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This study investigates the distinctive thermal operational characteristics of a small-loop heat pipe (LHP). Tests
are conducted under varying heat load and condenser sink temperatures at different orientations of the LHP.
Successful startups at heat loads as low as 5 W are demonstrated. To investigate the effect of accelerating forces,
the small LHP is tested on a spin table. Accelerating forces impose an additional pressure drop and change the fluid
distribution inside the LHP, thereby affecting the startup characteristics and the LHP operating temperature. Spin
tests have demonstrated successful operation of the LHP under accelerating forces. The steady-state mathematical
model proves to be useful for assessment of the main factors influencing the operating temperature when the LHP
is subjected to accelerating forces. The mathematical modeling of the LHP performance characteristics becomes
more difficult as the size of the LHP decreases. For a better prediction of the small LHP characteristics, more

detailed modeling of the evaporator core is essential.

Nomenclature
a = acceleration, m/s2
Bo = Bond number
Cp = specific heat at constant pressure, J/(kg-K)

Di, = inner diameter of wick, m

Dy, = outer diameter of wick, m

ky = thermal conductivity of wick material, W/(m-K)
L, = effective length of evaporator, m

Ly = length of wick, m

1 = mass flow rate, kg/s

OnL = heatleak, W

rp = effective pore radius of wick, m

UA = overall thermal conductance of wick, W/K
APycc = pressure drop caused by accelerating forces, Pa
APy = pressuredrop across wick, Pa

ATy = temperature difference across wick, K

o = density of working fluid, kg/m?

o = surface tension of working fluid, N/m

I

S the power density of modern electronic equipments is

steadilyincreasing,innovativethermal controltechniqueswith
miniaturizationpotential are gaining more attention from the indus-
try. Among the available techniques two-phase capillary thermal
control devices are specially promising. Heat pipes have been used
in many applicationsfor electronicscooling, such as notebook com-
puters, since the mid-1990s.! More recently, the advanced micro-
heat pipes have been proposed for other applications such as space-
craft thermal control for human missions to Mars.? Loop heat pipes
(LHPs) alternatively offer many advantages over heat pipesin terms
of operability against gravity, the maximum heat-transportcapabil-
ity, smooth-walledflexible transportlines, and fast diode action. The
LHP is a passive thermal transport device, which uses the surface
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tension forces formed in a fine-pore wick to circulate the working
fluid. After the disclosure of the design characteristicsby Maidanik
etal.? in 1985, LHPs have become an importantresearchareain both
space and ground applications. Detailed description of the working
principles of the LHPs can be found in Refs. 4 and 5.

The earlier LHPs were mainly designed for high-power appli-
cations on the order of 1 kW. Because there is strong interest to
design smaller spacecraft primarily to reduce the mission cost, the
current LHP designs are trying to respond this miniaturizationtrend
in the space industry. Miniature LHPs can also offer efficient de-
sign solutions for increasingly demanding cooling requirements of
modern microprocessorsfor high-end electronic devices. Design of
a LHP with an outer evaporator diameter of less than 12 mm is a
challenge. The main technicaldifficulties include manufacturingthe
evaporator, inserting the wick into the evaporator core, and welding
thin-walled transport lines with diameters less than 2 mm. On the
operational side, establishing the required temperature difference
across a wick with small characteristicdimensionsis also difficult.5
A miniature LHP should also satisfy a tight temperature require-
ment and operate against gravity in order to maintain the advantage
of ground testability at any orientation.

Miniaturization of LHPs is therefore a current research topic of
industrialimportance. The number of publicationsin open literature
on small LHPs is limited. Pastukhovet al.,° Bienertetal.” and Figus
etal.® have presented different aspects of the small LHPs. Maidanik
et al.? claimed that it was realistic to manufacture cylindrical evap-
orators with an outer diameter of 4 mm and flat evaporators with
a thickness of 8 mm. In a further smaller scale micromachined sil-
icon LHP development was also attempted for on-chip electronic
cooling by using technology of microelectromechanical systems
(MEMS).'? Introduction of the LHPs into industries other than the
aerospaceindustry has been slow because of their high manufactur-
ing cost. Research is however underway to produce low-cost wicks
and manufacturing techniques.!!' It is therefore becoming feasible
thatinexpensiveand miniature LHPs will be implementedinto many
advanced products in the foreseeable future.

In this study thermal operational characteristics of a small LHP
were experimentally investigated. The tests focused on startup and
shutdown characteristicsand the LHP’s response to rapidly varying
power and sink cycles. The small LHP was also installed on a spin
table to investigate the effect of accelerating forces on the LHP op-
erational characteristics. The main purpose of these spin tests was
to simulate certain applications such as spin-stabilized spacecraft,
maneuvering in space for orbit and attitude control, or rapidly ma-
neuvering military ground vehicles. The experimental results were
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Fig. 1 Schematic of the small LHP in the horizontal position and ther-
mocouple locations (not to scale).
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also compared with the mathematical calculationsobtainedby using
a steady-state model.

II. Test Article and Experimental Setup

A. Test Article

The test article used for this study was a small LHP with a weight
oflessthan 150 g. This LHP was constructedprimarily of aluminum,
and its working fluid was ammonia. Because of its small mass and
size, this LHP can easily be tested at various configurations on the
ground. It can also easily be mounted on a spin table to investigate
the effect of different acceleration patterns. A reference coordinate
system fixed to the spin table was used to describe different orien-
tations of the LHP. The spin axis was chosen as the Z axis of the
coordinate system. The Z axis was parallel to the gravity vector and
towards the opposite direction of gravity. The X axis was aligned
with the radial direction of the spin table. The Y axis completed
the coordinate system and was perpendicularto the X Z plane. The
small LHP in the horizontal position and the thermocouplelocations
are shown in Fig. 1. The thermocoupleslocated on the other side of
the evaporator and the compensation chamber are not shown in this
figure.

This LHP had a cylindrical evaporator with an outer diameter
of 13 mm, an inner diameter of 10 mm, and a length of 120 mm.
The evaporator used a sintered nickel wick with an effective pore
radius of less than 1.2 u. The nickel wick was inserted into the
aluminum body. The wick had an outer diameter of 10 mm and an
inner diameter of 4 mm. The permeability of the nickel wick was
4 x 10~'* m? with 60% porosity. The compensationchamber had an
outer diameter of 13 mm, an inner diameter of 10 mm, and a length
of 30 mm. The transport lines and condenser were machined from
the same aluminum extrusion. Both the liquid and vapor transport
lines and condenser had an outer diameter of 3.8 mm and an inner
diameterof 2.5 mm. The lengths of the liquid line and the vapor line
were 130 and 160 mm, respectively. The condenser was a single-
pass, direct-condensationheat-exchangertype with a total length of
100 mm.

B. Experimental Setup

A copper saddle was attached to the evaporator flange to hold
a cartridge heater with a maximum heating capability of 500 W.
Thermal grease was used as the interface material between the heater
block and the evaporator flange. The uncertainty in measuring the
power input was estimated to be less than 2%.

Similar to the evaporator section, a copper block was attached to
the condenser section of the LHP. Two parallel cooling lines were
embeddedinsidethe condensercopperblock. The coolinglines were
connectedto arefrigeratorwith a 1.5-kW coolingcapacity. The heat-
rejection system was able to maintain the sink temperature within
+1 K of the chosen set point. The entire LHP was insulated with
15-mm-thick Armaflex material to minimize parasitic heating.

Temperatures of the LHP at various locations and ambient were
measured by 50 copper/constantan (type T) thermocouples (Fig. 1).
The uncertainty of the thermocouple readings was estimated to be
less than 0.5 K.

The sampling rate of data-acquisition system was set to 10 kHz
with a resolution of 16 bit. The accuracy of the data-acquisition
system was calculated to be 0.6%.

A spintable was used to investigatethe operational characteristics
of the LHP under accelerating forces. The spin table consisted of a
motor, a speed reducer, three slip rings, and two spinning arms on
opposite sides of the rotating axis, each about 1300 mm long. The
LHP was mounted at the end of one of the arms. The temperature
values were collected on a data logger mounted to the spin table.
The output from this data logger was fed through three slip rings to
the data-acquisitionsystem. An accelerometer was used to measure
either radial or tangential acceleration while the system was spin-
ning. The uncertainty in measuring the accelerations was estimated
to be less than 1.5%. A tachometer mounted on the stationary por-
tion of the spin table was also used to measure the speed of rotation
within 2% accuracy. To cool the LHP during a spin test, two sep-
arate coolant-circulatingloops were employed. The first stationary
loop delivered the coolant from the refrigerator to an intermedi-
ate reservoir, which was mounted around the spin axis. The second
loop, which rotated with the test article, delivered coolant from the
reservoir to the LHP condenser. A mechanical pump was used to
circulate coolant. Design details of the experimental setup with the
spin table can be found in Refs. 12 and 13.

III. Discussion of Results

A. Stationary Tests

The small LHP was first tested under a stationarycondition. These
stationary tests were focused on the identification of the distinctive
characteristics of a small LHP. Startup at low heat loads was of
primary importance. The LHP was tested at different orientations
relative to the gravity vector, as well as under rapidly varying heat
load and sink conditions.

Startup and Power Cycle

Small LHPs are designed for low heat load applications. There-
fore, they must be able to start with low startup power levels be-
cause additional starter power might not be available in these types
of applications.In any case the use of starter heatersis not desirable
because of the added complexity and decreasedreliability of the sys-
tem. Applications with large thermal masses might however require
startup heaters especially if the missionrequiresa rapid startup. Par-
ticularly, in space applications where long waiting period or risk of
no startup cannot be tolerated, the use of starter heaters needs to be
taken into account in the system-level design.'*

To investigate the low power startup characteristics of this LHP,
a power level of 5 W was chosen. Several startups were attempted
at different sink temperatures and the LHP orientations. Figure 2
represents a typical startup when the LHP was in horizontal posi-
tion. The number of the thermocouples used in the figures is given
in parentheses. The LHP was leveled within 1.0 mm from one end
to the other in the horizontal XY plane. The sink temperature was
270 K. The LHP was started almost immediately after the power
was applied. This could be seen by the sudden increase of the vapor
line temperatures. Prior to the startup, the vapor grooves were prob-
ably filled with two-phase fluid because there was no noticeable
superheat at the onset of the startup. The compensation chamber
temperatures closely followed the evaporatortemperatures, indicat-
ing that the evaporator core also contained two-phase fluid prior to
the startup. After the startup the temperatures first increased and
then dropped towards their steady-state equilibrium values deter-
mined by the imposed conditions on the LHP. This is commonly
referred as temperature overshoot. This temperature overshoot was
caused by the slow movement of cold liquid from the condenser.
The liquid line was originally warm, and it took some time for the
cold liquid from the condenser to reach the compensation chamber.
When the power input was increasedto 10 W, the saturation temper-
ature in the LHP decreased as a result of the increased conductance
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Fig. 2 Temperature profiles during startup. Thermocouple numbers
in parentheses: O, evaporator (8); X, compensation chamber (37); ©,
vapor line (16); A, liquid line (35); A, condenser (43); and ——, power.
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Fig. 3 Performance curves at different LHP orientations: A\, horizon-
tal; ©, compensation chamber above evaporator; O, evaporator above
compensation chamber; and 4, evaporator above condenser.

as shown in Fig. 2. As the vaporiquid interface has not reached
the end of the condenser yet, this result was typical for the variable
conductance operation of a LHP.

Several startup tests were performed at other LHP orientations
to investigate the effect of the gravitational force. These orien-
tations were compensation chamber above evaporator, evaporator
above compensation chamber, and condenser above both the evap-
orator and compensation chamber. In these orientations the LHP
was maintained in a vertical XZ plane within +1.0 mm. All of
the tests were conducted with a sink temperature of 233 K. Each
one of the 5-W startup attempts was successful. After a success-
ful startup, the LHP was tested by increasing heat load in steps.
The resulting performance curves were shown in Fig. 3. The results
represent the average temperature of the six thermocouples placed
around the compensation chamber. The curves displayed typical
variable and fixed-conduction operation regions with a distinctive
minimum operating temperature. The variable conductance opera-
tion was extended up to about 40 W, and its exact location changed
slightly depending on the LHP orientation. Depending on the LHP
design, the descending part of the performance curve in the variable
conductanceregion is sometimes highly sensitive to the changesin
orientation.'>'® In our case the performance curves were similar in
shape regardless of the orientation.

During the power cycling tests, the temperature hysteresis char-
acteristics of the small LHP were also investigated. The temperature
hysteresis was identified by the fact that the operating temperature
depends upon not only the imposed power but also the previous
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Fig. 4 Temperature profiles under rapidly varying heat load and sink
conditions. Thermocouple numbers in parentheses: O, evaporator (8);
X, compensation chamber (37); ¢, vapor line (16); +, liquid line up-
stream (32); A, liquid line downstream (35); A, condenser (43); and
——, power.

history of the power variation. There is strong evidence that the
temperature hysteresis is directly related to the void fraction of the
evaporatorcore. A large decrease in applied power seems to modify
the core void fraction, leading to different operating temperatures
at the same power level by changing the amount of heat leak.!” Ku
etal. explainedin detail how the void fractiondirectly affected many
aspects of the LHP operation in Ref. 18. To investigate the possi-
ble temperature hysteresis characteristicscaused by the rapid power
change, the LHP power was cycled with large steps (5 W/200 W/5
W). For this power cycle no temperature hysteresis was observed
during the stationary tests. As it was reported in Ref. 17, the temper-
ature hysteresis strongly depends on the individual LHP design. It
is not systematically observed when a LHP is subjected to a sudden
power decrease. The true mechanism of the temperature hysteresis
has not been well understood.

The small LHP was also tested under rapidly varying heat load
and sink conditions. The main purpose of these tests was to simulate
conditions such as spacecraftentering into the eclipsein a planetary
orbit. For these tests the power was decreased from 100 to 0 W with
increments of 10 W about every 3 min, while the sink temperature
was decreased from 273 to 233 K with increments of 5 deg about
every4 min. A typicaltestresultis showninFig. 4. As the powerand
sink temperature decreased, the LHP temperatures dropped accord-
ingly. The rapid changes in power and condenser sink temperature
did not have any negative effect on the performance of the LHP.

An interesting result observed during this test was that the LHP
continued its operation even after the power was reduced to 0 W
while the sink temperature was maintained at 233 K. The para-
sitic heating from environmentthrough convection was sufficient to
sustain a steady flow. As shown in Fig. 4, the LHP operation was
stable under 0 W. The test condition was successfully maintained
for more than 20 h before the test was intentionally ended. Similar
tests performed with different power cycles and the LHP orienta-
tions showed that after a successful startup, it was difficult to shut
down a small LHP by removing the heat load in convectionenviron-
ment caused by the parasitic heating. In the case of space flight, the
attached thermal mass could provide parasitic heating. In a similar
mode this parasitic heating might delay the shutdown under no load
conditions. For a safe shutdown it is therefore necessary to heat the
compensationchamber at a faster rate than the evaporator to ensure
that the circulation inside the LHP stops.

Mathematical Model

A steady-state mathematical model, previously developed and
presentedin Refs. 19 and 20, was modified to predict the operating
temperaturesof this small LHP. This model was based on the steady-
state energy conservationequations and the two-phasepressure drop
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calculationsalong the fluid path inside the LHP. In this model it was
assumed that the space formed by the evaporator core and com-
pensation chamber contains two-phase fluid at all times. At a given
LHP condition the model predicts the steady-state LHP operating
temperature as a function of the applied power.

The calculation of the heat exchange between the environment,
and the transport lines and compensation chamber is a difficult task
in modeling the LHP operation although it might seem to be a sec-
ondary effect. Earlier articles on the LHP modeling (Refs. 21 and
22) also addressed this difficulty. The heat exchange with the sur-
roundings becomes even more important for small LHPs. This is
because of the low mass-flow rates associated with the low power
levels in the small LHPs as the fluid particles have longer dwelling
times in the transport lines in spite of the smaller diameter tubes.
Furthermore, the heat and mass transfer in small diameter tubes
is not sufficiently investigated. Empirical correlations for natural
convection are however available in the literature for the Rayleigh
numbers as low as 107!1°. Two such correlations from Refs. 23 and
24 were incorporated to the mathematical model in an attempt to
better simulate tubes with smaller dimensions.

In the calculation of the heat leak, the radial mass flow, which was
neglected in the steady-state mathematical model just mentioned,
was also taken into accountin additionto the radial heat conduction.
The heat-leak equation thus takes the following form:

ATy
)rhc,,/anu,Lw

ey

OuL = mc, )

(D3, / Dy ~1
The effect of radial mass flow was less than expected. An improve-
ment of up to 5% was obtained at the high power region. Figure 5
represents the comparison of the mathematical predictions and ex-
perimentalresults for a sink temperatureof 233 K. The experimental
results represent the average temperature of the six thermocouple
measurements around the compensationchamber. The ambienttem-
perature during the test was 293 K. The LHP was placed in the
horizontal XY plane. The predictions were within 8.5 deg of the
experimental measurements as shown in Fig. 5. Agreement was
less satisfactory than those obtained for larger LHP designs. The
prediction of the LHP characteristicsbecomes more difficult as the
dimensions of the LHP decrease. Better correlation and modeling
are necessary for more accurate prediction of the small LHP perfor-
mance characteristics.

B. Spin Tests

The main objective of the spin tests was to study the effect of dif-
ferent accelerating forces on the LHP operation, mainly the startup
and operatingtemperature characteristics.As the testunit was small,
the variation of accelerating forces from one end of the LHP to the
other was less than 15%. Tests were conducted at two different ro-
tational speeds, 30 and 60 rpm. The corresponding accelerations
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Fig. 5 Comparison of experimental results and model predictions: A,
measurements and —, predictions.
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Fig. 6 Temperature profiles at startup: a) stationary test and b) spin
test. Thermocouple numbers in parentheses: O, evaporator (8); X, com-
pensation chamber (37); ¢, vapor line (16); A, liquid line (35); A, con-
denser (43); ——, power; and - - - -, rotational speed.

calculated at the midpoint of the LHP were 1.2 and 4.8 g, respec-
tively. The LHP was tested at different orientations relative to the
directionof acceleratingforce by varying the startup power and con-
denser sink temperature. Test results were also compared with the
numerical predictions.

Startup

Figure 6 representstwo typical startups with a power of 25 W and
sink temperature of 273 K. Figure 6a was obtained during a station-
ary test without spin. For the stationary tests the LHP was located
on the vertical X Z plane with the compensationchamber below the
evaporator. For the spin tests the LHP was placed on the horizontal
XY plane with the axis of the evaporator parallel to the X direction
and the compensationchamber on the far end of the spin table. This
configuration was similar to the just-mentioned stationary config-
uration that the fluid would be pushed away from the evaporator
towards the compensationchamber, imposing more load on the sec-
ondary wick. Figure 6b represents the results obtained during a spin
test. The LHP was rotated with 30 rpm before applying power to
the evaporator. Resulting fluid shift in the vapor and liquid lines
couldbe easily seen in Fig. 6b by the sudden change of temperature
measurements. The liquid line temperature was suddenly decreased
by the colder liquid pushed out of condensertowards the liquid line,
and the vapor line temperature was increased by the warmer liquid
pushed out of the evaporatortowards the vapor line as a result of the
spinning action. The startup parameters were nearly identical for
both cases. As shown in Figs. 6a and 6b, the LHP started just after
the power was applied to the evaporator. The startup must have been
initiated by surface evaporation process, not by pool boiling, in the
evaporator grooves. The temperature overshoots observed for both
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Fig. 7 Temperature profiles at startup: a) stationary test and b) spin
test. Thermocouple numbers in parentheses: O, evaporator (8); X, com-
pensation chamber (41); ¢, vapor line (16); A, liquid line (35); A, con-
denser (43); ——, power; and - - - -, rotational speed.

cases were caused by time delay required for the subcooled liquid
to reach the compensation chamber.

Note that in Figs. 6a and 6b the vapor line temperatures were
warmer than the evaporator and compensation chamber tempera-
tures. This was caused by the parasitic heating of the vapor lines
because the LHP operating temperature at these test conditions was
less than the ambient temperature.

To verify the preceding conclusions, the LHP was repositioned
on the same horizontal XY plane. The axis of the evaporator was
again parallel to the X direction; however, the compensation cham-
ber was moved closer to the spin axis. In this configuration the fluid
would be pushed from the compensation chamber to the evapora-
tor under the influence of the spinning action. To compare these
results with the similar static case, the LHP was first tested with-
out spin when the compensation chamber was above the evaporator
in the vertical X Z plane. Figure 7a represents the startup at static
conditions with a power of 25 W and sink temperature of 273 K.
A significant temperature overshoot was observed. The compen-
sation chamber temperatures rose up to 319 K, 23 deg more than
the final steady-state operating temperature. The LHP started ap-
proximately 12 min after the power was applied. The test results
indicated that the evaporator core contained two-phase fluid prior to
the startup and the evaporator grooves were liquid filled. The pool
boiling was the main mechanism for the startup. It took some time to
establish the required temperature difference between the compen-
sation chamber and evaporator for boiling, leading to the tempera-

ture overshoot. This mechanismfor temperatureovershotwas differ-
ent from the just-mentioned one caused by the slowly moving cold
liquid.

The excess temperature or superheat required for pool boiling is
difficult to measure in a LHP. The temperature overshoot strongly
depends on the superheat. Ku et al.'? performed an extensive survey
on the nature of superheat for different test configurations based on
the wall temperature measurements. They could not find any appar-
ent patternand concludedthat superheatand temperature overshoots
were stochastic. The amount of superheatdepends,in a complicated
manner, on many parameters including applied power, thermoph-
syical properties of fluid, dynamics of vapor bubble formation, and
subsequent vapor bubble detachment from the wall.

For the dynamic tests at this configuration, the LHP was subjected
to a random spinning pattern prior to startup to simulate an arbitrary
vehicle motion as shown in Fig. 7b. The LHP was then rotated at a
constant speed of 60 rpm prior to applying power. The startup was
immediate. The startup was initiated by the surface evaporation.The
accelerating force must have produced a vapor-liquid interface in
the evaporator grooves by pushing off fluid from the grooves. The
random spinning action also pushed cold liquid from condenserinto
the liquid lines as shown in Fig. 7b. As a result, no temperatureover-
shoot was observed immediately after the startup. The temperature
fluctuations,shownin Fig. 7b, were caused by the vapor-liquid front
reaching the end of the condenser. In such a case the vapor-iquid
front moves back and forth around the condenserexit, and the LHP
operating temperature starts oscillating. A detailed discussion of
this mechanism can be found in Ref. 25.

Other startups performed at different sink and power conditions
indicated that the LHP had sufficient capillary force for successful
startupsup to 4.8 g regardlessof the directionof acceleration.In ma-
jority of the cases, high accelerating forces decreased the required
temperature overshoot prior to startup by creating a vapor-iquid
interface in the vapor grooves. Temperature overshoots were also
smaller or absent at high startup powers. This was for two reasons.
First, at high powers there was enough power available to heat the
fluid in the evaporator grooves at a faster rate than the compensation
chamber. Evaporation therefore took place quickly without impor-
tant temperature overshoot. Second, because of the high mass-flow
rates at high powers subcooled liquid arrived at the compensation
chamber at a faster speed. Therefore, the LHP reached its equilib-
rium point without experiencing high temperatures.

Because the rotational speed of the spin table was limited to
60 rpm during these tests, the LHP could not be tested at higher
accelerating forces. At higher spin rates the accelerating force can
overcome the pumping capacity of the secondary wick, causing a
dryout of the primary wick. By using a copper-water heat pipe,
Ponnappan et al.?® have shown that the dryout limit decreased with
increasing radial acceleration. For a given acceleration rate it was
however possibleto reprime the heat pipe by reducing the heat load.
Kiseev et al.”” were able to impose a radial accelerationof 10 g ona
LHP without experiencingdeprime. By using different working flu-
ids, they have found that the LHP deprimed when the Bond number
(Bo=palL.r,/20) was greater than unity. In our case the highest
Bond number was 0.06, and no deprime was observed during the
spin tests.

LHP Operating Temperature

The accelerating forces produced on the spin table affected the
steady-state LHP operating temperature by imposing additional
pressure drop and by changing the fluid distributioninside the LHP.
Table 1 summarizes the operating temperatures obtained at different
powers and sink temperatures as a function of different accelerat-
ing forces. For these tests the LHP was leveled on the horizontal
XY plane, and the evaporator axis was parallel to the X axis. The
compensation chamber was on the far edge of the spin table. The
analogous stationary case in Table 1 refers to the results obtained
when the evaporator was placed above the compensation chamber
on the vertical X Z plane. In Table 1 the calculated operating tem-
peratures were also presented for the available test cases. Table 2
represents the similar results obtained when the LHP was placed on
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Table1 Comparison of measured and calculated operating temperature values at different power and sink temperature settings as a

function of acceleration rates

Rotational acceleration, m/s?

1g 12¢ 48¢g
Operating temperature, K Analogous
Sink stationary
Power, W temperature, K Measured Calculated Measured Calculated Measured Calculated case, K
25 273.0 285.9 285.4 286.4 285.4 292.4 287.6 No data
100 273.0 312.7 310.3 305.5 310.3 305.9 310.0 315.0
100 233.0 281.2 280.6 276.4 280.3 275.6 278.4 No data

Table 2 Comparison of measured and calculated operating temperature values at different power and sink temperature settings as a

function of acceleration rates

Rotational acceleration, m/s?

lg 12¢ 48¢g
Operating temperature, K Analogous
Sink stationary
Power, W temperature, K Measured Calculated Measured Calculated Measured Calculated case, K
25 273.0 284.0 285.4 285.1 286.0 286.8 288.5 No data
100 273.0 314.0 310.3 314.5 310.3 314.2 310.6 318.2
100 233.0 281.3 280.6 283.3 281.0 282.1 280.2 No data

the horizontal XY plane, and the compensationchamber was closer
to the spin axis.

An accurate prediction of the operating temperature as a func-
tion of the spin rate is a complex task caused by many interrelated
factors, and the steady-state mathematical model is not elaborated
enough to make accurate predictions. Therefore, the mathemati-
cal model was used only to identify the main factors influencing
the LHP operating temperature under accelerating forces, and the
model was useful in determining the trend of the operating tem-
perature. As it can be shown in Tables 1 and 2, the calculations
correctly simulated increasing and decreasing trends of the operat-
ing temperatures for differentsettings. Comparison of the measure-
ments and calculations indicated that there were four interrelated
main factors influencing the LHP operating temperature. The final
operating temperature depended on the combination of these four
factors:

1) The firstfactoris the pressuredropinside the LHP. The heatleak
from the evaporatorto the compensation chamber can be calculated
by the following equation:

. UA T

Om = (UA) 5P
where (07 /9 P)sar is the slope of the vapor—pressure curve and is
a function of the operating temperature. The overall thermal con-
ductance across the wick U A depends on the state of the evaporator
core. It is clear from Eq. (2) that the heat leak will increase if the
pressure drop caused by the accelerating forces A Pacc contributes
positively to the total pressure drop. A Pycc depends on the spin
configuration and the location of the vapor-liquid interface in the
condenser. The interface position in turn depends on the inertial,
accelerating, and surface tension forces. It can be seen in Tables 1
and 2 that the change in operating temperature was much smaller
when the condenserwas fully openat 100 W/273 K because an open
condenser means smaller hydrostatic pressure. For high heat loads
such as 100 W, A P,cc became a small portion of the total pres-
sure drop inside the LHP. This would also decrease the influence of
A Pycc on the heat leak.

2) The second factor is the state of the evaporator core. The heat
leak directly depends on the state of the evaporator core. If the void
fractionof the evaporatorcoreis higher, the overall thermal conduc-
tance across the wick U A will be larger and according to Eq. (2),
the heat leak will increase, leading to higher operating tempera-
tures. The determination of U A is a major difficulty in modeling

(APy £ APxco) 2)
SAT

the LHPs. The mathematical model used in this study employed
standard correlations for the prediction of the effective thermal con-
ductance across the wick.”® The differences between the measured
and calculated LHP operating temperatures were mainly attributed
to the inability to predict the overall effective thermal conductance
across the wick.

3) The third factoris the heat-transfercoefficientin the condenser.
The spinning action directly influenced the condenser heat-transfer
coefficient and thus subcooling of the returning liquid. This in turn
affected the operating temperature, which was mainly determined
by the energy balance between the heat leak and liquid subcooling.
At 0 rpm the liquid pooled at the bottom, and the condensate film
thickened, leading to higher thermal resistance. When the spin rate
increased, the liquid condensate film became thinner, increasing the
heat-transfercoefficient. This mechanismdid not play any role when
the condenserwas fully utilized, as shown in Tables 1 and 2 for 100
W/273 K setting. The decreasein the operating temperaturesfor 100
W/233 K setting was attributed to the dominant role of increased
heat-transferefficiency in the condenser. For 25 W/ 273 K setting,
as a result of the smaller mass flow associated with the lower heat
load, the increase in the condenser heat transfer efficiency caused
by the spin was not sufficient to offset other effects to decrease the
operating temperature.

4) The last factor is the heat-transfercoefficient between the LHP
and environment. The change in heat exchange with surroundings
caused by the spinning action was calculated by using a correla-
tion suggested in Nakai and Okazaki?® An increase in overall heat-
transfercoefficient with ambientup to 8.5% was observed at 60 rpm
with respect to the stationary case. However, the overall effect on
the LHP operating temperature was much less. This effect becomes
more importantif there is a large difference between the LHP oper-
ating temperature and ambient temperature.

An accurate prediction of the operating temperature under accel-
erating forces is quite complex. The operating temperature of the
LHP will be determined depending on which one of the preceding
factorsis more important. If tight temperaturelimits are required for
a specific application,the active control of the operating temperature
might then be necessary. Bienert et al.” have demonstrated that the
operating temperature of a similar small LHP could be maintained
within less than £0.25 deg by using very low control power. To
increase the stability of the LHP operation, they applied the control
power to the liquid line instead of the more common method of heat-
ing the compensationchamber. It now needs to be demonstrated that
the operating temperature can be controlled within desired limits by



470 KAYA AND KU

using this technique even when the LHP is subjected to randomly
varying accelerating forces.

IV. Conclusions

Experimental investigation of a small LHP was performed to
demonstrate the successful operation under varying heat loads and
condenser sink temperatures and different LHP orientations. The
LHP successfully started with heat loads as low as 5 W. It was ob-
served that the small LHP could continue to operate for long time
because of the parasitic heating, even after the applied power was
removed. To ensure a safe shutdown, it is therefore necessary to
heat the compensation chamber at a faster rate than the evaporator.
Heat exchange with surroundings plays a significant role for the
small LHPs as a result of the low mass-flow rates associated with
the low heat loads. The calculated operating temperatures compared
well with experimentalresults. However, the model predictionswere
less satisfactory than those obtained for larger LHP designs.

All of the startup attempts were successful when the small LHP
was tested on a spin table. Acceleratingforces affected the superheat
for boiling and the temperature overshoot values prior to startup
in an unpredictable way. If a specific application does not toler-
ate potential temperature overshoots at startup, use of small startup
heatersis recommended. Accelerating forces also affected the LHP
operating temperature by imposing an additional pressure drop and
by changing the fluid distribution inside the LHP. The steady-state
mathematical model was a useful tool in identifying the main fac-
tors influencing the LHP operating temperature under accelerating
forces. Accurate prediction of the operating temperature as a func-
tion of accelerating forces is a complex task. Prediction of the state
of the evaporator core and the overall thermal conductance across
the wick are crucial for a better modeling of the LHP behavior.
Future investigation will focus on more realistic modeling of the
evaporator region.
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