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ABSTRACT

The subject contract was initiated 1 July 1965 to develop the most efficient
method of coupling a simulated thermionic converter to a heat pipe. The

heat pipe incorporates a gas barrier and is used to conduct the heat from a
fossil fuel burner to the simulated converter, A theoretical analysis of the

operation of the heat pip2 will be made and confirmed experimentally,

During this first report period, progress was made on the following pertinent
tasks: Potential working fluids were evaluated; structural materials and
fabrication technigues were investigated; barrier materials were evaluated;
permeation tests were started using the most promising barrier materials
and a thecretical analysis of getter materials to eliminate unwanted con-

taminants has been started.
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Technical Report ECOM-01507-1

THE DEVELOPMENT OF A FOSSIL FUEL FIRED ﬁEAT PIPE
FOR USE WITH THERMIONIC ENERGY CONVERTERS

SECTION I
INTRODUCTION AND SUMMARY

For several years there has been a widespread effort to develop a thermionic
converter capable of producing electric power directly from the combustion

heat of a burning fossil fuel, The recent achievement at RCA of 1020 hours

of fiame-heated converter operation haa indicated the potential of this approach.
In addition, the technicai experience leading to this achievement has defined
several areas where marked improvements in performance are hoth possible

and desirable, In each case the advantage to be obtained is related to the
method of heating the converter emitter through the permeation barrier structure,
The insertion of a heat pipe in the thermal flow path between the burner and con-

verter shows great promise of achieving more efficient and reliable performance.

In July 1985, this one year engineering program was initiated to evaluate the
best method of coupling a heat pipe to a simulated thermionic energy converter,

The current program provides a theoretical analysis of heat pipe operation frem
a fossil fuel heat source with an extensive investigative program providing ex-
perimental and design data in the following areas: (a) heat traansfer fluids, {(b)
heat pipe¢ envelope and capillary materials, {c} high temperature gas permeation
and corrosion barrier materiais, (d) techniques for coupling the fossil fuel
fired heat pipe and thermionic converters, (e) measuremeni: of gas permeation
rates and the development of means of minimizing any deleterious effects of
permeating gases, (f) deter;nination of the thermal tranafer capacity of heat
piges at surface temperatures up to 1450°C, (g) the distribution of temperatures
and heat flux over the useable surface of a heat pipe, (h) the efficiency of heat
iransfer by means of a heat pipe, and finally, (i) the cycled operating life of a
heat pipe.' .




The information derived from the analytical and experimental portions of the
program form the basis for the design of the heat ﬁipes to be tested, A fossil
fuel burner will be employed for the tests. Quarterly and Final Technical

Reports will be prepared at appropriate intervals. Delivery will be made of

two heat pipes representative of the work carried out during the program,
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SECTION I
FACTUAL DATA

A. Heat Pipe Advantages

The bases for the current program stem from the demonstrated advantages

of heat pipes when used to drive thermionic converters.

The heat pipe is a static device which coupleu the outstanding heat trans-
fer properties of a liquid-vapor, two-phase system with capillary return

of the c‘:ondensate to the boiler. RCA has designed, fabricated and tested
hieat pipes for operation at thermionic conditions, The tests, and the
anulysis of the resulis, have revealed {he follow ing heat pipe characteristics

which are useful in this applicatior.:

Efficient heat transfer
Thermal flux transformation
Temperature flattening
Izolation of heat source

Low sensitivity to contaminants

Geometric flexibility

A S o o

These characteristics yield the following advantages in a fossil fuel heated

thermionic generator,

it is difficult to achieve uniform temperature on the emitter of a ther-
mionic converter heated direcily from any practical heat source. Even

if the heat source supplies a quite uniform heat flux, substantial tempera-
| ture non-uniforhﬁt;; will exist on the emitter because of conductive end
losges. These problems are magnified with the moving hot gas heat

transfer of a fossil fuel burner. Since thermionic emission is a steep

A First Quarterly Technical Report
" Contract DA28-043-AMC-01507(E)
31 Octcber 1965 -3
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function of emitier temperature, the performance of a converter with
the ideal isothermal temperature distribution attainable with a heat
pipe: is substantialiy greater than can be achieved {rom a converter

with a non-uniform emitter temperature.

The heat flux required to operate a thermionic converter in the 1400°C

temperature region is approximately 30 watts per square centimeter,
This high heat flux is attainable with existing burners, but is available i
only at an appreciable cost in efficiency. Reduction of the heat flux

requirement to one-third.or one-half of this maximum level will permit

optimum burner operation and result in a burner efficiency increase of

ten percent or more, This reduction in the heat flux requirement can

be obtained easily through the use of the transfarmation capability of

the heat pipe. Simultaneous optimization of burner and converter ef-

ficiencies can then be achieved,

‘A
o — oas —— — — e e a— ——

Since the heat flux through the heat pipe surface and ité p‘ermeation
barrier cen be reduced, as discussed above, the temperature drop
will be reduced since it is proportional to heat flux, Thermaily in-
duced stresses will be reduced, Improved thermal shock resistance

can be expected to resuit, ' '

— . G . St wun — —— — o — . — — — — — ——— —

The heat pipe contuins no electronically active surfaces and is thus
less sensitive to contaminants than a thermionic converter. The in-
tense vapor stream in the heat pipe will sweep any gaseous contami-

nant to the low pressure end where it can be processad by "windows"
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{such as paiiadium for tydrogen) or by meore conventional gettering

"

techniques.

— e et Gmin Sw G = — — ——

From the heat transfer, burner design, and barrier fabrication view-
points it is preferable to supply heat to the outer surface of a heat
transfer device which is inserted into the burner., For optimum con-
verter efficiency, minimum electrical lead losses, minimum conver-
ter cooling power requirement and minimum converter weight, an
internal emitter (and heat source) are preferable. The use of the
heat pipe makes possible the simultansous realization of these other-
wige conflicting design considerations. The hesat pipe can project into

the burner on one end and into the converter on the other.

Through the use of the heat pipe it is therefore poasisle to solve many
of the existing problems in fossil fuel keated thermionic converters
and reduce the effect of others. The enhancement of converter per-
formance will more than offset the slight additional weignt of the heat
pipe. The difficult barrier problem is rendered less acute. 1t be-
comes possible to match the performance of the converter and burner
in a way not otherwise possible zo as to gain optimuin efficiency from
both, leading to very worthwhile gains in system weight, efficiency

and fuel consumption.

B. Heat Pipe Design

In order to evaluale the various items covered in the program, the basic
heat pipe-thermionic converter design shown in Figure 1 was modified to
investigate two diffe.rént heat pipe system concepts. These modifications

are shown in Figures 2 and 3. These systems are designed to furnish

First Quarterly Technical Repert
Contract 3A28-G43-AMC-01507(E) .
31 October 1965 -5-
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sufficient thermal power to deliver 100 electrical watts from a cofivertsr,
In both systems the working fluid in the heat pipe is in solld thermal cofitact
with the barrier, With golid thermal contact the major femperature gradient
between the outside of the barrier and the working flui\d coeurs through the
wall of the barrier and is less than 46°C , ‘

The cone section of the barrier and ite associated heat shields makes it

possible to operatie the seal between the converter and the barrier at 400°C
while the heat pipe is operating at 1450°C,

In the first system, Figure 2, the barrier and the emitter form the heat
pipe.  Thie system requires that the barrier, the emitter and the jeint be-
tween them be compatible with the working fluid. The space betwees the
heat shield sand barrier is narrow enough that stagnant working fluid will
be held in the gap bycapillary forces., Inthe second system, Figure 3, the
working fluid does not come in contact with the barrier., Assembly is madeby
shrinking the barrier ontc a columbium tube to which -the emitter ig later welded.
The requirements of this system are that the working fluid be compatible
with columbium and the emitter material, and that the differential thermal
expansior: between columbium and the barrier be small enough not to crack

the bé.rrier.

In the design of the heat pipe it is assumed the converter will operate at
'10% efficiency or 1000 watta of power must be transferred from the boiler
te emitter. Some heat wili also be lost at th;a jointure of the boiler to con-
verter, An estimate of this loss was made by vectorially adding the longi-
tudinal heat losses to the radial iosses, To determine the longimdﬁnl heat
logs, the cone was trested as a cylinder with one end operating st 1450°C
while the other end was at 400°C. Using the average thermal conductivity
and the average cross-sectioral area of the cone, the longitudinal heat

First Quarterly Technical Report
Contract DA28-043-AMC-~01307(E)
31 Octcbher 19€5 .




loss wag 53 watts, The radial heat loss was determined by treatifig the
cone as a disk with the inside radius being the inside radius of the b&m“ier
and the outside radius the radius at the base of the cone. The length of the
disk was the average wall thickness of the cone, With the same assumed

> temperature, the radial heat loss was 34 watts, The total heat loss ia €2

A
Lone
LR

X
Y,

Lo wstts when the lengitudinal and radial heat loss are vectorially added.
Adding €3 watts loss at the jointure to the heat which must be supplied 0

.
o ‘fy FRRVYY i KT
1 - - & i

Ve the emitter, 1063 watts of energy must be transferred from the boiler.

¥ To simulate the operation of a converter, the emitter will radiate to the

water-cooled calorimeter, The power transferred by the heat pipe can

Tred ¥84, 2500 1R

i molybdenum emitter 2,8 cm in diameter and 10 cm long cperating at 1450°C

will radiate 1063 watts at a power density of 11. 4 watts /cmz. The tempera-
ture gradient through the wall of the emitter is 6, 5°C, These simulated
¢ converter and heat pipe structures shown will be temperature cycled 50

times from room temperature to 1450°C,

C. Working Fluids
Potential working fluids for the heat pipe are required to have the following

e L. be calculated from the change in temperature of the cooling water, A

‘ characteristics.
o |
L. 1. The vapor pressure and the latent heat of vaporization of the working
L [ fluid must be high enough that heat can be transferred from the boiler
& with laminar flow in the vapor.

o 2, The vapor pressure of the working fluid must be low enough that there

: o are no undue stresses in the barrier from excessive internal pressure,
3 M 3. The melting point ~f the working fluid must be low 80 that stresses
3 from differential thermal expansion between solid working fiuid and
] barrier do not crack the barrier,
: b

St

- First Quarterly Technical Report
- Contract DA28-043-AMC-013807(E}
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4, The working fluid must wet 1he wick material and preferabiy the
inside wall of the heat pipe.
5. The working fluid must be compatible with the materials with which

it comes in contact,

In light of these requirements, bismuth end lead are the best working
fluids for the first design with the liquid metal in contact with the
alumina barrier. Lithium is the best working fluid for the second design
where the working fluid does not come in direct contact with the barrier,
Lithium is not compatible with alumina,

Table [ lists the working characteristics of bismuth, lead and lithium,

All of the values are calculated using equations derived by T. P. Cotterl-
in his paper on ""Theory of Heat Pipes''. For completeness of this report,
the equations are repeated in the Appendix and sample calculations are
made using bismuth as the working fiaid. Lithium is the best of the three
materials for a heat pipe operating at 1450°C even though the pressure is
slightly greater than two atmospheres. At 1660 torr the hoop stresses in
a barrier with a 0.060 inch wall are only 200 psi. Lithium has the smallest
temperature gradient (0. 68°C) and pressure gradient (0, 0088 torr) over the
“entire length of the pipe. Lithium's Reynold's number is small enough to
assure laminar flow., Lithiuro is aiso a desirable working fluid becausze

of its large latent heat of vaporization and low density,

For a heat p.pe operating in contact with the alumina barrier, bismuth

is the best choice. Although bismuth's temperature gradient (0. 81°C) and
pressure gradient.(o. 42 torr) are more than an order of magnitude greater
than lithium's, they are small enough to assure that the vapor in the keat

“pipe is the same temperature from one end of the pipe to the other, The

First Quarterly Technical Report
Contract DA28-043-AMC-01507(E)
31 October 1965
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R | TABLEI
b § THE CHARACTERISTICS OF POTENTIAL WORKING FLUIDS
T | [, Bi Pb Li Uits
¥ UL Heat of Vaporization at 1450°C 1,14 . 145 19,0 kwatt~
~ ) R ' ) GGC/E
3 [ ey Density of the vapor at 1450°C  7.05 x 10-4 2.62 31(}.!)"4 1,32 x 16‘.4 gfc’ms' :
E | v, Velocity of the vapor 1040 4480 360 em/mec [
L . ] { - - . 2
E | Ny Viscogity of the vapor L78x 1070 1,40 x 1073 2.04 x 10 4poises =
R | R Reynolds number for the vapor 260 510 118
s - S L P Vapor pressure at 1450°C 320 124 1660 mm Hg |- %
- ap, Pressure gradient in the vapor -0,432"° -2.76 -0,00875 mm Hg 3
e A A'Il"V Temperature gradient in the
n B vapor . o081 7.73 0.0%85 ‘K. g
' v' = Pa Density of the liquid at 1450°C 8,85 9,3 0,433 g/cm3 A
. K eet ~23
. vy Velocity of the liqaid ¢,082 0.130 0.0110 - cm/sec E
o - - - - 3
. ng Viscosity of the liquid at 1450°C 5.7 x 10 3 8.5x10 1,85xie 3 poises .4
‘ g Y Surface tension of liquid 1450°C 275 335 168 dyne/em jf 1]
g : r, Optimum pore radius for the g -"
T L wick 0, 0078 0.0086 0.0089 cm
‘ K E
3 | . -
| Pized Quantities ‘
k- % and Dimensions
"”3»« L Q . Heat transferred from the 3
- boiles 1.063 ' kwatts 3
i ¥ £ heat pipe length 24, 68 cm
g 4 Boiler length 8.1 ‘ cm 3
e T, inside radiue of wick 0,63 ' cm j.'
E . To Tempavature of heat g
pipe 1723 oK. ]
- A Cross-sgecticual area of , 2
] e vapor region 1,27 cm :
: : L L. Inside radius of heat . ) z 3
' First Quarterly Technical Report | ?';:
- | || Contract DA28-043- AMC-01507(E) IR
. | ‘31 October 1665 : (.




most severe temperature gradient (&6"6‘) occurs in the barrieris radiai

direction aiong tne

PO P .| b dlon hnad
T 1iGWS ints the heat pipe, s

Lead will also operate the heat pipe, but is a poor choice because the
temperature gradient along the pipe is 7. 7°C. '

D, Materials and Assembly Technigues
Two important structural items were cornsidered during the report pericd;

-~

the design of the capillary structure and the achievement of a reliable

geal to join the heat pipe sections.,

s , . i ‘V L) ¢
s Gy e s A vat, L Fagat 3t 3he paiiels pladd y
: Nie?v(.iw':’vj?. e P{P;%lfr‘o oo Tl 8 P S R

1. Capillary Structure - A
A wick is necesgsary in the heat pipe to return the condensed vapor to
the beiler for resvaporation. For the designs which have been dis~

B cussed, the optimum pore size is 0.008 to 0. 007 inches in diameter

g ' o for all the liquids considered as shown in the Appendix, The wick

' can be made cf either 80 mesh molyhdenum screening or molybdenum

: ;;-_'"» . sporige. Eighty mesh screening is made using 0. 00565 inch diameter

. wire and an opening with & width of 0, 007 inch. A photograph of sponged

tungsten is shown in Figure 4.

ot s gy ey i 5 ..k'c’fw;;‘ s

AT T
' T
1

AT

N K { 2, Ceramic-to-Metal Seal

— e m— A G} S e GRS - ew - Gamh -

9 The two-pisce heat pipe in which the working fluid is in contact with

e bre

w1

p g the ceramic barrier requires a ceramic-to-metal seal compatible with

' 2 lead or bismuth, Liquid lead and bismuth are very corrogive and can
readily dissolve brazing alloys containing copper, nickel, or any of

- the precious metals, Attempts to braze seal assemblies with refiractory
~ metal alloys such aa the molybdenum iron eutectic have fuiied becausge
e they lack the ductiiity of conventional brazing alloys, For these reasons
— ; an effort has been made to develop a ram seal using a refractory metal

iy compatible with bismuth and lead.
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: E
3 - A ram seal is made by pushing & metal band over ths cuwdsids diamstar
ﬁ of a cerarnic cylinder as shown in Figure 5. Sealing is accomplishad
- by the residual stresses resulting from the interference between the
| ) two parts,
The selection of the materials, the required surface finishes, and the
sesl forces are all important parameters determining the quality of
E ) the seal and are discussed as follows:
4 ;0 [ The sealing force, Vo per linear inch of seal circumference, can be .
» : calculated using the equation: -
< :
4 1 3/2 -
% L ¥ =0.380 , : - ]
. . v R 4 Vl;- v 1
’ - where ? y
iR y B2 .«
g i s
R U 1_ Ot = the hoop stress k.
’ o } t = the wall thickness of the metal
3 : j ' R = the mean radius of the metal
. v = Poisson's ratio . . [} ﬁ
f_; ’ The interference AR can be calculated from the equation ‘“_i,'
2 g 2
- | o, R -
3 . AR= —%
i W . :
f’ where E = the modulus of elasticity of the metsl band,
‘ ' The six seals iisied in Table II'were made and leaked. Arn analysis
‘ QE “E R of them is discuseed later, ’ '
- W " The metal selected for the seal is D-43, a columbium alloy with a
7 ; .'; | - . .
) i > nominai composition of 10 percent tungsten, I percent zircoaium,
' Firat Quarteriy Techrical Report
- Contract DA28-043-AMC-01607(E) ..
31 Octcber 1965 -15-
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] TABLE I
N CHARACTERISTICS OF FABRICATED SEALS
N Wall Thickness Surface Preparation Stress Sealing
- : Farce
0,020 &8 drawn 40,000 pai 504 /in
[ 0.020 polihed 80, 000 75
0.020 iron plated .00" thick 40,000 50 0:0037
U 0,033 polished 40, 000 160 g, 0037
1 0.033 polished 89, 600 160 0, 60358
E 0, 033 polished >80,000% ~ > 150% 0.010

.

*This seal was designed to exceed’'the yield point of:B-43.
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0.1 parcent carhnn and the balance solumbium, It has 3 dharmal 5=
pansicn nearly the same as pure alumins, Figure 8, a yiefd strenggh
above 58, 000 psi from rcom temperature to 800°C, Figure ¥, a modulas

of elasticity of 17.8 x 102)6 psi, Figure 8, and an elongation pricr fo
rupture of 20 percent at room temperature,

“ AR
y PR d
uﬂ’fjﬁ,‘u,, <5

o)

A

With a thermal expansion nearly the same as alainine, and the high
yleld strength at 800°C, the sealing force would change litile with o
temperature, Also, the small medulus of elapticity makes it possible
to design parts with a relstively large interference. CE

,
T, " e > ¥ l‘
arians

.
4

Sbate £ Sy

Rings were formed from D-43 sheet 0,020 and §, £33 inch thick by
drawir~ and by spinning, Spinning vas tried first, without success,
, It was necesssry to anneal parts before reaching the final dimension,

R

it ar e ey T

1 und the rings cracked during the second operatien, The riugs were
- finally made by drawing, which csuld tbe done in & single operation

u~d

| wihout an anneal,

o ez 4 Ay

Sl

The surface finishes on the joining perie wre very important because

b

complete contact must be made for the seal {o be vavaum éig!zt. The

& olon it

first ceramics wers ground with a 320 grit diamond whes: foitowed by
600 grit rubber bonded silicon carbide wheel and 2 micron dismond

J v ofhe

paste. This procedure tended tc pull grains from the ceramic body

Celuovicrss

creeting an undesirable surfaze., By following 320 grit diamond
wheel with decreasing grit sizes (45, 15,. 8, 3 and 1 microns) of
diamond paste npplied to a copper wheei, pulling cut of the graias was
avoided, The surface of the metal was then polished using standard
» metallurgical practices, '

o . KN
LR Y 2
- 1
“ wn gt b d

!
Atd gelhy
e b

vt g
e

One of the first seals made is shown in Figure # after it was pushed
apart to observe the deformation to the metals surface., The wall

ol

vt
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’.?.y.rl?n‘y
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thickness of the ring is 0, 030 ianch, Tuis ssal losksd haoouzs'of the
gcoring, From latter test with the 0, 033 inch wall it wes concludsd
that the scoring is the result of gauling and that the metel pilling-up
in front of the ceramics sealing edge is pushing the metal band away
from the ceramic, preventing a seal in neighboring regions, Test °
with the heavier well only broaden the scored regions, Shown in
Figure 10 {s an iron plated G, 020 inch thick metal band after it was

pushed apart, It should be noticed the metal is not scored because the

softer iron acta as lubricant when the band is pushed onto the ceramic,
This seal had a emall leak and 15 believed to be the result of insufficient
gealing force, Iron plating the D-43 is very difficult because the ad-

herence is poor, and thermal expansion mismatch ias great,

From these preliminary tests, iron plating appeara to be necessary
and the well thickness of D-43 must be increased to obtain vacuum
tight joints.

3. Barrier Materials
The requirements of the berrier, that it be impervious to all gases
at 1450°C for more than 1000 hours, and be capable of withstanding
thermal shock, limits the choice of materials to a few, which are
discussed as follows: {(Most of the correspendence and tests were *
performed with RCA funds and are being reported here to add conti-
nuity to this report),

¢ Titanium diboride and zirconium diboride are two relatively new

materials, They are primarily employed for coating thermocouple
protection tubes made of either tantaium or celumbium. They are
capable of withstanding the thermal shocks of being submerged in

molten steel from room temperatures. Samples of these materials

First Quarterly Technical Report
Contract DA28-043-AM{U-01507(E)
31 October 1985 -23~
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were sbtained for thermal cyeling, The titanium diboride was re-
{ ceived as a free standing tube which was not vacuum tigit. It was
temperature cycled six times from room temperature to 1500°C
withouwt cracking. At 1500°C a loose white exide formed on the ex-
posed surface which indicated titanium diboride would be maryglnial
! for continuous exposure at 1500°C. The sample of zirconium di-
‘ boride was plesma gprayed onto a tantalum iube, An attempt was
[ made to join the tantalum tube to a vacuum system, In brazing this
material the zirconium diboride coating delaminated and peeled off

v

the tantalum tube, The vendor replaced this sample, but the second

! sample failed the same way,

A sample of Kanthal Super was also obtained and tested for thermal
shock, Kanthel Super is a molybdenum disilicide bonded together
with dispersion of ceramic and metsl. A photomicrograph of its

‘ structure is shown in Figure 11. Normally Kanthal Super is uged

as 2 heater elementfor 2000°C cperation in air. The saraple was

PR

temperature cycled six times successfully to 1600°C afid the only
change in its appearance is a glazing of the exposed surface, Attempts
to metailize the Kantial Super so that it could be brazed to 2 vacuum

- system failed. The vendor also discloged it would be impossible to

Z . make parts with a diameter greater than one inch or in the shape of
¢ the cone at the end of the barrier,

Samples of high purity mullite were alao obtained, bu failed during

the thermal shock test, A crude measurernent of the permeation of

re

gases through mullite was obtained by sesaling a vac~-ion pump and

H
j ion gauge to a mullite tube cloeed at one end. Afier degassing the
_ tube for 24 hours, the vac-ion pump was turned off and the pressure
of the system raised more than two orders of magnitude in lese than
" one-half hour,
- First Quarterly Technical Report
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Silicon carbide has also Leen considered as a permogiion barrier,

- LY Y
s ne u

“h

 w -

e titealuzn diboride, vacaum integrily cenaot be assured

as a presezd and sinter pert, However, i can be obtained vacuum
tight by vapor plating, Unfortunately, vapor p'}xating pruduces the
Ct;lumnar grain structure shown in the pholomicrograpt Figuz;e 13,
Such a grain siructure causcd the materaal to be very weak baccuse
there are no grains to interfere with the preopagation of cracis aloag
grain boundaries. The average modulus of rupture of samples of
pyrolytic silicon carbide was 18, 850 psi, Also, since grain bkounde-
riea are regions of a relatively locse molecular structure having
diffusion coefficients sometimes saveral orders ¢ magnitude higher
than the bulk diffusion coefficient, the coluranar structure provides
a shorter diffugion path for impurities than = fine pressed and sintered
structure, Vapor plated silicon caruide is also difficult to jointo s
metal member because induced thermal stresses which cause the

SiC io crack along the columnar grain boundaries,

In light of the ghort comings of the msaterials discussed above, alumning
still appears to be the best material for the barrier. Currently there
is more published data on the properties of alumina than any other re-
fractory mat‘erial. The tube industry has accumulated years of ex-~
perience’in working witn e.lt.imine, end the permeation rate hag been

proven tc be low oancugh as demonstrated by life teating a converter,

Type A-1192B, for moare than 1000 hours, Several suppliers are
cepable of furnishing high alumina bodies in the required geometry,
The propertieg of the alumina, a3 received from different suppliers,

vary sufficiently that they must be discussed separately,

Tucalox, Coram, and Frerchtown 7325 are the three bodies cousidered

for this progrem. Lucslox is a high purity alumina body made by the

Pirst Quarterly Technical Report
Contract DAZ8-043~-AMC-01507(E)
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energy with a wavelength as long as 6, 6 microns, Luecalox's
modulus of rupture strength is in the range of 35, 000 to 40, 0G0 paf,

Barriers made of Lucalox are shown in Figure 13.

Coram is similar to Lucalox and made by the Corning Giass Co,
under a General Electric license, They claim to have improved the
thermal shock resistance of the body. A barrier made of Coram is
shown in Figure 14, Their body is sintered in vacuum,

Frenchtown 7325 is manufactured by the Frenchtown Porcelain Co,
and was used in the A-1192R conwverter. Frenchtown haa not been
able to furrish barriers of the gize neceesary in this program be-
cauge of equipment limitations, so RCA has undertaken the task of
aiding them. By a joint effort the isostatic pressing mold shown in
Figure 18 was designed., Frenchtown is furnishing 7325 powder which

will be used to fabricate barriers at RCA.

All of these alumina bodies have simiiar modulus of rupture strengths
of 30 to 40,000 psi. If the strength of the bedy can be increased there
will be a corresronding increase in the shock resiastance of the barrier,
Passmorez and his associates have shown that by hot pressing alumina,
a high purity body may be obtained with a very fine grain size and
modulus of rupture strength greater than 100, 000 psi,

Unfo rtunately, these samples were made by preasing in an uni-
directional carbon die which is not amendable to manufacturing
torriers, A search is being made for & vendor with hot-isostatic
pressing equipment operable in the temperaturs and pressure ranges

where alu aina bodies are fabricated,
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The permeation test system constructed under contract DA~38-039~ARC-
03187(E) and described in the Summary Technical Rapor’ts, was reacti-
vated wih the follewing modilications as shown in Figure 18,

ier

| STt |

KV 4 e R KR % NN I RS (RN
t
1
§
i
{

NS

)
S

T AT N S
¢
v,
v F gu

§ 'Z 1. The gold-seal fitting used for attaching test samples was replaced !
. by a stainless steel flange using a copper gasket, é
7 s
. 2. The concept of an independent elecirical heater inslde a series of %
I "stacked" heat shields has been repleced with a new integrated heater- 733
. heat shield construction, completely enclosed within a water-coeled %
[ jacket as shown in Figure 17, This modified system has been g
i successfully puraped to the ultra-high vacuum region. Currently, a §
Coram sample is attached and is being outgassed at 1600°C prior to
5 testing in a fossil fuel flamce environment,
A recently acquired GE Partial Pregsure Ana,lyzeré, Model #23 PC120,
has been installed on the system and is undergoing checkout., According ;
to manufacturer’s specifications, the instrument iz capable of resoliving 3
adjacent peaks in the range 2 ~ 50 AMU (3K gauss magnet) . ;
| The forthcoming permeation tests will be conducted in the foliowing manner;
; 1, Sample mounted and checked for leaks, ;
i’ 2. Sample outgessed extensively iuside the evacuated bell, using the 3:
) electirical heater at 1800° Centigrade, E
} 3. After outgassing, the samiple will be cooled to room temperature and
the bell opened to air, The beil and the electric heater will be removed,
[ ;
{ 4, Burner will be placed around the sample, ignited and slowly raised in
. temperature until the sarapie hot zcne reaches 1450° Centigrade,
;
3
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Velve V-2 (See Figure 18) will then be closed and the pressute in the

collection chamber monitored.

Valve V-3 then will be opened and the constituents of the gas determined
by the Partial Pressure Analyzer,

F. Gettering

In an attempt to minimize the effects of permesating gases on the operstion

of a heat pipe, an investigetion has been launched into various getters or

gettex:ing techniques applicable to a heat pipe environment, Specificaily,

this environment consists of a metal vapor at a pressure of 10-1000

microns of Hg and a temperature of 1400° Centigrade,

This search is dominated by the following considerations;

L.

Praevicus work has shown that oxygen selectively permeates alumina
barrierss. Hence, any material or technique used as & getter must
have a high aifinity for oxygen and {form thermally stable oxides,

While hydrogen and hydrides are of interest, they are anticipated to

enter only as sscond-order effects,

No commercial getters are available which operate in the temperature
range 1300-1400° Centigrades’ 7.

A literature search has naot revealed any getter studies performed

under the conditions of interest,

In view of the above facts, the decision was made to approach the preblem

by considering the thermedynamica and kinetics of possible chemical re-

actions,

Since thermodynamic parameters dictate the necessary conditions for the

reaction, these were studied initially, Thie study is hampered, however,

by inconsistencies in the literature as to nomenclature and notation,
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Treaditionelly, ifterature in the field of chemistry uses the term "frae
energy' to describe energy exchange during a reaction in cordact with a
pressure and heal reservoir; namely, the atmosphere, Ths thermo-
dynamic function applicable to this condition is the Gibbas Fuaction defined
as:
G=H-TS

where

K is the enthalpy of the gystem

T is the temperature of the system

S is the eutropy of the system
Many thermodynamics tests, on the other hand, define "free enerpy' as
changes in the Helmholtz Function:

A=1T-T8S
where

U is the internal energy of a system

This function is most epplicable to isochoric (at constant volume) processes,

312,

Skt A B

Cognizance of these facts is necesaary in analyzing the problem at hand,
The processes of interest within the heat pipe are those which occur iso-
thermally and igsochorically, This indicates the application of the Helmholtz
Function, But most of the information relevant to "free energies' is

generated with respect to the Gibbs Function. Such a listing of "free

TN

energies' of oxide formation® is given as Table Iil. In addition, an extrapo-
lation of selected portions of this information to 1400°C is presented as

Figure 18. The value of this graph is as follows:

A ] g ke %

i1, While not directly applicable to the heat pipe, this information is 3

helpful as an approximstion to the corruct parameters., 3
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2. Thermodynarmic properties do not predict the kinetiics of a reaction,

f
{ but they do point out which reaction canno:, or is naot likely, to ocour,

X From this point one is able to intelligently approach a selection process.
in addition the the thermodynamic considerations; compatibility with the
‘ransfer medium, wick, and envelope is important., Algo, the advantages,
or disadvantages, of the gettering medium existing as a solid, liguid, or
vapor must be evaluated. This selection of several possibilities is now

being made,

F-llnwing the selecticn of a group of poesible materials, further theorctical
investigations are possible, Of pavticular interest are the speed and ex-

tert of appropriate reuctions,

Hydride formalion urd stability will, of course, be considered in e final
selection, Hewever, oxygen reactions, being of prime importance, will

pe exhaustively investigated,
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SECTION I

CONCLUSIONS

The following conclusions have resulted from the work accomplished
during the First Quarterlv Report Period:

1,

a5

The opzration of a converter, coupled to & hesat pipe, can be simulated

and studied by substituting a calorimeter for the converter,

The two-piece ceramic-tc-metal heat pipe system and the integral
bonded system are the most efficient methaeds of thermally coupling
a converter to a buraner because the working fluid is in direct contact

with the parts of the heat pipe.

Lead, bismuth and lithium can all be uscd as workirng fluids for the
heat pipe. Lithium has the smalleat temperature gradient aiong the
length. of the heat pipe. The optimum pore size for the wick material

wag the same for all three working fluids; i.e,, 0.006 fo 0, 007 inches,

Aitining is t%e hest barrier material because of its lcw gas permeation
gas p

rate,

The perm-=2aticn equipment used in Contract DA-36-033- AMC-03197(E)
can be medified to measure the permeation rate through the barriers

desigaed for the celorimeter heat pipe systems,
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SECTION IV
PERSONNEL

During the report period the foliowing engineering personnel applied the
indicated hours to the subject program in accordanze with the contractusal
requirements, Resumes of their experience were included for yoiiz reviow
in Technical Proposal RCA DP 6081 dated 30 Apzril 1885,

104, 0 hours

2586, 5

6.0

1.6

66,0
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SECTION ¥
PUBLICATIONS, LECTURES, REPORTS ARD CONFERZNCES

The subject report is tue initial distribution of information accurnulsted durlag

the progriun. No publications, lectur=g or reporis wers raleased,

One conference was held at RCA Lsncaster om 12 July 1963 with the fcllowing
persons present: Mr, J. Angello and Mr, 8. Levy of USAEL and Mesgrs
Block, Hali, Kessler and Polkosky of RCA., The subject inatier covered the

review of {echnicsl plans for the program.
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SECTION VI
PROGRAM FOR NEXT REFORT PERIOD

8
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During the next quarter, the program is as follows:

S
/ =

i, Censtruct a hest pipe demonstrating the effects of bismuth as the werking
fluid in contact with the barrier. This heat pipe will have a limitad iifp

ol

panding the development of a compatible seal.

2, Btart the construction of a heat pipe with & Coram barrier shrunk onto s

columbium tubo,

%
3. Determine the miniroum radial force necessary to make 2 : am seal vacuum ;
tight, D-43 metal bands machined to varying wall thicknasses will be used !

in the test, {
i

4, imize the processing achedule necesgsary to fabricats barriers of

Frenchtown body 7325,

Make permeation test on a Coram barrisr,

[44]
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{ The graphical pregemation Cc"tegizsed in do.cribing the operation of &%ﬁ

' pipe is reproduced in Figure 18, 1 shows how the drivtng forces or wwm&a

in the vapor and the liguid varies along the longth of the ;si;xa. The preasure

, drop in the vapor is the driving force fof the vapor to travel from the evaporator i
!

to the condenser whete i gives up itz latert heat of vaporisstion. The pressure
drop in the liquid returns the condonsed vepor to the evaporator, The oguations &
which quantatively describes the oparsating paramsters of a heat pipe, and their
, solution uaing bismuth as the working fluid for the 100 wait fossil fusl converier
E of the designs shown in Figures 3 and 3 follows,

{ .
; For an {sothermsl process AH = TAS(“ where AH s the change in entholpy and

AS is the change in entropy at teamperaturs T, Bismuth vapor at 1480°C is 38,

i percent diatomic with an entropy of 81, 12 BTU/ib mole °R 33. The monatomic
B phase has an entraopy of 53, 43 BTU/Ib mole °R and the liquid phase and entropy
{_ of 31,10 BTU/1» mele °R, so that the heat of vaporization at 1480°C {s
i AH = 0.389(81.132 ~ 31,10} +.831 (563,43 - 31,10) BTU/Ib mole °R x 3135°R
1 e Py
309 Ibs/mole ,
,BBBE  keallg watt-hr. |
AH= 487 BTU/Ib x*o5 g * 199 foar — j
x 3800 sec/hr, x 10-3 = 1, 14 kwatt-sec/g {1) :

Since the best known scurc\azzﬁ data uses the English untis, the convereion imo

c. 8. 8. units will be done in the sample calculations.

The quantity of bismuth which muet evaporate m_ to transfer 1, 083 kwatts, Qe
] to the emitter is

- m zQe - 1,083 kwatt
v AH 1. 1% kwett-scc/g

= 0. 93 g/sec (2)

Contract DA26-043~-AMC-01507({E}
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or by dividing quentity flowing by the density of bismuth vapor Py at 1450°C

v m, 30.93§/580

: 3
v 7.06 x 10 ~ g/cm”

v = 1,32 x 103 cm3 /sec {3)

of bismuth vapor must be {ransferred from the boiler to tha emitter,

According to Cotter the optimum value of rv/rw {s 2/3 whare r, s the insids
radius of the wick and Ty is the inside radivs of the heat pipe. Ueing this ratic
for the heat pipe in Figure 7, L. =0, 86 ¢.n and r, =0, 83 cm and the crosse

sectional ares, Av, for conducting thie vapor is i, 27 cma, Therefors, tha
velocity of the vapor- { Vv) ia

\ 3 3
v on oy, 1.33x10 cz_g [sec 1040 cm/sec {4)
v A
v 1,27 cin

The velocity of the liquid { vy ) may be calculated the seine way

o 0,83 g/sac,

0,76 x 8,85 glem”™ x (0.95

. 3

- 0, 853) cm (5)

v ® 0,082 cm/zec.

Thre denominator is multiplied by 0. 75 assuming that 3 /4 of the wick volume is
occupied by l{quid metal,

The Reynolds number is important in defining the kind of vapor flow. K the
Reynolds number iz less than 1000 the fiow will be laminar and have the
maximum heat transfer efficiency, if the Reynolds number is greater than 2409
the flow will be turbulent, Between 1000 and 2000 the flow msy be either laminar

or turbulence or a mixture. The Reynolds number is defined as

First Quarterly Technical Report
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RZ a 360 {8)

where Ty is the viscosity of the vapor,

The vapor pressure gradient of the liquid along the length of the hest pipe is

defined as
.QQB RT/2mM
Ap= Ap - 7 w‘ - (7)
v i 1] ﬁe) L a r,
where
2 2
(1-4/57) Qq

8pv!‘vL

or the vapor pressure gradient of the vapor

iength of the hesat pipe

[}

gas constant

molecular weight

length of the evaporator
latent heat of evaporation and is equal to AH at 1450°C
probability of condensation

Q t-lmhs g:ﬁ 1LY
f

11

The other quantities have been defined in eariier equations,

—

Subatituting values for bismuth in sgquations 7 and 8

(1-4/7 % 1.06° kwatt? x 7.5 x 107 _mmolHg
Ap. = - dyne/cm” % g cm sec  /dyne
v
gx7.05x 10 g/cm3 x.83% cm? x 1. 142 kwans? seez;‘gz
aAp, = - .42 mm of Hg £8}
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8,3313?“723 s
A g,0‘42,24.55x1.083v 2 £ 209 27,01V .
P 8.1(24,85 - 8. 0 x 1.1 x L % . 835 = ~2.5) mm Hy
where the u.aits are
‘er « oK x Syne em - cmlaecg E:
cm kwatt [/ K mol erg dyne mm of Hg q 2
g dyne , gom /ssc
\j meol om® dyne ' 4
Ap = mm of Hg -
cm ¥ cm x kwatt sec/g x em
For smali changes in pressure the change in poiling point with pressure is given
approximately by the Clausius~-Clzpeyron equation

2
_RT Ap
AT, Fim 8)

where p is the vapor pressure of the biamaeth, Substituting valuesz into (8) for
bismutn

AT _8.31x 107 erg /°K mol x 1723z °K2 x2.50 mmo Hgx 10 10 kwatt ferg [rec

v 209 g/mol x 1, 14 kwait-asec;g x mm of Hg

L4

AT
v

it

. 81°K

The optimum pore of the wick is derendent upon the operating position of the

R D RV ARG S RN RS DRSS, ML

heat pipe hecause the capillary forces by the wick must overcome the force of
gravity. The most practical terrestr-inl aystems are, a heat pipe operating
horizontal where the gravitational force is zero along the length of the pipe and

& heat pipe operating verticel with the boiler beneath the ccndenser. In the caase
of a vertical heat pipe, gravity will aid the flow of liquid back to the boiler and the
only requirement is the wick be satura.ed with liquid in the boiler. Thiz can

be calculated by letting the length of builer equal the height a liquid with a surface

tension y will rise in a capillary radius of r.
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r, = 0.0078 cia

8.6 cm x 8, 58 g/cm3 x 880 cm /taeec:2

where @ ils the weiting angle and sssumed to be 0°, g iz the acecleraiion of

gravity and p, is the densfly of the Hquid, Substituting values fo- bigmuth in-
equation {10}
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