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HIGH POWER DENSITIES FROM HIGH-TEMPERATURE MATERIAL INTERACTIONS* 

James F. Morris 
National Aeronautics and Space Administ rat ion 

Lewis Research Center 
Cleveland, Ohio 

Abstract 

Thermionic energy conversion (TEC) and 
m e t a l l i c - f l u i d heat pipes (MFHPs) o f fe r important 
and unique advantages in t e r r e s t r i a l and space 
energy processing. And they are wel l su i ted to 
serve together syne rg i s t i ca l l y . TEC and MFHPs 
operate through work ing - f l u id vapor izat ion, con-
densation cycles that accept great thermal power 
dens i t ies at high temperatures. TEC and MFHPs 
have apparently s imple, iso la ted performance 
mechanisms that are somewhat s im i l a r . And they 
also have obviously d i f f i c u l t , complected mate-
r i a l problems that again are somewhat s im i l a r . 
Intensive inves t iga t ion reveals that aspects of 
t h e i r operating cycles and mater ia i problems tend 
to merge: " In shor t , high-temperature mater ia i 
e f fec ts determine the level and l i f e t i m e of . . . 
performance." S imp l i f ied equations ve r i f y the 
preceding statement f o r TEC and MFHPs. Mater ia i 
propert ies and in te rac t ions exert primary i n -
f luences on operat ional e f fect iveness. And 
thennophysicochemical s t a b i l i t i e s d i c ta te operat-
ing temperatures which regulate the thermo-
emissive currents of TEC and the vapor izat ion f low 
rates of MFHPs. Major high-temperature mater ia i 
problems of TEC and MFHPs have been solved. These 
solut ions lead to product ive, cos t -e f fec t i ve 
appl icat ions of current TEC and MFHPs — and point 
to s i g n i f i c a n t improvements wi th ant ic ipated tech-
nological gains. 

Energy Ef f icacy and Hiqh-Temperature Mater ia ls 

" I f there is a s ingle general trend that 
appl ies to the various combinations of heat 
sources and conversion methods, i t is the one 
toward higher source temperature and higher sink 
temperature — and consequently l i g h t e r weight 
systems. For t h i s reason, the workshop f e l t tha t 
high-temperature-matenals data was of prime 

importance " This i s a quotat ion from 
W. A. Ranken of the Los Alamos S c i e n t i f i c Labora-
t o r y , one of 150 experts who attended a recent 
symposium at NASA Lewis Research Center on "Future 
Orb i ta l Power System Technology Requirements"^. 
The inexorable evolut ion toward high space-system 
power leve ls is a movement to not only high tem-
peratures but also high e f f i c i enc ies and high 
power dens i t i es . 

S im i l a r l y high-temperature, high-power-density 
topping promises higher e f f i c i e n c y , lower cost and 
less p o l l u t i o n per watt of e l e c t r i c i t y on 
earth 2 - 2 0 / /\|q(j yg^-y important in these trends 
are two d i r e c t energy devices that process great 
power dens i t ies e f f e c t i v e l y through h igh-
temperature mater ia l in te rac t ions alone: The 
thermionic energy converter and the heat pipe 
operate on thermal inputs only and have no moving 
par ts . Their working f l u i d s cycle cont inuously 
through evaporat ion, condensation and return f low 
by a sel f - induced voltage or a cap i l la ry -pressure 
d i f fe rence ( F i g . 1). Specia l ly selected mater ia ls 

*Work funded by the U.S. Department of Energy 
under Interagency Agreement EC-77-A-31-1062. 

serve as in te rac t ing evaporators and condensers as 
wel l as containers f o r these working f l u i d s . In 
such combinations thermiomc-energy-conversion 
(TEC) and heat-pipe processes func t ion at low tem-
peratures. But t h e i r high-power-density c a p a b i l i -
t i e s preva i l at high temperatures (F igs . 2 and 
3) . " In shor t , high-temperature mater ia i e f fec ts 
determine the level and l i f e t i m e of . . . per-
formance"21. 

Temperatures f o r optimum TEC and f o r some im-
portant t e r r e s t r i a l topping appl icat ions appear i n 
F ig . 2. Corresponding heat-pipe u t i l i z a t i o n could 
occur at temperatures near those f o r appropriate 
emi t ters and c o l l e c t o r s . Possible heat-pipe ser-
vice in projected space appl icat ions comprises the 
en t r ies in Table ll>22-25_ Meta l l i c f l u i d heat 
pipes (MFHPs) and TEC are also a synerg is t ic com-
binat ion f o r e f f i c i e n t high-temperature, h igh-
power-density production of we igh t -e f fec t i ve space 
power near and above the megawatt level2&»2' . 
Aiming at that goal the USSR reported in 1976 on 
" the tes ts of three 'Topaz' reactors" ("thermionic 
nuclear power p lants" ) t ha t " demonstrated . . . 
long-term stable and r e l i a b l e operation wi th good 
rep roduc ib i l i t y of parameters"^". 

TEC and MFHP Power Densit ies and Problems 

TEC heat inputs can reach the order of 
100 Wt/cm2, as impl ied by F ig . 2. There TEC 
outputs range up to tens of We/cm2 (PQ|_) 
and tens of percent e f f i c i ency ( H O L ) -
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In these equations i^ and iQ are emi t ter and 
co l l ec to r work func t ions , Vp is the in te re lec t rode 
voltage drop, V/\ is tne equivalent a u x i l i a r y input 
voltage f o r enhancement, V̂  is the voltage loss 
required f o r optimum leads (equal to the expression 
w i t h i n the square brackets in the numerator of ( 2 ) ) , 
Ti£(; is the TEC electrode e f f i c i ency (equal to (2) 
w i th 2V|_ deleted from the numerator), Tg and 
1Q are emi t te r and c o l l e c t o r temperatures, the 
las t term in the denominator of (2) approximates non-
e lec t ron ic thermal t ranspor t , JR is reverse e lec-
t ron ic f low ( inc lud ing r e f l e c t i ons , backscat ter ing, 
back emission JgE' ^nd other e f fec ts tha t d iminish 
output cu r ren t ) , and 0^5 i s the current densi ty 



f o r emi t ter sa tu ra t i on : 

0,5 = A ( l - \ n ^ exp(- ( i , /kT,) (3) 

where A and k are Richardson and Boltzmann 
constants and R£ is the emit ter r e f l e c t i o n 
c o e f f i c i e n t . 

Equation (2) i s a s i m p l i f i e d , yet reasonable 
estimate appl icable f o r low cesium concentrat ions, 
reduced enhanced-mode pressures, close electrode 
spacmgs, and small in tere lec t rode losses. Under 
such condi t ions the back emission (JBE) 
approximates21.26,29-31 

JgE = A ( l - Rgg)T2 expL-(«i£. + Vp)/kT^] (4) 

where RRE comprises Re (collector reflec
tion coefficient) and similar coefficients for all 
interelectrode mechanisms that return collector-
emitted electrons to their source — except those 
for noncollisional repulsion by the emitter 
sheath. With negligible interelectrode losses and 
reflections, back emission equals that for collec
tor saturation: 

J^^ = A(l - RJ,)T2 exp(-(i^/kT^) (5) 

The preceding equations verify a previous 
assertion: High-temperature materiai effects 
(̂ E» R E ' ̂ E . J F S . ̂ C> ̂ C ' TC, JCS---) determine 

the level of TEC performance — completely. This 
generalization includes enhanced-mode operation 
also because Vy\ represents a small fraction of 
TEC output recycled to increase efficiency. With 
this rather limited background a tabulation of TEC 
characteristics may now be apropos: 

Thermionic-Energy-Conversion (TEC) Advantages 

Electricity directly from heat 
No moving parts or inherent mechanical stresses 
High temperatures: high Carnot efficiencies 
Great power densities - with 
Broad near-maximum-efficiency plateaus 
Rapid responses to load or heat variations 

(constant temperature) 
Low weights 
Small volumes 
Modularity 

Modularity In TEC Applied Research 
and Technology (ART) 

TEC ART IS essentially independent of other system 
components 

Development and testing on the lab bench are 
effective 

Converters are scalable 
Module building blocks adapt to system size and 

shape 
Repetitious rotational fabrication modes apply 
Nearest-neighbor load sharing minimizes unit-
failure effects 

Modular designs allow TEC-unit replacements 

Economy: research, development, fabrication, 
application 

Adaptability 
Reliability 
Maintainability 

Although TEC accepts great thermal power den
sities, MFHPs excel in this capability: They can 
receive and deliver thousands of Wt/cm2 radi
ally and tens of thousands axially. Such perfor
mance falls within an envelope of mechanistic 
limitations typified by the following sketch. 

% L T I N G "^CRITICAL 

TEMPERATURE, T K 

HEAT PIPE PERFORMANCE LIMITS 

A s i m p l i f i e d , yet informative expression f o r 
maximum heat-pipe thermal power Q^g^ I'esults 
from reduct ion of a complicated quadratic equation 
by neglect ing i n e r t i a l and interphase 
ef fects32-34. 

/2A K \ / o , p , x A / p,gLr s in! / ) \ 

s.„-(^)(-^)( '-^^--) <̂) 
In t h i s equation the f i r s t f ac to r is the "wick 
number" (Nyy), the second, the " l i qu id - t r anspo r t 
f ac to r " or "zero-g f i gu re of mer i t " (N i ) ; and 
2ai /gpi IS the "one-g wicking height" (Np). The 
subscr ipts w, 1, and p designate "wick," 
" l i q u i d " and "pore." And A i s area; g , g rav i t y 
vector; K, permeabi l i ty ; L, length; r, rad ius; 'P, 
i n c l i n a t i o n angle from hor i zon ta l ; x, heat of 
vapor iza t ion; u, v i scos i t y ; p, dens i ty ; and o, 
surface tens ion. 

Equation (6) v e r i f i e s t h a t , aside from i n t e r -
nal geometry, high-temperature-material propert ies 
(X] , w i , p-| and o]) and t h e i r e f fec ts determine 
the level of MFHP performance. Perhaps t h i s con-
tex t makes the general charac te r i s t i cs of heat 
pipes more meaningful: 

The Heat Pipe 

Is a thermal-energy t ranspor ter , transformer, and 
isothermal izer ; 

Is a compact, l i gh twe igh t , se l f -conta ined, s e l f -
pumped system; 

Operates wi th no mechanical or e l e c t r i c a l inputs -
and no moving par ts , 

Allows diverse temperature ranges, high thermal-
power dens i t i es , and low temperature gradients: 

15,000 W/cm2 at 1500° C °C/cm W/cm/°C 

Lithium (L i ) heat pipe 0.1 150,000 
Molten copper (Cu) 4000 3.75 

The preceding s imp l i f i ed algebraic expressions 
indeed indicate tha t proper t ies and in terac t ions 
of mater ia ls at nigh temperatures d i c ta te TEC and 
MFHP performances at t h e i r maxima. But an i n t r o -
ductory quotat ion states that "high-temperature 
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materiai e f fec ts determine the level and l i f e t i m e 
of . . . performance." And because thermal ly expo-
nent ia l tendencies of degradat ion-rate constants 
can be c r u c i a l , the fac t that "high-temperature 
mater ia i e f fec ts determine the . . . l i f e t i m e " is 
of ten more important. In p rac t i ce , thenno-
physicochemical s t a b i l i t y l i m i t s operating tem-
peratures, hence TEC thennal emission and MFHP 
vapor izat ion ra tes . Therefore, can h igh-
performance TEC and MFHPs withstand thermal ly 
accelerated de te r i o ra t i on and l i v e product ive ly to 
economically o ld ages' 

Answering t h i s question requires f i r s t a d iag -
nosis of some of the more dest ruc t ive ravages pos-
s i b l e during high-temperature TEC and MFHP opera-
t i o n : Both devices are subject to in te rna l a l k a l i -
metal corrosion and so lu t ion accelerated by low 
concentrat ions of impur i t ies l i k e oxygen. In t e r -
r e s t r i a l service both must survive external a t -
tacks by hot corros ive gases. For space appl ica-
t ions both must oppose subl imation of t h e i r ex ter -
i o r surfaces i n t o the hard-vacuum ambiance. And 
the near-vacuum w i t h i n TEC admits of vapor iza t ion , 
condensation complicat ions that could cause work-
func t ion a l te ra t i ons and coat insu la to rs . Also 
wherever in ter faces of d i f f e r i n g mater ia ls encoun-
te r high temperatures, react ion and d i f f u s i o n loom 
as major concerns. Accentuated e f fec ts of the 
l a t t e r phenomenon occur when composition d iscon-
t i n u i t i e s promote void formations (K i rkenda l l ) 
tha t diminish t ransport cross sect ions. F i n a l l y 
thermal creep, expansion coe f f i c i en t mismatches, 
and solid-phase t r ans i t i ons demand a t ten t ion i n 
temperature cyc l ing and gradients. 

But as subsequent discussion reveals, so lu -
t i ons f o r these problems are ava i lab le to make 
high-temperature TtC and MFHPs v iab le . 

Successful L im i ta t i on of A lka l i -Meta l Corrosion 

Since the 1960's TEC technologists have con-
sidered cesium (Cs) corrosion under cont ro l to the 
extent that i t no longer poses problems. As 
reference 35 states " . . . the mater ia ls used are 
not attacked by Cs . . . " In add i t i on , u t i l i z a t i o n 
of u l t ra -pure Cs, s t r i c t c lean l iness, e f f ec t i ve 
get ters and high-temperature vacuum bake-outs 
insure long l i f e t imes f o r TEC i n t e r i o r s . 

The same general approach produces acceptable 
resu l ts f o r MFHPs, where Li usual ly provides the 
u l t imate corrosion t e s t . But in 1973, reference 
36 asserted, " I t has been concluded tha t W-26Re/Li 
(SiC) heat pipes promise a l i f e t i m e of many years 
at 1600° C." 

This achievement is p a r t i c u l a r l y noteworthy 
because the heat-pipe cycle concentrates 
corros ion-accelerat ing impur i t ies at the evapora-
t o r surface. Therefore loca l ized thermochemical 
attack i n t e n s i f i e s cont inuously in the 
performance-affect ing f i n e s t ructure of the wick 
as indicated in F i g . 4 3 ' . 

Such a lka l i -meta l -co r ros ion e f fec ts catalyzed 
by oxygen (0) dramatize the importance of oxide 
get ters as m e t a l l i c - f l u i d preloading processors, 
as in s i t u p u r i f i e r s and as a l l oy cons t i tuen ts . 
Of course good get ters release much enthalpy and 
undergo nearly as great negative free-energy 
changes upon combining wi th 0 — l i k e the metals 
in lower F ig . 538-41_ i\ q u a l i t a t i v e version of 

some of these data s imp l i f i es t h e i r presentat ion 
somewhat in F ig . 6^2_ p^ great d i f fe rence be-
tween f ree energies of oxiae formation f o r two 
metals indicates a strong 0-get ter ing p r o c l i v i t y 
f o r the one w i th the more-negative free-energy 
change. But t h i s is a genera l izat ion based on 
equ i l i b r ium concepts. And degrees or rates of 
approach to e q u i l i b r i a are not estimable from 
free-energy values. In f ac t so l i d - s ta te t rans-
port usual ly cont ro ls ge t te r ing rates a f t e r i n i -
t i a l supe r f i c i a l react ions. 

However Figs. 5 and 6 provide some i n t e r e s t -
ing TEC and MFHP ins igh t s : One is the observation 
that TEC Cs can scavenge impur i ty oxygen, then 
surrender i t to the Ta or Nb envelopes. This 
clean-up process might have caused ear ly r e l a t i v e -
l y uncontrol led TEC t e s t s , which of ten began wi th 
high performances t y p i c a l of 0-add i t ive enhance-
ment, to taper o f f to lower e f f i c i enc ies wi th con-
t inued operat ion. 

Consensus places 0 s o l u b i l i t y in Ta and Nb 
near one percent at several hundred degrees c e n t i -
grade and greater than f i v e percent above 
-1500° c43-46_ But dissolved oxygen embr i t t les 
these re f rac to ry metals. So popular Ta and Nb 
a l loys incorporate small amounts of hafnium (Hf) 
and zirconium ( Z r ) , respect ive ly , to ge t te r s o l i d -
so lu t ion 0, f i x i t as d i s t r i b u t e d oxides, and 
reduce b r i t t l e n e s s ^ ' . But welding and other hot 
processing tend to segregate slag and other im-
p u r i t i e s at in te r faces . Thus, because Li can 
attack Ta, Nb, Zr , and Hf oxides successfu l ly , L i 
heat pipes of such a l loys of ten succumb to i n t e r -
granular and weld per fo ra t ions . However, as pre-
v iously s ta ted , proper ly processed W al loys 
serve admirably as high-temperature Li heat 
pipes. This statement i s also t rue f o r Mo and 
some Mo a l l o y s . 

Although Li can get ter 0 from most oxides, i t 
IS subject to ge t te r ing by a few metals l i k e those 
at the bottom of F ig . 5. One of these, lanthanum 
(La), IS present in the order of a tenth percent 
i n Haynes A l l oy 188 (cobal t (Co) "40 percent, 
n ickel (Ni) ~22 percent, chromium (Cr) ~22 per-
cent, tungsten (W) ~14 percent and i ron (Fe) 
~2 percent) . I t is noteworthy that a Haynes 188, 
l i t h i um heat pipe has been and is running wi th an 
evaporator temperature of ~1250 K f o r over 19,000 
hours (mid-November 1980) at the NASA Lewis 
Research Center. This heat pipe was part of a 
pro jec t to determine advantages of very h igh-
temperature, hard-vacuum preloading bake-outs on 
Li and sodium (Na) compa t i b i l i t i es wi th several 
superal loys during heat-pipe operat ion. In prac-
t i c a l l y a l l such preceding compa t ib i l i t y s tudies, 
access to cor ros ion-acce lera t ing impur i t ies had 
been assured. Unfortunately the pro ject objec-
t i v e was thwarted at the outset because the sup-
p l i e r was forced to use m e t a l - f e l t wicks, which 
are d i f f i c u l t to clean up, rather than the s t i p u -
lated screen. As a r e s u l t , bake-out achieved only 
in the order of 10"^ t o r r rather than the spec i f ied 
lower than 10~' t o r r . Subsequently the other 
(non-HA188) supera l loy , Li heat pipes f a i l e d ear l y 
wi th destroyed wicks and severe in te rna l wal l a t -
tacks. Two Haynes 188, Li heat pipes developed 
leaks in stress cracks caused by welding a f te r 
~200 hours. But sect ioning and microscopic exami-
nation revealed no Li e f fec ts on wicks or wal ls 
(unpublished resu l ts from W. B. Kaufman, W. E. Frey 
and J . F. Morr is of NASA Lewis Research Center). 
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In this vein Ti-alloy, Li heat pipes should 
also be available soon for long-lived, weight-
effective space applications ranging to over 
1300 K3'. Such availability was unexpected for 
years because some authoritative heat-pipe pub-
lications state that the only alkali metal com-
patible with Ti IS Cs. But a preponderance of 
non-heat-pipe literature indicates that Ti should 
serve well with any alkali metals as working 
fluids, including Li3''. Contract verification 
of this assertion is underway. 

Such additional success in limiting alkali-
metal corrosion will enhance TEC as well as MFHP 
technologies. 

Protection Against External Hot Corrosive Gases 

Advantageous terrestrial utilization of TEC 
and MFHPs demands operation with direct exposure 
to fossil-fuel combustion products at high tem-
peratures. And such service requires efficacious 
protective coatings on heat-receiving surfaces. 
But subjection to high velocities and mechanical 
stresses is unnecessary because MFHPs can collect 
low thermal-power densities and transform them to 
appropriate, nearly isothermal TEC inputs. 

Silicon-carbide (SiC) dads for TEC in topping 
of power plants (TOPP) arose as a promisinq solu-
tion to this hot-corrosion problem^>•'•^^3,48-54 
during pre-1970 Office of Coal Research contract 
studies. Reference 2 reports on the thermal-shock 
stability, thermal-expansion compatibility, 
molten-slag resistance and hot-corrosion protec-
tion of SiC-clad TEC. Recent EPRI-supported work 
on coal-fired recuperators and regenerators fur-
ther supports SiC as a high-temperature heat-
receiving surface. 

Now Thermo Electron Corporation (TECO) is test-
ing a series of SiC-clad TEC diodes in fossil-fuel 
combustion products. One with a 1730 K W emitter 
passed 3500 hours (early December 1980) and is 
continuing. Tests after over 5000 hours for 
another SiC-clad converter with a 1630 K W emitter 
yielded gratifying results^^. 

"Electron microprobe analysis showed no 
evidence of any reaction between the 
interfaces of the tungsten, graphite, and 
silicon carbide. X-ray diffraction pat-
terns of the silicon carbide were com-
pared to those from unfired silicon car-
bide. The patterns were essentially 
identical and showed primarily silicon 
carbide. Knoop microhardness tests indi-
cated there was no change in the hardness 
during the life test. The hardness at 
the dome was KHN 2600. The following 
impurities were found on the dome area of 
the hot shell: aluminum, magnesium, 
potassium, and iron. The first three 
probably originated from the furnace 
firebrick and the iron from the melted 
flue pipe. Significantly, no chemical 
reactions between these elements and the 
silicon carbide were indicated. Appar-
ently, no change or degradation to the 
composite shell resulted from the 5000 
hours of operation." 

TECO also revealed that TEC fabrication based 
on chemical vapor deposition (CVD) with suitable 

SiC cladding is more economical than conventional 
fabrication for lower-temperature superalloy pro-
tection. The laminar W, graphite (C), SiC dome 
(emitter, thermal-expansion adapter, protective 
coating) can also be manufactured on reusable man-
drels. So directly-f ired TEC appears cost-
effective as well as feasible. 

TECO has also demonstrated adaptability of 
their methods to produce SiC-clad MFHP envelopes. 

Loping with External and Internal Vaporization 

Some lower-temperature terrestrial applica-
tions of TEC and MFHPs anticipate external hot-
corrosion protection by superalloys as previously 
mentioned. Such materials often serve well con-
siderably hotter than 1400 K in combustion pro-
ducts because of adherent protective-oxide forma-
tions (see numerous NASA LeRC publications on 
superalloys^^)_ Therefore it is not illogical 
to assume that the absence of corrosive attack in 
the chemically benign hard vacuum of space should 
allow satisfactory service by these superalloys at 
even higher temperatures. But of course this 
assumption fails to eventuate. 

As Fig. 7 testifies the most important super-
alloy constituents (Co, Cr, Fe and Ni) vaporize 
separately at about a mil per year between ~1150 
and ~1250 K. Of course escape rates from alloys 
differ from those of pure materials because of 
dilution, association, and diffusion effects. But 
Fig. 7 enables estimates of high-temperature 
vaporization into vacuum for non-associated sur-
face components. And a mil per year is signifi-
cant for lightweight space structures. 

Much slower vaporization rates as well as 
higher melting points, great strengths and much 
lower densities make Ti alloys excellent candi-
dates for MFHPs in space37 (Fig. 8). Ti sub-
limes at only 0,1 mil/year near 1300 K. But such 
service temperatures for unprotected Ti envelopes 
on earth would be inconceivable. Here long-term 
use of unclad Ti generally occurs at temperatures 
below 870 K. 

For satisfactory sublimation rates at tempera-
tures above 1300 K, alloys of Mo and W or even of 
Nb and Ta, with proper precautions, can serve well 
for TEC and MFHPs (Fig. 7) — bare for space and 
other vacuum environs and suitably clad for usual 
terrestrial applications. 

As previously described, MFHPs function 
through evaporation, condensation, wicking cycles 
for fluid metals: Internal pressures tend to 
center around one atmosphere, often between 0.1 
and 10 atmospheres. But although metal vaporiza-
tion prevails in MFHPs, wick and envelope mate-
rials must be thermally stable to maintain geo-
metries essential to performance. 

However vaporization, deposition problems 
demand special attention in TEC, where high tem-
peratures and surface phenomena dictate perfor-
mance. Line-of-sight or maze shielding can pre-
clude insulator short-outs. But emitter-vapor 
deposition can be critical on the collector. 
Adsorption of only a fraction of an atomic layer, 
less than 10~'cm, of a different materiai on an 
electrode can drastically alter its work function 
and electron reflectivity — hence its TEC per-
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formance (Eqs. (1) to ( 5 ) ) . Thus emit ter-vapor 

deposits on the c o l l e c t o r are as important as they 

are unavoidable^^: 

"The hot , close-up emi t te r p r a c t i c a l l y 
covers the several-hundred-degrees-cooler 
c o l l e c t o r . And the emi t ter vapor pres-
sure IS several orders of magnitude h igh-
er than tha t of an emit ter-vapor deposit 
on the c o l l e c t o r . So in low-pressure con-
ver ters the a r r i v a l ra te of emi t te r vapor 
on the c o l l e c t o r is several orders of 
magnitude greater than the departure rate 
of i t s accumulated emit ter-vapor depo-
s i t . This a rnva l - t o -depa r t u re r a t i o ap-
proximates the actual emi t ter vapor pres-
sure d iv ided by i t s vapor pressure at the 
c o l l e c t o r temperature w i th tha t quot ient 
mu l t i p l i ed by the square root of the 
c o l l e c t o r - t o - e m i t t e r temperature r a t i o . " 

Accordingly in TEC, emit ter-vapor deposits 
tend to bu i l d up on c o l l e c t o r s . Therefore 
u t i l i z i n g the mater ia i deposited on i t by the 
emi t ter as the c o l l e c t o r is a simple, general 
so lu t ion f o r t h i s TEC vapor iza t ion, deposi t ion 
problem. Other answers are possible but 
exceptional^8,21_ 

In any event coping wi th in te rna l and ex te r -
nal vapor izat ion in TEC and MFHPs essen t i a l l y 
reduces to se lec t ion of the proper mate r ia l s , 
which are ava i lab le and v iab le . 

Cont ro l l i ng I n t e r f a c i a l Reactions and D i f fus ion 

Aside from the previously discussed work ing-
f l u i d in f luences, react ion and d i f f u s i o n e f f ec t s 
are r e a l l y not problematic in standard MFHPs. 
Select ion, electron-beam welding and h igh-
temperature, hard-vacuum baking of i den t i ca l wick 
and envelope mater ia ls , which have proven thenno-
physicochemical s t a b i l i t y , p r a c t i c a l l y e l iminate 
such problems to over 1600° C. And external ho t -
corrosion pro tec t ion developed f o r TEC appl ies at 
least f o r small and intermediate heat p ipes, which 
o f f e r the advantage of near - i so therma l i t y . 

In high-temperature f o s s i l - f u e l combustion 
products, the TECO SiC, C, W dome f o r TEC showed 
"no change or degradation . . . from 5000 hours of 
operat ion" w i th a 1630 K emi t te r . In vacuum, a 
c y l i n d r i c diode w i th a ~1973 K W emi t ter 0.23 mm 
from a ~1073 K Nb co l l ec to r generated 8 W/cm2 at 
0.76 V and 14 percent electrode e f f i c i e n c y f o r 
over 5 years before a 1973 contract terminat ion 
stopped i t . So i n t e r f a c i a l react ions and d i f f u -
sion appear wel l under cont ro l in standard TEC 
also. 

In t roduct ion of new high-performance e lec-
trodes sometimes causes d i f f i c u l t i e s . For exam-
ple NASA LeRC proposed a Cs diode w i th an emi t ter 
and a c o l l e c t o r of La hexaboride (LaB5) in the 
l a t e 1960's and again dur ing the reac t i va t ion of 
I t s TEC program in 197457. ip 1977 M/\SA LeRC 
and USSR technologis ts botn demonstrated h igh-
performance TEC wi th nonoriented LaB5 e lec-
trodes58-60_ Control led deposi t ion of po ly -
c rys ta l l i ne metal-hexaboride fi lms^-l-, w i th p re-
fe r red or e tch- re l ieved 100 or 210 o r ien ta t ions 
f o r LaB5 62-67^ promise even bet ter 
performance in p rac t i ca l TEC conf igurat ions 
( s i m i l a r to CVD'd 110-W electrodes in c y l i n d r i c 

d iodes). And g r a t i f y i n g l y the published consensus 
in 1974 indicated tha t braz ing, d i f f u s i o n and 
react ions between LaB^ and i t s support were not 
problems. But today the i n a b i l i t y to maintain a 
1700 K LaB5 emi t te r on a re f ractory-meta l base 
f o r over 100 to 200 hours^8,69 s^-,!] f r us t ra tes 
p rac t i ca l app l i ca t ions . However h is to ry teaches 
tha t such d i f f u s i o n and react ion problems usual ly 
y i e l d to concentrated applied research. 

In general the problem of "contact d i f f u s i o n 
i n te rac t i on of mater ia ls " causes major d i f f i c u l -
t i e s o r i g i na t i ng at high-temperature i n t e r -
f a c e s ' O j ' l . Other per t inen t examples are the 
previously mentioned so lu t ion e f fec ts of a l k a l i 
metals and oxygen ( p a r t i c u l a r l y in niobium and 
tantalum) as wel l as the in terming l ing of f u e l 
w i th I t s immediate container in nuclear power gen-
erators l i k e the in-core thermionic-converter or 
heat-pipe con f igura t ions . 

In the l a t t e r area reference 70 presents re -
su l t s obtained by a group of USSR sc i en t i s t s who 
contr ibuted t h e o r e t i c a l l y and experimental ly to 
the understanding of f u e l , c lad i n te rac t i ons . In 
t u rn reference 71 cor rec ts t h e i r simple d i f f u s i o n 
equat ion, then derives more r igorous versions 
through Laplace transformat ion of the d i f f e r e n t i a l 
ra te expression, "small-system" approximation, and 
f i n a l l y complete invers ion w i th subsequent s i m p l i -
f i c a t i o n : 

C(x,t) «C(0 ,0) 1 + cos (r) - "̂  (V)ĵ p̂(- V ) 
(7) 

where C is concentrat ion of A in B varying 
over a short t ime t and very small distance x 
in accordance w i th a dominating d i f f u s i o n c o e f f i -
c ient D f o r A in B and a layer-growth 
constant k. 

D i f fus ion IS of course a c r i t i c a l inf luence as 
an e n t i t y at high-temperature in te r faces . But 
more c r u c i a l l y i t general ly d ic ta tes rates of 
corrosion and other chemical reactions in prac-
t i c a l systems — a f t e r the i n i t i a l supe r f i c i a l 
in te rac t ions deplete local compositions. To f u r -
ther e luc idate the las t observat ion, consider the 
s i m p l i s t i c but heu r i s t i c example of pure-metal 
ox idat ion con t ro l l ed by migrat ion in an ideal 
so lu t ion ( a f t e r Evans72, from Hurlen73). For 
t h i s s i t u a t i o n the absolute reacton-rate theory 
(Eynng , La id le r and Glasstone) y i e l d s an expres-
sion f o r one-dimensional net t ransport of a 
species (corrected from Ref. 72): 

V = (xkT/h)exp(-AG*/RTVc exp(-aAzFd«i/RTdx) 

(c + X dc /dx )exp( { l - a)xzFd^/RTdx)] (8) 

The pre-bracket f a c t o r , spec i f i c rate f o r a un i t 
concentrat ion wi thout f i e l d s , involves no net 
t ranspor t . The f i r s t term in the bracketed fac to r 
represents accelerat ion by the f i e l d . The second 
term in the brackets covers re ta rda t ion . Also in 
(8) V IS the net t ransport r a te ; x, the e q u i l i b -
rium distance between migrat ing charged p a r t i c l e s ; 
k, Boltzmann constant; T, degrees Ke l v i n ; h, 
Planck constant; AG|,, standard chemical ac t i va t i on 
energy; R, gas constant; c, concentrat ion of m i -
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grating species; a, symmetry factor; z, migrating-
particle charge; F, Faraday equivalent; i, inner 
potential; and x, distance in the transport di-
rection. 

Simplifying assumptions and transformations 
lead to an approximate expression for film thick-
ness y related to an equivalent oxide volume V 
and to a values across the film: 

dy/dt = Vv(y), nily = d^/dx, 

Ac/y = dc/dx, AG = F/A«i and a = 1/2 (9) 

dy/dt = X I * K^c^^y[exp(-x^z^AG/2RTy) 

- (1 + X AC /yc ) expu z AG/2RTy)] 
^ 1 1 -̂  i,y '̂  1 1 •" -' 

where t i s time and K = (VxkT/h)exp(-AG|/RT). 
From th i s s i m p l i f i e d yet unwieldy equation Evans 
ext racts some of the more common reduced forms 
used to co r re la te corros ion data. 

For high temperatures and large f i l m t h i c k -
nesses the exponential of Eq. (10) submits to 
ser ies expansion w i th small-term e l im ina t i on : 

(10) 

dy/d t E^^^s,y(^'^'^/RT^^c^/c,^^ 

L 1 
A 

(V + K X AC \ / y 0 r y R* Kpt + const. 

: i i ) 

And the classic parabolic corrosion expression 
results. 

In contrast for low temperatures and small 
film thicknesses a bracketed exponential term in 
Eq. (10) approaches negligibility: 

dy/dt « Y, ' ^ i S , y exp(+x^z^AG/2RTy) 

1 

. .,-1 
as const. - Kji log t (12) 

This IS the inverse-loganthmic relationship for 
corrosion. 

A cubic version derives from corrosion models 
invoking assumptions of semiconductor properties 
for the oxide film. The result is equivalent to 
assuming corrosion conditions validating ap2 
as an approximation of exp(p) -exp(-p) in 
Eq. (10): 

dy/dt ss a E K^C^^^(x^z^AG/2RT)2 j : 

K t + const, 
c 

113) 

Rather than semiconduction, catalysis assumed in 
corrosion modeling can lead to linear time de-
pendency. And all these variations evolve from an 
admittedly simplistic, even unattainable system of 
a pure metal limited in corrosion by transport 
through an ideal solution. Complications of 

alloys, nonideal multiconponent solutions, steep 
temperature gradients, inhomogenieties and myriad 
other realities are normal effects in actual 
interfacial diffusion and reactions. But this 
somewhat superficial description begins to indi-
cate the problems and underscores the importance 
of life testing. 

The preceding amplification began with a com-
ment on new high-performance TEC electrodes like 
LaB5. Gratifyingly, unoriented and CVD'd 110-W 
electrodes with negligible interelectrode losses 
can provide optimal TEC for applications requiring 
-1000- to -1100 K collectorslo. Furthermore 
high performance W and Mo electrodes with stable 
or steady-state supplies of enhancing 0 are in the 
offing74. And for such TEC materials "inter-
facial reactions and diffusion appear well under 
control." 

Meeting Other Thermophysical Challenges: 
Expansion Matches, Creep7T7 

One of the first considerations in anticipa-
tion of a laminar composite, particularly of un-
forgiving refractory materials like tungsten and 
silicon carbide, is the match of thermal-expansion 
coefficients. An excellent example of such an 
evaluation from the late 1960's appears in 
Ref. 2: Fig. 9(a) comprises prepublished 
data75; Fig. 9(b), data obtained during the pub-
lished study'6. Separately the sets of results 
reveal near-matches for W and SiC thennal expan-
sions. Together they predict practical coin-
cidence. 

The significance of this comparison was im-
pressive in the late 1960's, even as it is 
today 77. 

"Six molybdenum tube samples, coated with 
various thicknesses of thick grain CVD 
silicon carbide have been received from 
Chemetal and subjected to a series of 
thermal shock tests, both in a vacuum 
furnace and in a natural gas flame. The 
objective was the evaluation of the coat-
ing adhesion. Temperature cycling in the 
vacuum furnace covered the range from 
approximately 400 to 1500 K. The samples 
were inspected after one, three, and six 
temperature cycles. Following these 
tests, the surviving samples were sub-
jected to natural gas flame heating and 
ambient air cooling for a total of ap-
proximately 40 cycles. The conclusion 
reached in these preliminary tests is 
that wfien a thin intermediate layer of 
tungsten is used, the molybdenum 
substrate-CVD silicon carbide coating 
will withstand the thermal stresses over 
the temperature range of interest. No 
evidence of layer separation was dis-
closed in metallographic examination of 
tube samples." 

The contribution of this thermal-expansion-match 
observation is critically important to MFHPs for 
terrestrial use as well as to TEC. 

Incidentally, a reference-2 silicon carbide 
sample "temperature cycled over 7300 times" in 
hydrocarbon-combustion products "to about 2800° F 
in about one minute," followed by "a two-minute 
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coo l -o f f to about 700° F. Coal ash was deposited 
on the surface of the tes t sample during the c o o l -
down por t ion of the tes t cycle . . . The only v i s i -
ble e f fec t on the s i l i c o n carbide was an erosion 
of about 0.02 inch where the" pressurized flame 
impinged on the sample. " I t was apparent tha t the 
temperature of t h i s po in t was considerably higher 
than the measured temperature of the t e s t sample 

As before, s o l i d i f i e d coal ash was evident 
on the tube sur face, but sect ioning and meta l lo -
graphic examination . . . showed no coal ash pene-
t r a t i o n of the s i l i c o n carbide. The s o l i d i f i e d 
coal ash observed on the tes t sample was a resu l t 
of the f i n a l cool-down. During the temperature 
c y c l i n g , good run-of f of the coal ash was observed 
at the high temperatures, leading to the conclu-
sion that the f i n a l a i r heater would indeed be 
se l f - c l ean ing . " 

Subsequent references on SiC service in 
f o s s i l - f u e l combustion products support and aug-
ment reference-2 findings^S-54,77_ pgp example, 
TECO recent ly heated i t s SiC, C, W dome at 1875 K 
f o r over 70 hours, sprayed water on i t at 1875 K 
10 times (1000 K between the water-cooled spot and 
the rest of the dome), poured l i q u i d ni t rogen on 
I t at 1875 K 10 t imes, then cycled i t from 1875 K 
to <900 K over 150 t imes, then from 2025 K to 
<900 K over 100 times tak ing about one minute f o r 
each cycle — a l l w i th no i l l e f fec ts to the SiC, 
C, W dome. 

I n t e r e s t i n g l y , TECO uses C to more c a r e f u l l y 
adapt S I l i con-carb ide thermal-expansion to tha t of 
W. And Chemetal''7 u t i l i z e s W f o r thermal-
expansion adaptation of SiC to Mo. The l a t t e r 
lamination has yet to undergo long-term h igh-
temperature exposure to f o s s i l - f u e l combustion 
products, successfu l ly experienced by the former. 
But resu l ts of both approaches are g r a t i f y i n g . 

In addi t ion to the thermal-expansion e f f e c t s , 
re f rac to ry -mater ia l s t rength and creep at high 
temperatures are of course important in TEC and 
MFHP app l i ca t ions . In t h i s ve in , j u s t subsequent 
to mentioning SiC and C, two r e f e r e n t i a l observa-
t ions are pe r t i nen t : F i r s t " i t is i n te res t ing to 
note tha t s in tered SiC exh ib i t s an increase in 
strength w i th an increase in t es t temperature up 
to about 2800° F " . . . 78 . And second "graph i te 
possesses high thennal conduc t i v i t y , a low modulus 
of e l a s t i c i t y , a low c o e f f i c i e n t of thermal-
expansion, and r e l a t i v e l y sa t i s fac to ry st rength 
increasing w i th increase in temperature to 
2700° C"7y. Conceivably such pro tec t ive clads 
and thermal-expansion adapters might also serve as 
s t ruc tu ra l members at high operating temperatures. 

High temperature s t ruc tu ra l members are sub-
j e c t to the thermal creep80-82_ j!ms phenorijenon 
IS the time-depenoent p l a s t i c deformation of a 
mater ia i under sustained loading at temperatures 
above about ha l f i t s mel t ing point value. Like 
many other thermophysical e f f e c t s , creep is com-
plex, even in pure p o l y c r y s t a l l i n e metals. Here 
in general high-temperature creep resistance 
re lates to high levels f o r the melt ing po in t , 
e l as t i c modulus, s t a b i l i t y of f i n e gra in s i ze , 
c r ys ta l - s t r uc tu re constant f o r s e l f - d i f f u s i o n , and 
valence s ta te . Departing from pure metals i n t r o -
duces considerat ions of strengthening by so lu t i on , 
p r e c i p i t a t i o n , d ispers ion and composite e f f e c t s . 
In p rac t i ca l app l i ca t ions , permutations of com-
p l i c a t i n g inf luences are myriad. For example. 

reference 47 states tha t "the maximum 0 level in 
Na necessary to avoid embrit t lement of Nb at 
700° C has been estimated to be less than 10 ppm." 

The preceding scare t a c t i c s are rea l l y 
intended only to ind icate tha t published creep 
values f o r a given mater ia i can vary considerably 
wi th l i t t l e or no apparent reason. But such 
informat ion is p a r t i c u l a r l y important f o r MFHPs 
and TEC in systems wi th ~1800 K emi t te rs . And f o r 
these app l i ca t ions , sa t i s fac to ry mater ia ls are few 
as the creep-strength curves of F ig . 10 
i l l us t ra teSS . 

In any event high-tempurature TEC and MFHPs 
based on the creep resistance of W and W a l loys 
have demonstrated in vacuum capab i l i t i e s f o r many 
years of serv ice . Ta, Nb and Mo a l loys af ford 
e f f ec t i ve creep resistance f o r selected app l ica-
t ions a lso. Figure 10 shows such a l l o y s : T-111 
(Ta, 8W, 2Hf) , ASTAR-811C (Ta, 8W, IRe, 0.7Hf, 
0.35C), Nb, IZ r , FS-85 (Nb, 28Ta, iOW, I Z r ) , TZC 
(Mo, 1.2T1, 0.25Zr, 0.15C), and TZM (Mo, 0 .5T i , 
O.OSZr, 0.03C). 

Weight-effect iveness in space and cost -
ef fect iveness in general dr ive towara minimal wal l 
thicknesses al luded to in F ig . 8. For such condi-
t i ons the previously mentioned " s t a b i l i t y of f i n e 
gra in s ize" is very important. This s ta te not 
only maintains creep resistance, but also avoids 
r e c r y s t a l l i z a t i o n gra in dimensions and i n t e r -
granular paths approaching containment-wall t h i c k -
nesses. The l a t t e r occurrence promotes f l u i d 
leaks as wel l as strength d i s c o n t i n u i t i e s . 

Specia l ly selected addi t ives can increase 
creep resistance, retard recrysta l l i z a t i o n and 
cont ro l sol id-phase t r ans i t i ons of ten accompanied 
by abrupt changes in propert ies l i k e thermal 
expansion. Referr ing again to t i tan ium may 
exemplify the las t observation37: 

"Thermophysical l y , Ti undergoes a s o l i d -
phase a l t e r a t i o n at about 1160 K. Here 
r i s i n g temperatures change the c lose ly 
packed-hexagonal "alpha" s t ructure to the 
body-centered-cubic "beta" conf igura-
t i o n . However t h i s t ransformat ion, l i k e 
the a-to-Y t r a n s i t i o n f o r i ron at 1180 K, 
causes no great d i f f i c u l t i e s ^ ' * . The Ti 
a-to-B phase-change temperature r ises 
wi th Al addi t ions and f a l l s (even below 
room temperatures) w i th inc lus ions of Mo, 
Fe, Cr or V. Commercially ava i lab le pure 
(99.6 percent) Ti and T i , 5A1, 2.5Sn are 
alpha a l l oys . T i , 8Mo, 8V, 2Fe, 3A1 i s a 
beta a l l o y , and the most widely used T i , 
6A1, 4V is an "alpha-beta" a l l o y . 

Like T i , re f rac to ry metals Zr and Hf, also in 
per iod ic group IVA, undergo sol id-phase t r a n s i -
tions'^3-46,84_ i„ contrast group VA Nb and Ta 
as wel l as group VIA Mo and W exh ib i t no s o l i d -
phase changes. 

The considerat ions raised in t h i s sect ion r e -
present some obvious d i f f i c u l t i e s that have been 
overcome on the path to successful appl icat ions of 
high-temperature TEC and MFHPs. Many other less -
impressive thermophysical challenges have ar isen, 
then f a l l e n under the pressure of applied research. 
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High-Temperature TEC and MFHP's in Br ie f 

In addi t ion to the deta i led s i m i l a r i t i e s of 
TEC and MFHPs emphasized in the in t roductory sec-
t i o n s , a general ized pa ra l l e l can be drawn: The 
two operating cycles appear as i n v i t i n g l y simple 
and iso la ted as t h e i r mater ia i problems seem f o r e -
bodingly d i f f i c u l t and complected. The f i r s t ob-
servat ion is decept ive; tne second, candid. Both 
areas required intense study and experimentat ion, 
which resul ted in recogni t ion of t h e i r s ingular 
re la t i onsh ip . " In shor t , high-temperature mater-
i a l e f fec ts determine the level and l i f e t i m e of 
. . . performance." 

S imp l i f i ed equations v e r i f y mater ia i proper-
t i e s and in te rac t ions as primary inf luences on the 
operat ional e f fect iveness of both TEC and MFHPs. 
And being essen t i a l l y evaporat ion, condensation 
cyc les, TEC and MFHPs experience f low l i m i t a t i o n s 
in thermal emission and vapor izat ion because of 
temperature r e s t r i c t i o n s redounoing from thermo-
phys icochemica l -s tab i l i t y considerat ions. Thus 
a t ta in ing p rac t i ca l l i f e t imes general ly impl ies 
l i m i t i n g performances in exchange. 

But as previous discussions revea l , major 
high-temperature mater ia i problems of TEC and MFHP 
have been solved. The so lut ions are workable and 
economical and lead d i r e c t l y to app l icat ions that 
are productive and cos t - e f f ec t i ve . In f a c t cur-
rent performance and cost levels imply improved 
outputs, e f f i c i e n c i e s , and economies f o r TEC topp-
ing of combustors, c e n t r a l - s t a t i o n power plants 
and other advanced conversion systems heated by 
high-temperature energy sources. 

And ant ic ipated technological gains point to 
even greater improvements f o r fu tu re TEC and MFHP 
appl icat ions by more f u l l y u t i l i z i n g high power 
dens i t ies from high-temperature mater ia i 
i n te rac t i ons . 
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TABLE I. - SOME SPACE 

SYSTEM ELEMENT OR PRIMARY FUNCTION 

ENERGY SOURCES 

Solar Concentrators 

Materials processing (MP) 

(furnaces, ovens...) 

Power generation (PG)(thermionic TEC, 

TEC topping TEC-T, high-temperature 

thermoelectric H-T-TE, current TE, 

H-T Brayton H-T-B, current B...) 

Nuclear Reactors 

Ultimate space reactor (~MWg's) 

(TEC. TEC-T-B...) 

JPL out-of-core TEC system (~0.5 MW^) 

(TEC, TEC-T-B, H-T-TE, H-T-B...) 

Midpower-range (MPR) reactor (10 to 250 kWg) 

(TEC, TE, H-T-B, B...) 

Minireactor (1 to lO's kWg) 

(TE, B...) 

Radioisotopes 

(To kWg's)(TEC, H-T-TE, TE...) 

THERMAL-TO-ELECTRIC CONVERTERS 

Thermal-Power Input 

TEC emitters 

TE hot shoes 

New materials 

Current materials 

Best possibility 

Ready availability 

FOR METALLIC-FLUID HEAT PIPES. 

HEAT-PIPE SERVICE 

Isothermalize receivers and 

processors 

Isothermalize receivers and 

transport thermal power (TTP) 

Cool reactors, flatten temperature 

profiles, TTP, transform TP 

^̂  densities (TTPD), if required j 
Y 

Cool and isothermalize radioisotopes, 

TTP (TTPD) 

TTP, TTPD, heat, 

ĵ  TTP, heat, isothe 

^ 

isothermalize 

rmallze 

f 

i 

TEMPERATURE, K 

To > 2000 

To ~ 1850 

To > 1850 

To ~ 1675 

To ~ 1400 

To ~ 1300 

To ~ 1500 

To > 1800 

To ~ 1600 

~ 1300 

~ 1000 



SYSTEM ELEMENT OR PRIMARY FUNCTION 

TABLE I. - Continued. SOME SPACE 

B H-T heat exchanger (H-T-HE) 

New materials 

Current materials 

Potassium Rankine 

Thermal-Power Rejection 

TEC collectors (depending on system power) 

TE cold shoes (depending on system power) 

New materials 

Current materials 

B Heat-exchanger cooler (HEC)(system power) 

New materials 

Current materials 

Potassium Rankine 

ELECTROCHEMICAL CELLS 

Fuel Cells (FC) 

Noble-metal catalyst 

Apollo (Bacon) cell (high reject, temp. HRT) 

Molten carbonate (high reject, temp. HRT) 

Solid oxide (high reject, temp. HRT) 

Electrolysis (regen. FCiEnergy storage) 

Current practice 

Thermal + electroyltic processing (HRT) 

Batteries 

Current practice 

Alkali-metal, organic-electrolyte (HRT) 

Alkali-metal, solid-electrolyte (HRT) 

PHOTOVOLTAIC CELLS 

Concentrated radiation (raise low efficiencies) 

Thermally reformed radiation (raise low eff.) 

High-temperature environments 

;ATI0NS FOR METALLIC-FLUID HEAT PIPES. 

HEAT-PIPE SERVICE 

c TTP, Act as H-T-HE j 
V 

» 

1 ^Isothermalize, Cool, TTP j 
V 

\ 
\ ^ Act as HEC, TTP j 

"V 

1 T 

1 V. Cool, isothermalize, TTP j 
Y 

' 

Heat; cool, isothermalize, TTP 

1 (̂  Cool, isothermalize, TTP ^ 
Y 

1 T 

TEMPERATURE, K 

To ~ 1400 

To ~ 1150 

To ~ 1050 

-400 to -1100 

To - 950 

To ~ 800 

-400 to -850 

-350 to -500 

-800 

-350 to -430 

>500 

To > 920 

To > 1270 

-300 to -430 

-280 

To > 420 

To > 720 

To > 450 

To > 450 

To > 450 



TABLE I. - Concluded. SOME SPACE APPLICATIONS FOR METALLIC-FLUID HEAT PIPES. 

SYSTEM ELEMENT OR PRIMARY FUNCTION 

OTHER AEROSPACE APPLICATIONS 

Space radiators 

Heat exchangers, recuperators, regenerators 

Heat-pipe, phase-change-material 

Thermal capacitors 

High-temperature structures (Ollendorf patent) 

High-power-density, high-voltage 

Electrical processing and electronics 

High-power density switching with 

plasma devices 

Heat-pipe-cooled magnetics 

Leading-edge cooling for re-entry vehicles and 

hypersonic aircraft 

Materials processing, testing, and fabrication in space 

Tritium production (n + Li^ -+ T + He4 + 4.6 MeV and 

n + Li7 ->- He'i + T + n - 2.47 MeV) and recovery with 

Li heat pipes in blankets of thermonuclear reactors 

(D + T ->- He4 (3.5 MeV) + n (14.1 MeV)) 

HEAT-PIPE SERVICE TEMPERATURE, K 

To > 1100 

To > 1850 

To > 1300 

To - 350 

Tg's to > 2000 

l^'s to > 1000 

To > 1100 

To > 2000 

> 1400 



THERMIONICALLY 
EMrriED ELECTRONS-\ 

\ INTERELECTRODE 
SPACE CHARGE \ SPACE 
NEUTRALIZING I O N S - ^ \ 

HOT EMIHER 

^CAPILLARY WICK 

VACUUM OR VAPOR / / - L I Q U I D aOW 

HEAT INPUT / / HEAT OUTPUT 
COLD COLLECTOR / / • M M » 

ENCLOSURE 

ELECTRICAL 
FEEDTHROUGH 

-ELECTRICAL 
LOAD 

>^^9^ '9^^^ '»5>^>^' '9V9^ 

i i i t t ) 
- — X e ^ 
— ^ x 

EVAPORATOR 

H U M 

ADIABATIC CONDENSER 

•-CONTAINER 

THERMIONIC-ENERGY-CONVERTER ELECTRONS THE HEAT-PIPE WORKING FLUID 

ESCAPE THE HEATED EMIHER, 
PASS THROUGH THE INTERELECTRODE GAP, 
ENTER THE COOLED COLLECTOR, 
DEVELOP VOLTAGE ACROSS THE ELECTRODES, 
FLOW BACK TO THE EMIHER EXTERNALLY, 
PERFORM ELECTRICAL WORK, AND 
RECYCLE CONTINUOUSLY. 

VAPORIZES IN THE HEATED "EVAPORATOR," 
FLOWS AS A VAPOR THROUGH THE "ADIABATIC 

SECTION," 
GIVES UP ITS HEAT OF CONDENSATION IN THE 

COOLED "CONDENSER," 
FLOWS AS A LIQUID BACK TO THE EVAPORATOR 

THROUGH THE "WICK" ARTERIES, 
MOVES TO THE VAPORIZING SURFACE THROUGH 

THE WICK CAPILLARIES, 
AND RECYCLES CONTINUOUSLY. 

Figure 1. - TEC and heat-pipe cycles. 
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(a) THERMIONIC-ENERGY-CONVERSION EFFICIENCY. 
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(b) THERMIONIC-ENERGY-CONVERSION POWER DENSITY. 

Figure 2. - Performance and topping temperatures for therm-
ionic energy conversion with 30 A/cm', lOit back emission 
and negligible interelectrode losses. 
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Figure 3. - Heat-pipe operating ranges. 
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(1) VAPORIZE, SWEEP NONCONDENSIBLE CORROSION PRODUCTS 

TO CAPSULE TOPS, CONDENSE, 

(2) FORM, DISSOLVE, AND DRAIN NONVOLATILE CORROSION 

PRODUCTS TO CAPSULE BOHOMS, DILUTING NONVOLATILE 

CORROSION PRODUCTS IN TEST-LIQUID POOLS. 

HEAT-PIPE WORKING FLUIDS 

(3) IN CONTRAST, TRANSPORT DISSOLVED CORROSION PRODUCTS 

THROUGH WICK ARTERIES TO EVAPORATORS, MOVE TO EVAP-

ORATING SURFACES THROUGH WICK CAPILLARIES, VAPORIZE, 

LEAVING CONTINUOUSLY CONCENTRATING NONVOLATILE CORRO-

SION PRODUCTS IN EVAPORATOR WICKS, 

(4) THEN SWEEP NONCONDENSIBLE CORROSION PRODUCTS TO CON-

DENSER ENDS, LIQUEFY, AND RECYCLE. 

CAPSULE, COUPON, OR ORDINARY-FLOW METHODS DO NOT AP-

PROXIMATE HEAT-PIPE LIFE TESTING. 

BUT A SUITABLE CYLINDRIC SCREEN CHANGES AN INEFFECTIVE 

CAPSULE INTO A HEAT-PIPE FOR EFFECTIVE, ECONOMICAL LFE 

TESTING. 

Figure 4. -Heat-pipe materials compatibility: life testing. 
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Figure 6. - Stability relationships of refractory oxides. 

Solid lines represent constant standard free energy 

of formation from the elements. The darkest area is 

the region of greatest stability (ref. 42). 
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Figure 7. - Vaporilitton Of pun nutals and Untha-
num hexlblridei 



RELATIVE WEIGHT PARAMETER 

(BASED ON ASME PRESSURE VESSEL CODE) 

FOR HIGH-PRESSURE HEAT-PIPE ENVELOPES 

DENSITY AT T 

> 

200 300 400 500 600 700 

TEMPERATURE, K 

RELATIVE WEIGHT PARAMETER 

FOR LOW-PRESSURE-HEAT-PIPE ENVELOPES AND 

ALL WICK STRUCTURES 

RWP= (METAL DENSITY AT T)/(304SS DENSITY AT T) 

APPLIES WHERE ASME PRESSURE-VESSEL CODE 

YIELDS WALL THICKNESSES TOO THIN FOR 

FABRICATION, JOINING, PROCESSING, HAND-

LING, AND/OR OPERATION. 

EXAMPLE: 1 " - DIAM. SPACE HP AT 10 ATM. WITH 

A 40,000 psi (ULT' STR.) ENVELOPE. 

HOOP-STRESS WALL THICKNESS (ASME P-V 

CODE): 7 MILLS (THINNER WALLS RESULT FOR 

LOWER OPERATING PRESSURES AND HIGHER 

ENVELOPE STRENGTHS). 

USUALLY PREFERRED WALL THICKNESS: TENS OF 

MILLS 

294 K (70P F) 

ALUMINUM 0.33 

COPPER 1.11 

TITANIUM 0.56 

304SS 1.0 

700 K (800P F) 

a34 
1.11 

0.57 

1.0 

1033 K [UaP F) 

0.58 

1.0 

Figure 8. - Relative weight parameters. 



(a) LINEAR THERMAL EXPANSIONS FROM REF. 75. 
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(b) LINEAR THERMAL EXPANSIONS FROM REF. 76. 

Figure 9. - Linear thermal expansions for Mo, W, and 

SiC from ref. 2. 
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Figure 10. - Creep strength of some refractory metals and alloys for 

1 percent creep in 10 000 hours. 
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