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ABSTRACT

Reductions in the cost of thermionic-energy-conversion (TEC) modules
yield direct decreases in cost of electricity (COE) from TEC-topped
central-station power plants. Simplified COE, overall-efficiency charts
presented here illustrate this trend. Additional capital-cost diminution
will result from designing more compact furnaces with considerably in-
creased heat-transfer rates allowable and desirable for high-temperature
TEC and heat pipes. Such improvements can evolve because of the protec-
tion from hot corrosion and slag as well as the thermal-expansion compat-
ibilities offered by silicon-carbide clads on TEC-heating surfaces.
Greater efficiencies and far fewer modules are possible with "high-
temperature, high-power-density TEC": This will decrease capital and
fuel costs much more - and substantially increase electric-power outputs
for fixed fuel inputs. In addition to more electricity, less pollution,
and lower costs, TEC topping used directly in coal-combustion products
will contribute to balance-of-payment gains and national energy
independence.
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EXECUTIVE SUMMARY

High-temperature, high-power-density thermionic energy conversion
(TEC) offers more power, lower costs, and less pollution from topping-
cycle generation: High temperatures enable substantial Carnot gains,
hence more powe: and less pollution from a given fuel input. And high
power densiticr allow great reductions in numbers of converters for a
given fuel input, hence much lower capital investments.

For a TEC-topped steam power plant the net overall efficiency with
0.15 bypass (K) is nygp =~ 0.34 + 0.38 nqpc or with zero bypass
nyop ¥ 0.34 + 0.45 nppes where npgc is TEC efficiency with optimized
leads. The corresponding 30-~year levelized cost of electricity in 1975
dollars is for K = 0.15 coz;g = 4.9 + (17.6 + 0.064 Cype + 0.5 ngye +
17.9N)/(0.9 + npe) or for K = 0 COEJQ = 4.9 + (4.7 + 0.063 Cpp, +

0.5 Nppe + 15.1N)/0.75 + “Tnc)' vhere Cpp. 18 $/kwt for the TEC system

and N is $/10% Btu for fuel. Thus, with a 0.15 bypass 10% nype yields




11X more electric power than steam alone; 20X Nppe. 22% more power; 30%
NpEC? 34% more power; and 40% NrEC? 45% more power. Also increasing
nppc With constant Crpg ($100/kW, for example) and N ($1/108 Btu and

$4/106 Btu) effects substantial changes in COEgg relative to that for
steam alone: .

N, $/105 Bru No TEC 10X nygc 202 nppe 30% ngc  40% nppe
0 . N - N

1 44.3) mills COE75 6% more 3% less 10X less 16X less

4 106 J BT copd) -3% less ~12% less ~19% less ~24X less

Referred to COEgg values for steam alone, 40X NTEC translates to ~7 mills/
kW+hr less COE;s with $1/106 Btu and ~25 mills/kW-hr logs with 34/106 Btu:
Higher fuel costs heighten the influence of npgc on C°E75-

These numbers indicate parametric effects of TEC and fuel costs as
well as TEC efficiency. But they fail to imply the great cost saving
possible with fully matured high-temperature, high-power-density TEC:

For negligible interelectrode losses and 10% bac emission, using 1800 K,
30A/cm2 TEC rather than 1600 K, 5A/cm? TEC produces the same power output
25-to-31% more efficiently with one-seventh the number of converters.
Such gains are certainly worth striving to attain through TEC applied
research and development.

Recent findings on hot-corrosion protection, slag resistance, and
thermal-expansion compatibilities of silicon-carbide-clad heat receivers
predict successful TEC service in high-temperature coal-combustion prod-
ucts. And new compact furnace designs with much greater heat-transfer
rates optimized for TEC with emitter as well as collector heat pipes
should allow further significant cost reductions.

Thus, high-temperature, high-power-density TEC topping not only
offers more power, lower costs, and less pollution but also promises
contributions toward balance-of-payment equity and national energy
independence.

TEC TOPPING-CYCLE CONSIDERATIONS

Thermionic energy conversion (TEC) brings significant advantages
to topping-cycle power generation: Substantially increased outputs
and decreased costs of electricity are possible through carnot-efficiency
gains inherent with TEC. But, i.s true potential remained veiled until




recently (refs. 1 to 4) because of the apparently defensive avoidance
of the high temperatures and great power densities attainable with TEC
(refs. S to 18). These TEC characteristics are strengths not weak-
nesses. And to amplify that observation this paper further indicates
tte potentialities of "high-temperature, high-power-density thermionic
energy conversion”" (ref. 1).

Reference 4 adapts partially optimized results for TEC topping of
a steam plant (ref. 3) to the cost-of-electricity (COE), ~verall-
efficiency chart from reference 19. This adaptation allows the com-
patible comparison of "thirty-year leverlized costs in mid-1975 dollars"
with "fuel cost assumed constant in fixed dollars" at $1/106 Btu for
coal (fig. 1). The "partial optimization of steam-plant topping with
> 20 A/cm? TEC yilelds overall efficiencies near those for the most~
efficacious advanced systems and COE's between the best and those for
conventional steam plants. And ar reference "3' concludes, 'we expect
that further significant improvements can be made by optimizing the
overall system design.' Such results should place TEC, STEAM among
the best systems on figure" 1 (ref. 4).

In the present paper, corrected and reduced reference - 3 equa-
tions imply influences of TEC efficiency (10 to 40%) and cost (100 to
400 $/kW.) as well as fuel cost (1 to 4 $/106 Btu) on overall efficiency
and COE for TEC topping of central-station steam plants. In turn plots
of TEC efficiency and power density reveal the striking performance
gains possible with the hotter emitters at 30 A/cmZ as opposed to 5 A/c 2,

To develop a simplified view of these parametxic affects the follow-
ing sections discuss briefly some topping equations, TEC performance cal-
culations, and trends caused by major variables.

SOME RELATIONSHIPS FOR A TEC-TOPPED STEAM POWER PLANT

Reference 3 presénts equations for the net overall plant efficiency
(“NOP) and total cost per thermal kilowatt (CTPT) for TEC topping of a
steam power plant:

wop = -h) {(1‘K)“c“rzc“1 + (1-8) [l( + (1"‘0(1‘"':30)]“8"(: - f}

(1)

In this expression ng is combustion-system efficiency (0.90); NrEC? TEC-
system efficiency (calculated); ny, inverter-system efficiency (0.94);

ng» steam-cycle efficiency (0.442); K, bypass-heat factor (0.15); §,
steam-system electrical requirements (0.027); f, combustion-system




electrical requirements (0.025); and h, balance-of-plant (BOP) elec-
trical losses (0.015). The parenthetic values allow considerable
reduction of (1):

nyop = 0.34 + 0.38 nppe (desulfurization losses included, ~0.02) (2) )

Although (1) in reference 3 needs only a parenthesis after the
second Nrec? the CTPT equation there lacks nTEC as a multiplier of the
inverter cost (CINV) and fails to pass dimensional analysis (CST1.2 CCT
should be Cgp + 1.2 Cop). The authors of reference 3 substantiate the

need for changes, yielding a corrected version of the CTPT equation:

Crpp = Cp + Gy + 1.2 (Cp + Cpap) + (1 = K)(Crpp + NppeCryyIne + Kneloy

+ [%nc + (1 - nTEC)nc(l - Ki](CST + 1.2 CCT) 3)

In equation (3) the C's are dollars per thermal-kilowatt input for the
furnace system (Cyp = 18.0), high-temperature air heaters (Cy = 20.6),
emission control (Cp = 11.5), site labor and other BOP (Cgop = 109.0),

TEC system (Cpp. variable), inverters (exception: $38.0/kwe). finish-
ing superheater (CSH = 12.2), steam-turbine generator (CST = 16.1),
and wet cooling towers (CCT = 11.6). Again a reduction results:

Crpp = 211.9 + 0.765 Cpgg + 6.1 Nppe ($/kWe) (4)

Dividing (3) or (4) by (1) or (2) yields the total plant cost per elec-
tric kilowatt:

Crpe ™ Crpr/nNoP (/W) (5)

This equation in turn leads to one for capital cost of the plant:

3
0.18 fixed charge x 10°mills/$ mills
c =C x — — = 0.0316 C ——
CPE TPE © 0,65 capacity factor x 8760 hr/yr TPE kW*hr
(6)

Then a 2.004 EPRI factor produces 30-year levelized costs for oper-
ating and maintenance (ngE. using 2.47 mills/kW*hr from ref. 3) and for




fuel (ng) at N dollars per 106 Btu:

3 3 .
30 N$ x10° mills/$ x 3.41%10~ Btu/kW hgg mills
CFE - 2 x 6 - 6-82 N/nNOP ‘hr
10" Btu x “Nop“”"“e"‘”'h"c
(7)
30 . . mills
Cop = 2X2:47 = 4.9 (kw-hr) (8

And the 30-year levelized COE in mid-1975 dollars according to the
ground rules governing figure 1 (refs. 19 and 4) is the summation cf
(6), (7), and (8):

30 30 30
COE75 - CCPE + CFE +C

OME 9
The reduced version of (9) is informative:
iy mills
COEpg = 4.9+ (17.6+0.064 Crpo+ 0.5 Ngge+17.9 N)/(0.9+ Npge) (..___;)

kW-h

(10)

Reference 3 discusses increasing overall efficiency by reducing the
bypass factor from 0.15 to zero, which produces the following effects.

wop = 0.34 + 0.45 Ntec (desulfurization losses = 0.02) (2a)
300 4.9+ (14,74 +0.5 + N)/(0.75+ mills
CDE75 9+ (14, 0.063 CTEC 0. "rEC 15.1 N)/(0.7 "TEC) kw'hr)
(104)

Here, subscquent calculations utilize the more conventional 0.15 bypass:

Equations (2), (10), (2A), and (10A) for the variables composing
figure ] emphasize the importance of TEC performance:

nNOP varies




directly with nrEC And the predominant nqpe effect on COE;g derives
from the denominator (= nygp) of the second term in (10) or (10A); the
nUMerator frpe effect is nearly negligible. Much stronger influences
result from TEC power densities, which subsequent sections discuss.

Those discussions cover results from converter-performance equations
presented in the next section.
TEC~-PERFORMANCE EQUATIONS
The appropriate converter outputs are the current density,
the electrode voltage,
Vo"@E-¢C-VD-VA'¢E-VB-VA (12)

the voltage at optimum-lead terminals,

Voo * Vo - Vi, (13)
the electrode power density,

By = JoV (14)
and the effective power density with optimum leads attached to the
converter,

PoL = JoVoL (13)

Here @g and @c are emitter and collector work functions, Vp is the
interelectrode voltage drop, Vg = @c + Vp is the barrier index or total
internal loss, V5 is the equivalent auxiliary input voltage (not used
in the present calculations), and V; is the voltage loss required for
optimum leads.

The current-density components correspond to emitter saturation,
2
which has a collector-saturation counterpart,
9 4
JCS = A(l - Rc) Tc exp ('ﬁc/k'rc) (17)

and to the reverse flow Jp, which includes reflections, backscattering,
back emission, and other effects tha® diminish the output current




density. In equations (16) and (17) A and K are Richardson and
Boltzmann constants, Tp and Tp are emitter and collector temperatures,
and Rp and Rp are emitter and collector reflection coefficients.

An important theoretic detail relates to a common inconsistency in
the treatment of back emission (refs. 1, 20 and 21): In generalized TEC
terminology back emission subtracts from the emitter current in obtain-
ing the net output current. This usual definition of back emission
requires it to be only that part of the collector emission that reaches
the emitter and thereby diminishes the output current according in a net-
flow balance at the converter boundaries. Thus, back emission is not the
saturated collector emigsion given by equation (17), regardless of
modification, because the emission barrier is incorrect: This observa-
tion derives from the fact that, in the generally cited TEC power-
producing mode, the emitter electron barrier (motive maximum) is a few
tenths of a volt (the interelectrode voltage drop) above its collector
counterpart. So during steady-state operation the preponderance of
collector saturated emission cannot clear the emitter sheath, even in
the absence of other deflecting encounters. Therefore, most of the
collector saturated emission must return to its source nullifying to a
large extent its effect on the diminution of the net output current.

Unless the interelectrode loss is much closer to zero than to its
currently common value of about a half volt, only a small fraction of
the collector emission, the true back emission Jpp, will reach the
emitter:

Jgp = AQL - Rgg) T2 exp (-Vg/kT() (18)

In this equation the effective back-emission reflection coefficient Rgp
comprises Rp and similar coefficients for all interelectrode mechanisms
that return collector-emitted electrons to their source - except those
for noncollisional repulsion by the emitter sheath. Thus, using equa-
tion (18) without Rpg produces a conservative estimate of the converter
output current. Such an approximation seems reasonable for low cesium
concentrations, reduced enhanced-mode pressures, and small interelec-
trode gaps. Of course, with zero interelectrode losses assumed (ref. 6
for FY 81) as well as negligible interelectrode-reflection effects,
equations (17) and (18) become identical.

A simplified, yet reasonable estimate of TEC efficiency with
optimum-lead losses (ngp) embodies the previously discussed inputs
(ref. 1 based on refs. 22 and 23) and serves as nrec

NoL

- 2 2 1/2}
(Jgg - J_B_E_)_{!g - @ - Vp -V - 2[2.45%10°" nge(Tg - Te)/(2 - ngel]
Jgg(Bg + 2kTg) - Jpp (B + 2kT) +5.7 10712[0.05+ 7.5%1073 (1, - 1000)] (78 - 1)

8

(19)

i




Here the last term of the denominator approximates nonelectronic thermal
transport while the factor following the first 2 in the numerator repre-
sents the optimum-lead loss Vy. Deleting 2V; from equation (19) trans-
forms that expression into one for the TEC electrode efficiency npc used
here to compute the optimum-lead loss. Of course, the electrode effici-
ency is the true converter evaluation analogous to other pcwer~gensrator
performance ratings. But because of relatively high TEC current densi-
ties and low voltages the optimum-lead efficiency seems more pragmatic.
A discussion of results from (19) as well as (15), (10), and (2) follows.

SOME PARAMETRIC TEC-TOPPING EFFECTS

Figure-1l ground rules apply identically to figure 2, which is
another COE%g. nyop chert. In fact four representative points from

figure 1 for coal-fed systems using $1/106-Btu fuel appear on figure 2.
With this orienting backdrop, topping results from equations (2) and (10)
offer additional perspective on COE%%, nNOP trends for variations of CTEC
and npgc. Incidentally the steam-plant basis for equations (2) and (10)

at 34X nyop and 44.3-mills/kW'hr COE3) differs slightly from its figure-l
counterpart.

On figure 2 reducing Copo from 400 to 100 $/kW¢ decreases COE;g by
~19 mills/kW-hr at a 10% nrec (Myop = 37-8%) and by ~15 mills/kw-hrast a
40% NTEC (nNOP = 49.2%). Increasing NTEC from 10% to 40% drops COE75 by
~14 mills/kW-hr at a 400-$/kW, Crpc and by ~10 mills/kW-hr at a 100-$/kW,
Crgc: In accord with equation (2) a 10% nygc yields ~11% more electric
power than the basic steam capability; 20X nppcs ~22% more power; 302
nTECY ~34X more power; and 40% nTEC? ~45% more power. And for a
100-$/kwt CTEC equation (10) indicates that a 10% "rEC produces ~6%

30
greater COE;g than that for steam alone; 202 nreC’ ~3% less COE75 than

steam; 30% NTEC? ~10% less COE;g and 40% nTEC! ~16% less COE;g.

Because many feel that such a comparison at 32/106 Btu is more real-
istic than at $1/106 Btu, figure 3 is particularly meaningful. All fig-
ure-~2 ground rules, except fuel cost, remain unchanged fo. figure 3. Note

the higher range and steepening trends for the COE;?, nNop relationships

in figure 3 compared with those of figure 2: Now COEgg'a run from ~46 to
~85 mills/kW*hr (a span of ~39) instead of ~32 to ~66 (~34) in figure 2.

As equation (10) shows the COEgg alterations over the CTEC range
persist when only fuel cost changes: On figure 2 (3, 4, or 5) reducing

Crgc from 400 to 100 $/kW¢ decreases COE;g

by ~19 mills/kW hr at 102 NrEC




and by ~15 mille/kW'hr at 40X nepe But as figure 3 reveals, increasing

ijp¢ [Tom 10X €o 40% drops COEJY by ~18 mills/kW-hr at a 400-8/kW, Crgc

and by ~14 mills/kWehr at a 100-$/kW. Crpc. Of course the power-output
rains for TEC topping remain unchanpged in the transition to figure 3
(or 4 or 5) from 2. However the equation (10) basic-steam COL;O rises
frow 44,2 *0 64.2 nills/X"*hr. And for a 100-$/kW, Cppe equation (10)

indicates that a 10% nrpe produces ~15 greater COE;g than that for

stean aloae: 207 "rEC’ -84 lass COE;g tihan steam; 30% Nree? ~152 lass

C‘Egg. 407 nppes ~21% less.

Reference 4 mentions an effect of a $3/105-Btu fuel cost comparad
with that of the $1/106-Btu value used for figure 1. Here figure 4
*rrats the implications of this fuel-cost change more fully. Again,
the COE;g. 0P relations exhibit an even higher range and still steeper
trends. And for a 100-$/kWy CTpc equation (10) indicates that a 10X

» -~ Y, 0 . ~
evn orodgces 27 less LOE;S than that for steam alone; 20X npgc» ~10%

less cozgs than steam; 30X Nppe. ~17% less; and 40X nppo, ~23% less.

Reference 18, "using solvont-gefined liquified-coal (sic) at a
levelized cost of $4.66GJ (4.92/10° Btu), "indicates 1978 trends toward
high fuel expenditures, which are even more pronounced today. So compar~
ison of figure 5 results with those of figure 2 is especially significant
in implying effects of sharply increasing fuel costs. Tc compare fig-
ures 2 and 5 the second paragraph of this section appears again here with
figure 5 numbers in parentheses:

On figure 2 (5) reducing Cegc from 400 to 1008/kW,
decreases COE;g by ~19 (19) mills/kW-hr at a 10% NrEC
(nyop = 37-8 (37.8)%) and by ~15 (15) mills/kW.hr at a
40X nreq (npop = 49.2 (49.2)%). Increasing nygc from
107 ro 407 drops COEJQ by ~14 (27) mille/kW-hr at a
6OO—$/kWt Crgc and by ~10 (22} mills/kW-hr at &
100-$/kWg Crgc. In accord with equation (2) a 10%
nrgc Yields 11 (11)X more electric power than the
basic steam capability; 20X nppc, 22 (22)% more
power; 30X nppes ~34 (34)% more power; and 40X nrEC’
~45 (45)% more power. And for a 100-5/&”t Crpc equa-

tion (10) indicates that a 102 "rEC produces 62

greater (3% less) cozgg than that for steam alone;

ORIGINAL PAGE IS
OF POOR QUALITY
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30 .
202 YU ~3 (12)23:-:: COE75 than steam; 30X "rec’
~10 (19)% less 00375; and 40% "rEC* ~16 (24)7 less
30
mg75.

For steam alone the COE;g is 44.3 mills/kW+-hr on figure 2 for 31/106 Btu
and 104 mills/kW+hr on figure S for s6/106 Btu. So the last quoted set of
"40% nges ~16 (26)% less COEJQ" also means "40% npge, 7 (25) mills/Ki.hr

less COE;g." As the dotted "steam-COE" lines emphasize, higher fuel costs
heighten the influenct of Nrec O COEgg.

TEC-PERFORMANCE INFLUENCES

The importance of converter-performance improvements in TEC topping
of power plants (TOPP) stands out in figures 1 to 5. However, figures 6
and 7 emphasize a far more important characteristic of the results for
TEC with 10% back emission and negligible interelectrode losses: Chang-
ing from low emitter temperatures and low power densities to allowable
high-temperature, high-power-density TEC not only significantly increases
converter efficiency but also greatly reduces the number of TEC modules,
hence the cost, required for a given thermal input or a desired power
output.

Reference 1 indicated this effect in 1977 for space nuclear electric
power utilizing TEC with 925 K collectors. Thorc results parallel or
analogize TEC-TOPP implications:

These underlined values also reveal the significant output
and efficiency gains for TEC operation at 1800 K and 30 A/cfl as
compared with 1650 K and § A/cm (refs. 5 to 8): The 28.5%2 °
increase in optimum~lead efficiency means lighter radiators and
either more output power or smaller auclear reactors and lighter
shield-dependent weights for NEP. ..e 10.8X higher optimums-lead
voltage requires less power conditioning capability and results
in lower transmission-line losses for a given quantity of output

power. The 560% gain in effective output power density allows

many fewer converters and associated current-collecting bus bars
for a given output-power level. And of tourse the higher emigter
temperature (coupled with greater efficiency) enables the use of
substantially fewer and/or smaller emitter heat pipes. This
reduction in turn should produce significant decrgases in
shielding-related as well as reactor weights. The higher emitter
temperature can also mrke possible considerably increased collec-
tor temperatures if pa:sunetric studies indicate the need for lower
radiator weights (the T4 influence).
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"Less power conditioning ... fewer converters and associated current-
collecting bus bars ... fewer and/or smaller, emitter heat pipes” all
relate directly to the TEC-TOPP upplication.

Similarly, in a comparison of figures 6 and 7 results, using
1800 K, 30 A/cm2 TEC rather than 1600 K, 5 A/em2 TEC (1) for a given
power output requirss about one-seventh the number of converters and
yields 25-to-31%-more afficiency, (2) for a given thermal input pro-
duces 25-to-31Z-more powar output with less tnan one-fifth the number
of converters. In fact figures 6 and 7 indicate that using 16030 X,
30 A/cm? TEC rcther than 1600 X, 5 A/cm? TEC generates ~12% more output
pover within ~79% fewer converters for a given thermal input. These A
potentially great cost savings are in no weay implied by equations (3) Q
and (10) or figures 2 to 5.

But are the advantages of high-temperature, high-bower-density
TEC attainable? The DOE TEC program aims at approaching convertaer
capabilities represented by figures 6 and 7. Figure 15 of reference 4
shows the definite progress in that direction. For the fully matured
TEC technolcgy, figures 6 and 7 reveal that the higher efficiencies at
30 A/cm? are available for emitter temperatures down to 1300 K. Fur-
thermore reference 3 predicts much lower costs for converter modules
with the higher power densities in TEC TOPP even with emitters at
1500 K. Howcver TEC service at much higher temperatures in coal-
combustion products appe.rs feasible: References 24 to 28 support
this observation with gratifying findings on silicon-carbide protection
against h ¢ corrosion and slag as well as workable thermal-expansion
compatibilicies. And TEC with suitable silicon-carbide cladding appears
substantially more economical than with lower-temperature super alloy
protection (private communication with F. N. Huffman, Thermo Electron
Corporation).

In addition to the preceding potentialities high-temperature, high-
power-density TEC should encourage designs of more compact furnaces with
significantly greater heat-transfer rates. In turn high-temperature-
enmitter heat pipes can collect outputs from optimum-cost furnaces and
transform them to TEC-input thermal-power densities. Such increased
denrees of design freedom should facilitata overall-plant optimization,
which could yield even lover relative costs. This capability is impor-
tant because curves for Cppc = O fall essentially on the dashed lines
representing figure-l1 points.

Thus high-temperature, high-power-density TEC promises greater
efficiencies, far fewer topping modules, and improved overall-plant
optimization -~ decreasing capital and fuel costs as well as increasing
power outputs. And with lower costs, more electricity, and less pollu-
tion, TEC topping in coal-combustion products will also contribute to
balance-of-payment gains and national energy independence.

The potentialities of TEC Oing alone warrant the applied-
research and development efforts required for their attainment. ‘




1.

2,

3.

4.

5.

7.

8.

9.

10.

11.

12,

12

REFERENCES

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

J. F. Morris, "Optimize Out-of-Core Thermionic Energy Conversion
for Nuclear Electric Propulsion,” NASA TM-73892, 1977.

G. 0. Fitzpatrick and E. J. Britt, "Thermionic Power Plant Design
Point S lection: The Economic Impact," Intersociety Energy
Conversion Engineering Conference, 13th, Vol. 3, Warrendale, Pa.:

Society of Automotive Engineers, Inc., 1978, pp. 1887-1892.

J. F. Morris, "Comments on TEC Trends," International Conference
on Plasma Science, Conference Record-Abstracts, Oral Session 6D:

Thermionics and Plasma Diodes 1I, Institute of Electrical and

Electronics Engineers, Montreal, Canada, June 4 to 6, 1979,
Abstract 6D10, p. 166. NASA TM—79317.

J. W. Stearns, Jr., "Status Report on Nuclear Electric Propulsion
Systems," AAS paper 75-164, Aug. 1975.

K. Shimada, "Chart Handouts for NASA, ERDA TEC Program Review,"
Advanced Thermionic Technical Program, Following IEEE Plasma
Science Conference, Troy, New York, May 26, 1977.

E. V. Pawlik and W. M. Phillips, "A Nuclear Electric Propulsion
Vehicle for Planetary Exploration,”" J. Spacecr. Rockets, vol. 14,
no. 9’ Sep. 1977, pp- 518—5250

"JPL/LASL Heat Pipe/Thermionic Reactor Technology Development
Program," Progr. Rep. for Feb., Mar., Apr., May 1977, Jet
Propulsion Lab., 1977.

E. J. Britt and G. O. Fitzpatrick, "Thermionic Topping for Central
Station Power Plants," Intersociety Energy Conversion Engineering
Conference, 11th, Vol. 2, New York: American Institute of

Chemical Engineers, 1976, pp. 1040-1045.

G. Miskolczy and T. O, P. Speidel, "Thermionic Topping of a Steam
Power Plant," Intersociety Energy Conversion Engineering

Conference, llth, Vol. 2, New York: American Institute of

Chemical Engineers, 1976.

V. A. Kuznetsov, '""The State and Directions of Thermionic Converter
Research in the USSR," Paper Presented at the Eleventh
Intersociety Energy Conversion and Engineering Conference, State-
line, Nev., Sep. 12-17, 1976. (Paper was not printed in
Proceedings.)

J. F. Morris, "NASA, ERDA Thermionic-Conversion Tour of Europe and
the USSR, 6/14 to 7/5/77; World Electrotechnical Conference,
Mosccw, 6/21 to 6/25/77 (a chronological trip report)," NASA Lewis
Research Center, Cleveland, Ohio.




13.

14,

15,

16.

17,

18,

19.

20.

21.

22,

23,

24,

13

G. O, Fitspatrick and E. J. Britt, "Thermionic Central Station
Power - The THX Aoproach," Rasor Associates, Inc., Sunnyvale, CA,
Rep. NSR 2-6, Feb, 1977, See also Energy Research and Development
Administration, C00-2263-6, 1977.

G. Carnasciali, G. O. Fitzpatrick, and E. J. Britt, "Performance
and Cost Evaluation for a Thermionic Topping Power Plant," ASME
Paper 77-WA/ENER-7, Nov. 1977,

F. N. Huffman and G. Miskolcay, "Themionic Energy Conversion
Topping Systems," ASME Paper 77-WA/ENER-6, Nov. 1977.

G. 0. Fitgpatrick, E. J, Britt, and G, Carnasciali, "Increased
Central Station Power Plant Efficiency with a Thermionic Topping
System," Intersociety Energy Conversion Engineering Conference,
12th, Vol. 2, La Grange Park, Ill.: American Nuclear Society,
Inc., 1977, pp. 1602-1609,

G. Migkolczy and F, N. Huffman, "Evaluation of
MHD-Thermionic-Steam cycles," Ibid., pp. 1610-1616.

G. Miskolczy, B. Gunther, and A. E. Margulies, "Conceptual Design
of a Thermionic Topped Steam Electric Generator Plant Using an
Advanced Boiler Concept," Intersociety Energy Conversion
Engineering Conference, 13th, Vol. 3, New York: Society of
Automotive Engineers, Inc., 1978, vp. 1893-1897. See also SAE
Paper 789553, 1978.

G. R. Seikel, P, J. Staiger, and C. C, P. Pian, "Evaluation of the
ECAS Open-Cycle MHD Power-Plant Design,' DOE/NASA/2674-78/2, NASA
™=-79012, 1978,

G. N. Hatsopoulos and F. N. Huffman, "The Growth of Thermionic
Energy Conversion," in Energy 10: Annual Intersociety Energy
Conversion and Engineering Conference, New York: Institute of
Electrical and Electronics Engineers, Inc., 1975, pp. 342-350.
(See figure 7.)

J. F. Morris, "The NASA Thermionic~Conversion (TEC-ART) Program,"
IEEE Trans. Plasma Sci., vol. PS-6, no. 2, pp. 180-190, June 1978.

G. N. Hatsopoulos; and E. P. Gyfropoulos. Thermionic Energy
Conversion. Volume I: Processes and Devices. Cambridge, Mass.:
MIT Press, 1973,

F. N. Huffman, A. H. Sommer, C. L. Balestra, D. P. Briere, and P,

E. Oettinger, "High Efficiency Thermionic Converter Studies," (TE

4202-12~77, Thermo Electron Corp.; NASA Contract NAS3-19866.) NASA
CR-135125. 1976.

A. J. Cassano and J, R. Bedell, "Thermionic Topping Converter for
a Coal-Fired Power Plant," Consolidated Controls Corp., Bethel,
Conn., Rep. 60-6445-17, 1970,




25.

26,

217.

28.

14

Thermo Electron Corp., "DOE/JPL Advanced Themmionic Technology
Program Progress Report No's. 33 and Higher," 1978, 1979,

Garrett AiResearch Casting Co., Torrance, CA, "Development and
Evaluation of iubular SiC Recuperators," in Heat Exchanger
Technology Prcgram Newsletter, Department of Energy, Office of
Fossil Energy Technology, May 1978, pp. 9-10.

J. C. Freche and G. M. Ault, "Progress in Advanced High

Temperature Turbine Materials, Coatings, and Technology," in High

Tegpgrature Problems in Gas Turbine Engines, AGARD-CP-229, 1978,
pp. 3-1 to 3-31.

"Coal-Fired Prototype High-Temperature Continuous-Flow Heat
Exchanger, AF-684 Research Proj. 545-1," Electric Power Research
Institute, Palo Alto, Calif., EPRI-AF-684, Feb. 1978.




COST OF ELECTRICITY, mills/kW-hr

CONTRACTS
o Gt
O WESTINGHOUSE
'STEAM WITH o UTcaR
SCRUBBER
_ smg: GAS, AFB CLOSED CYCLE  _ynoPt.
¥ O GAS mammn&:‘_ TATEC, STEAM
4
| o” T 1B
b o e
b d é‘ O PFB POTASSIUM
— TURBINEISTEAM
*"SV,‘:A"&” 0 ,.»CP\ “-LBTU GAS /LBTU MOLTEN
L TURBNEISTEAM~, & CARBONATE
— N8~ " g Bbit o G FUELCELLISTEAM
pFB—=""""" "
(I}
- PART oPT.= -COAL OPEN‘CYCLE
TBTEC, STEAM = MHOISTEAM
| | 1 | }
% ] & 50 5

OVERALL EFFICEENCY, %

Figure 1. - ECAS Phase 2 results using 30-year levelized cost in mid-1975 dollars.
Fuel cost assumed constant in fixed dollars.
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Figure 2 - ECAS Phase 2 resuits for central-station steam-
plant topping, using 30-year levelized cost in mid-197%
dollars and $1/108-8tu fuel cost.
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dollars and $2/10°-Btu fuel cost.
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Figure 4, - ECAS Phase 2 resuits for central-station steam-
plant topping, using 30-yes. levelized cost in mid-1975
dollars and $3/108-Btu fu! cost,
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Figure 5. - ECAS Phase 2 results for central-station stream-
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dollars and $4/105-Btu fuel cost,
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Figure 6. - TEC performance at 5 Alcm? with 10% back emis-
sion and negligible interelectrode losses.
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