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a b s t r a c t 

The performance of a flat micro heat pipe (FMHP) is highly dependent on the wick geometry. Under- 

standing the dynamic behaviors of liquid-vapor phase change in the FMHP is of significance for its op- 

timal design, especially the wick geometry. In this work, a pore-scale three-dimensional pseudopotential 

lattice Boltzmann model coupled with a thermal model is developed to study the transient behaviors of 

the FMHP without any empirical equations. In the developed model, the curvature of liquid-vapor menis- 

cus can be automatically adjusted according to the external heat source and the receding behavior of 

liquid films can be captured. Besides, effects of detailed wick microstructures on the performance of the 

FMHP are systematically studied. The results show that a more hydrophilic grooved wick yields a higher 

capillary force to improve the working ability. The working temperature and liquid charge amount signif- 

icantly affect the performance of the FMHP. The grooved-type wick with a trapezoid shape has the best 

performance, next by the rectangular shape and then inversed trapezoid shape. For the micro-pillar type 

wick, with a relatively small pillar pitch at the evaporation section and a large pitch at the condensation 

section can improve the working performance. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

With the downsizing of electronic devices, the efficient heat

issipation in the electronic device plays a significant role in avoid-

ng the overheating which can dramatically reduce the perfor-

ance and lifespan of the device [ 1 , 2 ]. The heat pipe has proven

o be an efficient passive cooling tool for thermal devices, which

ehaves as a medium that can transfer heat from local hot spots to

he environment. The miniature heat pipes used in the electronic

evices are mostly defined as the flat micro heat pipe (FMHP) [3] .

aking advantages of the large amount of latent heat during the

hase change, the heat flux of the heat pipe can be several orders

f magnitude higher than those of metal conductors, such as alu-

inum and copper [4] . 

The heat pipe modellings are still challenging due to the cou-

led mechanisms, including heat, mass and momentum transports,

ogether with the evaporation and condensation in the wick. The

trong coupling between the temperature, pressure and velocity at

he liquid-vapor interface imposes a great difficulty in the mod-

lling. Due to the much effort devoted in the past decades, a va-
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iety of numerical and analytical models have been developed to

odel the transport processes inside a heat pipe. Although the an-

lytical models can provide some physical insights, they did have

imitations since the partial differential governing equations al-

ays do not have analytical results and thus many assumptions

re needed [ 5 , 6 ]. 

Alternatively, many authors resort to the numerical modellings

o directly resolve the coupled heat transfer and fluid flow pro-

esses inside the heat pipes. The previous numerical models can

e divided into two categories: steady state models [7-9] and tran-

ient models [10] . Compared with the steady state, heat pipes op-

rating at the transient state are more complex since the liquid-

apor interface and phase change rate are all dynamic. Dynamic

ehavior of heat pipes is an important factor to evaluate their per-

ormance, especially when they are operating at the start-up pe-

iod or experiencing a sudden heat load situation. In this work, a

ransient numerical model is developed to study the coupled fluid

ow and heat transfer process of the heat pipe. 

In recent decades, many studies have been conducted on the

umerical modeling of transient performance of heat pipes. Specif-

cally, the finite volume model [10] , the thermal network ap-

roach [11] and the lumped vapor model [ 12 , 13 ] were devel-

ped to capture the dynamic behaviors of a heat pipe when

esponses to the sudden increase of the heat input. Moreover, the

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119022
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

Variables 

c s Lattice sound speed 

d Pillar space (mm) 

D Diffusivity (m 

2 /s) 

e Discrete velocity (m/s) 

f Density distribution function 

F Force (N) 

h lv Latent heat (kg/m 

3 ) 

H Wick height (mm) 

L Length (m) 

G Interaction strength 

Q Heat transport rate (K) 

P Pressure (Pa) 

r Radius of the curvature 

R Universal gas constant (J/mol/K) 

x Position (m) 

T Temperature (K) 

t Time (s) 

u Fluid velocity (m/s) 

W Wick width (mm) 

Greek 

� Collision matrix 

θ Contact angle ( °) 
ω weight parameter 

ε Porosity 

ρ fluid density (kg/m 

3 ) 

λ Thermal conductivity (W/(m �K)) 

φ Source term 

δ Fin thickness (mm) 

τ Relaxation coefficient 

μ Dynamic viscosity (Pa �s) 

Subscript 

c Critical 

h High 

i i th direction 

l Low 

s Saturation 

three-dimensional finite volume models were developed to ana-

lyze the transient performance of heat pipes subjected to multi-

ple discrete heat sources [14] , non-uniform heat source [15] and

thermal cycle duration [16] . Besides, to determine the evapora-

tion/condensation rate on the liquid-vapor interface, the kinetic

theory in conjunction with Clausius–Clapeyron equation is always

adopted to simulate the transient performance of the heat pipe [ 17 ,

18 ]. 

Most of previous models predict the thermal performance of

heat pipes at different operating conditions by neglecting the cur-

vature effect of meniscus at the liquid–vapor interface. However, if

the size of heat pipe is at the micro scale, the detailed thermal and

mass transport will become sensitive to the capillary force which is

determined by the curvature of the liquid–vapor interface. In this

regard, Rice and Faghri [19] , and Ranjan et al. [ 17 , 20 ] have paid

much effort to consider the effects of curvature of menisci to pre-

dict the capillary limit of the heat pipe. However, they assumed

that the interface was stationary and the interface profile was pre-

determined according to the pressure difference [ 17 , 19 ] or surface

energy [20] , which would result in the loss of important physical

insights, such as the receding of the liquid film and adjustment

of curvature of liquid meniscus in response to the external heat

source. Besides, the value of accommodation coefficients in the ki-
etic theory to determine phase change rate is reported to vary

everal orders of magnitude [21] , leading to the inaccuracy of the

umerical model. 

In this work, a three-dimensional (3D) liquid-vapor phase

hange lattice Boltzmann (LB) model is developed to investigate

he transient behaviors of a FMHP. With the developed model, the

urvature of liquid-vapor meniscus can be automatically adjusted

ccording to the external heat source and receding behavior of liq-

id films can be captured, which avoids the assumption that the

icks must be saturated in the previous studies [ 22 , 23 ]. Besides,

ue to the kinetic nature of LB model, the phase change rate at

he liquid-vapor interface can be determined by the interaction be-

ween liquid phase and vapor phase, and thus no more gas kinetic

heory is needed to determine the interfacial mass flux. The first

iquid-vapor phase change LB model was proposed by Házi and

árkus [24] to investigate the boiling heat transfer, and then fur-

her improved by Gong and Cheng [25] . Furthermore, Fang et al.

26] modified the thermal LB model and proposed a suitable treat-

ent for conjugate heat transfer to investigate the pool boiling at

 larger liquid-vapor density ratio. 

The previous studies always neglect effects of wick microstruc-

ures on the dynamic transport behaviors of heat pipes by assum-

ng the porous wick structures as the continuum media [14-16] ,

hich need empirical models to obtain effective transport proper-

ies of porous wicks to close the model. In contrast, the pore scale

odeling can provide the detailed flow dynamic and heat trans-

er inside the wick, which can help elucidate how the wick struc-

ure affects the performance of the FMHP. In this regard, Mottet

t al. [27] and Nishikawara et al. [28] developed a 3D pore net-

ork model to investigate the fluid flow and heat transfer in a loop

eat pipe. Besides, Li et al. [29] adopted the LBM to study effects

f heat flux and wick wettability on the patterns and dynamics of

iquid-vapor interface of a loop heat pipe. 

Since the LBM has a great advantage in dealing with the com-

lex boundaries [30-34] , it is adopted in this work to investigate

he coupled multiphase flow and heat transfer in the FMHP at

he pore scale. The present 3D LB model can take any wick struc-

ure as the geometry input, thus making it possible to address

he structure-related performance of heat pipe. The microstructure

f the wick is highly related to the working performance of the

eat pipe. With the development in the advanced manufacturing

echnology, the grooved-type wicks [ 35 , 36 ] and micro-pillar type

icks [ 37 , 38 ] are preferred for the FMHP. In this work, effects of

he wick microstructure on the dynamic thermal performance of

he FMHP are investigated and the performance of the FMHP is

mproved by optimizing the wick microstructures. 

This rest of this paper is organized as follows. The liquid-vapor

hase change LB model and boundary conditions are presented in

ection 2 . Effects of the wettability, working temperature, working

iquid charge amount, geometries of grooved wicks and thermal

erformance of pillar-type wicks are studied in Section 3 . Finally,

everal conclusions are drawn in Section 4 . 

. Numerical method 

.1. MRT LBM for multiphase flow 

Multi-relation-time LB model has a better stability and accu-

acy than the single-relation-time models. In this study, a three-

imensional nineteen-velocity (D3Q19) LB model with the MRT

ollision operator is employed. The evolution of the LB equation

or each distribution function is as follows 

f α( x + e αδt, t + δt ) − f α( x , t ) = −
(
M 

−1 �M 

)
αβ

[ 
f β − f eq 

β

] 
+ δtF ′ α

(1)
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here f ( x , t) is the density distribution function at the lattice site

 and time t; δt is the time step; and f eq is the corresponding equi-

ibrium distribution function; and e α is the discrete velocity along

he α direction, given by: 

 α = 

[ 

0 , 1 , −1 , 0 , 0 , 0 , 0 , 1 , −1 , 1 , −1 , 1 , −1 , 1 , −1 , 0 , 0 , 0 , 0 

0 , 0 , 0 , 1 , −1 , 0 , 0 , 1 , 1 , −1 , −1 , 0 , 0 , 0 , 0 , 1 , −1 , 1 , −1 

0 , 0 , 0 , 0 , 0 , 1 , −1 , 0 , 0 , 0 , 0 , 1 , 1 , −1 , −1 , 1 , 1 , −1 , −1 

] 

(2) 

With an orthogonal transformation matrix M , Eq. (1) can be

apped into the moment space and has the expression as: 

 

∗ = m − �( m − m 

eq ) + δt 

(
I − �

2 

)
S (3) 

here m = M f and m 

eq = M f eq , while m 

eq is defined as 

 

eq = ρ

⎛ 

⎝ 

1 , −11 + 19(u 

2 
x + u 

2 
y + u 

2 
z ) , 3 − 11 

2 
(u 

2 
x + u 

2 
y + u 

2 
z ) , 

u x , − 2 
3 

u x , u y , − 2 
3 

u y , u z , − 2 
3 

u z , 
1 
2 
(2 u 

2 
x − u 

2 
y − u 

2 
z ) , 

u 

2 
y − u 

2 
z , 

1 
2 
(u 

2 
y − u 

2 
z ) , u x u y , u x u z , 0 , 0 , 0 

⎞ 

⎠ 

T 

(4) 

is the diagonal collision matrix, given by 

= diag(τ−1 
0 

, τ−1 
e , τ−1 

ε , τ−1 
0 

, τ−1 
q , τ−1 

0 
, τ−1 

q , τ−1 
0 

, τ−1 
q , τ−1 

v , τ−1 
π , τ−1 

v ,
−1 
π , τ−1 

v , τ−1 
v , τ−1 

v , τ−1 
t , τ−1 

t , τ−1 
t ) 

(5) 

n Eq. (3) , S is the forcing term in the moment space with

( I − �/ 2 ) S = M F ′ . Following the studies presented in Ref. [39-41] ,

n improved forcing term should be adopted to achieve the ther-

odynamic consistency: 

 = 

⎛ 

⎜ ⎝ 

0 , 38( u x F x + u y F y + u z F z ) + 114 ε 
(
F 2 x + F 2 y + F 2 z 

)
/ ( ψ 

2 ( τe − 0 . 5 ) ) , 

−11( u x F x + u y F y + u z F z ) , F x , −2 / 3 F x , F y , −2 / 3 F y , F z , −2 / 3 F z , 
2(2 u x F x − u y F y − u z F z ) , −2 u x F x + u y F y + u z F z , 2( u y F y − u z F z ) , 
−u y F y + u z F z , u x F y + u y F x , u y F z + u z F y , u x F z + u z F x , 0 , 0 , 0 

⎞ 

⎟ ⎠ 

T 

(6) 

here ε is a parameter used to improve the thermodynamic con-

istency and is determined to be 0.093 by a series of prelimi-

ary test. In Eq. (6) , the total force F includes fluid-fluid cohesion

orces F f , fluid-solid adhesion forces F s and gravitational force F g ,

f which the fluid-fluid cohesion forces can be obtained as follows

 f = −G f ψ ( x ) c 2 s 

18 ∑ 

α=1 

ω 

(| e α| 2 )ψ ( x + e αδt ) e α (7) 

here G f reflects the interaction strength among fluids; ω(| e α | 2 )

s the weight parameter, and ψ is the effective mass or the pseu-

opotential, which is defined as 

 ( x ) = 

√ 

2 

(
P − ρc 2 s 

)
G f c 

2 
s 

(8) 

In the present paper, the P-R equation of state is adopted to

escribe thermodynamic state of the fluids 

 = 

ρRT 

1 − bρ
− aβ( T ) ρ2 

1 + 2 bρ − b 2 ρ2 
(9) 

ith 

( T ) = 

[ 
1 + 

(
0 . 37464 + 1 . 54226 ω − 0 . 2699 ω 

2 
)

×
(

1 −
√ 

T / T c 

)]
(10.a) 

 = 0 . 45724 ( R T c ) 
2 
/ P c , b = 0 . 1873 R T c / P c (10.b)
here T c and P c are the critical temperature and critical pressure,

espectively. In this study, we choose a = 2/49, b = 2/21, ω = 0.344. 

The fluid-solid adhesion forces can be calculated by 

 s = −G s ψ ( x ) c 2 s 

18 ∑ 

α=1 

ω 

(| e α| 2 )ψ ( ρw 

) s ( x + e αδt ) e α (11) 

here s ( x + e αδt ) is an indicat or function which is 1 for solid and

 for fluid phase; ρw 

is the virtual wall density, which is a free

arameter used to tune the wettability of the wall. 

The gravitational force is: 

 g = ( ρ − ρa v e ) g (12) 

here ρave is the average fluid density of the entire computational

omain, and g is the gravitational acceleration. 

.2. LBM for heat transfer 

The energy transport equation can be expressed as follows

 25 , 26 ] 

c v 
dT 

dt 
= ∇ · ( λ∇T ) − T 

(
∂ P EOS 

∂T 

)
∇ · u (13)

For convenience, a single-relaxation-time LB model is adopted

n this study to solve the energy equation 

 i ( x + e i δt , t + δt ) − h i ( x , t ) = − 1 

τT 

[
h i ( x , t ) − h 

eq 
i ( x , t ) 

]
+ δt ω i φ

(14) 

here the equilibrium temperature distribution function has an

xpression as: 

 

eq 
i 

= ω i T 

[
1 + 

e i · u 

c 2 s 

+ 

( e i · u ) 
2 

2 c 4 s 

− u 

2 

2 c 2 s 

]
(15) 

By Chapman-Enskog expansion, this LB model retrieves the fol-

owing advection-diffusion energy equation 

∂T 

∂t 
+ ∇ · ( u T ) = ∇ · ( D ∇T ) + φ (16) 

here φ is the source term. Compared with the form of Eq. (16) ,

q. (13) can be rewritten as [26] 

∂T 

∂t 
+ ∇ · ( u T ) = ∇ · ( D ∇T ) − ∇ 

(
1 

ρc v 

)
· ( λ∇T ) 

+ T 

[
1 − 1 

ρc v 

(
∂ P EOS 

∂T 

)]
∇ · u (17) 

here the second term on the right side of Eq. (17) is the addi-

ional source term due to the variable ρc v in the computational

omain while the third term is the source term due to the phase

hange. 

.3. Boundary condition and computational domain 

The working efficiency of the FMHP is highly related to the mi-

rostructure of the hydrophilic wick. One representative unit cell of

he FMHP with a rectangular-grooved wick is shown in Fig. 1 . The

ize of the computational domain is 300 ( L x ) × 100 ( L y ) × 150 ( L z ),

ith each grid denoting 6 μm. The thickness of the solid substrate

s set to be 10 lattice grids. The depth, width and fin thickness of

he rectangular grooved wick are denoted as H, W and δ, respec-

ively, as shown in Fig. 1 . Along the x direction, the FMHP is evenly

ivided into three subregions as the evaporation section, conden-

ation section and adiabatic section. Initially, the charge amount

f the working liquid is just equal to the height of the wick. For
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Fig. 1. Microstructures and computational domain of a flat micro heat pipe with 

the rectangular grooved wick. 
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boundary conditions in simulations, the periodic conditions are as-

signed in y direction, while other boundaries are set to be wall (no

slip for fluid flow and adiabatic condition for heat transfer). 

In this model, an equation of state (EOS) of the real fluid, is

needed to simulate dynamic evaporation and condensation at the

liquid-vapor interfaces and potential receding of working liquids

into the wick when subjected to the external heat source. In this

work, a widely used P-R EOS is adopted to capture the phase

change of the water. Due to the limitation of the Shan-Chen pseu-

dopotential LB model, the density ratio of liquid and vapor cannot

be very large, especially when it is coupled with the thermal LB

model. Although several studies have been conducted to increase

the liquid-vapor density ratio, it remains a challenge when fluids

work in porous media. In this work, the saturation temperature

of working fluid is set to be T s = 0.86 T c , where T c is the critical

temperature, and thus the liquid-vapor density ratio of the work-

ing fluid is about 17. Note that a modest liquid-vapor density ratio

would lead to a relatively small latent heat, which can further af-

fect the working performance of the heat pipe, such as the heat

transport limitation and calculated heat flux. However, the modest

density ratio does not affect the current model to capture the phe-

nomena where dynamic liquid-vapor interfaces are receded into

wicks and even dried out when subjected to the external heat

source. Thus, the underlying physics and optimization of the wick

geometry obtained in this work are not affected by such modest

liquid-vapor density ratio. 

3. Results and discussion 

To compare the LB results with experimental data or the analyt-

ical models, the lattice unit should be converted into the physical

unit. Thus, one should ensure the following dimensionless number

calculated by the lattice unit and physical unit is identical: 

Ca = 

μQ 

σρAh lv 

(18)

where μ is the dynamic viscosity of liquid; Q is the heat transport

rate; σ is the surface tension; A is the area of the cross section; h lv 
is the latent heat related to the liquid-vapor phase change. 

The effectiveness and accuracy of the present liquid-vapor

phase change LB model have been properly validated in our previ-
us studies [ 26 , 42 ]. For brevity, we did not again present the code

alidation in this work. The maximum heat transfer rate with the

ectangular groove can be predicted using the following equation

43] : 

 m 

= 

2 σ/W 

μl / (KAρh f g ) ( L e / 2 + L c / 2 + L a ) 
(19)

here W is the width of groove; K is the permeability of the wick;

 e , L c and L a are the length of evaporation section, condensation

ection and adiabatic section, respectively. Due to the relatively

hort length of heat pipe studied in this work (1.8 mm) compared

o its typical length in the order of 10 −1 m, the calculated heat

ux limitations (see Figs. 5, 6, 9, 11 ) are approximately two orders

arger than the typical values. 

.1. Effects of wettability 

The wick in the FMHP is designed to be hydrophilic to absorb

he working liquid from the condensation section into evaporation

ection to avoid the dry out of the working fluid in evaporation

ection. The wettability of the wick is highly related to its working

fficiency. Fig. 2 shows the effects of the wettability of the wick on

he working process of a FMHP with the rectangular grooved wick.

ere, the evaporation section is subjected to a high temperature

nvironment T h = 0.89 T c while the condensation section is sub-

ected to a low temperature environment T l = 0.83 T c . The work-

ng liquid in the evaporation section is transformed into vapor by

bsorbing heat from the high temperature environment, while the

apor in the condensation section condenses into liquid by releas-

ng heat into the low temperature environment. Due to the capil-

ary effect, the working liquid in the condensation section can be

ucked into the evaporation section to feed the working liquid for

ontinuous evaporation. Thus, the working fluid in the evaporation

ection with θ = 85 ° is easily drying out due to its smallest capil-

ary driven force, while the amount of working fluid in the evap-

ration section with θ = 60 ° can maintain unchanged when sub-

ected to such environmental condition. 

The pressure profiles of liquid and vapor along the x direc-

ion (flow direction of working fluid) at different wettability of

icks are shown in Fig. 3 . It can be seen that the pressure dif-

erence between the liquid and vapor in the evaporation section is

arger than that in the condensation section, and such difference

ncreases with the wettability of the hydrophilic wick. According

o Laplace’s law: 

P lv = 

σ

r 
= 

σ cos θ

2 W 

(20)

here r is the radius of the curvature. As shown in Fig. 2 , a higher

ettability of wick causes a larger curvature of the liquid-vapor

nterface at the evaporation section. Besides, the curvature of the

iquid-vapor interface at the condensation section is reduced and

an even be flat since the vapor is condensed at the liquid-vapor

nterface. Thus, the capillary pressure difference between the evap-

ration section and condensation section drives the working liquid

ow back into the evaporation section to avoid the liquid at the

vaporation section drying out. The difference of �P lv increases

ith the wettability of wicks. This is the reason why the case of

= 60 ° has a better ability to avoid the drying out of working fluid

t the evaporation section. 

.2. Effects of working temperatures 

The performance of the heat pipe is highly dependent on the

orking temperature. The working fluid at the evaporation sec-

ion can be receded into wick and even drying out when subjected

o the external heat source. Fig. 4 shows the effects of the work-

ng temperature on the performance of the FMHP. At a relatively
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Fig. 2. Fluid flow (arrow direction) and fluid distributions in the FMHP with the rectangular grooved wick at different wettability (a) contact angle θ = 85 ° (b) θ = 70 ° (c) 

θ = 60 ° (time instant t = 1.8 s; blue: vapor, red: liquid; color images can be seen in the online version). 

Fig. 3. Pressure profiles of liquid and vapor along the flow direction ( x -direction) in a FMHP at different wettability of rectangular grooved wicks (a) θ = 85 ° (b) θ = 70 ° (c) 

θ = 60 ° ( �P = P - P ref , P ref is the reference pressure; time instant t = 1.8 s ). 
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Fig. 4. Effects of working temperatures on the performances of the heat pipe (a) T h = 0.88 T c , T l = 0.84 T c , t = 3.1 s; (b) T h = 0.90 T c , T l = 0.82 T c , t = 3.1 s; (c) T h = 0.92 T c , 

T l = 0.80 T c , t = 1.1 s; (d) T h = 0.92 T c , T l = 0.80 T c , t = 3.1 s (Saturation temperature T s = 0.86 T c ). 

Fig. 5. Variations of the averaged heat flux versus time at different working tem- 

perature. 
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g  
low working temperature ( T h = 0.88 T c , T l = 0.84 T c ), the evapora-

tion and condensation rate of working fluid are rather low, result-

ing in an almost unchanged profile of the working fluid compared

with the initial state. On the contrary, the evaporation rate and

condensation rate are intensified at the higher working tempera-

ture ( T h = 0.92 T c , T l = 0.80 T c ). The dynamic liquid-vapor interface

is receded into the groove wick to provide the necessary capillary

force to drive back the working fluid at the condensation section.

When the heat flux exceeds the capillary limit, the drying out the

working fluid at the evaporation section will happen, as shown in

Fig. 4 (d). 

Fig. 5 shows the variation of the averaged heat flux versus time

at different working temperature. The calculated heat flux is av-

eraged on the entire evaporation section. In can be seen that the

heat pipe can reach a quasi-static state when works on the rel-

atively low temperature ( T h = 0.90 T c and T h = 0.88 T c ). However,

when it works at the high temperature ( T = 0.92 T c ), the working
h 
iquid at the evaporation section rapidly recedes into the grooved

ick due to the evaporation, resulting in the reduction of liquid

lm at the evaporation section. The reduction in the liquid film

educes the heat transfer resistance, which leads to the increase

f the heat flux. However, since the working fluid cannot meet

he evaporation rate, the drying out of the working fluid at the

vaporation section will occur. When a portion of evaporation sec-

ion starts to dry out, the averaged heat flux will decrease due to

he amount reduction of liquid-vapor phase change which can ab-

orb large amount of heat. From the curve shown in Fig. 5 , we can

ell that the drying out of working fluid starts to appear around

 = 1.25 s. 

.3. Effects of liquid charge amount 

In this section, the effect of the liquid charge amount on the

hermal performance of the heat pipe are investigated, and its in-

uences on the thermal performance of the heat pipe with the

ectangular grooved wick are shown in Fig. 6 . The heights of

he rectangular grooved wick are h = 0.18 mm and h = 0.24 mm for

ig. 6 (a) and (b), respectively. Initially, the rectangular grooved

ick is saturated with the working fluid. In these cases, the work-

ng temperature are T h = 0.88 T c , T l = 0.84 T c for the evaporation

nd condensation sections. Fig. 6 (c) shows the variation of calcu-

ated heat fluxes versus time. It can be seen that the heat flux of

he wick height h = 0.18 mm is larger than that of h = 0.24 mm at

he steady state. Because the evaporation is occurred at the liquid-

apor interfaces, the main thermal resistance is the conduction of

iquid film on the surface, thus resulting in the decrease of the heat

ux of h = 0.24 mm. On the other hand, if the liquid charge amount

s too low, the working fluid at the evaporation section is easily to

e dried out. Therefore, the liquid charge amount at the heat pipe

hould be carefully designed according to the environment require-

ent. 

.4. Effects of geometries of the grooved wick 

The performance of the heat pipe is highly related to the wick

eometry. In this section, the effects of microstructures of the
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Fig. 6. Thermal performances of the heat pipe at different liquid charge amounts (a) wick height h = 0.18 mm (b) wick height h = 0.24 mm (c) heat flux versus time (time 

instant t = 3.1 s; working temperature T h = 0.88 T c , T l = 0.84 T c ). 

Fig. 7. Effects of the geometries of grooved wicks on the performance of the heat pipe (a) inversed trapezoidal groove (b) rectangular groove (c) trapezoidal groove ( t = 3.25 s). 

Fig. 8. Liquid and vapor pressures along the flow direction of working fluids in a heat pipe with different geometries of the grooved wicks (a) inversed trapezoidal groove 

(b) rectangular groove (c) trapezoidal groove ( �P = P - P ref , P ref is the reference pressure; time instant t = 2.2 s). 
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rooved wick on the thermal performance of the heat pipe are

tudied. The studied microstructures of the grooved wick include:

nversed trapezoidal groove, rectangular groove and trapezoidal

roove. Here, the working temperature are set to be T h = 0.90 T c ,

 l = 0.82 T c , and the contact angle of wicks is 60 °. The areas of the

ross section and heights of grooved wicks are set to be identical

n this work. At the time instant t = 3.25 s, working fluids distribu-

ions for different geometries of the grooved wicks are illustrated

n Fig. 7 . It can be seen that the trapezoidal groove can maintain

he working fluid in the evaporation section, while the working

uid is receded into the wick for the rectangular groove and even
ries out for the inversed trapezoidal groove. The pressure profiles

f liquid and vapor along the flow direction at different geome-

ries of the grooved wicks are shown in Fig. 8 . It can be seen that

he pressure difference between the liquid and vapor at the evap-

ration section is the largest for the trapezoidal groove geometry,

hile the lowest for the inversed trapezoidal groove geometry. Due

o the geometry effect, the trapezoidal groove has a smallest gap

t the top among three geometries, thus resulting in the largest

ressure difference between the liquid and vapor. Thus, the wick

ith the trapezoidal groove type has the largest capillary force to

uck the working fluid from the condensation section to avoid the
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Fig. 9. Variations of the averaged heat flux versus time at different wick geometries 

(heat flux is averaged on the entire evaporation section). 

 

 

 

 

 

t  

t  

n  

r  

i  

w  

t  

w

3

 

w  

t  

u  

e  

s  

t  

s  

o  

r

 

h  

s  

d  

s  
drying out of the working fluid at the evaporation section. Such

observations are in consistence with the previous analytical results

[ 43 , 44 ]. 

Fig. 9 shows the comparisons of averaged heat flux among dif-

ferent wick geometries. We can see that the wick with inversed

trapezoidal groove has the superior heat flux at the early time due
Fig. 10. Configurations of the pillar-type wicks (a) evenly-spac

Fig. 11. Effects of the pillar configuration on the performance of the heat pipe (a) Work  

Comparisons of the averaged heat flux among different pillar configurations (unevenly-  

condensation section). 
ed pillar-type wick (b) unevenly-spaced pillar-type wick. 

ing liquid distributions of different pillar configurations (time instant t = 4.5 s) (b)

spaced pillar with d = 0.06 mm at the evaporation section and d = 0.18 mm at the

o the relatively thinner liquid film but decreases rapidly due to

he easily drying out of the working fluid. The peak heat flux de-

otes the transition point from the receding regime to the dry-out

egime of the working fluid. The moments of drying out of work-

ng fluids happens at t ≈ 2.8 s for the inversed trapezoidal grooved

ick, while t ≈ 3.6 s for the rectangular groove. On the contrary,

he dry-out regime is not occurred for the trapezoidal grooved

ick. 

.5. Thermal performance of pillar-type wicks 

Apart from the grooved-type wicks, the pillar-type hydrophilic

icks are also widely used. In this section, two kinds of the pillar-

ype wicks are investigated: evenly-spaced pillar-type wick and

nevenly-spaced pillar-type wick, as shown in Fig. 10 . For the

venly-spaced pillar-type wicks, the studied pillar pitches ( d ) are

et to be 0.06 mm, 0.12 mm and 0.18 mm, respectively; while for

he unevenly-spaced wick, the pillar is dense at the evaporation

ection and sparse at the condensation section, with pillar pitch

f 0.06 mm and 0.18 mm, respectively. Initially, the wicks are satu-

ated with working fluids. 

Effects of the pillar configuration on the performance of the

eat pipe are shown in Fig. 11 . Here, the working temperature are

et to be T h = 0.90 T c , T l = 0.82 T c , and the contact angle of the hy-

rophilic pillars are 70 °. We can see that the wick with unevenly-

paced pillar has the best performance to feed the working fluid
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rom the condensation section, which the evenly-spaced pillar wick

ith d = 0.18 mm is the worst. It is because the smaller pillar pitch

t the evaporation section can provide a larger capillary driven

orce while a sparse pillar pitch at the condensation and adiabatic

ection can reduce the liquid flow resistance. Fig. 11 (b) shows the

omparisons of averaged heat flux among different pillar configu-

ations. It can be seen that the working fluids start to dry out at

round t = 2.4 s, t = 2.6 s and t = 3.2 s for pillar pitch d = 0.06 mm,

 = 0.12 mm and d = 0.18 mm, respectively. 

. Conclusions 

In this paper, a three-dimensional liquid-vapor phase change

B model is developed to investigate the transient thermal perfor-

ance of the flat micro heat pipe. The free surface curvature at the

iquid-vapor interface can be automatically adjusted according to

he environment temperature and no any empirical model of inter-

acial mass flux is needed. The pore scale model helps to elucidate

ow the wick microstructures affect the thermal performance of

he flat micro heat pipe. The grooved-type wicks and micro-pillar

ype wicks are studied and effects of wettability, working tempera-

ure, liquid charge amount are investigated. The conclusions are as

ollows: 

1) For the rectangular grooved wicks, the microstructure with

a better hydrophilic property can generate a higher capillary

pressure difference to drive working fluid from the condensa-

tion section to the evaporation section. The wick with a lower

liquid charge amount of working fluid can have a larger heat

flux at the steady state. 

2) The averaged heat flux can be enhanced due to the receding

of working fluid in the evaporation section but then decreases

rapidly due to the occurrence of the drying out of the working

fluid if the external heat source exceeds the capillary limit. 

3) For grooved-type wick, the groove with a trapezoid shape can

produce the largest capillary driving force, next by the rect-

angular shape and then the inverse trapezoid shape. For the

micro-pillar type wick, with a small pillar pitch at the evapo-

ration section and a large pitch at the condensation section can

improve the capillary limit of the heat pipe. 
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