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ABSTRACT

As the world transitions towards more efficient and environmentally 

responsible energy systems there is a growing need for improved energy storage 

methods. For hydrogen based energy systems one method being examined involves 

the storage of hydrogen in a reversible metal hydride. These systems provide high 

storage density and low parasitic loss making them a good candidate for use in 

remote energy systems. In order to evaluate metal hydrides for possible use in 

conjunction with integrated fuel cell reformer systems a test bench was constructed 

and a steady state energy balance performed. This energy balance was designed to 

determine the heating and cooling loads associated with loading and unloading the 

hydride bed and give a verification of theoretical estimates. Using the test system 

values of 28.6 and 28.4 kJ / mol were found for the two test alloys. The theoretical 

results were 28.6 and 28.0 kJ / mol respectively.
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PREFACE

As both the need for energy and the demand for more environmentally 

responsible energy production increase there has been an increasing necessity for 

alternative energy research and development. Due to the sparse population and lack 

of infrastructure this need is particularly apparent in rural Alaska. To meet this need 

the University of Alaska Fairbanks, with assistance from the U.S. Department of 

Energy, has developed an Energy Center to focus on developing sustainable energy 

systems for rural Alaska. To this end the UAF Energy Center, part of the University 

of Alaska Fairbanks Institute of Northern Engineering, has been working in 

partnership with Sandia Livermore National Labs on various hydrogen systems since 

1998 under the U.S. Department of Energy Hydrogen Program.

Under the current research program Hydrogen is used as an energy carrier to 

bridge the gap between today's energy systems and the systems of the future. Most 

conventional remote energy systems in operation today rely on diesel generators as 

their sole energy provider. There are several drawbacks to these systems. The 

most obvious drawbacks are the costs and effects of transporting and storing the 

large quantities of diesel needed to operate them. The less obvious drawback lies in 

how these systems are used. The generators must be sized to meet the peak 

demands on the system, which causes the generators to be severely oversized in 

comparison to the average load presented them. The net results of this mismatch 

are lower generator efficiencies and a shorter operating life. There are several near 

term improvements that can be made to these systems including improved diesel 

storage methods and the use of battery banks for load leveling, but even with these 

improvements the systems can not meet the long term reliability and low



environmental impact needed from tomorrows energy systems. The ultimate goal in 

alternative energy design is to develop sustainable energy systems based on locally 

available renewable resources. This list of available resources varies wildly from 

location to location and can include: solar, wind, geothermal, biomass, and 

hydropower. One of the largest obstacles yet to be overcome is that of energy 

storage. We have all heard the saying, "saving for a rainy day," and with alternative 

energy systems that is exactly what must be done. The energy available from most 

of these resources is not constant and varies from hour to hour and day to day. 

Therefore, to ensure a reliable energy supply it is necessary to store enough energy 

to even out these natural peaks and valleys. The fact that these renewable 

resources are the heart of future energy systems is not debated, but the technology 

and infrastructure needed to transition to these resources is a subject of great 

debate among both system designers and policy makers. The goal of current 

research at the UAF Energy Center is to facilitate this transition.

The energy systems currently being tested at the UAF Energy Center have 

three main components. The first component of theses systems are diesel reformers 

which take a diesel feedstock and use varying techniques to strip Hydrogen from the 

diesel fuel resulting in a relatively pure hydrogen output stream. The second 

component is a PEM fuel cell stack. These stacks consist of a large number of 

individual cells that use the Hydrogen produced by the reformer and react it across a 

membrane with Oxygen to produce DC electricity. Finally, an inverter takes this DC 

electricity and converts it to grid quality AC electricity. The combination of these 

technologies results in a system that is ideally positioned to ease the transition to 

renewable energy systems. The combination of fuel cells and inverters allow a wide 

variety of renewable energy systems to be added with ease as technology and price



become competitive, and the use of diesel reformers takes advantage of current 

rural infrastructure and provides a dependable energy source while these 

alternatives are being developed.

The driving force behind the current research effort in hydrogen storage 

stemmed from the results obtained from early tests of these integrated fuel cell 

reformer systems. The fuel cell stack could vary it's power output almost 

instantaneously to meet changing demand, but the reformers output was dependent 

on maintaining certain operating temperatures that were favorable for the chemical 

reactions that had to take place. As a result, the reformer had very long start up 

times and tended to work most efficiently when operated at a steady state. With 

these results it was apparent that some type of energy storage was needed so that 

the steady state output of the reformer could meet the varying energy demands 

placed on the system. With this in mind there were two options as to how this 

energy could be stored. The first option was to store a portion of the hydrogen 

produced by the reformer, and the second was to store some of the electricity 

produced by the fuel cell. Because the system was being designed for near term use 

the only viable option for electric energy storage were batteries. However, with an 

overall cyclic efficiency of around 80 percent for conventional lead acid batteries, it 

was decided that hydrogen storage might offer a better solution. It was 

recommended by researchers at Sandia Livermore National Labs that reversible 

metal hydrides be examined for this role, and it is that research that forms the basis 

for this thesis.

Having established this I would like to personally thank and acknowledge the 

staff at Sandia National labs: Steve Guthrie, George Thomas and Gary Sandrock, and



the staff of the UAF Energy Center: Thomas Johnson, Jack Schmidt, and Dennis 

Witmer for their guidance and support throughout this process.
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CHAPTER 1 

An Introduction to Metal Hydrides 

1.1 Metal Hydrides Defined

From the nomenclature introduced in basic chemistry a hydride is defined as a 

compound in which hydrogen is the most electronegative of the elements present. 

Using this definition metal hydrides are simply compounds containing a negative 

hydrogen ion that is chemically bonded to a metallic element. (Brown/LeMay, 1985) 

However, due to the uncertainty in the electro negativity values assigned to certain 

elements and the difficulty of interpreting dipole moments complications arise when 

using this definition. For this reason it is suggested that metal hydrides be more 

generally defined as any compound where hydrogen is bonded to a metal. (Mackay, 

1966) For the purposes of this thesis this definition is reduced to include only those 

compounds that have the property of reversibly absorbing and desorbing significant 

quantities of hydrogen.

1.2 Classification of Hydrides

Traditionally, hydrides are divided into three main classes. These classes 

include the ionic hydrides of the group IA and IIA elements, the covalent hydrides of 

the group IIIB through VIIB elements, and the transitional metal hydrides of the 

group IIIA through VIIIA elements. (Hurd, 1952) Each of these three hydride 

classes has a distinctive set of characteristics, but it is the special characteristics of 

the transition metal hydrides that have given life to the current research field of 

metal hydrides.
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1.3 History of Metal Hydrides

Metal hydride research dates back to 1866 when Thomas Graham discovered 

that Palladium had the ability to absorb large quantities of hydrogen. From the time 

of Graham's discovery until the 1950's hydride research focused mainly on 

characterizing the properties of various binary hydrides. Due to the unique 

properties of hydrogen in regard to nuclear reactions the field of metal hydrides went 

through a virtual explosion from the 1950's until the 1960's. However, as energy 

policy changed and the popularity of nuclear power faded so did the amount of 

research on metal hydrides. Fittingly, it has been another change in energy policy 

that has revived the field of metal hydrides and been the impetus behind current 

research.

1.4 Properties of Metal Hydrides

The majority of the known metal hydrides are simple or complex compounds 

of the Transition Metals, and it is the unique properties of these compounds that 

make them of such interest to both scientists and engineers. Using the definition 

developed in the previous sections all of the metal hydrides absorb and desorb 

hydrogen. The amount of hydrogen absorbed and desorbed is probably the most 

fundamental property of each metal hydride, but it is the physical characteristics 

associated with this absorption and desorbtion that truly separate and distinguish the 

various metal hydrides.

To best understand these characteristics it is necessary to start by simply 

looking at the chemical formula for the metal hydride reaction.

M + (x /2)H2«=> MHx + Heat Equation 1.4a
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There are two main points to focus on in this formula. The first is the presence of 

the double-sided arrow indicating that the reaction is reversible. The second thing to 

bring attention to is the production of heat. This heat, called the enthalpy of 

formation for the reaction, is given the symbol AH and is a basic measurement of the 

bond strength between the metal and hydrogen atoms. As the formula indicates, 

when hydrogen is added to the metal heat is released. Conversely, to extract 

hydrogen from the system heat must be added. The amount of heat added or 

released (AH) in this reaction is therefore a fundamental property of each metal 

hydride and as such is a very important consideration in designing the heat 

management systems for practical engineering devices. (Sandrock, 1999)

A second set of fundamental metal hydride properties concerns the 

temperatures and pressures at which this reaction takes place. These properties are 

illustrated in the pressure composition temperature (PCT) curve shown below in 

Figure 1.4.1.

FIGURE 1.4.1 Idealized PCT Curves and the Corresponding van't Hoff Plot



4

The PCT graph (ECD, 2000) on the left of Figure 1.4.1 shows three isothermal 

temperature lines plotted against both hydrogen content and system pressure. This 

graph can be broken down into three distinctive regions. Starting on the left hand 

side of the isotherms the first region is defined by a large increase in system 

pressure with very little change in hydrogen content within the hydride. This results 

from the random adsorption of hydrogen ions into the metal matrix and is called the 

a-phase. The plateau seen in the second region is a characteristic trait of a 2-phase 

equilibrium and is brought on by the presence of both the a and p-phases. This p- 

phase is a result of the hydrogen ions beginning to arrange themselves with the 

metal to form a new lattice structure. (Mueller, 1968) When the p-phase reaches 

saturation a third region begins where free gaseous hydrogen is compressed 

resulting once again in large pressure increases with little change in actual hydrogen 

content. The van't Hoff plot on the right of Figure 1.4.1 is derived from the van't 

Hoff equation shown below,

Ln P = AH/RT -  AS/R Equation 1.4b

where AH and AS are the enthalpy and entropy of the hydriding reaction, T is the 

absolute pressure and R is the gas constant. Using this equation plateau pressures 

and temperatures can be estimated for known hydrides, and for new hydrides AH 

and AS can be estimated from simple equilibrium experiments. This is done by 

recording the equilibrium pressures of a metal hydride system at several different 

temperatures and than using this data to calculate a theoretical enthalpy value. It 

should be noted that these theoretical enthalpy values are still based on 

experimental data, and that these equilibrium experiments are normally done at the
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middle of the pressure plateau because actual hydride alloys show some slope in the 

plateau region. Also, because the hydriding reaction is exothermic, both AH and AS 

are, by convention, defined as negative numbers.

Although they are not considered fundamental properties there are several 

other hydride properties that can be just as important as the properties described 

above. The first of these properties is reaction kinetics. In most cases the hydriding 

reaction is only limited by the rate of heat transfer within the bed, but there are 

cases where reaction times are the limiting factor in loading and unloading speed. 

Another important characteristic is impurity resistance. Because of the high 

reactivity of metal hydrides they are subject to damage from impurities in the 

hydrogen. This damage, often referred to as surface poisoning, can quickly retard a 

metal hydrides ability to absorb hydrogen and render the hydride useless. In order 

to get a metal to adsorb hydrogen for the first time it is necessary to first activate 

the metal to reduce oxides and other surface contaminants. This activation process 

varies from metal to metal and is hence considered a property of the metal. The 

activation process can include everything from holding the metal in a high 

temperature vacuum chamber to cycling the metal under extremely high pressures 

using hydrogen or an inert gas. (Sandrock, 2000) These wide differences in 

activation procedures result in significant variations in actual metal hydride costs 

when compared to projected costs based on raw material prices. One last property 

that should be considered is the pyrophoricity or tendency of the hydrides to ignite 

when exposed to air. This property also varies from one hydride to another and can 

be an important safety consideration depending on how the hydride is to be used.

1.5 Uses of Metal Hydrides
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While the properties of metal hydrides make them quite interesting, it is their 

possible uses that give them their value. The first and most obvious use for metal 

hydrides is simply the storing of hydrogen, but many other uses exist. These uses 

include: nuclear applications, powder and high purity metallurgy, chemical reduction, 

and high-energy fuels. (Mueller, 1968) In recent years this list has been expanded 

to also include: heat storage, heat pumps, refrigeration units, solid-state 

compressors, and electrochemical batteries. (Ergenics, 2000)

1.6 Current State of Metal Hydride Research

Due to the nature of metal hydride research and the lack of easily marketable 

products the majority of research both in the U.S. and abroad has been funded 

through government grants and programs. As a result of this, both the focus and 

amount of metal hydride research is strongly affected by current political ideology.

In recent years the goals of reducing both fossil fuel dependency and environmental 

pollution have lead to a worldwide search for cleaner energy systems. In this search 

for cleaner energy systems much attention has been given to hydrogen. Hydrogen is 

the most abundant element, and with its high energy content and easy renewability 

is considered by many to be the fuel of the future. However, to fulfill this role new 

technologies need to be developed so that hydrogen can be stored and transported 

efficiently. It is believed by many in the hydride community that metal hydrides may 

be able to accomplish this, and it is to that end that most current research is 

proceeding. To operate efficiently and minimize the need for expensive auxiliary 

equipment it is usually desirable for metal hydride storage systems to absorb and 

desorb hydrogen at near ambient temperatures and pressures. The problem lies in 

the fact that none of the known metal hydrides that operate in this temperature
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the fact that none of the known metal hydrides that operate in this temperature 

range have the storage density needed to be competitive with conventional fuels. 

This fact is illustrated by Figure 1.6.1, which is shown on the following page.

Gasoline

TiFe I

0 10 20 30 40 50
Energy Density (MJ/kg)

FIGURE 1.6.1 Metal Hydride Energy Density Comparison

Figure 1.6.1 shows the difference between the energy density of a typical metal 

hydride system and that of conventional fuels. The metal hydride shown (TiFe) has 

a maximum capacity of approximately 1.86% hydrogen by weight, which is about 

average for known metal hydrides capable of operating at ambient temperatures and 

pressures, (see Appendix A.4 (IEA/DOE/SNL, 2000)) The large weight penalty 

associated with metal hydrides means that they are not currently competitive in 

applications where weight is a factor. This problem is most apparent in the 

automotive industry. Even with the increased efficiencies of prototype fuel cell 

electric vehicles (FCEVs) the large weight of metal hydride storage systems leads to 

vehicles with below average range and performance. Because of the enormous
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majority of metal hydride research in recent years has focused on developing new 

metal hydride storage systems to make these vehicles competitive. This focus is 

clearly seen in the DOE goals for their metal hydride research program. These goals 

include developing a new hydride storage system with greater than 7% hydrogen 

storage by weight, greater than 70 kg/m3 total hydrogen density, and greater than 7 

kg of total onboard hydrogen storage. (Meeker, 2000) The most interesting thing 

about these values is that they are not based on predicted improvements in metal 

hydride technology but are simply based on values that are required for hydrides to 

be a competitive fuel source for automobiles. Of all currently known metal hydrides 

magnesium hydride has the highest weight percent hydrogen with approximately 

7.7% maximum hydrogen content. However, for discharge pressure to reach 1 

atmosphere the hydride must be heated to 279°C. In an effort to overcome this 

obstacle different surface catalysts and treatments are being investigated. Around 

the world current hydride research goals are about the same. The international 

energy agency (IEA) is also focusing on metal hydride use in automobiles but has set 

a more easily attainable goal of 5% hydrogen storage by weight. (IEA, 2000) This 

program contains participants from 12 different countries and has been expanded to 

include carbon based hydrogen storage systems. (IEA/DOE/SNL, 2000)

1.7 Comparison of Hydrogen Storage Technologies

In order to objectively evaluate metal hydride storage of hydrogen it is 

imperative that competing storage technologies be examined and compared. 

Currently there are only three commercially available techniques for storing 

hydrogen. These techniques include liquid hydrogen storage, metal hydride storage,
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and compressed gas storage. Table 1.7.1 below gives a simple comparison of these 

techniques and is a good starting point for this section.

TABLE 1.7.1 Hydrogen Storage Density Comparison

5 Gallon 
Gasoline 

Reference
Liquid

Hydrogen 
(20 Deg. K)

Hydride 
FeTi (1.2 %)

Compressed Hydrogen 
(207/690 bar)

Btu 629,500 629,500 629,500 629,500

Fuel wt (lb) 30.8 10.3 10.3 10.3

Tank Weight 
(ib) 14 41 1210 190/140

Total fuel 
system wt (lb) 45 51 1220 200/150

Volume (gal) 5 47 50 108/60

The estimated fuel weights, tank weights, and tank volumes given in Table 1.7.1 

(NAFTC, 1999) tell a lot about these competing storage systems, but not the whole 

story. As can be seen above, liquid hydrogen has a gravimetric storage density that 

is on par with that of conventional fuels. However, there are several drawbacks to 

these systems, including the high cost of liquification equipment and tank insulation, 

and the vaporization of fuel within the tank and when loading. These tanks are not 

designed to withstand high pressure so all the fuel vaporized in the tank is vented 

and lost causing both environmental and safety concerns. The amount of fuel lost is 

directly proportional to the heat flow into the tank and therefore current research is 

aimed at making this technology more competitive by improving the quality of the 

tank insulation.

RASMUSON LIBRARY
UNIVERSITY OF ALASKA-FAIRBANKS
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As previously noted, the biggest drawback of metal hydride storage systems 

is the high weight. It should be noted however that Table 1.7.1 uses a very 

conservative estimate of the reversible capacity of the FeTi hydride at 1.2% 

hydrogen by weight.

There are two different values given for compressed hydrogen. These values 

correspond to standard steel tanks at 207 bars (3000psi) and new composite tanks 

rated at 690 bars (10,000psi). Although weight is not a critical factor for these 

compressed hydrogen tanks, their large volume make them awkward to use in 

certain applications. The cost and energy lost in compression combined with the 

possibility of tank rupture have also led to concerns about wide scale usage.

In summary, there is currently no ideal method for storing hydrogen. Each of 

the three techniques has specific advantages and disadvantages that depend on the 

desired application and create a balance between the different systems used. It 

should also be mentioned that there are several other hydrogen storage techniques 

currently being investigated. This list includes glass micro-sphere adsorption, carbon 

nanotube and fullrene molecule entrapment, and several different chemical storage 

techniques. Only time will tell if the current balance of use among hydrogen storage 

systems remains, or whether future developments will elevate one technique above 

the others.

1.8 Energy Storage Methods

In the premise of this thesis hydrogen is being used only as an energy carrier. 

Hydrogen is simply a tool that allows the storage, transport, and conversion of 

energy. In light of this metal hydrides can most accurately be described simply as 

an energy storage device. Energy is usually stored in one of three distinctive forms:
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as mechanical energy, as electrical energy, and as chemical energy. Mechanical 

energy has two forms: kinetic energy and potential energy. An example of kinetic
t

energy storage is a rotating flywheel, while potential energy storage can be seen in 

pumped hydro systems, springs, and compressed gasses. Of these methods the 

flywheel has the most potential, but has trouble reaching the same storage densities 

as electrical and chemical storage systems. The most popular electrical storage 

systems are not actually electrical storage systems. Because batteries both intake 

and output electricity they are often considered a form of electrical energy storage. 

However, the actual energy is stored chemically within the battery. This conversion 

from electrical energy to chemical energy and back again results in the inefficiency 

commonly associated with battery systems. Currently the only large scale true 

electrical energy storage systems are ultracapacitors or supercapacitors. These 

devices store energy as an electrical field and although they only have a fraction of 

the energy density of batteries they are considerably more efficient. Chemical 

energy storage is by far the densest form of energy storage currently available, but 

the systems needed to convert this chemical energy to more useable forms often 

cancel out some of this advantage. When discussing chemical energy storage it is 

also important to define the difference between primary and renewable energy 

carriers. Conventional fuels have an enormous chemical energy content, but the 

reactions that release this energy are not reversible. This means that these primary 

sources cannot be used to store energy. They can only be used to transport the 

energy that was stored in them when they were originally created.
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CHAPTER 2 

Experimental Method

2.1 Research Goals and Objectives

The original goal of metal hydride research at the UAF energy center was to 

evaluate the concept of integrating metal hydride storage of hydrogen into diesel 

reformer / fuel cell power systems designed for remote applications. As originally 

conceived this project would have two main tasks. The first task would be to select 

an appropriate metal hydride system, and the second would be to test this system in 

conjunction with the entire fuel cell reformer package to ensure compatibility and 

reliability. There were several key pieces of information that were needed in order to 

select the metal hydride system to be used. The first of these pieces of information 

was the hydrogen output pressure of the reformer, and the second was the impurity 

concentrations in that hydrogen output stream. Based on these pieces of 

information an appropriate metal hydride could be selected. This metal hydride 

system could then be sized to meet the desired amount of hydrogen storage, and the 

metal hydride and heat management system configured to meet the required 

hydrogen flow rate for the system.

While this approach seems straight forward, the exact makeup of the 

hydrogen stream coming from the reformer was unknown, and as a result a 

particular metal hydride could not be specified. This led to two things: the first was 

that characterization of the hydrogen output stream became an important part of the 

current reformer research, and the second was that basic metal hydride research 

was decided to be started independently of the fuel cell and reformer systems.
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One of the main tasks of the UAF Energy Center is to deal with arctic 

engineering issues relating to energy systems. This often reduces to "simple" heat 

management, which is one of the main concerns about using the metal hydride 

storage systems in conjunction with remote energy systems. This is especially true 

considering that the overall heat balance was one of the primary issues being 

researched for the remote PEM fuel cell systems being developed. Through 

conversations with researchers at Sandia National Labs and while reviewing available 

literature it became clear that reaction enthalpies were not a primary concern in 

most research and in many cases were not even stated. (IEA/DOE/SNL, 2000) Most 

published research focuses on the PCT properties as these are of primary importance 

when examining capacity and potential operating conditions. In defense of this 

position, there are many cases in which the system boundary and operating 

environment are such that the energy fluctuations produced by the metal hydride 

system are not apparent. Also, as stated before the reaction enthalpies and 

entropies can be "estimated" from the PCT properties using the van't Hoff equation. 

(Equation 1.4b)

Based on this information a scope of work was designed which focused on the 

development of a test bench capable of accurately measuring the reaction enthalpies 

so that they could then be compared with the estimated enthalpies obtained using 

the van't Hoff equation. This experiment provides two very important pieces of 

information. The first piece of information is an accurate measurement of the 

reaction enthalpy for each metal hydride tested. Of equal if not greater importance 

is an indication of the accuracy of enthalpies estimated using the van't Hoff equation.
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2.2 Experimental Design

Like most projects at the UAF Energy Center there are both short-term and 

long-term research goals for metal hydride storage systems. The focus of this thesis 

is on the short-term goal of accurately measuring hydride reaction enthalpies, but 

long-term goals including the evaluation of overall system performance, system 

compatibility, long term cyclic stability, and resistance to poisoning were also 

considered. Because many of these properties are influenced as much by bed design 

and construction as actual alloy composition, it is important to design a test system 

that can simulate real world operating conditions.

As the project was originally conceived, researchers at Sandia National Labs 

would design and build a hydride bed to match the operating requirements of the 

fuel cell and reformer systems being evaluated at UAF under the Remote Area Power 

Program (RAPP). To meet these requirements the hydride system would have to be 

able to provide enough hydrogen to operate a 5kW fuel cell stack for several hours.

If the fuel cells operating efficiency was approximately 50% the hydride system 

would have to be capable of maintaining a steady flow rate of 50 slm while operating 

at normal room temperature and pressure. Due in part to both time constraints and 

a limited research budget the air cooled metal hydride storage module built under 

the program did not meet the operating requirements of the fuel cell reformer 

system. Initial testing at Sandia indicated that it lacked both the storage and rate 

capacity needed. In addition, because the module was built at Sandia it was 

subjected to an intense internal safety review, preventing shipment from the site. 

After some discussion a decision was made to recycle two hydride beds from a 

previous project started at Sandia National Labs. The two liquid cooled modules 

chosen each contained a different commercially available metal hydride alloy and
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were designed at Sandia and built by Hydrogen Consultants Incorporated. The first 

module contains Hydralloy C15, which is produced by GfE in Nuremburg, Germany. 

The second module contains Hystor 208, which is produced by Ergenics Inc. in New 

Jersey. Both of these modules are capable of operating at near ambient temperature 

and pressure, and are liquid cooled to enhance heat transfer and therefore hydrogen 

adsorption and desorption speeds. General properties for both of these metal 

hydride alloys and detailed specifications for the storage module design can be found 

in appendixes A.4 and A .l respectively. It should also be mentioned that the terms 

air cooled and liquid cooled are often used to describe hydride bed designs despite 

the fact that these fluids are required to perform both heating and cooling depending 

upon the direction of the hydriding reaction. (Equation 1.4a)

Once the test modules had been selected the next step was to design the 

experiment itself. The foundation of this design is found in the ideal metal hydride 

energy balance equation shown below,

H2 Flow Rate « AH = Cooling Flow Rate * Cp * (Tout -  Tin) 

Equation 2.2a

where AH is the enthalpy of reaction for the metal hydride, Cp is the specific heat of 

the cooling fluid, and Tout and Tin are the outlet and inlet temperatures of the 

cooling fluid. This equation assumes that the hydride bed is held at steady state.

For a dynamic system such as the hydride bed this means that there is no change in 

internal energy or system makeup. All of the energy produced in the bed leaves the 

bed. If the system temperature is allowed to fluctuate another term has to be added 

to the right hand side of Equation 2.2a. This is shown below as Equation 2.2b,
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where TX( Mx, and (Cp)x are the temperatures, masses, and specific heats of the 

various internal components of the hydride bed.

H2 Flow Rate » AH = Cooling Flow Rate * Cp » (Tout -  Tin)

+ I  (dTx/dt * Mx » (Cp)x)

Equation 2.2b

This equation is imposing, but when the bed is held at a constant temperature the 

change in temperature with respect to time (dTx/dt) becomes zero and the last term 

of the equation can be ignored. In theory, this means that by measuring the 

hydrogen flow rate, the cooling fluid flow rate, and the inlet and outlet temperatures 

of the cooling fluid the reaction enthalpy can be determined. However, this is not 

entirely accurate.

The ideal energy balance equation given above does not account for the 

energy lost from the hydride bed due to radiation and convection. These energy 

losses are generally small enough to be ignored, especially when dealing with the low 

temperature differences found in this application, but for the sake of completeness 

they will be calculated and included. The basic heat transfer equations that will be 

used to calculate these losses are given below.

q = /»A(Ts-T .)  Equation 2.2c

q = Es a  A (Ts4 - T>4) Equation 2.2d

Equation 2.2c yields the convective heat loss q and is a product of the heat transfer 

coefficient h, the surface area A, and the difference between the surface temperature
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Ts and the surrounding air temperature T„. Heat loss from radiation is calculated 

using Equation 2.2d, where es is the surface em issivity and a is the Stefan-Boltzmann 

constant. Both the surface emissivity and the Stefan-Boltzmann constant can be 

found in any engineering heat transfer text, but the heat transfer coefficient used in 

Equation 2.2c is usually calculated using various experimental correlations.

(Suryanarayana, 1995)

The one source of energy that the experimental theory has completely 

ignored thus far is that of the hydrogen itself. Because the hydrogen is constantly 

flowing into or out of the hydride beds and new products are being produced during 

the hydriding reaction the beds are never truly at steady state. However, as long as 

this energy is accounted for the steady state approximation discussed in the theory 

above will hold true.

2.3 Test Bench Design

Based on the experimental theory outlined in the previous section the 

physical test bench had to include sensors capable of providing four main pieces of 

information: the inlet temperature of the cooling fluid, the outlet temperature of the 

cooling fluid, the cooling fluid flow rate, and the hydrogen flow rate into or out of the 

bed. These sensors were then connected to a data acquisition system so that the 

sensor output information could be continuously measured and recorded to ensure 

that measurements were made during steady state conditions. In addition to these 

basic functions the test bench also had to include provisions to facilitate the long 

term research goals of the project. These provisions included the use of automated 

control systems to allow for long term testing under various simulated operating 

conditions.
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Based on these specifications the test bench can be seen as being composed 

of two main components. The first of these components is the physical bench itself 

consisting of the sensors, connectors, and physical controls needed to complete the 

system. The second main component is the data acquisition and automated control 

system needed to bring the bench to life.

There were several goals in the design of the physical test bench. The first 

goal was to design the system to be small enough to fit in the existing test space, 

the second goal was to design as simple a system as possible to minimize the 

number of possible sources for error, and the last goal of the physical bench design 

was to minimize additional costs by incorporating previously purchased sensors and 

control systems whenever possible. Because of the limited range and resolution of 

many of these sensors, calculations had to be made to determine the suitability of 

these sensors for their desired applications. These calculations were based on rough 

estimates of loading times and hydriding enthalpies given by researchers at Sandia 

National Labs and are included, along with the manufacturers specifications for all of 

the sensors used, in appendices B and C respectively. Based on this information a 

final choice was made as to which sensors to use and test bench construction began. 

Figures 2.3.1 and 2.3.2, shown below, give a rough schematic of the initial test 

bench concept along with a picture of the final product.
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FIGURE 2.3.1 Metal Hydride Test Bench Schematic

FIGURE 2.3.2 Metal Hydride Test Bench Photo
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From the schematic shown in Figure 2.3.1 it can be seen that there are two 

distinct sections of the test bench, a hydrogen loop shown in red and a cooling loop 

shown in blue. There are sensors on the hydrogen loop to measure inlet 

temperature, inlet flow, pressure, outlet temperature, and outlet flow. In addition, 

there is a controllable valve that can be used to regulate the flow of hydrogen 

leaving the system. On the cooling loop there are sensors to measure the cooling 

fluid flow rate and to measure inlet and outlet temperatures of the heater and both 

beds. The inclusion of the heater and the automated control valve on the cooling 

loop provide the ability to regulate the inlet and outlet temperatures of the storage 

beds and provide a system for simulating active heat management. Figure 2.3.2 is a 

photo showing the actual installed system. In looking at the photo there are several 

manual valves and pressure relief vents visible that were included for safety but not 

depicted in the simplified schematic. Also, because the heater and cooling flow 

sensor were mounted above the rest of the system they are not visible in the photo.

Once the physical bench had been built the next step was to design the data 

acquisition and control system to run it. This was done using a package called 

LabVIEW, a product of National Instruments. The LabVIEW system consists of both 

hardware and software components that are designed to interface with just about 

any sensor or controller to provide complete data acquisition, monitoring, and 

automation solutions. On the software end LabVIEW uses a graphical programming 

language that allows users to develop a virtual instrument or VI that provides a 

direct visual interface between user and equipment. Pictures of the VI designed for 

the metal hydride test bench and the corresponding wiring diagram are shown below 

in figures 2.3.3 and 2.3.4.
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FIGURE 2.3.3 Metal Hydride Test Bench VI
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FIGURE 2.3.4 Metal Hydride Test Bench Wiring Diagram

This VI allows continuous monitoring, data collection, and control of all the systems 

on the test bench. Additionally, this VI automatically labels and exports all test runs 

to an excel spreadsheet for further analysis. The National Instruments hardware can 

take many shapes but usually perform the same general set of functions. In the 

computer there is a DAQ (data acquisition) card that interfaces with the LabVIEW 

software and performs digital to analog and analog to digital conversions.
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Termination boards, or a chassis containing several termination boards, are 

connected to the DAQ card and provide signal conditioning and amplification for both 

incoming and outgoing signals. The termination boards are then connected to the 

appropriate sensors or controllers, which either produce or respond to these signals. 

A schematic of this system taken from the National Instruments web site (NI, 2000) 

is shown below in Figure 2.3.5.

Transducers S*gnaJ Condificnirjg Data Acquisition Device Personal Computer
Physical 

Phenomena

FIGURE 2.3.5 National Instruments System Schematic

In the chassis being used for this particular application there are two termination 

boards providing analog input from the various sensors, one termination board 

providing analog output to the controllers, and one termination board with relays to 

open and close solenoid valves and regulate power to the heater.

2.4 System Calibration

One of the most important aspects of this work was the system calibration. It 

is this calibration that ensures the accuracy of the data collected and therefore the 

accuracy of the eventual results. Because the main focus of this thesis was on 

determining the metal hydride reaction enthalpy the systems involved with this
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calculation were carefully analyzed and calibrated. The first piece of information 

needed was the specific heat of the cooling fluid. To prevent the possibility of freeze 

up the cooling fluid used in the Energy Center cooling system is a water and ethylene 

glycol mixture. The properties of this fluid depend on the exact ratio of the mixture, 

which was not known. Using the charts in appendixes C . l and C.2 which were 

originally produced by (ASHRAE, 1989) and reprinted by (McQuiston, 1994) the 

percent ethylene glycol can be determined based on the specific gravity and 

temperature of the solution, and the specific heat can then be determined from the 

temperature and percent ethylene glycol. Using a calibrated flask and a mass 

balance the specific gravity was found to be 1.033. Using this value and the glycol 

temperature of 26.4°C the mixture was determined to be 28% ethylene glycol, which 

at room temperature would have a specific heat of approximately 3.60 kJ/kg°C. One 

item of particular interest when looking at these calculations is the large variation of 

specific heat with respect to changes in temperature visible in Appendix C.2. As a 

result of this, the specific heat would have to be recalculated for different 

temperatures during the various experimental runs.

The first sensor to be calibrated was the McMillan model 106 flow sensor.

This sensor uses a paddle wheel to measure volumetric flow and is rated for flows 

ranging from 1 to 10 liters per minute. This sensor was calibrated by measuring the 

time to fill a known volume (graduated cylinder) and then comparing the calculated 

flow rates from these measurements to the voltage output of the sensor. The 

calibration obtained from these tests along with the corresponding graph is shown 

below in Figure 2.4.1. Figure 2.4.1 also shows that the linear accuracy of the sensor 

actually extends to flows much lower than the rated flow of 1 liter per minute.
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Voltage (V dc)

FIGURE 2.4.1 McMillan Flow Calibration Chart

Using the calibration above the maximum error of the flow meter for flows above 0.5 

liters per minute is less than 0.6%. With a rated repeatability of 0.2% this gives a 

total error of less than 1%. However, the one concern with the McMillan flow sensor 

was it's temperature sensitivity as indicated by the manufacturers specifications in 

Appendix E .l. According to the specifications the flow sensor can experience an 

error of 0.2% per degree C. To combat this error the sensor was mounted near the 

cooling flow input for the test bench to minimize temperature fluctuations. In this 

configuration the sensor is still subject to small ambient temperature changes, but is 

estimated to have a total error of no more than 2%.

The most difficult sensors to calibrate for this experiment were the 

thermocouples. This is because the output voltage of the thermocouples is so low 

that it is hard to isolate and eliminate sources of error. Thermocouples work by
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comparing the voltage produced by dissim ilar metals at the measurement point with 

the voltage produced by the metals at a known reference junction. For the type K 

thermocouples used in this experiment a temperature difference of 25 degrees only 

produces a 1 mV signal. The LabVIEW system uses a 12 bit A/D converter, so even 

with a signal gain of 1000 the nominal system resolution was limited to 0.06°C. 

However, the use of averaging elements in the VI control system combined with 

background electrical noise in the lab produced an effective dither that increased the 

effective resolution to approximately 0.01°C. Typically, thermocouple measurements 

have three main sources of error. These errors include reference junction error, data 

acquisition system error, and the inherent error of the thermocouples themselves.

The first and simplest source of error to eliminate was the reference junction 

error. The inaccuracy of the reference junction measurement usually accounts for a 

significant error when using thermocouples (Omega, 1999), but in this particular 

application this error disappears. The reason for this is that LabVIEW uses a 

common reference junction for all thermocouples connected to a single terminal 

block, which means the reference junction error is identical in every signal. When 

the two temperatures are subtracted to get the temperature difference needed for 

the reaction enthalpy calculation these errors cancel each other out.

The LabVIEW SCXI signal conditioning system comes calibrated from the 

factory to minimize offset and gain errors, and in most applications these errors are 

small enough that the LabVIEW system operates transparently. However, due to the 

small signal voltages produced by the thermocouples this is one case where this does 

not hold true. According to the National Instruments specifications listed in Appendix 

E.2 for the SCXI-1120 module used for thermocouple signal conditioning the signal 

gain is typically accurate to 0.2% of the reading, and the signal offset using a gain of
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1000 is rated at ±9pV. The gain accuracy indicated was acceptable, and without an 

extremely accurate voltage source could not be calibrated for improvement. The 

offset error was a different story. A 9pV input error would correspond to a 

temperature difference of 0.225°C, which was unacceptable. Fortunately, this offset 

error and any corresponding offset error in the thermocouples themselves can be 

eliminated by calibrating the entire system at a known reference temperature.

The manufacturers specifications shown in Appendix E.3 for the type K 

thermocouples used give two different values for the maximum error, 1.1°C or 0.4%, 

whichever is greater. The reason that two values are given is to accurately account 

for both slope and offset errors. This indicates that if offset errors can be eliminated 

the total error should be no more than 0.4% throughout the thermocouples working 

range. Generally speaking type K thermocouples are not considered to be extremely 

accurate sources of temperature data, and for this reason this accuracy claim was 

initially met with some skepticism. To alleviate these concerns a simple experiment 

was devised to verify the feasibility of this claim. The first step in this experiment 

was to try to eliminate the offset in both the thermocouples and DAQ system by 

calibrating the system at a known temperature. Figure 2.4.2 below shows the 

results of this calibration when using an insulated ice bath to create a 0°C reference 

temperature.
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 Cooling temp 1
 Cooling temp 2

Cooling temp 3 
Cooling temp 4

FIGURE 2.4.2 Uncorrected Thermocouples in Ice Bath

Using this data the average offsets for the 4 thermocouples were found to be 0.262, 

0.251, -0.161, and 0.248 respectively. However, as the graph indicates there is 

some inherent noise in the measurements, which leads to a small amount of error.

It should also be noted that the offsets obtained from this calibration do not 

represent a true zero because the thermocouples are really reading a temperature 

difference between the ice bath and the reference junction. To obtain a true zero the 

system would have to be calibrated with both the thermocouples and reference 

junction at the same known temperature. After these offsets were obtained a test 

system was designed to allow an accurate comparison of the different thermocouple 

readings over a significant temperature range. A photo of this system is shown 

below as Figure 2.4.3.



FIGURE 2.4.3 Thermocouple Test System Photo

The test system shown in Figure 2.4.3 consists of a solid brass core with 4 pre drilled 

thermocouple ports surrounded by extruded polystyrene insulation. Because the 

heat transfer rate of the brass is several orders of magnitude higher than the heat 

transfer out of the system the brass can be assumed to behave isothermally. 

(Suryanarayana, 1995) In reality, there can be very small temperature differences 

within the brass cylinder as system temperatures rise and fall, but the system 

symmetry prevents these variations from effecting the thermocouple measurements. 

This combination insures that the 4 thermocouples are all maintained at the exact 

same temperature. To perform the experiment the brass cylinder was removed from
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the system and heated using a heat gun. Once the cylinder reached the desired 

temperature it was placed back into the test apparatus, the thermocouples were 

inserted, and the cover put in place. As the brass cylinder slowly cooled the 

thermocouple measurements were continuously recorded using the LabVIEW system. 

These measurements are shown below in Figure 2.4.4, and show the system 

temperature drop over about a six hour period.

A Closer look at this data reveals a very interesting trend which is shown below in 

Figure 2.4.5. This figure looks at the relationship between system temperature and 

the temperature difference between the average temperature and the measured 

temperature of each of the thermocouples.
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can result in an additional offset of as much as 0.05°C. (Omega, 1999) If the 

amplifier gain error of 0.2% and thermocouple gain error of 0.4% are added to these 

the total error over any measured temperature span is ±(0.1°C plus 0.6%).

The last sensors to be calibrated were the MKS series 1500 mass flow meter 

and controller. These devices actually measure the mass flow of the hydrogen input 

and output streams by determining the energy needed to maintain a fixed 

temperature profile along the flow path and provide an elegant solution when 

compared to independently measuring the volumetric flow, flow pressure, and flow 

temperature needed to determine the mass flow conventionally. These units also 

come calibrated from the factory so they can be set up and used with no additional 

calibration. However, this calibration is only nominally accurate to within 1% of the 

full scale reading. With a maximum rated flow of 200 standard liters per minute 

(slm) this amounts to an error of ±2 slm in any reading. At higher flow rates this 

error is not significant, but for the expected flow rates of the hydride storage beds a 

greater degree of accuracy was needed. According to the manufacturers 

specifications shown in Appendix E.4 the MKS flow meter shows a repeatability of 

0.2% for a given reading. This indicates that an improved calibration of the MKS 

could significantly increase the overall measurement accuracy. This calibration was 

done using a Gilibrator 2 calibration system manufactured by Sensidyne. This 

system uses infrared sensors to detect the time taken for gas bubbles to travel 

through a flow path with a known volume. With this information the volumetric flow 

rate of the gas can be very accurately determined. To complete the actual 

calibration the Gilibrator was connected in line with both MKS meters. Following a 

preliminary flow comparison an intermediate flow value of 10 slm was chosen as the 

initial calibration point. For this test the temperature and pressure were 19.5°C and
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0.994 atmospheres respectively, which meant that to achieve an actual flow rate of 

10 slm the Gilibrator would have to read 10.80 liters per minute. After the MKS 

meters had been zeroed and the flow rate through the Gilibrator had been accurately 

established the gains of both MKS meters were adjusted so that they read exactly 10 

slm. To achieve this reading the gain on the hydrogen input meter was raised 2% 

from 2.00 to 2.04, and the gain on the hydrogen output meter was raised 6% from

2.00 to 2.12. Using these same gains the meters were then tested at flow rates of 5 

and 20 slm and showed a maximum error of less than 1.4%. The one concern in 

these calibrations was the zero drift of the MKS meters. Because the MKS meters 

operate based on internal flow field temperature differences they can be affected by 

changes in operating temperature. It was believed that for applications of short 

duration such as loading and unloading of the hydride beds these errors would only 

be seen in the zero point and could be eliminated, but a test had to be done to prove 

this. Several days after the initial calibration both MKS meters were reading 0.1 slm 

with zero actual flow. Table 2.4.1 below shows the effect of a software zero 

correction by comparing the corrected MKS flow rates to flow rates obtained using 

the Gilibrator.
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TABLE 2.4.1 MKS Calibration with Zero Offset Correction

Gilibrator Flow MKS Flow in % MKS Flow out %
(slm) (slm) Difference (slm) Difference

4.14 4.13 0.17 4.17 -0.77

11.53 11.48 0.46 11.52 0.11

13.41 13.28 0.95 13.20 1.54

21.5 21.13 1.74 21.24 1.22

28.62 28.45 0.59 28.56 0.20

The maximum percent error indicated by Table 2.4.1 is 1.74%, but to realize the 

true error of the measurement the accuracy of the Gilibrator must also be taken into 

account. According to the Sensidyne calibration certificate included in Appendix E.5 

the Gilibrator test cell used measures higher than the National Institute of Standards 

and Technology reference flow by a minimum and maximum of 0.3% and 0.47% 

respectively. If this holds true for the entire flow range then the actual maximum 

difference between the MKS meters and the NIST reference is less than 1.5%. 

However, since there is no way of knowing whether or not this holds true over the 

entire range a more conservative error estimate of 2% was established for the MKS 

meters.
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CHAPTER 3 

Results

3.1 Steady State Conditions

As previously stated, in order for the reaction enthalpies to be accurately 

calculated the system must be running in a steady state condition. Early attempts at 

controlling the hydrogen flow rates to maintain steady state indicated that the ETl 

valve chosen lacked the precision necessary to perform this task. Because of this no 

active control was used on the system and as figures 3.1.1 through 3.1.12 indicate 

the temperature differences across the beds were constantly changing which means 

the beds were never truly operated at steady state. For this reason the first step in 

determining the experimental results was to analyze the data and find a method of 

ensuring the system was operating as closely as possible to steady state. From 

Equation 2.2a it is known that when the system is held at steady state the product of 

the cooling flow rate and temperature difference divided by the hydrogen flow rate 

should produce a constant that is directly proportional to the reaction enthalpy. This 

concept is illustrated by the modified version of the hydride energy balance equation 

shown below.

Cooling Flow Rate * (Tout -  Tin) / H2 Flow Rate = (AH / Cp) 

Equation 3.1a

Using this equation the reaction enthalpy constant (AH / Cp) can be plotted over the 

course of each loading and unloading cycle and compared to the corresponding 

temperature difference across the bed to serve as a basis for establishing the
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presence of steady state conditions. The following figures show these plots along 

with the corresponding temperature difference for various loading and unloading 

cycles in each of the hydride beds.

 Delta T (Deg. C )  Enthalpy Constant

Time (seconds)

FIGURE 3.1.1 Hydralloy C15 Enthalpy Plot (Load Cycle 1)
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FIGURE 3.1.2 Hydralloy C15 Enthalpy Plot (Unload Cycle 1)

FIGURE 3.1.3 Hydralloy C15 Enthalpy Plot (Load Cycle 2)
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FIGURE 3.1.5 Hydralloy C15 Enthalpy Plot (Load Cycle 3)



FIGURE 3.1.7 Hystor 208 Enthalpy Plot (Load Cycle 1)
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 Delta T (Deg. C)  Enthalpy Constant

Time (Seconds)

FIGURE 3.1.8 Hystor 208 Enthalpy Plot (Unload Cycle 1)

FIGURE 3.1.9 Hystor 208 Enthalpy Plot (Load Cycle 2)
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FIGURE 3.1.11 Hystor 208 Enthalpy Plot (Load Cycle 3)
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 Delta T (Deg. C )  Enthalpy Constant

Time (Seconds)

FIGURE 3.1.12 Hystor 208 Enthalpy Plot (Unload Cycle 3)

Figures 3.1.1 through 3.1.12 on the previous pages show the values of the 

experimentally determined enthalpy constants for the Hydralloy C15, and Hystor 208 

hydrides along with the corresponding values for temperature differences across the 

beds. Excerpts from the experimental data used to produce these charts are 

contained in appendixes D .l and D.2. From these figures it can be seen that the 

enthalpy values are most nearly constant during the period of time immediately 

following the peak in bed temperature difference. This means that the hydride bed 

reaction most nearly approximates steady state operation during these times. As 

the value of the temperature difference drops the effect of measurement errors and 

heat transfer have an increasing effect on the accuracy of the enthalpy calculation 

and cause a visible difference in the enthalpy constant shown in many of the graphs. 

In order to improve the accuracy of the enthalpy values to be given in the following 

section they will be averaged from the above runs using data points that correspond
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with a temperature difference of at least five degrees. In addition, because there are 

several parameters that can vary depending upon the direction of reaction, enthalpy 

values for loading and unloading will be given independently.

3.2 Uncorrected Enthalpy Values

Tables 3.2.1 and 3.2.2 below show the uncorrected reaction enthalpy 

constants for both of the hydride alloys tested. These figure contain an average 

value for the enthalpy constant as well as a maximum and minimum value to show 

the range of values obtained using the test and analysis methods outlined in the 

previous sections.

TABLE 3.2.1 Hydralloy C15 Enthalpy Constants (Method 1)

Bed 1 (Hydralloy C15) load data unload data

min 0.32499 
max 0.396297 
avg 0.375424

0.302309
0.363396
0.351495

TABLE 3.2.2 Hystor 208 Enthalpy Constants (Method 1)

Bed 2 (Hystor 208) load data unload data

min 0.331307 
max 0.358126 
avg 0.348717

0.332526
0.352494
0.342126

When looking at the information presented in tables 3.2.1 and 3.2.2 a significant 

discrepancy can be seen in the various recorded values. These results indicate that 

the bed conditions are changing too quickly to allow a good steady state
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approximation and also indicate that an improvement in accuracy might be possible 

by using a different analysis technique.

From basic thermodynamics it is known that when the bed temperature is 

rising the energy input has to be greater than the energy output. This indicates that 

as long as the temperature is rising in the bed the reaction enthalpy (which is the 

source of energy input to the bed) will be underestimated because it is being 

calculated by measuring the energy output. Conversely, when the bed temperature 

is falling the energy input to the bed is less than the energy output from the bed and 

the reaction enthalpy will be overestimated. Using this information it is then 

expected that the location of the true reaction enthalpy should correspond with the 

peak in bed temperature. Using this process and again only including values that 

correspond with a temperature differences of at least five degrees the reaction 

enthalpy constants shown below in tables 3.2.3 and 3.2.4 can be found.

TABLE 3.2.3 Hydralloy C15 Enthalpy Constants (Method 2)

Bed 1 (Hydralloy C15) load data unload data

Cycle 1
Cycle 2 0.321
Cycle 3 0.327

0.302
0.326
0.305

TABLE 3.2.4 Hystor 208 Enthalpy Constants (Method 2)

Bed 2 (Hystor 208) load data unload data

Cycle 1
Cycle 2 0.320
Cycle 3

0.329
0.340
0.316
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The above results are much more precise than the results achieved using the 

previous technique. However, there is some doubt as to their absolute accuracy.

The foundation for this method assumes that heat is transferred instantly through 

the bed to the cooling loop and that is not the case. The resulting delay causes a lag 

between the recorded hydrogen flow rate and the corresponding temperature 

reading, which would tend to shift the location of the true reaction enthalpy value.

Neither of the two techniques discussed above present an ideal solution to 

finding the reaction enthalpy of the hydrides tested. The first lacks precision and the 

second lacks accuracy. However, by combining portions of each of these two 

analysis techniques a more ideal solution may be reached. It is known that the true 

enthalpy value must sit at or near the hydride bed temperature peak. It is also 

known that the values on each side of this true value should underestimate and 

overestimate the true value and that the degree of this overestimation and 

underestimation should be a function of the rate of change in the system itself. 

Knowing this, the best reaction enthalpy estimate should be achieved by averaging 

data over the temperature peak that most closely approximates steady state 

conditions for each of the hydrides tested. Figures 3.2.1 through 3.2.9 below show 

the temperature peaks and the corresponding rate of temperature change for each of 

the nine test cases shown in tables 3.2.3 and 3.2.4. It should also be noted that for 

these figures and the above tables the change in bed temperature with respect to 

time (dT/dt) is estimated by using the cooling fluid outlet temperature.
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FIGURE 3.2.2 Hydralloy C15 Temp. Change (Load Cycle 2)



FIGURE 3.2.3 Hydralloy C15 Temp. Change (Unload Cycle 2)

FIGURE 3.2.4 Hydralloy C15 Temp. Change (Load Cycle 3)



FIGURE 3.2.8 Hystor 208 Temp. Change (Unload Cycle 2)
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FIGURE 3.2.9 Hystor 208 Temp. Change (Unload Cycle 3)

Based on the information provided by the figures above the best approximation of 

steady state conditions occurs during the second unloading cycle for bed 1 and 

during the first unloading cycle for bed 2. For both of these test runs there is a 

significant portion of time centered about the temperature peak in which the rate of 

temperature change is below 1 degree per minute. By averaging the values of the 

enthalpy constants that meet this criteria and are located within 20 seconds of the 

temperature peak the following enthalpy constants are produced.

TABLE 3.2.5 Reaction Enthalpy Constants (Final Values)

Hydralloy C15 Hystor 208

min
max
avg

0.319
0.343
0.332

0.317
0.336
0.329
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The first step in converting the enthalpy constants given in Table 3.2.5 into 

meaningful enthalpy values is to look at the units attached. Before any unit 

conversions are done the enthalpy constant (AH / Cp) has units of (°C L / SL), or 

degrees C, liters per standard liter. To convert this to a more useful form the 

enthalpy constant is first multiplied by the coolant density (kg / L) and then by the 

specific heat (kJ / kg °C), which can be found in appendixes C . l and C.2. Finally, the 

resulting enthalpy can be multiplied by 22.4 to convert from standard liters to moles 

giving a final value in terms of (kJ / mol). Using this process the experimentally 

derived values for the reaction enthalpies can be calculated and are shown below.

TABLE 3.2.6 Uncorrected Reaction Enthalpy Values

3.3 Heat Transfer Corrections

Before final values can be given for the reaction enthalpies of the two 

hydrides tested the experimental results must first be corrected to account for heat 

transfer. The first step in determining the heat transfer from the hydride bed is to 

make certain assumptions about the operating conditions of the system. From the 

data tables in appendixes D .l and D.2 the cooling fluid inlet and outlet temperatures 

can be found for both of the test beds. At the point that the uncorrected reaction 

enthalpies were determined the cooling fluid inlet and outlet temperatures were

Hydralloy C15 Hystor 208

min 27.0 kJ / mol
max 29.0 kJ / mol
avg 28.1 kJ / mol

26.9 kJ / mol 
28.5 kJ / mol
27.9 kJ / mol
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approximately 12.1 and 5.7 °C for bed 1 and 12.9 and 7.0 °C degrees for bed 2. 

Using this information a linear temperature profile can be assumed within the beds, 

and while not entirely accurate, provides a good approximation of the actual 

conditions. By assuming this same linear temperature profile on the outside surface 

of the beds an estimate of the heat transfer can be performed. In reality, there is a 

small temperature drop from the inside to outside of the bed, which means the heat 

transfer values predicted using this approximation will be slightly higher than what 

would be found using the actual temperature profile. Using this temperature profile 

and assuming a constant ambient temperature of 20°C the heat transfer from both 

convection and radiation can be determined for the two end plates using equations 

2.2b and 2.2c, which are shown below for reference.

q -  h  A (Ts- T„) Equation 2.2c

q = Es a A (Ts4- T>4) Equation 2.2d

Because the temperature varies over the length of the hydride beds these equations 

must be integrated over this length to yield the actual heat transfer from the rest of 

the bed. The results of this integration are shown below when T„ = 293°C and Ts = 

(Tm + (Tout-Tin) * L /Lo ).

q = hA (Tin- T„ + (Tout -  Tjn) / 2) Equation 3.3a

q = Es a A ((Tout5 / (5 * (T0„t - Tin))) -  (T„4) -  (Tin5 / (5 * (Tout -  Tin))))

Equation 3.3b
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Using these equations the total heat transfer can be calculated to be 7.90 watts for 

the first bed and 7.04 watts for the second bed using the equations given above. 

(These calculations are shown in detail in Appendix B .l.)  When these values are 

divided by the respective hydrogen flow rates of 20.74 and 19.95 slm this amounts 

to approximately 0.381 and 0.353 watts of heat loss per slm of hydrogen. This is 

equal to 0.512 and 0.474 kJ / mol. In these cases the values given above represent 

the heat flow into the system. This heat flow serves to lower the measured 

temperature difference and therefore decreases the uncorrected enthalpy values 

given in Table 3.2.6. Therefore, to arrive at the corrected enthalpy values given 

below in Table 3.3.1 the heat transfer energy must be added to the uncorrected 

enthalpy values.

TABLE 3.3.1 Corrected Reaction Enthalpy Values

Hydralloy C15 Hystor 208

min 27.5 kJ / mol 27.4 kJ / mol
max 29.5 kJ / mol 29.0 kJ / mol
avg 28.6 kJ / mol 28.4 kJ / mol

3.4 Experimental and Theoretical Enthalpy Values

One of the main goals of this thesis was to compare the experimentally 

determined enthalpy values with theoretical values predicted from the hydrides PCT 

characteristics using the van't Hoff equation described in section 1.4 and shown 

again on the following page for convenience.
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Ln P = AH/RT -  AS/R Equation 1.4b

Using this equation theoretical reaction enthalpy values were obtained for each of 

the hydrides tested and are shown below along side the experimentally determined 

values given in the previous section.

o
E

_Q_
03

C
LU
C
o
uru
CD
o'

u ■
Hydralloy C15 Hystor 208

□  Experim ental Max 29.5 29

□  Theoretical value 28.6 28

□  Experim ental Avg 28.6 28.4

□  Experim ental Min 27.5 27.4

FIGURE 3.4.1 Experimental and Theoretical Enthalpy Values

As Figure 3.4.1 illustrates the theoretical enthalpy values predicted from the van't 

Hoff equation are closely bracketed by the values obtained using the experimental 

test system. The theoretical reaction enthalpy value for Hystor 208 was obtained 

from the SNL Hydride Database and was based on results found in 1978 by Gary



Sandrock. The theoretical value for Hydralloy C15 was calculated using the 

Hydralloy C15 PCT curve produced by GFE and included as Appendix A .3. This 

calculation is shown as Appendix B.3.
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CHAPTER 4 

Discussion

4.1 Error Analysis

The results given in the previous chapter show a good correlation between 

the experimental and theoretical reaction enthalpies determined for both of the 

metal hydride storage systems tested. However, without looking at the errors 

associated with the experimental measurements little can be said about the true 

reaction enthalpies of the two alloys. With this in mind it becomes necessary to 

develop a system to determine the magnitude of these errors. Using conventional 

error analysis techniques the reaction enthalpy error can be found by looking at the 

value and error associated with each measurement used in the reaction enthalpy 

calculation. Unfortunately, this technique can not be applied in this case because of 

the unknown errors involved with the determination of steady state operation. This 

would seem to pose quite a problem, but a closer look at the results from the 

previous chapter provides an elegant solution. In Figure 3.4.1 the reaction 

enthalpies for both of the hydrides tested are given as a data range along with the 

averaged best enthalpy estimate. In order to perform some type of analytical error 

analysis a relationship must be established between these values and the "true" 

experimental values for the reaction enthalpies of the two hydrides used. Because 

the enthalpy values used to generate the minimum and maximum range were taken 

from both sides of the peak it can be assumed that they both over and 

underestimate the true experimental value and that this true value lies somewhere 

between these maximum and minimum points. Once this relationship has been
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established error calculations can be done using these two values to determine the 

expected range for the true reaction enthalpy.

From Chapter 2 the maximum expected measurement errors were 

determined to be: ± 2% for the hydrogen flow measurement, ± (0.1°C + 0.6%) for 

the temperature difference measurement, and ± (1% + 0.2% / °C) for the cooling 

flow measurement. These measurement errors can then be applied in the calculation 

of the minimum and maximum enthalpy values to show the true enthalpy range. 

These calculations and the resulting true enthalpy ranges for both test beds are 

shown below.

AHTrue = AHExp. * (1 + Et) * (1 + Ec) / (1 -  Eh)

Equation 4.1a

Equation 4.1a gives the true enthalpy value in terms of the experimental enthalpy 

and the total percentage error in each of the three measurements: temperature 

difference, cooling flow rate, and hydrogen flow rate. This equation yields a 

maximum value when positive errors are used and yields a minimum value when 

negative errors are used. Table 4.1.1 below shows the values of these errors for 

each of the test beds.

TABLE 4.1.1 Overall Measurement Error

Et Ec Eh
Hydralloy C15 ±2.56% ±2.58% ±2%

Hystor 208 ±2.69% ±2.42% ±2%
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There are significant differences in the total error measurements visible in Table

4.1.1 due to the different operating conditions of the beds. It should also be noted 

that the error in the cooling flow rate is higher than initially expected due to the 

significant temperature difference between the entering cooling fluid and the 

temperature of calibration (20° C) for the flow sensor used. By plugging these error 

percentages into Equation 4.1a the following enthalpy ranges can be predicted.

TABLE 4.1.2 True Reaction Enthalpy Range

Based on the error analysis used above it is safe to say that the true reaction 

enthalpies for the two hydrides tested lies somewhere in the range presented above 

in Table 4.1.2. If the average experimental enthalpy values are used from Figure

3.4.1 this error range can be viewed more traditionally as shown below in Table

Hydralloy C15 Hystor 208

min
max

25.6 kJ / mol 25.5 kJ / mol
31.7 kJ / mol 31.1 kJ / mol

4.1.3.

TABLE 4.1.3 True Reaction Enthalpy Error Estimate

Hydralloy C15 Hystor 208

Enthalpy 28.6 kJ / mol ± 11% 28.4 kJ / mol ± 10%
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4.2 Metal Hydride Energy Balance

The ideal metal hydride energy balance given as Equation 2.2a purposely 

ignores several sources of energy gain and loss in the hydride loading and unloading 

process. The first of these energy sources is the mechanical or kinetic energy of the 

hydrogen input and output streams which is small enough to be ignored. At a flow 

rate of 20 slm in a l/ 8 th inch tube the total energy available is only 0.0305 watts 

(see calculations in Appendix B.2). The second energy discrepancy deals with the 

thermal energy of the metal hydrides and hydrogen involved in the reaction. 

Typically, reaction enthalpies are defined for the case where both the reactants and 

products are held at 25°C. When this is not the case the difference in thermal 

energy for both the reactants and products must be accounted for in order to 

determine the true reaction enthalpy value. Unfortunately, both the temperatures 

and specific heats of the metal hydride alloys are unknown making it imposable to 

perform this calculation. It was originally hoped that these values could be 

estimated by looking at the differences in reaction enthalpies calculated for loading 

and unloading cycles, but the systems inability to maintain a true steady state 

produced an error range that made this impossible. This unknown error means that 

the results of this experiment do not represent the true scientific value for the metal 

hydride reaction enthalpies but rather an engineering estimate as to the heating and 

cooling loads presented by operating the hydride beds under the given experimental 

conditions.

4.3 Integration of Metal Hydride Storage System

There are several issues that have to be addressed with regards to integrating 

these metal hydride storage systems with the fuel cell and reformer systems being
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tested at the UAF Energy Center. The first issue has to do with the purity of the 

hydrogen produced by the reformer. Most metal hydrides are very prone to surface 

poisoning from both water and hydrocarbons, which are normally present in a typical 

reformer output stream. However, the Northwest Power reformer initially tested by 

the UAF energy center included a semi permeable membrane, which provided a very 

pure hydrogen output stream. For other reformer systems care would have to be 

taken in both cleaning and drying of the hydrogen output stream.

The second issue involves matching the rate and storage capacities of the 

hydride beds to the overall system needs. The hydride beds tested were significantly 

undersized in respect to the total hydrogen storage needed, but by using larger 

storage beds or by combining several smaller beds this could be easily overcome. 

Furthermore, despite the fact that the test beds were undersized initial testing 

quickly indicated that the hydride reaction rates would not be a problem. Using the 

small test beds average hydrogen flow rates of around 20 slm were found which is 

enough to provide 2kW of electricity when paired with a fuel cell running at around 

50% efficiency. This indicates that when the overall hydride bed size was increased 

to meet the necessary storage requirements the flow rate would be more than 

adequate to meat any reasonable demand.

The last issue to be dealt with was the overall heat management system. 

Interestingly, by using a metal hydride storage bed the size of the cooling system 

needed for all of the equipment can actually be reduced. The reformer is the largest 

source of waste heat in the system and if operating at 50% efficiency, releases as 

much energy as waste heat, as energy in the hydrogen output stream. The 

introduction of a metal hydride storage system means that the reformer can be 

operated at lower peak levels which means that even with the added energy released
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when loading the hydride storage bed a smaller overall cooling system could be 

used. In addition, by tying the fuel cell and metal hydride storage bed together 

another decrease in cooling demand can be achieved. Under normal operation 

around 40% of the hydrogen energy entering the fuel cell leaves as waste heat in 

the cooling loop. If this loop was then ran to the hydride storage module 

approximately 25% of this energy would be used simply in unloading the hydride 

bed.
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CHAPTER 5 

Conclusions

5.1 Experimental Evaluation

One of the main goals of this research was to accurately determine the 

reaction enthalpies of the two metal hydride alloys tested. Unfortunately, a true 

scientific value for the reaction enthalpies can not be calculated. The unknown 

errors discussed in Section 4.2 prevent any direct correlation between the 

experimental values and the true reaction enthalpies from being determined. In this 

light the experiment can easily be construed as a scientific failure. However, in as 

much as this experiment is a scientific failure it is an engineering success. The 

experimental results may not provide a scientifically verifiable value for the reaction 

enthalpy but they provide a good engineering estimate of the actual cooling and 

heating loads produced when using these metal hydride storage systems in a real 

world situation. As evident in the error estimate presented in Table 4.1.3 the results 

of this experiment were not as accurate as originally hoped for. But, from an 

engineering perspective they are more than accurate enough to be used in the 

design of full-scale metal hydride storage systems. In addition, the correlation 

between the experimental values and the estimates obtained using the van't Hoff 

equation indicate that the van't Hoff equation is a fairly accurate and valuable tool 

when used to estimate heating and cooling loads presented by metal hydride 

systems.
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5.2 System Evaluation

The overall experimental system performed as expected with the exception of 

the ETI valve that was designed to regulate hydrogen flow and a few persistent drips 

coming from the cooling loop. As previously mentioned the ETI valve lacked the 

precision needed to control the hydrogen flow rate and maintain steady state 

conditions in the system, which resulted in an error associated with the 

approximation of these steady state conditions. The overall experimental accuracy 

could also be further improved by investing in more accurate sensors and calibration 

equipment. However, this benefit in accuracy is not needed for any of the long term 

testing that might be considered for the hydride system.

If for some reason more accurate values for the metal hydride reaction 

enthalpies are desired it is recommended that a calorimeter type experiment be done 

on a smaller laboratory scale. Although the use of a calorimeter does not provide 

much information concerning the engineering properties associated with using an 

actual metal hydride storage system it should provide a very accurate measurement 

of the true reaction enthalpies.

5.3 Metal Hydride Storage of Hydrogen

Based on the results of this research and the information given by the many 

included references there are a few conclusions and concerns that can be given in 

regard to the use of metal hydrides for remote energy storage. For stationary 

systems metal hydrides provide a space efficient system of storing hydrogen, and for 

remote power systems using hydrogen fuel cells and a reformers, such as those 

being looked at by the UAF Energy Center, metal hydrides provide a very elegant 

solution for meeting energy storage needs. This is especially true when considering
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the fact that by integrating these systems the metal hydrides performance can be 

enhanced using active heat management techniques. The first major concern with 

metal hydride storage systems is their long-term reliability, which for many alloys 

has yet to be determined. The second and perhaps greater concern is simply the 

economy of metal hydride systems. In the real world elegance is nice but it is the 

bottom line that counts. Even if hydrides become competitive on a dollar for dollar 

basis for the energy they store they still have one major disadvantage. The energy 

stored in metal hydrides must be converted to a useable form using a fuel cell or 

other energy conversion device. This conversion device is expected to be the most 

expensive component in the energy system, and by storing the energy before this 

device it becomes necessary to size the conversion device to meet the peak loads on 

the system greatly increasing it's cost.

5.4 Future Work

Based on the conclusions presented above it is clear that metal hydrides 

present a technically feasible solution to energy storage needs in certain remote 

energy systems. Therefore, it is recommended that future work focus first on 

determining the economic feasibility of metal hydride storage systems based not 

solely on the hydride costs, but rather, the total comparative system cost. Following 

this it is recommended that long-term system reliability be investigated.
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APPENDIX A .2

Hydride Module Specifications

M odule A llo y Weights (g) O vera ll  
H w/o

Entire
Module

Alloy S.S.
parts

Lexan
rods

w/o
alloy

water H , 1.5
w/o

(1.5 w/o 
in alloy)

1.1-1 C15 4178 1940 22.38 192 46.42 92.00 29.09 0.70
1.1-2 C15 4058 1822 2236 192 44.89 92.00 27.33 0.67
1.1-3 C15 4060 1821 2239 192 44.86 92.00 27.32 0.67
1.1-4 C15 4068 1825 2243 192 44.87 92.00 27.37 0.67
3.1-1 C15 4114 1823 2292 192 44.30 92.00 27.34 0.66

2.1-1 Hystor
208

4417 2190 2228 192 49.57 92.00 32.85 0.74

Totals
(g)

24896 11420 13476 171.3

average 4149 1903 2246 192.00 45.82 92.00 28.55 0.69
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APPENDIX B . l

Heat Transfer Calculations

For A ir at Tf p = 1.23 kg/m3, p = 1 .74x l0 '5 Ns/m2 , k * 0.0252 W/mK, Pr = 0.715 

RaL(x) = 9 P P2 AT L(x)3 Pr / p2 For bed 1 Tin = 285.1 K, Tout = 278.7 K

ATavg -  293 -  0.5(285.1 + 278.7) = 11.1 K Ts(avg) = 0.5(285.1 + 278.7) = 281.9 K 

For the top and bottom surfaces RaL(i) = 19,767 

For the side surfaces Rai_(2) = 231,941

For the top plate 104< RaU(i) < 107 so NuL = 0.54 RaL(1)1/4 = 6.40

For the top plate 105< RaL(1) < 1010 so NuL = 0.27 RaL(1)1/4 = 3.20

For the vertical side and end plates NuL = 0.68 + (0.67 Ra. o )1/4’) = 12.0
(1 + (0.492 / Pr)9/16 )4/9

h = Nul k/L htop = 6.56, hbot = 3.28, hs,e = 5.41 W / m2 K

4 = h A ATavg 4top = 1.65, 4bot = 0.83, 4s,e = 3.10 W

Qconvection = (4top 4bot "F 4s,e) = 5.58 W

4rad = e o A (Ts4 - T„4) e = 0.4 (lightly oxidized stainless steal), o = 5 .67x l0 '8

qrad = 0.054 W for input end, grad = 0.095 W for output end

4rad = e a A ((Tin + (Tn..r -  T n))5 - T„4 -  I inf  ) = 2.17 W for main body
5 (Tput — Tjn) 5 (Tout — T|n)

For Bed 1 4total = 4rad + 4convection = 7.90 W
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For Bed 2 all properties stay the same except Tin and Tout 

For bed 2 Tin = 285.9 K, Tout = 280.0 K

A T avg » 293 -  0.5(285.9 + 280.0) = 10.0 K T s(avg) = 0.5(285.9 + 280.0) = 283 K 

For the top and bottom surfaces RaL(i) = 17,897 

For the side surfaces RaL(2) ® 210,000

For the top plate 104< RaL(i) < 107 so NuL = 0.54 RaL(i)1/4 = 6.25

For the top plate 105 < RaL(i>  ̂ 1010 so NuL = 0.27 RaL(1)1/4 = 3.12

For the vertical side and end plates NuL = 0.68 + (0.67 Rauo)1/4) = 11.7
(1 + (0 .492/ Pr)9/16 )4/9

h = Nuu k/L htop = 6.40, hbot = 3.20, hs,e = 5.27 W  / m2 K

p = h A  A T avg P top  = 1-46, P b o t = 0.73, P s ,e  — 2.74 W

Pconvection — (P to p  "F Pbo t "F P s ,e )  — 4.93 W

Prad  = e o A  ( T s4 - T „ 4 ) e = 0.4 (lightly oxidized stainless steal), c  = 5.67xl0"8

prad = 0.049 W  for input end, prad = 0.087 W  for output end

P rad  =  e a A  ( (Tin + (Tn.„ -  Tin))5 - T„4 -  I  ) = 1 . 9 7  W  for main body
5 (Tout — Tin) 5 (Tout — Tjn)

For Bed 2  P to ta l — P rad  "F Pconvection — 7 . 0 4  W



APPENDIX B.2

Kinetic Energy Calculations

Flow In , . ri • IH2 flow in = 20 slm

Dia = 1/8 in = 0.3175 cm 

Kinetic Energy = m V2
T

1/8 in . _
j_ V = volumetric flow rate / flow area

Rate of change in kinetic energy = Vi (dm/dt) V2 = energy flow rate

At 293 K and 1 atm volumetric flow = 20 si » 293 = 21.5 I
min 273 min

V = 21.5 l/min » 1000 cm3 » 1 m » 1 min = 45.3 m/s1A itD2 (cm)2 1 I 100 cm 60 s

dm/dt = 20 slm * 1 mol * 2 q * 1 kg * 1 min = 2 .98x l0"5 kg/s
22.4 si mol 1000 g 60 s

Energy Flow = Vi dm/dt V2 = 0.0305 W



APPENDIX B.3

Hydralloy C15 Theoretical Enthalpy Calculations

P = 0.5 atm = 

P = 10.5 atm =

In Pt -  In P2 = AH - AH 
RTi RT2

T i R (In Pi -  In P2) = AH (1 -  T i / T2)

AH -  T i R (In Pi -  In P?) 
(1 -  Ti / T2)

AH = -28,615 J/mol = -28.6 kJ/mol

From Equation 1.4b In P = AH - AS
RT R

From Appendix A .3 When T = 269 K

When T = 353 K
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APPENDIX C.2 

Specific Heat of Aqueous Solutions of Ethylene Glycol

Temperature, C 
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Temp H in Temp H out H Flow out H Flow in H Pressure Cooling temp 1 Cooling temp 2 Cooling temp 3 Cooling temp 4 Cooling Flow

(Deg. C) (Deg. C) (slm) (slm) (psia) (Deg. C) (Deg. C) (Deg. C) (Deg. C) (I/m)
Thu, May 3, 2001 2:16:46 PM Bed 1 18.87695 21.202917 30.17578 0.10986 14.131902 12.14049 12.110471 6.902154 11.523524 1.079784
Thu, May 3, 2001 2:16:47 PM Bed 1 18.89518 21.202917 28.90625 0.12207 14.102327 12.116174 12.104375 6.724648 11.407534 1.07391
Thu, May 3, 2001 2:16:48 PM Bed 1 18.94381 21.190783 27.83203 0.12207 14.072752 12.128332 12.122664 6.559375 11.261009 1.069798
Thu, May 3, 2001 2:16:49 PM Bed 1 18.98028 21.184716 27.05078 0.12207 14.072752 12.128332 12.110471 6.430825 11.114471 1.067449
Thu, May 3, 2001 2:16:50 PM Bed 1 19.01675 21.19685 26.36719 0.12207 14.057964 12.134411 12.110471 6.345123 10.986241 1.069211
Thu, May 3, 2001 2:16:51 PM Bed 1 19.03499 21.190783 25.78125 0.13428 14.072752 12.122253 12.122664 6.247176 10.851894 1.064512
Thu, May 3, 2001 2:16:52 PM Bed 1 19.07146 21.172582 25.37842 0.13428 14.057964 12.134411 12.116568 6.167592 10.680897 1.064512
Thu, May 3, 2001 2:16:53 PM Bed 1 19.08361 21.178649 24.97559 0.12207 14.028389 12.14049 12.122664 6.106372 10.552638 1.062749
Thu, May 3, 2001 2:16:54 PM Bed 1 19.09577 21.184716 24.63379 0.13428 14.028389 12.14049 12.116568 6.020664 10.436587 1.057463
Thu, May 3, 2001 2:16:55 PM Bed 1 19.12615 21.166515 24.37744 0.12207 14.013601 12.14049 12.110471 5.996175 10.302204 1.054526
Thu, May 3, 2001 2:16:56 PM Bed 1 19.13831 21.184716 24.04785 0.13428 14.087539 12.134411 12.110471 5.95332 10.186138 1.055113
Thu, May 3, 2001 2:16:57 PM Bed 1 19.14439 21.166515 23.80371 0.12207 14.028389 12.134411 12.122664 5.879853 10.021191 1.05805
Thu, May 3, 2001 2:16:58 PM Bed 1 19.15654 21.178649 23.55957 0.12207 14.013601 12.14049 12.116568 5.861487 9.923439 1.053351
Thu, May 3, 2001 2:17:00 PM Bed 1 19.16262 21.184716 23.31543 0.13428 14.057964 12.134411 12.104375 5.830875 9.795133 1.056288
Thu, May 3, 2001 2:17:01 PM Bed 1 19.18085 21.160448 23.10791 0.12207 13.998814 12.14049 12.116568 5.806385 9.654596 1.051001
Thu, May 3, 2001 2:17:06 PM Bed l 19.19908 21.178649 22.19238 0.12207 14.013601 12.134411 12.122664 5.720671 9.153482 1.048652
Thu, May 3, 2001 2:17:11 PM Bed 1 19.21732 21.190783 21.37451 0.12207 13.998814 12.128332 12.122664 5.677813 8.737839 1.04454
Thu, May 3, 2001 2:17:16 PM Bed 1 19.24163 21.19685 20.73975 0.12207 13.998814 12.128332 12.122664 5.677813 8.389377 1.038078
Thu, May 3, 2001 2:17:21 PM Bed 1 19.2477 21.19685 20.1416 0.12207 13.998814 12.134411 12.110471 5.696181 8.046983 1.033379
Thu, May 3, 2001 2:17:26 PM Bed 1 19.25378 21.202917 19.65332 0.12207 13.998814 12.122253 12.110471 5.751283 7.765695 1.031617
Thu, May 3, 2001 2:17:31 PM Bed 1 19.25378 21.202917 19.17725 0.13428 13.998814 12.116174 12.122664 5.812508 7.557771 1.029855
Thu, May 3, 2001 2:17:36 PM Bed 1 19.25378 21.202917 18.83545 0.12207 13.998814 12.128332 12.116567 5.892098 7.374295 1.030442
Thu, May 3, 2001 2:17:41 PM Bed 1 19.2477 21.215051 18.48145 0.12207 13.984026 12.122253 12.122664 5.983931 7.221389 1.02868
Thu, May 3, 2001 2:17:46 PM Bed 1 19.24163 21.233252 18.17627 0.12207 13.984026 12.097937 12.122664 6.045152 7.074592 1.029855
Thu, May 3, 2001 2:17:51 PM Bed 1 19.2477 21.263586 17.93213 0.12207 13.998814 12.104016 12.104375 6.124738 6.988958 1.025156
Thu, May 3, 2001 2:17:56 PM Bed 1 19.25986 21.257519 17.7002 0.12207 13.984026 12.116174 12.116568 6.241054 6.933906 1.023981
Thu, May 3, 2001 2:18:01 PM Bed 1 19.25378 21.263586 17.45606 0.12207 13.939663 12.110095 12.128761 6.29615 6.878854 1.021631
Thu, May 3, 2001 2:18:06 PM Bed 1 19.25986 21.269653 17.22412 0.13428 13.984026 12.116174 12.110471 6.394096 6.829918 1.025743
Thu, May 3, 2001 2:18:11 PM Bed 1 19.25986 21.293919 17.05322 0.12207 13.998814 12.134411 12.116568 6.467554 6.799332 1.022806
Thu, May 3, 2001 2:18:16 PM Bed 1 19.25986 21.299985 16.8457 0.12207 13.969238 12.116174 12.110471 6.541011 6.774863 1.029855
Thu, May 3, 2001 2:18:21 PM Bed 1 19.25378 21.306052 16.68701 0.13428 13.969238 12.116174 12.110471 6.608345 6.774863 1.023981
Thu, May 3, 2001 2:18:26 PM Bed 1 19.25986 21.299985 16.47949 0.13428 13.998814 12.122253 12.122664 6.663437 6.78098 1.022806
Thu, May 3, 2001 2:18:31 PM Bed 1 19.25378 21.312118 16.29639 0.12207 13.998814 12.128332 12.110471 6.724648 6.774863 1.027505
Thu, May 3, 2001 2:18:36 PM Bed 1 19.25378 21.312118 16.1499 0.13428 13.924876 12.146569 12.116568 6.804221 6.811567 1.027505
Thu, May 3, 2001 2:18:41 PM Bed 1 19.25986 21.318185 15.99121 0.12207 13.969238 12.134411 12.122664 6.853188 6.811567 1.027505
Thu, May 3, 2001 2:18:46 PM Bed 1 19.25986 21.324251 15.83252 0.12207 13.969238 12.128332 12.116568 6.914396 6.836035 1.027505

OOo

Raw 
Data 

for 
Unload 

Cycle 
2 

(Bed 
1)



Temp H In Temp H out H Flow out H Flow in H Pressure Cooling temp 1 Cooling temp 2 Cooling temp 3 Cooling temp 4 Cooling Flow

(Deg. C) (Deg. C) (slm) (slm) (psia) (Deg. C) (Deg. C) (Deg. C) (Deg. C) (I/m)

Thu, May 3, 2001 1:23:25 PM Bed 2 19.84875 22.518275 38.61084 0.13428 14.309354 12.970831 12.955367 12.970389 9.255091 1.112679

Thu, May 3, 2001 1:23:26 PM Bed 2 19.89734 22.554635 36.43799 0.14648 14.294566 12.982983 12.967554 12.958182 9.047289 1.111504

Thu, May 3, 2001 1:23:27 PM Bed 2 19.91556 22.572815 34.70459 0.1709 14.279778 12.976907 12.967554 12.970389 8.84558 1.106804

Thu, May 3, 2001 1:23:32 PM Bed 2 20.02488 22.578875 28.62549 0.14648 14.176265 12.970831 12.973647 12.958182 8.105838 1.10093

Thu, May 3, 2001 1:23:37 PM Bed 2 20.04918 22.578875 25.39063 0.12207 14.146689 12.989059 12.967554 12.958182 7.65333 1.090945

Thu, May 3, 2001 1:23:42 PM Bed 2 20.08561 22.609173 23.31543 0.14648 14.146689 12.982983 12.955367 12.952079 7.341424 1.088008

Thu, May 3, 2001 1:23:47 PM Bed 2 20.1099 22.633411 22.03369 0.12207 14.146689 12.958679 12.949274 12.952079 7.188517 1.08742

Thu, May 3, 2001 1:23:52 PM Bed 2 20.12205 22.633411 21.24023 0.14648 14.14669 12.946526 12.930994 12.945974 7.072302 1.086245

Thu, May 3, 2001 1:23:57 PM Bed 2 20.13419 22.657648 20.62988 0.12207 14.102327 12.928298 12.943181 12.958182 7.005018 1.085071

Thu, May 3, 2001 1:24:02 PM Bed 2 20.14634 22.694004 20.23926 0.14648 14.117114 12.916146 12.918808 12.945974 6.974434 1.086245

Thu, May 3, 2001 1:24:07 PM Bed 2 20.12205 22.700063 19.9585 0.13428 14.117114 12.922222 12.906621 12.93987 6.956084 1.083308

Thu, May 3, 2001 1:24:12 PM Bed 2 20.11598 22.724298 19.75098 0.13428 14.087539 12.91007 12.924901 12.945974 6.968317 1.086245

Thu, May 3, 2001 1:24:17 PM Bed 2 20.12812 22.754593 19.53125 0.12207 14.117114 12.934374 12.906621 12.933766 6.998901 1.085658

Thu, May 3, 2001 1:24:22 PM Bed 2 20.13419 22.790945 19.34815 0.18311 14.087539 12.903994 12.918808 12.909349 7.017252 1.085071

Thu, May 3, 2001 1:24:27 PM Bed 2 20.12205 22.81518 19.16504 0.12207 14.117114 12.897918 12.894434 12.915453 7.047836 1.083896

Thu, May 3, 2001 1:24:33 PM Bed 2 20.12812 22.887879 19.05518 0.13428 14.087539 12.891841 12.888341 12.903244 7.096769 1.082134

Thu, May 3, 2001 1:24:38 PM Bed 2 20.14027 22.918168 18.9209 0.13428 14.072752 12.885765 12.876153 12.909349 7.115119 1.080959

Thu, May 3, 2001 1:24:43 PM Bed 2 20.13419 22.936342 18.78662 0.14648 14.117114 12.867537 12.87006 12.89714 7.176284 1.078609

Thu, May 3, 2001 1:24:48 PM Bed 2 20.13419 22.9424 18.64014 0.12207 14.117114 12.873613 12.857872 12.903244 7.1824 1.082721

Thu, May 3, 2001 1:24:53 PM Bed 2 20.12812 22.984804 18.49365 0.12207 14.028389 12.867537 12.857872 12.903244 7.231331 1.085071

Thu, May 3, 2001 1:24:58 PM Bed 2 20.11598 22.99692 18.34717 0.12207 14.102327 12.867537 12.876153 12.903244 7.261913 1.085071

Thu, May 3, 2001 1:25:03 PM Bed 2 20.12812 22.99692 18.20068 0.13428 14.072752 12.873613 12.857872 12.891036 7.304727 1.080371

Thu, May 3, 2001 1:25:08 PM Bed 2 20.13419 23.045377 18.06641 0.13428 14.057964 12.861461 12.839591 12.878828 7.359772 1.085658

Thu, May 3, 2001 1:25:13 PM Bed 2 20.12812 23.057491 17.93213 0.12207 14.072752 12.867537 12.845685 12.884932 7.414816 1.082721

Thu, May 3, 2001 1:25:18 PM Bed 2 20.09776 23.063548 17.74902 0.12207 14.072752 12.861461 12.845685 12.891036 7.427048 1.085071

Thu, May 3, 2001 1:25:23 PM Bed 2 20.12812 23.075662 17.57813 0.12207 14.072752 12.855384 12.845685 12.878828 7.475976 1.080371

Thu, May 3, 2001 1:25:28 PM Bed 2 20.1099 23.075662 17.44385 0.12207 14.057964 12.867537 12.851779 12.884932 7.512671 1.085658

Thu, May 3, 2001 1:25:33 PM Bed 2 20.11598 23.112004 17.27295 0.13428 14.057964 12.843231 12.845685 12.878828 7.549365 1.086245

Thu, May 3, 2001 1:25:38 PM Bed 2 20.1099 23.130175 17.10205 0.12207 14.057964 12.843231 12.833498 12.884932 7.610521 1.08742

Thu, May 3, 2001 1:25:43 PM Bed 2 20.1099 23.172572 16.96777 0.13428 14.102327 12.825001 12.839591 12.842203 7.634983 1.085071

Thu, May 3, 2001 1:25:48 PM Bed 2 20.11598 23.178629 16.82129 0.12207 14.043176 12.818924 12.845685 12.854411 7.677792 1.08742

Thu, May 3, 2001 1:25:53 PM Bed 2 20.10383 23.178629 16.63818 0.14648 14.057964 12.831078 12.833498 12.842203 7.726714 1.085658

Thu, May 3, 2001 1:25:58 PM Bed 2 20.1099 23.184685 16.52832 0.13428 14.072752 12.825001 12.815216 12.829994 7.775636 1.089182

Thu, May 3, 2001 1:26:03 PM Bed 2 20.13419 23.190741 16.36963 0.12207 14.043176 12.818924 12.82131 12.854411 7.824557 1.086833

Thu, May 3, 2001 1:26:08 PM Bed 2 20.12205 23.196798 16.16211 0.13428 14.057964 12.806771 12.809123 12.842203 7.873477 1.086245

Raw 
Data 

for 
Unload 

Cycle 
1 

(Bed 
2)
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APPENDIX E .l

McMillan Flow Sensor Specifications

Unit used was model 106 with MSB-2.
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APPENDIX E.2

SCXI 1120 Specifications

SCX1-1120

Analog Input

Gain (jumper-selectable)..................... 1 ,2,5,10,20,50,100,200, 250,
500, 1,000, 2,000

Output range................................ ......... ±5 V
Number of channels.............................. 8
Gain accuracy........................................0.2% of reading typ

0.6% of reading max
Nonlinearity.......................................... 0.04% of fullscale range
Offset voltage........................................ ±^6 p. V
Stability versus ambient temperature

Offset drift RTI............................. d(o.2 ^WeC ± 2°<̂ ^ ° £ )

Gain d rift........................................ 20 ppm/°C
Input bias current..................................±80 pA
Input resistance

Normal.............................................1 GO
Power o ff   ...............................50 kO
Overload...................................... ...50 kO

€> National Instruments Corporation SCXI-1120/D U se r M anua l
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APPENDIX E.3

Type K Thermocouple Specifications

Type K Thermocouples - coefficients of approximate 
inverse functions giving temperature, as a function of 
the thermoelectric voltage, E, in selected temperature and 
voltage ranges. The functions are of the form:

tgo^Co + CjE + cJF '

where E is in microvolts and is in degrees Celsius.

Temperature
Range:

-200
to

0°C

0
to

500°C

500
to

1,372°C

Voltage -5891 0 20,644
to to to

Range: OpV 20,644 pV 54,886 pV

Cq — 0.000 000 0.... 0.000 000.... -1.318058x102
Ci = 2.517 346 2x10-2 2.508 355 x 10-2 4.830 222x10-21
Co — -1.166 287 8 x 10-6 7.860 106x10-8 -1.646 031 x 108c.
Co = -1.083 363 8X10-9 -2.503 131 x 10-10 5.464 731 x 10"11J
c4 = -8.977 354 0 x 10-13 8.315 270 x 10'14 -9.650 715 x 10-16
c5 = -3.734 237 7 x 10-16 -1.228 034 x 10*17 8.802 193x 10-21D
Cg " -8.663 264 3 x 10-20 9.804 036 x 10-22 -3.110 810 x 10-26
C-T -1.045 059 8 x 10-23 -4.413 030 x 10-26
Cb = 
Cg =

-5.192 057 7 x 10-28 1.057 734 x 10-30 
-1.052 755 x 10-35

Error
Range:

0.04°C
to

-0.02°C

0.04°C
to

-0.05°C

0.06°C
to

-0.05°C
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MAXIMUM t e m p e r a t u r e  r a n g e  
Thermocouple Grade
,328  to 2282°F 
,200 to 1250°C 
extension Grade 
32 to 392°F
0  to 200°C
LIMITS o f  e r r o r
/whichever is greater)
Standard: 2.2°C or 0.75% Above 0°C 
2  2°C or 2.0% Below 0°C 
Special: 1.1 °C or 0.4%
COMMENTS, BARE WIRE ENVIRONMENT: 
Clean Oxidizing and Inert; Limited Use in 
Vacuum or Reducing; Wide Temperature 
Range; Most Popular Calibration 
TEMPERATURE IN D EG REES °C 
REFERENCE JUNCTION AT 0°C

1

Thermocouple
Grade

Nickel-Chromiumvs.
Nickel-Aluminum

Extension
Grade

Revised Thermocouple 
Reference Tables

TYPE
R e fe r e n c e
T a b le s
N.LS.T
M o n o g r a p h  1 7 5  
R e v is e d  to  
IT S -90

Thermoelectric Voltage in Millivolts 

1t -10 •9 -fi -7 -6 -5 -4 -3 -2 -1 0 • c • c
250
260
270

0
10.153
10561
10.971

so -6.458 -6.457 -6.456 -6.455 -6.453 -6.452 -6.450 -6.448 -6.446 -6.444 -6.441 -260 280 11.382

so -6.441 -6.438 -6.435 -6.432 -6.429 -6.425 -6.421 -6.417 -6.413 -6.408 -6.404 -250 290 11.795

« -6.404 -6.399 -6.393 -6288 -6.382 -6.377 -6.370 -6.364 -6258 -6251 -6.344 -240 300 12509

30 -6.344 -6.337 -6229 -6.322 -6214 -6.306 •6297 -6289 -6280 -6271 -6.262 -230 310 12.624

20 -6262 -6252 -6243 -6233 -6.223 -6213 -6202 -6.192 -6.181 -6.170 -6.158 -220 320 13.040

10 •6.158 -6.147 -6.135 -6.123 -6.111 -6.099 -6.087 •6.074 •6.061 -6.048 -6.035 -210 330 13.457

SO -6.035 -6.021 -6.007 -5.994 -5.980 -5.965 -5.951 -5.936 -5522 -5.907 -5.891 -200 340 13.874

90 -5.891 -5.876 -5261 -5.845 -5.829 -5.813 -5.797 -5.780 -5.763 -5.747 -5.730 -190 350 14.293

10 -5.730 -5.713 -5.695 -5.678 -5.660 -5.642 -5.624 -5.606 -5588 -5.569 -5550 -180 360 14.713

70 -5.550 -5.531 -5.512 -5.493 -5.474 -5.454 -5.435 -5.415 -5.395 -5274 -5.354 -170 370 15.133

(0 -5.354 -5.333 -5213 -5292 -5271 -5250 -5.228 -5207 -5.185 -5.163 -5.141 -160 380 15554

SO -5.141 -5.119 -5.097 -5.074 -5.052 -5.029 -5.006 -4.983 •4.960 -4.936 -4.913 -150 390 15.975

40 -4.913 -4.889 -4.865 -4.841 -4.817 -4.793 -4.768 -4.744 •4.719 -4.694 -4.669 -140 400 16.397
30 -4.669 -4.644 -4.618 -4.593 -4.567 -4.542 -4516 -4.490 -4.463 -4.437 -4.411 -130 410 16.820

20 -4.411 -4.384 -4.357 -4.330 -4.303 -4.276 -4.249 -4221 -4.194 -4.166 -4.138 -120 420 17.243
10 -4.138 -4.110 -4.082 -4.054 -4.025 -3.997 -3.968 -3.939 -3511 -3.882 -3.852 -110 430 17.667
00 -3.852 -3.823 -3.794 -3.764 -3.734 -3.705 -3.675 -3.645 -3.614 -3.584 -3.554 -100 440 18.091

so -3554 *3523 -3.492 -3.462 -3.431 -3.400 -3.368, -3.337 -3206 -3274 -3243 -90 450 18.516
so -3.243 -3211 -3.179 -3.147 -3.115 -3.083 -3.050 ■-3.018 -2.986 -2.953 -2.920 -80 460 18.941
70 -2.920 -2.887 -2.854 -2.821 -2.788 -2.755 -2.721 -2.688 -2.654 -2.620 -2.587 -70 470 19.366
<0 -2.587 -2.553 -2519 -2.485 -2.450 -2.416 -2.382 -2.347 -2212 -2278 -2243 -60 480 19.792
so -2243 -2.208 -2.173 -2.138 -2.103 -2.067 -2.032 -1.9% -1561 -1.925 -1.889 -50 490 20.218

40 -1289 -1.854 -1218 -1.782 -1.745 -1.709 -1.673 -1.637 -1.600 -1564 -1.527 -40 500 20.644
-30 -1527 -1.490 -1.453 -1.417 -1.380 -1.343 -1.305 -1268 -1231 -1.194 -1.156 -30 510 21.071
20 -1.156 -1.119 -1.081 -1.043 -1.006 -0.968 -0.930 -0.892 -0.854 -0.816 -0.778 -20 520 21.497
10 -0.778 -0.739 -0.701 -0.663 -0.624 -0586 -0.547 -0508 -0.470 -0.431 -0.392 -10 530 21524
0 -0.392 -0.353 -0214 -0275 -0.236 -0.197 -0.157 -0.118 -0.079 -0.039 0.000 0 540 22550

0 0.000 0.039 0.079 0.119 0.158 0.198 0.238 0277 0217 0.357 0297 0 550 22.776
10 0.397 0.437 0.477 0517 0557 0597 0.637 0.677 0.718 0.758 0.798 10 560 23 503
20 0.798 0.838 0.879 0.919 0.960 1.000 1.041 1.081 1.122 1.163 1203 20 570 23.629
30 1.203 1.244 1285 1226 1266 1.407 1.448 1.489 1.530 1571 1.612 30 580 24.055
40 1.612 1.653 1.694 1.735 1.776 1.817 1.858 1.899 1541 1.982 2.023 40 590 24.480

SO 2.023 2.064 2.106 2.147 2.188 2230 2271 2.312 2254 2295 2.436 50 600 24.905
90 2.436 2.478 2519 2.561 2.602 2.644 2.685 2.727 2.768 2510 2551 60 610 25530
70 2.851 2.893 2934 2.976 3.017 3.059 3.100 3.142 3.184 3225 3267 70 620 25.755
» 3267 3.308 3250 3.391 3.433 3.474 3516 3.557 3599 3.640 3.682 80 630 26.179
» 3.682 3.723 3.765 3.806 3.848 3.889 3.931 3.972 4.013 4.055 4.0% 90 640 26.602

X 4.0% 4.138 4.179 4220 4262 4.303 4.344 4.385 4.427 4.468 4.509 100 650 27.025
10 4509 4.550 4591 4.633 4.674 4.715 4.756 4.797 4.838 4579 4.920 110 660 27.447
a 4.920 4.%1 5.002 5.043 5.084 5.124 5.165 5.206 5247 5288 5228 120 670 27.869
X 5228 5.369 5.410 5.450 5.491 5532 5.572 5.613 5553 5.694 5.735 130 680 28589
X 5.735 5.775 5215 5.856 5.8% 5.937 5.977 6.017 6.058 6.0% 6.138 140 690 28.710

so 6.138 6.179 6219 6259 6.299 6.339 6.380 6.420 6.460. -6.500 6540 150 700 29.129
SO 6.540 6.580 6.620 6.660 6.701 6.741 6.781 6.821 ,6561 6.901 6.941 160 710 29.548
70 6.941 6.981 7.021 7.060 7.100 7.140 7.180 7220 7260 7200 7.340 170 720 29.965
10 7240 7280 7.420 7.460 7500 7540 7579 7.619 7.659 7.699 7.739 180 730 30582
90 7.739 7.779 7219 7.859 7.899 7.939 7.979 8.019 8.059 8.099 8.138 190 740 30.798

00 8.138 8.178 8218 8.258 8298 8.338 8.378 8.418 8.458 8.499 8.539 200 750 31513
10 8.539 8.579 8.619 8.659 8.699 8.739 8.779 8.819 8.860 8.900 8.940 210 760 31.628
20 8.940 8.980 9 020 9.061 9.101 9.141 9.181 9222 9262 9.302 9.343 220 770 32.041
30 9.343 9.383 9423 9 464 9.504 9.545 9585 9.626 9.666 9.707 9.747 230 780 32.453
740 9.747 9788 9828 9 869 9.909 9.950 9.991 10.031 10.072 10.113 10.153 240 790 32.865

t 0 1 2 3 4 5 6 7 8 9 10 •c •c 0
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General Specifications

APPENDIX E.4

MKS Flow Meter Specifications

CE Mark Compliance1 EMC Directive 89/336/EEC

Full Scale Ranges (nitrogen equivalent) 20, 50, 100, 200 slm

Control Range (controllers only) 1.0 to 100% of F.S.

Accuracy2 ±1.0% of F.S.
Repeatability ±0.2% of Rdg.

Resolution (measurement) 0.1% of F.S.

Temperature Coefficients 
Zero 
Span

<0:05% of F.S7° C 
<0.10% of Rdg7° C

Normal Operating Temperature Range 15 to 40° C (59 to 104° F)

Warm-up Time 30 minutes
Controller Settling Time (to within 2% of set point) <2 sec.3
Meter Settling Time (to within 2% of set point) <500 milliseconds

Maximum Inlet Pressure 100 psig (250 psig optional)

Pressure Coefficient 0.005% of RdgVpsi
Minimum Pressure Drop (at atmosphere) across 
Flow Meter

0.15 to 1.25 psid (dependent upon 
range)

1 Requires a metal braided shielded cable
- Includes non-linearity, hysteresis, and non-repeatability referenced to 760 Torr/0° C
3 Gain can be adjusted to increase settling time



APPENDIX E.5

Sensodyne Calibration Certificate

SENSIDYNE, INC.
CALIBRATION C E R T IFIC A T E  

C E L L  S /N :  0 0 4 4 7 2 - H  D A T E : 0 5  - 0 4  - 2 0 0 0
T h is  is  to  cer tify  that th e  a b o v e  r e fe re n c e d  G ilibrator F lo w  C ell 

w a s  c a lib r a te d  u s in g  film flo w m eter  M C H -10 1 ,  w h ic h  h a s  b e e n  
c a lib r a te d  b y  in stru m en ts  d irectly  tr a ce a b le  to  th e  N a t io n a l In stitu te  
o f  S ta n d a r d s  a n d  T e ch n o lo g y . N IST  R ep o rt 8 3 6 1 6 0 4 .
R e s u lts :

P E R C E N T  
D IFF.

R E F E R E N C E S /N RELA TIV E
M C H -1 0 1 0 0 4 4 7 2 -H D IFF.

LPM LPM LPM

5 .0 7 5 5 .0 9 9 .0 2 4
5 . 0 7 5  r 5 .0 9 7 .0 2 2
5 .0 7 2 5 .0 9 5 .0 2 3
5 .0 7 2 5 .0 8 9 .0 1 7
5 .0 7 7 5 .0 9 4 .0 1 7
5 . 0 7 7 5 .0 9 9 .0 2 2
5 .0 7 7 5 .0 9 5 .0 1 8
5 .0 7 2 5 .0 8 7 .0 1 5
5 .0 7 3 5 .0 9 7 .0 2 4
5 .0 7 4 5 .0 9 2 .0 1 8

5 .0 9 4


