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ABSTRACT

This repoi .,llmnarizes the work performed by Thermo Electron

Corporatlon to aev,.op a gasoline fired thermionic po%. er supply- The -
" 4I work is divided into three phases:

1. The development of a gasoline burner capable of providing
the high temperatures and high heat fluxes required by the thermionic
converters.

2. The development of a therm-nionic converter with the required
power output, efficiency, weight and life.

3. The design of a power supply utilizing the above two com-
ponents and including power conditioning, controls and packaging-

The development of suitable oxidation protection for the converter' s
refractory-metal emitter is described, as well as the experimental
evaluation of a variety of materials under conditions simulating a
flame-heated thermionic converter. The development work on a flame-
heated thermionic converter culminated in the recently completed
Series VI-S Converter. The design, construction, and test of the
potassium heat pipe used for collector cooling are also described.
Test data is given, and a system design is presented.
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Shortly after the program's initiation, gasoline was success-

fully used in the burner by first vaporizing the fuel. This test was

accomplished with a laboratory setup, but it showed that usable hard-

ware could be designed. Burner development then concentrated on

a suitable high-temperature material and means of fabricating the

material. Self-bonded silicon carbide was found batisfactory. Finally,

additional re-uperation was added to the burner, which resulted in

higher efficiency.

Work on a barrier material was initially concentrated on pro-

tective non-ceramic coatings. These proved incapable of operation

beyond 150 hours. The effort was then shifted to the use of pyrolyti-

cally deposited silicon carbide, and a test barrier reached nearly

1000 houre. Problems of chemical reactions between the barrier and

the converter's emitter were encountered, but these were solved.

Finally the barrier was integrated with a converter, and flame-heated

converter test data was obtained.

In this report the work on the burner, barrier, and converter

is described in separate sections. A system analysis was conducted

to compare a multi-converter system with a single-converter system,

and the latter was considered best. Thus, in the body of the report a

change will be observed from a 12-diode approach with all diodes in

series to a single diode and a dc-dc converter. The system analysis

is included as Appendix A. The design of the complete 45-watt power

source is described in Appendix B.

For military applications, where high performance and low

weight are essential, further work is required to improve the perfor-

mance and life of the converter. In addition, the ancillaries of a

2
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complete system such as the fuel pump and controls remain to be

designed.
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11 EMITTER SHELL

Thermo Electron r-ecognized the emitter protective shell material

as a major problem area well befure the burner program, described

in Section IV, had yielded significant results. When it became clear

that the fundamental problems associated with the burner had been

solved, emphasis was placed on finding an adequate emitter shell

material, Up to that time, only a small amount of work could be

expended in this direction.

In May of 1961, a major effort was launched to find a long-lived

material to protect the diode from its flame envirunment. At firstt
the emphasis was placed on the oxide ceramics ,becaase they seemed

to combine in a unique and highly desirable manner all of the properties

needed by a good emitter shell material (see Table II-l). As the

program proceeded, the search was progressively widened to include

all materials with a melting point over 1400°C. Available literature

was searched, and known sources of high-temperature materials were

approached for speciments of materials as well as data on their physical,

chemical, and electrical characteristics. The materials procured

ranged from hexaboron silicide and molybdenum coated with "Valcoat 12,"

both of which proved essentially unsuitable, to tantalum coated with

R-505C and pyrolytically deposited silicon carbide, both of which

demonstrated potential or long lives as diodes or simulated diode

parts

The first step in the testing procedure was a room-temperature

helium permeability check, If the sample proved impermeable under

these circumstances, it was subjected to air firing at emitter tempera-

ture. As an additional check of the suitability of the material in the

event that it might also be used as a "membrane" to separate the

"5 [
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oxidizing environment from the vacuum environment required inside

the converter, some of the samples were also vacuum-fired. Further-

more, in the course of the assembly (brazing, outgassing, etc. ) of a

thermionic converter it becomes necessary to subject the corponents

to temperatures of 1000 to 12000C in vacuum. Therefore it was

necessary to check the stability of the protectiveness of the coating

under similar conditions. Weight change and helium permeability

were checked after vacuum-firing periods ranging from 4 to 10 hours.

TABLE 11- 1

EMITTER SHELL MATERIAL REQUIREMENTS

Material should be:

1. Vacuum-tight or highly impermeable to the products of
combustion at thermionic temperatures.*

2. Resistant to oxidation at thermionic temperatures in
atmospheres containing up to 2%6 oxygen. **

3. Resistant to high thermal gradients and thermal shock.

4. Highly involatile at thermionic temperatures.

5. Resistant to erosion by high-velocity gases at thermionic
temperatures.

6. Easy to fabricate.

Thermionic temperatures were assumed to be in the
range 1200°C to 1700°C.

The ambient atmosphere considered was that resulting
from the near-itoichiometric combustion of leaded
gasoline and air.

6
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Some samples were subjected to repeated vacuum-firing if the

data indicated this was desirable. Samples which passed these tests

were given oxidation tests in stagnant air, as well as in a less-oxidizing

but relatively fast-moving stream of gas from a propane-oxygen welding

torch. The samples were also thermally shocked. The materials
tested, their chemical composition, and the results of the above tests

are listed in Table II-2.

Of the materials that were tested, the first type that showed

promise of achieving the life requirement of 500 hours was the Sylcor

aluminum-tin coating. Extensive testing of this coating applied on

tantalum, both on complete diodes and on components, proved con-

clusively that this material could, at best, average 100 hours of life.

Figure 11- 1 shows two emitter shells under test in methane-air

burners.

Failure of this coating occurred in virtually all cases in areas

that were pf the order of a few square millimeters in magnitude. The

exact failure mechanism could not be determined, partly because of

the small area and partly because, after coating failure, the substrate

oxidized very rapidly and obscured the region. General depletion of

the coating over large areas, either in the hot or cold region, as

might occur from erosion or gradual chemical attack of the coating,

was not observed.

Concurrent with the tests of the above coating, pyrolytically

deposited silicon carbide samples were procured, and two were

tested. The results were very encouraging, and work thereafter

was concentrated on this material.

7
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There are many variables which can affec* this process, but its

basic simplicity and the controls which can be brought into play have

resulted in very high levels of purity, and virtually theoretical density

of the so-deposited compound or element. Among these process

variables are the composition of the feed compound, the flow rates,

the carrier gas composition (if used), the aerodynamics in the

immediate region of the mandrel, the chamber pressure, the tem-

perature of the mandrel, and the mandrel material. The mechanical

finish and the geometry of the mandrel also affect both the maximum

rate of deposition and the crystallographic structure of the deposited

material.

The experimental apparatus used to test the high-temperature

permeability and oxidation resistance cf the silicon carbide emitter

shells is similar to that shown in Figure H1-1. This photograph

shows the high-temperature test burners each heating a "dum"my

diode, i. e., the emitter shell portion of the diode without collector

shell, insulator, cooling ducts, etc. The tests consisted of attaching

a copper tube to each shell, connecting the tube to an ion pump and

heating the sample in a natural-gas burner. Tested this way, one

sample ran for 882 hours at temperatures between 1275°C and 14000C,

and underwent three thermal cycles during this time period. Figure 11-2

shows a graph of the measured getter ion pump pressure versus tiuie.

Another shell logged 519 hours at thermionic temperatures and

underwent 101 thermal cycles, approximately half of which were

imposed as quickly as the burner would allow. A plot of ion pump

pressure versus time is shown in Figure HI-3. Both of these samples

consisted of closed-end tubes with a diameter of 5/8 inch and a length of

3 inches of silicon carbide deposited on a tungsten substrate. The

17
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tungsten provided the emitting surface. Tungsten rather than any

other refractory metal was. chosen because its thermal expansion

matched closely that of silicon carbide.

Following the test of these two silicon carbide shells, more

samples were obtained from several vendors. These were again

shells of silicon carbide on tungsten and were of a size and shape

to fit the Series VI diode. Tests of these showed two principal

problems:

(1) When heated at 1400*C for about 100 hours, the silicon

carbide separated from the tungsten substrate.

(2) In some samples thermal shock caused cracking.

A program was therefore undertaken with the Battelle

Memorial Institute to understand better the reasons contributing

to the noticed type of failure and also to find a means of fabricating

sound and long-lived samples. This program beg"n with the coating

of both tungsten and molybdenum emitters with silicon carbide. Two

types of shells were formed ind showed promise for the intended

application. The first was based on a tungsten coating deposited by

hydrogen reduction of WF6 on a graphite mandrel. After the tungsten

was formed, SiC was deposited on the tungsten. The vapor-formed

SiC-tungsten shell was separated from the graphite at Thermo

Electron. To accomplish this, one end of the mandrel was cut away

to expose the graphite which was leached out by an acid treatment

in a subsequent step. Difficulties encountered with this type of

shell were (1) cracking of the composite during the cutting to expose

the graphite, and (2) failure of the bond between the SiC and W after

only a few (10 - 50) hours at operating temperature. The cracking

18
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problem was then circumvented by deposition of SiC on a machined

molybdenum shell which became part of the diode. The adherence

of SiC to molybdenum was very poor, so a barrier of tungsten was

applied initially to the molybdenum and then overcoated with SiC.

After preparation, the Mo-W-SiC assembly was extremely rugged.

However, after about 25 to 50 hours under the burner separation of

SiC would occur. It was thought that the separation problem could

be avoided by improvement of the SiC deposition process. SiC-

tungsten composites were formed on molybdenum tubes to simplify

the geometry for the vapor-forming process. Various amounts of

carbon as methane were added along with the coating reactant

CH SiC3 with the hope that a more favorable stoichiometry of

the SiC could be obtained which would remain bonded to the tungsten

for longer periods of time under the burner. Electron-microprobe

analyses indicated that SiC coatings were nearly stcichiometric,

and that a reaction zone consisting of tungsten carbide and tungsten

silicide formed in the region exposed to the burner. To determine

whether or not stoichiometric SiC would ever be compatible for long

periods of time at 1400°C, tungsten was deposited on transparent

single crystals of SiC. These couples were then heated at k00*C

for 25 to 50 hours. Metallographic examination established that

the pure single-crystal SiC and the tungsten had reacted, and

separation of the two materials had occurred as a result of a volume

change at the interface. Subsequent studies on precarburization of

the tungsten prior to the deposition of SiC revealed that a tungsten

carbide barrier layer of about 1 mil in thickness would not stop the

interaction leading to early failure. This prompted the development

of the present type of shell, which consists of a machined graphite

21
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body 40 mils thick with tungsten deposited on the inside and SiC

deposited on the outside so that the graphite is completely encapsulated

and provides (1) a surface on which to vapor-form the SiC and tungsten,

and (2) a reaction barrier between the SiC and tungsten in the area

heated by the burner. Fourteen such composites had been vapor-formed

and the coating techniques were developed to a considerable extent.

Composite shells tested under the burner at Thermo Electron showed

considerable promise. However, the shell characteristics differed

w:'4ly, which was attributed to inadequate control of the deposition

variables, and the tungsten surface was granular, thus preventing the

achievement of accurate interelectrode spacing and presenting

excessive radiation losses. An effort was then initiated to improve

the shell fabrication equipment and to find means of polishing the

tungsten surface.

Thirty-four thermionic converter hot shells were formed in

induction-heated and resistively heated equipment. The shells,

3. 095 inches in length and 1. 69 inches inside diameter adjacent to

a closed hemispherical end and 1. 79 inches inside diameter at

the other end, consisted oi a machined graphite body with a 40-mrnu-

thick wall having about 12 mils of tungsten deposited on the inside

and about 12 mils of SiC deposited on the outside. The graphite

served a dual purpose in that it provided a substrate for deposition

of the tungsten and SiC, and it became a reaction barrier between

the SiC and tungsten.

The tungsten was deposited by hydrogen reduction of tungsten

hexafluoride (WF 6 ), while the SiC was deposited by pyrolyjis and/or

hydrogen reduction of n,ethyl trichlorosilane (CH3 SiCI 3).
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In addition to the preparation of shells, (1) a re3istively heated

unit for the deposition of tungsten was designed, constructed, and

operated, (2) the feasibility of using a resistance-heated unit for

the preparation of SiC coatings was evaluated, and (3) a cursory

investigation of surface finishing of the tungsten coatings by grinding

and electropolishing was carried out.

The new resistively heated unit for the preparation of tungsten

coatings was used successfully in the preparation of 15 of the shells,

while inductively heated equipment developed previously under the

sponsorship oi Thermo Electron was used for tungsten coating in the

earlier portion of the work. This equipment is also still in use for

the SiC deposition phase.

The development of the resistance-heated unit for the preparation

of SiC coatings is - ot so advanced as that of the tungsten-coating unit.

Three shells were coated in the unit with promising results. However,

the unit requires additional development before it can be operated

on a routine basis.

Work on surface finishing of the tungsten included evaluation

of the use of (1) electricai-discharge machining, (;!) surface grinding

with a small hand grinder, (3) surface grinding with a brass or rubber

bal!-shaped rnandel in a slurry of 100-grit SiC and water, and (4) electro-

polishing with NaOH-water solution. The grinding operations appear

to be batisfactory to remove protrusions on the surfa-,e of the tungsten,

if performed prior to the SiC-coating ttep. Electropolishing after

deposition of the SiC is effective for a final finishing step.

Of 34 shell-preparation experiments, 17 yielded shells which

we-c Judged to be suitable for use by Therrmo Electron for testing
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under the burner and/or for use iln fabrication of diodes. The remaining

17 reject shells included three prepared in the resistance-heated

SiC-coating unit with poorly distributed SiC, and 14 which developed

cracks in the teageten and/or SiC after the SiC coatings were applied.

SHELL FABRICATION

The preparation of the SiC-graphite-tungsten composite shell

involves numerous steps. As is the case in most development programs,

techniques are imnproved as the work progresses. Therefore, the final

procedure usually differs somewhat from that used in the earlier

stages of the program. The procedure given in this section describes

the latest techniques. To provide an overall picture for the reader,

an outline of the pro-edure is given and then a detailed description

follows:

(a) A shell is machined from a graphite cylinder.

(b) The shell is baked in hydrogen for 10 minutes.

(c) Tungsten is deposited from WF 6 .

(d) SiC is depositee irom CH 3SiCl3

(e) Surface contaminants are removed electrochemically

from the tungsten.

(f) The tungsten and SiC are checked for cracks with a

dye penet rant.

Tungsten Coating

The shell is inserted in a nolder, where it is held by friction.

The holder containing the shell is attached to a Monel rod, as shown

in Figurz 11-4 The end of the Monel red is threaded to accommodate

P second shaft to iacilitate the insertion of the hardware into the

"Conducted oy the Batte:le Memorial Institute under contract to
Thermo Electrrrr Engineering Corporation.
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coatin unit. The shell-holder assembly is inserted from the open-

flanged end of the coating unit shown in Figures 11-4, 11-5 and 11-6.

The one end of the Monel rod attached to the shell holder protrudes

through an "O"-ring seal and roller-bearing supports, as shown in

Figure 11-4. A drive gear is attached to the end of the Monel rod

and is driven by a synchronous motor. The motor and drive gear

are coupled with a ladder chain. The flange, which carries the

coating nozzle, is then put into place, and connections for water

cooling and gas flows are made. -oger. is injected at Point N,

as shown in Figure 11-4, to purgc the shaft housing of air and coating

reactants. Hydrogen is fed through the nozzle for purge as the unit

is heated to a wail temperature of 650"C (shell temperature of 540'C).

The nozzle temperature is thermostated with hot tap water. WF6 is

then added to the hydrogen steam fed through the nozzle. The hydrogen

flows are maintained through the support-shaft housing and through

the nozzle. The WF 6 flow, fed from the tank and line heated to hold

a pressure of 10 to 15 psig tank and line pressure, is controlled by

the Monel valve and monitored by the weight change of the WF
6

cylinder. A 12- to 15-mil-thick coating is obtained in 85 minutes.

When the desired amount of WF has been fed, the WF flow is dis-
6 6

continued and the wall temperature is increased to stress-relieve

the tungsten. At this point, the tungsten-graphite shell is set on a

rubber-gasketed fixture, evacuated, and helium leak-checked.

ýilicon Carbide Coating

The shell, placed or a mandrel, is supported on an Alundum

tube (see Figure 11-7) which projects through a rotating seal, as

shown in. Figure 11-8. The Monel bell jar is put in place (see

Figure 11-9) and Vie coating chamber is evacuated to exclude air.
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Legend for Figure II-

A - WF inlet.
6

B - Hydrogen inlet for reduction of WF in hot zone.
6

C - WF6 feed control.

D - WF 6-H2 feednozzlewith a jacket of copper tubing to contain
hot tap water to thermostat temperature of nozzle.

E - Hot tap-water inlet.

F - Water outlet.

G - Monel flanges..

H - Cold tap water cooling coils.

I - Exhaust to hood.

J - Reaction zone housing.

K - Removable molybdenum cylinder.

L - Clamshell oven.

M - Thermionic hot-shell holder.

N - Hydrogen inlet for purge between rotating-support shaft and
housing.

0 - Housing for rotating support shaft.

P - Nickel housing for seal and bearing support.

Q - "tO"-ring seal.

R -Roller )earings.

S - Set screw..

T - Sprocket.

U - Removable handle for moving the shell holder and rotating
shaft beyond the opening at the flanged end of the reactor
housing.

V - Motor.

W - Chain.

27
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Figure 11-5. Resistare-Heated Apparatus for Deposition of Tungsten
(dismantled condition).
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Figure 11-6. Resistance -Heated Apparatus for Deposition of Tungsten
(assembled condition).
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Figure 11-7. Induction-Heated Unit Assembled for SiC-Coating Run.
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7894

Figure 11-8. View of Induction-Heated Coating Unit Showing Rotating-
Seal Assembly (Upper-Left Quadrant), Induction Lead-
Through (Left Center), and Coating Reactant-Feed Line
(Foreground).
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Figure 11-9. Induction-Heated Unit with Monel Bell Jar in Place for
SiC-Coating Run.
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After evacuation the unit is filled with hydrogen through Valve A,

shown in Figure II-10. The coating unit is pressurized for a

precautionary pressure check, bled down to atmospheric pressure

by opening a valve on the exhaust line, and then hydrogen flow is

initiated. The shell is inductively heated to 1200 to 1260°C.

While the shell temperature is being adjusted, the CH3 SiCi3 is

purged with hydrogen. When temperatures are steady and the

system is well purged, the CH 3SiCI3 is admitted. The mixture

passes through Valve A connected to a feed line visible in Figure 11-8.

The gases flow past the heated rotating shell, and are then exhausted.

When the desired amount of SiC has been deposited, Valve F

is closed (see Figure II-0) to stop the CH SiCl feed. The shell
3 3

is then cooled.

Resistance-Heated Unit for Deposition of SiC

Development of a resistance-heated unit for deposition of SiC

is not so far advanced as the development of a unit for deposition of

tungsten. Three shells were coated with SiC by resistance-heating.

It was demonstrated that the desired temperature levels could be

maintained. However, the coating uniformity was poor for all

three of the shells. The reason for the poor uniformity was improper

gas-flow patterns.

It was intended to develop a unit which would coat the shell

in an upright position and without rotation. If successful, the

principle could be readi.y used in a nmult.ple-shell coater for

commercial production. Inclusion of a mechanism for rotation

and the use of a horizontal-shell support would undesirably compli-

cate the assembly of a multiple-shell unit.

33
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The resistance-heated unit, with the latest design modifications

shown in Figure II-ll, was used to coat a shell. In order to protect

the heater element from the coating reactants, the assembly was

continuously purged with hydrogen. With the apparatus used for

Shells IR and 2R, the hydrogen purge of the heater assembly was

exhausted ac the base of the shell. It appeared that the upward

convective flow of the hydrogen exhausted at the base of the shell

caused the coating to be thin and ,, n-f ,t around the circum-

ference at the base. Therefore, provision was made for removal

of the purge gas further downstream from the coating zone. The

change was ineffective. However, the fact that the interior of the

shell and the heater assembly were coated with silica, as a result

of the reaction of the Alundum with the coating reactants, indicated

that the area betwveen the shell and the support was not adequately

sealed. Thus, an appreciable fraction of the hydrogen purge could

have been exhausted at th base. Incorporation of a better seal

may improve the coating uniformity.

It is interesting to note thLt the rate of deposition of the SiC

is two to three times that obtained in the inauction-heated unit at

nearly the same temperature and coating-reactant concentration.

The higher SiC-deposition rate car- at least be partially explained.

With the induction unit, a condensate of viscous liquid reaction

product forms on the water-cooled induction coil and drips off

from the coil. The condensation depletes the SiC available for

deposition. No condensate is formed in the resistance-heated unit.

With the resistance-heated unit, the hemispherical ends of

the shells have a glassy smooth deposit, while the straight sections

34
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Figure 11- 10. Induction- Heated Unit for Deposition of SiC or Tu'gsten.
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Figure ll-ll. Reulatance-Heated Unit for D#~podition of SiC.
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Legend for Figure UI-11

A - Coating reactant gar, inlet.

B - Vycor tube housing.

C - Tungsten-coated graphite shell to be coated with SiC.

D - Molybdenum -heater wire.

E - Alundum tube.

F - Alundum tube.

G - Molybdenum disc.

H - Nickel fitting.

I - Nickel support and housing.

J - Molybdenum rcd.

K - Internal H2 purge exhaust line.

L - Alundum spacer.

M - Exhaust line to hood.

N - Electrical-power leads.

0 - Rubber or Teflon insulator.

P - Internal purge-gas inlet.
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resemble the inductively heated deposits in color and texture, i. e.,

dull gray to black and somewhat rough. The difference in surface

appearance on the resistance-heated shells is apparently due to

* changes in coating-reactant concentrations as the gas is forced

along the length of the shell.

In any future work on the development of the resistance-heated

unit for the deposition of SiC, the following changes are recommended:

(1) Improve the seal between the base of the shell and
the support by use of a machined close-fitting

molybdenum fixture in place of the nickel fitting (H)

shown in Figure 11- 11.

(2) Increase the diameter of the Vycor housing (b).

(3) Decrease the diameter of the housing (I) shown in

Figure II- 11.

(4) Inclucee a thin-walled molybdenum shell (d .: 0 mils in

thickness) between the heating element and the tungsten-

coated-graphite shell to provide additional protection

for the heater element, and to provide a support for

possible horizontal operation.

(5) If the only alteri.-tive is to support the shell in a

horizontal position with rotation, a cross-shapeaI

Vycor housing fabricated from 90-mm-OD tubing with

the shell located in the center of the cross is recommended.

38
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SURFACE FINISHING OF TUNGSTEN

Work on the surface finishing of the tungsten included evaluation

of the use of (1) electrical-discharge machining, (2) surface grinding

with a small hand grinder, (3) surface grinding with a brass or

rubber ball-shaped mandrel in a slurry of 100-grit SiC and water,

and (4) electropolishing with NaOH-water solution. It appears that

the most promising procedure, judged on the basis of quality and

cost, is to cut off the tungsten protrusions with a small hand grinder

prior to the deposition of the SiC and follow with an electropolish

subsequent to the deposition of SiC. Without the SiC coating, the

shell is able to survive the considerable vibrat-ion inherent in the

grinding operation. The ability of the shell to withstand vibrational

shock of the same order of magnitude after coating with SiC has

not been established. However, it is considered to be a good

practice to do any grinding prior to appli-ation of the SiC, since

if breakage inadvertently occurs less preparation time is wasted.

For the electropolishing, it is necessary to treat the final coated

product, since a carbide film is deposited on the tungsten in the

SiC-preparation step. Thus, an electropolish prior to the deposition

of SiC would be fruitl,!ss.

Mechanical Finishing

A tungsten-coated gr.~phite shell (later coated with SiC and

numbered 39FS) was surface-finished in the hemispheric&l end and

adjacent straight section by electrical-discharge machining. A flat

surface was obtained which was considered to be in excellent

condition for a final electropol~sh. Although the electrical-discharge

machining produced a desirablt product, the time required (I hour)

3.1
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and electrode replacement (a result of excessive erosion) were

considered too costly for the intendA. application. Two spherical

brass electrodes were used for machining one shell. Other electrode

materials are available which may have a longer life. However, the

time required for the electrical-discharge machining would be

essentially unchanged.

The spherical brass electrodes which were used in the electrical-

discharge machining experiment we:7e 20 mile less in diameter than

the inside diameter of the shells. These mandrels were then used

to evaluate grinding with a 100-grit SiC-water slurry. A 1/2-in. -

diameter shank, attached to the brass sphere, was chucked and

driven by a drill press. Finished shells that had cracked were used

as test pieces. About 2 cc of 100-grit SiC and 10 cc of water were

placed in the shell. The shell, held manually, was moved up against

the rotating brass mandrel. Grinding to a level surface required 15

to 30 minutes. With proper jigs, the use of the slurry may be

practical on a production basis. Mandrel wear would not be expected

to be a serious problem, since the radius of the mandrel should stay

reasonabiy constant with wear.

The fastest removal of surface protrusions was accompliohed

with a small grinder, held manually, operating at 18, 000 rpm. About

5 minutes was required to complete the operation with a 3/4-in. -diameter

grinding wheel. Since the tungsten-coating process at its present

stage of development involves the formation of about 6 objectionable

protrusions, extensive grinding is not required. Th( efore, use of

the hand-held grinder could be a practical method for mass production

of such shells.

4
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A cast rubber mandrel with and without SiC inclusions was also

used with a 100 -grit SiC-water slurry for grinding. However, the

resilient mandrel produced a polished surface without satisfactory

leveling of the protrusions.

Electropolishing

The removal of tungsten in electropolishing depends on oxidation

and dissolution of the oxidation product. Therefore, the electrolyte

for rapid removal of tungsten would be one in which the oxidation

products would be readily soluble. A caustic solution meets the

requirement, while nitric-acid solutions, for example, do not

dissolve all of the oxidation products. It was demonstrated that an

adherent insulating oxide film can be readily formed with 5-v/o HNO3

and 20-v/o HNO 3 , which stops further tungsten removal. Although

rapid removal of tungsten occurred with caustic concentrations of

120g/liter and current densities up to 6. 5 A/in. 2, no polishing was

obtained; i. e., the surface appearance of the tungsten was unchanged.

Still higher current densities weald probably result in polishing.

However, as the current density is increased, control of the electro-

lyte temperature becomes a major problem. For this and following

experiments, the shell was set in a graphite holder, as s.,wn in

Figure 11-12. A hemispherical graphite cathode was used.

With a concentration of 50 g of NaOH per liter, a bright

reflective polish could be obtained. However, the polishing was

sensitive to (1) the spacing between the cathode and tungsten,

(2) the flow pattern of the electrolyte, and (3) the current density.

Although a bright reflective finish was obtained, complete

leveling of pr Arusions was not accomplished. On continued
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electropolishing, the protrusions became pits. It is suspected that

removal of tungsten was more rapid at grain bounda-ies surrounding

the protrusions and, as a result, the protrusions lifted out.

The use of a rotating cathode provided with a wiper cut from

1/8-in. -thick rubber sheet was also evaluated. The wiping action

was definitely beneficial in leveling protrusions. However, the

beneficial result was sensitive to pressure exerted by the wiper,

and it was not ewtablished that uniform results could be obtained

on the entire surface desired to be polished.

1 42
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Il. THERMIONIC CONVERTER

Thermo Electron began work on hydrocarbon thermionic power

systems in 1958. After the completion of preliminary systems analyses,

combustion system development, and materials investigations, actual

converter development (diode) was started. Since diode technology had

progressed well as a result of Thermo Electron's comprehensive

thermionic research program and hardware development projects,

the program described here began immediately with the fabrication

of a relatively large number of converters for testing under operating

conditions that closely approximated those expected in a hardware

generator. A unique high-temperature, high-heat-flux burner previously

developed by Thermo Electron, and described in Section IV of this

report, was used for this purpose. The objective of this effort was to

approach the requirn-mentr established for the zonverters as closely

as possible and to obtain enough experimental data to provide a sound

basis for design modifications which would eliminate the problems

encountered during test operation.

The first thermionic diode designed and built for a hydrocarbon-

fueled thermnionic engine, designated as Series II, is shown in cross

; cztion in Figure I11-1. This diode had a tantalum emitter and spacer

tube protected withi an aluminum-tin coating developed by the General

Telephone and Electronics Company's research laboratory. (The basis

for the selection of this material is discussed in Section II of this

report.) Figure 111-2 shows the parts of the diode in exploded view,

and r"igure 111-3 shows one of these diodes after teAt in a hydro-

carbon flame. The diode fitted into an aluminum-oxide cylinder in the

burner and was held in place by a packing gland. Each diodr, was

tested by heating the emitter to a temperature of 1300 to 1430C,

4b
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monitoring performance at this temperature for approximately 6 hours,

taking performance curves, and then shutting down overnight. This

testing was continued until the output of the diode dropped to zero,

Each diode was then dissected and a study made of all determinable

changes in geometry and material. A total of 43 converters were

built, and most of them were tested in this manner. A small number

of these diodes, however, were tested in vacuum to provide standards

for comparison of diode performance (see Table HI-1). The significant

test results are described below:

(1) One major difficulty was the weld which held the emitter

backing plate to the emitter shell (see Figure III-i). Study of failed

units indicated that during fast heating of the converter, the thin side

wall increased in temperature much faster than the more massive

emitter disc and, as a result, the wall expanded faster than the disc.

This resulted in high stresses in the spacer tube at this point and

caused failure. Furthermore, the weld region was difficult to coat

evenly. The oxidation-resistant coating had to diffuse into the hot-
shell material to be effective, and the diffusion layer was two to three

mils. Therefore the coating could diffuse completely through thin

sections causing shorts in the interelectrode space. In the development

of the next series of converters (Series III), both problems were cir-

cumvented by use of a deep-drawn sheet for fabrication of the hot

shell, which eliminated welds at the hot end.

S"-,46
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Figure III-1. Cross Section of Series II Hydrocarbon- Fueled Thermionic
Diode.
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Figure 111-3. Hydrocarbon- Fueled Thermionic Diode After Teat in a

H-ydrocarb -n Flame.
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(2) A number of failures of the hot shell occurred about 1/4"

from the hot end. Some of these were associated with interaction of

the oxidation-resistant coating and the alumin-' sleeve which surrounded

the entire hot shell, This problem was overcome by replacing the

96% pure alumina sleeve with one of recrystallized 99. 5% pure alumina.

Also, in this area the maximum rate of chemical reaction occurred

between the substrate and the coating, causing the coating to diffuse

through the hot shell particularly rapidly in this region. Two steps

were taken to alleviate these problems: First, the substrate thickness

was increased from 0. 010" to 0. 025", and second, the substrate

material was changed to 90% tantalum, 10% tungsten.

(3) The sapphire spheres which centered and insulated the

collector stem from the hot shell were another problem. One type

of failure involved the mechanical clearances between the spheres

and the inside of the hot shell. If the clearance was insufficient, the

collector with the embedded spheres could still be pressed into place.

This pres-ing caused distortion of the coated hot shell and cracking

of the somewhat brittle intermetallics formed during the coating

process. The coating was self-healing, provided that there was a

supply of aluminum present and that the temperatures were high

enough for the distribution mechanism to be operative. However, at

the collector end of the diode (about 1 to 1-1/2"' from the emitter) the

temperature was low, and this healing mechanism did not occur. As

a result, failures occurred at the cooler end in the form of straight

tines spaced 120" apart circumferentially. ImmediAtely afte.' removing

the mechanical interference between the hot shell and the spheres, this

type of failixre ceased. Another problem with the spheres occurred

during diode operat!on. The force of atmospheric pressure caused
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the collector support flange to bend. This forced the collector stem

to assume a position at an angle to the axis of the hot shell and thus

applied a force to these spheres, which pushed through the hot and

relatively weak tantalum. This problem was elimiuated in the sub-

sequent design by replacing the sapphire spheres with split sapphire

sleeves, which reduced bearing stress by several orders of magnitude.

(4) The performance of the diodes tested under this program was

better than any ever demonstrated before using a hydrocarbon flame,

but it fell short of that predicted by Thermo Electron's research data.

One of the main reasons for this discrepancy was the elastic and

plastic deformation of the collector support flange, which resulted

in changes of the interelectrode spacing. The part was too heavily

loaded by atmospheric pressure for its designed thickness. This

problem was eliminated in ti;c next series of diodes, Series III, by

strengthening the membEr i a,... also by reducing tlhe load on the part.

This diode was smaller in dianlet. r, and consequently atmospheric

loading of the diaphzagm was les . Another reason for poorer-than-

predicted performanice was th, fact that the collector stem had a

relati.ely large oorticn of its cross-sectional area removed to allow

pass•age of tre cesium vapor. Therefore the heat-rejection path had

1.rhw conductance2, and the collector face overheated. This problem

waL circumventh.d in the Series III diode by designing the collector

stern so that thie cross-sectional area removed for the cesium passage

was compeaisated for by an increase in the diamneter of the stem. The

collector face temperature also tended to be excessively rdigh because

the pin-finned radiator was in relatively poor thernmal contact with the

collector stem. In the SerieF Mi design the collector and cooling fins

were machined from one integral piece of stock.

s•c
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The best performance achieved with the Series II diode was

typified by the test results of the following three converters:

The first was converter 11-23, which generated electric power for

127.1 hours, exclusive of 9 hours of flame-heated outgassing. Figure

MI-4 shows the outgassing profile of this tube. Figure 111-5 is a plot

of gross power output versus time for the cyclic flame-heated testing

to which diode NI.23 was subjected. A group of performance curves

taken during the life ot this diode is 3hown in Figure 111-6.

The life history of diode 11-29 is documented in Figuref. 111r7

through 111-9. This diode was outgassed at temperatures up to 1450°C

and operated as a diode at 1440°C. Its outgassing profile is shown in

Fig,.re 111-7. The change in pressure between the hot and cold condition

alter outgassing was small, indicating that the tube was well outgassed.

Figure 111-8 shows the power production history of this diode, and

Figure 111-9 is a composite of several curves of power density versus

output voltage. This diode was tested at its rated de-iign voltage (0. 5v)

during virtually its entire life, Figure 111-10 ib a photograyh of diode

U-29 on test.

A third converter, 11-31, was operated in vacuum to evaluate the

materials (other than the emitter shell coating) and construction tech-

niques used in the diode. Figure II- I I is a plot of power density

versus time at 0. 4v And 0. 5v outputs for converter 11-31. The test

temperatutre was i 03°C, and ail data was taken with the cesium

reservoir temperature optimized for the different -,oltages. Figure 111-12

shows several I-V curves generated during tte life of the tube. After

2000 hours of operation at 1400"C and after 85 thermal cycles, the

diode continued to p-oduce power.
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The experience gained in developing the Series II diode was used

in designing the next series of diodes, designated as Series III. This

series of diodes incorporated sttuctural improvements over the Series II

and also used an improved version of General Telephone and Electroi,'ic's

aluminunm-tin mixture for oxidat&'..-; protection. The Series III diode is

shown in Figure Il1-13.

During the early stages of the Series III development program

oxilation-resistant emitter shells (hot shells) made of pyrolytic silicon

carbide on tungsteu, described in Section II, became available and

showed promise of greatly improved resistance to combustion products.

Work was therefore stopped on the Series IT, and a diode was designed

incorporating a hot shell of this latter material. This diode, designated

Series V, incorporated all the mech=,nical improvemer.ts of the Series III

plus the silicon carbide hot shell.

The Series V diode is shown in Figure 111-14. The hot shell

assembly consisted of the shell and a molybdenum adapter which was

brazed to the open end of the hot shell. An adapter of this type served

a dual purpose: to join the shell +o the diodrs outer structure, and to

minimize the effect of d, ferent.al thermal expansion between the shell

and the diode structure. These differentiai thermal expansions were

present during diode fabrication, assembly and cycling. The adapter-

to-hot-shell braze joint waq so designed that the braze material was

ductile enough to yield and absorb the difterential thermal expansion,

The hot shell tip was hemispherical to allow n-aximurm area utility for

a given diameter hot shell and to miake it easier to fabricate by pyrolytic

deposition. The emitter surface was cleaned and polished by electro-

polishing.
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The insulator assembly was a stacked structure of rtietailized

high-aiumina ceramic rings and Kovar parts, one of which was a

stamped cup, the other a cylindrical part having an integral flat flange.

The flanged section of the latter part comprised part of the stacked-butt

seal section and was backed by a ceramic ring to equalize thermal

stresses on both sides of the flange. The cylindrical section provided

a surface to which the hot shell assembly could be brazed. A 3/16"-

diameter nickel tube was provided to serve as an outgassing tubulation

and as a cesium reservoir.

The concentricity of the long collector stem with respect to the

hot shell was maintained by three small sapphire spacers. These

spacers were designed to have sufficient surface area to minimize

bearing stresses on the hot shell wall while not adversely restricting

pumping paths within the diode during outgassing. The spacer design

was such that yielding would occur at the collector base before the

bearing stresses on the hot shell wall became significant. The finned

radiator assembly was brazed to the outside surface of the collector

base. This radiator assembly was designed to dispose of the rejected

heat from the diode and to maintain the critical thermal balance of the

diode.

Power take-off from the diode was accomplished with a flexible

cable extending from the top cylindrical Kovar piece of the insulator

as sembly.

As a result of the system analysis performed in 1963, it became

apparent that a largtr diode could be used in designing the 45-watt

thermionic engine, shown in Appendix A. Such a unit, with a design

output of 100 watts, was designated the Series VIdiode and is describad next.
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The Series VI diode, shown in cross section in Figure 111-15, is a

larger version of a Series Ill diode using the same basic concept (that is,

two concentric cylinders with one end hemispherically closed). The

emitter and collector are formed by the two hemispheres, and the cylindrical

section forms a heat choke, so that the emitter temperature gradually drops

to the maximum allowable seal temperature, which is 500°C. A ceramic-

to-metal seal provides the required electrical insulation between emitter

and collector. The cooling of the collector was accomplished with forced

convection by jets of inert gas through a specially provided cooling probe.

Before proceeding with the actual construction of the Series VI

diodes, effort was concentrated on establishing sources of supply for

the Series VI type of hot shell. For the temperature range of 1350 to

1450°C, where these diodes were planned to operate, the W-Mo emitter-

collector system was chosen, as was a spacing of approximately 10 mils.

Various suppliers of hot shells made with pyrolytically-deposited silicon

carbide on tungsten were contacted. In addition, a contact was established

with the Battelle Memorial Institute, Columbus, Ohio, regarding the

possibility of manufacturing pyrolytically-deposited silicon carbide shells

on tungsten and at the same time providing the project with consulting and

investigative services.

By the middle of 1964 several shells were received from these

supplicrs. The first ones were made with the use of copper mandrels

to which tungsten was first deposited, and then silicon carbide after the

copper mandrels were removed. Other shells were made on graphite

mandrels. The discontinuation of the tungsten deposition operations at

the research facilities of the first supplier led to concentrated efforts

with the others. Orders were placed for pyrolytically-deposited tungsten
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shells which would then be coated with silicon carbide by other vendors,

and a number of experimental shells were received. None, however, were

satisfactory. In July of 1964 the first three experimental shells were

received from Battelle Memorial Institute. Examination and tests gave

evidence of poor adherence between silicon carbide and tungsten, and the

shells failed at various stages of preparation before they could be used

for tests under the burner. Work continued with Battelle Memorial Institute

with the constraction of cor.iplete shells, including the deposition of tungsten

and of silicon carbide. Several problems had to be solved involving im-

provement of deposition techniques, mandrel removal procedure, and

processing of tie shells before they could be assembled in a diode, and

they are described in detail in Section II of this report.

By October 1964 progress in all these areas had reached the point

where a complete diode could be assembled with confidence. Such a diode

was first assembled and tested during the month of November. This diode,

VI-I, was tested with a methane-air burner.

Before the diode was placed on test, the best burner had been

calibrated with a dummy shell in order to correlate shell temperature

with the burner parameters. In this burner the shell surface was not

visible during operation. Consequently pyrometric measurements could

not be taken during the test. After outgassing for 16 hours at 1450°C,

pinch-off, and cesium distillation, Diode VI-1 was placed on test in the

burner and was run at an estimated ermitter temperature of 1350°C. The

diode produced 21 watts and ran for 3. 4 hours. At the end of that time

the diode temperature begarL to fall off, and pressure measurements on

the burner indicated that one of the fuel injectors was plugged. The burner
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was examined, and it was established that a temperature difference of more

than 200°C existed circumferentially on the emitter area because of the

plugged injectors. In addition, craters and erosion were evident on the

protective silicon carbide coating

To allow observation of the emitter shell during testing and the

performance cf pyrometric temperature measurements, a methane-oxygen

burner was designed. In the absence of preheated air and to achieve the

high heat fluxes and temperatures required by the thermionic converters,

a mixture of methane and oxygen was used. The burner consists of a

flame arrestor and mixing chamber of an oxyacetylene torch connected to

a plenum, which in turn has orifices to direct the flames at the hemisphere.

The burning occurs after the mixed oxygen and methane have passed through

the orifice, in a manner similar to a gas burner in a stove. The jets of

burning gas strike the shell and heat it. The plenum forming the burner

head is water-cooled. A schematic layout of the burner and the shell

under test is given in Figure 111-16. Of course, there is a tendency for

the part of the shell being struck by the flame to be hotter than surround-

ing areas. The first burner had an insufficient number of orifices, and

temperatures between 1300°C and 14500C were observed. The high-

temperature spots const'tuted about 1/20 of the total hemispherical area.

To heat the diode evenly and over the bulk of its hemispherical surface,

a larger burner, with smaller orifices spaced closer to each other, was

constructed and was used successfully.
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A second diode, VI-2, was placed on life-te3t. After 40 hours the

cooling of the collector was accidentally interrupted, and the collector

overheated, expanded, and pressed through the hot shell, destroying the

diode. The shell was examined, and it showed no signs of erosion or

oxidation.

From the tests performed up to that time on individual shells, as

well as on complete diode assemblies, two conclusions could be drawn:

1. The silicon carbide coating of tungsten was preventing the

oxidation of tungsten at temperatures up to 1450*C. It was also forming

an impervious barrier to the gaseous environment of the diode, as

evidenced by the stable thermionic performance that was obta'ned.

2. In the structures obtained by pyrolytic deposition of silicon

carbide, lrc). c "f fro;' 100 'o 152 f1oir- w•--re. achieved.

The neating was interrupted every 20 hours, and the shell was

allowed to cool to room temperature. Several shells were tested, and

invariably the mode of failure was the fracture and spalling of silicon

carbide from the tungsten substrate. This occurred during the coou.ing-

down cycle at a temperature below the visible range, estimated at

400 to 500°C. A number of controlled tests were then performed with

composite vapor-forme1 structures. It was then noticed that the presence

of a carburized layer of tungsten was improving the bond betweenthe silicon

carbide and tungsten. It was also noticed, through electron probe analysis

and metallographic examination of these structures, that a layer of tungsten

disilicide was formed after the tungsten-silicon carbide structure had

remained at the test temperature (1400 to 1450°C) for a period of over

10 hours. An exact relationship has not been established between the
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thickness of tungsten disilicide and the time at temperature, but a thick-

ness of 1 to 2 mils could be measured at the end of a test period of ZCO hours

at temperatures exceeding 1100*C.

The encouraging results which were obtained with structures of a

strongly carburized layer of tungsten led to the conclusion that carbon was

all inhibitor to the formation of tungsten disilicide, acting as a barrier to

the interdiffusion of W and Si. Structures were next manufactured in

which a carbon interlayer, acting also as a deposition mandrel, was

placed between the tungsten and the silicon carbide. Cylindrical structures

were i'jrst manufactured for simplicity, and the carbon mandrel was coated

on one side with tungsten and on the other side with silicon c.-rbide. The

thickness of the carbon was kept to the minimum that structural strength

would allow, whichwas approximately 40 mils. Such structures were

tested at Battelle Memorial Institute, under controlled atmospheres in

furnaces, where the temperature was uniform and closely controlled.

This type of testing was chosen to avoiu he possibility that the strength

of the bond might be affected by the actioniof elements .other than

temperature, such aG an environment of an oxidizing or reducing atmos--

phere. Under identical conditions, tests without the carbon interface

showed SiC spalling from W after 100 to 150 hours in the temperature

range of 1400 to 1475°C at a brittle interface between the tungsten and

the vapor-deposited silicon carbide, which was identified as tungsten

disilicide.

To summarize the observations and conclusions of the controlled

tests and the tests with the new barrier-equipped shell:

1. 1, 000 hours of cyclic operation of the new type of shell specimen

were completed. This test, perform cd at the BMI Laboratories, proved beyond
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a doubt tCie value of the barrier material between the protective SiC layer

and the W emitter material. It has been stated elsewhere in this report

that e~tposure to high t-.mperatures causes c~iemical interactions between

the SiC and the W substrate and results in the deterioration of the bond

and separation in 100 to 150 hours. Examination of this last test specinnen

after completion of 1000 hours and 10 cycles showed excellent bond strength.

Metallo~raphic examination of the interphase on both sides of the carbon

barrier confirmed ti'.e reliabilf.ty of the barrier mate rial. Testing was

continued on a portion of the same test specimen under the same conditions

(inert gas environment 1400*C, 100-hour cycle), and it was re-examined

after the completion of a -otal of 4000 hours without showing spalling or

cracking.

2. After the 1 000-hour test, two shells of the diode geometry were

manufa~ctured at BMI, and were sealed into vacuum-tight assemblies.

Techniques and materials used were identical to those used in construction I
of the diode.

These last emiLter shell developments and improved methods of

collector cooling were used to arrive at a new type of Series VI diode

which will, be called the Series VI-S.
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The new ideas and improvements included in the design of the

Series VI-S diode are listed below:

1. Barrier-equipped composite hot shell consisting of pyrolyl.ically-

deposited tlun.stea on a carbon mandrel protected by vapor-depogited silicon

carbide.

2. A configuration of the end oi the "hot shell" (emitter shell)

such that the carbon interlayer is protected from exposure to air.

3. A nickel collector, so that the high coefficient of expansion of

nickel, requiring large initial spacing (0. 021j" approx. ) which decreases

to 0. 010" when the rated operating ternperatures are reached, prevents

ramming of the emitter by the collector in the event of fast heating or

cooling of the converter. This improvement allows the fast cydolig of

the converter-without the danger of emitter..to-collector contact.

4. In order to allow free convection cooling of the collector, a

finned structure, specifically designed for that purpose, was attached

tc the collector.

5. Heat-pipe cooling of the collector allowed the achievement Of

a ligtit-weight, free- zonvection-cooled diode. The use of the heat pipe

allows the raisins of the fin structure temperature so that large quantities

of heat can be dissipated with fewer fins. Also the heat pipe makes

possible the efficient heat transfer from collector tip to collector base

without temperature drop and wit,,'.ut the use of solid secti3as of high-

thermal-conductivity materials (such as copper) which would have

increased the vvei,ht of the unit considerably.
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A detailed drawing of this new converter series is presented in

Figure 111-17. The actual diode is shown in Figure 11-18 with the finned

structure arranged for flow of air axially- Figure 111-19 shows an

exploded view with the main subassemblies completed. The general charac-

teristics of the Series VI-S converter are as follows:

TABLE 111-2

CONVERTER CHARACTERISTICS

Emitter Tungsten

Collector Nickel

Emitter Area 27 cm 2

Spacing (operating) 0. 010"1

Spacing (cold) 0. 026"1

Emitter Temperature 1450°C (max.)

DIODE CONSTRUCTION

Diode VI-S-01 was the first of this series to be completely

assembled and outgassed successfully, but it failed because of a leak

which developed on the last pinch-off after the diode was cesiated.

Diode VI-S-02 was outgassed and placed under test. Four test

runs were completed with satisfactory performance before structural

failure occurred on the emitter shell of the diode. The maximum per-

formance obtained from this diode wa3 100 amperes at a voltage of

0. 35 volt. The structural failure was the result of excessive expansion

of the collector structure z.nd insufficient expansion of the emitter
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structure. This resulted in progressively smaller spacing than the cal-

culated 0. 010". As tests were performed at higher and higher current

densities, yielding higher electron cooling, the collector temperature

was raised to the point where it expanded beyond the calculated amount

and contacted the emitter. Analysis of the data obtained from the test

of this diode indicated the need for a re-evaluation of the temperature

distribution both on the emitter and on the collector structures. The

cooling by free convection and the lower thermal conductivity of the

shell composite (SiC-C-W), a mate.ial for which accurate data on physical

properties were not available, resulted in temperature patterns on the

emitter and collector structures significantly different from the calculated

ones.

PREASSEMBLY COMPONENT TESTING

Because of the developmental stage of the construction of the diode

components, an elaborate procedure was established to check their quality

and dimensional accuracy before assembly. The components requiring

testing were the emitter shell, the heat pipe, the ceramic-to-metal seal,

and the complete emitter and collector assemblies.

For the emitter shell a detailed procedure of leak-checking had

to be set up for the following reasons:

The shell composite consists of three structures: the silicon

carbide, the carbon mandrel, and the tungsten shell. Since the carbon

mandrel ii porous and subject to oxidation when exposed to oxidizing

atmosphere, it has to be protected co'mpletely from exposure to atmos-

pheric air cor combuetion products. For that purpose it is essential

84

2I

•:I



OR P0 RATON

8227

o -Ri

o 5* LI>
0. o .i ''

N>0°40

5.1 4.

be 0

0 0

P4

op

k UN

00

,- -

" V

*0I

85

4.11

4.,,

0i



7393

04

0 0

86



~~~ ~~THRt@EETON

7949

Figure III-19. Exploded View of Diode VI-S.
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that a crack-free silicon carbide covers the carbon mandrel completely.

In addition, to avoid outgassing of the porous carbon into the diode's

volume and possible migration of carbon thrc ugh cracks in the tungsten

to the emitter surface, the tungsten shell has to be crack-free.

To establish whether the silicon carbide and the tungsten were

crack-free, a dye penetrant was used (Zyglo) with which minute cracks

in the SiC or W were visible under ultraviolet light.

A typical cracked tungsten surface, as received, is shown photo-

graphed with ultraviolet light in Figure 111-20.

Since in certain cases not cracks but small pinholes were causing

leaks, an additional leak-checking was used when the ultraviolet dye

penetrant check did not show any cracks. The technique consists of

evacuating a shell and back-filling with helium. If cracks exist in the

tungsten the helium will penetrate in the porous carbon interlayer. When

subsequently the shell is placed over a leak detector's evacuation port

the presence of the helium -.n the carbon's pores becomes noticeable

as a sustained background signal. A similar technique is used to detect

minute cracks and pinholes on the silicon carbide that could not be

detected by Zyglo•,g

The dimensional checking of the assemblies was necessary because

of the dependence of the final spacing of the diode on the initially set

spacing between the emitter and collector hemispheres at the apex. The

spacing was accomplished by sclcctive machining of each structure.

To obtain the exact d~mensions and actually measure the "cold" spacing

just before the final closure of the diode, the special tooling shown in

Figures 111-21 to I1l-25 was designed. Simulating the collector, an

88
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Figure 111-20. Cracked Shell as Received and Zygloed.
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Figure III-ZI. Emitter -Depth Gauge.
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Figure 111-2Z. Measuring Emitter Depth.
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Figur'e 111-23. Collector Length Gauge.
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Figure 111-24. Goller.,or Length Measu~rerr..ent.
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Figure III-ZS. Collector Concentricity Measurement.
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axially movable part is raised inside the emitter until the contact is detected

by an ohmmeter connected to the emitter and the simulated collector

structures. The measurement of the exact length of the collector is done

with another specially designed tool shown in Figure 111-23, which fits

exactly where the emitter assembly would fit. Measurements can then be

performed to determine the exact length of the collector in. the emitter

and its eccentricity, if any. From these measurements exeact information

on the cold spacing is available. " combined with the exact temperature

profile of the emitter structure during operation, permits a better estimate

of the emitter-tc-collector spacing during operation of the diode.

The following operations were performed before Diode VI-S-n3

went into testing:

1 By a combination of thermocouple and optical temperature

measurements, an accurate temperature profile of the emitter structure

was established.

2. A series of testa were performed to establish the relationship

of the collector temperature at the hemispherical end to the temperature

indicated by a the rrn couple located in the base of the collector heat pipe.

From the performance of these tests, the following results were

obtained:

1. The heat conducted from the wall of the emit.ter shell was far

lower chan the designed value. As a result, the seal of the emitter shell

to the molybdenum adapter plate was operating at temperatures much

lower than the calculated 500'C. The true temperature profile is shown

in Figure 111-26.
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2. A temperature difference as high as 75°C cxists between the

hemispherical end of the collector (Figure ii:-?;)and the bae o' tVie

collector heat pipe structure where the "collector" thermocouple is

located. Although the main structure of the heat pipe does not show

gradients higher than 15°C for the heat fluxes anticipated in this diode,

the base of the heat pipe at the point where the finned structure is attached,

located well in the condenser section, presents a AT of approximately

75 0 C from the temperature of the hemispherical end.

TESTING OF SERIES VI-S DIODES

Incorporating the above test results, Diode VI-S-03 was assembled

and tested. The first tests on Diode VI-S-03 showed the validity of the

chosen solutions and geometries, as can be seen from the typical tempera-

ture distribution chart shown in Figure 111-26. The measured cold spacing

of 0. 026 was verified in addition to measurement of the parts, by an x-ray

of the diode prior to its test. The actual spacing was measured under a

shadowgraph-micros cope and could be determined with an accuracy of

: 0. 002. Under these conditions, t'-e diodes in this series have an

average operating spac;ng, at the hemispherical. end, of. 0. 010 ±2.

The performance obtained trom the diodes was lower than that

expected, based on data obtained on research-type vehicles with the same

emitter material. This is attributed to a random temperature distribution

that exists on the emitter shell as a result of the geometry and the type of

burner used (tiethane-oxygen test burner). It is estimated that only one-

third of the emitter area is at the rated temperature (1400°C to 1450*%C),

while a very large temperature drop exists on the rest of the area, where

temperatures as low as 1250 0 C and 1200°C hiave been measured. To

correct this, nmodifications were made on the burner configuration.
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HEAT-PIPE - COLLECTOR

The complete collector assembly incorporating the heat pipe cooling

technique was tested successfully, and the test data is shown in Figure III-27.

The collector-heat pipe assembly is made of a cup-shaped nickel piece with

a long tubular section in which successive layers of wire mesh form the

capillaries. It is interesting to note here that in this assembly the capillaries

extend also to the hemispherical portion of the collector. In constructing

this assembly, several wraps of fine-mesh stainless steel wire-cloth were

used in the cylindrical and the hemispherical parts of the collector. The

hemispherical layers were made after annealing and press-forrning the

wire-cloth so that it assumes a hemispherical shape, and is in direct

contact with the wall of the heat pipe. Finally, to retain the fine-mesh

wire-cloth in place and in good contact with the walls of the pipe, for

uninterrupted capillary flow, a heavier-mesh wire-cloth as a structural

member '.s used as the last inside layer. Components and a complete

heat pipe are shown in Figure III-ZE.

The working fluid in the collecto.r heat pipe i1 potassium; 20 grams

are used for this assembly. Potassium is distilled into the assembly, and

extreme care is taken that complete outgassing of both the metal parts

and the working fluid is accomplished.

Performance testing of the heat pipe is done with the help of a pre-

calibrated calorimeter in a set-up shown in Figures M11-29 and 111-30. The

calorimeter consists of a cylinder of molybdenumn carrying on one end a

resistance heater, while the other end is water-cooled. A cylindricel

section of known cross-sectiotal area and length carries two thermocouples,

located at a predetermined distance, on Which a AT can be measur-ed. A

calibration of that assembly established the relationship of heat to the AT
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on the wall given in Figure 111-31. Every effort has been made, through

shielding and polishing surfaces, to minimize radiation losses. During

the calibration, heat input is measured in terms of voltage and current

supplied to the resistance heater at the top of the calorimeter, and the

resulting AT's are measured by the two thermocouples on the wall

of the calorimeter's cylinder.

For performance testing, the heat pipe structure is installed at

the top of the calorimeter, where a good contact is achieved by virtue

of differential expansions between the heat pipe-collector structure and

the calorimeter. Thermocouples are installed on two locations on the

heat pipe, one near the hemispherical end and one near the liquid-vapor

interface (this level established after x-raying the assembly), to measure

the AT ahlng the wall. Heat input to the assembly is accomplished by

induction heating of the hemispherical end, and the heat transfer capacity

is measured by the &T of the pre-calibrated calorimeter section at the

base. Figure 111-32 shows the heat through the heat pipe vs AT along

the wall during these tests. A complete heat pipe-collector structure

is shown in Figure 111-33.

TEST RESULTS

After the necessary modifications were made to the burner head to

obtain an improved temperature distribution on the emitter, a number of

diodes were assembled and were set up fdr life tests.

Two life-test setups had to be constructed for th;.t purpose, equipped

with the required number of automatic control devices so that failure of the

converter from services interruption (water, gas, oxygen, electric power)

would be avoided. At the same time the life-test units were so dcsigned
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Figure 111-28. Componea.ts and a Complete Heat Pipe.
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Figure 111-29. Schematic of Precalbrated Calorimeter.
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Figure 111-30. Calorimeter Set-Up.
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Figure 111-33. Complete Heat izipe -Collector Struct'.xre.
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that, if variations in the performance of the diode indicated that a diode

failure was approaching, the operation of the burner would be interrupted,

together with the other services to the diode. In this way complete

destruction of the diode is avoi'Ied and useful conclusions for future units

can be drawn.

A typical life-test setup ie shown in Figure 111-34, where the main

safety panel controls the gas and oxygen solenoid valves, which in turn

are controlled through a Lureflow switch so that the burner cannot be

operated if the pressure of the water cooling is below a safe value.

Pilot lights indicate the various functions. The diode safe shut-off panel

is equipped with a time-delay switch which will turn off the burner a

specific (set) time after the occurrence of the cause requiring the

interruption of the test. In addition, to prevent destruction of the

diode in the event that, due to malfunction of the burner and excessive

emitter temperature, higher than normal current output is generated,

the diode is open-circuited automatically when the set maximum current

in the recorder is exceeded. This prevents overheating of the collector

because of excessive electron heating and uncorntroilable expansion of

the collector which might cause ramming of the ernitter and destruction

of the diode.

Several diodes were tested, and for simplicity the shells used for

the construction of the diodei have been numbered in consecutive numbers

as they were manufactured. At that time a su.'czntract with Battelle

Memorial Institute was started for the manufacture and metallographic

examination of shells used in the life-test diodes. The shell type ma-u-
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factured for the VI-S diodes was the FL type of shell. The heat pipe

number was also introdu~ed into the number of the diode, since each heat

pipe had to be numbered and calibrated individually. Therefore the first

diode to be life-tested was Series VI-S W9wL-01, i. e., shell #9FL and

heat pipe #01.

This diode was tested for 26.7 hours at an emitter temperature of

1450"C, under a natural gas-oxygen burner and was subjected to eight

cycles, during which it was allowed to cool to room temperature for

inspection. At the end of the eighth cycle cracks were detected on

the silicon carbide shell, and the test was discontinued. During the test

of the diode, static and dynamic data were taken, and a set of I-V curves

obtained from this diode is shown in Figure M1.-35.

The construction of shells and diodes continued, and a number of

improvements in the deposition technique were made (see Section II)

before the second life-test diode, #66FLr08, was ready. In the interim

period improvements were also made in the diode co.astruction techniques,

and in particular on the collector assembly. The closure of the di-de with

a nickel to nickel-iron alloy inert gas weld caused a number of problems.

A side test effort ;.,as started in which a number of geormetries,

materials and equipment were tested. Finally a new piece of equipment
-4for inert gas welding, wh4 ch could be evacuated to 10 nrm Hg belfore

backfilling with high-purity argon, wrs used with successfill results. It

shculd also be mentioned here that a number of these problems which

stemmed from impurities in the nickel used for the diode construction

were later eliminated with the introduction of strict material quality control.
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Figure 111-34. Typical Life Teat Set-Up. j~
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Diode #66FL-08 was tested and failed after 170 hours of operation

with one cycle at the 100-hour mark. The failure of this diode was

attributed to erosion of the silicon carbide by a high-vrelocity jet of the

methane-oxygen burner. As can be seen from Figures 111-36, 111-37

and 111-38, considerable cratering occurred on one side of the diode, while

the other side had a normal appearance. The diode was operated e.t a

temperature of 1440* to 1400*C, and it yielded an output 'of 20 to 30 Watts.

A second diode, #6ZFL-12, was tested in a similar setup but with

an improved burner. It was run at a lower temperature, and its power

output was approximately 25 watts at emitter temperatures of 1340' to

13750C.

IMPROVED SERIES VI DIODES

In the beginning of 1967 several shells were made incorporating

the improvementr, made in the vapor-deposition techniques of both silicon

carbide and tungsten.

The major improvement was a uniformity in the texture of SiC with

the new tecliLnques of heating the carbon mandrel. In addition, considerable

improvement was made in the surface finish of the tungsten with the

resistance-heated tungsten vapor deposition equipment. The surface

irreg'alari.es ahich were the major problem in the earlier stages of

the shell development, in accomplishing the desired interelectrode

spacing, were almost completely eliminated. Also, improvements were

made in the mechanical and e) actrochemical techniques for the finishing

of the emitter surface quality.
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Figure 111-36. Diode 66FL-08 After 170 Hours Test.
Cratering on Ore Side of Diode.
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Figure 111-3 7. Area of Jet Erosion of Diode 66FL-08 Resulting
in Failure.
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Figure 111-38. Cratering on One Side of Diode.
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A new diode, # 74FL- 17, was a3 sembled with an improved shell,

and the characteristic I-V curves obtained are given in Figure 111-39.

For comparison purpores Figure I11-40 shows the envelope of these

curves compared with 1-V curves obtained from thermionic converters

built at the beginning of 1966.
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IV. COMBUSTION SYSTEM

One ol the first major problems which had to be solved before the

feasibility of a hydrocarbon-fueled thermilonic engine could be demon-

strated was the development of a combustion system which could

produce the heat necessary to drive a thermionic diode. Basically,

the problem involved in the design of the combustion system is that

the rate of heat transfer from a gas to a solid is notoriously slow,

and that cesium diodes require high heat transfer rates to surfaces

in the temperature region of 1350 to 1800*C. At first, it appeared

that these two factors could only be reconciled by using enormously

high air pressures and air flow rates through the burner.

Beginnirg in mid-1959, some basic burner configurations were

experimentally evaluated, ranging from the pebble-bed burners, with

their very high pressure losses and low heat flux densities delivered

by convection, to multi-tube burners with flames inside the boundary

layer delivering heat by radiation to the simulated diodes. These

e-forts were unproductive, although some variations that were tested

met a few of the burner's technical requirements. By mid-1960 it

was obvious that the basic problems preventing solution of the burner

program were lack of effective heat recovery and thick boundary layers

on the combustion gas side of the simulated emitter shell.

A burner with unique features for solving both of these problems

was first conceived and built in 1960. The first configuration attempted

to solve only the thick-boundary-layer problem, because the heat re-

covery problem would require the use of expensive materials which

were extremely hard to fabricate. One of the first of these burners

is shown on test in Figure IV-l. Although its initial pressure loss was

high, the design could easily be modified to reduce the pressure loss.
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The technical performance characteristics of the design are

shown graphically in Figures IV-2, IV-3, and IV-4 as Model I data.

A total of about 80 different variations of the same principle were

investigated, and about 156 hours of hot time were accumulated on

this burner. During the latter stages of the investigation, tests per-

formed on a few jury-rig configurations with improved heat-recovery

equipment indicated very strongly that major improvements in

pressure drop and maximum'simulated diode temperature were

possible.

On this basis, a Model II burner was designed and built. The

main features of this design included the use of "n.• est available

materials for the burner proper, better exhaust-heat recovery equip-

ment, and larger cross-sectional areas for gas flow consistent with

material availability. This burner was also better instrumented than

Model I. It is shown in Figure IV-5 before its first firing and in

Figure IV-6 driving a simulated emitter. After five months of develop-

ment effort, the burner demonstrates the ability to deliver 41. 1 w/cm 2

to a surface at a temperature of 1430°C, as shown in Figure IV-2.

The complete technical performance of this burner is shown in

Figures IV-2, IV-3, IV-4, and IV-7 as Model II data. Five basic

variations in burner geometry were combined with up to eight different

lengths of heat exchanger during approximately 250 hours of hot-testing

time.

The first attempt by Thermo E.ectror .0 combine a high-

performance cesium-vapor d; ,de with a burner was made in the

Model III burner. The new design features of this burner were the

use of molded silicon carbide (which allowed intricate parts fabrication

120
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with a minimum of grinding), large gas passages, and a metallic air

preheater. The burner for the modular diode-burner unit, wherein

each diode is fitted with its own internal burner, was first fired on

16 October 1961 and reached fully developed status during June of

19ý2. The technical performance characteristics of this burner are

shown in Figures IV-2, IV-3, IV-4 and IV-7 as Model III data. Over

2960 hours of hot time were accumulated on this burner, and another

identical burner was built during September 1962. The burner could be

ignited by means of a safety match, a high-tension spark and a

cigarette lighter. It was so quiet that, at rated conditions, it could

not be heard in a quiet room. This burner ii shown in Figure TV-8

powering a diode whose maximum power density was 2.85 w/cm2

(electrical) at 1430*C.

The f.:st prototype of a combustion system design which would

heat several diodes is shown in Figure IV-9. In. this design, twelve

thermionic diodes were located radially around a central combustion

chamber. The system was equipped with a gas-air heat exchanger

capable oi heating the pre-combustion air temperature to 2250 0 F,

and- the gas velocities, as well as the pressure losse3 in the entire

system, were minimized. It was designed to burn ordinary low-octane

automoti-4e-tVpe leaded gasoline.

At the outset, the burner was operated on natural gas. TI.en a

vaporizer was designed for use with gasoline. Basically, the vaporizer

consisted of a stainless steel mesh heated by the burner's exhaust.

Linuid fuel was fed to the mesh, where it vaporized. A small amount

of air was used to carry the vapor through the fuel injectors and into

the combustion area. This burner was continuously operated silently

i28
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at an emitter temperature of 1400"C using regular-grade leaded gasoline

with extremely low pressure losses and gas velocities, and with the

potential of generating a simulated diode temperature of 16001C at

a heat flux density of 60 -70 w/cm

The latest performance characteristics of this burner are shown

in Figures IV-3, IV-4, and IV-7 as Model IV data. It should be noted

that further developments are expected to produce higher preheat

temperatures, as well as the ability to operate closer to the ideal

fuel-air mixture. These improvements will be reflected in higher

efficiency and lower scrubbing velocities.

Figure IV-10 shows data generated for the purpose of choosing

the optinmum thermionic engine operating point. This dat.a shows the

variation of "combustion efficiency" with emitter temperature.

A number of major improvements were more recently incorporated

into the burner to improve performance and reduce weight and volume.

First, the design of the heat exchanger was modified to increase its

effectiveness. The previouts heat exchanger, shown on the burner in

Figure IV-9, demonstrated an overall coefficient of heat transfer of

only 8 Btu/hr ft 2 .F, a maximman outlet air temperature of 2200"F,

and a pressure loss of 0. 75 inch of water. In its initial development

tests the revised design, shown in Figure YV-11 as Model V, demon-

strated an overall coefficient of heat trai•sfer of 40, \a, maximum outlet

air temperature of 2250°F, and lower pressure losses.

Heat delivered to diode
Heating value of supplied fuel
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Finally, the exchanger effectiveness as a function of air flow

rate az-.d the number of stages is shown in Figure IV-12.

A second advantage of the Model V design was a reduction in

the length of the overall engine, and therefore lower structural weight

and volume. Furthermore, the combustion efficiency was higher

because of redruced radiation from the hottest portion of the burner.

With the diodes installed, no visible radiation emanates from the

burner.

This burner was also operated on gasoline using a vaporizing

carburetor.

One of the life-limiting elements of the burner, until recently,

was the air swirler which is installed at the junction of the air

preheater and the combustion chamber. Although the burner, as

originally designed, was to be equipped with a silicon carbide swirler,

vendors w re unable to fabricate this part. As a poor substitute,

reýrs were fabricated from Inco 702, one of the best oxidation-

resistant high-temperature alloys available. These parts had a life

expectancy no greater than 50 hours. In order to eliminate this

problem, a swirler was machined from silicon carbide rings at

Thermo Election by electrical-discharge machining. This part was

tested for well over 250 hours and showed no sign of deterioration.

It is estimated that this part should have an actual lifetime of well

over 5000 hours. Designs yielding the same aerodynamic result3

have been madle using cast blades cemented in place.

The large amouit of development testing to date has conclusively

demonstrated that the cornbustion system can meet the requirements
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Figure IV-l11. Model V Burner with Jet.-Iinpingexnent Heat Exchanger.
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of a practical, lightweight hydrocarbon thermionic power supply. Future

work should be directed trward further increases in combustion efficiency

and toward the development of suitable ancillary compontits.

1
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APPENDIX A

SYSTEM LNALYSIS

An analysis of the 45-watt thermionic engine was conductea in

1963 to compare the complexity, manufacturing cost, and weight as a

function of the number of diodes used in the engine. Component per-

formance data were generated which reflected the current state of

technology and also that expected in late 1965.

Each engine configuration was assurned to consist of all the cri-

tical components.required by a complete self-sustaining unit. These

components are the diode o:- diodes, a dc-dc converter for all engines

with less than 12 diodes, a combustion system, fuel, a fan, driven by

aa electric motor, and the other accessories. The differenit arrange-

ments considered are shown schematically in Figure A-i. Theie

ranged from the 3ingle-diode engine, feeding a dc-dc convertee which

in turn drove the accessory system and load (72 %atts total) witl, 6-

volt power, to a 4-diode engine whose accessories were fe.i 2-volt

power and whose dc-dc converter was rated at 45 watts output, and

finally to a 12-diode engine with no dc-dc converter whose accessories

again were rated at 6 -volt input.

DIODES

All 1963 thermionic diodes were assumed to be of the same

general type as currently being assembled, i. e., silicon carbide-

tungsten hot shell, spherical emitting surface, conduction-cooled *
collector face, free-convection-cooled fins brazed to the collector

stem, the ord~inary type of brazed leadthrough, and the usual spacing

1 37
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I.
techniqe.eA.The Series V diode was. used as tCa basis for all weight

j ti and size calculations. Its weight was calculated as 0. 5Z lb, and its

design output was 6 watts at 0. 5 volt. Its calculated efficiency was

5. 75% at an emitter temperature of 1400OC.

In order to arrive at the correct size of diode required by any

specific configuration of engine, it was necessary to evaluat. the per-

formance of all the components in the engine. As will be shown later

in this appendix, the estimated gross effect of other components (which

might be used in a large variety of different engine configurations)

was such that the range of dirkde generating capacity was between 6 and

105 watts gross output per ,Jiode. This variation in diode generating

capacity required a variation in diode diameter between approximately

0. 5" and 2. 0". The smaller diode would be used in an engine with nc
dc-dc converter and having 1?, diodes connected electrically in series.

The larger diode would be required when one diode was connected

directly to the dc-dc converter. The difference in the total generated

power ox these extreme configurations resulted because the increase

in efficiency of the larger diodes was more than offset by the inter-

position of the dc-dc converter efficiency. Therefore, as the number

of diodes in the system decreased, the gross diode power to be gener-

ated increased.

Because of th-! ambient pressure eavironment in which the diode

must operate, the optimum trade-off between hot :Ahell heat conduction

losses and I R losseb could not be achieved. Furthermore, current

diodes req.aired heavy-walled hot shells (10 mils of pyrolytic tungsten

coated with 30 mils of pyrolytic silicon carbide), regar 4 less of the

diameter of the diode.
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Plans in 1963 called for the development of a diode in 1965 which

was approximately 1/3 to 2/5 of the weight of the current diode. This

Sweight reduction was to be accompli-lied primarily by replacing the

massive collector stem and the free-convection-cooled fins to which

the collector stem was attached with a hollow, thin-walled collector

. and alurnlaum tubing. This aluminum tubing would conduct air

i1 from the fAn oatlet and cool the air side of the thin-walled collector

shail by forced convection.

Since approximately 67% of the weight of the Series V diode was

concentrated in the subassembly of collector stern and coolingfins,

elirn.nation of these parts would have z large effect on diode weight.

In addition, information supplied by fabricators of hot shell indicated

that it should be possible to manufacture hot shells with the same

Whickness of pyrolytic silicon carbide, but with a 3-mil wall of pyro-

lytic tungsten. This design change would also reduce diode weight and

increase efliciency.

A further basis for r. J'iction in diode weight for 1965 was the ex-

pectation that thermionic research would continue to find means of

improving performance. A 20% improvement was assumed. Calcu-

lations of the weight and efficiency of each diode are provided in

Table A-I for the 1963 diode and Table A-2 for the 1965 diode and are

s hown graphically in Figure3 A-2, A-3, A-4, and A-5. The estimates

"were based on reasonable engineering assumptions which account for

the gross effects and were subject to revision based upon detailed

analysis.

140



TMIMERO ELECTRON

TABLE A-1

WEIGHT AND EFFICIENCY OF

1963 HYDROCARBON-FIRED DIODE

Gross Generated Power, 6.0 10.6 21.5 44.5 105
watts

Efficiency, percent 5.75 6.42 7.22 7.74 8.25

Weight, lbs .52 .78 1.41 2.78 6.18

TABLE A-2

WEMGHT AND EFFICIENCY OF

1965 HYDROCARBON-FIRED DIODE

Gross Generated Power,
watts 6.o 9.58 20.2 41.4 100

Efficiency, percent 7.6 7.82 8.61 9.42

Weight, lbs 0.18 0.208 0.29 0.45 0.89
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DC-DC CONVERTER

For any engine configuration with less than 12 diodes, and con-

sequently with less than 6Vwdc of output voltage, a dc-dc converter was

required. In order to obtain data in this area, a specification was

prepared calling for the conversion of 1. 0, 2. 0 ant 4.0 voils dc to

6. 0 volts dc. Output voltage ripple was to be held to 1%o of mean, and

each converter w~is to be specifically designed for its assigned input

voltage. Output power was initially specified at 72 watts to account

for the 45 watts delivered to the load, 15 watts to the fan, with an

additional 12 watts allowed for automatic engine control, automatic

cesium temperature controllers, and accessories. Various manu-

facturers of dc-dc converters were contacted, given the specifications,

and asked to supply their estimates of overall efficiency, weight,

volume and cost for 1963 and 1965 units. The component data supplied

are shown in Tables A-3 and A-4 and Figures A-6 and A-7.

The weights and efficiencies quoted by the various organizations

covered an extremely wide range. Since it was not clear which one to

pick for analyzing a given system, the extreme values were chosen.

After the first results of the study were apparent, it was decided

to investigate the 0. 5-volt input system, a multi-valued dc-dc con-

verter output (6, 12 and 28 v dc and 400 cps ac), and some systems

calling for a 45-watt gross output dc-dc converter. In these latter

systems only the load power passes through the converter. The acces-

sory power is taken directly from the series-connected diodes.

FUEL LOAD

The next most important variable in the system was the weight of

fuel, since it is the heaviest single item of the basic engine. A 12-

diode -;nglne was calculated to consume fuel. at the rate of 0. 5 lb per
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TABLE A-3

WEIGHT AND EFFICIENCY OF

1963 DC-DC CONVERTER

Gross Output Power 7Z Watts a;t 6.,0 V:,lts -

Converter No. 1

Converter input Voltage, volts 1.0 2.0 4.0

Efficiency, percent 70 77 85

Weight, lbs 4.5 4.0 3.5

Converter No. 2

Converter Input Voltage, volts 1.0 2. 0 4.0

Efficiency, percent 82 85 92

Weight, lbs 6.5 6.25 5.7

Gross 3utput Power = 45 Watts at 6.0 Volts

Converter Input Voltage, volts 2.0

Efficiency, percent 86

Weight, lbs 5. 5
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1~ TABLE A-4

WEIGHT AND EFFICIENCY OF

1965 DC-DC CONVERTER

J.

Gross Power Output = 72 Watts at 6. 0 Volts

Converter No. 1

Converter Input Voltage, V*oits 1.0 2.0 4.0

Efficiency, percent 73.5 81.0 89.2

Weight, lbs 4.05 3.6 3. 15

Converter No. 2

Converter !rpui.' V-,tawe, volts 1.0 2.0 4.0

Efficiency, percent 87a-( ° 3 94

Weight, lbs 6.0 5.77 5.3
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hour for a gross output of 72 watts when the diodes were 5. 75% efficient.

In order to arrive at the fuel load for 12 hours for the other configurations,

the combined efficiencies of the diode and converter were calculated.

This value was ratioed to 5. 75 and multiplied by 6. lbs (the basic

engine fuel load).

COMBUSTION SYSTEM

The combustion system, i.e., the preheater, combustion chamber,

fuel manifolds, injectors and thermos1 insulators, were sufficiently ver-

satile so that it was assumed that neither weight nor efficiency would

chA-nge by any significant margin for any system. The combustion

3stem, therefore, was assigned a weight of 2. 0 lbs (the calculated

weight of the 12-diode engine) for all systems considered.

ACCESSORY SYSTEM

An interesting point became apparent during this study of the acces-

so':-y system, namely, the possibility of using an ac electric motor to

drive the fan when using a dc-dc coi verter in the engine. A form of

ac power can be tapped from the output of the transistor used in the dc-

dc converter and then fed into the electric motor. Unfortunately, it

was not possible in the timc available for this study to evaluate thor-

oughly all of the resulting pnssibilities in accessory system configuration.

One point in favor of an ac electric motor was its inherent low

radio noise level. On the other hand, there seerned to be some reason

to believe that the efficiency of a srmall ac motor would be lower than

that for a dc motor, especially if the waveform of the supplied power

was not truly sinusoidal. A dc motor would probably have to be shielded

to avoid radio noise.
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The radio shield would have a certain weight, which might or might

not coanteract any of the other advantages of a dc motor. Another factor

in the choice of motor power requirements was that engine starting re-

quired a battery,. If an ac motor was required this battery power would

have to be fed thwougn the dc-dc converter transist-or, with a certain

loss in power before going to the electric motor. It was ass-timed that

the weight of teach accessory system for all eiigines considered was

equal to 1. 5 lbs. This is the calculated w eight of the system for an,

engine equipped with 12 series-connected 6-watt diodes.

RESULTS

The reaults of this system analy3sL can be summarized as follows:

First, under any set of consistent assumnptions, a system using -12

series-connected diodes had a lower weight than any other system.

This is illustrated in Figure A-8, which compares the most significan~t

possibilities (72 watts, dc-dc converter output, all accessories oper-

ating at 6-volt dc power, the nuniber of diodes varying between 1 and 1Z).

Second, 'he trade-off between a low-efficiency, low-weight dc-dc con-

verter and a high-efficiency, high-weight dc-dc converter favors 'he

lighter-weight unit for the component performance used. This con-

clusion certainly applied to 12-hour missions, but was probably not

valid for rnuch longer missions. None of the other allowable variations

in engine configuration had any significant effect on total system weight,

Quite differem conclusions were reached from the standpoint of

cost. The cost of a 12-diode engine would be much higher than that of

a one-diode engine with a converter. As a first exanmple of cost savings,

it was estimated that there was only a small difference in cost between

a diode capable oi generating 6 watts and one capable of generating

1 5Z
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100 watts. The cost of the dc-,Ic converter added to the coot of a 100-

watt diode was lower by a factor of 3 to 5 than the 12 six-watt diodes

this combination replaced. Obviously, the larger diode was also more

useful in larger engines.

In view of the expectation that thermionik power supplies of a wide

range of output powers would be useful to the Army if the developmental

problems were solved, clearly a sower overall cost to the government

would result when engines were purchased in one modular size. This

advantage appeared to outweight the somewhat greater weight at the

45-watt level, and consequently the program was redirected toward an

engine using only one diode followed by a dc-dc converter.
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APPENDIX B

SINGLE-DIODE 45-WATT ENGINE DESIGN

The comparison of a multi-diode versus a single-diode system

for the 45-watt power supply (Appendix A) showed the single-diode

approach to be best. Consequently such an engine was designed and

is described here.

SUBSYSTEM DESCRIPTION

Figure B-i shows the complete 45-watt generator in cross

section. The thermionic converter (Series VI) is located at the 1-ottom

of the combustion chamber. Its emitter is at the top and the heat

rejection fins are at the bottom.

The combustion system consists of a combustion chamber; an

exhaust gas-to-air heat exchanger, which preheats the intake air; and

a fuel injection system. The latter includes a carburetor using a

stream of hot air tapped off one of the later stages of the heat exchanger

to vaporize the fuel. The fuel then enters the combustion chamber

through fuel injectors.

The accessory package consists of the following components:

two electrically operated fans,. one of which provides low-pressure

air for the combustion system and the other cools the diode; a battery;

an ignition coil; an engine control; a gasoline storage tank shaped to

fit over the combustion system; a lightweight transport case; and vari-

ous valves and ducts used for fluid transfer.

i 55
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SYSTEM OPERATION

During steady-state operation, gasoline is gravity-fed from

the storage tank into the carburetor, which, as indicated above, is

also supplied with hot (11500 C) air tapped off the heat exchanger.

This hot air is metered by a valve actuated by a bi-metallic helix.

Another air line coming directly from the fan conducts cold air into

the carburetor. The two air streams meet inside the carburetor, and

the mixture enters the fuel-vaporizing section. At tha interface be-

tween the air mixer and vaporizer, the bi-metallic helix senses mixed

air temperature and adjusts the hot-air valve setting to hold the mixed

air temperature at about 300V C.

The vaporizing section of the carburetor consists of a bank

of horizontal fine-mesh stainless steel screens about 1/2 Inch wide

and 2 inches long, stacked vertically with 1/16-inch air gaps between

each. The liquid fuel is distributed in a large tube above these screens

so that fuel drops over the length of the upper screen. The tempered

(300*C) air flows around and through the cascade of fuel-soaked screens

and vaporizes the fuel.

The fuel-air ratio of the carburetor exit stream is about 10

times the stoichiometric ,,alue (fuel-rich). This stream is ducted

into an insulated circumferential manifold which leads to the radial

fuel injectors.

The fuel rate to the carburetor is metered by a standard

shallow angle (V%1 needle valve. A float valve holds a constant head

of liquid fuel on this metering valve so that the effective area of the
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orifice is the only variable affecting liquid fuel flow. The chamber of

the float valve is equipped with a vent connected directly to the carbu-

retor exit so that vapor lock cannot occur.

The output of a cooling fan is ducted into the finned region

of the diode. After cooling the collector, the air is discharged. This

fan is located within and also cools the dc-dc converter. A 3econd

fan provides combustion air. After traversing a part of the exchanger,

when the combustion air reaches 11500 C, approximately 3 to 5% of it

is diverted to the carburetor and then ultimately through the fuel in-

jector. The remainder flows directly into the combustion chamber.

There the highly preheated air and fuel are mixed and burn.

Diode operation at a given operating point can be optimized

by controlling thc tem-..rature of the cesium reservoir, which deter-

mines .he cesium pressure -.n the interelectrode spacing. Control of

the cesium temperature is achieved with a thermal shunt between the

burner and the cesium reservoir, designed to supply slightly less

than the required amount of heat to the reservoir when the diode is

at operating temperature and maximum ambient temperature condi-

tions exist. An auxiliary electrical resistance heater supplied with

6 volts of power and controlled by a small solid-state amplifier is used.

An increasing amount of electrical power is used as the ambient tem-

perature drops. The maximum power requirement of this system is

expected to be of the order of 0. 5 - 2. 0 watts.

The power generated by the diode is ied directly into the

dc - dc converter adjacent to it, which then produces the required

6-volt output voltage.
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The procedure for starting the engine ia as fcllows: The

operator throws a switch which connects a 6-volt battery to the input

leads of the fan motors. The combustion air fan has a rating of

4-1/2 volts and 2 amperes at 15, 000 rpm and can deliver 16 lbs of

air per hour against a back pressure of 2 inches of water. During

the start cycle, when 6 volts are applied to the motor and the pressure

drop through the burner is relatively low, the air flow delivery will

be about 50 lbs per hour. Then another switch will be thrown, and

the battery will also power an integral breaker-point ignition coil

which will supply a spark for ignition. A starting fuel injector is

provided which combines a liquid-fuel injector and high-tension

spark leads. When the spark is established, the operator will turn

the fuel control to the "start" position, which will meter the correct

amount of fuel to the burner. This fuel flow will be of the order of

3 to 4 times the steady-state value, since the air flow is about 3

times greater during the start cycle and the f/a will be very close to

the value yielding the maximum flame temperature.

This mode of operation will be held for approximately 2 to

2-1/2 minutes, during which time the unit will be driven to approxi-

mately half its rateA em.tter temperature. At the end of this 2 to

2-1/2 minute period, the air outlet temperature of the preheater will

be high enough to operate the vaporizing carburetor. The operator

then turns the fuel control to the intermediate indent, and the same

total amount of fuel will be divided between the carburetor and the

starting fuel injector. The temperature of the unit will then rise very

rapidly to design emitter temperature. At this point an "on-off"

1 59



Ai THERUO ELECTRON ___________________

ISS C 0 A P 0 R A T 1 0N

indicator will show the operator that the diode is producing rated

power. He will then turn the fuel control to the "run" position,

reducing the fuel flow to its nominal value of 0. 5 lb/hour, and simul-

taneously switch the electric motor to draw 4-1/2 v of power from

the converter. Steady-state full-power operation will then have been

established in a minimum period of time.

For starting under the extremely low ambient temperature,

the engine accessory system will be equipped with a large-diameter

fan which can generate the required pressure at a speed of approxi-

mately 4500 rpm. Instead of using battery power, a speed-increasing

gear train will be driven by the operator through a manual crank.

Instead of an integral breaker-point ignition coil, a mechanical breaker

point will be driven off the cranked shaft, and electric power for the

spark will be generated by the permanent-magnet electric motor oper-

ating as a low-efficiency dc generator. All other functions will be

identical to that described above.

Shut-down is accomplished :imply by shutting off the supply

of gasoline to the carburetor. Air will continue to circulate through

the heat exchanger and combustion chamber so that the unit will

gradually be cooled to ambient temperature. For transport, a clarrm-

shell Fibteglass case is closed and latched. As shown in Figure

B-I, this case consists of three pieces of molded Fibreglass, hinged

together with waterproof rubber seals at all interfaces. Military-

type latches provide the pressure required to make the unit completely

submersible in water.
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