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Abstract. There are a number of different applications that could use heat pipes or loop heat pipes (LHPs) in the
intermediate temperature range of 450 to 750 K, including space nuclear power system radiators, and high temperature
electronics cooling. Potential working fluids include organic fluids, elements, and halides, with halides being the least
understood, with only a few life tests conducted. Potential envelope materials for halide working fluids include pure
aluminum, aluminum alloys, commercially pure (CP) titanium, titanium aloys, and corrosion resistant superalloys.
Life tests were conducted with three halides (AIBr3;, SbBrs, and TiCl,) and water in three different envelopes: two
aluminum alloys (Al-5052, Al-6061) and CP-2 titanium. The AIBr; attacked the grain boundaries in the aluminum
envelopes, and formed TiAl compounds in the titanium. The SbBr; was incompatible with the only envelope material
that it was tested with, Al-6061. TiCl, and water were both compatible with CP2-titanium. A theoretical model was
developed that uses electromotive force differences to predict the compatibility of halide working fluids with envelope
materials. This theory predicts that iron, nickel, and molybdenum are good envelope materials, while aluminum and
titanium halides are good working fluids. The model isin good agreement with results from previous life tests, as well
asthe current life tests.

Keywords: Heat pipe life tests, intermediate temperature heat pipes, halide working fluids, space radiator systems, high
temperature electronics cooling.
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INTRODUCTION

NASA is interested in Brayton cycle converters for nuclear space power system (Siamidis, 2006;, Siamidis and
Mason, 2006) A radiator is required to dissipate the waste heat generated during the thermal-to-electric conversion
process. A pumped sodium-potassium (NaK) or water secondary loop is used to transfer waste heat from the power
converters to the heat pipe radiator. The radiator panel consists of a series of heat pipes located between two high
conductivity fins. The heat pipes transfer the heat to the fins, which radiate the waste heat to space.

Depending on the system design, some of these heat pipes may need to operate in the intermediate temperature
range of 450 K to 750 K. There are currently no heat pipe working fluids that are suitable from roughly 500 to 700
K. One promising family of fluids is the halides. A halide is a compound of the type MX, where M may be an
element or organic compound, and X may be fluorine, chlorine, bromine, iodine, or astatine. Some of the halides
have properties which appear to be suitable for use as intermediate temperature heat pipe fluids. This paper will
develop a theoretical method for calculating halide compatibility, and compare predictions with experimental
results.

INTERMEDIATE TEMPERATURE FLUIDS

The intermediate temperature region is generally defined as 450 to 750 K. At temperatures above 700-725 K, akali
metal heat pipes start to become effective. As the temperature is lowered, the vapor pressure and vapor density of
the alkali metals are decreased. Below about 725 K, the vapor density is so low that the vapor sonic velocity limits



the heat transfer. The heat pipe (or LHP) vapor velocity becomes too large to be practical for alkali metals in the
intermediate temperature range.

Historically, water was used at temperatures up to about 425 K. More recently, it has been shown that water can be
used with titanium or Monel envelopes at temperatures up to 550 K (Anderson et al., 2006). While water heat pipes
can operate at temperatures up to 550 K, their effectiveness starts to drop off above 500 K, due to the decrease in the
surface tension. Since alkali metal heat pipes are effective above 700 K, and water heat pipes are effective at
temperatures below 500 K, we have concentrated in this work on working fluids in the 500 to 700 K range.

A number of researchers have suggested that halides could be used as working fluids in the intermediate temperature
range (Saaski and Owarski, 1977; Saaski and Hartl, 1980; Anderson et al., 2004; Devarakonda and Olminsky, 2004;
Devarakonda, Anderson, and Beach, 2005; and Locci et a., 2005). Life tests must be conducted before these fluids
can bereliably used in heat pipes for long time periods. This paper will review current and previous halide life tests,
describe a theoretical model to predict heat pipe/halide compatibility, and compare predictions with experiments.

Previous Life Tests

The only previous life tests with halides that we are aware of were conducted by Locci et a. (2005) and Saaski and
his co-workers (Saaski and Owarski, 1977; Saaski and Hartl, 1980). The results of Locci et al. are described in the
next section. Saaski and his co-workers life-tested the halides SbCl;, SnCl,, and TiCl, with auminum 6061 and
mild steel envelopes, for periods of up to 3 years. 6061 aluminum was chosen because it is commonly used in
grooved aluminum heat pipes for spacecraft applications. The aluminum heat pipes had a single wrap of 100-mesh
Al-1100 screen. The mild steel envelopes had a single wrap of 200-mesh 304 stainless steel screen. The fluids were
tested dlightly above their normal boiling point. The differences between the evaporator/adiabatic, and
adiabatic/condenser thermocouples were monitored. A large difference in the evaporator/adiabatic thermocouples
generaly indicated problems with clogging of the evaporator wick. A large difference between the
adiabatic/condenser thermocouples indicated non-condensable gas generation.

The results are shown in Table 1. All 3 halides were incompatible with aluminum. Gross corrosion of the
evaporator and evaporator wick was observed with SbCl; and SnCl, in duminum. SnCl, and TiCl, were compatible
with mild steel (and stainless steel), with the life tests running roughly 3 years. The SbCl; reacted with the stainless
steel wick and generated significant quantities of gas.

TABLE 1. Halide Life Test Data (Saaski and Hartl, 1980).

\Working Operating Operating

Fluid Envelope | Time (hrs.) Temp. (K) Tevap adiab (K)| T adiabicond (K) Comments

SnCl, Al 6061 432 Incompatible

SnCl, A-178 Steel 27750 429 4 9.7 Stable Operation
Sudden Burnout/Wick

TiCl, Al 6061 2500 438 6 7.2 Corrosion

TiCl, A-178 Steel 28540 432 4.1 1.7 Stable Operation

SbCl; Al 6061 500 Incompatible
Incompatible - Rising

ShCl; A-178 Steel 5000 476 6.3t0 169 62 Teve Adiab

Halide Life Tests

More recently, tests were conducted at NASA Glenn with three halides and water in three different envelopes: two
aluminum aloys (Al-5052, Al-6061) and commercialy pure grade 2 titanium (CP-2 Ti). The wall materials were
chosen because of their availability and wide use in space applications. All of the heat pipes were operated as pool
boilers, and did not contain awick. The pool level with no power varied from 4.8 to 6.5 cm. The NASA life tests
are summarized in Table 2.



TABLE 2. NASA Glenn Life Tests with Halides and Water. All Tests Conducted at 500 K.

Envelope Al-6061 Al-5052 CP2-Ti
Fluid (0.8-1.2 Mg, 0.4-0.8 Si) | (2.2-2.8 Mg, 0.25 max Si)
1,100 hrs. 4,290 hrs. 1,100 hrs.
Intergranular Corrosion Failed Secondary Products OTiAl
AlBr; T=100K T=70K T=90K
5,000 hrs.
Wall Thickness Change
SbBr; T=90K 0 O
4,019 hrs. - Stable
TiCl, Not Suitable (Saaski) Probably Not Suitable T=-25K
Water Not Suitable Not Suitable 8,000 Hours - Ongoing

<— Fill Tube

5 - Heat Out

Py

Thermocouple
<::| Locations

Heat Source

Data Acquisition
Unit

Cartridge Heaters
Inserted in Al Block

FIGURE 1. Schematic of Experimental Pipe, Location of Thermocouples and Heating Devices.

Figure 1 shows a schematic of the experimental test set-up. The power was varied to maintain TC1, located below
the heater, at 500 K. Temperature differences, TC1 OTC3, are also shown in Table 2. They were measured with the
heat pipe operating at 500 K. Selection criteriafor the halides, as well as procedures for fabrication and testing, are
givenin Locci et al. (2005). They also reported on two of the life tests, which were stopped after 1,100 hours, the
AlBrs/Al-6061 and AlIBry/CP-Ti heat pipes. Internal pipe surfaces and metallographically polished cross sections
were observed by optical and field emission scanning electron microscopy (FESEM). Chemical and x-ray analyses
were performed on the products and layers that formed on the inner diameter of the capsule.

Neither of these systems was found to be compatible. The AIBr; reacted heavily with the titanium wall, becoming
discolored. Energy dispersive spectroscopy (EDS), chemical and x-ray analysis performed on the loose layers found
in the reacted Ti (CP2) envelope indicated the formation of TiAl and complex Al-O-Br regions dispersed in the
origina Ti envelope. In the AIBrs/Al-6061 system, the AlBr; attacked the grain boundaries, and intergranular
corrosion had initiated which could eventualy lead to envelope failure. The AIBrs/Al-5052 system was also
incompatible, failing after 4,290 hours with a leak to the environment. As shown in Figure 2, the AI-5052 pipe
failed and the AIBr3 has leaked out from alocation above the heating block. The wall thicknessin the failed section
was significantly reduced, from 1.30 mm (0.051 in.) to 0.58 mm (0.023 in.), and the chemica reaction had
significantly embrittled the alloy.

The TiCl/Titanium system was run for 4,019 hours, with no problems observed. The heat pipe was then sectioned
and analyzed. Asshown in Figure 3, no indication of titanium wall damage was noticed at any of the three locations
observed. The wall thickness was also unchanged after the exposureto TiCly,.



FIGURE 2. (@) Testing Station Showing the Al-5052 Pipe Failure after 4290 Hours of Exposure to AlBr; at 500K; (b)
Perforation Observed in a Section Above the Heating Block. FESEM Images of (c) Failure Site and (d) Observed Embrittled
Region.

Finally, SbBrs; was tested at 500 K with an Al-6061 envelope. The test was stopped after 5,000 hours, and then the
pipe was sectioned and analyzed. The wall thickness at the bottom of the pipe was reduced from 1.58 mm (0.062
in.) to 1.32 mm (0.052 in.), indicating that the system isincompatible. A cross section view of the bottom section of
the Al-6061 pipe after the 5000 hour exposure to SbBr3 is presented in Figure 4. Although, the Al-5052/SbBrs
interaction does not appear as aggressive as the one observed for AlBr3 (Locci et al., 2005), ragged envelope walls
and the formation of cavities are clearly visible in the sample cross section.

HALIDE COMPATIBILITY

As discussed above, in some cases the halides will react with the heat pipe envelope walls or wick. The rest of the
paper will describe amethod, first proposed by Saaski and Owarski (1977), to evaluate halide compatibility; then the
predictions will be compared with the experimental results to date. The method calculates the electromotive force
difference, EMF, which predicts the probability of reaction between a halide and a metal envelope (or wick).

FIGURE 3. FESEM Images Showing No Damage to the Ti (CP2) Internal Pipe Surfaces after 4019 Hours of Exposureto TiCl,
at 500 K, (a) Bottom Section under Liquid Interaction (b) Middle and (c) Top sections under the Effect of Condensed V apor.



