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1. Introduction

Thermal management of electronic components must solve problems connected with the
limitations on the maximum chip temperature and the requirements of the level of
temperature uniformity. To cool electronic components, one can use air and liquid coolers as
well as coolers constructed on the principle of the phase change heat transfer in closed
space, i.e. immersion, thermosyphon and heat pipe coolers. Each of these methods has its
merits and draw-backs, because in the choice of appropriate cooling one must take into
consideration not only the thermal parameters of the cooler, but also design and stability of
the system, durability, technology, price, application, etc.

Heat pipes represent promising solutions for electronic equipment cooling (Groll et al.,
1998). Heat pipes are sealed systems whose transfer capacity depends mainly on the fluid
and the capillary structure. Several capillary structures are developed in order to meet
specific thermal needs. They are constituted either by an integrated structure of
microchannels or microgrooves machined in the internal wall of the heat spreader, or by
porous structures made of wire screens or sintered powders. According to specific
conditions, composed capillary structures can be integrated into heat pipes.

Flat Miniature Heat Pipes (FMHPs) are small efficient devices to meet the requirement of
cooling electronic components. They are developed in different ways and layouts, according
to its materials, capillary structure design and manufacturing technology. The present study
deals with the development of a FMHP concept to be used for cooling high power
dissipation electronic components. Experiments are carried out in order to determine the
thermal performance of such devices as a function of various parameters. A mathematical
model of a FMHP with axial rectangular microchannels is developed in which the fluid flow
is considered along with the heat and mass transfer processes during evaporation and
condensation. The numerical simulations results are presented regarding the thickness
distribution of the liquid film in a microchannel, the liquid and vapor pressures and
velocities as well as the wall temperatures along the FMHP. By comparing the experimental
results with numerical simulation results, the reliability of the numerical model can be
verified.
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2. Nomenclature
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Constant in Eq. (8), Section,m?
Specific heat, ]/ kg.K

Side of the square microchannel, m
Groove height, m

Hydraulic diameter, m
Friction factor

Gravity acceleration, m/s?
Heat transfer coefficient, W/ m2.K
Current, A

Modified Jacob number
Poiseuille number

Width, m

FMHP overall length, m
Laplace constant, m
Condenser width, m
Condenser length, m
Evaporator width, m
Evaporator length, m

Mass flow rate, kg/s
Constant in Eq. (8)

Constant in Eq. (8)

Constant in Eq. (8)

Number of grooves

Niisselt number

Pressure, N/ m?

Prandtl number

Heat flux, W/m?2

Heat transfer rate, W

Axial heat flux rate, W

Radius of curvature, m
Reynolds number

Thermal resistance, K/ W
Groove spacing, m

Heat transfer area, m2

Groove spacing, m

Thickness, m

Temperature, °C

Wall condenser temperature, °C
Wall evaporator temperature, °C
Film temperature, °C

Heat sink temperature, °C
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Tw Wall temperature, °C

\% Voltage, V

Ve Velocity, m/s

w Axial velocity, m/s

2 FMHP width, m

Wy Groove width, m

z Coordinate, m

Greek Symbols

o Contact angle, °

B Tilt angle, °

AT Temperature difference = T,y -T,, K
Ahy Latent heat of vaporization, J/kg
AP Pressure drop, N/m?

A Thermal conductivity, W/m.K

1 Dynamic viscosity, kg/m.s

0 Angle, °

p Density, kg/m3

o Surface tension, N/m

T Shear stress, N/m?

Subscripts and superscripts

Naon oo

u

eff
exp

il

iv
Iw
max

sat
sf
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Adiabatic

Blocked

Condenser, Curvature
Dry

Copper

Evaporator

Effective
Experimental

Film

Interfacial (liquid side)
Interfacial (vapor side)
Liquid

Liquid-Wall
Maximum

Saturation

Heat sink

Total

Vapor

Vapor-Wall

Wall
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3. Literature survey on mini heat pipes prototyping and testing

This survey concerns mainly the FMHPs made in metallic materials such as copper,
aluminum, brass, etc. For the metallic FMHPs, the fabrication of microgrooves on the heat
pipe housing for the wick structure has been widely adopted as means of minimizing the
size of the cooling device. Hence, FMHPs include axial microgrooves with triangular,
rectangular, and trapezoidal shapes. Investigations into FMHPs with newer groove designs
have also been carried out, and recent researches include triangular grooves coupled with
arteries, star and rhombus grooves, microgrooves mixed with screen mesh or sintered metal.

The fabrication of narrow grooves with sharp corner angle is a challenging task for

conventional micromachining techniques such as precision mechanical machining.

Accordingly, a number of different techniques including high speed dicing and rolling

method (Hopkins et al., 1999), Electric-Discharge-Machining (EDM) (Cao et al., 1997; Cao

and Gao, 2002; Lin et al., 2002), CNC milling process (Cao and Gao, 2002; Gao and Cao,

2003; Lin et al., 2004; Zaghdoudi and Sarno, 2001, Zaghdoudi et al., 2004; Lefévre et al.,

2008), drawing and extrusion processes (Moon et al.,, 2003, 2004; Romestant et al., 2004;

Xiaowu, 2009), metal forming process (Schneider et al., 1999a, 1999b, 2000; Chien et al.,

2003), and flattening (Tao et al., 2008) have been applied to the fabrication of microgrooves.

More recently, laser-assisted wet etching technique was used in order to machine fan-shaped

microgrooves (Lim et al., 2008). A literature survey of the micromachining techniques and

capillary structures that have been used in metallic materials are reported in table 1.

It can be seen from this overview that three types of grooved metallic FMHP are developed:

i. Type I. FMHPs with only axial rectangular, triangular or trapezoidal grooves
(Murakami et al., 1987; Plesh et al., 1991; Sun and Wang, 1994; Ogushi and Yamanaka.,
1994; Cao et al., 1997; Hopkins et al., 1999; Schneider et al., 1999a, 1999b, 2000; Avenas et
al., 2001, Cao and Gao, 2002, Lin et al., 2002; Chien et al., 2003; Moon et al., 2003, 2004;
Soo Yong and Joon Hong, 2003; Lin et al., 2004; Romestant et al., 2004; Zhang et al.,
2004; Popova et al., 2006; Lefevre et al., 2008; Lim et al., 2008; Tao et al., 2008, Zhang et
al., 2009; Xiaowu et al., 2009). These FMHPs allow for high heat fluxes for horizontal or
thermosyphon positions (up to 150 W/cm?). However, in the majority of the cases, the
thermal performances of such FMHP don’t meet the electronic cooling requirements
when the anti-gravity position is requested since the FMHP thermal performances are
greatly altered for these conditions because the standard capillary grooves are not able
to allow for the necessary capillary pumping able to overcome the pressure losses.

ii. Type II: FMHPs with mixed capillary structures such as grooves and sintered metal
powder or grooves and screen meshes (Schneider et al.,1999a, 1999b, 2000; Zaghdoudi
et al., 2004; Popova et al., 2005, 2006). Depending on the characteristics of the capillary
structures such as the pore diameter, the wire diameter, the wire spacing and the
number for screen wick layers, these FMHPs could meet the electronic cooling
requirements especially for those applications where the electronic devices are
submitted to forces such as gravity, acceleration and vibration forces (Zaghdoudi and
Sarno, 2001). However, for standard applications, these FMHPs allow for low thermal
performances (lower heat fluxes and higher thermal resistance) when compared to
those delivered by the FMHPs of Type L.

iii. Type III: wickless FMHPs (Cao and Gao, 2002; Gao and Cao, 2003). These FMHPs
utilize the concept of the boiling heat transfer mechanism in narrow space. These
FMHPs can remove high heat flux rates with great temperature gradient between the
hot source and the cold one.
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Author Micromachining Technique =~ Material Capillary structure
Murakami et al. . Brass Triangular and
(1987) — rectangular grooves
Plesh et al. (1991) _a Copper Axial and transverse

rectangular grooves
Sun and Wang (1994) _a Aluminum V-shaped axial grooves
Ogushi and a Brass :cl;l;afelzg;?;aarﬁal
Yamanaka (1994) - P
grooves
Electric-discharge-machining Rectangular axial
Cao et al. (1997) (EDM) Copper grooves
Trapezoidal diagonal
. Rolling method grooves
Hopkins et al. (1999) High-speed dicing saw Copper Rectangular axial
grooves
Schneider et al. . . Triangular axial
(1999, 1999b, 2000) Metal forming process AlSiC grooves
Avenas et al. (2001) _a Brass Rectangular axial
grooves
Zaghdoudi and s L Rectangular a?ual
Milling process and sintering ~ Copper  grooves and sintered
Sarno (2001) .
powder wick
s Perpendicular network
Milling process Aluminum of crossed grooves
Cao and Gao (2002)  Electric Discharge Machining . 8o
Copper  Triangular axial
(EDM)
grooves
. Electric-discharge-machining Rectangular axial
Lin et al. (2002) (EDM) Copper grooves
Chien et al. (2003) Metal forming process Aluminum Radial rectangular
grooves
Gao and Cao (2003) Milling process Aluminum Wafﬂe-h.ke cubes
(protrusions)
Triangular and
Moon et al. (2003) Drawing and extrusion Copper rectangula.r axial
process grooves with curved
walls
Soo Yong and Joon Rectangule'ir axial .
Hong (2003) _a _a grooves with half circle
shape at the bottom
. 1 Radial diverging
Lin et al. (2004) Etching, C.NC mﬂhng, and Copper  grooves and sintered
sintering .
powder wick
Triangular and
Moon et al. (2004) Drawing process Copper  rectangular grooves
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Romestant et al. Extrusion Aluminum Triangular axial
(2004) grooves
Zaghdoudi et al. s Triangular axial
(2004) Milling process Copper grooves and meshes
Copper  Rectangular axial
. Stainless grooves
Zhang et al. (2004) - steel Trapezoidal axial
Copper  grooves
Direct Bounded Copper Copper/ Al Fiber mixed material of
lavoratet al. (200) technology umina  ADLO; and SiO;
Rectangular grooves
Popova et al. (2005) _a Copper  machined in sintered
copper structure
Rectangular grooves
Popova et al. (2006) _a Copper machined in sintered
copper structure
. s Rectangular axial
Lefevre et al. (2008) Milling process Copper grooves
Triangular axial
Lim et al (2008) Laser micromachining Copper  grooves with curved
walls
: . Rectangular axial
Tao et al. (2008) Flattemng of cylindrical Copper  grooves with half circle
finned tubes
shape at the bottom
. Radial diverging
Zhang et al. (2009) _ Copper grooves

Xiaowu et al. (2009)

Extrusion-ploughing process

a

V-shaped grooves

a Not specified in the reference

Table 1. Overview of the micromachining techniques of microgrooves for metallic FMHPs

From the studies published in open literature, the following points can be outlined:

i.  The importance of the choice of the microchannel geometry. Indeed, according to the

il.

iii.

shape of a corner, the capillary pressure generated by the variation of the liquid-vapor
interface curvature between the evaporator and the condenser, can be improved. An
optimal shape of a corner permits to supply efficiently the evaporation zone in liquid,
so that more heat power can be dissipated, and dry-out, which causes heat transfer
degradation, can be avoided.

The choice and the quantity of the introduced fluid in the microchannel play a
primordial role for the good operation of the FMHP.

Although the heat flux rates transferred by FMHPs with integrated capillary structure
are low, these devices permit to transfer very important heat fluxes avoiding the
formation of hot spots. Their major advantage resides in their small dimensions that
permit to integrate them near the heat sources.

4. Literature survey on micro/mini heat pipe modeling

For FMHPs constituted of an integrated capillary structure including microchannels of
different shapes, the theoretical approach consists of studying the flow and the heat transfer

www.intechopen.com
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in isolated microchannels. The effect of the main parameters, of which depends the FMHP
operation, can be determined by a theoretical study. Hence, the influence of the liquid and
vapor flow interaction, the fill charge, the contact angle, the geometry, and the hydraulic
diameter of the microchannel can be predicted by models that analyze hydrodynamic aspect
coupled to the thermal phenomena.

Khrustalev and Faghri (1995) developed a detailed mathematical model of low-temperature
axially grooved heat pipes in which the fluid circulation is considered along with the heat
and mass transfer processes during evaporation and condensation. The results obtained are
compared to existing experimental data. Both capillary and boiling limitations are found to
be important for the flat miniature copper-water heat pipes, which is capable of
withstanding heat fluxes on the order of 40 W/cm? applied to the evaporator wall in the
vertical position. The influence of the geometry of the grooved surface on the maximum
heat transfer capacity of the miniature heat pipe is demonstrated.

Faghri and Khrustalev (1997) studied an enhanced flat miniature heat pipes with capillary
grooves for electronics cooling systems, They survey advances in modeling of important
steady-state performance characteristics of enhanced and conventional flat miniature
axially-grooved heat pipes such as the maximum heat flow rate, thermal resistance of the
evaporator, incipience of the nucleate boiling, and the maximum heat flux on the evaporator
wall.

Khrustalev and Faghri (1999) analyze Friction factor coefficients for liquid flow in a
rectangular microgroove coupled with the vapor flow in a vapor channel of a miniature
two-phase device. The results show that the effect of the vapor-liquid frictional interaction
on the liquid flow decreases with curvature of the liquid-vapor interface. Shear stresses at
the liquid-vapor interface are significantly non-uniform, decreasing towards the center of
the liquid-vapor meniscus.

Lefevre et al. (2003) developed a capillary two-phase flow model of flat mini heat pipes with
micro grooves of different cross-sections. The model permits to calculate the maximum heat
transfer capabilities and the optimal liquid charge of the FMHP. The results are obtained for
trapezoidal and rectangular micro grooves cross-sections.

Launay et al. (2004) developed a detailed mathematical model for predicting the heat
transport capability and the temperature distribution along the axial direction of a flat
miniature heat pipe, filled with water. This steady-state model combines hydrodynamic
flow equations with heat transfer equations in both the condensing and evaporating thin
films. The velocity, pressure, and temperature distributions in the vapor and liquid phases
are calculated. Various boundary conditions fixed to the FMHP evaporator and condenser
have been simulated to study the thermal performance of the micro-heat-pipe array below
and above the capillary limit. The effect of the dry-out or flooding phenomena on the FMHP
performance, according to boundary conditions and fluid fill charge, can also be predicted.
Tzanova et al. (2004) presented a detailed analysis on maximum heat transfer capabilities of
silicon-water FMHPs. The predictive hydraulic and thermal models were developed to
define the heat spreader thermal performances and capillary limitations. Theoretical results
of the maximal heat flux that could be transferred agree reasonably well with the
experimental data and the developed model provides a better understanding of the heat
transfer capability of FMHPs.

Angelov et al. (2005) proposed theoretical and modeling issues of FMHPs with
parallelepipedal shape with regard to the capillary limit and the evaporator boiling limit.
An improved model is suggested and it is compared with the simulation and experimental
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results. The improved model implements a different analytically derived form of the friction
factor-Reynolds number product (Poiseuille number). The simulated results with the
proposed model demonstrate better coherence to the experiment showing the importance of
accurate physical modeling to heat conduction behavior of the FMHP.

Shi et al. (2006) carried out a performance evaluation of miniature heat pipes in LTCC by
numerical analysis, and the optimum miniature heat pipe design was defined. The effect of
the groove depth, width and vapor space on the heat transfer capacity of miniature heat
pipes was analyzed.

Do et al. (2008) developed a mathematical model for predicting the thermal performance of
a FMHP with a rectangular grooved wick structure. The effects of the liquid-vapor
interfacial shear stress, the contact angle, and the amount of liquid charge are accounted for
in the present model. In particular, the axial variations of the wall temperature and the
evaporation and condensation rates are considered by solving the one-dimensional
conduction equation for the wall and the augmented Young-Laplace equation, respectively.
The results obtained from the proposed model are in close agreement with several existing
experimental data in terms of the wall temperatures and the maximum heat transport rate.
From the validated model, it is found that the assumptions employed in previous studies
may lead to significant errors for predicting the thermal performance of the heat pipe.
Finally, the maximum heat transport rate of a FMHP with a grooved wick structure is
optimized with respect to the width and the height of the groove by using the proposed
model. The maximum heat transport rate for the optimum conditions is enhanced by
approximately 20%, compared to existing experimental results.

Do and Jang (2010) investigated the effect of water-based A1203 nanofluids as working fluid
on the thermal performance of a FMHP with a rectangular grooved wick. For the purpose,
the axial variations of the wall temperature, the evaporation and condensation rates are
considered by solving the one-dimensional conduction equation for the wall and the
augmented Young-Laplace equation for the phase change process. In particular, the
thermophysical properties of nanofluids as well as the surface characteristics formed by
nanoparticles such as a thin porous coating are considered. From the comparison of the
thermal performance using both water and nanofluids, it is found that the thin porous
coating layer formed by nanoparticles suspended in nanofluids is a key effect of the heat
transfer enhancement for the heat pipe using nanofluids. Also, the effects of the volume
fraction and the size of nanoparticles on the thermal performance are studied. The results
show the feasibility of enhancing the thermal performance up to 100% although water-based
Al203 nanofluids with the concentration less than 10% is used as working fluid. Finally, it is
shown that the thermal resistance of the nanofluid heat pipe tends to decrease with
increasing the nanoparticle size, which corresponds to the previous experimental results.

5. Experimental study

5.1 FMHP fabrication and filling procedure

A FMHP has been designed, manufactured, and tested. The design parameters are based on
some electronic components that require high power dissipation rate. The design is
subjected to some restrictions such as the requirements for size, weight, thermal resistance,
working temperature, and flow resistance. For comparison purposes, a solid heat sink that
has the same size but more weight than the FMHP is also tested. The test sample is made of
the same copper and their dimensions are 100 mm length, 50 mm width, and 3 mm
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thickness. The FMHP body is manufactured in two halves. Manufacturing of the FMHP
begins with the capillary grooves being mechanically machined by a high speed dicing
process in the first half (2 mm thick) and the second half, which consists of a copper cover
slip 1 mm thick, is bonded to the first half by an electron beam welding process. The heat pipe
charging tube (2 mm diameter), from which the fluid working is introduced, is bounded to the
heat pipe end by a classic welding technique. The geometrical dimensions of the FMHP are
indicated in table 2 and in Fig. 1. A view of the microchannels is shown in Fig. 2.

Filling the FMHP presents one of the greatest challenges. In this study, a boiling method is
used for the filling purpose. The filling assembly includes a vacuum system, a boiler filled
with distilled water, vacuum tight electrovalves, a burette for a precise filling of the FMHP
and a tubular adapter. The degassing and charging procedure consists of the following
steps: (i) degassing water by boiling process, (ii) realizing a vacuum in the complete set-up,
(iif) charging of the burette, and (iv) charging of the FMHP. An automatic process controls
the whole steps. After charging the FMHP, the open end (a 2 mm diameter charging tube) is
sealed. The amount of liquid is controlled by accurate balance. Indeed, the FMHP is
weighed before and after the fill charging process and it is found that the optimum fill
charge for the FMHP developed in this study is 1.2 ml.

A COUPE A-A
3

"~

~]

45
50

|

Sle
glx

Fig. 1. Sketch of the FMHPs

Fig. 2. View of the microchannels
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FMHP width, W 50
FMHP overall length, L; 100
FMHP thickness, t 3
Microchannel height, Dy 0.5
Microchannel width Wy (mm) 0.5
Microchannel spacing Sg (mm) 1
Overall width of the microchannels 45
Overall length of the microchannels (mm) 95
Number of the microchannels, N 47

Dimensions are in mm.

Table 2. Main geometrical parameters of the FMHP

5.2 Experimental set-up and procedures

Heat input is delivered by an electric resistance cartridge attached at one end of the FMHP
and it is provided on the grooved side of the FMHP. The power input to the heater is
controlled through a variable transformer so that a constant power is supplied to the heated
section, and the voltage and current are measured using digital voltmeter and ammeter.
Both the evaporator and the adiabatic sections are thermally insulated. The heat loss from
the insulation surface to the ambient is determined by evaluating the temperature difference
and the heat transfer coefficient of natural convection between the insulated outer surface and
ambient. Heat is removed from the FMHP by a water cooling system. A thermally conductive
paste is used to enhance the heat transfer between the copper FMHP and the aluminum
blocks. The lengths of the evaporator, adiabatic, and condenser zones are L. = 19 mm, L, = 35
mm, and L. = 45 mm, respectively. The temperature distribution across the surface of the
FMHP and the copper plate is obtained using 6 type-] surface mounted thermocouples. The
thermocouples are located, respectively at 5, 15, 27, 42, 60, and 90 mm from the end cap of the
evaporator section. In order to measure the evaporator and condenser temperatures, grooves
are practiced on the FMHP wall and thermocouples are inserted along the grooves. The
thermocouples locations and the experimental set-up are shown in Figs. 3 and 4.

19 35 45

Condenser

p—

Evaporator

O

[ Support
5 10 12 15 18 30

Fig. 3. Thermocouple locations

The experimental investigation focuses on the heat transfer characteristics of the FMHP at
various heat flux rates, Q, and operating temperatures, Ts. Input power is varied in
increments from a low value to the power at which the evaporator temperature starts to
increase rapidly. In the process, the temperature distribution of the heat pipe along the
longitudinal axis is observed and recorded. All experimental data are obtained with a
systematic and consistent methodology that is as follows. First, the flat miniature heat pipe is
positioned in the proper orientation and a small heat load is applied to the evaporator section.
Secondly, the heat sink operating temperature is obtained and maintained by adjusting the
cooling water flow to the aluminum heat sink. Once the heat sink temperature is obtained, the
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system is allowed to reach steady-state over 10-15 minutes. After steady-state is reached,
temperature readings at all thermocouples are recorded and power to the evaporator is
increased by a small increment. This cycle is repeated until the maximum capillary limit is
reached which is characterized by a sudden and steady rise of the evaporator temperature.

Thermocouples @
F]

Cryostat

Fig. 4. Experimental set-up

The data logger TC-08 acquisition system is used to make all temperature measurements.
The type ] thermocouples are calibrated against a precision digital RTD and their accuracy
over the range of interest is found to be within 0.5 °C. In the steady-state, the wall
thermocouples fluctuate within 0.2 °C. The uncertainty of the thermocouples is 0.3°C + 0.03
x 102 T, where T is the measured temperature. The uncertainty of the thermocouples
locations is within 0.5 mm in the heat pipe axial direction. A pair of multimeters is used to
determine and record the power supplied to the resistors. The first multimeter is used to
measure voltage across the film resistor and has an accuracy of 2 % of true voltage while the
second measures the AC current and has accuracy 2 % of true AC current. The power input
to the electric heater is calculated using the measured current and voltage (Q = V x I). The
thermal resistance, Ry, of the heat pipe is defined as the ratio of the temperature drop, AT =
Tev - T, across the heat pipe to the input heat power Q.

5.3 Experimental results and analysis

5.3.1 Combined effects of the heat input power and the heat sink temperature

Figs 5a to 5c illustrate typical steady temperature profiles for the FMHP prototypes for 10 W
to 60 W at a heat sink temperature, Ts;, of 10 °C, 20 °C, and 40 °C, when it is oriented
horizontally. The maximum evaporator temperature and temperature gradients for the
FMHP are considerably smaller than those obtained for copper plate (Fig. 5d). For instance,
for T = 40 °C, at an input power of 60 W, the maximum steady-state evaporator
temperature for the FMHP is nearly 100 °C, while for the copper plate the maximum
evaporator temperature is 160°C. This results in a decrease in temperature gradients of
approximately 60 °C. The heat source-heat sink temperature difference, AT = Te, - T, for
Ts¢ = 40 °C when the FMHP is oriented horizontally, are plotted as a function of the applied
heat flux rate in Fig. 6. Also shown for comparison is the heat source-heat sink temperature
difference for a copper plate. The maximum evaporator temperature and temperature
gradients for the FMHP are considerably smaller than those obtained for the copper plate.
As shown in Fig. 6, the heat pipe operation reduces the slope of the temperature profile for
the FMHP. This gives some indication of the ability of such FMHP to reduce the thermal
gradients or localized hot spots. The size of the source-sink temperature difference for the
FMHP increases in direct proportion of the input heat flux rate and varies from almost 10 °C
at low power levels to approximately 50 °C at input power levels of approximately 60 W.
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This plot again shows the effectiveness of the enhanced FMHP and clearly indicates the
temperature reduction level that can be expected at higher heat flux rates prior to dry-out.
The effective end cap to end cap thermal resistance of the FMHP is given in Fig. 7. Effective
end cap to end cap thermal resistance, Ru, defined here as the overall en cap to end cap
temperature drop divided by the total applied heat load, Q. A common characteristic of the
thermal resistance presented here is that the thermal resistance of the FMHP is high at low
heat loads as a relatively thick liquid film resides in the evaporator. However, this thermal
resistance decreases rapidly to its minimum value as the applied heat load is increased. This
minimum value corresponds to the capillary limit. When the applied heat flux rate becomes
higher than the capillary limit, the FMHP thermal resistance increases since the evaporator
becomes starved of liquid. This is due to the fact that the capillary pumping cannot
overcome the pressure losses within the FMHP. The decrease of the FMHP thermal
resistance is attributed mainly to the decrease of the evaporator thermal resistance when the
heat flux increases. Indeed, increasing the heat flux leads to the enhancement evaporation
process in the grooves. The decrease of Ry is observed when the evaporation process is
dominated by the capillary limit. However, for heat flux rates higher than the maximum
capillary limit, intensified boiling process may occur in the capillary structure, and
consequently the evaporator thermal resistance increases. This results in an increase of the
overall FMHP thermal resistance.

T = 10 °C - Horizontal T =20 °C - Horizontal position
110 110 ¢ T T
100 -+ Evaporator] Adiabatic ! Condenser ——10W 100 -f Evaporator ! adiabatic ! Condenser |—¢— Q=10
90 - f f ——20W 90 5 5 —=—Q20
80 - : ; ——30W E
70 : :
g @ 9
e 504 et
40
30 +
20 +
10 +
0 1
0 10 20 30 40 50 60 70 8 90 100
z (mm) z (mm)
() (b)
Ty= 40 °C - Horizontal position T, = 40 °C - Horizontal position
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Fig. 5. FMHP axial temperature profile obtained for a) Ty = 10 °C, b) Tst =20 °C, and c) Ty =
40 °C, and copper plate axial temperature profile for Ts = 40 °C (d)
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It is also noticed that for a given heat flux rate the thermal resistance decreases as the heat
sink temperature increases and the capillary limit, Qmax, increases. The increase in Qmax with
T, is due to the decrease of the overall pressure drop (AP;+ AP,). Indeed, when Ty increases,
the vapor temperature, Tsa, increases too. This results in a dramatic decrease of the vapor
friction factor and consequently the vapor pressure drop AP, decreases. However, the liquid
pressure drop, AP; increases with Ty because an augmentation of the liquid mass flow rate is
allowed by a decrease of the liquid friction factor with T:. Since the increase in AP is lower
than the decrease in AP, the overall pressure drop (AP; + AP,) decrease. As shown in Fig. 7,
the effect the heat sink temperature on the FMHP thermal resistance is effective when the
heat input power is greater than the capillary limit.

120 T
[lm
100 | Copper plate
[ | ¢ FMHP
2 80+
& E
[_:” 60 T
I
[ [
< 40 ¢
20 +
0+ ‘
0 10 20 30 40 50 60 70
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Fig. 7. FMHP thermal resistance Vs. Q, for

In order to quantify the experimental results better, additional data are taken from which an
effective FMHP conductivity, A, could be calculated using Fourier's law. The axial heat
flux rate, that is, the heat transported through the FMHP in the direction of the grooves, is
computed by dividing the input power by the FMHP cross-sectional area. This value is then
divided by the source-sink temperature difference. The obtained result is then multiplied by
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the linear distance between the points at which the source and sink temperatures are
measured. As depicted in Fig. 8, the increasing trend observed in the effective thermal
conductivity of the FMHP results from the decreasing temperature gradient occurring at
high heat flux rates which makes the heat pipes perform more effectively.

Horizontal position
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124 A Tsf=40°C
10
0 10 20 30 40 50 60 70

QW)
Fig. 8. Effective thermal conductivity enhancement variations Vs. Q, for different heat sink
temperatures

The heat transfer coefficients in the evaporator and condenser zones are calculated
according to the following expressions

1
h = 1
« (Tev _Tsat) _L ( )
Qev Ay,
1
h = 2
T LT b )
d. Ay

dev and qc are the heat fluxes calculated on the basis the evaporator and condenser heat
transfer areas. t, and A, are the thickness and the thermal conductivity of the wall,
respectively.

The variations of the evaporation and condensation heat transfer as a function of the heat
input power are depicted in Fig. 9, for different heat sink temperatures. The evaporation
heat transfer coefficients are larger than the condensation ones. For a given heat sink
temperature, the evaporation heat transfer coefficient exhibits a maximum which
corresponds to the capillary limit, Qmax. The degradation of the evaporation process is
caused by the fact that, for heat input powers which are higher than the capillary limit, the
evaporator becomes starved of liquid and dry-out occurs since the capillary pumping is not
sufficient for these conditions to overcome the liquid and vapor pressure losses. The
condensation heat transfer coefficient increases with the heat input power, Q. This is due to
the fact that the FMHP is correctly filled, and the blocking zone at the end of the condenser
section is not large. For a given heat input power, the evaporation heat transfer coefficient
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increases with the heat sink temperature, however, the condensation heat transfer coefficient
seems to decrease when the heat sink temperature increases. Hence, the evaporation process
in the grooves is enhanced when the heat sink temperature increases; meanwhile the
condensation process is altered.

Horizontal position
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Fig. 9. Evaporation and condensation heat transfer coefficients Vs. Q, for different heat sink
temperatures

5.3.2 Combined effects of the heat input power and the tilt angle

To determine the significance of the gravitational forces, experiments are carried out with
different FMHP orientations: horizontal, thermosyphon, and anti-gravity positions. The heat
sink temperature is fixed at Ty = 40°C. The FMHP thermal resistances variations as a
function of the heat input power are depicted in Fig. 10, for different FMHP orientations. For
heat flux rates Q > 40 W, the FMHP thermal resistances are nearly the same for the different
positions (if we consider the uncertainties on thermal resistance). However, for heat flux
rates Q < 40 W, the FMHP becomes sensitive to the orientation. The Anti-gravity position
exhibits the highest thermal resistances, while the thermosyphon and the horizontal
positions exhibit similar thermal resistances which are lower than those obtained for the
anti-gravity position.
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Fig. 10. FMHP thermal resistance Vs. Q, for different orientations
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In Fig. 11 are depicted the variations of the ratio of the effective thermal conductivity, A, to
the copper thermal conductivity, Ac,, as a function of the heat power input. The
enhancement of the effective thermal conductivity of the FMHP amounts to an increase of
nearly 240 percent for an input heat flux rate of about 40 W, for the horizontal and
thermosyphon positions, however, for the anti-gravity position, the enhancement is lower
and varies from nearly 30% for a heat input power of 10 W to 220% for a heat input power

of 40 W, and decreases to 200% for Q = 60 W.
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Fig. 11. Effective thermal conductivity enhancement variations as a function of Q, for
different orientations (Ts = 40 °C)
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Fig. 12. Evaporation and condensation heat transfer coefficient Vs. Q, for different

orientations (Ts = 40 °C)

Fig. 12 shows the variations of the evaporator and condensation heat transfer coefficients as
a function of the heat input power, Q. As it can be noticed, the evaporator heat transfer
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coefficients are not very sensitive to the FMHP orientation (if we consider the uncertainties).
We can also notice that for heat input powers, which are higher than the capillary limit, the
evaporator heat transfer coefficients are higher than those obtained for the horizontal and
anti-gravity positions. However, the condensation heat transfer coefficient is sensitive to the
orientation. These results can be explained by the liquid distribution inside the FMHP which
is dependent on its orientation since the thermosyphon position is favorable to the return of
the liquid to the evaporator.

5.3.3 Heat transfer law

In order to quantify the heat transfer mechanisms in the evaporator and condenser zones,
we have processed the experimental data in dimensionless numbers in order to obtain heat
transfer laws. The dimensionless analysis is carried out on the basis of Vaschy-Backingham
theorem (or © theorem). The heat transfer coefficients in the evaporator and condenser zones
are calculated according to equations (1) and (2).The following dimensionless numbers are
evidenced from the w analysis:

i.  the Laplace constant (obtained for Bond number equal to unity), La

La = |—2>— 3)

(P—p,)8

where ¢ is the liquid surface tension. p; and p, are the liquid and vapor densities,
respectively. g is the gravity acceleration.
ii. the Reynolds number, Re

Re = PYela _m _ Q _ g (4)
] WS H; S Ah, W, Ah,

where V. is the liquid or the vapor velocity. L is the liquid dynamic viscosity, and Ah, is the
latent heat. S is the heat transfer area in the evaporator (L. X lc) or condenser section (L. x L),
Q is the heat flux rate, and q is the heat flux transferred in the evaporator or the condenser
zone.

iii. the Prandtl number, Pr

Mic,
A

Pr =

where Cp is the liquid specific heat, and A; is the liquid thermal conductivity.
iv. the Niisselt number, Nu

Nu = hLa ©)
M

where h is the heat transfer coefficient in the evaporator or condenser section.
v. the modified Jakob number, Ja*

]a* — & Cpl Tsat
p, Ah

v
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Hence, the heat transfer coefficients can be calculated by
Nu = ARe™ Pr™ Ja*™ 8)

A, mi, my, and m3 are constant, which are determined from the experimental results. For the
evaporation heat transfer, relation (8) is calculated by taking the liquid physical properties at
the saturation temperature and the vapor physical properties at the film temperature (T; =
(TsattTw)/2). For condensation heat transfer, the liquid and vapor physical properties are
determined by considering the film and saturation temperatures, respectively.

The constants of equation (8) are determined from the experimental data by a linear
regression analysis, for the evaporation and the condensation phenomena. It is found that
the heat transfer law proposed by equation (8), the experimental results are well correlated
when considering A = 902, m; = 0.825, m; = 0.333, m3 = -0.999, and my = -0.020, for the
evaporation phenomena, and A = 2.165x10-12, m; = 1.001, m, = -0.032, ms = 2.644, and my =
1.907, for the condensation phenomena. The variations of the calculated Niisselt number as
a function of the Niisselt number obtained experimentally are depicted in Fig. 13. As it can
be seen from Fig. 13, the experimental Niisselt number for the heat transfer by evaporation
is well represented by equation (8). For the evaporation heat transfer, the coefficient of
correlation is 0.751 and the deviation from the experimental results is + 20%. For the
condensation heat transfer law, the experimental results are very well represented by
equation (8) with a coefficient of correlation of 0.978, and the deviation from the
experimental results is +10%.

Evaporation

Condensation

3.5 T - 1.5 >
r . ’
3.0 £ . . 1
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Fig. 13. Comparison between the Nusselt number obtained from the experimental results
and that obtained from equation (8) for (a) the evaporation heat transfer, (b) the
condensation heat transfer

6. FMHP modeling

6.1 Equations of the model

The section of the FMHP is illustrated by Fig. 1 (square microchannels with Dy = W, = d).
The liquid accumulates in the corners and forms four meniscuses (Fig. 14). Their curvature
radius, r., is related to the difference of pressure, between vapor and liquid phase, by the
Laplace-Young equation.
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Fig. 14. Evolution of the curvature radius along a microchannel

In the evaporator and adiabatic zones, the curvature radius, in the parallel direction of the
microchannel axis, is lower than the one perpendicular to this axis. Therefore, the meniscus
is described by only one curvature radius. In a given section, r. is supposed constant. The
axial evolution of r. is obtained by the differential of the Laplace-Young equation. The part
of wall that is not in contact with the liquid is supposed dry and adiabatic.

In the condenser, the liquid flows toward the microchannel corners. There is a transverse
pressure gradient, and a transverse curvature radius variation of the meniscus. The
distribution of the liquid along a microchannel is presented in Fig. 14.

The microchannel is divided into several elementary volumes of length, dz, for which, we
consider the Laplace-Young equation, and the conservation equations written for the liquid
and vapor phases as it follows

Laplace-Young equation

dp, _dp _ — dr, 9)
dz dz r. dz

Liquid and vapor mass conservation

d(p,w A)_ 1 dQ

- (10)
dz Ah, dz
A
d (pv WV V) - . 1 d_Q (11)
dz Ah, dz
Liquid and vapor momentum conservation
2
plwdz = AR 4, 1A, 5+ Ayt~ by g A sinp dz (12)
z z
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2
pv@dz = _wdz_rcidAﬂ _|va| Avw _pv g AV SlnB d‘Z (13)
z z

Energy conservation

2
x‘wa—Tzw_L(Tw_Tsat)z_ 1 d_Q
dz= t Ixt, dz

w

(14)

The quantity dQ/dz in equations (10), (11), and (14) represents the heat flux rate variations
along the elementary volume in the evaporator and condenser zones, which affect the
variations of the liquid and vapor mass flow rates as it is indicated by equations (10) and
(11). So, if the axial heat flux rate distribution along the microchannel is given by

Q, z/L, 0<z<L,
Q = 1Q, L.<z <L,+L, (15)
Q |1+ Letbaz2) 11 <p<r -1,
Lc_Lb

we get a linear flow mass rate variations along the microchannel.

In equation (15), h represents the heat transfer coefficient in the evaporator, adiabatic and
condenser sections. For these zones, the heat transfer coefficients are determined from the
experimental results (section 5.3.3). Since the heat transfer in the adiabatic section is equal to
zero and the temperature distribution must be represented by a mathematical continuous
function between the different zones, the adiabatic heat transfer coefficient value is chosen
to be infinity.

The liquid and vapor passage sections, Aj, and A,, the interfacial area, Aj, the contact areas
of the phases with the wall, Aj, and A}, are expressed using the contact angle and the
interface curvature radius by

A = 4*rcz(sin26—9+smze) (16)

A, =d*-A, (17)

A, =8x06xr1.xdz (18)
16

A, =—=r.sin0 dz 19

Iw \/E c ( )

A —(4xd—£r sin® jdz (20)

vw \/E (

T

0=—-o 21

: e
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The liquid-wall and the vapor-wall shear stresses are expressed as

1 k w,D
T =opwif, fi=—-, R, =PI i (22)
2 Rel ““1
va = lpv‘/v\zzfv 4 fv = kV 4 Rev = M (23)
2 REV “V

Where k; and k, are the Poiseuille numbers, and Dy and Dyyw are the liquid-wall and the
vapor-wall hydraulic diameters, respectively.

The hydraulic diameters and the shear stresses in equations (22) and (23) are expressed as
follows

\/Ech (sin2 0-0+ 811122(9]
Dy, = Sin® (24)
d* —4r? (sin2 0-0+0 26]
thw = 4 (25)
d ——=sinOxr,
\/5 C
T =% k,wiu, sme‘ - 6)
Zﬁ(sin26—9+ S‘rz‘ jrc
k w u (d—(4sin6jr]
T 2 (27)

Z(d2 —4r? (sin2 -0+ SIEGD

The liquid-vapor shear stress is calculated by assuming that the liquid is immobile since its
velocity is considered to be negligible when compared to the vapor velocity (wi << wy).
Hence, we have

_lpvwxzzkv R — pv|WV|Dhiv

Ti AN 4 eiv (28)
I 2 Reiv l"tv

where Dy, is the hydraulic diameter of the liquid-vapor interface. The expressions of Dy
and Tiy are

4 —4rcz(sin2 0-0+ szzej
D, = T 9)
Tll — ]<Ve rCWV“V - (30)
d? - 4r? (sin29—6+ szej
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The equations (9-14) constitute a system of six first order differential, nonlinear, and coupled
equations. The six unknown parameters are: r., wi, wy, P}, Py, and T\,. The integration starts
in the beginning of the evaporator (z = 0) and ends in the condenser extremity (z = L; - Ly),
where L, is the length of the condenser flooding zone. The boundary conditions for the
adiabatic zone are the calculated solutions for the evaporator end. In z = 0, we use the
following boundary conditions:

rC\O = rcmin (a)
w’=wl’=0 ()
P°=P,(T) o
=P - (@

The solution is performed along the microchannel if r. is higher than rcmin. The coordinate
for which this condition is verified, is noted L.s and corresponds to the microchannel dry
zone length. Beyond this zone, the liquid doesn't flow anymore. Solution is stopped when r.
= I'emaxy Which is determined using the following reasoning: the liquid film meets the wall
with a constant contact angle. Thus, the curvature radius increases as we progress toward
the condenser (Figs. 14a and 14b). When the liquid film contact points meet, the wall is not
anymore in direct contact with vapor. In this case, the liquid configuration should
correspond to Fig. 14c, but actually, the continuity in the liquid-vapor interface shape
imposes the profile represented on Figure 14d. In this case, the curvature radius is
maximum. Then, in the condenser, the meniscus curvature radius decreases as the liquid
thickness increases (Fig. 14e). The transferred maximum power, so called capillary limit, is
determined if the junction of the four meniscuses starts precisely in the beginning of the
condenser.

6.2 Numerical results and analysis

In this analysis, we study a FMHP with the dimensions which are indicated in Table 1. The
capillary structure is composed of microchannels as it is represented by the sketch of Fig. 1.
The working fluid is water and the heat sink temperature is equal to 40 °C. The conditions of
simulation are such as the dissipated power is varied, and the introduced mass of water is
equal to the optimal fill charge.

The variations of the curvature radius r. are represented in Fig. 15. In the evaporator,
because of the recession of the meniscus in the channel corners and the great difference of
pressure between the two phases, the interfacial curvature radius is very small on the
evaporator extremity. It is also noticed that the interfacial curvature radius decreases in the
evaporator section when the heat flux rate increases. However, it increases in the condenser
section. Indeed, when the heat input power increases, the liquid and vapor pressure losses
increase, and the capillary pressure becomes insufficient to overcome the pressure losses.
Hence, the evaporator becomes starved of liquid, and the condenser is blocked with the
liquid in excess.

The evolution of the liquid and vapor pressures along the microchannel is given in Figs. 16
and 17. We note that the vapor pressure gradient along the microchannel is weak. It is due
to the size and the shape of the microchannel that don't generate a very important vapor
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pressure drop. For the liquid, the velocity increase is important near of the evaporator
extremity, which generates an important liquid pressure drop.

Fig. 18 presents the evolution of the liquid phase velocity along a microchannel. In the
evaporator section, as the liquid passage section decreases, the liquid velocity increases
considerably. On other hand, since the liquid passage section increases along the
microchannel (adiabatic and condenser sections), the liquid velocity decreases to reach zero
at the final extremity of the condenser. In the evaporator, the vapor phase velocity increases
since the vapor passage section decreases. In the adiabatic zone, it continues to grow with
the reduction of the section of vapor passage. Then, when the condensation appears, it
decreases, and it is equal to zero on the extremity of the condenser (Fig. 19).
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Fig. 15. Variations of the curvature radius r. of the meniscus
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The variations of the wall temperature along the microchannel are reported in Fig. 20. In the
evaporator section, the wall temperature decreases since an intensive evaporation appears
due the presence of a thin liquid film in the corners. In the adiabatic section, the wall
temperature is equal to the saturation temperature corresponding to the vapor pressure. In
the condenser section, the wall temperature decreases. In this plot, are shown a comparison
between the numerical results and the experimental ones, and a good agreement is found
between the temperature distribution along the FMHP computed from the model and the
temperature profile which is measured experimentally. An agreement is also noticed
between the temperature distribution which is obtained from a pure conduction model and
that obtained experimentally (Fig. 21).
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Fig. 20. Variations of the FMHP wall temperature
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Fig. 21. Variations of the copper plate wall temperature

7. Conclusion

In this study, a copper FMHP is machined, sealed and filled with water as working fluid.
The temperature measurements allow for a determination of the temperature gradients and
maximum localized temperatures for the FMHPs. The thermal FMHP are compared to those
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of a copper plate having the same dimensions. In this way, the magnitude of the thermal
enhancement resulting from the FMHP could be determined. The thermal measurements
show significantly reduced temperature gradients and maximum temperature decrease
when compared to those of a copper plate having the same dimensions. Reductions in the
source-sink temperature difference are significant and increases in the effective thermal
conductivity of approximately 250 percent are measured when the flat mini heat pipes
operate horizontally.

The main feature of this study is the establishment of heat transfer laws for both
condensation and evaporation phenomena. Appropriate dimensionless numbers are
introduced and allow for the determination of relations, which represent well the
experimental results. This kind of relations will be useful for the establishment of theoretical
models for such capillary structures.

Based on the mass conservation, momentum conservation, energy conservation, and
Laplace-Young equations, a one dimensional numerical model is developed to simulate the
liquid-vapor flow as well as the heat transfer in a FMHP constituted by microchannels. It
allows to predict the maximum power and the optimal mass of the fluid. The model takes
into account interfacial effects, the interfacial radius of curvature, and the heat transfer in
both the evaporator and condenser zones. The resulting coupled ordinary differential
equations are solved numerically to yield interfacial radius of curvature, pressure, velocity,
temperature information as a function of axial distance along the FMHP, for different heat
inputs. The model results predict an almost linear profile in the interfacial radius of
curvature. The pressure drop in the liquid is also found to be about an order of magnitude
larger than that of the vapor. The model predicts very well the temperature distribution
along the FMHP.

Although not addressing several issues such as the effect of the fill charge, FMHP
orientation, heat sink temperature, and the geometrical parameters (groove width, groove
height or groove spacing), it is clear from these results that incorporating such FMHP as
part of high integrated electronic packages can significantly improve the performance and
reliability of electronic devices, by increasing the effective thermal conductivity,
decreasing the temperature gradients and reducing the intensity and the number of
localized hot spots.
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