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ABSTRACT

A diagnostic method for determining thermionic converter
emitter temperatures from experimentally measured output
current characteristics is described and applied to the anal-
ysis of experimental data from both out-of-pile and in-pile
converters, The diagnostic technique is based, in part, on
previous analyses of the extinguished mode of converter oper-
ation, and in part on semi-empirical arguments, Attractive
features of the technique are that it has a potentially high
degree of accuracy, does not require special design features
or instrumentation on experimental converters, and can be
rapidly implemented in practice,

1. INTRODUCTION

It is frequently impractical or undesirable to provide for direct measurement
of the emitter temperature in experimental thermionic converters, e.g., for
life test and in-pile converters, since the provision of instrumentation for
emitter temperature measurements in these converters invariably leads to
compromises in the converter integrity. Hence, there is a need for techniques
which permit the indirect determination of thermionic converter emitter
temperatures from easily measured experimental quantities,

Calorimetry measurements have been extensively used to date to determine
thermionic converter emitter temperatures, There are a number of uncertain-
ties in the calorimetry techniques, however, which limit the accuracy of cal-
culated emitter temperatures. Therefore, it has been desirable to search for
alternate means for determining thermionic converter emitter temperatures.

The following describes diagnostic techniques for determining emitter temper-
atures from experimentally measured "ignition currents' and '"knee currents'
in thermionic converters. For electron-rich converter operating conditions,
one or both of these quantities may be readily distinguished in experimental
output current characteristics, Attractive features of the proposed diagnostic
techniques are that they have a high potential degree of accuracy (estimated to

o : . e et d :
be + 50 'K), permit a rapid determination of emitter temperatures from experi-
mental data, and do not require special instrumentation on experimental con-
verters,

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

A ''typical" output current characteristic for a thermionic converter operating
in the ""electron-rich' regime shown in Figure 1. This characteristic exhibits
lower and upper branches which are referred to as the extinguished and ignited
modes of operation, respectively. 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 empha.si(s1 )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 characteristic can be used to infer values of the electrode work func-
tions, electrode temperatures, and electron and ion mobilities., The tech-
niques which lead to a determination of thermionic converter emitter tempera-

tures for electron-rich operating conditions are summarized below,

For electron-rich operation the extinguished mode output current character-
istic exhibits a "forward saturation current density" J, (Figure 1;. A theoret-
ical expression for this current density is given by the relation(1),

ES
Je=J_/(1+R_);

* 1/4 h-3/2 1

J'r = e(ZTTme) (kTE)3/4pg /2 exp [-evig/ZkTE)] : (1)
where Jj is the electron random current density in a neutral plasma in thermo-
dynamic equilibrium with the emitter; R, is proportional to the number of
electron-neutral mean free paths across the interelectrode gap; TE is the
emitter temperature; p_and V;, are the interelectrode gas pressure and ioni-
zation potential, respe<.gtive1y; x%e is the electron mass; and k, h, and e are

the Boltzmann constant, Planck's constant ?‘f’)d electronic charge, respectively.
The parameter Rg is given by the relation'"’:

R, = (3/4) [Tg/(Tg + T ][p /(T ) [0, d = apd (2)

where T is the interelectrode gas temperature; d is the interelectrode
spacing; O, is the electron-neutral cross section; and ay¢ is an approximately
constant paFameter 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 electron-rich conditions, the forward
saturation current J¢ (Figure 1) depends exponentially on emitter temperature
and is independent o% the electrode work functions and materials, Therefore,
in principle, J. is a valuable diagnostic parameter. In particular, measure-
ments of J;for  known cesium pressure and interelectrode spacing may be
used to infer thermionic converter emitter temperatures.

As a result of leakage currents, volume ionization and other complicating
factors it is frequently difficult in practice to identify precisely the saturation
current density J; in experimental output current characteristics. Two quanti-
ties which can frequently be identified for electron-rich operation, however,
are the "ignition current density" J;, and the ""knee current density" J,. These
quantities are shown in the output current characteristic in Figure 1. Since
both Jig and Jy are approximately equal to J, it is reasonable to assume that
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the ignition current density and knee current density each satisfy an equation
similar to Equatlon (1). Specifically it is assumed that:

J; -J/(1+a d) ; (3)

ig igPg

Jk=.]'r/(l+akpgd); (4)
where the new constants aj, and a) are not necessarily equal and are to be
evaluated from experimental data (see Section 3),

It should be emphasized that while Equation (1) is based on firm theoretical
arguments, Equations (3) and (4) must be regarded as semi-empirical. The
utility of these equations in converter diagnostics rests solely upon their
ability to describe experimental data within tolerable error margins, This
ability is demonstrated in Section 3.

An approximate error analysis of Equation (3) or (4) yields the relation:

AT 2kT AT Aa
e s E(m+ rn);m=ig,k (5)

TE eVi .Tm arn

In other words, errors in the inferred emitter temperature result from errors
in the measured current J (m = ig, k) and from uncertainties in the corres-
ponding parameter a_.(m = 1g, k). It is shown in Section 3 that a pessu'rustm
estimate of the latter yields da _ /a A =~ 20% (m = ig, k). Hence, if AT _/J,,

5% (m = ig, k), the diagnostic schemes proposed here may be expecterdnto
yield thermionic converter emitter temperatures to within about + 50 2

Equations (3) and (4) permit the determination of thermionic converter emitter
temperatures for electron-rich converter operating conditions. To apply these
equations to converter diagnostics, however, values must be established for
the constants aig and aj. These values are determined in the following section,

3. COMPARISON OF THEORY AND EXPERIMENT

Ignition Currents: Ignition currents for a W-Ni thermionic converter for a
broad raslge of electron-rich operatmg conditions haye been measured by
Wilson! These data are shown in Figure 2 ona J. /J;5 V€Tsus Pg d plot as
suggested by Equation (3). Although the data are scatte:ge they nevertheless
fall reasonably close to a single straight line and confirm the utility of Equation
(3). From the solid line through the data and the two dashed lines which bound
the data in Figure 21 the value of a;  in Equation (3) is inferred to be a;, = 0.28
+ 0,05 (mil x torr)~*., This value i€ in reasonable agreement with independent
measurements of the electron-neutral cross section for cesium, In addition,
the uncertainty in aj, is within the acceptable range for emitter temperature
determinations (see %*Jquation 5).

Knee Currents: Experimental knee current data for electron-rich operating
conditions are shown in Figure 3 in a form analogous to that for ignition
currents (Figure 2). ? fets of data are shown; the solid points represent
measurements by W1lson for a W-Mo converter. Both sets of measure-
ments fall reasonably close to a single straight line, and verify the utility of
Equation (4). The constant a; evaluated 38 previously discussed in connection
with a;, is aj = 0.39 £ 0, 06 (mil x torr)”". The uncertainty in a, is again
within é‘xe acceptable range for emitter temperature determinations., It should
be noted, however, that a, exceeds a._ by about 30%; so that it is important to
distinguish between ignition currents §nd knee currents in applying the present
diagnostic techniques,
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4, EMITTER TEMPERATURE DETERMINATIONS

In this section graphs are presented for the determination of emitter tempera-
tures from measured ignition and knee currents in thermionic converters.

An interelectrode spacing of 7 mils is considered for illustration., In addition,
operating conditions for which the proposed diagnostic techniques are appli-
cable are estimated for a W emitter.

Figure 4 shows the relationship between ignition current density and inverse
emitter temperature for an interelectrode spacing of 7 mils and a range of
cesium reservoir temperatures. The plot is obtained from Equation (3) by
using the value of a;, inferred from experimental data as described in Section
3. The meaning of 1~g1gure 4 is that thermionic converter emitter temperatures
may be directly inferred from measurements of the ignition current density
for known cesiim reservoir temperatures.

The curve marked '""B = 1" (B is the ion-richness ratio) in Figure 4 represents
the relation between the emitter and cesium reservoir temperatures for which
the emission from a W emitter is estimated to be neutral. This curve is deter-
mined from the cesiated tungsten work function data of Rasor and Warner

and should be regarded as approximate since individual emitters may differ.
For measured ignition current densities above the '"8 = 1'' curve in Figure 4,
the emission is ion-rich and the present diagnostic technique is inapplicable.

Figure 5 shows the relation between the knee current density and inverse
emitter temperature determined from Equation (4) for an interelectrode
spacing of 7 mils and several cesium reservoir temperatures. The results
are analogous to those shown in Figure 4 and may be used for emitter temper-
ature determinations in a like manner, Also shown in Figure 5 is the neutral
emission (B = 1) curve for tungsten, above which the emission is ion-rich and
Equation (4) is not applicable,

Thus, for electron-rich operating conditions, either ignition or knee current
density measurements may be used to infer thermionic converter emitter
temperatures. When possible, for single-cell devices, both measurements
should be utilized and the results compared. For multi-cell devices multiple
ignition current densities corresponding to multiple cell temperatures may be
observed. A qualitative understanding of the thermal power distribution is
required, however, to associate the inferred temperatures with specific cells.

5. APPLICATION TO IN-PILE CONVERTERS

I-SCIP: A series of output current characteristics have been measured for an
instrumented single cell (I-SCIP) converter. Ignition and knee output current
densities are estimated from these characteristics and used here to infer the
prevailing emitter temperatures. The emitter temperatures determined in
this manner are given in Table 1 and compared with corresponding values
obtained from the I-SCIP emitter thermocouples,

The I-SCIP emitter temperatures inferred from measured 1gn1t1on and knee
output current densities (Table 1) are generally about 30 to 60°C above the
average of the two emitter thermocouple values. Although this small differ-
ence is within the expected accuracy of the present techniques and thermo-
couple measurements, it may be significant and indicate that the thermocouples
measure a depressed temperature at the end of the emitter while the converter
diagnostic techniques yield an '"average' surface temperature.

SCIP-510: Representatlve output power density versus test-time data for the
SCIP-510 converter is shown in Figure 6a. The results indicate that substan-
tial variations in the output power density (about 3 to 8 W/cm*) occurred during
the 3573 hours of operation of this device.
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TABLE 1. SUMMARY OF I-SCIP EMITTER TEMPERATURE DATA

Emitter Temperature °C Determined From:
Thermocouple Thermoeduple Ignition Ignition
No. 1 No. 2 Current Current
1495 1550 1527 1547
1495 1550 1575 1587
1495 -- 1575 1587
1502 1565 1575 1587
1500 -- 1512 1487
1500 -- 1552 1552
1500 -- 1517 1522
1500 -- 1537 1537
1500 -- -- 1567 |

Four to six output current characteristics (at different cesium reservoir temper-
atures) have been measured at test-times corresponding to each of the 20 data
points in Figure 6a. Each of these characteristics is used in this study to ob-
tain an estimate of the prevailing emitter temperatures, The results for each
test-time are then averaged to obtain the emitter temperature versus test-

time relation shown as the solid line in Figure 6b.

The present results (Figure 6b) indicate that the SCIP-510 emitter tempera-
ture varied significantly between 1400 and 1750°C during the 3573 hours of the
life test. Within the accuracy of the present diagnostic techniques, these vari-
ations correlate 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 emitter temperature variations. It should be recognized, however, that
variations of the observed magnitude could result from comparatively small
perturbations in the localneutron 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 emitter temper-
ature plot; the latter coordinate being determined from converter diagnostics.
The data points in Figure 7 are connected by straight-line segments showing
the order in which the measurements were made. Recognizing a + 50°C un-
certainty in the emitter temperatures of Figure 6, the data fall reasonably
close to a single curve and exhibit no systematic degradation in the device
performance with increasing test time.

Shown for reference in Figure 7 are power density versu? 3mitter temperat% e
curves obtained by TEECO in 1962 for a W-Mo converter 5 , and by Wilsonl
for a W-Nb converter. Both of these converters had a 7-mil interelectrode
spacing. The higher performance of Wilson's device is attributed in large
part to the use of a very clean, heat-treated W emitter., 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 measurements.

6, SUMMARY AND CONCLUSIONS

Diagnostic techniques are presentedofor determining thermionic converter
emitter temperatures to within + 50 C from experimental output current char-
acteristics, The techniques were derived from theoretical considerations and
are verified with out-of-pile results from research converters. Application
of these techniques to the analysis of in-pile I-SCIP and SCIP-510 data yields
emitter temperatures which are completely consistent with independent
measurements (I-SCIP thermocouples), and device performance character-
istics (SCIP-510).
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