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ABSTRACT 

''••~ii 

A diagnostic method for determining thermionic converter r:- ' 
emit ter t empera tures from experimentally measured output /•, 
current charac te r i s t ics is described and applied to the anal­
ysis of experimental data from both out-of-pile and in-pile ' 
conver te rs . The diagnostic technique is based, in part , on 
previous analyses of the extinguished mode of converter oper­
ation, and in part on semi-empi r ica l a rguments . Attractive 
features of the technique a re that it has a potentially high 
degree of accuracy, does not require special design features 
or instrumentation on experimental conver te rs , and can be 
rapidly implemented in prac t ice . 

1. INTRODUCTION 

It is frequently imprac t ica l or undesirable to provide for direct measurement 
of the emit ter tempera ture in experimental thermionic conver ters , e, g. , for 
life test and in-pile conver te rs , since the provision of instrumentation for 
emit ter tempera ture measurements in these conver ters invariably leads to 
compromises in the converter integrity. Hence, there is a need for techniques 
which permi t the indirect determination of thermionic converter emit ter 
t empera tures from easily measured experimental quantities, 

Calor imet ry measurements have been extensively used to date to determine 
thermionic converter emit ter t empera tu res . There a re a number of uncertain­
t ies in the ca lor imet ry techniques, however, which limit the accuracy of ca l ­
culated emit ter t empera tu res . Therefore, it has been desirable to search for 
a l ternate means for determining thermionic converter emit ter t empera tu res . 

The following descr ibes diagnostic techniques for determining emit ter t emper ­
a tures from experimentally measured "ignition cu r ren t s " and "knee cu r r en t s " 
in thermionic conver te rs . For e lec t ron- r ich converter operating conditions, 
one or both of these quantities may be readily distinguished in experimental 
output cur ren t charac te r i s t i c s . Attractive features of the proposed diagnostic 
techniques a re that they have a high potential degree of accuracy (estimated to 
be ± 50 K), permit a rapid determination of emit ter t empera tures from exper i ­
mental data, and do not require special instrumentation on experimental con­
v e r t e r s . 

*Work was performed under United States Atomic Energy Commission Con­
t rac t AT(04-3)-189, P . A, No, 32, 
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2, THEORETICAL CONSIDERATIONS 

A "typical" output current charac te r i s t ic for a thermionic converter operating 
in the "e lec t ron- r ich" regime shown in Figure 1, This charac ter i s t ic exhibits 
lower and upper branches which a re r e fe r red to as the extinguished and ignited 
modes of operation, respect ively. The ignited mode of thermionic converter 
operation yields the highest output power densities and efficiencies. The ex­
tinguished mode, however, is better understood theoretically and is of greater 
value in converter diagnostics. 

A comprehensive analysis of the extinguished mode of thermionic converter 
operation, with emphasis on converter diagnostics, has been presented by 
Wilkins and Gyftopoulos' ' . The authors show that, for appropriately selected 
converter operating conditions, measurements of the extinguished mode output 
current charac ter i s t ic can be used to infer values of the electrode work func­
tions, electrode t empera tu res , and electron and ion mobil i t ies . The tech­
niques which lead to a determination of thermionic converter emit ter t empera ­
tures for e lec t ron- r ich operating conditions a r e summarized below. 

For e lec t ron- r ich operation the extinguished mode output cur ren t cha rac te r ­
ist ic exhibits a "forward saturation current density" Jr (Figure 1). A theoret­
ical express ion for this current density is given by the relation'•'•'. 

Ĵ  = J*/( l + RJ ; 

J* = e ( 2 n m ^ ) ^ / ^ h - ^ / ^ ( k T g ) ^ / ^ P g ^ / 2 e x p [ - e V . g / 2 k T g ) ] ; (1) 

where J is the electron random current density in a neutral plasma in the rmo-
dyiiarnic equilibrium with the emit ter ; R is proport ional to the number of 
e lec t ron-neut ra l mean free paths ac ross the interelectrode gap; T^, is the 
emit ter t empera ture ; p and V̂^ a re the interelectrode gas p re s su re and ioni­
zation potential, respeCTively; nrig is the electron m a s s ; and k, h, and e a re 
the Boltzmann constant, P lanck 's constant and electronic charge, respect ively. 
The parameter Rg is given by the relation^ ': 

•' Re = (3/4) [ T E / ( T E + Tg)] [pg/ (kTg)] a^gd = a^p^d ; (2) 

where Tg is the interelectrode gas tempera ture ; d is the interelectrode 
spacing; a^^ is the e lec t ron-neut ra l c ros s section; and a£ is an approximately 
constant pa ramete r which is defined by Equation (2) and may be inferred from 
experimental data as discussed in Section 3. 

The meaning of Equation (1) is that, for e lec t ron-r ich conditions, the forward 
saturation current Jr (Figure 1) depends exponentially on emit ter tempera ture 
and is independent of the electrode work functions and ma te r i a l s . Therefore , 
in principle, J^ is a valuable diagnostic pa ramete r . In par t icular , m e a s u r e ­
ments of Jr for known cesium p r e s s u r e and interelectrode spacing may be 
used to infer thermionic converter emit ter t empera tu res . 

As a resu l t of leakage cu r ren t s , volume ionization and other complicating 
factors it is frequently difficult in pract ice to identify precisely the saturation 
cur ren t density J j in experimental output cur ren t cha rac t e r i s t i c s . Two quanti­
t ies which can frequently be identified for e lec t ron-r ich operation, however, 
a re the "ignition current density" J^ and the "knee current density" J j ^ These 
quantities a re shown in the output cur ren t charac te r i s t ic in Figure I, since 
both J j and Jj^ a r e approximately equal to Jr, it is reasonable to assume that 
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the igni t ion c u r r e n t d e n s i t y and knee c u r r e n t dens i ty each sa t i s fy an equa t ion 
s i m i l a r to Equa t ion (1). Spec i f ica l ly it i s a s s u m e d that : 

J i g = J * / ( l + a^gPgd) ; (3.) 

. , j j , = J * / ' ^ + ^ k V ^ ' •- ' . . -^ •'• . (4) 

w h e r e the new c o n s t a n t s a^g and aj^ a r e not n e c e s s a r i l y equa l and a r e to be 
e v a l u a t e d f r o m e x p e r i m e n t a l da ta ( see Sec t ion 3), 

It should be e m p h a s i z e d that whi le E q u a t i o n (1) is b a s e d on f i r m t h e o r e t i c a l 
a r g u m e n t s , E q u a t i o n s (3) and (4) m u s t be r e g a r d e d a s s e m i - e m p i r i c a l . The 
u t i l i ty of t h e s e equa t i ons in c o n v e r t e r d i agnos t i c s r e s t s so le ly upon the i r 
ab i l i t y to d e s c r i b e e x p e r i m e n t a l data wi th in t o l e r a b l e e r r o r m a r g i n s . Th i s 
a b i l i t y i s d e m o n s t r a t e d in Sec t ion 3. 

An a p p r o x i m a t e e r r o r a n a l y s i s of Equa t ion (3) or (4) y i e lds the r e l a t i o n : 

AT^ 2 k T _ /AJ Aa E_ E_ I m m 
T„ '" eV. I J "̂  a 

E 1 \ m m 
' "^ = ^g' ^ ' [/".': ^ :'. ' :..;• .. , |^) -

In o ther w o r d s , e r r o r s in the i n f e r r e d e m i t t e r t e m p e r a t u r e r e s u l t f rom e r r o r s 
in the m e a s u r e d c u r r e n t J j ^ ( m = ig , k) and f r o m u n c e r t a i n t i e s in the c o r r e s ­
ponding p a r a m e t e r a j ^ (m = ig , k). It is shown in Sec t ion 3 tha t a p e s s i m i s t i c 
e s t i m a t e of the l a t t e r y i e ld s Aa^^^/a^j^ ~ 20% (m = ig, k). Hence , if AJ / J j ^ ~ 
5% (m = ig, k) , the d i agnos t i c s c h e m e s p r o p o s e d h e r e m a y be e x p e c t e d to 
y ie ld t h e r m i o n i c c o n v e r t e r e m i t t e r t e m p e r a t u r e s to wi th in about ± 50 K. 

E q u a t i o n s (3) and (4) p e r m i t the d e t e r m i n a t i o n of t h e r m i o n i c c o n v e r t e r e m i t t e r 
t e m p e r a t u r e s for e l e c t r o n - r i c h c o n v e r t e r o p e r a t i n g cond i t i ons . To apply t he se 
equa t ions to c o n v e r t e r d i a g n o s t i c s , h o w e v e r , va lue s m u s t be e s t a b l i s h e d for 
the c o n s t a n t s a. and a^. T h e s e v a l u e s a r e d e t e r m i n e d in the following sec t ion , 

I g K 

3, COMPARISON OF THEORY AND E X P E R I M E N T 

Igni t ion C u r r e n t s : Igni t ion c u r r e n t s for a W-Ni t h e r m i o n i c c o n v e r t e r for a 
b r o a d r a n g e of e l e c t r o n - r i c h ope ra t i ng condi t ions have b e e n m e a s u r e d by 
Wilson^ ' . T h e s e da ta a r e shown in F i g u r e 2 on a J l / J ^ g v e r g e s p d plot a s 
s u g g e s t e d by Equa t ion (3). Al though the data a r e s c a t t e r e d , they n e v e r t h e l e s s 
fal l r e a s o n a b l y c l o s e to a s ing le s t r a i g h t l ine and c o n f i r m the u t i l i ty of Equa t ion 
(3). F r o m the so l id l ine t h rough the data and the two d a s h e d l ines which bound 
the data in F i g u r e 2, the va lue of a- in Equa t ion (3) is i n f e r r e d to be a^ = 0. 28 
± 0. 05 (mi l X t o r r ) " . Th i s value i s in r e a s o n a b l e a g r e e m e n t •with independen t 
m e a s u r e m e n t s of the e l e c t r o n - n e u t r a l c r o s s s ec t i on for c e s i u m . In add i t ion , 
the u n c e r t a i n t y in a^g is wi th in the a c c e p t a b l e r a n g e for e m i t t e r t e m p e r a t u r e 
d e t e r m i n a t i o n s ( see F]quation 5). 

Knee C u r r e n t s : E x p e r i m e n t a l knee c u r r e n t data for e l e c t r o n - r i c h o p e r a t i n g 
condi t ions a r e shown in F i g u r e 3 in a f o r m ana logous to that for igni t ion 
c u r r e n t s ( F i g u r e 2). Two s e t s of da ta a r e shown; the so l id po in t s r e p r e s e n t 
m e a s u r e m e n t s by Wi lson ' ' for a W-Mo c o n v e r t e r . Both s e t s of m e a s u r e ­
m e n t s fal l r e a s o n a b l y c l o s e to a s ing le s t r a i g h t l i ne , and ver i fy the u t i l i ty of 
E q u a t i o n (4), The c o n s t a n t a, eva lua t ed as p r e v i o u s l y d i s c u s s e d in connec t ion 
wi th a^g is â ^ = 0. 39 ± 0. 06 (mi l x t o r r ) " . The u n c e r t a i n t y in a, i s aga in 
wi th in nie a c c e p t a b l e r a n g e for e m i t t e r t e m p e r a t u r e d e t e r m i n a t i o n s . It should 
be no ted , ho 'wever, tha t a, e x c e e d s a- by about 30%; so that i t is i m p o r t a n t to 
d i s t i n g u i s h be tween igni t ion c u r r e n t s ^nd knee c u r r e n t s in apply ing the p r e s e n t 
d i agnos t i c t e c h n i q u e s . 
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4, E M I T T E R T E M P E R A T U R E DETERMINATIONS 

In th is s ec t i on g r a p h s a r e p r e s e n t e d for the d e t e r m i n a t i o n of e m i t t e r t e m p e r a ­
t u r e s f r o m m e a s u r e d igni t ion and knee c u r r e n t s in t h e r m i o n i c c o n v e r t e r s . 
An i n t e r e l e c t r o d e s p a c i n g of 7 m i l s is c o n s i d e r e d for i l l u s t r a t i o n . In addi t ion , 
o p e r a t i n g cond i t ions for wh ich the p r o p o s e d d i agnos t i c t e c h n i q u e s a r e a p p l i ­
cab le a r e e s t i m a t e d for a W e m i t t e r . 
F i g u r e 4 shows the r e l a t i o n s h i p be tween igni t ion c u r r e n t d e n s i t y and i n v e r s e 
e m i t t e r t e m p e r a t u r e for an i n t e r e l e c t r o d e s p a c i n g of 7 m i l s and a r a n g e of 
c e s i u m r e s e r v o i r t e m p e r a t u r e s . The p lo t i s ob ta ined f r o m Equa t ion (3) by 
us ing the va lue of a- i n f e r r e d f r o m e x p e r i m e n t a l da ta a s d e s c r i b e d in Sec t ion 
3. The m e a n i n g of F i g u r e 4 is that t h e r m i o n i c c o n v e r t e r e m i t t e r t e m p e r a t u r e s 
m a y be d i r e c t l y i n f e r r e d f r o m m e a s u r e m e n t s of the igni t ion c u r r e n t dens i t y 
for known c e s i u m r e s e r v o i r t e m p e r a t u r e s . 

The c u r v e m a r k e d "3 = 1" (p is the i o n - r i c h n e s s r a t i o ) in F i g u r e 4 r e p r e s e n t s 
the r e l a t i o n b e t w e e n the e m i t t e r and c e s i u m r e s e r v o i r t e m p e r a t u r e s for wh ich 
the e m i s s i o n f r o m a W e m i t t e r i s e s t i m a t e d to be n e u t r a l . Th i s c u r v e is d e t e r ­
m i n e d f r o m the c e s i a t e d t ungs t en w o r k function data of R a s o r and Warne r ' ' * ' 
and should be r e g a r d e d a s a p p r o x i m a t e s ince ind iv idua l e m i t t e r s m a y di f fer . 
F o r m e a s u r e d igni t ion c u r r e n t d e n s i t i e s above the "3 = 1" c u r v e in F i g u r e 4, 
the e m i s s i o n is i o n - r i c h and the p r e s e n t d i agnos t i c t echnique is i napp l i cab l e . 

F i g u r e 5 shows^the r e l a t i o n be tween the knee c u r r e n t dens i t y and i n v e r s e 
e m i t t e r t e m p e r a t u r e d e t e r i n i n e d f r o m Equa t ion (4) for an i n t e r e l e c t r o d e 
spac ing of 7 m i l s and s e v e r a l c e s i u m r e s e r v o i r t e m p e r a t u r e s . The r e s u l t s 
a r e ana logous to those shown in F i g u r e 4 and m a y be u s e d for e m i t t e r t e m p e r ­
a t u r e d e t e r m i n a t i o n s in a l ike m a n n e r . A l so shown in F i g u r e 5 is the n e u t r a l 
e m i s s i o n (P = 1) c u r v e for t ungs t en , above which the e m i s s i o n is i o n - r i c h and 
Equa t ion (4) i s not a p p l i c a b l e . 

T h u s , for e l e c t r o n - r i c h o p e r a t i n g cond i t i ons , e i t h e r igni t ion or knee c u r r e n t 
d e n s i t y m e a s u r e m e n t s m a y be u sed to infer t h e r m i o n i c c o n v e r t e r e m i t t e r 
t e m p e r a t u r e s . When p o s s i b l e , for s i n g l e - c e l l d e v i c e s , both m e a s u r e m e n t s 
should be u t i l i z e d and the r e s u l t s c o m p a r e d . F o r m u l t i - c e l l d e v i c e s m u l t i p l e 
ign i t ion c u r r e n t d e n s i t i e s c o r r e s p o n d i n g tor t iu l t ip le ce l l t e m p e r a t u r e s m a y b e 
o b s e r v e d . A qua l i t a t i ve u n d e r s t a n d i n g of the t h e r m a l p o w e r d i s t r i b u t i o n is 
r e q u i r e d , h o w e v e r , to a s s o c i a t e the i n f e r r e d t e m p e r a t u r e s wi th spec i f ic c e l l s . 

5. A P P L I C A T I O N TO I N - P I L E CONVERTERS 

I - S C I P : A s e r i e s of output c u r r e n t c h a r a c t e r i s t i c s have b e e n m e a s u r e d for an 
i n s t r u m e n t e d s ing le ce l l ( I -SCIP) c o n v e r t e r . Igni t ion and knee output c u r r e n t 
d e n s i t i e s a r e e s t i m a t e d f r o m t h e s e c h a r a c t e r i s t i c s and u s e d h e r e to infer the 
p r e v a i l i n g e m i t t e r t e m p e r a t u r e s . The e m i t t e r t e m p e r a t u r e s d e t e r m i n e d in 
th i s m a n n e r a r e given in Tab le 1 and c o m p a r e d with c o r r e s p o n d i n g va lue s 
ob ta ined f r o m the I - S C I P e m i t t e r t h e r m o c o u p l e s . 

The I - S C I P e m i t t e r t e m p e r a t u r e s i n f e r r e d f r o m m e a s u r e d igni t ion and knee 
output c u r r e n t d e n s i t i e s (Tab le 1) a r e g e n e r a l l y about 30 to 60 C above the 
a v e r a g e of the two e m i t t e r t h e r m o c o u p l e v a l u e s . Although th is s m a l l d i f fe r ­
ence i s wi th in the e x p e c t e d a c c u r a c y of the p r e s e n t t e chn iques and t h e r m o ­
couple m e a s u r e m e n t s , it m a y be s ign i f ican t and ind ica te tha t the t h e r m o c o u p l e s 
m e a s u r e a d e p r e s s e d t e m p e r a t u r e a t the end of the e m i t t e r whi le the c o n v e r t e r 
d i agnos t i c t e c h n i q u e s y ie ld an " a v e r a g e " su r f ace t e m p e r a t u r e . 

S C I P - 5 1 0 : R e p r e s e n t a t i v e output power dens i t y v e r s u s t e s t - t i m e da ta for the 
S C I P - 5 1 0 c o n v e r t e r i s shown in F i g u r e 6a. The r e s u l t s i nd ica t e that s u b s t a n ­
t i a l v a r i a t i o n s in the output power d e n s i t y (about 3 to 8 W/cm"^) o c c u r r e d du r ing 
the 3573 h o u r s of o p e r a t i o n of th i s d e v i c e . 
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TABLE 1, SUMMARY OF I-SCIP EMITTER TEMPERATURE DATA 

Emit ter Tempera ture C Determined From: 
Thermocouple 

No, 1 
1495 
1495 
1495 
1502 
1500 
1500 
1500 
1500 
1500 

ThermocxJuple 
No, 2 
1550 
1550 

- -
1565 

- -

- -
- -
- -

Ignition 
Current 

1527 
1575 
1575 
1575 
1512 
1552 
1517 
1537 

- -

Ignition 
Current 

1547 
1587 
1587 
1587 
1487 
1552 
1522 
1537 
1567 

Four to six output cur ren t charac te r i s t i cs (at different cesium rese rvo i r temper 
atures) have been measured at t e s t - t imes corresponding to each of the 20 data 
points in Figure 6a, Each of these charac te r i s t i cs is used,in this study to ob­
tain an est imate of the prevailing emit ter t empera tu res . The resul ts for each 
tes t - t ime a re then averaged to obtain the emit ter temperature versus tes t -
time relation shown as the solid line in Figure 6b, 

The present resu l t s (Figure 6b) indicate that the SCIP-510 emitter t empera­
ture varied significantly between 1400 and 1750 C during the 3 573 hours of the 
life test . Within the accuracy of the present diagnostic techniques, these va r i ­
ations cor re la te completely with those observed in the measured output power 
density of the device (Figure 6a), No attempt is made here to isolate the source 
of the emit ter tempera ture variat ions. It should be recognized, however, that 
variations of the observed magnitude could resul t from comparatively small 
perturbat ions in the local neutron flux (± 5 to 10%), or from small variations in 
the radial position of the device (1/16 to 1/8 inch). 

Figure 7 shows the data of Figure 6 on a power density versus emit ter te inper-
ature plot; the latter coordinate being determined from converter diagnostics. 
The data points in Figure 7 are connected by straight-l ine segments showing 
the order in which the measurements were made. Recognizing a ± 50°C un­
certainty in the emit ter t empera tures of Figure 6, the data fall reasonably 
close to a single curve and exhibit no systematic degradation in the device 
performance with increasing test t ime. 

Shown for reference in Figure 7 a r e power density versus emit ter tempera ture 
curves obtained by TEECO in 1962 for a W-Mo conver ter ' ', and by Wilson'" ' 
for a W-Nb converter . Both of these converters had a 7-mil interelectrode 
spacing. The higher performance of Wilson's device is attr ibuted in large 
par t to the use of a very clean, heat- t reated W emit ter . Note that the SCIP-
510 data (Figure 7) generally falls between that obtained in 1962 by TEECO 
and that obtained recently by Wilson. Hence the performance of SCIP-510 
compares favorably with related out-of-pile measuremen t s . 

6. SUMMARY AND CONCLUSIONS 

Diagnostic techniques are presented for determining thermionic converter 
emit ter t empera tures to within ± 50 C from experimental output current char­
ac t e r i s t i c s . The techniques were derived from theoretical considerations and 
a r e verified with out-of-pile resul ts from r e s e a r c h conver te rs . Application 
of these techniques to the analysis of in-pile I-SCIP and SCIP-510 data yields 
emit ter t empera tu res which a re completely consistent with independent 
measurements (I-SCIP thermocouples), and device performance charac te r ­
is t ics (SCIP-510). 
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