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a b s t r a c t

An analytical approach is presented to study the liquid flow performances inside the wick structure of
a flat plate heat pipe under different types of heat source conditions. Starting from a point heat source on
the heat pipe, different types of heat sources such as line, strip and discrete heaters are simulated using
the Green’s function approach together with the respective source distribution functions. The corre-
sponding liquid pressure and velocity distributions are illustrated and discussed. The work is then
extended to simulate multiple discrete heat source condition on the heat pipe. This analytical model is
validated with the available results in the literature and good agreement is obtained. The work presented
is advantageous in the thermal management as this could help to determine the optimum heat source
positions on the heat pipe, which will allow efficient cooling of the electronic components or system.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Thermal management using flat plate heat pipes is an efficient
way in the cooling and spreading of high heat flux electronic
devices such as integrated circuits (IC) chips. Due to the growing
trends of integrating and miniaturizing of electronic systems, more
IC chips could be incorporated onto a single printed circuit board
(PCB). Thus, this would inevitably generate more hot spots at the
board level. Therefore, if a flat plate heat pipe were to be employed
as the heat-dissipating medium, it would be advantageous to
evaluate the heat pipe performance under multiple-source heating
condition.

Since heat pipes have the ability to transport heat over
a substantial distance at low temperature drops, it has made them
a much reliable and efficient device for the heat-spreading
requirement. The working liquid’s circulation inside the wick
structure of a flat plate heat pipe is very important because it
influences directly the capillary limit of the cooling device [1]. This
capillary limit, which is commonly known as the heat transport
capacity, represents the total amount of heat that can be transferred
before the occurrence of the ‘dry-out’ situation at the evaporator
section. When this happens, the circulation inside the wick struc-
ture will stop and cause the temperature to increase at the
evaporator section.
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In the literature, both Vafai and Wang [2] had presented an
analytical study for the vapor and liquid flow of an asymmetrical
flat plate heat pipe. A pseudo three-dimensional flow field was
bifurcated on the x–y plane due to the asymmetrical nature of the
heat sources and sinks. In their work, the overall axial pressure
distributions of both the vapor and liquid phases in the heat pipe
were obtained. The results from this analytical model had provided
good qualitative agreement when compared with those based on
the solutions of the field equations for the conventional symmet-
rical case.

In addition, Huang and Liu [3] had reported an analytical model
to calculate the distributions of the liquid pressure and velocity in
the isotropic wick structure of a flat plate heat pipe. In their work,
a two-dimensional heater was fixed at the end of the heat pipe
under localized heating condition and their results revealed that
the best position to place a heater is at the mid-section of the heat
pipe.

For heat pipes with multiple heat sources, both Faghri and
Buchko [4] had carried out experimental and numerical analysis for
circular heat pipes operating at low temperatures. It was concluded
that the maximum heat load on the heat pipe varied greatly with
the locations of the local heat fluxes. In addition, an analytical study
of a flat plate heat pipe under multiple point source heating
condition was presented by Tan et al. [5]. In their work, point
sources were modeled as the heat input to the device and various
optimized heat source’s positions were obtained based on the
minimal liquid pressure drop across the wick structure of the
device.

The liquid flow characteristics inside the wick structure of a flat
plate heat pipe vary differently according to the various heating
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Nomenclature

a length of the flat plate heat pipe [m]
Amn fourier coefficients of p
b width of the flat plate heat pipe [m]
d(x� z)d(x� j) an expression of a Delta function
f(z,j) a distribution function of a Poisson equation
f(x,y) distribution function of the condensation rate
Fmn fourier coefficients of f(x,y)
G(x,y;x,j) Green’s function in two-dimensional form.
m,n Fourier terms
DPmax least maximum liquid pressure drop across the wick

structure
DP pressure difference [Pa]
p pressure [Pa]
Pref reference pressure [Pa]
P normalized liquid pressure

x1,y1 x and y coordinates of the point heat source [m]
X,Y non-dimensional axial and transverse coordinates
u,v velocity components in the x and y direction [m s�1]
U,V non-dimensional velocity components in the x and y

direction

Greek symbol
h dimensional ratio between the condensation and

evaporation rate of the heat pipe

Subscript
C center coordinates of the discrete heater
D discrete heater
L line heater
P point heater
R boundary region
S strip heater
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conditions at the evaporator section. When there is a complete
heating at the evaporator section, the liquid flow will be one-
dimensional. However, when there is a multiple partial heating
condition, the liquid flow will become two-dimensional instead. In
this paper, various types of heating condition on the flat plate heat
pipe will be presented to demonstrate the corresponding liquid
flow characteristics inside the heat pipe. Using the Green’s function
approach, the analytical liquid pressure drop and velocity vectors
can be obtained for the different types of heating conditions such as
line, strip and discrete heaters on the heat pipe as shown in Fig. 1.
These analytical solutions can be very useful especially for cooling
multiple discrete heat sources on the PCB when heat pipe is
designated to be the heat-dissipating medium.
2. Analytical formulation

The liquid pressure and velocity solutions presented by Tan et al.
[5] using the point source approach are used as the foundations to
further develop the analytical liquid flow solutions of the various
heat source on the flat plate heat pipe. Analytically, the solutions
formulated from the point source approach are in the form of
a Green’s function. Hence, through further development of these
equations could then extend to form the solutions for a line, strip or
discrete heater on the heat pipe with appropriate heat source
boundary conditions.
Point heat source

Line heater Strip

Fig. 1. The various types of heat sou
Mathematically, the derivation using the Green’s function of
a problem is briefly described based on the formulations listed in
the literature [6]. Consider the following equation,

LuðxÞ ¼ f ðxÞ (1a)

where L is a linear differential operator of a function uðxÞ and f ðxÞ is
a given function which is the source term of the problem while the
solution is required on the interval of 0 � x � l.

Instead of considering f ðxÞ as a continuous source function,
an approximation of discrete source functions such that
f ðx1Þ; f ðx1Þ; ..; f ðxnÞ acting at the points x ¼ x1; x ¼ x2;

..:; x ¼ xn; respectively, which all lie within the range of
0 0 � x � l. Thereafter, a function Gðx : xkÞ can be defined to be
solution of equation (1a) due to a unit point source acting at xk,
hence, by replacing f ðxÞ with dðx-xkÞ, the solution due the single
effect is therefore Gðx : xkÞ f ðxkÞ. Thus, summing all such solutions
for the entire n-points source terms acting on 0 � x � l, the solution
will take the form of:

uðxÞ ¼
Xn

k¼1

Gðx : zkÞf ðzkÞ (1b)

As n terms become larger such that the number of point source
functions f ðxnÞ increases and therefore a better approximation to
 heater

Discrete heater

Flat Plate
Heat Pipe

rces on the flat plate heat pipe.
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f ðxÞ can be obtained when n/N, so as xk/xkþ1 for all k values.
Thus, the summation of Equation (1b) will be replaced by an inte-
gral to give a required solution of equation (1a), which takes the
form of:

uðxÞ ¼
Z l

0

Gðx : zkÞf ðzkÞdz (1c)

where the function Gðx : xÞ is known as the Green’s function of the
problem.
Similarly, for the case of a two-dimensional Possion equation,

V2u ¼ f ðx; yÞ (2a)

the solution for the range of 0 � x � a; 0 � y � b is as follows:

uðx; yÞ ¼
Za

0

Zb

0

Gðx; y; z;jÞf ðz;jÞdzdj (2b)

where Gðx; y; x;jÞ will be the Green’s function of this two-dimen-
sional case, such that,

V2Gðx; y; z;jÞ ¼ dðx� zÞdðy� jÞ (2c)

with dðx� zÞdðx� jÞ being an expression of Delta function
andf ðz;jÞ is a distribution function of the Poisson equation. Thus, if
the distribution function is known, the solution to the distribution
function of the Poisson equation can therefore be determined. Thus,
the formulations to form the Green function approach are developed.

The analytical liquid flow solutions in this paper are formulated
from the solutions presented from [5] where the liquid flow model
employing the point source approach is formulated using the mass
conservation principle with the Darcy’s liquid flow equations. The
parameters used for non-dimensionalizing the pressure and veloci-
ties of the liquid flow model formulated in [5] are expressed as :

P ¼
p� pref

bab
(3a)

U ¼ u
aþb=r

(3b)

V ¼ v

aþb=r
(3c)

where a+ is the condensation rate of the wick structure, b is the
liquid condensation relationship within the wick structure having
the expression of ðmaþ=rKÞ such that m is the dynamic viscosity of
liquid, r is the liquid density and K is the wick permeability. a and
b here refer to the length and width of the heat pipe respectively.

It is realized that the solutions from [5] are in the form of
a Green’s function, where the normalized liquid pressure P and
velocity fields (U,V) inside the wick structure of the heat pipe can be
expressed as follows:

P ¼ Pm0 þ P0n þ Pmn¼
XN

m¼1

Am0cosðmpXÞ

þ
XN
n¼1

A0ncosðnpYÞ þ
XN

m¼1

XN
n¼1

AmncosðmpXÞcosðnpYÞ

(3d)
U ¼ �vP ¼ Um0 þ Umn ¼
XN

Am0ðmpÞsinðmpXÞ

vX

m¼1XN XN (3e)
þ
m¼1 n¼1

AmnðmpÞsinðmpXÞcosðnpYÞ

V ¼ �a
b

vP
vX
¼ ðV0n þ VmnÞ ¼

a
b

(XN
n¼1

A0nðnpÞsinðnpYÞ

þ
XN

m¼1

XN
n¼1

AmnðnpÞcosðmpXÞsinðnpYÞ
)

(3f)

where the corresponding Fourier coefficients are represented as
follows:

Am0 ¼
2

b2ðmpÞ2
Fm0 ¼

�2a

bðmpÞ2
cos

mpx1

a
(4a)

A0n ¼
2

a2ðnpÞ2
F0n ¼

�2b

aðnpÞ2
cos

npy1

b
(4b)

Amn ¼
4

2 2 2 2Fmn

b ðmpÞ þa ðnpÞ

¼ �4ab

b2ðmpÞ2þa2ðnpÞ2
cos

mpx1

a
cos

npy1

b
(4c)

In this paper, the liquid pressure and velocity fields in the wick
structure of the heat pipe are evaluated analytically by considering
the working fluid to be flowing in an isotropic wick structure with
constant transport properties. The flow is also assumed to be steady,
laminar and subsonic. In addition, symmetrical heating on the upper
and lower heat pipe surfaces is considered. Thus, there will be two
identical and independent liquid flows in the upper and lower wick
structure of the heat pipe respectively. Hence, the analytical solutions
are simplified to consider only the heat source on the upper surface of
the heat pipe where the heat pipe is oriented horizontally.

2.1. Line heater

The pressure and velocity solutions of the liquid flow in the wick
structure from the line heater can be obtained from equation (3).
The analytical liquid pressure from the point source approach by
Tan et al. [5] is shown below which is in the form of a Green’s
function, such that:

Pðx; yÞP¼ Gðx; yjx1; y1Þ (5)

with x1 and y1 being the coordinates of the point heat source on the
heat pipe as shown in Fig. 2(a).

Since the corresponding liquid velocity expressions are related
to the liquid pressure solution, therefore the liquid velocities could
be written as,

Uðx; yÞP¼ �
vPðx; yÞP

vx
(6a)

Vðx; yÞP¼ �
vPðx; yÞP

vy
(6b)

where U(x,y)P and V(x,y)P are the velocities in the x and y direction
respectively on the heat pipe.
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Fig. 2. Geometrical definitions of the various heat sources on the flat plate heat pipe: (a) point heat source, (b) line heater, (c) strip heater, and (d) discrete heater.
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The liquid pressure solution per unit strength for the line heater
can be obtained by integrating equation (5) together with the
source distribution function of the line heater, such that,

Pðx; yÞL ¼
�

1
�hP

�ZZ
R

f ðx; yÞLGðx; yjx1; y1Þdx1dy1 (7)

The velocity distributions for the line heater can then be
obtained by considering equations (6a), (6b) and (7) respectively.
Together, these are evaluated to be,

Uðx; yÞL ¼
v

vx

��
1
�hP

�ZZ
R

f ðx; yÞLGðx; yjx1; y1Þdx1dy1

�
(8a)

Vðx; yÞL ¼
v

vy

��
1
�hP

�ZZ
R

f ðx; yÞLGðx; yjx1; y1Þdx1dy1

�
(8b)

From Fig. 2(b), consider a line heater that extends entirely along
the y direction (0� y� b) on the heat pipe with the following
source distribution function:

f ðx; yÞL ¼ 1� hLdðx� x1Þ (9)

where h is defined as the dimensional ratio between the conden-
sation and evaporation rate of the heat pipe.

Hence, using the Green’s function application with hL¼ a, the
formulation is then reduced to be one-dimensional and the liquid
pressure solution for this line heater per unit strength is simplified
to be:

Pðx;yÞL¼
XN
m¼1

ðAm0ÞL cosðmpXÞþ
XN
n¼1

ðA0nÞL cosðmpYÞþ
XN
m¼1

�
XN
n¼1

ðAmnÞL cosðmpXÞcosðnpYÞ (10)
where the simplified Fourier coefficients (Am0)L, (A0n)L and (Amn)L

are found to be:

ðAm0ÞL ¼
�2hL

bðmpÞ2
cos

mpx1

a
(11a)

ðA0nÞL ¼ 0 (11b)

ðAmnÞL ¼ 0 (11c)

Subsequently, using equations (8a) and (8b), the following liquid
velocity distributions for the line heater on the heat pipe are
determined to be:

Uðx; yÞL ¼
XN

m¼1

ðAm0ÞLðmpÞ sinðmpXÞ þ
XN
m�1

�
XN
n¼1

ðAmnÞLðmpÞ sinðmpXÞ cosðnpYÞ (12a)

Vðx; yÞL ¼
a
b

 XN
n¼1

ðA0nÞLðnpÞ sinðnpYÞ þ
XN
m�1

�
XN
n¼1

ðAmnÞLðnpÞ cosðmpXÞ sinðnpYÞ
!

(12b)

However, as (A0n)L¼ (Amn)L¼ 0, this implies that V(x,y)L¼ 0.
Therefore, the liquid flow in the wick structure is only one-
dimensional when this line heater is positioned along the heat pipe
width from 0� y� b.

2.2. Strip heater

The liquid flow solutions for the strip heating condition can also
be evaluated using similar approach. Consider a strip heater that
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lies between xi� x� xj and 0� y� b on the heat pipe as illustrated
in Fig. 2(c) where the source distribution function is described as
follows,

f ðx; yÞS¼
�

1; x < xi; x > xj
�hS; xi � x � xj

(13)

The liquid pressure solution per unit strength in the wick
structure for the strip heater can be evaluated as:

Pðx;yÞS¼
�

1
�hP

�Z Z
R

f ðx;yÞSGðx;yjx1;y1Þdx1dy1

¼
XN
m¼1

ðAm0ÞScosðmpXÞþ
XN
n¼1

ðA0nÞScosðmpYÞþ
XN
m�1

�
XN
n¼1

ðAmnÞScosðmpXÞcosðnpYÞ (14)

where the Fourier coefficients (Am0)S, (A0n)S and (Amn)S are evalu-
ated to be:

ðAm0ÞS¼ �ð1þ hSÞ
 

2a

bðmpÞ3

!�
sin

mpxj

a
� sin

mpxi

a

�
(15a)

ðA0nÞS¼ 0 (15b)

ðAmnÞS¼ 0 (15c)

The dimensional rate ratio of h for the strip heater is formulated
by considering the mass conservation along with the heat pipe
dimensions. Hence, it is determined to be:

hS ¼
a�

xj � xi
	� 1 (16)

Since (A0n)S¼ (Amn)S¼ 0, as a result, the liquid flow U(x,y)S will
still be a one-dimensional flow in the x-direction since V(x,y)S¼ 0.
Thus, the U(x,y)S solution per unit strength can be expressed as
follows:

Uðx; yÞS¼
XN

m¼1

ðAm0ÞSðmpÞ sinðmpXÞ (17)

2.3. Discrete heater

Similar approach could also be adopted to determine the liquid
flow solutions for the discrete heating condition. For illustration,
consider a discrete heater with the following dimensions, xi� x� xj

and yi� y� yj on the flat plate heat pipe as shown in Fig. 2(d). The
source distribution function of this heating condition is repre-
sented below:

f ðx; yÞD¼

8>>>><
>>>>:

1; 0 � x � xi; 0 � x � b
1; xj � x � a; 0 � x � b
�hD; xi � x � xj; yi � y � yj
1; xi � x � xj; 0 � y � yi
1; xi � x � xj; yj � y � b

(18)

Hence, using the Green’s function application, the liquid pres-
sure solution per unit strength for the discrete heating condition
can be simplified to be:
Pðx; yÞD¼
�

1
�ZZ

f ðx; yÞDGðx; yjx1; y1Þdx1dy1
�hP
R

¼
XN

m¼1

ðAm0ÞD cosðmpXÞ þ
XN
n¼1

ðA0nÞD cosðmpYÞ þ
XN
m�1

�
XN
n¼1

ðAmnÞD cosðmpXÞ cosðnpYÞ

(19)

where the Fourier coefficients (Am0)D, (A0n)D and (Amn)D are found
to be:

ðAm0ÞD¼ �ð1þ hDÞ
 

2a

b2ðmpÞ3

!

yj � yi

��
sin

mpxj

a
� sin

mpxi

a

�

(20a)

ðA0nÞD¼ �ð1þ hDÞ
 

2b

a2ðnpÞ3

!�
xj � xi

	�
sin

npyj

b
� sin

npyi

b

�

(20b)

ðAmnÞD¼ �ð1þ hDÞ
�

4ab
nb2m3p4 þma2n3p4

��
sin

mpxj

a

� sin
mpxi

a

��
sin

npyj

b
� sin

npyi

b

�
(20c)

Similarly, the dimensional rate ratio hD of this discrete heating
condition can be reduced after considering the mass conservation,
where,

hD ¼
ab�

xj � xi
	


yj � yi

�� 1 (21)

Moreover, the liquid flow is two-dimensional and the expres-
sions of the corresponding velocity components in this discrete
heating condition are determined to be:

Uðx; yÞD¼
XN

m¼1

ðAm0ÞDðmpÞ sinðmpXÞ þ
XN
m�1

�
XN
n¼1

ðAmnÞDðmpÞ sinðmpXÞ cosðnpYÞ (22a)

Vðx; yÞD¼
a
b

(XN
n¼1

ðA0nÞDðnpÞ sinðnpYÞ þ
XN
m�1

�
XN
n¼1

ðAmnÞDðnpÞ cosðmpXÞ sinðnpYÞ
)

(22b)

Hence, by employing the Green’s function approach with the
respective source distribution functions, it is possible to study the
liquid flow performances when there are multiple discrete heaters
on the heat pipe.

3. Results and discussion

Following the method employed by Tan et al. [5], the infinite
series used in the analytical solutions are truncated at m¼ n¼ 40
where further increment in the Fourier terms will have no signifi-
cant improvement to the final results. The liquid pressure fields to
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be shown are the pressure drop contours with non-dimensional
pressure difference of DP(X,Y)¼ (P� Pmin) where Pmin is the non-
dimensional minimum pressure in the wick structure of the heat
pipe. As for the liquid velocity contours in the wick structure, the
velocity fields are represented with vectors in the form of,
V
! ¼ Ui þ Vj.

The results of the liquid pressure and velocity distributions are
demonstrated for the conditions when there are line, strip and discrete
heating conditions being simulated on the heat pipe respectively.

3.1. Line heater

The liquid pressure and the velocity distributions are deter-
mined when a line heater is positioned along the x-direction where
x1/a¼ 0.5 on the heat pipe. In Fig. 3(a), it illustrates the liquid
Fig. 3. Pressure (a) and velocity (b) distributions of a line heater at x1/a¼ 0.5 axis on
the flat plate heat pipe (Dotted line represents the line heater).
pressure drop contours from the effects of this line heater inside the
heat pipe. The resulting maximum liquid pressure difference across
the wick structure is found to be DPmax¼ 0.124. As the shown in
Fig. 3(b), the liquid flow is one-dimensional and it is observed that
the liquid returns to the common line location from the two
extreme ends of the heat pipe.

Fig. 4(a) and (b) show another illustration of the liquid pressure
and velocity distributions when there are two line heaters with
equal heat input strength on the heat pipe. Consider these two line
heaters which are perpendicular to each other and they are
positioned along the x1/a¼ 0.5 and y1/b¼ 0.5 axes respectively.
These two lines will meet at a common point, which is at the
center of the heat pipe. In this heating condition, the maximum
Fig. 4. Pressure (a) and velocity (b) distributions of 2 line heaters at x1/a¼ 0.5 and y1/
b¼ 0.5 axes respectively on the flat plate heat pipe (Dotted line represents the line
heater).



Fig. 5. Pressure (a) and velocity (b) distributions of a strip heater with dimension
0.4� x/a� 0.6, 0� y/b� 1 on the flat plate heat pipe.

Fig. 6. Pressure (a) and velocity (b) distributions of a discrete heater at its optimum
position of xc/a¼ yc/b¼ 0.5.
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liquid pressure drop DPmax is slightly lower at about 0.118 as
shown in Fig. 4(a). And similarly, with one more line heating
condition on the heat pipe, the liquid will have more return paths
to the heat source positions after condensation. Hence, the
maximum liquid pressure will be lower as the returning path for
the liquid will be shorter as compared to the illustration shown in
Fig. 3(a).

The liquid flow is two-dimensional as shown in Fig. 4(b). This
could be attributed to the overlapping point of these two line
heaters. It is observed that at regions nearer to the center of the
heat pipe, the liquid is being directed towards the center of the heat
pipe, which is the overlapping point of these two line heaters. At
this overlapping point, the heat flux is doubled and therefore the
liquid will tend to return to this position. At regions that are further
away from this overlapping point, the liquid is observed to be
heading towards the ends of the line heaters.

3.2. Strip heater

Consider a strip heating condition with its normalized
dimensions being defined to be 0.4� x/a� 0.6 and 0� y/b� 1 on
the heat pipe where xi/a¼ 0.4 and xj/a¼ 0.6. From Fig. 5(a), it
shows the liquid pressure contours that are similar to the line
heating condition as demonstrated in Fig. 3(a). It is observed that
the maximum liquid pressure, DPmax is much lower at a value of
0.098. This could be attributed to the presence of a larger heater
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surface and therefore the liquid’s return path to the strip heater is
substantially shorter.

The flow is also one-dimensional for the liquid inside the wick
structure as shown in Fig. 5(b). In addition, it is observed that the
returning liquid is directed towards the center of the strip heater
before the vaporization of the working fluid starts again inside the
heat pipe.
3.3. Discrete heater

The discrete heating condition on the heat pipe is also simulated
using the Green’s function approach. This is made possible by
considering the necessary heater boundary conditions during the
analysis. It is always advantageous to model the heat sources as
discrete heaters, as it will closely represent the actual IC chip
dimensions on a PCB.

For illustration, consider a discrete heater with the normalized
dimensions of xj� xi/a¼ yj� yi/b¼ 0.2 which is modeled to simu-
late a typical IC chip. In this simulation, the normalized center
coordinates of this discrete heater are also defined for the
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Fig. 8. The maximum liquid pressure drop contours of various discrete heater
arrangements with different xc1/a and xc2/a values.

Fig. 9. Pressure (a) and velocity (b) distributions of two discrete heaters at their
optimum position of xc1/a¼ 0.25 and xc2/a¼ 0.75.
positioning requirement for the discrete heater on the heat pipe,
such that: xc/a¼ xj� xi/2b;yc/b¼ yj� yi/2b.

Fig. 6(a) and (b) clearly illustrate the liquid flow performances
under this discrete heating condition at the center of the heat pipe
where xc/a¼ yc/b¼ 0.5. From the liquid pressure drop contours in
Fig. 6(a), the maximum liquid pressure drop DPmax is found to be at
about 0.272. As shown in Fig. 6(b), the flow is two-dimensional and
it is observed that the liquid is directed towards the center of the
discrete heater from all directions inside the heat pipe.

The Green’s function approach is then extended to model with
two discrete heaters on the heat pipe. This work is most appro-
priate, as it simulates multiple IC chips heating condition on the
heat pipe. For demonstration, consider two discrete heaters with



Fig. 10. Pressure (a) and velocity (b) distributions of two discrete heaters with
different dimensions.
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Fig. 11. Comparison of the liquid pressure results using the present model with the
analytical solutions given in the literature.
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the same dimensions as the single discrete heater described in
Fig. 6(a) and (b). In addition, to facilitate the positioning require-
ment of these heaters, the respective heater center positions of (xc1/
a, yc1/b) and (xc2/a, yc2/b) are defined as shown in Fig. 7.

Optimum heater positions are also determined for these two
discrete heaters with the same heat input strength on the heat pipe.
For illustration, consider these heaters that vary along the same yc1/
b¼ yc2/b¼ 0.5 axis on the heat pipe, the optimum positions are
found when the two heaters are at xc1/a¼ 0.25 and xc2/a¼ 0.75
respectively. This optimum heater arrangement is found when the
corresponding maximum liquid pressure drop DPmax is the lowest.
As shown in Fig. 8, it illustrates the maximum liquid pressure drop
contours of the various heater arrangements with different xc1/
a and xc2/a values along the same yc1/b¼ yc2/b¼ 0.5 axis on the heat
pipe. The optimum arrangement is determined when DPmax of
0.135 is the least as compared to the other heater arrangements.
The liquid pressure and velocity distributions for this optimum
heater arrangement are shown in Fig. 9(a) and (b) where
symmetrical pressure drop contours as well as identical flow
patterns are observed respectively.

Besides simulating the discrete heaters of identical dimensions,
it is also possible to simulate heaters with different dimensions on
the heat pipe. This simulation is realistic, as it will represent the
different IC chip dimensions on the heat pipe. Fig. 10(a) and (b)
show the liquid pressure drop and velocity distributions of a typical
illustration when there are two discrete heaters of different
dimensions on the heat pipe. Under this kind of heating condition,
the liquid flow performance is dependent on the size and position
of the heaters on the heat pipe. The optimum heater positions can
be determined and the results will be beneficial where the
maximum heat pipe performance can be achieved when these
heaters are optimally positioned. Hence, by using the Green’s
function approach, heaters of different types and dimensions can
be modeled which will provide realistic simulation of the IC chips
on the heat pipe.
3.4. Validation of the analytical model

The analytical liquid flow model presented in this paper is
validated with another analytical model developed by Vafai and
Wang [2]. The work presented by Vafai has employed an integral
analysis method to investigate the flow performances inside a flat
plate heat pipe. Their analytical work has provided a more
complete representation as the vapor and liquid flow inside the
heat pipe were considered in their integral approach. Hence, the
model is used as the basis to validate with the present liquid flow
methodology.

A strip heating condition was considered in Vafai’s model to
evaluate the vapor and liquid pressure performances across the
heat pipe. The conditions and parameters used in the model were
then incorporated into the present liquid flow model, which uses
the Green’s function analysis to simulate the strip heating effects on
the heat pipe (heater region is at 0� x/a� 0.2). The liquid pressure
results were obtained for the various flow conditions with different



B.K. Tan et al. / International Journal of Thermal Sciences 49 (2010) 99–108108
injection Reynolds number, Reh, where h is the vapor space height
of the heat pipe.

Fig. 11 clearly shows the comparison of the liquid pressure
distributions between the present model and the analytical solu-
tions presented by Vafai. Relatively similar pressure distribution
trends were observed at each Reh numbers, starting from the heat
source region to the entire heat pipe length. Since there is a relative
good agreement between the two models, hence it is deduced that
the present liquid flow model is appropriate to evaluate the liquid
flow performances in the wick structure of a flat plate heat pipe.

3.5. Usefulness of the analytical model

It is possible to employ the model to determine the optimum
heaters’ location on a flat plate heat pipe via the knowledge of the
analytical DPmax values. At different heaters’ locations, different
DPmax values could be obtained analytically and these will corre-
spond to the different liquid temperatures on a flat plate heat pipe.
The optimum heaters’ location could then be determined when the
minimum DPmax value is identified. This will therefore correspond
to the lowest surface temperature achieved. In application, the
discrete heating conditions could be modeled as a realistic simu-
lation of IC chips. This enables the electronic system designer to
obtain the optimum IC chip positions on a PCB. Hence the heat
dissipation will be optimum whilst the IC chips are maximally
cooled using a flat plate heat pipe.

4. Concluding remarks

The analytical liquid flow model presented in this paper using
the Green’s function approach is capable of predicting qualitatively
the pressure and velocity distributions under the conditions with
different types of heat sources on a flat plate heat pipe. The results
with line, strip and discrete heating conditions on the heat pipe
were presented. Moreover, multiple heat source conditions on the
heat pipe were also simulated. More importantly, the analytical
liquid flow model is validated with the results obtained in the
literature. With the comparable results, the liquid flow model is
competent to predict the liquid flow distribution in the wick
structure of the heat pipe under different heating conditions. In
application, by simulating discrete heating conditions as the IC
chips’ heating configuration, this analytical model is applicable and
useful to determine optimum IC chip positions on a PCB. This will
enable designer to better position the IC chips optimally in their
electronic system design.
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