.  

Thermocouples were positioned at several radial locations in the pellet and steel 

ring to measure the temperature gradient.  The amount of Rtc between the pellet 

and steel was then determined from this gradient.  The resultant Rtc values were 
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between 316 and 1818 mm2·K/W, with a stated uncertainty of 30 percent; 

dependent on the porosity of the pellet and the amount of power supplied to the 

heating wire.  At higher heating wire power, there was greater heat loss from the 

steel ring to the surroundings, which increased the measured Rtc at the pellet 

interface. 

1.4.2. Transient Methods 

In addition to steady state techniques, thermal properties of metal hydrides 

can also be measured with a variety of transient methods.  The main difference is 

that steady state techniques analyze temperature gradients developed from a 

heat source while transient techniques analyze the initial thermal response to the 

heat source.  A common advantage of transient measurements is faster data 

acquisition as thermal equilibrium is not required in the test material.  In addition 

to measuring k, transient methods are more conducive to direct measurements of 

α.  If both these parameters can be directly determined, the material CP can be 

derived from property relations without the need for a calorimeter. 

 

Kapischke et al., 1998, employed an oscillating heat source to measure the 

keff of magnesium hydride powder.  For measurements, the powder was loaded 

into a cylindrical steel reactor with imbedded thermocouples and heater wire 

coiled around the outer reactor surface [17].  The heater was pulsed on and off to 

produce an oscillating temperature profile at the vessel surface.  The thermal 

response of the magnesium hydride was recorded by the axial thermocouples.  

The material keff was determined through comparison of these two profiles.  As 

the hydrogenation process for magnesium was controlled by temperature, these 

tests were performed in low hydrogen pressure from 523 to 653 K.  The 

maximum recorded keff was 7.5 W/m·K at a temperature of 653 K. 

 

Hahne et al., 1998, investigated keff of LaNi4.7Al0.3 and HWT 5800 

(Ti0.98Zr0.02V0.43Fe0.09Cr0.05Mn1.5) with the hot wire technique. The average particle 
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size for these metal hydrides was reported to be 14.9 µm and 6.6 µm, 

respectively.  A cylindrical pressure vessel was loaded with powder, a heating 

wire, and axial thermocouples [18].  After initial activation of the material inside 

the vessel, experiments were conducted from vacuum to high pressure with a 

variety of gases (hydrogen, helium, nitrogen, and argon).  Below ambient 

pressure, the keff was determined to be largely dependent on the existing 

pressure in the vessel.  As this pressure increased, the gas approached a 

continuum state which improved the conduction through the material.  This 

condition was largely fixed above ambient, with only slight increases in keff due to 

added pressure.  The maximum keff of the LaNi4.7Al0.3 powder was measured to 

be roughly 1 W/m·K at a pressure of 10 bar hydrogen.  Similar results were 

recorded for the HWT 5800 powder. 

 

Dedrick el at., 2005, investigated the keff of sodium alanates (a complex 

hydride) with the thermal probe technique [19].  The experimental apparatus was 

composed of a cylindrical pressure vessel filled with sodium alanates and a 

thermal probe in the axial direction.  The reported particle size of this powder was 

20 to 44 µm.  In addition to the probe, thermocouples were installed at radial 

locations around the vessel.  During an experiment, the thermal probe conducted 

heat into the powder via heater wire embedded in the probe.  The thermal 

response of the material was measured by a thermocouple also located in the 

probe.  The recorded profile from this thermocouple was numerically simulated to 

determine keff of the sodium alanates.  The profiles of the radial thermocouples 

were used to verify the numerical solution.  These tests were conducted in both 

hydrogen and helium gas with a maximum pressure of 90 bar.  The maximum 

recorded keff was roughly 0.9 W/m·K for the fully desorbed NaH state. 

 

The pressure vessel was also used to measure the Rtc present at the probe 

and vessel interfaces with a three dimensional thermal model.  The results of this 

numerical model are listed in Table 1.6.  These results contain several anomalies 
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of significant interest.  The Rtc values at the wall were an order of magnitude 

greater than the values measured at the probe.  This was unusual as the probe 

and wall were both composed of stainless steel, thus similar results would be 

expected.  A possible explanation was that the sodium alanates were not in good 

contact with the vessel wall during measurement, which increased Rtc [19].  For 

the analysis in hydrogen, the Rtc decreased with gas pressure as expected from 

the additional conduction pathways between the material and the surface.  

Counterintuitive to this, the Rtc trend was reversed with increasing helium 

pressure. 

Table 1.6: Rtc measurements of sodium alanates [19]. 

Gas P (bar) Rtc Probe (mm2·K/W) Rtc Wall (mm2·K/W) 
- Vac 2300 33000 

He 2 1800 6700 
He 70 2800 17000 
H2 3 3300 20000 
H2 68 2600 20000 

 

The reported results for the various metal hydride materials in literature are 

listed in Table 1.7, organized with respect to the keff reported.  As seen, pure 

metal hydride powders yield keff values of roughly 1 W/m·K, independent of the 

material composition.  The addition of thermal enhancement additives and 

compaction processes can increase this base value an order of magnitude.  

However, the maximum keff values reported in [15] and [16] approach or exceed 

the estimated solid conductivity of the metal hydride compound.  Despite the 

addition of expanded graphite, these results merit additional investigation.  It 

should also be noted that none of these experiments were performed above 90 

bar of hydrogen gas pressure.  In the literature that reported the particle size of 

the metal hydride under investigation, these sizes ranged from 15 to 400 µm. 
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Table 1.7: Summary of keff measurements of metal hydrides. 

Metal 
Hydride 

 Form Additives ε Gas P  
(bar) 

kmax 

(W/m·K) 

Ref. 

Mg2Ni Powder - 0.43 H2 40 0.83 [11] 

NaH + Al Powder - - H2 90 0.9 [19] 

LaNi4.7Al0.3 Powder - 0.531 H2 10 1 [18] 
HWT 5800 Powder - 0.445 H2 10 1 [18] 

TiMn1.5 Powder - 0.442 H2 40 1.2 [9] 
TiFe0.85Mn0.15 Powder - 0.53 H2 50 1.5 [12] 
MmNi4.5Al0.5 Powder Al foam 0.50 H2 40 4 [10] 

LaNi5 Pellet 22.9 wt% EG - - Vac 6 [14] 
LaNi5 Pellet Cu,  

15 wt% Sn 
- - Vac 6.4 [13] 

Mg Powder - - H2 - 7.5 [17] 
LaNi4.85Sn0.15 Pellet 34 wt% EG 0.872 Air 1 11.2 [15] 
TiFe0.85Mn0.15 Bulk - - He 11 37.2 [12] 
LaNi4.85Sn0.15 Pellet 17 wt% EG 0.344 Air 1 70.12 [16] 

 

In addition to reporting keff data, research also included the experimental 

measurement of CP for metal hydride powder.  One such investigation was 

performed by Ohlendorf et al., 1980, with activated LaNi5 powder.  In this work, a 

calorimeter was employed to measure CP under constant gas pressure [20].  To 

measure activated material, the powder was encapsulated with copper and 

exposed to hydrogen until the powder reached a reactive state.  After the 

activation process, the hydride was re-exposed to hydrogen to initiate the 

absorption reaction.  For a given hydrogen pressure, CP was measured in a 

temperature range of 5 to 300 K.  These measurements were performed for the 

three different metal hydride phases (desorbed phase, α-phase, and β-phase).  

The resultant data indicated an increased CP with both temperature and 

hydrogen concentration.  The maximum recorded heat capacities for desorbed, 

α, and β-phases were 0.351, 0.371, and 0.539 J/g·K respectively.  This trend 

implied CP was positively dependent on the reaction progress.   
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1.4.3. Laser Flash Method 

To investigate the practicality of using metal hydrides for onboard hydrogen 

storage in a commercial automobile, Zhang, 2008, focused on measuring the 

thermal properties of Ti1.1CrMn [21].  The experimental technique applied for this 

analysis was the laser flash method, capable of directly measuring α for a given 

test material according to the ASTM standard E-1461 [22].  The experimental 

apparatus included a small disk of compacted metal hydride inserted between a 

laser source and an IR detector.  During an experiment, the laser was pulsed on 

to a surface of the sample disk.  Simultaneously, the IR detector recorded the 

temperature increase on the opposite side of the disk.  The recorded thermal 

response was then used to analytically determine the material α.  The CP of the 

material could be determined through comparison of the thermal response with a 

reference material of known thermal properties.  If the material was isotropic, k 

could be indirectly determined from the two previous measurements, provided ρ 

was known for the material.  The main assumption of this measurement 

technique was one-dimensional heat flow through the disk material. 

 

To measure the thermal properties of Ti1.1CrMn, 1.27 cm diameter pellets 

were generated to fit in the laser flash sampler holder.  A commercial pellet press 

was used to fabricate these pellets.  To maintain the structural integrity of the 

compacted Ti1.1CrMn, a binding additive was included in the mixture.  The initial 

powder selected for this binding was polyvinylidene fluoride (PVDF), a highly 

inert thermoplastic with a low bulk density.  As this material was a poor thermal 

conductor, a thermal enhancement additive was also included in mixture.  

Graphite in powder and expanded form was selected for this enhancement.  

Metal hydride pellets were generated with different weight percents of PVDF 

binder and graphite enhancer and then analyzed. 

 

As the laser flash apparatus could only operate in ambient conditions, all 

metal hydride powder used for testing was in a non-activated state.  The keff and 
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α data from the graphite powder tests are listed in Tables 1.8 and 1.9.  As 

expected, there was a significant dependence on the amount of graphite powder 

in the metal hydride mixture.  Additionally, the thermal properties were optimized 

with PVDF content of 4 to 5 wt%.  Larger amounts of PVDF inhibited the 

performance of the graphite enhancement and lowered the overall property 

values. 

Table 1.8: keff (W/m·K) of non-activated Ti1.1CrMn pellets [21]. 

 PVDF content 
Graphite 0 wt% 2 wt% 4 wt% 5 wt% 7 wt% 10 wt% 

0 wt% 1.04 0.75 1.19 1.18 1.54 2.11 
3 wt% 1.48 1.48 3.03 3.50 4.53 4.23 
6 wt% 2.25 2.65 5.47 6.21 6.85 5.39 
9 wt% 2.83 4.85 7.58 8.83 9.16 7.77 

15 wt% 5.56 8.10 10.66 10.94 10.92 9.71 

Table 1.9: α (mm2/s) of non-activated Ti1.1CrMn pellets [21]. 

 PVDF content 
Graphite 0 wt% 2 wt% 4 wt% 5 wt% 7 wt% 10 wt% 

0 wt% 0.53 0.45 0.60 0.62 0.77 0.98 
3 wt% 0.67 0.76 1.47 1.42 1.68 1.51 
6 wt% 0.95 1.29 2.43 2.49 2.56 2.04 
9 wt% 1.10 2.22 3.18 3.51 3.21 2.84 

15 wt% 2.05 3.54 4.68 4.45 4.26 3.72 
 

While PVDF and graphite improved both the structural and thermal 

performance of the mixture, the hydrogen storage performance was reduced as 

more storage space was displaced by the additives.  Additional research with 

laser flash included the measurement of metal hydride pellets with aluminum 

powder.  With high thermal conductivity and good malleability, aluminum 

behaved as both a thermal enhancement and a binder, reducing the amount of 

parasitic mass in the mixture.  From laser flash analysis, 15 wt% aluminum 

yielded the maximum keff of 21.06 W/m·K.  
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While the laser flash data provided an extensive baseline for the thermal 

behavior of non-activated Ti1.1CrMn, the measurement technique disallowed the 

ability to assess dependencies on hydrogen pressure and the absorption 

process.  Customization of the laser flash apparatus with a pressure vessel was 

investigated, but an acceptable vessel design proved too challenging.  A 

summary of this work is provided in Appendix B.  

1.4.4. Transient Plane Source Method 

Because of the difficulties associated with adapting the laser flash method to 

the constraints of the metal hydride, different thermal property measurement 

techniques were investigated.  From this product research, an alternative 

transient method compatible with high pressure environments was discovered.  

Pioneered by the Hot Disk Company, the transient plane source method was a 

novel variation of the hot wire method capable of directly measuring both k and α 

[23].  Additionally, the technique was compatible with both particulate and solid 

structures.  While the commercial apparatus was designed for ambient 

conditions, integration with a pressure vessel could be achieved with only 

moderate system adjustments.  Because of this versatility, the transient plane 

source method was selected to measure the thermal properties of high pressure 

metal hydrides. 

1.5. Objectives of Thesis 

The objectives of the work reported in this thesis are to: 

• Utilize the transient plane source method to measure keff, α, and CP of 

activated high pressure metal hydrides 

• Develop a system to fabricate pellets of activated metal hydride powder 

• Study the dependencies of thermal properties on hydrogen pressure, 

temperature, hydrogen content, and bed porosity 
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• Extend the transient plane source apparatus to estimate Rtc between the 

metal hydride and a solid surface 

1.6. Major Contributions of Thesis 

The major contributions of this thesis are: 

• The application of an experimental test method capable of measuring keff 

and α of reactive materials in a high pressure environment up to 550 bar 

hydrogen 

• Design and assembly of a powder compaction apparatus operable in a 

glove box to generate pellets of reactive material in an inert environment 

• Thermal property measurements of reactive metal hydride with respect to 

hydrogen pressure and porosity  

• Development of a two-dimensional axisymmetric thermal model to 

estimate Rtc  between the metal hydride and the TPS sensor 

1.7. Outline of Thesis 

Chapter 1 provides an overview of current energy demands in society and 

progress towards developing a renewable energy infrastructure based in 

hydrogen.  Discussion of the design challenges associated with hydrogen 

storage is included with focus on the previous research in metal hydride thermal 

behavior.  Chapter 2 describes the applied metal hydride material and the 

relevant laboratory facilities, including the transient plane source apparatus, the 

powder processing equipment, and the high pressure hydrogen supply system.  

Chapter 3 explains the performance and operating principles of the transient 

plane source apparatus.  The modeling work associated with keff and CP is also 

discussed.  Chapter 4 presents the acquired thermal property data for metal 

hydride with relevant discussion on dependencies of the powder structure and 

the environmental conditions.  Chapter 5 summarizes the accomplishments and 

contributions of the thesis.  Suggestions for future work necessary to the 
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advancement of thermal property measurements and improved metal hydride 

thermal behavior are also included. 

 

Section A of the appendices contains all relevant test documents as well as 

raw data from the TPS experiments with metal hydride.  Section B summarizes 

the design work for a custom pressure vessel compatible with a commercial laser 

flash apparatus.  Section C discusses modeling work for the determination of keff 

and α from an experimental transient plane source method temperature profile.  

Section D describes a thermal model developed to estimate Rtc between a test 

material and the transient plane source sensor.  The results of this model for 

stainless steel and metal hydride are also provided.  Section E discusses an 

analysis of asymmetry in the transient plane source experiment with respect to 

property data through the use of carbon nanotube foils.  Section F summarizes a 

series of modifications to the commercial transient plane source sample holder 

performed to enable the quantification of compression force on the test samples.  

Section G includes supplemental figures not provided in the main body. 
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CHAPTER 2. FACILITY DEVELOPMENT FOR THERMAL PROPERTY 
MEASURMENTS 

To obtain the desired thermal properties for a metal hydride, a robust 

experimental system was designed and implemented to provide accurate 

measurements under high pressure gaseous hydrogen.  An additional system 

was developed to provide compaction capabilities of activated metal hydride 

powder in an inert environment. 

2.1. Ti1.1CrMn and Laboratory-Scale Storage Tank Tests 

A variety of different metal hydride compositions were known and available 

for commercial applications and experimentation.  The performance of these 

materials could be contrasted with several engineering parameters such as 

maximum weight percentage of stored hydrogen, reaction kinetics, material cost, 

and thermal behavior.  The most prominent and researched metal hydride in 

terms of experimental analysis was LaNi5.  

 

The metal hydride applied for this research was Ti1.1CrMn, similar to the 

previous work with the laser flash method.  Kojima et al., 2006, reported the 

maximum hydrogen storage capacity of this material to be roughly 2 wt% [24].  

Received in a non-activated and oxidized state, the Ti1.1CrMn powder had an 

average particle size too large to enable hydrogen absorption.  Through scanning 

electron microscopy (SEM), magnified images of the powder were generated to 

verify the particle size.  As seen in Figure 2.1, the particle size for this non-

activated Ti1.1CrMn was on the order of 100 µm.  To induce hydrogen absorption 
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behavior, an activation process was implemented to reduce the particle size 

below the reactive threshold. 

 

Large scale activation of Ti1.1CrMn was performed through a custom thermal 

cycling process led by Timothée Pourpoint and Andrew Steiner.  Several 

kilograms of the non-activated powder were loaded in a vessel and pressurized 

with hydrogen.  The vessel was submersed in liquid nitrogen to cool the interior 

temperature to -100 °C, recorded by thermocouples.  After cooling, the vessel 

was evacuated to sub-atmospheric pressure and attached to three high power 

band heaters to raise the interior temperature to 100 °C.  After three to four 

cycles, thermally induced cracks reduced the particle size to a reactive state for 

hydrogen absorption.  An SEM image of the resultant activated powder is shown 

in Figure 2.2.  As a result of the crack propagation from thermal cycling, the 

average Ti1.1CrMn particle size was 2 to 10 µm. 

 

Figure 2.1: SEM image of non-activated Ti1.1CrMn [21]. 

100 µm 
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Figure 2.2: SEM image of activated Ti1.1CrMn [21]. 

The reduction of particle size shifted the metal hydride to a pyrophoric state.  

Composed of transition metals, the pyrophoric combustion of Ti1.1CrMn would 

generate a high temperature metal fire.  A small amount of Ti1.1CrMn igniting 

upon exposure to air is shown in Figure G.1.  The temperature of this combustion 

was greater than 1000 °C according to thermal IR me asurements.  To prevent 

this safety hazard, the metal hydride must be stored in an inert environment such 

as argon gas. 

 

After combustion of activated material, the metal hydride returned to an inert 

condition as an oxidized powder.  The physical state of this oxidized metal 

hydride could be controlled by the rate of air exposed to the material.  An SEM 

image of oxidized Ti1.1CrMn powder is shown in Figure 2.3. 

30 µm 
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Figure 2.3: SEM image of oxidized Ti1.1CrMn. 

The average particle size of oxidized Ti1.1CrMn was experimentally 

determined with a Mastersizer 2000 apparatus.  For measurement, the powder 

was mixed in solution with water and passed across a laser source.  Surrounding 

IR detectors recorded the refraction of the laser generated by the particles.  This 

refraction was related to the particle size by the refractivity index of the metal 

hydride.  As the refractivity index of Ti1.1CrMn was unknown, an estimate was 

determined by averaging the known values for titanium, chromium, and 

manganese.  The volumetric average particle diameter was measured to be 72 

µm.  The complete results of the Mastersizer 2000 analysis are provided in 

Figure A.2. 

 

Once the Ti1.1CrMn powder was activated, large scale tests were conducted 

to verify the hydrogenation process of the material.  Pourpoint et al., 2008, tested 

several kilograms of metal hydride to investigate multiple experimental 

30 µm 
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parameters including reaction time, reaction heating, volumetric expansion, and 

cooling rate [25].  The high pressure system generated for performing these 

experiments is shown in Figure G.2. 

2.2. Metal Hydride Pellet Preparation 

The thermal behavior of a metal hydride depends on the applied packing 

structure [12].  As a particulate, metal hydride can be stored as either a loose 

powder or a compacted pellet.  As previously mentioned, powder beds have poor 

heat transfer performance due to the disrupted conduction pathways from 

internal contact resistance.  This performance could be improved through powder 

compaction to increase the number of contact points between the individual 

particles.  With appropriate compaction force and inclusion of binding additives, 

loose metal hydride powder is converted to a pelletized structure. 

 

Commercial pellet presses generate hydraulic pressure to compress objects 

with forces on the order of 100 kN.  In this study, compaction of oxidized metal 

hydride powder was achieved with a Carver 3851 manual press capable of 

exerting up to 110 kN of compression.  The base components of this press were 

a bottle jack and two horizontal platens.  The object to be compressed was 

placed on the lower platen, vertically driven by the bottle jack.  Once contact with 

the upper platen was made, the hydraulic pressure in the jack increased to 

generate a compaction force.  A force gauge was attached to the jack to quantify 

the compression exerted. 

 

In conjunction with a hydraulic press, a die was needed to generate pellets of 

the loose powder with appropriate dimensions.  For use with the TPS system, 

metal hydride pellets required a large diameter to ensure sufficient material 

volume for testing.  Typical compaction processes do not require large volumes, 

thus commercial dies able to generate a sufficient diameter added an 

unacceptable cost.  To avoid this cost, a custom stainless steel die (Figure 2.4) 
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was generated to make suitable metal hydride pellets for TPS experiments.  The 

components of this pellet die were two 2.54 cm diameter punches and a 7.6 cm 

outer diameter annular body.  To make a pellet, the loose powder was inserted in 

the die body between the cylindrical punches.  The die assembly was placed 

between the two platens of the hydraulic press and compressed accordingly.   

 

Figure 2.4: Metal hydride pellet die components. 

While the compaction process generated a solid pellet of metal hydride 

powder, the surface quality degraded over time due to the inability of the metal 

hydride particles to remain bonded together.  This degradation was detrimental 

for TPS testing as the experimental sensor (discussed in Section 2.3.1) was not 

in contact with a uniform surface.  To prevent this phenomenon in the metal 

hydride pellets, a binding additive was required in the powder to maintain the 

integrity of the pellet after compaction.  Polyvinylidene fluoride (PVDF) powder 

was used for this binding to compare with the previous laser flash data. 
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The advantage of PVDF as a binder was chemical inertness, low material 

density of 1.78 g/cc, and low phase change temperature of 150 °C.  This 

temperature was important with respect to binding applications as the PVDF 

powder must be heated prior to compaction.  Above 150 °C, the PVDF powder 

transitioned to a molten phase in the mixture.  After compaction, the PVDF 

cooled to a continuous solid state throughout the pellet, effectively binding the 

metal hydride particles together.  While the solid binder increased the number of 

conduction pathways in the mixture, the PVDF thermal conductivity was roughly 

1 W/m·K.  Thus the binder had an optimum mass fraction to maximize the 

thermal performance of the resultant pellet.  From the previous laser flash data, 

the optimum concentration of PVDF for Ti1.1CrMn pellets was 4 to 5 wt%.  

 

Figure 2.5: Die heating assembly. 
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To generate the required temperature in the mixture for binding, a Tempco 

MBH00150 band heater was attached to the die body during the compaction 

process.  The output of this heater was controlled with an Omega 6102K-0-

1000F temperature controller.  By attaching a K type thermocouple from the 

controller to the die, a feedback loop was generated.  When the user defined a 

desired temperature, the temperature controller used this feedback loop to power 

the heater accordingly.  A picture of this pellet press and die heat assembly is 

provided in Figure 2.5. 

 

After the die reaches 160 °C, the thermocouple was removed and the die was 

compacted in the press.  After compaction, the die was removed from the press 

and allowed to cool.  The pelletized mixture could not be extracted until the die 

returned to ambient thermal conditions.  For efficient pellet fabrication, this 

cooling time was desired to be minimal.  As passive cooling of the heated die on 

a concrete floor required up to four hours, a 5 cm CPU heat sink and cooling fan 

(Figure G.3) was placed on the die to induce active cooling.  This addition 

reduced the cooling time to two hours. 

 

As binding powder was necessary to prevent pellet degradation, thermal 

enhancement powder could be added to increase the effective thermal 

conductivity of the mixture.  Graphite was applied for this enhancement to 

compare with previous laser flash analysis.  In addition, graphite also lubricated 

the mixture to improve the heterogeneity prior to compaction.  This material could 

be applied in either a powder or expanded form.  The physical difference 

between these two structures is apparent by comparison of Figure 2.6.  Powder 

was generated from atomizing bulk material to micron scale flakes.  In contrast, 

expanded graphite was generated by bathing the flakes in acid.  During 

evaporation of the acid, the lattice planes separated to create long strands of 

graphite.  Aspect ratios from this expansion could be as large as 300:1, excellent 

for improving keff in the mixture.   
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The expansion process reduced the resultant graphite density too low for the 

material to effectively mix with metal hydride powder.  To enable good mixing, 

the expanded graphite was mixed in solution with xylene.  This liquid was then 

evaporated in stages before and after powder compaction.  Due to the 

flammability of xylene, expanded graphite required additional design 

consideration for use with activated metal hydrides [26]. 

  

Figure 2.6: Graphite additives (powder and expanded form) [21]. 

As pellets of activated metal hydride were desired, the compaction procedure 

was extended to a glove box environment due to the inherent pyrophoric nature 

of the material.  Because the commercial press was difficult to dismantle and 

reassemble inside a glove box, an alternative approach was necessary.  The two 

options for this transition were to either encapsulate the existing the press with a 

portable plastic glove box or to design a custom pellet press assembled inside a 

standard glove box.  As this environment was expected to contain several 

kilograms of reactive metal hydride, a plastic glove box was too hazardous in the 

event of a tear.  Thus a custom pellet press was assembled and operated inside 

a large metallic glove box. 
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To generate compression force in the custom press, a commercial Kobalt 

bottle jack capable of lifting 180 kN was used.  The jack was manually operated 

with a handle to drive a 5 cm diameter steel lifting arm.  To ensure the 

appropriate amount of compaction, a pressure gage attached to modified drain 

port of the bottle jack to measure the hydraulic pressure of the oil in the jack.  A 

Druck PMP 1260 pressure transducer was also included parallel to the pressure 

gage to provide a higher resolution and recordable output (Figure 2.7). 

  

Figure 2.7: Customized bottle jack and pellet press assembly. 

Two machined steel plates acted as platens for the custom pellet press.  The 

lower platen sat on the bottle jack, driven by the vertical lifting arm.  On the 

bottom surface of this platen, a 5.2 cm diameter hole was machined to prevent 

lateral movement of the platen on the lifting arm.  The upper platen was 

supported by a frame composed of four threaded rods of ASTM Grade 8 steel 

(Figure 2.7).  During compaction, this upper platen experienced large mechanical 
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stress and required ample thickness to prevent deformation or failure.  However, 

the total mass of the press had to be minimized to prevent damage to the glove 

box.  To determine the appropriate thickness for the upper platen, a three-

dimensional structural model was generated and solved for the amount of 

deflection experienced from compaction of the die.  An ANSYS visualization of 

this deflection is shown in Figure 2.8 from a pressure of 110 bar, equivalent to a 

compaction force of 5.57 kN over the die surface area.  At a thickness of 5.08 cm 

(2 inch), the upper platen yielded an acceptable maximum deflection of 10.6 µm 

(0.000417 inch) and an acceptable mass for the total press. 

 

Figure 2.8: Structural deflection of the upper platen. 
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Orientation of the platens was calibrated with a level to ensure the exerted 

force as properly transmitted between the platens and the die.  While the 

assembled pellet press measured the hydraulic pressure exerted, the equivalent 

force generated during compression in the press was desired.  To provide 

conversion between hydraulic pressure and compaction force, a load cell was 

inserted in the press and compacted.  The load cell outputted a voltage 

dependent on the amount of force exerted.  This output and the voltage output of 

the pressure transducer were simultaneously recorded, converted to property 

values, and compared.  The experimental data for this calibration are plotted in 

Figure 2.9. 

 

Figure 2.9: Generated compaction force in custom pellet press. 
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Inside a glove box, the pellet press was surrounded in wire mesh to prevent 

damage from debris to surrounding objects in the event of failure.  An Omega 

DP18-P2 voltmeter was attached to the pressure transducer to provide 

continuous high resolution output of the hydraulic oil pressure.  

2.3. Experimental Apparatus 

As a high pressure metal hydride, Ti1.1CrMn required up to 700 bar of 

hydrogen pressure to reach a fully reacted state.  To facilitate this absorption 

reaction as well as the measurement of thermal properties, an integrated system 

was designed and implemented.  The three main components of this system 

were the transient plane source apparatus, the pressure vessel, and the 

hydrogen supply system. 

2.3.1. Hot Disk TPS 2500 System 

Thermal properties (keff and α) of the metal hydride were measured with the 

TPS 2500 Thermal Property Analyzer developed by the Hot Disk Company.  The 

theory and performance of this test method are discussed in Chapter 3.  The hub 

of this device was a data acquisition box (Figure G.4) housing both a Keithley 

2400 Sourcemeter and a Keithley 2000 Digital Multimeter.  A circular sensing 

element (Figure 2.10) was routed to this box by an electrical cable composed of 

eight individual 20 gauge wires plus an additional grounding wire. The entire 

apparatus was operated from a computer connected to the data acquisition box 

with a USB cable. 
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Figure 2.10: TPS sensor. 

 

Figure 2.11: Ambient sample holder for the TPS 2500. 

For an experiment, this sensor was inserted between two samples of test 

material and clamped together in the sample holder shown in Figure 2.11.  This 

sample holder was composed of a stainless steel base plate with a support for 
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the sensing element and two vertical rods.  Connected to these rods was an 

additional plate to hold the samples and a thin beam to hold a 10 mm screw 

threaded at the center.  When tightened, this screw generated compression force 

to obtain good thermal contact between the samples and the sensor. 

 

In preparation for testing, the sensor was inserted in the support holder and 

axially aligned with the compression screw.  The sensor clamp was tightened to 

fix the location and prevent any incidental motion.  The first test sample was 

placed on the support plate concentric with the sensor rings.  The support plate 

was adjusted to the appropriate height and fixed.  The second test sample was 

inserted on top of the sensor and aligned.  A square stainless steel plate was 

placed on the samples to diffuse the force generated by the compression screw.  

To prevent any radiation or convection effects from the surroundings, the sample 

holder was encapsulated. 

2.3.2. Pressure Vessel 

A pressure vessel was required to contain the high pressure hydrogen 

necessary for the absorption process.  A High Pressure Equipment GC-13 

pressure vessel capable of containing 630 bar was used for this application.  The 

standard dimensions of this vessel were an inner diameter of 6.34 cm and an 

inner length of 25.4 cm.  To minimize the overall weight, the vessel was 

customized with a reduced inner length of 12.7 cm.  In addition, with less dead 

volume inside the vessel, less hydrogen was consumed during an experiment.  

The customized pressure vessel and cap are shown in Figure 2.12. 
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Figure 2.12: Customized HPE GC-13 pressure vessel and cap. 

The cap of the pressure vessel was customized with two different straight 

thread ports, a 0.635 cm (0.25 inch) straight thread ISO 11926-1 and a 1.588 cm 

(0.625 inch) straight thread MSE.  The ISO port provided an inlet for hydrogen 

gas to pressurize the vessel.  The MSE port enabled transfer of the TPS sensor 

in the vessel.  To sustain 630 bar of gas pressure inside the vessel interior, the 

10 pressure bolts were tightened to a torque of 136 Nm. 

 

A high pressure sealing gland attached to the cap to transfer the cable wires 

from the sensor inside the vessel to the data acquisition box.  A Conax Buffalo 

MHC5-32-A-16-T gland (Figure G.5) was used for this application.  This sealing 

gland can pass up to 16 individual wires (gauge size 20) at a maximum pressure 

of 550 bar.  The pressure required the cap of the sealing gland to be tightened to 

a torque of 110 Nm. 
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2.3.3. Custom Sample Holder 

For analyzing the metal hydride in a high pressure hydrogen environment, the 

ambient sample holder was too large to fit inside the pressure vessel.  Thus a 

custom sample holder with dimensions compatible to the pressure vessel was 

used instead.  This holder was composed of a 6.35 cm diameter stainless steel 

rod with a large cavity machined in the center (Figure 2.13).  The dimensions of 

this cavity were 3.81 (L) x 2.54 (W) x 3.81 (H) cm.  With 0.635 cm radial rounds 

at each vertical corner, the total volume of the cavity was 35.55 cm3.  For an 

experiment, the sensor was placed in the cavity and packed with metal hydride 

powder.  A tapped hole was machined on the surface of the sample holder to 

enable connection with the vessel cap via a threaded rod (Figure 2.14).  This 

connection prevented relative motion between the sample holder and cap, which 

stopped the sensor from shifting inside the sample holder cavity. 

 

Figure 2.13: Custom sample holder for high pressure testing. 

For the sensor to be located inside the pressure vessel, the respective cable 

had to pass through the vessel cap and the sealing gland.  To achieve this, the 

cable was severed and stripped to expose the eight wires inside.  As these wires 

were stranded, they would generate potential leak paths if installed in the sealing 
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gland.  Thus each of these wires and the ground were soldered to solid 20 gauge 

wire to pass through the sealing gland for an effective seal.  Outside of the 

sealing gland, the wires were soldered to a nine pin metal male connector.  A 

respective female connector was soldered to the wires on the opposite side of 

the cable, completing the circuit from the sensor to the data acquisition box.  In 

addition to the sensor wires, two thermocouple wires were inserted inside the 

pressure vessel and passed through the sealing gland.  This allowed 

temperature output of the vessel interior at all times during a pressurization cycle.  

A picture of this assembly is provided in Figure 2.14. 

 

Figure 2.14: High pressure TPS sensor assembly. 

2.3.4. Hydrogen Supply System 

To pressurize the system and to enable the desired absorption reaction, high 

pressure hydrogen bottles were installed on site to supply the requisite gas.  

Composed of 415 bar hydrogen, these bottles were connected in a manifold to 

dampen the pressure drop as a result of hydrogen consuming experiments.  For 

application with metal hydrides, the purity of the hydrogen gas supply was of 

utmost importance.  Exposure to impurities such as oxygen and nitrogen cause 

the material to oxidize and inhibit the absorption reaction, reducing the overall 

hydrogen storage capacity.  To limit this effect, grade 5 hydrogen was used for all 
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high pressure metal hydride experiments.  This grade specification equated to a 

hydrogen purity of 99.999%. 

2.4. Facility Operation 

All experiments were performed at the combustion lab (building ZL1) of the 

Maurice Zucrow Laboratories of Purdue University.  Shown in Figure G.6, these 

laboratory buildings were originally constructed to provide a safe and spacious 

location for jet propulsion research in the late 1940s.  The facilities have since 

been renovated and modernized to accommodate several different areas of 

engineering research including turbo machinery, gas dynamics, and rocketry.  

Due to the hazards of metal hydride powders, these remote labs were the most 

suitable location at Purdue University for safe storage experiments. 

2.4.1. Laboratory Glove Box 

To store large quantities of metal hydride on site without hazard, an MBraun 

Labmaster 130 glove box was supplied to contain the material in a regulated 

argon environment.  Shown in Figure G.7, the glove box contained a total of six 

arm ports to facilitate simultaneous use with multiple personnel.  A secondary 

small volume antechamber was included for the transfer of small objects into the 

glove box without long evacuation times. 

2.4.2. System Control 

Due to the dangers of high pressure hydrogen and activated metal hydrides, 

the hydrogen supply system and customized TPS setup must be operated in a 

safe environment away from any potential exposure to hazardous materials.  To 

satisfy this requirement for the supply system, a custom LabVIEW virtual 

interface was generated to remotely operate all pneumatic values and regulators 

from a safe location.  Each valve included a limit switch to verify correct operation 
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when controlled by the user.  This interface also enabled real time data display 

from each of the pressure transducers, thermocouples, and hydrogen sensors 

within the system.  Data was simultaneously recorded by the program for 

analysis after an experiment.  A screenshot of this interface is displayed in Figure 

2.15. 

 

Figure 2.15: LabVIEW interface for hydrogen supply operation. 

The supply of hydrogen gas to the pressure vessel was controlled through 

two separate regulators in series, one manual and one electronic.  Once the 

cylinder was opened, the manual regulator was opened to supply a fixed 

pressure of hydrogen to the electronic regulator.  This regulator was operated by 
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a TESCOM ER-3000, controlled through the virtual interface.  Downstream of the 

electronic regulator was an electronic isolation valve (DO-H2-01) to control the 

presence of hydrogen in the test cell as desired.  Downstream of this value were 

three high Druck pressure transducers in series (PT-H2-02, PT-HT-03, PT-H2-

04), with maximum pressures of 70, 200, and 700 bar, respectively.  The amount 

of hydrogen pressure in the tubing dictated which transducer was read.  

Electronic valves (DO-H2-03, DO-H2-04, and DO-H2-05) were installed 

upstream of each transducer to avoid over pressurization.  To prevent pressure 

increments from shocking the pressure vessel setup, two Butech needle valves 

(NV-H2-01 and NV-H2-02) were installed upstream of the vessel to control the 

flow coefficient of the hydrogen as needed.  Three vent lines were installed in the 

system to vent the hydrogen upon completion of the absorption reaction. 

 

In addition to hydrogen, the supply system could also be filled with argon gas 

when the vessel was being installed or disconnected from the system.  A manual 

valve (MV-VL-02) and a hard-disconnect isolated this section during hydrogen 

pressurization to prevent contamination of the two gases.  A vacuum pump was 

installed in parallel with the argon supply to evacuate the system as well.  This 

evacuation was necessary prior to any experiment to remove any gaseous 

impurities that may have entered the system.  Due to the amount of hydrogen 

pressure used and the length of supply tubing installed, leaks were an important 

consideration of test operation.  Two hydrogen sensors were installed in the test 

cell to monitor the concentration of hydrogen during an experiment.  The output 

of these sensors was displayed on the virtual interface to relay real time data.  

The supply tubing was also leak checked through visual inspection with liquid 

leak detector, applied by a test operator at low hydrogen pressures.  If a 

hydrogen leak was present in the system, the applied fluid foamed at the source. 

 

 To guarantee safe operation and to eliminate user uncertainty, detailed 

testing procedures organized all the associated tasks of an experiment, provided 
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in Appendix A.  For pressure vessel safety, a clamping apparatus fixed the 

vessel on a steel table inside the test cell.  The TPS data acquisition box was 

positioned underneath this table.  This box was also surrounded with insulation to 

dampen any environmental temperature shifts in the test cell.  The TPS laptop 

was routed outside of the test cell to the control room with an extended USB 

cable.  A picture of the high pressure system is shown in Figure 2.16. 

 

Figure 2.16: High pressure TPS measurement system. 
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CHAPTER 3. TRANSIENT PLANE SOURCE METHOD AND THERMAL 
PROPERTY MODELING 

Direct measurement of effective thermal conductivity and thermal diffusivity 

was performed with the transient plane source method.  Experiments were 

performed with stainless steel for verification.  The Zehner-Bauer-Schlünder 

model was applied as an interpretive model for keff of the metal hydride powder.  

The Debye model was used as a comparison of CP with experimental results. 

3.1. TPS Method 

The transient plane source method was a single step heating technique used 

to measure thermal property values for a variety of materials and environments.  

As a transient method, thermal property data was achieved quickly relative to 

steady state techniques.  The central component of this method was the thin 

experimental sensor composed of nickel wire in a double spiral formation, 

surrounded in Kapton (12.7 µm thick) insulation.  For measurement, the sensor 

was inserted between two disk shaped samples of test material (Figure 3.1). 

 

Figure 3.1: Experimental assembly for TPS method. 
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As described in Gustafsson, 1990, the nickel wire was routed to an arm of a 

Wheatstone bridge circuit and acted as a resistance thermometer [27].  A fixed 

resistor and a potentiometer composed the remainder of this bridge.  The 

purpose of the potentiometer was to achieve circuit balance, meaning no voltage 

was present across the bridge prior to operation.  During an experiment, applied 

voltage generated current through the bridge circuit and the sensor.  The amount 

of current was determined from the user selected input power.  The period of 

current was also controlled by the user through the defined test duration.  Shown 

in (3.1), this current generated electrical heat in the sensor according to the 

amperage and resistance, 

 

RIq 2=ɺ  (3.1)

 

The thermal properties of the surrounding test material determined how much 

of the electrical heat diffused in the samples.  Under similar conditions, a highly 

conductive material absorbed more of the input heat than poorly conductive 

material.  The residual heat that did not diffuse into the test material generated a 

temperature increase in the sensor.  Defined in (3.2), the nickel wire underwent a 

resistance change according to the temperature increase and the thermal 

coefficient of resistivity,  

 

[ ]TRR TR D+= a10  (3.2)

 

Under room conditions, the thermal coefficient of resistivity of the wire was 

0.004693 K-1.  This value depended on the initial temperature, thus the 

environmental conditions had to be known prior to an experiment to ensure an 

accurate resistivity value was applied.  A plot of this dependency is supplied in 

Figure A.1.   
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The resultant change in resistance perturbed the circuit balance and 

generated a voltage across the Wheatstone bridge.  A digital multimeter records 

this voltage increase as a function of the test duration.  According to the 

governing equation of a Wheatstone bridge (3.3), this voltage related to the 

resistance change in the sensor, 
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4  (3.3)

 

Combining the governing equations for a Wheatstone bridge and a resistance 

thermometer, the recorded transient voltage increase across the bridge was 

converted to the experimental temperature profile of the sensor.  A typical profile 

(no Rtc or boundary effects) of this temperature increase is provided in Figure 

3.2.  As the profile was generated from the residual heat that did not diffuse into 

the samples, it was a function of the sample material k and α. 

 

Figure 3.2: Typical TPS temperature profile. 
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By fabricating the nickel wire in a double spiral formation, it could be modeled 

as a series of concentric rings.  Shown in (3.4), Carslaw et al., 1959, derived the 

solution to the thermal response of a material from a single imbedded ring source 

with an instantaneous heat input [28], 
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Shown in (3.5), He, 2005, integrated this equation with respect to start time of 

the power source to yield a solution for a continuous ring [29],   
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Shown in (3.6), the solution for equally spaced concentric rings was 

generated by superimposing (3.5) for each of the rings, 
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For analysis of the TPS method, the temperature profile was desired only for 

the sensor itself.  Thus the height term was assigned to zero and eliminated.  

The radial term was eliminated by averaging the temperature increase of each 

ring and dividing by the length of all the rings.  The heat rate per unit length 

converted to the input power of the sensor by dividing out the total ring length.  

Shown in (3.7), the thermal conductivity of the material was introduced in the 

solution by the property relation,   
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ar Ck =  (3.7)

 

Shown in (3.8), the start time variable was eliminated by introducing a new 

integration variable,   
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The result of these new conditions was (3.9), the governing equation for the 

TPS sensor, 
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Shown in (3.10), the slope function was determined by, 
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Due to the change of variables, the governing equation was no longer a 

function of time but (3.11), a function of the characteristic time ratio,  

 

q
t t=  (3.11)

 

Defined in (3.12), this ratio related the test time to the characteristic time, 
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If an experimental temperature profile was generated for a material with 

known α, the increase could be plotted against the integral in (3.10) to yield a 

linear curve (Figure 3.3).  As shown in (3.9), the slope was a function of the 

material conductivity.  In addition, the y-intercept of the linear curve was 

dependent on the Rtc at the interface between the material and the ring sources. 

 

Figure 3.3: Processed TPS temperature profile. 

The TPS 2500 system controlled the sensor to generate the desired 

temperature profile and numerically solves the governing equation to determine k 

and α.  A major assumption of the solution was that the test material was initially 

under isothermal steady state conditions.  If a temperature gradient existed in the 

material prior to testing, the sensor was adversely affected and outputted an 

erroneous temperature profile.  To check for this instability, the TPS 2500 

recorded the temperature variation of the material for 40 seconds prior to every 

∆y0 = f(Rtc) 

∆y/∆x = f(k) 
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experiment.  If this variation included a significant temperature drift, the resultant 

experimental data was rejected. 

 

To initiate an experiment, the user defined an appropriate input power of the 

sensor and test duration.  The input power should be large enough to generate a 

sufficient signal to noise ratio for the temperature increase.  However, the power 

should not be so large such that the resultant thermal properties could be 

attributed to a precise temperature value.  Thus a trial and error procedure was 

performed via repeated experiments to determine an appropriate power value. 

 

The appropriate test duration for a TPS experiment was governed by the size 

of the test samples and the material thermal diffusivity.  The solution of test 

method assumed the test samples act as an infinite medium, thus thermal 

boundary effects could not occur during the test duration.  To satisfy this 

limitation, the duration should be less than the time necessary for the diffused 

heat to reach the edge of the samples.  Shown in (3.13), the probing depth 

criterion defined the distance of thermal diffusion during the test with, 

 

tP ×‡D a2  (3.13)

 

The probing depth was the minimum distance from the sensor to an edge of 

the test samples.  After an experiment, the TPS 2500 calculated a theoretical 

probing depth according to the measured property values.  If this value was 

greater than the true probing depth, boundary effects were present within the 

defined test duration and distorted the experimental results. 

 

Additional consideration regarding the test duration was the characteristic 

time of the experimental assembly (3.12).  For accurate property measurements, 

Gustafsson et al., 1979, reported that the heating time should be roughly equal to 

the characteristic time [0].  As this time and the theoretical probing depth were 
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both dependent on the material α, an iterative testing process was needed to 

determine suitable test duration.  By setting the duration equal to the 

characteristic time, (3.12) and (3.13) were combined to reveal that the sample 

probing depth should be twice the radius of the sensor regardless of material 

properties. 

 

Once an acceptable temperature profile was generated, α was determined 

through an iterative procedure.  After an estimate value of α was defined; the 

time points were normalized with respect to the estimate with (3.11).  Each of the 

normalized time points were then processed according to (3.10).  The 

experimental temperature increase was plotted with respect to the processed 

data points.  This procedure was repeated for different α values until a linear 

slope with temperature increase was generated.  At the correct α (determined 

through linear regression analysis), this slope was a function of the material k.  

From these direct measurements, CP was derived with (3.14), assuming constant 

material density and isotropic thermal behavior in the material, 

 

ra
k

CP =  (3.14)

 

As the measured conductivity was an effective term combining the solid and 

gas behavior, this derived CP was also an effective parameter.  If effective CP 

was assumed a weighted combination of the metal hydride and hydrogen specific 

heats, (3.15) could be solved with known metal hydride density, bed porosity, 

and hydrogen properties to determine the metal hydride CP, 
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Initial data points were sensitive to Rtc between the sensor and the test 

samples, but this sensitivity reduced to zero with test time.  To eliminate this 

effect, initial data points should be omitted from analysis [29].  To account for the 

inherent time lag between test initiation and temperature increase, a time 

correction value was measured and included in the non-dimensional time 

equation.  According to Gustavsson, 2008, the typical experimental uncertainty 

for α was 5 to 10 percent, while experimental uncertainty for k was 2 to 5 percent 

[31].  It should be noted that the uncertainty inherent to k was less than that of α.  

This implied that the linear slope (which determined k) of the processed data did 

not vary to a significant extent between iterative values of α.  The uncertainty 

inherent to a TPS experiment depended on several factors, such as sensor size 

and sample properties.   

3.2. TPS Sensor Selection 

As TPS method was dependent on sample and sensor sizes, appropriate 

sensor selection was essential to achieve accurate thermal property data.  

Commercial TPS sensors were available in sizes from 0.492 to 29.40 mm radius 

[23].  Assuming a metal hydride α of 1 mm2/s, the characteristic time for each 

sensor could be determined, listed in Table 3.1.  To define the probing depth of 

sample material, (3.13) was solved with test duration equal to the characteristic 

time.  Combining this length and the sensor radius (a), the requisite diameter of 

material for each sensor could be determined, also listed in Table 3.1. 

 

The minimum test duration with the TPS 2500 was one second, thus the 

0.492 mm sensor was unacceptable for analysis with metal hydrides.  

Conversely, the largest sensor sizes require substantial volumes of metal hydride 

to avoid boundary effects during testing.  In the custom sample holder, the 

shortest distance between the sensor and the cavity wall was 12.7 mm, thus the 

requisite probing depth of the sensor could not be much larger than this distance.  

In addition, metal hydride pyrophoricity became a greater safety risk as the 
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applied volume increased.  To satisfy the constraints of the TPS method and limit 

the volume of metal hydride required for analysis, the most appropriate sensor 

radii were 2.001, 3.189, and 6.403 mm.  

Table 3.1: Effect of TPS sensor size on test and sample conditions. 

a (mm) θ (s) ∆P (mm) Sample d (mm) 
0.492 0.242 0.804 2.952 
2.001 4.004 4.002 12.01 
3.189 10.17 6.378 19.13 
6.403 41.00 12.81 38.42 
9.719 94.46 19.44 58.31 
9.908 98.16 19.82 59.45 
14.61 213.5 29.22 87.66 
29.40 864.3 58.80 176.4 

3.3. Preliminary Measurements 

Experiments were performed with 5 cm diameter stainless steel disks (Figure 

G.8) to verify the accuracy of the TPS method.  The composition of this steel was 

a Swedish type SIS2343 [32].  The TPS experiments included five tests with an 

unmodified sensor (a = 6.403 mm) and five tests with the sensor customized for 

the pressure vessel (a = 3.189 mm) under ambient conditions.  The averaged 

results of the two test conditions are listed in Table 3.2.  The uncertainty was 

estimated to be twice the standard deviation of the raw data.  Also included is the 

stainless steel property range reported in literature [5]. 

Table 3.2: Thermal properties of SST. 

Source k (W/m·K) α (mm2/s) CP (J/g·K) 
Commercial TPS Sensor 13.6 ± 0.4 3.56 ± 0.06 0.483 ± 0.018 

Custom TPS Sensor 14.0 ± 0.1 3.72 ± 0.11 0.474 ± 0.017 
Ref. [5] 13.4 ~ 15.1 3.71 ~ 3.95 0.468 ~ 0.480 
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Comparison of the two test campaigns showed reasonable agreement 

between the normal and the customized sensor.  This validated the test method 

and the application of the modified sensor for analysis of metal hydride in a high 

pressure environment.  While the experimental results for α deviated from the 

reported values, it should be noted the literature values were for American type 

300 stainless steels.  While the experimental stainless steel was similar to this 

type, small variations in alloy composition affect the bulk properties of the 

material.  

 

As shown in Figure 3.1, the TPS method required contact with two slabs of 

material on both sides of the sensor.  While the two slabs should be identical with 

respect to thermal properties, it was unknown if the thermal contact resistance on 

both sides should be equal for accurate measurements.  To investigate this, the 

stainless steel disks were retested five times with thermal paste (Chemplex 

1381) included on side of the TPS sensor (a = 6.403 mm) and five times without 

any paste under identical test parameters.  The results of these experiments are 

listed in Table 3.3. 

Table 3.3: Thermal properties of SST with thermal paste interface.   

TPS Setup Po (W) ∆t (s) ∆T (K) keff (W/m·K) α (mm2/s) 
No Paste 0.8 10 2 13.7 ± 0.1 3.50 ± 0.05 

Paste on one side 0.8 10 1.1 13.7 ± 0.1 3.58 ± 0.02 
 

From the data, it was apparent that the inclusion of thermal paste did not 

significantly affect the thermal property measurements of the stainless steel 

disks.  However, the temperature increase for the thermal paste scenario was 

nearly half the increase recorded for the baseline condition.  This was expected 

as the thermal paste allowed more heat to diffuse into the stainless steel, with 

less residual heat to increase the sensor temperature.  Thus the TPS system 

successfully eliminated the effects of thermal contact resistance from property 
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analysis as claimed by the manufacturer.  As a result, asymmetric resistance did 

not adversely affect the TPS experiments. 

3.4. Zehner-Bauer-Schlünder Model 

Several models have been developed to predict keff of a powder bed.  One 

such approximation was the Zehner-Bauer-Schlünder (ZBS) model.  By fitting 

this model to the experimental TPS results, knowledge of how keff depended on 

the experimental parameters of the bed could be ascertained.  Reported in 

Tsotsas et al., 1987, the basis of this model (Figure 3.4) was a unit cell 

composed of two deformable particles surrounded by an annular layer of gas 

with parallel heat flow along the axis [33].  Radiation and convection were 

assumed to be negligible. 

 

Figure 3.4: ZBS model unit cell for a metal hydride powder bed. 

The parallel heat flow assumption was not an accurate representation of the 

powder bed as the heat transfer paths not parallel to the unit cell axis were 

neglected.  To compensate for this deficiency, a particle deformation factor (B) 
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was introduced in the model.  This factor distorted the shape of the particle such 

that the parallel heat flow in the model was equivalent to the multidimensional 

heat flow in the real powder bed.  Provided in (3.16), B was determined from the 

particle shape (CF), the porosity (ε), and the particle size distribution of the bed, 
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This size distribution was represented with the zeta function, which equaled 

unity for monodisperse powders [15].  With the modified free path parameter in 

(3.17), the ZBS model accounted for the physical behavior of the interstitial fluid 

in the bed, 
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For hydrogen, k and CP could be obtained from the National Institute of 

Standards and Technology (NIST) databases as a function of gas pressure [34].  

The accommodation coefficient (γ) was dependent on the molar mass of the 

fluid; approximately 0.2 for hydrogen [33].  The actual hydrogen conductivity in 

the bed was dependent on the continuity of the gas molecules.  A ratio of the true 

k to the ambient value was determined by (3.18), which related the modified free 

path to the pore space of the powder bed,  
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It should be noted that this equation assumed the pore space was equivalent 

to the average particle size (d).  When the free path was much less than the pore 

space, the gas could be considered a continuous phase.  In this scenario, the 
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true gas k approached the ambient value.  As the free path increased, this 

continuum broke down and the gas conductivity deviated from the expected 

ambient value.  With (3.19), the k of the solid particle could also be normalized to 

the ambient fluid k, 
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Provided in (3.20), the deformation factor and the k ratios could be combined 

into additional factor (NP), 
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From this factor, (3.21) determined the normalized conductivity of the inner 

unit cell, 
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With (3.22), the normalized conductivity of the entire cell was, 
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Multiplying this normalized term by the ambient gas k yields the keff of the 

particle bed.  The flattening coefficient (φ) was determined through a fitting 

process with experimental data.  This coefficient represents the deformation of 

the particles in the powder bed. 
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3.5. Debye Model 

The CP of an isotropic material could be derived with (3.14) if k and α were 

known.  As isotropic thermal behavior was a significant material assumption, it 

was useful to apply an alternative method as validation.  One such alternative 

discussed by Stonntag et al., 1969, was the Debye model in (3.23), which related 

the phonon transport in the material to the specific heat [35], 
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In the model, this phonon transport was represented by the Debye 

temperature (TD).  For (3.23), this temperature was normalized according to 

(3.24) with respect to the ambient temperature, 

 

TTx DD =  (3.24)

 

Shown in (3.25), the Debye temperature of a material was directly related to 

the Debye frequency, 
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This frequency as the maximum vibration frequency of atoms in the material, 

defined with (3.26) by the number density atoms and the speed of sound in the 

material, 
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The speed of sound in a solid material, defined in (3.27), was dependent on 

the S-wave and P-wave velocities [36],   
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Shown in (3.28), the S-wave velocity was a function of the material density 

and shear modulus, 
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Shown in (3.29), the P-wave velocity was a function of the material density, 

shear modulus, and bulk modulus, 
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Defined in (3.30), the model approached the Dulong-Petit limit for CP as the 

ambient temperature exceeded the Debye temperature, 

 

uaP RNC 3=  (3.30)

3.6. Reaction Progress Model 

Since the metal hydride thermal properties were measured at sufficient 

pressure for hydrogen absorption to occur, it was useful to chart the reaction 

progress of the hydrogen absorption to determine if any dependencies were 

apparent.  This parameter was determined form pressure-composition-isotherm 
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(PCI) curves for a specific metal hydride.  Nishizaki et al., 1983, presented a PCI 

curve model in (3.31) to determine the reaction progress [37], 
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The AF term was dependent on the entropy of reaction, while the BF term was 

dependent on the enthalpy of reaction.  The φF term was a fit parameter to map 

the flatness of the experimental PCI curve in the absorption region.  Due to 

hysteresis between the absorption and desorption processes, a different set of 

AF, BF, and φF terms were necessary to model both reactions. 
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CHAPTER 4. EXPERIMENTAL RESULTS 

TPS experiments were performed with Ti1.1CrMn metal hydride in pellet and 

powder form.  Pellets of Ti1.1CrMn were generated with oxidized powder and 

tested under ambient conditions.  Ti1.1CrMn was tested in both oxidized and 

activated form as a function of hydrogen pressure.  The ZBS and Debye models 

were applied for comparison to the experimental data. 

4.1. Oxidized Metal Hydride Pellets 

Measurement of oxidized metal hydride pellets was performed with the 

unmodified TPS apparatus in ambient air.  To provide comparison with previous 

laser flash data, initial pellets were composed of oxidized Ti1.1CrMn, PVDF 

binder, and graphite thermal enhancement powders.  Three metal hydride pellet 

sets were mixed and compacted with 5 wt% PVDF and 9 wt% graphite powder 

(Figure 4.1).  Each set of pellets was analyzed five times with the TPS system to 

check for system and material variation.   

 

Figure 4.1: Oxidized Ti1.1CrMn pellets (5 wt% PVDF, 9 wt% graphite). 
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The averaged properties and pellet porosity for each compact set are listed in 

Table 4.1.  Similar to the stainless steel experiments, the uncertainty was 

estimated to be twice the standard deviation of the raw data.  This raw 

experimental data is provided in Table A.1.  The pellet porosity was determined 

from an estimated Ti1.1CrMn solid density of 6.2 g/cc.  The laser flash data 

recorded for the same additive composition is included in the table for reference 

[21]. 

Table 4.1: Thermal properties of Ti1.1CrMn pellets (5 wt% PVDF, 9 wt% graphite). 

Pellet Set MH State Method keff (W/m·K) α (mm2/s) ε 
1 Oxidized TPS 6.94 ± 0.18 3.78 ± 0.47 0.09 
2 Oxidized TPS 6.29 ± 0.02  3.81 ± 0.12 0.10 
3 Oxidized TPS 6.72 ± 0.10 3.69 ± 0.20 0.08 

Ref. [21] Non-activated LFA 8.83 3.51 - 
 

The TPS measurements had good agreement between the three different 

pellet sets.  A 10 percent difference was recorded between the smallest and 

largest keff values, while only a 3 percent difference in α was recorded.  It should 

be noted that the powder compositions were mixed by hand prior to compaction, 

thus these deviations may be due to possible non-heterogeneous sections in the 

pellets affecting the bulk thermal behavior.  

 

A significant difference between the TPS and the laser flash experiments was 

apparent in the keff data.  While both test scenarios used Ti1.1CrMn, the physical 

state of the metal hydride was different between experiments.  The powder used 

for laser flash measurement was in a non-activated state from the supplier.  The 

average particle size associated with this state was on the order of 100 µm.  In 

contrast, the powder used for TPS measurement had been activated and then 

oxidized back to an inert state.  From measurement, the average particle size of 

this powder was 72 µm. 
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The particle size of the oxidized powder was less than the non-activated 

powder due to cracking from the activation process.  The smaller particles 

increased the internal Rtc of the pellets due to more particle contact points.  

These contact points disrupted the solid conduction pathways and led to a lower 

keff than the non-activated powder.  It should also be noted that the laser flash 

method did not provide a direct measurement of keff, unlike the TPS method.  

Thus uncertainty associated with the isotropic thermal property assumption used 

to derive keff may have affected the reported LFA value. 

 

In addition to PVDF binder, oxidized pellets were also generated with 

aluminum binder.  The particle diameter of this aluminum powder was 3 to 5 µm, 

supplied from AMPAL.  Initial compacts were fabricated with oxidized Ti1.1CrMn 

and 5 wt% aluminum powders, but were found to have insufficient aluminum 

concentration to effectively bond the metal hydride particles.  As a result, the 

aluminum concentration was increased to 15 wt% with the addition of 2 wt% 

graphite powder for lubrication of the powder mixture.  Compacted pellets of this 

composition are shown in Figure 4.2.  

 

Figure 4.2: Oxidized Ti1.1CrMn pellets (15 wt% Al, 2 wt% graphite). 

1 inch 
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Despite the increase in binder, the surface quality of these pellets was still 

poor relative to the PVDF pellets.  The PVDF binder was more effective as the 

requisite heating above phase change allowed the binder to fully diffuse between 

the metal hydride particles.  The aluminum powder did not achieve this level of 

mass diffusion and enabled surface degradation of the pellet after compaction. 

 

Figure 4.3: keff of oxidized Ti1.1CrMn pellets (15 wt% Al, 2 wt% graphite). 

Thermal property analysis of the aluminum bound pellets with the TPS 

system revealed a strong dependency on the amount of force exerted by the 

compression screw (Figure 4.3).  The raw data for these experiments is listed in 

Table A.2.  As the screw was progressively tightened, the applied compression 

force on the pellets increased and the measured keff increased from 1.7 to 3.6 

W/m·K.  As the TPS system eliminated Rtc effects from property analysis, this 
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increase was probably due to alterations inside the pellet from the compression 

force. 

 

A possible explanation for the compression force dependency was the dry 

compaction (no sintering) process applied for the oxidized Ti1.1CrMn with 

aluminum and graphite powder.  Because of this process, the aluminum particles 

may have experienced a spring back effect after the initial plastic deformation 

from compaction.  This generated internal pore spaces not present in the 

previous PVDF bound pellets (which were fabricated under molten conditions) 

and disrupted the solid conduction pathways.  In the sample holder, the size of 

these pore spaces diminished as the compression screw torque increased.  This 

reduction generated more solid conduction pathways and increased the keff of the 

pellet, as shown in Figure 4.3. 

 

To quantify the compression effect in terms of force, the commercial sample 

holder was modified with strain gages to measure the force exerted by the 

compression screw.  Discussion of the theory and future work associated with 

this alteration are located in Appendix F.  Had the mixture been sintered after 

compaction, this effect should not have been perceived as the aluminum would 

have transitioned to a continuous solid phase throughout the pellet. 

4.2. Oxidized Metal Hydride Powder 

After completion of the modified TPS sensor and hydrogen supply system, 

measurements with Ti1.1CrMn powder were conducted.  To gain operational 

experience with the apparatus without the potential hazard of pyrophoricity, 73 g 

of oxidized Ti1.1CrMn powder was tested.  This powder was packed in the custom 

sample holder with the TPS sensor to a bed porosity of 0.6.  Over multiple 

pressurization cycles, the thermal properties of the oxidized powder were 

measured.  Each experiment applied the same test parameters (sensor size, 

input power, test duration) to eliminate any sources of error due to systematic 
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variation.  The applied hydrogen pressure during these experiments ranged from 

0.17 to 275 bar.  The metal hydride temperature varied from 283 to 290 K, 

dependent on the ambient conditions of the surrounding test cell.  Measurements 

were performed multiple times at the same pressure to investigate the reliability 

of the experiment.  At these repeated pressures, the uncertainty was estimated 

similar to the pellet measurements with twice the standard deviation of the raw 

data.  Each of these uncertainties was then averaged to yield a constant 

uncertainty for the entire data set.  The keff data averaged at each pressure are 

plotted in Figure 4.4 with this uniform uncertainty estimate.  Also plotted is the 

associated ZBS model for keff with variation of the flattening coefficient.  The raw 

data for these experiments are listed in Table A.3. 

 

Figure 4.4: Measured keff and ZBS model of oxidized Ti1.1CrMn powder. 
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The keff of the oxidized powder varied from 0.8 to 1.6 W/m·K as a function of 

the hydrogen gas pressure.  The estimated uncertainty associated with this data 

was 2.94 percent, within the expected range reported by the manufacturers.  As 

with the data in literature, the keff increased with gas pressure due to the added 

hydrogen molecules which increased the conduction pathways in the mixture.  

The largest dependency on pressure occurred in the vacuum region below 1 bar, 

where the hydrogen molecules approached a rarified state in the powder mixture.  

Without a continuum to provide conduction pathways, keff experienced a 

significant decrease.  Another strong dependency with hydrogen pressure 

occurred above 80 bar, due to added gas conduction pathways coupled with 

increased thermal conductivity of the hydrogen gas.  For reference, the reported 

k of hydrogen gas is plotted in Figure 4.5 as a function of pressure [34]. 

 

 Figure 4.5: NIST data for thermal conductivity of hydrogen gas. 
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After compiling experimental data, the ZBS model was fitted to the keff values 

as a function of hydrogen pressure, included in Figure 4.4.  The parameter 

values applied for this model fit are listed in Table 4.2.  Several values could be 

taken from material databases or literature, as cited in the table. 

Table 4.2: ZBS model parameters for oxidized Ti1.1CrMn powder. 

Parameter Units Value Source 
k H2 W/m·K 0.18 - 0.21  [34] 

CP H2 J/g·K 14.17 - 14.93  [34] 
γ - 0.2 [33] 

CF - 1.4 [33] 
f(ζ) - 1 [15] 
ε - 0.6 Measured 
d µm 72 Measured 
ks W/m·K 28.8 Volumetric Average 
φ - 0.034 Fitted 

Table 4.3: Material properties of titanium, chromium, and manganese. 

Element k (W/m·K) M (kg/kmol) ρ (g/cc) Volume % 
Titanium 17 47.9 4.50 44.5 

Chromium 69 52.0 7.19 27.5 
Manganese 8 54.9 7.44 28.0 

 

Similar to the analysis of metal hydride literature, the solid conductivity of 

Ti1.1CrMn was estimated from a volumetric average of the k values for the 

individual elements.  The property data for these elements was acquired from 

online material libraries and provided in Table 4.3 [38].  The volumetric ratio of 

each element (according to M and ρ data) in the metal hydride could be 

measured and used to predict a solid k of 28.8 W/m·K.  This was known to be a 

poor assumption as it neglected the change in lattice structure between the 

elements and the alloy. 
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As an interpretative model, the ZBS model was fitted to the experimental keff 

by variation of the flattening coefficient (φ).  The experimental results were fitted 

with reasonable accuracy by the ZBS model with φ equal to 0.034.  It should be 

noted that φ only adjusted the model in the vertical direction and did not affect 

the shape of the curve.  To assess the sensitivity of the ZBS model, φ was varied 

until the model exceeded the estimated uncertainty of the experimental keff, also 

shown in Figure 4.4.  The limiting values of φ were 0.29 and 0.4, which implied a 

strong sensitivity in the ZBS model to this parameter.  

 

Figure 4.6: Measured α of oxidized Ti1.1CrMn powder. 

The experimental thermal diffusivity data for oxidized Ti1.1CrMn powder are 

plotted in Figure 4.6 with estimated uncertainty determined similar to keff.  This 
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uncertainty was calculated to be 5.14 percent, within the expected range 

reported by the manufacturer.  As with keff, α data increased with hydrogen 

pressure from 0.46 to 1.0 mm2/s.  As diffusivity quantifies the ability of a material 

to conduct heat relative to the ability to store heat, the observed increase with 

hydrogen pressure was expected.  More data scatter was present in α in the high 

pressure region relative to the keff data, attributed to the greater uncertainty in α 

measurement. 

 

Figure 4.7: Measured CP of oxidized Ti1.1CrMn powder. 

From the direct measurement of keff and α for oxidized Ti1.1CrMn powder, CP 

was derived with the isotropic thermal property relation and (3.15) to eliminate 

the effect of hydrogen gas.  These pressure averaged data are plotted in Figure 
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4.7, with uncertainty (6.51%) determined similar to the previous direct 

measurements.  In the vacuum region of 0.17 to 1 bar, the data decreased from 

0.698 to 0.599 J/g·K with a negative dependence on hydrogen pressure.  Above 

this region, CP varied between 0.545 to 0.647 J/g·K with no strong dependence 

on pressure.  The elimination of hydrogen CP from the data was not a significant 

effect until above 100 bar.  At the max pressure of 275 bar, there was a 10 

percent decrease in CP from the effective value to the Ti1.1CrMn value.  

 

To validate the CP determination process, the Debye model was applied to 

the oxidized Ti1.1CrMn powder.  The parameter values applied for this modeling 

are listed in Table 4.4.  The bulk and shear modulus values were estimated from 

volumetric averages of the individual values for each metal hydride element, 

gathered from online material databases [39]. 

Table 4.4: Debye model parameters for CV of oxidized Ti1.1CrMn powder. 

MH Property Units Value Source 
M kg/kmol 159.6 Experimental 
Ρ kg/m3 6200 Estimate 

KM GPa 126 Volumetric Average 
G GPa 73.9 Volumetric Average 
vS m/s 3453 (3.28) 
vP m/s 6027 (3.29) 
C m/s 3836 (3.27) 
V m3/kmol 0.0257 Experimental 
νD s-1 6.81*1012 (3.26) 
TD  K 327 (3.25) 
xD K 1.09 (3.24) 
Na - 3.1 Experimental 

 

According to the Debye model, the CP of Ti1.1CrMn was 0.457 J/g·K.  In 

addition, the DP limit (plotted in Figure 4.7) was 0.484 J/g·K.  Both of these 

values were lower than the CP determined from the TPS measurements, a 

disparity possibly due to the oxygen content within the oxidized powder 

neglected by the Debye model and the DP limit.  To assess the effect of 
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oxidation on the predicted CP, the Debye model and the DP limit were resolved 

assuming each element had been converted to its most common oxidation state 

(TiO2, Cr2O3, and MnO).  This conversion added 4.7 mole of oxygen to every 

mole Ti1.1CrMn, which increased the molar mass to 234.8 kg/kmol and the 

number atoms per mole to 7.8. 

 

Assuming the mechanical properties were independent of oxidation, the 

Debye temperature decreased to 287 K and the model CP increased to 0.792 

J/g·K.  The resultant DP limit (plotted in Figure 4.7) increased to 0.829 J/g·K.  

While both these values were greater than the experimental data, the positive 

dependence on CP due to oxidation of the metal hydride was apparent.  If the 

true composition of oxidized Ti1.1CrMn can be determined, the Debye model and 

DP limit can be further refined to predict a more accurate CP. 

 

Upon completion of the experiments with oxidized Ti1.1CrMn, the pressure 

vessel was disassembled to inspect the powder.  As seen in Figure 4.8, the 

powder remained in the sample holder as packed and validated the experiments. 

 

Figure 4.8: Oxidized Ti1.1CrMn powder after TPS experiments. 

Sensor 

Oxidized 
Ti1.1CrMn 
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4.3. Activated Metal Hydride Powder 

After disassembling the pressure vessel from the oxidized powder 

experiments, the components were each transferred to the glove box.  55 g of 

activated Ti1.1CrMn powder was packed in the custom sample holder along with 

the TPS sensor to a bed porosity of 0.7 shown in Figure 4.9.  This powder was 

previously measured to have a storage capacity of 1.83 wt% hydrogen.  In 

contrast to the oxidized Ti1.1CrMn, the activated powder was less reflective due to 

the lack of an oxide layer at the surface of the particles. 

 

Figure 4.9: Activated Ti1.1CrMn powder in custom sample holder. 

Once loaded in the sample holder, the thermocouple was inserted in the 

powder and the vessel components were reassembled inside the glove box.  

Filled with argon gas, the vessel was removed from the glove box and reinstalled 

in the high pressure supply system.  Inside the glove box, the pressure vessel 

bolts and sealing gland could not be tightened with sufficient torque to sustain the 

requisite high pressure hydrogen.  To resolve this, the components were 

Sensor 

Thermocouple 

Activated 
Ti1.1CrMn 
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retightened outside the glove box to the appropriate torque levels.  The argon 

pressure in the vessel was increased to 14 bar for leak inspection.  During this 

pressurization, TPS experiments were conducted to verify the performance of the 

new assembly with activated Ti1.1CrMn.  After testing with argon gas, the 

pressure vessel was evacuated and refilled with hydrogen.  Over two separate 

pressurization cycles, TPS experiments were conducted from 2.9 to 253 bar.  

The keff data for activated powder are plotted in Figure 4.10 for both hydrogen 

cycles and argon cases.  Previous oxidized data is included for comparison.  

Raw experimental data from the argon and hydrogen pressurization cycles are 

listed in Appendix A. 

 

Figure 4.10: Measured keff of Ti1.1CrMn powder (oxidized and activated). 
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The keff data for the activated Ti1.1CrMn powder in argon was significantly less 

than the previous data due to the smaller particle size and the poor thermal 

behavior of argon relative to hydrogen.  Under ambient conditions, the k of 

hydrogen was 0.181 W/m·K while the k of argon was an order of magnitude less 

at 0.018 W/m·K [38].  With poor gas conductivity and small particles disrupting 

the solid conduction pathways, the keff of activated Ti1.1CrMn powder was 0.08 to 

0.10 W/m·K in argon gas.   

 

When the vessel was refilled with hydrogen, the keff data increased 0.31 to 

0.69 W/m·K as a function of hydrogen pressure.  This increase was due to the 

increased gas pressure and the larger k value of hydrogen relative to argon.  

However, the activated data was still less than the oxidized data; a disparity 

attributed to the smaller particle size (~2 µm) and increased bed porosity (0.7).  It 

should be noted that no inflection point or discontinuity was apparent in the keff 

data in the hydrogen absorption region, noted by the hydriding line plotted in 

Figure 4.10.  This lack of visual indication implied that keff of the Ti1.1CrMn was 

independent of the absorption process. 

 

With this new keff data, the ZBS model was refitted by maintaining all the 

previous model parameters except for particle diameter and bed porosity, which 

were known to have changed between test scenarios.  With these parameters, 

the ZBS model was again fitted to the experimental data by adjustment of the φ 

value.  As seen in Figure 4.10, the best fit φ value for the activated powder in 

hydrogen was 0.008 with good agreement between the model and the 

experimental.  This was less than the oxidized best fit value of 0.034; though it 

was possible less deformation occurred in the activated powder due to the 

increased bed porosity.  To check this, the ZBS model was fitted to the argon 

data by adjusting the gas dependent model parameters.  The best fit φ value for 

this model was 0.003.  While within the same order of magnitude, the argon φ 

was nearly one third of the hydrogen value.  Expected to be identical, this 
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disparity between the hydrogen and argon reiterated that the ZBS model does 

not provide any quantitative insights into the real powder bed. 

 

Figure 4.11: Measured α of Ti1.1CrMn powder (oxidized and activated). 

The measured α data for the activated Ti1.1CrMn powder is plotted in Figure 

4.11, including the previous oxidized data for comparison.  In argon, α data for 

activated powder was 0.10 to 0.13 mm2/s, with a slight positive dependence on 

gas pressure.  As with keff, these values were less than the oxidized case 

because of the particle size reduction and poor gas conduction.  Data taken in 

hydrogen increased to a range of 0.32 to 0.73 mm2/s, but was still less than 

oxidized data for the same pressures.   
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Despite the disparity in α data between activated and oxidized powder, the 

two scenarios had a similar dependence on hydrogen pressure.  From 2.9 to 34 

bar, α had a significant increase from 0.33 to 0.54 mm2/s.  Above this pressure, α 

data in the first pressurization cycle had a slight increase with pressure to 0.59 

mm2/s at 172 bar.  Above this pressure, α had a strong negative dependence 

with hydrogen, decreasing to 0.32 mm2/s at 229 bar.  This pressure region was 

also where hydrogen absorption reaction began, shown with the hydriding line in 

Figure 4.11. 

 

As with the first pressurization cycle, the second cycle had a slight increase in 

α in the pressure range of 34 to 150 bar.  However, α data for this cycle had 

vertically shifted to a range of 0.67 to 0.73 mm2/s.  This shift implied a physical 

change in the powder between cycles, meaning the two sets of data could not be 

averaged for the estimation of uncertainty.  Above 150 bar, α data for the second 

cycle converged to the first cycle, with a similar decrease attributed to the 

absorption process.  As thermal diffusivity was a ratio of thermal conduction to 

thermal storage, this decrease during the absorption process implied a 

simultaneous increase in CP as no absorption effects occurred in the keff 

measurements. 

 

From the keff and α data, CP for activated Ti1.1CrMn was derived and plotted in 

Figure 4.12 with oxidized data for comparison.  Also plotted are the DP limits for 

Ti1.1CrMn and the β-phase Ti1.1CrMn.  The CP data for argon had a slight 

decrease of 0.446 J/g·K to 0.432 J/g·K with respect to hydrogen pressure from 1 

to 14 bar.  Within this range was the Debye model CP for Ti1.1CrMn (0.457 J/g·K), 

which implied the presence of gaseous argon in the powder did not affect the CP 

as expected.  
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Figure 4.12: Measured CP of Ti1.1CrMn powder (oxidized and activated). 

In the first hydrogen pressurization cycle, CP of the activated powder 

increased 0.497 to 0.532 J/g·K with hydrogen pressure from 2.9 to 140 bar.  

Above this pressure, the CP increased strongly with hydrogen pressure up to 

1.05 J/g·K at 229 bar, attributed to the absorption process.  The maximum CP 

value was greater than both the Debye model (0.897 J/g·K) and the DP limit 

(0.935 J/g·K) for Ti1.1CrMnH3.  This disparity implied the models were insufficient 

to predict CP of β-phase Ti1.1CrMn.  In contrast, the second hydrogen 

pressurization cycle had a downward shift in CP of 0.422 to 0.391 J/g·K from 34 

to 150 bar.  As CP was derived from the measurements of keff and α, this 

deviation was due to the increase in α for the same pressure range in the second 

hydrogen cycle.  Above this pressure, the CP converged to the first cycle data 
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with the same dramatic increase during the absorption process.  The maximum 

value for this cycle was 1.04 J/g·K at 253 bar.   As with the oxidized data, there 

was a 10 percent decrease at this maximum pressure from the effective CP to the 

Ti1.1CrMn value. 

 

Figure 4.13: Measured CP of activated Ti1.1CrMn against reaction progress. 

As CP appeared to have a strong dependence on the absorption reaction, the 

experimental pressure and temperature data were converted to the reaction 

progress with (3.35).  For activated Ti1.1CrMn, the values for the AF, BF, and φF 

terms were 10.49, 1547.93 K, and 0.087 respectively [40].  From this model, CP 

data for the activated powder is plotted in Figure 4.13 as a function of reaction 
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progress.  Also plotted are the DP limits of Ti1.1CrMn and Ti1.1CrMnH3 for 

reference. 

 

After an initial increase, the first hydrogen pressurization cycle had a slight 

dependence on the reaction progress from 0.03 to 0.50.  Beyond this progress 

point, the CP had another significant increase from 0.562 to 1.05 J/g·K at an F of 

0.90.  As seen previously, the second pressurization cycle had a decrease in CP 

in the progress range below 0.2.  At an F of 0.42, the data converged with the 

first cycle data for the remainder of the reaction.  In terms of reaction, the 

maximum CP for the second pressurization of 1.04 J/g·K occurred at an F of 0.93. 

 

A key point inherent to Figure 4.13 was that the dramatic increase in specific 

heat during hydriding was not a discontinuity, a synopsis that may be inferred 

from analysis of Figure 4.12 alone.  As the reaction progress did not significantly 

increase until roughly 150 bar, the reported CP data below this pressure was 

contracted in the reaction progress plot while the data above this pressure was 

expanded.  With this alternative visual representation, it was apparent that 

specific heat had a smooth transition from desorbed phase to the β-phase of the 

hydriding process.  As a metal hydride heat exchanger would be designed for the 

exothermic filling process, this CP transition cannot be neglected.  More data was 

needed to better understand this reaction dependency and to develop and 

appropriate experimental curve fit for design and modeling use. 
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CHAPTER 5. CONCLUSIONS AND CLOSURE 

5.1. Summary 

The transient plane source method has been customized to measure keff, α, 

and CP of a high pressure metal hydride.  To enable the hydrogenation process 

during measurements, a pressure vessel and a hydrogen supply system were 

integrated with the apparatus.  Experiments were performed up to 275 bar 

hydrogen, though the maximum allowable pressure was 550 bar.  

 

To measure the properties of metal hydride pellets, a custom pellet press was 

assembled inside a glove box to facilitate the compaction of reactive powders.  

This compaction process generated pellets of oxidized Ti1.1CrMn with PVDF and 

aluminum binders with graphite powder enhancement.  Tested in ambient air, the 

keff of PVDF bound pellets ranged from 6.3 to 6.9 W/m·K.  This property range 

was less than the reported keff from laser flash analysis for the same material 

composition, possibly due to smaller particle size and experimental error with 

LFA due to indirect measurement of keff.  Possibly due to internal pore spaces 

from dry compaction, the aluminum bound pellets recorded keff values of 1.7 to 

3.5 W/m·K as a function of applied the compression force on the pellets.  This 

compression effect may be avoided by sintering the aluminum pellets after 

compaction in order to eliminate the internal pore spaces.  

 

The measurement of oxidized Ti1.1CrMn powder yielded keff values of 0.8 to 

1.6 W/m·K as a function of hydrogen pressure from 0.17 to 275 bar.  This trend 

was well fitted by the Zehner-Bauer-Schlünder interpretive model for packed 

beds.  The CP values determined from these experiments ranged from 0.545 to 
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0.698 J/g·K with no strong dependency on hydrogen pressure.  This range was 

greater than the predicted values of the Debye model and the Dulong-Petit limit, 

attributed to the alteration of the metal hydride composition from the oxidation 

process. 

 

The measured keff of activated Ti1.1CrMn powder was 0.31 to 0.71 W/m·K as a 

function of hydrogen pressure from 2.9 to 253 bar.  This decrease from the 

oxidized powder data was attributed to smaller metal hydride particles 

constricting the solid conduction pathways.  While the activated powder 

underwent the hydrogen absorption reaction at high pressures, no indication was 

seen in the keff data.  Thus keff for Ti1.1CrMn was largely independent of the 

absorption process and dominated by the gaseous hydrogen pressure.  While 

this data was also well fitted by the ZBS model, the variation in the flattening 

coefficient between data sets disallowed any quantitative interpretations of the 

model for Ti1.1CrMn 

 

Similar to keff, α data increased from 0.33 to 0.59 mm2/s as a function of 

hydrogen pressure to 173 bar.  Above this pressure, α decreased to 0.32 mm2/s 

at 253 bar.  This negative dependence with hydrogen pressure was due to 

increasing CP as a result of the absorption reaction and transition to the β-phase 

lattice structure.  At low pressures, the CP data for activated powder was less 

than oxidized powder data, attributed to the lack of oxidization layer on the 

particle surface.  In the pressure region above 150 bar, CP had significant 

increase from 0.550 to 1.05 J/gK.  Relating the experimental pressure and 

temperature to the hydrogen absorption showed this increase to be a function of 

the reaction progress.  The maximum CP data exceeded the DP limit for 

Ti1.1CrMnH3, which implied was not appropriate for β-phase metal hydride.  
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5.2. Recommendations for Future Work 

Future work should focus on additional measurement of activated metal 

hydride powder to increase the accuracy and breadth of the reported results.  

After obtaining sufficient data for pure activated material, the material should be 

retested with the inclusion of enhancements powder to quantify the improvement 

in thermal performance.  As the keff of activated Ti1.1CrMn powder was an order 

magnitude less than the keff of oxidized powder, this disparity can be 

compensated for by the inclusion graphite and aluminum powders.  However, the 

effect of additions on the mass diffusion of hydrogen within the powder should 

also be investigated to determine whether the absorption process was negatively 

affected. 

 

In addition to the absorption process, the thermal behavior of the metal 

hydride should also be investigated during the desorption process.  During the 

second hydrogen pressurization cycle, data was also collected in the dehydriding 

process during depressurization.  This raw data is located in Table A.5 and 

required further analysis to inspect the apparent hysteresis in α and CP data 

between the absorption and desorption cycles.  To verify the reactive nature of 

the activated Ti1.1CrMn tested, the powder should also be analyzed with a Sievert 

system to quantify the hydrogen storage capacity.  While powder was known to 

have an initial capacity of 1.83 wt%, exposure to gas impurities degrades the 

material and reduces the hydrogen capacity.  This additional testing would 

provide insight into the susceptibility of the metal hydride to these impurities 

during the high pressure thermal property analysis. 

 

Both the ZBS and Debye models used for comparison with experimental data 

applied volumetric averages of the elements to estimate bulk material properties 

of Ti1.1CrMn.  This approximation was unsuitable for thermal conductivity as 

metal alloys are known to be adversely affected by the internal variations in 

lattice structure.  Additional literature review is needed to investigate the alloy 
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limit of thermal conductivity for these materials and enable a better estimate for 

solid Ti1.1CrMn. 

 

As the temperature profile generated in the TPS experiments was known to 

be dependent on the thermal contact resistance between the sensor and the 

sample material, a thermal model of the experimental assembly could be 

generated to quantify this resistance.  Appendix D discusses the preliminary work 

and resultant data for this thermal modeling.  Additional work involves improved 

modeling techniques to increase the similarity between the experiment and the 

simulation.  To provide insight into the Rtc between the metal hydride and a 

metallic surface similar to a heat exchanger, a new experimental sample holder 

is required to insert a layer of this material (aluminum or stainless steel) between 

the TPS sensor and still contain the powder.  This would also require an 

equivalent adjustment to thermal model, but provide more practical results for 

resultant heat exchanger design.  

 

Added future work should be spent on compaction processes of metal 

hydride, another method to increase keff.  To improve the thermal performance 

and pellet integrity over the previous data for oxidized Ti1.1CrMn, a sintering 

process operable in the glove box should be implemented for fabrication of 

aluminum pellets with activated metal hydride.  As sintering of aluminum powder 

can be adversely affected by oxide layers at the surface, aluminum atomized in 

argon should be used in place of material atomized in air for optimum sintering 

performance.  Concentrations of aluminum and graphite necessary for the pellet 

should be optimized to minimize parasitic mass in the storage system. 

 

To better understand the compression effect apparent in the keff data for the 

aluminum bound Ti1.1CrMn pellets, the commercial TPS sample holder requires 

modification to quantify the force exerted by the compression screw.  Appendix F 
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discusses this modification through the use of strain gages to record the 

deflection of the sample holder top beam generated by the compression screw. 

  

Alternative storage materials such as other metal hydrides, complex hydrides, 

and metal organic frameworks should be measured to provide comparison 

between the various storage techniques.  The results of this continuing research 

will directly improve the design and performance of heat exchangers for solid 

state hydrogen storage and contribute one more step in the global trek to 

renewable energy and the hydrogen economy. 
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Section 1:  PRE-TEST SETUP 

Ready computer and test stand 1 2 3

1.000 TC Control Wear Safety glasses and purple nitrile gloves before going 
into the Test cell       

1.001 SAF Control 
Verify MET-L-X buckets are full and MET-L-X fire 
extinguisher is ready for use in test cell - No further action 
can be taken if this step is not verified       

1.002 TC Control VERIFY the test article is installed per the test plan and the 
appropriate drawings       

1.003 TC Control TURN test cell heater off       

1.004 TC Control FILL out test data sheet appropriately with targeted 
pressures, flowrates, and run times, etc.       

1.005 DSO Control VERIFY Instrumentation Power & Valve Power switches 
are OFF position       

1.006 DSO Control VERIFY UPS is turned on       
1.007 DSO Control START computer [Local Admin Login]       
1.008 DSO Control TURN ON Instrumentation and Valve power switches       
1.009 DSO Control TURN ON SCXI chassis       
1.010 DSO Control LOAD DAQ configuration in MAX       
1.011 DSO Control START Sievert Project LabView program       
1.012 DSO Control CHANGE File details if required; Click SET File Details       
1.013 DSO Control VERIFY the data on display       

1.014 TC/DSO Control 
VERIFY that video cameras, microphones, and monitors 
are in position and functioning       

VERIFY all safety equipment is in place and operating 

1.015 SAF Control VERIFY safety shower in control room is functional       

1.016 SAF Control 
VERIFY hydrogen sensors in test cell are functional, check 
on display and VI; check for Test Cell hydrogen sensor fan 
is in AUTO position       

1.017 SAF 110A VERIFY the Met-L-X buckets are in place (near the chiller 
 in Room 110A)       

1.018 SAF 110A VERIFY outer door of test cell is OPEN       
1.019 SAF Outside CLEAR the test area of all extraneous personnel       
1.020 SAF Outside INSTALL both barrier chains       
1.021 SAF Control TURN ON test cell EXHAUST FANS       

1.022 TC Control TURN ON warning light outside and set indoor warning  
post to orange       

PLACE all manually controlled valves/regulators in the proper pre-test positions 

1.023 TC 108A VERIFY Vacuum Pump Line Valve MV-VL-00 is CLOSED       
1.024 TC 108A VERIFY Argon Supply Line Valve MV-AR-00 is CLOSED       
1.025 TC 108A VERIFY HD-VL-01 is disconnected and capped       
1.026 TC 110A CONNECT HD-VL-02       
1.027 TC 110A VERIFY MV-VL-02 is CLOSED       
1.028 TC 110A VERIFY NV-H2-01 is OPEN 1 TURN       
1.029 TC 110A VERIFY NV-H2-02 is OPEN 1 TURN       
1.030 TC 110A VERIFY MV-H2-01 is CLOSED (if installed)       
1.031 TC 110A VERIFY MR-H2-00 is UNLOADED       
1.032 TC 110A VERIFY MR-N2-00 is UNLOADED       
1.033 TC Outside VERIFY that the hydrogen cylinders are CLOSED       
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VERIFY the remote controlled valves function properly 

1.034 TC Outside OPEN Nitrogen supply valve       
1.035 TC 110A LOAD 100 psi in MR-N2-00 to activate valves       
1.036 DSO Control/110A CYCLE DO-H2-01 - Hydrogen Supply Valve       
1.037 DSO Control/110A CYCLE DO-H2-02 - System Vent Valve       
1.038 DSO Control/110A CYCLE DO-H2-03 - 1000psi Transducer Isolation Valve       
1.039 DSO Control/110A CYCLE DO-H2-04 - 3000psi Transducer Isolation Valve       
1.040 DSO Control/110A CYCLE DO-H2-05 - 10,000psi Transducer Isolation Valve       
1.041 DSO Control/110A CYCLE DO-H2-06 - Isolation Valve       

VERIFY all remote controlled valves and regulators are in their power off position 

1.042 DSO Control/110A SET/VERIFY Hydrogen Supply Valve DO-H2-01 is 
CLOSED        

1.043 DSO Control/110A SET/VERIFY System Vent Valve DO-H2-02 is OPEN        

1.044 DSO Control/110A 
SET/VERIFY 1000psi Transducer Isolation Valve DO-H2-
03 is CLOSED       

1.045 DSO Control/110A SET/VERIFY 3000psi Transducer Isolation Valve DO-H2-
04 is CLOSED       

1.046 DSO Control/110A SET/VERIFY 10,000psi Transducer Isolation Valve DO-H2-
05 is CLOSED       

1.047 DSO Control/110A SET/VERIFY Sample Chamber Isolation Valve DO-H2-06 
 is OPEN       
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Section 2:  TEST ARTICLE LOADING PROCEDURE 

Caution: Following steps should be performed by at least two graduate students 
        

2.000 SAF Control TURN Warning Light to Red       

2.001 TC Glove Box CHECK all fittings on pressure vessel are tight (in glove 
box)       

2.002 TC Glove Box VERIFY MV-H2-01 isolation valve is CLOSED       
2.003 TC Glove Box PUT blue tape on outlet of sample chamber       

Prepare test area 

2.004 TC Control CLEAR pathway for transfer       
2.005 TC Control MOVE conference table away from glovebox       
2.006 TC 110A OPEN test cell doors       

2.007 TC 110A 
PLACE all required tools/components for assembly on cart 
(1/2" wrench, 3/4" wrench, 7/8" wrench, 11/16" wrench, 
crescent wrench)       

START vacuum in H2 feed lines 

2.008 DSO Control START acquiring data       
2.009 DSO Control CLOSE DO-H2-02       
2.010 DSO Control CLOSE DO-H2-06       
2.011 TC 110A LOAD 100 psi at MR-H2-00 (with cylinders closed)       
2.012 TC 108A OPEN MV-AR-00       
2.013 TC Outside LOAD 50 psi at MR-AR-00 (with cylinder closed)       
2.014 TC 108A START Vacuum pump       
2.015 TC 108A OPEN MV-VL-00       
2.016 DSO Control VERIFY Vacuum at PT-AR-00       
2.017 TC 110A OPEN MV-VL-02       
2.018 DSO Control OPEN DO-H2-03       
2.019 DSO Control OPEN DO-H2-04       
2.020 DSO Control OPEN DO-H2-05       
2.021 DSO Control VERIFY Vacuum at PT-H2-03, 04, and 05       
2.022 DSO Control WAIT 15 minutes under vacuum       
2.023 TC 108A CLOSE MV-AR-00       
2.024 TC Outside UNLOAD MR-AR-00       
2.025 TC Outside OPEN Argon cylinder       
2.026 TC Outside LOAD MR-AR-00 to 15-20 psia       
2.027 TC 110A CONNECT pressure vessel supply line below NV-H2-02       

TRANSFER Pressure Vessel 

2.028 TC Control VERIFY antechamber is empty       
2.029 TC Control VERIFY antechamber tray slides correctly       

2.030 TC Control PURGE antechamber to 10^-2 bar once - keep evacuated 
5 minutes       

2.031 TC Control RE-PRESSURIZE antechamber       
2.032 TC Control OPEN inner door of antechamber       
2.033 TC Control TRANSFER pressure vessel to antechamber       
2.034 TC Control CLOSE antechamber inner door       
2.035 TC Control PUT ON all safety gear, carriers put on fire suits       

2.036 TC Control OPEN outer antechamber door       
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2.037 TC Control/110A CARRY pressure vessel to test cell 110A       
2.038     MONITOR temperatures in containment vessel       
2.039 TC 110A PLACE and ATTACH pressure vessel to holding plates       
2.040 TC 110A REMOVE blue tape from outlet       
2.041 TC 110A CONNECT pressure vessel supply line to pressure vessel       

2.042 TC 110A ATTACH thermocouple and pressure transducer cables to 
pressure vessel       

2.043 TC Control PROCEED to control room       
START Vacuum 

2.044 DSO Control 
OPEN DO-H2-06 to evacuate up to MV-H2-01 (isolation 
valve)       

2.045 DSO Control WAIT 5 minutes under vacuum       
EVACUATE Pressure Vessel 

2.046 TC 110A CLOSE DO-H2-06       
2.047 TC 110A PUT NV-H2-01 and 02 to 1 TURN OPEN       
2.048 TC 110A SLOWLY CRACK OPEN MV-H2-01 (isolation valve)       

2.049 DSO Control OPEN DO-H2-06 and verify pressure drop in pressure 
vessel       

2.050 DSO Control When pressure vessel pressure < 2psia, CLOSE DO-H2-06       
2.051 TC 110A OPEN NV-H2-01 and NV-H2-02 to 2 TURNS       

PUT TPS SYSTEM IN "Test Mode" IF A TEST WILL BE CARRIED OUT 
CHARGE Reservoir to 50 psi 

2.052 TC 110A UNLOAD MR-H2-00       
2.053 DSO Control CLOSE DO-H2-04       
2.054 DSO Control CLOSE DO-H2-05       
2.055 DSO Control CLOSE DO-H2-01       
2.056 TC 110A CLOSE MV-VL-02       
2.057 TC 108A CLOSE MV-VL-00       
2.058 TC 108A STOP Vacuum pump       
2.059 TC 110A DISCONNECT and CAP hard disconnect HD-VL-02       
2.060 TC Outside OPEN Hydrogen cylinder       
2.061 TC Outside VERIFY pressure on PG-H2-00       
2.062 TC 110A LOAD 50 psi at MR-H2-00       
2.063 TC 110A VERIFY pressure at PG-H2-02       
2.064 DSO Control OPEN DO-H2-01       
2.065 DSO Control VERIFY pressure at PT-H2-03       

PUT TPS SYSTEM IN "Safe Mode" IF A TEST WILL NOT BE CARRIED OUT 
CHARGE Entire System to 50 psi 

2.066 TC 110A UNLOAD MR-H2-00       
2.067 DSO Control CLOSE DO-H2-04       
2.068 DSO Control CLOSE DO-H2-05       
2.069 DSO Control CLOSE DO-H2-01       
2.070 TC 110A CLOSE MV-VL-02       
2.071 TC Outside OPEN Hydrogen cylinder       
2.072 TC Outside VERIFY pressure on PG-H2-00       
2.073 TC 110A LOAD 50 psi at MR-H2-00       
2.074 TC 110A VERIFY pressure at PG-H2-02       
2.075 DSO Control OPEN DO-H2-01       
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2.076 DSO Control VERIFY pressure at PT-H2-03       
2.077 DSO Control OPEN DO-H2-06 to charge sample chamber to 50 psi       
VENT System (excluding pressure vessel) to atmospheric pressure 

2.078 TC 110A CLOSE MV-H2-01 to isolate pressure vessel       
2.079 TC Outside CLOSE Hydrogen Cylinders       
2.080 DSO Control OPEN DO-H2-02 to vent system to atmospheric pressure       
2.081 DSO Control CLOSE DO-H2-01       
2.082 TC 110A UNLOAD MR-H2-00       
2.083 TC 108A CLOSE MV-VL-00       
2.084 TC Outside CLOSE Argon Cylinder       
2.085 TC Outside UNLOAD MR-AR-00       
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Section 3:  TEST PROCEDURE 

Warning: No personnel is allowed to go into test cell if pressure in system is more than 1000 psi. 
All operators MUST wear safety glasses at all times when in the test cell       

Warnings: 
• In the event of an explosion or the failure of the test article, IMMEDIATELY turn off the VALVE 
POWER toggle switch located in the instrument rack. This will place all valves in their de-energized 
state, stopping the flow of hydrogen/gas to the pressure vessel and venting the pressure vessel. 
• TURN ON Emergency Alarm System if building evacuation is required. 

      

3.000 TC   VERIFY warning post indoors is on red and control room 
door is CLOSED       

3.001 TC   VERIFY heater in test cell in OFF       

3.002 TC   VERIFY TPS system has been ON for 1 hour prior to taking 
measurements       

IF SAMPLE CHAMBER IS ISOLATED UNDER 50 psi HYDROGEN ("Safe Mode") 
EVACUATE Sample Chamber 

3.002 DSO Control Click ACQUIRE DATA 
  

3.003 DSO Control CLOSE DO-H2-02, 07, and 08       
3.004 TC 110A LOAD 50 psi in MR-H2-00 (with cylinder closed)       
3.005 TC 108A TURN ON vacuum pump       
3.006 TC 108A OPEN MV-VL-00       
3.007 DSO Control VERIFY vacuum at PT-AR-00       
3.008 TC 110A OPEN MV-VL-02       
3.009 DSO Control OPEN DO-H2-01       
3.010 DSO Control OPEN DO-H2-03       
3.011 DSO Control OPEN DO-H2-04       
3.012 DSO Control OPEN DO-H2-05       
3.013 DSO Control VERIFY Vacuum at PT-H2-03, 04, and 05       
3.014 DSO Control WAIT 15 minutes under vacuum       
3.015 DSO Control Click ACQUIRE ZERO DATA       
3.016 DSO Control Click DISPLAY ZERO DATA       
3.017 DSO Control CLOSE DO-H2-06       
3.018 TC 110A SLOWLY CRACK OPEN MV-TPS-01 (isolation valve)       

3.019 DSO Control OPEN DO-H2-06 and verify pressure drop in sample 
chamber       

3.020 DSO Control When sample chamber pressure < 2psia, CLOSE DO-H2-
06       

CHARGE Reservoir to 50 psi 

3.021 TC 110A UNLOAD MR-H2-00 and A0-H2-00       
3.022 DSO Control CLOSE DO-H2-04       
3.023 DSO Control CLOSE DO-H2-03       
3.024 DSO Control CLOSE DO-H2-01       
3.025 TC 110A CLOSE MV-VL-02       
3.026 TC 108A CLOSE MV-VL-00       
3.027 TC 108A STOP Vacuum pump       
3.028 TC 110A DISCONNECT and CAP hard disconnect HD-VL-02       
3.029 TC Outside OPEN Hydrogen cylinder       
3.030 TC Outside VERIFY pressure on PG-H2-00       
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3.031 TC 110A LOAD 50 psi at MR-H2-00       
3.032 TC 110A VERIFY pressure at PG-H2-02       
3.033 DSO Control OPEN DO-H2-01       
3.034 DSO Control VERIFY pressure at PT-H2-05       
3.035 DSO Control System is now in "Test Mode"       

IF SAMPLE CHAMBER IS EVACUATED AND RESERVOIR CHARGED AT 50psi ("Test Mode") 
HYDRIDING 

3.036 TC 110A LOAD MR-H2-00 to final pressure level       

3.037 DSO Control Use the TARGET PRESSURE function with DO-H2-06 to 
adjust the pressure vessel pressure       

3.038 DSO Control Use the TPS system to take measurements at specific 
pressures       

DEHYDRIDING 

3.039 TC 110A UNLOAD MR-H2-00 to a midrange pressure level       

3.040 DSO Control CYCLE DO-H2-06 to incrementally vent hydrogen from the 
pressure vessel       

3.041 TC 110A When pressure vessel is within 250 psi of PG-H2-02, 
UNLOAD MR-H2-00 to 50 psi       

3.042 DSO Control CYCLE DO-H2-06 to incrementally vent hydrogen from the 
pressure vessel       

PUT TPS SYSTEM IN "Safe Mode" 

3.043 TC 110A CLOSE MV-H2-01 to isolate sample chamber       
3.044 TC Outside CLOSE Hydrogen Cylinders       
3.045 DSO Control OPEN DO-H2-02 to vent system to atmospheric pressure       
3.046 DSO Control CLOSE DO-H2-01       
3.047 TC 110A UNLOAD MR-H2-00       
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Section 4:  TEST COMPLETION 

4.000 TC Control TURN OFF warning lights       
4.001 DSO Control STOP acquiring data       
4.002 DSO Control STOP the VI       
4.003 DSO Control TURN OFF instrumentation and valve power and chassis       
4.004 TC 110A UNLOAD MR-N2-00       

Section 5:  TEST ARTICLE UNLOADING PROCEDURE 

Caution: Following steps should be performed by at least two graduate students       
5.000 DSO Control CLOSE DO-H2-02       

5.001 DSO Control OPEN DO-H2-01       
5.002 TC 108A TURN ON vacuum pump       
5.003 TC 108A OPEN MV-VL-00       
5.004 TC 108A OPEN MV-AR-00       
5.005 TC Outside LOAD MR-AR-00 to 50 psi (with cylinder closed)       
5.006 TC 110A OPEN MV-VL-02       
5.007 DSO Control WAIT for 15 minutes under vacuum       
5.008 TC 108A CLOSE MV-AR-00       
5.009 TC Outside UNLOAD MR-AR-00       
5.010 TC Outside OPEN Argon cylinder       
5.011 TC Outside LOAD MR-AR-00 to 20 psi       
5.012 DSO Control CLOSE DO-H2-06       
5.013 TC 110A PUT NV-H2-01 and 02 to 1 TURN OPEN       
5.014 TC 110A SLOWLY CRACK OPEN MV-H2-01 (isolation valve)       
5.015 TC 110A OPEN DO-H2-06 and verify pressure drop       
5.016 DSO Control When PV pressure < 2psia, CLOSE DO-H2-06       
5.017 TC 110A OPEN NV-H2-01 and 02 to 2 TURNS       
5.018 TC 108A CLOSE MV-VL-00       
5.019 TC 108A TURN OFF vacuum pump       
5.020 TC 108A OPEN MV-AR-00 to fill reservoir with argon       
5.021 DSO Control CYCLE DO-H2-06 to fill PV with Argon       
5.022 TC 110A CLOSE MV-H2-01 to isolate PV       
5.023 TC Control VERIFY antechamber is empty       
5.024 TC Control BRING antechamber to atmospheric pressure       
5.025 TC 110A DISCONNECT PV supply line and instrumentation       
5.026 TC Control OPEN antechamber outer door       
5.027 TC Control CARRY PV to control room and put in antechamber       
5.028 TC Control CLOSE antechamber outer door       
5.029 TC Control EVACUATE antechamber 3 times       
5.030 TC Control OPEN antechamber inner door       
5.031 TC Glove Box BRING PV into glove box       
5.032 TC Glove Box SLOWLY CRACK OPEN MV-H2-01       
5.033 TC Outside UNLOAD MR-AR-00       
5.034 TC Outside CLOSE Argon Cylinder       
5.035 TC 108A CLOSE MV-AR-00       
5.036 DSO Control CLOSE DO-H2-01       
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Figure A.1: Data for TPS αTR as a function of temperature. 
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Table A.1: Test data for oxidized Ti1.1CrMn pellets (5 wt% PVDF, 9 wt% 
graphite). 

Pellet Set Test PO (W) ∆t (s) keff (W/m·K) α (mm2/s) 
1 1 0.10 5 6.84 3.45 
1 2 0.20 5 4.99 3.84 
1 3 0.15 5 4.98 3.87 
1 4 0.10 5 7.04 4.07 
1 5 0.20 5 6.85 3.67 
2 1 0.20 4 6.32 3.90 
2 2 0.20 4 6.27 3.79 
2 3 0.20 4 6.30 3.73 
2 4 0.20 4 6.29 3.83 
2 5 0.20 4 6.28 3.79 
3 1 0.20 5 6.79 3.85 
3 2 0.20 4 6.66 3.57 
3 3 0.20 4 6.70 3.67 
3 4 0.20 4 6.72 3.65 
3 5 0.20 4 6.75 3.75 

Table A.2: Test data for oxidized Ti1.1CrMn pellets (15 wt% Al, 2 wt% graphite). 

Screw Turns PO (W) ∆t (s) keff (W/m·K) α (mm2/s) 
0 0.1 5 1.72 1.13 

0.5 0.1 5 2.10 1.24 
1 0.1 5 2.44 1.36 

1.5 0.1 5 2.76 1.41 
2 0.1 5 3.04 1.44 

2.5 0.1 5 3.29 1.43 
3 0.1 5 3.47 1.49 

3.5 0.1 5 3.60 1.52 
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Table A.3: Test data for oxidized Ti1.1CrMn powder. 

Test P 
(bar) 

T  
(C) 

PO 
(W) 

∆t  
(s) 

keff 
(W/m·K) 

α 
(mm2/s) 

CP,eff 
(J/g·K) 

Rtc 
(mm2·K/W) 

1 3.5 17 0.06 10 1.357 0.841 0.645 223 
2 50 12 0.06 10 1.557 1.003 0.621 0 
3 100 12 0.06 10 1.587 1.049 0.605 -6 
4 50 14 0.06 10 1.539 1.000 0.616 191 
5 100 12 0.06 10 1.554 1.041 0.597 159 
6 150 12 0.06 10 1.574 1.010 0.623 183 
7 200 12 0.06 10 1.595 1.005 0.635 177 
8 275 12 0.06 10 1.627 1.008 0.646 176 
9 50 11 0.06 10 1.470 1.030 0.571 135 
10 200 11 0.06 10 1.542 1.037 0.595 142 
11 260 11 0.06 10 1.572 1.033 0.609 130 
12 11 10 0.06 10 1.398 0.939 0.596 156 
13 5.5 10 0.06 10 1.365 0.936 0.583 140 
14 1.5 10 0.06 10 1.211 0.808 0.600 138 
15 0.17 14 0.06 10 0.802 0.461 0.696 226 
16 0.17 14 0.06 10 0.796 0.455 0.700 221 
17 0.30 14 0.06 10 0.911 0.561 0.650 233 
18 0.30 14 0.06 10 0.909 0.553 0.657 234 
19 0.48 14 0.06 10 0.994 0.668 0.595 196 
20 0.48 13 0.06 10 1.058 0.658 0.643 202 
21 0.70 13 0.06 10 1.119 0.727 0.616 180 
22 0.70 13 0.06 10 1.118 0.723 0.619 183 
23 1.0 13 0.06 10 1.180 0.788 0.599 177 
24 3.5 13 0.06 10 1.340 0.915 0.585 172 
25 7.0 13 0.06 10 1.400 0.946 0.592 180 
26 10 13 0.06 10 1.421 0.962 0.590 170 
27 5.5 13 0.06 10 1.385 0.906 0.611 176 
28 2.0 13 0.06 10 1.289 0.863 0.597 160 
29 7.0 13 0.06 10 1.407 0.918 0.613 111 
30 35 13 0.06 10 1.485 0.907 0.654 75 
31 70 14 0.06 10 1.495 0.975 0.613 31 
32 100 14 0.06 10 1.516 0.966 0.628 42 
33 80 14 0.06 10 1.503 0.899 0.669 67 
34 50 14 0.06 10 1.489 0.908 0.656 72 
35 20 14 0.06 10 1.450 0.934 0.621 82 
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Table A.4: Test data for activated Ti1.1CrMn powder in argon. 

Test P  
(bar) 

T  
(C) 

PO  
(W) 

∆t  
(s) 

keff 
(W/m·K) 

α  
(mm2/s) 

CP,eff  
(J/g·K) 

1 1 21 0.02 40 0.076 0.096 0.426 
2 1 21 0.02 80 0.075 0.086 0.466 
3 7 21 0.02 40 0.097 0.121 0.431 
4 14 21 0.02 40 0.103 0.128 0.432 
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Table A.5: Test data for activated Ti1.1CrMn powder in hydrogen. 

Test P  
(bar) 

T  
(C) 

PO  
(W) 

∆t  
(s) 

keff 
(W/m·K) 

α  
(mm2/s) 

CP,eff 
(J/g·K) 

1 2.9 14 0.3 40 0.3077 0.3326 0.497 
2 6.4 14 0.3 40 0.3848 0.4075 0.508 
3 14.8 14 0.3 20 0.4606 0.4847 0.511 
4 34.2 14 0.3 20 0.5281 0.5414 0.524 
5 51.9 14 0.4 20 0.5572 0.5528 0.542 
6 51.9 14 0.4 20 0.5567 0.5405 0.554 
7 51.9 15 0.4 20 0.5560 0.5387 0.555 
8 70.6 15 0.4 20 0.5769 0.5427 0.572 
9 104 16 0.4 20 0.6030 0.5527 0.587 

10 140 16 0.4 20 0.6207 0.5668 0.589 
11 164 17 0.4 20 0.6534 0.5475 0.642 
12 173 17 0.4 20 0.6973 0.5941 0.631 
13 204 18 0.4 20 0.6737 0.3495 1.036 
14 204 18 0.4 20 0.6672 0.332 1.080 
15 229 18 0.4 20 0.6737 0.3221 1.125 
16 229 18 0.4 20 0.6725 0.3164 1.143 
17 34.1 14 0.4 20 0.5440 0.6699 0.437 
18 51.5 14 0.4 20 0.5660 0.7034 0.433 
19 138 14 0.4 20 0.6276 0.6934 0.487 
20 150 15 0.4 20 0.6125 0.7284 0.452 
21 163 15 0.4 20 0.6778 0.5957 0.612 
22 178 16 0.4 20 0.7145 0.5132 0.749 
23 192 16 0.4 20 0.6544 0.3256 1.081 
24 207 16 0.4 20 0.6615 0.3257 1.092 
25 221 16 0.4 20 0.6647 0.3214 1.112 
26 253 16 0.4 20 0.6677 0.3158 1.137 
27 221 17 0.4 20 0.6458 0.2894 1.200 
28 188 17 0.4 20 0.6391 0.2735 1.256 
29 153 17 0.4 20 0.6320 0.2537 1.339 
30 119 17 0.4 20 0.6177 0.2217 1.498 
31 83.6 17 0.4 20 0.6774 0.2861 1.273 
32 49.3 17 0.4 20 0.5559 0.5011 0.600 
33 14.1 17 0.4 20 0.4555 0.4603 0.532 
34 10.6 17 0.4 20 0.4279 0.4414 0.521 
35 5.7 18 0.4 20 0.3813 0.3877 0.529 
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Figure A.2: Mastersizer 2000 results for oxidized Ti1.1CrMn powder. 
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Table A.6: Equipment list. 

Equipment Manufacturer Model Primary 
Specifications 

Thermal property 
analyzer 

Hot Disk TPS 2500 0.01 ~ 400 W/m·K 
0.1 ~ 100 mm2/s 

TPS sensing 
element 

Hot Disk 5465 3.189 mm radius 

TPS sensing 
element 

Hot Disk 5501 6.403 mm radius 

Bridge completion 
module 

Omega BCM-1 16 VDC max 

Strain gage Omega SGD-7/350-LY11 350 ohm 
Temperature 

controller 
Omega 6102K-0-1000F K type TC input 

810 K max 
Terminal pad Omega BTP-4 Surface bondable 

TC probe Omega KMQSS-062(G)-
6 

K type 
0.75% accuracy 

TC wire Omega TT-K-20 K type 
20 gauge 

Voltmeter Omega DP18-P2 1 ~ 5 VDC input 
0.15% rdg accuracy 

Automatic regulator Tescom 26-
2601D64A270 

700 bar max 
0.25 inch fittings 

Electronic regulator 
control 

Tescom ER-3000 0.1% accuracy 

Band heater Tempco MBH00150 400 W max power  
7.6 cm diameter 

Bottle jack Kobalt B-020NC 180 kN max 
Glove box MBraun Labmaster 130 <1 ppm H2O 

<1 ppm O2 
Hydrogen detector RKI 65-2450RK 0 ~ 100% LEL 

Pressure gauge Noshok 400 690 bar max 
6.4 cm dial 

690 bar PT Druck PMP 1200-1260-
Abs 

1 ~ 5 VDC output 
0.25% FS accuracy 

70 bar high accuracy 
PT  

Druck PDCR 4061-70 
bar-Abs 

0 ~ 5 VDC output 
0.04% FS  accuracy 

200 bar high 
accuracy PT 

Druck PDCR 4061-200 
bar-Abs 

0 ~ 5 VDC output 
0.04% FS  accuracy 

700 bar high 
accuracy PT 

Druck PDCR 4061-700 
bar-Abs 

0 ~ 5 VDC output 
0.04% FS  accuracy 

Pressure vessel High Pressure 
Equipment 

GC-13 690 bar max 
Reduced axial length 

Scale Setra SI-410S 0.001 g precision 
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Appendix B. Design for LFA Pressure Vessel 

Despite generating an extensive baseline of thermal properties for non-

activated Ti1.1CrMn, the commercial LFA method disallowed the ability to assess 

dependencies on hydrogen pressure and the absorption process.  To obtain 

these dependencies, a new experimental apparatus compatible with a high 

pressure hydrogen environment was necessary to enable analysis of activated 

metal hydrides.  Initially, this work focused on determining whether the LFA setup 

could be integrated with a pressure vessel.  Prior to sizing the vessel, the 

performance specifications of the Netzsch Nanoflash 447 were researched to 

verify that the setup was acceptable for measuring metal hydrides. 

 

According to the ASTM standard for the laser flash method, the material α 

was determined with (B.1), according to the transient response curve [22],   

 

2/1

2

1388.0
t

L=a  
(B.1)

 

The half time parameter was defined as the time required for the surface of 

the sample to reach half the maximum temperature increase.  The duration of the 

energy pulse could be no greater than 2 percent of t1/2.  The thickness of the 

sample should be 1 to 3 mm [41].  According to (B.2), the maximum ∆T on the 

surface was, 
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By applying the α value with no additives in Table 1.9, t1/2 for a 2 mm thick 

sample of oxidized Ti1.1CrMn was 1.04 seconds, thus the maximum allowable 

pulse time was 0.021 seconds.  If a 2 Kelvin degree temperature increase was 

desired, the required q” by the flash tube was 0.785 J/cm2.  According to the 
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specifications of the Nanoflash 447, the minimum pulse duration was 100 µs and 

the maximum q” was 3 J/cm2.  As a result, the Nanoflash 447 was an acceptable 

apparatus to measure α of Ti1.1CrMn.  If the sample could be contained inside a 

pressure vessel between the xenon flash lamp and the IR detector, the method 

would be capable of analyzing activated material. 

 

A cylindrical pressure vessel could be installed in the laser flash system in 

either horizontal or vertical orientation.  The fabrication and implementation of a 

spherical vessel (while stronger) proved to be financially excessive.  According to 

the Nanoflash manufacturers, the distance between the flash lamp and the IR 

detector could not exceed 15 cm to prevent energy losses from affecting the 

measurements [42].  The length of the vessel was also limited to 15 cm in the 

horizontal direction due to the dimensions of the LFA apparatus.  With these 

constraints, the external radius of the cylinder was fixed at 7.5 cm. 

 

The three principal stresses in a cylindrical pressure vessel were hoop, radial, 

and longitudinal.  Defined in (B.3), the maximum hoop stress was, 
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Defined in (B.4), the maximum radial stress was, 
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(B.4)

 

Defined in (B.5), the maximum longitudinal stress was, 
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To obtain a single representative value according to (B.6), the three stresses 

were converted to a von Mises stress, 
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Combining all four equations yielded (B.7), which related the maximum P as a 

function of the maximum allowable σvm, 
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Fixing the maximum P to 550 bar and ro to 7.5 cm, the maximum σvm became 

a function of ri.  Applying a common safety factor of 4.0 converted this stress to 

minimum material yield strength.  According to this yield strength requirement, 

the most appropriate vessel material would be an alloy steel.  In contrast, 

stainless steels did not have sufficient yield strengths to withstand the desired 

pressure with the fixed dimensions. 

 

Along with containing the high pressure hydrogen gas, the vessel had to 

transfer the energy pulse from the flash lamp to the sample and also to the IR 

detector.  Two windows were required on the vessel wall to pass the energy with 

minimal loss to the surroundings.  To satisfy the transmissivity requirement and 

maintain the strength of the vessel, sapphire glass was chosen as the most 

appropriate window material.  Several different pressure vessel manufacturers 

were contacted for fabrication, but each declared the vessel unfeasible due to the 

size constraints and window requirements.   

 

With an inability to obtain an acceptable vessel, the Nanoflash 447 could not 

be used to analyze activated metal hydrides.  As a result, a product search was 
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performed to find a commercial laser flash setup capable of operating under high 

pressure conditions.  The only apparatus found to satisfy the performance 

requirements was a FlashLine-4000S Thermal Properties Analyzer from the 

Anter Corporation; a detailed quote is provided in Figure B.1.  The device 

integrated the laser flash method with a stainless steel pressure vessel by 

transferring the energy pulse from a Nd:glass laser to the vessel via a fiber optic 

wand.  The integrated vessel was capable of containing 410 bar of hydrogen gas.  

However at nearly $200K, the apparatus was too expensive for purchase. 
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Figure B.1: Quote for Anter Flashline-4000S thermal properties analyzer. 
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Appendix C. Model of TPS Data Processing 

With the TPS 2500, temperature data was recorded at 200 equally spaced 

time points within the defined test duration.  Because the duration was a user 

variable, the data acquisition frequency must proportionally change to record the 

same number of data points.  To verify the obtained thermal properties, a code 

containing the data process equations was written in MATLAB.  This code first 

discarded the initial data points (specified by the user) to eliminate the contact 

resistance effects between the sensor and sample. 

 

As previously mentioned, the probing depth criterion must be satisfied to rule 

out the presence of thermal boundary effects in the sample during testing.  

Based on the selected thermal diffusivity and the fixed probing depth, the code 

solved (3.13) for the maximum allowable testing time without thermal boundary 

effects for the given sample.  If this time duration was less than the testing 

duration, the code was resolved with the appropriate number of end data points 

removed from analysis to satisfy the new cutoff time.  This procedure was 

repeated until the solution converged to an acceptable cutoff time without thermal 

boundary effects. 

 

In order for the code to process the data, (3.10) was solved numerically with 

the trapezoidal rule.  The limits of this integral were zero and the normalized time 

point, determined by from the characteristic time ratio in (3.11).  However, an 

asymptotic singularity was present at the lower limit of the integrand.  To output a 

finite solution, the code required a nonzero lower limit of integration.  The first 

data point not removed for contact resistance effects was selected for this limit.  

The overall effect of this alteration was a horizontal shift of the linear time 

function curve, with no change on the slope or the linear regression value.  

Therefore the thermal property measurement was unaffected.  However, 

eliminating the singularity from the integration prohibited the ability to measure 
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the amount of contact resistance present between the sample and the sensor, 

which initially dominated the experiment. 

 

The temperature profile from one of the experiments was then imported into 

the generated code to compare the property results between the code and the 

TPS software, listed in Table C.1.  While the theory of the TPS method was 

published in literature, the solution algorithm employed by the TPS 2500 to select 

the appropriate thermal diffusivity value was proprietary to the Hot Disk 

Company.  In comparison, the code applied parabolic interpolation to determine 

the thermal diffusivity which led to the deviation listed in the table.  Because the 

code could not replicate the exact property results, the TPS output was used for 

all reported data. 

Table C.1: Code comparison of TPS results for SST. 

Property Units TPS Code Deviation (%) 
k (W/m·K) 13.8 13.5 2.17 
α (mm2/s) 3.59 3.79 5.57 

 

MATLAB Code for TPS Data Processing  
%TPS Analysis with Parabolic Interpolation 
format long 
  
tic 
%Import Test Data 
T = xlsread('SST_Q2ml','a1:a200'); 
P = xlsread('SST_Q2ml','d1:d7'); 
%Sensor Parameters 
a = P(1); m = P(2); ms = m^2; 
%Test Parameters 
Po = P(3); Dur = P(4); step = Dur/200; tc = P(5); 
%Cutoff Point and probe depth 
cutoff = P(6); probe = P(7); cutin = 10; 
  
%Clear variables 
alp = zeros(1,3); d = 0; os = zeros(1,cutoff); o = zeros(1,cutoff);  
C = zeros(1,cutoff); Int_sec = zeros(1,cutoff); Y = 0; 
Int_sum = zeros(1,cutoff); D = zeros(1,cutoff); Rs = zeros(1,3);  
K = zeros(1,3); e = zeros(1,3); x = zeros(1,10);  
  
%Additional Parameters 
n = (cutoff - cutin) + 1; i = 1:cutoff;  
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alp(1) = 3; alp(2) = 4; alp(3) = 5; diff  = 1; w = 1; x(1) = 0; 
while diff > 0.001 
    w = w + 1; 
    for b = 1:3 
        sum_int = 0; 
        for i = 1:cutoff 
            t = i*step; 
            os(i) = alp(b)*(t-tc)/(a^2); o(i) = os(i)^0.5; 
            sumA = 0; sumB = 0; 
            for k = 1:m 
                sumA = 0; 
                for l = 1:m 
                    A = l*exp(-
(k^2+l^2)/(4*ms*os(i)))*besseli(0,(k*l/(2*ms*os(i)))); 
                    sumA = sumA + A; 
                end 
                sumB = sumB + k*sumA; 
            end 
            C(i) = sumB/os(i); 
            %Numerical Integration (Trapezoidal Rule) 
            if i > cutin 
                Int_sec(i) = 0.5*(o(i)-o(i-1))*(C(i)+C(i-1)); 
                sum_int = sum_int + Int_sec(i); 
                Int_sum(i) = sum_int; 
                D(i) = Int_sum(i)/(ms*(m+1)^2);        
            end 
        end 
        %Linear Regression Analysis 
        sum_dt = 0; sum_d = 0; sum_t = 0; sum_dd = 0; sum_tt = 0; 
        for i = cutin:cutoff 
            sum_dt = sum_dt + D(i)*T(i); 
            sum_d = sum_d + D(i); 
            sum_t = sum_t + T(i); 
            sum_dd = sum_dd + D(i)*D(i); 
            sum_tt = sum_tt + T(i)*T(i);         
        end 
        e(b) = 1-((n*sum_dt-sum_d*sum_t)^2)/((n*sum_dd-(sum_d)^2)*(n*sum_tt-
(sum_t)^2)); 
    end  
    %Parabolic Interpolation 
    xtop = 0.5*(alp(2)-alp(1))^2*(e(2)-e(3))-(alp(2)-alp(3))^2*(e(2)-e(1)); 
    xbot = (alp(2)-alp(1))*(e(2)-e(3))-(alp(2)-alp(3))*(e(2)-e(1)); 
    x(w) = alp(2) - (xtop/xbot); 
    if x(w) < alp(3) 
        if x(w) < alp(2) 
            if x(w) < alp(1) 
                alp(3) = alp(2); alp(2) = alp(1); alp(1) = x(w); 
            else 
                alp(3) = alp(2); alp(2) = x(w); 
            end 
        else 
            alp(1) = alp(2); alp(2) = x(w); 
        end 
    else 
        alp(1) = alp(2); alp(2) = alp(3); alp(3) = x(w); 
    end 
    diff = abs(x(w) - x(w-1)); 
end 
%Resolve 
sum_int = 0; 
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for i = 1:cutoff 
    t = i*step; 
    os(i) = x(w)*(t-tc)/(a^2); o(i) = os(i)^0.5; 
    sumA = 0; sumB = 0; 
    for k = 1:m 
        sumA = 0; 
        for l = 1:m 
            A = l*exp(-(k^2+l^2)/(4*ms*os(i)))*besseli(0,(k*l/(2*ms*os(i)))); 
            sumA = sumA + A; 
        end 
        sumB = sumB + k*sumA; 
    end 
    C(i) = sumB/os(i); 
    if i > cutin 
        Int_sec(i) = 0.5*(o(i)-o(i-1))*(C(i)+C(i-1)); 
        sum_int = sum_int + Int_sec(i); 
        Int_sum(i) = sum_int; 
        D(i) = Int_sum(i)/(ms*(m+1)^2);        
    end 
end 
sum_dt = 0; sum_d = 0; sum_t = 0; sum_dd = 0; sum_tt = 0; 
for i = cutin:cutoff 
    sum_dt = sum_dt + D(i)*T(i); 
    sum_d = sum_d + D(i); 
    sum_t = sum_t + T(i); 
    sum_dd = sum_dd + D(i)*D(i); 
    sum_tt = sum_tt + T(i)*T(i);         
end 
Regression = ((n*sum_dt-sum_d*sum_t)^2)/((n*sum_dd-(sum_d)^2)*(n*sum_tt-
(sum_t)^2)); 
slope = (n*sum_dt - sum_d*sum_t)/(n*sum_dd - (sum_d)^2); 
Conductivity = 1000*Po/((pi^1.5)*(a)*slope) %#ok<NOPTS> 
Diffusivity = x(w) %#ok<NOPTS> 
Iterations = w - 1 %#ok<NOPTS> 
toc 



 

 

118

Appendix D. Estimation of Rtc at TPS Sensor Interface 

While the temperature profile from the TPS experiment was a function of the 

material k and α, it also depended on the Rtc at the interface of the sensor and 

the test material.  If a large resistance was present at this interface, the 

generated heat was less inclined to diffuse in the material and a larger 

temperature increase resulted.  To prevent Rtc from skewing thermal property 

measurements, initial points on the experimental profile (when resistance 

dominates the temperature increase) were removed from data analysis. 

 

Based on this dependence, a thermal model of the experimental assembly 

was generated to simulate the experimental temperature profile.  For all cases, 

the thermal model was generated and solved with ANSYS v11.0 FEA software.  

Only one side of the experimental assembly was modeled due to the horizontal 

symmetry of the assembly.  Due to thinness, the thermal effects of the sensor 

were assumed to be negligible and not included. 

 

Thermal models with a three-dimensional simulation of the test assembly 

required excessive mesh elements to map the system, resulting in long 

computational times for solutions.  To shorten the numerical analysis, the thermal 

models were reduced to a two-dimensional axisymmetric representation.  This 

alteration was valid as the components of the assembly (sensor and sample) 

were cylindrical with negligible effects in the circumferential direction.  Applying a 

circular heat flux to simulate the sensor was assumed to be an oversimplification 

of the double spiral nickel wire.  To include the radial distribution of temperature 

in the true sensor, the applied heat flux was composed of two concentric rings. 

 

After a successful TPS experiment, the test conditions and experimental 

results were recorded and implemented in the thermal model.  As only one side 

of the assembly was considered in the model, the applied input heat was halved 

to reflect the reduction.  The radius of the applied sensor determined the location 
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and dimensions of the concentric rings.  The resultant area of these rings defined 

the heat flux applied in the model.  The assembly was solved to determine the 

temperature profiles at the locations of the two annular heat fluxes.  Similar to the 

performance of the TPS 2500, the temperature increase of the model was 

assessed by averaging the two temperature increases at each time point.  As the 

shape of this curve was dominated by the thermal properties of the material, it 

was similar to the experimental data but shifted downward.  This was due to the 

lack of Rtc in the model to inhibit conduction across the interface. 

 

Shown in (D.1), the experimental Rtc and the temperature shift were related to 

the applied heat flux, 
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From this relationship, the Rtc was determined through an iterative process.  

After an initial value was selected, (D.2) was used to resolve the model,  
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With (D.3), root mean squared deviation analysis was used to compare the 

new profile with the experimental curve,   
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It should be noted that this applied algorithm assumed a constant Rtc 

throughout the test duration.  In contrast, the true Rtc was known to have a 

transient increase at the beginning of the TPS experiment.  To prevent this 
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neglected effect from skewing the Rtc value, the first nine data points were 

eliminated from the deviation analysis.  The iterative value with the lowest root 

mean squared deviation was selected as the Rtc between the sensor and the 

material.  At this value, the model profile has converged to the experimental data. 

 

To verify the Rtc estimate method, one of TPS experiments with stainless 

steel was imported in the thermal model.  A plot of the experimental temperature 

profile and the associated thermal model is provided in Figure D.1.  The 

estimated Rtc at a stainless steel and TPS sensor interface was 260 mm2·K/W, 

with a RMSD of 0.010.  In addition, thermal models with Rtc equal to 240 and 280 

mm2·K/W are also plotted to show the sensitivity of the data to this resistance. 

 

Figure D.1: Estimated Rtc of SST at TPS sensor interface. 
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A comparison with Rtc values reported by Fried, 1969, in Table D.1 showed 

this value to be within the same order of magnitude as the literature [43].  The 

show the grid independence of the estimation, the thermal model was solved with 

three different mesh sizes.  The percent deviation between the largest and 

smallest mesh size is plotted in Figure D.2. 

Table D.1: Comparison of Rtc estimate with literature values. 

Metal Interfacial Fluid Pcontact (bar) Rtc (mm2·K/W) Source 
SST Vacuum 1 600 ~ 2500 Ref. [43] 
SST Vacuum 100 70 ~ 400 Ref. [43] 

Aluminum Air 1 275 Ref. [43] 
SST Air 1 260 Estimate 

 

Figure D.2: Grid independence of Rtc estimate for SST. 
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For powders, the ZBS model could be modified and fitted with the Rtc 

estimate of the numerical modeling technique [15].  The Rtc of an individual 

particle was first determined with (D.4) as a function of the previous model 

parameters for keff and the roughness of the solid surface,  
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This term was converted to the total resistance according to (D.5) with the 

projected area factor (AP),   
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The appropriate value of this term was determined through a fitting process 

with the thermal model estimate.  Thus for both keff and Rtc, the ZBS models had 

to be fitted to experimental data.  As a result the model could not be used to 

predict property data, but to assess the sensitivity of the data to the model 

parameters. 

 

After completing the TPS measurements of oxidized Ti1.1CrMn powder, each 

experiment was simulated with the thermal model to estimate the Rtc between the 

powder and the sensor surface.  Plotted in Figure D.3, the estimated uncertainty 

associated with these measurements was determined to be 43.2 percent, 

implying poor precision inherent to the modeling technique. 
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Figure D.3: Estimated Rtc of oxidized Ti1.1CrMn at TPS sensor interface. 

As seen in the plot, Rtc between the powder and the TPS sensor varied from 

31 to 234 mm2·K/W.  In the vacuum region, Rtc decreased with hydrogen 

pressure from 234 to 180 mm2·K/W.  From 1 to 10 bar, Rtc had a slight decrease 

with hydrogen pressure from 180 to 170 mm2·K/W.  As with the previous keff data, 

these trends were expected from the conduction pathways generated by the 

added hydrogen molecules.  From 20 to 100 bar, Rtc decreased to 70 to 100 

mm2·K/W.  Above 100 bar, Rtc increased to 130 to 180 mm2·K/W.  As the powder 

bed became more conductive with increased hydrogen pressure, there was no 

physical reason for Rtc to increase.  Thus the average Rtc values between 20 to 

100 bar were probably skewed by outliers due to insufficient data.   
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After solving thermal model, the ZBS model for Rtc was plotted against the 

data as a function of hydrogen pressure in.  The model applied the previous 

parameter values from the keff model with additional dependencies on the surface 

roughness of the solid interface and the projected area factor of the powder (AP).  

As the TPS sensor can vary in thickness by up to 15 µm [31], the surface 

roughness of the sensor was estimated to be 10 µm.  As the ZBS model was an 

interpretive model, the AP term was determined by fitting with Rtc estimate data.  

The best fit occurred at an AP value of 0.58.  To gauge the sensitivity of the 

model to AP, the parameter was varied within the uncertainty estimate of the 

data.  Due to the large uncertainties, AP values from 0.09 to 1 could be applied to 

the estimate data.  At the maximum possible AP value of unity, the average Rtc 

values from 20 to 100 bar were still below the ZBS model.  This again indicated 

that the results in this pressure range were distorted by insufficient data. 

 

In comparison with the data reported for sodium alanates, the Rtc estimate 

and ZBS model were both less by two orders of magnitude [19].  One possible 

contribution to this disparity was the difference in solid surfaces between the two 

experiments.  The Rtc of sodium alanates was measured at a stainless steel 

interface while the Rtc of the metal hydride was analyzed at the TPS sensor 

interface composed of Kapton.  As a thermoplastic, Kapton had a smoother and 

more compliant surface, well suited for minimizing Rtc.  The surface roughness of 

the stainless steel vessel for sodium alanates was not reported.  In addition, the 

particle size of the sodium alanates was reported to be 20 to 44 µm, while the 

oxidized Ti1.1CrMn was measured to have an average particle size of 72 µm.  

The larger particles improved the keff with additional conduction pathways and 

conversely decreased the Rtc at the solid interface.  The physical contact 

between the sodium alanates was also reported to be poor especially in the 

desorbed state, increasing the Rtc [19]. 
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Appendix E. Effect of Asymmetry in TPS Experiments  

The TPS system operates by diffusing heat from the test sensor into test 

samples on both sides of the sensor, shown in Figure 3.1.  For measurement, the 

two volumes were assumed to be identical with respect to both thermal 

properties and thermal contact resistance with the TPS sensor.  As the 

manufacturer claimed the effect of Rtc could be eliminated from the property 

analysis, the importance of symmetric resistance in the experimental assembly 

was unknown. 

 

To investigate the effect of asymmetric Rtc in a TPS experiment, stainless 

steel disks were tested with and without thermal paste as discussed in Chapter 3.  

In addition to this analysis, the disks were also tested with carbon nanotube 

(CNT) foil as a heat transfer enhancement at the sensor interface.  The test 

conditions for this enhancement included CNT foil inserted between the sensor 

and stainless steel on one side, CNT foil inserted on both sides of the sensor, 

and no CNT foil in the assembly.  Each condition was tested five separate times 

with the averaged property results listed in Table E.1.  The measurement 

uncertainty was estimated to be twice the standard deviation of the raw data. 

Table E.1: Thermal properties of SST with CNT interface. 

Assembly Condition k (W/m·K) α (mm2/s) 
No CNT 13.6 ± 0.4 3.56 ± 0.06 

CNT on one side 14.7 ± 0.3 3.56 ± 0.47 
CNT on both sides 15.5 ± 0.1 3.09 ± 0.04 

 

From the data, it was apparent the CNT foil affected the thermal property 

results of the stainless steel disks.  This differed from the thermal paste analysis, 

in which no effect was seen in the property data.  It should be noted that the 

measured conductivity had a nearly constant increase with the amount of CNT 

foil included in the assembly, which implied that the recorded temperature profile 

was not shifted by the CNT foil but was dependent on a weighted blend of the 
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two materials.  While the CNT foil had good thermal conductivity, it may have 

increased the resistance by adding a second interface between the sensor and 

the stainless steel.  Because of these competing processes, the effect of 

asymmetry in the TPS assembly could not be ascertained with the inclusion of 

CNT foil. 
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Appendix F. Modified TPS Sample Holder 

A significant unknown in the commercial TPS sample holder was the amount 

of force exerted on the samples from the tightened compression screw.  If this 

force could be measured, the experimental uncertainty between repeated tests 

would be and also enable assessment of any dependency on compression force 

with respect to the thermal property values.  As the top beam of the sample 

deflects from tightening of the compression screw, 350 ohm strain gages were 

attached to the beam to output this deflection via resistance change.  If the beam 

was assumed to be fixed at each end with known dimensions, (F.1) related the 

applied force and resultant strain,   
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By attaching the strain gages to a simple Wheatstone bridge, the strain was 

related to the voltage output across the bridge.  To amplify this signal, a 

differential amplifier was attached.  A schematic of this circuit is shown in Figure 

F.1.  The modified sample holder assembly is shown in Figure F.2. 

 

Figure F.1: Compression force circuit. 
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Figure F.2: Modified sample holder assembly. 
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Appendix G. Additional Figures 

 

Figure G.1: Pyrophoric ignition of Ti1.1CrMn powder. 

 

Figure G.2: Large scale metal hydride testing assembly. 
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Figure G.3: CPU heat sink and cooling fan. 

 

Figure G.4: TPS 2500 data acquisition box. 
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Figure G.5: Conax Buffalo sealing gland. 

 

Figure G.6: Maurice Zucrow Laboratories. 
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Figure G.7: MBraun Labmaster 130 glove box. 

 

Figure G.8: Stainless steel disks for TPS measurement.
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