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Abstract

Analytical models for predicting the transient performance of a ¯at plate heat pipe for startup and shutdown
operations are developed in this work. These models can be utilized separately for a startup or a shutdown

operation, respectively. The two models can also be combined together to simulate the thermal performance of a ¯at
plate heat pipe in cyclical startup and shutdown operations. The transient temperature distributions in the heat pipe
walls and wicks are presented in this work. The results reveal that the thermal di�usivity, the thickness of the wall

and the wick, and the heat input pattern a�ect the heat pipe time constants. The wicks create the main thermal
resistance resulting in the largest temperature drop in the heat pipe, thus substantially in¯uencing the performance
of the heat pipe. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Flat plate heat pipes have attracted substantial

attention lately due to their advantages over conven-

tional cylindrical heat pipes, such as geometry adap-
tation, ability for very localized heat dissipation, and

the production of an entirely ¯at isothermal surface.
Due to these advantages, ¯at plate heat pipes have

become increasingly attractive for various applications

such as the cooling of electronic devices [1] and space
vehicles [2].

A few analytical models and simulations for conven-

tional cylindrical heat pipe mainly concentrate on the
startup operation involving liquid metal working ¯uids

[3,4]. In these analytical works, a lumped one-dimen-

sional model is utilized. Furthermore, in order to sim-

plify the complicated problem, the temperature

di�erence across the heat pipe walls and wicks are

neglected in these transient models [3,4]. Detailed

analytical models and simulations for a ¯at plate heat

pipe were presented by Vafai et al. [5,6]. The liquid

¯ow in the porous wicks and the vapor ¯ow in the

vapor region were ®rst established by Vafai and Wang

[5] and were later modi®ed by Vafai et al. [6]. In these

works, both analytical and numerical methods were

utilized. Zhu and Vafai [7] utilized both analytical and

numerical methods to study the three-dimensional

vapor ¯ow in the vapor channel as well as the analysis
of the liquid ¯ow through the porous wicks. The

results reveal that vapor velocity pro®les are non-simi-

lar and asymmetrical. Vapor ¯ow reversal was

observed along the top condenser region. It is found

that the transverse pressure variations are relatively

small and can be neglected.

To predict the transient heat transfer across the heat
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pipe walls and wicks and the temperature distributions
in the heat pipe, Zhu and Vafai [8] developed a math-

ematical model for a ¯at plate heat pipe for a startup
operation. In their work, the thermal performance of a
¯at plate heat pipe in the shutdown operation was not

addressed. To the best of our knowledge, there is no
other analytical work addressing the heat transfer and
temperature distributions within a ¯at plate heat pipe
open in the literature. Also, there is no analytical work

on the transient performance of a ¯at plate heat pipe
during the shutdown operation reported in the litera-
ture.

In the present study, a physical model for the ¯at
plate heat pipe is introduced. Based on the physical
model, analytical results for the temperature distri-

bution and heat transfer are developed and simulated
for predicting the transient performance of a ¯at plate
heat pipe for both the startup and shutdown oper-
ations. The results are discussed in detail in this work.

2. Physical model

The schematic of a ¯at plate heat pipe is shown in
Fig. 1. During the operation of a ¯at plate heat pipe,
heat is transferred through the heat pipe walls by con-

duction. In the porous wick of the evaporator section,
there is heat conduction in the metal matrix, liquid
¯ow through the pores, and evaporation at the wick±

vapor interface. Within the wick of the condenser sec-
tion, there is conduction in the metal matrix, liquid

¯ow inside the pores and condensation at the vapor±
wick interface. The details of the ¯uid ¯ow in the
wicks and the vapor dynamics have been considered in

detail by Vafai et al. [5±7] and will not be addressed
here.
A heat conduction model for the wicks is utilized in

this work. The main assumptions are:

1. The heat transfer in the wick is by conduction with
an e�ective thermal conductivity, kw � keff , e�ective
di�usivity, aw � aeff , e�ective density, reff , and e�ec-

tive speci®c heat, ceff :
2. The temperature in the vapor phase is uniform at

any time.

3. The thermal properties of the heat pipe wall and the
wick are taken to be constant.

3. Model description for the startup operation

The coordinates utilized in this work are shown in

Fig. 2. Various temperatures are measured relative to
the initial temperature. These are given as

ywa, e�t, y1 � � Twa, e�t, y1 � ÿ Ti �1�

yw, e�t, y2 � � Tw, e�t, y2 � ÿ Ti �2�

Nomenclature

A heat input area, m2

c speci®c heat, J/(kg 8C)
h thickness, m

hconv heat transfer coe�cient, W/(m2 8C)
H height of the heat pipe, m
k thermal conductivity, W/(m 8C)
L half length of the heat pipe, m
Le half width of heater
q heat ¯ux, W/m2

Q power input rate, W
t time, s
tc time constant, s
T temperature, 8C
W width of the heat pipe, m
y normal coordinate
z normal coordinate

d temperature penetration depth, m
r density, kg/m3

DT temperature di�erence, 8C
e porosity
y temperature rise, 8C

Subscripts
1 wall of evaporator section
2 wick of evaporator section

3 wick of condenser section
4 wall of condenser section
c condenser

e evaporator
e� e�ective
l liquid

max maximum
oc outside surface of the condenser section
oe outside surface of the evaporator section
s solid

v vapor
w wick
wa wall

wv wick±vapor interface
ww wall±wick interface
1 environment
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yw, c�t, y3 � � Tw, c�t, y3 � ÿ Ti �3�

ywa, c�t, y4 � � Twa, c�t, y4 � ÿ Ti �4�

3.1. Initial conditions

At t � 0, the temperature is uniform everywhere
over the entire heat pipe and equals to its initial tem-
perature, Ti. Therefore, the temperature rise in the

heat pipe walls and the wicks is

ywa, e�t, y1 � � 0 �5�

yw, e�t, y2 � � 0 �6�

yw, c�t, y3 � � 0 �7�

ywa, c�t, y4 � � 0 �8�

3.2. Temperature variations within the evaporator
section

3.2.1. 0 < d1 < hwa

After the initial application of the input power, the
temperature front will ®rst progress through the evap-
orator wall. During this step, the temperature front

marches from the outside wall surface to the wall±wick
interface of the evaporator section. In this phase, there
is no temperature rise in the wicks or in the wall in the

condenser section. The temperature distribution in the
heat pipe wall in the evaporator section is taken as

ywa, e�t, y1 � � a1�t� � b1�t�y1 � c1�t�y21 �9�

The corresponding boundary conditions are

Fig. 1. Schematic of the ¯at plate heat pipe: (a) geometry of the heat pipe, (b) cross sectional view of the heat pipe.
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y1 � 0, qe � ÿkwa
@ywa, e�t, y1 �

@y1
�10�

y1 � d1�t�, ywa, e�t, y1 � � 0 �11�

y1 � d1�t�, @ywa, e�t, y1 �
@y1

� 0 �12�

Satisfying the boundary condition (10)±(12) in Eq. (9)

results

a1�t� � qed1�t�
2kwa

, b1�t� � ÿ qe

kwa

,

c1�t� � qe

2kwad1�t�

�13�

Therefore, the temperature distribution in the wall of
the evaporator section is

ywa, e�t, y1 � � qed1�t�
2kwa

�
1ÿ y1

d1�t�
�2

�14�

The only unknown in Eq. (14) is d1�t�, which can be

determined by integrating the heat conduction
equation, i.e.,�d1�t�
0

@ywa, e�t, y1 �
@ t

dy1 �
�d1�t�
0

awa
@ 2ywa, e�t, y1 �

@ 2y1
dy1

�15�

Substituting Eq. (14) into (15) yields

dd21�t� � 6awa dt �16�

Integrating Eq. (16) yields the thermal front layer
thickness

d1 �
�����������
6awat

p
�17�

3.2.2. 0Rd2�t�Rhw

The temperature front moves further inside the heat

pipe during this time period. At the end of this period,
the temperature front reaches the wick±vapor interface
of the evaporator section. During this step, the tem-

perature does not change in the condenser section. The
temperature rises in the heat pipe wall and in the wick
of the evaporator section are taken as

ywa, e�t, y1 � � a1�t� � b1�t�y1 � c1�t�y21 �18�

yw, e�t, y2 � � a2�t� � b2�t�y2 � c2�t�y22 �19�

The boundary conditions for the heat pipe wall of the
evaporator section, for this period, are

y1 � 0, qe � ÿkwa
@ywa, e�t, y1 �

@y1
�20�

y1 � hwa, ywa, e�t, y1 � � yww, e�t� �21�

y1 � hwa, qww, e�t� � ÿkwa
@ywa, e�t, y1 �

@y1
�22�

where, yww, e�t� and qww, e�t� are temperature rise and
heat ¯ux in the wall±wick interface of the evaporator

section, respectively. According to the physical model
discussed previously, the boundary conditions for the
wick of the evaporator section are

y2 � 0, yw, e�t, y2 � � yww, e�t� �23�

y2 � d2�t�, yw, e�t, y2 � � 0 �24�

Fig. 2. Coordinate systems used in the analysis.
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y2 � d2�t�, @yw, e�t, y2 �
@y2

� 0 �25�

Applying boundary conditions, Eqs. (20)±(22), to Eq.
(18) yields the temperature distribution in the heat
pipe wall in the evaporator section:

ywa, e�t, y1 � � yww, e�t� �
�
qe � qww, e�t�

�
hwa

2kwa

ÿ qe

ke

y1 �
�
qe ÿ qww, e�t�

2kwahwa

�
y21 �26�

Applying boundary conditions, Eqs. (23)±(25), to Eq.
(19) yields the temperature distribution in the wick of
the evaporator section:

yw, e�t, y2 � � yww, e�t�
�
1ÿ y2

d2�t�
�2

�27�

There are three unknowns in Eqs. (26) and (27), i.e.,
yww, e�t�, qww, e�t�, and d2�t�: These 3 unknowns should

be determined by utilizing overall energy balances and
the continuity of heat ¯ux in the heat pipe wall±wick
interface in the evaporator section. In the heat pipe

wall±wick interface in the evaporator section,

y2 � 0, qww, e�t� � ÿkw

@yw, e�t, y2 �
@y2

�28�

Substituting Eq. (27) into (28) yields

qww, e�t� � 2kww, eyww, e�t�
d2�t� �29�

The overall energy balance equation for the wick of
the evaporator section is�d2�t�
0

@yw, e�t, y2 �
@ t

dy2 �
�d2�t�
0

aw
@ 2yw, e�t, y2 �

@y22
dy2 �30�

Introducing Eq. (27) into (30) yields

d

dt

�
d2�t�yww, e�t�

� � 6awyww, e�t�
d2�t� �31�

The overall energy balance equation in the heat pipe
wall of the evaporator section is�hwa

0

@ywa, e�t, y1 �
@ t

dy1 �
�hwa

0

awa
@ 2ywa, e�t, y1 �

@y21
dy1 �32�

Substituting Eq. (26) into (32) results in

dyww, e�t�
dt

� hwa

3kwa

dqww, e�t�
dt

� awabqe ÿ qww, e�t�c
kwahwa

�33�

Therefore, the three unknowns in Eqs. (26) and (27),

yww, e�t�, qww, e�t�, and d2�t�, can be determined
uniquely by solving Eqs. (29), (31) and (33).

3.3. Temperature variations within the condenser section

3.3.1. 0Rd3�t�Rhw

During this time period, there is no temperature

change in the heat pipe wall in the condenser section
and the temperature rise in the heat pipe wall in the
evaporator section is given by Eq. (26). The tempera-

ture distribution in the wick in the evaporator section
and that in the wick in the condenser section are taken
as

yw, e�t, y2 � � a2�t� � b2�t�y2 � c2�t�y22 �34�

and

yw, c�t, y3 � � a3�t� � b3�t�y3 � c3�t�y23 �35�

The boundary conditions for the wick in the evapor-
ator section are

y2 � 0, yw, e�t, y2 � � yww, e�t� �36�

y2 � 0, qww, e�t� � ÿkw
@yw, e�t, y2 �

@y2
�37�

y2 � hw, yw, e�t, y2 � � yv�t� �38�

and the boundary conditions for the bottom wick in
the condenser section are

y3 � 0, yw, c�t, y3 � � yv�t� �39�

y3 � d3�t�, yw, c�t, y3 � � 0 �40�

y3 � d3�t�, @yw, c�t, y3 �
@y3

� 0 �41�

where, yv�t� is the vapor temperature rise, yww, e�t�, and
qww, e�t� are the temperature rise and the heat ¯ux in
the wall±wick interface of the evaporator section, re-
spectively. Applying boundary conditions, Eqs. (36)±

(38), to Eq. (34) yields the temperature distribution in
the wick in the evaporator section

yw, e�t, y2 � � yww, e�t� ÿ qww, e�t�
kw

y2 �
"
qww, e�t�
kwahwa

ÿ yww, e�t� ÿ yv�t�
h2w

#
y22 �42�

Applying boundary conditions, Eqs. (39)±(41), to Eq.
(35) yields the temperature distribution in the wick in
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the condenser section:

yw, c�t, y3 � � yv�t�
�
1ÿ y3

d3�t�
�2

�43�

The temperature distributions for the wall and wick of
the evaporator section and the wick of the condenser

section are given by Eqs. (26), (42) and (43). There are
four unknowns, i.e., yww, e�t�, qww, e�t�, yv�t�, and d3�t�
, in these equations. These four unknowns can be

determined by global energy balances and application
of the continuity of heat ¯ux and the temperature at
the interfaces. The energy balance equation for the

wick in the evaporator section is�hw

0

@yw, e�t, y2 �
@ t

dy2 �
�hw

0

aw

@ 2yw, e�t, y2 �
@y22

dy2 �44�

Substituting Eq. (42) into Eq. (44) yields

2

3

dyww, e�t�
dt

� 1

3

dyv�t�
dt
ÿ hw

6kw

dqww, e�t�
dt

� 2aw

kwhw

"
qww, e�t� ÿ

kw

ÿ
yww, e�t� ÿ yv�t�

�
hw

#
�45�

The energy leaving the wick of the evaporator section
equals that entering the wick of the condenser section.

Thus, we have the following relation:

qwv, e�t� � qwv, c�t�Ac

Ae

�46�

where, Ae is the evaporator area and Ac is the entire

condenser area, including the top and bottom sections.
It should be noted that qwv, e and qwv, c are not used
directly in the above set of equations, rather they are
translated through the use of Eqs. (42) and (43). The

energy balance for the bottom wick in the condenser
section is�d3�t�
0

@yw, c�t, y3 �
@ t

dy3 �
�d3�t�
0

aw
@ 2yw, c�t, y3 �

@y23
dy3 �47�

Substituting Eq. (43) into (47) and rearranging yields

d

dt

�
d3�t�yv�t�

� � 6awyv�t�
d3�t� �48�

The energy balance for the heat pipe wall in the evap-
orator section is Eq. (33). Therefore, the four

unknowns, yww, e�t�, qww, e�t�, yv�t�, and d3�t� can be
determined by solving Eqs. (33), (45), (46) and (48)
simultaneously. The temperature distributions of the

evaporator section and the wick of the condenser sec-
tion, i.e., Eqs. (26), (42), and (43), can then be deter-
mined uniquely.

3.3.2. 0Rd4�t�Rhwa

During this period, the temperature distributions in

the evaporator section for the heat pipe wall and the
wick are prescribed by Eqs. (26) and (42), respectively.
The temperature distribution within the wick of con-

denser section is taken as

yw, c�t, y3 � � a3�t� � b3�t�y3 � c3�t�y23 �49�

and for the wall of the condenser section is taken as

ywa, c�t, y4 � � a4�t� � b4�t�y4 � c4�t�y24 �50�

The boundary conditions for the wick of the bottom
condenser section are

y3 � 0, qwv, c � ÿkw
@yw, c�t, y3 �

@y3
�51�

y3 � hw, yw, c�t, y3 � � yww, c�t� �52�

y3 � hw, qww, c�t� � ÿkw

@yw, c�t, y3 �
@y3

�53�

and the boundary conditions for the heat pipe wall in
the bottom condenser section are

y4 � 0, ywa, c�t, y4 � � yww, c�t� �54�

y4 � d4�t�, ywa, c�t, y4 � � 0 �55�

y4 � d4�t�, @ywa, c�t, y4 �
@y4

� 0 �56�

Applying boundary conditions, Eqs. (51)±(53), to Eq.

(49) yields the temperature distribution in the wick of
the bottom condenser section:

yw, c�t, y3 � � yww, c�t� � bqwv, c�t� � qww, c�t�chw

2kw

ÿ qwv, c�t�
kw

y3

� bqwv, c�t� ÿ qww, c�t�c
2kwhw

y23 �57�

Applying boundary conditions, Eqs. (54)±(56), to Eq.

(50) yields the temperature distribution in the heat
pipe wall in the evaporator section:

ywa, c�t, y4 � � yww, c�t�
�
1ÿ y4

d4�t�
�2

�58�

In determining the temperature distributions of the
entire heat pipe, i.e., Eqs. (26), (42), (57) and (58),
there are 7 unknowns, yww, e�t�, qww, e�t�, yv�t�, qwv,
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c�t�, yww, c�t�, qww, c�t�, and d4�t�: These seven

unknowns can be determined by overall energy bal-
ances for the walls and the wicks of both evaporator
and condenser sections and by the continuity of heat

¯ux and temperature at the wick/wall interface. In the
wick±vapor interface in the condenser section,

y3 � 0, yw, c�t, y3 � � yv�t� �59�

Substituting Eq. (57) into (59), we have

yv�t� � yww, c�t� � bqwv, c�t� � qww, c�t�chw

2kw

�60�

In the heat pipe wall±wick interface in the condenser
section, the continuity of heat ¯ux requires

y4 � 0, qww, c�t� � ÿkwa

@ywa, c�t, y4 �
@y4

�61�

Substituting Eq. (58) into Eq. (61) and rearranging, we
have

qww, c�t� � 2kwayww, c�t�
d4�t� �62�

The energy balance equation for the wick in the con-

denser section is�hw

0

@yw, c�t, y3 �
@ t

dy3 �
�hw

0

aw
@ 2yw, c�t, y3 �

@y23
dy3 �63�

Substituting Eq. (57) into (63) yields

dyww, c�t�
dt

� hw

6kw

�
dqwv, c�t�

dt
� 2dqww, c�t�

dt

�

� aw

�
qwv, c�t� ÿ qww, c�t�

�
kwhw

�64�

The energy balance equation for the heat pipe wall of
the condenser section is�d4�t�
0

@ywa, c�t, y4 �
@ t

dy4 �
�d4�t�
0

awa

@ 2ywa, c�t, y4 �
@y24

dy4 �65�

Substituting Eq. (58) into Eq. (65) yields

d

dt

�
d4�t�yww, c�t�

� � 6awayww, c�t�
d4�t� �66�

Fig. 3. Temporal temperature response within di�erent pertinent sections of the ¯at plat heat pipe during startup and shutdown

processes.

Y. Wang, K. Vafai / Int. J. Heat Mass Transfer 43 (2000) 2641±2655 2647



These seven unknowns can be determined by solving
the system of Eqs. (33), (45), (46), (60), (62), (64) and
(66). The temperature distribution for the whole heat

pipe during this time period can be determined by Eqs.
(26), (42), (57) and (58). It should be noted that the
temperature distribution for the condenser was

obtained for the lower condenser section, however, the
obtained temperature distribution applies also to the
upper condenser sections through a proper change of

coordinate system.

3.4. Final passage of the thermal front through the heat

pipe

During this step, the temperature distributions for
the heat pipe wall and the wick in the evaporator sec-
tion are prescribed by Eqs. (26) and (42), respectively,

while the temperature distribution in the wick of the
condenser section is described by Eq. (57). The tem-
perature distribution in the heat pipe wall in the con-

denser section during this period is taken as

ywa, c�t, y4 � � a4�t� � b4�t�y4 � c4�t�y24 �67�

The corresponding boundary conditions are

y4 � 0, ywa, c�t, y4 � � yww, c�t� �68�

y4 � 0, qww, c�t� � ÿkwa
@ywa, c�t, y4 �

@y4
�69�

y4 � hwa, ÿ kwa
@ywa, c�t, y4 �

@y4
� hconv

�
ywa, c�t, y4 � ÿ y1

�
�70�

Applying boundary conditions, Eqs. (68)±(70), to

Eq. (67) yields the temperature distribution in the wall
of the lower condenser section (the same procedure is
utilized for the upper condenser section)

ywa, c�t, y4 � � yww, c�t� ÿ qww, c�t�
kwa

y4

�
qww, c�t�

�
1� hhwa

kwa

�
ÿ hconv

�
yww, c�t� ÿ y1

�
�hconvhwa � 2kwa �h4 y24 �71�

Fig. 4. Temporal power distribution throughout the ¯at plate heat pipe during startup and shutdown processes.
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Overall, energy balance for the wall of condenser sec-
tion is�hwa

0

@ywa, c�t, y4 �
@ t

dy4 �
�hwa

0

awa
@ 2ywa, c�t, y4 �

@y24
dy4 �72�

Substituting Eq. (71) into Eq. (72) yields�
1ÿ hconvhwa

3�hconvhwa � 2kwa �
�

dyww, c�t�
dt

�
�

hwa

3�hconvhwa � 2kwa �
�
1� hconvhwa

kwa

�
ÿ hwa

2kwa

�

� dqww, c�t�
dt

� awa

kwahwa

�
1ÿ hconv

�
hwa

hconvhwa � 2kwa

�
�
1� hconvhwa

kwa

���
qww, c�t� ÿ awahconv

kwahwa

�
�
1ÿ hconvhwa

hconvhwa � 2kwa

��
yww, c�t� ÿ y1

� �73�

The temperature distributions after the ®nal passage of
the thermal front through the entire heat pipe are
given by equations, (26), (42), (57) and (71). There are

six unknowns in these equations �yww, e�t�, qww, e�t�,
yv�t�, qwv, c�t�, yww, c�t� and qww, c�t�). These unknowns
can be determined by solving the system of Eqs. (33),

(45), (46), (60), (64), and (73). The above described
model uniquely establishes the temperature distribution
within the entire heat pipe.

4. Model description during the shutdown operation

During the shutdown operation, the heat input is
turned o� resulting in a gradual decrease in the overall

heat pipe temperature. A major di�erence between the
shutdown and the startup operations is that during the
former the temperature changes occur over the entire

heat pipe at any given time and as such we no longer
have to contend with the thermal penetration fronts as
was the case in the startup operation.

The initial temperature distribution is known at any
given time, based on the analytical results from the
startup operation. As such this distribution is pre-

scribed by a second-order polynomial. The boundary
condition for the heat pipe wall in the evaporator sec-
tion, Eq. (20), becomes

y1 � 0,
@ywa, e�t, y1 �

@y1
� 0 �74�

Incorporating Eq. (74) into (26) results in the tempera-

ture distribution in the heat pipe wall in the evaporator
section during the shutdown operation

ywa, e�t, y1 � � yww, e�t� � qww, e�t�hwa

2kwa

ÿ qww, e�t�
2kwahwa

y21 �75�

Correspondingly, the energy balance equation (33)

during the shutdown process changes to

dyww, e�t�
dt

� hwa

3kwa

dqww, e�t�
dt

� awaqww, e�t�
kwahwa

�76�

Fig. 5. Heat pipe time constant variations in response to changes in the heat transfer coe�cient
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The equation describing the temperature distribution
for the wick in the evaporator section, Eq. (42), and
the equations for the wick and the wall in the conden-

ser section for the startup operation, Eqs. (57) and
(71), are still available for the shutdown operation.
The unknowns in these equations can be determined

uniquely during the shutdown operation by utilizing
Eqs. (45), (46), (60), (64), (73), and (76).

5. Physical characteristics of the system during the

startup and shutdown processes

The temperature distribution and heat transfer for

the startup and shutdown operations were simulated
using the derived models described in the previous sec-
tions. In this work, steady state conditions are assumed

to have been reached if the relative deviation between
the input and output power is less than 0.2%, i.e,

1ÿ bhconvAc

ÿ
ywa, oc ÿ y1

�
=�qeAe �c < 0:002 �77�

Similarly, during the shutdown process, it is assumed
that the heat pipe reaches its original temperature if
the following criterion is met

ywa, oe < 0:38C �78�

The results show that raising the above cited conver-

gence criteria does not have any signi®cant e�ect on
the obtained results. However, raising the criteria does
increase the calculation time considerably.
At the start of the process, the original temperature

of the heat pipe is uniform over the entire heat pipe
and equals the temperature of the cooling ¯uid at the
beginning of the startup operation. Similarly, in a shut-

down operation, the temperature distribution within
the heat pipe at the beginning of the shutdown process
is known based on the results at the end of the startup

operation. To simulate the entire transient performance
involving the startup and shutdown operations, the
temperature distribution of the heat pipe at the end of

Fig. 6. Temperature distribution during the startup [(a) and (b)] and shutdown [(c) and (d)] operations for hconv � 100 W/(m2 8C)
and qe � 500 W/m2.
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the startup operation is used as the initial temperature
distribution for the shutdown process.

The heat pipe wall was taken as copper, while the
wick was taken as sintered copper powder. The work-
ing ¯uid was taken as water. In this work, we are

mainly interested in the e�ect of the heat input and the
heat transfer coe�cient on the performance of the heat
pipe during the startup and shutdown processes. As
such, the same geometrical con®guration was used in

all the cases studied in this work. In this work, the
geometrical parameters of the heat pipe were taken as:

hwa � 3:0 mm, hw � 1:6 mm, L � 95 mm, Le � 25 mm,

W � 140 mm,H � 20 mm, e � 50%

The heat transfer area in the condenser section is 7.5
times that of the evaporator section. The e�ective par-
ameter of the wick are determined by [9]

kw � keff � kl

�
kl � ks ÿ �1ÿ e��kl ÿ ks �
kl � ks � �1ÿ e��kl ÿ ks �

�
�79�

reff � erl � �1ÿ e�rs �80�

ceff � ecl � �1ÿ e�cs �81�

aw � aeff � keff

reffceff

�82�

For a speci®ed case, the input heat ¯ux, heat transfer
coe�cient, and desired time interval are speci®ed. The
temperature distributions are then obtained based on

the analytical model described in the earlier sections
over di�erent time periods. Once the steady state con-
ditions, based on Eq. (77), are achieved at the end of

the startup operation, this temperature distribution is
used as an initial condition for the shutdown process.
The shutdown process is carried on until the heat pipe

Fig. 7. Temperature distribution during the startup [(a) and (b)] and shutdown [(c) and (d)] operations for hconv � 1000 W/(m2 8C)
and qe � 10,000 W/m2.
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reaches its original temperature as speci®ed by Eq.
(78).
In this work, simulations were performed accounting

for heat transfer coe�cient variations in the range of
10±1000 W/(m2 8C) and input heat ¯ux variations in
the range of 500±10,000 W/m2. It should be noted that

presented analytical results are valid beyond the range
of parameters utilized in the next section.

6. Results and discussion

The temporal temperature distributions at various
locations within the ¯at plate heat pipe are displayed

in Fig. 3 for four di�erent sets of input power and out-
side heat transfer coe�cients. The results indicate that
the temperature di�erence within the heat pipe wall in

either the evaporator or the condenser section is quite
small. In fact, as can be seen in Fig. 3, it is di�cult to
observe the di�erences. The results also indicate that

for a ®xed thickness of a heat pipe wall or a wick, the
time for the temperature front to penetrate through
the heat pipe mainly depends on the thermal di�usiv-

ities of the wall and the wick and the heat transfer

coe�cient, and is slightly a�ected by the heat input

level. However, the heat input pattern has a signi®cant

e�ect on the penetration time. For example, for a

given wall or wick thickness, a linear heat input would

increase the penetration time by three times compared

with a constant heat ¯ux input. A nonlinear heat input

would increase the penetration time even further.

As can be seen in Fig. 3, the sharp increase in tem-

peratures occurs in the initial heating period. Over the

presented range, the input heat ¯ux has no signi®cant

e�ect on the time it takes to reach steady state. For a

speci®ed ¯at plate heat pipe, the time to reach steady

state depends mainly on the heat transfer coe�cient.

The larger the heat transfer coe�cient, the smaller the

time to reach steady state. For the cases presented in

this work, the time to reach steady state varies from

947 s for hconv � 100 W/(m2 8C) to 133 s for

hconv � 1000 W/(m2 8C). For a shutdown operation, all

the temperatures throughout the heat pipe eventually

approach a uniform initial temperature as shown in

Fig. 3.

Fig. 4 shows the transient heat ¯ux distribution

Fig. 8. Maximum temperature rise on the outside surface of the evaporator section.
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within di�erent depths of the heat pipe for di�erent

heat input and heat transfer coe�cients. As can be
seen in Fig. 4, the heat ¯uxes at di�erent locations in

the evaporator section are quite close to each other

except in the very beginning of the startup operation.
Similar conclusions can be obtained for the condenser

section. Heat ¯ux approaches steady state faster than
the transient temperature distribution during the

startup operation. The same is true for the shutdown

operation. As can be seen in Fig. 4, the heat pipe walls
absorb more sensible heat than the wicks in both the

evaporator section and the condenser section. When

the input power is turned o�, the heat ¯ux at the
wick±vapor interface exceeds that at the wall±wick

interface in the evaporator section. For the condenser
section, similar conclusions can be drawn, i.e., the heat

¯ux at the wall±wick interface exceeds that in the

wick±vapor interface and the heat ¯ux on the outside
wall surface exceeds that in the wall±wick interface.

However, the evaporator section still maintains higher
temperatures and the condenser section maintains

lower temperatures in this operation. Experimental

results related to thermal performance of ¯at-shaped
heat pipes subject to passive air cooling is given in

Wang and Vafai [10]. Detailed experimental transient

characteristics of ¯at plate heat pipes during startup
and shutdown operations and comparisons with the

results presented in this work are given in Ref. [11]

In this work the idea of a heat pipe time constant is

utilized for the startup operation. It is de®ned as the
time when the outside surface temperature of the evap-

orator section reaches 63.2% of its maximum value.
Similarly, a time constant for a shutdown operation is

de®ned as the time when the outside surface tempera-

ture in the evaporator section drops 63.2% from its
steady state value. These time constants can be used to

determine how fast a heat pipe responds to an applied
input power. For a speci®ed heat pipe, the time con-

stant depends mainly on the heat transfer coe�cient.
However, when the capacitance of the heat pipe is sub-

stantially increased, the heat input would a�ect the

time constant very signi®cantly. The dependence of the
time constant on the heat transfer coe�cient is dis-

played in Fig. 5. As can be seen in Fig. 5, when the
heat transfer coe�cient is relatively small, increasing

the heat transfer coe�cient can greatly reduce the time

constant. However, for relatively large heat transfer
coe�cients, increasing the heat transfer coe�cient has

Fig. 9. Maximum temperature rise on the outside surface of the condenser section.
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an insigni®cant e�ect on the time constant. The results

show that the time constant for the shutdown oper-

ation is very close to that for the startup operation.

For example, when h � 100, the di�erence between the

two time constants is only 1.6 s, or a relative deviation

of 1.3%, and thus can be ignored.

Figs. 6 and 7 show the temperature distributions at

di�erent times for both startup and shutdown oper-

ations. As can be seen in Figs. 6 and 7, the maximum

temperature drop takes place within the wick in the

evaporator section. There is also a signi®cant tempera-

ture drop within the wick in the condenser section.

These two wicks contribute about 86 and 13% of the

total temperature drop across the heat pipe within the

evaporator section �Z < Le). Also, as can be seen in

Figs. 6 and 7, the temperature distribution is relatively

more uniform in the shutdown operation (Figs. 6(c),

(d) and 7(c), (d)) as compared to that during the

startup operation (Figs. 6(a), (b) and 7(a), (b)). The

line in Figs. 6 and 7 marked as steady state represents

the temperature distribution at steady state for the

startup operation, which is then used as the initial tem-

perature distribution during the shutdown operation,

as shown in Figs. 6(c), (d) and 7(c), (d). Once again,

the porous wick in the evaporator section creates the

largest thermal resistance across the heat pipe during

the shutdown operation.

Figs. 8 and 9 show the maximum temperature

rise on the outside wall surfaces for the evaporator

and condenser sections. The maximum temperature

rise indicates the highest temperature increase from

the initial condition on the outside surface of the

heat pipe. The maximum temperature rise increases

linearly with the heat input, and decreases with an

increase in the heat transfer coe�cient. For rela-

tively large heat transfer coe�cients, further increase

in the heat transfer coe�cient decreases the maxi-

mum temperature rise only slightly; while for a rela-

tively smaller heat transfer coe�cient, increasing the

heat transfer coe�cient will reduce the maximum

temperature rise signi®cantly.

Fig. 10 shows the maximum temperature di�erence

within the heat pipe. The maximum temperature di�er-

ence refers to the maximum di�erence between the

temperatures on the outside surface of the ¯at plate

heat pipe. As can be seen in Fig. 10, the maximum

temperature di�erence has a linear relationship with

the heat input and has an insigni®cant dependence on

Fig. 10. Maximum temperature di�erence within the heat pipe.
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the heat transfer coe�cient. However, it should be
noted that although the heat transfer coe�cient does

not a�ect the maximum temperature di�erence within
the heat pipe, it does a�ect the maximum outside sur-
face wall temperatures on both the evaporator section

and condenser section, as shown in Figs. 8 and 9.

7. Conclusions

Analytical models for predicting the transient per-
formance of a ¯at plate heat pipe for both the startup

and shutdown operations were developed in this work.
This model can be utilized for both startup and shut-
down operations. The presented model can simulate
the thermal performance of a ¯at plate heat pipe in a

cyclic startup and shutdown operation as well as other
practical operation scenarios. The transient tempera-
ture distributions within the heat pipe walls and wicks

were presented.
The results indicate that the thermal di�usivity and

the thickness of the wall and the wick dominate the

penetration time. Increasing the e�ective thermal di�u-
sivity would decrease the penetration time. The results
show that the heat transfer coe�cient has a substantial

e�ect on the heat pipe time constant. The results also
show that the time constant for the startup operation
is very close to that for the shutdown operation. Fur-
thermore, the time for a speci®ed ¯at plate heat pipe

to reach steady state depends mainly on the heat trans-
fer coe�cient. Finally, it is found that the temperature
di�erence within heat pipe walls is small and that the

wick in the evaporator section creates the largest ther-
mal resistance while the wick in the condenser section
also has a signi®cant contribution to the total thermal

resistance.
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