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In a Stirling radioisotope power system, heat nugitinually be removed from the General Purposet I3eairce (GPHS)
modules to maintain the modules and surroundinglation at acceptable temperatures. The Stirliagvertor normally
provides most of this cooling. If the Stirling a@mtor stops in the current system, the insulaatesigned to spoil, preventing
damage to the GPHS, but also ending use of thatector for the mission. An alkali-metal Variabl@@uctance Heat Pipe
(VCHP) was designed to allow multiple stops andams of the Stirling convertor. In the designtbé VCHP for the
Advanced Stirling Radioisotope Generator, the VQl§ervoir temperature can vary between 40 and 120Gile sodium,
potassium, or cesium could be used as the workind, ftheir melting temperatures are above the mmimh reservoir
temperature, allowing working fluid to freeze iretheservoir. In contrast, the melting point of N&K-12°C, so NaK can’t
freeze in the reservoir. One potential problemhwhaK as a working fluid is that previous testshwiMaK heat pipes have
shown that NaK heat pipes can develop temperatomeuniformities in the evaporator due to NaK’s inaomposition. A
NaK heat pipe was fabricated to measure the termperaon-uniformities in a scale model of the VCHIP the Stirling
Radioisotope system. The temperature profileshen @évaporator and condenser were measured as #ofuief operating
temperature and power. The largaS$tacross the condenser was 28°C. However, theermedAT decreased to 16°C for the
775°C vapor temperature at the highest heat flytiegh, 7.21 W/cri  This decrease with increasing heat flux was easy
the increased mixing of the sodium and potassiurthenvapor. This temperature differential is simito the temperature
variation in this ASRG heat transfer interface witha heat pipe, so NaK can be used as the VCHRingofluid.

Keywords: Alkali metal heat pipes, variable conductance lpgags, radioisotope Stirling systems, NaK heat fipe
Advanced Stirling Radioisotope Generator, spacatadsystems.
PACS: 44.30.+v, 44.35.+c.

[. INTRODUCTION

n a Stirling radioisotope power system, one or n@emeral Purpose Heat Source (GPHS) modules stheplyto a
Stirling convertor. This heat is used to geneedextric power, while the waste heat is radiategspgace. The
maximum allowable GPHS module operating temperatuset by the iridium cladding around the fuelheTGPHS
module is designed so that it will not release gmtopes, even under such postulated events aangH vehicle
explosion, or reentry through the earth’s atmosphdiowever, if the iridium cladding is overheatgdain boundary
growth can weaken the cladding, possibly allowiadioisotopes to be released during an accidente @ve GPHS is
installed in the radioisotope Stirling system, iighbe continually removed. Normally, the Stirliognvertor removes
the heat, keeping the GPHS modules cddiere are three basic times when it may be desitabstop and restart the
Stirling convertor:
» During installation of the GPHS
» During some missions when taking scientific measen@s to minimize electromagnetic interference and
vibration
» Any other unexpected stoppage of the convertondusperation on the ground or during a mission.
In the current system, the insulation will spoilpgmtect the GPHS from overheating. A VCHP coubdeptially
allow convertor operation to be restarted, depandin the reason for stoppage. It would also sapéacing the
insulation after such an event during ground tgstin
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A, VCHP Provides Back Up Cooling for the Stirling Radioisotope Power System

The schematics in Fig. 1a and b show the basicegiraf the VCHP integrated with a Stirling conversopplied
with heat from an Isotope Heat Source. The evapoddtthe VCHP is in contact with the GPHS module(¥he non-
condensable gas (NCG) charge in the system is siz¢ke secondary radiator is blocked during nowpalration and
the VCHP delivers heat to the heater head; seelfkiy. When the Stirling convertor is stopped, tdraperature of the
entire system starts to increase. In turn, therattd working fluid vapor pressure increases a&stéimperature
increases. This compresses the NCG. As showigirlfb), this opens up the radiator. Once théatadis fully open,
all of the heat is dumped to the radiator, andtémeperature stabilizes. Once the Stirling convestarts operating
again, the vapor temperature and pressure stahtofp The non-condensable gas expands and blathietadiator,
and the system is back to the normal state (F&)).1(
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FIGURE 1. (a) Stirling convertor is operating. (b) Stidisonvertor is stopped.
B. Base Line Design

The Advanced Stirling Radioisotope Generator (ASR@)an, Wood, and Schreiber, 2007), with an 8508&tdr
head temperature, was selected as the baselingndedihe system consists of two Advanced Stirlimgne&rtors
(ASCs), mounted back to back for dynamic balantkat to each ASC is supplied by one GPHS modulering
operation, a heat collector is used to conducthtet from the GPHS into the Stirling heater head, Big. 2(a). A
cold-side adapter flange (CSAF), shown in Fig. 2¢bjsed to conduct the waste heat from the Sgitionvertor cold
side to the ASRG housing. This is fabricated frompper, and serves as a structural member. Thikterml flange
temperature is primarily set by the sink tempertseen by the ASRG radiating housing, which vafties earth
(including launch) environments to deep spaceojtsrating temperature ranges from 40 to 120°C.s Tlange was
selected as the best location for the cold VCHEBrxesr as seen in Figure 3.

Cold-Side 1 Transition
| y Adapter ‘__"_""'_ Assembly
Flange
| - Heater He
' Rejector
—_
| -
(a) (b)

FIGURE 2. (a) Stirling Convertor with Heat Collector and Cold-Side Adapter Flange. (b) Cold-Side Adaer
Flange (Chan, Wood, and Schreiber, 2007).
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Figure 3 shows the schematic of the VCHP integnatie a back up cooling system for the Advancedirgfir
Convertor (ASC). In principle it corresponds to dmedf of the ASRG system. The heat pipe is wrappexind the
existing heat collector so the original ASC configion is not modified. The radiator is locatedsidg the ASRG case
while the reservoir is attached to the CSAF inglie case. The VCHP is designed in such a way daing normal
operation of the Stirling convertor, the workingiél vapor — NCG interface front is located insile tase (housing) to
minimize the heat loss due to the presence of 6&lR. When the Stirling convertor is stopped, theG\ftont is
located between the upper side of the radiatortl@a@ntrance of the ASC case.

ASC

(Cold Side
Adapter Flange)

Heat Collector

FIGURE 3. Schematic showing a cut-away of the ASR@ith back-up cooling provided by a VCHP.

TABLE 1. Sodium, Potassium, Cesium, and NaK FluidProperties at 850°C.

Property \ Fluid Na K Cs NaK
Melting Temperature, (°C) 97.8 63.2 28.4 -12.7
Boiling Temperature, (°C) 881.4 756.5 668.4 785

Vapor Pressure, (KPa) 75.99 222.9 432.65 175)29
Surface Tension, (N/m) 0.121 0.058 0.03D 0.067
Liquid Viscosity, (Pa.s) 0.00016p 0.000116 0.000138000129

Latent Heat, (MJ/KQ) 4.41 2.05 0.50 2.57

C. Heat Pipe Working Fluid

In this 850°C temperature range, there are fouemi@l working fluids: sodium, potassium, cesiumg autectic
NaK. Eutectic NaK is a mixture of sodium and pstas (roughly 78% potassium) with a low meltingoi Working
fluid properties at 850°C are shown in Table 1.KNeas chosen as the baseline working fluid, sihoeslts at -12.7°C,
which is significantly lower than either sodiummotassium. NakK is liquid over the entire rangel@fto 120°C for a
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reservoir mounted on the CSAF. Ernst (2007) sttatit is necessary to have the reservoir tentperaabove the
melting point. During his alkali metal VCHP testith reservoir temperatures below the freezing fdhre entire fluid
inventory ended up frozen in the reservoir. Ifisotlor potassium is used for this application, eitthe reservoir will
have to be heated, or a different reservoir locatidl be required. NaK was chosen over cesiumabee its Merit
number is roughly 5 times higher than cesium, &atbiver, and hence, safer, melting temperature.

D. Potential NaK Temperature Non-Uniformities

NaK is a eutectic mixture with roughly 78% potassiuUnfortunately, there is no azeotropic mixtufesodium
and potassium. In an azeotropic mixture, the cauitipms of the liquid and vapor phases are idehtisa the
composition of the liquid does not change durinditig. In a non-azeotropic mixture, the vapor iwiehed in the
component with the higher vapor pressure. In e ®f NakK, the vapor is enriched in potassium wdtanpared with
the liquid. In other words, if a pool of NaK walkoaved to boil away (with all of the vapor removethe fraction of
sodium in the pool would continually rise. In aKN&eat pipe, the liquid is constantly replenished, that the
compositions will remain constant. However, in gotases, it is possible for temperature non-unitigmto develop,
even with a constant heat flux in the evaporaterdgtson, 1993, Anderson and Tarau, 2008).

Figure 4 shows the dew point and bubble point curae a constant pressure of 1 atmosphere, fordliqui
compositions that vary from all sodium to all psiasn. The vapor pressure is 1 atm. when the testyer is 758°C
for a pool of pure liquid potassium. The tempemtoust be increased to 882°C for the vapor pressbove a pure
sodium pool to reach 1 atm. At all compositiond@iween, the vapor potassium molar fraction (“DReint Curve”)
is higher than the liquid potassium molar fract{tBubble Point Curve”). Eutectic NaK contains 056mole fraction
of potassium. As shown in Fig. 4, the temperatsiré86°C when the pressure is 1 atm. A tie linshiewn in Fig. 6
between eutectic liquid NaK and its equilibrium gapomposition. Note that the vapor is enhanceaubtassium when
compared with the liquid, with a 0.874 mole franotjgotassium.
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FIGURE 4. Dew point and bubble point curves for N& vapor and liquid at a constant pressure of 0.1MPa

As discussed in Anderson (1993), the variationhef liquid composition can give rise to a tempetariation.
The pressure in the vapor space is constant, aséuatra. The liquid composition at the start of dvaporator wick
will be eutectic NaK, so the vapor temperature oot 786°C. At the end of the evaporator wick festhfrom the
condenser, the composition is somewhere betweetteuiNaK and sodium. If we assume that the coitipasat the
end is pure sodium, the temperature there woul8823C to boil off the pure sodium at the same pnesswhich is
almost 100°C higher. The actual temperature varawill depend on a number of things, includingshmuch the
liquid composition changes, and how much the véparixed in the evaporator.

Anderson (1993) conducted tests on a NaK heat pippe a series of thermocouple wells to measure the
temperature non-uniformities. He found that whiea artery was active, uniform heat fluxes in theKNdpe could
generate 80°C temperature non-uniformities withOaV@/cnt heat flux. The temperature difference decreased t
roughly 50°C as the heat flux was increased to 58nW/ probably as a result of increased vapor mixingese
conclusions were in agreement with the later expents developed by Anderson and Tarau (2008). fhigu70°C
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temperature difference was measured in the 0.1@ng évaporator of a NaK VCHP designed and testgot@s of
concept for the ASRG VCHP application. This case ®lao characterized by a constant heat flux Imgait i

The heat path from the GPHS module to the Stiringvertor's working fluid consists of heat collegtbeater
head wall and internal heat exchanger; see Figurel@w. It is highly desirable that the temperatapn-uniformity
developed along the heat collector — heater haadface (heat transfer interface) is minimized, chhallows a higher
Stirling convertor efficiency. Currently, when back up cooling VCHP is installed, the temperatlifeerence at the
above mentioned interface is around 17°C, baseA®@HR's system thermal analysis. If a single compdne&arking
fluid VCHP was installed this temperature differerwould be reduced, since the VCHP would have dyheanstant
vapor temperature. However, a NaK heat pipe walleh temperature differences due to its binary ccitipo.
Previous NaK heat pipes have had temperature €liféers of up to 70-80°C. A NakK heat pipe wouldbmsuitable to
cool the Stirling convertor with this high tempena non-uniformity. There are several factors thilt reduce the
temperature difference in the current applicatittewcompared with previous NaK heat pipes:

» Previous systems used a constant heat flux, widetrrent system uses constant power.

» The heat pipe lengths in previous systems tested aeger (~ 0.11 — 0.13 m) than in the currentesys

» Higher heat flux in the current case

* The temperature difference in previous tests waasomed at the evaporator, while in the currentesysthe
region of concern is the condenser.

We believe that at least the first three dissiritizs are favorable to smaller temperature noneunifties development

at the VCHP-heater head interface in the ASRG gyst&his paper presents an experimental investigatn NaK
behavior where the heat transfer conditions ardaino those in an ASRG with VCHP.

Heater head Heat transfer Heater head

mterface

VCHEP
Toward radiator

Heat collector
Nak (vapor)

Nak (vapor)

GFPHS

a) b)

FIGURE 5. Heat path from the GPHS module to the hater head’s working fluid during ASC normal operation
when a) no VCHP is installed and b) VCHP is instafid as backup cooling system.

II. EXPERIMENTAL NaK BEHAVIOR TEST SETUP
The experimental NaK behavior test setup was dedign determine temperature distributions in bo#il and

vapor at the heat transfer interfaces of the ewajmor and condensation regions. A picture of tls $etup is shown
below in Fig. 6.
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FIGURE 6. NaK behavior test setup — external detadl.

The test setup contains a rectangular heat so@B&l$ simulator) supplying heat to a “donut” shapedt pipe
which in turn is cooled from the inside surfacedblyeater head simulator. For this experiment, thel&, heat collector
and the inner wall of the heat pipe are simulatggther by a nickel (Ni 201) heater block with 8tdge heaters. The
cartridge heaters are inserted into the main boitlyowt brazing. The material of the outer walltbé heat pipe is
stainless steel 304 (SS304). The heater head iglated by two SS304 tubes concentrically assemtuefbrm an
annular space. As seen in Fig. 6, the heat pipeated by a gas (air) entering through the innbetof the heater head
simulator, passing adjacent to the heat pipe, laend ¢xhausted to the room.

In the real case of an ASRG with VCHP installedy(ffé 5 b), the heat would be conducted througretivalls
from the vapor to the working fluid (helium) insidke heater head: VCHP wall (Haynes 230), heaecut wall
(Nickel 201) and heater head wall (MarM 247). Theerimental setup used a single Nickel 201 walldionplicity,
and to better control the thermal resistance betiwlee vapor and coolant.

Temperature profiles are obtained by symmetricadisusements on two sides of the test setup usimmtwuples
(K Type) that are moved in their TC wells; see Fggid. Referring to the right side of Figure 7, thepose of each
thermocouple can be described as follows:

e Thermocouples from 1 to 3 measure temperaturaliisons inside the heater block (GPHS), and aeslus
characterize the heat flow distribution.

e Thermocouples 4 and 5 measure the temperaturabdisins on the wall side and on the vapor side,
respectively, of the evaporation interface.

* Thermocouples 6 and 7 measure the temperaturebdittns on the vapor side and on the wall side,
respectively. of the condensation interface.

As seen in Fig. 7, the thermocouples that measumpérature profiles within vapor (5 and 6) are ndbtheough
SS304 thermo-sheaths. The O.D. of these thermdisheal.82mm (0.072") while the wall thickness waisimized
to 0.25mm (0.010") to increase the measurementsracg. The O.D. of the thermocouples is 1mm (0.p40he other
thermocouples (1-4 and 7) have a 1.65mm (0.069). The wall thickness of the thermocouples adjatetihe vapor
(5 and 6) and the evaporation/condensation surigo@81mm (0.032"). The distance between the tbheshreaths and
the adjacent wall is slightly larger (1mm) to aceoatlate the presence of the porous structure (Screen
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FIGURE 7. NaK behavior test setup — internal detas.
A. Heat pipe configuration

The heat pipe for the NaK behavior test setup &pwed around the heat collector and heater headagon and
has a similar shape and configuration as the VOh#® would be used with an ASRG. The parametersabmest
identical, except that the height of the heat fiemgone is approximately 2.2 times larger thandbeent one in the
real ASC. The condenser was lengthened to providateyr resolution during the temperature measuresm&he heat
pipe was designed to have a controlled amount pfaomdensable gas (NCG) to protect the valve aétiteof the fill
tube (SS304) against the hot vapor (up to 800°)e NCG was argon, and the number of moles chargedhe pipe
was calculated so that the vapor-NCG separatiarfate would be located within the fill tube, 75n(&1) from the
heat pipe’s wall, for the lowest vapor temperatiested (675°C). The geometrical parameters oh#s pipe in this
case are:

e OD=72.8mm (2.87")

 ID=42.6mm (1.68")

e |H=33.5mm (1.32") (inner height)

» screen size — 100 X 100 wires per inch

* number of layers =3

» total thickness of the screen layer = 0.63mm (0025
e porosity of the screen structure = 0.629

« total volume of the screen structure = 1.09E-G5 m

«  void volume within the screen structure = 6.87En{6
» fill tube total length = 0.292m (11.5")
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o fill tube ID = 4.4mm (0.175")

« total volume of the pipe available for NCG afteagfing with NaK (the thermo-sheaths are taken into
account) = 8.07E-05

« theoretical condensing area = 44.95'cm

« theoretical evaporating area = 27.5°cm

B. Experimental conditions

The heat pipe is tested with the evaporator abbgecondenser (against gravity) so that there velinb liquid
(excess NakK) on the evaporator surface and nadaliguid film on the condenser surface (see Fig@@nd 7 above).
Measurements were carried out for several vapopé¢eatures between 675 and 800°C. For each vapgetature,
electrical power is applied to the 6 cartridge Best(connected in parallel) in increments of 1008Vgenerate
theoretical heat flux increments of 2.2 Wfcim the condenser, and 3.6 W/cin the evaporator. As stated before, the
heat is applied as a constant power, versus thiopieNaK heat pipe tests which used a constaritfhea

Once a given power is applied to the heaters, #porvtemperature is set by adjusting the coolargsnflaw rate
until steady state is reached. The flow rate isutated from the dynamic pressure measured ircémeer of the inner
tube by a Pitot tube (see Fig. 6 above). Additignahe cooling rate is calculated using the terapges IN and OUT
of the cooling gas measured by the thermocouplesistin Fig. 6. Fourteen temperature profiles ar@sneed by all
thermocouples (1-7) on both sides of the testingpstor each vapor temperature — applied powert (thed pair. The
profiles are measured with a resolution of appratety 4.4mm (0.175"), by manually moving the theomaples
inside their wells/sheaths from the inside towduel dutside of the heat pipe.

C. Heat Flux Evaluation

The condenser in the experimental apparatus isiBes longer than the condenser would be in an ASRE a

VCHP. Also, in an ASRG with a VCHP, there would theee layers between the vapor and the insidbeheater
head: 1. Haynes 230 for the heat pipe wall, 2. &litleat collector, 3. Mar-M 247 heater head wdll.contrast, the
experimental apparatus has a thick, high condugtivickel wall. The other walls were eliminated dvoid any
temperature non-uniformities caused by brazinghhee walls together.
With a nickel wall, heat can conduct up the nickell, so that part of the nickel wall will act liken evaporator rather
than a condenser. A CFD analysis examined thetaféeheat fluxes, and the active condenser fraci®a function of
heat flux. This is an approximation, since theabjnNaK effects are neglected. However, the amabfsowed that the
inactive (acts as evaporator) condenser fractiomloma for the higher heat fluxes.

The experimental setup was modeled for CFD analysizy the highest experimental vapor temperatiiés’ C),
since it is closest to the selected ASRG workimgperature (85TC). Experimentally, the heat loss with no conwezti
cooling (no gas flow through the heater head sitotlds approximately 155W. The CFD film coeffinieboundary
conditions were iteratively adjusted until the lssmatched the experimental losses. The followialyes were
obtained and used as boundary conditions to simth&t no cooling situation for the 7Ibvapor temperature case:

- external surface of the heater head simulatitm doefficient h=10 W/rfK, reference temperaturg25°C
- all other external surfaces: film coefficidm7 W/nfK, reference temperaturg25°C

- total power (electrical power) = 155 W

- air inlet velocity (coolant velocity) ~ 0 m/s 2% °C

- air outlet gauge pressure= 0 Pa

These boundary conditions (except total power amdt ivelocity) were then used to simulate the eixpental
conditions corresponding to the other powers (Z&0), 450 and 550W) for the 775°C vapor temperataise. The
results of the CFD analysis are presented in Tallelow.

In the first line of Table 2, the electrical pow¢applied to the heaters) are shown. The cooldotitg was varied
iteratively, as boundary condition, for each poe&se until steady state was reached. The cootingipwas evaluated
by calorimetric calculations. The difference betwedectrical power in and the cooling power ouhis heat lost to the
ambient through natural convection. The heat losambient decreases when the electrical powerasesesince the
heat that was lost by conduction to the heater sgadlator tubes is now removed by the gas. Tab#hows the
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estimated evaporator and condenser powers. Theoetar power (from wall to vapor) is higher thdre tpower
through the condenser (from vapor to wall) dueotsés to ambient through the other two walls. dahkdlso shows the
location on the “condenser” wall, where the shiftieat flux direction occurs. The area closer toetaporator surface
also acts like an evaporator, due to the heat adadwp the wall. As shown in Table 2, this fratbecomes small
(~5%) at the higher heat fluxes.

TABLE 2. Results of the test setup CFD simulatioffior the 775°C vapor temperature case

Electrical power (heaters) [W] 155 250 350 450 550
Coolant velocity [feet/min] 0 199 496 1048.2 1790
Cooling power [W] 0 130 264 382 509
Power through evaporator [W] 82 158.4 224.64 297.2 374
Power through condenser [W] 31.36 103.6 163.2 230 306.8
Location of heat flux direction change in condensefcm] 1.4 0.22 0.18 0.172 0.17
Condensing area acting as an Evaporator [%] 44.09% | 6.93% 5.67% 5.429 5.35%
Evaporator area [cnT] 47.25 30.55 29.98 29.87 29.84
Condenser area [cr] 25.12 41.82 42.39 42.50 42.53
Heat flux in the condensing area [W/crf 1.24 2.47 3.85 5.4 7.21

For an actual VCHP-ASRG system, the power fractiansferred through the VCHP (vapor) was calculasd
approximately 51% of the power transferred from@HS to the heat collector (225W). Assuming tlmheat is lost
through the two “inactive” or outside walls of t€HP, the condensing flux in the VCHP-ASRG systenestimated
to be 12.8 W/ch The highest heat flux in the current experimenjatem is 7.21 Wi/cfndue to the longer condenser
surface.

lll. EXPERIMENTAL RESULTS

Temperature profiles inside the heater block andath sides of the evaporator surface (in the watl in the
vapor) are shown in Fig. 8 for the two vapor terapae cases (725°C and 775°C) and an electricabpoi550W.
The thermocouple numbers shown in the legend quorekto the ones shown in Fig. 7. Near the carridgaters, the
temperature is fairly uniform except near the agtewall; see thermocouples 1 and 2. The evapomtdace and
vapor temperatures (4 — evaporator wall and 5 -p@nedor vapor) are more non-uniform, due to the Neavior.
Note that the maximumT for each of the four profiles is less than 14°@Ince the last vapor temperature is measured
roughly 5.6mm (0.223") away from the exterior dtgossible that the temperature drops further theagxterior wall.
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FIGURE 8. Temperature profiles in the heater block and exatpr for a) 725°C and b) 775°C vapor temperatases
and an electrical power of 550 W.

The condenser vapor temperature profiles (measwyethermocouple 6 in Fig. 7) are shown for all powers
below in Fig 9. As expected, the temperature dee®as the probe moves away from the evaporatfacsymdue to
variations in the vapor composition. This occurgsithe sodium condenses preferentially as thervapmeels to the
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condenser. The more volatile component (K) conelefisrther away, and at a lower temperature thanANa result,
the temperature decreases in the downward direofitie setup shown in Fig. 7. The degree of noifieumity can be
simply evaluated as the temperature difference detwthe two ends of each profile. The temperatiffereinces
developed by NaK within the condenser in these Yapor temperature cases are presented in Fig.atB;vimll and
vapor measurements are shown.
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FIGURE 9. Vapor temperature profiles along the condensation r@a for a) 725°C vapor temperature case and
for b) 775°C vapor temperature case.

At both vapor temperatures the wall and vapor teatpee difference profiles show maxima. The firatadpoint
corresponds to the no cooling situation where tbecalled “condenser” is mostly inactive, with mast the
condensation occurring on the outside walls oftthat pipe. As the power increases, the coolinfj@ir increases, so
that most of the condensation occurs on the iro@rdenser wall of the heater head simulator. ghéi heat fluxes,
mixing in the vapor becomes important, discouraght@K separation, and reducing td. As expected, the
temperature differences developed in the condemskrare higher than those in the vapor. The teatpee difference
profile in the wall is in fact a superposition tiettemperature difference created by NaK separatitnthe already
existing temperature gradient in the wall due ®Hbat path.
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& I &
© 25 T 254
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Q | —& Q
£ 15 & g 151 /
a 10 = 10 \
T T T
100 200 300 400 500 600 100 200 300 400 500 600
Electrical power [W] Electrical power [W]
a) b)

FIGURE 10. Temperature difference in the condensation area fom) 725°C vapor temperature case and for b)
775°C vapor temperature case.

The maximum temperature difference developed intradl vapor temperature cases did not exceed 28fC.
addition, this difference did not exceed 16°C fw highest heat flux case (7.21 W 550W electric power).

The radial temperature differences between condgnsipor and wall, across the condensing interfaceshown
above in Fig. 11. This temperature difference gjiae indication of the local heat transfer ratealt be observed that,
for the no cooling condition (150 W electrical pavegplied to the heaters), the direction of thet flesv is dominantly
from the wall to the vapor. The other profiles gre® reasonably the expected trend. However, adseris observed
at the location closest to the outside wall. Thighthbe due to the heat losses to ambient.
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FIGURE 11. Temperature difference across the heatransfer interface between vapor and wall, along the
condensation area for a) 725°C vapor temperature c& and for b) 775°C vapor temperature case.

Temperature difference along the condenser is shHmlow in Fig. 12 as a function of vapor temperatiar all
the electrical powers. The general trend obsemaeloth plots (within the vapor and within the Waib that the
temperature difference at constant power increasbsvapor temperature. The difference betweenvipor pressures
of the two components might be the cause. The molaile potassium vapor pressure increases mgquilyawith
temperature than sodium vapor pressure. Accordiriiget observed trend, an extrapolation would ptexdidncrease of
the temperature difference of approximately an talthl 5-7°C between 800°C (highest tested tempezatand 850°C
(nominal working point of the heater head).
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FIGURE 12. Temperature differences developed in theondensation area as a function of vapor temperatas
within a) vapor and b) wall.

V. CONCLUSIONS

An alkali-metal Variable Conductance Heat Pipe (\FJts under development to allow multiple stops eexlarts
of the Stirling convertor in the Advanced Stirliigadioisotope Generator (ASRG). Since the VCHP rvege
temperature can vary between 40 and 120°C, Nakhistactive working fluid because it will not fe in the
reservoir. However, previous NaK heat pipes withstant evaporator heat fluxes have developed kameerature
non-uniformities, as high as 80°C, due to disilatof the NakK.

Since the temperature non-uniformities depend enhiat flux and the amount of diffusion of the sodiand
potassium in the vapor, a NaK heat pipe with aesenf temperature probes was fabricated and te3tee.dimensions
of the heat pipe are similar to the dimensionshefW¥CHP for an ASRG, except that the condensertwa® as long.
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Constant power was applied rather than constantfhiea while the region of concern was the condgnsither than
the evaporator as in previous NaK testing.

The largest vapor temperature difference observasl 28°C. The temperature non-uniformity decreag®sn
heat flux increases because of mixing enhancenfghesodium and potassium. As heat flux incredsedti21 W/crr%,
the temperature difference decreased to 16°C ®7#5°C vapor temperature case. The temperaturatites could
be overestimated because of measurement errorsukégaent errors could occur especially at locatidose to the
exterior wall due to thermal gradients developedath the thermocouple itself and the thermocotipéemo-sheath.
Other factors that increase the temperature differeover what could be expected in a VCHP-ASRGesysdre that
the experimental maximum heat flux for the testitssreported here was approximately 60% of the fiea expected
in a VCHP-ASRG system (12.8 W/(%)mnd that the length of the experimental condeiss2r? times longer than what
would be used in a real VCHP-ASRG system. One adveffect for an 850 °C VCHP-ASRG system is that th
temperature non-uniformities increase with vapengerature. The potassium vapor pressure increases rapidly
than the sodium vapor pressure, soAfiefor equal pressure with potassium and sodiuneases. The next step is to
fabricate and test a complete NaK VCHP.
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