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Abstract

This paper presents a theoretical investigation of a Flat Heat Pipe (spreader) designed
for the cooling of multiple electronic components in transient state. This model is a
transient model, coupling 3D thermal model with a 2D hydrodynamic one through the
mass flux of evaporation-condensation, which occurs in a mass conservation equation.
The model makes it possible to obtain the FHP wall transient temperatures, the transient
pressures, velocities and temperatures in both liquid and vapor phases. A comparison of
the behaviour of the FHP and an equivalent solid plate submitted to a transient thermal
cycle shows that the FHP enhanced the electronic components cooling for the long
thermal cycle duration when the solid plate is more efficient for the very short transient
thermal cycles. The FHP provides also a very low thermal resistance which helps to

minimise the temperature gradient and then the hot spots and overheating.

Keywords: Heat pipe, spreader, condensation, evaporation, transient cooling, elec-

tronics components

Nomenclature
Ce Ergun coefficient ¢  porosity of the wick
C, specific heat capacity Jkg'.K' 1 thermal conductivity WK m?

H height, thickness m 1 dynamic viscosity Pa.s



H heat transfer coefficient W.K™.m? y, kinematic viscosity ms?

hy latent heat of vaporisatiod.kg™ p  density kg.m*
K permeability v ¢ heat flux density W.mi?
L length m
m mass flow rate kg.s* Subscripts
p pressure Pa a ambiant, adiabatic
r pore radius m c condenser
T temperature K e evaporator
t time S eff effective
u,v velocity ms*t eq equivalent
V  volume m° | liquid
V  velocity vector m.s* M matrix
X,Yy,Z coordinates m sat saturation
v vapor
Greek symbols w heat pipe wall
a mass flow rate kgstm®  wi wick

1. Introduction

The thermal management of electronic components operating with fast transients is
presently a crucial problem arising in many application fields. The automobile industry
Is a strong example focusing its efforts on developing new Powertrain Efficiency inno-
vations in order to create vehicles that are more fuel efficient and thus less polluting.
This in order to reconcile cars and society with the objective of zero pollution and to
respect the new European emissions regulations. One of these innovations, the hybrid
starter-alternator [1] technology, provides an interesting solution that meets society’s
need for cars with lower fuel consumption and lower pollution emissions. The Stop &
Start function of the starter-alternator turns the engine off automatically when the vehi-
cle comes to a standstill (red lights, temporary halts, traffic jams, etc.) and restarts the
engine instantly and silently as soon as the driver releases the brake pedal or accelerates.
Depending on the vehicle and the engine, the Stop & Start system provides fuel savings

of around 10% for city driving and 6% in standard combined cycles. The hybrid starter-



alternator is subject to high current cycles, which causes increased heat flux generated
(60 to 400 W/cr) by the electronic components in the device. Dissipating these fluxes
inside the components can cause such thermal problems as overheating (175°C), which
can reduce the components performance levels as well as their lifespan. For this reason,
managing the thermal dissipation in electronic components, while maintaining their
temperatures within the specified temperature range, has become a crucial factor for

safety and reliability in numerous engineering domains.

As an answer to this problem, flat heat pipes (also called two-phase heat spreaders)
of various types have been investigated by the researcher community. Heat pipes have
inherent advantages and much potential for managing heat in electronic equipments due
to their effective performance and their ability to provide effective heat transfer with
minimal losses [2]. Over the last few years, the use of heat pipes for thermal manage-
ment has been increasingly investigated [3]. According to Garimella and Sobhan [4],
heat pipe operation and performance have been widely analyzed. Flat heat pipes (FHP)
are an efficient technology for cooling electronic components due to their high thermal
conductivity, reliability and flexible configurations. An FHP is a sealed chamber whose
inner surface is lined with a capillary wick material [5]. It is partially filled with work-
ing fluid, which is vaporized by an external heat source (e.g., an electronic component)
at the evaporator. The pressure difference thus generated drives vapor to the condenser,
where it condenses. The capillary pressure in the wick pumps the condensed liquid back
to the evaporator. As long as sufficient capillary pressure is maintained, this internal

phase-change circulation will continue.

However, the coupled thermal and hydraulic problems in such heat pipes operating at
transient state is a complex study, witch was not much treated until now. In this article,
we present a model for analyzing the performance of a FHP subjected to heat from mul-
tiple electronic components during a short transient period (figurel). This model is
based on a transient 3D thermal model coupled to a transient 2D hydrodynamic model
that computes the flow in the wick and the vapour core. This model allows the transient
heat diffusion in the FHP to be taken into account. The mass and heat transfers related
to the liquid-vapor phase change are computed with an energy balance equation. The

hydrodynamic model is coupled to the thermal model through the mass evaporation-



condensation flux, which occurs in the mass conservation equation of the Transient 2D
Hydrodynamic model.

In this work, we present a simplified but robust model able to capture the thermal
behaviour of the flat heat pipe operating in the transient state. This model is well appro-
priate for use in the Flat Heat Pipe design process for the thermal management of elec-

tronic components.

2. Mathematical model

The 3D Transient Thermal and Hydrodynamic model is composed of a 3D transient
thermal model coupled with a 2D transient hydrodynamic model. The model has two
stages. First, the transient thermal conduction throughout the FHP wall is determined
using the 3D thermal model, which is able to precisely evaluate the local heat exchanges
within the heat pipe. These exchanges cause the phase change and initiate the fluid
transport [6, 7, 8, 9]. The fluid flow, both vapor and liquid, is then determined using the
2D hydrodynamic model. The fluid velocity distribution is used to systematically calcu-

late the rate of evaporation-condensation.

The FHP geometry studied is shown in Figure 1. The electronic components repre-
sent the heat sources (evaporators), which are posed on the upper surface of the FHP
and the fins represent the cold sources (condensers), which are posed on the lower sur-
face. The capillary structure (i.e., the porous wick) is enclosed in the internal FHP wall.

In this study, it is assumed that the fluid flow is 208&(y planes) and laminar. We use

the 2D transient model to determine the fluid transport through the wick and the vapor
core, adapting the hydrodynamic approach suggested by Lefévre and Lallemand[10]
and Huang et al.[11]. Unlike these authors, we do not adopt the simplified Darcy as-
sumption for the liquid flow through the porous wick. We take the general pressure into

account as transient phenomena.

The 2D transient model is coupled with a 3D transient thermal model of the FHP
wall, which makes it possible to characterize the transitory heat diffusion in the FHP
wall. The mass transfers associated with the liquid-vapor phase change are used to de-

fine the boundary conditions of the thermal problem. The pressure and velocity distribu-



tions are calculated by taking to account the movement of the liquid in the porous me-
dia. All the free wall surfaces are assumed to be adiabatic. The capillary structure in
which the liquid circulates is equivalent to a porous medium characterized by its perme-
ability K, porositye and the equivalent pore radiug. The fluid flows are assumed to

be laminar and incompressible.

The heat transfers in the FHP wall can be expressed with the following equation:

2 2 2
be), e 23+ T+ T =0 )

The boundary conditions associated to the thermal problem are described as:

at evaporator:

-\, a dxdy=¢,, dxdy
07 )i,
aT 5 -
_)\W ~ dXdy: héq,dedX T_ Iat) +6 n 9 -sl;t:q)upper wall dXdy (2)
62 upper wall
aT o
_)\W ~ dXdy: héq,dedX -Eat_ -|)+6 n 9 -sl;t:q)lower wall dXdy
62 lower wall
, oT
at the finned wall:=\,, (Ej dxdy=h (T-T,) dxdy
z=0

Aeff
where heq,w :H_ characterizes the wick's thermal conductance.
|

It is generally accepted in the literature that the temperatyres constant [6], we
do not make this assumption in this model. Instead, we take into account the depend-
ence ofTg on time and space (i.€sx: = Tsa(X,Y,1)). Indeed, th@ g distribution depends

on the distribution of the evaporators and condensers over the FHP wall.

We assume that the FHP wick is always filled with liquid. The 3DTH model inte-
grates the mass conservation equation into the momentum equation to obtain a second-

order differential equation that uncouples pressure and velocity. By considering an ele-



mentary volumedV, =dxxdyx H, of liquid, the energy assessment in a quasi-static

approximation can be written ag; dxdy = J° mhfg

(dxdly) x ¢, z
d X J
Gqud™ " I/ "3 " _
Vapor ! s i
«—»
dx

where ¢, denoted the wall heat flux, expressed in the thermal model as:

)

bupper wall: @t the upper interface liquid/ vapc
%= Prower wal - at the lower interface liquid/ vapot

o2 m is the elementary mass flow corresponding to the liquid mass injection or rejection
within an elementary control volume. The mass fle&aim depends on the liquid veloc-

ity expressed with the mass conservation equation as:

52m=02m +d2my = pdyH,du, + p dxH,dv,

Combining the above equations, the differential mass equation describes the relation-

ship between the fluid velocity and the thermal model:

oy  ov, _a __%
* ! o 4)
ox oy p hngI

The liquid flow through the wick is governed by the momentum equation:

DiPy)\- Hef-o)Ho_ Ce
—| = V|=—gradp) +—0L\LLV|-—V -
Dt(e } gradp) £ ( ) K gvzP

\7‘? (5)

Where C. is the Ergun coefficient, whose typical value is 0.55.
As indicated, the objective of the work is to develop a simplified but robust model able

to capture the thermal behaviour of flat heat pipe operating in transient state, consider-

ing the approximationg D.(D.\7)= ff,z

p‘\7’\7 and projecting the momentum equation

over the (x, y) plane yields:



Aoy ‘y ou, Y ou, ) _ _op, _H
slot ox oy ox K ©
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glat ox oy dy K

To made the  simplification of the momentum  equation:
H _
p D(DV)~ W,oM\/ we have used the justification given in reference [6] and [15].

The more important terms in the second member of equation (5) are mainly the Darcy

—

terms:— grad(p) and—%v.
This approximation consist on neglecting the Forchheimer ter s p’\/’\/ and

Brinkman termﬂ D(DV) [6], [15], due to the low porosity of the wick and also to the

low liquid flow velocities and Reynolds numbers.

When differentiating and arranging these equations accordigrtd yand considering

the equality betweena—( 9 j 9 (6 j the pressure equation can be expressed as:
ot\ox ) ox\o
B3
"Z_ﬂ+"2_ﬂ:_ﬁ(ﬂ+ﬁ _ajalac o) (o o -
xK K KX o) ¢ a(ay o
HY —|—+— [ | —+—
alasalas)

By using the conservation equation (4), the previous equation becomes:

p azp Ma {aa'+a+ aa+ aa}

o Toe akd da g Vay o
where a;:,q(mﬁ‘l'}
x o

In the following paragraphs, it is assumed that the complete derivative of the mass flow

rate q is equal to its partial derivative according to time:



Da, o0a, ., 0daq, oa, 0aq,
= if >S>U —+V,—

Dt ot ot ox | ay

9)

oq, 0q,
This assumption can be justified by the fact that the l‘érrgx—"’\ﬁ a_yl is always neg-

oaq,
ligible compared toa_tl. Based on this assumption witch is justified in [8] and [14],

equation (8) is simplified to give the differential pressure equation according to the flow

rate q:
0° 0° da,  a,’
LA R TR (e (10)
()4 ay Ko, g\ ot P,
In a steady state, the pressure equation generally used in the literature, where the term
1af o .
—7 is assumed to be negligible, is recognized to be:
|

°p L 0°p __ M
x> oy’ Ko,

The previous equation gives the pressure distribution ; knowing this distribution, it's

a, (12)

easy to determine the liquid velocity distribution and thus evaluate the flow rate of lig-

uid evaporation, given by:

me:IJZme:lelj(uldy+v|dx) (12)

For the vapor core, we adopted a similar approach to the one used for the wick to calcu-
late the pressure and velocity fields. We assumed that the vapor vel@dtprding to
transverse axig is negligible compared to andv. The mass conservation equation is
established by analogy with the liquid flow:

auv + aVV a, ¢upper wall

= __10'\/ =
GX ay lov hngv (13)




If the vapor flow is considered like the fluid flow between two flat plates, using the ap-
12u

2
v

proximationyVDZ(\Tv)z V\7V, justified in [12] and [8], the vapor flow momentum

equation can be written:

- + uV - + VV l"IV
ot ox oy ox H?
,Ov(avV ru av, avvj __op, 124,

+v =
ot ox oy dy HZ "

5 (au ou auvj __0p, _124,

(14)

By applying the above method to the liquid case, the pressure equation for the vapor

flow is expressed as:

92 92 12 da. a’

a°x 0%y H? o p,
The second term of the right-hand member of this equation is neglected, according to
[10], thus the pressure equation is expressed by:
90°p, . 0°p, _124,

= a
aZX azy HV2 v (16)

By substituting this pressure value in the momentum equation, the vapor velocity is

fixed and thus the vapor mass flow rate, of condensation is calculated with the fol-

lowing integration:

me = Idzmc = ,ovHv_[(quy+vvdx) 17)

The numerical results based on this FHP model are presented in the following section.
3. Resultsand discussion

In order to capture the transient variations with minimal round-off errors, and to
simplify the computational scheme, an implicit Euler computational procedure was em-
ployed for time differencing. The governing equations were discretized using the finite
difference method, and the nonlinear terms in the momentum equations were discretized
according to the linearization method suggested by Fletcher [13]. The computational

code was written with Matl&b The time step and spatial grid size required for fast



convergence was determined through trial and error. Temperature, pressure and velocity
distributions were calculated successively. The following section compares the results

of our model with the results available in the literature.

3.1. Model validation through comparison with the literature and experimental

The results of our model are compared below to the analytical results published by
Lefévre and Lallemand [10] for a steady-state operation. Also our numerical model re-
sults are validated with the transient experimental and numerical results published by
Chen et al. [16]. The aim here is to use the model of Lefévre and Lallemand [10] and
Chen et al. [16] as test-cases in order to validate our numerical model.

The heat pipe considered was a flat copper heat pipe filled with water, measuring
40x40x0.9 mm The wall, wick and vapor thicknesses were, respectivelyu2§5L40
um and 23Qum. The heat sources (three electronics compondhtgreerated the same
heat flux: 35 W/crh In their work, Lefevére et al. used Neumann boundary conditions
at the condensers area and the saturation temperaiyrés fixed equal to 50°C. The
mean difference with our model is that our formulation allows the calculation of the
temperaturely instead of imposed it as these authors done. In order to simulate the
same heat pipe operation, the value of the heat exchange coefficient at contiginsers,
is determined by such th@t; tends, in average point of view, to equalize the value of
50°C. Therefore, the equivalent exchange coefficient was agsut 500 W/K nf.

The details of the comparison of the results obtained by our model at steady state
and those published by Lefevre and Lallemand [10] are given in [14] and shows that the
results of our model correspond well to those of these authors. Indeed, the vapor pres-
sure distribution of our model is similar to the one reported by Lefevre et al. [10]. They
obtained a drop in vapor pressure of ab#gf = 1 500 Pa, while our model predicts
slightly lower, 4P, = 1 377 Pa. In the liquid flow, the model predidd = 2 624 Pa,
when the authors obtainetP, =2 600 Pa. Thus the maximum capillary pressure is
about4P. = 4 001 Pa with our formulation and abailR; .x = 4 100 Pa with the model
of these authors. That represents a slight difference of 2.4 %.

The velocity fields obtained with our model also correspond well to those of Lefévre
[10] with a relative difference of about 4.4 %.



At steady state, the wall temperature determined by our thermal model is close to those
of Lefévre and Lallemand [10] with an absolute deviation of 1 K as explain in [14].

The heat pipe considered for the comparison of our numerical model results with
the experimental and numerical work of Chen et al. [16] has the size of 85 mm length,
70 mm width and 5 mm total thickness with the same construction shown in figurel.
The wall thickness is 1 mm (i the vapour thickness is 2 mm,jHthe wick made of
sintered copper powder has a thickness of 0.5 min gHporosity of 0.36 and an effec-
tive thermal conductivity of 10.23 W/m.K. The heat pipe is heated by using a copper
block heat source with a power input of 50 W locates at the centre of the heat pipe sur-
face which has the surface area of 20x20°mrhis heat pipe is insulated by using an
insulation of Bakelite. The cooling is carried out by using an aluminium heat sink as
shown in figure 1. The air velocity entering the heat sink is 3 m/s and has an ambient
temperature of 300 K [16]. Figure 2a shows the comparison between our numerical re-
sults and the experimental and numerical results published by Chen et al. [16] for the
evolution of the maximum heat pipe temperature rise versus time. The results are pre-
sented in case of considering the effect of heater and insulation materials thickness and
in case of neglecting their effect. The results show a good agreement between the nu-
merical results and the experimental and the numerical results of Chen et al. [16]. They
also shows that in the case of including heater and insulation material thermal behaviour
in the model, the transient temperature rise takes more time to reach a steady state due
to the heat absorbed by the heater and insulation material. The evolution of the total
mass evaporated and condensed versus time in case of neglecting heater and insulation
thickness effect is shown in figure 2b. These results are obtained thanks to our numeri-
cal model. The figure shows that the total mass evaporated is greater than the total mass
condensed until reaching the steady state. We fined that the total mass evaporated
equals to the total mass condensed which accords with the physical of the transient
process. It also shows that at approaching to steady state, the total mass is abbut 2x10
kg/s which approximately equals to (power input/latent heat = 50/246@2108x10
®), which validates our numerical results. The comparison of the numerical results for
the hotspot of the evaporator surface temperature and condenser surface temperature are
shown in figure 3. Figure 3a shows the results in case of power input 50 W and heater

surface area 20x20 ninand figure 3b shows the results for power input 40 W, and



heater surface area of 10x10 fanAs expected, the spreading resistance increases with
smaller heat sources surface area, leading to a larger temperature difference across the
vapor chamber as shown in figure 3b. It can be seen form figure 3 that, the simulated
transient responses are in good agreement with the experiments especially when the sys-
tem approaches to steady state. The maximum difference between the simulations and
measurements of the temperature rises is 10 %. From the results shown earlier, we find
that, the results from our numerical model correspond well to those published in the lit-
erature. We present in timext two sub-sections the FHP performances predicted by the 3D
Transient Thermal and Hydrodynamic (3DTH) model. The grid mesh used for the calculations

is adaptable along theandy axes. The mesh sizes of the FHP were found to guarantee the
good convergence and the precision of the calculations. The model was used to predict some
typical electronic component cooling applications using a FHP in both a periodic thermal cycle

and in a typical vehicle start-up regime.

3.2. Application of the 3DTH model to a periodic thermal cycle
In this section, we describe the results of simulations, run with the FHP shown in
figures 1. The FHP was used to cool three electronic components. Each component was
assumed to generate a periodic heat flux as shown in figure 4. The condenser is
equipped with a fins and we assumed that the equivalent heat transfer codificeent
1000 W/niK at a reference temperatufg = 25°C. The initial temperature was about
25°C, corresponding to a saturation pressure of 3182 Pa.
The following data provide the details about the FHP size and its thermo-physical
properties.
= FHP dimensions:,lLy = 30/30 cm, W/H\/H, = 6.4/4.4/4 mm,
= wall material/fluid: Copper/Water
= Copper screen powder wicks@.9, K = 1.43x18'm? r = 1.0192x106 um,
A variety of tests were performed to establish time-step and mesh independence.
As the result of the grid independence study, the 300x300384) mesh was used
for the thermal model. The wick and vapor regions include the same grid point
300x300x1 ¥xyxz). The time step of I0s was adequate to ensure convergence and

stability of the calculations and to make it possible to capture the problem physics.



Figures 5 and 6 present the mean temperature response of the FHP subjected to the
thermal power released by the electronic component. The FHP performances are com-
pared to those of the solid and the hollow copper plate. The hollow plate behaves simi-
larly to a faulty FHP, or in other words, similar to a heat pipe reaching its operational
limits. Thus, the electronic component cooling using the heat pipe is better than the
cooling using a hollow plate. However, the difference compared to the solid copper
plate is relatively weak. The heat pipe effect (i.e., the heat and mass transfers controlled
by evaporation-condensation mechanism) results in a homogeneous heat pipe operation,
meaning a closed temperature value at the evaporator and the condenser. Comparing to
the solid plate, the main advantage of FHP operation is that it provides a very low ther-
mal resistance, which helps to maintain the same temperature at the two ends of the

FHP as shown in figure 7.

3.3. Application of the 3DTH model to a variable thermal cycle

Figure 8 shows the plots for the simulations of a typical vehicle start-up regime
during which three starter-alternator electronic components sizing 5%7 dissipate
the thermal heat power. The FHP is Copper-Water and measures 35x23x2 8ham
FHP wall, wick and vapor core thicknesses are 1, 0.2 and 0.4 mm, respectively. The
same (see sub-section 3.2.) porous structure (i.e., wick) covers the inside of two wall
surfaces. The three components simulated the evaporators and were placed on the upper
surface of the heat pipe wall. The condenser (cold source) was positioned on the bottom
wall surface. The equivalent heat coefficient through the condenser washget 40
W.K1.m? at an ambient temperatufia = 20°C. The wick characteristics wete=
0.733,K = 0.42.10° m* and/e = 0.602 W.K.m™. We performed a sensitivity study
that allowed us to set a suitable time step (about 0.05 s) and a grid size of dxxdyxdz =
1x1x0.1 mmi.

As shown in figure 9, the maximum temperature value (thesfirst electronic
component) at each time is plotted and compared to that of an equivalent solid copper
plate. The copper plate measured 35x23x2.8 mmd was subjected to the same heat
conditions as the FHP (figure 8). The FHP temperature variation was very sensitive to
the imposed heat fluctuation, with the fastest response time. The response time of the

solid copper plate was longer because of its greater thermal inertia. Although the tem-



perature value of the heat pipe in rising phase is greater than the plate's value (deviation
about 13°C), the heat pipe did not insures better cooling. Even if the FHP is less effi-
cient in the rising phase, figure 9 show that the FHP cooling is more efficient during the
descending phase with a temperature drop of 19°CHdt0 s) in comparison with the

solid flat plate. Figure 10 illustrates the temperature distribution over the FHP wall at
the end of the rise phase= 3 s) where the electronics components were situated. For
this kind of thermal cycle, the FHP is more efficient and less heavy than the solid plate.
This can constitute an interesting challenge if the mass reduction and the temperature
homogenisation is a strong element in the system optimal design as in the land and
aeronautic transport systems.

The liquid flows out from the free zones (adiabatic zones) towards the electron-
ics components (Figure 11), where it evaporates (liquid mass absorption) and vapor
generation occurs. The liquid at the middle of the wick region is pumped towards the
ends ¥=0 and x35 mm), thus feeding the upper wick and the lower wick (figure 12).

The vapor (figure 13) flows in the opposite direction of the liquid (adjunction of vapor
mass generation under the component positions). The maximum vapor velocity is about
61 m/s, corresponding to a Reynolds number of 96 (i.e., laminar flow regime) and a
Mach number of 0.05. The Mach number is lower than the unit, thus the FHP sonic
limit is not reached. The pressure distribution in the liquid (figures 11 and 12) conforms
to the velocity distribution. Vapor generation over the evaporator zones is easily percep-
tible (figure 13), resulting in a local pressure surplus compared to the adiabatic zones.
The FHP capillary limit was not reached because the effective pressure drops were
about P=4P, + AP, = 2436 Pa, while the maximum capillary pressure developed by the
wick structure was aroundP = 2513 Pa. This pressure drop was determined according

to the Young-Laplace simplified law.

4. Conclusion

The model used in this study aimed to determine the transient thermal performances
of a heat pipe used to cool the electronic components in a starter-alternator. According
to its degree of refinement and complexity, the model proposed here could be used for

different electronic component cooling applications. This complex and precise model is



able to predict the reliability and quality of electronic cooling. It permits precise predic-
tions and an optimized heat pipe design and thus helps to avoid local hot points.

This study continues in order to improve the transient 3DTH model by coupling it
with a micro-region model, which will better take into account the liquid-vapor inter-
face phenomena. Indeed, the micro-film region is a preferred heat transfer zone in
which the capillary and adhesion molecular forces are the same order of magnitude. The
heat exchanges within these zones are very important because of the very slight thick-
ness of the liquids. Integrating this micro-model into the macro-model will allow us to
determine precisely the thickness of the liquid meniscus and the effective evaporation-
condensation conductance [17].
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Highlights

> In this study we model aFlat Heat Pipe (FHP) designed for the cooling of electronic components > This
model isatransient model, coupling 3D thermal and hydrodynamic models > The model makesit possible to
obtain the FHP wall transient temperatures > Transient pressures, velocities and temperaturesin liquid and
vapor phases are also obtained > We conclude that FHP is more efficient for long than very short thermal

cycles.
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Figur e 2a. Comparison between the numerical results, experimental work and results of Chen
et a. [16] for the evolution of the maximum heat pipe temperature rise with time.

Figure 2b. Evolution of the total mass evaporated and condensed with time in case of

neglecting the thickness of heater and insulation.



Figure 3a. Comparison of the numerical results and experimental work of Chen et al [16] for
the evolution of the evaporator and condenser surface temperature at power input 50 W and

heater surface area 20x20 fam

Figure 3a. Comparison of the numerical results and experimental work of Chen et al [16] for
the evolution of the evaporator and condenser surface temperature at power input 40 W and

heater surface area 10x10 fam



25

20

15

10

Power (W)

1l

Figure 4. Power generated by the electronic components



Temperature °C

44
42f -----
a0
38t
36/
34
32

30

28

T T

Hollow copper plat
Solid copper plate
Heat Pip

1
]
1
f

]
]
1
]
f
?
]
1
1
r
!
]
1
1

-----
————

-
Seenn
~f

25

Figure5. Evolution of the evaporator temperature

t (s)



Temperature °C

44 : : :
42+ === Hollow copper plate

----- Solid copper plai
40 Heat Pipe
38+
36+
34r
32r eI
30} .
28| e e

I" T

1’,;"

25 _‘," ] 1 1 1 1
0 1 2 3 4 5

Figure 6. Evolution of the condenser temperature




ACCEPTED MANUSCRIPT

K

0.04
/
y 4
0.03 1
0.02 +
0.01r ,_‘
0 | 1 I I 1 ) t{S)
0 1 2 3 4 5 6

Figure 7. Evolution of Te-Te



OW

10W

wlee====
o

Figure 8. Thermal heat power dissipated



T (°C)

100
90 |
80 |
70 |
60 |
50 |
40 |
30 |
20

2W
Cu plate

_____ / t(s)

Figure 9. Comparison of the temperature of the FHP upper and of a solid copper plate



