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EQREWORD

This final report was prepared a3 part of the contract deliverables under the “Thermal
Energy Storage and Heat Transfer Support Program,” Contract No. F33613-87-C-2738, This
contract was adminiseratered by the Aero Propulsion and Power Laboratory (APPL) of Wright
Research and Development Center (WRDC) (now Wright Laboratory (WL)) and co-sponsored
by the Strategic Defense Initiaive Organization (SDIO). Dr. J.E. Beam, Ms. J.E. Johnson, Mr.
M. Morgan and Mr. A.S. Reyes wers the Air Force Technical Monitors at various stages of this

program.

The present repurt outines the research effort performed under Task-4, Thermionic
Energy Conversion Studies concerning the specific work done on establishing diode test stations
and performance mapping of the Lanthanum Hexaboride diode. The other tasks of this program,
namely; Task-1, Heat Transport System Studies; Task-2 Thermal Energy Storage Study; Task-3
Innovative Radiator Study and Task-5, Heat Pipe Life Test Study are covered under separate
documents.

The entire work described hers was performed on-site at the Thermal Laboratory
(WL/POOS) by UES, Inc., Dayton, OH with Dr. M.L. Ramalingam as the Principal Investigator
for the task and Dr. R. Ponnappan as the Prograr Manager. Messrs, D. Brigner (UES) and D.
Reinmuller (WRDC) provided the technical support. UES Scientific Services Division and
Drafting Group provided the documentation services.

The thermionics related activities on this contract were terminated on August 6, 1989 after
the completion of the rejuvenation of the NASA, LeRC facilities and successful testing,
characterization and verification of the output resuits on the Lanthanum Hexaboride and

Rhenium-Niobium diodes.
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Thermionic Energy Conversion (TEC) was part of the space nuclear research activities
being investigated at NASA Lewis Ressarch Center (LaRC) in the early sevendes (1,2). Before
the termination of these activities in 1973, Lanthanum Hexaboride (LaB,) was one of the
important materials being studied as & part of the diode-screening project (3]. The TEC activities
were then continued at LeRC by NASA’s applied research technology (ART) program {4]. The
TEC-ART activities were terminated due to programmatic retrenchment and transferred to the
Jet Propulsion Lab (JPL) whers the research on metal hexaboride has since received less
prominence [5.,6].

A twin diminiode station, a TECO diode station and diode processing station were
acquired by the Aero Propulsion Laboratory of WRDC/WPAFB, in 1987. These stations are now
currently being rejuvenated and upgraded with improved instrumentation and testing facilities.
The planar diminiode tested in the twin station has an emitter made from sintered LaB, and a
collector made from arc melted LaB,. The constructional details and configuration are explained
in detail in earlier documents (7,8,9,10,11]. However the details of the instumentation and the
data acquisition and processing system used were different, and this report provides some of the
details on these aspects. Before actually conducting the optimization tests, an initial sequence
of tests was conducted to verify the performance of the diminiode. In this sequence of tests, the
cesium reservoir temperature was mantained at 460 K, and the collector temperature was
maintained at 900 K while the emitter temperature was varied from 1500 K to 1700 K in
intervals of 50°C. Both current density and power density characteristics were generated at
various emitter temperatures and compared with similar results obtained at NASA LeRC. These
results and some of the calibration requirements for measuring the emitter temperature accurately
are discussed in this report along with certain important features in the characteristics such as
ignition point and de-ignition point, open circuit voltage and short circuit curent. After
confirming the normal ¢ :2ration of the diminiode as well as the testing facility, a test plan was
generated and executed for the first and second stage optimization tests.
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This constitutes a pair of diminiode tedt stations that were combined to form one unit with
several common facilities that were either activated or de-activated depending on which test
station was in operation. These two stations were well equipped to test variable gap, small
electrode, planar diodes which could be mounted slong with their cooling consoles, directly to
a 6-inch-diameter flange. The vacuum chambers were water cooled but the diode components
themselves were equipped to provide either water ot gas cooling.

Figure 1.1 shows the cross-section of the NASA diminiode as reproduced from Ref. 1.
The base of the diminiode consists of three concentric conductors (niobium, 1% zrconium)
bonded together with intervening annuli of aluminum oxide insulation. The bonding of the
conductors to the insulators was done by the Hot Isostatic Pressing Process (HIPP), By using
this construction method, low resistance electrical paths were provided for the collector and
guard. The center and second steps at the bottom of the diminiode base served as the electrical
taps for the collector and guard,

The cap of the diminiode consists of a tantalum electron bombardment target. This top
piece was located on the machined shoulders of a standard tantalum tube. The tube was attached
to the diminiode base and served as the cesium reservoir, Cesium was sealed in the tube after
internal degassing and initial pyrometry calibrations were completed. The sealing of the reservoir
was conducted in a specially designed station and was completed by brazing the tantalum bail
in place.

The collector and guard were cut from the same material and were attached to the
diminiode base by diffusion bonding or high temperature brazing. The outside diameter for the
guard corresponds to the diameter of the emitter, which was fusioa bonded to the diminiode cap
and electron bombardraent target.

Thermocouples measured the cesium reservoir, éollector and guard temperatures. Optical
pyrometry was used to measure the electron bombardment target temperature which was then

2
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converted to the emitter temperature through & series of calibration curves. The emitwer
washeated by electron bombardment and thermal control coils were used to adjust the
temperature of the guarded collector and cesium reservoir. Though a provision for adjusting the
interelectrode gap, by placing precision shims between a simple disphragm bellows, was
provided, the gap was not changed during the course of the wsts conducted after rejuvenation of
the facility. It was maintained constant at the last tested value of 0.25 mm,

12 The TECO Diods Test Stasion

This is a diode test station that was originally developed to test planar diodes with cesium
reservoirs located away from the interelectrode gap. These diodes were developed by Thermo-
Electron Corp. and tested at NASA, LeRC. As most of the equipment on this station were either
destroyed or missing, except for the vacuum system and chamber, the entire station had to be
rebuilt with new equipment. Unlike the diminiode test stations, the diode was mounted to a
framework within the vacuum chamber.

Figure 1.2 shows the cross-sectional drawing of the guard ring diode. The collector body
and leadthrough flanges are fabricated from nioblum. The tubulation and cesium reservoir are
fabricated from copper and joined to the nioblum collector by an intermediate nickel joint. The
lower portion of the collector accommodates both the collector hoaters and a calorimeter section
for measuring heat through the collector. This calorimeter can be calibrated by the collector
heaters.

The guard ring is fabricated by casting the sapphire between two niobium mbes and then
shrink-fitting this composite tube over the collector body. The assembled shrink fit is then
diffusion-bonded by a four-hour exposure to 1600°C in vacuum. After diffusion bonding, the
collector and guard ring are machined for final assembly.

The emitter, which has been fabricated from rheaium, is supported by a rhenium, sleeve
which is in tumn supported by a niobium leadthrough flangs. The emitter-to-sleeve and slesve-to-
flange joints are made by electron beam welds, The emitter lead, the guard ring lead and the

4
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diode sealing flange are insulated from one-another by copper-nickel brased aluming ingulssors.
The guard ring lead is electrically connected to the guard ring by a threaded connection. Final
assembiy of the diode is made by screwing this emitter assembly into the collector body wish the
guard ring leadthrough engaging mating threads on the guard ring. The emitter assembly is then
welded to the collector body. The diode structure is then provided with necessary heating and
cooling coils to compleie the immediate instrumentation needs. As in the diminiode test stations,
thermocouples were used to measure the cesium reservoir, collector and guard ring temperatures,
and optical pyrometry was used to measure the electron bombardment target temperature initially
but then it was replaced with a W-Re thermocouple when the etnitter temperature controller was
acquired.

1.3 The Diode Processing Station

Figure 1.3 is a cutaway view of the multipurpose vacuum chamber that is used for
diminiode processing which includes bake out, filling and sealing of cesium (7]. In this chamber
following only one pump-down the diminiods mode of baked-out components undergoes a final
high temperature degassing, internal and external pyrometry, and fusion sealing after the cesium
capsule inserion. The cesium itself was an off-the-shelf component like the other
interchangeable pans of the diminiode. A cesium ampule, a degassed tantalum ball and a
diminiode go into the station before its closure. Then, after the pump down and degassing at
450°C to below 10°* tor, the diminiode enters the final stages of processing.

As electron bombardment heats the emitter assembly, continual thermal sensing and
coolant adjustments bring the diminiode to predetermined bake-out conditions. That state
depends on the electrodes, the brazes and the insulator limit. During temperature rise, the
pyrometric cavity in the emitter allows calibrations of the tungsten lined external black body hole
and the high temperature thermocouple. The outer black body hole then permits emitter-
temperature calibrations subsequent to closing the diminiode. This capability enables checking
output shifts of the high temperature thermocouples, using high temperature pyrometry. While
the diminiode is at maximum degassing temperatures, electron bombardment of the open end of
the reservoir to just below the melting point of the copper-foil insert prepares it for the brazed
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o Folloving i pait ofth bel-ou,cooling gived 4 downwad callruon 10 check the
upward one. Next, magnetically pulling the lower pin in the guide tube drops the cesium capeitle
into the diminiode reservoir. If the pressure rises, another brief bake-out removes contaminants.

The same process follows the release of the previously degassed tantalum sphere, which
lodges in the funnel opening of the side tube. Then electron bombardment brazes this ball in the
end of the reservoir with copper. This completes the processing phase of a new diminiode.

The diode/diminiode processing station is currently being equipped with new emitter,
collector and cesium reservoir temperature controllers. A design for a mock-up device has been
completed in order 10 establish optimum operating paramaters for an efficient cesium reservoir
seal.




The construction of the dimiaiode is such that it is a vacuum scaled device, so it is not
possible tc measure the temperature of the emitter directly. However, when these devices were
originally fabricated, NASA Lewis engineers calibrated the target temperature as a function of
the emitter temperature. Thus progressive corrections had to be applied in several stages to arrive
at the accurate emitter temperature. This section provides details on the calibration procedures
and the corrections applied to the pyrometer output in order to obtain the actual emitter
temperature.

A manually balanced disappearing filament pyrometer was used to measurz emitter
temperature. Measuring the emitter temperature was accomplished by focusing the pyrometer
on the black-body cavity located in the electron bombardment target. A voliage signal
corresponding to the temperature of the electron bombardment target was sent to the data
acquisition system from the pyrometer. The data acquisition system was programmed to sense
this voltage signai, convert it (o a digital form and send it to the computer. A computer program
corrects the voltage signal for several factors causing attenuation, such as the energy scatter
created by the sapphire viewport, the temperature gradient between emitter and target, etc. The
correction was accomplished with several equations generated by analytical curve fitting
techniques. This aliowed the emitter temperature to be read directly from the computer screen.

2.1 Emiger Tempemture to Quiput Volige Calibration ((4B,)

Figure 2.1 represents the final correlation between emitter temperature and pyrometer
output voltage for the three scales representing the entire temperature range over which the
emitter could possible be heated. The temperature corresponding to the three scales were

Scals - 1: 700°C to 1350°C
Scale - 2: 1350°C o0 1850°C
Scale - 3: 1850°C to 2500°C
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Though the calibration data were not available over the range of each scale, it was

suitably extrapolated without inroducing any large systematic errors. Figure 2.1 is the outcome
of three stages of conversions viz., &) converson of output voitage to pyrometer temperature,
(Figure 2.2) b) conversion of optical pyrometer temperature to target temperature (Figure 2.3) and
¢) conversion of target tempsramre to emitter temperature (Figure 2.4). Only the final calculated
values after conversion are indicated in the figure, for each of the three scales. The
corresponding analytical equations were represented by the following relations;

Tym39137.204 (V,)-52699.16 (V,)* +25665.662 (V,)-3211.25 @l
(for 700 S T < 1350°C)

T,=25633.516 (V,)-37154.638 (V,)* + 21232537 (V,)-2723.734 22)
(for 1350 S T < 1850°C)

T,=8444.806 (V,)'12127.68 (V)*+14152.041 (V,)-2028.642 2.3)
(for 1850 S T S 2500°C)

However, the error limits for all the conversions are presented in Table 2.1. From the wble it
was observed that the highest vaiue for maximum error was 1.96% and the lowest value for
minimum error was 0.0007%. Equations (2.1), (2.2), and (2.3) were incorporated in the software
for performance and optimization testing and accessed with function switches whenever necded.

2.2 Emiger Temperature 1o Queput Voltage Calibration (ASTAR-811C)

The ASTAR-811C diminiode had a Tantalum alloy as the emitter and Niobium/Zirconium
as the collector. Details of the various calibration curves and the corresponding curve fits are
as follows:

The temperature range for the emitter was divided into four scales:
Scale - 1: 850°C t0 1250°C
Scale - 2: 1250°C to 1600°C
Scale - 3: 1600°C to 1900°C
Scale - 4: 1900°C to 2500°C

11




iy S T
Pty - “o8uoA

TTamdy

Ll
A

Ey
PN
Y
:
N

T < (*}]9A) 3DVLI0A INdLNO
_ 22 | '—o' g 3 § - g—.’ v '-o. * - ® uqo. b ‘o

L[4

\
;
:
: [ /4]
.
-
:
4
g

(SETEOS TIV) TEOOILATON <---° L
S-S TUANINIERSRE ¢—¢

. i . c-zTO08 L-ETOS I TUANINIERSXS +

AT -ZTOS TR EEEXE o——*

- s TE I—’Nn

m | _ (200S2-0681=E-35 30581 -0S€E1=2~36 :30GE 1-00/=1-35)
, o JOVLIOA INdLNC “SA 3HNLIVH3IdW31l H313dWOUHAd

L 4

<—=(9°000) JNIVEMGE] UL

12

P T




‘amesddud], sRAWOIAG Yt JO vONIUNg © s Umwsdur] 193] IPoiQ €7 amByy

<——(J°830) JHNIVHIMAL H31I0HAD
0012 0081 00st oost 0061 o0t

1 v | | v | v | |
CEMNMISCTIIATHN v v ¢

C-TTVOS ! TINININEINS —X
T-ZTVIS*TOIIR TN 0———
T-TTVOS ! TNININIEXE 6——

EN
L o

oott

oLt

(20052-0581=€-0S :00681-08€ =235 :J0SE1-00/=1-38)
JHNLVH3dWIl H313WOHAD °“1d0 “SA 139HVI

<—(0°090) JNIVEESEL L3I0V

13



Erait T Ty - K

S Y .

O

m co “ampusoduia). 198581, 3POLCE M} JO-VORIUN ¥.$¢ umpessduo ] soNMI ¥z amlyy
TSIt - <~——(3°090). JNIVEMIL 130V)
b T o oo st oort oeci " o0 ot
o e T T e e t
; i - s
' : 7 . " e
g . \.\.\ «
. .n\. -1 0821
n.\\ !
. o < .
, ; ) —foect
Pl ” '
N B . . >
| . oo
»
) )
.7 —{ oost
- ) - J
e —— - — oot
Wu (3poiuiw ) 9ge] 10} S}0)d |®a1}h|vuy § |vjuawIiadx])
Bl JHNLVHIAWIL 13OHVL “SA HILLIW3I
e . : CEE— . R <

H3LLie

’

< -(0°000) 3

14




Erern

abe3toa 3ndInD
. - 03
2-01x2S0°t+ | ¢.01X1108°9- p-0L1%02€ " 6+ 0022°0- € ‘dwdt 1313w01hg L
abejgop Indang
(2]
 2-OLXULZ 1+ | g-OL¥EEL 6+ ¢-01292y°9- €0L2"0¢ 2 ‘dndy 2333w01A¢ 9
abrijon Indang
o3
2-0L%986° G+ 2-01%200°S* A L0°0° re96 -t t ‘dmdf 2333w00hg (4
- 0w 231000444
2-0LF6PL 8 | 5. 01XL9C "9 €oL0°0- 16S2°0- € 0} ~ 1 136aeg 1 J
- o sou“u»m
*90°0+ »-01%020 1- | > 0OLX¥20° L+ "9L2°0¢ t4 o3 - 1 Idue) | €
“omd) H319m04kyg
£620°0¢ -OLXESE 9o »-017618° 2+ SEEL O~ t o3 - 1 136se) | 2
-dway 13basvg ..
¢-01%92E°9+ | o-Ot¥6LL € c-OUrELL"2- 2-0139L0°¢- - oy “dwdy J331iW) t
¢ 471 I7F] S ¢ 331 FF] 1%¥36333 16 4P TP E] =
p abeaany [, U] [ %17 & dedg w01S23A00) “oN 1S

‘(°geD) 510id Eonfpuy 30) STy oy 7 AqEL

15

ik

P S

TN SRR

Fi




ay

Since this is a functionoftbowu:h‘hww toxm from
one diminiode to another. Polynomisl curve fits were gensrated for each scale according to the
following equations;

T,=43330.322 (V,)’ - 58345.293 (V,)* + 28415.454 (V)

- 3637.663 (£ 1.97%) 24)
(for 850°C < T < 1250°C)

T,27906.683 (V,)' - 40449.992 (V) + 23115427 (V,)

2.5)
- 3026.804 (£ 0.27%)

(for 1250°C < T < 1600°C)

iy \\\\

T,=27906.683 (V,)’ - 40449.992 (V) + 23115427 (V,)

- 3026.804 (£ 0.27%) (2.6)
(for 1600°C < T < 1900°C) :

T,29060.329 (V,)’ - 13022.368 (V,), + 15183.551 (V)

- 2211.006 (£ 0.227%) .7
(for 1900°C < T s 2500°C)

Here, V, represents the pryrometer output voltage and T, represents the optical pyrometer
temperature.

b)

PYIOMCIST | CIRDRTRtILE 1O the larxe! MOETAY

This is a function of the antenuasion that the viewport offers to the radiation being
emitted from the source. The variations for these parameters were found to be linear and could
be represented by the following equation:

16




Tr=1.007 (T,) + 9871 (20.13%) 2.8
(for 850°C < T < 1250°C)

Te=1.024 (T,) + 10,143 (£ 0.24%) 2.9)
(for 1250°C < T < 1600°C)
T;=1.024 (T;) + 107143 0.24%) ‘ | .10

(for 1600°C < T < 1900°C)

“Te=1.039 (T,) + 37.300 (£ 0.26%) @2.11)

(for 1900°C < T < 2500°C)

In these set of equations, Ty represents the target tempertaure.

¢ Conversion of Target Temperatre 10 Emitier Temperature
Figure 2.5 represents the plots of emitter temperature as a function of the target
temperature for the. ASTAR - 811C, Nb.- | at.% Zr diminiode. The experimental data for the
two temperature ranges was. obtained from NASA, LeRC files. The most accurate curve fits for
this data exhibited linear variations that agreed with the following first order approximations.

T,=0.887 (Ty) + 82.640 (£ 0.895%) 2.12)

¥

(for 1600°C < T < 1900°C)

(for 1250°C < T < 1600°C)
T,=0.794 (T;) + 229.891 (£ 0.989%) .13)

Here T, represents the emitter temperature which is at all times, less than the target temperature.
From the figure, it seems that the experimental calibration data is identified in groups or clusters
over the entire temperature range but these clusters all lie on the same linear approximation.

d) g v ‘ P "E Q . v ! . E . I
* Figure 2.6 represents the analytical plots of emitter temperature as a function of
pyrometer output voltage. These plogs werc generated with the following polynomials that were

17
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Te=3871092 (V) - 52125.159 (V,)’ + 25386.111 (V;)
- 3167.215
(for 850°C S T < 1250°C)

T,=25354.31 (V,)’ - 36749.941 (V,)? + 21001.267 (V)
- 2676.330 l
(for 1250°C S T < 1600°C)

T,=22701.752 (V,)' - 32908.177 (V,)} ~ 18804.122 (V,)

- 2240.436
(for 1600°C < T 5 1900°C)

Ty=7481.711 (V) - 10753.428 (V,); + 12538.060 (V,)
- 1855419
(for 1900°C < T < 2500°C)

The various limits for cach of the curvc tits are indicmed in Table 2.2.

20
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3.1 Diminiode Test Stations
The experimental setp for the NASA Diminiode suation coasists of four subsystems.

These are the vacuum system, emitter heating and temperature measurement system, data
acquisition system and the output load and control system. A general discussion of these
subsystems will be presented in this section. A more detailed discussion of the data acquisition
system und the temperature measurement and control system will be included in the next section.
A schematic representing the entire experimental setup and associated subsystems is shown in
Figure 3.1.

ALl The Vacuum Svsicm
Since the whole purpose of the energy conversion process is to extract electrons
from the emitter surface and transmit them to the collector surface, it is imperitive that a clean
low pressure environment be provided to avoid electron deviation. As a result the diminiodes
are tested in a vacuum chamber under a pressure of 107 toer oc Jower. This provides the dual
purpose of providing a clean environment as well as minimizing electron deviation.

A turbomolecular pump was provided to rough the system to approximately 10*
torr. .\ 1on pump was then activated to take the pressure down 1o at least 10 torr. A vacuum
of 10* torr or bener is required to minimize electroa deviation and also to improve efficiency of
heating by electron bombardment. The vacuum level was monitored with an ion gauge whose
output was directly transmitted to the computer in the data processing system through the data
acquisition system. Thus the vacuum level was directly displayed on the monitor and stored
along with other test data. '

3.1.2  Emiuer Heating and Temperature Measurement Svetem
The emitter was indirectly heated by eleé¢tron bombardment (EB) heating. This
was accomplished using a tungsten filament which was résisiance heated by an AC power supply.
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' To'heat the filament, thepower was uiduﬂy:inaémﬁgup t0 appeoximiately 100 wasis, at which

level the temperature would be greatsr than 2600 K and the filament would be hot enough to
emit electrons with high kinetic energies. A floating DC bombardment power supply provided
the necessary energy to direct the electrons from the filainent to the electron bombardment target.
The energy imparted by the impinging electrons heated up the EB target, which in tun provided
the necessary heat input to the emitter by conduction.

The cesium reservoir and collector temperatures were controlled using compressed
air for cooling and resistance heaters for heating. Microprocessor type controllers were used to
control the power output to the resistance heaters. These controllers were supplied with the
appropriate temperature signals by thermocouples placed in the diode to measure collector, guard
and cesium reservoir temperatures. The emitter temperature was indirectly measured using an
optical pyrometer. The optical pyrometer output was then converted to emitter temperature and
transmitted to the computer. The pyrometer was held in position by an attachment to the
diminiode station body. This attachment was designed, fabricated and assembled using
accessories from old microscopic equipment. An assembly drawing and detailed drawings of the
parts are provided in Appendix A.

3.1.3  Quiput Load Svstem
The experimental setup described earlier, provided the overall view of all the
components associated with the test instrumentation. By far, the most important elements are the
output load circuit that was used to load the diminiode and draw the output and the data
acquisition/processing system which allowed the output data to be accepted, converted to a digital
format and then processed in the computer.

Figure 3.2 is a simplified schematic of the converter output load circuit. The
converter output voltage was measured across the emitter and collector and fed directly to the
HP-3852A acquisition system along with the converter output current, which was measured
across a shunt (0.0033 ohms) resistance.

24




Simplified Electrical Schematic for the Output Load Circuit.




Biasing of the diminiod was accomiplished after several trias as the collector-
guard circuit gave spurious current outputs. Several different combinations of the circuits were
attempted in order to eliminate the possibility of getting exaggerated current output,

Tables 3.1, 3.2, 3.3 and 3.4 provide the summaries for the four different
configurations that were tested to obtain the optimum output load circuit. The opersting
conditions for the diminiode were mnnumed identicul for each of the four configurations in
order to extract 8 meaningful compamon

The first configuration tested was with the shunt r-sistance on the collector side
and with no resistance on the Guard side. The appropriate circuit to measure the actual
magnitude of the output current would be cct. #2 where the Guurd was left open. The current
output was found to be 0.73 A. In each of the other three ciscuits, the collector shunt registered
much lower currents indicating that Guard was interfering with the path of least resistance for
the clectrons. These results are presented in Table 3.1.

The second configuration tested was one with no change on the collector side but
with several resistances on the Guard side. The output current measured across the collector
shunt resistance was normal in all the cases except where small resistances were connected in
the Guard circuit seemed to interfere with that in the collector circuit. By introducing a large
resistance (2500 ohms) in the Guard circuit, more than 99% of the diode current output was
forced through the collector shunt resistance. The results of these tests are indicated in Table 3.2.

Tables 3.3 and 3.4 represent similar results for the other two configurations where
the shunt resistance was hooked up to the electrical load output circuit on the emitter side of the
load. The behavior was similar to that observed in the first two configurations, but the cable
movement of the shunt from the collector side to the emitter side did not make any difference.
As a consequence of these tests, future diminiode testing will be done with a large (at least 500
ohms) resistance in the Guard circuit so that the electrons take the path of least resistance through
the collector shunt.
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Table 3.1 Diode Performance with Shunt on the Collector Side and No Resistance on the
Guard Sids.

~IeT GARAMETIRS: .) Tarset Temperature o :mus°§.

2) Eaicter Temperature uamsoc.

. 3) Collector Temperature = 57823°C.
4) Cesium Reservoir Temperature = 168:3°C

. NOMENCLATURE v"h - Voltage across guard shunt,.Volts,

I”h = Current across guard shunt,Amss.

Vclh - Voltage across collector shunt.Volts.
I“h = Current acroes collector shunt.Amps.
\I1 - Voltage acroes the load resistance,.Volts.
[y = Current across the locad resistance.Amss.
V:+ -~ Qutput voitage of the diode.Volts.

3"" Cireust vuh tnh vClh tcm vl xl vco
[ ]
R

. :W;‘ ¢ |- = .0013 .239 .367 1.29 .977
MO ra |
X ]
]

2 $ |- = .0037 .730 .%38 .717 .%42
e 600sa ¢
]l @
- ]

1 St - .0018 .343 .262 .349 .28%
w» Amcooss ¢
e

4 —@,\_J"#? - - .0066 1.31 .961 1.28 .973
- Raeooss ¢
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Table 3.2 Diode Performance with Various Resistances on the Guard Side.

TEST FARAMETERS: .. Target Temperaiure o 1730;13”9

. Zmitter Temperature = 1633:15°C.
i) Collector Temperature = $78¢3%¢C, s
4) Cesium Reservoir Temperaturs 168237¢C

NOMENCLATURE Vnh - Voltase across guard shune,Voits.
{ n " Current across guard shunt . Amps,
vf'h = Veltage acroes collector shunt.Volts.
x':'n Current across collector shunt.Amps,
vi*® < voitage acress the load resistancs,Volts.
i Current acrose the load resistance, Amps.
v:. - Output voltage of the diode.Volts,

Sl.e Sireust v )¢ v

Ragne O3 0
| e
- Raee 090
e ————————
-« fame Q10
3 Romes 590 0
w»r L LX)
fame 8000
MR ey =Ty
»r Rame 410

7oh ‘gsh "cah Iclh v'. I’. V:o

096 .960 .23 .263 .39% 1.:9 .928

»

aAn-0m0

[ ¥

- - 072 .727 .531 .708 .s09

ta

1.33 .001 .071 .713 .=28 ."01 397

1.33 .003 .372 .723 29 -os .604

PRI e

1.90 .004 .071 .717 223 .700 397

1.29 .003 .072 .734 .33 .713 .612

LYY T
s ~@39E_r—
»r Remee 010

~3

341 .433 049 .47 .569 .392 723

—AAS —AAAN
A-onsjn-emala-ensin-emoja-emo|a-anma

: Negeo \08 2
- Aaee OF 2
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Tabie 3.3  Diode Performance with Shunt on the Emitter Side and No Resistance on the Guard
Side.

<ZST PARAMETERS: .. Target Temperature mooxs*’g.

Z) Imitter Temperature = 1633415°C.

3) Collector Temperature = 578+3°C. o
* 4) Cesium Reservoir Temperature = 168+3°¢C

NOMENCLATURE V"h - Voltage across guard shunt,.Voits.
. Iaoh - Current across guard shunt.Ames.
v"h - Voltage acroes collector shunt,Volts.
tCIh -« Current across collector shunt,Amps.
VST = Voltage across the load resistance,Volts.
i - Current across the ioad resistance.Amss.
Vie = Outsut voltage of the diode.Volts.
Sl.ﬁ Cireuit viﬂh I:oh v:uh Iclh V‘ t: vco
Rape Gt 2

.071 .700 .518 .588 .390

A-000
]
]

L)
$
f&;

e 010
/>

122 1.20 9891 ..19 1.02

P

ff?
1

{

386 3.80 .224 299 .634

+
ﬁ$

!
4
1)

.036 .340 .64 232 .383

_
‘i&

‘-.n.
3
]
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Table 3.4 Diode Performance with Shunt on the Emitier Side and 2.5 k-ohm Resistance on the

Guard Side.

TIST PARAMETERS: i) Target Temsarature = 1730+15%
2) Emicter Temperaturs = 16354-15‘,
3) Collector Temperature = 578+3%C, o
4) Cesium Reservoir Temperature = 188+3°C

.

C.

NOMENCLATURE V“h - Voltage scross guard shunt,Volts,
! ash ° Current across guard shunt.Amps,
Vegh - Voitase across collector shunt.Velts.
{ osh Current across collector shunt.Amps.
V1 - Voltage acroes the load resistance.Volts.
l1 - Current across the ioad resistance. Amps.
vc. - Qutput voltage of the diode.Volts.
¢St Cireust vnh Iuh Vc:h x:lh V.‘ x‘. Vco |
Aamie 010
.———Q/\—-———-—- a
oran .
fame 8000 R
: ré?_—:»_—_g_r‘%g 0.0 0.0 .07 .710 .52% .700 .600
-« o
E Rame 014
| e a
I _6;:_:‘*‘__%5 1.31 .001 .372 .730 .%3% .713 .618
4
| Age G148
H ‘/\ ' d
l 3 3,....9_] %! 1.8 .001 .073 .740 .S41 .721 .622
]
|- ‘
1
J\
) 4 1.91 .001 .J69 .580 .%04 ,672 .577
i
< 1130 1.10 - - .874 1.17 1.02
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Biasing the diode was accomplished initially by using a variable resistance box,
but as this method does not allow negative output voltages, it was changed to a 50V, 60A DC
power supply, which was connected across a water-cooled load resistance through a bipolar
switch, The load resistances had to be watsr-cooled as they would get heated up at current levels
of S amps or more. The water cooling was very effective in restricting the temperature rise
above ambient to less than 10°C. The bipolar switch was introduced to bias the diode with both
positive and negative voltages.

The disadvantages of using a setup such as this for biasing the diminiode is that
it does not take advantage of the thermal inertia properties of the electrode materials. Manual
biasing resulted in a sudden change in electrode temperatures which had to be brought back to
its original level by manipulating the heaters and the cooling mechanism before further biasing.
The outcome of this was that it took about 75 minutes to complete a sweep, and at this speed
it would be impossible to complete performance mapping for a pair of electrodes in a reasonable
period of time. Efforts are currently being made to develop a pulsing mechanism in the form
of a low duty voltage pulse to reduce the sweeping period to less than 20 milliseconds. At this
speed, the time taken is much lower than the time constant of the electrode material and so there
is virtually no change in the temperature.

3.14 Dai Acquisition/Procesging Svsiem
The data acquisition/processing system was made up primarily by an HP-3852A
data acquisition system, a Zenith-248 computer and a Graphtec plotter. These were controlled
using ASYST and in-house developed software to acquire and process the data. This subsystem
will be covered in greater detail in the next section.

Because of the large amount of data involved in the study of electrical output
characteristics of the diminiode, a computer system was required to control, collect and correlate
converter output data. The computer system design for data 2cquisition and processing is shown
in Figure 3.3, The entire system essentially consisted of
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a)  The tost apparatus made up of the coaverter, DC power supply, load
circuit, thermooouples, and optical pyrometer.

b)  The data acquisition system is an HP model HP-3852A. This system

included a multiplexer, A/D couverter and an integrating high speed
voltmeter.

c)  The desk top PC, a Zenith-248 and the applicable software,

d)  The presentasion equipment which was made up of a printer and Graphtec
ploteer.

During testing, signals from the diode thermocouples, the pyrometer and the load
circuit were fed to the HP system. These signals were processed by the HP and accessed by the
Z-248 using ASYST software. This data was then converted into the appropriate file format
necessary for use with the Graphtec plotter. These flles were then used to produce the required
plots to analyze and characterize the diode.

315  Electrode Coaling Svatam

The four major components of the thermionic diode system that required cooling
were the vacuum chamber housing the diode, the load rexisior, the collector, and the cesium
reservoir. In spite of the presence of radiation shields, there was a lot of radiation heat input to
the vacuum chamber walls surrounding the diode. This was sufficient to heat the chamber walls
to temperatures on the order of 300°C which was quite high considering the thermal mass
involved. For this purpose, the top balf of the vacuum chamber was made with doubls wall
cenatraction to facilitate the circulation of water. The water conduit shown in Figure 3.4
essentally consisis of a tapping from a high pressure line with inlet and outlet valves and
instrumentation to measure inlet and outlet teperatures and flow rates. Compressed air lines
with pressure gauges and regulators were used for cooling the collector and the cesium reservoir.
An outlet for the water and air lines was provided on the framework supporting the thermionic
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test chamber. All the valves and gauges were mounted on the front panel board from which the
various flows could be monitored and controlled.

[- Al At el el B0 ASROCIAGA] COMBONANtE LK 1)

Figures 3.5 through 3.9 provide the detailed electrical schematics for the filament
and high voltage control panel, the high voltage power supply, the cesium and collector heater
control panel with a rear view of the Relay-Trans board, the signal cycler board and safety
interlock circuit respectively. As many details as possible were provided on these schematics
including color codes for the wiring so that they can be easily understood by anyone interested
in setting up similar electrical circuits.

Every single system was initially dismantled and rewired to follow a strict color
coding for all the wires. The wiring diagrams so generated also helped in understanding the
functions of various sub-components that were key controlling elements in the entire structure.
As the two diminiode stations are identical, only one system was stripped off all the wiring while
retaining the other system operational. Several associated components that were either outdated
or obsolete were redesigned and equipped with newer components.

32  The TECO Diode Station

The TECO diode station, so called, because it was used to test the thermionic performance
of a fixed gap diode manufactured by Thermo Electron Corporation had an etched Rhenium
emitter and a Niobium collector, In this configuration, the cesium reservoir was located at the
bottom of the collector region and was provided with a heater and a copper disk with copper
water cooling conduits that provided the necessary cooling mechanism by heat conduction. Both
air and water cooling conduits were provided for cooling the cesium reservoir as well as the
collector. While the water cooling system was very similar to that of the diminiode test stations,

the air cooling system shown in Figure 3.10, was designed for compressed air as well as Argon
gas circulation.
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An ion-pumped vacuum system provided a vacuum cf less than 107 torr for the chamber
housing the diode. The emitter was heated by electron bombardment using a pancake type
tungsten filament which was initially heated with an alternating current power supply. In this
case an emitter temperature controller was used in conjunction with the electron bombardment
power supply in order to controi the temperature of the emitter. The W-Re thermocouple output
was directly fed to the temperature controller which, in turn, controlled the power input to the
filament as well as the bombardment power. This emitter temperature controlier will eventuaily
be run by the computer so that change in emitter temperatures between tests can be accomplished
automatically. The collector and cesium reservoir were also provided with temperawre
controllers getting their input from Chromel-Alumel thermocouples. The output load circuit was
similar to that used in the diminiode test stations except that in this case co-axial cable
connections were provided so that an oscilloscope and a signal generator could be incorporated
in the same circuit at a later date.

3.3 Diode Processing Station
This is a multipurpose vacuum chamber that can be used to fill cesium in a diode and seai

it and then conduct a performance test on the same diode to determine the output current dsnsity
and output voltage at various operating temperatures. The diode processing station is not fully
equipped as yet but the equipment and components are being ordered and the entire system is
currently being assembled. However, the functions of this system have been described in the
following paragraphs.

3.3.1 Vacuum Processipg the Diminiode

To minimize costly time-consuming bake-out cycles, the multipurpose vacuum
chamber facilitates all operations remaining to finish the diminiode. In this chamber following
oniy one pump-down, the diminiode made of baked-out components undergoes a final high-
temperature degassing, intemnal and external pyrometry, and fusion sealing after the cesium
capsule insertion. The cesium itself is an off-the-shelf component like the other interchangeable
parts of diminiodes. [i comes in baked-out, brazed-shut, breakable molybdenum vials, One of
these ampules, a degassed tantalum ball, and a diminiode go into the station before its closure.
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Then, after the pump-down and degassing at 450°C to below 10" torr, the diminiode eniers the
final stages of processing.

As clectron bombardment heats the emitter assembly, continual thermal sensing
and coolant adjustments bring the diminiode to predetermined bake-out conditions. That state
depends on the electrodes, their brazes (if any), and the insulator limit (1400 K). During the
temperature rise, the pyrometric cavity in the emitter allows calibrations of the tungsten-lined
external black-body hole and the high-temperature thermocouple. The relation between these
temperatures depends on the heat-flow rate, too. So the calibrations are comprehensive. Of
course, the outer black-body hole then permits emitter-temperature calibrations subsequent to
closing the diminiode. This capability enables checking output shifts of the high-temperature
thermocouples, adapting a photo-multiplier tor total-radiation measurements or using automatic
pyrometry.

While the diminiode is at maximum degassing temperatures, electron bombardment
of the open end of the reservoir to just below the melting point of the copper-foil insert prepares
it for the brazed closure. Following this part of the bake-out, cooling gives a downward
calibration to check the upward one.

Next, magneticaily pulling the lower pin in the guide tube drops the cesium
capsule into the diminiode reservoir. If the pressure rises, another brief bake-out removes
contaminants. The same process tollows the release of the previously degassed tantalum sphere,
which iodges in the funnel opening of the side tube. Then electron bombardment brazes this bail
in the end of the reservoir with copper. And the diminiode is complete.

332  Cesium R ' i ni
As mentioned earlier, the diode processing station was intended for filling cesium
and sealing the cesium reservoir shut with a Tantalum ball and a braze alloy ring. As the
laboratory was not equipped to fabricate diodes, a simulated structure was designed so that the
operating parameters could be controlled and optimized for maximum weld penetration depth.

43




i Rl ‘V“\V"S;y w FA\ » «,« ;ﬁ‘,w ,\yg W% w’
Lt

J,-\

$Ae
A

4%
i" 5
KA
55,
e
>

%, - T o :,,;h’,__\j 4:,3‘ AU :’, ,

e
s
o5
~

) s i ‘,,f »‘n’ Foare

Lo ¥ N el Y SEAL Sear s
. , s - 5 w S T (A
s TN SN .
S 2 AR IR T <% SR W a5 SRR w3t
.y, v m X Al e ¥ Sat, M,NS.M & 3 : o e o
Y “The -Structiire VATIOUS: paits: ;ht ingo-this <ite indicaled: in:
- Y LA kx 1% 5’\.)* 3 et ,\u‘hn_w \e “f R T ,‘,.

o
e

-
[y
%

TR .\.“-.\,\ prdy

s
Ry

e T e s . o
SR {»“-’*’ﬂ PR ‘4.:\.,; .o RSN, ’ o .
. i ' : - fa .u':,}," i - Coee t b
N N - e . \
.
.
|
\
. .
!
.
.
,
1
i
.
.
*
) »




SECTION IV
RIODE TESTING PROCEDURE

The basic test procedure essentially involves completing one sweep of bias voltage to
cause ignition and then de-ignition at constant electrode temperatures which are designated as the
primary variables. Since the Lanthanum Hexaboride diminiode was tested for performance
verification as well as primary varisbles optimization, the procedures for these two types of tests

have been provided separately.
4.1  Performance Verification Testing

The vacuum level was brought down to 107 torr or better after initial assembly of the
diminiode inside the vacuum chamber. The filament was then heated up to about 100 warts AC,
before providing a bombardment power supply of 1000 watts DC. The bombardment power was
adjusted till the required emitter temperature was obtained. The collector and cesium reservoir
temperatures were then maintained at 900 K and 460 K respectively. The data acquisition and
processing systems were then activated using the ASYST program. Once the temperatures had
stabilized, the diode was biased with a positive bias voltage of +2 V. The bias voltage was then
changed to a lower value and the temperatures adjusted once again and the ouiput data such as
current and voltage were recorded. This was repeated till a full cycle of biasing was completed
and at least 30 data points were obtained. The data files were then converted to a format that
could be used directly with the Graphtec plotter, to plot the output current density and the output
power density characteristics. The emitter temperature was then changed with the same collector
and cesium reservoir temperatures and the biasing process repeated till all the characteristics were
obtained.

4.2  Primary Varigbles Optimization
To determine the optimum characteristics of the NASA LaB, diminiode, the condensed
procedure listed below was followed.
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4)

5)

6)

7

8)

9)

10)
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‘Using the' test-procedure: outlined: in :the-‘precedinig :séction;
collector emperatures-constant. a

Vary cesium reservoir temperature (350-550 K).

Obtain optimum cesium reservoir temperature.

Using the outlined procedure, hold emitter temperature constant and cesium )
reservoir temperature at optimized value.

Vary collector temperature (700-1000 K).

Obtain optimum collector temperature.

Using the outlired procedure, hold collector and cesium reservoir temperatures at
optimumn values.

Vary emitter temperature (1400-1700 K).

Obtain optimum emitter temperature.

Repeat 1) thru 9) iteratively to optimize all temperatures and obtain peak power
density.




5.1 Thermionic Emission Characteristics from Lanthanum Hexaboride

The experimental thermionics program at the Aero Propulsion Laboratory of WPAFB was
initiated with the acquisition of two diminiode test stations, a TECO diode test station and a
diode processing station from NASA, LeRC through Arizona State University. The twin
diminiode test stations have been refurbished with new cooling systems, a new data
processing/acquisition system and an output load circuit with a biasing power supply. The HP-
3852A data acquisition system is capable of handling 100,000 readings/sec, and has a built-in
multiplexer - A/D converter. [t interfaces with a Z-248 PC that controls the operations with the
ASYST program. Steady state tests on diminiodes are currently being conducted manuaily by
controlling the electrode and cesium reservoir temperatures using their respective cooling and
heating systems, between data points. Efforts are currently directed towards developing an
automated pulse generating circuit to sweep (voltage) the diminiode and generate an ignited mode
J-V characteristic in less than 5 msecs thereby taking advantage of the converter’s thermal inertia

properties.

Performance verification tests were conducted on a planar diminode with sintered
Lanthanum Hexaboride as the emitter material and arc melted Lanthanum Hexaboride as the
collector material. The primary and secondary parametric variable conditions were obtained from
a NASA repon published earlier. It was found that the performance of the diode was weil in
agreement with similar characteristics generated earlier. Optimization tests by varying primary
variables revealed that the operating point with maximum power density has a small shift with
reference ro the cesium reservoir temperature. After the completion of the performance
optimization tests, the experimental characteristics were characterized by using a 1-D Thermionic
Energy Conversion code, originaily developed by Dr. Geoffrey Main from Georgia Tech. An
attempt was made at simulating the optimized experimental characteristics using the computer
code. It was found that there was good correspondence between experimental and analytical
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results for moderate values of cesium pressure, but-significant deviations were observed for large
values of Cs pressure (>10 torr) and very small values of Cs pressure (<1.0 torr).

5.1.1. Verificadon of Performance
a)  Qriginal Results Obtained at NASA LeRC

Figure 5.1 shows the output current density and output power density
characteristics of the Lanthanum Hexaboride diminiode as obtained at NASA LeRC and
published in Reference 1. These characteristics were generated at optimum cesium reservoir and
optimum collector temperatures, These optimum temperatures were 850 K for the collector and
440 K for the cesium reservoir respectively. The emitter temperature was varied from 1500 K
to 1700 K at intervals of 50°C. The maximum output power was 5.29 W/cm® at an output
voltage of 0.45 V and an emitter temperature of 1700 K. Though the peak power occurred at
an output voltage of 0.45 V, the most efficient operation of the Lanthanum Hexaboride diminiode
occurred at 0.75 V and 5 A/cm? (3.8 W/em®). There the work function of the 1700 K emitter
was less than 2.64 eV, the Barrier Index was about 1.9 V and the calculated efficiency for
optimum leads was 16 percent. However, back emission data were not available or this would
have facilitated the determination of the collector work function. These were the results that
were targeted in the effort to verify the performance of the Lanthanum Hexaboride diminiode

after it was set up at AFWAL/WPAFB.
b)  Performance Verification

As indicated earlier, after several attempts, the output load circuit was
finalized so that the diminiode could be driven with a positive as well as a negative bias voltage.
Figure 5.2 indicates a typical comparison of the NASA LeRC test results (NASA) as well as the
AFWAL/WPAFB test results tor the Lanthanum Hexaboride diminiode for an emitter temperature
at 1700 K. The NASA resulis were obtained from the source indicated in Figure 5.1, and the
AFWAL data points were the actual experimental daw points acquired after setting up the
diminiode station at the Aero Propulsion Laboratory (APL) of AFWAL/WPAFB. Tests were
repeated for all the five emitter temperatures but only a representative characteristic
corresponding to an emitter temperature of 1700 K has been indicated. The collector was figure
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Figure 5.1 Output Current Density and Output Power Density - NASA Characteristics.
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maintained at 900 K, and the cesium reservoir was maintained at 460 K for this test. The
corresponding target temperature was 1765 K. As seen in Figure 5.2, there was excellent
correspondence between the two sets of data points as exhibited by the respective changes in
output current density with change in output voltage. Sufficient information was not available
to compare the data at every point on the characteristic such as at ignition, after de-ignition, the
open circuit voltage, etc. As a result only the AFWAL DATA characteristic display the key
points such as ignition and de-ignition. Though de-ignition was not sharply defined, the fact that
it did occur was clearly obvious by the evidence that the current densities followed the same
magnitude before ignition and after de-ignition above an output voltage of 0.8 V. The open
circuit voltage was found to be 1.55 V and the short circuit current density was 25.5 A/cr’.

There was close correspondence between the two sets of data points as far
as the variation of power density with output voltage was concemed. However, it was found that
there was a slight shift in the output voltages at which the power density characteristics peaked.
This discrepancy is most likely a consequence of the fact that the biasing was manual for the
tests conducted at AFWAL whereas it was automated for those conducted at NASA LeRC. This
makes a lot of difference, specially in the assumption that the electrode temperatures remain
constant during the sweep, which is not quite true for manual biasing. Thus the.e is a possibility
that a small change in temperature between data points resulted in the power density peaks
occurring at different output voltages. The verification tests were conducted at five different
emtter temperatures in the range of 1500 K to 1700 K. A summary of the important parameters
for the performance tests are shown in Table 5.1.

5.1.2 Multi-Stage Cesium
The performance from every pair of electrodes in a new diode has to be optimized
with respect to the cesium reservoir temperature, the collector temperature and the emitter
temperature in order to arrive at the optimum design point at which this diode will operate if it
were to be used in a thermionic reactor. The optimization for each parametric temperature is

done iteratively till the temperature corresponding to peak performance is obtained. This secnon
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Table 5.1  Summary of Important Parameters for the Performance Tests on the'Lanthanum

Hexaboride Diode.
, Sl.e) Tp Jsc| Voo | Ver | Pp Te TR .
h
oy 1700 | 2.5 | 1.52 | 0.47 | 3.2 900 460
N 1680 | 21.7 | .58 | 0.41 | 4.1 8%0 450

3 1600 | 18.% 1.%0 | 0.38 | 2.0 3%0 440

|

3 1 oiesp . 1,42 9.25% 2.1 350 340

.S 1500 | 13.8 | .20 | ¢.:7 | 1.1 850 440

Tp . EMITTER TEMPERATURE. X

T. - COLLECTOR TEMPERATURE. X

T,  CESIUM RESERVOIR TEMPERATURE. K

Joo  SHORT CIRCUIT CURRENT DENSITY. Amps/Sq.Cm.
Ve - OPEN CIRCUIT VOLTAGE. Volts

Vap  OUTPUT VOLTAGE AT PEAK POWER, Volts.

Pp - PEAK POWER DENSITY, Watts/Sq.Cm.
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provides the details on the multi-stage cesium reservoir temperature optimization and
recommends the optimum cesium reservoir ter=perature.

N - Optimizasi

The data in Figures 5.3 and 5.4 have been presented to reflect the
dependence of the output - current and output - power characteristics on the cesium reservoir
temperature. Figure 5.3 includes a family of current - density characteristics where the cesium
reservoir temperature was varied from 350 K to 550 K with the emitter temperature fixed at 1700
K and the collector temperature fixed at 900 K. As seen in the figure, the current densities
increased with increase in cesium reservoir temperature initially but then decreased above a
reservoir temperature of 485 K, in the positive quadrant. The slope of the Boltzmann line
changed but the overall current and power densities decreased. This is also observable from

Figure 5.4 which represents the power densities as a function of the diminiode output voltage.

The family of curves in Figure 5.4 defines an envelope curve, i.e., a curve
that is tangent to all characteristics of the family. This envelope curve shuwn in Figure 5.5
which is technically termed the optimized output - current density characteristic with respect to
the cesium reservoir temperature is called an optimum characteristic because for given fixed
parameters and electrode output voltage, this characteristic yields the maximum output current
density that can be achieved by varying the cesium reservoir temperature. In other words, all
possible operating data points can only lic below this envelope no matter what the value of the
cesium reservoir temperature. The cesium pressure at each point of the optimized characteristic
equals that of the output - current density characteristic tangent to the envelope at the point in
question. For relatively low output voltages, the points of tangency are on the ignited mode
branches of the output -current density characteristics. This implies that at these voltages, the

performance achieved by the unignited mode is better than that of the ignited mode.

Optimized output current density characteristics can also be presented as
optimized eectrode or terminal output - power density characteristics. This is done by plotting
the product of current density and the voltage of points on the envelope versus the diminiode
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oitput voitage. The cesiim-opiimized power density characteristic corresponding to the cesium-
optimized current density characteristic in Figure 5.5 is shown in Figure 5.6, The cesium
sptimized power density characteristic was found o peak at 0.395 volts. The significance of this
peak is that from a design point of view, if this diminiode were to operate at an emitter
temperature of 1700 K and a collector teraperature of 900 K, the best output can only be obtained
by operating the diminiode at the optimum cesium reservoir temperature and an output voltage
of 0.395 volts.

b)  Qptimum Cesinm Reservoir Temperamye

The current density characteristics in Figure 5.3 only indicate that the
optimum cesium reservoir temperature lies somewhere between 480 K and 520 K but does not
narrow down the range any further to yield a better value. In order to narrow down this brosd
range from 40°C to 10°C or better, the short circuit current density and the peak power density
for each cesium reservoir temperature were plotted as & function of a nondimensional
temperature. These plots are indicated in Figure 5.7 where the nondimensional temperature was
chosen as the ratio of emitter temperature to the cesium reservoir temperature. Ideally, the short
circuit current density and the peak power density are expected to peak at the same
nondimensional temperature but there may be a shift in the peaks as the cesium reservoir
temperatures at which the tests were conducted were not very close together. As seen in Figure
5.7, the shon circuit current density plot peaks at a nondimensional temperature of 6.8 whereas
the peak power density plot peaks at 7.2, Thus, there is a small bandwidth in the cesium
reservoir temperature variation, that translates to 477 £ 6 K. If the criterion for maximum
performance is peak power density, then the diominiode should be operated with the cesium
reservoir temperature at the higher level.

c)

The peak power densities for the plot in Figure 5.7 were obtained by
simulating curve fits for each one of the power density characteristics in Figure 5.4 over a
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voltage:ranige of 0.00t0 +0.75 volts, A sumisiary of the e

i vy vy
N Y e 2

udtions:(with minirmiim errors) thar -

resulted from the curve fittng along with the error limits is provided below,

a)

b)

<)

d)

¢)

P

8)

Ty = 350K
P = 5.488(V)' - 10.7199(V)? + 6.5094(V) - 0.0073 (3.1)
Maximum error = 6.75%
Ty = 390K
P = 233.898(V)' - 116.1461(V) - 22.2763(V)* + 13.6685(V)!
- 15.8978(V)? + 12.2152(V) - 0.0099 5.2)
Maximum error = (1.0093%
Ta = 420K
P = 4.5541(V) - 23.5818(V)? + 18.1602(V) + 0.002 (8.3)
Maximum emror = - 1.632%
T = 450K
P = -136.918(V)® + 65.484(V)® - 2,6845(V)* + 5.1515(V)}
- 29.611(V) + 24.445(V) - 0.0063 (5.4)
Maximum error = -0.013%
Ty = 480K
P = -159.057(V)* - 30.1783(V)* + 70.2834(V)* + 10,901(V)’
- 43.8937(V)? + 27.8117(V) - 0.0023 (5.5)
Maximum error = -1.549%
Ta = 520K
P = 646.1684(V)" - 155.3342(V)® - 104.7557(V)* + 23.487(V)
. -‘46.4499(V)z + 24.032(V) - 0.0055 (3.6)
Maximum error = 0.0077%
Ty = 550K
P = 1047.7726(V)’ - 73.8637(V)* + 173.1835(V)® - 53.5009(V)*
+ 9.3878(V) + 0.0112 (5.7)
Maximum error = 6.501%




In equations 5.1 through 5.7, P represents the power density in watts/em®, T, represents the
cesium reservoir temperature and V represents the diminiods output voltage in volts. Each one
of these equations was used in a BASIC program to compute the maximum power density for
cach cesium reservoir temperature.

d)  Einal Stage of Cosium Rewrvair Temperaurs Optimization

The results of the second stage cesium reservoir temperature performance
optimization tests are shown in Figures 5.8 and 5.9. Figure 5.8 indicates the output current
density characteristics as a function of the output voliage for various cesium reservoir
temperatures. During these cesium reservoir temperature optimization tests, the collector
temperature was maintained at 885 K and the emitter temperature at 1700 K. It was found that
the maximum short circuit current density occurred with a cesium reservoir temperature of 500
K but this was just about 1 A/cm® (or less) more than the corresponding value at 475 K,
However, as seen in Figure 5.9 which are the corresponding plots for the power density as a
function of output voltage, the plot for a cesium reservoir temperature of 485 K has a higher peak
power density than the plot for 495 K. This observation together with the fact that the spread
in the experimental data exceeds £0.5 A/em® provides sufficient evidence that the optimum
cesium reservoir temperature lies in the vicinity of 485 K.

513 Multi-Stage Collecior Temperature Optimizasion
3 Collector Temperature Optimizasion

Figures 5.10 and 5.11 represent the collector optimized output current
density and output power density characteristics respectively. As indicated in the figures, the
emitter temperature was maintained at 1700 K, the cesium reservoir temperature was maintained
at 485 K while the collector temperature was varied from 750 K to 1020 K. As in the cesium
reservoir temperature optimization the current densities in the positive output quadrant increased
with increase in the collector temperature to about 900 K and then swared dropping for high
collector temperatures. The slope of the Boltzmann line however did not indicate a significant
change as in the cesium reservoir temperature optimization. Further, the variation in current
densities over the entire collector temperature range is very small compared to the corresponding
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. variation in the cesium reservoir temperature optimizadon. This implies that the cesium reservoir
temperature has a great effect on the output characteristics of the diminiode in the concerned
temperature range.

As seen in Figure 5,10 there is significant back emission for collector
temperatures above 950 K. This back emission not only causes the difference in work functions
between the emitter and collector to change but also reduces conduction of electrons due to the
extra intermolecular/interparticle collisions. Thus there is a detrimental effect in increasing the
collector temperature indefinitely in that the overall power output comes down significantly. The
changes caused by changing the collector temperature for given values of emitter and cesium
reservoir temperature are more easily discernible in Figure 5.11, in the region where the power
density characteristics peak out.

The optimized electrode output current density characteristic envelope with
respect to the collector temperature is shown in Figure 5.12. The comresponding optimized
electrode output power density characteristic envelope with respect to the collector temperature
is shown in Figure 5.13. Both these envelopes represent the best possible output parameters for
a given emitter and cesium reservoir temperature. All possible operating points can only lie
within the envelope regardless of how high the collector temperature couid be increased. The
collector optimized power density characteristic was found to peak at about 0.39 voit which
would be the optimum design operating point for a Lanthanum Hexaboride diminiode with an
emitter temperature of 1700 K and a cesium reservoir temperature of 485 K.

b  Optimum Collector Temperamire

Figure 5.14 indicates the variation of the short circuit current density and
the peak power density with the collector temperature which in this case has been built into a
nondimensional temperature, T The nondimensional temperature is the ratio of the emitter
temperature to the collector temperature. The short circuit current density was found to peak at
a non-dimensional temperature of 2,356 while the peak power density peaked at 2.31. This
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translates to a collector temperature range of 61226°C. The band width for performance with
the optimum collector temperature is clearly shown in Figure 5.14,

¢)  FinalStage Collector Temperature Qpumization
Figure 5.15 represents the output current density characteristics of the
second stage collector temperature optimization tests. From the short circuit current density
values for the various collector temperatures, the maximum short circuit current density occurs
with the collector at 855 K. Howe 2r, in Figure 5.16 there is a sharp drop in power density at
this temperature above 0.4 voit. This sharp drop is not observed at higher temperatures and
given the spread in the experimental data, the most likely value of optimum collector emperature
would be 870 K. Any more accuracy in arriving at the optiraum temperatures can only be
obtained with high frequency data points generated with a 20-ms sweep.
5.14  Emitter Temperatire Qotimizasion
The emitter temperature optimization test on the Lanthanum Hexaboride diminiode
was conducted with constant collector and cesium reservoir temperatures of 885 K and 477 K
respectively. The emitter temperature was varied from 1450 K to 1700 X. The lower limit on
this temperature was based on the fact that there was practically no positive output current below
1400 K, and the upper limit was based on the material bonding strength. The eminer is hot
pressed to the tantalum target and the bonding is weakened above 1750 K partly because of the
thermal expansion mismatch and partly because of the high reactivity of Lanthanum Hexaboride.
Figure 5.17 represents the current density characteristics for the various emitter temperatures.
As seen in the figure, the highest current densities were obtained with the emitter at 1700 K. On
the way towards a negative bias voltage, ignition occurs earlier at a higher emitter temperature
indicating that the emitter temperature plays an important part in the bulk or volume ionization
of cesium atoms. The collector was maintained at 885 K and the cesium reservoir was
meintained at 477 K, their respective optimized temperatures. Figure 5.18 represents the
optimized electrode output current density characteristic envelope with respect to emitter

temperature.
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Figure 5.19 represents the output power density characteristics and Figure 5.20
represents the optimized electrode output power density characteristic envelope with respect to
emitter temperature. These figures show that the peak po-ver density occurs at about 0.45 volt.
In an earlier series of collector temperuture optimization tests, the peak occwred at 0.39 voit.
By repeated iterations of optimization one can finally amrive at a design parameter for the
diminiode output voitage at which peak emission occurs. The broken line in Figure 5.20
indicates that portion of the power density envelope that would have existed had ignition in all
cases of emitter temperature, occured above O volt.

Figure 5.21 indicates the variation of short circuit current density and peak power
density as a function of the nondimensional temperature, T'. The nondimensional temperature
is the ratio of the maximum emitter temperature (1700 K) to the emitter temperature for a given
test. The slopes of the two plots indicate that there might have been a peak at a temperature
greater than 1700 K, but due to material bonding limitations, it was not advisable 10 go to higher
temperatures. Thus, for all practical purposes the optimized emitter temperature was found to
be 1700 K. Multi-stage optimization was not conducted in this case because of the temperature
restraint above 1700 K.

5.1.5 Ignition and De-Ignition Studics

Tests were conducted on the LaB, diminiode in order to determine the current
density and output voltage before and after ignition. The results of these tests are indicated in
Table 5.2. Since the sequence of tests was not completed, no graphic representations have been
provided. As seen in the table, the voitage at which ignition occurs increases with increase in
emitter temperature which is expected and normal. The current density also increases with
increase in emitter temperature but not as sharply as the rise in voitage.

Figure 5.22 gives the experimental data as well as the lincar approximation for the
variation of ignition voltage before and after ignition with variation in emitter temperature. The
emitter temperature was varied from 1400 K to 1700 K. Higher temperatures could not be
artained as a resuit of the bonding strength deterioration between the emitter and target. The
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etfect of bulk ionization is to increase both the output voltage as well as the output current
immediately after ignition and this is clearly observed in the figure. Ignition occurs at negative
voltages for all emitter temperatures below 1625 K. The effect of bulk ionization in obtaining
higher power is greater at lower emitter temperatures as the difference between ignition voltages
before and after ignition is greater. However as the emitter temperature is raised, the jump in
the voltage level decreases indicating that bulk ionization as well as the high temperature
contribute to the minimization of the negative space charge effect.

The broken lines connecting the experimental data points are linear approximations
that best suit the trend in the behavior of experimental data points. An analytical curve fit
revealed that the variation in ignition voltage before ignition can be represented by the relation.

Vigs = 3.6455X10°(Ts) - 3.8956 (5.8)

and after ignition, the variatior can be approximated by

Viga = 2.4203x10°(T,) - 34844 (5.9
where Vg3 = Voltage Before Ignition
Viaa = Voltage After Ignition
T, = Emitter Temperature

The results of the cesium reservoir and collector optimization ignition tests are
provided in Tables 5.3 and 5.4 and Figures 5.23 and 5.24 respectively. The cesium reservoir
temperature was varied from 350 K to 540 K at random intervals and the collector temperature
was varied from 750 K 10 980 K. In both series of tests, the emitter temperature was maintained
at 1700 K. Since the emitter temperature remained constant it was hard to determine the effect
of temperature on obtaining higher power output levels. As seen from the resuits, the output

voltage after ignition, exhibited an expected trend with increase in cesium reservoir temperature.
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The voltage peaked at about 470 K indicating that the optimum power levels can be obtained in
this vicinity.

However, the trend exhibited by the ignition characteristics for the variation in
collector temperature was not uniform but fluctuating thereby giving an indication that the
ignition output parameters were not strong functions of the collector temperature. However, it
was found that a strong driving force was necessary to cause bulk ionization as ignition was
initiated at negative voltages above a collector temperature of 925 K. Since the same effect was
observed at low cesium reservoir temperatures, it can be concluded that the optimum power
levels for the LaB, diminiode can only be obtained by operating it with & cesium reservoir
temperature < 450 K and a collector temperature > 900. K.

52  ASTAR-811C Diminicde Performance

The emitter for this fixed space planar miniature diode is a tantalum alloy termed
ASTAR-811C. This alloy has a nominal composition consisting of 90 at.% Ta, 8 at.% W, 0.7
at% Hf, | at.% Re and 0.025 at.% C. The collector is a Niobium - 1 at.% Zirconium alloy
which is separated from the emitter by 0.254 mm.

The tests were conducted with an emitter temperature of 1800 K, a collector temperature
of 1040 K and a cesium reservoir temperature ranging from 604 K to 708 K. The tests were a
repeat of those conducted at NASA and reported by James F. Morris and others [12]. The
purpose of these tests was to verify the performance of the diminiode with identical operating
conditions. Each test was conducted by bringing the diminiode up to the specified primary
parameters and then varying the bias supply from a positive voltage through zero, to a negative
voltage and back to the positive voitage. One complete sweep with the bias power supply
ensures the occurrence of ignition, de-ignition and coincidence of current densities before and
after de-ignition for the same output voltage. For the externally driven diminiode, the
corresponding output voltage varied from +1.2 volts to -0.25 voit and then back to +1.2 voits.
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5.2.1 Cyment and Power Density Chameteriatics
The output current and power density characteristics of the ASTAR-8LC diminiode

for a cesium reservoir temperature of 651 K is indicated in Figure 5.25. Superimposed on the
plot is the corresponding plot obtained at NASA, LeRC. As represented in the figure, a number
of differences were observed between the plots obtained at AFWAL and those published in the
NASA report. The back emission was considerably higher at all cesium reservoir temperatures.
This indicated that either the collector temperature at which the tests were conducted was too
high or the characteristics of the collector surface had changed by deposits of the emister
material. This can be checked by repeating some of the key tests at lower collector temperatures.

The tests conductec, exhibited a general rend with cesium reservoir temperature,
The short circuit current densities and the open circuit voltages constantly decreased with increase
in cesium reservoir temperature unlike the trend exhibited by the NASA plots where the power
density peaked at a cesium reservoir temperature of 651 K. From an optimization point of view,
this might indicate that with the change in surface characteristics, the optimum cesium reservoir
temperature for efficient ionization has dropped to 600 K or lower.

The test results published in the NASA report and presented in Figure 5.25 had
clearly defined Ignition and De-ignition points while the corresponding plots for the tests
conducted recently, did not show any indication of oper<:ing in the ignited mode. Neither
ignition nor de-ignition points were identifiable on any of the plots. The main reason for this
behavior is the high back emission and low forward emission at lower voltages. This
characteristic prevents the diode from operating in a space charge limited mode which transitions
into the ignited mode of operation after ignition occurs. Cesium depletion is yet another
possibility that could be responsible for the lack of an ionizing plasma to cause ignition or
neutralization of the negative space charge accumulation at the emitter surface.
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CURFENT AND POMER DENSITY CHARAGTERISTICS
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5.3.1 General Performance
The planar diode with a Rhenium Emitter and Niobium collector was tested for

the first time in diode Station #3. The cesium reservoir temperature and collector temperature

were maintained constant at 473 K and 773 K respectively. However, the emitter temperature
was varied from 1273 K to 1773 K. The corresponding output current and power density
characteristics for an emitter temperature of 1723 K is shown in Figure 5.26. As observed from
these characteristics, the diode continued to operate in the space charge limited mode tll the
emitter temperature was raised to 1723 K, when ignition occurred and current densities moved
up rapidly. The points of ignition and de-ignition are clearly indicated in the characteristics
corresponding to an emitter temperature of 1723 K. Ignition did occur at 1673 K but the overail
current  densities were lower than those at 1623 K indicating that the optimum emitter
temperature was between 1573 K and 1677 K. Any further increase in emitter temperature did
not enhance the current densities but eventually led to a form of unstable operation as represented
by the characteristics corresponding to an emitter temperature of 1773 K. These tests represent
a preliminary series to affirm the performance capacity of the diode station.

5.3.2 Peak Power Density as 3 Functiop of Emitter Temperature

Figure 5.27 is a plot of peak power density as & function of emitter temperature
for the Rhenium-Niobium diode. This is a result of the various tests conducted on the diode with
constant collector and cesium reservoir temperatures. As seen in the characteristics, the power
density was a maximum at an emitter temperature of 1723 K, even though ignition occurred at
negative voltages. [gnition was found to occur only at emitter temperatures of 1623 K, 1673 K
and 1723 K because of the low Cesium Reservoir Temperature. It is proposed to conduct
extensive tests on this diode for mapping its performance.

haracterization of the Lanthanum Hexaboride Diogd h a 1-D Cod

A one-dimensional Thermionic Energy Conversion {TEC) computer code has been utilized
to provide a theoretical basis of comparison for experimentally derived data obtained from a
lanthanum hexaboride cesium vapor thermionic diode. Although the code generated predictions
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CURRENT AND POWER DENSiTY CHARACTERISTICS
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obtained were not in precise agreement with the experimental resuits, they do provide a basis for
establishing the validity of the experimental results from an analytical framework. Certain
discrepancies are thus identified and are attempted to be accounted for in terms of code
inaccuracies and/or possible experimental error.

M. Ramalingam and M. Morgan produced experimental lanthanum-hexaboride (LaB,)
cesium-vapor TEC diode characteristics which are compared to those predicted by the TEC code
[13). The diode used was activated by electron bombardment (EB) heating in a rejuvenated
diode testing facility, originally acquired from the National Aeronautics and Space Administration
(NASA) Lewis Research Center (LeRC), Cleveland, OH [1.2].

A Disk Operating System (DOS) loop (Figure 5.28) and auxillary fortran program (Figure
5.29) were used in conjunction with the original TEC code to generate both general and (LaB,)
simulated diode current density vs. output voltage (J-V) characteristics. The effects of changing
the emitter & collector work functions, as well as the. operating cesium-vapor pressure, were
studied for both cases. All resuits are shown in terms of J-V characteristics.

5.4.1 Code Descrintion and Simulation Procedure

The Fortran code is a time-dependent analysis code which was used by Main [14]
and Lawless [15] to compute the TEC plasma conditions over discrete time intervals. When
running on a desk-top PC, the code first prompts the user for the basic TEC parameters: emitter
and collector work functions (¢, & ¢.), emitter and collector temperature (T, & T,), cesium
vaporpressure (p) inter-clectrode gap (d), and operating current density (J). In additicn, the user
can specify the time between iteration steps and several program output control conditions as
well. The program calculates the plasma densities, electron temperatures, sheath heights, and
many other pertinent thermionic parameters. If the iterations are continued for a sufficient length
of time, in some cases, a convergence will occur, the plasma will ignite, and a "steady-state"
condition of the diode will be observed.
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At the Acrospace Propulsion and Power Laboratory, another Fortran program and
an associated DOS level loop was developed to provide the capability of graphing the program's
output into the typical diods J-V characteristic. This allowed the simulated results to be easily
compared with thoess generased experimentally. Many J-V characteristics were thereby produced,
some of which are discussed below. Other characteristics were generated only to verify and
observe the code's performance. In attempting to simulate the LaB, diode, the first requirement
was that of insuring that a converged (oc ignited) characteristic was produced from the parameters
chosen. T,, T,, d, and p (derived from known cesium reservoir temperature and spacing) were
known from experiment. However, both ¢, and ¢, could only be approximated. These values
were therefore estimated based on the literature and previously measured LaB, experimental J-V
curves. The ¢, was first approximated from the experimental J-V slope and maximum observed
current density, as 2.25 eV or lzss. The ¢, was then estimated based on the zero-voltage crossing
point for :he experimental curves and a rough calculation using coulombic resistance:

o * ATSlexp-(V+$,)11600/1700] (5.10)
. 110, 1077} (5.11)
Vs * 71600 J e *
with coulombic resistance,
120.
é, = 0.14655n _33_7.;!. - 6{Voyr - RO (5.12)

assuming Rc =~ 0.75 ohm.cm from the slope of the experimental J-V curve, with other variables
known, yielded ¢, 1.81 eV,
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After the LaB, work functions were approximated, various combinations of emitter,
collector, and cesium temperatures were thus simulated, The results were plotted and are
discussed in the following section.

5.4.2 Performance of the Code
The code is an extremely useful method of estimating TEC characteristics for
materials, temperatures, pressures, etc. as yet untried experimentally. As previously stated, the
code allows an examination of a TEC diode's characteristics on & transient, time-scale basis.

This transient TEC diods J-V characteristic can easily be noted in Figure 5.30.
where TEC code parameters were chosen arbitrarily. As the number of iterations increases, the
characteristic moves to the left, eventually converging on the Boltzmann portion of the curve.
It is observed that the initial mode is basically that of unignited, space-charge limited operation,
but as N is increased, ignition occurs and the Boltzmann slope becomes more pronounced. [n
Figure 5.30, ignition is clearly observed for N=1000. The "knee" between the Boltzmann slope
and semi-saturation portions of the curve is not entirely understood but it appears to be an astifact
of the computer algorithm.

Figure 5.31 is similar to that of Figure 5.30 except that it represents half the
cesium vapor pressure. Lower pressures are observed to be less predictable with the code. This
is exemplified by the N-2000 curve. Notwithstanding, all plots converge at the highest saturation
current density as would be expected. As in Figure 5.30, the TEC diode operated partially
ignited for N=100 where the ions in the diode plasma have not yet achieved sufficient
concentration.

Figure 5.32 is again similar to Figures 5.30 and 5.31 exzept that it represents a
further reduction in cesium vapor pressure. The current density is seen to decay over time and
with increasing numbers of iterations until the curve for N=2500 is rcached where a converged
characreristic or "pseudo-ignited" mode is observed. The inaccuracies of the program at low
preasures are again observed. The reasons for this could be several, including approximations
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THEORETICAL QUTPUT SIMULATION CHARACTERISTIC

{ One dimensional code )
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of the ion/electron collision cross-section are too rough or the neglect of ion inertia in the
conservation of momentum equations. [n any case, low mean free paths associated with low
pressures, are very difficult to be mathematically modeled with utmost precision.

In Figure 5.33, TEC operation under varied emitter temperature conditions for
"high" pressure is simulated. As expected, large variations in current density with modest
changes in emitter temperature are observed. The dependence on the T, squared term in the
Richardson-Dushman equation verifies the appropriateness of this result:

J = AT){exp-($ JkT)) (5.13)

Note that the T,=1900 K curve was not operated to show saturation.

Figure 5.34 shows a theo.ctical simulation representation of TEC diode operation.
for a high cesium reservoir pressure but varying collector temperatures. It is noted that collector
temperature variations in the range shown pliy a minor role in moderating the TEC diode
performance. Only slight variations in the characteristic are observed for changes of + 200 K.
The largest variations are predicted in the previously mentioned "knee" region. In a similar
fashion, Figure 5.35 shows the results of a varied emitter temperature but under lower cesium
vapor pressure conditions. (The ¢, was changed slightly to enable a LaB, comparison in the next
section.) In this case, the current-density behaves again as expected, with a seemingly greater
proportionate increase at the higher temperature than that observed previously in Figure 5.33.

J-V characteristic discontinuities indicating ignition are also noted in each curve

of Figure 5.35 whereas they were not observed in Figure 5.33. Also, the Boltzmann slopes of
the two curves of Figure 5.35 are basically paraliel whereas they appear skewed in Figure 5.33.

100




Q
: : AMMALAAAMAN MAsAAA Mtatantes MatAtas MASMAMMNS Mtaties
‘ N P g‘
z [ :! >
. uJ : gu :g- .g
SR 5
< P gNG
m - d S N‘.."a -; g
:<:t c . g oo 5 .
Q '2 i - = 5 /'\ “; .
T | sozotud } g
g | EoPusp 1" &
= S| 5dzaRs :
< o 3 - [_
5 s L n> y
e} G . .
=5 [ g 5
n g' [ S g
"- =r 2 > >
T 5 5
R | 4
: o P § S
O udr " s¢
{ 3
3 | i
o | &
= [ . y
c | 2
] A “
% ISP IR NN NN SUUS RS 1N é
' = g 8 @8 8 8 8 i
' < ‘w3 "bg/sduy ‘A [SN30 LNFHNO
, 101




‘SANSSAJ
sodep wmsy) ySiyy 10§ sumerddaa] 20894(0) PIURA »puny uoneddp pg's amBuy

‘ -, <—— S}|OA ‘JOVIIOA INdINO
.98°0 9G°0 87°0 9€°0 92°0 S1°0 90°0 90— ?1°- '~ ¥ - Y- ¥8°- ¥9°- ¥/°-

( UO1}B1IOA 3IN}BIadwa) 10}23]|0] )

J11STHILIVHYHI HIOTLVINWIS 1AdINC T1v31 13HO3HL

"’Jnnul”. u- «‘-.lll—r 1. 71 T T 17 T T T 71T 1

E —1 1

— - ..-N
i

- -4 .

[

= -4 e

m

WII —4 1y

3 -

2 s

3 : \ 1

F §Z°C : “4°M H3LLIN3 1 19

3 O3 IUVA : RNLVHIAEL Y0137

3 ¥ 0041 © WNLYHISMIL Y3LLINI ]

b itiiabo it dediitsndacastanadsisatossadassntossadianstossddassstinnslissstessedasaat 1

<me- (W0 *bg/8dy “AL[SNIT NHHNO

102




T T T : 3 (AN N
o g CEER ey 3
Q : o~
[ AAIA na Ss ans S S oy MR 'Y""j'rvvvvc R ": ﬂ.
- ; ' | 3
. U-) s g
. G | 8s. .1 { g
TR 3
(t ' ug ;‘83 ~ [y
it [ Pa“.oouu °. 3
= 5| 3.y | Saq.
Q =t ﬁ.“-‘mi%‘g ' .
it : i "
— o] Fgag#b ' g
S ;| £5E5sg @ g
-_— :‘.‘.‘:‘.‘.‘ag = .
. - L. TEE
‘ - 31 ~
= =L ~ g
= 21 °§ E
Sy o 5 h-
I3 = g
o | >
pe T
= Py 5 %
o) - r ! 8
Q. Bl » E ‘§
e | hd = )
2 el ’ ,,8 g
' Cj :-IJ /‘ '. 'E
=~ &
<L I
) -
, p— .
L -
& : !
L . ! . T L © ?.
' =g ; g 3 .
. ¢mmm ‘WO cbg/sdwy ‘A11GNIQ INFHHNG
103




Finally, Figure 5.36 illustrates the same results seen in Figure 5.34 except that the
cesium vapor pressure has been decreased and the ¢, has been changed slightly as discussed
previously. Again, only small changes in the J-V characteristic would be incurred as the result
of relatively large collector temperature changes. As in Figure 5.34 saturation values and
Boltzmann slopes are similar with Figure 5.36 having more pronounced "Boltzmann" and
"Saturation" features. )

5.4.3 Application of the Code
Experimentally obtained optimized LaB, results are shown in Flgum 5.3,5.10and

5.17 |16]. The apparatus used allowed the measurement of fairly low pressures but not
sutficiently high currents. The code was able to approximaiely simulate these curves by
employing estimated emitter and collector work functions. Other TEC parameters were known
from: the experimental setup. The LaB, emitter work function was assumed'1o be 2.25 eV based
on thc magnitudes and slopes of current densities observed from various tests. The LuB,
collector work function was approximated between 181 and 2.02 ¢V based on the
atoreméntioned calculations and other experimental observations.

Experimentaily obtained results for a LaB, diode showing characteristic variations
due to changes in collector temperawre are provided in Figure 5.10. It is noted that no major
distinction can be mad .)ct.wecn curves, supporting the previous results achieved by simulation.
In like manner, experimentally obtained resuits for the same diode showing the impact of emitter
temperature changes on the diode characieristic are shown in Figure 5.17,

Figure 5.37 presents the TEC code simulated LaB, J-V characteristics with respect
to variation in cesium vapor pressure. Obviously, again as in Figure 5.32, the lowest pressure
plot (p=0.1 torr) does not seem appropriate. hence the program inadequacy at relatively low
pressures is demonstrated. In this case, the best TEC operating condition is obviously that of the
highest emitter temperature. [n comparison with Figures 5.33 and 5.35, this result is also
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SECTION V]
CONCLUSIONS AND FUTURE ACTIVITIES

The sectior: has been divided into the conclusions and future activities for five different
topics of research encountered in the entire program,

6.1 Diminiode Test Stations and Lanthanum Hexaboride Diode
The facilities and equipment acquired from NASA LeRC through Arizona State University

(ASU) were successfully set up and tested with a Lanthanum Hexaboride diminiode at the APL
of AFWAL/WPAFB. Both performance verification and optimization tests were conducted to
establish the performance cf the insrumentation, data acquisition/processing systems and other
accessories, There was excellent correspondence of the results obtained formerly at NASA LeRC
and presently at AFWAL. The entire exercise was a valuable experience for il the scientists and
technicians involved in the project and a morale booster for future, more innovative research
activities in Thermionic Energy Conve-sion.

The major problem involving the testing of the diode/diminiode was the lack of a sweep
generator system to bias the diode. With manual biasing, it takes the best part of 3 hours to
complete one sweep going from an output voltage of +2.0 voits to - 1.0 volts. The reason for this
i thatl all the cooling adjustments have to be made prior to increasing or decreasing the bias
supply. However, by using a 5- or 10-V puise to sweep the diode, the entire duration can be
brought down to less than 20 msec as we are now able to capitalize on the thermal inerna
properties of the metal that facilitate the maintenance of constant temperature. This addition
together with an oscilloscope to view the J-V characteristic should bring the stations close to
having the state of the technical art in instrumenting a diode test station.

62 The ASTAR-811C Dj

The ASTAR-811C Diode did not seem to possess any significant current even when the
emitter was heated up to 1800 K. The back emission seemed to be considerably high at all
cesium reservoir temperatures. This indicates that either the collector temperature at which the

108




'tests were:¢onducted was 00 highkér the characteristics of the collector sWe had éhmged’,b‘y
deposits of the emitter material. This can be checked by repeating some of the tests at lower
collector temperatures.

The diode processing station is almost 90 percent insulsted. It would be a good idea to
. replace the existing power supplies with more sophisticated temperature controllers and power
supplies. A welding filament has to be designed and several tantalum tubes should be welded

in order to optimize the weld pasameters.

6.3 TECOQ Test Station and the Rhenium-Niobium Diods
Preliminary test on the etched Rhenium-Niobium diode did indicate that the diode was
performing with ignition and de-ignition but at low current densities. [t would take several

different test procedures to map the performance of the diode completely and then come to any
conclusions regarding its operating efficiency. Again, the biasing of the diode was done
manually, and unless a sweep generator and oscilloscope are included as a part of the
instrumentation, the thermal inertia properties of the material cannot be exploited. |

64 C o zation of Diode Perf

The TEC code J-V characteristic simulations were sigrificant in their use as a comparison
for actual characteristics generated experimentally. In addition, they were useful in demonstrating
the transient nature of the characteristics themselves over time.

Figure 5.30 indicates at a cesium vapor pressure of 1 torr represents approximately what
might be expected under experimental conditions. The "knees" in the curves, however, are not
consistent with experimental results and might be attributed to different rates of decay of the
plasma parameters in the code for the region between the "Boltzmann" and "saturation" portions
of the curve.

109




Other unexpected ambiguities in the code’s results includé the N=2000 curve in Figure
5.31. This is considered to be an artifact occurring at low pressures (low number of mean free
paths) and due to a combination of either inaccurate collision cross section modeling and/or the
neglect of ion inertia in the conservation of momentum équations as used, in calculating the
plasma profile in the code.

Differences in plasma ignition characteristics were also observed between the experimental
results and the code's predictions. As ignition of the  plasma is dependent on many variables
(electron temparature, mean free paths, ion concentration, etc.), it was expected that this portioi.
of the curve might be less accurate. [n the steady-state mode, calculated values for a moderate
pressure of 0.39 toir, agreed with experimental results within 5 percent but at lower préssures (<
1.0) tott), the analytical results deviated considerably f;'om experimental results. The simulations
for collector temperature variation were reasonably good as this does not affect the performance
appreciably as observed from experiment@ results. The emitter temperature simulations yielded
exaggerated current densities, Furthermore, the code predicted "knee" as observed in some of
the results, was not measured experimentally, as the equipment used was not capable .of
measuring higher current densities than that shbwh-(Figuie 5.3). This portion of the curve

requires additional attention from both the simulation (code) and experimental directions.

The TEC code used demonstrates the capability of currént computer programs to produce
significant resuits and provide reasonabiy accurate TEC predictions. With thie advent of
improved computational facilities, {t is expected :nat this and possible other codes will be further
advanced, thereby providing continued insight iuto rapid analytical verification of experimental
work in the field.

Areas requiring improvement in the particular code examineéd in this paper include:
1)  improved modeling accuracy at relativély low cesium vapor pressures,

2)  betrer ignition/de-ignition definition,

3)  possible f1 ening of the "knee" portion of the curve, and
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4)  numerical operations within the code might be reformulated to allow for a faster
program execution time. The program might also be recompiled to run on more
powerful mainframe systems.

6.5  Coala of Thermionic Research at WRDC

The overall goal of the WRDC in-house thermionic conversion research in the future will
be to support Air Force needs in 6.1, 6.2, and 6.3 research. Specifically, this means supporting
etforts such as the Advanced Thermionic Initiative (ATI) being undertaken cooperatively between
SDIO/IST and WRDC. There will be close interfacing with universities and businesses providing
technical assistance and leadership as appropriate. Accordingly, the design philosophy in
developing in-house facilities is to use standard, inexpensive equipment and software wherever
possible, so as to facilitate smooth interactions with universities and businesses, thereby making

the universal contribution to the thermionic technology, more effective.

A high-priority goal is to fabricate diodes in-house using the "Diminiode” fabrication
equipment acquired from Arizona State university. There are several reasons for doing this. One

is that it will allow quick examination of novel surfaces and configurations (i.c., grooved
surfaces, diamond-like surfaces, oxygenated surfaces, etc.). A second advantage is that it would
support very high temperature thermionics (VHTT), where tests resulting in damage or
destruction can be undertaken without fear of crippling the in-house capability. A third
advantage is that it will allow the interaction with universities and businesses, leading to a
broader US technology base. The goal is to produce a diminiode as soon as possible and modify
the setup to more closely replicate added features such as variable gap, sapphire windows to view
plasma conditions and so on.

With the existing diminiodes or similar converters, the phenomena of ignition/de-ignition

in converters will be studied. These are of crucial importance in devising a stable startup

procedure for a thermionic reactor. The reason is that the formation of an arc in cesium may
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cool the emitter so much that the arc may extinguish itself, which has an adverse effect on the
startup process and on the nucleonics. To date these phenomena have not been addressed in
great detail by the US thermionic community.

112




[ nd

R S L T i e/ R om0 e N LN A NIV R e S
AN B N b3 ;\;;;&, LA i :.:}_ ' Q"‘;‘?i,uy Y ‘»Q,\'\,:';’{MY .
A A e 'ﬁf?&s\ “ Ry

R A

s B -
’ D T - N AR N
. % - L ~ R S e ‘% Bey 7N e
PR LT . NI -~ R S T
- FETQ ISR . R -
. B
f

TS IR N

Kroeger, E.W., Bair, V.L., and Morris, J.F., "Diminiode Thermionic Energy Conversion
with Lanthanum Hexaboride Electrodes," NASA TM-78887, Lewis Research Center,
1978.

Morris, J.F., "High Efficiency, Low Temperature Cesium Diodes with Lanthanum
Hexaboride Electrodes," NASA TMS-71549; IEEE 1974, Intermnational Conference on
Plasma Science, Conference Record Abstracts; IEEE, pp. 7-8, 1974,

Johnson, R.W., and Danne, A.h,, "The Lanthanum - Boron System,"” Journal of Physical
Chemistry, 65, 6, pp. 909915, 1961.

Lundholm, J.G., Morris, J.F., and Steams, J.W., "NASA Thermionic Converter Research
and Technology Program,” [EEE Thermionic Conversion Specialist Conference,

Eindhoven, The Netherlands, 197S.

Pawlik, E.V., and Phillips, W.M., "A Nuclear Electric Propulsion Vehicle for Planetary
Exploration,” Journal of Spacecrafts and Rockets, 14, 9, pp. 518-525, 1977.

Morris, J.F., "High Temperature, High Power Density Thermionic Energy Conversion for
Space," NASA TMX-73844, 1977.

Morris, J.F., "The Diminiode: A Research and Development Tool for Nuciear
Thermionics," NASA TMX-2586, 1972.

Morris, J.F., "Vacuum-Packaged Cesium for Nuclear Thermionic Diodes,” NASA TMA-
2152, 1971.

113




10.

11,

12.

RE

14,

15.

16.

Lancashire, R.B., Manista, EJ,, Morris, JF., and Smith, A.L., "Emitter Surface
Temperature Distribution for a Miniature Thermionic Diode," NASA TMX-2588, 1972.

Morris, J.F., "A Freeze, Melt Valve and Dispensing System for Cesium," NASA TMX-
2126,1970.

Smith, A.L., Manista, EJ., and Morris, J.F., "Thermionic Performance of a Cesium

* Diminiode with Relatively Impure 110-Tungsten Electrodes,” NASA TMX-3021, 1974,

Smith, A.L., Lancashire, R.B., Manista, E.J. and Morris, J.F., "Diminiode Performance
Data with an ASTAR-811C, Emitter and a Nb-1Zr Collector," NASA TMX-2587, 1972.

Rumalingam, M.L., Kennel, E.B., and Morgan, M., "The Experimcmil Thermionic Diode
Research Development Program at Wright:Patterson Air Force Base,” Thermionic
Conversion Specialist Conference, Sunnyvale, CA, October 1989,

Main, G.F., "Emitter Sheath Effects on Thermionic Converter Performance,” Doctoral
dissertation at Princeton University, October 1984,

Lawless, Jr. J.L., and Lam, S.H., "The Plasma Dynamics and lonization Kinetics of
Thermionic Energy Conversion," Doctoral dissertation at Princeton University, Feb. 1982.

Ramalingam, M.L., and Morgan, M., "Optimization of Lanthanum Hexaboride Electrodes

for Maximum Thermionic Power Generation," [AF Space Power Conference, Cleveland,
OH, June 1989.

114







» J
{
0
116

(SM3IA A318N3SSY) .

- - — - —
———— -

ANVLS 1H0ddNS Y3I13IWOMAJ




BrESEES

o

A ey

)

FErE=raearreey

o e
m‘

-
3

et
L et

& Y 2 g U ¥
Y e ‘,,J); ';?\A&:A Sl e
TS A NS A BN
R I T 21 hA
P LA S d T
PSRRI IR S o S R
e Ry IR0 S W

0

7




118

i
S o e G wwe S wng

59.0 -




o¢l

006

---5

119




vig SS!

- — o — o

- — — - ——— ——

e G — e aa

R e

06Ge




g
o i
R w

.




- — —

""""

089 ——

028S-006%
3avisnrav

UAY N ENOISNIO TV




e I
.
B

gt .
e L
PO
[t -
e

RO i

- 8500 —+

[ &

TR
T EFF:

500 — - .I

—250 DA.

610

s Y . s

I 2

& % Sand

61.0




. I,*lw g
O 92

\.lnnuu..wﬁn




T T T R YT VARG
RS SIS ST O - bl T
et agne A TR e T e TR T ey Y
CVER AENGES R A B AT TR
TR e DT g T TR G e
IR T L e BRSO e RIS
iy S PSS SO ohd e 77 T R
Pl ct [ & ’,
A Ty AR
i FX s
&, ol v K
N R

T

¥ T s
i R
3 X
o s
. I
3
: .
.

. .

[} . -

w

. .
.
. . N

.
.

DESIGN DRAWINGS OF THE SIMULATED STRUCTURE FOR
CESIUM CYLINDER BRAZING




DETAILS FOR PARTS OF SIMULATED STRUCTURE FOR CESIUM CYLINDER

N
PART » DESCRIPTION MATERIAL | QTY.
. 3ase Flange 3.5.304 | 1
: Flange nserct S5.5.7304 2
Jupport Ctrip - i 5.5.304 2
4 3upport Strip - 2 $.5.304 1
5 Support Strip - 3 . §.5.304 1
6 Cesium Capsule Container Tantalum| A.R.
- 3ase ror Cesium Cooling Coil $.5.304 A.R.
3 Nichrome Heater Connection - -
3 Nichrome Heater Nichrome -
10 Ceramic .nsulating Bead Aluminum M
Oxaide
1! Alithread (6-32) S.S. ~2
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