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Abstract

The heat transfer performance of axial rotating heat pipes was measured under steady state at rotational speeds up

to 4000 RPM, or a maximum centrifugal acceleration of 170g, and heat transfer rates up to 0.7 kW. A cylindrical and
an internally tapered heat pipe with water as the working fluid were tested with different fluid loadings that ranged from

5% to 30% of the total interior volume. The measurements were used to characterize the effects of rotational speed,

working fluid loading, and heat pipe geometry on the heat transfer performance. The internal taper on the condenser

was found to significantly increase the heat transfer rate compared to the cylindrical case. A comparison between the

test results and predictions from previous models showed that natural convection in the liquid film at the heat pipe

evaporator plays an important role in the heat transfer mechanism at high rotational speeds.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Rotating heat pipes are highly effective two-phase

heat transfer devices that utilize the centrifugal force

produced by the rotation to drive the working fluid in

these devices [1]. The heat transfer through the heat pipe

is achieved by evaporating the working fluid in a high-

temperature evaporator section, and then condensing it

in a lower temperature condenser section (Fig. 1).

Rotating heat pipes can be classified as radial or axial

depending on the configuration of the heat pipe relative

to the direction of rotation or the centrifugal force. In

radial rotating heat pipes, the evaporator and condenser

are separated in the radial direction so the centrifugal

force is parallel to the liquid flow to drive the liquid

condensate from the condenser to the evaporator. In

axial rotating heat pipes, studied here, the evaporator
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and condenser are separated in the direction parallel to

the axis of rotation so the centrifugal force is normal to

the heat pipe axis. The liquid flow is driven by a

hydrostatic pressure gradient in the film caused by the

centrifugal force in a cylindrical heat pipe as shown in

Fig. 1(a), or by the component of the centrifugal force

parallel to the liquid flow if a taper is used on the inner

surface as shown in Fig. 1(b). In both cases, the vapor

flow is driven by a pressure difference in the vapor that

develops between the evaporator and condenser.

A number of investigations have shown that in most

cases the heat transfer is determined by the thermal

resistance associated with the phase changes in the

evaporator and condenser. For low rotational speeds or

more properly low centrifugal accelerations, the gravi-

tational force has an effect on the distribution of the li-

quid film so that in the horizontal orientation the film is

not uniform around the heat pipe inner surface. How-

ever, when the centrifugal acceleration is greater than

approximately 20 times gravity (i.e., a=g > 20), the
centrifugal force becomes more dominant and the liquid

film on the inner surface is approximately annular for all
ed.
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Nomenclature

a centrifugal acceleration [m s�2]

cp specific heat at constant pressure

[J kg�1 K�1]

g gravitational acceleration [m s�2]

L heat pipe length [m]

_m mass flow rate [kg s�1]

N rotational speed [RPM]

Q heat transfer rate [W]

R heat pipe inner radius [m]

Rl liquid film thermal resistance [KW�1]

T temperature [K]

a taper angle [�]

c fluid loading ratio

q density [kgm�3]

x angular velocity [rad s�1]

Subscripts

c condenser

e evaporator

i inlet

l liquid

o outlet

w heat pipe wall

Fig. 1. Schematic of rotating heat pipe and typical geometry of

(a) a cylindrical heat pipe and (b) a condenser-tapered heat

pipe.
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orientations [2]. In these cases, the phase change in the

condenser has been modeled using a modified Nusselt

film condensation model for either a tapered [3] or a

cylindrical [4] condenser. Measurements performed by

Daniels and Al-Jumaily [3] and Vasiliev and Khrolenok

[5] for the condenser heat transfer at centrifugal accel-

erations from 20g to 200g were in good agreement with
the predictions of this model. Marto and coworkers [6–

8] performed a series of experiments in the rotational

speed range 700–2800 RPM or a=g of 7–160 that showed
the thermal resistance of the condenser of tapered heat

pipes was less than half that of the cylindrical case.

Ponnappan et al. [9] performed measurements using

tapered heat pipes at much higher rotational speeds of

5000–30,000 RPM (200 < a=g < 7350), and found the
modified Nusselt film condensation model [3] over pre-

dicted their measurements by approximately a factor of
4. Song et al. [10] later attributed this discrepancy to the

large fluid loading in the heat pipes tested by Ponnappan

et al. [9]. In particular, they found that small amounts of

excess fluid pools in the evaporator, but as the fluid

loading is increased it affects the film thickness in the

condenser. Song et al. [10] showed that the predictions

of the modified Nusselt film condensation model were in

reasonable agreement with the measurements of the

condenser heat transfer by Ponnappan et al. [9] when the

effect of fluid loading was considered.

There have been fewer investigations to characterize

the evaporator performance in rotating heat pipes. For

low and modest rotational speeds, the phase transfor-

mation occurs through nucleate boiling that has a

smaller thermal resistance relative to the film conden-

sation process. At high rotational speeds (a=g > 100),
Judd and Merte [11] and Ulucakli and Merte [12] found

that nucleate boiling was suppressed in pool boiling and

natural convection was increased. Vasiliev and Khrole-

nok [5] found similarly that nucleate boiling tended to

be suppressed and natural convection became more

important in the evaporator of a rotating heat pipe as

the centrifugal acceleration increased from 20g to 200g.
It should be noted that Vasiliev and Khrolenok [5] were

characterizing the performance of a rotating heat pipe

with a large step change in the heat pipe inner diameter

between the adiabatic and evaporator sections. As a

result, the heat transfer at the evaporator was similar to

pool boiling. Song et al. [10] showed that when the

suppression of boiling was considered for high rota-

tional speeds, the thermal resistance of the evaporator

became a significant part of the overall thermal resis-

tance of the heat pipe and thus, should be considered

when predicting the overall heat transfer performance of

the rotating heat pipe.

Most previous models for cylindrical and tapered

rotating heat pipes, however, have considered only the

condenser heat transfer and neglected the thermal
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resistance at the evaporator. This is only reasonable

when the evaporator is operating in the nucleate boiling

regime. Vasiliev and Khrolenok [5] proposed a complete

model for the stepped heat pipe but considered the

condenser and evaporator as discrete components that

made it not applicable to heat pipes without a step. Li

et al. [13] developed a film evaporation model that was

analogous to the modified Nusselt film condensation

model, and coupled this evaporator model with the film

condensation model [3] to predict the heat transfer

performance of a tapered heat pipe. More recently, Song

et al. [10] developed a model that included a mixed

convection film evaporation model in the evaporator. In

this case, the heat was transferred across the film by both

conduction and natural convection, so that it reduced to

Li et al.’s model if natural convection was negligible.

The predictions from Song et al.’s model [10] indicate

the thermal resistance of the evaporator is on the same

order as the condenser in many high-speed rotating heat

pipe applications. In many cases, the predicted thermal

resistance for the overall heat pipe was significantly less

than that predicted by Li et al. [13].

Heretofore, however, there have only been limited

experiments on the overall performance of rotating heat

pipes [3,9] that could be used to examine if the model

proposed by Song et al. [10] could accurately predict the

performance of high-speed axial rotating heat pipes. The

predictions of heat transfer from Song et al.’s model

were in reasonable agreement with the experimental

measurements of Daniels and Al-Jumaily [3] and Pon-

nappan et al. [9], though they were unable to explain the

slight decrease in the measured heat pipe performance

with rotational speed found by Ponnappan et al. [9].

Further, unlike previous models, Song et al.’s model [10]

could be used to examine the effect of different fluid

loadings in the heat pipe by assuming an annular liquid

film at high rotational speeds (a=g > 20). They found
that the optimum fluid loading in the rotating heat pipe

predicted by the model varies significantly with rota-

tional speed and heat flux. This is different from the

findings of Nakayama et al. [14] that at low rotational

speeds (a=g < 13) the liquid should fill approximately
10–14% of the heat pipe interior volume.

The objective of this study was to experimentally

investigate the performance of axial rotating heat pipes

and assess the models of Li et al. [13] and Song et al.

[10]. Measurements were performed for a cylindrical and

a 2� tapered condenser heat pipe with different fluid
loadings at rotational speeds from 2000 to 4000 RPM,

that correspond to a=g of 42–170.

Coupling Support plate 

(b)

Fig. 2. Schematic of the high-speed rotating heat pipe test

facility configured with (a) induction heating at the evaporator

and water jacket at the condenser and (b) water jackets at the

evaporator and condenser.
2. Experimental facilities and methodology

The rotating heat pipe was driven using a Toshiba

EQP3 motor with a VFS9S controller capable of rota-
tional speeds up to 4775 RPM. The motor was directly

connected to the condenser end of the heat pipe using a

plastic ODG Bowex flexible coupling. The heat pipe was

supported at the adiabatic section using a 3 mm thick,

178 mm long Teflon sleeve in a stainless steel tube. This

tube was mounted in two self-aligning bearings, such

that the ends of the Teflon sleeve were 10 mm away from

the nominal start of the condenser and evaporator sec-

tions. A cooling water jacket was used to remove the

heat from the condenser, while two different methods

were used to heat the evaporator. In the first configu-

ration, shown in Fig. 2(a), the heat was added to the

evaporator of the heat pipe using an induction heating

coil. It was, however, found that the induction heating

of the surrounding metal plate was a significant portion

of the total electrical power making it difficult to accu-

rately determine the heat flux into the evaporator heat-

ing coil, and obtain an energy balance for the heat pipe.

The heat transfer rate could only be determined by

applying an energy balance to the condenser water

jacket. In order to evaluate the accuracy of the mea-

surements of heat transfer from the condenser, the

performance of one rotating heat pipe was also char-

acterized using a second configuration with a heating

water jacket at the evaporator shown in Fig. 2(b). In this

case, the maximum temperature at the evaporator was

limited by the heating water temperature, so that it was

not possible to perform measurements for high heat

transfer rates when the rotational speed was low. Thus,

most of the measurements reported in this paper were

performed using the first configuration with the evapo-

rator induction heating.
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In the first configuration, a Radyne 3 kW induction

heating system was used to supply heat to the evapo-

rator section. The induction coil was water cooled and

the energy extracted from the coil was determined by

measuring the flow rate and temperature change of

water across the cooling system. The coil was positioned

to surround the entire rotating evaporator so that a

nearly uniform heat flux could be achieved at the

evaporator. The wall temperature distribution along the

evaporator was measured in the gaps between the coils

using a Raytec infrared (IR) thermometer mounted

above the heat pipe.

The cooling water jacket at the condenser was 103

mm long with a 19 mm annular gap between the sta-

tionary Teflon shell and the rotating heat pipe (Fig. 3).

The two ends of the water jacket were sealed using 25

mm diameter CR bore seals mounted into the Teflon

block. The water flow entered and exited the water

jacket through 6.4 mm holes on the top of the channel,

with centers located 16 mm from the two ends of the

channel. The inlet and outlet temperatures of the cooling

water were measured using T-type thermocouples with

an overall accuracy of ±0.5 �C. The wall temperature of
the condenser was measured at both ends just outside of

the water jacket using the IR thermometer as shown in

Fig. 3. The cooling water was supplied using the closed

loop system shown in Fig. 4. The flow rate was con-

trolled using a valve and by-pass leg that circulated a

portion of the flow from the pump back to the reservoir.

The remainder was circulated through the water jacket

and the volume flow rate was measured using a rota-

meter with an accuracy of ±2% of full scale. The flow

exiting the cooling water jacket passed through the re-

cuperator and returned to the reservoir.

The heat transfer rate from the condenser was eval-

uated as

Qc ¼ _ml;ccpðTc;o � Tc;iÞ; ð1Þ
Fig. 3. Schematic of the water jacket at the condenser.
where _ml;c is the mass flow rate of water, and Tc;i and
Tc;o are the inlet and outlet water temperature of the
water jacket. For the measurements here, a large water

flow rate was desirable to enhance the convection heat

transfer between the water flow and the rotating heat

pipe in order to maintain a relatively isothermal

boundary condition at the condenser. The volume flow

rate was 1.4–2.0 lmin�1 that yielded temperature dif-

ferences in the cooling water of 2–6 �C. The uncer-
tainty of the heat transfer measurement estimated

following the approach of Coleman and Steele [15] was

±15% at 95% confidence for heat transfer rates of 0.5–

0.7 kW, and up to ±50% at 95% confidence for the

lowest heat transfer rates of 0.1–0.2 kW. In order to

better evaluate the uncertainty in the heat transfer

measurements, experiments were performed for one

rotating heat pipe using the second configuration of

water jackets at the condenser and evaporator so the

energy balance of the system could be verified. The

heating water jacket at the evaporator was similar to

that at the condenser but 10 mm shorter to leave en-

ough space on both ends of the evaporator to measure

the wall temperature with the IR thermometer. In this

configuration, the water flow to the evaporator water

jacket was supplied using the closed loop system shown

in Fig. 4. A 2 kW heater with a PID controller was

used to maintain the water entering the jacket at a

constant temperature. The flow rate was set to 1.2

lmin�1 and the temperature change in the water across

the evaporator was in the range 3–7 �C. The uncer-
tainty in the heat transfer varied from ±15% to ±35%

at 95% confidence. The water flow to the condenser

jacket in this instance was supplied from the city supply

and measured using a rotameter with an accuracy of

±2% of the reading.

A cylindrical and an internally tapered condenser

heat pipe (Fig. 1) with distilled water as the working

fluid were tested at rotational speeds of 2000–4000

RPM, and heat transfer rates of 0.1–0.7 kW. The

dimensions of the heat pipes and the different fluid

loadings used in the current tests are summarized in

Table 1.



Table 1

Specifications of the rotating heat pipes

Cylindrical heat pipe Tapered heat pipe

Evaporator length 121 mm (4.75 in.)

Adiabatic length 184 mm (7.25 in.)

Condenser length 102 mm (4.0 in.)

Evaporator taper 0�
Adiabatic taper 0�
Condenser taper 0� 2�

Heat pipe wall material Copper

Heat pipe outer diameter 25.4 mm (1.0 in.)

Wall thickness at condenser end 3 mm (0.125 in.) 6 mm (0.25 in.)

Wall thickness at evaporator end 3 mm (0.125 in.) 2.8 mm (0.11 in.)

Working fluid Distilled water

Working fluid charge (mass/percentage of the interior

volume filled with liquid)

6:3g/5.5% 9:2g/9.1%
18:2g/15.9% 18:2g/18.0%

32:0g/31.7%
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3. Experimental results

The heat transfer performance of the tapered heat

pipe with 9:2g of water was initially characterized with
the water jacket at the evaporator. The heat transfer

rates into the evaporator (Qe) and out of the condenser
(Qc) were in good agreement, with the average difference
being less than 5% (Fig. 5). This is true at all the heat

transfer rates suggesting that the error in the measure-

ments was smaller than that estimated by the uncer-

tainty analysis. The inlet water temperature of the

condenser cooling jacket varied from 15 to 18 �C in these
measurements, and the average condenser wall temper-

ature varied from 26 to 30 �C. The evaporator wall
temperature measured with the IR thermometer at the
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Fig. 5. Comparison of the heat transfer rates determined at the

condenser and evaporator water jackets for the tapered heat

pipe with 9:2g of water at (}) 2000 RPM, (h) 3000 RPM, (M)
4000 RPM.
ends of the heating jacket ranged from 37 to 59 �C for
the different heating conditions, with the temperature

difference along the evaporator being less than 4.0 �C.
The heat transfer performance of this heat pipe was

also measured using the induction coil at the evaporator.

The inlet temperature of the water in the condenser

cooling jacket varied from 19 to 28 �C in this case, and
the average condenser wall temperature varied from 26

to 38 �C. The wall temperature difference along the
evaporator measured between induction coils with the

IR thermometer was less than 1.5 �C, indicating a nearly
uniform evaporator temperature. A comparison of the

heat transfer performance measured from both config-

urations is shown in Fig. 6 for rotational speeds from

2000 to 4000 RPM. The error bars for the measurements

using the induction heating at 4000 RPM are shown for

clarity. The results from the two configurations are in

reasonable agreement with an average difference of

about 15%, suggesting that the heat transfer through the

rotating heat pipe can be determined from the condenser

water jacket. The induction heating configuration was

used to characterize the rotating heat pipes in these

experiments.

The heat transfer of the tapered heat pipe with the

three different fluid loadings are plotted against the

temperature difference between the evaporator and

condenser in Fig. 7. The wall temperature at the evap-

orator varied between 40 and 90 �C and the distribution
was relatively uniform, with the largest axial difference

along the evaporator being less than 10% of the tem-

perature difference between the evaporator and con-

denser. An increase in the fluid loading decreases the

heat transfer, particularly at low rotational speeds.

When the fluid loading was increased from 9:2g to 18:2g,
the heat transfer performance remained almost un-

changed at 4000 RPM, and decreased approximately
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ference between the evaporator and the condenser for the ta-

pered heat pipe with 9:2g of water at (r) 2000 RPM, (j) 3000
RPM, (N) 4000 RPM; with 18:2g of water at (}) 2000 RPM,
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ference between the evaporator and the condenser for the

cylindrical heat pipe with 6:3g of water at (r) 2000 RPM, (j)
3000 RPM, (N) 4000 RPM; with 18:2g of water at (}) 2000
RPM, (h) 3000 RPM, (M) 4000 RPM.
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10% at 3000 and 2000 RPM. Increasing the fluid loading

from 9:2g to 32:0g decreased the heat transfer by 20% at
2000 RPM and 30% at 3000 and 4000 RPM. The in-

crease in heat transfer with rotational speed is found to

be dependent on the fluid loading. For the lower fluid

loadings of 9:2g and 18:2g of water, the heat transfer
rate for a given temperature drop increased by approx-

imately 40% when the rotational speed was increased

from 2000 to 4000 RPM. This is expected because the
component of the centrifugal force parallel to the liquid

flow direction in the condenser, qlx
2R sin a, increases

with rotational speed resulting in a consequent thinning

of the liquid film in the condenser [3]. For the higher

fluid loadings, however, the increase in heat transfer

with rotational speed is not as significant, with an in-

crease of 20% for fluid loading of 32:0g. This is primarily
because at higher fluid loadings the excess fluid pools in

the condenser [10], and will be examined in more detail

when the measurements are compared to the predictions

from the models [10,13]. In all cases, the heat transfer

rate increases approximately linearly with the tempera-

ture drop DT . This indicates that the overall thermal
resistance of the heat pipe that is proportional to

ðQ=DT Þ�1 is approximately constant, and the heat

transfer mode is not changing.

The decrease in the heat transfer performance with

fluid loading for a cylindrical heat pipe is much more

significant than for the tapered case (Fig. 8). In partic-

ular, the heat transfer decreased by approximately 40%

when the fluid loading was increased from 6:3g to 18:2g,
compared to a negligible effect for the tapered case at the

higher rotational speeds. An increase of fluid loading in

the cylindrical heat pipe increases the thickness of the

liquid layer throughout the entire heat pipe, particularly

in the condenser, and increases the thermal resistance of

the heat pipe for all cases [10]. In a tapered heat pipe, the

excess fluid mainly pools in the evaporator, where, as it

will be discussed later, it does not affect the overall heat

transfer rate significantly. At all these heat fluxes and

rotational speeds, the thermal resistance of the cylin-

drical heat pipes is nearly constant. For the heat pipe

with 6:3g of water, the typical wall temperature distri-
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butions at the evaporator were approximately uniform

as shown in Fig. 9. However, when the heat transfer was

increased beyond 0.5 kW for this heat pipe at 2000

RPM, the evaporator wall temperature increased from

approximately 90 �C to above 200 �C, suggesting a dry
out condition in the evaporator. A similar phenomenon

was not observed in the cylindrical heat pipe with 18:2g
of water at the same speed range and even higher heat

loads. The average heat flux at the evaporator wall was

approximately 5 · 104 Wm�2, which is significantly be-

low the critical boiling heat flux limit of approximately

106 Wm�2 [16]. Thus, the dry out in this case was likely

caused by a lack of working fluid in the evaporator due
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Fig. 10. Comparison of the heat transfer performance at 4000

RPM for the tapered heat pipe with (}) 9:2g of water and (M)
18:2g of water, and cylindrical heat pipe with (r) 6:3g of water
and (N) 18:2g of water.
to the insufficient hydrostatic pressure gradient to drive

the liquid flow.

The benefit of adding a taper to the condenser was

examined by comparing the performance of the tapered

and cylindrical heat pipes at a typical speed of 4000

RPM (Fig. 10). The results for the two cases can be

evaluated by comparing the overall thermal resistance of

the heat pipe. The thermal resistance of the tapered heat

pipe with 9:2g of water was 70% of that for the cylin-

drical heat pipe with 6:3g of water, and the thermal
resistance of the tapered heat pipe with 18:2g of water
was approximately half that of the cylindrical heat pipe

with the same mass of water. In fact, the thermal resis-

tance for the tapered heat pipe with 32:0g of water is less
than the cylindrical heat pipe with 6:3g of water, indi-
cating the addition of the taper significantly enhances

the performance of the rotating heat pipe.
4. Comparison between measurements and model predic-

tions

The heat transfer measurements were compared to

the predictions from the models proposed by Li et al.

[13] and Song et al. [10]. Both use a modified Nusselt

film condensation model in the condenser and an adia-

batic laminar thin-film model in the adiabatic section.

The main difference between the models is at the evap-

orator, where Li et al. [13] used a modified Nusselt film

evaporation model, whereas Song et al. [10] used a

mixed convection film evaporation model that reduced

to Li et al.’s model when the contribution from natural

convection to the evaporation heat transfer was small.

The model by Li et al. [13] was also modified here to

take into account the effect of excess fluid loading in the

heat pipe. The heat transfer was evaluated from the

models using a uniform wall temperature boundary

condition at the evaporator and condenser. The mea-

surements indicated that the evaporator wall tempera-

ture was relatively uniform so that this boundary

condition is reasonable, except when dry out appears to

occur in the evaporator. The wall temperature at the

condenser was not uniform. However, the average value

at both sides of the condenser should provide a first

approximation for the actual boundary condition that

can be used to determine if the models can predict the

trends observed in the measurements.

A comparison between the predictions of the model

by Song et al. [10] and the measurements for the tapered

heat pipe with 9:2g and 18:2g of water is shown in Fig.
11(a), while the same comparison for the model by Li

et al. [13] is shown in Fig. 11(b). The predictions from

Song et al.’s model are in reasonable agreement with the

measurements, with the model over predicting the

measurements by approximately 15%, and seem to

capture the correct trends in the results. In particular,
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and ) 2000 RPM, (j and – – –) 3000 RPM, (N and — )

4000 RPM; with 18:2g of water at (} and ) 2000 RPM,

(� and – – –) 3000 RPM, (M and ————) 4000 RPM.
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Fig. 12. Change in the thermal resistance of the evaporator

(light lines) and the condenser (dark lines) with rotational speed

predicted using (a) Song et al.’s model [10] and (b) Li et al.’s

model [13] for the tapered heat pipe with 9:2g of water (
and ); with 18:2g of water (– – – and – – –); with 32:0g
of water (— and ————).
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the predicted heat transfer rates increase continually

with the rotational speed, and also approximately

coincide for the two different fluid loadings, in agree-

ment with the measurements. On the other hand, the

predictions from the model of Li et al. [13] under predict

the measurements by approximately 60%, and are

essentially independent of rotational speed for both fluid

loadings in the speed range 2000 to 4000 RPM. The

predictions also indicate that the heat pipe performance

is strongly dependent on the fluid loading, with a de-

crease of about 40% when the fluid loading was in-

creased from 9:2g to 18:2g of water. Thus, the

performance of the tapered heat pipe with changes in the

rotational speed and fluid loading predicted by Li et al.

[13] are exactly opposite to those found in the mea-

surements for the parameter range studied here.
The difference in these two models can be further

understood by comparing the contributions of the

evaporator and condenser to the overall thermal resis-

tance of the heat pipe as shown in Fig. 12. The predic-

tions for the thermal resistance of the condenser from

the two models are quite similar and decrease with

rotational speed for the same fluid loading. This is not

unexpected because the same film condensation model

was used in both models. The thermal resistance for the

evaporator from the model by Li et al. [13], however, is

much larger than that from the model by Song et al. [10].

The evaporator thermal resistance from Li et al.’s model

is almost constant with speed because the film thickness

profile in the adiabatic section and evaporator becomes

more uniform with an increase of rotational speed. The

natural convection heat transfer included in Song et al.’s

model increases with rotational speed, so the thermal

resistance of the evaporator decreases with rotational
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speed in this case. As the fluid loading is increased, the

model predicts that the excess fluid initially tends to pool

in the evaporator and adiabatic section. However, at

higher fluid loadings some fluid begins to pool in the

condenser causing the thermal resistance of the con-

denser predicted by both models to increase. The in-

crease in the film thickness in the evaporator increases

the thermal resistance of the evaporator predicted by Li

et al.’s model [13], but decreases the thermal resistance

predicted by Song et al.’s model [10] because of the

inclusion of natural convection. Thus, Li et al.’s model

predicted that fluid loading had a significant influence

on the performance of the tapered heat pipe, while Song

et al.’s model predicted a small change more consistent

with the measurements.

The measurements for the cylindrical heat pipe were

also compared to the predictions from the two models,

as shown in Fig. 13. The predictions from the model

proposed by Song et al. [10] are again in better agree-

ment with the measurements. The model under predicts

the measurements by 25% and 40% for the heat pipe

with 6:3g and 18:2g of water, respectively. The model
does seem to accurately predict the change in the per-

formance of the cylindrical heat pipe with changes in

both rotational speed and fluid loading. The predictions

from the model proposed by Li et al. [13] under predict

the measurements by approximately 40% for the heat

pipe with 6:3g of water, and 60% for the heat pipe with
18:2g of water. This model, however, does not predict
the change in the performance of the heat pipe with

speed and significantly over predicts the decrease in the

performance as the fluid loading was increased. The

difference in the model predictions can again be under-

stood by examining the thermal resistance of the evap-

orator and condenser predicted from the two models

(Fig. 14). The predictions of the thermal resistance of the

condenser are again in reasonable agreement from both

models. The thermal resistance of the condenser is larger

than the evaporator in both models because the flow is

driven back to the evaporator by the hydrostatic pres-

sure gradient generated by the centrifugal force so that

the film thickness decreases from the condenser to the

evaporator. The thermal resistance of the evaporator

from the model by Li et al. [13] is much larger than from

the model by Song et al. [10], causing the former model

to under predict the heat transfer, though by much less

than in the tapered heat pipe. Further, the difference in

the evaporator thermal resistance seems to explain why

Li et al.’s model improperly predicts the change in heat

pipe performance with rotational speed. The predicted

film thickness becomes more uniform as the rotational

speed is increased, causing the thermal resistance of the

condenser to decrease for the lower fluid loading and

remain unchanged for the higher fluid loading for both

models. The predicted thermal resistance of the evapo-

rator from Li et al.’s model increases slightly, offsetting
the decrease in the thermal resistance of the condenser.

The predicted thermal resistance of the evaporator and

the overall heat pipe from Song et al.’s model, by con-

trast, decreases with rotational speed, which is in

agreement with the measurements. Similarly, when the

fluid loading is increased it causes the film thickness to

increase throughout the heat pipe. This leads to an in-

crease of the predicted thermal resistance of the con-

denser in both models. The thermal resistance of the

evaporator predicted by Li et al.’s model also increases

resulting in an increase in the overall thermal resistance,

which is much larger than in the measurements. Here,

again, the thermal resistance of the evaporator predicted

by Song et al.’s model is significantly smaller than that

of the condenser due to the effect of natural convection

in the evaporator. Consequently, the change in the
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overall resistance is mainly determined by the condenser,

and is in better agreement with the measurements.

The predictions of the heat transfer from the model

by Song et al. [10] deviate significantly from the mea-

surements for the case where the measured evaporator

wall temperature suggests dry out in the evaporator.

This can be examined by computing the minimum mass

of fluid that must be charged in the heat pipe to ensure

the entire evaporator inner surface is covered with li-

quid. The ratio of the mass of fluid in the heat pipe to

the minimum mass of fluid predicted from Song et al.’s

[10] model,

c ¼ mass of fluid

minimum mass of fluid
ð2Þ

for the different heat pipes in the heat load range

investigated here is shown in Fig. 15. For the tapered

heat pipe with 9:2g and 18:2g of water, c varies from 2 to
3 and from 4 to 6, respectively, indicating more than

sufficient fluid in both cases. For the cylindrical heat

pipe with 6:3g of water, c varies between 1 and 2. The
value is less than 1 at 2000 RPM and a heat rate of

0.5 kW, indicating insufficient working fluid at this

condition, and corresponds to that found in the mea-

surements. Thus, the results suggest that this model

can predict the conditions for the occurrence of dry

out in the evaporator. Further measurements are, how-

ever, required for different fluid loadings to determine

whether this can be predicted over a wider range of

operating conditions. The predictions of c from Li

et al.’s [13] model are generally 5–10% less than those by

Song et al. [10] but show the same trend with test con-

ditions.
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5. Conclusions

Experiments were performed to investigate the heat

transfer performance of axial rotating heat pipes. A heat

pipe with an internal cylindrical surface and a heat pipe

with a 2� tapered condenser were tested at rotational
speeds from 2000 to 4000 RPM with different fluid

loadings. The heat transfer rates through both rotating

heat pipes increase with an increase in rotational speed

and a decrease in fluid loading. The increase in the heat

transfer with rotational speed is more pronounced at

lower fluid loadings for both the tapered and cylindrical

heat pipes. An increase of fluid loading decreases the

performance of the cylindrical heat pipe much more

than in the tapered heat pipe. The taper in the condenser

improves the heat transfer significantly compared to that

of the cylindrical heat pipe. The optimum working fluid

charge must be determined based on the heat pipe

operating conditions to prevent either the occurrence of

dry out with a low fluid charge or a reduction of heat

pipe performance with a high fluid charge. A compari-

son between the measurements and predictions from

previous models indicates that natural convection is an

important heat transfer mechanism influencing the

evaporator and the overall heat pipe performance at

high rotational speeds. The model proposed by Song

et al. [10] that includes the contribution of natural

convection in the evaporator can, in general, predict the

heat transfer characteristics of the rotating heat pipe.
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