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bstract

The alkali metal thermal to electric converter (AMTEC) is perhaps one of the most desirable devices for directly converting heat into elec-
rical energy, particularly for deep space exploration, where time can be prolonged from a decade to a score of years. Its stability is expected
o last for a long time, 15 years or more. The two major components responsible for power output of AMTEC are the electrolyte and the elec-
rode. In this work, we describe research on the AMTEC electrodes, which might function without much power degradation as a function of
ime.

This study aims at performance of the electrodes by looking into the parametric changes of the material properties inherent to it with respect
o time. These parameters refer to the grain growth involved in the grain mobility model for electrode materials. The grain size of some materials
ave been optimized for the least power degradation with respect to parameters characterizing the material properties. If the grain size of the
lectrode material reaches a certain dimension, about 500 nm, the power output starts degrading fast. The electrode materials studied in this work

re molebdenum (Mo), titanium nitride (TiN), rhodium–tungsten alloys (RhW and Rh2W). It was found that moybdenum electrodes have least
ower degradation for AMTEC designed for low temperature (<1100 K) operation. However, their grain growth is too rapid for operation above
100 K. In that range of temperature for operating AMTEC rhodium–tungsten alloys are recommended.

2007 Elsevier B.V. All rights reserved.

eywords: AMTEC electrode; Power degradation; Temperature-dependence
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. Introduction

Of the many new energy-converting devices the alkali metal
hermal electric converter (AMTEC) is designed as a thermally
egenerative, electrochemical device for the direct conversion
f heat to electrical power. This machine requires a working
iquid material to run through its interior. One of the main rea-
ons for AMTEC being considered for space power is its high
fficiency over other conventional thermal to electric converter.
owever, there is still some problem associated with its long

nd continuous use. Power output of the device is yet to perform

onsistently with time. During the testing of the PX-3A ver-
ion of AMTEC in the laboratory, it was seen that power output
ecreased from 2.48 to 1.27 W after 18,000 h of operation with
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he hot side temperature of 1023 K and the condenser side tem-
erature of 600 K [1]. There are several AMTEC cell models,
he PX-type, tested at the U.S. Air Force Research Laboratory.
lbuquerque, NM (AFRL). This study also focuses on the PX-
A cell. A description of the components of AMTEC is given in
ables 1 and 2 and their schematic arrangement in Fig. 1. The
ell wall shields and contains the inner working components of
he AMTEC system. Stainless steel is used as the wall material,
hich prevents heat loss through reflection. The hot plate is con-
ected to the heat source to transfer heat to the cell. Additional
onduction studs are added to increase heat transfer to the evap-
rator. The temperature at the hot side is maintained in the range
f 1000–1300 K. The liquid sodium passes from the condenser
hrough a wick to the evaporator, where it is converted to vapor,
nd enters beta” alumina solid electrolyte (BASE). The thermal

ings, made of nickel are used to enhance the heat conduction
etween the support plate and the evaporator.

The BASE tubes are connected in an electrical series. Like
he evaporator they are connected to a support plate. The cathode

mailto:a.lodhi@ttu.edu
dx.doi.org/10.1016/j.jpowsour.2007.02.086
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Table 1
Dimensions of the PX-3 A Cell

Mass Length Diameter Volume Heat sink/ heat source area Length of base tube

0.147 kg 10.16 cm 3.175 cm 80 cm3 7.9 cm2 3.2 cm

Table 2
Design specifications of the PX-3A
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umber of base tubes Material of thermal rings Condenser typ

Nickel (0.11 cm thick) CREARE

lectrode is applied on the BASE by chemical vapor deposition
r sputtering techniques. The anode electrode is applied to the
ASE by the Weber process and is covered with molybdenum
esh current collectors in order to prevent internal electric losses

2]. The thermal shield maintains prevention of parasitic heat
oss as the hot end radiation eventually succumbs to the cold
nd [3]. The vapor eventually finds its way to the condenser,
here it condenses to the liquid state and then flows down the
ick [4].
The Tables 1 and 2 show dimensions and specifications for

X-3A AMTEC.
AMTEC does not have any moving parts [5–8] except

or the sodium, which flows in a closed cycle as a work-
ng fluid. The BASE is the ionic conductor and divides the
MTEC into two regions; a hot region filled with sodium

apor at high-pressures (10–100 kPa) and high-temperatures
900–1300 K) and a cold region at low-pressures (<100 Pa)
nd low-temperatures (400–700 K) [9]. Fig. 2 shows the work-
ng principle of AMTEC. A porous metal electrode (cathode)

d
l
d
u

Fig. 1. Top and cross sectional
Evaporator type Heat shield Conduction stud

Conical S.steel circumferential Yes (0.38 cm2)

overs the low-pressure (outer) side of the BASE. The anode
urface covers the inner side of the BASE at the high pressure-
emperature region of the cell (see Fig. 1). Both electrodes
rovide a conduction path for the electrons to and from the
xternal load. Sodium enters the hot region of the cell. Due
o the thermodynamic potential across the BASE, ionization of
odium metal occurs at the hot region of anode and BASE inter-
ace [10]. The sodium ions are diffused through the BASE to the
athode due to the pressure differential across the BASE. The
lectrons circulate through the external load producing electrical
ork and then reach the cathode surface, where they recombine
ith the sodium ions at the interface between the BASE and

athode. The neutralized sodium leaves the porous electrode,
oves through the vapor space, and releases its heat of conden-

ation on the condenser surface. Nearly the entire temperature

rop occurs in this low-pressure vapor space. The condensed
iquid sodium moves to the wick annulus to the inlet of a small
c electromagnetic pump or a porous capillary wick, which is
sed to return the sodium to the high-pressure evaporator region.

views of the PX-3A cell.
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conduction and the effective lifetime of electrode will reach its
Fig. 2. Main parts and working principle of AMTEC cycle.

. Electrode characteristics

The electrodes must have a suitable porosity and be stable
nder operating temperatures for certain desired period of time.
t should be able to provide a site for the electrochemical reac-
ions for sodium ionization and recombination of sodium ions
nd electrons. The electrode should be chemically and thermally
ompatible with the BASE and other components, to prevent cor-
osion. The sodium ions should be able to easily migrate from the
igh-pressure anode side to the low-pressure cathode side. The
lectrode should not be a barrier to the sodium ions. The elec-
rons should be able to leave the anode site and travel to the load
nd recombine at the cathode to complete the circuit. The elec-
rical conductivity of electrodes should be high enough to allow
he electrons to move through the external circuit. The grain of
he electrode should coalesce very slowly in order to prevent
oids from appearing. The electrical conductivity decreases as
he voids open up. Electrode materials, used should have high

elting point in order to have a lower surface diffusion coeffi-
ient. This corresponds to low sintering of the electrode grains.
t is important that the electrode does not alter its physical mor-
hology during the long hours of operation [11]. The electrode
aterial in contact with the BASE material should have a high

olerance to thermal expansion. Ceramic electrodes have a lower
olerance compared to the metal electrodes. The negative Gibbs
ree energy should be large enough to prevent material loss due
o dissociation.

The electrode performance greatly depends on its material

12]. The electrical resistance, thermal expansion coefficient,
apor pressure, and surface self-diffusion coefficients are the
ost desired parameters in selection for the material for elec-

e
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rode construction. The electrical resistance and the surface
elf-diffusion should be low for an ideal electrode. Also the
hermal expansion coefficient of the electrode should be very
imilar to the BASE material.

The triple phase boundary involves the electrode, BASE,
nd sodium interaction where a longer triple phase boundary
s the result of a finer grain size [13]. Also the charge trans-
er process occurs at the triple phase boundary. If the length of
he triple phase boundary increases, the over-voltage decreases.
hen the electrode with a finer grain size will obtain higher
urrent densities.

. Effect of grain growth of electrode materials on
ower output

Recent study shows that BASE and electrodes are two of the
ost power degrading components in the AMTEC [14,15]. The

ifetime of AMTEC electrodes is dependent on the sintering rate
f the material, which, in turn depends on the operating temper-
ture of the cell and inherent properties of the material. The time
or which the performance of the electrode is satisfactory to pro-
uce adequate power output for the AMTEC system is defined as
he electrode lifetime. If the electrode grains grow to a diameter
f 1000 nm (some limit to 500 nm) then they cease to function
roperly [16]. The sintering rate of the electrode material is a
unction of the operating temperature of the cell thus the oper-
ble lifetime of an AMTEC electrode is temperature-dependent
16]. As grains sinter, they coalesce, resulting in an increase
n the grain volume. The grains coalescing process increases
he porosity of the electrode material and causes the contact
urface area of the electrodes with BASE to decrease. The perfor-
ance of the electrode is related to the contact between electrode

nd electrolyte, which is measured by temperature independent
xchange current or just exchange current. The exchange cur-
ent depends on the operating fluid pressure at the interface of
lectrolyte and electrode. The pressure at the interface is the sum
f the pressure caused by the condensation of metal vapor from
he condenser, the pressure due to the metal vapor leaving the
xterior surface of the electrode, and the pressure drop from the
lectrode–electrolyte interface to the electrode surface. There-
ore, temperature independent exchange current is a sensitive
easure of the nature of contact between electrode and elec-

rolyte interface. It can also be related with the operable lifetime
f the electrode through grain size.

With an increase in sintering, grain size increases, which
ventually leads to a decrease in the number of grains. There-
ore, contact between electrolyte and electrode also decreases.
s the total number of grain decreases, the exchange current

lso decreases, because the exchange current is proportional to
he number of grains in the electrode. With the increase of grain
ize, voids within the electrode become larger which causes the
lectrode conductivity to decrease. Eventually, these voids will
row to a huge size that there will be no apparent grain-to-grain
nd eventually.
In brief when the electrodes are exposed to sodium under high

ressure and temperature they tend to sinter, thus affecting the
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orosity, resistance, the nature of grains and the contact of elec-
rodes with the BASE. Voids or porous holes in the electrodes
re formed, which allows the sodium to flow through them eas-
ly. The voids will increase after an extended period of time.
his reduces the grain-to-grain contact, dropping the electrical
onductivity, and ultimately disables the electrodes to function
ny further.

. Grain boundary mobility model

The grain growth of the electrode is due mainly to material
iffusing between adjacent grains. The surface contact among
he electrode grains is reduced as the grains grow and thus
egrade the performance of the electrode. The neighboring
rains continue to merge into each other until the surface ener-
ies related to the tension between the grains becomes balanced.
his condition arises when the grains cannot grow any further
ecause the other grains confine them and they rid their strained
nergy state by coalescing with other grains.

The grain growth takes place with kinetics where the adjacent
rain boundaries have a net motion with respect to each other.
he pressure difference or driving force at the grain boundary
ith a constant called the mobility factor is related to the velocity
f the grains given by [17]:

= M�P (1)

here M is mobility factor and �P is pressure difference. The
ressure difference can be approximated with the average grain
adius, R assuming it to be a spherical drop and the average
rain boundary energy γb (surface tension) from the well known
elation:

πRγb = πR2�P or 1/2�P = γb/R (2)

The boundary velocity is as follows:

= dR

dt
= M�P = 2Mγb

R
(3)

Rearranging and solving in terms of R the equation becomes

2 − R2
o = 4Mγbt, (4)

here Ro is the initial grain radius.
The quadratic grain growth variation of the radius given by

q. (4) has been derived under ideal conditions. However, the
ctual pressure difference at the grain boundary has a more com-
lex dependence upon the surface and volume energies at the
rain boundary resulting in a higher order of dependence on R
n practice and thus may vary from material to material. For a

ore practical aspect the Eq. (4) may be replaced by a more
eneral equation [17]:

n − Rn
o = cMγbt (5)

here n is the grain growth exponent to be evaluated and c

he proportionality constant to give correct dimensions. Since
here is no hard and fast rule for the number n, it is used as
n experimentally determined parameter for different materials
nd possibly different physical conditions for the electrode to

[

R

ig. 3. Diagram of the boundary energy arising from the contact of two grains.

perate. Accordingly, this parameter will be considered as a free
arameter to obtain the optimal results for different materials.

The mobility factor, M obeys Arrhenius relation because the
obility of grain boundaries increases as temperature increases,
ith specified activation energy EA. The relationship between

he rate a reaction proceeds and its temperature is determined by
he Arrhenius relation. At higher temperatures, the probability
f the neighboring grains will merge together is higher. The
ctivation energy is the amount of energy required to ensure that
his reaction happens. The mobility factor is defined as [17]:

= Mo exp

(
− EA

RgT

)
(6)

here Mo is the mobility constant, T the temperature on the hot
ide, and Rg here is used for gas constant. After the substitution
or M from (6) into Eq. (5) the following equation,

n − Rn
o = tcMo exp

(
− EA

RgT

)
γb, (7)

epresents the grain growth as a function of activation energy,
ime and temperature.

The boundary energy, γb, defined as the minimum amount
f energy needed to bond two-grain boundaries or break them
part, and can be ascertained by adding the components of the
urface energy of the grains at the interface. The surface tension
nd pressure forces at the grain boundary produce an angle φ,
ee Fig. 3, between the individual grain boundaries, so that

b = 2γs cos φ (8)

By substituting Eqs. (8) into (7) gives the equation that
escribes grain size dependent upon time and temperature as
18]:
f = Ro

[
1 + (2cMoγs cos φ)t exp(−EA/RgT )

Rn
o

]1/n

(9)
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ere a new parameter “a” called the mobility parameter, to be
etermined, is introduced defined by:

= 2cMoγs cos φ (10)

he Eq. (9) with (10) thus becomes

f = Ro

[
1 + at exp(−EA/RgT )

Rn
o

]1/n

(11)

The effect of altering parameter “a” (2cMoγs cos φ), in the
rain growth equation alters the behavior of the grain size for
ifferent materials. This expression demonstrates that as “a”,
ncreases, R increases also. The parameters 2c, Mo, γs, and cos φ

n which parameter “a” depends cannot be easily measured in
laboratory setting [16]. It is, however, assumed that Mo and γs
re temperature dependent but only weakly compared with EA,
hus these parameters are assumed to be constant. The angle φ,
etween grains, is weakly dependent upon time and will also be
ssumed constant [16].

The effect of altering n, the growth exponent, in the grain
rowth equation alters the behavior of the grain size for various
aterials. The experimental value for n has been determined

etween 3 and 6.5 depending upon the material. If the grain
rowth of the material is regulated more by volume diffusion
han surface diffusion at the grain boundary then it will be
loser to 3. If the grain growth of the material is regulated
ore by surface diffusion than volume diffusion at the grain

oundary then it will be closer to 4. This demonstrates that as
increases, R decreases. Since power degradation is dependent
pon increasing of the grain size, the choice of material with
igher n should lessen the grain growth over time and keeps the
ower degradation low.

The effect of altering the temperature T, of the electrode on
he hot side, in the grain growth equation alters the behavior of
he grain size for different materials. This specific T corresponds
o the hot side of the AMTEC device where the electrode is
xposed to high temperature and pressure. This demonstrates
hat as T increases, R increases.

The effect of varying activation energy in the grain growth
quation alters the behavior of the grain size for different materi-
ls. The activation energy is the amount of energy that is needed
o allow the grain boundaries to begin expanding within the

aterial. Conceptually, this tells us that the higher the activation
nergy a material has, the slower the grain will grow over time
ue to a larger energy barrier to grain boundary expansion.

The function of the electrodes and the role played by their var-
ous components is to be determined in order to understand the
ime-dependent behavior of AMTEC electrodes. One can calcu-
ate the grain size dependence upon time, temperature indepen-
ent exchange current and power output for the electrode. By:

. Applying the grain boundary mobility growth model to var-
ious materials, like; molybdenum (Mo), titanium nitride

(TiN), and rubidium tungsten alloys (RhW) and (Rh2W).

. Studying the effect of changing the parameter “a” in the grain
growth model to observe the behavior of the grain size for
aforementioned materials.

i
t
u
b
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. The effect of altering activation energy (EA) in the grain
growth model to observe the behavior of the grain size for
materials chosen.

. Varying the growth exponent (n) in the grain growth model
to observe the behavior of the grain size for those materials.

. Changing the temperature (T) of the electrode on the hot side,
in the grain growth mode to observe the behavior of the grain
size for subject materials.

. Relation between grain size, exchange current and
ower output

The temperature independent exchange current is a measure
f the efficiency of the ionization of the sodium vapor carried out
t the anode/electrolyte interface. The electrons are transferred to
he electric lead to supply power from the AMTEC system to the
oad while the sodium ions traverse through the BASE to recom-
ine with the electrons at the interface of electrolyte/cathode to
ravel to the condenser and repeat the process.

The Jet propulsion Laboratory, Pasadena, CA (JPL) has done
xperimental studies of grain growth rates for various materials
nd has created an empirical relation between grain size of elec-
rode materials and temperature independent exchange current
iven by [13]:

= Bo − bR
1/2
f , (12)

here B is the temperature independent exchange current (or
xchange current) and Bo is initial temperature independent
xchange current, assumed to be (270 AK1/2 m−2 Pa−1) and b
s the coefficient of electrode exchange current pertaining to the

aterial used and is determined experimentally as 6.218.
It is important to realize that this empirical relation is based

n the measured behavior of Mo, platinum-tungsten (PtW), and
hW electrodes. JPL has reported that they do not know if Eq.

12) would be applicable to TiN electrodes [16]. Although one
hing is for sure that the grain size of the electrode will increase
s the reaction zone decreases between the electrode and elec-
rolyte, thus the temperature independent exchange current will
ecrease [16].

If the temperature independent exchange current is known,
he power output of AMTEC can be calculated. JPL has devel-
ped a semi-empirical plot of power output with respect to
emperature independent exchange current [18]. It can be seen
n Fig. 4 from the JPL model that AMTEC electrode power falls
ff slowly with temperature independent exchange current until
t reaches far below its original value. When it falls far below
ts initial value, it is likely that voids have opened wide in the
lectrodes, the grains cannot have contact with each other, and
ence the power output drops significantly.

It may be noticed that a decrease to 25% of the initial value
f B corresponds to 70% of the initial value of power output
he power output falls sharply when B goes down to 20% of

ts initial value. From the APEAM code the power output of
he AMTEC cell is maximum when the value of B is 270, we
se this initial value for the JPL model as well to compare the
ehavior of these two models, shown in Fig. 4. From the JPL
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Fig. 4. Power Output vs. temperature independent exchange current

mpirical plot [18] we have generated a mathematical relation
etween power output Pe and B given by:

e = 1.95(1 − e−B2/850) + 0.00178B (13)

hich is also plotted in Fig. 4 as a fit to JPL extrapolation in
xcellent agreement with the JPL original plot. When B goes
own far below where power output Pe reaches its maximum
alue the Pe–B relation becomes unrealistic [19].

A simulation study by Lodhi and Chowdhury was performed
o investigate the effect on the power output by varying the tem-
erature independent exchange current within the realistic range
f practical use [19] given by:

e = 1.5135 + 0.006 × B − B2 × 10−5. (14)

For comparison this relation has also been plotted in Fig. 4
abelled as L&C curve and extrapolated to reach the zero value
f B. This is in good agreement with the JPL and fit to JPL
ithin the realistic range but has no correspondence with them
elow the lower range, 120 of B, The Lodhi–Chowdhury curve
oes not have the power truncation for lowers values of B in the
nrealistic range of 120–0. The only difference between the two
odels, the JPL and Lodhi–Chowdhury models, is the behav-

or of the curves at lower values of B, between 0 and 120. The
eason for this is that, unlike the JPL model, there is no trunca-
ion in the power output in the Lodhi–Chowdhury model as B
pproaches 0 from a value of 120. Since the Lodhi–Chowdhury
ormula is fitted for the relevant range of B, it should therefore
ot be extrapolated beyond the range of B they used in their
lgorithm.
Fig. 5, obtained from Eq. (14) relates the power output
f AMTEC to the temperature independent exchange current
ithin the range of 120–280. This is the range of practical use

nd should not be extrapolated beyond [19].
i
w

e JPL empirical model, fit to JPL and the Lodhi–Chowdhury model.

. Optimization of the power output

By substituting for B from Eq. (12) into equation (14) gives:

e = 1.5135 + 0.006 (Bo − bR
1/2
f ) − (Bo − bR

1/2
f )

2 × 10−5.

(15)

The Eq. (15) gives a direct relationship of the power output of
MTEC and the grain size of electrode material, characterized
y parameters a, EA and n, depending on time and temperature.

The optimal value of the grain size in term of the temperature
ndependent exchange current for an electrode material can be
ound by differentiating power in Eq. (15) with respect to grain
ize.

∂Pe

∂Rf
= R

−1/2
f (−0.003b + 1 × 10−5bBo) − 1 × 10−5b2 = 0

(16)

Simplifying and solving for Rf yields the following result:

Rf =
(

0.003 × 105 − Bo

−b

)2

=
(

Bo − 300

b

)2
(17)

his equation calculates a value for Rf for a given Bo. The initial
rain radius Ro corresponds to a specific value of Bo where the
MTEC performance for the power output is ideally maximized.

. Result
The calculated values of Rf for various values of Bo are given
n Table 3. The power output of the AMTEC cell is maximum
hen Bo is 270 AK1/2 m−2 Pa−1 according to the APEAM code
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r output with respect to B from Eq. (13).
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Table 4
The temperature independent exchange current, percentage deviation, and power
output for different materials

Mo RhW Rh2W TiN

Grain size meas [16] (nm) 10 5 5 30
Grain size calc (nm) 23 23 23 23
Temp. ind. exchange current (APEAM) 270 270 270 270
Temp. ind. exchange current (this work) 280 286 286 266
% Deviation in B 3.70 5.90 5.90 1.48
Power output (W) 2.19 2.23 2.23 2.11

Table 5
Least power degradation % for materials by varying single parameter
Fig. 5. A simulated plot of the powe

20]. This value of Bo (270 AK1/2 m−2 pa−1) corresponds to
value of 23 nm for Rf in Table 3. Value of B, higher than

70 AK1/2 m−2 pa−1, are also used to calculate the correspond-
ng values of Rf. For example, Bo equal to 290 AK1/2 m−2pa−1

orresponds to a value of Rf equal to 3 nm (see Table 3.) This
alue however, is less than the value of Ro for any material con-
idered in this study, we therefore regard such values unphysical.
owever, it is desirable to look for a grain size of the electrode

s small as possible to increase B and thus the power output.
he grain sizes of different electrode materials have been mea-
ured by JPL to give an initial idea of what the temperature
ndependent exchange current should be [16]. The grain size of

aterials Rf of TiN, RhW, Rh2W, and Mo are given 30, 5, 5,

nd 10 nm, respectively [13]. These sizes correspond to atem-
erature independent exchange current, for those materials as
66 AK1/2m−2 Pa−1 286 AK1/2m−2 Pa−1, 286 AK1/2m−2 pa−1,
nd 280 AK1/2m−2 Pa−1 (see Table 3). Using the APEAM code,

able 3
he optimized grain size for corresponding values of temperature independent
xchange current

nitial temperature independent exchange
urrent (AK0.5 Pa−1 m−0.5)

Grain size
(nm)

50 1617
70 1368
90 1141
80 1252
10 934
30 747
50 582
70 437
90 313
10 209
30 127
50 65
66 30
70 23
80 10
86 5
90 3

n a EA T

Overall 3–11 3–12 1–7 11–22
Mo 3 (6.5) 12 (9.57E38) 7 (950) 15 (1050 K)
TiN RhW 11 (4.0) 3 (2.26E08) 2 (275) 22 (1050 K)

R

w
i
i
u
R
c

k

T
W

O
M
T
R
R

8 (4.0) 3 (4.60E10) 1 (325) 11 (1050 K)
h2W 8 (4.0) 3 (1.82E08) 1 (275) 12 (1050 K)

hich corresponds to the grain size of 23 nm, the power is max-
mized with a value of Bo equal to 270 AK1/2m−2 Pa−1. It is
nteresting to compare this value with the calculated Rf val-
es given in Table 3. This comparison is given in Table 4. As

f increases with time, the temperature independent exchange
urrent B decreases.

The power degradation by varying individual parameters and
eeping others constant at an optimum level has been studied.

able 6
orst power degradation % for materials by varying single parameter

n a EA T

verall 19–37 24–67 19–59 25–100
o 20 (4.0) 67 (9.57E42) 59 (700) 100 (1250 K)

IN 37 (3.0) 46 (2.26E12) 50 (150) 43 (1250 K)
hW 19 (3.0) 24 (4.60E14) 19 (200) 27 (1250 K)
h2W 20 (3.0) 25 (1.82E12) 19 (150) 25 (1250 K)
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Table 7
Optimal values of ideal electrode parameters that minimize power degradation operating at 1050 K for 15 years

Electrode material # Initial grain radius Ro (nm) Parameter “a” Activation energy EA (kJ/mole) Grain exponent n

1 5 1.82E + 08 275 4.0
2 5 4.60E + 10 325 4.0
3 10 9.57E + 38 950 6.5
4 30 2.26E + 08 275 4.0

Table 8
Power degradation and efficiency of real materials

Electrode material Power degradation 1050 K (%) Power degradation 1150 K (%) Efficiency initial/final 1050 K (%) Efficiency initial/final 1150 K (%)

Mo 6.5 28.7 12.2/11.4 12.2/8.7
RhW 10.3 18.3 12.6/11.3 12.6/10.3
R
T

T
s
a
p

w
o
a
p
c
c
p
a

8

p
e
t
t
A
f
w
c
r
l
p
o

a
m
p
m
c
T
u
i
o

p
a
o
e
i
o
i
T
c
t
c
T
a
e
f
g
r
a

m
o
s
t
d
c
a
i
f

t
t
r

R

h2W 11.9 18.3
iN 22.3 32.1

hey are summarized in Tables 5 and 6 for the best and worst
cenarios. The quantities within the parentheses in Tables 5 and 6
re for the values of the respective parameters which give the
ower degradation percentage in that particular box.

Table 7 show the optimal values of grain growth parameters
hich yield the ideal power output with zero power degradation
ver a period of 15 years of operation at temperature 1050 K. We
lso calculated the efficiency of the AMTEC cell for those ideal
arameters. Also, the respective power output and efficiency are
alculated for real materials whose grain growth parameters are
lose to the ideal ones for the same period. This comparison of
ower outputs and efficiencies of an ideal case and real materials
re given in Tables 7 and 8, respectively.

. Concluding remarks

The optimum performance of AMTEC has been accom-
lished by investigating into the behavior of the grain size of
lectrode materials by optimizing the performance of the elec-
rodes. The power output of AMTEC cell is greatly affected by
he choice of electrode materials. Since our objective is to use
MTEC for a long period of time, we have therefore investigated

or conditions that least affect the degradation of power output,
hen used for a long time. The power degradation is strongly

oupled with the growth of the grain size of the electrode mate-
ials. We found that grain growth is sensitive to the parameters,
ike initial grain size, mobility parameter “a”, exponent growth
arameter n, activation energy EA, temperature of the hot side
f the AMTEC cell, T and the time of operation, t.

This study focused on the performance of the electrode by
djusting certain conditions that are inherent to the electrode
aterials with respect to time. These conditions are grain growth

arameters involved in the grain mobility model for electrode
aterial. If the grain size of the electrode material reaches a

ertain dimension, about 500 nm, it no longer functions properly.

his is very important because this condition should not occur
ntil after the time desired for operation. For a period of 15 years
t corresponds to a power degradation percentage of 25 to 30%
verall for different electrode materials.
12.6/11.1 12.6/10.3
11.2/8.7 11.2/7.6

The power degradation has been minimized with respect to
arameters for an ideal case is minimum for ideal parameters and
lso for real materials, which is found to be rather small, varying
f course from material to material. This work establishes the
lectrode materials performance for power output and efficiency
n the descending order, of Mo, RhW, Rh2W, and TiN when
perated at a temperature of 1050 K. However, if the tempertatue
s raised to 1150 K the order is changed to RhW, Rh2W, Mo and
iN, for both power output and efficiency. This leads to the
onclusion that the power degradation of Mo is highly sensitive
o the temperature of operation of the hot side of the AMTEC cell
ompared to the other three materials investigated in this work.
his is evident from Table 8, which shows the power degradation
nd efficiencies at temperatures 1050 and 1150 K. Moybdenum
lectrodes have least power degradation for AMTEC designed
or low temperature (less than 1100 K) operation. However, their
rain growth is too rapid for operation above 1100 K. In that
ange of temperature for operating AMTEC rhubidium-tungsten
lloys are recommended, see Table 8.

A formula, given by Eq. (13) has been generated for the JPL
odel curve which demonstrates the relationship between power

utput and the temperature independent exchange current. It is
een that the power output falls very slowly until reaching a cer-
ain percentage of the initial value of B, about 20%, then begins to
ecrease quickly until it reaches zero. The JPL model curve, the
urve obtained from Eq. (13), and that of the Lodhi–Chowdhury
lgorithm for power output as the function of the temperature
ndependent exchange current B, in Fig. 4, agree very well except
or the low values of B.

It is because the Lodhi–Chowdhury model is fitted for a cer-
ain range of B which is of practical use for power output in
he AMTEC cell. To extrapolate this model beyond the chosen
ange would be erroneous.
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