
International Journal of Heat and Mass Transfer 46 (2003) 4393–4401

www.elsevier.com/locate/ijhmt
Fluid flow and heat transfer model for high-speed rotating
heat pipes

F. Song, D. Ewing, C.Y. Ching *

Department of Mechanical Engineering, McMaster University, Hamilton, Ont., Canada, L8S 4L7

Received 7 October 2002; received in revised form 17 May 2003
Abstract

A new complete model has been developed to predict the performance of high-speed rotating heat pipes with

centrifugal accelerations up to 10 000 g. The flow and heat transfer in the condenser is modeled using a conventional

modified Nusselt film condensation approach. The heat transfer in the evaporator has previously been modeled using a

modified Nusselt film evaporation approach. It was found, however, that natural convection in the liquid film becomes

more significant at higher accelerations and larger fluid loadings. A simplified evaporation model including the mixed

convection is developed and coupled with the film condensation model. The predictions of the model are in reasonable

agreement with existing experimental data. The effects of working fluid loading, rotational speed, and pipe geometry on

the heat pipe performance are reported here.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Rotating heat pipes are highly effective two-phase

heat transfer devices that can be used for thermal

management in a range of rotating systems or machin-

ery, including high-speed drills, electric motors, or

compressors [1–3]. Recently, there has been increased

interest in using rotating heat pipes in aero-engine ap-

plications, where the rotational speeds can exceed 30 000

rpm [4]. A rotating heat pipe, like all heat pipes

and thermosyphons, transfers heat by evaporating the

working fluid in the evaporator and condensing

the vapor at the cooler condenser end. The flow of the

working fluid in rotating heat pipes is mainly driven by

the centrifugal force imposed by the rotation of the pipe

about its axis. Hence, the heat transfer rate of the device

is significantly affected by the rotational speed or more

properly the centrifugal acceleration.

At low rotational speeds, the liquid flow in a hori-

zontal rotating heat pipe is only partially annular due to

gravity, and becomes fully annular only at centrifugal
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accelerations greater than about 20 g [5]. For a cylin-

drical rotating heat pipe, the centrifugal acceleration

imposed by the rotation is perpendicular to the direction

of fluid flow and there must be a decrease in the film

thickness in the flow direction to produce a favorable

pressure gradient to drive the liquid back to the evapo-

rator. This causes a large film thickness in the condenser

reducing the efficiency of the film condensation process

[6]. The heat transfer is often enhanced by adding an

internal taper in the condenser, and in some cases the

evaporator, which utilizes the component of centrifugal

force in the axial direction to reduce the film thickness in

the condenser.

There has been considerable interest in developing

models for the performance of rotating heat pipes in

order to optimize their design. The early investigations

focused on predicting the condenser performance using

a modified Nusselt-type film condensation model [7–10].

The heat transfer in the evaporator was either neglected

by arguing that the thermal resistance in the evaporator

in the nucleate boiling regime was much less than that in

the condenser, or approximated using empirical corre-

lations for pool boiling under acceleration [11]. It was

found that the predictions from the model were in rea-

sonable agreement with measurements [8]. Most of these

investigations have focused on low and moderate-speed
ed.
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Nomenclature

Cf skin friction coefficient

Cp specific heat at constant pressure [Jkg�1 K�1]

g gravitational acceleration [ms�2]

Gr Grashof number, x2r cos abDTd3=m2l
h heat transfer coefficient [Wm�2 K�1]

hfg latent heat [Jkg�1]

k heat conductivity [Wm�1 K�1]

L heat pipe length [m]

_mm mass flow rate [kgs�1]

Nu Nusselt number, hd=kl
P pressure [Pa]

Pr Prandtl number, m=a
q heat flux [Wm�2]

Q heat transfer rate [W]

r local radius [m]

R heat pipe radius [m]

Rl liquid film thermal resistance [K/W]

Ra Rayleigh number, GrPr
Re liquid film Reynolds number, 4uld=ml
T temperature [K]

u velocity [ms�1]

U liquid velocity at the liquid–vapor interface

[ms�1]

a taper angle [�]
d liquid film thickness [m]

l dynamic viscosity [kgm�1 s�1]

m kinematic viscosity [m2 s�1]

q density [kgm�3]

s shear stress [Nm�2]

x angular velocity [rads�1]

Subscripts

c condenser

e evaporator

f forced convection

i inner side

l liquid

m mixed convection

n natural convection

o outer side

sat saturation

v vapour

w wall

d liquid–vapor interface
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(<3000 rpm) rotating heat pipes with typical centrifugal

accelerations less than 200 g. Ponnappan et al. [12] re-

cently measured the heat transfer rates of heat pipes at

rotational speeds from 10 000 to 30 000 rpm with ac-

celerations in the range 1000–9600 g. The heat transfer

performance of the condenser predicted using the

modified Nusselt film condensation model was more

than an order of magnitude larger than their measure-

ments. They also found that the heat transfer perfor-

mance of the condenser decreased with rotational speed,

which was contrary to the predictions from the model.

As a result they stated that the previous condensation

model did not capture all of the physics of high-speed

rotating heat pipes.

It should be noted that the effect of fluid loading

could not be included into the previous condensation

models for rotating heat pipes since the models did not

include the complete cycle of the working fluid. In

practical applications, the heat pipes are charged with an

excess amount of the working fluid in order to prevent

local dryout in the evaporator. For example, the fluid

loading in the experiments of Ponnappan et al. [12] is up

to 15 times the ideal fluid loading. Li et al. [13] noted

that the effect of fluid loading could be initially exam-

ined using a simple film evaporation model for the

evaporator that was analogous to the modified Nusselt

film condensation model used in the condenser. They
used this to complete the model of the heat pipe and

found that the performance of the condenser was, in

fact, adversely affected by increasing the fluid loading. In

particular, although the excess fluid tends to pool in the

evaporator of a tapered rotating heat pipe, it increases

the liquid film thickness in the condenser at high fluid

loadings. It should be noted that both the condensation

model [8] and the combined film condensation/evapo-

ration model [13] evaluated the heat transfer perfor-

mance of the heat pipe by examining the heat transfer in

the condenser as a function of the temperature difference

between the vapor and the condenser wall rather than

the temperature difference across the heat pipe. Hence,

these results can only be used to predict the performance

of rotating heat pipes if the thermal resistance of the

evaporator is negligible.

Generally, nucleate boiling is suppressed within the

liquid film in the evaporator as the centrifugal acceler-

ation increases [14–17]. Although the exact transitional

acceleration is not known, nucleate boiling is completely

suppressed at about 600 g [15]. Under these conditions,

the phase transformation in the evaporator may occur

by film evaporation at the liquid surface [11], which is

generally applicable for rotating heat pipes at low ro-

tational speeds (accelerations), or at high rotational

speeds with high-thermal-conductivity metal working

fluids. Song et al. [6] used this model to predict the
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performance of rotating heat pipes of different geome-

tries including a cylindrical pipe under accelerations up

to 1100 g. In high-speed rotating heat pipes with com-

mon working fluids such as water and methanol, natural

convection within the liquid film is enhanced in the

evaporator compared to conduction heat transfer across

the liquid film. In this case, previous closed-form ana-

lytical solutions are not sufficient to describe the heat

transfer processes in the evaporator. Song et al. [18]

noted that the natural convection in the liquid film due

to the centrifugal acceleration became more important

as the fluid loading was increased, causing the liquid to

pool in the evaporator. They introduced a mixed con-

vection model to account for the effect of natural con-

vection in the presence of high acceleration and large

fluid loading.

A new complete model for the high-speed rotating

heat pipe is presented in this paper. Following Li et al.

[13] the solutions for the liquid flow and heat transfer in

the condenser, the adiabatic section, and the evaporator

are coupled so that the model can predict the perfor-

mance of rotating heat pipes with either ideal or non-

ideal fluid loadings. The performance of the condenser is

modeled using the conventional modified Nusselt film

condensation approach, while the performance of the

evaporator is modeled using a film evaporation ap-

proach that includes correlations for both natural and

mixed convection. The model was validated by com-

parisons with the experimental data of Ponnappan et al.

[12]. The effects of both design and operating parameters

on a rotating heat pipe with rotational speed ranging

from 10 000 to 30 000 rpm are presented.
2. Rotating heat pipe model

2.1. Governing equations

A rotating heat pipe (Fig. 1) consists of three sec-

tions: a condenser, an adiabatic section, and an evapo-

rator. The models for each section are coupled together

to obtain the overall heat transfer performance of the

heat pipe as a one-domain problem. The momentum

equations of the thin-film liquid flow at steady state are
Fig. 1. Schematic of rotating heat pipe.
qlx
2r sin a � oPl

ox
þ osl

oy
¼ qlul
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2r cos a þ oPl
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Neglecting heat conduction along the axial direction, the

energy equations for the liquid flow and heat pipe walls

are

kl
o2T
oy2

¼ qlCplul
oT
ox

ð3Þ

kw
o2T
oy2

¼ 0 ð4Þ

Assuming a smooth liquid–vapor interface with negli-

gible surface tension effects and 1-D vapor flow, the

boundary conditions at the wall and liquid–vapor in-

terface are

x ¼ 0 and x ¼ L : _mml ¼ 0 ð5Þ

y ¼ 0 : ul ¼ 0 and � kl
oT
oy

¼ qw ð6Þ

y ¼ d : Pl;d ¼ Pv;d ¼ Psat and T ¼ Tsat ð7Þ

sl;d ¼ ll

oul
oy

¼ d _mml

dx
ðuv cos a þ ul;dÞ � sv;d cos a ð8Þ
2.2. Film condensation/evaporation model

A film evaporation model analogous to the modified

Nusselt film condensation model can be used to com-

plete the model for rotating heat pipes if both nucleate

boiling and natural convection are absent in the evap-

orator. The liquid inertia term in the flow direction in

Eq. (1) is of the second order in magnitude compared

with the force terms and can be neglected. This was

subsequently confirmed through numerical simulations

using the integral momentum equation. Integration of

Eq. (2) with the assumption that the local radius r in the

liquid flow is equal to Ri due to the very thin film yields

Pl ¼ Psat þ qlx
2Ri cos aðd � yÞ ð9Þ

The liquid velocity is obtained by substituting Eq. (9)

into Eq. (1) and integrating it twice with respect to y

ul ¼
ql

ll

x2Ri sin a

�
� cos a

dd
dx

�
yd

�
� y2

2

�

� y
ll

d _mml

dx
ðuv cos a þ ul;dÞ þ

1

ll

oPv
ox

y2

2

�
� yd

�

� ysv;d
ll

cos a ð10Þ

The four terms on the right of Eq. (10) correspond to the

effects of the sum of centrifugal force and hydro-

static pressure variation in the liquid flow direction,
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momentum change at the interface due to phase trans-

formation, vapor pressure drop, and vapor shear force at

the interface. The hydrostatic pressure gradient term is

often neglected in previous models but retained here so

that the model can be applied to the cylindrical heat pipe.

To evaluate the vapor effects, two non-dimensional ra-

tios R1 and R2 are estimated based on a 1-D vapor flow.

R1 ¼
sv;d

qlx2r sin a � cos a dd
dx

� �
d

and

R2 ¼
DPv=L

qlx2r sin a � cos a dd
dx

� � ð11Þ

R1 and R2 represent the ratio of vapor shear stress at the

interface and pressure gradient to the liquid driving

force, respectively. The interfacial shear stress is calcu-

lated using the Blasius equation and the pressure gra-

dient is estimated from the Bernoulli equation. For

x2r > 1000 g, the typical values of R1 and R2 are less

than 0.001 and hence the vapor effects are neglected by

dropping the corresponding terms.

For any control volume in the liquid film (Fig. 1), the

mass conservation can be written as

_mml;in ¼ _mml;out þ d _mml ð12Þ

where the liquid mass flow rate at the cross section is

given by

_mml ¼
Z d

0

2prqlul dy ð13Þ

Heat transfer across the liquid film is simplified by as-

suming conduction only and neglecting the second-order

convection term in Eq. (3).

kl
o2T
oy2

¼ 0 ð14Þ

The heat flux through the heat pipe inner wall and liquid

film is balanced by the phase change at the liquid–vapor

interface.

qw ¼ kwðTw;i � Tw;oÞ
Ri lnðRo=RiÞ

ð15Þ

ql ¼ qw ¼ klðTsat � Tw;iÞ=d ¼ hfgd _mml=ð2pRi dxÞ ð16Þ

The film condensation/evaporation model can be solved

by coupling the liquid flow Eqs. (10)–(13) and heat

transfer Eqs. (15) and (16). The liquid flow in the adia-

batic section is similar to that in the condenser, but with

no heat transfer.

2.3. Mixed convection evaporator model

At high accelerations (x2r > 1000 g) and low heat

flux (q < 200 kW/m2), nucleate boiling is suppressed and

natural convection becomes dominant in the liquid film

in the evaporator. Under these conditions, the liquid
velocity profile depends on whether the flow is laminar

or turbulent. In a boundary layer, the flow transitions

from laminar to turbulent as the Ra number increases.

The velocity profile for a turbulent boundary layer can

be approximated by a 1/7th power law. The velocity

profile predicted as a function of K ðK ¼ Gr=Re5=2Þ for
mixed convection over a horizontal plate [19] agrees well

with this trend. In this instance, the velocity profile in

the presence of mixed convection is approximated by a

power law where the magnitude of the power depends

on whether forced or natural convection dominates and

if the flow is laminar or turbulent.

ul
U
¼ y

d

� �b

where

b¼1=3 when 1<Gr=Re2<10; Ra<109

b¼1=4 whenGr=Re2>10; Ra<109

b¼1=7 whenRaP109

8><
>: ð17Þ

The unknowns U and d are determined from Eq. (12)

and the integral momentum equationZ d

0

x2r sin a

�
� cos a

dd
dx

�
dy � sw

ql

� sv;d
ql

¼ d

dx

Z d

0

ulðul � UÞdy þ dU
dx

Z d

0

ul dy ð18Þ

where sv;d ¼ Cf ;dqvu
2
v=2 and sw ¼ Cf ;wqlU

2=2, in which

Cf ;d is determined by the Blasius equation and Cf;w using

the results of Afzal and Hussain [20] for mixed convec-

tion over a horizontal plate

Cf ;w ¼ 0:5 ð0 < K 6 1Þ
0:5K3=5 ðK > 1Þ

�
ð19Þ

The mixed convection heat transfer in the liquid film is

modeled by the correlation for mixed convection in a

forced horizontal boundary layer with a transverse

buoyancy force [21]

ql ¼ hmðTw;i � TsatÞ ¼ ðNumkl=dÞDT ð20Þ

Nu7=2m ¼ Nu7=2f þ Nu7=2n ð21Þ

The forced convection is approximated using the mod-

ified Nusselt film evaporation model. In the case of low

Reynolds number liquid flow, Nuf ¼ 1. Several empirical

correlations have been recommended for natural con-

vection under acceleration [11], in which the heat transfer

rate is proportional to ðx2rÞa where 0:25 < a < 0:375.
The correlation by Korner reported by Marto [11] was

adopted here for the natural convection induced by ac-

celeration.

Nun ¼ 0:133Ra0:375 ð22Þ

2.4. Calculation scheme

The heat pipe is discretized into finite control vol-

umes along its axial length. The film condensation model
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Table 1

Nominal dimensions of rotating heat pipe

Length of evaporator/adiabatic/

condenser

0.076/0.057/

0.089 m

OD-pipe wall (stainless steel) 0.0254 m

ID-evaporator 0.0191 m

ID-condenser 0.016/0.0191 m

Adiabatic section taper angle 0�
Working fluid Water
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(Eqs. (10)–(16)) and mixed evaporation model (Eqs.

(17)–(22)), with the appropriate boundary conditions

(Eqs. (5)–(8)), are solved iteratively for each control

volume to ensure conservation of mass and energy. In

the presence of excess fluid loading, the liquid film

thickness at the evaporator end cap is initially assumed

and the film thickness profile along the heat pipe is

solved for numerically. The fluid loading is calculated

and the evaporator end cap film thickness is changed till

the loading approaches the given fluid loading. The grid

is subsequently refined till results independent of the grid

size are obtained.

2.5. Model validation

The current model for high-speed rotating heat pipes

was verified by simulating the test cases examined ex-

perimentally by Ponnappan et al. [12]. It should be

noted that the heat pipe tested by Ponnappan et al. [12]

was charged with about 15 times the ideal fluid loading,

where ideal fluid loading (100%) is defined as the fluid

mass in the heat pipe such that the film thickness at the

evaporator end cap is zero for a given rotational speed.

The current model results for the heat transfer rate with

the temperature difference across the liquid film in the

condenser DTc are in good agreement with the experi-

mental data for rotational speeds in the range 10 000 to

30 000 rpm (Fig. 2). The Nusselt condensation model [8]

significantly over predicts the experimental data (Fig. 2),

since the model can not take into account the redistri-

bution of the excess fluid throughout the pipe due to the

high fluid loading. As the fluid loading increases, the

liquid film thickness in the condenser becomes thicker

with a consequent decrease of the conduction heat

transfer across the film. Both previous models and the

current model predict an increase of heat transfer with

the rotational speed, which is opposite to that of the

experimental data, the reasons for which are not known

at this point.

In the current model, the liquid velocity profile is

assumed based on physical arguments. A sensitivity

analysis of the assumed velocity profile was performed

to examine its influence on the accuracy of the model

results. The heat transfer rates for different values of the

exponent b (in Eq. (17)) were evaluated at 10 000 rpm

and were found to be nearly identical, with a maximum

error of 2% at ideal fluid loading. The choice of b affects

the liquid film thickness distribution along the evapo-

rator. The natural convection along the evaporator

length, however, is enhanced with an increase in liquid

film thickness resulting in almost a constant heat

transfer in the evaporator for different values of b. For
the case of very low fluid loadings, the contribution from

natural convection is negligible and in this case the heat

transfer is affected slightly by the choice of b. It can be

concluded that the choice of b in the liquid velocity
profile has a negligible effect on the prediction of overall

heat pipe performance, particularly for overcharged

fluid loadings.
3. Results and discussion

The effects of fluid loading, rotational speed and

taper geometry on the heat pipe performance were in-

vestigated using the present model. A constant wall

temperature of 100 and 60 �C on the outside of the

evaporator and condenser were used for the simulations.

For consistency, the rotating heat pipe studied here has

the same nominal dimensions (Table 1) as that tested by

Ponnappan et al. [12].

3.1. Effect of fluid loading

The effect of fluid loading on the flow and heat

transfer characteristics within the liquid film was initially

investigated at 10 000 rpm using a 1� condenser taper.

The ideal fluid loading (100%) is about 0.007 kg in this

instance, which is defined as the fluid loading that gives

a zero film thickness at the evaporator end cap. It is

determined by solving for the liquid film thickness

profile as well as the vapor flow through the heat pipe.

The ideal fluid loading is significantly affected by the
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rotational speed since the increase in acceleration and

centrifugal driving force is beneficial for the liquid return

from the condenser to the evaporator, reducing the film

thickness in the condenser. It is also influenced by heat

pipe geometry, where a taper structure can lead to

thinner liquid films and consequently less amount of

working fluid.

The liquid film thickness ðd=DÞ distribution along the

heat pipe for fluid loadings from 100% to 1000% are

presented in Fig. 3. For the ideal fluid loading case, d=D
increases along the flow direction in the tapered con-

denser due to the increase in condensate mass flow

rate. The centrifugal driving force due to the taper

ðqlx
2r sin aÞ in the condenser section results in a much

thinner liquid film than that in the cylindrical adiabatic

and evaporator sections. A hydraulic jump occurs with a

sudden increase in d=D near the intersection between the

tapered condenser and cylindrical adiabatic sections due

to the sudden change in section geometry. The hydro-

static pressure gradient drives the liquid back through

the cylindrical adiabatic and evaporator sections and the

film thickness reduces in the flow direction until it

reaches the evaporator end cap. As the fluid loading

increases, most of the excess liquid pools at the adiabatic

and evaporator sections, with the film surface being

relatively flat in these two sections. The film thickness in

the condenser increases with the fluid loading, but re-

tains its general shape.

Increasing the fluid loading reduces the heat transfer

in the condenser due to the increase in liquid film

thickness. In the evaporator, although the conduction

heat transfer is reduced due to the thicker liquid films,

the natural convection in the liquid film is enhanced.

The relative importance of natural and forced con-

vection in the evaporator can be estimated from the

magnitude of the local Gr=Re2 (Fig. 4). For a given

fluid loading, Gr=Re2 increases along the flow direction

and reaches a maximum at the evaporator end cap
0
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Fig. 3. Variation of liquid film thickness distribution at 10 000

rpm and fluid loadings of – - - –, 100%; ––––, 300%; – - –, 500%;

– – –, 700%; - - - -, 1000%.
ðx=L ¼ 1Þ, with the exception of the ideal fluid loading

case. The increase of local Gr=Re2 along the evaporator

is mainly due to the decrease in local Re as the velocity

decreases to zero at the evaporator end cap. The mag-

nitude of Gr remains relatively constant along the

evaporator in this case since there is no significant

change in liquid film thickness. For ideal fluid loading,

however, the liquid film thickness reduces to zero at the

evaporator end cap. As a result, the magnitude of Gr
decreases significantly near the end cap with a corre-

sponding decrease in Gr=Re2. For ideal fluid loading,

Gr=Re2 � 0:1 indicating dominant forced convection in

the evaporator. With an increase of fluid loading, the

average Gr=Re2 in the evaporator increases and mixed

convection and eventually natural convection dominates

in the evaporator.

The development of natural convection enhances the

heat transfer in the liquid film and influences the wall

superheat DTsat;w in the evaporator (Fig. 5). Here,

DTsat;w ¼ Tw;i � Tsat;w, where Tsat;w is calculated based on

the hydrostatic pressure due to the centrifugal acceler-

ation. The contribution of acceleration to Tsat;w is,

however, very small due to the very thin liquid films. For

the case of ideal fluid loading, conduction heat transfer

dominates for small values of Gr=Re2 and DTsat;w de-

creases along the flow direction with the decrease of

liquid film thickness. For the case of excess fluid loading,

DTsat;w remains nearly constant due to the relatively flat

liquid surface in the evaporator. As the fluid loading

increases, natural convection becomes more dominant

and DTsat;w reduces, which contributes to the suppression

of nucleate boiling. At a fluid loading of 1000%, DTsat;w
is lower than that for ideal fluid loading in the upstream

region of the evaporator, although the liquid film is

much thicker than the ideal fluid loading case. This is

mainly due to the higher heat transfer by natural con-

vection in the liquid film for the excess fluid loading

case.
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Fig. 4. Variation of Gr=Re2 distribution in the evaporator at
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3.2. Effect of rotational speed

The rotational speed or acceleration affects the liquid

flow through the variation of centrifugal driving force

and hydrostatic pressure within the liquid film. The

variation of the liquid film thickness distribution with

rotational speed for a given fluid loading (100% at

10 000 rpm) is shown in Fig. 6. In the condenser, the

liquid film thickness decreases as the rotational speed

increases due to the larger centrifugal driving force, with

the excess liquid pooling at the evaporator end. Since the

hydrostatic pressure force ðqlx
2r dd

dxÞ drives the liquid

back to the evaporator in the cylindrical sections, an

increase of rotational speed ðx2rÞ results in smaller ðdd
dxÞ

of the liquid film profile in the adiabatic and evaporator

sections. The redistribution of the liquid film has a sig-

nificant influence on the overall heat transfer charac-

teristics of the heat pipe. In the condenser, conduction

heat transfer is increased due to the thinner liquid films,

while the dominant heat transfer mode in the evaporator
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Fig. 6. Change in the liquid film thickness variation for rota-

tional speeds of – – –, 10 000 rpm; ––––, 20 000 rpm; - - - -, 30 000

rpm.
changes from forced convection to mixed convection

and finally natural convection as the rotational speed

increases. This is reflected in the distribution of Gr=Re2

in the evaporator, where the average Gr=Re2 increases

from 0.1 to several hundred as the rotational speed in-

creases from 10 000 to 30 000 rpm (Fig. 7). The variation

of DTsat;w along the evaporator length (Fig. 8) is similar

to the variation of liquid film thickness, where DTsat;w
decreases as the rotational speed increases due to the

enhancement in natural convection heat transfer with

speed.

3.3. Heat transfer performance

The effects of fluid loading and rotational speed on

the overall heat transfer performance are shown in Fig.

9. For the same fluid loading, the heat transfer increases

by about 10% as the rotational speed increases from

10 000 to 30 000 rpm. This is smaller than that found for

the low and moderate-speed range, where the heat

transfer rate was found to be approximately propor-

tional to the square root of rotational speed [6]. This

difference can be attributed to the variation of film

thickness in the condenser with rotational speed. As the

speed increases, the film thickness decreases more sig-

nificantly in the low-speed range than at the high-speed

range, resulting in a smaller effect of speed on the heat

transfer at higher rotational speeds. For a given rota-

tional speed, the heat transfer rate reduces as the fluid

loading increases mainly due to an increase in the ther-

mal resistance in the condenser. The evaporator thermal

resistance, however, remains nearly constant with fluid

loading due to the enhancement of natural convection.

This can be further analyzed by examining the thermal

resistance of liquid film Rl in the condenser and evapo-

rator (Fig. 10). In the condenser, there is a continuous

increase in Rl with fluid loading due to an increase in film

thickness. The Rl in the evaporator, on the other hand,

remains relatively constant with fluid loading because
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Fig. 9. Heat transfer performance for different fluid loadings
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the increase in liquid film thickness is offset by an in-

crease in natural convection. The Rl in the evaporator is

comparable to that in the condenser up to a fluid loading

of about 700%, indicating that the evaporator can have

a significant effect on the overall heat pipe performance

at these fluid loadings. At very high fluid loadings, the

effect of the evaporator heat transfer to the overall heat

pipe performance decreases. However, the evaporator

needs to be included in the model since it affects the

distribution of the liquid film thickness in the condenser.

For a given fluid loading, the Rl in both the condenser

and evaporator decreases with an increase in rotational

speed, with the decrease being much less prominent at

higher rotational rates.

3.4. Effect of heat pipe geometry

For the heat pipe with fixed outer diameter, the effect

of a taper in the condenser and evaporator on the

overall heat pipe performance is presented in Fig. 11 for

a given fluid mass charge. With no taper in the evapo-
rator, the heat transfer initially increases with an in-

crease in condenser taper angle and then decreases after

a peak value at ac � 0:3�. The condensate flow rate in-

creases with taper angle due to the increased centrifugal

driving force with resultant thinner liquid films and

higher heat transfer. However, as the taper is increased,

the available internal heat transfer area for a given heat

pipe outer diameter decreases. At small taper angles, the

enhancement of heat transfer is greater than the reduc-

tion due to the decrease in surface area and the overall

heat transfer increases. As the taper angle increases be-

yond a critical point, the increase in heat transfer due to

the thinner film in the condenser can not compensate for

the reduction of heat transfer surface area due to the

taper. The addition of a taper to the evaporator, on the

other hand, tends to always reduce the overall heat

transfer rate. The taper does not increase the heat

transfer in the evaporator significantly, resulting in a

decrease in the total heat transfer due to the reduction in

surface area.
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4. Conclusions

A new complete model for high-speed rotating heat

pipes with centrifugal accelerations up to 10 000 g has

been developed. The modified Nusselt film condensation

model for the condenser is coupled with an evaporation

model and the overall heat transfer is solved for as a

one-domain problem. In the evaporator, mixed and

natural convection dominates at high accelerations and

are incorporated in the evaporator model. The model

predictions are in good agreement with existing experi-

mental data at high rotational speeds. The effect of fluid

loading and rotational speed on the heat pipe perfor-

mance was investigated using the current model. As the

fluid loading increases, the overall heat pipe perfor-

mance decreases mainly due to the increase of film

thickness in the condenser. The fluid loading does not

significantly affect the heat transfer at the evaporator

even though the films are thicker because of the increase

in natural convection with film thickness. There is an

increase in heat transfer with rotational speed, with the

increase being smaller than that observed at lower ro-

tational speeds. The liquid film thermal resistance in the

evaporator is comparable to that in the condenser and

plays an important role in the overall heat pipe perfor-

mance. For a rotating heat pipe with a given outer di-

ameter, an optimum condenser taper exists to obtain the

maximum overall heat transfer. The inclusion of a taper

in the evaporator, however, decreases the overall heat

transfer since the taper does not play a significant role in

the evaporator heat transfer.
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