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HEAT PIPE l)[VELOPf4ENTFOR HIGH TEMPERATURE RECUPERATOR APPLICATION

M. Merrlgan, U. Dunwoody, and L. Ldndberg

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Heat pipes have bi?rndeveloped for operation in ornidizingatmospheres at tempera-
turp$ above llIXI K. ‘ht Ileatpipes c~rise a metallic liner and wick structure

with a protective outer shell of an oxidation resistant material, The working
flulds used in the heat pipes are alkdli metals. A number of configurations have
h-n evaluated, ranging from pipes using a metallic inner liner of a chemically
vapor deposited (CVD) r~fracto~y metal applied to csramic tubing, to one uti!i?.
inq ferrou< materials with an outer layer of a developed uxide. A promising
Intwmwiiate cnnfi~uratlon consisting of free-standin refractory tubing covered
with a layered strurturr of fine grain, equi-axed CV~ silicon carblJe has ISISIJ
born evdluhted. The t~$t heat pipe was fabricated using low-rarbon, arc-cast
mtllyh~nurntuolnq anri L wick cwnposed of 150 mwh rnolfidenm screen. Hafnium
qet!wlnq wa~ used with sodlwn working fluld. Assembly of the pip~ was by elec-
tron beam ~!dinq. Follow~nq closure and capping of the fill tube the assembly
wa’Iop~rd!rflIn d VZICUUMfor sev~rdl hours prior to the Chemical vapor deposition
Of the PDtprinr c~ramr coatlnq. After coating, the pipe r~% operated in air and
in comhu;tinn gasfw for perfomlance evaluation.

1),1,u,.rof irtln-chromiijm.dl~inurn a!loy$ a~ crmtainPr materials for operating in

hlq~l twn~oratuw o~ldi?fng ant, sulfidlng gas streams has been investigdt~ri.
Al]Ov-,of thlf t~r dPvrlnp ht=av:f,prot~ctivc oxidr surface layws when ●xposed
tn h!qh t~poraturt~ nll,llz,ngatmr)>ph~re~,and are comznonlyusml In electrical

hv,!:trq ~lcmrntr,hma,~,.vof thrir excoptlonal onidation resistance. A heat piov
~~: a~~pml)l~df~lsnk,!flthnlA-1 s~wn ueldtwftuhlnq in ordpr to ?%tahlish limlt\ Of
op,.r~tinnfor th~i$lmatrridlt. Thr hpht pip~ mployPd a 1S0 by 15LIm~sh 31h
$1(11!1111;5$trrl (S”))<frvw, wlrk and hnfnlm foils for o~.vgem g~ttpring w!th
sndtljrnU$OIIa.,thr wnrkinq f~ulrl. Thl\ hl~atplpc ha~ bt=entcs!cd in a fo>~,ll

f!r!’d flmrw ahnvv 1?(xJk. to d~twrlno lt$ oporatlnt~ rharartprl$ticf an(i LtNI

yl,drn.mfabrication, alu-

,., ,,,,,



INTRODUCTION

Increased Interest in energy conversion through high te~erature recuperation has
stimulated fnvestigatio? of heat pipes capable of operating at temperatures of
11(YIto 1500 K. Los Alamos National Laboratory is conducting a program for the
Pittsburgh Energy Technology Center of the Department of Energy which has as its
objectiv~ the develowent and demonstration of heat pipes capable of operating et
these temperatures and conditions. The principal focus of the effort Is the
develo~ent of heat pipes based on ceramic materials for use In the upper end of
this temperature range, however lower tmnperatul’eapplication of cer&mics dflfl

Intermediate temperature use of oxide-protected metal surfaces has also bl!en
investigated.

BACKGROUND

The d?velo~ent of heat pipes for a specifir temperature range entaiis the selec-
tion of appropriat~ envelope materials, wick structures, and operating fluiCs.
For fl~e gas heat recuperation at temperatures above 1100 K the principal extfr-
nal envelopt materials of interest are the full density, high strength Ceramirs
having reasonable thermal Conductivity and gwd temperature shock characteristics.
Table 1 gives the pertinent physical characteristics for scm of the ceramic
materials considered for this application.

Table 1 Ceramic Materials for High T—----- emperature Recuperators

\lr
\l BOnd*d. . .,

14111 Ifm m mm) ma

Thw c~ramlcs may be used as basic structural materials or as coatings. Iri
~c!tjIti~oxld~ prot=cted metallic materials may be useahle for some htgh tempera-
tur~ applications, although the nonrefractory metallies will ue Iimlted by high
temp~rdt.:restrength and creep resfstanc~ even wh?n protected by ceramic coatings.
However, in most recuperator designs a range of material surface tamperaturct
will bp encnuntereli in identifiable zones and the lower temperature metalltc
materials w1ll be satisfactory for some parts of the design (Merrigan, 1980,
1981; Strumpf and Miller, 1980). Therefore investigation has been conducted on
thr US!Iof nonrrfraclory mptal tubln for high temperature heat pipes with a
surfacr barrier coating established ?or oxidation and sulfidation protection.
This configuration is limited in temperature range to sanewhat lower levels than
t,hrceramic emvelope conflguratfons, but is of interest for transition sect.ions
of coumterfl~ recuperators between big+ temperature cermic surfaces and conven-
tional mNallic heat exchangw materials.

flcrmn” op~rating fluids f,r the tenqseraturerang? of interest are the alkali
m~talsm The ●ntirr rang? frcsn 1100 K to ?~ K may be covered by sodium aml



llthlum. Potassium may be used to extend the operWlng range to lower tempera-
tures. These alkall metal working flulds may attack ceramic materials at high
temperatures so co~atlbflity tests were conducted with silicon carbide and lith-
iun, and with high purity alumina and sodium to Jetennine the magnitude of the
problem (Ranken and Lundberg, 1978). These tests Indicated that for silicon
carbide, a metallic liner was necessary to protect the ceramic fran attack by the
operating fluid. This requirement has led to the investigation cf various means
of providing a layered pipe wall structure having an outer layer of an oxidation
resistant ceramic and an inner laye; of alkaline metal resistant refractory metal.
The methods investigated have Included the use of chemical vapor deposition of a
layer of tungsten on the inner surface of ceramic tubing, the development of
free-standing shells of tungsten by the CVD process that were then overcoated
with a chemically vapor deposited silicon carbide, and the use of drawn tubing
Sf molybdenm as a substrate for a chemically vapor deposited layer of silicorI
carbide. In addition the use of high purity alumina without J metsllic layw and
with sodiun as a wcrking fluid has been investigated.

The Wed for a metallic llner raises questions with regard to chemical reactions
at the metal-ceramic interface and compatibility of the physical characteristics
of both the metal and ceramic materials and of their reaction products. Coeffi-
cients of themsal expansion must be well matched between the refractory metal
liner and the ceramic envelope to prevent deterioration of the bond and conse-
quent increase in the thermal resistance of the tube wall. lnvestigatiof.scon-
ducted on the program have consequently included reaction rate .nodeling for
tungsten-silicon carbide reactions and verification of the apparent reaction
constants in experiments (Lundberg, 1979, 1960). These experiments have indi-
cated that tungsten layers of about 0.25 nan thickness will provide a life of
about 20 years at normal operating temperatures.

HEAT PIPE EXPERIKNTS

~VfJSilicon Carbide Heat pi~,.—— —-... . ...-..—.

The first. successful opwatlon of a
achieved using chemical vapor deposit
rial and CVD tungstel as a protective 1
deposition of the tungst~n was used to

high temperature ceramic heat pipe was
CVO) silico,lcarb de as a container mate-
Iner (Kedd,yand Rankin, 1979). Controlled
give a textured surface for wicking, The

working fluid useti was sodium with the heat Dipe closure accunpllshed by a
tung$ten-to-tungstem braze using a palladium-cobalt brazing alloy, These heat
pipe! wre operated in alr and in combustion gasez at temperatures *o about 1200
K, Peak measured heat transfer through a 2 cm diameter heat pipe was abaut 2
kllnwatts with operational limits estimated to be higher. After #bout 100 hours
of operation and 30 cold starts one of these pipes was sectioned ~nd the tu,lgsten-
silicon carbide intwface exmined for evidence of det.erioratfonor reaction,
Thr r~action zone thickness was found to be In agrmmrnt with predictive modnls
dPvIulcpxvlon tm program. Howrver, sorerevid?nce of liner-sheli bond d’!teriora-
tlom was observed,

In cmdcr to r~duc~ str~ss at the interface between the tungsten and s!licnn car-
bid~ a configuration wa$ tr~ed In whirh an intrmned{ate layer of graphite ha!.
uspd, The low modulus of elasti(lty of th~ graphite provided acconxxmdation be-
twwn th? tungsten and stlicon cartxid~. This detlgn wat based on similar con-
struction that has been used for flame heated th~rmlonlc dtode sh~ll% with good
surct?ss(Balestr.s,Miskolczy, and Hang, 1976). Frx’Jrgraphite cores wvre preparpd
from si)icun swhstratp gradr graphite bar stock by gun drilling. lhes~ were
cnatx+ on th@ •xt~rlor with CVD silicon Iarbfde and then with CVD tungsten on tho
Inner surfaro, Rarlioqraphlc inspection of the finished tube prior to asscxnbly



.

disclosed radial cracks In the tunc&ten liners throughout the tubes. This crack-
ing was attributed to property variation in the graphite along the length of the
tube. In order to achieve more uniform structure in the core tube an investiga-
tion of the use of extruded silicon carbide-carbon composite tubing was under-
taken and is continuing.

Alumina Heat PM

Use of alumina as a container material for high temperature heat pipes is attrac-
tive from the standpoint of availability, cost, dnd sodium compatibility. There-
fore, the initial investigations of ceramic materials for the program were con-
centrated on dlumina. Both CVD niobium lined alumina tub~ configurations and
,, )ctall,zedalumina tubes using a low den;ity slurry coated inner structure for
king were tried. None of these early attempts were opcrdted as heat pipes

successfully. The low thermal shock resistance of the alumina caused failure of
sodium heat pipes during startup. The use of alumina was therefore abandoned
despite its advantages and despite dt!velopnentof a good high temperature sealing
technique using a Y203-A1203 eutectic braze. However, later inquiries as
to potential application of ceramic heat pipes in the wet acid environments char-
acteristic of sulfur dioxide scrubbers prompted the assembly of an a?bmina heat
pipe using toluene as a working fluid and intended for operation at temperatures
In the 350 to 420 K range,

Two prototype pipes were assembled using a 25 m o.d. by 3 nrn wall by 610 n’fn
long, closed end, aluminm oxide tube and a fitted alumina plug. The tube was
lined with 2 layers of 100 mesh 304 stainless steel screen held against the in-
side wall with a 302 stainless steel coil spring. The lluminum oxide plug was
tapered to match a 50 taper itlthe tube for a glass seai joint. The plug was
fitted with a 5 mn Kuvar fill tube which was vacuum brazed to the aluminum oxide
with a 71.15 silver-28.l copper-O.75 nickel alloy braze.

The resulting heat pipe configuration is shown in Fiq. 1. This heat pipe was
operated initially in a hot oil bath for performance verification. Following
these performance checks the pipe was operated using an electric resistance fur-
nace for heat input and a gas gap calorimeter for loading, Performance taken irl
these tests is given in Fig, 2, This pipe has been operated intermittently over
a period of about a year with no signs of deteriortition. It appears that the
alumina envelope is satisfactory under t,? lesser thermal shock conditions en-
countered with an organic working fluid Jnd reduced temperatures.

Fig, 1, Alumine-toluene heat pipe.
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Fig. 2. Performance data for alumina heat pipe using toluene as a working fluid.

Molybdenum Core Heat Pipes

An alternative to the deposition of a protective metallic layer on the inner
surface of ceramic tubing for alkaline metal heat pipes is to start with a re-
fractory metal tube ard deposit a ceramic coating on the outer surface (Merrigan
and Kcddy, 19EO). This method of assenlblypermits complete filling and capping
of the heat pipe before the ceramic coating process and therefore can be used to
produce a heat pipe that is complet~ly ceramic encapsulated, By contrast if a
ceramic tube is closed by brazing or welding the materials used in the closure
process must be compatible with the operating environment or must be protected by
a separate corrosion res;jtant cover. Molybdenum was used as a core material for
tnis configuration because of its availability as seamless tube and because of
f~iliarity with molybdenum fabrication techniques developed in other LoS Alamos
programs (Lundberg and Martinez, 1980). Mol@denwn tube samples 1.6 cm diameter
by 15 cm length with 0.05 cm wall thickness were fabricated frOM low carbon arc
cast tubing material and coated with fine grain, equi?~?! CVIIsilicon carbide in
thicknesses ranging from 0,1 rtsnto 0.5 ntn. An intermediate layer of 0,1 m tungs-
ten wos usf!don sane of the specimens to reduce formation of molybdenum silicide
at the Interface. Five tube samples were coated, The thickest coating layer
failed in cooldown fr~ the approximately 1400 K coating temperature. In failure
th~ ccating fractured into pieces about 0.5 nsnby 0,05 IISIIin size with the longer
oimens.{onalong tne axis of the tube. The failure removed I,]ostof the coating
from the tube, The remainder of the tubes were placed in a vacuum furnace and
cycled from 303 K to 1600 K at 40 minutes per cycle, The ttioof the five tubes
having intermediate tungsten layers survived six CYCIPS in th~ vacuum furnace and
were then moved to a gas furnace where they were directly exposed to the qas
flame which was cycled off and on at 30 minute intervals. After 30 cycles the
tubes were removed and sect!oned for metal:ograph!c analysis, No evidence of
interlcminsr ~eparation was found and reaction zones at the interfaces were mini-
ma;, A molybdc+nunheat p!pe was fabricated using the same ‘,lbing with 150 mesh
molybdenum screen wick, molybdenum end cops and electron beam wc!d{nq for assem-
bly, Hafn’~ Wa$ilers were used for oxygen getter~ng in the pipe. This heat pipe
was flllwl with 11 qrams of sodium, the fill tube pinched off, and a cover cap



welded in place. After operation to verify performance, the heat pipe was coated
with a layer of 0.1 m CVD tungsten, followed by approximately 0.25 nsnof equiaxed
CVD silicon carbide (Fig. 3). Inspection after coating showed a single coet+ng
flaw,in the area of the hemispherical end cap on the end of the tube opposite the
fill tube. The heat pipe was placed in test despite the flaw and operated with a

calorimeter to obtain performance data and then with radiation loading for about
150 hours, No general deterioration of the coating was observed during this time
but the end cap flaw grew to a pit approximately 1.5 nwn diam and 2.0 nwn deep
through oxidation Gf the molybdenwn s~bstrate. At 150 hours the test was termi-
nated rather than risk venting of the heat pipe. Temperature during the extended
period of the test was about 1300 K,

Fig. 3. Molybdenum core heat pipe after coating with silicon carbide.

This method of fabrication of ceramic heat pipes is more expensive than the alter-
native use of coated ceramic tubing, however, the experience suggests that with
some improvement in coating technique this method could be used to produce heat
pipes capable of extended operation at about 1500 K.

High Temperature Metallic Heat Pipes

Oxidation resistant metal’ic surfaces have been investigated for use in interme-
diate temperature ranges where solid ceramic heat 0(Chdt19e elements may not be
necessary, For example, in counterflow heat pipe heat exchangers surface temper-
atures of the tube rws near the low temperature side may be cool enou h under

i’normal operating conditions to use metallic tubes even though the rema riderof
the recupe~ator requires ceramic elements (Merrigan, 1980). In connection w!th
the ceriimfcheat pipe program a review and investigation of metallic tube mcte-
r{als for use in high temperature heat exchangers was initiated, Initial review
suggested the use of iron-chromium-alumi,lumalloys as container materiqls for
operation In ox!dizing and sulfiding gas streams, These alloys develop heavy,
protective oxidt surface layers when exposed to hfgh-temperatur~ oxidizinq atmo-
spheres, and are conwsonlyused in h~gh-t.emperatureelectrical heating elements
becalse of the!r e~ceptional oxidation resistance. Varieties hav?ng more than
22% chromium and about 5% aluminum have been found to have excellent resistance
to atmospheres containirq sulfur compounds.

As a test of the concept a heat pipe was assembled from kanthal A-1 seam welded
tubing, Fecrallo,yplate material was used for the pipe end caps, Kanthal A-1 is
an iron-base alloy containing :fi chromi~m, 5.7% alumfrulmand O,SZ cobalt, and is
produced by AB Kanthal i:lSweden, The manufacturer claims this alloy can be used
successfljlly{n an oxidizing atmosphere up to 1625 K, Fecralloy is al SO an iron-

base alloy containing 16% chromium, 5% &lum,num and 0.3% yttrium. This alloy is
produced by Allegh\.nyLuctlumSteel Corp. in Pennsylvania, Beceuse small diam-
eter tubing was not available in these materidls, 4130 steel tubing was used for



the fill tube. Joining of the fecralloy end caps to the Kanthal tube was attempt-
ed by electron beam welding without a filler metal using a variety of weld param-
eters. The penetration and metal flow characteristics of the test joints were
good and no problem were encountered in achieving consistently acceptable weld
beads. All of the weld samples were leak tight when meas~red on a 10-6 scale,
However, metallographic examination indicated a problem with fusion zone hot
cracking. Figure 4, a conventional electron beam weld, shows the extensive solid-
ification crackilg encountered in high restraint zones. A defocused beam was
used to eliminate the centerline root cracking, but as indicated in Fig. 5, sig-
nificant intcrdendritic solidification cracking remained. Gas shielded tungsten
electrode welding (TIG) was therefore used in initial assembly for end cap and
fill tube attachment. The resulting assembly was leak checked satisfactorily,
filled with sodium and operdted at low power for wet-in. The fill tube was then
pinched off and prepared for a cover tube. A leak was discovered in the heat
pipe after machining for cover tube attachment, This was caused by machining in
the weld area. A thicker fecralloy end plate was fabricated and the pipe reas-
sembled, using TIG welding for the cover tube attachment. TIG welding is usedin
fabrication of the I(anthal seam welded tubing with resulting microstructure
shown in Fig. 6. No problems have been encountered with this weld method as yet
in tests. -

Figs, 4 and 5, Metallographic sections showing fusion zone cracking in electron
beam welds of fecralloy/Kanthal joint ccxnbination,

The heat pipe used 150 by 150 mesh 316 SS screen wick and hafnium foils for oxygen
gett.ering. Sod{um was used as a working fluid. The heat pipe wa$ wet in at 1173
k end operated briefly at 1273 K in air using an radio frequency induction heat
so~rce as shown in Fig, 7. These tests were run before installing the cover tube
and repeated on the reassembled pipe.
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Fig. 6. TIG seam weld in Kanthal tube.

Fig. 7. Kanthal heat pipe performance verification test,

After initial operational verification the heat pipe was conditioned in air at
1321 K in order to develop a uniform oxide layer. The heat pipe was then perform-
ance tested in a natural gas furnace. The gas flame impinged directly on the
evaporator of the heat pipe, and the condense~ was fitted with a gas-gap calorim-
eter for output measurement as shown in Fig. 8. Performance of the pipe is ‘
in Fig, 9. The heat throughput in these tests was limited by the capacity o?%:
calorimeter and Ibsolute performance limits for the pipe were not determined.
After performance testing the Kanthal heat pipe was installed in a natural gas
fired life test set-up as snown in Fig. 10. The heat pipe Is mounted in a fire-
brick furnace with half of its length heated by the hot combustion products and
the other half air cooled by convection. The combust.lonair is preheated by
passing over the heat pipe’s condenser. Chromel-Alumel thermocouples are spot-
welded to the heat pipe along its length with the heat pipe temperatures morli-
tored and r~corded periodically during operation.



Fig. 8. Kanthal heat pipe calorimeter:test.

The pipe is operated each working day in this furnace at about 1200 K with a
total of about 100 hours operating time accumulated as of this writing. The
surface condition of the pipe shows no sign of deterioration as of 100 hours. A
t~ical temperature profile for the pipe in life test is given in Fig, 11 for
thermocouple spacing Of 5.7 Cm.

CURRENT CERAMIC HEAT PIPE DEVELOPMENT

Current baseline configuration for ceramic heat pipe development employs a multi-
layer structure with a core of extruded silicon-carbide-carbon composite material
(Merrigan and Sandstrom, 1981). Figure 12 illustrates the extrusion process
while Fig, 13 shows the microstructure of a silicon carbide-carbon composite with
CVD silicon carbide surface coating. ‘optimizationof the properties of the ex-
truded material is continuing with an investigation of the use of sintering aids
to improve density. The inner sul’faceof this composite tube is coated with CVD
tungsten and the outer surface with silicon carbide as shown in Fig, 14. Surface
structure of the silicon carbide is shown in Fig. 15, Further development of ?’<
tungsten deposition process is intended to provide a graded structure with fine
grain material at the core interface and more coarse grain structure at the free
s rface for wicking.

Closure and sealing of this heat pipe configuration is by means of an electron
beam weld between the tungsten liner and a formed tungsten end cap. Two means of
providing oxidation protection for the tungsten are available. The tungsten weld
may be made prior to the final CVD silicon carbide deposition and the entire
surface coated in this final step or a protective end cap of the composite mate-
rial may be bonded over the tungsten cap using a ceramic or glass sealant and the
final CVD silicon carbide coating applied over the composite enveloPe.
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Fig. 9. Performance data for Kanthal heat pipe.

Fig, 10. Kanthal heat pipe life test,
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Fig, 12. S+!icon carbide-carbon extrusion process.

CONCLUSIONS

Heat pipes capable of operating in oxidizing atmospheres at temperatures in the
ranqe of 1190 K to 1500 K have been assembled frrxu solid ceramic materials, ce-
ram;c coated refractory metals, and o?ide protected non-refractory metals. Ce-
ramic heat pipe fabrication technology has been applied to lower temperature
operation in wet acid environments using alumina and is potentially useful in a
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Fig. 13, Silicon carbide-carbon cc+npositp~!th CVD silicon carbidp Coiitincj.

Fiy. 15. SEM of CVD SIC Surface.
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