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Startup Performance of a Liquid-Metal Heat Pipe in
Near-Vacuum and Gas-Loaded Modes
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Understanding the startup behavior of a heat pipe from frozen state has received a lot of attention in recent
years. In liquid-metal heat pipes, a calculated amount of inert gas is filled as one of the safest means to start
them from a frozen state. In the present study, an arterial-type sodium heat pipe with a long transport section
has been tested for startup performance in both vacuum and gas-filled modes. A comparison was necessary to
contrast the relative merits of gas-filled mode startup from the conventional vacuum mode. The 2-m-long heat
pipe with 2.0-Torr argon started very smoothly from frozen state for suddenly applied evaporator loads up to
1.1 kW. Only less than 5% of the total length remained as inactive condenser due to the gas loading. The same
heat pipe in the vacuum mode had large temperature spikes at the evaporator and heater during the frozen

startup indicating a rough startup behavior.

Nomenclature
length, m
noncondensible gas-blocked length of the
pipe, m
total length of the heat pipe, m
initial gas charge pressure, N/m?
vapor pressure of working fluid, N/m?
evaporator heat input (electric heater), W
condenser heat output (calorimeter), W
operating temperature of heat pipe, K
room temperature at the time of
gas loading, K
hot zone temperature, K
average hot zone temperature, K
sink temperature, K
evaporator end (thermocouple no. 3) to
adiabatic (thermocouple no. 7) temperature
difference, K
emissivity of condenser external surface
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Subscripts

adiabatic
condenser
evaporator
reservoir

Tmas

Introduction

IQUID-METAL heat pipes (LMHP) using potassium,
sodium, and lithium as working fluids have potential ap-
plication in space power systems such as SP-100, space station,
and a variety of military spacecraft. Also, gas-loaded LMHPs
are used in terrestrial applications such as isothermal black-
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body standards for sensor calibration and semiconductor sin-
gle crystal processing.'? In all these applications of the LMHPs,
some of the important performance criteria to be investigated
are startup, shutdown, isothermality, and active condenser
length regulation. Noncondensible gas (NCGQG) filling converts
a conventional heat pipe into a variable conductance heat
pipe (VCHP). Low temperature VCHPs have been exten-
sively researched in the past and they are used in thermal
control application of low power communication satellites.
However, only a limited number of research publications are
available in the high-temperature VCHPs. Also, it is believed
in certain sections of the heat pipe research community that
LMHPs do not have any startup problems and any attempt
to gas-load a LMHP would adversely affect the priming
of arterial type heat pipes.® In order to understand these
problems closely, a 2-m stainless steel—sodium, argon filled,
grooved artery heat pipe was designed, fabricated, and tested.
Experimental results showed successful startup and perfor-
mance.*-¢

It is extremely difficult to fabricate a perfectly gas-free heat
pipe in actuality. Because heat pipes are usually long and
slender tubes, evacuating them to ultrahigh vacuum levels
(10~8 Torr or better) before filling with working fluids is
impossible. For a typical heat pipe 2-m long, 2.22-cm vapor
core diameter, if the fill tube end is at 10~ Torr, the closed
end will be at 10~* Torr, assuming reasonable outgassing rate
for the pipe and pumping capacity for the vacuum pump.
Hence, there is always a small quantity of residual gas left
inside the pipe. The quantity of residual gas (ideal gas) at
10~ Torr and 300 K is 13.78 X 107! gm for the heat pipe
mentioned above. In addition to the residual gas, there are
other sources of gas contributing to the total NCG that may
be present within the heat pipe. For example, the internal
surfaces of the pipe and wick structure may degas at high
operating temperatures due to minute impurities and ab-
sorbed gases which are released on heating.” If a LMHP is
operating in a moist environment, there is the likelihood of
hydrogen permeation into the pipe.®> Hence, in a practical
sense, truly vacuum mode heat pipe is nonexistent. On the
other hand, gas loaded on purpose or already present as re-
sidual gas, if it contributes to the easy and rapid startup from
frozen state and problem-free shutdown, may lead to a class
of heat pipe that can be exploited for practical applications.
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The objective of the present study is to obtain the com-
parative performances of a LMHP in vacuum and gas-filled
modes, and to verify the smooth and rapid startup of the gas-
filled mode from frozen state. The performance characteris-
tics including the frozen state startup of the near-vacuum
mode and gas-loaded mode of a particular LMHP are pre-
sented. Also, it is shown that gas loading could be predeter-
mined in LMHPs such that the inactive condenser length is
kept very small and no gas reservoir is required.

Theoretical Consideration

The operating temperature of the heat pipe and the gas
charge pressure will vary depending upon the working fluid
used. The gas-blocked length of the condenser can be de-
signed to vary from full length at startup to less than 5% of
the full length based on the working fluid and the initial gas
charge pressure.

For a cylindrical heat pipe of uniform vapor core cross
section, the ratio of gas-blocked length to total pipe length is
approximately given in terms of the pressure ratio as in Eq.

1y

I, - P.T) M

In deriving Eq. (1), it has been assumed that 1) the noncon-
densible gas behaves as an ideal gas at the heat pipe operating
temperature and pressure; 2) a narrow diffusion region sep-
arates the hot vapor zone and the cold gas zone under steady
state; 3) axial conduction along the wall and wick is neglected;
and 4) the gas is compressed to the pressure of the working
fluid vapor at the hot zone temperature.

Figure 1 shows the graphical results of Eq. (1) for sodium.
The fraction of the heat pipe length blocked by NCG is plotted
as a function of temperature for various possible initial gas
charge pressures (0.005-100 Torr). The recommended nom-
inal operating temperature based on the optimum liquid trans-
port factor for sodium is 1000 K. The operating temperature
range for sodium is normally +300 K from this nominal tem-
perature. The initial gas charge pressure range of 0.005-100
Torr is chosen based on. this temperature range. It is to be
noted that a gas-loaded LMHP does not startup until the
vapor pressure of the working fluid equals or exceeds the
value of the initial gas charge pressure. It can be seen in Fig.
1, for an initial gas charge pressure of 2.0 Torr, that the gas-
blocked length at the nominal operating temperature is less
than 5% of the total length.
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Fig. 1 Gas-blocked length as a function of initial gas charge pressure
for sodium LMHP.

Experimental Work
Test Article Description

The experimental LMHP was made of stainless-steel ma-
terial and filled with sodium as the working fluid. The wick
structure was of the “double wall artery” design with only
one transport artery groove channel. The evaporator and con-
denser sections had identical grooved inner tube and screen
tube wick construction. The cross-sectional and longitudinal
sectional views of the heat pipe are shown in Figs. 2a and 2b,
respectively. The total length was 2.03 m and the diameter
was 2.22 cm. Each of the 24 evaporator and condenser grooves
was 0.79-mm wide and 1.40-mm deep, while the single adi-
abatic groove was 2.38-mm square. The adiabatic artery groove
was made bigger in order to reduce fluid frictional loss. It
was sized such that the artery could prime from smaller con-
denser groove without any problem for the range of design
transport capacity. The evaporator, transport, and condenser
lengths were 33,79, and 91 cm, respectively, and the effective
length was 1.388 m. The central line axis along the groove
bottom in the transport section was collinear with the cor-
responding evaporator and condenser grooves in alignment.
The 12.5-cm-long, 1.89-cm-diam, 40- X 40-cm~!, 75.25% po-
rous reservoir wick was in capillary contact with the 40- X
40-cm™1, 62.9% porous evaporator screen wick. The pipe was
loaded with 92.04 g of pure sodium calculated for optimum
fill at 1000 K operation. A bellows-type high temperature all
metal valve, rated good for 649°C at 1700 kPa, enabled the
processing of sodium or inert gas to or from the pipe. A
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Fig. 2 Geometry of the test article sodium LMHP: a) cross-sectional
view and b) longitudinal section view.
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Fig. 3 Noncondensible gas charging and pressure measurement schematic diagram.

comprehensive description of the design and processing de-
tails can be found in Ref. 5.

Test Setup

The LMHP was instrumented with electrical resistance
heaters for the evaporator and trace heating, and chromel-
alumel thermocouples for external wall temperature mea-
surement. The main heater was made of pyrolytic graphite
strips coated (CVD) on boron nitride substrate and covered
with the same material. The thin walled custom designed
tubular heater was capable of operation up to 2000°C in vac-
uum. The heater was radiatively coupled to the heat pipe in
order to reduce the evaporator thermal mass. High-temper-
ature ceramic insulator and multiple layers of polished stain-
less-steel radiation shields provided heat insulation to the heat
pipe which was mounted concentrically within a 20-cm-diam,
230-cm-long vacuum chamber. Cooling water circulating in
coils wrapped around the chamber provided the heat sink and
calorimeter for the test. The chamber was pumped down to
10-¢ Torr or better for eliminating convective losses and cor-
rosion of the LMHP. The frame holding the chamber was
mounted on a fulcrum support to enable tilting of the heat
pipe for force priming in case of a dryout.

A plumbing arrangement as shown in the schematic of Fig.
3 was used whenever the gas pressure inside the heat pipe
was to be measured or changed. The vacuum system was
capable of 10~8 Torr holding-vacuum, and the argon/nitrogen
pressure gauge could measure absolute pressure in =0.5%
increments up to 999 Torr.

Test Procedure

At the beginning of the present round of tests, the LMHP
was reprocessed to make up for the sodium lost. About 25%
of the inventory was collected in a glass measuring jar and
weighed during an earlier gas venting operation performed
in hot (500°C) and vacuum conditions. As the refilling process
was done under high-vacuum conditions, the pipe was con-
sidered to be in near-vacuum mode. Transient and steady-
state test were conducted in this mode in horizontal position
with the adiabatic artery at the 3 o’clock orientation. Startup
tests from frozen state were usually started in the beginning
of the day when the pipe had cooled down to room temper-
ature. In a typical test run, a desired constant power input
was applied to the evaporator in one step, and the temper-
atures along the length of the pipe were recorded at intervals
of one minute for nearly 3 h. High-temperature alarm limits
were set on the heater and evaporator thermocouples to cut
off the heater power. Transient tests were usually followed
by steady-state tests. The condenser shutters were locked in
fully closed position. This arrangement prevented the con-
denser from quenching and at the same time, allowing suf-
ficient radiation to pass through. At steady-state, power input,
axial temperatures, cooling water inlet, outlet temperatures,
and flow rate were recorded.
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hot zone temperature T, and the condenser radiated power
Q,. It may be noted that with the graphite heater the LMHP
could be run at 1000 K, transporting nearly 1000 W. The data
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Fig. 9 Axial temperature profile at specified time from 0—-150 min after power input (Q; = 600 W; vacuum mode).
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Fig. 10 Transient temperature profile at specified axial locations
(Q; = 600 W; vacuum mode).

points lie away from the sonic and capillary limit curves due
to the closed shutter condition which made the pipe run at
higher temperatures than normal. The average operating tem-
perature of the hot zone could have been reduced by opening
the condenser shutter. The shutter opening mechanism was
broken during these tests. The pipe was not operated near
the designed maximum transport limit of 1800 W for safety
reasons. The heater was running at 1250°C when the average
hot zone was near 800°C. As the temperature of the pipe went
up, it became riskier to run the test; more thermocouples
broke and the heater got closer to meltdown. Therefore, a
1000 K operating temperature limit was set and adhered to.

The maximum transport capacity attained in both vacuum
and gas modes were the same. At low transport rates (<500
W) the pipe operated at lower temperatures (about 50—100
K lower) in vacuum mode compared to the gas mode for
identical test conditions, due to the effective condenser length
variation.

Inactive Condenser Length

Figure 5 shows the inactive condenser length as a function
of the operating temperature for various test conditions. As
can be seen from the figure, in vacuum mode tests, there is
no inactive condenser with sufficient power input to the pipe.
At low power levels only a fraction of the condenser is needed
to dissipate the heat load, and therefore these points do not
represent gas slugged length. In the case of gas-loaded mode,

all the data points above 935 K show 18 cm of gas-blocked
condenser. The 2.0-Torr gas mode experimental data lie along
the 5-10-Torr theoretical curves. The reason for the lateral
shift is attributed to the heating of the inactive condenser
(gas-blocked length) by the reradiation from the closed con-
denser shutters. This experimental setting happens to be in
violation of the assumption that the cold zone is at the sink
temperature as described in Eq. (1). If a correction is applied
to offset the reheating effects on the gas, it can be shown that
the 2.0-Torr gas data will match with the theoretical curve.
The axial temperature profiles of the gas mode are explained
in the next section and should be referred to for better under-
standing.

Axial Temperature Profile

The steady-state axial temperature profiles of the LMHP
for vacuum and gas modes are given in Figs. 6 and 7, re-
spectively. The test conditions are indicated therein. The ther-
mocouples 1 and 2 were damaged. In both modes, the profiles
corresponding to input power range of 600~1600 W are plot-
ted. The condenser power output as measured in the calorim-
eter is listed under Q,,. The heater temperature varied from
1021 K for the lowest Q, to 1486 K for the highest Q;, while
the hot zone operating temperature varied from 800 to 1000
K in both modes.

As expected, the condenser section profiles are distinctly
different for vacuum and gas modes, while the evaporator
and transport profiles are similar. In the vacuum mode, the
pipe is near-isothermal from end-to-end for Q; greater than
800 W. A small drop in condenser-end temperature is indic-
ative of the presence of trace amounts of noncondensible gas
or excess fluid. In the gas mode, the gas-blocked section is
closely noticeable at all power levels. In normal circum-
stances, the condenser-end temperature should be close to
the cold sink temperature. However, here it is seen to increase
with the power input. The reason for this behavior is attrib-
uted to the closed condenser shutter which reradiated and
heated the condenser end. The profiles for a partially open
shutter condition where the end temperatures were near 400
K are reported in Ref. 4.

Temperature Difference

Ty and ATg, for both modes of the LMHP are plotted in
Fig. 8. The points in this graph represent experimental data,
while the lines represent intuitive curve fit for the data. T,
for both modes vary linearly with transported power, whereas
ATy, data vary nonlinearly. For the gas mode, the range of
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Fig. 13 Transient temperature profile at specified axial locations
(Q; = 1000 W; vacuum mode).

T,, is narrower than that for the vacuum mode, and this is
the expected behavior for a VCHP known for closer tem-
perature control. Comparison of the AT, behavior for the
two modes is interesting to observe. The vacuum mode ATy,
curve is typical of the lean evaporator behavior, characteristic
of the double wall wick, wherein the temperature difference
decreases with increase in power.® On the other hand, in the
gas mode the ATy, increases with power, which means that
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Fig. 14 Transient temperature profile at specified axial locations
(Q; = 1000 W; gas-filled mode).

the liquid superheat at the evaporator wall is increasing with
temperature. The latter behavior is similar to the classical
Rohsenow and Bergles theory of nucleate boiling phenome-
non in the presence of noncondensible gas as explained in
Ref. 10. The high ATy, at higher Q, in the gas mode is
symptomatic of an impending evaporator dryout. The trend
of the AT, curve indicates that a gas-loaded arterial heat
pipe might fail at lower power levels than a similar conven-
tional pipe due to artery priming crisis. However, this concern
could be remedied by artery redesign rather than abandoning
the idea of gas-loaded mode startup. The influence of the gas
on the evaporator dryout is a gray area which needs further
study.

Frozen Startup Behavior

Successful Startup

The LMHP was tested under identical test configuration
and test procedure for both vacuum and gas modes. The
vacuum mode tests preceded the gas mode tests. The startup
tests from a frozen state were started when the pipe was at
room temperature (20°C) by suddenly applying the desired
power to the evaporator heater and maintaining it at the same
level throughout the test duration (about 2—3 h). The tran-
sient behavior of the pipe was monitored by recording the
temperature at all the axial locations for every minute.

The results are presented in the form of axial and transient
temperature profiles. Even though tests were done at 100-W
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Fig. 15 Evaporator and heater temperature ‘‘run-away”’ condition during 1200-W input (vacuum and gas-filled modes).

power increments, from 300 to 1200 W, only a couple of the
representative graphs are presented here. Figures 9 and 10
show the 600-W vacuum mode plots in the form of axial
temperature profiles at specified times, and transient tem-
perature profiles at specified axial locations, respectively. Fig-
ures 11 and 12 show the corresponding 600-W gas-filled mode
behavior. As seen from Figs. 9 and 11, in 20 min the hot
vapor front has propagated to the condenser region in vacuum
mode, while the front has crossed only the midsection of the
adiabatic in gas mode. At 150 min, the hot front has moved
to 170 cm in vacuum mode, while it has moved to 130 cm in
gas mode. It is clear from Fig. 10 that the startup was not
smooth in vacuum mode since thermocouple (T.C.) no. 33
(heater) experienced sudden high-temperature spikes 2000 s
after power-on. This is a temporary crisis of wall superheat
at the evaporator end, if not self-corrected, could lead to
evaporator burnout. In contrast, the gas mode startup was
smooth (Fig. 12) since T.C. nos. 3 and 33 did not experience
any surge.

Similarly, the results of the frozen startup tests with 1000-
W input for vacuum and gas modes are presented in Figs. 13
and 14, showing the transient temperature profiles. As in the
600-W case, the startup in the vacuum mode was rough, while
that in the gas mode was smooth. However, a small hump is
noticeable in Fig. 14 for T.C. no. 33 at 900 s, indicating a
temporary crisis. For the 1100-W input case (plot not shown),
T.C. no. 3 also showed a 100 K spike which forewarned
startup trouble for the gas-filled mode. This indicates that
even with gas loading, the startup could be rough if the initial
charge pressure is not adequate enough. Also, it shows that
we have reached the heat input step maximum limit for the
P, chosen.

Other important information obtained from Figs. 10, 12,
13, and 14 is the comparison of the startup time for both
modes. The heat pipe is supposed to have started successfully
if the hot front has crossed T.C. no. 11 (adiabatic region).
As seen from these figures, the near-vacuum mode startup
times are shorter than those for the gas mode, which is in
conformity with the diffusion controlled startup theory ex-
plained in Ref. 4. According to this theory, startup time in-
creases with an increase in initial gas charge pressure.

Startup Failure

The input power was increased to 1200 W after successful
startup with 1100 W in gas mode. But this time the temper-
atures of T.C. nos. 3 and 33 kept rising until the alarm limits
were reached. This test was repeated several times with the
same outcome. Hence, it was concluded that 1100 W was the

maximum limit that this LMHP could successfully be started
from a frozen state. Figure 15 shows the startup failure in
both modes for 1200-W input.

Conclusions

Based on the experimental investigations performed on a
2-m-long sodium-stainless steel double wall artery heat pipe
in vacuum and gas-filled modes, the following conclusions
were reached:

1) The steady-state performances were verifiable up to 1014
W of condenser transport which was 56% of the designed
transport capacity (1800 W) for the single artery LMHP. Tests
could not be continued beyond this level without surpassing
the safe operating limits of 1000 K for the heat pipe and 1550
K for the heater.

2) A true vacuum mode of the LMHP was not attainable
due to the limitations of the heat pipe processing facility.
However, a near-vacuum mode was attainable to compare
and contrast with the gas-filled mode.

3) As predicted, the steady-state gas-blocked inactive con-
denser length was within 5% of the total heat pipe length
after correcting for the cold zone temperature for the 2.0-
Torr argon-filled mode.

4) In the vacuum mode, the pipe was operating near-iso-
thermal from end-to-end for 800-1000 K, and transporting
495-1014 W. In the gas mode, the hot zone remained iso-
thermal within a AT of 10 K.

5) For the same transport capacity variation of 500—1000
W, the pipe average hot zone operating temperature varied
130 K in vacuum mode and 90 K in gas mode, which confirms
better temperature control for noncondensible gas filled heat
pipes. This is the expected behavior just as in VCHP.

6) The evaporator to adiabatic temperature difference
dropped with an increase in transported power for vacuum
mode, while it increased for the gas mode. The vacuum mode
characterized the lean evaporator behavior of the double wall
wick, while the gas mode characterized the nucleate boiling
phenomenon in an inert gas environment.

7) The frozen startup tests were smooth and successful in
the gas-filled mode for heat inputs up to 1000 W (Q,), giving
a transport of 640 W (Q,) which is 35.5% of the designed
transport capacity. For the vacuum mode, the frozen startups
were rough and successful up to the same transport. However,
the LMHP could not be started from frozen state for power
inputs =1200 W in both modes.
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