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IN-PILE TEST OF A THERMIONIC CONVERTER 

Abstract 

A test with a nuclear heated thermionic converter was performed in July 1963 
at Ispra. The main object of this experiment was to study the temperature 
distribution in the converter under different operating conditions. The conver­
ter was principally constructed of Niobium and Alumina, with a cylindrical 
Molybdenum emitter which was radiation heated from a (UZr)C fuel pin. The 
vacuum-contained converter was in thermal contact with the cooling water 
through three bridges. Measuring the temperature drop along these bridges 
allowed direct determination of the emitter lead losses and the converter ef­
ficiency. No currents very much higher than the vacuum saturation emission 
current were obtained since the Cesium heater failed in the check-out before 
the test. 

Introduction 

A test with a nuclear heated thermionic converter was performed in July 1963 
at Ispra. The tested cell has three characteristic features in which it differs 
from other in-pile cells known from literature [l-5] : 

1. The refractory metal emitter is separated from the fuel pin by a gap 
and heated by thermal radiation. 

2. The vacuum-contained thermionic converter is in thermal contact with 
the cooling water through three bridges. 

3. Measuring the temperature drop along these bridges allows one to deter­
mine the emitter lead losses and the converter efficiency. 

The main object of the experiment was to study the temperature distribution 
in the converter under different operating conditions in order to firmly esta­
blish some of the design values for future tes ts . Furthermore, the test served 
to check the construction in general as well as a number of special fabrication 
techniques. 

Design of test rig 

The test rig consisted of an irradiation capsule which was suspended by three 
tubes from a plug in the Helium filled central thimble of the reactor Ispra I 
(CP 5 type), offering a neutron flux of 4xl0-*-^cm"^sec~^ (empty thimble) at 
full reactor power of 5 MW. 

Fig. 1 shows a simplified design of the irradiation capsule. Principally it 
consists of a water cooled vacuum container which surrounds a sealed therm­
ionic converter. The main components are a Molybdenum emitter, a (UZr)C 
radiation heater, a Niobium collector, a Cesium reservoir , and a water cooling 
jacket formed by two stainless steel tubes. 
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All parts of the thermionic converter are made of Niobium, except the 
Molybdenum emitter, the (UZr)C heater, and the high purity alumina insulator. 
Niobium was chosen because it matches very well the thermal expansion coef­
ficient of the alumina ring, and because it also has a very high melting point 
(*>2500°C) and a rather low neutron absorption cross section (Ea=0. 060 cm"1). 
The Molybdenum emitter of 10 mm outer diameter and 27 mm length is radia­
tion heated by an (UC)Q 2(ZrC)o 8 f u e l P i n o f *> m m diameter + , separated 
from the emitter by a gap of 1 mm. The lower part of the heater (24 mm long) 
is 93 % enriched; its depleted upper part (9 mm long) is loosely fixed to a 
holder by means of a pin. A hole in the bottom of the emitter connects the 
volumes inside and outside the emitter. 

The emitter and the pin holder are supported by the emitter base, isolated from 
the collector by an alumina ring. The collector surrounds the emitter with a 
gap of 0. 5 mm. A tubular extension at the top of the collector protects the 
alumina ring against heat radiation. Another extension at the bottom of the 
collector prevents liquid Cesium from coming into contact with the fuel pin 
whenever the converter is tilted over. The Cesium reservoir surface is pro­
tected against heat radiation from the fuel by a shield. 

Two demineralized HO circuits cool the irradiation capsule. These are the 
collector and the emitter cooling circuits. The emitter cooling circuit removes 
heat which arrives at the emitter base. The collector cooling system cools the 
remain part of the capsule including heat flowing across the thermal bridge 
from the collector and also heat from the cesium reservoir. 

The Copper cooling tubes and all other Copper parts coming in contact with 
the demineralized degassed water are Nickel plated in order to prevent corro­
sion. 

The plug, serving as a radiation shield, has the necessary feed-throughs for 
control of the irradiation capsule and also supports the capsule. By means of 
an O-ring seal the plug is a vacuum tight closure of the thimble of the reactor, 
which is filled with Helium. 

General instrumentation 

The general instrumentation of the test rig consists of the instrumentation 
directly concerned with the performance of the thermionic converter, the ins­
trumentation of the two water cooling circuit and the system for establishing 
and controlling the Helium atmosphere inside the thimble. 

Fig. 2 shows schematically the electrical instrumentation used to control and 
investigate the performance of the thermionic converter contained in the irra­
diation capsule. 

Supplied by General Atomic, San Diego 
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Six Chromel-Alumel thermocouples with ceramic insulation and stainless 
steel canning are attached to the wall of the converter. These are : One 
thermocouple at the emitter base (this thermocouple serves at the same time 
as probe to measure the electrical potential of the emitter), three thermo­
couples along the collector (the lower one serVes as a probe for the collec­
tor potential), one thermocouple at the outside end of the collector bridge 
and one thermocouple at the Cesium reservoir . The thermocouple voltages 
are registered on two multi-track recorders , one for the high temperatures, 
and one for the low temperatures. 

In addition to the thermocouples the irradiation capsule contains an electric 
t r immer heater which is embedded in the wall of the cesium reservoir . The 
heater consists of a ceramic insulated Ni-Cr wire with Inconel canning. 

The emitter and the collector are electrically connected to an outer measu­
ring system by means of the Copper tubes of the two cooling circuits. This 
measuring system consists essentially of a battery, a voltage divider (using 
a water cooled stainless steel strip resistance of 0,12 ohms) and a x-y-recor-
der for registration of the emitter-collector current as a function of the 
applied voltage. 

Fig. 3 is a schematic diagram, showing on the right hand side the two water 
cooling circuits and the instrumentation which consists of a manometer and 
two flow meters with regulating valves. On the left is shown the layout of the 
Helium circuit. 

Leak detectors 

The test r ig contains leak detectors for checking the vacuum tightness of the 
converter and the wall of the irradiation capsule, and for indicating water 
leaks in the thimble. 

Fig. 4 shows the system for the measurement of the leak tightness of the 
converter and the wall of the irradiation capsule which serves as secondary 
containment of the fuel. The leak detector consists of a Tungsten filament 
which is mounted into the evacuated space between the converter and the 
capsule, and which is flashed at intervals of 5 minutes to a temperature of 
about 1900°K in order to measure its saturation electron emission current, 
A leak in the capsule wall will allow Helium, to enter the evacuated space 
between converter and capsule. The emission current from the tungsten fila­
ment will then drop to practically zero in the pressure region above 1 Torr 
since the Helium cools down the filament. A leak in the converter wall will 
allow Cesium to enter the space between converter and capsule. The emis­
sion current will then increase because of Cesium adsorption on the filament 
during the cold periods. This Cesium detection is very sensitive. 
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Experimental operations 

The rig was inserted into the reactor the 24. 7. 1963. After making the r e a c ­
tor critical, the power was levelled off at 50 kW. All thermocouples showed 
response, except the thermocouple in the outer side of the collector bridge. 

The reactor power was then increased stepwise to 1 MW. After a stepwise 
power decrease and a total operating time of 3 hours, the reactor was shut 
down. At each power level a sufficient time was waited to allow the tempera­
ture to come to equilibrium. Temperature data and characteristics of the 
converter were taken at the different power levels. Fig. 5 shows the current-
voltage characteristics at the highest used reactor power of 1 MW. 

The test went very smoothly. The only irregulari t ies observed were some 
short circuit current oscillations with a frequency in the order of 1 c /s when 
the reactor power was increased from 0. 5 'to 0. 72 MW. 

Data analysis 

The thermal analysis of the observed temperatures was based on the equiva­
lent circuit shown in fig. 6 : The total heat developed in the fuel pin ($T) is 
partially transfered to the coUector (Φς). In case of an open electrical con­
verter circuit, the rest of the heat goes to the emitter base plate ($E) . Par t 
of øg flows over the metal ceramic joint to the collector (Φ4), the rest goes 
down to the emitter cooling circuit (φ3). The heat, arriving at the collector 
flows down across the collector bridge {φ±) or to the Cesium reservoir (φο) 
and then to the collector cooling circuit. 

Calculating the different thermal resistances of the circuit and correcting 
for gamma heating (which is supposed to be proportional to the reactor 
power N, with a value of 1 W/g at N=5 MW) one finds 

01 = Ο.91 (W/oC)(T C M ­T H 0) ­ 11.83 χ 10"6N (1) 
¿à 

Φ2 = 0.085 (W/°C)(T C L ­T C s ) ­ 1. 56 χ 10'6N (2) 

Φ3 = 0.22 (W/°C)(T E B ­T H 0) ­ 8 . 5 3 x l 0 ' 6 N (3) 
Ci 

φ4 = 0.078 (W/°C)(T E B ­T C U ) (4) 

The different temperatures T E B (emitter base), T C u (collector, upper side), 
TCM ( c o l l e c t o r middle), T C L (collector, lower side) and T C g (Cesium r e s e r ­
voir), which were measured by the thermocouples, are plotted against the 
reactor power in fig. 7. 
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Using the temperatures from fig. 7, one can calculate φ φ and φ These 
values are shown in fig. 8 as functions of reactor power. 

The average open circuit emitter temperature Τ can be determined from 
<£c, supposing that only the thick walled part of the emitter radiates, and 
neglecting heat conduction through the Cesium vapour. Then 
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where r 
e 

= outer radius of emitter, r 
C 

inner radius of collector. e_, and 
E 

radiating emitter ρ ­ total thermal emissivity of emitter and collector, F 
surface, σ = Stefan­Boltzmann constant and T^, = average collector tempera­
ture. The φπ can be taken from fig, 8. Neglecting Τ and taking for e„ 
and CQ the total emissivities of clean Molybdenum and Niobium at the tempe­
rature T „ [6] one obtains the emitter temperature which has been plotted 
in fig. 8 versus the reactor power. 

The emitter temperature T^, increases at first sharply with reactor power and 
flattens then off, as soon as radiative cooling becomes significant. At a reac­
tor power of 1 MW the emitter temperature reached 2025°C. This value 
corresponds well to the emitter temperature which can be calculated from the 
observed open circuit voltage (2. 9 V) of the converter [7] . The observed 
emission current at 1 MW (see fig. 5), however, is about a factor of 10 higher 
than the saturation current of pure Molybdenum. It is supposed that the 
emitter was covered with Oxygen so that in spite of the low Cesium pressure 
some Cesium adsorption took place, which would have been impossible on 
pure Molybdenum under these conditions [δ] . 

The total heat generation φ varies fairly linear with the reactor power, as 
one should suppose it to do. At low reactor power the emitter temperature 
T E is too low for radiative heat transfer to the collector. Nearly all the heat 
therefore flows down to the emitter base (ø­p), causing there the observed 
rapid temperature increase (curve T E B in fig. 7). At higher reactor powers 
the greater proportion of the generated heat is radiated to the collector (</>). 
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It is remarkable that the heat loss to the emitter base (øE) - which is dif­
ficult to calculate - increases much slower than the temperature difference 
between emitter (TE) and emitter base ( T E B ) . At low emitter temperatures 
the heat loss corresponds to what one would expect from calculation of the 
thermal resistances between the emitter base on one side and the emitter and 
the fuel pin on the other side + . At high emitter temperatures, however, the 
heat current to the emitter base is much smaller than one would expect from 
such a calculation. This is probably due to the fact that an important amount 
of heat is lost from the emitter stem by radiation to the collector. 

At 1 MW reactor power the total heat generation was 265 W. Due to the 
failure of the Cesium heater and the resulting too low Cesium temperatures 
no high electrical output could be obtained. 

Conclusions 

The construction in general seems well suited to the needs of an experimental 
thermionic converter. It permits a rather detailed thermal analysis of the 
converter and direct determination of its efficiency without post-irradiation 
examination or flux measurements. Furthermore, the double containment 
with the possibility of checking the vacuum tightness of the walls separately 
during operation offers a high degree of safety. 

The high temperature resistant all-Niobium-Alumina construction of the 
converter wall made it necessary to develop appropriate high vacuum assembly 
techniques. The smooth run of the test speaks well for the methods employed, 
though, however, only life tests will give a final answer to this point. 

Aknowledgements 

This work was performed in the Direct Conversion Group of Ispra which is 
under the direction of Dr. H. Neu. The assistance of all concerned in the 
project is gratefully acknowledged. The authors are specially indepted to 
Mr. C. Cappelletti and Mr. J. M. Bouillet, who assembled the rig, and to 
Mr. F . Geiger, who cared for the electrical instrumentation. 

The authors furthermore wish to express their gratitude to the people of the 
Central Workshop of the Ispra center for their precise and fast machining job, 
and to the helpful staff of the reactor Ispra I, which was open minded to all 
wishes. 

References 

[ l] Grover, G. M. " Los Alamos Plasma Thermocouple", Nucleonics 1_7, N° 7, 
(1959) 

[2] Howard, R. C., L. Yang, H. L. Garvin, and F . D. Carpenter " A Nuclear-
Thermionic Fuel Element Test", Energy Conversion for Space Power, 
Vol. 3, Academic P re s s , London - New York, 1961, page 211 

+ A major uncertainty in this calculation is the loose fit of the fuel pin in its 
holder. 



- 9 -

[3J Ogle, H. M. , G. I . Samstad and C. Α. von Damm " N u c l e a r Thermionic 
F u e l Element Expe r imen t s " , Advanced Energy Convers ion 2, 353, (1961) 

[4] Watt, D. A. and G. Rice " An In termedia te In -P i l e Diode Exper iment" , 
AERE-R 4109 (1962) 

[5] O r r , W. L. and H . J . Worsham, J r . " Tes t of a Proto type Nuc lea r -Fue led 
Thermionic Conver te r" , Transac t ions Amer ican Nuclear Society 6, 92 
(1963) 

[β] Espe , W. "Werkstoffkunde der Hochvakuumtechnik", Band I, VEB 
Deutscher Ver lag der Wissenschaften, Ber l in 1959, pages 76 and 145 

[7] Lewis , H.W. and J . R. Reitz " Open-Circui t Voltages in the P l a s m a T h e r ­
mocouple" , J . Appi. P h y s . , 30, 1838 (1959) 

[δ] Aamodt, R. L . , L . J . Brown and B . D . Nichols " Thermionic Emiss ion from 
Molybdenum in Vapors of Cesium and Cesium F luor ide" , J . Appi. P h y s . 
33, 2080 (1962). 





- 11 -

FUEL PIN 

Mo EMITTER 

CESIUM 

LEAK DETECTOR, 

TOP SUBASSEMBLY 

BRAID SUBASSEMBLY 

4 / , 0, INSULATOR 

Nb COLLECTOR 

WATER COOLING JACKET 

H20 

BOTTOM SUBASSEMBLY 

FIG. 1. IRRADIATION CAPSULE (simplified) 



- 12 -

«C EMITTER LEAD 

J j - ' 

)> COLLECTOR LEADS 

EMITTER BASE^j^ fe 

­4 

0-

UPPO? S/DC 

MIDDLE 

LOWER SOE 

■COLLECTOR 

Ì 
Χ-Y 

RECORDER 220 ν. 
RECORDER FOR. » 

THERMOCOUPLES] 220 v.. 

BRIDGE (OUTSIDE) 
+
© 

RECORDER FOR 

THERMOCOUPLES] 
5,6 

220v. 

CESIUM RESERVOIR 

ΓΖ2 
xy***^ 

TRIMMER HEATER 

k V ι il
-1

-!" 
I iL 

MAGNETIC 

VOLTAGE 
STABILIZER 

220 v. 

INSIDE THIMBLE OUTSIDE THIMBLE 

FIG. 2. CONVERTER INSTRUMENTATION 

PRESSURE--—^ , » V£™r 
RELIEF r ^ f Τ 
MLVE ■ * * i 

FLOtV METEff 

EMITTER CIRCUIT 

COLLECTOR'".CIRCUIT 
-tk— 
­Cj3— 

SL -Ä-
DEMINERAUZED 

FLOW METERS DEGASED H20 

MÍO— ►*-

X 
He 

GAS CONTROL (SCHEMATIC) 

IRRADIATION CAPSULE 

WATER CONTROL (SCHEMATIC) 

THIMBLE 
GAS SUPPLY 

FIG. 3. WATER AND GAS CONTROL SYSTEM 



SECONDARY 
CONTAINEMENl 

CONVERTER 

TUNGSTEN 'ΖΔ 
FILAMENT // 

- 13 -

PERIODIC SWITCH 

O 
v
ø RECORDER 220v.rv* 

POWER SUPPLÌ 

π 
220 v., 

30v. 

RECORDER 

& 

220v., 

FIG. 4. CESIUM­HELIUM LEAK DETECTOR 

t 

-3 - ; > f c 

ι TOTAL CONVERTER CURRENT 

12,5 

10 

c 

- OC Ν. 
' Ν 

» 

OUTPU 

M 

? 3 
ι 

Τ VOLTAGE [ν] 

FUEL PIN AND EMITTER 

ØCw 

COLLECTOR 

% 
T
CL 

'CS 

W 'cu 

* 'CM 

li 
H20 

Φι 

χφΕ 

EMITTER BASE 

ΦΑ 

Τ
ΕΒ 

Φ3 

FIG. 5. VOLTAGE CURRENT CHARACTERISTIC FIG. 6. THERMAL EQUIVALENT 

( reac to r power 1 MW, Cesium t e m p e r a t u r e 177°C) CIRCUIT OF THERMIONIC CON­

VERTER 



- 14 -

300 

TEMPERATURE (jcj 

200 

100 
EB=EMITTER 

CU=COLLECTÓR UPPER SIC 

CM ̂ COLLECTOR MIDDLE 

CL = COLLECTO? LOWER SIDE 

CS = CESIUM RÏSER VOIR 

0.25 0.5 075 

REACTOR POWER 

FIG. 7. OBSERVED TEMPERATURES VS. REACTOR POWER (open circuit) 

φβν] TE[°cJ 
300 

200 

100 

φτ=Φ€+ΦΕ 

o. INCREASING REACTOR POWER 

· . DECREASING REACTOR POWER 

0.25 0.5 0.75 

REACTOR POWER 

FIG. 8. HEAT FLOW AND EMITTER TEMPERATURE VS. REACTOR POWER 

(open circui t) 









» » % » 

CDNA00485ENC 
;·;ίί(Μ·ϊ5': Mi«iferaW.tó.:«iAkwfc¿:.s;viTmB&:íi 


