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ABSTRACT

The use of high-power heat pipes in
space powsr systems requires a means of life
prediction. The design lifetimes required
aake experimental determimation of 11fe
impractical. Therwochemical modeling of
heat pipe corrosive failure modes has been
investigeted as o mesns of making such
prediction. Results have been applied to
tests of molybdenum-11thium heat pipes
operating from 1400 to 1500 K. A free
energy minimization routine coupled to a
hydrodynsmic model of thy operating hsat
pipe has been used to give local equiiibrium
values of reaction products as a function of
operating time. The predicted reactions for
criticel regions of the heat pipe ware com-
pared with limited results of post-test
exminations Corrosive damage to the heat
pipe wick structure was correlated with high
oxygen and nitrogen activity in the evap-
orator region of the heat pipe.

INTRODUCTION

The use of high-temperaturc, alkall
metal heat pipes for heat transru~ in
critical applications in space power systewms
requires that their operstional 1ifetime be
accurately predictadle. It would Le
possible to experimentally predict the
oper..2ing 1ifetime of such heat pipes 1f it
ware not for the high power levels and long
1ifetimes required. These two factors
cmbine to make the deterwination of
operating 1ife by prototypica) tﬂting
prohibitive 1n both time and money. For a
typical design lifetime of 7 years, an
o&o)ounng temperature of greater than
] K, and a heat throughput of & to 10 kW,
the tast progrem necessary to generate
reliability predictions with a reasonable

confidence leve]l would not be possible
within typical prograa constraints.
Therefore, life predictions and the! evalu-
ation for critical mission applications must
be based on some mpans of test scaling that
permits an accelerated test program.

Such scaling might be based on tests
conducted at increased temperature, with
increased mass transport or heat flow, or by
means of ;ome material substitution that
would lead to increased failure rate without
change in the basic failure mechanism. Any
of these means of test scaling must be based
on understanding the failure mechanisms
whicn can terminate operation at design
conditions.

In gereal, high-temparature heat pipe
failure under design conditions, that is,
without excessive temperature or pressure
trensients, will be related to the transfer
of rass within the heat pipe assembly. Such
Bss transfcor may lewd to deterioration of
the capillary wick structure and loss of heat
pipe performance, due either to increased
capillary size or decrwased permeability.
Concentration of transferred material locally
within the htat pipe, for example in the
evaporator region, may aiso lead to oper-
ating performance changes due to alteration
of the properties of the working fluid;
finally, internal mass transport may cause
failure of the heat pipe contairment
envelope, loss of working fluid, and termi-
nation of operation. In eac’. of these
potential failure modes, th. transfer of
material within the heat pipe wil) be bounded
by local thermochewmical equilibrium condi-
tions. Understanding these thermochemica)
mechanisms 13, therefore, essential to the
development of )ifetime scaling methods and
ultisately to the use of high- rasure
heat pipes 1n critical space systems. The
development and demonstration of such
understanding 15 the motivation for the
present effort,
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METHOD OF APPROACH

As reported in (1), the Los Alamos Nationc!
Laboratory staff has conductad ¢xtended
operating tasts of heat pipes at tempera-
turys to 1500 K and with ensrgy throughputs
as high as 15 ki for periods greater than
1000 hours. This experience 15 unigue in
heat pipe 1ife testing for the power through-
put, and tmerefore for the flow rate of thw
working fluid, factors of concern 1n mass
transfer controlled aystems. In the course
of these extended operating tests mass trani-
fer was observed, leading eventually to dry-
out in the avaporator mnion of the heat
pipe. The closely controlled and known
internal chemistry c¢f tha heat pipe used in
this testing permitiad the development of a
relevant and accurats thermochemical mode)
for the heat pipe's intermal enviromeent.
The use of such theroochemiza) equilibrium
wodeling methods for the prediction of ex-
pected chemfcal species within heat pipes
has been reported in prior Los Alamos
publications (2, 3).

In the present effort these equilibrium
techniques using miniaization of total free
mrg.v have been applied to the various dis-
tinct operating regions of the heat pipe
rether than to an overall, average intermal

envirorment o5 In the prior wrk. As the
partitioning of materials, particularly non-
aetallic contaminants, within Lhe heat pipe
1s not known a priori, this requires an
fterative procedure to determine tiw wmria-
tion of intermal chemistry with lccation
under 3teady-state, constant-temperature
operating conditions. The starting point
for accamplishing this 13 an accurate deter-
aimtion of the initial chemica) composition
of the hsat pipe, Including working fuid,
wick, and structura]l materials, and also the
non-metallic contaminants remaining after
heat pipe aisembly and processing. In addi-
tion, the general phase states and therwal
fluxes in the different regions of the heat
pipe during design point operation are known.
For modeling, the heat pipe 13 divided
into the evaporator, adiabatic, and condenser
regions as shown in Fig. 1. Each of these
regions consists of a liquid and a vapor
phase in thermal equilibmum. The condenser
end of the heat pipe will contain a working
fluid surplus during operation, and will
therefore ba single phase ovar some length,
The evapcrator region may have & local area
where no 1iquid phase of the working fluid
1s present. This latter situation will
exist only 1f dry-out of the heat pipe has
occurred because the local redial heat flux
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Fig. 2. Total oxygen distribution.
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lisits mve been encotded or vnier sther
absorma] eperating cenditions. This dry-out
situation 15 of iaterest, althouph ROt repre-
sertative of mormal epereting cemnditions,
bacause tost experionce has tadiceted that
severe mass tramsport of centaimer amd wick
metd) may O0ccur during dry-out in seme liquid
setal aystems. For seta) mass trsasport
modes that 1rvolwe ocxypen impurities, themo-
chemical corsideretions imdicate that molyb-
demm oxides and molybdotes will mot form in
the presence of 1iquid Yithium even at high
u{mn sctivity. #-nfor‘, the most prob-
able region for corrosion wes considered to
be the evaporetor of the heat pipe under
dry-out conditions. Thig is the region in
which such behavior mas been observed during
tasts, amd correlation of such corrosion
with predictions of the models developed was
a major goal of the presant effort.

DESCRIPTION OF THE THERMOCHEMICAL MODEL HPLT
(HEAT PIPE LIFE TEST)

The mode! (HPLT) use- 4imrnsions and
power typical of rating alkali metal test
hsat pipes. Calculations to date have been
based on 1ithium 1n Mo/Re pipes.

The mode] uses output from Hi,at Pipe
Computer Progrem HTPIPE-A, s hydrodynamic
mode) of a hsat pipe developed at the Los
Alamos Mationsl Laboretory for the design
and analysis of high-performance hoat pipes.
HTPIPE-A defines vapor and 1iquid ‘olumes at
tesperature and the rete of vapori:ation of
the working fluid correspondi to the
assumed power, wick/artery configuration,
and lengths of the evaporetor, adiabatic and
conlensar sections.

HPLT divides the tota) length of the
heat pipe into five sub-lengths: evapore’or,
adiabatic, and two condenser sections plus a
pool of liquid lithium at the end of the
condenser sections. A dry zone at the end
of the evaporator section 1s optional.
Provision 13 also made for presence of a
getter for impurities in any one of the
sections.

Tha heart of HPLT 13 a modification of
an existing computer progrem SOLGASMIX-PY
(4), which calculates camplex chemica)
equilibria 1n multi-phase aystems.
SOLGASMIX-PY calculates the 1dentity and
amounts of species and campositions of
solutions present at equilibrium ‘n 4 tystem
containing a ga8 phase, & 1iquid solution,
and multiple s011d phases or solutions.
Thermodynamic data are entered for species,
mixtures, o' solutions the user believes to
be of fmportance at the temperature,
pressure, and elements! composition of
interest. Many of the data may be found 1n
existing therapdynamic diata bases; other
have been generated fram relevant literature
sources; 1til) others were extrapolated from
lower temperatures or estimated,

HPLT assumes that chemical equilibrium
is » reasomable assumption at mess flows 1n
a heat pips. The prediction of possible
reactions of unavoidable trace elements
inftially present in heat pipe materials or
available by diffusion through wall materials
from other sources to form campounds which
are potentially deleterious to heat pipe
performance and 1ifetiae wi))l provide the
basis for a correlation with test results.

Figure 1 showi the flow scheame 1n a
heat pipe on which mode! calculations are
bazed. The emount of alka)i metal trans-
ported from and to each section 13 based on
some multiple (typically 100 or 1000) of the
alkali metal in the vapor phase of the
adiabatic section (the shortest section).
From the known rete of evapo:1ition of alkall
metal corresponding to the power throughput
of the heat pipe and the amoynt transported
per program {teration, 8 real time may be
assigned to cach 1teration. Transport of
{mpurity elements or compounds 13 thereby
possible because the distribution coefficient
between the 1iquid and vapor phase is not
unity and rormation of solids ts possible.
Solids are assumed not to migrate. A
separete, presumcbly maller, rate of
traneier of alka)i metal to and from the
pool is specified by the user.

Likewise, 1f a dry region at the end of
the evaporator is asuumed, thc user will
tpecify the rate of circulation and evapora-
tion of 1iquid alkali metal from the wet zOne
of the evaporator to the dry zone. That rate
1s subject to the constraint that the total
pressure in the dry zone 1s equal to the
tota) vapor pressure in the rest of the heat
pipe.

Oxygen, nitrogen, silicon and carbon
and the gaseous species, alkali-metal
solution species, and condensed phases
potentially formed by chemical reaction
aong themselves or with other elements in
the system are inc . uded 1n the calculation.
A total of 56 chemical species are currently
considerad after a screening to eliminate
potential species judged to be of no im-
portance.

Results obtained with the model depend
murkedly on the thermodynamics of impurity-
containing species taken tn be dissolred in
the lfquid 1itnium, Base line calculations
included species for which reasonable er-
trapolations of experimenta) soiubility and
other data to 1E00 K were possible, Theie
included oxygen dissolved as L1720, nitrogen
disso)lved as L13N, carbon dissolved as
Li2Co, and silicon dissolved as Li,551¢.

A second round of calzulations assumed
the presence in solution of a ternary Li-Mo
oxide or a turnary Li-Mo nitride. There i3
evidence for the solubility of sush com-
pounds, particularly ternary oxides, 1n other
Alkall metals, although there are no hard
data for the present fystem.

Marrigan/Feber

3



Potential petters for oxygen mclude
hafnium by solid solution at lowmr oxygen
concentrucions and by formation of L1aHfO3(s)
ot higher oxygen levels. Hafniua 13 also o
getter for nitrogen by the formation of HPN.
The transition metals are rtun for silicon
and carbon at anticipated rity concentra-
tions by the formation of silicides aad
cardides. Al) of these gettiring actions
are in competition with ther solubility of
the impurities in thw liquid alkali metal.

A prediction of the effect of this competi-
tion and the simultaneous gaseous trensport
nf fmpurity - containing species on the
possible loca) buildup of reaction products
deleterious to heat pipe performance i3 the
purpose of the calculation.

Calculations are usually starced by
stuming mro flow with the cheaistry of the
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Fig. 2. Tota) oxygen distribution.
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Fig. 4. Total carbon distribution.
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entire heat pipe plus 1mpurities at equilib-
rium. Elementa) components are then appor-
tionsd to the sections in smounts appropriste
to their volumes. Betwen each iteration the
smount of impurities in each section is
allered by the balance between the amounts
pf those Japurities associated with the
reference amount of alkali meta) entering
and lTeaving that section according to the
flow schematic given ian Fig, ).

The gross features of impurity trensport
are essentially the same for Dase line calcu-
lations and for those with a ternary Mo oxide
or nitride added to tne Yiquid lithium.
Typical plots for the tota)l amounts of
oxygen, nitrogen, silicon, and carbon in
each section as a function of time are shown
th Figs. 2 through 5. On these figures, the
plotting symbols 1 through 5 refer in order
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Fig. 3. Total nitrogen distribution.
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to the tots)l amount of fmpurity in the poo),
two Ccondansar roass, adiabatic rome, and
ewporator. Dwe to the relatively low
pertial pressures in the gas phase of species
containing the 1npurities, they will accumu-
late {n the eweporator section. The rete of
transport 1s of covrse decrensed If the
fapurity foras condensed-phase compounds in
other sectisms, as is true mere for carbon
and silicon. A Mafrium getter in the poo!

1s found to be of 1ittle use at modest
onygen levels bicauss the cxygen i3 trepped
therw only as a s0lid solution in the hafnium
and tends to ke pumped out from the Mafnium
43 total oxygen in the pool decre(ses.

At the powsr lewe) used 1n the analysis,
the steady-state distributions of oxygen and
nitrogen are predicted to be reached 1n about
150 seconds. Steady-state distributions for
the other impurities take longer. This rapid
approach to dynamic equilibrium i+, the
result of the assumption that the tota)
amounts (f lmpurities 1n the system are all
present initially in the 1iguid and vapor
phases of the working fluid. If these
species were assumed to be distributed
throughout the wick and wall materials, the
approach to equilibrium would probably be
contro'led by diffusion of the species
within the 2011d materials. The end result
should be unchanged, although transient
species concentrations would b+ altered by
the finite release rates. Plans are to
incorporate diffusion parumeters in the
mode] in the future.

The diffirence betwsen base 1ine calcu-
lations and those with additiona! ternary
species in the liquid Jithium show up in the
effect on molybdenum corrosion. For the base
11ine system, no molybdenum transport 1s cal-
culated. With a ternary oxide (or nitride)
added to the lithium solution, wolybdenum
corrosion occurs 1n the evaporator as oxygen
{or nitrogen) {3 transported to that reqion
and shifts the equilibrium {nvolving the
solution ternary. Actually s ternary nitride
is the more likely candidate, as 1t i3
necessary to make the free energy of forme-
tion of a ternary oxide much more negative
than (s reasonable befure an effect 11
calculated. (n the other hend, entirely
reatonable walues for the free ene of
formation of a termary nitride in lithiua
solution are adequate to celculate molyb-
derum corrosion. QBoth the asmount of
corrosion in the evaporator and what can be
e complicated pattern of a lester amount of
calculated corroiion/deposition elsewhere In
the heat pipe depe:d on what {1 assumnd
about the thermodynsmics Of L termary
nitride.

With reasonable values fo~ the free
enaryy of formation of a terva -y nitride,
the effect of adding a dry regfon Lo the
evaporator s to redeposit me «l)lic molyb-
derum in that region as the mo)ybdenum-

containing Yiquid Yithium 15 evaporated
there.

SUMMARY OF EXPERIMENTAL DEVELOPMENT

A2a-long 1.59-ce-diem heat pipe was
fabricated of solybdenum tubing using an
aonular, molybdenss screen wick. The heat
pipr was designed for a power throughput of
15 kW at 1800 K us1g lithium as a wrking
fluid. Design length of the evaporator
region of the heat pipe ws 30 c@ and that
of the condenter was 3lightly over 150 cm.
The condenser surfaCe of the haat pipe was
coated with plamma-sprayed 2irconium diboride
to Increase the emissivily to about 0.6 and
thereby permit radiation coupling of the heat
pi to 8 water—cooled smbient emperature
calorimeter surface. This heat pipe was
operated for a total of 1700 hours at a
power leve) of 14 ki, A detciled operating
hstory 13 given in (7). The test was walted
for equipment maintenance after 514 hours,
and the heat pipe was damaged during sttempts
to restart due_ spparentiy, tn inadequate
1thium supply in the evaporator region
during start-up. As a result of this
Incident, the heat pipe was operated at Jow
power overnight with a dry region in the
evaporator wick. Subseguently 't was
discovired that the wick structure was
dasaged in the region of the dry-out. The
heat pipe was discssembled and repaired
prior to continuing the test. During this
repair operetion, evidence of transport of
saterial from the damaged region of the wick
was discovered. Chemical and metallurgical
analyses were conducted to determine the
nature ang exten: of the material transfer,

EXPERIMENTAL DATA

The demaged area of the wick structure
was located at the stagnaticn end of the
evaporator and e<tended over a length ot
approximately 10 cm. In the repair of the
heat pipe, this area was remcved and *he
heat pipe shortened proportionally, The
section of wick removed was subjected to
various analyses. Scanning electron
microscopy (SEM) was conducte. to provide
characteriiation of the wick structure and
Auger electron spectroscopy (AES) was used
to 1dentify tha chemical c{mnts in the
region of the 'unord structure. These
enalyses thowed a linear pattern of demage
parallel tc the centerline of the heat pipe
and separation of the circumferential wires
of the screen wick at the center of the
damaged area. Under high magnification, the
SIM photopraphs showed tapering of the wire
strands to tru central crack region (Fig. 6).
AES analysis showed segregation of the wick
material into ity molybdenum and rhenium
constituents ovar a distance uf approximately
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Fig. 6. SEM micrograph of screen at
the failure position (10C0x).

0.5 cm from the center of the corroded
region. The SEM photographs showea crysta)
isomorphs 1n this region, suggesti.ng deposi-
tion of rheniue and molybdenum from solution
in a region nyar the peak corrosion area
(Fig. 7). The analyses did not show abporma)
levels of non-metallic contaminants in the
region. However, in removing the dimaged
wick structure froes the heat pipe, the
11{thium working fluid was distil)ed out of
the heat pipe, and the heat pipe was then
cut open 1n the atmosphere. VYolatile
elemants on the surfece of the wick would be
removed by this process, and the levels of
surface contaminants on the wick samples
brought to 2quilibrium with air. As a
result, the avidence of motal transport and
redeposition 15 of more consequence than the
indicated levals of non-metallic contaminant.

CORRELATION OF CORROSION PATTERNS

Intarnal chemistry of the tast heat
pipe wvas well characterized in pre-test
exanination of the materials and working
fluid used. [t was possible, therefore, to
mode! the equilibrium thermochemistry of the
heat pipe using the free ene minimization
sethods described. If a single equilibrium
calculation 13 made treating the contents of
the entire hesat pipe (an average or overall
amalysis), a mechanism for petal trensport
from the wick structure involving efther the
1iquid or vapor phase i3 not apparent.
However, 1f the calculations are elaborated
by dividing the hest pipe 1nto regions

Fig. 7. SEM micrograph of screen, sbout
3 mm from the failure, showing
Re-rich crystals, and at the left
of micrograph, region containing
a small amount of Fe (250x).

corresponding to an evaporator (containing
an optional dry zone), an adiabatic zone, a
condenser (sectioned into two parts), ard a
pool containing excess working fluid, a
mechanism 1s indicated.

In the HPLT analysis, vapor-phase
concencrations of the constituents other
than 1ithium were found to be low, leading
to conceniration of non-mecallic elements in
the evaporator region of the heat pipe
through the tranaport provided by the
working fluid under noreal operating
circulation. Th: getter materials in the
evaporato) region of the heat pipe therefore
reached equilibrium with evaporator concen-
trations of non-metallics, rather than with
the average values for the overall system.
The result of this process was an increase
tn the Qlirﬂ activity in the evaporator
region. th local variation tn 1ithium
evaporation rate, this process could proceed
to 2 level of concentration that would
permit the formation of 1ithium oxide.
However, even in this e.treme the models do
not indicate the formation of metallic
binary or tarmary oxides of the wick
naterials. Only in the dried-out region of
the heat pipe, where locally no H?nd
lithium 13 present, may oxides be formed
However, in such a region the wick material
may be oxidized and the rosulting oxides
transferred in the vapor phase away from the
¢ry region. [Exposure of these oxides to
lithium immediately adjacent to the dry
region would result in reduction of the
compounds to pure metals with segregation of
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rheniun and molybdenum camponents of the
wick material due to wmriation 1n the rute
of reéuction.

The limitation of this hypothesis lies
in the meed for 8 cyclic process to explain
the bufld-up and reduction of oxides meces-
sary to erode the wick structure 1n the
manner sbeerved. As an altermatiwg, con-
sideration was given to the possidle forma-
tion of a termary 11 thium-mol us-a{trogen
compound maving reasomable solwdility 1n
1ithium. Amalysis based on this assumption
and using reasonable values for heat of
solutinn 15 capablc of explaining the
corrosion patterns that were cbserved. The
exictence of a dried-out region of the Mmat
pipe in this case would not constitute the
underlying cause of corrosion, but would
lead to precipitation of molybdenum and
rhanium in the vicinity of the dried-out
region as has been observed. This Corrosion
sode] suggests that the erosion of the wick
structure as observed 1n these tests i3 a
consequence of the nitrogen levels in the
1ithium, particularly in the evaporator
region of the heat pipe, and wil) occur even
in the absence of a evaporator dry-out.

That 1s, 1t can take place in the presence
of 1tquid lithium. If this 1s true, the
occurrence of the phenomenon in this test
hea* pipe and not 1n otiwr smaller test heat
pires that have been operated with similar
materials for perfods as long as 30,000
hours i» probably a consequence of the ratio
of svaporator area to condenser area in the
presant test heat pipe, which results in
higiter concentration of nitrogen contami-
nants in the evaporator. This chemical
concentration ratio will bc of cructal
concern in heat pipe applications sich as
spacecraft radiators where high ratios of
condenser to evaporator area are expected to
axist.

CONCLUSIONS

The combined hydrodynamic and thermo-
chemical modeling tec™nique described in
this paper promises to be a powerful method

of analysis for wse in predicting the cor-
rosion mechanisms 1n, and therefore the
1ifetine Of, high-temperature, alksli metal
heat pipes. At its present stage of develop-
aent the technique 13 limited first of al)

by the lack of controlling kinetic considera-
tions and secondly by the limited data avail-
able on the thermochemistry of some of the
chemical species inwlived 1n th¢ temperature
range of interest. ODwspite these limita-
tions, the WPLT msde) has been successful in
{dentifying probable mechanimas of corrosion
to explain the high-temperature 11fe test
results. In additiorn, the modeling has pro-
vided a rational means for determining the
allowable levels of contaminants for high-
temperature heat pipes and has demonstrated
the importance of power throughput and geo-
metric proportions on the chemicel transport
within ¢ heat pipe. Extension of this work
to incorporate kinetics and more accurate
thermochemice) properties will lead to the
ultimate goal of a means of 1ife prediction
a?d test scaling for high-temperature heat
pipes.
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