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a b s t r a c t

A transient analysis of a polymer-based Micro Flat Heat Pipe with hybrid wicks was performed via a solid

numerical procedure. Strongly coupled velocity, temperature, and pressure fields together with phase

change and significant change of vapor density are the major challenges during a heat pipe modeling.

Finite volume method was used to discretize the two-dimensional unsteady Navier–Stokes governing

equations while kinetic theory was used to address the condensation/evaporation at the interface. Impli-

cit approach was adopted to discretize time gradient terms. The density of the vapor core was calculated

by the delay method while a new under-relaxation approach was successfully used to secure the conver-

gence. To validate the accuracy of the present numerical model, the consistency of the numerical method

was examined by different parameters and the numerical results were compared to experimental data at

steady state conditions. The transformation point and transformation line criteria were introduced in the

analysis for the first time to track the finalization of the evaporation and the beginning of the condensa-

tion process.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The thermal management of electronic packages is a wide-

spread problem in many fields such as computers and light-emit-

ting diodes (LEDs) [1,2]. There is a continuing need to design

better cooling devices for electronics components because of

increasing power and also miniaturized sizes. Heat pipes have been

proven to be among the most efficient passive cooling solutions for

electronics [3]. A heat pipe is a closed loop device containing work-

ing fluids, such as water, acetone, etc. Taking advantage of the effi-

cient two-phase heat-transfer modes, the thermal performance of

a heat pipe could be several orders of magnitude higher than those

of the best solid conductors, such as copper and aluminum [4].

The thermodynamic, fluid flow, and heat transfer characteristics

of heat pipes impose a number of difficulties when analyzed using

conventional numerical methods [5]. One of the most challenging

aspects is the strong coupling between velocity, temperature, and

pressure fields at the interface where radical gradients brought

forth by phase change (vapor/liquid) [6]. Extensive reviews of both

heat pipe modeling and their applications have been reported by

Garimella and Sobhan [7], Carbajal [8], Vadakkan [9], Faghri [10],

and Suman [11]. Xiao and Faghri [12] developed an steady-state

three-dimensional (3-D) heat pipe model which accounted for heat

conduction in the wall, fluid flow in the vapor chambers and por-

ous wicks, and the coupled heat and mass transfer at the liquid/va-

por interface. Aghvami and Faghri [13] developed an analytical

thermal-fluid model to study steady-state performance of Flat Heat

Pipe (FHP) in two dimensions with different heating and cooling

configurations. Rice and Faghri [14] performed two dimensional

(2-D) analysis of heat pipe with no empirical correlations with sin-

gle and multiple heat sources. Do et al. [15] developed a mathe-

matical model to predict the thermal performance of a Micro Flat

Heat Pipe (MFHP) with a rectangular-grooved wick structure. They

considered the effects of liquid–vapor interfacial shear stress and

contact angle on device performance. Li and Peterson [16] used a

quasi 3-D numerical model to study coupled heat and mass trans-

fer problem in a flat evaporator of a loop heat pipe.

Furthermore, complexities and limitations are enforced on the

modeling in a unsteady analysis where high degrees of accuracy

are required and the temperature uniformity assumption in the va-

por core of the heat pipe is not valid [5]. Two-phase transient heat

transfer and fluid flow in FHPs have been studied by Carbajal [8],

Carbajal et al. [5,17,18], and Queheillalt et al. [19] numerically

and experimentally in one, two, and three dimensions. A uniform

temperature distribution on the condenser side has been reported

compared to a solid heat spreader by Carbajal et al. [5,17,18]. Con-

densers and evaporators were on the back and front sides of the

heat pipes [5,8,17–19]. Furthermore, transient performances of

FHPs have been studied by Vadakkan [9] and Vadakkan et al.
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[6,20,21] numerically in 2-D and 3-D for high heat flux working

conditions with a new improved method to ease the convergence.

In addition, the condensation and evaporation sections located at

the same side of heat pipe and multiple heat sources have been

studied [9,20,21]. A transient numerical investigation has been

proposed to model FHPs by Rajan et al. [22,23]. Wick microstruc-

ture effects such as meniscus curvature, thin-film evaporation,

and Marangoni convection have been studied by integrating a

microstructure-level evaporation model into the device-level mod-

el. Kinetic theory has been used in both studies. However one

study [22] is a 2-D approach and has both the condenser and evap-

orator sections located at the same side, and the other one is a 3-D

study [23] with the condenser and evaporator sections placed at

different sides. Harmand et al. [24] presented a theoretical investi-

gation of a FHP (spreader) designed for the cooling of multiple elec-

tronic components in a transient state.

Wick structure plays a major role in enhancing heat pipe perfor-

mance, being said, hybrid wick structures are commonly used in

heat pipes because of their low flow resistance and high capillary

pumping pressure [25]. Huang and Franchi [26] concluded that

the effective thermal conductivity of heat pipes with a hybrid wick

structure could have been four times higher than those heat pipes

with monolithic wicks. Shen et al. [27] showed that the thermal

resistance of a hybrid structured tubular heat pipe was approxi-

mately 72% lower than that of a traditional heat pipe with uniform

copper mesh screen wicks. Oshman et al. [28] developed and

tested a polymer-based FHP with a copper micropillar/woven

mesh hybrid wick structure and obtained an effective thermal con-

ductivity = 850 W/(m K) with an input power = 3.0 W/cm2. Li et al.

[29] and Li and Peterson [30] studied different effects of thin cap-

illary wick structures on evaporation and boiling. Li and Peterson

[31] experimentally and theoretically investigated the effective

thermal conductivity of layers of wire mesh. Most recently, Dai

et al. have experimentally demonstrated that both capillary evap-

oration heat transfer and critical heat flux can be drastically en-

hanced on hybrid wicks [32,33]. However, studies of hybrid FHPs

are still limited [11].

This study aims to numerically investigate the transient heat

transfer, fluid flow and mass transfer in a MFHP with hybrid wicks.

The hybrid wicks consist of two different structures for different

purposes and cannot be treated homogeneous, therefore, the effec-

tive thermal and viscous properties of hybrid wicks were first cal-

culated and the entire wick structure was then simplified as a

uniform porous media. Furthermore, kinetic theory in conjunction

with Clausius–Clapeyron was used to address the mass transfer at

the liquid–vapor interface. There is a strong coupling between

velocity, temperature, and pressure fields at the interface where

radical gradients brought forth by vapor–liquid phase change, thus,

a new under-relaxation approach was introduced and successfully

used to secure the numerical convergence. Moreover, most of the

heat pipe simulation studies have the condensation and evapora-

tion areas predefined at the liquid–vapor interface, except a few

studies [6,9,20,21] from the same research group. However, no

assumption has been made of where or when the condensation/

evaporation processes start in this paper. Not to mention, the den-

sity at the vapor core changes severely with temperature which

agitates the convergence, however, with employing the delay

method this issue was evened with a great degree of accuracy.

2. Model description

Fluid flow in both vapor and wick were considered as 2-D, lam-

inar and incompressible. The incompressible assumption is well

Nomenclature

C specific heat, J/(kg K)
CE Ergun’s coefficient
hfg latent heat, J/kg
h1 exchanger heat transfer coefficients, W/(m2 K)
k thermal conductivity, W/(m K)
keff wick effective thermal conductivity, W/(m K)
K wick permeability, m2

L length of heat pipe, m
mj mass flow rate per unit width at node j, kg/(s m)
mCrossing mass flow rate passing through vapor core, kg/s
mCond condensation mass transfer, kg/s
mEvap evaporation mass transfer, kg/s
MWK wick liquid mass, kg
MV vapor core mass, kg
NY number of nodes in y-direction
p pressure variable, Pa
P̂ hydrodynamic pressure, Pa
Pop system pressure, Pa
q

00
input heat flux, W/m2

Q input heat, W
QOut wall heat output from condensation part, W
Qin wall heat input from evaporation part, W
QCrossing heat passing through vapor core, W
R gas constant, J/(kg K)
t time variable, s
T temperature variable, �C
T1 heat exchanger inlet temperature, �C
u velocity variable in x-direction, m/s
v velocity variable in y-direction, m/s
V velocity vector, m/s

W width of heat pipe, m
x horizontal coordinate, m
y vertical coordinate, m
Dx x-direction width of control volume, m
Dy y-direction width of control volume, m
Dt time step, s

Greek symbols

d thickness of heat pipe, m
q density, kg/m3

l Viscosity, N s/m2

u wick volumetric ratio
r accommodation coefficient

Superscripts
0 old value
⁄ pervious iteration value

Subscripts
m mean value
i node in x direction
j node in y directions
s solid
l liquid
v vapor
W wall
WK wick
V vapor core
0 reference value
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satisfied since the maximum value of velocity was found to be 6 m/

s at the vapor core with the corresponding Mach number of 0.013.

Also vapor core and wick were assumed saturated. Thus, to accom-

modate the changes in liquid and vapor masses, the volume-aver-

aged density of the liquid is changed in the wick and also, the

density in the vapor core was calculated using the ideal gas law

based on operating pressure and local temperature. Moreover, all

thermophysical properties were assumed constant except vapor

density and all body forces were neglected in this study.

The MFHP developed by Oshman et al. [28] is modeled. As illus-

trated in Fig. 1, the dimensions (L �W � d) of the MFHP are

60 � 30 � 1.1 mm, with a 1 � 1 cm evaporator area and a

2 � 2 cm condenser area. In order to simplify the 3-D heat pipe

to a 2-D model, a cross section was selected in the present study

as shown by dashed lines in Fig. 1. Note that 2-D model presented

here is not precisely equivalent of to the 3-D heat pipe because the

evaporation and condensation sections are not all the way ex-

tended within the width of the 3-D heat pipe while they are ex-

tended in 2-D model.

The detailed 2-D model and boundary conditions are detailed in

Fig. 2. The wall was made of flexible Liquid Crystal Polymer (LCP)

[28], however, the thermal conductivity of LCP is relatively low

(�0.2 W/(m K)). To reduce the thermal resistance of the case, cop-

per-filled thermal vias were thus fabricated in the evaporating and

condensing areas only (2 cm > y > 1 cm and 5.5 cm > y > 3.5 cm), as

seen in Fig. 2 using different patterns. The hybrid wick is composed

of a single layer of woven copper mesh (7874 m�1) bonded to the

top of 200-lm capillary grooves [28]. Wick structure and vapor

core were assumed to be saturated with saturated water and vapor

at their corresponding temperatures, respectively. The condensa-

tion region was cooled down externally by a single-phase water

loop with an inlet temperature T1 = 22 �C. Different heat transfer

coefficients (h1) for different heat inputs can be then determined.

Corresponding boundary conditions were calculated and listed

in Table 1 for different heat inputs in the 2-D model knowing that

the width of MFHP is 3 cm [28]. The thermophysical properties of

the wall, wick and vapor core are listed in Table 2. The properties

for the hybrid mesh were calculated according to Refs. [31,34].
3. Governing equations

The three computational domains of ‘Wall’, ‘Wick’ and ‘Vapor

Core’, as shown in Fig. 2, were separately studied and the interac-

tions between them are defined through boundary conditions.

Heat conduction is the only mechanism for the ‘Wall’ domain,

however, other domains have fluid flow, conduction and convec-

tion heat transfer. All the fluid flow were assumed to be laminar

and incompressible. More details can be found in Ref. [6]. The gov-

erning equations are presented in conservative and transient form.

The continuity equation for both vapor core and wick is written as

follow:

u
@ðqÞ
@t

þr � ðqVÞ ¼ 0 ð1Þ

where r is the divergence operator in the Cartesian coordinates.

Mass addition/depletion in vapor/wick is accounted via @q/@t. Note
that volumetric ratio, u, for the vapor core is 1. The unsteady 2-D

momentum equation in the wick and vapor core are listed as follow

[6,20,21]:

@ðquÞ
@t

þr � ðqVuÞ ¼ � @ðupÞ
@x

þr � ðlruÞ � lu
K

u� CEuqjV j
ffiffiffiffi

K
p u

ð2Þ

@ðqvÞ
@t

þr � ðqVvÞ ¼ � @ðupÞ
@y

þr � ðlrvÞ � lu
K

v � CEuqjV j
ffiffiffiffi

K
p v

ð3Þ
Fig. 1. MFHP’s dimensions and the 2D cross section.

Fig. 2. Detailed dimensions and boundary conditions of 2-D model (T is temper-

ature, q’’ is heat flux, u is velocity in x direction and v is velocity in y direction).

Table 1

Detailed boundary conditions parameters for different heat inputs.

Q (W) q’’ (W/m2) h1 (W/(m2 K))

2.85 9500 296.69

4.71 15,700 450.89

7.5 25,000 658.94

9.11 30,367 750.54

11.94 39,800 913.26
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where p is the pressure term, K is the porous media permeability, CE
is Ergun’s coefficient, l is dynamic viscosity and |V| is the absolute

value of the velocity vector. As of permeability in the vapor core,

one should mention permeability goes to infinity (K =1) and all

the source terms in momentum equations vanished for the vapor

core (the third and fourth terms on the right hand side). The energy

equation for all the domains [6,20,21]:

@ððqCÞmTÞ
@t

þr � ðVðqCÞ2TÞ ¼ r � ðk1rTÞ ð4Þ

where:

ðqCÞm ¼ ðqCÞS; ðqCÞ2 ¼ 0; k1 ¼ kW )Wall ð5-1Þ

ðqCÞm ¼ ð1� /ÞðqCÞWK;s þ /ðqCÞWK;l;

ðqCÞ2 ¼ ðqCÞWK;l; k1 ¼ keff )Wick ð5-2Þ

ðqCÞm ¼ ðqCÞV ¼ ðqCÞ2; k1 ¼ kV )Vapor ð5-3Þ

4. Boundary conditions and interfaces

As described in Fig. 1, the boundary conditions for the front side

of the heat pipe wall (evaporation, condensation and adiabatic

sites) are as follow:

�k
@T

@x
¼ q00; 1:0 cm � y � 2:0 cm; x ¼ 0 ð6-1Þ

�k
@T

@x
¼ 0; 2:0 cm � y � 3:5 cm; x ¼ 0 ð6-2Þ

�k
@T

@x
¼ h1ðT � T1Þ; 3:5 cm � y � 5:5 cm; x ¼ 0 ð6-3Þ

�k
@T

@x
¼ 0; 5:5 cm � y � 6:0 cm; x ¼ 0 ð6-4Þ

The boundary conditions at the wick–wall interface are listed as

follow:

u ¼ v ¼ 0; 0 � y � 6 cm; x ¼ 0:1 mm ð7-1Þ

�kW
@T

@x
¼ �kWK

@T

@x
; 0 � y � 6 cm; x ¼ 0:1 mm ð7-2Þ

The boundary conditions for the wick–vapor interface were defined

as follow [8,17]:

u ¼ mj

qDy
; v ¼ 0; 0 � y � 6 cm; x ¼ 0:3 mm ð8-1Þ

�kWKDy
@T

@x
¼ �kVDy

@T

@x
þmjhfg ; 0 � y � 6 cm; x ¼ 0:3 mm

ð8-2Þ

where mj < 0 denotes evaporation, mj > 0 denotes condensation and

mj = 0 means to mass transfer. The vapor flow direction during

evaporating and condensing were assumed to be normal to the

interface (i.e. v = 0). The kinetic theory is used to address the mass

transfer at the wick–vapor interface [6,20,21]:

mj ¼
2r

2� r

� �

Dy
ffiffiffiffiffiffiffiffiffi

2pR
p PV

ffiffiffiffiffiffi

TV

p � Pj
ffiffiffiffiffi

T j

p

 !

ð9Þ

where the subscript ‘j’ represents the interface and the subscript ‘V’

represents a cell at the wick–vapor interface neighbor. Also, r is the

accommodation coefficient which is set to 0.03 in this study. The

interface pressure was calculated based on Clausius–Clapeyron

relation:

R

hfg

ln
Pj

P0

� �

¼ 1

T0

� 1

T j

ð10Þ

Note P0 and T0 are the reference values. As shown in Fig. 1, the

boundary conditions for the lateral side of the heat pipe wall are ex-

pressed as follow:

@T

@x
¼ u ¼ v ¼ 0; 0 � y � 6 cm; x ¼ 1:1 mm ð11Þ

The boundary conditions for the top and bottom walls are:

@T

@y
¼ u ¼ v ¼ 0; 0 � x � 1:1 mm; y ¼ 0:6 cm ð12Þ

The initial conditions were set as follow:

Tðx; yÞ ¼ 22 �C; t ¼ 0 ð13-1Þ

uðx; yÞ ¼ vðx; yÞ ¼ 0; t ¼ 0 ð13-2Þ

We assumed that the pressure term is an additive compositions of

the hydrodynamic pressure, P̂, and the system pressure, Pop:

Table 2

Detailed thermal properties.

Wall

LCP LCP + copper Units

Conductivity 0.2 200 W/(m K)

Density 1400 5166 kg/m3

Specific heat 840 612 J/(kg K)

Wick

Fluid Solid Units

Specific heat 4200 385 J/(kg K)

Density =MWK/(dWL) 8933 kg/m3

Conductivity 0.6 401 W/(m K)

Viscosity 0.8 � 10�3 – N s/m2

Effective conductivity 87 W/(m K)

Permeability 9.11 � 10�10 m2

Volumetric ratio 0.75 – –

Vapor Core

Constant Function Units

Specific heat 1861 – J/(kg K)

Density – =Pop/(RT) kg/m3

Conductivity 0.0189 – W/(m K)

Viscosity 8.4 � 10�6 – N s/m2

Latent heat 2370 � 103 – J/kg
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P ¼ P̂ þ Pop ð14Þ

P̂ is considered to prevent round-off although it only represents a

small number in comparison to the Pop. This hydrodynamic compo-

nent was computed using the Navier–Stokes equations and the con-

tinuity equation. Pop is computed from overall mass balance at the

wick–vapor interface. In order to have a better model since the flow

has been assumed incompressible, density at each grid point in the

vapor core was calculated as:

qV ¼ Pop

RTV

ð15Þ

By integrating over the overall mass balance in the vapor core, the

vapor core mass yields [6,20,21]:

MV ¼ M0
V þ Dt

X

wick—vapor

�mj ð16Þ

Thus the vapor core mass can be written as [6,20,21]:

MV ¼ Pop

R

X

vapor cells

DxDy

TV

ð17Þ

And finally the system pressure is [6,20,21]:

Pop ¼
M0

V þ Dt
P

wick—vapor �mj

1
R

P

vapor cells
DxDy
TV

ð18Þ

The mean liquid density is expressed as [6,20,21]:

qWK;l ¼
MWK

udL
ð19Þ

where d and L are the wick dimensions. MWK was calculated as

[6,20,21]:

MWK ¼ M0
WK þ Dt

X

wick—vapor

mj ð20Þ

5. Solution procedure

A doubled precision code was written in Fortran to perform the

numerical computation. A fully-implicit finite volume method was

used to discretize the governing equations and the boundary con-

ditions with a staggered mesh [35]. The SIMPLE algorithm [35] was

used for pressure and velocity coupling. Line-by-line TDMA [36]

based on the Jacobi iteration method was applied to solve the dis-

cretized algebraic equations. Central-difference and upwind meth-

ods were adapted to address the diffusion and convective terms

respectively. Under-relaxation method was also applied to damp

the sharp gradient and improve the convergence process. Different

values of under-relaxation factors were selected for different vari-

ables based on the present numerical analysis and physics of the

problem. These values were 0.7 for temperature variables, 0.35

for velocity variables, 0.3 for pressure variables and 0.001 for mass

transfer at the interface respectively. Note that 0.001 was used

only for the mass transfer itself and the temperature and velocity

distributions were computed based on the mass interface values

before applying the under-relaxation, meaning the progress of

mass transfer field is delayed more than the other variables. This

was an essential important step in the numerical approach which

greatly improves the convergence in high heat flux cases. A time

delay method was used to calculate the density in the vapor core

and the wick; this provided information (mass balance at the inter-

face) from the previous time step which was taken into account to

compute the vapor densities. The number of nodes for ‘Wall’,

‘Wick’ and ‘Vapor Core’ domains in x direction was 11, 11 and

21, respectively. Relative errors were considered as the conver-

gence criteria as follow:

ui;j � u�
i;j

ui;j

�

�

�

�

�

�

�

�

� 10�4 ð21-1Þ

v i;j � v
�
i;j

v i;j

�

�

�

�

�

�

�

�

� 10�4 ð21-2Þ

T i;j � T�
i;j

T i;j

�

�

�

�

�

�

�

�

� 10�9 ð21-3Þ

mj �m�
j

mj

�

�

�

�

�

�

�

�

� 10�9 ð21-4Þ

Different parameters were tested and the results are depicted later

to show the grid and time step independence. We defined following

parameters:

mEvap ¼ W
X

Interface

mj; mj < 0 ð22-1Þ

Fig. 3. Time step independency; (a) QOut for heat input of 2.85 W and (b) mCond for heat input of 11.94 W.
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mCond ¼ W
X

Interface

mj; mj > 0 ð22-2Þ

Q in ¼ �W

Z y¼0:02

y¼0:01

kðDyÞ@T
@x

; 1 cm � y � 2 cm ð22-3Þ

Q out ¼ �W

Z y¼0:055

y¼0:035

kðDyÞ@T
@x

; 3:5 cm � y � 5:5 cm ð22-4Þ

The width (W) of the heat pipe is 3 cm. The numerical code with

identical parameters performed the calculation for different values

of time step (Dt), and the results are shown in Fig. 3. As shown, QOut

andmCond change versus time for two random heat inputs of 2.85 W

and 11.94W. As time step gets smaller and smaller (Fig. 3a and b),

the solutions (QOut and mCond) converged to a unique pattern which

shows that the code is independent of time step for smaller time

step. Note that in Fig. 3b, the mCond for Dt = 0.005, 0.01 s are identi-

cal and only one solid line appear. Among those time steps,

Dt = 0.01 s was selected for the present study because its accuracy

is better than Dt = 0.1, 0.05 s and also has a less CPU time than

Dt = 0.005 s with the same degree of accuracy.

The same procedure was applied to show the grid independence

for the number of nodes in y direction (NY) as shown in Fig. 4. The

vertical component of the velocity at the center of vapor core for

heat input of 2.85W (Q = 2.85 W) has been depicted versus time

for different NY (Fig. 4a) and the results proves that they are not

significant sensitive to NY. Also, the wall temperature distribution

for heat input of 11.94W (Q = 11.94 W) after 7 s (t = 7 s) is

sketched in Fig. 4b and it is observed a convergence to a similar re-

sponse. NY = 600 is selected to generated results because it has a

better accuracy than NY = 400 and has less CPU time than NY = 800.

Steady state maximum temperature differences (DT), which is

between condensation and evaporator, are shown in Fig. 5 for dif-

ferent heat inputs and different values of r. As r decreases, the

mass transfer at the liquid–vapor interface decreases and there-

fore, the rate of heat transfer decreases, thus DT increases. Also,

the results are compared to the experimental results (solid line)

from Ref. [28] and it is obvious that the experimental results match

with the simulation results when r = 0.003. The accommodation

factor r = 1 represents the perfect vaporization/condensation pro-

cess and it is compared with the ideal black body radiation process.

However, in real applications this factor is less than one, and it is

usually affected among other factors by the presence of contami-

nants in the wick material [37,38]. Therefore, there is not a defin-

itive value for r, however, some discussions can been found about

a general range for this parameter in references [8,9,38].

6. Results and discussion

The 2-D formulation of the problem was described in Section 2.

The analysis takes into consideration of the effective properties of

hybrid wick and different heat inputs. The vector plot velocity and

contour plot temperature distributions are showcased in Fig. 6a–c.

As the computational domain described, one can be seen that the

aspect ratio of the entire domain is 54.5 (6 cm/1.1 mm = 54.5)

which is large. Therefore, in order to be able to see the results,

the figures are magnified 10 times larger in the x directions and

the same method has been followed for the rest of the figures in

Fig. 4. Number of nodes independency; (a) vertical component of velocity at the center of vapor core for Q = 2.85 and (b) wall temperature distribution for Q = 11.94.

Fig. 5. Steady state maximum temperature difference versus heat input for

different values of r, comparison of numerical and experimental data.
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this work. Also in the case of wick velocity, wick domains in Fig. 6a

and b, the velocities are magnified 3000 times so they can be seen

and comparable to velocities in the vapor core.

In Fig. 6a, as x-axis is extended ten times, the x-components of

the velocity are also magnified then times so the fluid loop can be

visible. However, in Fig. 6b, the x-axis is extended ten times but not

the velocity components, so the velocities components in Fig. 6b

are proportional. The numerical results showed that the velocity

in the y-direction was predominant in both the wick and vapor

core. It also can be seen by doing a mass balance for each domain

and calculating the ratio of average velocities in x and y directions.

Being said, the fluid leaving interface at the evaporation section

(roughly 3 cm long) in the x direction has to go through the vapor

domain (roughly 0.8 mm thick) in the y direction to get to the con-

densation section (roughly 3 cm long). Thus, if the density in the

vapor domain is assumed to be constant, then the average velocity

at the evaporation section (in x direction) is roughly 37 times

(3 cm/0.8 mm = 37.5) smaller than the average velocity through

the thickness of the vapor domain (in y direction). A horizontal

dashed line in Fig. 6a and b, in red,1 indicates (a point at the inter-

face) where the evaporation ends and condensation starts; this point

was named as the transformation point and the line, transformation

line. These two terms are referred in the discussion of the present

study. Fig. 6c shows the temperature distribution throughout the

heat pipe, red as being the highest temperature and blue as the low-

est temperature.

6.1. Transient results

The heat input applied on the evaporation section of wall, the

heat output at the condensation section of wall, and the condensa-

tion mass flow rate through interface versus time are illustrated in

Fig. 7 for different heat inputs. As seen in Fig. 7a, different heat out-

puts in all the cases reaches their corresponding heat inputs at

steady state condition at a time less than 200 s. The results indi-

cates that higher heat inputs reaches steady state faster than lower

heat inputs rates; it is because the higher heat input supplied large

amount of energy for the same configuration, thus increasing the

temperature at the condenser side. Therefore, the higher tempera-

ture condensations site, the higher the rate of heat removal. Addi-

tionally, higher heat inputs have higher heat transfer coefficient as

well, see Table 1. Condensation mass flow rates at the interface

were studied for different heat inputs in Fig. 7b. The same trend

to reach steady state condition can be seen in terms of the mass

flow rate at the liquid–vapor interface. Note that net amount of

mass flow rate at the interface (mCond +mEvap) was three orders of

magnitude smaller than mCond and mEvap themselves; which means

that the condensation and evaporation mass flow rates have the

same absolute value (|mCond| 	 |mEvap|). Moreover, the net mass

flow rate at the interface approaches to zero as time progresses.

Time history of transformation point displacements are shown

in Fig. 8a for different heat inputs. As it can be seen, movements

start from a little above y = 0.02 m which is the end of evaporation

site. As times progresses, this point shifts to a higher level. In addi-

tion, the higher the heat input is, the faster it shifts to the higher

levels where it eventually becomes steady state. The entire dis-

placement of this transformation point is between y = 0.02 m and

y = 0.03 m. Fig. 8b portrays the time history of system pressure

showing the same trends as the heat output and the mass flow rate

at the interface.

Fig. 9 depicts the stream lines at the vapor core for two different

heat inputs = 2.85 W (Fig. 9a–c) and 11.94 W (Fig. 9d–f) and at

three different times: t = 1 s (Fig. 9a–d), t = 10 s (Fig. 9b–e) and

t > 500 s (Fig. 9c–f). The fluid flow loop in the heat pipe is obvious

Fig. 6. (a) Vector plot velocity distribution, velocity component in x direction are magnified 10 times; (b) vector plot velocity distribution, velocity component are

proportional; and (c) contour plot temperature distribution.
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(only half of it indeed, the other half can be mirrored) in Fig. 9 and

how they change as time progresses. As it has been shown, there is

a secondary area of evaporation and condensation at the very bot-

tom of heat pipe (Fig. 9a–d) in early time during the process for

both heat inputs, minimum and maximum heat inputs. But as

the evaporation area expands, Fig. 9b–e and a, this area shrinks

and, when it reaches the steady state conditions, t > 500 s, there

is no more secondary area of evaporation/condensation at the very

bottom of the heat pipe, see Fig. 9c–f.

The temperature at the center of the vapor core is reported as a

function of time in Fig. 10. It is observed the same trend in the tran-

sient response of temperature as Pop and mCond showing the steady

state is reached within the range of 100–200 s depending on the

heat input. The time constant which is defined as the time required

to reach 63.2% of the steady-state temperature was calculated by

examining the data presented on the Fig. 10; it was approximately

4 s. This value was closed to the estimate time response, s, for the

heat pipe in accordance to the lumped capacitance method, Eq.

(23); the corresponding time scale varies from 3 to 6 s.

s ¼ MVCV þMWKCWK þMWCW

h1Acond

ð23Þ

6.2. Steady-state results

Different properties and parameters under the different heat in-

puts at the steady state conditions were calculated and listed in Ta-

ble 3. Qin is the portion of heat transferred via mass transfer at the

wick–vapor interface, and the condensation section. Furthermore,

the average velocities passing through the vapor core at the trans-

formation line are listed as ‘Crossing’ average velocity in Table 3.

Using the thermodynamic table for saturated vapor it was possible

to calculate the density of vapor at the corresponding temperature.

Fig. 7. (a) Heat input and output versus time at the wall and (b) condensation mass flow rate at the liquid–vapor interface.

Fig. 8. (a) Transformation point versus time and (b) Pop versus time.
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The mass transfer through the vapor (through transformation line)

was calculated as:

mCrossing ¼ vAve; CrossingqVWðdV Þ ð24Þ

A comparison was made between the heat transfer crossing the va-

por core and the heat transfer through the mass transfer at the li-

quid–vapor interface (expected to be equal) and the relative error

was roughly 1% which shows that the mass in the vapor core is con-

served. Also, as it noticed, the ratio of the heat transfer by phase

change to the heat input (2.59/2.85, 11.06/11.94) shows the percent

of heat transferred through the vapor core and howmuch the rest of

the heat was transfer by other methods (conduction in wall, convec-

tion and conduction in the wick).

Steady-state temperature contours plots are shown in Fig. 11 for

three different heat inputs. From Fig. 11, as heat input increases, the

maximum temperature (center of evaporation section), the mini-

mum temperature (center of condensation section), and the evapo-

ration–condensation temperature difference increase. Also, for the

lowest heat input (Fig. 11a,Q = 2.85W) the temperature distribution

was more uniform in x direction compared to the highest heat input

(Fig. 11c, Q = 11.94W) where temperature distribution is not uni-

form in xdirectionwithin the vapor core. In all the cases, a small tem-

perature difference is observed across the heat pipe at steady state

conditions.

The steady-state wall temperature distribution at x = 0 and

mass transfer at the liquid–vapor interface are depicted in

Fig. 12. The temperature distribution along the wall, Fig. 12a, fol-

lows the same trend for all the heat inputs and the only difference

happens between the evaporation and the condensation parts that

boosts as heat input increases. The wall temperature at any part

Fig. 9. Stream lines for vapor core (a) Q = 2.85 W, t = 1 s, (b) Q = 2.85 W, t = 10 s, (c) Q = 2.85 W, t > 500 s, (d) Q = 11.94 W, t = 1 s, (e) Q = 11.94 W, t = 10 s, and (f) Q = 11.94 W,

t > 500 s.

Fig. 10. Temperature at center of vapor core versus time.

Table 3

Heat transfer through condensation and vapor flow.

Heat input (W) mCond (kg/s) QCond (W) vAve, Crossing (m/s) Temperature (C ) q(T) (kg/m3) mCrossing (kg/s) QCrossing (W) Relative error (%)

2.85 1.09E�06 2.57 1.03 37.19 0.0445 1.09E�06 2.59 0.8

4.71 1.80E�06 4.26 1.58 38.59 0.0478 1.82E�06 4.31 1.0

7.50 2.87E�06 6.80 2.34 40.24 0.0519 2.91E�06 6.89 1.3

9.11 3.50E�06 8.28 2.67 41.45 0.0554 3.55E�06 8.40 1.5

11.94 4.59E�06 10.88 3.24 43.05 0.0600 4.67E�06 11.06 1.6
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except to the evaporation or condensation sites is almost constant

due to the low thermal conductivity of the wall material as conse-

quence the temperature gradients are really small. Moreover, the

temperature distributions at the wall–wick and wick–vapor inter-

faces were similar to the wall temperature so they were not pre-

sented. Positive and negative values of mass transfer, Eq. (9),

along the interface, showing in Fig. 12b, represent condensation

and evaporation respectively. The larger the heat input is, the lar-

ger the mass transfer (absolute value) is expected. Also, as the heat

input increases, the area of evaporation/condensation also

expands.

7. Conclusion

A transient 2-D numerical modeling was successfully developed

to analyze the full thermal and fluid flow processes of a polymer-

based MFHP. The analysis includes coupling the continuity,

momentum, energy, mass transfer, and density equations to com-

pute the velocity and temperature field in the vapor core. Also

properties of hybrid wick structure were calculated through micro

dimensions of micro channels and mesh layer. The results show

that only a small portion of the heat was transferred through wall

and wick; and most of the heat was transferred through the vapor

Fig. 11. Steady-state temperature contours for (a) Q = 2.85 W, (b) Q = 7.50 W and (c) Q = 11.94 W.

Fig. 12. (a) Steady-state wall temperature and (b) steady state mass transfer at the liquid–vapor interface.
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core which carries a large portion of heat via evaporation and con-

densation. The results revealed that the evaporation site at the

interface expands as time progress or heat input increases. More-

over, secondary small evaporation/condensation sites rather than

main evaporation/condensation sites were observed at the bottom

of heat pipe however as time progress, evaporation site expands

and the sites disappear when it reaches the steady-state

conditions.
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