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ABSTRACT

The effect of axially varying the pitch of helical electron-bombardment heaters on
the axial distribution of radial heat flux to an internally heated hollow cylinder was in-
vestigated? the cylinder simulating the electron-emitting electrode of a thermionic con-
verter. Measured axial distributions of temperature and corresponding calculated heat
fluxes are presented for a series of five variable-pitch filaments and for mean emitter-
surface temperatures of 1778 to 2038 K. These results are compared to similar data
obtained with a uniform-pitch filament.
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ELECTRON-BOMBARDMENT FILAMENT DESIGNS FOR HEATING
. CYLINDRICAL THERMIONIC CONVERTERS
by Peter Cipolione

Lewis Research Center

SUMMARY

An experimental evaluation of the effect of axially varying the winding pitch of heli-
cal electron-bombardment heaters on the axial distribution of the radial heat flux to an
internally heated hollow cylinder is presented,

A series of filaments was wound and their geometry carefully characterized. They
were then used to heat a hollow tantalum cylinder simulating the electron-emitting elec-
trode of a thermionic converter. The axial distribution of temperature was measured on
the outer surface of the cylinder, and the axial distribution of the radial heat flux was
then calculated.

For the best filament, the radial heat flux was axially constant to within 20 percent
over 85 percent of the cylinder's length for emitter-surface mean temperatures of 1806
to 2038 K. On the other hand, a helical filament of constant pitch resulted in axial vari-
ation in heat flux of approximately 150 percent over 85 percent of the cylinder's length
for emitter-surface mean temperatures of 1778 to 1922 K.

’

INTRODUCTION

In a reactor in-core thermionic power system, the cylindrical fuel clad serves as
the electron-emitting electrode of the thermionic converters. Heat is generated uni-
formly in the fuel pellet volume, resulting in a uniform axial distribution of radial heat
flux along the inner surface of the emitter wall.

Thermionic converters are low-voltage, high-current devices. In such a power
system, a number of converters would be electrically connected in series, and heat
losses would occur by conduction through the series leads. Since these lead losses
would typically be only a few percent of the total heat input, the axial distribution of heat
flux along the outer surface of the emitter would also be quite uniform.



In order to accurately establish the performance levels of cylindrical converters by
means of electrically heated out-of-core tests, it is necessary to simulate, as closely
as possible, the uniform axial distribution of heat flux,

The preferred method of heating the emitting electrode in out-of-core tests is by
electron bombardment from a helical filament. The filament, inserted into the central
cavity of a hollow emitter, is electrically heated. Then a dc potential difference between
the thermionic emitter and the filament accelerates electrons from the filament surface
to the emitter, where the kinetic energy of the electrons is converted into thermal en-;
ergy. )

In such an arrangement, heat is lost by radiation from the central cavity and by con-
duction along the filament-support structure. In order to heat the emitter uniformly a-
long its length, the filament design must compensate for these heat losses.

A helical filament of constant pitch was considered in reference 1, in which it was
assumed that the filament could be represented by a hollow cylinder emitting eleetrons
uniformly over its entire lateral surface. The analysis established the filament to cav-
ity diameter ratio required to produce maximum heating efficiency but did not consider
distribution of heat along the cylinder's axis.

Design of filaments to provide an axially uniform distribution of radial heat flux into
the emitter has not previously been investigated. A succession of filament designs was
therefore tested, the purpose being evolution of a filament design providing axially uni-
form heat flux.

Several helical electron-bombardment filaments with variations in winding pitch
were evaluated experimentally. The filaments heated a hollow tantalum cylinder having
a vapor-deposited rhenium outer surface. Emitter-surface mean temperatures ranged
from 1778 to 2038 K. Axial distributions of temperature were determined optically, and
the corresponding axial distributions of radial heat flux were calculated from these tem-
perature distributions.

EQUIPMENT

A photograph of a variable-pitch helical filament mounted in its support structure is
shown in figure 1. The support structure and center support rod are molybdenum, and
the ceramic seat shown at the bottom of the figure is high-purity aluminum oxide. The
filament wire was wound on a grooved fixture as shown in figure 2. In all cases
0. 762+0. 0005- centimeter tungsten wire was used. After winding, the filament was re-
moved from the grooved fixture and placed over a molybdenum rod, which in turn was
placed into a molybdenum setting fixture as shown in figure 3. The pitch of the filament
windings was set by inserting pins into the molybdenum setting fixture as shown in fig-



ure 4. The setting fixture assembly and filament were then fired in an inert gas furnace
at approximately 1400 K for 2 hours in order to stress-relieve the wire. After the inert-
gas firing, the filament was projected onto a comparator screen at 20-power magnifica-
tion, and the winding spacings and overall length were manually readjusted and logged.
Reference points from which measurements were made, as well as the winding spacings
for a typical filament, are shown in figure 5.

The filament was then positioned in the support structure and fired in a vacuum of
1. 33x10" -4 newton per square meter (1x10~ 6 torr) or better for approximately 8 hours at
2300 K. Following this firing, the winding spacing was again checked on the optical com-
parator and the final dimensions were recorded.

The filaments were designed to heat a 3. 94-centimeter-long section of a hollow
1. 33-centimeter-outer-diameter tantalum cylinder with a vapor-deposited rhenium outer
surface which simulated the emitter of the thermionic converter described in reference 2.
The entire structure is shown schematically in figure 6. The filaments were positioned
in the structure so that the uppermost winding was in a 0. 157-centimeter-wide region
where the emitter and support structure overlapped, and the bottom of the filaments ex-
tended to within 0. 063+0. 008 centimeter of the bottom of the emitter cavity. A photo-
graph of the emitter mounted in a test fixture is presented in figure 7.

Except for the uniformly pitched filament, where the winding spacing was
0.2484+0. 013 centimeter, the pitch for both the close- and wide-spaced windings was var-
ied from filament to filament in order to retain the same nominal overall filament length.

The total nmumber of full 360° turns in each filament was 16 except in one case for
which a 15-turn filament was used. A three-digit coding system was devised in order to
facilitate the discussion and to distinguish the various filaments. The first digit denotes
the number of close-spaced turns at the top (near the support structure) of the filament,
the second digit the number of close-spaced turns at the bottom, and the third digit the
total number of turns (a six for 16 turns, and a five for 15). Thus, filament 926 had nine
close-spaced turns at the top, two at the bottom, and a total of 16 turns. A table listing
important dimensions of each of the six filaments evaluated is presented in table I. The
filament and emitter structure were mounted in a vacuum bell jar and when a vacuum of
1. 33><10_4 newton per square centimeter (1><1()'6 torr) was achieved, power was applied
to the filament, '

PROCEDURE

Optical pyrometer brightness temperature was measured axially along the emitter
surface at 0. 476-centimeter (3/16-in. ) intervals. The absolute surface temperature was
then calculated from the brightness temperature and the following relation which is de-



rived from Planck's radiation equation (ref. 3):

T= 1

C
_-z-lnek+—1—

where

T surface absolute temperature, K v
SB measured surface-brightness temperature, K

€ normal spectral emittance of the surface

C2 second radiation constant, 1.438 cm-K

A wavelength, cm

As shown in reference 4, at 0.665 micron, which is the nominal wavelength for opti-
cal pyrometer temperature measurement, the normal spectral emittance of rhenium is
essentially independent of temperature, and a 0.42 emittance was initially used in the
absolute temperature calculations. During the test program, axial differences in sur-
face roughness were observed along the emitter surface. At the conclusion of the tests,
the following procedure was used to determine the degree to which these surface varia-
tions might have affected the normal spectral emittance. Three shallow hohlraums were
machined into the emitter surface at three different axial locations as shown in figure 6.
Differences in the spectral emittance at the three hohlraum locations were then deter-
mined from the hohlraum temperatures and the surface brightness temperatures mea-
sured adjacent to each hohlraum location.

Over the temperature range of interest (1778 to 2038 K), the differences in surface
temperature due to surface emittance differences were found to be approximately +10 K.
The National Bureau of Standards certified the ribbon filament lamp used in calibration
of the optical pyrometer to approximately +7 K for temperatures up to 2500 K. With the
inclusion of a +3 K observer error (ref. 5), the true surface temperature could, at best,
be known only to within approximately +10 K. Therefore, the effect of variations in
spectral emittance due to differences in surface roughness was considered negligible,
and a constant spectral emittance of 0.42 was used to correct all surface-brightness
temperatures to absolute.

The axial distribution of radial heat flux along the emitter was then calculated from
the surface temperature distributions. A one-dimensional heat-transfer analysis was
used for these calculations. Rhenium total hemispherical emittance values required for
the heat flux calculations were taken from reference 6 and ranged from 0,24 at 1400 K to
0. 32 at 2000 K.

4



RESULTS AND DISCUSSION

The first filament to be examined was a uniformly spaced 16-turn filament desig-
iated number 006. The emitter outer-surface temperature distributions, as determined
rom the measured surface-brightness temperatures, are presented for three mean tem-
»ex;atures in figure 8. Note that the maximum temperature occurs at approximately
. 3 centimeters from the top of the 3. 94-centimeter-long emitter. These temperature
listributions were used to calculate the corresponding heat flux distributions along the
miftter and are presented in figure 9. As shown, heat flux increased from the top of the
mitter to the bottom with maximum heat flux differences being on the order of 37 to 53
7atts per square centimeter. The reasons for the severe heat losses at the top of the
mitter are threefold, namely, conduction along the emitter-support structure, conduc-
ion along the filament-support structure, and radiation from the emitter cavity.

In order to compensate for these heat losses, the next test filament was wound with
even close-spaced windings at the top and only three at the bottom (filament number 736).
"he temperature distributions observed with this filament (fig. 10) were quite similar to
hose achieved with the uniformly wound filament, with the maximum temperature now
ceurring at points between 3.1 and 3. 25 centimeters from the top of the emitter.

Filament number 726 was then formed in an attempt to decrease the heat flux at the
ottom of the emit/ter and thereby achieve more uniformity. The temperature distribu-
ions achieved with this filament (fig. 11) show only a small change in the shape of the
emperature distribution relative to the distribution achieved with filament 736; the max-
mum temperatures now occurred between 2. 75 and 3. 15 centimeters from the top of the
mitter.

In order to further reduce the heat input at the bottom of the emitter the next fila-
1ent (number 906) was wound with nine close windings at the top and none at the bottom.
'he temperature distributions achieved with this filament (fig. 12) show that the maxi-
wum temperatures now occurred between 0. 63 and 0. 95 centimeter from the top of the
mitter,

The next filament examined, number 925, had a total of 15 turns instead of the usual
6 in an attempt to reduce the heat input to the axial midregion of the emitter by increas-
1g the spacing (pitch) in that area (see table I). These modifications resulted in much
atter temperature distribution curves as indicated in figure 13, but the reduced
Jament-wire length required 10 to 30 percent more input power, when operated at the
ame dc voltage as the 16-turn filament, to achieve approximately the same absolute
1ean surface temperatures as with the 16-turn filaments. This was considered too in-
fficient a mode of operation, and no further consideration was given to 15-turn fila-
1ents.

Filament number 926 was the next evaluated (fig. 14). As shown, maximum tem-



peratures occurred quite close to the midpoint of the emitter and the temperature distri-
bution was nearly symmetrical about the midpoint for each of the three mean tempera-
tures.

The axial distributions of the radial heat flux along the emitter were calculated froxm
the temperature distributions of figure 14 and the results are presented in figure 15.
Note that these distributions are also symmetrical about the axial midpoints. The effect
of the close-spaced turns at the top of the emitter is apparent when these curves are
compared to the uniformly spaced filament heat flux distribution of figure 9. o

The fractional changes in axial distribution of radial heat flux are compared in fi%—
ure 16 for both the uniform filament (number 006) and filament number 926. As a mea-
sure of uniformity, the fractional change in heat flux, (qh -q )/ql If, was determined

over fractions of emitter axial length taken symmetrically about the axial midpoint wher
ap, is the largest heat flux in the particular fraction of axial length f and 9, is the
smallest value in the same region.

For example, the heat flux for filament 006 at a mean temperature of 1922 K (fig. 9
and for the central 70 percent of axial length (i.e., 35 percent above (3.35 cm), and

35 percent below (0. 59 cm) the axial midpoint) exhibits the following maximum and mini-
mum values;

q, = 58.75 W/cm2
_ 2
q = 28 W/cm

and

4 - q
9

= 1.10

70 percent

This method for comparing filament performance was used because, in a cesiated cylin-
drical thermionic converter, the active emitter length (viz., the length which defines the
actual emitting area) is somewhat less than the overall emitter length. For example, in
the cesiated-converter study conducted with an emitter identical to the one used in this
study (ref. 2), the active emitter length was 3. 81 centimeters or 96.7 percent of the
overall emitter length, and the difference is greater in some designs.

As shown, a significant improvement in emitter axial distributions of heat flux was
achieved with the variable-pitch filament. For example, the variations in heat flux for
filament number 926 over 85 percent of the axial emitter length is approximately 20 per-
cent, whereas for the uniform-pitch filament (number 006), the heat flux varied axially
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oy a factor of 1.5 (150 percent) over the same length.

The total power input required in the tests discussed herein is several times lower
than that required in an operating cesiated thermionic converter. For example, at an
emitter-surface mean temperature of approximately 2100 K, the device tested in vacuum
required a total power input of 680 watts, whereas a cesiated converter utilizing identi-
cal heater and emitter geometries and operating near maximum conversion efficiency re-
quired a heat input of approximately 1800 watts in order to achieve the same surface
mean temperature (ref. 2). The high heat input for the thermionic converter is due
prf“ﬁcipally to the electron cooling of the emitter and this electron cooling could also af-
fect the heat-flux distribution. However, preliminary evaluation of filament number 926
in a cesiated cylindrical converter (ref. 2) indicated that with proper selection of the dc
voltage and ac filament power, heat-flux distributions similar to those achieved in the
vacuum tests were realized.

CONCLUDING REMARKS

The results of an evaluation of several helical electron-bombardment filament de-
signs show that when heating a cylindrical thermionic emitting electrode in vacuum, heat
losses associated with conduction through the emitter- and filament-support structures
as well as thermal radiation from the bottom of the emitter and the cavity into which the
heater is inserted can be compensated for by close-packing the turns in the upper and
lower sections of the filament. A heat flux, uniform within 20 percent over 85 percent
of a 3. 94-centimeter emitter length, was achieved with a 16-turn filament having nine
close-spaced upper turns and two close-spaced lower turns. This heat-flux distribution
was achieved at mean surface temperatures between 1806 and 2038 K.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 29, 1968,
120-27-05-01-22.
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TABLE 1. - CHARACTERISTICS OF

FILAMENTS TESTED

Filament| Average winding spacing, | Overall
number cm length,
cm
Close Wide
006 0.248 0.248 3.92
736 . 165 . 377 3.82
726 .144 . 365 3.85
925 . 132 . 416 3.78
906 .135 . 381 3.77
926 . 145 . 374 3.79

.
.
“

Figure 1, - Helical electron-bombardment filament mounted on molybdenum
support structure.
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Figure 3. - Molybdenum helical filament setting fixture with filament in place.
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Figure 4. - Cross-sectional view of filament setting fixture showing winding positioning pins.
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Figure 5. - Cross-sectional view of emitter and support structure with mounted filament and
winding layout form for typical filament.
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Figure 8. - Emitter outer-surface temperature distributions for uniformly spaced winding
fitament (number 006).
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Figure 9. - Calculated heat flux distribution along emitter resulting from use of uniformly
pitched helical filament (number 006).
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Figure 10. - Surface temperature distributions for filament number 736.
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Figure 11. - Surface temperature distributions for filament number 726.
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Figure 12. - Surface temperature distributions for filament number 906.
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Figure 13. - Surface temperature distributions for filament number 925.
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Figure 14. - Surface temperature distributions for filament number 926.
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Figure 15. - Calculated heat flux distribution along emitter resulting from use of
filament number 926.
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Figure 16. - Comparison of fractional changes in emitter heat flux for filaments
number 006 and number 926.
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