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PREFACE

- The work described in this report was performed by the Guidance and
Control Division of the Jet Propulsion Laboratory.
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ABSTRACT

Two thermionic energy converters fueled with uranium nitride were
fabricated and subjected to comprehensive tests to evaluate their performance
48 nuclear thermionic converters. Both converters had plane-parallel elec-
trode geometry to increase the accuracy in making measurements of converter
parameters and to simplify the laboratory testing which utilized an electron
gun for the emitter heating, Of the two converters, one had a rhenium emitter
and the other a tungsten emitter; the collector was niobium in both converters.

The evaluation of fuel-emitter compatibility, which was the major objec-
tive of the laboratory tests, was performed by measuring and correlating
converter characteristics and electrode work functions.

The first phase of the evaluation, involving parametric testing, was com-
pleted. The initial performance of these converters was fully characterized
so that any change that might occur during the second phase of the test, the
life test, due to fuel-emitter interactions could be vceadily identified.

JPL Techniea] Memorandum 33-489
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I. INTRODUCTION

Nuclear thermionic reactor power systems
are potential candidates for supplying large
amount of electric power for electric propulsion
missions to the outer planets. Such reactors
probably would be fueled with uranium oxide,
uranium carbide, or uranium nitride (UN). Up to
the present time there have been no investigations
performed to determine the compatibility of UN,
which is a high-performance nuclear fuel, with
thermionic converters. At the Jet Propulsion
Laboratory, a study was initiated unde : the
Thermionic Reactor Systems Project to determine
the effect of UN fuel on thermionic converter per.
formance. The first phase of the evaluation
involves the parametric tests and characterization
of two UN-fueled converters, one having a rhenium
emitter, the other a tungsten emitter. The second
phase involves life tests to determine the long-term
performance stability of the UN-fueled emitters.

JPL Technical Memorandum 33.489

The results of the parametric tests are described
and presented in this report.

The maximum power density at 0.6 V, and gt
an emitter temperature of 2000°K, is 9.3 W/cm
for the UN-fueled rhenium converter and 3.8
W/cm®€ for the UN-fueled tungsten converter. The
uncesiated work functions were 4.9 eV for the
rhenium and 4.6 eV for the tungsten. The niobium
collector work functions were 1.5 eV at a tempera-
ture ratio (collector temperature/cesium tempera-
ture) of 1.4 for both converters. The differences
in converter power output are related with the
difference in the measured work functions. There-
fore, the in-situ work-function measurements of
converters are quite valuable for evaluating the
pevformance and correlating it with electrode
changes resulting from nuclear fuel interactions
during the life of the converter.

i
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I, 1EST APPARATUS

The convierter was placoed in a plass bellojare,
shown in Fage 1, whivh was pumped by a 400
1/s¢¢ Vac-lon pump. The background pressure
in the bell-jar was kept in a 10=%«N/m 2 range with
the converter at temperatures The pump system
wax cquipped with a 15,24 ¢m high-vacuum gate
valve and a titanium getter pump to minimize the
tine required for evacuating the bell-jar,

The emitter of the converter was clectrically
heated by an electron gun having a counte r-wound
tungsten filament which was placed approximately
0.3 cem away from the emitter.  This filament was
surrounded with two layers of tantalum sheet to
reduce the glare entering into the optical pyrom.
eter which was used for measuring the emitter
temperatures,

The accelerating voltage of the electron gun
was adjusted between 1 oand 3 kV, depending on
the emitter temperature, while the beam current
was clectronically maintained constant at any
desired value 5o that the emitter tempe rature did
not vary moryv than #5°K from the preset value,
The emitter {emperature was measured at the
blackbody hol- by a Micro-Optical pyrometer; it
was corrected for the bell-jar transmission and
the pyrometer error by calibrating the measuring
system against an Ni3S lamp.

The temperatures of the collector and the
cesium reservoir were measurced with chromel-
alumel thermocouples which were connected to
electronic reference junctions supplying 0°C
reference voltages., The collector temperature
was measured at 0,36 cmn from the surface of the
collector, and therefore the error in measured
collector tempe rature was approximately 36°K
when the heat flux was 100 watts. The cesium
reservoir temperature was measured with a
negligible error at a liquid-vapor interface., Both
the collector and the reservoir temperatures were
maintained within £1. 0" K of the preset values by
means of two proportional temperature controllers
shown in the console (Fig. 1), On this console,
there are (from the top): (1) two digital monitors,

(2) two temperature programmers, (3) two heater
supplics, (4) a b.place digital voltmeter for tenie
perature measurements, (5) two proportional
controllers, (6) a 25-channel input scanner, and
(7) a multi-channel temperature monitor, The
console on the right contains high-voltage supplics
for the electron gun,

The volteampere curves were obtained using
an X-Y recorder mounted on a smaller console
(data console) which also contained an electronic
power supply for the converter under test.  This
power supply (Ref. 1) is capable of operating in
vither a stcady-state or a pulsed mode, depending
upon the static or dynamic mode of data acquisi-
tion. In the steady-state mode, the output voltage
of the power supply is mmanually adjusted so that a
static volt-ampere carve can be acquired, In the
pulsed mode, the output voltage is modulated by a
train of square pulses having a repetition rate
of 25 pulses per second, Each pulse has a fast
rise time compared with its duration of 300 psec;
the pulse height varies monotonically between a
maximum and a minimum passing through zero
whe re the output voltage corresponds to the static
operating point.  When the pulse is on, the con-
verter current attains a quasi-static value toward
the end of cach pulse, at which time the voltage
across and the current through the converter are
clectronically sampled for 40 psec, stored, and
displayed as one data point on the X-Y recorder.
This process repeats it a rate of 25 points/
second. On the average, there are 250 of such
data points on one dynamic volt-ampere curve
when the converter voltage is swept in 10 seconds.
Since this dynamic data acquisition requires a
small duty cycle (0.75%), a volt-ampere charace-
teristic is isothermally obtained at temiperatures
of a converter which are preset at the static
operating point of the converter. Also, these
temperatures can cover a wide range because
the data acquisition does not influence the
femperaturces as it would in an ordinally dynamie
method utilizing a 60-Hz sweep. Therefore, the
pulsed data acquisition is flexible, accurate, and
fast in obtaining desired volt-ampere curves.

JPI. Technical Memorandum 33-489
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fIl. UN.FUELED RHENIUM CONVERTER CONNSTRUCTION

The construction of the converter, shown in
Fig. 2, i simtlar to that described by T, Speidel
{Ref, 2); however, the JPL converter is fueled
with uraniun nitride, The cleetrode geometry is
planc-parallicl; the emitter arca is 1,82 em®, and

the interclectrode space is 0.025 em,  The enitter

material is arc-cast rhenium, and the collector
material is niobium. The nitride fucls are placed
in 7 cylindrical holes in the body of the emitter
with the fuel volume fraction cqualling 0.259,

JPL Technical Memorandum 33-489

The distance between the bottom of the holes and
the ensitter surface is 0,0638 em (Fig, 3), and
the opposite side of the emitter is capped with a
rhenfum disk 0.0635-cn: thicks A blackbody

hole, having a diamete reto=-depth ratio of 7,33

is drilled parallel to the emitter surface with its
axis at 0, 302 em from the surface, The collectur
calorimeter, which is mechanically fastened to

a water-cooled heat sink, and the collector itself
are machined from one picce of niohium,
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1IVv. MEASUREMENTS ON RHENIUM CONVERTER

To evaluate the performance of this converter,
the parametric tests were made during the initial
test period. These tests consisted of the measure-
ment of static and dynamic volt-ampere curves,
The clectrode work functions were also determined
from the dynamic volt-ampere curves that were
obtained with the pulsed data system described in
Section II. The work functions will be used to
evaluate the fuel-electrode interactions that might
occur during the subsequent life test,

A, Emitter Work Function

To determine the nuclear fuel effects (if any)
on the thermionic emitter, the emitter work
function ®» was carefully determined from
temperature saturated currents of the converter
obtained from dynamic volt-ampere curves, The
emitter work functions were calculated from the
Richardson syuation Ly using the heasured satu-
ration current Ig and the emitter temperature Tp
as shown below:

1g/1.82 = 120 TS exp (-$,/kT ) (n

where 1,82 is the emitter arca in cm2 and k is the
Boltzmann constant (1,38 x 10-23 J/*K - 0,863

X 10°4 eV /*K), The emitter temperature Tg was
determined fromthe true blackbody temperature
Tp because there is no temperature correction
required during the work-function measurements
which are performed under small heat-flux con-
ditions, During these measurements, the cesium
reservoir temperature TR was kept at those values
which allowed the converter to operate in an ion. -
rich, unignited mode with a negligible amount of
electron scattering, Therefore, the measured
saturated current Ig was temperature saturated so
that Eq. (1) is valid. Typical volt-ampere curves
showing temperature -saturated currents are shown
in Fig. 4. The saturation current was determined
from the intersection of two straight lines that
approximated the saturation and Boltzmann part of
the volt-ampere curve. Any one particular
volt-ampere curve was obtained with constant emit-
ter temperature (£5.0°K) constant cesium temper-
ature (20.5°K) and constant collector temperature
(£1.0°K). The work functions calculated from

Eq. (1) are shown in Fig. 5 as a function of the
temperature ratio Tp/TR. It should be pointed out
that the cesium temperature TR was corrected for
the cesium transpiration effect that exists at low
temperatures where the atomic mean free path is
considerably larger than the interelectrode gap.
Temperature corrections of approximately 10°K
were required for TR in these cases. The results
given in Fig, 5 show that the cesiated work function
of this emitter agreed with that of a material
having an uncesiated work function ®g of 4,9 eV,
The value for this arc-cast rhenium emitter is in
good agreement with that for polycrystalline
rhenium,

B. Collector Work Function

The work function ¢~ of the niobium collector
was spot-checked by a method using volt-ampere
curves, such as shown in Fig, 6, in an electron-
retarding voltage region, These two volt-ampere
curves shown in a semi-log plot correspond to two

4

different ¢ollector temperatures., During the mea-
surements, temperatures of the emitter and the
collector were limited to those which did not cause
appreciable ion currents nor back emission cup-
rents, Also the reservoir temperatures were
kept at relatively small values so that the converter
current would show both a saturation and a
Boltzmann region. and the converter would opoerate
in an unignited mode., Under these conditions, the
current ] is related to the converter voltage by the
following equation:

1 - 1gexp “E - 6 - V) /k’l‘E (2)
for
eV zeVR g ‘E“C (3)
where Vi is the voltage at which two straight lincs,

approximating the saturation and the Boltzmann
current, intersect (Fig. 6) and

1= IS for eV s e‘VR. (4)

Therefore. the collector work function ¢ can be
determined from an equation

‘C = ‘E - eVP {5)
where

I:IS

The work function ‘E used in Eq. (5) was deter-
mined from the Richardson equation;

1g/1.82 = 120 T2 exp (-4 /kT ). (6)

The values of - were 1,53 at Tc /TR of 1.44, and
1.54 at To/TR 1.42. These results are approx-
imately .,2 ee lower than work functions expected
for a cesiated niobium collector,

C. Static Volt-Ampere Curve

To evaluate the power-output performance of
the converter, three static volt-ampere curves
such as those shown in Fig. 7 were obtained at
true blackbody emitter temperatures Ty, of 1800,
1900 and 2000°K, The static data points were
taken at output voltages of 0.4, 0.6, 0.8, and 1,0V,
The output current was maximized for each voltage
by adjusting TR and T, The temperature ratio
Tg/TR. required to maximize the output current
and, hence, the output power at that voltage,
increased almost linearly with the output voltage
as shown in Fig. 8: for example, T /T = 3.24
and 3.42 at 0.4 and 1,0 volts output, respectively,
for a case with T = 2000°K. In contrast,

Tc /TR was practically independent cf the conver-
ter output and the emitter temperature. The
results indicated that, at an increased output
voltage at which the output current was small the
optimum Ty /TR as well as ¥ were large,
whereas the optitnum T /TR remained fairly
constant at T /Tp = 1.2. at which the collector
work function ¢ was slig'ily larger than its min-
imum value. It appeared wnat if the T /Ty were

JPL Technical Memorandum 33-489



such that ¢ was a minimum, the collector back
emission adversely affects the power output, A
large amount of back emission results in a nega-
tive space-charge sheath at the collector, which
in turn increanes the collector surface barrier.

Maximum power densitics are plotted in Fig.9
as a function of output voltage V, The results
show that shu maximum power density was
8.8 W/cmé atV > 0,61 for Ty - 2000°K, and
that it was 6.7 W/cme at V ~ 0,47 for Tp
- 1800*K. These power densities are comparable
with those in other rhenium converters having an
interelectrode gap of 0,254 mm (Ref, 3). The
output voltages at which the maximum power den-
sities occur for a given emitter temperature are
shown to lic on a straioht line passing through the
origin, The current densitics at maximum power
point remained unchanged at 14,5 Alcemé for all
temperaturcs,

D, Emitter Surface Temperature

T btain further insight into converter per-
formance and to relate its performance with emit-
ter surface properties, the emitter temperature
Ty was calculated from the blackbody temperature
Tp by using the following cquation:

where Ry is the inverse of the thermal conductance
of the emitter and Q is the heat flux, Since there
were 7 holes in this button to hold the UN-fucl
pellets, the total thermal conductance was deter-
niined to be the sum of thermal conductances for
the fuel and the metal portions (rhenium) of the
emitter. Assuming that the fuel completely

filled cach hole, one obtains

I/RT E l/RH4 l/RRe (8)

where 1/Ryy and 1/Rp,, are the thermal conduct-
ances of the hole and Sxe rhenium portion of the
emitter, By using thermal conductivity values
(Ref, 3) 0f 0,313 W/cm - °C for UN-fuel pellets
and " 280 W/em - °C for rhenium metal, the
cquivalent thermal resistance R, between the
surface and the blackbody hole, was calculated to
be 0,386°C/W., Therefore, Eq. (7) can be
rewritten as follows:

T,. = T

g - Tp-0.386 Q. (9)

Since the heat flux Q is the sum of thermal radia-
tion from the emitter to the collector, the cesium
gas conduction, the electron cooling, and other
stray heat flux (which was assumed to be 20 per-
cent of the sum), Q is therefore a function of the
surface temperature ani the converter current,
Furthermore, the cesium conduction, which is a
relatively small term, is practically constant in
the range of temperatures in which the converter
was operated, Therefore, a set of curves

(Fig. 10) that relate Ty with Tp are obtained © r
various converter currents. or exa,m%le. at
Tp ¢ 2000°K. 15 - 26.5 A (14.5 A/cmé), and

V' = 0,6V, the surface temperature Tg, is

JPL Technical Memorandum 33-489

1944°K: the total heat flux in this -ase is 143 W,
which vonsints of 30.9, 3,7, and 85.4 and 24,0
watts of radiation, cewium conduction, electron
conling, and stray heat flux respectively, Theres
fore, at this point, the converter efficicncy was
11 percent, At other static operating pnints,
shown in Fig. 7, the surface temperature was
lower than the blackbody tempe rature by a maxi-
mum of 67°K and a minimumn of 25°K, In

Section 5, the converter output is expresscd as a
fun Jon of the (onverter voltage for different
surface temperatures Ty that were obtained from
temperature calibration curves, as shown in

F’uo '00

E. Dynamic Volt-Ampere Curves

To evaluate further the characteristics of the
power-producing converter, dynamic vnlt-ampere
curves were obtained under constant temperature
conditions by using the method described in
Section 11. Results obtained with the blackbody
temperatures at 1800, 1900, and 2000*K are shown
in Figs. 11, 12, and 13. A group of curves in
cach figure represent volt-ampere characteristics
where only the cesium reservoir temperature was
varied, For example, in Fig., 12, a volt-ampere
curve for a case with Tp = 1900°K and
TR = 595°K. was obtained by: (1) setting the
static operating point at 0,45 V, (2) letting the con-
vorter stabilize at pre-selected temperatures,

(3) superimposing a train of voltage pulses on the
static voltage (0.45 V) to dynamically sweep the
converter voltage, and (4) recording the sampled
voltage across and the current through the conver.
ter by an X-Y recorder at the rate of 25 points per
second. During each sweep of the volt-ampere
curve, all temperatures remained unchanged
since the duty cycle of the pulse train was 0,75
percent.

An envelope of curves showing the upper limit
of the converter performance at Tp = l‘fOO'K and
Tc = 840°K is also shown in Fig. 12, A volt-
ampere curve that is tangent to this envelope at a
certain output voltage has a unique cesium reser-
voir temperature which coincides with the ootimum
reservoir temperature for a given Ty and 1,

For example, atV < 0,6 V, a volt-ampere curve
with T?A: 590°K is tangent to an envelope for

Ty = 1900°K, T = 840°K. According to the
static volt-ampere curve shown in Fig, 7 for

Tg = 1900°K and T = 806°K, the optimum Tp
was also 590°K as was expected. This fact clearly
shows that an envelope of dynamic volt-ampere
curves, which are obtained under isothermal con-
ditions Ly using the pulsed-mode apparatus, can
replace static volt-ampere curves, which require
a considerable length of time for optimization and
stabilization; in fact, the three envelopes for

Tg = 2000, 1900, and 1800°K, shown in Fig. 14,
are practically identical to the static volt-ampere
curves shown in Fig. 7 for the same emitter
temperatures, The results demonstrate the
expediency, accuracy and flexibility of the pulscd
dynamic data acquisition,

After applying the temperature corrections
shown in 12q. (9), the curves shown in Fig. 14
were redrawn (Fig. 15) to correlate the output
performa .ce with the surface temperature T,
The results show ﬂiat the power d%nsity was as
large as 9.3 W/cm® at 15.5 A/cm* and 0,6 V
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when the cinitter sueface temperature T was
2000 K, The performance was slightly Bottes
than expei ted as the result of: (1) a <lightly
larger bare vcimitter work function I_¢(, o eV),
and (1) a small cesiated collector work function

(¢ 1,85 eV)., The nuclear fuel in the emitter
should not have influenced the performance during
these measurements. Any variation in the per-
formance during »ubscouent life tests can be
accurately correlated with the initial results,

JPL Technical Memorandum 33-489
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V. UN-FUELED TUNGSTEN CONVERTER

Another converter, identical in construction
to the rhenium converter except for having a
tungsten emitter and just one hole with a UN-fuel
pellet (Fige 2), was also parametrical'y tested,
Three families of volteampere curves, shown in
Figs. 16, 17, and 18, were acquired at Ty =
2000, 1900, and 1800°K Ly the pulsed dynamic
method,  The envelopes of these curves were cone
structed and plotted as shown in Fig, 19, Com-
parisons made between the two converters, shown
in Fig, 20, indicated that the output current of the
tungsten converter was less than one half of that
of the rhenium converter operating at the same
emitter temperature and voltage, The emitter
work function shown in Fig. 21 indicated that the
bare work function of the tungsten emitter is
4.6 eV, which is in agreement with that of a poly-
crystalline tungsten: the collector work function
was 1,56 eV at T-/Tp = 1.5, as was expected
from similar measurements on the rhenium con-
verter. In view of these findings, the inferior
performance of the tungsten converter was
attributed partially to the low bare work function
(4.6 ¢V) of its emitter, unlike that in the rhenium
converter.

JPI. Technical Memorandum 33-489

The emitter surface temperature Ty of this
converter can be calculated frong,

T,. - T

" - 0,163 O. (10)

B

According 1o this equation, the correction in
temperature, 0,163 Q, wae approximately 10°K
at Ty - 2000°K, output yvoltage = 0,6 V and out-
put current = 6.1 A/em®,.  The correction, which
was much smaller than that for the rhenium con-
verter, resulted from: (1) larger thermal con-
ductivity of tungsten, and (2) smaller clectron
cooling flux because of the smaller output current
of the tungsten converter, Thus, the output power
density of this converter which was 3. 7 XH””Z at
Tp = 2000°K is cquivalent to 3.7 W/cm*® at
Te - 1990°K. The power, density also can be
e)grapolatecl to 3.8 W/em? at Tg = 2000°K,
Therefore, the performance of this converter
which was ¢xpressed in terms of the blackbody
temperatureT,, can be considered identical, within
an experimental error, to that with the surface
temperature TE’

-3
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ViI. CONCLUSIONS

A comprehensive investigation is underway to
evaluate the effect of uranium nitride as a nuclear
fuel on thermionic converter performance. The
first phase of this investigation, to build and char-
acterize two UN-fueled converters for initial per-
formances, is completed. Of the two converters
studied, the rhenium-emitter converter produced
an output power density of 9.3 W/cm? at 0. 6 V with
TE = 2000°K which was equivalent to 8.8 W/ecm2
with TR = 2000°K. The tunguten-smitter conver-
ter produced a power of 3.8 W/ecm® with T =
2000°K or 3.7 W/cm? with Tg = 2000°K which
was less than one half of the rhenium-emitter con-
verter, The difference in performance is partially
accounted for by the difference in the emitter work
functions which are 4.9 eV for rhenium and 4. 6eV
for the tungsten. The collector work function is
approximately 1. 5 eV for both converters.

The data acquisition system, utilizing a small .
duty-cycle, pulsed power supply in conjunction
with a sampled-data system, proved to be versa-
tile, accurate and fast in acquiring static as well
as dynamic volt-ampere characteristics. Accu-
rate in-situ measurements of electrode work func-
tions provides an additional parameter that is use-
ful in predicting converter performance and
evaluating its change.

In the second phase of the program, these two
converters will be life-testeds The long range
effects of UN-fuel on the converter performance
will be examined by comparing converter power
output and work functions during life tests with the
initial power output and work functions determined
in this first phase.
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