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ABSTRACT 

Effect of Test Conditions and Sample Configuration on the AMTEC 

Electrode/Electrolyte Characteristics Measurements in the Sodium Exposure Test Cell 

Experiment. 

(December 2001) 

Ulughbek Bakhadirovich Azimov, B. S. , Andijan Technical University 

Chair of Advisory Committee: Dr. Thomas R. Lalk 

An experimental investigation was conducted to determine the effect of test 

conditions and sample configuration on the AMTEC electrode/electrolyte characteristic 

measurements in a Sodium Exposure Test Cell (SETC). The effect of test conditions was 

determined by identifying the accurate correlation between sodium temperature and 

vapor pressure in the correct temperature range for the SETC. In addition, temperature 

distribution in the sodium source in SETC was determined. A correlation was identified 

that accurately predicted the relationship between the sodium vapor source temperature 

and the vapor pressure. A means to maintain the uniformity of the temperature across the 

electrode/electrolyte sample and in the sodium vapor source was determined. 

Two electrode/electrolyte configurations (tube and disk) were tested to determine 

if there was a difference in the characteristics determined from the measurements. It was 

demonstrated that the configuration of the sample had little effect (about 15%) on the 

measurements at typical AMTEC operating temperatures. Electrochemical Impedance 

Spectroscopy (EIS) and controlled potential current-voltage curves (iV curves) 

techniques were used to determine these characteristics. 
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CHAPTER I 

INTRODUCTION 

1. 1. Motivation for Research 

In this century, the future of endeavors in space will depend largely upon the 

availability of a reliable, inexpensive and robust source of electrical energy. As 

spacecraft capabilities expand with more diverse objectives, they will require more 

power from more efficient power systems. Moreover, the limitations of mass and 

volume imposed by launch vehicles dictate that the higher power levels be produced by 

lighter and smaller power systems. Therefore, the technologies that are pursued in space 

power should point toward higher reliability, higher power density, higher efficiency, 

lower cost and lower volume. Alkali Metal Thermal to Electrical Conversion (AMTEC) 

is a thermal-to- electric conversion technology that has the potential to meet all these 

goals and objectives'. 

Ford Motor Company Scientific Laboratory developed the P -alumina ceramics 

as the electrolyte for NaS batteries. In 1968, Ford researchers recognized that the same 

principle could be applied to a thermally regenerative electrochemical energy conversion 

system. Through 1979, Ford supported much of the development on what was then 

called the Sodium Heat Engine. In the 1980's, the Department of Energy (DOE) 

supported further work on higher power electrochemical cells and electrode 

development for terrestrial applications. To varying degrees, several other U. S. and 

This thesis follows the style aod format of the Joe mat of the Electrocfremi eel Society. 



foreign firms began work on the technology also. Interest m space applications surfaced 

in this time period, and NASA began to support development as well. In 1994, the Air 

Force initiated AMTEC technology development that could be applied to a solar-heated 

power system for the earth orbiting spacecraft. NASA and DOE are currently 

investigating AMTEC as a candidate high-efficiency converter coupled with 

radioisotope heat sources to power future planetary spacecraft. 5 

With efficiencies of 20 to 30 % possible, AMTEC offers increased power density 

compared to thermoelectrics, reducing the mass of the power system and the amount of 

fuel required, while retaining the reliability of a static energy conversion device. 

Currently, AMTEC cells have reached efficiencies of about 19 %. With deep space 

probe missions requiring lower system mass, higher efficiency and long lifetimes, both 

the power density and lifetime of AMTEC cells must be improved. The 

electrode/electrolyte assembly is a key component in improving the cell's performance. 

1. 2. Description of AMTEC Operation 

AMTEC is a static and direct energy conversion device that converts thermal 

energy to electricity. The energy conversion is based on the unique properties of the 

ceramic P"-alumina solid electrolyte (BASE), which conducts sodium ions through it, 

while preventing both electron conduction and neutral sodium transport. Figure 1 shows 

a typical device, which consists of an evaporator, condenser, BASE tubes, porous 

electrodes, current collectors, a-alumina braze, metal rings and liquid-return artery 

(wick). To produce power, thermal energy is transferred to sodium, the working fluid, at 



the evaporator. The cell has 7 BASE tubes and a central felt-metal wick for returning the 

liquid sodium working fluid to the cell evaporator. The BASE tubes are brazed to a 

stainless steel support plate. The low-pressure side (cathode) and high-pressure side 

(anode) of the P"-alumina solid electrolyte are covered with porous electrodes and 

molybdenum mesh current collectors, and the BASE tubes are electrically connected in 

series. The series connection of AMTEC cell provides the desired d. c. load voltage for 

the output bus. The thermal energy input to the cell hot plate is transported by 

conduction and radiation to the BASE tubes and the evaporator structure. The cell has a 

circumferential radiation shield to reduce parasitic heat losses to the cell wall, a solid 

conduction stud between the cell hot end and the BASE tubes support plate, and several 

solid metallic rings around the evaporator. These rings enhance the conduction path 

between the BASE tubes support plate and the cell evaporator, increasing the evaporator 

temperature and the sodium anode pressure in the cell. The conical evaporator provides a 

larger surface area for evaporating the liquid sodium returning from the condenser. The 

BASE tubes temperature is kept slightly higher than that of the evaporator to prevent 

condensation of the working fluid onto the anode side of the BASE tube and electrically 

shorting the BASE tubes in the cell. 

Because the BASE supports the sodium pressure differential between the high 

vapor pressure plenum and the low-pressure cathode region, the joints between the 

BASE and the metal support plate must be sealed well. High quality, high purity a'- 

alumina, which is compatible with sodium, is used to insulate the BASE tubes 

electrically from the stainless steel support plate as shown in Figure la. 
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Figurc l. Schematic of multitube AMTEC celL (a) Elevation; (b) Top view 

BASE tube acts as a separator between a high-prcssure region containing sodium 

at about 850 C-1000 C and low pressure region containing a condenser at 200 C-400 C. 



The high temperature l-850 C) sodium vapor is blocked on its way to the condenser by 

the electrode/electrolyte assembly, creating a high sodium activity gradient across the 

electrode/electrolyte assembly. Sodium is oxidized at the electrode/electrolyte interface 

and sodium ions are conducted through the BASE to the low-pressure region of the 

converter, as shown in Figure 2. Electrons travel through an external load to recombine 

with sodium ions at a thin, porous electrode, which is deposited onto the outside wall of 

the BASE tube. The recombined sodium vapor leaves the electrode, collects on the 

condenser and returns to the sodium reservoir. 7 
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(high press. / 

Q c 

Q, 
Q c 
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GN. 
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Figure 2. Schematic of sodium flow at BASE tube wall 

In order to determine the performance of AMTEC electrodes and compare 

different electrodes, two parameters are typically used. The morphology factor, G, is the 

measure of impedance to sodium transport from the electrode/electrolyte interface to thc 

low pressure vapor space, ' 
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where Pii, is the pressure of sodium pool, Tq„ is the temperature of sodium pool, T, t is 

the temperature of the electrode, M is the molecular weight of sodium, F is a faraday 

constant and ji;„, is the limiting current. The normalized exchange current density, B, is 

the measure of the resistance to the charge transfer at the electrode/electrolyte interface. 

B is normalized to the sodium collision rate and reaction rate at unit activity of sodium. ' 

where T, t and P, i are the electrode temperature and pressure respectively, PN, is the 

sodium pool pressure, R, „, is the apparent charge transfer resistance, R is the gas constant 

and F is the faraday constant. The derivation of B value ts given in Appendix E of this 

work. 

One of the experiments used to evaluate the performance of AMTEC electrodes 

is the Sodium Exposure Test Cell (SETC). Originally designed to perform lifetime 

studies and materials investigations of AMTEC components including brazes, sodium 

containment, current collector (typically molybdenum mesh), electrode, and electrolyte, 

the SETC has become the tool researchers usc to quantify and compare electrode 

performance without the necessity of building an actual AMTEC cell. The utility of the 

SETC for accurately measuring the parameters previously mentioned is essential to be 



able to predict AMTEC electrode performance. A more in-depth discussion of SETC is 

given in the apparatus section of this work. 

1. 3. Objectives of Research and Format of Thesis 

The primary goal of this research is to improve the efficiency of AMTEC cell, 

which is mainly influenced by the performance of its electrodes. The main objective is to 

determine if the parameters measured within a Sodium Exposure Test Cell (SETC) 

provide an effective predictor of actual AMTEC electrode performance. The 

performance of AMTEC electrodes depends on sodium charge exchange and diffusion; 

which in turn may depend on the electrode/BASE geometry, temperature profile across 

the electrodes, sodium vapor pressure in the cell, and resistances of electrode/BASE. 

These can be determined by measuring the values of normalized exchange current 

density, B, and morphology factor, G, in SETC. 

These values can be measured by controlled potential current-voltage curves (iV 

curves) and Electrochemical Impedance Spectroscopy (EIS) techniques. Current-voltage 

curves are determined by applying a potential difference between two sample electrodes 

and measunng the resulting current flow between them. Based on these curves a limiting 

current can be calculated as well as the series resistance of the cell. EIS is accomplished 

by applying a small potential, generally 5-10 mV, to the electrode bands and alternating 

the current initially at high frequency, — 65 kHz, reducing it in steps to low frequencies, 

-O. 1Hz. The resulting impedance is plotted on the complex plane producing an arc with 

two real axis intercepts. From electrochemical theory, the difference between the high 



and low frequency intercepts can be interpreted as the apparent charge transfer resistance 

of the electrode. The high frequency intercepts value is interpreted as the series 

resistance of the electrode/electrolyte and connecting leads. 

This objective of determining the validity of SETC measurements will be 

achieved by utilizing different BASE configurations, controlling the sodium vapor 

pressure within the cell, which is influenced by temperature gradients across the sample, 

and in the sodium pool, and finally, by identification of errors, which affect the 

measured parameters of SETC. 

The thesis consists of several chapters. The Introduction chapter provides 

information on the theory of AMTEC cell operation, the electrode/electrolyte assembly's 

role in the operation, as well as discussion of the parameters currently used as a measure 

of AMTEC electrode/electrolyte performance. The Literature Review chapter provides 

information and background about the basic structure, processes, degradation and 

electrical characteristics of the P"-alumina solid electrolyte and electrodes used in the 

experiments. It also provides some information about an AMTEC cell functional 

requirements and design parameters. The Apparatus and Experimental Procedure chapter 

describes the methods, experimental procedure, and measurement techniques used to 

determine the performance characteristics of the AMTEC electrodes. In addition it 

provides a functional description of a SETC experimental setup. It also discusses the 

conditions and variables that should be considered in a SETC in order to correctly 

simulate the processes of an actual AMTEC cell. The Results and Discussion chapter 

explains the data obtained from the experiments, as well as the adequacy of the 



experiment and parameters obtained to evaluate the electrode/electrolyte sample 

performance. In the Conclusion chapter the results are summarized followed by a list of 

the important findings. The conclusion that was made is then given. The thesis ends with 

recommendations for the future research and includes appendix sections at the end for a 

more detailed discussion of certain subjects related to this research. 



CHAPTER 11 

LITERATURE REVIEW 

2. 1. Description of the Processes in AMTEC Electrode/Electrolyte Assembly 

This chapter describes the basic structure, processes, losses and electrical 

characteristics of an electrode/electrolyte assembly (BASE tube), the central component 

of an AMTEC cell. In addition, this chapter gives a more in-depth discussion of the 

performance characteristics and degradation mechanisms of the electrode/electrolyte 

assembly at an AMTEC operating environment. 

2. 1. 1. Elements of an Electrode/Electrolyte Assembly 

The BASE tube is the basic building block of the AMTEC cell. It has been under 

intensive development by the Advanced Modular Power Systems (AMPS) and other 

research institutions. ' The AMTEC electrode/electrolyte assembly consists of /I"- 

alumina solid electrolyte (BASE), deposited electrodes, current collector, and leads. 

An exploded view of BASE tube assembly is depicted in Figure 3. Electrodes are 

deposited on inner and outer surface of the BASE. Both electrodes are covered with Mo 

screens that serve as current collectors to augment the axial electrical conductance. The 

anode conductance is further augmented by a thick-walled slotted and grooved cylinder, 

which also serves to press the inner screen against the anode. The cylinder*s eight axial 

slots and circumferential grooves permit passage of sodium vapor to the anode. At the 

bottom of the slotted cylinder is an eccentric tab that serves as the anode lead, for 
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connection to the cathode current collector of the next BASE tube in the cell. The 

bottom of Figure 3 shows a flange that is welded to the BASE tube mounting plate, from 

which it is electrically isolated by two sapphire insulating rings. The whole assembly is 

held together and compressively loaded by a metallic load stud. The threaded top end of 

that stud mates with the assembly's internally threaded top cap. " 

TOP CAP 
GNTERHALLY IHAEADED) 

BRAZEWASHER 

SETA. ALUMINA 
SCUD ELECTROLYTE 
ANODE (TIN) 

CATHODE IW/RI/) 
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COLLECTOR (Mo SCREEN) 

CATHODE TERMINAL 

ANODE CURRENT 
COLLECTOR (Mo SCAEENI 

SMAZE WASHER 

RETAINING RING 

ANODE CONDUCTOR 
AND SPRING TO PRESS 
Mo SCREEN AGAtMST ANODE 

ANODE TERMINAL ~ AETAINIMG RING 

BRAZE WASHER 

SAPPHIRE 
INSULATOR 
AIIIG 

BRAZE WASHER 

BASE TUSE FLANGE 

~ INSULATOR 

J LOAD STUD 

~ 

(IHREADED IEND MATES 
WITH TOP CAP) 

Figure 3. Exp)oded view of the clcctrode/electrolyte assembly 
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2. 1. 2. Physical Processes in the Electrode/Electrolyte Assembly 

Several physical processes occur in an electrode/electrolyte assembly during the 

electrocheinical reaction in an AMTEC cell. These processes include sodium gas 

diffusion, electrochemical reactions, and ion and electron transfer. The following 

sections will discuss each of these processes. 

2. 1. 2. 1. Sodium Gas Diffusion 

Gas diffusion is the mode of transport for the gases in both the porous anode and 

cathode. At the anode, the mixture of liquid sodium and sodium vapor diffuses into the 

electrode. Sodium ions diffuse into the cathode and recombined sodium atoms at the 

electrode/electrolyte interface diffuse out of the cathode. The porosity of thin electrodes 

used in AMTEC cell varies significantly among the mature films, partly due to the 

differing surface morphology of the electrodes. The long tube formula for Knudsen flow 

is inappropriate for modeling the transport properties of the more porous, thin electrodes, 

since in general the pore length is not much greater than its radius. In this research we 

use an approximate formula for the pressure drop in cylindrical pores with small /ia 

ratio. " The Knudsen flow coefficient can then be explicitly written as 

/ 

(2rrMRT, )" 
l+ 

F za'N 
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where T, — the temperature at the anode, M — molecular weight, R- gas constant, F- 

faraday constant, I- pore length, a — pore diameter, N — number of pores per unit area. 

2. 1. 2. 2. Electrochemical Reactions 

There are two electrochemical half reactions that occur in the 

electrode/electrolyte assembly, one at the anode and one at the cathode. The ionization 

of sodium atoms into sodium ions and electrons occurs at the anode. The theoretical 

electrochemical equation that represents the anode half reaction is given by equation [4] 

Nam Na'+e [4] 

In the half reaction at the cathode, sodium iona and electrons recombine to form 

sodium atoms. The theoretical electrochemical equation that represents the cathode half 

reaction is given by equation [5] 

Na'+ e m Na 

2. 1. 2. 3. Ion Transfer 

The motion of charged defects in an electric field gives rise to an ionic 

conductivity, which dominates the electrical behavior of an ionic crystal because 

electronic conductivity is absent. The ions produced at the anode must be transported 

across the P"-alumina solid electrolyte to the reaction sites in the cathode. The transport 

process involves an interaction of ions with each other as well as with oxygen ions in the 

P"-alumina ceramics. 
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The driving force that moves the ions is the positive potential at the anode-BASE 

interface. This potential results from the buildup of sodium ions at the interface. This 

force repels the positively charged ions, pushing the outer ions away from the anode. 

Ionic conduction in P"-alumina is anisotropic in nature because it takes place along a 

plane sandwiched by spinel layers. ' 

2. 1. 2. 4. Electron Transfer 

The electrons released by the electrochemical reaction must travel from the 

anode to the cathode without moving through the P"-alumina solid electrolyte. 

Specifically, the electrons travel from a reaction site in the anode, through the gas 

diffusion region of the anode, the current collector, the external circuit, diffusion region 

of the adjoining cathode, and finally to a reaction site in the cathode. The process of 

moving electrons through a material involves electrons colliding with molecules of the 

material and transferring their energy to the molecules. Each of the excited molecules 

then releases an electron, which collides with other molecule. A net drift of electrons 

occurs in the direction of the positive potential, for the electrons the positive potential is 

the cathode. 

2. 1. 3. Electrical Production 

Losses associated with the electrode/electrolyte assembly are called 

overpotentials or polarization losses, and are separated into activation, ohmic and 

concentration polarizations. Each type of polarization is influenced by many factors 
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including the materials used, temperature of BASE, temperature of the condenser, 

sodium vapor pressure, electrical contacts between electrodes and current collectors, 

resistance to sodium flow at the interface etc. The following section is a discussion of 

the maximum theoretical electrode/electrolyte cell potential and each type of 

overpotential including factors affecting polarization and limiting current in the cell. 

2. 1. 3. 1. Theoretical Cell Potential 

The Gibbs free energy difference, zIG, for sodium across the electrolyte is the 

thermodynamic driving force for sodium ions, and the open circuit voltage, E„, for such 

a concentration cell of AMTEC is given as follows 

/tG A(H — TS j — v/3p+ S/3T 

F F F 
[6] 

where F is the Faraday constant, H- the enthalpy, T- the temperature, S- entropy, v — the 

specific volume, and p- pressure. When the electrolyte for the AMTEC cell is kept at the 

temperature of the high-temperature side, T3, equation [6] can be rewritten as follows, 

assuming that sodium vapor is an ideal gas: 

[7] 

where R is the gas constant. Integration of equation [7] from ps of the high-pressure side 

to an intermediate pressure, p, „, gives: 13 



At open circuit, Na' ions are driven by thermal kinetic energy toward the low- 

pressure BASE surface, causing this surface to acquire a net positive charge. The electric 

field in the BASE builds up until it is strong enough to stop the flow of 1Va'. The open 

circuit voltage E„, is dependent upon the activity (vapor pressure) of sodium at the high 

temperature and the vapor pressure of sodium at the electrode-BASE interface, p, 
which is in equilibrium with sodium at the condenser, pn according to the Nemst 

equation. The dependence of p„, on pi at zero current density is given by equation. I 

(9] 

When the external circuit is closed, electrons flow through the load, neutralizing 

sodium ions at the BASE/porous electrode interface. Sodium atoms absorb their heat of 

vaporization, leave the porous electrode, move through the vapor space, and release their 

heat of condensation on the condenser surface at Tn The voltage developed across the 

BASE separator forces electrons to flow to the porous electrode through the load, 

producing electrical work. ' 

Originally, current voltage models were based on Weber's first 1974 

formulation. ' 14 

E = A — Blogi — /Ra [10] 

where E is the voltage at steady state, i is the current at steady state, Ra is the surface 

electrical resistivity of the solid electrolyte. 
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This formulation did not take into account two important loss mechanisms 

associated with real electrode effects: charge exchange kinetics and transport losses. The 

early model was found to compare reasonably well with the best high power 

molybdenum electrode data. However, the performance of those electrodes was found to 

be transient in nature due to the presence of inadvertently formed Na-Mo-0 compounds 

that enhance both sodium transport through the electrode and interfacial kinetics. These 

compounds decompose and evaporate under typical AMTEC operating conditions, and 

the resulting performance cannot be modeled accurately without including the resultant 

larger kinetics and transport losses. i 

As a result, a new detailed model that includes the previously neglected 

phenomena has been developed at JPL and a new current versus voltage expression for 

AMTEC has been derived. The new expression is based on the electrochemical current 

overpotential equation. 

Current density is given in A/cm, by: 

l (p, +Ap+ p, j& 
i = i, exp[ — ar/f] — ' 

exp[(1 — tr)tlf] 
p4 

The cell voltage, V is contained in the definition of: 

r/=V — E +iR„, [12] 

R, „, is the total ohmic resistance of the cell and F„„ is the open circuit voltage. p/ 

is the pressure due to sodium leaving the electrode, Bp is the sodium vapor prcssure drop 



18 

within the pore, and p4 is the sodium pressure at the electrode when no current flows due 

to evaporation at the condenser, 

[i 3] 

where F is Faraday's constant, and R is the gas constant, ie is the exchange 

current density and cr is the electrochemical transfer coefficient. dp is a function of pore 

geometry that is expressed by a dimensionless morphology factor, G. ' 

2. 1. 3. 2. Overpotentlal 

When an electrolytic cell is under equilibrium conditions no current passes 

through the cell, and both electrodes are at their equilibrium potentials; the algebraic 

sum of these gives E, the theoretical e. m. f. of the cell reaction. For the system to be 

displaced from equilibrium, an e. m. f. greater than E must be applied. Electrolysis will 

then begin, and the current flowing through the cell will indicate the rate of the chemical 

reaction-taking place. This phenomenon can be described by the Nernst equation: 

RT a(oxidised state) 

nF a(reduced state) 
()4] 

where E is the potential at normal conditions (pressure is latm, temperature is 

25 C), T is the temperature, F is Faraday's constant, R is the gas constant, n is the 0 

number of electrons, a is the activity of species. 

One way in which the energy supplied by the external source is expended is in 

overcoming the resistance of the solution to the passage of the current. But after 
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allowing for this voltage drop through the solution, there still remains an amount by 

which the applied e. m. f. exceeds E, q. This difference is the overpotential, r). 

r) = E — E, „ 

where E is the applied e. m. f. and E, qis the e. m. f. at the equilibrium state. 

Since it must be concerned with conditions at the two electrodes, it is best to 

study this separately. The extend by which the cathode potential is found to be more 

negative than its equilibrium value is the cathode overpotential, and, similarly, a working 

anode will be more positive than its equilibrium value by an amount corresponding to 

the anode overpotential. ' 

At least two, and sometimes three, causes of overpotential can be distinguished. 

In the ftrst place, the passage of current immediately alters the concentration of the 

reactive ion at the electrode surface, and the potential needed to maintain current flow 

will increase. This change is called concentration overpotential. A second type of 

overpotential is activation overpotential. The relative importance of this second 

overpotential varies greatly; for a process that takes place readily it will be small, but it 

can be large for an electrode process that requires high activation energy. The third cause 

of overpotential is present when an electrode is covered by an adherent surface layer of 

poorly conducting material. The resistance may be so high that a very large potential 

drop through this surface film is included in the overpotential measurement. 

The overpotential at an electrode (for a given current density) is the sum of these 

effects: the concentration, activation and film resistance (ohmic) overpotcntials 

[16] 
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The third is really a spurious effect, which is easily recognized, if present. Of the other 

two, the first is concerned with the solution side of the interface, the second with the 

electron transfer over the interface. 

The following is a detail explanation of each overpotential type. 

Activation Ove otential 

Activation overpotential is present when the rate of an electrochemical reaction 

at an electrode surface is controlled by sluggish electrode kinetics. In other words, 

activation overpotential is directly related to the rates of electrochemical reactions. There 

is a close similarity between electrochemical and chemical reactions in that both involve 

an activation barrier that must be overcome by the spices. Activation overpotential is 

described by the general form of the Tafel equation' 

RT i In- 
rznF i, 

[17] 

where eris the electron transfer coefficient of the reaction at the electrode being 

addressed, and iti is the exchange current density. 

Ohmic Over otential 

Ohmic losses occur because of resistance to the flow of iona in the electrolyte 

and resistance to the flow of electrons through the electrode materials. The dominant 

ohmic losses, through the electrolyte, are reduced by decreasing the electrode separation 



and enhancing the ionic conductivity of the electrolyte. Because both the electrolyte and 

electrodes obey Ohm's law, the ohmic losses can be expressed by the equation 
15 

Vohm tn [18] 

where i is the current flowing through the cell, and R, „, is the total cell resistance, which 

includes electronic, ionic, and contact resistance. 

Concentration Over otential 

As a reactant is consumed at the electrode by electrochemical reaction, there is a 

loss of potential due to the inability of the surrounding material to maintain the initial 

concentration of the bulk fluid. That is, a concentration gradient is formed. Several 

processes may contribute to concentration overpotentional: slow diffusion in the gas 

phase in the electrode pores, solutionldissolution of reactants/products into/out of the 

electrolyte, or diffusion of reactants/products through the electrolyte to/from the 

electrochemical reaction site. At practical current densities, slow transport of 

reactants/products to/from the electrochemical reaction site is a major contributor to 

concentration overpotential ' 15 

t/„. „„= — ln 1 —— [19] 

where ic is the limiting current. 
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2. 1. 3. 3. Limiting Current 

The rate of mass transport to an electrode surface in many cases can be described 

by Fick's first law of diffusion 

nFD(Cs — Cs i [20] 

where D is the diffusion coefficient of the reacting species, Ca is its bulk concentration, 

Cs is its surface concentration, and b is the thickness of the diffusion layer. The limiting 

current iL is a measure of the maximum rate at which a reactant can be supplied to an 

electrode, and occurs when Cs = 0, i. e. , 
16 

nFDCa 
L [21] 

2. 2, P"-alumina Solid Electrolyte 

P"-alumina is a classic example of a class of material known as superionic 

conductors, so called because they are capable of carrying an elecnic current while still 

in the ionic crystal. In P"-alumina, sodium ions, which are confined to specific 

conduction planes within the ionic crystal, are highly mobile and thus readily carry an 

electric current when an electric field is applied. This section gives some insights about 

the structure, composition and ionic conductivity mechanisms of P"-alumina solid 

electrolytes. In addition, this section discusses the differences between P-alumina and 

P"-alumina solid electrolytes. 
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2. 2. 1. Overview of P" - alumina Group Ceramics 

P"-alumina was first reported as long ago as 1916 but initially it was not 

appreciated that sodium is an essential constituent of the material. That P"-alumina is 

actually a sodium aluminum oxide was established during the first crystal structure 

analysis when the formula of P"-alumina was established as NaqO 11Alq03. It has since 

become clear that P"-alumina is never stoichiometric as prepared and the formula 

(Na20)1„11A(q03 is more appropriate, but the original name remains in general use. 

2. 2. 2. Structure of P-alumina Group Oxides 

The P -alumina group of oxides is characterized by structures composed of 

alternating slabs of close packed oxide and layers with a low atom density containing 

mobile sodium cations. Most of the information concerning the structure of P"- 14 

alumina has been obtained using x-ray diffraction, although in recent years several other 

experimental probes have been applied to determine details of the structure and 

conductivity mechanism. The basic crystal of P"-alumina was established by Beevers 

and Ross in 1937. ' The structure they determined is shown in the Figure 4. The blocks 

of Al' and 0 are packed in the same fashion as the packing in spinel, MgA1204, and are 

usually called "spinel blocks". In this case, Al' ' ions occupy the octahedral sites as well 

as the tetrahedral sites occupied by Mg 
+ ions in spinel. The spinel — type blocks are 

separated by a loosely packed plane containing Na' and 0 . Because of the loose 

packing, space is available for movement of the sodium ions leading to the high ionic 

conductivity shown by P-alumina. However, conductivity is limited to this plane and 
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Figure 4. Idealized unit cen crystal structure pf (a) P-atuntina and (b) P'-alumina 

movement along the z-axis is exceedingly difficult. The material, therefore, is highly 

anisotropic. There are two main subgroups that differ in the stacking sequence of 18 

layers up the unique axis. The first group (P is stacked according to a twofold screw 

axis, contains a mirror plane through the layers of mobile cations and results in 

hexagonal crystal structures. The idealized structure of the unit cell of P-alumina is 
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shown in Figure 4 (a). Figure 5 shows the conducting plane of P-alumina. Ionic diffusion 

occurs exclusively within this conducting plane perpendicular to the z-axis. 

The second subgroup (P") is stacked according to a threefold screw axis, 

contains no mirror plane and has rhombohedral structures. The idealized structure of P"- 

alumina is shown in Figure 4 (b). The unit cell is 50 % larger than that of P-alumina by 

virtue of the difference in stacking sequence. Adjacent close packed oxide slabs are held 

apart by Al — 0 — Al spacer units, but in this structure alternate sodium atom sites lie 

above and below the plane through the center of the oxide spacer atoms and the Na' ion 

diffusion path actually encompasses a finite volume (the conduction slab) rather than a 

js 
plane as in the beta alumina structure as shown in Figure 6. 

0 0'0'0 
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Figure 5. Section through the conduction plane of p. atuLnina 
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Figure 6. Section through the conduction slab of P"-alumina 

2. 2. 3. Ionic Conductivity and Diffusion Mechanisms in P"- alumina 

In nearly perfect crystals, atomic (ionic) diffusion is always connected to the 

existence of lattice defects. The most common types of diffusion in crystals are 
l6 

diffusion through vacancies (vacancy diffusion) and diffusion in through interstitial sites 

(interstitial diffusion). In ionic crystals such as P"- alumina such motion of ions under 

thc influence of an external field creates a net ionic current. The ionic conductivity is 

generally described by an Arrhenius equation' 

o= ex [22] 
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where u is the activation energy of ion motion, C the pre-exponential factor, k the 

Boltzmann constant, and T the temperature. C is given by 

(23] 

where Ze is the charge of the conducting ion, n is the density of defects (the density of 

vacancies in vacancy diffusion or the density of interstitial ions in interstitial diffusion), 

2 is the unit jump distance of the ion, usually the closest ionic pair distance, and v is the 

jump frequency. The corresponding diffusion coefficient D is defined by 

D= D, ex [24] 

where 

C 

(zze'n 

and hence 

a = n(Ze)— D 

(kT) 

The P"-alumina type of crystal structure is ideally equipped for good ionic 

transport in the conduction planes, having a high proportion of defect sites for the mobile 
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ions linked by networks of easy access. One of the properties of p"-alumina is the 18 

ability to replace sodium ions by other metal cations using ion exchange techniques. 19 

In P"- alumina Beever Ross (BR) and anti Beever Ross (aBR) sites are identical 

and represent one set of sites which would be completely filled for stoichiometric 

NaqMgAliaOa . However, this material is sodium deficient, and vacancies in this set of 

sites will be present. If BR sites are considered as lattice sites while aBR or MO 

(midoxigen) sites are interstitial sites there are three conduction mechanisms that can be 

postulated for ig"-alumina: 

I) Vacancy 

Na sR + Vss m Vss + Na ss 

2) Interstitial (direct interstitial movement) 

+ + Na „, o+ V„, o mV»o+ Na ~o 

3) Interstitialcy (indirect interstitial movement) 

+ i + + + i Na ~io + No ss V~o ~ Vmo+ Na BR +Na „o 

One experimental method to help decide which of these mechanisms is 

responsible for conductivity is to compare tracer diffusion coefficients D, with diffusion 

coefficient calculated from conductivity measurements D~ using the Nernst-Einstein 

equation 19 

aRT 
cq' 

[27] 

where c is the concentration of mobile ions and q is their charge. The two diffusion 

coefficients differ because of different jump distances between tracer movement and 
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charge movement and the correlation factor, f. The diffusion coefficients can be given by 

the following equations' 

D, 

=Inst, 

v, f [28] 

[29] 

(where I is a geometric factor = I/6 for cubic three — dimensional motion, 1 is jump 

distance, and vis jump frequency) 

D, 1, v, — ' f = H, (Haven ratio) 
D A. v 

[30] 

The factor f is introduced for tracer jumps because they may not be completely 

random, e. g. , there will be a correlation between successive steps of a particle moving by 

a vacancy mechanism even if the steps of the vacancies themselves are uncorrelated. 

Thus, D, contains a correlation factor while D~ does not. However, it should be noted 

that these relationships have been developed for defect models, which contain a small 

concentration of defects. 

In general, it is usually assumed that v~ = v, and then a measurement of Hs can 

be used to help elucidate the conduction mechanism. For the vacancy mechanism Q = it~ 

and f = 0. 3 — 0. 8 depending on geometrical configuration. Direct interstitial jumps are 

not correlated (f= I) and il, = A. ~so that HR = l. On the other hand when the conduction 

mechanism is indirect, 2, (il~ and f w I and H& w f. ' 
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2. 2. 4. Composition and Phase Relationships of P"-alumina 

The P-alumina structures are remarkable not only for their ionic conductivities 

but also for their versatilities for isomorphous replacement. The stoichiometry of P"- 17 

alumina has long been the subject of some speculation. Traditionally, the stoichiometries 

of both P and P" alumina are referred back to the so called ideal 1:11 stoichiometry of 

Beevers and Ross, with formula NaAlt JO/7 although real materials contain more soda 

than given in this formula. ' 

Several types of phase diagrams have been proposed successfully. For an amount 

of alumina greater than 50 mol % two stable phases appear in the NasO — Al~Os system: 

(1) The NaAlOs aluminate in three allotropic forms: P y; 8 

(2) The P alumina, a non stoichiometric phase of composition between 5. 3 AlqOq, NasO 

and 8. 5 AlqOq, NasO. Its domain increases from 1050 to 1400'C and then decreases on 

the side rich in sodium oxide. The domain disappears around 2000'C at a peritectic point 

where the composition is about 8. 5 Alq03, NasO, The ideal composition, considered for a 

long time as 11 Als03 NasO is never reached. The two phases are separated by an 

eutectic at 1580'C. ' 

During preparation of P-alumina, a metastable form, P"-alumina, is often 

encountered. Discovered with large amounts of sodium oxide, it is also a 

nonstoichiometric phase of composition between 5. 33 and 8. 5 Alq03, NasO. At 1550'C 

p"-alumina is transformed irreversibly into p-alumina. l3" alumina is always 
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accompanied by /I from the moment of its formation. In the P and P" aluminas domain 

of coexistence for the same temperature and the same heat treatment the proportions of /I 

(stable) to p" (metastable) practically do not vary as the amount of A/203 varies. /"- 

alumina, however, can be stabilized by the introduction of impurities. 20 

2. 3. Performance Characteristics of AMTEC Electrode/Electrolyte Assembly 

Components 

An AMTEC cell has been considered an attractive power source for a variety of 

long-term space missions as well as terrestrial applications. Durability requirements and 

high temperature operation of AMTEC have driven the need to investigate potential 

performance degradation of P"-alumina solid electrolyte and electrodes. The following 

sections give some insights about characteristics and degradation phenomena of P"- 

alumina solid electrolyte and porous electrodes at AMTEC operating conditions. 

2. 3. 1. Performance Degradation of /I"-alumina Solid Electrolyte at AMTEC 

Operating Conditions 

Alkali oxide loss from /I"-alumina solid electrolyte at AMTEC operating 

conditions is a concern related to evaporation rate of sodium oxides to low pressure 

sodium vapor at temperatures of 900-1200 C. If sodium oxide loss continues 
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indefinitely, the i(I"-alumina solid electrolyte (BASE) ceramic would eventually be 

destroyed. ' 

There is an interest in the thermal decomposition of BASE at 900 C& T&1200 C 

in vacuum and at low sodium gas pressures, in interactions of BASE with liquid sodium 

or high pressure sodium gas, and also in decomposition induced by reaction with metal 

vapor or other contaminants under given conditions. It is critically important to the P"— 

alumina solid electrolyte not suffer a major loss of ionic conductivity near its surface. It 

would be tolerable if some of the P" — alumina phase were converted to the JJ phase near 

the surface, since the beta phase is still a good ionic conductor, but device failure would 

occur if there were conversion of P"-alumina to a-alumina through loss of all sodium 

oxide at the surface. Both failure due to rz -alumina formation and the performance 

degradation due to moderate conductivity decrease must be incorporated into the 

AMTEC life model. ' 

Sodium JJ"-alumina is one of the best-characterized solid electrolytes, but its 

high temperature chemistry in the range of 500 C to 1500 C is only partly understood. 

In particular, the kinetics of slow degradation reaction of sodium P"-alumina have not 

been definitely characterized. Experiments show that there is sodium oxide loss from 

P"-alumina. This sodium oxide loss is strongly thermally activated and strongly 

suppressed by sodium gas pressure. 

The investigation of high temperature processes in the range 900 C to 1200 C 

which may lead to degradation of sodium P"-alumina in AMTEC devices has been done 

by JPL (Jet Propulsion Laboratory). Modeling done at JPL predicted very slow and 
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highly activated loss of sodium oxide into a gas phase comprised of low to moderate 

pressure sodium gas and extremely low pressure oxygen at typical AMTEC operating 

conditions. Experiments have provided some conformation for this prediction. Sodium 

oxide loss is strongly thermally activated and strongly suppressed by sodium gas 

pressure. Faster thermal degradation by several evaporated transition metals on P"- 

alumina yielding sodium gas is thermodynamically possible. Experiments showed that 

chromium and manganese lead to formation of CrzO+AliOi and MnAlq04 after hundreds 

of hours at 900 C to 1200 C, but reaction with iron is much slower or negligible under 

these conditions. 

Phase change is the most important part describing the degradation of P"- 

alumina, which has three main functions: BASE weight loss, sodium loss, and reactions 

between P"-alumina and components. Experiments indicate that sodium oxide loss from 

P" -alumina into low oxygen activity liquid sodium does not occur at a significant rate at 

900 C. Under the some conditions, decomposition of 99, 8% a-alumina to form NaAIOz 

is fairly rapid. It is evident that both sodium P alumina and sodium P"-alumina are 

thermodynamically stable phases at appropriate activities of sodium and oxygen. Some 

uncertainly in the values of the free energies of formation of these phases remains, as 

does a quantitative understanding of the effect of spinel block stabilizing ions on the 

thermodynamic stability of the P" and P phases. The P"-alumina phase is stabilized by 

spinel block stabilizing ions such as Li' and Mg 
' 

. These stabilizing ions do confer 

greater stability, and seem to be necessary for the high temperature processing which 
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yields pure, dense BASE ceramics: Phase studies indicate that pure sodium P"— 

alumina is not formed without stabilizing ions. 17 

2. 3. 2. Performance Characterization of AMTEC Electrodes 

Tests done in AMTEC research have shown that, the electrode is the component 

most likely to influence device performance and limit operating lifetime. In order to 

select an ideal AMTEC electrode it is required to know characteristics of an electrode its 

degradation mechanisms and also the environment to which that particular electrode will 

be exposed. In addition, it is important to determine the relationship between electrode 

performance and operating and design parameters of the entire cell. 

2. 3. 2. 1. AMTEC Electrode Requirements 

An AMTEC electrode must meet the following requirements in order to achieve 

the desired performance. 

The electrodes must be stable for long periods of time at AMTEC operating 

temperatures (700-1000 C). 

The electrode must be chemically and thermally compatible with other components 

in the cell, including sodium and the P"-alumina solid electrolyte. It must not form 

new phases with other components of the cell, which would adversely affect the 

performance of the cell. 

Thc electrode must provide reaction sites for sodium reduction and oxidation to 

occur. 
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The electrode must provide a path for electrons from the sodium oxidation sites to 

the current collector, and from the current collector to the sodium reduction sites. 

The electrode must provide a means of sodium transport between the reaction sites 

and the vapor space. 

2. 3. 2. 2. AMTEC Electrode Characteristics 

In order to find materials meeting the requirements stated above, certain 

characteristics and properties of both metals and ceramics should be investigated, which 

should help focus the search for an advanced electrode. To address the stability 

requirements, metal and ceramic electrodes should have melting points substantially 

above AMTEC operating temperatures. A high melting temperature generally 

corresponds to a low vapor pressure and a low surface diffusion coefficient, which both 

contribute to the chemical and morphological stability of the electrode. 

Low vapor pressure reduces the chance of contaminating other components in the 

cell and helps ensure that a sufficient amount of electrode remains after an extended time 

at high temperature. A low surface self-diffusion coefficient corresponds to a slow 

sintering behavior, helping to maintain a stable physical morphology over the lifetime of 

the electrode. Sintering behavior is particularly important in AMTEC electrodes, since 

the reaction sites occur only at the three-phase boundary between electrode, electrolyte, 

and sodium vapor space in electrode without internal sodium transport modes. 2 

The coefficient of thermal expansion must also be taken into account when 

selecting an electrode; although, very thin, hence not subject to great internal stresses, 
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the electrode must remain bonded to the electrolyte. Porous metal electrodes should have 

a greater tolerance to differences between electrode and electrolyte thermal expansion, 

compared to the ceramics. Electrode material candidates with higher surface self- 

diffusion coefficients or thermal expansion coefficients that don't match the electrolyte 

might be used in a cermet electrode with P"-alumina. Cermet electrodes offer the 

potential to increase reaction site density per unit electrode surface area and maintain the 

porosity of the electrode by forming a framework of P"-alumina to help control the 

sintering behavior of the metal. The cermet can also effectively adjust the coefficient of 

thermal expansion of the electrode to help reduce thermal stresses. 

Other necessary characteristics include having no reaction with sodium and the 

P"-alumina electrolyte. A ceramic electrode should have a sufficiently negative Gibbs 

free energy at AMTEC operating temperatures to keep material losses due to 

dissociation small enough that they don't interfere with cell operation. 

Once compatibility is addressed, the electrical resistance and sodium transport 

mechanisms must be examined. Although electrical resistance and sodium conduction 

are both properties of the material, the physical morphology of the electrode plays an 

equally important part. Characteristics of the electrode, such as the porosity, thickness, 

grain size, and quality of contact at the electrode-electrolyte interface, can all affect the 

condition of both electrons and sodium to and from the reaction sites. 

The porosity of the electrode affects both sodium transport and electrical 

conductivity. Increasing porosity increases an electrode's sodium transport capability, 
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while reducing its electrical conductivity; therefore, an optimized porosity must be 

achieved. Porosity plays important role in identifying the mode of sodium transport. 24 

2. 3. 2. 3. Sodium Transport Modes in AMTEC Electrodes 

Transport of alkali metal atom through porous electrode of AMTEC cell is 

responsible for significant, reducible losses in the electrical performance of these cells. 

Sodium transport has been characterized in a variety of AMTEC electrodes and several 

different transport modes clearly exist. 

Transport mechanisms include free molecular flow, surface and grain boundary 

diffusion of sodium, bulk diffusion of sodium atoms through condensed phases, and 

sodium ion conduction with charge transfer at the electrode exterior surface. 

Free molecular flow is the dominant transport mechanism in clean porous 

molybdenum and tungsten electrodes, and contributes to sodium transport in all porous 

electrodes, including WPt2, WRhs and TiN. ' Using a free-molecular flow model, the 

value of morphology factor, G, for these electrodes can be determined from impedance 

data. 

Molybdenum and tungsten electrodes containing phases such as Na2Mo04 and 

Na2W04 exhibit very efficient sodium ion transport through the electrode in the ionic 

conducting phase. These electrodes also show reversible electrochemical reaction in 
26 

which sodium ions and electrons are inserted into or removed from phases such as 

Na2Mo04 and Na2 Moq06 which are present in the electrode. 
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WPr2 and WRhs electrodes typically exhibit both free molecular flow transport as 

well as an enhanced thermally activated transport mode, which is probably surface and 

grain boundary diffusion of sodium in the alloy electrode. Sodium transport away from 

these electrodes is affected by both the electrode's properties and the exterior 

environment that inhibits sodium gas flow to the condenser. 

Titanium nitride, TiN, electrodes used in AMTEC cells, and similar electronically 

conducting refractory compounds such as TiB2 and NbN are always physically porous to 

some degree as formed by sputter deposition or screen printing, and those compounds 

sinter quite slowly. Hence free molecular flow is always a significant sodium transport 

mode in these electrodes. Some TiN electrodes also have been found to exhibit 

electrochemical reactions involving electrode phases, which persist in sodium exposure 

test cell at 950 C. ' 

2. 3. 2. 4. Performance Optimization of AMTEC Electrodes 

In order to optimize performance of AMTEC electrodes it is crucial to identify 

all losses and minimize internal resistances within the cell. The losses include pressure 

loss due to sodium flow through the device, heat loss wtthin the cell and resistances 

including contact and sheet resistances, and apparent charge transfer resistance, R, „„ 

which is potential-dependant resistance. The impedance to sodium flow and charge 

transfer must be minimized and optimum values of normalized exchange current density, 

B, and morphology factor, G, should be obtained. 
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In order to effectively identify all losses in AMTEC electrodes and model 

optimum performance characteristics the following issues should be addressed: 

1. Determination of all functions the system must fulfill. 

2. Determination of all functional requirements. 

3. Determination of all critical parameters and constrains in the system. 

4. Determination of the relationship between functions and parameters. 

5. Determination of errors in the system. 

Many parameters are associated with AMTEC power systems; parameters are anything 

that affects the design or performance of the system. An abbreviated list of the 

parameters of AMTEC cell is shown in Table 1. The list is separated into operating and 

design parameters. Operating parameters deal with the AMTEC cell operating conditions 

whereas the design parameters are those associated with the system configuration. 

To understand the relative importance of the parameters and parameter 

interactions an investigation of the parameters are needed. 
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Table l. Important parameters for an AMTEC cell 

Parameter 

Oper//6ng 

Description 

~ Sodium vapor pressure 

at the cathode 

~ Sodium vapor pressure drop 

within the pore 

~ Temperature of the evaporator 

~ Temperature at the condenser 

Design 

Electrode/Electrolyte Assembly 

~ BASE 

~ Electrode 

~ Current collector 

~ ct-alumina braze 

Pressure of the low activity sodium at the cathode 

Pressure difference within the cathode, from electrode/electrolyte 

interface to outer surface nf cathode 

Temperature of sodium at the evaporator, about 900-1000 K; 

high activity sodium 

Temperature of the condenser, about 400-700 K 

Type and thickness of the material and configuration. 

Material of BASE is iI"alumina solid electrolyte 

(NasoLiioA13zoOo). 

Material of the electrode, morphology and physical bond with 

the BASE . 

Type, material and configuration of the current collector. 

Material and configuration of ct-alumina braze, 

Cell Assembly 

~ Sodium return artery 

~ Thermal shield 

~ Evaporator 

~ Condenser 

Wick structure, pressure drop in the return artery, effective 

capillary maximum pore radius of the wick. 

Material, configuration and emissivity of condenser wall. 

Material, configuration and thermal conductivity 

of the evaporator. 

The condenser configuration and material. 



CHAPTER III 

APPARATUS AND EXPERIMENTAL PROCEDURE 

This chapter describes the methods and techniques used in order to meet the 

objectives stated previously and to determine the processes and electrical characteristics 

of AMTEC electrodes. Complete explanation of the experimental setup is given by 

discussing the procedure and materials used in the experiments. In addition, the 

difference between an AMTEC and a SETC electrode/electrolyte configuration is 

described. 

3. 1. Apparatus 

In order to accurately evaluate the performance of AMTEC electrodes it is 

important to provide appropriate operational conditions. These conditions can be 

simulated using appropriate devices and instruments, and the performance characteristics 

of AMTEC electrodes can be obtained. The following sections describe the experimental 

apparatus and procedure used in this research. 

3. 1. 1. The Sodium Exposure Test Cell 

In order to isolate components and determine degrees of interaction we use the 

Sodium Exposure Test Cell (SETC). SETC plays an important role in accelerating 

testing to develop life models for various components of an actual AMTEC cell, to 
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two electrode bands and measuring the resulting current flow between them. Based on 

these curves a limiting current can be calculated as well as the series resistance of the 

cell. E1S is accomplished by applying a small potential, generally 5-10 mV, to the 

electrode bands and alternating the current initially at high frequen'cy, — 65 kHz, 

reducing it in steps to low frequencies, -0. 1Hz. The resulting impedance is plotted on 

the complex plane producing an arc with two real axis intercepts as shown in Figure 10. 

From electrochemical theory, the difference between the high and low frequency 

intercepts can be interpreted as the apparent charge transfer resistance of the electrode. 

The high frequency intercepts value is interpreted as the series resistance of the electrode 

and connecting leads. 

Limiting current 

0. 02 

0. 02 

0. 01 

c, 001 
E 

0. 00 

I -0. 01 

-0. 01 

-0. 02 

-0. 02 

-0. 03 
-6 00 -4. 00 -2. 00 0. 00 2. 00 

Voltage (Volts) 

4. 00 6. 00 

Figure 9. A typical IV curve taken from an electrode test sample run in an SETC 
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Figure 10. A typical FIS plot for an electrode test sample in an SETC showing the impedance of the 

electrode/electrolyte assembly as a function of AC frequency 

3. 1. 1. 1. Performance Optimization of a Sodium Exposure Test Cell 

In order to obtain accurate results and correlate data obtained from SETC model 

with data from AMTEC model it is very important to go through identification and 

resolving of inconsistencies in the measurements of performance data. Only considering 

all these inconsistencies it will be possible to effectively quantify the relationship 

between design parameters, operational parameters and AMTEC performance, and 

hence develop efficient AMTEC model. 

Variables in SETC S ecimen 

An investigation of the electrochemical behavior of a system consists of holding 

certain variables of the electrochemical cell constant and observing how other variables 



vary with changes in the controlled variables. Figure 11 represents a test specimen with 

2 pairs of electrodes. This specimen is placed in the high temperature SETC chamber. 

The parameters of importance in the electrochemical cell are shown in Figure 11. Since 

no current flows when i = 0, and E is determined as a function of concentration, no net 

faradaic reaction occurs, and the potential is governed by the thermodynamic properties 

of the system. An excitation function (voltage) is applied, and a response function 

(current) is measured, with all other system variables held constant. The aim of the 

experiment is to obtain information (thermodynamic, kinetic, analytical, etc. ) about the 

chemical system from observation of the excitation and response functions and 

knowledge of appropriate models for the system. ' 

Electrical vanables 

Electrode variables 

Diffusion 
Surface concentrations 
Adsorption 

solutton variables 

Defects density 
Concentmtion of sodium 

Type and number of dopants 

Material 
Surface area 
Geometry 
Surface condition 
(interface) 

Mass transfer /Poalumina electrolyte 
variables 

Potential (E) 
Current (t) 
Power density (Q) 

External 
variables O Temperature (T) 

Pressure(P) 
Time (I) 

Figure 11. Variables affecting the rate of an electrode reaction in SETC electrode/electrolyte sample 
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Function structure o SFTC 

A function structure will aid in understanding the use of a SETC for testing 

electrode/electrolyte assemblies. It displays the functions that the SETC must provide in 

order to simulate AMTEC operating conditions and measure electrode characteristics. 

Advantages of function structure are: 

-Establishes the relationships among the functions 

-Identifies interfaces among elements of the system 

-Displays the entire system 

A function structure enables us to classify the elements of the system in the 

experiment, and study them in a systematic manner. By breaking up functions into 

simpler subfunctions, we can subdivide a problem into more manageable parts and 

identify the variables that affect the measured parameters. 

Since numerous functions are necessary in the experiment, it is helpful to classify 

these into top level and lower level functions. The number of such functions varies, 

depending on the degree of abstraction, or, conversely, on how close to physical 

functions they are. 



As it was mentioned previously a SETC is used to simulate conditions of an 

actual AMTEC cell and measure the parameters characterizing AMTEC electrodes. The 

procedure for simulating AMTEC operating conditions and measuring electrode 

characteristics in the SETC must include a means for performing the following 

functions: (i) provide a means to control the AMTEC like conditions in the cell and (ii) 

provide a means to take measurements of the electrode characteristics. These functions 

and relationship among them are displayed in the function structure shown in Figure 12. 

A function diagram is an organized display of the functions that must be 

performed to satisfy a need. It is organized such that the need is listed at the top of the 

diagram and the top level functions that must be performed or provided to meet the need 

are listed in the row just below the need. Below each function is a list of sub-functions 

that must be provided in order to perform that function. The sub-functions have lower 

level functions below them that must be provided to satisfy the sub-functions, and so on. 

The decomposition of the overall need into lower level functions continues until a level 

is reached at which no additional decomposition can be accomplished without 

designation of how the function will satisfied. 
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The functions at this level then become the initial functional requirements that must be 

satisfied to fulfill the need. That is, the initial functional requirements are what has to be 

provided in order to initiate the system design. 

Upon completion of the function structure given in Figure 12 it was determined 

that in order to accurately simulate AMTEC operating conditions and measure electrode 

characteristics there are many functions that must be provided by the SETC. Two 

functions that thought to have a significant effect on the measurement of values for B 

and G (see section 1. 3) highlighted in the function structure in Figure 12. The first of 

these is the control of the vapor pressure of the sodium source and the second is the 

configuration of the sample itself. The effect of the sodium vapor pressure may be 

determined by controlling the temperature of the sodium pool in SETC and the effect of 

sample configuration may be investigated testing various configurations of 

electrode/electrolyte samples. These two issues are discussed in detail in the subsequent 

sections. 
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3. 1. 1. 2. Classification of Functions in the SETC Experiment 

Basic functions are classified here under the following categories: 

~ Store/supply 

~ Connect 

~ Branch 

~ Channel 

~ Change magnitude 

~ Convert 

All physical functions in SETC experiment can be shown to belong to one of these 

categories or to be a combination of some of them. A brief description of the basic 

functions is given below. The abbreviations given for each type will be used in the 

figures and in subsequent discussion. 

~ STORE/SUPPLY (STSP). The function "store/supply" implies the storage, and 

eventual supplying, of material, energy, or signal. It includes the functions 

"store", "empty", "supply", and "receive", for energy, material, or signal. The 

functions "hold", "stop", and "release", are also included under this basic 

function. Any of these can imply a lapse of time in execution of the 

"store/supply" function. 

~ CONNECT (CONN). The function "connect" applies whether two or more 

quantities are brought together. It includes physical functions such as "mix", 
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"switch", or "compare" and arithmetic operations. The function has more than 

one input and one output. 

~ BRANCH (BRCH). "Branch" is the opposite of the basic function "connect". It 

has one input and more than one output. It includes functions such as "separate", 

"cut", or "count". 

~ CHANNEL (CHNL). The basic function "channel" includes physical functions 

such as "transmit", "transport", and "convey". It applies to energy, material, or 

signal. 

~ CHANGE MAGNITUDE (CHMG). The basic function "change magnitude" 

implies a change in magnitude while the form remains the same. It is used for 

energy or signal, and for material properties. 

~ CONVERT (CVRT). "Convert" applies whenever the form of the output is 

different from that of the input, as in "convert" pressure to displacement. It cam 

imply a change of state of a material or a change in the form of energy or 

signal. 

In Figure 13 below the general schematic layout of SETC experimental setup is 

depicted. SETC experimental set up was broken up to several functions to better identify 

the error sources in SETC as well as to clarify the losses in the system. Each function 

represents some particular material, energy, and stgnal transport and serves as a link 

between two other functions. Figure 14 shows detail representation of functional layout 

of experimental setup. An explanation of each function is given in Appendix B of this 

work. 



Figure 13. General view of the Sodium Exposure Test Cell experimental setup 
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Figure 14 Functional view of Sodium Exposure Test Cell experimental setup 
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3. 2. Analysis of Tasks 

This section gives a more in depth description of the effect of test conditions and 

sample configuration on the electrode/electrolyte measurements in a SETC. It gives a 

detail discussion about the identification of the accurate sodium vapor pressure 

correlation and a thermal finite element model of a SETC. In addition, this section 

explains the difference in sample configurations in SETC and AMTEC, and gives 

insights about different sodium ionic flow patterns in these configurations. 

3, 2. 1. Effect of Sodium Vapor Pressure in the Sodium Exposure Test Cell on the 

Measurements of Electrode Characteristics 

To determine the effect of the sodium vapor pressure in SETC on the 

measurements of electrode characteristics various sodium vapor pressure correlations at 

the required temperature range were considered and compared. The experiments were 

run at different sodium vapor pressures and the effect of these different pressure values 

was determined. In addition, the finite element model of SETC was developed which 

allowed identifying the temperature distribution within a SETC and understanding the 

nature of temperature gradients across the electrode/electrolyte assembly. This model 

will be able to indicate where the errors can occur in the experiments and helps us to 

improve the quality of measurements by controlling the sodium vapor pressure within a 

SETC. 



3. 2. 1. 1. Sodium Vapor Pressure Correlation in a Sodium Exposure Test Cell 

As it is well known the measuring of the vapor pressures at different 

temperatures is a very difficult task. The sodium condenses on the pressure sensor and it 

does not allow obtaining accurate results from the measurements. The only way to 

obtain accurate vapor pressure values at different temperatures is to select the 

experimental values for known temperatures and correlate them with the values at 

required temperatures. Since the vapor pressure in general depends only on the 

temperature it is required to determine accurate correlation for the sodium vapor 

pressure in 250-350 C range in SETC. The Clausius-Clapeyron equation suggests that 

vapor-pressure data might be fit reasonably well with an equation of the type 

B 
ln P = A —— 

T 
[31] 

Ah 
where A is constant, T is the vapor temperature and B = —, zlh is the enthalpy change 

R 

and R is gas constant. In order to maintain relatively high accuracy, the temperature 

range over which equation [31] is applicable is usually made relatively small. A 

modification of equation [31] can be made by noting that the critical temperature and 

pressure, as well as the normal boiling point Tb are easily measured. By using equation 

[30] at the critical point where T = T, and P = P, and at the normal boiling point at I atm 

we obtain an interpolating equation for the vapor pressure at any temperature between T 

and Ts At the normal boiling point ln P = 0 and hence 
30 
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ln — = h* I-— [32] 

[ ln(P, /1. 013) 
and h* = T„ 

I — T„, 
[33] 

and the reduced temperatures, T„= T, I T„and T, = T IT„ 

To improve the accuracy of equation [30] over a wide range of temperature requires an 

increase in complexity of the equation. For example, the Clausius-Clapeyron equation is 

derived by assuming Ah is a constant. Over a wider temperature range we can model zlh 

as a linear function of temperature. This leads to a vapor-pressure temperature equation 

of the format 

lnP = A — — +ClnT 
B 
T 

[34] 

Several different correlations exist that calculate the vapor pressure of sodium at 

different temperature ranges. In our experiments we used the correlation by Roger 

Williams (JPL) 

P, (T„. — 350) P„(750 — T, „) 
400 400 

[35] 

where he selected two correlations for sodium vapor pressure at high temperature Tr and 

low temperature Ts, and interpolating found the correlation for the temperature range 

that is maintained in SETC, 250-350 C. The correlation for high temperature is given by 

Ditchburn and Gilmour" 

Pj 5567 
lo — ' = 6. 354 — — 0. 5logT~, 

P„, T~„ 
[36] 
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(Tin K valid up to ll50 K) 

The correlation for low temperature is given by Buck and Pauly" 

io — ' =g. og- 

(T in K valid at temperatures between the normal melting point and about 463 K). 

In order to obtain the accurate values for the sodium vapor pressure, to calculate the 

normalized exchange current density, B, in SETC it is required to determine the 

correlation that is in agreement with experimental data and with other existed 

correlations at the required temperature range. In addition, it is required to determine an 

accurate temperature value for the sodium environment at 250-350 C in SETC. 

3. 2. 1. 2. Thermal FEA Model of a Sodium Exposure Test Cell 

An appropriate finite element model should accurately determine the temperature 

distribution within a SETC and across the BETA tube. Determination of the correct 

model will allow one to better understand the nature of temperature gradients in the cell 

and how these gradients can affect the controlling of vapor pressure, which in turn 

affects measured parameters, and therefore, correlate the values obtained from SETC 

with those of AMTEC cell. 

3. 2. 2. Validation of the Electrode/Electrolyte Geometry in SETC 

As previously mentioned, SETC is run to determine the performance of 

candidate electrodes for AMTEC without having to fabricate actual AMTEC cells. 
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Parameters such as 8 and 6 have been formulated to measure and compare the 

performance of the electrodes. A major difference between an SETC and AMTEC cell is 

the electrode/electrolyte configuration, as shown in Figure 16. SETC sample tubes have 

anode and cathode bands deposited on the outside of the electrolyte, both exposed to the 

same sodium vapor space. AMTEC tubes have the electrodes deposited on the inner and 

outer walls of the electrolyte, each exposed to a separate sodium vapor space. 

During operation of an AMTEC cell each of the sodium ions encounters the same 

resistance, which produces a uniform current profile along the electrodes. In SETC the 

sodium ions on the edge of the anode opposite cathode encounter more ionic resistance 

than those atoms ionized closer to the cathode. This causes a non-uniform current profile 

across the anode and cathode. Figure 16 illustrates the fundamental geometry problem 

confronting SETC. In the former case (a), the bulk of the ion flow is in the axial 

direction, while in the latter case (b), the bulk of the ion flow is in the radial direction. If 

the ionic conductivity of BASE differs significantly between the two directions, the 

results measured in SETC will have little or no bearing on the performance of an 

electrode in an AMTEC cell. In addition, the geometry of the SETC sample allows 

possible ionic conductivity along the surface of the electrolyte, which is not possible in 

the AMTEC electrode/electrolyte configuration. Therefore, this is a source of 

inconsistency in SETC because non-uniform current profile within BASE affects B 

value. 
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Figure 15. Schematic view showing the ditference between an (a) SETC and 

(b) AMTEC electrode/electrolyte conliguration 

Sodium ions flow from the anode to the cathode in the small control volume of 

the AMTEC BETA tube, which can be approximated as a rectangular profile. If we 

assume that the sodium flow is uniform within the entire area of BETA tube then we can 

use simpler configuration of BASE in the experiment and obtain the parameters 

characterizing AMTEC electrodes performance. The configuration shown in figure 17 

helps us identify differences in the apparent charge transfer resistances, R„, of two 
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different electrode/electrolyte configurations. Running experiments in SETC, with both, 

configuration in figure 16 (a) and configuration in figure 17, and comparing the results it 

will be easy to conclude if there is a significant difference that can affect the measured 

parameters B and G. These differences can be determined from AC impedance 

measurements. 
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Figurc 16. Schematic view or alternative electrode/electrolyte configuration in SETC 



62 

3. 3. Experimental Procedure 

In order to understand how the objective was met it is important to know how the 

procedure was developed at each step of the research. 

The first part of the objective was to determine the effect of the source of 

inconsistency in measurements of sodium vapor pressure in the sodium pool of a SETC. 

This source of inconsistency addressed is the uncertainty of sodium vapor pressure value 

that is used in calculation of normalized exchange current density, B. This sodium vapor 

pressure value can be determined by selecting the accurate correlation for the sodium 

vapor pressure at the required temperature range in a SETC and by developing the finite 

element model to determine the temperature distribution in the sodium pool of a SETC. 

It is clear that controlling the sodium vapor pressure in a SETC is a very 

important and difficult task, because even small gradients across the BASE sample and 

in the sodium pool can affect the measurements of B value and, therefore, the parameters 

of AMTEC cell performance. 

In order to determine accurate values of the normalized exchange current density, 

B, which depends on the sodium vapor pressure of the sodium pool and vapor pressure at 

the sample, it is required to provide appropriate experimental conditions and to identify 

the accurate values of the sodium vapor pressure in the Sodium Exposure Test Cell. The 

sodium vapor pressure is a function of the sodium vapor temperature in the cell. 

As it was explained in previous sections the steel chamber of a SETC is placed in 

the furnace and the manifold with the flow lines (sodium flow line and air flow line) is 

located outside in ambient temperature. The furnace is heated up and maintained at a 



temperature of approximately 900"C. The sodium pool is wrapped by heater tapes and 

insulated all around. The power supply is used to maintain the temperature of sodium 

pool at about 300"C. The steel tubes for sodium and airflow and for a-alumina rods 

support are exposed to the ambient conditions with the temperature of about 25 C and 0 

steady convection coefficient 8 -10 W/m K. 

To determine the accurate temperature distribution within SETC, ANSYS FEA 

code had been utilized and preliminary finite element model was developed. The 

flowchart of finite element modeling procedure is given in Figure18. Two-dimensional 

model was selected to better simulate the thermodynamic conditions inside the SETC. 

Thermodynamic properties for three different areas in SETC model are given in Table 2. 
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Figure 17. Schematic representation of applied thermal loads on SETC 



Table 2. Selected thermodynamic properties with respect to the specified area for FEA analysis 

AJ- Sodium Va or at 927 C 
A2- Sodium Vapor at 327 C 
A3- Stainless Steel at 927 C 
A4- Stainless Steel at 327 C 

Specific Heat Cr 
(JJkg K) 

2510 
1800 
640 
557 

Density p 
(k /m) 

0. 394 
2. 63 a JO 

7900 
7900 

Thermal conductivity 
k(Wlm K) 

0. 0483 
0. 03 
28 

19. 8 

BEGIN 

Problem description: model 

geometry, materials, and 

loading 

Start solution: apply 
thermal loads 

Begin postprocessing results 

Set GUI preferences, 
change job name and 

change title 

Solve current load step 
Plot temperature distribution: 

contour plot, vector plot 

List results 

Begin preprocessing 
results: define element 

type, and material model Finalize and compare with 

hand calculations 

Create configuration and 

specify attributes 
Save the database 

Save thc database 
END 

Figure 18. The flowchart of finite element modeling procedure in SETC 



65 

The second part of the objective was to determine if there was any difference in 

B value, at the equal electrode area, between BASE tube and BASE disk configuration. 

Two 6. 5mm diameter P"-alumina disks and two BASE tubes from Ionotec Co. , 

were sintered at the temperature 700 C. Four molybdenum electrode patches and four 

molybdenum electrode bonds were deposited on P"-alumina disk and tube respectively, 

using magnetron spattering technique. 

The air was pumped out from the chamber of magnetron sputtering machine to 

0. 9 torr (120 Pa). The chamber of the machine was flushed with argon to eliminate any 

existence of oxygen in it. The pressure inside the chamber, while flushing, was increased 

to 20 torr (2999 Pa) and the chamber again was pumped out to 0. 9 torr (120 Pa). This 

procedure has been done for about 10 minutes. The gun power of magnetron sputtering 

machine was set up to 100 W. The real time to sputter molybdenum on the surface of 

P"-alumina took about 10 minutes: 2 minutes for sputtering oxide level on the surface 

and 8 minutes for actual sputtering. The pressure inside the chamber during sputtering 

was maintained at about 9 torr (1200 Pa). Afterwards the molybdenum mesh was placed 

on each patch of an electrode and cr-alumina rods were fixed on the mesh and were 

wrapped with the molybdenum wire on their sides. A sample of BASE tube 17. 5 mm 

long, 6 mm in diameter and lmm of the thickness of the P"-alumina wall was used. 

Molibdenum electrodes with increments 2. 5 mm were deposited by the same technique 

on the BASE and molybdenum mesh was wrapped around the electrodes and fixed with 

the molybdenum wire. 
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The samples were supported by a-alumina rods in SETC going through the 

flange into the steel chamber. Molybdenum leads were attached to each electrode band 

and threaded through electrically insulated feedthroughs at the flange. As it was 

mentioned previously the sodium P"-alumina/electrode samples were heated in vacuum, 

as well as in low pressure sodium vapor, 10 tol0 torr (1. 3xl0 to l. 3x10 Pa) in 

SETC at temperature 850 C. Experiments were carried out using a high temperature 

furnace where SETC's steel chamber with a diameter of 76mm were placed. A turbo 

molecular pump and a rotary pump arranged in series were connected to the vacuum 

outlet of SETC to provide necessary low pressure inside the cell. After pumping out the 

air for about 20 hours and preheating the steel chamber up to the temperature 600 C and 

the sodium pool up to the temperature 300 C, the sodium reservoir with 20 grams of 

sodium in it was mounted into the sodium fill outlet. The sodium reservoir and sodium 

feedthroughs were heated up to the temperature 200 "C using heater tapes for about half 

an hour to provide sodium flow into the sodium pool. Pressure was measured with an 

ionization gage attached to the vacuum outlet. The temperature at the samples and the 

temperature in the sodium pool were measured using thermocouples installed into the 

flange of SETC. After exposing samples in sodium environment in SETC for about 24 

hours, measurements of Electrochemical Impedance Spectroscopy (EIS) and Current- 

Potential (IV) were taken. These values are necessary to calculate normalized exchange 

current density (B) and morphology factor (G), parameters explained previously, to 

characterize the performance of AMTEC electrodes. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

This chapter consists of three sections. In the first section the introduction of 

results and measurement techniques used in the experiments are presented. In the second 

section the results of the experiments to determine the effect of the test conditions in a 

SETC on the electrode/electrolyte characteristics measurements are presented and some 

insights about errors that can occur in the experiment are given. In the third section the 

results of the investigation of the effect of the electrode/electrolyte geometry on the 

measurements are also presented and discussed. 

4. 1. Introduction of Results 

As was mentioned previously, two types of measurements were made on 

electrode samples in the SETC, controlled potential current-voltage curves (iV curves) 

and Electrochemical Impedance Spectroscopy (EIS). The iV curves were created by 

applying a potential difference between two electrode bands or patches (depending on 

the sample geometry) and measuring the resulting current flow between them. Based on 

these curves, a limiting current, which is used in the calculation of G, can be measured. 

EIS is accomplished by applying a small potential, generally 5-10mV, to the electrode 

bands or patches and alternating the current initially at high frequencies, about 65kHz, 

reducing it in steps to low frequencies, about 0. 1Hz. The resulting impedance is plotted 

on the complex plane producing a semi-circular curve with two real axis intercepts. The 



difference between the high and low frequency intercepts is the apparent charge transfer 

resistance, R, „„of the electrode, which is a resistance including both charge transfer and 

sodium transport effects. The high frequency intercept value is the series resistance of 

the electrode, electrolyte and connecting leads. In this chapter the comparison of two 

different, previously mentioned configurations will be made. The values of the apparent 

charge transfer resistance, R, „„and limiting current, ja, „, will be considered, as the 

parameters affecting B and G values respectively, which in turn characterize AMTEC 

electrodes performance. 

4. 2. Effect of Sodium Vapor Pressure in SETC 

The sodium vapor pressure in SETC directly affects the values of the normalized 

exchange current density, B, and dimensionless morphology factor, G. Therefore, the 

vapor pressure at the vapor source and sample had to be accurately known and 

maintained uniform. The vapor pressure is determined by measuring the temperature in 

the sodium vapor source. This necessitated that the temperature of the source be 

accurately known and uniform. This section discusses the approach followed to obtain 

accurate values of the vapor pressure in the sodium vapor source of the SETC. The first 

concern was to identify an accurate correlation between the sodium temperature and the 

sodium vapor pressure. This can be achieved by evaluating several different vapor 

pressure correlations and selecting one, which is consistent with other existing 

correlations and experimental data, and gives more accurate values over the extended 

temperature range. The second concern was to determine the uniformity of the sodium 



temperature in the vapor source to insure that the temperature measurement of the 

sodium liquid pool was an accurate representation of the vapor source temperature to use 

in the correlation. 

4. 2. 1. Evaluation of Sodium Vapor Pressure Correlations 

After evaluating several correlations for the sodium vapor pressure in the sodium 

pool of SETC the following was concluded: 

I) Roger Williams's correlation cannot be applied for temperatures above 980 C. 

In addition, this correlation gives greater values for the vapor pressure in the 

required temperature range 250 C-350 C, than other considered correlations 

2) Ditchburn and Gilmore correlation fits very weH for the required SETC sodium 

pool temperature range. 

3) Buck and Pauly correlation gives values that are about twice as high as Ditchbum 

and Gilmore correlation at high temperatures. 

4) New correlation was obtained by averaging Buck and Pauly correlation for lower 

temperatures and Browning and Potter correlation for higher temperatures in 33 

order to obtain the vapor pressure values at the temperatures 250 C-350 C. 0 0 

The result of the comparison of several existing evaluated sodium vapor pressure 

correlations and data is given in Figure 19. 
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Figure 19. Comparison of different correlations and data for the sodium vapor 

pressure in the Sodium Exposure Test Cell 

As it can be seen almost all correlations fit fairly well within the temperature 

range of about 300 K-800 K. Explanation of all correlations and data for the sodium 

vapor pressure is given in Appendix D. 

4. 2. 2. Evaluation of the Sodium Vapor Source Temperature Distribution in SETC 

As it was mentioned previously, the finite element approach was chosen to 

determine the temperature distribution and thermal losses in SETC. The finite element 

model set up and selected properties were discussed in the Analysis of Tasks section of 



this work. The objective of this analysis was to determine if heat transfer from the steel 

chamber in a SETC can affect the temperature distribution and therefore the temperature 

gradients in the cell. Two types of thermal loading conditions were used: (I) with 

convection from the hot end, manifold and steel tubes and insulation of the steel 

chamber area that is exposed to the ambient air; (2) the same conditions as in (I) but the 

insulation from the steel chamber area adjacent to the flange was removed and that area 

was exposed to the ambient conditions. Thermal loading conditions are depicted in 

Appendix C of this thesis. 

As it was mentioned before the steel chamber of SETC was heated in the furnace 

and the manifold was exposed to the ambient air. The finite element thermal analysis 

showed that although the manifold and a part of steel chamber were exposed to the 

ambient conditions (condition 2) the temperature was uniform around the electrode 

sample. Even if some convective heat transfer was simulated at the hot end of the shell 

the results still indicated that there was not any temperature gradients across the sample. 

Figures 20-21 represent the difference in temperature profiles between two loading 

conditions. As you can notice the slope of the temperature curve in the region of the 

sodium vapor source for the condition (I) is approaching the maximum value then the 

slope of the temperature curve for the condition (2) in the same region. This can be 

explained that providing heat transfer from the steel chamber in the region adjacent to 

the manifold makes it possible to control the uniformity of the temperatures in the 

sodium vapor source. In addition, as you can notice this heat transfer does not affect the 
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uniformity of the temperature across the sample in the steel chamber. The detail 

description and steps of modeling is given in Appendix C. 
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4. 3. Geometry Effect 

The comparison of two different configurations of the electrode/electrolyte 

samples showed that there was little difference (about 10%) in calculated values of 

normalized exchange current density, B, and morphology factor, G. Although the ionic 

flow in the tube is along the surface of the electrolyte and ionic flow in the disk is 

through the bulk of the electrolyte, several measurements taken from the experiment 

confirm the fact that the apparent charge transfer resistance, R, «, and limiting current, 

ji, , values did not change significantly for different electrode geometries. In addition, 

several measurements of R, «and ji;, „have been done between different electrode pairs on 

the disk and finally confirmed the fact that the geometry of the sample in a SETC does 

not have a significant effect on the results of the experiment. 

The measurements were done using 3-point measurement technique at various 

temperatures of the electrode and sodium vapor source. 

Since the tube samples did not behave properly (readings were very erratic) it 

was impossible to obtain the values of limiting current, ji;„, for this configuration. The 

data for ji; were obtained applying voltage between different electrode pairs only for the 

BETA disk. 

Figures 22-25 represent the Electrochemical Impedance Spectroscopy (EIS) 

measurements for tube and disk configurations at various temperatures of the electrode 

sample and the sodium vapor source. From these plots the apparent charge transfer 

resistance, R, «, can be determined. As it was mentioned previously the apparent charge 
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transfer resistance is the difference between the values of high frequency intercept and 

low frequency intercept on the EIS plot. 
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As was mentioned the measurements of the limiting current, jt;„„between 

electrode pairs on the disk were determined from iV curves. iV curves for different 

electrode pairs on the disk sample show that the limiting current does not change 

considerably for all measured temperature ranges. From limiting current value of 

morphology factor, G, can be obtained which characterizes the sodium transport in the 

electrode. Figures 26 to 31 represent iV curves for different electrode pairs on the disk. 
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Figure 26. IV curve for the disk configuration between electrodes 1-2 
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A comparison of values, characterizing the performance of electrode/electrolyte 

assembly, for two different geometries is given in the Tables 3 to 6. It can be seen that at 

temperatures of the electrode 562 C, 698 C, and 811 C the normalized exchange current 

density values for the disk configuration are less than those for the tube configuration. 

The values of the apparent charge transfer resistance, R„„on the contrary, are greater for 

the disk configuration than those for the tube configuration. For the temperature at the 

electrode 861 C, the normalized exchange current density, B, for the disk configuration 

is still less than that for the tube configuration, but the apparent charge transfer 

resistance, R„„ for the disk configuration is also less than that for the tube configuration. 

The following tables show the comparison of the parameters measured in the SETC 

experiment for various temperatures of the electrode and sodium vapor source. 
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Table 3. Parameters measured in SETC for two different electrode/electrolyte configurations. 

Temperature at the electrode 562 C. Temperature in the sodium pool 193 C 

R„„(ohms) jti» (amps) 

BASE Tiibe (niolybdenum electrode) 

(M4G26A) 

BASE Disk (molybdenum electrode) 

(D)G26A) 

46. 3 

1. 43E-2 

114. 9 

89. 7 

Table 4. Parameters measured in SETC for two different electrode/electrolyte configurations. 

Temperature at the electrode 698 C. Temperature in the sodium pool 230 C 

Rew(ohms) ji; (amps) 

BASE Tube (molybdenuin elecrrode) 

(M4G26B) 

BASE Disk (molybdennm electrode) 

(D/G26B) 

81 

95. 9 1. 44E-2 

11. 3 

7. 6 9. 1 

Table 5. Parameters measured in SETC for two different electrode/electrolyte configurations. 

Temperature at the electrode 811 C. Temperature in the sodium pool 271 C 

Rew (ohms) Jinn (amps) 

BASE Tube (molybdenum electrode) 

(M4G27A) 

BASE Dis/ (molybdeniim electrode) 

(D/G27A) 

72 

91. 4 1. 46E-2 

3. 2 

98. 7 
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Table 6. Parameters measured in SETC for two different electrode/electrolyte configurations. 

Temperature at the electrode 861 C. Temperature in the sodium pool 299 'C 

R„, (ohms) stun (amPs) 

BASE Tube (tttolybdenunt electrode) 

(M4G27C) 

BASE Disk (tnolybdenum electrode) 

(D)G27C) 
1. 49E-2 10 

Measured apparent charge transfer resistance, R„„values for one set of 

measurements is shown in Table 7. The sodium vapor source temperature was 299- 

301 C, measured with a thermocouple in the sodium pool in the SETC. The electrode 

sample temperature was 864-866 C, measured 5 cm away from the position of the 

samples. Configuration 1-2 has electrode 1 as the working electrode and reference 1, 

with electrode 2 as the counter electrode, and electrode 4 as reference 2, see Figure 16. 

Configuration 1-3, Figure 16, has electrode 1 as the working electrode and reference 1, 

with electrode 3 as the counter electrode, and electrode 4 as reference 2. Configuration 

1-4 has electr'ode 1 as the working electrode and reference 1, with electrode 4 as the 

counter electrode, and electrode 2 as reference 2. 
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Table 7. Rea values measured in SETC for different electrode pairs «in the disk at the temperature of 

the electrode 861 C 

Electrode Pair 

1-2 

R, „('ohms) 
8/27/01 

9. 0 

R~, ('ohms) 

8/28/01 

9. 4 

R„„(ohms) 
8/29/01 

9. 0 

R, „(ohms) 
8/30/01 

9. 7 

1-3 9. 2 9. 9 9. 3 10. 1 

1-4 8. 7 9. 8 

2-3 7. 2 8. 5 

2-4 7. 8 8. 14 7. 55 

3-2 18. 6 33 

3-4 18. 7 22 19. 9 31. 6 

4-1 10. 9 11. 9 1 1. 9 

Measured limiting current values, ji;„„ for two sets of measurements are shown in 

Table 8. Configuration 1-2 is identical to the sodium ion flow configuration in an 

AMTEC converter. Configuration 1-3 is identical to the sodium ion flow configuration 

in a SETC. Configuration 1-4 is intermediate between the configurations 1-2 and 1-3. 

Note that the fluctuations from day to day are greater than the differences between the 

configurations. Also, the trends in the values of R„, and ji;, „are consistent between 

configurations. 
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Table 8. js values measured in SETC for different electrode pairs on the disk at the temperature of 

the sample electrode 861 C 

Measured eleclrode 
Electrode Pairin ) 

1 (1-2) 

j ~s (milliamps) 
08/31/01 

15. 8 

js (milliamps) 
09/04/01 

14. 3 

je (milliamps) 
09/04/01 

13. 8 

ju (milliamps) 
09/07/01 

13. 4 

1 (1-3) 15. 6 14. 2 13. 6 13. 2 

1 (1-4) 14. 1 13. 7 13. 2 

2 (1-2) 15. 4 14. 5 14. 7 15. 1 

2 (2-3) 14. 4 14. 6 14. 8 

2 (2-4) 15. 2 14. 3 14. 7 14. 8 

3 (3-4) 12. 2 11. 4 11. 6 11. 7 

Figures 32 to 35 below were compiled from B values calculated using electrode 

temperature, sodium vapor source temperature and apparent charge transfer resistance 

values measured in the SETC for the two different sample configurations. Each plot 

represents a different electrode on a sample for each of the configurations (see Figures 

15 and 16). The trend line superimposed on the data plot comes from a polynomial 

regression using all data points. These are plots of B value versus the electrode 

temperature. As expected little variations exist between different sample configurations, 

and also between electrode pairs. 

As seen in Figures 32-35, the value of B in general decreases with increasing 

electrode temperature, but increases for both configurations and each electrode at the 

temperature of 861 C. The general relation between trend lines of two different 
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configurations of each electrode indicates the steady change of B value with change of 

electrode temperature. 
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Figure 34. Polynomial trends of B value with respect to electrode temperature for the tube and disk 

configuration for electrode 3 

Ill 
C 
Ol 'o 

Ol 

u 
ts 
cs 
L 
lO 

U 
X e 

li 
E 
0 z 

a Tube configuration (M4G26rg 

~ Disk configuration (D4G26A) 

Pdy. (Tube astsguratmn (M4G26A)) — Pdy. (Disk configuration (D4G26A)) 

650 700 750 8CO 850 000 

T mperahse at the eieceode (C) 

Figure 35. Polynomial trends of B value with respect to electrode temperature for the tube and disk 

configuration for electrode 4 



86 

As it was discussed in previous chapters sodium ions move along the surface of 

the P"-alumma in the tube configuration in a SETC, rather than through it as in disk 

configuration. This flow pattern would encourage sodium ions to react preferentially at 

sites near the inner edges of each electrode, particularly at lower vapor pressure 

conditions, when many sites are not constantly occupied. As the sodium vapor pressure 

increases, more current is pushed through the bulk of the sample, so more and more sites 

are constantly occupied, forcing the additional sodium ions to use more distant sites to 

react. Eventually, entire area of the electrode would be in constant use, and the value of 

B would no longer change with temperature. 

Notice that the difference in B value for the two configurations decreases as the 

temperature increases toward actual AMTEC temperatures. This again indicates that the 

geometry of the sample will not affect the electrode characteristics determined in a 

SETC. There appears that there is a tendency for B value to increase after decreasing 

with temperature and reaching a minimum. This trend, however, is inconclusive without 

data at higher temperatures. 



87 

CHAPTER V 

FINDINGS, CONCLUSION AND RECOMMENDATIONS 

5. 1. Summary 

Sodium exposure tests were conducted to determine if the parameters measured 

within a Sodium Exposure Test Cell (SETC) provide an effective predictor of actual 

AMTEC electrode performance. Two different electrode/electrolyte configurations were 

used to determine the difference in the apparent charge transfer resistance, R, «, and 

limiting current ja„„of electrodes. These values were measured by controlled potential 

current-voltage curves (iV curves) and Electrochemical Impedance Spectroscopy (EIS) 

techniques. 

To validate the accuracy of the sodium vapor pressure value in the sodium pool, 

several sodium vapor pressure correlations were considered and compared at the 

required temperature range in SETC, and Ditchburn and Gilmore correlation was 

selected. In addition, to determine the inconsistency in the temperature measurements in 

the sodium pool the finite element modeling was done to identify the temperature 

distribution and temperature gradients in SETC. 

In order to identify the errors and inconsistencies in SETC experimental setup, 

the function structure was developed, and functional requirements of every function 

were determined. The errors in the experiment can occur because of the current collector 

overlap or underlap on the electrode, the presence of vacuum leak and inconsistency to 

sense accurately the sodium vapor pressure in the sodium pool. Since the relationship 
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between sodium pool temperature and sodium vapor pressure is exponential, even a 

10"C difference between the measured sodium pool temperature and the actual sodium 

pool temperature causes a 20% to 30% change in the calculated value of B. 

5. 2. Findings 

The important findings from this investigation are shown below: 

~ Ditchburn and Gilmoure correlation for the sodium vapor pressure was the 

best correlation suggested to be used in calculations of the sodium vapor 

pressure in a SETC. 

~ Uninsulated region of the steel chamber of a SETC made it possible for heat 

to be transferred from that region which affected the temperature to be 

uniform in the sodium vapor source in a SETC. 

~ All configurations of electrode/electrolyte sample tested in a SETC have 

shown little difference in B and G values and had the same trend in 

decreasing a difference in B value between the two configurations as the 

temperature increased toward actual AMTEC temperatures. 
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5. 3. Conclusion 

The attempts made in this research, to identify accurate correlation for the 

sodium vapor pressure and to maintain the uniformity of the temperature in the sodium 

vapor source, show that it is possible to accurately simulate AMTEC like conditions in a 

SETC and therefore to obtain accurate values of B and G that characterize the 

performance of AMTEC electrodes. 

The results of this research also indicate that the geometry of the sample in SETC 

does not have a significant effect on the results of the experiment. Further, both 

configurations, SETC BASE tube, and SETC BASE disk, clearly showed the same trend 

in the measured values. This indicates the fact that the SETC configuration used by JPL 

and Center for Space Power in the past gave useable data for calculating the AMTEC 

electrode parameters B and G, and may be confidently used for measuring AMTEC 

electrode performance in the future. 

5. 4. Recommendations 

Further consider small changes in the apparent charge transfer resistance, R„„„ 

and limiting current ja, and determine the deviation from the AMTEC 

electrode/electrolyte configuration. 

Find correlation between axial ionic flow in the disk configuration in SETC and 

radial ionic flow in electrode/electrolyte configuration in AMTEC cell. 

Find better ways to fix the current collector on the disk, and try to minimize 

parasitic losses related to active electrode area. 
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Develop a detail function structure for electrode operation and try to identify 

losses in the experiment. 

Run experiments in SETC at higher temperatures, about 1000 C of electrode 

temperature and 400 C of the sodium pool temperature, and determine if there is any 

change in B value. Also determine if there is any Knudsen flow effect on the measured 

parameters. 

Continue investigations in determining accurate value of the sodium vapor 

pressure in the sodium pool. Try to simulate accurate sodium vapor properties at the 

required temperature range in SETC and develop consistent thermal model to determine 

the temperature distribution in SETC. 
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APPENDIX A 

ELECTROCHEMICAL MEASUREMENTS FOR AMTEC ELECTRODES 

Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy is a valuable technique. It is widely used in 

different research areas. The method involves the application of a small perturbation of 

the potential or the current. The perturbation is a single sine wave or a superposition of a 

number of sine waves with different frequencies. From the apphed perturbation and its 

measured response the magnitude of the impedance and phase shift is determined. Since 

the technique is called spectroscopy, parameters are measured as a function of the 

frequency of the applied perturbation. 

Theory 

Ohm's law gives a simple relation between dc-potential (E) and dc-current (i)t 

E =IR 

When ac-signals are involved the relation is: 

where Z is the impedance 

Basic elements and plot formats 

The simplest case is found with a pure resistance 

Resistance: 
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Thc impedance is Z= R. The phase difference between the ac- potential and ac-current is 

0. The impedance of a resistance is independent of the applied frequency. 

The capacitor is also an important element in electrochemical impedance spectroscopy. 

The interface between the electrode and solution ideally behaves as a capacitor and is 

called electrical double layer capacitance. The magnitude of the impedance of a 

capacitor is equal to —, and the phase angle is always 90 . 
l 0 

NC 

1 
Capacitance: + I Z =— 

NC 

The most simple electrochemical cell behaves like a resistance in series with a capacitor. 

R. i't Cgt 

R»t is the ohmic resistance of the solution and Cqt the double layer capacitance. At high 

frequencics, the magnitude of the impedance equals R„~ with a phase angle of 0 . At low 

frequencies the impedance will be frequency dependent and the phase angle will be 90 . 

The complex plane notation is depicted in Figure 36. 

Z = Z + jZ with j = ~l 
The value Z is the projection along the x-axis and Z along the y-axis. Z' is called in- 

phase or real impedance and Z" out-of-phase or imaginary impedance. The cell 

impedance is: 

~Z~=(Z'+Z" I 
s and 

Z" 
tanft =— 

Z' 



The complex notation of the impedance of the cell is given by: 

Due to the double layer capacitance the cell impedance usually depends on the applied 

frequency. The value of Z' is independent of the frequency and is equal to R„s while the 

I 
imaginary impedance Z" equals —, 

NC 

Another common plot format of impedance spectra is the Bode plot. In general it depicts 

two curves. The x-axis shows the logarithm of the frequency. The left axis gives the 

logarithm of the impedance, while the right axis the phase angle. If a faradaic reaction 

occurs at the electrode, a faradaic impedance parallel to the double layer will be found. 

In case of a simple irreversible reaction, this faradaic impedance is a pure resistance and 

is called charge transfer resistance R„e 

Cs 

R. ot 

R„ 

Figure 36. Equivalent circuit for a simple electrochemical cell, showing the solution resistance R s 

double layer capacitance Ca and charge transfer resistance R„ 

This circuit will show a semi-circle in the impedance plot. At high frequencies 

the impedance is determined by the solution resistance Rr, s At very low frequencies the 

cell impedance is equal to Rnu + Rre Both limits show a phase shift equal to 0 . At 
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intermediate frequencies, the cell impedance is influenced by the value of the double 

layer capacitance C~s 
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APPENDIX B 

DESCRIPTION OF FUNCTIONS IN SETC EXPERIMENTAL SETUP 

~ STORE/SUPPLY (STSP). The function "store/supply" implies the storage, and 

eventual supplying, of material, energy, or signal. It includes the functions 

"store", "empty", "supply", and "receive", for energy, material, or signal. The 

functions "hold", "stop", and "release", are also included under this basic 

function. Any of these can imply a lapse of time in execution of the 

"store/supply" function. 

~ CONNECT (CONN). The function "connect" applies whether two or more 

quantities are brought together. It includes physical functions such as "mix", 

"switch", or "compare" and arithmetic operations. The function has more than 

one input and one output. 

~ BRANCH (BRCH). "Branch" is the opposite of the basic function "connect". It 

has one input and more than one output. It includes functions such as "separate", 

"cut", or "count". 

~ CHANNEL (CHNL). The basic function "channel" includes phys'ical functions 

such as "transmit", "transport", and "convey". It applies to energy, material, or 

signal. 

~ CHANGE MAGNITUDE (CHMG). The basic function "change magnitude" 

implies a change in magnitude while the form remains the same. It is used for 

energy or signal, and for material properties. 
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~ CONVERT (CVRT). "Convert" applies whenever the form of the output is 

different from that of the input, as in "convert" pressure to displacement. It cam 

imply a change of state of a material or a change in the form of energy or 

signal. 28 

An explanation of each function is given below. 

1. 1 CHMG — Pump. This function provides a means to move air from the 

Sodium Exposure Test Cell and provides vacuum of 10 torr in the steel 

chamber of SETC. 

1. 2 CONN — Vacuum outlet. This function provides proper connections of the 

pump outlet to SETC. The joint between pump outlet and SETC vacuum 

outlet must be sealed good enough to prevent air penetration into SETC. 

1. 3 CHMG — Valve. This function controls airflow rate from SETC. This 

valve controls the sealing of SETC's vacuum outlet. 

1. 4 STSP — Sodium pool. This function provides a means to contain the 

1. 5 

sodium that is coming from sodium reservoir. Sodium pool contains 

sodium within specified place preventing liquid sodium flow in the steel 

chamber. 

CVRT — Sodium phase change. This function provides means to change 

the phase of sodium from liquid to vapor in the sodium pool. The sodium 

pool is heated to the temperature of about 300 C and sodium inside it 

evaporates and moves to the sample in the steel chamber. 



100 

Ld STSP — Steel chamber. This function provides means to contain sodium 

vapor and accommodate the samples in the vapor sodium environment. 

1. 7 CHNL — Electrode/electrolyte sample. This top-level function provides 

means for all physical and electrical processes at the P"-alumina 

electrolyte, electrode/electrolyte interface, and electrode. 

1. 7. 1 CVRT — Charge separation at the anode. This function provides means to 

separate the charge at the anode. Potential difference applied to the 

electrodes initializes charge transfer and mass transport within 

electrode/electrolyte assembly and charge separation takes place in the 

electrode/electrolyte interface. 

1. 7. 2 CHNL — Transport of ions and electrons. This function provides means to 

carry electron current through the leads and sodium ion current through 

the electrolyte. 

L7. 3 CHNL — Cathodelelec/ro/y/e interface. This function provides means for 

processes taking place in cathode/electrolyte interface. These processes 

include charge transfer across the interface, mass transport, 

recombination of sodium ions and electrons and chemical kinetics. The 

value that is measured showing the resistance at the interface is the 

normalized exchange current density, B. 



1. 7. 4 BRCH — Elecrrodelmesh interface. This function provides means to carry 

the current from the electrode. Molybdenum mesh is bounded around 

the electrode to provide better contact between electrode and leads going 

to FRA and PTST. 

1. 7. 5 CONN — Mo wirelmesh contact. This function provides means to fix the 

current collector on the electrode and to carry the current through the 

leads. The contact resistance between wire and mesh should be 

minimized. 

2. 1 STSP — Sodium reservoir. This function provides SETC with sodium 

source. The sodium is stored in the steel container, which has an outlet 

cap nut that prevents sodium oxidation while keeping the container in the 

ambient conditions. 

2. 2 CONN — Sodium outlet. This function provides means for sodium to flow 

in the SETC sodium pool. It is very important to provide good sealing in 

the joints to prevent sodium leak and oxidation of sodium. 

2. 3 CHMG — Sodium outlet valve. This function provides means to control 

sodium flow rate into SETC. This valve controls the sealing of SETC's 

sodium outlet. 

3. 1 CHMG — Power Supply. This function provides energy source in order to 

heat the sodium pool. 

3. 2 CVRT-Heater Tape. This function provides means to convert electricity 

into thermal energy in order to heat sodium pool to the temperature of 
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300 C. The heater tape is banded around sodium pool and connected to 

the power supply. 

3. 3 CHNL — Conduction. This function provides means to transfer the 

thermal energy from heater tape to the sodium pool. 

4. 1 STSP — Indicator. This function provides means to convert the signal into 

the digital representation. It receives the signal from the thermocouple 

placed in the low temperature region of SETC and stores the information 

indicating it on the screen. 

4. 2 CVRT — TItermocouple. This function provides means to detect the 

temperature change in the low temperature region of SETC. 

5. 1 CHNG — Furnace. This function provides means to heat the steel shell up 

to temperature 850-900 C. It has three indicators that show temperature 

in three spots of the cell surface: in the right hand side, in the middle, and 

in the left-hand side of SETC. 

5. 1. 1 CVRT- Resistance Heaters. Resistance heaters are placed in the furnace to 

provide resistance to the current and heat up the SETC steel shell. 

5. 1. 2 CHNL — Conduction. This function provides means to transfer the thermal 

energy from the furnace to the steel shell of SETC. 

6. 1 STSP — Indicator. This function provides means to convert the signal into 

the digital representation. It receives the signal from the thermocouple 

placed in the high temperature region of SETC and stores the information 

indicating it on the screen. 
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6. 2 CVRT — Thermocouple. This function provides means to detect the 

temperature change in the high temperature region of SETC. 

7. 1 CVRT — PC. This function provides means to store measured data and 

assign the signals directed to elecnode/electrolyte sample. 

7. 2 CONN — Connection from PC to Frequency response analyzer (FRA) and 

potentiostat (PTST). This function provides interface between PC and 

FRA and PTST. The connections should be properly checked to avoid 

parasitic losses. 

7. 3 CVRT — Frequency response analyzer and potentiostat. 

This function provides means to apply and receive signals to and from the 

specimen. Solartron potentiostats feature two digital voltmeters with high 

accuracy and linearity throughout the instrumental range for simultaneous 

voltage and current measurement. They also offer 2, 3 and 4 terminal 

measurements. Coupled with a Solartron frequency response analyzer, 

such as the 1260 or 1255B, electrochemical impedance spectroscopy 

(EIS) measurements can be performed over a full 0. 1Hz to 65kHz 

frequency range. 

The Frequency Response Analyzer injects a test signal and measures the 

response of a system to that frequency on two return signals. It makes 

swept frequency response measurements that gives magnitude and phase 

data plotted verses frequency. 
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7. 4 CONN — Connection port. This function provides interface among 

connection wires of FRA, PTST and contact board. 

7. 5 BRCH — Contact board. This function provides interface between leads 

from each electrode in SETC and leads of FRA and PTST. 

8. 1 CHMG — Power Supply. This function provides energy source to heat the 

sodium reservoir. 

8. 2 CVRT-Hearer Tape. This function provides means to convert electricity 

into thermal energy in order to heat sodium reservoir to the temperature 

of 300 C. The heater tape is banded around sodium reservoir and 

connected to the power supply. 

8. 3 CHNL- Conduction. This function provides means to transfer the thermal 

energy from the heater tape to the sodium reservoir. 

9. 1 STSP — Ionization gage. This function provides means to receive the signal 

from the pressure sensor converts and stores the information indicating it 

on the screen. 

9. 2 CVRT — Pressure sensor. This function provides means to sense the 

pressure change in SETC and convert that information to ionization gage 

indicator. 
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APPENDIX C 

SETC FINITE ELEMENT MODELING 

The Finite Element A roach to Thermal Anal sis 

Let's consider the two-dimensional heat conduction 

[3g] 

Since the SETC manifold is exposed to the ambient conditions there is convection on the 

surface of the manifold and steel tubes. Using Newton's law of cooling 

q=h(T-T ) [39] 

and conservation of energy and after some simplifications and rearrangements we can 

obtain the equation for two-dimensional heat conduction with convection as 

a ( aTi a aT aZ- 
K — + — K — +Q = pc — + — (T — T„) ai-aJ a, -d, = 

a~ A 
[40] 

For steady state, any differentiation with respect to time is equal to zero, so equation [40] 

becomes 34 

K — + — K — +Q= (T — T ) [41] 

The total potential energy functional is 

tr„=U+Qa+Q, +0„ [42] 
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where U — — ffj K„, . — +K, , — V [43] 

[44] 

S2 and Ss are separate surface areas over which heat flow q and convection loss 

h(T — T„) are specified. 

After discretizing the continuum and selecting element type we select a temperature 

function 

[45] 

where T', T', T', „are the nodal temperatures, and the shape functions, which depends 

on the number of nodes in the selected element, are given as 

1 
N, = — (tz, . +P, . x+y, y) 

N, = — (a, +P, x+y, y) 
l 

[46] 

1 
N„, = — (rr„+P, „x+ y' y) 

where tr, = x, y y, x, . tr, = x y, 
— y x, tr =x, . y, — 

y, . x, 

p =Y; y) [47] 

T. =x, . — x =x — x, 

The gradient matrix is defined as 
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aT 

tg)= ~T 

t]y 

[48] 

Substituting equation [45] in equation [48] we have 

BN, tl&7 BN, „ 

-aalu, 
' 

eely ily dy ™ 

[49] 

Rewriting equation [49] in compact matrix form, we have 

[50] 

where, [B] is the rectangular matrix on the right side of equation [50] 

2A T, . P, P, „ 
[51] 

The heat flux/temperature gradient relationship is now 

[52] 

where the material property matrix is 

[53] 

At this point we will derive the element conduction matrix substituting the equations 

[45] — [53] tnto equation [43] and [44] and then using equation [42], rra can be written in 
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matrix form as 

. =-fff[)s)'I&Is&~-JJJI~)'Is)'a«-JJI~)'I~)'e«+ — Jf"I(I&')'I&)' T ) $s I54I 

Substituting equation [50] into equation [54] and using the fact that the nodal 

temperatures (T') are independent of the general coordinates x and y, and can therefore 

be taken outside of the integrals, 

rr„= — (T') fff [f1] [D][ft]dv(r }- (r )' Jff [N] g~v— 
2 v V 

- (r }' f J [N]'qds+ — f J hrfr'}'[N]'[N][r') 
2 s 

-(tr'}'[N]'+ [N][r'))T + T' ]dS 

[55] 

In the equation above, the minimization is most easily accomplished by explicity writing 

the surface integral Ss with (T') left inside the integral. On differentiating equation [55] 

with respect to [T'), we obtain 

— '" = Jff[fl]'[DIII]dv&r'}- Jff[N]'0« [56] 

— 
Jf [N]'pdS+ Jfh[N]'[N]dSfr'}- Jf [N] hT„dS = 0 

Simplifying equation above, we obtain 

[ 
Jff[a]" [D][a]dv+ f Jh[N]" [N]ds fr) = tf, )+(f, )+ JJ„) 

V s, 

[57] 

The force matrices have bccn defined by 



P, j= Jff[N]'Qav t[)= Jf[N]'qas (f„)= Jf(N)'jtT as [5g] 

where (f'c)- heat source 

(f, ) - heat flux 

(f„ f- convection 

Since we are formulating element equations of the form f = kT', we have the element 

conduction matrix for the heat — transfer problem given in equation [57] by 

[k]= Jff(a)'(D)(apv+ Jf j(N]'(N]as [59] 

where the first and second integrals in equation [59] are the contributions of conduction 

and convection, respectively. The first integral of equation [59] (conduction portion) is 

defined by 

[60] 

Assuming constant thickness in the element and noting that all terms of the integrand of 

equation [60] are constant, we have 

(k, ]= Jff[&) (DI&WV =T'&(&)r(D][&] 
V 

[61] 

The second integral of equation [59] (the convection portion) is defined by 

[k„] = ffh[N] (N]as [62] 



Multiplying the matrices in equation [62] we obtain 

[k„]=hjf 

N&N N NJ N&N 

NjN; NVNj NjlV„, [63] 

N„, N; NeeNj NeeNee 

We obtain the total structure conduction matrix 

[K]= g[k" ] 
e=l 

[64] 

The global force matrix is the sum of all element heat sources, and is given by 

[FJ g{y& &) 

e=l 

The global equations are then 

(F) = [K][T') 

with the prescribed nodal temperature boundary conditions given by 

T= Ts on the surface of the steel shell and manifold, 

[65] 

[66] 

q = 0 on insulated boundaries 

Q = 0 no internal heat generation 

BT BT1 — K + Kee = h(T — T„) convection on the manifold and steel 

tubes. 



This problem now is amenable to solution by the finite element method. The 

code used to solve this problem is ANSYS FEA package. The procedure used while 

solving this problem with ANSYS is given below. 

Temperature at the 
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Figure 37. Therntal loading; condition (l) 
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pool surface 300 C 

Figure 38. Thermal loading; condition (2) 
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Figure 39. Temperature distribution at the hot end of SFTC; condition (1) 

Temperature gradients were observed in the sodium pool. The temperature distribution 

in the sodium pool is shown in the figure below. 
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Figure 40. Temperature distribution in the sodium pool; condition (1) 
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Figure 41. Vector plot of temperature gradients in SETC; condition (1) 
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Figurc 42. Graphical representation of the temperature gradients in SETC; condition (1) 
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Figure 43. Representation of the temperature distribution on SETC geometry; condition (1) 
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Figure 44. Representation of the temperature gradients on SETC geometry; condition (I) 
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NODAL SOLUTION 
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Figure 45. Temperature distribution in the sodium pool; condition (2) 
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Figure 46. Vector plot of temperature gradients in SETC; condition (2) 



116 

POST! 

STSP=I 
SOS 81 
TINS=I 
PATH PLOT 
tlODI 359 
OOO&=106 77&D AD' 

! '\ » . 18 7 

3100. I 3'I 

378&. 307 

2'170. 2 7 

1975. &D7 

1500. 187 

110&. 177 

79D 00 

&9&. 0 ~ I 

I 133 . 'I &85 'I 300 8 Il . 551 1. 9 ~ 3 3. 105 . ~ 37 t. t19 I 371 
DIST 

7O. . 17: 
10' -ll 

THERMAL AHALI I OF SRTC 

Figure 47. Graphical representation of the temperature gradients in SETC; condition (2) 
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Figure 48. Representation of the temperature distribution on SETC geometry; condition (2) 
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Figure 49. Representation of the temperature gradients on SETC geometry; condition (2) 
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APPENDIX D 

SODIUM VAPOR PRESSURE CORRELATIONS 

Roger Williams correlation (JPL) 

I( Nn ) 3( Na) 

400 400 

where Ditchburn and Gilmour correlation ' is 

[67] 

5567 I (6354 — — logr ) 

FI =101325 "10 
[68] 

and Buck and Pauly correlation ' 

Pz I 33 . 3(exp(8. 08 — )) ' "" 5479 

T 
[69] 

Borgstedt correlation 

I 

0. 4343 

P = 0. 0010 exp 10. 182516 — ' 
+ 0. 000085874946*T *T""' [70] 

T 

Fischer correlation 38 

I 

P =100* ex 7. 5087— [71] 



Walters et al. Correlation 

P =101325* ex 4. 6702— [72] 

Gordon et al. Correlation" 

I 

0 434:I 

P =101325* ex 8. 4437 — "T '" 
T 

[73) 

Makansi et al. Correlation ' 

I 

P =101325* exp 4. 521— [74] 

Stone et al. Correlation ' 

(6 6808- -0. 61344*log r1 
3344. 41 

P =101325*10 [75] 

AMPS correlation 

18818 

P = 101325 * 2. 718265 [76] 

Potter et al. Correlation' 33 

P =10'* xp 11. 2916- ' "T 
T 

[77] 
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Bonilla et al. Correlation 

P =10'* ex 11. 9463 — ' 'T ' " 
T 

Pg] 

Average calculated correlation 

P = — * 16*10'* +1 54*10" *T ' "' " 
2 (126153 (12633. 73 [79] ex ex 
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APPENDIX E 

DERIVATION OF THE NORMALIZED EXCHANGE CURRENT DENSITY (B) 

The following section shows the derivation of the normalized exchange current 

density from measured quantities in an SETC experiment. It is a condensed version of 

the derivation by Williams, etal. presented in references 9 and 16. 

The apparent charge transfer resistance, R„„ is defined as 

[80] 

where E is the cell potential and j is the cell current. E and j are related by the current- 

overpotential equation, equation [81], which is written to include the contributions of the 

interfacial and bulk sodium pressure, and the interfacial and bulk sodium ion 

concentrations. 

(p -eesf p u-n)ef 
) 

J J e[ Ãe 

p+K J en a f 
[81] 

where 

P„ 1 P„ J. ' = J. —" and r)= E- — In — ' 
f [82] 
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J. is the standard exchange current density at the actual equilibrium potential of the cell, 

while J. ' is the exchange current density at an equilibrium potential with saturated 

sodium vapor in contact with the electrode. 

Differentiating equation [81] with respect to E and inverting results in equation 

[83] when both q=0 and j=0, representing open-circuit conditions. 

RT, Kr RT„ 

FJ. FPw„ 
[83] 

At extremely low magnitude AC currents, the second term can be neglected reducing the 

equation to 

R a RT 
tel FJ [84] 

The normalized exchange current density, B, is defined as the standard exchange 

current density, J. , normalized to the sodium collision rate and reaction rate at unit 

activity sodium and is shown in equation [85]. 

[85] 
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Using equations [82] in equation [85), an expression relating 8 directly to R, „, is 

obtained. 
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