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Abstract

The thermal performance of a flat heat pipe thermal spreader has been described by a quasi-3D mathematical model and numerically
modeled. An explicit finite volume method with under-relaxation was used for computations in the vapor phase. This was combined with
a relatively small time step for the analysis. The physical problem consisted of an evaporator surface that was transiently heated non-
uniformly for a short period of time and the heat source then removed. Then the system was cooled by natural convection and radiative
heat transfer at the condenser region. The transient temperature distributions at the front and back of the heat spreader were obtained
for different times during the transient period. The velocity distribution in the vapor core was also obtained. Due to the effect of phase
change at the evaporator and condenser sides, a significant amount of energy is found to be absorbed and partially released during the
transient heating and cooling processes. The numerical results indicate that advection and the high thermal diffusivity of the vapor phase
accelerate the propagation of the temperature distribution in the vapor core, making it uniform during this process. The condenser tem-
perature distribution was almost uniform at the end of the transient heating process. The transient temperature distribution on a solid
aluminum plate was compared with the flat heat pipe results and indicated that the flat heat pipe successfully spread the heat uniformly at

the condenser side of the structure.
© 2007 Published by Elsevier Ltd.
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1. Introduction

Since the first basic heat pipe concept proposed by
Gaugler [1], heat pipes have been widely applied to a vari-
ety of sometimes simple and more recently, quite complex
designs for space and terrestrial applications. Originally
heat pipes were designed for heat transfer applications in
space vehicles [2-5], but their high effective thermal con-
ductivity later led to applications in terrestrial systems as
well [6]. The application of heat pipes as heat transport
devices and thermal spreaders for thermal management
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of electronic systems and devices is also an important area
of research and development [7-9].

As passive devices with the ability to work both in ambi-
ent as well as high temperatures, and terrestrial as well as
non-gravitational fields, heat pipes have become a unique
and versatile heat transfer medium with a wide range of
physical sizes and applications. Investigations on the tran-
sient operation of heat pipes have been reported for various
external operating conditions [10-16]. Chang et al. [10] pre-
sented a finite difference analysis for predicting the tran-
sient operating characteristics of low temperature heat
pipes. In their analysis, the convection heat transfer in
the wick was neglected, assuming pure conduction in the
wick. A detailed transient liquid flow analysis of a homo-
geneous heat pipe wick operating at low temperature was
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Nomenclature

specific heat per unit volume, J/(m? K)
Ergun’s constant, 0.55

force per unit volume (Eq. (3))

gravitational constant, m s>

convection heat transfer coefficient, W/(rn2 K)
flat heat pipe height, m

permeability, m?

thermal conductivity, W/(m K)

flat heat pipe length, m
molecular weight, kg kmol ™!
pressure, Pa

heat transfer, W

heat flux, W m 2

vapor gas constant, J/(kg K)
thermal resistance, K W'
time, s

temperature, K

velocity in vector form, m s~
flat heat pipe width, m

axial direction, axial distance, m
width direction, width, m

length direction, m

R ghTxT TR 3"

N

S

1
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Greek symbols

A constant, 0.35

€ emissivity

u dynamic viscosity, N s/m?

0 density, kg m™*

o surface tension, N/m

OR Stefan-Boltzmann constant, 5.67 x 1078 W/
(m? K*)

G accommodation factor

@ porosity

Subscripts

eff effective

f fluid

i liquid—vapor interface

in input

m mean

out output

s wall material

v vapor

W wick material

00 ambient conditions

performed experimentally and analytically by Ambrose
et al. [11]. They observed significant reductions in the
wick’s saturation at high heat loads, thus affecting the
wick-flow properties. In this study the wall thickness and
vapor core were not taken into account in the overall anal-
ysis. In order to avoid complicated and impractical vapor
flow models, a 1D vapor flow coupled with the evaporation
and condensation rates was used by Chang et al. [12] to
predict the vapor pressure and temperature drops in a
liquid metal heat pipe. Tournier et al. [13] assumed an iso-
thermal condition in the liquid—vapor interface to develop
a 2D heat pipe transient analysis model. The mass flow rate
at the evaporator and condenser were assumed to be the
same in this model. The numerical instabilities during the
phase change were suppressed by employing a mushy-cell
temperature of 2 x 10~% K [14]. To simplify the numerical
study of a transient heat pipe Zuo et al. [15] assumed a
quasi steady state 1D approach for the vapor flow and a
transient 2D conduction in the wall and the wick. Sobhan
et al. [16] presented a computational analysis to study the
transient analysis of a flat heat pipe, where an energy
balance was applied to compute the mass flux at the liquid
vapor interface. Vaddakan et al. [17] presented a transient
analysis of a flat heat pipe for a uniform heat input.
Carbajal et al. [18] performed a numerical study to handle
the early transient processes in a flat heat pipe subjected to
a non-uniform heat input, using a simplified expression for
the velocity at the liquid—vapor interface. The literature
does not indicate significant efforts to measure the transient
temperature distributions at the condenser and evaporator

surfaces of flat heat pipe structures subjected to non-uni-
form heating.

The present analysis is designed to determine the tran-
sient temperature distribution on the back (condenser) side
of a flat plate heat pipe and a solid aluminum plate sub-
jected to similar conditions, for a constant and non-uni-
form heat input, in order to compare the advantage of
using the heat pipe as a heat spreader. A quasi-3D
approach was used in the present analysis, to capture the
distributions of the field variables and the effects of para-
metric variations in the flat heat pipe system as completely
as possible, without utilizing a computationally complex
fully 3D analysis. The working fluid used was distilled
water.

2. Physical model and solution
2.1. The physical model

The model consists of a heat pipe spreader configured as
a structurally efficient sandwich panel with the front face
sheets acting as the evaporator and the back side as the
condenser, as shown in Fig. 1. The center point of the front
plane was chosen to be the origin for the Cartesian coordi-
nate system used in the analysis. The height, length, and
width of the flat heat pipe were 0.56 m, 0.56 m, and
0.064 m. The solid plate had the same height and length,
but the width was 0.013 m.

Here, the distance between the evaporator and the con-
denser is much smaller compared to conventional heat
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Fig. 1. Flat heat pipe with a localized thermal source applied to the
evaporator side and a thermal imaging camera used to monitor the
condenser surface temperature distribution.

pipes. In the analysis of such a system, the lateral sides
(edges) and the top and bottom surfaces were assumed adi-
abatic, and a corresponding situation was used in the phys-
ical model. The temperature is ambient adjacent to the
condenser side and is assumed to be constant. The cooling
was effected by natural convection and radiation to the sur-
roundings. The condenser side was a painted black surface
with emissivity, e = 1. An extended 2D representation of
the heat input has been utilized, based on a hybrid experi-
mental and numerical heat input model proposed by
Carbajal et al. [18]. The heat pipe wick was assumed to
be a homogeneous and isotropic porous medium (constant
porosity and permeability). The dissipation effects were
neglected. Constant viscosity was assumed for the fluid
medium, along with constant material properties for the
solid wall.

2.2. Governing equations

The governing equations were written in the conserva-
tive form [19].

2.2.1. The continuity equation
Incompressible flow was assumed in the wick.

V-7=0 (1)

The continuity equation for the vapor is given as follow:

d B}
£V+v-(va):o )

2.2.2. The momentum equation
In the generally applicable form, for the vapor core and
the wick, the momentum equation is given as follows:

L [2(e7) = - Hepm Ko
1 2
V.- (pVPV)| =pg—Vp+ VWV -2V
® [Eﬁ + V- (pVV)| = pg p+(p z
CEpv T
K9S V|V —Fg (3)

The expression Fg, on the right hand side of Eq. (3) repre-
sents the differential form of the Young—Laplace equation.
This expression computes the pumping effects of the por-
ous medium [18]. It is defined as follows:

2 0
Fp =220y, 4)

72

In the case of the vapor core, this equation is simplified
as the porosity (¢) becomes 1, the permeability approaches
infinity (K — o0), and Fg = 0.

2.2.3. The energy equation
The energy equation, under the assumption of no heat
dissipation may be written in the form:

%(cmT) +V- (CI?T) =V - (kerVT) ()

Table 1 summarizes the governing equations and their cor-
responding parameters for the solid plate, wick and vapor
core. In the present analysis metal foam was used as the
wick material. The state equation for an ideal gas was ap-
plied to the vapor:

P =p,RT (6)

2.3. The boundary and initial conditions

Initially the liquid and vapor phases were at rest and the
system was in thermal equilibrium with the ambient sur-
roundings. During operation, the velocity at the liquid
vapor interface in m/s (interface of the wick and the vapor
core) is computed according to Eq. (7), [18]:

26 1 \'2AT
w=5— (MRTV) T 2449100 — 2800(T, — 273)]

(7)

Eq. (7) was incorporated into the energy balance at the
liquid—vapor interface; as well as the Clausius—Clapeyron
equation to compute the pressure at the liquid-vapor
interface.

The unknown heat flux input on the evaporator side of
the panel was modeled by the expression given in Eq. (8),
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Table 1

The governing equations and parameters of the solid, wick and vapor phase

The energy equation

0 -
w‘l‘V'(pCVT)fV'(keffVT)

The momentum equation

a(p” oo Sons Cepy s
(pl|:m+v(pVV):|:pg‘_vp+%v2V_£ _ EPy

ot

The mass conservation

a—p+v-17:0
ot

Solid ket = ks, em = (pC),, ¥ =0 (147"
Wick keir = Aloke + (1 — @)ks] + (1 — A) {£+ £ }
Kk
Cn = (1= 9)(pC), + @(pC);
Vapor  key=ky, ¢ = (pC)y

Wick 0<p<l1
Vapor =1 K- o0, Fg=0

Wick V-V=0

Vapor

corresponding to a hybrid numerical-experimental analysis
[18]:

q"(x=0,y,z) = C, [1 —exp {— (YI/—;;})} + Cz}
el )] o

Here, C;, C, and C; are constants, and Y and Z are half the
height (H) and the length (L) of the flat heat pipe (or solid
plate), respectively. In the present analysis, the heat flux in-
put was symmetric about the z-axis (C, = C; =e¢?). Fig. 2
depicts the net non-uniform heat flux input distribution
caused by a propane torch impinging perpendicularly on
the front side, described by Eq. (8). It can be noticed that

100000

50000

0.

w

03703

the peak of the net heat flux input coincides with the center
of the front plate.

The heat flux at the condenser side of the plate was com-
puted as follows:

q"(x=W,y,2) = h(T — Ty) + ore(T* — T*) 9)

At the initial condition it was assumed that the saturation
condition prevailed in the working fluid at its correspond-
ing initial temperature, and that the fluid was at rest.
Carbajal et al. [18] have presented an extensive discussion
and details of the boundary and initial conditions used in
the present analysis.

Fig. 3 shows the thermal resistance across the solid plate
and across the flat heat pipe. It is clear from this figure that
the solid plate (Fig. 3a) will experience a smaller resistance

u" W im’)
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Fig. 2. The heat flux distribution on the front panel.
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Fig. 3. Thermal resistances across (a) solid plate and (b) flat heat pipe.

to heat transfer. The flat heat pipe Fig. 3b is subjected to
several thermal resistances. As a consequence the solid
plate will cause a smaller temperature drop along the x
direction than the flat heat pipe. The liquid saturated wick
and the liquid vapor interface are responsible for signifi-
cant thermal resistance in the flat heat pipe. Thus, in order
to minimize the thermal resistance, careful attention must
be paid to the selection of the wick thickness and the latent
heat of vaporization of the working fluid. The thermal
resistances shown in Fig. 3 are those of the front wall
(R,), the saturated porous medium (Ry,), the liquid vapor
interface (R;), and the vapor core (R,).

During the transient process the flat heat pipe experi-
ences an energy imbalance between the heat input (Qji,)
and the heat rejected (Q,y,). Initially a fraction of the total
heat input is stored in the body of the heat pipe and
another fraction is released to the ambient by natural con-
vection and radiative effects. The following expression rep-
resents the transient process:

1- Qou >0 (10)
Qin

The transient process will cause an entropy generation
in the system, so the overall thermal efficiency of the system
is poor at this early stage of the process. The entropy gen-
eration is associated with the presence of different temper-
ature gradients in the system. The total mass of the system
composed of the solid wall, wick and vapor core will
increase the thermal capacitance of the system. A system
with a considerable amount of mass will respond slowly
to the heat transfer process than a lighter system. So sys-
tems with large amounts of mass will take a long time to
reach their corresponding steady state. In the present study
the early transient process in a flat heat pipe was investi-
gated, as the system being considered is of large mass,
and the heat input was applied for a short period of time.

2.4. Solution method

A quasi-3D approach was used to solve the problem,
such that the 3D effects were captured to the extent possi-
ble, all the while not making the solution procedure unrea-
sonably complex and time consuming. In order to simplify
the analysis, the flat heat pipe was split into several equidis-
tant x—y planes along the z-direction. As a result of the
symmetry of the heat input about the z-axis, the computa-
tional domain was reduced to only one quarter of the entire
flat heat pipe. The governing equations were sequentially
solved at various locations along the z-direction, with the
boundary and initial conditions similar to those presented
by Carbajal et al. [18]. Inspired by the successful use of
the finite volume method in solving a variety of problems
related with fluid flow and heat transfer [20-22]; an explicit
finite volume numerical approach was applied, suppressing
the undesired instabilities in the vapor core by the use of
appropriate under-relaxation parameters [23]. Meshes of
10 x 80, 20 x 100, 40 x 120, 80 x 140 were tested. The
final grid of 40 x 120 was selected based on the grid inde-
pendence test, where successive grid refinement did not give
deviations larger than 0.32%.

3. Results and discussion

A quasi-3D numerical model was developed to analyze
the flat heat pipe, which is capable of predicting the tem-
perature distributions, among other field variables. Due
to the symmetry of the heat flux distribution in the x—y
and x—z planes at the center of the FHP, the domain of
the problem formulation was restricted to one quarter of



G. Carbajal et al. | International Journal of Heat and Mass Transfer 50 (2007) 4286-4296 4291

the flat heat pipe, as shown in Fig. 4. The analytical expres-
sion for the heat flux distribution proposed by Carbajal
et al. [18] was used in the analysis. Using a numerical code
developed in Fortran 90 the analysis was performed on dif-
ferent x—y planes, on various locations along the z-direc-
tion. The limitation in this analysis is the formulation
which neglects the heat flux and the fluid flow perpendicu-
lar to the x—y plane; however, the results suggest that this
limitation does not significantly affect the calculation. To
demonstrate the potential capability of the flat heat pipe
as a thermal spreader, the results were compared with those
from a numerical analysis performed on a solid aluminum
plate subjected to the same heat flux input, initial and
boundary conditions.

Contour plots of the numerical results on the velocity
field in the vapor core are presented in Fig. 5. Figs. 6 and
7 give the transient temperature response on the back side

(a) y
A
L 3
Z
...

(0,0,0)
(b) The x-y plane in the
quasi 3D analysis
4-=- FHP

z
\ >

The heat flux

computed by .o

Eq.(7.5) =4y,

-

of the solid aluminum plate and flat heat pipe, respectively,
in order to demonstrate the potential of the heat pipe as a
heat spreader.

In heat pipes, evaporation and condensation are the two
fundamental processes that make possible the transfer of
energy from the heat source (or evaporator) to the remote
heat sink (or condenser). At the evaporator, a large amount
of energy is consumed in order to cause the phase change
from the liquid state to the vapor state, equivalent to the
latent heat of vaporization. The rate of heat rejected at
the condenser is influenced by the velocity of the vapor field
and the latent heat. Consequently the local velocities of the
vapor affect the rate of the cooling process no matter how
small it is.

Fig. 5 shows the contour plot of the velocity distribution
at four different locations along the z-direction. The results
indicate that the velocity field at the vapor core is affected

The one quarter
FHP as the quasi

.~ 3D computational

domain

The two-dimensional
domain

- g, =h(-T.)

! - . 4Gy (T-TY)

Symmetry
line

Fig. 4. (a) The FHP computational domain. (b) The heat flux on x—y planes along the z-direction.
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Fig. 5. Contour plots of the velocity distribution in the vapor core in m/s at different z-locations, ¢ = 30's.

by the magnitude of heat input applied at the evaporator.
The four x—y planes at four different locations exhibit dif-
ferent velocity fields because the heat input is different at
these planes. At z=0.00m the x—y plane is exposed to
the maximum heat flux, which results in the largest velocity
distribution in the vapor core. As the analysis is extended
to different locations away from the origin (z =0.08 m,
0.17 m, and 0.25 m), the velocity field in the vapor core
becomes less intense. As the heat flux is a function of the
y and z coordinates, the vaporization rate at the evaporator
is subsequently influenced by the location of the input heat
flux, thus affecting the local vapor velocity in the vapor
core.

In order to demonstrate the potential of the flat heat
pipe as a heat spreader, a comparison was performed with
computational results on a solid aluminum plate, for simi-
lar heat input and boundary conditions. The temperature

distribution across the x—y plane of the solid aluminum
plate and the flat heat pipe are presented in Figs. 6 and
7. According to these results, the heat pipe is able to gener-
ate a more uniform temperature distribution across the x—y
plane than the solid plate which is subjected to pure con-
duction. These results also indicate that pure conduction
is not capable of distributing a non-uniform heat input
given at the front panel uniformly on the back side of the
plate. The temperature distributions at the back side of
the aluminum plate and the flat heat pipe are presented
in Figs. 8 and 9.

Fig. 8 illustrates the transient temperature response at
the back side of the aluminum plate, corresponding to
the application of a constant non-uniform heat flux
at the front side, at elapsed times of 1, 10, 20, 30 and
40 s. On comparing this with the temperature response of
the flat heat pipe at corresponding time increments of 1,
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Fig. 7. Temperature distribution across a flat heat pipe at different z-locations, # = 20 s.

10, 20, 30 and 40 s, shown in Fig. 9, it is obvious that the
temperature distribution at the back side has become more
uniform as time proceeds. In other words, the results
shown in Figs. 8 and 9 indicate the slower response of
the soild plate to spread heat on the condenser compared
to the flat heat pipe (thermal spreader). The evaporation
and condensation processes in the vapor core of the heat
pipe thermal spreader causes the rapid transport of energy
from the evaporator to the condenser side, and spreads it
out because of the liquid flow through the wick structure.

As the heat transport rate is influenced by the latent heat
of the working fluid, and as the phase change process
involves large quantities of energy, the heat pipe is much
more effective than the pure conduction mechanism.

The vaporization and condensation processes inside the
flat heat pipe spread the heat more uniformly throughout
the system, as obvious from the results presented. As a con-
sequence, no region of temperature concentration (hot
spot) is produced at the back side of the sandwich panel.
The uniform temperature distribution observed on the
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Fig. 8. Temperature distribution on the condenser side of the solid aluminum plate — results from numerical computations.

back side of the panel makes the flat heat pipe a desired
heat spreading device which can dissipate heat very effec-
tively as the whole surface area on the back side can take
part in a heat exchange process between the metal surface
which is generally at a moderately high temperature than
a cooling fluid flow.

4. Conclusion

A quasi-3D numerical analysis was performed to obtain
the temperature distribution on the back side of a flat heat
pipe thermal spreader, while a concentrated heat load was
applied to the front panel. The model incorporates the
phase change mechanisms at the liquid and vapor interface
inside the heat pipe, and considers combined convective

and radiative heat transfer modes at the back side of the
heat spreader. It was demonstrated that the flat heat pipe
works as a thermal spreader, with a much more uniform
temperature distribution at the condenser side, than a solid
aluminum plate with comparable heat input and boundary
conditions. The applicability of the flat plate heat pipe as a
heat spreader is determined and discussed in detail, based
on the numerical results.
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