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Abstract

The radially rotating miniature high-temperature heat pipe is a wickless heat pipe, which has a simple structure
and low manufacturing cost, and can withstand strong vibrations in a high-temperature environment. In this paper,
the radially rotating miniature high-temperature heat pipe having a diameter in the range of 1.5±2 mm is analyzed
by employing appropriate ¯ow and heat transfer models as well as experimental investigation. The di�use e�ects of

non-condensable gases on temperature distribution along the heat pipe length are investigated. Closed-form
analytical solutions for the temperature distribution along the heat pipe length are obtained and extensive
experimental tests are undertaken. These closed-form analytical solutions are in good agreement with the

experimental data. The theoretical and experimental studies prove that the radially rotating miniature high-
temperature heat pipe with sodium as the working ¯uid has a very large heat transfer capability and a high e�ective
thermal conductance that is 60±100 times higher than the thermal conductivity of copper. Although the di�use

e�ects of the non-condensable gases would increase temperature drop along the heat pipe length, the heat pipes can
still work e�ectively and reliably. As a result, the combination of the traditional air-cooling technology with radially
rotating miniature heat pipes is a feasible and e�ective cooling means for the rotor blades of a high-temperature gas
turbine. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

E�ective cooling of gas turbine blades and disks is

crucial to protecting metal surfaces from hostile ther-
mal environments. The turbine blade and disk cooling
incorporating the radially rotating miniature high-tem-

perature heat pipe is a new approach towards this
goal. The radially rotating miniature high-temperature
heat pipe, which rotates about the axis of revolution,
is a wickless heat pipe that is comprised of an air-evac-

uated hollow container and an amount of working

¯uid sealed within the container, as shown in Fig. 1.

The centrifugal force generated by the rotating motion

of the heat pipe is utilized for the return of the liquid

condensate from the condenser to the evaporator [1±

4]. Analytical solutions for the liquid ®lm distributions

in the condenser section and temperature drops along

the heat pipe length without the di�use e�ects of non-

condensable gases have been obtained [5±9]. At a mod-

erate high rotating speed, the liquid ®lm is very thin

and its e�ect on the temperature distribution along the

heat pipe is negligible [10] [11]. The temperature distri-

bution along the heat pipe length is largely determined
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by the temperature drop associated with the vapor
¯ow. On the other hand, because of the wickless struc-

ture and a very small volume, it is unavoidable that a
small amount of non-condensable gases is trapped in
the heat pipe during the process of heat pipe charging
and sealing. In some other cases, it would be prefer-

able to charge an amount of non-condensable gas in
the heat pipe to prevent the condenser end, which is
attached to other components, from becoming too hot.

The pure vapor ¯ow in a radially rotating heat pipe
without the e�ect of a non-condensable gas has been
studied extensively in the past. These studies have been

included in the aforementioned references such as
those by Cao et al. [10] and Ling et al. [11]. The exist-
ence of a non-condensable gas in the heat pipe will sig-
ni®cantly a�ect the heat pipe performance. However,

the radially rotating miniature high-temperature heat
pipe including non-condensable gases has not been
studied earlier, and will be the major focus of this

paper.

2. Temperature distribution along the heat pipe length

without the e�ects of non-condensable gases

Consider a one-dimensional laminar and incom-
pressible vapor ¯ow along the heat pipe length under

the steady-state operating condition, as shown in
Fig. 2, where fc�rvo

2 �ZpR 2
v sin f dz is the vapor cen-

trifugal force, and fg � rvgpR
2
v sin f cos y dz is the

vapor gravitational force. Based on the force and ther-
mal balances over the control volume, the following re-
lations for the vapor pressure gradient and shear stress

are derived:

dpv

dz
� 2

Rv sin f
tv, R � rl

ÿ
o 2 �Zÿ g cos y

�
ÿ d

dz
� _mv �wv � 1

sin f
�1�

tv, Rv
� �fRe�v

mv �q 00c z

2R 2
v rvhfg

�2�

d�mv �wv �
dz

� 2pR 2
v rv �wv

d �wv

dz
� 8p �q 00 2c z

rvh
2
fg

�3�

where Rv � Rÿ d is the vapor space radius in the heat
pipe, _mv is the vapor mass ¯ow rate, �wv is the average
vapor velocity over the heat pipe cross-sectional area,
�Z � z0 � z sin f is the revolving radius of the control
volume, and f is the laminar vapor skin-friction coef-
®cient. Plugging Eqs. (2) and (3) into Eq. (1) gives

Nomenclature

A cross-sectional area (m2)
a constant
Bo Bond number

c constant
d heat pipe diameter (m)
Fv frictional coe�cient

f skin-friction coe�cient
g gravitational acceleration (m/s2)
hc heat transfer coe�cient (W/m2 8C)
hfg latent heat of evaporation (J/kg)
k thermal conductivity (W/m 8C)
L heat pipe length (m)
m coe�cient (1/m)
_m mass ¯ow rate (kg/s)
mv Mach number
p pressure (N/m2)

Q heat transfer rate (W)
q0 heat ¯ux (W/m2)
Re Reynolds number

r heat pipe radius (m)
T temperature (8C)
w axial velocity (m/s)

W ¯ow rate of cooling air (m3/s)
z axial location of the heat pipe (m)
�Z revolving radius of the heat pipe (m)

f tilt angle between the heat pipe centerline and
engine radial line (8)

y rotating angle of the heat pipe (8)
r density (kg/m3)
m dynamic viscosity (kg/m s)
t shear stress (N/m2)

o angular velocity (rad/s)

Subscripts

a adiabatic section
c condenser
e evaporator

e� e�ective
i inner
o outer

p heat pipe wall
v vapor phase
z axial location of the heat pipe
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dpv

dz
� �fRe�v

ml �q
00
c z

R3
vrvhfg sin f

� rl
ÿ
o 2 �Zÿ g cos y

�
ÿ 8p �q 00 2c z

rvh
2
fg sin f

�4�

In general, the above equations are valid when the fol-
lowing two conditions in terms of the vapor Reynolds

number and Mach number are satis®ed:

Rev � 2RvQ

Avmvhfg
R2300 �5�

Mv � Q

Avrvhfg
���������������
gvRgTv

p R0:3 �6�

where Av is the cross-sectional area of the vapor space,

gv is the vapor speci®c heat ratio, and Rg is the vapor
gas constant [4]. These two conditions can usually be
satis®ed for high-temperature heat pipes having a

small diameter and operating at a steady state.
The last term on the right-hand side of Eq. (4) is

usually negligible compared to the other terms. Eq. (4)

thus becomes:

dpv

dz
� �fRe�v

ml �q
00
c z

R3
vrvhfg sin f

� rl
ÿ
o 2 �Zÿ g cos y

�
�7�

In addition, for the current practical applications, the
adiabatic length, La, is zero. Therefore, the heat pipe is

divided only into the evaporator and condenser sec-
tions. Integrating Eq. (7) from 0 to z based on the
mass and energy balances under the conditions of

steady state and La � 0 yields:

Dpv, z � FvQcz
2

2Lc sin f
� rv

�
o 2

�
z0 � 1

2
z sin f

�
z

ÿ g cos y

�
at 0RzRLc �8�

Fig. 1. Schematic of a radially rotating heat pipe with a tilt

angle.

Fig. 2. Schematic of a thermal balance for the vapor ¯ow in

the condenser section.
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Dpv, z � FvQc

2 sin f

"
Lÿ �Lÿ z� 2

Lÿ Lc

#

� rv

�
o 2

�
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2
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�
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The vapor gravitational force can be neglected com-
pared to the centrifugal force in Eqs. (8) and (9).
Assuming the vapor is saturated and employing the

Clapeyron Equation, the vapor temperature drop is
obtained from the pressure drop:

DTv, z �

8>>>>><>>>>>:
TvFvQc

2hfgrvLc sin f
z 2 � Tv

hfg

�
o 2

�
z0 � 1

2
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�
z

�
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#
�Tv

hfg

�
o 2

�
z0 � 1

2
z sin f

�
z

�
�LcRzRL�
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Since

DTv, z � Tv, z ÿ Tv, z0 �11�

Tv, z0 � Tv, L ÿ DTv, L � Tv, L

ÿ
"
TvFvQcLeff

hfgrv sin f
� Tv

hfg
o 2

�
z0 � 1

2
L sin f

�
L

# �12�

Substituting Eqs. (10) and (12) into Eq. (11) and re-
arranging it, yields

Tv, z � Tv, z0 � DTv, z � Tv, L

ÿ

8>>>>>><>>>>>>:
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TvFvQc
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Leff ÿ z2

2Lc

�
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z
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z
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Lÿ Lc
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z
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where Tv, z0 and Tv, L are the temperatures at the con-

denser and evaporator ends, respectively.

Eq. (13) is a closed-form analytical solution for the

temperature distribution along the heat pipe length. It

should be pointed out that Eq. (13) only includes the

e�ects of vapor friction and centrifugal force on the

temperature distribution. If non-condensable gases

exist in the heat pipe, the di�use e�ects of the non-

condensable gases on temperature distribution must be
considered.

3. Di�use e�ects of non-condensable gases and closed-

form analytical solutions for the temperature distribution

The non-condensable gases in the heat pipe will be

driven to the condenser end by the vapor ¯ow from
the evaporator, which prevents the vapor from ®lling
the entire condenser section. Therefore, the tempera-

ture distribution along the condenser wall will no
longer be uniform, and a large temperature gradient

will appear in the condenser section as a result of the
existence of the non-condensable gases. Marcus [12]

®rst developed a numerical model based on one-dimen-
sional di�usion of the vapor±gas system coupled with
one-dimensional axial heat conduction in the wall for

variable conductance heat pipes. Numerical results
indicated that the axial heat conduction played a
dominant role in the determination of the temperature

distribution along the heat pipe wall.
For a radially rotating heat pipe, the vapor±gas

interface between the vapor and non-condensable gases
is assumed to be a ¯at front. Fig. 3 shows schemati-

cally a thermal balance for the heat pipe wall in the
condenser section. A control volume with a cross-sec-
tional area of p�r 2o ÿ r 2i � and an in®nitesimal length of

dz is considered. Based on the conservation of energy,
the following equation is obtained:

p
ÿ
r 2o ÿ r 2i

�
kp

d 2T

dz 2
ÿ 2prohc

ÿ
Tp ÿ Ts

��Q 0 � 0 �14�

Since the radial temperature drop in the heat pipe wall
is much smaller than the axial temperature drop, the
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radial temperature drop is neglected as a ®rst approxi-
mation, i. e., Tp � T: Eq. (14) thus can be rearranged

as:

d 2T

dz 2
ÿm 2

�
Tÿ Ts ÿ Q 0

2prohc

�
� 0 �15�

where m 2 � 2rohc

kp

ÿ
r 2o ÿ r 2i

�
hc is the mean heat transfer coe�cient, Q 0 is the heat
output in the condenser section without non-condens-

able gases, T is the axial temperature which is a func-
tion of z, Tp and Ts are the outer surface temperature
of the heat pipe and the surrounding temperature, re-

spectively.
Assuming the distribution of Q 0 is uniform in the

portion of the condenser section without non-conden-
sable gases, and zero in the portion of the condenser

section with non-condensable gases, then

Q 0 � 0 at 0RzRLc, n �16�

Q 0 � Qc

Lc ÿ Lc,n
at Lc,nRzRLc �17�

where Qc is the total heat output in the condenser sec-
tion; Lc is the length of the total condenser section,
and Lc, n is the length occupied by non-condensable
gases in the condenser section.

At the inlet of the condenser section, the axial heat
conduction is negligible. As a result,

Qc � 2pro

ÿ
Lc ÿ Lc, n

�
hc

ÿ
TLc
ÿ Ts

� �18�

where TLc
is the temperature at the condenser inlet.

Substituting Eq. (18) into (17) and recasting it yield:

Q 0

2prohc

� TLc
ÿ Ts at Lc, nRzRLc �19�

Plugging Eqs. (19) and (16) into Eq. (15) gives

d 2T

dz 2
ÿm 2�Tÿ Ts � � 0 at 0RzRLc, n �20�

d 2T

dz 2
ÿm 2ÿTÿ TLc

� � 0 at Lc, nRzRLc �21�

For a radially rotating miniature heat pipe, the bound-

ary conditions are:

dT

dz
� 0 at z � ÿ1 �22�

T � TLc
at z � Lc �23�

According to the overall energy balance in the con-

denser section, the following relation is obtained:�Lc

0

2prohc�Tÿ Tc � dz � Qc �24�

The solutions for Eqs. (20) and (21) after incorporating

the boundary conditions are as follows:

T � a exp�mz� � Ts at 0RzRLc, n �25�

T � c
�
exp�mz� ÿ exp

�
m�2Lc ÿ z��	� TLc

at

Lc, nRzRLc

�26�

Due to the continuity of the axial temperature distri-
bution along the heat pipe length, the temperature rep-
resented by Eqs. (25) and (26) must be equal at

z � Lc, n: By employing this continuity condition in ad-
dition to the over energy balance condition represented

Fig. 3. Schematic of the di�use e�ects of the non-condensable gases in the condenser section.
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by Eq. (24), the constants c and a in Eqs. (25) and (26)
are determined:

c � a exp
ÿ
mLc, n

�ÿ ÿTLc
ÿ Ts

�
exp

ÿ
mLc, n

�ÿ exp
�
m
ÿ
2Lc ÿ Lc, n

�� �27�

a �
ÿ
TLc
ÿ Ts

�n
2 exp�mLc � ÿ exp

ÿ
mLc, n

�ÿ exp
�
m
ÿ
2Lc ÿ Lc, n

��o
2 exp

�
m
ÿ
Lc � Lc, n

��� exp
�
m
ÿ
2Lc ÿ Lc, n

��ÿ 2 exp�2mLc � ÿ exp
ÿ
mLc, n

� �28�

Substituting the relations for coe�cients a and c rep-
resented by Eqs. (27) and (28) into Eqs. (25) and (26)

gives the temperature distribution including the di�use
e�ects of non-condensable gases along the condenser
section.

For Lc, n � 0, it means that no non-condensable
gases exist in the condenser section. Substituting
Lc, n � 0 into Eqs. (27) and (28) yields:

a � TLc
ÿ Ts and c � 0

Plugging a � TLc
ÿ Ts and c � 0 into Eqs. (25) and

(26), one obtains:

T � TLc
0RzRL

The above relation means that the temperature distri-
bution along the condenser section is uniform under
the condition that no temperature drops are caused by

the friction and the centrifugal force. It should be
pointed out that since the radial temperature drop in
the heat pipe wall is much smaller than the axial one

and is neglected in the governing Eq. (15), the tem-
perature in the heat pipe wall can be used to represent
the vapor temperature in this region approximately.
Substituting z � 0 into Eq. (25), the temperature at

the condenser end including the di�use e�ects of non-
condensable gases is obtained:

T 0z0 � Ts � a at z � 0 �29�
Therefore, the temperature drops along the condenser
section including the di�use e�ects of non-condensable
gases are as follows:

DTn, z � Tÿ T 0z0 �
(
a
�
exp�mz� ÿ 1

�
0RzRLc, n

TLc
ÿ �Ts � a� c

�
exp�m�2Lc ÿ z�� ÿ exp�mz��	 Lc, nRzRLc

�30�

Usually, the amount of non-condensable gases in the
condenser section is so small that their di�use e�ects

cannot reach the evaporator section. Accordingly, the
temperature distribution in the evaporator section is

not a�ected by the di�use of non-condensable gases,
and Eq. (13) is still suitable for the temperature distri-

bution in the evaporator section. However, the tem-
perature distribution along the condenser section will
be a�ected strongly by the di�usion e�ects of non-con-

densable gases. At the same time, the vapor tempera-
ture drop, DTv, z, caused by the friction and centrifugal
force, must be included in the temperature drop in the

condenser section. If the temperature drop caused by
the di�use e�ects of non-condensable gases is super-
posed onto the temperature drop produced by the

vapor friction and centrifugal force, the following re-
lations are obtained:

DTz � DTv, z � DTn, z �31a�

DTn, Lc
� TLc

ÿ T 0z0 � TLc
ÿ Ts ÿ a �31b�

Tz0 � Tv, L ÿ DTv ÿ DTn, Lc
�31c�

DTz � Tv, z ÿ Tz0 �31d�
Therefore,

Tv, z � T 0z0 ÿ DTv � DTv, z � DTn, z �32�
It should be pointed out that the temperature drop

caused by the vapor friction and centrifugal force must
be dropped from Eq. (32) in the region of 0RzRLc, n

since the vapor does not exist in this region. After the

vapor temperature drops caused by vapor friction, cen-
trifugal force, and di�use e�ects of non-condensable

gases are all considered, the vapor temperature distri-
butions along the heat pipe length are as follows:
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Fig. 4. Schematic of a high-speed rotating test apparatus and data acquisition system.

Evaporator section

Tv, z � Tv, L ÿ TvFvQc

hfgrv sin f

(
Leff ÿ

"
Lÿ �Lÿ z�2

Lÿ Lc

#)

ÿ Tvo2 sin f
hfg

�
z0 � 1

2L
�
Lÿ ÿz0 � 1

2z
�
z�

LcRzRL �33�

Condenser section

Tv, z � Tv, L ÿ TLc
� Ts � aÿ DTv � DTv, z � DTn, z

�
(
DTv, z ÿ DTv � Tv, L ÿ c

�
exp�m�2Lc ÿ z�� ÿ exp�mz�� Lc, nRzRLc

Tv, L ÿ TLc
� Ts � aÿ DTv � a

�
exp�mz� ÿ 1

�
0RzRLc,n

�34�

where m �
"

2rohc

kp

ÿ
r 2o ÿ r 2i

� #1=2

Eqs. (33) and (34) give a complete closed-form ana-

lytical solution for the temperature distribution along
the radially rotating miniature heat pipe including the
di�use e�ects of non-condensable gases. DTv, z in Eq.

(34) is the vapor temperature drop caused by the fric-
tion and centrifugal forces along the direction z, which
is given by Eq. (10). With a low and moderate rotating

speed, DTv, z is very small and negligible. DTv in Eq.
(34) is the total vapor temperature drop along the heat
pipe length without the di�use e�ects of non-conden-
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sable gases, which can be calculated by Eq. (10). For
the heat pipe with ®ns on the outer surface of the con-
denser section, ro may be replaced by the e�ective

radius of the outer surface. Tv is the operating tem-
perature of the heat pipe. In general, Tv can be
replaced by Tv, L as the designed operating temperature

of the heat pipe.

4. High-speed rotating test apparatus and experimental

study

To prove the foregoing analytical results, a high-

speed rotating test apparatus and data acquisition sys-
tem are constructed for the experimental study of
radially rotating miniature high-temperature heat

pipes, as shown in Fig. 4. The adjustable revolution
range for the rotating test apparatus is 0±3600 rpm,
which is controlled by an AC inverter. The maximum
working temperature of the miniature heat pipe is

9008C. The electrical power is supplied to the heater
through a two-channel slip ring, and the power is
adjusted by a transformer from 0 to 120 V. The tem-

perature distributions along the heat pipe are measured

by ®ve thermocouples. The temperature signals are fed

to a data acquisition system through a 5-channel ther-

mocouple slip ring. All experimental data, such as the

heat input and temperature distributions along the

heat pipe length, are scanned and recorded by the data

acquisition system (HP 34970A, Data Acquisition/

Switch Unit), and subsequently saved and displayed in

a computer.

Two radially rotating miniature high-temperature

heat pipes, which are made of stainless steel (Type

304W) and have a length of 80 mm, were tested on the

high-speed rotating test apparatus. The two heat pipes

have inner diameters of 1.5 mm and 2 mm, respect-

ively. To facilitate the sodium charge for the heat

pipes, a reservoir of 4 mm in diameter and 5 mm in

length was attached to the tops of the evaporator sec-

tions. The sodium charge for the heat pipe having an

inner diameter of 1.5 mm was approximately 0.06 g,

and that for the heat pipe having an inner diameter of

2 mm was approximately 0.08 g. The two radially

rotating miniature high-temperature heat pipes have

the same outer diameter, 6 mm, and the same evapor-

Table 1

Comparisons of the temperature distributions and heat inputs between the heat pipe and heat pipe container with the same

geometry

Dimensionless

heat pipe length

z=L

Temp. distribution for

the heat pipe �di � 2

mm) (8C)

Temp. distribution for the

heat pipe container �di � 2

mm) (8C)

Temp. distribution for the

heat pipe �di � 1:5 mm)

(8C)

Temp. distribution for the

heat pipe container �di � 1:5
mm) (8C)

0.000 830.0 814.2 786.0 801.5

0.500 821.8 382.1 776.4 413.5

0.750 804.4 79.5 766.2 91.8

0.875 742.4 42.0 698.4 48.2

1.000 390.0 37.9 354.3 35.3

Fig. 5. Comparisons of temperature distributions and heat inputs between the heat pipe and heat pipe container �o 2 �Za=g � 470,

and W � 6:7� 10ÿ3 m3/s)
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ator and condenser lengths of 40 mm, respectively.
The heater was mounted on the evaporator sections

®rmly, and the insulation material of about 16 mm in
thickness was clamped between the heater and a heater
cap to ensure that the heat from the heater could be

transferred into the evaporator section. For more
detailed information regarding the experimental test,
readers are referred to Ling and Cao [13].

5. Comparison of the analytical and the experimental

results

To illustrate the e�ectiveness of the heat pipe,
Table 1 and Fig. 5 show a comparison of the tempera-
ture distributions along the heat pipes and those along

the heat pipe containers (the heat pipe shell without

charging any ¯uid), with the same ¯ow rate of cooling

air, dimensionless centrifugal force, and geometrical

dimensions. In the experiments, the tilt angle, f, of the
heat pipe was ®xed at 908. It can be seen from Table 1

and Fig. 5 that the heat transfer capacity of the heat

pipe container is very low, which is 47 W for the heat

pipe container with an inner diameter of 2 mm, and 60

W for that of 1.5 mm. The temperature distributions

along most of the container length are approximately

linear, and the temperature in the portion near the

condenser end is close to the temperature of the cool-

ing air. For the heat pipes, however, much more heat

can be transferred; up to 280 W for the heat pipe with

an inner diameter of 2 mm, and 250 W for that of 1.5

mm. If the thermal conductivity of copper is taken as

Fig. 6. Comparisons of analytical solutions, closed-form analytical solutions, and experimental results for the temperature distri-

butions along the dimensionless heat pipe length �Lc,n � 4 mm).
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386 W/m 8C, the e�ective heat conductance of the heat

pipes is 60±100 times higher than the copper thermal
conductivity, and 1100±1700 times higher than the
thermal conductivity of the stainless steel used as the

container of the heat pipe. These comparisons from
Table 1 and Fig. 5 prove that radially rotating minia-
ture high-temperature heat pipes can work very e�ec-

tively and reliably. Their heat transfer characteristics
are much better than that of any metal available.
Temperature distributions along the evaporator sec-

tion and most of the condenser section are nearly uni-

form. It indicates that the heat pipe works perfectly in
these sections. However a large temperature gradient is
exhibited near the end cap of the condenser. This is

because the condenser end is mounted onto the outer
cylinder of the high-speed rotating test apparatus with
a screw thread. As a result, an extra heat sink is

formed at the condenser end, and some heat at the
condenser end is transferred into the heat sink in the
experiment, which results in a lower temperature near

the condenser end.
The analytical solution based on Eq. (13) predicts

the temperature distributions along the heat pipe
length without the di�use e�ects of non-condensable

gases. Eqs. (33) and (34) give the analytical solutions

of temperature distributions along the heat pipe length

with the di�use e�ects of non-condensable gases.
These two analytical solutions for the temperature dis-
tributions are compared with the experimental results

under the same operating conditions in Fig. 6a±d. In
Eq. (13), the temperature distributions along the heat
pipe length are caused only by the friction and the cen-

trifugal forces of the vapor ¯ow. Therefore, the tem-
perature drops along the dimensionless heat pipe
length are very small, and the temperature distri-
butions are nearly straight lines, as shown in Fig. 6.

The experimental data used in the comparison include
the di�use e�ects of non-condensable gases under the
same operating conditions and geometrical dimensions.

It can be seen that large discrepancies between the ana-
lytical solutions from Eq. (13) and the experimental
results are present in the condenser sections, especially

close to the condenser ends.
Eqs. (33) and (34) give the temperature distributions

along the dimensionless heat pipe length with a ¯at

front of vapor-gas interface when a portion of the con-
denser length, Lc, n � 4 mm, is occupied by non-con-
densable gases. Comparing the closed-form analytical
solutions with the experimental data in Fig. 6, it is evi-

dent that the closed-form analytical solutions from

Table 2

Comparisons of analytical solutions, closed-form analytical solutions and experimental results for the temperature distributions

along dimensionless heat pipe length �Lc, n � 4� mm

Dimensionless heat pipe

length z=L
Analytical solution without non-

condensable gas (8C)
Closed-form solution with non-condensable gas

(8C)
Experimental

results (8C)

(a) o 2 �Za=g � 470, di � 1:5 mm, Q=250 W, hc � 226 W/m2 8C
0.000 786.0 786.0 786.0

0.500 782.1 782.1 776.4

0.750 779.1 721.4 766.2

0.875 778.5 672.2 698.4

1.000 778.2 521.8 354.6

(b) o 2 �Za=g � 470, di � 2 mm, Q=280 W, hc � 297 W/m2 8C
0.000 830.0 830.0 830.0

0.500 828.6 828.6 821.8

0.750 827.6 764.3 804.4

0.875 827.3 711.9 742.4

1.000 827.2 551.4 390.0

(c) o 2 �Za=g � 1881, di � 1:5 mm, Q=250 W, hc � 336 W/m2 8C
0.000 754.5 754.5 754.5

0.500 745.5 745.5 730.0

0.750 739.5 680.3 720.0

0.875 737.8 642.2 520.0

1.000 737.2 433.8 235.7

(d) o 2 �Za=g � 1881, di � 2 mm, Q=280 W, hc � 392 W/m2 8C
0.000 680.0 680.0 680.0

0.500 665.3 665.3 661.2

0.750 654.4 598.3 608.0

0.875 651.6 545.0 577.5

1.000 650.7 362.2 248.9
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Eqs. (33) and (34) are more realistic than the analytical
solutions from Eq. (13) and are closer to the exper-

imental results. These comparisons are also presented
in terms of tabulated form in Table 2. Based on the
comparisons presented in both Table 2 and Fig. 6, it

can be concluded that the closed-form analytical sol-
utions from Eqs. (33) and (34) agree well with the ex-
perimental results in the entire evaporator section and

most of the condenser section. Due to the existence of
the heat sink at the condenser end, however, a rela-
tively large deviation from the experimental data

occurs close to the condenser end. Considering the
complexities of the ¯ow and heat transfer in the con-
denser section, Eqs. (33) and (34) are believed to be
valid analytical solutions which can predict well, the

temperature distributions along the heat pipe length.

6. Conclusions

Based on the analytical and experimental investi-

gations presented in this paper, the following con-
clusions may be made:

1. The radially rotating miniature high-temperature

heat pipe has a simple structure, low manufacturing
cost, very high e�ective thermal conductance and
large heat transfer capability. At the same time, the
heat pipe can withstand strong vibrations and work

in a high-temperature environment. Therefore, the
turbine engine component cooling incorporating
radially rotating miniature high-temperature heat

pipes is a feasible and e�ective cooling method.
2. The non-condensable gases in the heat pipe have an

adverse e�ect on the heat pipe performance. It

results in a large temperature gradient near the con-
denser end and reduces the e�ective thermal conduc-
tance and heat transfer capability of the heat pipe.

3. Eqs. (33) and (34) predict reasonably well the tem-
perature distributions along the heat pipe length
and are a useful analytical tool for heat pipe design
and performance analysis.
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