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Abstract

The operation of thermionic converters (TICs) has been shown to be influenced by the presence of tracer amounts of
oxygen in the cesium vapor filled interelectrode gap. The induced changes, however, depend on the oxygen and cesium
partial pressures and the materials and temperatures of the electrodes. The effects of oxygen on the loss rate from a
tungsten emitter surface, by sublimation and formation of volatile tungsten oxides, as a function of oxygen partial pres-
sure were investigated. Results showed that the deposit of the tungsten oxides on the cooler collector affect the converter
performance, owing to the induced changes in the collector’s oxygenated—cesiated work function and the effective em-
issivity of the electrodes. Parametric analyses were performed which investigated the effects of introducing tracer
amounts of oxygen in the interelectrode gap on the performance parameters of a fission-heated single-cell Thermionic
Fuel Element (TFE). These parameters are the electrodes work functions and effective emissivity, the TFE volt-ampere
characteristics, the axial distributions of the current density and the electrodes temperatures, and the tungsten loss rate

from the emitter surface. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Thermionic converters (TICs) are being sought for
space electric power applications and in topping cycles
in terrestrial electric power generation, because they
have no moving parts, high reliability and relatively high
heat rejection temperature. They operate at typical emit-
ter temperatures of ~1800-1900 K and collector temper-
atures of 800-1000 K. Because the high temperature in
TICs is limited to the emitter, commercial steel and su-
per steel alloys can be used as structural materials for
the cooling loop of the collector. Many investigations
have attempted to increase the conversion efficiency of
TICs, beyond the typical 12-14%, by either increasing
the emitter temperature up to 2100 K and/or introducing
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tracer amounts of oxygen in the cesium vapor filled in-
terelectrode gap (typically < 0.5 mm wide). When oper-
ating at such high emitter temperature, however, lifetime
issues, such as the gradual loss of the emitter material
and the effects on TICs performance of the emitter ma-
terial deposits on the collector surface should be ad-
dressed.

The results of laboratory investigations of TICs with
isothermal tungsten emitters have demonstrated that the
introduction of a tracer amount of oxygen or cesium ox-
ides in the interelectrode gap could significantly improve
the converter performance [1-4]. The measured im-
provement was attributed to two effects:

(a) An increase in the emitter oxygenated bare
work function [3], increasing the emission current
due to the low oxygenated—cesiated work function
of the emitter. Such a low collector work function
not only decreases the optimum cesium pressure,
corresponding to the maximum TIC electric power
output, but also permits the use of a larger inter-
electrode gap, therefore, increasing the converter
reliability.
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(b) A decrease of the minimum work function of
the collector surface when covered with tungsten
oxide deposits from the emitter surface, which in-
creased the load voltage.

In recent laboratory tests [4], conversion efficiencies
of 18-22% have been achieved. These tests involved a
TIC in which oxygen vapor pressure up to ~8 x 1076
Pa was introduced into the cesium filled interelectrode
gap. The emitter temperature was >1800 K, the collector
temperature was ~680-800 K, and the cesium pressure
in the interelectrode gap was varied from 0.5 Torr (67
Pa) to 1.5 Torr (200 Pa)). The TIC had an emitter made
of a Chemical Vapor Deposition (CVD) tungsten coat-
ing onto molybdenum and an electropolished molybde-
num collector.

The introduction of a large amount of oxygen (>10-¢
Pa) into the interelectrode gap, however, has been
shown to accelerate the emitter material loss rate due
to the formation of volatile oxides, which deposit on
the relatively cold collector surface, reducing the con-
verter’s lifetime and performance. In lifetime tests, the
collector became coated with layers composed of emitter
material reaction products with the gaseous contami-
nants in the interelectrode gap, such as oxygen, carbon
oxides or water [5,6]. In general, the deposits of the emit-
ter material oxides onto the collector surface affect the
performance of TICs or Thermionic Fuel Elements
(TFEs) in a number of ways:

(a) lower the cesiated collector work function which
increases the load voltage, thus increasing the elec-
tric power output and the conversion efficiency;
(b) increase the thermal losses and electrical current
leakage when deposited onto spacers and insulator
surfaces; lowering the electric power output and
conversion efficiency;

(c) cause a short circuit between electrodes, if
chipped off, during thermal cycling or vibrations,
and bridged the electrodes [7] (this process is more
likely as the interelectrode gap size decreases due to
swelling of the TFE emitter);

(d) deplete the emission layer on the emitter surface
(typically tungsten), which can eventually result in
the diffusion of the base material to the surface,
hence, reducing the emitter’s bare work function
and increasing its cesiated work function;

(e) increase the effective emissivity of the electrodes,
thus lowering the emitter temperature as well as the
emission current and conversion efficiency.

The net contribution of all or some of these effects
strongly depends on the TFE design and operation con-
ditions. These include the input thermal power, the in-
terelectrode gap size, type of electrode material, load
resistance, cesium pressure and the partial pressures of
the gaseous contaminants. Therefore, it is important to
investigate the effect of these parameters on both the
TFE performance and the emitter material loss rate as

a function of the oxygen partial pressure in the interelec-
trode gap. The results of such an investigation would be
useful for the ongoing effort to increase the conversion
efficiency and lifetime of TICs for various space and ter-
restrial electric power applications.

The objectives of this work were to: (a) develop an in-
tegrated model of a single-cell TFE to investigate the
emitter material loss rate and mass transport in and
the performance of the TFE in the presence of oxygen
in the interelectrode gap; (b) calculate the emitter mate-
rial loss rate and the composition of the emitter material
oxides deposits onto the collector surface; and (c) in-
vestigate the effect of the emitter material oxides deposits
onto the collector surface on the TFE performance pa-
rameters. These parameters include the volt-ampere
characteristics (VACs), conversion efficiency, and the
axial distributions of the current density, emitter temper-
ature, and the emitter material loss rate. These results
were obtained by coupling an emitter material oxidation
and transport model [8] to a two-dimensional thermal
and thermionic emission model of a single-cell TFE [9].

2. Calculation procedures

Both nuclear and electrically heated, single-cell TFEs
experience a non-uniform axial temperature distribu-
tions due to non-uniform heating and end heat losses
[8-10]. The non-uniform axial temperature distribution
causes the partial pressures of the gaseous contaminants,
which may be present in the interelectrode gap, the emit-
ter material loss rate, and the composition of the depos-
its onto the collector surface, to vary axially along the
TFE.

The rate of tungsten loss from the emitter surface and
the composition of the tungsten oxides deposits onto the
collector surface [8] were calculated as a function of the
partial pressures of cesium and oxygen in the interelec-
trode gap. In the present analysis, the input thermal
power, the inlet temperature, coolant mass flow rate
and the cesium pressure were used in the input to the
TFE thermal model [9] to calculate the axial tempera-
ture distributions in the electrodes. These temperature
distributions were then used in the TFE thermionic
emission model [9] to determine the load current and
voltage. The total oxygen inventory in the interelectrode
gap and the calculated electrode temperatures were used
to determine the partial pressures of cesium and oxygen
along the TFE for calculating the emitter material loss
rate and the composition of its oxide deposits onto the
collector surface [8]. The latter was used to calculate
the collector’s thermal emissivity and the oxygenated—
cesiated work functions of the electrodes, and their val-
ues were supplied to the TFE thermal and thermionic
emission models [9] to calculate the TFE performance
parameters. More details on the description of the
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emitter material transport model and of the two-dimen-
sional model of a single-cell TFE can be found elsewhere
[8,9]. The following sections detail the methods used to
determine the oxygenated—cesiated work functions of
the electrodes, and present and discuss the results on
the effects of oxygen on the electrodes’ emission and ra-
diative properties.

2.1. Emitter work function

In this work, an approach suggested by Rasor [11]
for calculating the cesiated emitter work function in
the presence of oxygen was used. The sorption of oxygen
and cesium onto the emitter surface are assumed to be
independent. The oxygen atoms become deeply buried
and immobilized in their sorption sites, while the much
larger cesium atoms are effectively sorbed onto the sur-
face of a W-O substrate and, hence, are highly mobile
[11]. In order to calculate the oxygenated—cesiated work
function, the increase in the emitter bare work function
due to the presence of oxygen was determined first. Once
the bare oxygenated emitter work function was deter-
mined as a function of the effective oxygen pressure,
the oxygenated—cesiated emitter work function was cal-
culated using the NEDSPHI8 subroutine described in
[12]. This subroutine implements the phenomenological
model of the sorption of cesium neutrals and ions onto
a refractory metal surface [12] to calculate the emitter
work function as a function of temperature, cesium pres-
sure, and the value of oxygenated emitter bare work
function.

Fig. 1 shows the bare work functions of tungsten sur-
faces with different crystallographic orientations as a
function of the ratio of the surface temperature (7) to
the saturation temperature (7o,) of oxygen [12]. Increas-
ing To, increases the emitter coverage with oxygen and,
hence, increases its oxygenated bare work function. In
presence of both cesium and oxygen, however, the satu-
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Fig. 1. Tungsten work function data in oxygen vapor [12].

ration oxygen pressure was taken to be equal to the ox-
ygen partial pressure which provides the same sorption
flux of oxygen onto the emitter surface. In this case,
the effective saturation oxygen pressure was calculated
as follows:

" mo, S P, !
Pg“ _ \/Mo, Z)’ Cs,.0, 4 Cs,0, 7 (1)
2 280, /Mcs.0,

where S is the sticking coefficient (or the ratio of imping-
ing and sorption fluxes of each type of molecules)
[14,15], and m is the molecular mass (kg). The effective
saturation oxygen pressure (Pg‘;f) given by Eq. (1) was re-
lated to the saturation oxygen temperature (7o,) through
the rational vapor-pressure equation of Wagner et al.
[16]. This temperature was then used with the aid of
Fig. 1 to determine the effective oxygenated bare work
function of the tungsten emitter, depending on its crys-
tallographic orientation.

The tungsten surface layer of a cylindrical emitter, in
the state of the art single-cell TFE, is usually applied by
the CVD method, which produces a surface with differ-
ent crystallographic orientations. Tungsten chloride va-
por deposition typically produces an emitter with
(110) and (112) crystallographic orientation for
which the average bare work function is about 4.9 eV
[17]. The oxygenated bare work function of such an
emitter was determined by interpolation between the
curves for the (1 1 0) and (1 1 2) surfaces in Fig. 1, for
a bare work function of 4.9 eV. The corresponding val-
ues of the oxygenated work function (delineated in
Fig. 1) were then used in the NEDSPHIS subroutine
to determine the oxygenated—cesiated work function of
the tungsten emitter surface.

2.2. Collector work function

The cesiated work functions for a pure tungsten col-
lector and for a collector surface covered with tungsten
oxide deposits are shown in Fig. 2, as functions of the
ratio of the collector temperature (7¢) to the cesium res-
ervoir temperature (7¢s). The minimum work functions
for tungsten oxides are lower than for pure tungsten and
occur at lower T¢/Tc, ratios, because the low sorption
energies of cesium onto tungsten oxides [2]. Bradke
and Halder [18] showed that the reduction in the mini-
mum cesiated work function of an oxidized tungsten
surface depends on the oxidation conditions, which
can be related to the oxygen/tungsten (O/W) ratio of
the oxides present on the surface. Because available the-
oretical models are not valid for calculating the cesiated
work function near its minimum [1,11,13], empirical cor-
relations were developed based on the data in the litera-
ture for polycrystalline tungsten and tungsten oxides
(see Fig. 2). The data in Fig. 2 are for O/W ratio from
zero, for a polycrystalline tungsten surface [19,20] to
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Fig. 2. Collector work function data.

2.33, for a tungsten oxide layer typical of that present in
a TFE after outgasing [21]. As Fig. 2 shows, the lowest
cesiated work functions of ~1.3 eV for tungsten oxides
with O/W ratios of 0.33 and 2.33, compared to 1.5-1.6
for polycrystalline tungsten, are achieved at a lower ce-
sium pressure (or higher 7¢/7cs).

The data in Fig. 2 were used to develop two empirical
correlations (Figs. 3 and 4) for predicting the minimum
oxygenated-cesiated collector work function, @&, and
the corresponding values of 7¢/T¢s as

Pl"(eV) = 1.288 + 0.02945(0.127556 + (O/W))~", (2a)

(Te/Tes)™™ = 1.47718 + 0.0238(0.07298 + (O/W)) ™.
(2b)

As Figs. 3 and 4 show, these correlations are within
0.12 eV and 0.1 of the data for the minimum collector
work function and the corresponding value of T¢/Tcs,
respectively.

In order to obtain the collector work function for a
given O/W ratio, the curve in Fig. 2 that corresponds
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Fig. 3. Minimum collector work function correlation.
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Fig. 4. (Tc/Tcs) corresponding to the minimum work function
of tungsten oxides.

to O/W =0.33 was shifted in such a way that the loca-
tion and the value of its minimum is determined accord-
ing to Egs. (2a) and (2b). In addition to the oxygenated—
cesiated work function of the tungsten oxides deposits
on the collector surface, the effective emissivity of the
electrodes was determined. The methodology used to de-
termine the effective emissivity of the electrodes is out-
lined in the next section.

2.3. Effective emissivity

Tungsten oxides deposits onto the collector surface
increase its thermal emissivity, beyond that of pure tung-
sten or molybdenum [15]. Lepage and Mezin [22] have
correlated the measured thermal emissivities of tungsten
oxide surfaces. The ratio of the measured emissivities of
oxidized (ec) and non-oxidized tungsten surfaces (ew) is
plotted in Fig. 5 versus the oxygen content in the oxide
layer, at different surface temperatures. At temperatures
below 900 K, the emissivity of the tungsten oxides was
independent of temperature and approximately equal
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Fig. 5. Measured emissivity of oxidized tungsten [22].
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at 900 K [22]. At 900 K, the emissivity reached satura-
tion at an oxygen concentration on the collector surface
of about 6 x 10" at./cm?, which is equivalent to a tung-
sten oxide (WO3) layer that is 5 x 10~ pm thick [22].
This thickness is much smaller than that of the deposits
that could form during a nominal TFE outgasing
(~6 x 1072 pm) [15]. Because the tungsten oxide type
at saturation is WO; (O/W =3), for oxide deposits in
which O/W is less than 3, the corresponding oxygen con-
centration can be given as

no = g (O/W)/3. (3)

In the present analysis, the O/W ratio was calculated by
the emitter material transport model [8]. For given oxy-
gen concentration and collector temperature, Fig. 4 was
used to calculate &c/ew ratio by interpolation. For the
collector temperatures below 900 K, (ec/ew) was taken
equal to that at 900 K (Fig. 5). Then, the effective em-
issivity of the TFE electrodes was calculated as

where ey is the emissivity of pure tungsten [23].

The calculated effective emissivities in a TFE having
a tungsten emitter and a collector covered with tungsten
oxides are compared in Fig. 6, with reported data of
TOPAZ-II type TFEs at the beginning of life [10] and
of the TFEs of the TOPAZ-II Ya-21u unit [24], which
were contaminated due to air excursion into the inter-
electrode gap. At an emitter temperature of 2000 K,
the effective emissivity for a tungsten emitter and pure
molybdenum collector is less than 0.1, while the mea-
sured emissivity for the as manufactured TFEs is about
0.17. Such a difference between theoretical and actual ef-
fective emissivities of the electrodes was attributed to the
presence of tungsten oxides deposits onto the collector
surface, which could have formed during the TFE out-
gasing [2,15]. As Fig. 6 shows, the O/W ratio in the de-
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Fig. 6. Effective emissivity of a TOPAZ-II type TFE.

posits on the collector surface of a TOPAZ-II type TFE
after outgasing could have been about 0.66, and close to
3.0 for the Ya-21u unit TFEs.

3. Analysis

In the present analysis of a fission heated single-cell
TOPAZ-II type TFE, the emitter is made of monocrys-
talline molybdenum alloyed with 3% niobium, coated
with a 0.1 mm thick monocrystalline tungsten layer hav-
ing a preferred crystallographic orientation alternating
azimuthally between (1 1 0) and (I 1 2). The collector
assembly consists of a collector tube, a 0.15 mm thick
Al,O; insulation on the outer surface, and a He filled
gap (0.05 mm thick) separating the Al,O; insulation
from the stainless-steel wall (0.35 mm thick) of the cool-
ant channel. In order to maintain uniform interelectrode
gap along the active length of the TFE (375 mm), the
TFE has six Nb alloy inserts, each having nine grooves
to accommodate scandium oxide (Sc,0;) spacers. These
spacers maintain a uniform gap size between the elec-
trodes along the active length of the TFE. Details on
the TOPAZ-II type TFE design can be found elsewhere
[9,10].

The effects of O/Cs atom ratio on the TFE perfor-
mance and on the emitter material loss rate at a thermal
power input to the emitter, Py,, of 3500 W are investi-
gated. The axial distribution of the fission thermal input
to the emitter was a chopped cosine [9]. The cesium pres-
sure, Pcs, the inlet temperature and mass flow rate of
NaK liquid coolant are taken equal to 133 Pa, 773 K
and 0.04 kg/s, respectively. The initial composition of
the collector surface will depend on the TFE conditions
before outgasing and on the outgasing scenario. For
consistency, however, the present analysis assumes that
the composition of the collector surface is solely deter-
mined by the emitter material deposits. Thus, in the case
where there is no or little oxygen present in the interelec-
trode gap, no tungsten oxides will be deposited onto the
collector and its surface composition is taken as tung-
sten. This condition, however, might not occur in prac-
tice because at the beginning-of-life, the TFE collector
would be already covered with tungsten oxides, due to
the presence of oxygen contaminants in the interelec-
trode gap during outgasing.

3.1. Axial variation of TFE operation parameters

The calculated axial distributions of the TFE param-
eters as functions of the load voltage at O/Cs=10"% are
shown in Fig. 7. The emitter temperature decreased
from its maximum at the TFE mid-plane (z=0.1875
m) toward both ends. This ‘bell” shaped axial tempera-
ture distribution differs from the chopped cosine distri-
bution of the thermal power input, because of the
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Fig. 7. Calculated axial variation of TFE conditions at Py, = 3500 W, P, =133 Pa and O/Cs = 107%: (a) Emitter temperature; (b) cur-

rent density; (c) collector temperature; (d) tungsten loss rate.

thermal loss due to axial heat conduction through the
top and the bottom ends of the TFE [9]. The emitter
temperature decreased, but its axial distribution became
more uniform as the load voltage decreased, increasing
the current density (Fig. 7(b)). The heat transfer rate
to the collector, which is the difference between the input
thermal power to the emitter minus the thermal losses
and the TFE output electric power, depends on the load
voltage. Both the collector temperature (Fig. 7(c)) and
its oxygenated—cesiated work function depend on the
load voltage. As Fig. 7(c) shows, the lowest collector
temperature and, hence, its minimum oxygenated—cesia-
ted work function occurred at a load voltage of 0.7 V,
which is the optimum load voltage for the conditions
considered in the present analysis (Fig. 7).

The calculated tungsten loss rate from the emitter
surface along the TFE for O/Cs =108 (Fig. 7(d)) varied
also with the load voltage and axial position, commen-
surate with the axial emitter temperature distribution.
The tungsten loss rate was highly non-uniform along

the TFE, having a peak-to-average ratio of about 2.
The tungsten loss rate decreased as the load voltage de-
creased (Fig. 7(d)), since a lower load voltage corre-
sponds to a lower emitter temperature (Fig. 7(a)).
However, in the range from 0.37 to 0.55 V, the tungsten
loss rate is almost constant along the central portion of
the TFE (z=0.06 to 0.32 m) (Fig. 7(d)), where the emit-
ter temperatures varied within a narrow range (1720-
1780 K).

3.2. Effect of oxygen on TFE performance and emitter
tungsten loss rate

The calculated static volt-ampere and volt-watt
characteristics of the single-cell TFE for O/Cs ratios
from 0 to 107 are shown in Fig. 8(a) and (b), respective-
ly. Increasing the O/Cs ratio up to 107%, increased the
TFE electric power output in the ignited mode (load
voltage <1 V). This is because the load voltage (and
the load electric power) increased as tungsten oxides
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with a lower cesiated work functions (Fig. 2) deposited
onto the collector surface. The presence of tungsten ox-
ides onto the collector surface also increased the TFE ef-
fective emissivity (Fig. 6), resulting in a lower emitter
temperature (Fig. 9) and higher emitter coverage with
cesium, thus increasing the emission current. Converse-
ly, in the unignited mode (load voltage >1 V) higher
O/Cs ratio and lower emitter temperature resulted in a
lower TFE electric performance (Fig. 9).

Fig. 9 delineates the effect of changing the O/Cs ra-
tio in the interelectrode gap on the maximum emitter
temperature and on the composition of the deposits.
When there was no or little oxygen present (O/
Cs=5x 107?), the maximum emitter temperature was
high due to the low effective emissivity of the TFE elec-
trodes (Fig. 6). At O/Cs=7 x 10~°, however, the col-
lector surface was partially covered with WO,
(Fig. 9), which has higher emissivity, thus lowering
the emitter temperature. When O/Cs ratio in the inter-
electrode gap increased to O/Cs > 1078, the collector
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Fig. 9. Calculated maximum emitter temperature.
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Fig. 10. Calculated chemical composition of deposits on collec-
tor at O/Cs=7 x 107, Py, =3500 W and Pc, =133 Pa.

was completely covered with WO, (O/W =2). As a re-
sult, the maximum emitter temperature was significant-
ly lower, but weakly dependent on the O/Cs ratio. For
any O/Cs ratio, the maximum emitter temperature in-
creased as the load voltage decreased due to change
in the emitter electron cooling.

Fig. 10 shows the calculated composition of the de-
posits along the collector as a function of the load volt-
age for a O/Cs ratio of 7 x 10~°. The composition of the
oxide deposits changed from WO, (O/W =2) to W, as
the collector temperature increased axially from the inlet
to the exit of the TFE. Changing the load voltage insig-
nificantly affected the composition of the deposits
(Fig. 10), because the associated change in the collector
temperature was small. For the volt-ampere characteris-
tics corresponding to a O/Cs ratio of 5 x 10~° and zero
(Fig. 8), only W was deposited on the collector. When
the O/Cs ratio increased to 1079, the collector was com-
pletely covered with WO;. The high effective emissivity
of WO; (Fig. 6), lowered the emitter temperature below
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its optimum value for 133 Pa cesium pressure, reducing
the load current (Fig. 8).

The calculated maximum tungsten loss rates (which
correspond to the maximum emitter temperatures in
the TFE) (Fig. 7(a)) are shown in Fig. 11, as functions
of the load voltage and O/Cs ratio in the interelectrode
gap. The maximum loss rate of the emitter tungsten
increased as the load voltage and, hence, the emitter
temperature increased (Fig. 9). With little or no oxy-
gen present in the interelectrode gap, the tungsten loss
rate from the emitter surface (Fig. 11) was directly
proportional to the emitter temperature (Fig. 9). At
O/Cs =108, the tungsten loss rate was minimum, be-
cause the collector was completely covered with
WO, increasing the effective emissivity and, hence, re-
sulting in a lower emitter temperature (Fig. 8). At the
same time, however, the oxygen partial pressure in the
interelectrode gap was insufficient to cause significant
tungsten loss in the form of volatile oxides. As the
amount of oxygen in the interelectrode gap increased,
the tungsten loss rate at higher load voltages rose by
an order of magnitude (Fig. 11). At such high oxygen
partial pressures, the rate of emitter tungsten loss in
the form of volatile tungsten oxides continued to in-
crease as the oxygen partial pressure (or O/Cs ratio)
increased, while the emitter temperature decreased only
slightly (Fig. 9).

225
3.3. Effect of cesium pressure

The effect of cesium pressure on the TFE electric
power output in the presence of oxygen in the interelec-
trode gap is delineated in Fig. 12. The maximum TFE
electric power output P4, corresponds to the optimum
load voltage which depends on both O/Cs ratio in the in-
terelectrode gap and Pc (Fig. 8(a)). When the oxygen
partial pressure was small, there were no tungsten oxides
deposited onto the collector surface and the emitter tem-
perature was high (Fig. 9), resulting in a weak depen-
dence of the TFE electric power output on O/Cs ratio.
At these conditions, the TFE electric power output,
however, was strongly dependent on Pc; peaking at
400 Pa (Fig. 13). Further increase in the partial pressure
of oxygen in the interelectrode gap (up to O/
Cs >2x107° for Pcs=100 Pa and O/Cs > 2 x 1078
for Pc; =532 Pa) caused tungsten oxides to deposit onto
the collector surface. At low Pcs (<200 Pa) the deposi-
tion of tungsten oxides onto the collector surface in-
creased P due to the lower oxygenated-cesiated
emitter and collector work functions. At the optimum
Pcs or higher (400 and 532 Pa), increasing O/Cs up to
4 x 107% increased O/W ratio in the deposits, reducing
the TFE electric power output due a to further reduction
of the emitter temperature. As O/Cs ratio increased fur-
ther, P decreased at all values of Pc, (Fig. 12).
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Fig. 13 compares P for O/Cs=10"° and 10~ as a
function of Pc,. At a low partial pressure of oxygen (O/
Cs=107°), the TFE load electric power was always
higher when (O/W)° = 0.66 (Fig. 6), compared to a pure
tungsten collector ((O/W)° = 0.0). Such a high maximum
electric load power was caused by the low cesiated work
function of the tungsten oxides deposits (Fig. 2). Be-
cause these oxides also have higher emissivity (Fig. 6),
the emitter temperature and, respectively, the optimum
Pc; were lower than for a pure tungsten collector
(Fig. 13).

The results also show that when O/Cs = 1077, the col-
lector was covered with WO; oxides (O/W =3.0). The
high thermal emissivity of WO; (Fig. 6) was responsible
for the low TFE maximum load power (Fig. 13). The
cesiated emitter work function and, respectively, Pl
were weakly dependent on Pc, at O/Cs=107"
(Fig. 13). The optimum Pc at these conditions was only
146 Pa, compared to 226 and 400 Pa at O/Cs = 10~?, and
(O/W)?=0.66 and (O/W)"=0.0, respectively. The re-
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Fig. 14. Effect of cesium pressure on power density of a planar
thermionic converter [25].

sults in Fig. 13 showed that the presence of oxygen in
the interelectrode gap at O/Cs=10"7 increased Pl
only at low P¢s (<146 Pa). The presence of tungsten ox-
ides with O/W =0.66 on the collector surface resulted,
however, in the best TFE performance at all values of
Pcs > 146 Pa. This is consistent with the results of the
investigations of the effects of oxygen on the perfor-
mance of a planar TIC having a uniformly heated emit-
ter shown in Fig. 14 [25]. The input thermal flux of 20 W/
cm? in Fig. 14 is close to the average value in the single-
cell TFE when operated at Py, =3500 W (Fig. 13). As
Fig. 14 shows, the optimum Pc values for the TFE
and the planar converter were close at all values of O/
Cs and (O/W)°. The best converter performance corre-
sponds to the low partial pressure of oxygen in the inter-
electrode gap (O/Cs=107°), when the collector was
initially covered with the tungsten oxides having (O/
W)?=0.66. Contrary to the TFE, however, the peak
power density of the planar converter at O/Cs= 10"’
was slightly higher (by 0.1 W/cm?) than at O/Cs=10"°
for a pure tungsten collector. This is due to the fact that
the electrodes of a planar TIC are isothermal [25], while
the temperature of the electrodes and the current density
along the TFE electrodes are axially non-uniform

(Fig. 7(a)~(c)).

4. Summary and conclusions

An integrated model of a single-cell TFE has been de-
veloped which calculates not only the emitter material
(tungsten) loss rate in the presence of oxygen in the in-
terelectrode gap, but also predicts the effects of the tung-
sten oxides deposits on the collector surface on the TFE
performance. The methodologies used for determining
the effective emissivity and the oxygenated—cesiated
work functions of the electrodes are described. The
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results for a fission heated, single-cell, TOPAZ-II type

TFE, operating at Py, =3500 W and Pc=133 Pa,

showed that a small partial pressure of oxygen (O/

Cs ~ 107%) in the interelectrode gap increases the elec-

tric power output beyond that of a TFE having a pure

tungsten collector. Such improvement in performance
is caused by the decrease of the oxygenated-cesiated

work functions of both the emitter and collector. At a

higher oxygen pressure in the interelectrode gap (O/

Cs=1079), the collector would be completely covered

with WO;, which increases the effective emissivity of

the electrodes and causes both the emitter temperature
and the load current in the ignited mode to decrease.

This decrease in the TFE electric power output at a high

partial pressure of oxygen is independent of Pc;.

The results also showed that at O/Cs = 108, the emit-
ter tungsten loss rate is minimum (~9 x 1078-5 x 1077
pum/h), due to the low emitter temperature and its low
coverage with oxygen. As the O/Cs ratio increased from
1078 to 1079, the tungsten loss rate, at a load voltage of 1
V, rose by more than an order of magnitude (from
3x 1077 to 6 x 10°° um/h), while the emitter tempera-
ture decreased only slightly. The tungsten loss rate is
highly non-uniform along the TFE owing to the non-
uniform axial emitter temperature distribution. The
tungsten loss rate is highest at the TFE mid-plane, where
the emitter temperature is maximum, and decreases as
the load voltage decreases, because of the associated re-
duction in the emitter temperature.

Analysis of the effects of cesium pressure and the col-
lector surface composition showed that the best TFE
performance is achieved for a collector surface composi-
tion typical of that in a TFE after outgasing ((O/
W)Y =0.66) and at a small partial pressure of oxygen
(O/Cs=10"%). As O/Cs ratio increases to 1077, the
TFE electric power output at both the optimum load
voltage and the optimum cesium pressure decreases by
approximately 30 W.

The implications on the design of oxygenated TICs
and TFEs can be summarized as follows:

e TFE power and conversion efficiency corresponding
to the optimum cesium pressure and load voltage
can be significantly enhanced by the introduction of
a tracer amount of oxygen (partial pressure <1076
Pa) into the interelectrode gap, which is consistent
with recent experimental results [4].

e Because of the non-uniform TFE axial emitter tem-
perature distribution, the performance gain due to
the introduction of oxygen into the interelectrode
gap of a TFE is less than that expected for a planar
isothermal TIC [25].

e A partial oxygen pressure that is higher than opti-
mum (>10-° Pa) would accelerate the emitter materi-
al loss and change the collector surface properties,
particularly, the thermal emissivity of the electrodes,
which, in turn, lowers the TFE performance.

e Besides changing the collector surface properties, the
high oxygen pressure and the induced high emitter
material loss rate could shorten TFE operation life-
time due to the buildup of the emitter material oxides
onto the surfaces of the collector, spacers, and insu-
lators.
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