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Preface

Recent developments in electronics and semiconductor technologies and the continued min-
iaturization have resulted in very high increase in power density for high performance chips
and devices. Although impressive progress has been made during the past decades, there
remain serious technical challenges in thermal management of electronic devices as the con-
ventional cooling approaches are increasingly falling short in meeting the ever-increasing
cooling demand of high-heat flux generating electronics.

Featuring contributions from internationally renowned academics and researchers in the
field, this book covers various key electronics cooling approaches, including conventional
and advanced ones.

This book starts with an introductory chapter overviewing available conventional and
emerging cooling methods as well as coolants such as nanofluids for electronics cooling.

The second chapter introduces an innovative cooling method using boiling heat transfer to
immiscible liquid mixtures and also presents and discusses experimental findings.

The third chapter covers the knowledge and state-of-art technologies in regard to heat pipe
and phase change heat transfer, which are very essential for reliable operation of ultra-high
heat flux generating electronic devices.

The fourth chapter presents application of heat pipe systems for computer cooling. It also
reviews studies on the types of heat pipes and their applications in electronics cooling par-
ticularly computer cooling.

The fifth chapter presents the operating principles, heat transfer characteristics, and fabrica-
tion process of MEMS-based micro-grooved heat pipes and further reports some promising
and innovatory applications of MEMS-based micro heat pipes.

The sixth chapter presents an extensive numerical study on the performance evaluation of
laminar mixed convection heat transfer of nanofluids and microchannel for the electronics
cooling application.

The seventh chapter provides insight into experimental, numerical, and analytical studies
on the reciprocating-mechanism driven heat loop (RMDHL) cooling technology for power
electronic systems. This chapter also clarifies the fundamental physics behind the working
mechanism of RMDHLs and derives a working criterion as guidance for the design of a
RMDHL.

The final chapter pertains to the theoretical derivation for the estimation of the junction tem-
perature of package chip, which is very important in order to design any integrated circuit.
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Chapter 1

Introductory Chapter: Electronics Cooling—An
Overview

S M Sohel Murshed

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63321

1. Introduction

Recent development in semiconductor and other other mini- and micro-scale electronic
technologies and continued miniaturization have led to very high increase in power density
for high-performance chips. Although impressive progress has been made during the past
decades, there remain serious technical challenges in thermal management and control of
electronics devices or microprocessors. The two main challenges are: adequate removal of ever
increasing heat flux and highly non-uniform power dissipation. According to a report of the
International Electronics Manufacturing Initiative (iNEMI) Technology Roadmap [1], the
maximum projected power dissipation from high-performance microprocessor chips will
reach about 360 W by 2020. In fact, the micro- and power-electronics industries are facing the
challenge of removing very high heat flux of around 300 W/cm? while maintaining the
temperature below 85°C [2]. Furthermore, due to increasing integration of devices, the power
dissipation on the chip or device is getting highly non-uniform as a peak chip heat flux can be
several times that of the surrounding area.

Conventional cooling approaches are increasingly falling apart to deal with the high cooling
demand and thermal management challenges of emerging electronic devices. Thus, high-
performance chips or devices need innovative techniques, mechanisms, and coolants with high
heat transfer capability to enhance the heat removal rate in order to maintain their normal
operating temperature. Unlesstheyare cooled properly, theirnormal performanceandlongevity
candeterioratefaster thanexpected.Inaddition, thefailurerateofelectronicequipmentincreases
with increasing operating temperature. Reviews and analyses on research and advancement of
conventional and emerging cooling technologies reveal that microchannel-based forced
convection and phase-change cooling (liquid) are among the most promising techniques that
are capable of achieving very high heat removal rates [2-6].

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

open science | open minds and reproduction in any medium, provided the original work is properly cited. [®)sy |
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On the other hand, most of the cooling techniques cannot achieve the required performance
due to the limitations in heat transfer capabilities of traditional coolants such as air, oil, water,
and water/ethylene glycol/methanol mixtures, which inherently possess poor heat transfer
characteristics, particularly thermal conductivity and convective heat transfer coefficient
(HTC). For instance, in order to accommodate a heat flux of 100 W/cm? at a temperature
difference of 50 K, it requires an effective HTC (including a possible area enlarging factor) of
20,000 W/m?K, which is usually not possible through free and forced convections of these
coolants [7]. Thus, there is always a desperate need to find cooling fluids with superior heat
transfer performance. Consequently, there are several recently emerged fluids, which can
potentially be used as advanced coolants. One such fluid is nanofluid —a new class of heat
transfer fluids, which are suspensions of nanometer-sized particles in conventional heat
transfer fluids such as water (W), ethylene glycol (EG), oils, and W/EG. Nanofluids were found
to possess considerably higher thermal properties, particularly thermal conductivity and
convective as well as boiling heat transfer compared to their base conventional fluids [8-12].
With highly desirable enhanced thermal properties, this new class of fluids can offer immense
benefits and potentials in wide range of applications including cooling of electronics and other
high-tech industries [12-14]. Recently, another novel class of fluids—termed “ionanofluids”
was proposed by our group [15-16]. Ionanofluids, which are suspensions of nanoparticles in
only ionic liquids, were also found to have superior thermal properties compared to their base
ionic liquids [15-17]. In addition to their unique features like green fluids and designable for
specific tasks, ionanofluids show great potential as advanced heat transfer fluids in cooling
electronics.

In this chapter, an overview of various cooling methods and traditional coolants for electronic
devices is presented first. Then, heat transfer properties and performances of new coolants are
summarised, followed by their potential in electronics cooling.

2. Cooling methods

Despite impressive progress made on electronic cooling systems in recent years, the required
high heat flux removal from the high-tech electronic devices remains inadequate and very
challenging. There are a number of cooling methods widely used in electronic industries. Based
on heat transfer effectiveness, the existing cooling modes can be classified into four general
categories which are [18]:

= Natural convection,

= Forced convection air cooling,

= Forced convection liquid cooling,
= Liquid evaporation.

Based on the approximate range of heat flux removal rate of these methods, it is known that
liquid evaporation is the best technique followed by the forced convections of liquids and then
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air [18]. However, forced air convection, which is widely used in cooling electronics such as
CPU of computing devices, has very low heat removal rate (though higher than radiation and
natural convection). As well known, besides heat removal mode, cooling fluids also play a
major role in overall cooling performance.

High-performance electronic devices and chips need innovative techniques and systems
design to enhance the heat removal rate in order to minimize their operating temperature and
maximize longevity. Traditional cooling approaches, consisting typically of air-cooled heat
sinks, are increasingly falling short in meeting the cooling demands of modern electronic
devices with high-powered densities. Thus, in recent years, various techniques for cooling
such electronics have been studied extensively and employed in various thermal management
systems. These include thermosyphons [19], heat pipes [20], electro-osmotic pumping [21],
microchannels [4, 5], impinging jets [22], thermoelectric coolers [23], and absorption refriger-
ation systems [24]. These cooling techniques can be categorized into passive and active
systems. Passive cooling systems utilize capillary or gravitational buoyancy forces to circulate
the working fluid, while active cooling systems are driven by a pump or compressor for higher
cooling capacity and improved performance. As a passive cooling and given high latent heat
of fusion, high specific heat, and controllable temperature stability of phase change materials
(PCMs), PCMs-based heat sinks are relatively new techniques that can be used for transient
electronic cooling applications [25].

Microscale cooling systems can sufficiently cool those high heat-generating electronic devices
or appliances. For example, the heat transfer performances of microchannel based heat-sinks
and micro-heat pipes are much higher compared to traditional heat exchangers. Because of
the very compact, lightweight, suitable for small electronic devices, and superior cooling
performance, microchannel-based cooling systems have received great attention from
researchers and industries. The forced convective liquid cooling through microchannel heat
sink is one of the promising and high-performance cooling technologies for small-sized high
heat-generating electronic devices. Besides significantly minimizing the package size, this
emerging cooling technology is also amenable to on-chip integration [4, 5].

Heat pipes-based electronics cooling is very popular and is recently receiving great attention
from the researchers as well as industries and are already used in various electronic devices.
Thus, a couple of chapters have particularly been devoted on this topic and it is not discussed
here further.

On the other hand, direct liquid immersion cooling offers a very high HTC, which reduces the
temperature rise of the chip surface. Figure 1 compares the relative magnitudes (approximate)
of HTCs of various commonly used coolants and cooling modes. The relative magnitude of
HTC is directly affected by both the coolant and the mode of heat transfer (Figure 1). While
water (deionized) is the most effective coolant, the boiling and condensation offer the highest
HTCs.

Whatever methods are used to cool the devices or chips, transferring the heat to a fluid with
or without phase transitions, it is necessary to dissipate the heat to the environment. This is
mostly done with the forced convection of air, which is not sufficient particularly for high heat
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removal situations. Thus, it is also of tremendous importance to efficiently take away the heat
from the coolants.

Water vapor E
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Figure 1. Range of overall heat transfer coefficients for different fluids and cooling modes.

3. Cooling fluids

3.1. Conventional coolants

There are a number of aqueous and non-aqueous conventional coolants which are used in
various electronics cooling systems. As water possesses higher thermal conductivity and
specific heat and lower viscosity compared to other coolants, it is the most widely used coolant
for electronics. But water is not used in closed loop systems due to its high freezing point and
the expansion upon freezing.

Nonetheless, it is important to select the best coolant for any specific device or cooling system.
There are some general requirements for coolants and they may vary depending on the type
of cooling systems and electronic devices. As well discussed in the literature [26], the liquid
coolants for electronics cooling must be non-flammable, non-toxic, and inexpensive with
excellent thermophysical properties and features, which include high thermal conductivity,
specificheatand HTC, and low viscosity. Besides good chemical and thermal stability, coolants
must also be compatible (e.g., non-corrosive) with the materials of the components of the
cooling systems and devices. However, selection of a coolant for direct immersion cooling
cannot be made only based on the heat transfer features. Chemical compatibility of the coolant
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with the chips and other packaging materials must be considered as well. The commonly used
coolants for electronics cooling are mainly classified into two groups: dielectric and non-
dielectric coolants.

There are several types of dielectric coolants, which are aromatics, aliphatics, silicones, and
fluorocarbons-based fluids. Aromatics coolants such as diethylbenzene (DEB), toluene, and
benzenes are the most commonly used coolants. Aliphatic hydrocarbons of paraffinic and
isoparaffinic types (including mineral oils) and aliphatic polyalphaolefins (PAO) are used in
a variety of direct cooling of electronics. Silicones-based coolant is another popular type of
coolant widely known as silicone oils, e.g., Syltherm XLT. The fluorocarbons series of coolants
such as FC-40, FC-72, FC-77 and FC-87 are widely accepted in the electronics industries.

Non-dielectric liquids are also used for electronics cooling because of their better thermal
properties compared to their dielectric counterparts. They are normally aqueous solutions and
thus exhibit high heat capacity and thermal conductivity. Water, EG, and mixture of these two
(W/EG) are very popular and widely used as electronics coolants. Other popular non-dielectric
coolants include propylene glycol (PG), water/methanol, W/ethanol, NaCl solution, potassium
formate (KFO) solution, and liquid metals (e.g., Ga-In-Sn). Mohapatra and Loikits [26]
evaluated that among the various coolants, KFO solution possesses highest overall efficiency.
Comparisons of various properties and characteristics of all types of available coolants can
help selecting the right coolants.

3.2. Potential new coolants

As mentioned before, the cooling demands of modern electronics devices or systems cannot
be met by those conventional coolants due to their inherently poor thermal properties which
greatly limit the cooling performance. Here, the newly emerged heat transfer fluids like
nanofluids and ionanofluids, which have highly desirable superior thermal properties and are
suitable for even microsystems, can be the cooling solutions. These new fluids can also offer
immense benefits and potential applications in a wide range of industrial, electronics, and
energy fields [12-14, 17]. Results of key heat transfer features including thermal conductivity,
convective and boiling of these new coolants are briefly summarized in the following subsec-
tion.

3.2.1. Summary of thermal properties and performance

Extensive research has been performed on the thermal conductivity of nanofluids and studies
showed that nanofluids possess considerably higher thermal conductivity compared to their
base fluids [8, 12, 27-28]. However, results from different research groups are not very
consistent and sometimes also controversial particularly regarding the heat transfer
mechanisms [29]. Nanofluids also exhibit superior other thermophysical properties than those
of base fluids [8, 27, 30-32]. With significantly high thermal properties, nanofluids can meet
the cooling demand of high-tech electronics devices.

Evaluating the convective heat transfer performance of nanofluids is very important in order
for their application as coolants in electronics. There have been large number of studies on
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convective heat transfer of nanofluids and nanofluids are found to exhibit enhanced HTC
compared to their base fluids at any flow conditions. The enhanced HTC (h or Nu) further
increases considerably with increasing concentration of nanoparticles as well as Reynolds
number (Re) or flow rate [9, 33-34]. The enhancement of HTC is even more significant at
turbulent regime. Based on the findings of convective heat transfer, it is considered that
nanofluids can perform better cooling compared to conventional fluids in electronics cooling
systems.

Another very important and efficient mode of cooling is boiling or phase change of fluids in
various heat exchange systems. There is an increasing research focus on this key-cooling
feature of nanofluids. Studies on boiling heat transfer of nanofluids revealed an undisputed
substantial increase (up to few times of base fluids) in the boiling critical heat flux of nanofluids
[9, 35-36]. Research also demonstrated that the boiling performance of nanofluids can be
enhanced further with nanoparticle concentration and various other factors such as deposition
of nanoparticles on heater wall, roughness of wall surface, and addition of surfactant [35-38].
Given the superior convective and boiling heat transfer performances, these new fluids can
considerably increase the HTC and can act as better coolants than water or other conventional
coolants.

Like nanofluids, ionanofluids also exhibit superior thermal properties, particularly thermal
conductivity and heat capacity compared to their base ionic liquids [15-17]. Besides good
thermal stability, thermophysical properties of ionanofluids can be adjusted by changing the
ionic composition and structure of base ionic liquids. Early research revealed that these new
nanofluids showed great potential to be used as advanced coolants for electronics cooling [16—
171].

3.2.2. Potential of new fluids in electronics cooling

In recent years, extensive research works have been performed on the application of micro-
channel cooling systems (e.g., heat sinks) for electronics cooling [4, 5, 39]. Since the convective
HTC is inversely proportional to the hydraulic diameter of the channel, very high heat transfer
performance can be achieved by using microchannel at any flow regime. The forced convective
heat transfer of cooling fluids through microchannel heat sinks is among the more promising
technologies, which can offer very high heat removal rates [4, 5, 21, 39]. Nevertheless, the main
limitation of cooling performance actually raised from the low heat transfer capability of the
coolants used. In this regards, nanofluids with superior heat transfer performance can
potentially boost the heat removal performance of microchannel cooling systems even further
and be able to remove high heat flux of high-tech electronics devices.

Nanofluids have directly been employed in cooling systems of electronic or computing devices
to evaluate the performance of these new fluids [40—42]. Results were very promising as the
application of nanofluids in those cooling systems resulted in better cooling performance
compared to traditional base fluids [39-43]. Thus, applications of nanofluids in conventional
and emerging techniques such as microchannels and heat pipes can be the next-generation
electronics cooling systems. A detailed discussion and analysis on the potential benefits and
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applications of nanofluids in cooling electronics can also be found in an ongoing study by the
author [44].

4. Conclusions

Advances in electronics and semiconductor technologies have led to a dramatic increase in
heat flux density for high-performance chips and components, whereas conventional cooling
techniques and coolants are increasingly falling short in meeting the ever-increasing cooling
need of such high heat-generating electronic devices or microprocessors. Despite good
progress been made during the past decades, there remain some serious technical challenges
in thermal management and cooling of these electronics. High-performance chips and devices
need innovative mechanisms, techniques, and coolants with high heat transfer capability to
enhance the cooling rate for their normal performance and longevity. With superior thermal
properties and cooling features, nanofluids offer great promises to be used as coolants for high-
tech electronic devices and industries. The emerging techniques like microchannels with these
new fluids can be the next-generation cooling technologies.
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Abstract

To satisfy the requirements for the cooling of small and large semiconductors operated
at high heat flux density, an innovative cooling method using boiling heat transfer to
immiscible liquid mixtures is proposed. Immiscible liquid mixtures discussed here are
composed of more-volatile liquid with higher density and less-volatile liquid with lower
density, and appropriate volumetric ratios become a key to realize high-performance
cooling. The chapter reviews the experimental results obtained by the present authors,
where critical heat flux accompanied by the catastrophic surface temperature excursion
is increased up to 300 W/cm? for FC72/water by using a flat heating surface of 40 mm in
diameter facing upwards under the pressure 0.1 MPa.

To apply the superior heat transfer characteristics in boiling of immiscible mixtures to
flow boiling system, preliminary experiments using a horizontal heated tube are
performed and the classification of flow pattern with liquid-liquid interface and
corresponding heat transfer performance are discussed.

Keywords: cooling of electronics, immiscible mixture, insoluble mixture, pool boiling,
flow boiling

1. Introduction

1.1. Possibility of non-azeotropic mixtures

For the systems of air conditioning and refrigeration, non-azeotropic miscible mixtures are
often used as the working fluids alternative to the discontinued ones. However, these fluids
have a well-known unavoidable disadvantage of heat transfer deterioration resulting from the
increased interfacial temperature due to the existence of mass diffusion resistance. At the same

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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time, for the non-azeotropic miscible mixtures, there is an unknown effect of Marangoni force
exerted mainly by the concentration difference along the liquid-vapor interface as a result of
the preferential evaporation of more-volatile component. In aqueous solutions of alcohol with
alarge carbon number, the surface tension is increased with increasing temperature depending
on the range of concentration and the level of temperature. In such a condition, Marangoni
force due to the concentration gradient is enhanced by also the temperature gradient along the
interface, especially near the three-phase interline extended at the base of bubbles. The
enhancement of critical heat flux (CHF) was shown by Vochten-Petre [1] and Van Stralen [2]
based on the experiments using a wire heater. Abe [3] verified the drastic increase of maximum
heat transportation for heat pipes using "self-rewetting mixtures". Sakai et al. [4] confirmed
the small enhancement of heat transfer in the ranges of very low alcohol concentration in water,
while no appreciable increase in CHF for a flat heating surface facing upwards. As a conse-
quence, non-azeotropic mixtures have no advantage from the view point of the improvement
of heat transfer.

1.2. Expected performance of immiscible mixtures

Innovative cooling systems which meet the requirement for the increased heat generation
density from electronic devices are urgently required. To enhance the values of CHF for the
cooling of a large area at high heat flux larger than 200 W/cm? as shown in Figure 1, the present
authors confirmed the validity of the devised structure which reduces the effective heating
length by the liquid supply directly to the downstream of the heating duct from the transverse
direction. An example of the structure is illustrated in Figure 2 [5,6]. However, such structure
is rather complicated. On the other hand, to ensure the high reliability for a long-term
operation, microstructures on the "enhanced surface" cannot be accepted depending on their
application. The present authors noticed the superior heat transfer characteristics in nucleate
boiling of immiscible mixtures even on a smooth surface (Kobayashi et al. [7], Ohnishi et al. [§],
Kita et al. [9]), which are summarized as follows.

1. The value of critical heat flux is increased by the self-sustained subcooling of less-volatile
liquid as a result of the excessive compression by the high partial vapor pressure of more-
volatile component.

2. The operation at a pressure higher than the atmospheric is possible keeping low liquid
temperature to prevent the mixing of incondensable air which seriously deteriorates the
heat transfer in the condensation process, i.e., a final heat dissipation process, due to the
existence of mass diffusion resistance.

3. The surface temperature is decreased during the free convection or nucleate boiling of
less-volatile liquid, which is caused by the substantial heat transfer enhancement by the
existence of vapor bubbles generated form the more-volatile component.

4. The excessive overshooting of the surface temperature at the initiation of boiling can be
reduced by the selection of more-volatile component and the optimization of its distribu-
tion on the heating surface, which is required, e.g., for the cooling of automobile power
controllers with a large fluctuation of thermal load.
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Figure 1. Difference in the size and heat flux level of semiconductors as a target of cooling.
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Figure 2. Devised structure of cold plate for the cooling by flow boiling in a narrow channel [5,6].

1.3. Existing researches on boiling of immiscible mixtures

A large number of reports on nucleate boiling of oil mixtures exist. Filipczak et al. [10] used
emulsions of oil and water, where the distribution of two liquids and vapor was investigated
at different levels of heat flux. The heat transfer coefficients for high oil concentration were
quite smaller than those for pure water, because the free convection of oil dominates the heat
transfer to water-oil mixture. At the initial stage of nucleate boiling, foaming was observed
before the formation of emulsion. Roesle and Kulacki [11] studied nucleate boiling of FC72/
water and pentane/water on a horizontal wire. The discontinuous phase of more-volatile
components FC72 and pentane were dispersed in a continuous phase of water, where the
concentrations of more-volatile component were varied as 0.2-1.0% and 0.5-2.0%, respectively.
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Nucleate boiling of dispersed component or of dispersed and continuous components was
observed depending on the level of heat flux. The heat transfer was enhanced by nucleate
boiling of dispersed liquid if its volume fraction was larger than 1%. Bulanov and Gasanov [12]
studied the heat transfer to four emulsions, n-pentane/glycerin, diethyl ether/water, R113/
water and water/oil, where more-volatile liquids were dispersed in the continuous phase of
less-volatile liquids. The reduction of surface superheat at the boiling initiation was observed
compared to that for pure less-volatile liquids.

On the other hand, the number of investigations on immiscible mixtures which form stratified
layers of component liquids before the heating is quite limited. There are old studies by Bonilla
and Eisenbuerg [13], Bragg and Westwater [14], Sump and Westwater [15]. Bragg and
Westwater [14] classified heat transfer modes for individual layers of liquids. The interpreta-
tion of data, however, was not described in detail. Gorenflo et al. [16] studied boiling of water/
1-butanol on a horizontal tube, where the liquid mixture becomes soluble or partially soluble
depending on its concentration, and levels of temperature and pressure. From the experiments
performed under various combinations of concentration and pressure, they reported that the
nucleate boiling heat transfer is not largely depending on the solubility.

2. Immiscible mixtures

2.1. Phase equilibrium

Immiscible mixtures employed here consist of insoluble component liquids and their phe-
nomena during nucleate boiling have a unique feature characterized by self-sustaining
subcooling of liquids. An example of phase equilibrium diagrams for FC72/water at the total
pressure of 0.1 MPa is shown in Figure 3. The concentration where the two curves merge,
which is corresponding to the azeotropic point frequently observed in miscible mixtures, is
the concentration of vapor phase independent of the liquid composition for immiscible
mixtures. The concentrations Y; and 1-Y; (=Y;) on the dew point curves for lower and higher
concentrations of more-volatile component in liquid phase are calculated by the following
equations, respectively (e.g., Prigogine and Defay [17]).

he[1 1
Iny =-——£4 —_—_
] R, [T Tsm,lJ (1)
heo(1 1
In(1-Y)=—-—£2| ——
( 1) R, [T Z;at‘Z] @

where Y;: mole fraction of more-volatile component in vapor on dew point curve [-], T: dew
point temperature [K], T,,: saturation temperature [K] for a given total pressure, h: latent heat
of vaporization [k]/kg] and R: gas constant [k]/kg-K]. The equations are easily derived from
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the Clausius-Clapeyron equation and the ideal gas relation applied approximately to vapor
phase.
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Figure 3. Phase equilibrium diagram of FC72/water mixture.

2.2. Conditions of component liquids

The conditions of liquid phase are represented in Figure 4, where two saturated vapor pressure
curves with a red line for a more-volatile component and a blue line for a less-volatile one are
drawn. Since immiscible mixtures have the total pressure P,,, as the sum of saturated vapor
pressures corresponding to the equilibrium temperature T, the equilibrium state of the
mixture is represented by a black point in the figure and the relation P, (T,) + Py»(T,) = Py
holds true. Immiscible liquids are separated because of the difference in their densities, and
one component liquid contacts or tends to contact the surface located at the bottom. The
equilibrium temperature of immiscible mixtures is realized by the evaporation of both
components. The degree of subcooling becomes the difference between the saturation tem-
perature of each component corresponding to the total pressure and the equilibrium temper-
ature of the mixture. If either of two components is not evaporated enough or not satisfy the
saturation state corresponding to the equilibrium temperature but the vapor of one component
is superheated, the liquid state of the other component is deviated from the equilibrium state
represented in the figure. The equilibrium temperature of mixtures tested here and the degree
of subcooling for each component liquid are shown in Tables 1 and 2, respectively. The
subcooling of less-volatile liquid excessively compressed by the high vapor pressure of more-
volatile component becomes very high, while the subcooling of more-volatile liquid is very
low.
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Figure 4. Vapor pressure curves of components for immiscible mixtures.

More-volatile component (T, ;) Less-volatile component (T, ,) Mixtures
TB

FC72 (55.9°C) Water (100°C) 51.6°C

Novec7200 (78.4°C) Water (100°C) 66.4°C

Table 1. Saturation temperature of each component and equilibrium temperature of immiscible mixtures at 0.1 MPa

Mixtures Subcooling

More-volatile component AT,,;,, Less-volatile component AT, ,
FC72/Water 43K 484K
Novec7200/Water 120K 33.6 K

Table 2 Degree of subcooling for component liquids at 0.1 MPa

3. Pool Boiling

3.1. Experimental apparatus for pool boiling

The outline of the apparatus is shown in Figure 5. A flat heating surface of 40 mm in diameter
made of copper is located horizontally facing upwards. The upper surface of cylindrical copper
heating block is operated as the heating surface surrounded by a thin fin cut out in one unit
body to prevent the preferential nucleation at the periphery. Nineteen cartridge heaters are
inserted in the heating block and the maximum amount of heat generation is 5700 W. Eight
thermocouples are inserted in the center and side of copper heating block at four different
depths of 1, 7, 13 and 19 mm below the heating surface to estimate the heat flux and heating
surface temperature. Fluid temperatures are measured by three thermocouples at 2, 80 and
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160 mm above the heating surface in the boiling vessel, where the liquid level is located
between the second and third thermocouples.

e
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Guide plate for condensate
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i Water lavel

: ?Thammuplas for fluid temperature

LY

Heating surface

a
-’/ :H . & 170mm ,
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Cartridge heaters
Thermocouples
f———————Copper heating block

Figure 5. Outline of pool boiling experimental apparatus.

The experiments are performed at 0.1 MPa changing volume ratio of the components.
Immiscible mixtures of FC72/water and Novec7200/water are used as test fluids, where FC72
and Novec7200 are more-volatile components with higher density and water is less-volatile
one with lower density. The conditions for the volume ratio of component liquids are
represented by Figure 6 [9], where H, is the height of the more-volatile liquid from the heating
surface and H, is for the less-volatile liquid. The total height is kept at 100 mm, i.e., H,; + H, =
100mm, and tested compositions are listed in Table 3.

Less-volatil
component

More-volatjie
component 1

Figure 6. Condition representing volume ratio of immiscible liquids [9].



18

Electronics Cooling

1. More-volatile c. / 2. Less-volatile c. Height of liquid

[H, mm /H, mm]
FC72/Water [0/100], [5/95], [10/90], [50/50]
Novec7200/Water [0/100], [5/95], [10/90]

Table 3. Tested composition of liquids

3.2. Experimental results for pool boiling

Experimental results are shown in Figures 7 and 8 for FC72/water and Novec7200/water,
respectively. Figure 7 represents the relation between heat flux q and heating surface temper-
ature T, for FC72/water, where representative heat transfer characteristics of immiscible
liquids are known. Independent of volume ratios, the heating surface temperatures for
mixtures are located between those for pure liquids. The curve for [50 mm/50 mm] almost
coincides with that for the saturated boiling of FC72. For [10 mm/90 mm], a temperature jump
similar to burnout phenomena occurs, which is referred to as the "intermediate heat flux
burnout” by the present authors. For [5 mm/95 mm] and [0 mm/100 mm], the surface temper-
ature increases with heat flux, where the heat transfer mode changes from natural convection
tonucleate boiling of water under high subcooled conditions. For [5 mm/95 mm], the reduction
of surface temperature from that of saturated nucleate boiling of water is clearly observed at
high heat flux due to the heat transfer enhancement resulting from the generation of bubbles
composed mainly by FC72 vapor. For [0 mm/100 mm], the value of CHF increases from 1.35
MW/m? of saturated water to 3.04 MW/m? of FC72/water mixtures at 0.1 MPa. The marked
increase of CHF resulted from the high subcooling of water as much as 48.4 K due to the
excessive compression by FC72 vapor. Similar results are obtained also for Novec7200/water
despite of the quantitative difference in the effect of liquid height between the two mixtures
tested here. In Figure 9, the values of CHF are compared with those of subcooled boiling of
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Figure 7. Heat flux versus heating surface temperature for FC72/water.
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Figure 8. Heat flux versus heating surface temperature for Novec7200/water.

pure water estimated by Ivey-Morris correlation [18]. For [0 mm/100 mm)], the experimental
CHEF values are close to the predicted ones, while the discrepancy is increased as the liquid
height of more-volatile component increases. This is because boiling of the more-volatile
component promotes the coalescence of bubbles and the dryout occurs at lower heat fluxes.
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Figure 9. The comparison of CHF data with predicted values for subcooled boiling of less-volatile liquid.

3.3. Consideration on the mechanisms of intermediate heat flux burnout

The phenomena of limited jump of heating surface temperature referred here to as the
intermediate heat flux burnout occurs if the thickness of the more-volatile liquid with higher
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density attached to the horizontal heating surface is small as observed for FC72/water [10 mm/
90 mm)] at g =2.0 x 10° W/m? in Figure 7 and Novec7200/water [5 mm/95 mm] at g = 2.3 x 10°
W/m? in Figure 8.

After the jump of the surface temperature, the heat transfer mode is changed from the nucleate
boiling of more-volatile liquid to the natural convection or nucleate boiling of less-volatile
liquid at higher heat fluxes. It is very important that the generation of bubbles or vapor slugs
of more-volatile component continues also in this region enhancing the heat transfer to the
less-volatile liquid. The intermediate heat flux burnout is observed when Taylor instability
occurs by the growth of a coalesced bubble with more-volatile component after its lateral
coalescence below the bulk of less-volatile liquid with lower density.

The value of minimum bubble diameter d,,, penetrating across the liquid-liquid interface is
evaluated from the minimum volume of a bubble V,

v assuming the sphere bubble shape
(Greene et al. [19], Onishi et al. [20]).

3
2
Vmin = |:$:| (3)
g (pLZ - le)

where o: interfacial tension [m/s], g: gravitational acceleration [m/s?], p;, : density of upper
liquid, i.e., less-volatile liquid with lower density [kg/m®], py;: density of lower vapor, i.e.,
vapor mainly of more-volatile component [kg/m?®]. The correlation implies that the penetration
criteria is determined by two conflicting forces of the buoyancy acting upwards on a bubble
and of the interfacial tension to suppress the bubble penetration. Table 4 listed the most
dangerous wavelength of Taylor instability A, minimum bubble penetration diameter d,,;,, and
bubble departure diameter d, under pool boiling conditions evaluated at 0.1 MPa.

More-volatile component FC72 Novec7200
Less-volatile component Water Water
Most dangerous wavelength A, [mm] 28.9 28.4
Minimum penetration diameter d,,;, [mm] 42 3.9

Bubble departure diameter d,[mm] 0.36 0.43

Table 4. Wavelength for Taylor instability and minimum bubble diameter for more-volatile component to penetrate
into upper less-volatile liquid at 0.1 MPa

Bubbles of more-volatile component grow by the evaporation or lateral coalescence in the
vicinity of liquid-liquid interface and become sizes beyond d,,;,. The enlarged bubbles penetrate
into the less-volatile liquid layer accompanying the entrainment of more-volatile liquid as
shown in Figure 10. Under this condition, bubbles of more-volatile component do not grow
to the size of the wavelength A, and no mixing of liquids occurs in the vicinity of heating
surface. The penetration of generated bubbles thorough the liquid-liquid interface delays their

min®
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coalescence. However, at a certain value of heat flux, the rate of bubble generation exceeds the
elimination of bubbles by the penetration, and the lateral bubble coalescence occurs under the
liquid-liquid interface. The diameter of flattened bubble radius exceeds the wave length of
Taylor instability A, and the less-volatile liquid descends and starts to contact the heating
surface. The large subcooling of less-volatile liquid is enough to suppress the excessive jump
of heating surface temperature.

. Less-volatile liquid
/ , More-volatile liquid

J—

firme
(a) Before intermediate heat flux burnout.

e

e
(b) At intermediate heat flux burnout.

#
¢ {

Figure 10. Expected behaviors of bubble in the vicinity of liquid-liquid interface.

There is another type of intermediate heat flux burnout confirmed by the present authors,
where the heating surface temperature gradually deviates from that for nucleate boiling of
pure more-volatile liquid [9]. In such a case, bubbles can coalesce easily below the liquid-liquid
interface because of thicker thickness of its layer and exceed the value of most dangerous wave
length at lower heat flux. As a consequence, the less-volatile liquid starts to contact partially
the heating surface, and the contribution of the heat transfer to the less-volatile liquid gradually
increased as the increase of heat flux keeping the steady-state conditions at each heat flux level.
Similar phenomenon occurs in the cases of smaller wavelength of Taylor instability or of
partially soluble combination of liquids depending on the selection of component liquids. It is
clear that the physical and/or chemical mixing of component liquids is a key factor to determine
the heat transfer characteristics at low heat flux.

4. Flow boiling

4.1. Experimental apparatus for flow boiling

Figures 11 and 12 show the outline of test section and test loop [21]. Test loop is composed of
test section, condenser, liquid-vapor separation tank, circulating pump, pre-heater. Immiscible
liquids are stratified in liquid-vapor separation tank, and both flow rates are controlled by
valves. The test section is composed of a heated section of stainless tube spirally coiled by
sheath heaters on the outer surface and a transparent unheated section of Pyrex glass for the
observation of liquid-liquid and liquid-vapor interfaces. The inner diameter of both tubes is 7

21
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mm and heated length is 310 mm. Six thermocouples are inserted in the top and bottom tube
walls at the upstream, midstream and downstream locations. The experiments are conducted
for the combination of FC72 and water, i.e. more-volatile component with higher density and
less-volatile one with lower density whose saturation temperatures as pure components are
55.7 and 100°C, respectively, at 0.1 MPa.

Figure 11. Outline of test section [21].

ﬁ Chiller ’-l
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Condensar

= High-speed camera
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“ Heated tost section

Pre-heater

Clack va

Figure 12. Test loop [21].

4.2. Experimental results for flow boiling

Various flow patterns such as stratified flow, FC72 slug flow, emulsion-like flow, "wavy
stratified + FC72 droplet flow", "FC72 churn + FC72 droplet flow" and "FC72 slug + FC72 droplet
flow" are observed depending on the combinations of flow rates for both components under
unheated conditions, and they are summarized as a liquid-liquid flow pattern map in
Figures 13 and 14 [21].It is known by the preliminary experiments that the heat transfer
characteristics at low heat fluxes are strongly influenced by the liquid-liquid behaviors under
unheated conditions.
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Figure 15. Outlet fluid temperature versus heat flux.
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Table 5. Liquid-vapor behaviors for flow boiling of FC72/Water

To evaluate the local heat transfer coefficients, the distribution of mixture temperature along
the tube axis is needed. Outlet mixture temperature can be reproduced by the heat balance
equations which introduce a parameter & representing the ratio of heat supplied to more-
volatile component FC72 to the total. Figure 15 shows the outlet mixture temperature versus
heat flux. The solid lines and broken lines are calculated and experimental outlet temperatures,



respectively. The parameter £ depends only on the flow rate ratio and not on the heat flux.
This could be possible if the liquid-liquid flow pattern is not strongly dependent on the bubble
generation at low heat flux as shown in Table 5. The error of the prediction is less than +1.0K.

Figures 16 and 17 show heat transfer coefficient and wall temperature versus heat flux at
midstream averaged by the top and the bottom values. Heat transfer coefficient is higher and
wall temperature is lower than pure water for immiscible liquid because the convection of
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water is enhanced by the generation of FC72 bubbles.
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Figure 16. Heat transfer coefficient versus heat flux at midstream.
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Figure 17. Wall temperature versus heat flux at midstream.

5. Conclusions

To clarify the boiling heat transfer characteristics of immiscible mixtures, experiments of pool
boiling and flow boiling in a tube were conducted, and the following results were obtained.
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By optimizing the volume ratio of immiscible mixtures in pool boiling using a flat heating
surface facing upwards, the drastic increase of CHF and/or the decrease of heating surface
temperature from those of pure less-volatile component become possible.

The above characteristics resulted from the self-sustaining high subcooling of less-volatile
liquid and the substantial heat transfer enhancement caused by the preferential evapora-
tion of more-volatile liquid.

In flow boiling, outlet fluid temperature is well reproduced by heat balance equations,
which introduced a parameter representing the ratio of heat supplied to more-volatile
component to the total.

In flow boiling, at low and moderate heat fluxes, the convection of less-volatile liquid is
enhanced by boiling of more-volatile liquid, and the enhancement is largest correspond-
ing to the flow pattern of emulsion-like flow at low flow rate of more-volatile component
classified under the unheated conditions.

For the cooling systems in an enclosure, the distribution of liquid layers for both immiscible
components becomes a key to determine the heat transfer characteristics due to nucleate

boili

ng. For a vertical heating surface or a heating surface operated under the reduced gravity

conditions, some methods to transfer the heat to the more-volatile liquid with larger density
are needed to obtain the superior cooling characteristics.

6. Nomenclature

hy

8

H

latent heat of vaporization, J/kg

height of liquid, mm

j  superficial velocity, m/s

P
P total

q
R

T
T,

e

T,

sat

T,

\%4
X

pressure, N/m?
total pressure, N/m?

heat flux, W/m?

bubble radius or gas constant, m or J/kg-K
temperature, °C or K

equilibrium temperature, °C

saturation temperature, K

surface temperature, °C

volumetric flow rate, L/min

mole fraction in liquid, -
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x  vapor quality, -
Y mole fraction in vapor, -
Greek symbols
a  heat transfer coefficient, W/m?-K
AT,,, degree of subcooling, K
& ratio of heat supplied to more-volatile component to the total, -
Subscripts
1 more-volatile component
2 less-volatile component
ave average
M  midstream
out outlet

sat saturated
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Chapter 3

Heat Pipe and Phase Change Heat Transfer Technologies
for Electronics Cooling
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Additional information is available at the end of the chapter
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Abstract

The heat pipe is a well-known cooling module for advanced electronic devices. The heat
pipe has many applications, particularly in electronics and related area such as PC,
laptop, display, artificial satellite, and telecommunication modules. The heat pipe
utilizes phase change heat transfer inside enveloped structures, where the working fluid
evaporates in heated zone, and vapor moves to the condenser, and the condensed liquid
is pumped back through microporous structure call wick. The performance of
applicability in electronics of heat pipe is strongly dependent on the geometry, working
fluid, and microstructure of wick. Therefore, it is worth considering the theory and
technologies related to heat pipes for advanced electronics cooling. According to the
purpose of this chapter mentioned above, the author considers fundamental aspects
regarding heat pipe and phase change phenomena. First, the working principle of heat
pipe is introduced. Important parameters in heat pipe are considered, and theoretical
model for predicting the thermal performance of the heat pipe is introduced. In addition,
design method for heat pipe is presented. Finally, applications of heat pipe to electronics
cooling are presented. This chapter covers knowledge and state-of-art technologies in
regard to heat pipe and phase change heat transfer. For a reliable operation of future
electronics that have ultra-high heat flux amounts to 1000 W/m?, heat pipe and phase
change heat transfer are essential. This chapter provides the most valuable opportuni-
ty for all readers from industry and academia to share the professional knowledge and
to promote their ability in practical applications.

Keywords: Heat pipe, phase change, wick, design, analysis

1. Introduction

Effective cooling technology is a crucial requirement for a reliable operation of electronic
components. The electronics cooling methods can be hierarchically classified as chip level

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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cooling, package level cooling, and system level cooling, depending on the geometrical scale.
In the package or system level cooling, the cooling modules such as heat sinks and heat pipes
are widely employed for an efficient dissipation of heat as well as uniform temperature
distribution. Especially, the use of heat pipes for electronics cooling has recently been increas-
ing abruptly because the heat pipe is an attractive passive cooling scheme, which can offer high
effective thermal conductivity and large heat transport capability. As shown in Figure 1, the
heat pipes have been conventionally used for PCs, laptops, telecommunication units, solar
collectors, small energy systems such as geothermal pipes, and satellites. Recently, the appli-
cation of heat pipe even includes smart phones, vehicle headlight, gas burner, LED products,
and agricultural systems, as shown in Figure 2.

Figure 1. Heat pipe applications.

The heat pipe is a thermal superconductor of which thermal conductivity amounts to several
thousands of Watts per meter-Kelvin. Due to the extremely high effective thermal conductiv-
ity, the heat pipe can handle a large amount of heat transfer with a negligible temperature
drop. In addition, the heat pipe is a passive cooling module, which accompanies no power
consumption or moving parts. Literally, the heat pipe is apparently just a pipe without any
accessories for operating it. Furthermore, the shape of the heat pipe does not necessarily have
to be cylindrical, but it can be formed into various shapes such as disks, flat plates, and airfoils.
Attributable to these characteristics, the heat pipe is regarded as an ultimate candidate for
addressing the thermal problem of concurrent high-power-density semiconductor industry,
which encompasses solar cell, LEDs, power amplifiers, lasers, as well as electronic devices.
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Figure 2. Recent applications.
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Figure 3. The superiority of heat pipe over other thermally conducting materials.

Figure 3 clearly illustrates the superiority of the heat pipe. The goodness of the heat transfer
module is characterized by the effective thermal conductivity (k) or thermal resistance (Ry,)
of the module. As an example, a typical value of effective thermal conductivity of a copper—
water heat pipe with 0.5-m length and 1/2 inch diameter is around 10,000 W/mK, which is
much larger than those of thermally conductive metals such as copper (~377 W/mK) or
aluminum (~169 W/mK). This results in very low thermal resistance (~0.3 K/W), indicating low
temperature drop with respect to the given thermal load. When 20 W heat is applied, this heat
pipe would yield 6°C temperature difference between heat source and sink, whereas metal
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rods with same geometry have 206°C and 460°C for copper and aluminum, respectively.
Provided that the ambient air is at 20°C, the chip temperature is only 26°C, which enables
designers to easily come up with plausible and fascinating thermal solution.

In this chapter, general aspects of heat pipes for electronics cooling are introduced. The
contents cover the working principle of heat pipes, design and analyzation methods, compo-
nents and structure of heat pipes, implementation in electronics cooling, characterization and
theories, and design and manufacturing process.

2. Working principle
2.1. Introduction to working principle

Heat in Heat out

4 31 & t §144
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-

-l
i
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*
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v Vapor flow

|r= Evaporator | Adiabalic section | Condenser 1

Figure 4. Working principle of heat pipe.

The working principle of the heat pipe is summarized in Figure 4. The heat pipe consists of
metal envelope, wick, and working fluid. The wick is a microporous structure made of metal
and is attached to the inner surface of the envelope. The working fluid is located in the void
space inside the wick. When the heat is applied at the evaporator by an external heat source,
the applied heat vaporizes the working fluid in the heat pipe. The generated vapor of working
fluid elevates the pressure and results in pressure difference along the axial direction. The
pressure difference drives the vapor from evaporator to the condenser, where it condenses
releasing the latent heat of vaporization to the heat sink. In the meantime, depletion of liquid
by evaporation at the evaporator causes the liquid—-vapor interface to enter into the wick
surface, and thus a capillary pressure is developed there. This capillary pressure pumps the
condensed liquid back to the evaporator for re-evaporation of working fluid. Likewise, the
working fluid circulates in a closed loop inside the envelope, while evaporation and conden-
sation simultaneously take place for heat absorption and dissipation, respectively. The high
thermal performance of the heat pipe is originated from the latent heat of vaporization, which
typically amounts to millions of Joules per 1 kg of fluid.
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2.2. Wick for heat pipe

The flow in the wick is attributable to the same mechanism with the suction of water by a
sponge. The microsized pores in the sponge (or wick) can properly generate the meniscus at
the liquid—vapor interfaces, and this yields the capillary pressure gradient and resulting liquid
movement. It should be noted that the wick provides the capillary pumping of working fluid,
which must be steadily supplied for the operation of heat pipe as well as the flow passage of
the working fluid. In addition, the wick also acts as a thermal flow path because the applied
heat is transferred to the working fluid through the envelope and wick. Therefore, the thermal
performance of the heat pipe is strongly dependent on the wick structure.

:' B Axial Groove
- AN (Fujikura, Japan)
g [E- 1]
:f.. 13\%‘. A‘:‘:I
e W e
Fine Fiber \ A
(Fujikura, Japan) e ) (AN
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Copper Sintering
(Thermacore, USA)

Figure 5. Typical wick structures.

In this regard, various types of wick structures have been used for enhancing the thermal
performance of heat pipes. Figure 5 shows three representative types of wick structures: mesh
screen wick (it is also often termed as fiber mesh or wrapped screen), grooved wick, and
sintered particle (or sintered powder) wick. The mesh screen wick is the most common wick
structure, which made of wrapped textiles of metal wires. The grooved wick utilizes axial
grooves directly sculptured on the envelope inner surface as the flow channel. The sintered
particle wick is made of slightly fusing microsized metal particles together in the sintering
process. The major characteristics of aforementioned wick types are shown in Figure 6. The
mesh screen wick can have high capillary pressure and moderate permeability because
numerous pores per unit length and the tightness of the structure can be controlled, where the
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permeability is a measure of the ability of a porous medium to transmit fluids through itself
under a given pressure drop as follows:

U= a ©)

: . - Thermal
Wick structure Capillary force Permeability conductivity
High Low-average Low
Mesh screen
Low Average-high High
Groove
High Low-average Average-high
Sintered particle

Figure 6. Characteristics of wick structures.

where K is the permeability, U is the mean velocity of flow inside porous media, u is the
viscosity, and dP/dx is the applied pressure gradient.

However, the effective thermal conductivity is low because the screens are not thermally
connected to each other. In case of grooved wick, the effective thermal conductivity is high
due to the sturdy thermal path. It has an additional advantage in which the wide and straight
(not tortuous) flow path can bring about high permeability. However, the capillary pressure
is strongly limited, due to the fact that the scale of the grooves, which are machined through
extrusion process, cannot be reduced beyond several tens of micrometers. It should be noted
that the maximum developable capillary pressure is inversely proportional to the characteristic
length of the pore structure. On the other hand, the sintered particle wick has high capillary
pressure as well as moderate-to-high effective thermal conductivity, due to the tailorable
particle size and fused contact between particles. However, the permeability of the sintered
particle wick is relatively low, due to the narrow and tortuous flow path. As shown, the type
of wick has its pros and cons. Therefore, the designers choose the wick type in accordance with
the corresponding suitable applications.
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3. Thermal performance

3.1. Various mechanisms

Heriling
|imit
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Temperature (degreeC)

Figure 7. Performance limitations with respect to the temperature.

In case of other cooling modules, there is no heat transfer ‘limitation,” implying that increasing
heat transfer rate just keeps increasing the temperature drop and worsening the situation. On
the contrary, there is a definite limitation of thermal performance for heat pipe, beyond which
the heat transfer rate cannot be increased for a reliable operation. The thermal performance of
the heat pipe is limited by one of various mechanisms depending on the working temperature
range and geometry of the heat pipe. The viscous limit typically occurs during unsteady start-
up at low temperature, when the internal pressure drop is not large enough to move the vapor
along the heat pipe. The sonic limit also typically takes place during unsteady start-up at low
temperature, when the chocked flow regime is reached at the sonic speed of the vapor. The
capillary limit is related to the ability of the wick to move the liquid through the required
pressure drop. It happens when the circulation rate of working fluid increases so that the
pressure drop along the entire flow path reaches the developed capillary pressure. When the
capillary limit happens, dry out occurs in the evaporator, while more fluid is vaporized than
that can be supplied by the capillary action of the wick. The entrainment limit is related to the
liquid-vapor interface where counterflows of two phases are met. In some circumstances, the
drag imposed by the vapor on the returning liquid can be large enough to entrain the flow of
condensate in the wick structures, resulting in dry out. The boiling limit is known to occur
when the bubble nucleation is initiated in the evaporator section. The bubble generally cannot
easily escape the wick with microsized pores and effectively prevent the liquid to wet the
heated surface, which in turn results in burnout. The burnout heat flux is known to typically
range from 20 to 30 W/cm? for sintered particle wicks.
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Figure 8. Capillary limit and boiling limit.

Figure 7 shows the thermal capacity of a heat pipe (copper-water, 1 cm diameter, 30 cm long)
determined by various limiting mechanisms with respect to temperature. As shown in this
figure, the viscous limit, the sonic limit, and the entrainment limit do not play an important
role in determining the thermal capacity of the heat pipe, unless the temperature is very low
(< —20°C). The heat pipes operating above atmospheric temperature are practically only
governed by the capillary limit or the boiling limit, as shown in Figure 7. There is a good
method for distinguishing those two limitations (see Figure 8). The capillary limit occurs when
the liquid flow along the axial direction cannot afford the evaporation rate due to the limited
capillary pressure. The boiling limit occurs when the bubble barricades the liquid flow onto
the heated surface. In other words, the capillary limit is represented by the axial (or lateral)
fluid transportation limit while the boiling limit is represented by the radial (or vertical) fluid
transportation limit. It should be noted that, in the heat pipe, the limitation on the fluid
transport represents the heat transfer limit because the heat transfer rate is given as the
multiplication of latent heat coefficient and mass flow rate of working fluid. In this regard, the
boiling limit becomes dominant when the effective heat pipe length is relatively small, and
vice versa. The boiling limit also becomes important when the operating temperature is high
because bubble nucleation is more likely to happen in high superheat. The next two subsections
will be devoted to the models for capillary limit and boiling limit, respectively.

3.2. Capillary limit

The capillary limit is also called the wicking limit. As mentioned, the capillary limit occurs
when the liquid flow along the axial direction cannot afford the evaporation rate. This situation
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happens under the condition where the pressure drop along the entire flow path is equal to
the developed capillary pressure. The pressure drop of working fluid consists of that of liquid
flow path (AP)), that of vapor flow path (AP,), additional pressure drop imposed by counter-
flow at the phase interface (AP.,), and the gravitational pressure drop (AP,). Thus, the
condition for the capillary limit is described by the following equation:

AP, = AP +AP_, + AP, + AP, @)

where AP, is the capillary pressure difference between evaporator and condenser sections.
Generally, the vapor pressure drop (AP,) and interfacial pressure drop (AP, ) are negligible
when compared with others; thus, the equation reduces to the following;:

200 plLg . .
—= #m +p,8Ly; sing )

Reff !

where the left-hand side represents AP, the first term on the right-hand side is AP, and the
second term corresponds to AP,. In this equation, o is the surface tension coefficient, R, is the
effective pore radius of the wick structure, i, is the liquid viscosity of working fluid, L. is the
effective length of heat pipe, K is the permeability, A, is the cross-sectional area of the wick, p,

is the liquid density of working fluid, m is the mass flow rate, g is the gravitational constant,
and ¢ is the orientation angle with respect to the horizontal plane. The heat transport capacity
of the heat pipe is directly proportional to the mass flow rate of the working fluid as follows:

O = 11 (4)

where i, is the latent heat coefficient of working fluid. Combining Equations (3) and (4) yields
the following equation for the capillary limit:

_ KAwhfgpl |:2_O-

= — pgL . sin
Qmax lLl[Leff R pg eff ¢:| (5)

eff

It should be underlined that the K and R are related to the microstructure of the wick; h,, o,
, and p; are the fluid properties; and L. and A, represents the macroscopic geometry of the
heat pipe. When the gravitational force can be neglected, the Equation (5) can be rewritten and
each kind of parameters can be detached as independent term as follows:

_ 20h,p, A, | K
O = ( H ](chf J{ R ] ©
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Figure 9. K and R values for typical wick structures.

The first paragraphed term is a combination of the fluid properties, suggesting that the
capillary limit of heat pipe is proportional to this term. This term is called the figure of merit
of working fluid. The second paragraphed term is about the macroscopic geometry of the heat
pipe. The last term is related to the wick microstructure, thus, in regard to the wick design, we
have to maximize this term. This term is often called the capillary performance of wick. The
permeability K is proportional to the pore characteristic length, whereas R is inversely
proportional to the pore size. Therefore, the ratio between K and R captures a trade off
between those two competing effects. The K and R, values for representative wick structure
are shown in Figure 9.

3.3. Boiling limit

Regarding the boiling limit, it has been postulated that the boiling limit occurs as soon as the
bubble nucleation is initiated. Onset of nucleate boiling within the wick was considered as a
mechanism of failure and was avoided. On the basis of that postulation, the following
correlation for predicting boiling limit has been widely used [1]:

2rL kT, 20
Qo = ————| —-P, )
hfgpvln(r;' /rv) ’/;7

where L, is the evaporator length, k, is the effective thermal conductivity of wick, T, is the vapor
core temperature, /iy, is the latent heat, p, is the vapor density, r, is the vapor core radius, 7, is
the radius of outer circle including the wick thickness, and ¢ is the surface tension coefficient.
In Equation (7), important design parameters related to the wick microstructure are r, and P,
which are bubble radius and capillary pressure, respectively. Even though Equation (7) is
simple and in a closed form, it is difficult to implement this equation in which these parameters
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are quite arbitrary, and thus, it is difficult to exactly predict those values. To accurately
determine r, and P, additional experiment should be performed [1]. Another fundamental
problem also exists in which the nucleate boiling within the wick does not necessarily represent
a heat transfer limit unless bubbles cannot escape from the wick, as indicated by several
researchers [2]. Indeed, nucleate boiling may not stop or retard the capillary-driven flow in
porous media according to the literatures. Some researchers even insisted that the nucleate
boiling in the moderate temperature heat pipe wicks is not only tolerable but could also
produce performance enhancement by significantly increasing the heat transfer coefficient
over the conduction model and consequently reducing the wick temperature drop [3].
Therefore, new light should be shed on the model for the boiling limit. As illustrated in
Equation (6), key parameters for capillary limit are K and R, Equation (7) shows that key
parameter for boiling limit is k, excluding the effect of permeability. Recently, it has been
shown that the boiling limit does not occur with the nucleate boiling if the vapor bubble can
escape the wick efficiently [4]. This suggests that the K is also an important parameter for the
boiling limit.

4. Heat pipe designs

4.1. Heat pipe design procedure

The design procedure of the heat pipe is as follows:
1. working fluid selection,

2. wick type selection,

3. container material selection,

4. determining diameter,

5. determining thickness,

6. wick design, and

7. heat sink and source interface design.

The followed subsections will be devoted to each procedure.

4.2. Working fluid selection

The first step for designing the heat pipe is to select the working fluid according to the operating
temperature of the heat pipe. Each fluid has its vapor pressure profile with respect to the
temperature. The vapor pressure increases as the temperature increases, and when the vapor
pressure reaches the pressure of environment, boiling occurs. The heat pipe is designed to
operate nearly at the boiling temperature for facilitating the heat transfer rate associated with
the latent heat. Therefore, the working fluid should be selected under the consideration of the
operating temperature of heat pipe. Various kinds of working fluids and their operating
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temperature ranges and corresponding inner pressures are shown in Figure 10. In case of
water-based heat pipe that operates at the room temperature, the inner pressure of heat pipe
is typically set to be approximately 0.03 bar for maximizing the thermal performance. When
the operating temperature is 200°C, the inner pressure of the heat pipe should be set at roughly
16 bar. For cryogenic applications, helium or nitrogen gas is used. For medium or high
temperature applications, liquid metals such as sodium and mercury are typically used. The
inner pressure of heat pipe should be properly adjusted according to its operating temperature.
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Figure 10. Operating temperature of working fluids.
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Figure 11. Figure of merit numbers of working fluids.

The working fluid selection is also important in terms of the thermal performance. Equation
(6) shows that the thermal performance of heat pipe is directly proportional to a fluid property,
poh/w,. This is often called the figure of merit of working fluid. Figure 11 shows the figure of
merit with respect to the temperature for various working fluids. As shown in this figure,



Heat Pipe and Phase Change Heat Transfer Technologies for Electronics Cooling 43
http://dx.doi.org/10.5772/62328

occurring in low to moderate temperatures, water is the liquid with the highest figure of merit
number. This is why the water is the most commonly used for heat pipe. Another common
fluid is ammonia, which is used for low-temperature applications.

Water Acetone Ammeonia Methanol
Copper R R 1 R
Aluminum N R R 1
 Stainless steel N ] R N |
Mickel | l R R
R . Recommended
1 Indefinite
N _Not compatible_

Figure 12. Material compatibility.

4.3. Wick type selection

The second step is to select the wick type. Typically, five selections can be considered: no wick
(for thermosiphon), mesh screen wick, grooved wick, sintered particle wick, and heterogene-
ous type wick. The reason we select the wick type prior to choosing the material is that the
manufacturable microstructure is dependent on the material.

4.4. Container and wick material selection

After choosing the wick type, the material for container and wick is selected. Here, the major
consideration is the compatibility between the working fluid and the material. Water—copper
combination is known to have a good compatibility. On the other hand, the water is not
compatible with aluminum due to unpreferred gas generation. The material compatibility with
working fluid is shown in Figure 12. Copper is shown to be compatible with water, acetone,
and methanol. The aluminum has good compatibility with acetone and ammonia, but not with
water.

4.5. Determination of diameter

The next step is to determine the diameter of the heat pipe. The diameter becomes a major
geometric parameter upon consideration of the vapor velocity. When the diameter of heat pipe
is too small, the vapor velocity increases much, and compressibility effect appears, which in
turn aggravates the performance of heat pipe significantly. Typically, it is known that the
compressibility effect is negligible when the Mach number is less than 0.2. To fulfill this
criterion, the following equation should be satisfied.

d> 200

; max 8
ﬂ-pvhfg V vav]:; ( )
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where d, is the vapor core diameter, Q.. is the maximum axial heat flux, p, is the vapor density,
Y, is the vapor-specific heat ratio, i, is the latent heat of vaporization, R, is the gas constant
for vapor, and T, is the vapor temperature.

4.6. Determination of thickness

As the heat pipe is like a pressure vessel, it must satisfy the ASME vessel codes. Typically, the
maximum allowable stress at any given temperature can only be one-fourth of the material’s
maximum tensile strength. The maximum hoop stress in the heat pipe wall is given as follows

(1]:

Pd,
fu = ©)

where f, . is the maximum stress in the heat pipe wall; P is the pressure differential across the
wall, which causes the stress; d, is the heat pipe outer wall; and ¢ is the wall thickness. The
safety criterion is given as follows:

<— 10
max 4 ( )

where 0y is the yielding stress of the container material. Combining Equations (9) and (10)
yields:

4.7. Wick design

The maximum thermal performance of heat pipe is given in Equation (6). Let us retrieve
Equation (6) as Equation (12).

_ 2thgpl A_“ £
O _( H ](Leff ][RSEJ 12

In Equation (12), design parameters related to the wick are K and R.. The K is known to
proportional to the square of the characteristic pore size, whereas R, is inversely proportional
to the characteristic pore size. Therefore, the capillary performance, K/R.g, is directly propor-
tional to the characteristic pore size. However, when the pore size is too large, the capillary
pressure becomes too small so that the gravity effect cannot be overcome, which in turn makes
the heat pipe useless. In addition, large pore size represents significant effect of inertia force.
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It should be noted that Equation (12) is derived under the postulation that the flow rate of
working fluid is determined upon the balance between capillary force and viscous friction
force where the inertia force is negligible in microscale flow. When the inertia force becomes
significant, the thermal performance is significantly deviated from the prediction by Equation
(12), in other words, is degraded much. For these reasons, the particle size of the sintered
particle wick typically ranges from 40 pm to 300 um. In case of looped heat pipe (LHP) where
extremely high capillary pressure is required, nickel particles with 1-5 pm diameter are used.

4.8. Heat sink—source interface design

Besides design of heat pipe itself, the interfaces of heat pipe with heat sink—source are also of
significant interest because the interfacial contact thermal resistance is much larger than that
of heat pipe itself. The contact thermal resistance between the evaporator and the heat source
and that between the condenser and the heat sink is relatively large. Therefore, they have to
be carefully considered and minimized.

4.9. Thermal resistance considerations

9T, | i
% RI R“
E, T,
i
R, R,
' Tlr Ttd
R.I R"
iT" T,
S S

Figure 13. Thermal resistance network.

Through Sections 4.1-4.7, only the maximum heat transport capability has been regarded as
the performance index of the heat pipe. However, sometimes another performance index, the
thermal resistance, is more important when the heat transfer rate is not of an important
consideration while the temperature uniformization is more important. The thermal resistance
of the heat pipe can be estimated based on the thermal resistance network, as shown in
Figure 13. T, is the heat source temperature, and T is the heat sink temperature. The subscripts
eand crepresent the evaporator and condenser, respectively. The subscripts s, [, and i represent
the shell, liquid, and interface, respectively. The various thermal resistance components and
correlations for predicting them are shown in Figure 14.
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Figure 14. Thermal resistance correlations.

5. Application to electronics cooling

The types of heat pipe applications to electronics cooling are as follows: use of flat-plate heat
pipe, heat pipe-embedded heat spreader, block to fin, block to block, and fin to fin. The tubular
heat pipe cannot solely used because its interface cannot be fully attached to the electronic
devices having flat interface. For heat pipe to be adapted to the electronics cooling, the heat
pipe itself should be formed into flat-plate type, or the tubular heat pipe should be fitted to
rectangular-shaped based block, as shown in Figure 15. The heat pipe-embedded heat
spreader is shown in Figure 16.

The block-to-fin applications are shown in Figure 17. The heat pipe has to be anyhow connected
to the heat sink for the final heat dissipation to the air. The heat pipe-embedded block can be
directly connected to the fin, as shown in this figure. In some applications such as sever
computer and telecommunication unit handle a large amount of data, block-to-block module
is employed, as shown in Figure 18. In some applications, the fin-to-fin module is also used.
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Figure 15. Use of tubular heat pipe and flat-plate heat pipe.
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Figure 16. Heat pipe-embedded heat spreaders.
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Figure 17. Block-to-fin applications.

Figure 18. Block-to-block applications.

The use of heat pipe to electronics cooling is diversified into portable devices, VGA, mobile
PC, LED projector and related devices, telecommunication repeater, and so on. The heat pipe
is also widely employed in solar heat collection, snow melting, heat exchanger and related
energy applications, and pure science applications demanding ultra-precise temperature
control. Especially for the semiconductor devices whose performance and lifetime are sensitive
to the temperature, heat pipe is an ultimate thermal solution. The use of heat pipe will surely
expand, and it will gradually have more ripple effect in various industrial areas.
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6. Summary

In this chapter, the general aspects of heat pipes are introduced. The working principle of
the heat pipe is based on two phase flows pumped by capillary pressure formed at the wick.
The wick plays an important role in determining the thermal performance of the heat pipe.
In this regard, various types of wick structures have been developed, such as mesh screen
wick, grooved wick, and sintered particle wick. The thermal performance of heat pipe is
generally determined by capillary limit, which can be readily predicted based on simple an-
alytic method represented by Equation (6). Boiling limit is also important in high operation
temperature. However, a definite model for the boiling limit is still not available. The heat
pipe design starts with working fluid selection, followed by wick type and container materi-
al selections, determining diameter and thickness, wick design, and heat sink-source inter-
face design. The application of heat pipe to electronics cooling can be classified by the
configuration: heat pipe-embedded spreader, block-to-block, block-to-fin, and fin-to-fin ap-
plications.
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Abstract

There is an increasing demand for efficient cooling techniques in computer industry to
dissipatetheassociated heatfromthenewly designed and developed computer processors
to accommodate for their enhanced processing power and faster operations. Such a
demand necessitates researchers to explore efficient approaches for central processing
unit (CPU) cooling. Consequently, heat pipes can be a viable and promising solution for
this challenge. In this chapter, a CPU thermal design power (TDP), cooling methods of
electronic equipments, heat pipe theory and operation, heat pipes components, such as
the wall material, the wick structure, and the working fluid, are presented. Moreover, we
review experimentally, analytically and numerically the types of heat pipes with their
applications for electronic cooling in general and the computer cooling in particular.
Summary tables that compare the content, methodology, and types of heat pipes are
presented. Due to the numerous advantages of the heat pipe in electronic cooling, this
chapter definitely leads to further research in computer cooling applications.

Keywords: Heat pipes, Electronic cooling, Wick structure, Working fluids, Computer
cooling applications

1. Introduction

Effective cooling of electronic components is an important issue for successful functionality
and high reliability of the electronic devices. The rapid developments in microprocessors
necessitate an enhanced processing power to ensure faster operations. The electronic devi-
ces have highly integrated circuits that produce a high heat flux, which leads to increase in
the operating temperature of devices, and this results in the shortening of life time of the
electronic devices [1]. Consequently, the need for cooling techniques to dissipate the associ-
ated heat is quiet obvious. Thus, heat pipes have been identified and proved as one of the

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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viable and promising options to achieve this purpose prior to its simple structure, flexibility
and high efficiency, in particularly. Heat pipes utilize the phase changes in the working fluid
inside in order to facilitate the heat transport. Heat pipes are the best choice for cooling
electronic devices, because depending on the length, the effective thermal conductivity of heat
pipes can be up to several thousand times higher than that of a copper rod. The main
perception of a heat pipe involves passive two-phase heat transfer device that can transfer
large quantity of heat with minimum temperature drop. This method offers the possibility of
high local heat removal rates with the ability to dissipate heat uniformly.

Heat pipes are used in a wide range of products such as air conditioners, refrigerators, heat
exchangers, transistors, and capacitors. Heat pipes are also used in desktops and laptops to
decrease the operating temperature for a better performance. Heat pipes are commercially
presented since the mid-1960s. Electronic cooling has just embraced heat pipe as a dependa-
ble and cost-effective solution for sophisticated cooling applications.

2. Thermal design power

The thermal design power (TDP) has attracted the topmost interest of thermal solution
designers, and it refers to the maximum power dissipated by a processor across a variety of
applications [2]. The purpose of TDP is to introduce thermal solutions, which can inform
manufacturers of how much heat their solution should dissipate. Typically, TDP is estimated
as 20-30% lower than the CPU maximum power dissipation. Maximum power dissipation is
the maximum power a CPU can dissipate under the worst conditions, such as the maximum
temperature, maximum core voltage, and maximum signal loading conditions, whereas the
minimum power dissipation refers to the power dissipated by the processor when it is
switched into one of the low power modes. The maximum TDP ranges from 35 to 77 W for
modern processors such as Intel® Core™ i5-3400 Desktop Processor Series [3], whereas the
maximum TDP for modern notebook computers ranges from 17 to 35 W [4].

3. Cooling methods of electronic equipments

The air cooling is the most important technology that contributes to the cooling of electronic
devices [5]. In the past, there were three main ways to cool the electronic equipment: (1) passive
air cooling that dissipates heat using the airflow generated by differences in temperature, (2)
forced air cooling that dissipates heat by forcing air to flow using fans, and (3) forced liquid
cooling that dissipates heat by forcing coolants like water to pass [6]. The conventional way to
dissipate heat from desktop computers was forced convection, using a fan with a heat sink
directly. The advantages, such as simple machining, simple structure, and lower cost, have
made heat sinks with plate fins very useful in cooling of electronic devices [7]. However, with
the smaller CPU size and increased power as encountered in modern computers, the heat flux
at the CPU has been significantly increased [8]. At the same time, restrictions have been
imposed on the size of heat sinks and fans and on the noise level associated with the increased
fan speed. Consequently, there has been a growing concern for improved cooling techniques
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that suit the modern CPU requirements. As alternatives to the conventional heat sinks, two-
phase cooling devices, such as heat pipe and thermosyphon, have emerged as promising heat
transfer devices with effective thermal conductivity over 200 times higher than that of copper

[9].

4. Heat pipe theory and operation

In order for heat pipe to operate, the maximum capillary pressure must be greater than the
sum of all pressure drops inside the heat pipe to overcome them; thus, the prime criterion for
the operation of a heat pipe is as follows

AF, 2 AR + AP, + AF, 1)

where, AP_ is the maximum capillary force inside the wick structure; AP, is pressure drop
required to return the liquid from the condenser to the evaporation section; AP, is the pressure
drop to move the vapor flow from the evaporation to the condenser section; and AP, is the
pressure drop caused due to the difference in gravitational potential energy (may be positive,
negative, or zero, depends on the heat pipe orientation and a direction).
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Figure 1. Heat pipe operation [10].
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The basic steps of heat pipe operation are summarized as follows, with reference to Figure 1
[10]:

1. The heat added at the evaporator section by conduction through the wall of heat pipe
enables the evaporation of working fluid.

2. The vapor moves from the evaporator section to the condenser section under the influence
of vapor pressure drop resulted by evaporation of the working fluid.

3. The vapor condenses in the condenser section releasing its latent heat of evaporation.

4. The liquid returns from the condenser section to the evaporator section through the wick
under the influence of capillary force and the liquid pressure drop.

The liquid pressure drop can be calculated from the empirical relation [11]:

Ly Q
= @)
leAwhfg

where p=liquid viscosity, L=effective length of the heat pipe, o=liquid density, K=wick
permeability, A,=wick cross-sectional area, and hi,=heat of vaporization of liquid. The vapor
pressure drop can be calculated from the following equation [12]:

AP = 16/uvLefo
v 2
D, 3
2[ ‘) Avpvhfg ( )

2

where p,=vapor viscosity, g,=vapor density, D =vapor space distance, and A,=vapor core
cross-sectional area.

The maximum capillary pressure AP, generated inside the wick region is given by the Laplace—
Young equation [13].

AR == )

where o, is surface tension and r is the effective radius of the pores of the wick.

The maximum achievable heat transfer by the heat pipe can be obtained from the equation

[11]:
0. - [plalhfg j( 4,K J{i _ plchffSin¢] 5)
" H Ly \ 7 O,
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where @ is the angle between the axis of the heat pipe and horizontal (positive when the
evaporator is above the condenser and it is negative if vice versa).

At horizontal orientation =0, equation (5) will become

1% lhfg K| 2
WESWR

5. Advantages of heat pipe

The heat pipe has many advantages compared with other cooling devices such as the follow-
ing:
* The effective thermal conductivity is very high since the heat pipe operates on a closed two-

phase cycle. Therefore, it can transport large quantity of heat with very small temperature
difference between evaporator and condenser sections.

* It can transfer the heat without any moving parts so that the heat pipe is calm, noise-free,
maintenance-free, and highly dependable.

* Due to its small size and weight, it can be used in cooling electronic devices.

* It is a simple device that works in any orientation and transfers heat from a place where
there is no opportunity and possibility to accommodate a conventional fan; for instance, in
notebooks.

* Heat pipes demonstrate precise isothermal control because of which the input heat fluxes
can be varied without having to make significant changes in the operating temperature [14].

* The evaporator and condenser work independently, and it needs only common liquid and
vapor so that the size and shape of the region of heat addition are different from the region
of heat dissipation, provided that the rate of evaporation of the fluid does not exceed the
rate of condensation of the vapor. Thus, the heat fluxes generated over smaller areas can be
dissipated over larger areas with lower heat fluxes.

6. Heat pipes components

To obtain sufficient information on a heat pipe, researchers should study its basic components,
which play an important role in the efficiency of the pipe. Many researchers focused their
research on the most important aspects of these components, such as the heat pipe container,
the wick structure, and the working fluid. The studies of these components were through
experimental and numerical analysis.

6.1. The container or the wall of a heat pipe

A container is a metal seal, which is capable of transferring heat through it to the working fluid.
This metal has a good heat conductivity. Many factors affect the selection of the material of
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the container, e.g., wettability, strength to weight ratio, machinability and ductility, compati-
bility with external environment and working fluid, thermal conductivity, weldability, and
porosity. The container material must possess high strength to weight ratio, it must be
nonporous to avoid any diffusion of vapor particles and, at the same time, should ensure
minimum temperature difference between the wick and the heat source owing to its higher
thermal conductivity.

6.2. Wick or capillary structure

The wick structure is the most important component of a heat pipe. It is responsible for the
return of liquid from the condenser section to the evaporator section by the capillary property,
even against the direction of gravity. Thus, the presence of wick makes the heat pipes operate
in all orientations. The grooved wick, sintered wick, and screen mesh wick are the most
important types of wick studied abundantly. These wick types are used widely in the elec-
tronics industry and are detailed next.

6.2.1. Metal sintered powder wick

As shown in the Figure 2, this type of the wick has a small pore size, resulting in low wick
permeability, leading to the generation of high capillary forces for antigravity applications.
The heat pipe that carries this type of wick gives small differences in temperature between
evaporator and condenser section. This reduces the thermal resistance and increases the
effective thermal conductivity of the heat pipe.

Figure 2. Metal sintered powder wick [15].

Leong et al. [16] investigated the heat pipe with sintered copper wicks. Flat plate heat pipes
with rectangular porous wicks were fabricated using copper powder (63 pum) sintered at 800
and 1000 °C. They used mercury intrusion porosimetry and scanning electron microscopy
(SEM) techniques to investigate the porosity and pore size distribution in these wicks. Results
indicated a unimodal pore size distribution with most pore sizes distributed within 3040 um.



Heat Pipes for Computer Cooling Applications
http://dx.doi.org/10.5772/62279

Moreover, the cylindrical wicks fabricated by injection molding technique with the same
binder and sintering temperature were also compared. The calculated permeability values of
the rectangular wicks were as good as those of the commercially produced cylindrical wicks.
Compared with the wire mesh, the sintered wicks had smaller pores and had the controllability
of porosity and pore size to get the best performance.

6.2.2. Grooved wick

The grooved wick is shown in Figure 3; this type of wick generates a small capillary driving
force, but is appropriate or sufficient for low power heat pipes, which operates horizontally
or with the direction of gravity.

Figure 3. Grooved wick [15].

Zhang and Faghri [17] simulated the condensation on a capillary grooved structure. They
investigated the impacts of surface tension, contact angle, temperature drop, and fin thickness
using the volume of fluid (VOF) model. Results indicated that the contact angels and heat
transfer coefficients decreased when temperature difference increased. Significant increase in
the liquid film thickness was also observed upon the increase of the fin thickness. Ahamed et
al. [18] investigated thin flat heat pipe with the characteristic thickness of 1.0 mm, experimen-
tally. A special fiber wick structure, which consisted of the combination of copper fiber and
axial grooves as a capillary wick along the inner wall of the heat pipe, was used. The thin flat
heat pipe was a straight one with rectangular cross section of 1.0 mmx=5.84 mm. The heat pipe
was made from copper pipe of 4 mm diameter, and the working fluid was pure deionized
water. Their observation showed that the maximum heat that could be transported by the thin
flat heat pipe of 1.0 mm thickness was 7 W. The thermal resistance of the heat pipe was 0.44
°C/W. The new fiber wick structure was also found to provide an optimum vapor space and
capillary head for better heat transfer capabilities with less thermal resistance.
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6.2.3. Screen mesh wick

Figure 4 shows the screen mesh wick, which is used in many of the products, and they have
demonstrated useful characteristics with respect to power transport and orientation sensitiv-

ity.

Figure 4. Screen mesh wick [15].

Wong and Kao [19] presented visualization of the evaporation/boiling process and thermal
measurements of horizontal transparent heat pipes. The heat pipes had two-layered copper
mesh wick consisting of 100 and/or 200 mesh screens, glass tube, and water as the working
fluid. Under lower heat load conditions, the thickness of the water film was less than 100 pum,
and the nucleate boiling was observed at Q=40 W and Q=45 W, respectively. Optimal thermal
characteristics were determined for the wick/charge combination, which provided the smallest
thermal resistance across the evaporator with lowest overall temperature distribution. In
contrast to lower load conditions, the higher heat loads with small charge led to partial dry
out in the evaporator. However, under a larger charge, there was limited liquid recession with
increasing heat load, and the bubble growth was found to be unsustainable and bursting
violently. Liou et al. [20] presented the visualization and thermal resistance measurement for
the sintered mesh-wick evaporator in flat plate heat pipes. The wick thickness was between
0.26 and 0.80 mm with different combinations of 100 and 200 mesh screens. Results showed
that the increasing heat load tend to decrease the resistance of the evaporation until partial dry
out occurred. Following this, the resistance of the evaporation started to increase slowly. Low
permeability of the wick limited the reduction of evaporation resistance and prompted dry
out.

The studies of wick types have the following main conclusions:

* Metal sintered powder wick has a small pore size, resulting in low wick permeability. This
leads to generation of high capillary forces for antigravity applications. The heat pipe that
carries this type of wick produces small temperature differences between evaporator and
condenser section. Therefore, the thermal resistance is reduced, and the effective thermal
conductivity of the heat pipe is increased.
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* Grooved wick generates a small capillary driving force, which is appropriate or sufficient
for low power heat pipes, that operates horizontally or with the direction of gravity.

* The efficiency of heat pipe with screen mesh wick depends on the number of layers and
mesh counts used because it presents facilely variable characteristics whence heat transport

and orientation sensitivity.

6.3. Working fluids

Selection of the working fluid depends primarily on the operating vapor temperature range.
This is because the basis in the operation of the heat pipe is the process of evaporation and
condensation of the working fluid. The selection of appropriate working fluid must be done

carefully, taking into account the following factors [21]:
* must have very high surface tension;

* should demonstrate good thermal stability;

* wettability of wall materials and wick;

* should have high latent heat;

* should possess high thermal conductivity;

* should have low liquid and vapor viscosities; and

* it must be compatible with both wall materials and wick.

The most important property of the working fluid is high surface tension so that the heat pipe
works against gravity as it generates high force of the capillarity characteristic. Table 1
summarizes the properties of some working fluids with their useful ranges of temperature [21].

Medium Melting point (°C) Boiling point (°C) Useful range (°C)
Helium -271 -261 —271 to —269
Nitrogen =210 -196 -203 to -160
Ammonia -78 -33 -60 to 100
Acetone -95 57 0to 120
Methanol -98 64 10 to 130
Flutec PP2 -50 76 10 to 160
Ethanol -112 78 0to 130
Water 0 100 30 to 200
Toluene -95 110 50 to 200
Mercury -39 361 250 to 650

Table 1. Heat pipe working fluid properties.
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Distilled water is the most appropriate fluid for the heat pipes used for electronic equipment
cooling. However, few researchers attempted to improve the thermal performance of the heat
pipes by adding metal nanoparticles, which have good thermal conductors, such as silver, iron
oxide, and titanium, to the distilled water in which the fluid is known as nanofluids. Some
researchers looked into various ways to improve the performance of heat pipe through using
different working fluids. Uddin and Feroz [22] experimentally investigated the effect of
acetone and ethanol as working fluids on the miniature heat pipe performance. The experi-
ments aimed to draw the heat from the CPU into one end of miniature heat pipes while
providing the other end with extended copper fins to dissipate the heat into the air. The results
illustrate that acetone had better cooling effect than ethanol. Fadhil and Saleh [23] reported an
experimental study of the effect of ethanol and water as working fluids on the thermal
performance of the heat pipe. The heat pipe was at the horizontal orientation during the
experiments. The range of the heat flux changed within 2.8-13.13 kW/m? whereas all other
conditions were constant. The results show that the thermal performance of the heat pipe with
water as a working fluid was better than that with ethanol.

7. Types of heat pipes

7.1. Cylindrical heat pipe

Cylindrical heat pipe with closed ends is a common and conventional type of heat pipe. It
involves circulation of working fluid and a wick to return the liquid. Basically, it consists of
three sections, namely evaporator, adiabatic, and condenser, as shown in Figure 5.

Evaporator Condenser
"
Heat Turns Liquid to Vapor Cooled Vapor Turns Back to
that Travels Toward the Liguid and Returns 1o the
Condenser (Fin Stack) Evaporator (Heal Source)

Figure 5. Cylindrical heat pipe [24].

El-Genk and Lianmin [25] reported on the experimental investigation of the transient response
of cylindrical copper heat pipe with water as working fluid. The copper heat pipe with copper
screen wick consisted of two layers of 150 meshes. Results showed that the temperature of the
vapor was uniform along the heat pipe whereas the wall temperature drop was very small
(maximum variation less than 5 K) between the evaporator section and the condenser section.
The steady-state value of the vapor temperature was increased when the heat input was
increased or the cooling water flow rate was decreased. Said and Akash [26] experimentally
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studied the performance of cylindrical heat pipe using two types of heat pipes with and
without wick, and water as the working fluid. They also studied the impact of different inclined
angles, such as 30°, 60°, and 90°, with the horizontal on the performance of heat pipe. Results
showed that the performance of heat pipe with wick was better than the heat pipe without
wick. The overall heat transfer coefficient was the best at the angle of 90°.

7.2. Flat heat pipes

Wang and Vafai [27] presented an experimental investigation on the thermal performance of
asymmetric flat plate heat pipe. As shown in Figure 6, the flat heat pipe consists of four sections
with one evaporation section in the middle and three condenser sections. The heat transfer
coefficient and the temperature distribution were obtained. The results indicated that the
temperature was uniform along the wall surfaces of the heat pipe, and the porous wick of the
evaporator section had significant effect on the thermal resistance. The heat transfer coefficient
was also found to be 12.4 W/m? °C at the range of input heat flux 425-1780 W/m?.
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Figure 6. Schematic of the flat plate heat pipe: (a) geometry of the heat pipe and (b) cross-sectional view of the heat
pipe [27].

Thermal performance of a flat heat pipe thermal spreader was investigated by Carbajal et al.
[28]. They carried out quasi-three-dimensional numerical analysis in order to determine the
field variable distributions and the effects of parametric variations in the flat heat pipe system.
Investigations showed that flat heat pipe operating as a thermal spreader resulted in more
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uniform temperature distribution at the condenser side when compared to a solid aluminum
plate having similar boundary conditions and heat input.

7.3. Micro-heat pipes

Micro-heat pipes differ from conventional heat pipes in the way that they replace wick
structure with the sharp-angled corners, which play an important role in providing capillary
pressure for driving the liquid phase. Hung and Seng [29] studied the effects of geometric
design on thermal performance of star-groove micro-heat pipes. As shown in Figure 7, three
different types of cross-sectional shapes of micro-heat pipes such as square star (4 corners),
hexagonal star (6 corners), and octagonal star (8 corners) grooves with corner width w, were
considered. Accordingly, the corner apex angle 20 was varied from 20° to 60°. At steady-state
mode, one-dimensional mathematical model was developed to yield the heat and fluid flow
characteristics of the micro-heat pipe. Results indicated that the geometrical design of the star-
groove micro-heat pipes provides a better insight on the effects of various geometrical
parameters, such as cross-sectional area, total length, cross-sectional shape, number of corners,
and acuteness of the corner apex angle.

(a)

{b) L,
I L -
[ 1y o
i
(T -

Figure 7. (a) Geometry of different cross-sectional shapes of micro-heat pipe: (i) square star groove, (ii) hexagonal star
groove, (iii) octagonal star groove, and (iv) equilateral triangle. (b) Schematic diagram of optimally charged equilateral
triangular and star-groove micro-heat pipes [29].
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7.4. Oscillating (pulsating) heat pipe

Oscillating (pulsating) heat pipe (OHP) is one of the promising cooling devices in modern
application that can transport heat in quick response in any orientation, where the oscillating
phenomena offer an enhanced heat transfer mechanism as shown in Figure 8. The unique
feature of OHPs, compared with conventional heat pipes, is that there is no wick structure to
return the condensate to the heating section; thus, there is no countercurrent flow between the
liquid and vapor [30]. The fluctuation of pressure waves drives the self-exciting oscillation
inside the heat pipe, and the oscillator accelerates end-to-end heat transfer [31]. The pressure
change in volume expansion and contraction during phase change initiates and sustains the
thermally excited oscillating motion of liquid plugs and vapor bubbles between evaporator
and condenser [32], this is because both phases of liquid and vapor flow has the same direction.
The thermally driven oscillating flow inside the capillary tube effectively produces some free
surfaces that significantly enhance the evaporating and the condensing heat transfer.

FiLL Poa1

VAPOR

=
8
=
LBCAL SLUGPRUG GSCRLATION
BULK CIRCULATION

SHALL DIAMETER CONDENSER (HEAT REJECTION)
TUBE BENT IV &
SERPENTINE POSITION

Figure 8. Schematic of an oscillating heat pipe [33].

Although many of researchers have considered the effect of OHP parameters on thermal
performance, such as internal diameter, number of turns, filling ratio, and nanofluids, the
development of comprehensive design tools for the prediction of OHP performance is still
lacking [30]. Moreover, according to Zhang and Faghri [34], the previous theoretical models
of OHPs were mainly lumped, one-dimensional, or quasi-one-dimensional, and many
unrealistic assumptions were predominantly presented.
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8. Mathematical modelling and numerical simulations

Mathematical models of heat pipes are categorized into analytical method and numerical
simulations. The analytical method validates the experimental and simulation results, which
cannot be measured experimentally, such as pressure and velocity of working fluid inside the
heat pipe. Numerical simulation is vital for investigating the thermal behavior of the working
fluid inside the heat pipes and predicting the temperature of heat pipe wall, from which the
thermal resistance and the amount of heat transmitted by the heat pipes can be calculated.
Moreover, characterization of the liquid inside the wick, and predictions of the pressures and
velocities of vapor and liquid, enables designing a highly efficient heat pipe for cooling
electronic devices.

8.1. Assumptions of the mathematical model

The following assumptions were made for the mathematical formulation:

i Vapor and liquid flows are assumed to be steady state, two-dimensional, laminar,
and incompressible.

ii. The vapor is treated as ideal gas.
iii. There is no heat generation due to phase change and chemical reaction in the system.
iv. At the liquid—-vapor interface, the liquid and vapor phases are coupled, and the vapor

injection and suction are uniform [34].

v. The physical properties are constant.

8.2. Governing equations

Based on the above assumptions, the continuity, the momentum, and energy equations are
listed as follows:

8.2.1. Vapor region

Continuity:

PRl )

where, # and v are components of velocity in x and y directions, respectively.

Momentum:
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where, g is the acceleration of gravity, p, vapor density, |, is the effective viscosity of vapor

for laminar case is merely the dynamic viscosity, ¢, specific heat, and k, is thermal conduc-
tivity of vapor.

8.2.2. Liquid wick region

Continuity:

Hoh

+-+=0 (11)

where, 1 and v are components of velocity in x and y directions, respectively.

Momentum:

_ 22
p{”1&+"1ﬂj:_g+ﬂl(“—lg+u_lzj+lex (12)
X y X Xy
v v -F Vi v
pilu—+v =+ =—t+pg+p| S+-5 |+R, (13)
x y y Xy

R, and R, are distributed resistance components in x and y directions, respectively. A dis-
tributed resistance is a proper method to estimate the effect of porous media.

Energy:
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T T P T
p,cp’,[u,—’+v,—’j:kL [—+—]+Q (14)
X Y X y

where, g, p, u, C,, k. and Q, are gravitational acceleration, density, dynamic viscosity, specific
heat, effective thermal conductivity for liquid wick structure, and volumetric heat flux,
respectively. Subscripts v and 1 refers to vapor and liquid regions, respectively. k, is the
effective thermal conductivity of the liquid wick structure for sintered powder wick, as
expressed by [12]:

_k[(2k+ k) =2(1-9)(k K, )]

2k + k) +(1-9)(k ~k,) (15)
For screen mesh wick, k, is calculated from [12]:
k[ (k+k,)-(1=p)(k -k, )]
k, = 16
(k + k) + (1-0)(k k) 1o

where, ¢ is porosity and k; and k,, are thermal conductivity of liquid and wick material,
respectively.

The steady-state thermal conductivity equation to predict the wall temperature is as follows:
T} T
ks[%Jr%J:O 17)

where, k, is solid thermal conductivity and T; is wall (surface) temperature.

8.3. Boundary conditions
At both ends of the heat pipe, u,=v,=u, =v=0, and P,=P,.

At the centerline of evaporator section, v,= 0, —0 and —=

At the centerline of condenser section, u,=0, 07 =0, and ;T:O.

Atr=R,, u=v=0.

At the adiabatic section, p,v,=p=0

The continuity of mass fluxes in y direction at the vapor-liquid interface yields

pvvv=plvl=_pvvl
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where, v, is the vapor injection velocity expressed as [35]:

Vo= th 18
' 2p,7R,Lh (18)

vie'fg

Similarly, the continuity of mass fluxes in x direction at the vapor-liquid interface yields

pvuv:plulzpvul

where, 1, is the vapor suction velocity as given in the study by Kaya and Goldak [35]:

th
2p R, LK

vicl g

u =

(19)

The interface temperature (f;) is calculated by the Clausius—Clapeyron equation, assuming the
saturation temperature (1) and vapor pressure (P) at the liquid—vapor interface [36]:

.[ _ 1
1_R,,,[RJ (20)
T, h R
T
For the solid-liquid interface:
Tl Ts
At the evaporator part, K=k,
T, T,
At the condenser part, K,—=k,—

where K, is the effective thermal conductivity of the liquid wick region, and K is the effective
thermal conductivity of the whole heat pipe.

T
57 e

OAT
—=

Evaporatork

At the external heat pipe wall=|  Adiabatic % = 0

Condenser—ksg =h(T,~T,)

where, I is convection heat transfer coefficient, and T,, and T, are wall surface and ambient
temperatures, respectively.

Mistry et al. [37] carried out two-dimensional transient and steady-state numerical analysis to
study the characteristics of a cylindrical copper-water wicked (80 mesh SS-304 screen) heat
pipe with water as a coolant at a constant heat input. Finite difference and Euler’s explicit
method (marching scheme) was used to solve the governing equations. As shown in
Figure 9, a two-dimensional computational study using the concept of a growing thermal layer

67



68

Electronics Cooling

in the wall and the wick region was carried out. The transient axial temperature distributions
were measured, and all the three sections of the heat pipe were compared with the numerical
solution of the developed two-dimensional model. The time required to reach steady state was
obtained. The transient and steady-state predictions of temperatures from the two-
dimensional model were in close agreement with the experimentally obtained temperature
profiles.

EVAPORATOR ADIABATIC  CONDENSER

PO z=Le | z=LetLa | Z
| | \
J 1 1 1 1
r=Ro—"
WALL
r=Ri—®
WICK
r=Ry—"
VAPOR CORE
P () — e o o ————— = —

/!
SYMMETRY AXIS !

Figure 9. Coordinate system of the heat pipe [38].

Table 2 summarizes and compares some mathematical studies on heat pipes in terms of model,
methodology, wick structure, orientation, and types of heat pipes.

Author Model Method Type Wick structure  Orientation* Regime**

Mistry et al. [37] 2D Numerical, finite Micro Screen mesh H T, SS
difference

Maziuk et al. [38] 1D, 2D Analytical, software Flat Copper sintered 1 SS
development miniature  powder

Suman et al. [39] 1D Analytical Micro Grooved H T

Zhu and Vafai [34] 2D Analytical Cylindrical Porous media  H SS

Noh and Song [40] 2D Numerical, finite Cylindrical Screen mesh H T
volume

Mahjoub and 2D Numerical, finite Cylindrical Porous media  H SS

Mahtabroshan [41] volume

Kaya and Goldak [36] 3D Numerical, finite Cylindrical Screen mesh H SS
element method

Ranjan et al. [42] 3D Numerical, macro model**  Flat Sintered, screen H T

mesh

*H, horizontal orientation; I, inclined orientation; **SS, steady state; and T, transient.

Table 2. An overview of some mathematical studies on heat pipes.
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As shown in Table 2, the three-dimensional model received a little attention compared to the
two-dimensional model. Additionally, most of the studies addressed horizontal heat pipes
that cover both transient and steady-state cases.

9. Heat pipe for computer cooling applications (desktop and notebook)

Due to the high effective thermal conductivity of heat pipes compared to that of traditional
heat sinks, heat pipes have been proposed and selected for electronic cooling. Therefore, the
heat pipe transfers and dissipates the heat very fast. Many researchers focused their studies
on using the heat pipe for cooling of electronic devices, and all of them proved that the heat
pipeis the best tool for cooling the electronic devices such as desktop and notebook computers.
Cooling fins equipped with heat pipes for high power and high temperature electronic circuits
and devices were simulated by Legierski and Wiecek [43], and the superiority of the proposed
system over the traditional devices was demonstrated. Kim et al. [44] developed a cooling
module in the form of remote heat exchanger using heat pipe for Pentium-IV CPU as a means
to ensure enhanced cooling and reduced noise level compared to the fan-assisted ordinary
heat sinks. Saengchandr and Afzulpurkar [45] proposed a system that combines the advan-
tages of heat pipes and thermoelectric modules for desktop PCs. As shown in Figure 10, the
usage of the heat pipes with heat sink could enhance the thermal performance [46].
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Figure 10. Heat pipe heat sink solution for cooling desktop PCs [47].

Yu and Harvey [47] designed a precision-engineered heat pipe for cooling Pentium II in
Compact PCL In this work, the design criteria, such as the maximum temperature, thermal
transfer plate with a heat load, the maximum ambient air temperature, and the total thermal
resistance of the solution, were considered for the processor module. It was observed that both
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thermal and mechanical management of the system was improved using the heat pipe. Kim
et al. [44] presented the heat pipe cooling technology for CPU of desktop PC. They had
developed a cooler using heat pipe with heat sink to decrease the noise of the fan. Results
showed that the usage of heat pipe for desktop PC CPU cooling would increase the dissipated
heat without the need for high speed fan. Thus, the problem of the noise generated by the
traditional heat sink cooling was solved. Additionally, Closed-end Oscillating Heat pipe
(CEOHP) used for CPU cooling of desktop PC was presented by Rittidech and Boonyaem [48].
As shown in Figure 11, the CEOHP kit is divided into two parts, i.e., the evaporator is 0.05 m
long and a condenser section is 0.16 m long with and a vertical orientation. They selected R134a
as the working fluid with filling ratio of 50%. The CEOHP kit should transfer at least 70 W of
heat power to work properly. The CPU chip with a power of 58 W was 70°C. The results
indicate that the cooling performance increases when the fan speed increases, where the fan
speed of 2000 and 4000 rpm were employed. The thermal performance using CEOHP cooling
module was better than using conventional heat sink.

Figure 11. Prototype: (a) aluminum base plate, (b) copper fin, (c) CEOHP. [49].

Recently, heat sinks with finned U-shape heat pipes have been introduced for cooling the high-
frequency microprocessors such as Intel Core 2 Duo, Intel Core 2 Quad, AMD Phenom series,
and AMD Athlon 64 series, as reported by Wang et al. [49], Wang [50], and Liang and Hung
[51]. Wang et al. [49] experimented on the horizontal twin heat pipe with heat sink. The heat
input was transferred from CPU to the base plate and from the base plate to the heat pipes and
heat sinks simultaneously. The heat was dissipated from fins to the surrounding by forced
convection. As shown in Figure 12, experiments were conducted in two stages, in which the
first stage measured the temperature for heat pipes only to calculate its thermal resistance. The
second stage aimed to measure the temperature for heat sink without and with heat pipes in
order to calculate their thermal resistances. It was observed that 64% of the total dissipated
heat was transported from CPU to the base plate and then to fins, whereas 36% was transferred
from heat pipes to fins. The lowest value of the total thermal resistance for the heat pipes with
heat sink was 0.27°C/W.
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Figure 12. Heat sink without and with embedded heat pipes [50].

The investigations by Elnaggar et al. [52] on the experimental and finite element (FE) simula-
tions of vertically oriented finned U-shape multi-heat pipes for desktop computer cooling are
shown in Figure 13a. The total thermal resistance was found to decrease with the increase in
heat input and coolant velocity. Moreover, the vertical mounting demonstrated enhanced
thermal performance compared with the horizontal arrangement. The lowest total thermal
resistance achieved was 0.181°C/W with heat load of 24 W and coolant velocity of 3 m/s. This
study was further pursued by Elnaggar et al. [53] to determine the optimum heat input and
the cooling air velocity for vertical twin U-shape heat pipe with the objective of maximizing
the effective thermal conductivity as shown in Figure 13b.

Figure 13. Finned U-shape heat pipe for desktop computer cooling [53, 54]. (a) Finned U-shape multi-heat pipe [53]. (b)
Finned U-shape twin heat pipe [54].
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A summary of studies on heat pipe with heat sink for CPU PC cooling are listed in Table 3.

Author Orientation  Heat pipe shape No. of heat pipe Total thermal resistance
Kim et al. [44] Horizontal L-shape 3 0.475°C/W

Wang et al. [49] Horizontal U-shape 2 0.27°C/W

Wang [50] Horizontal U-shape 2 and 4 0.24°C /W

Liang and Hung [51] Horizontal U-shape 1 0.5°C/W

Wang [54] Vertical L-shape 6 0.22°C/W

Elnaggar et al. [52] Vertical U-shape 4 0.181°C/W

Elnaggar et al. [53] Vertical U-shape 2 0.2°C/W

Table 3. A summary of studies on heat pipe with heat sink for CPU PC cooling.
The following conclusions can be derived from the summary of heat pipe with heat sink used
in CPU PC cooling:

* The performance of heat sink with heat pipes is much more efficient compared to heat sink
without heat pipes.

* Orientation of heat pipe plays a vital role in which the vertical mounting could enhance the
heat pipe performance compared to the horizontal arrangement.

* Multi heat pipe leads to a remarkable decrease in thermal resistance, the matter which
improves heat pipe efficiency

Cooling fan CPU

heat sink heat pipe

Figure 14. Laptop’s cooling using a heat pipe with heat sink [56].
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The processor’s surface in notebook or laptop computers, where most heat is generated, is
usually small approximately 10 mmx10 mm. For useful cooling, the heat must spread over a
larger surface area away from the processor, as the space available near the processor is limited
as shown in Figure 14. Therefore, heat must be drawn from the processor and conveyed to a
place from where it can be dissipated by conventional means. This task is successfully achieved
by a heat pipe as it can be accommodated in a highly constrained space in such a way that its
evaporator section communicates with the heat source while the finned condenser section is
exposed to the sink [55].

10. Conclusion

In this chapter, we presented a TDP for cooling the CPU, cooling methods of electronic
equipments, heat pipe theory and operation, heat pipes components, such as the wall material,
the wick structure, and the working fluid. Moreover, we reviewed experimentally, analytically
and numerically the types of heat pipes with their applications for electronic cooling in general
and the computer cooling in particular. Clearly, the heat pipe can be regarded as a promising
way for cooling electronic equipments. Due to its simplicity, it can work in any orientation and
can transfer heat from a place where there is no opportunity and possibility to accommodate
a conventional fan, such as notebooks or laptops. Finally, we believe this work would definitely
open ways for further research in accordance with the growing attention for the use of heat
pipes in electronic cooling.
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Abstract

Micro-electro-mechanical systems (MEMS)-based micro-heat pipes, as a novel heat pipe
technology, is considered as one of the most promising options for thermal control
applications in microelectronic circuits packaging, concentrated solar cells, infrared
detectors, micro-fuel cells, etc. The operating principles, heat transfer characteristics,
and fabrication process of MEMS-based micro-grooved heat pipes are firstly intro-
duced and the state-of-the-art of research both experimental and theoretical is
thoroughly reviewed. Then, other emerging MEMS-based micro-heat pipes, such as
micro-capillary pumped loop, micro-loop heat pipe, micro-oscillating heat pipe, and
micro-vapor chamber are briefly reviewed as well. Finally, some promising and
innovatory applications of the MEMS-based micro-heat pipes are reported. This chapter
is expected to provide basic reference for future researches.

Keywords: micro-heat pipe, thermal control, capillary limitation, micro-cooler, MEMS

1. Introduction

Nowadays, the thermal management of electronics/optoelectronics remains to be a great
challenge due to the continuous increasing heat flux to be dissipated with diminishing space
associated with rapid advances in the microelectronic fabrication and packaging technology.
Generally, the thermal control at the system level is not a serious problem since adequate
conventional cooling schemes are available [1]. Cooling at the chip level that maintains both
chipmaximum temperature and temperature gradientatacceptablelevelsarein greatdemands.
Many efforts have been made in the past two decades to develop novel micro-cooling technol-
ogies capable of removing larger amount of heat from chips [2-5], among which micro-heat
pipes (MHPs) are considered as one of the most promising solutions.
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MHPs, envisioned very small heat transfer components incorporated as an integral part of
semiconductor devices as illustrated in Figure 1, have attracted considerable attention since
they were first introduced by Cotter [6]. A MHP is also referred to micro-grooved heat pipe
as depicted by Suman [7] and essentially has convex but cusped cross sections with dimension
characteristics subject to the criterion given by Babin et al. [8]

Lz (1)

h

wherer .and r, are the capillary and hydraulic radius, respectively. Accordingly, the hydraulic
radius of the total flow passage in a MHP is comparable in magnitude to the capillary radius
of the vapor-liquid interface. This dimensionless expression better defines a MHP and helps
to differentiate between small versions of conventional heat pipes and a veritable MHP.
Typically, the cross-sectional dimensions of MHPs are in the range of 10-500 um and lengths
of up to several centimeters [9]. A MHP is so small that it does not necessitate additional
wicking structures on the inner wall as used by conventional heat pipes to assist the return of
condensate to the evaporator. Instead, the capillary forces are largely generated in the sharp
edges of diverse small noncircular channel cross sections as illustrated in Figure 2, which serve
as liquid arteries. The maximum heat flux dissipated using these micro-devices are reported
to be as high as 60 W/cm? [11].

Figure 1. Micro-heat pipe array in silicon wafer.

Actually, MHPs are suitable for the direct heat removal from semiconductor devices because
they could be fabricated and integrated into them, as envisioned by Cotter [6], on the basis of
micro-electro-mechanical systems (MEMS) technology and work as thermal spreaders [12].
The advantages of MEMS-based MHPs mainly includes as follows: (1) It allows for precise
temperature control at the chip level; (2) the overall cooling is more efficient because specific
heat sources within the electronics package may be targeted and reduce the contact thermal
resistance; (3) the overall size of the electronic system can be kept small and achieve material
compatibility; and (4) easy to large scale replication and mass production. Due to the compact
size, high local heat removal rates and can be used to effectively lower chip maximum
temperature and attain temperature uniformity, MEMS-based MHPs could be considered as
a promising option to meet future chip-level cooling demands.
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(g) (h)

Figure 2. Cross-sections of individual micro-grooved heat pipes: (a, b) triangular section; (c, d) rectangular section; (e,
f) square section; (g) trapezoidal section; (h) circular section [10].

For all practical situations, MHP is a general name for heat pipes with micro-wicks and
mini-/micro-tubes in many references, and a heat pipe that satisfies the Bond number
(Bo=(pl—pg)grhz/ o) to be on the order of 1 or less or capillary action dominates gravity can
be termed as MHPs [7, 13]. The published reviews of MHPs were largely related to micro-
grooved heat pipes [14-16], and there is no comprehensive introduction on MEMS-based
MHPs. Moreover, the concept of MEMS-based MHPs, in this chapter, are not simply limited
to micro-grooved heat pipes etched on silicon wafers but also other novel types that
fabricated through MEMS technology. The overall size of a MEMS-based heat pipe device
should be comparable to that of an electronic chip, regardless of having wicking struc-
tures or not.

In this chapter, we present a review on the MEMS-based MHPs that begin with a brief
introduction of micro-grooved heat pipes, including working principles, heat transport
limitations, and fabrication approach. The following section focuses on the state-of-the-art of
research on MEMS-based micro-grooved heat pipes both experimentally and numerically, and
then advances made in some other emerging MEMS-based MHPs. Meanwhile, some promis-
ing and potential applications of MEMS-based MHPs are also reported. It is expected to
provide a basis for MEMS-based MHP design, performance improvement, and further
expansion in its applications.
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2. Micro-grooved heat pipe

2.1. Fundamental operating principles

The fundamental operating principles of micro-grooved heat pipes are essentially the same as
those occurring in conventional heat pipes and can be easily understood by using a triangular
cross section MHP as illustrated in Figure 3. Heat applied to one end of the MHP, called
evaporator, vaporizes the liquid in that region and pushes the vapor toward the cold end,
called condenser, where it condenses and gives up the latent heat of vaporization. In between
the evaporator and the condenser is a heat transport section, called the adiabatic section, which
may be omitted in some cases. MHPs do not contain any wicking structures, but consist of
small non-circular channels and the role of wicks in conventional heat pipes gives way to the
sharp-angled corner regions, serving as liquid arteries. The vaporization and condensation
processes cause the curvature of liquid-vapor interface (see Figure 3) in the corner regions to
change continually along the passage and result in a capillary pressure difference between the
hot and cold ends. The capillary force generated from the corner regions pump the liquid back
to the evaporator and the circulation of working fluid inside the MHP accompanied by phase
change is then established [17, 18].

l Evapaorator | Adiabatic 1. Condenser
| | i

o
!

Vapor

V V V VvV

Figure 3. Schematic diagram of a micro-heat pipe with triangular cross-section.

2.2. Heat transport limitations

The operation and performance of heat pipes are dependent on many factors such as the tube
size, shape, working fluid, and wicking structure. The maximum heat transport capability of
a heat pipe operating at steady state is governed by a number of limiting factors, including the
capillary, sonic, entrainment, and boiling limitations [18]. Theoretical and fundamental
phenomena that cause each of these heat pipe limitations have been the subject of a number
of investigations for conventional heat pipes. The representative work was given and dis-
cussed by many authors [19], while only a limited number concern the operating limitations
in a MHP [20]. The experimental investigation by Kim and Peterson [21] revealed that the
capillary limitation occurred before entrainment and boiling limitations. When the heat input
is larger than a maximum allowable heat load, capillary limitation occurs and becomes the
most commonly encountered limitation to the performance of a MHP [22, 23], which causes
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the dry-out of the evaporator and degrades the thermal performance significantly. As a result,
the capillary limitation is the primary concern of MHP design and operation according to its
working principles. It can be concluded from the operating principles that the primary
mechanism by which MHPs operates result from the difference in the capillary pressure across
the liquid-vapor interfaces in the evaporator and condenser sections. For proper operation,
the capillary pressure difference should be greater than the sum of all the pressure losses
throughout the liquid and vapor flow passages. The gravity force is usually not taken into
account in two-phase micro-devices compared to surface tension, and thus, the hydrostatic
pressure drop can be neglected [24]. Hence, the relationship can be expressed mathematically
as follows

Ap. 2 Ap, +Ap, )

where Ap . is the net capillary difference, Ap ; and Ap , are the viscous pressure drops in the
liquid phase and vapor phase, respectively.

The left-hand side in Eq. (2) at a liquid—vapor interface can be estimated from Laplace-Young
equation, and for most MHP applications it can be reduced to:

11
Ap. =0 (— - —j ©)

where r., and r represent the minimum meniscus radius appearing in the evaporator and
maximum meniscus radius in the condenser, respectively. Both values depend on the shape
of the corner region and the amount of liquid charged to the heat pipe.

For steady-state operation with constant heat addition and removal, the viscous pressure drop
occurring in liquid phase is determined by

Hy

Leff q (4)
K4, hfg P

Ap, =

where L . is the effective heat pipe length defined as:
Leff =0'5(Le +Lc)+La (5)

The viscous vapor pressure drop can be calculated similarly to the liquid vapor drop but is
more complicated due to the mass addition and removal in the evaporator and condenser,
respectively, as well as the compressibility of the vapor phase. Consequently, the dynamic
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pressure should be included for a more accurate computation and thus elaborately analyzed
by several researchers [17]. The resulting expression, for practical values of Reynolds number
and Mach number, is similar to the liquid pressure drop and can be expressed as follows:

C(fRe), u
Ap, =| ——|L 6
D, zth,vA\,h P et d (6)

fg /v

where 1, , is the hydraulic radius of the vapor space and C is a constant that depends on the
Mach number [12, 25].

2.3. Fabrication process of MEMS-based micro-grooved heat pipes

In 1991, Peterson et al. [26] initialized the concept of using micro-grooved heat pipes as an
integral part of the semiconductor devices. Normally, MEMS-based MHPs with hydraulic
diameters on the order of 50-300 um are directly etched into silicon wafers, and the direction-
ally dependent wet etching or deep reactive ion etching (DRIE) processes are commercially
available and widely utilized to create a series of parallel micro-grooves which shape the micro-
devices [27-30]. The wet chemical etching process could create trapezoidal or triangular
grooves, allowing etching of silicon wafers in one particular direction at a higher rate as
compared to other directions, while DRIE process that uses physical plasma tool generates
rectangular grooves. Once the micro-grooves are etched into the silicon wafer, a Pyrex 7740
glass cover plate is often bonded to the surface to form the closed channels based on anodic
bonding technique for the visualization of two-phase flow in MHPs.

The lithographic masking techniques, coupled with an orientation-dependent etching techni-
que, are typically utilized and Peterson [17] has summarized this processes. Figure 4 gives an
example of six major fabrication process with respect to a MEMS-based MHP having trape-
zoidal cross sections, including photolithography, wet etching, and anodic bonding. After
standard clean and drying, a two-side polished (100) silicon wafer is thermally dry oxidized
to form a layer of SiO,, which is used as a hard mask for anisotropic wet etching as illustrated
below. Firstly, one side of the silicon wafer is spun coated with a photoresist (PR) (Figure 4a).
The patterned transfer from a mask onto the wafer is established via exposure and develop-
ment (Figure 4b). Subsequently, buffered oxide etch (BOE) solutions are used to strip off the
exposed SiO, (Figure 4c), and the remanent PR is removed by a cleaning step (Figure 4d). Then,
some micro-grooves with trapezoidal cross sections are created by wet etching (Figure 4e). For
flow visualization, a Pyrex 7740 glass is finally bonded with the silicon wafer after removing
the SiO, layer using HF solution (Figure 4f). Before silicon-to-glass bonding, the laser drill
technology is employed to create the inlet/outlet holes for evacuating and charging. After the
completion of the MEMS fabrication process, the wafer is sliced into individual dice.
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Figure 4. Fabrication processes of a MEMS-based MHP: (a) spin coating photoresist, (b) UV exposure, (c) BOE etching
(d) wet etching, (e) HF etching silicon layer, and (f) silicon-to-glass anodic bonding.

In addition to the orientation-dependent etching processes, a more elaborate technique was
developed that utilizes the multi-source vapor deposition process [31, 32] to create an array of
long, narrow channels of triangular cross-section lined with a thin layer of copper. This process
begins with the fabrication of a series of square or rectangular grooves in a silicon wafer. Then,
the grooves are closed using a dual E-beam vapor deposition process, creating an array of long
narrow channels of triangular cross section with two open ends. Figure 5 gives a SEM image
of the end view of a vapor deposited MHP which has not quite been completely closed at the
top. Clearly, the MHPs are lined with a thin layer of copper, and thus the migration of the
working fluid throughout the semiconductor material could be significantly reduced.
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Figure 5. A vapor-deposited micro-grooved heat pipe [17].
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3. State-of-the-art of research on MEMS-based micro-grooved heat pipes

3.1. Experimental investigation

The original conception of micro-grooved heat pipes fabricated in silicon substrate was first
introduced by Cotter, but the first experimental test results on these micro-devices were not
published until somewhat later by Peterson and coworkers [26]. In their investigation, several
silicon wafers as shown in Figure 6 were fabricated with distributed heat sources on one side
and an array of MHPs on the other. As an intermediary step in the development process,
experimental tests were conducted by Babin et al. [8] on two individual micro-grooved heat
pipes, one copper and one silver, approximately 1 mm? in cross-section area and 57 mm in
length. Distilled and deionized water were used as the working fluid.

Figure 6. Array of micro-grooved heat pipes fabricated on silicon wafer [26].

After that, Peterson’s group carried out several experimental and numerical investigations [28,
31, 33, 34] to verify the feasibility of MHPs as an integral part of semiconductor devices, and
then a large number of experimental investigations have been conducted by other researchers
to extend the MHP array concept and determine the potential advantages of MEMS-based
MHPs.

In 1993, Peterson et al. [28] carried out the experiment on MHP arrays fabricated in silicon
chips. As compared to a plain silicon wafer, their experiment demonstrated that the silicon
chips of the same size integrated with rectangular and triangular MHP arrays charged with
methanol could obtain reductions in the maximum temperature of 14.1 and 24.9°C, respec-
tively, at a power input of 4 W. The effective thermal conductivities of these two MHP arrays
were increased by 31 and 81%, respectively. Due to the higher capillary pumping effect, it is
found that the thermal performance of a triangular MHP is better than that of a rectangular
one. However, the experimental investigation by Badran et al. [35] shown an indistinctive
increase in effective thermal conductivity after using MHP arrays fabricated on silicon
substrate. Compared to plain silicon, the effective thermal conductivities were only increased
by about 6 and 11% at high power levels using methanol and water as working fluids,
respectively, which are far less than the predicted values based on a theoretical model. This
result was found to be similar to the experimental results conducted by Berre et al. [36],
according to whom that there was only a systematic slight temperature decrease in the charged
MHP array of 55 parallel triangular-shaped channels for filling ratios between 6 and 66% as
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compared with the empty MHP array at a heat input range between 0.5 and 4 W. However,
this temperature discrepancy was found to be comparable to the experimental uncertainty and
therefore no significant heat transfer enhancement could be clearly identified. These authors
believed that it is mainly attributed to the large thermal conductivity of silicon, and therefore,
a large part of heat is transferred by conduction through the silicon material and that the
improvement due to the MHP array is negligible.

To enhance performance of MHPs, Kang and Huang [37] proposed two silicon MHPs with
star and rthombus grooves, as illustrated in Figures 7a, b, respectively. The heat transfer
performance of these MHPs was improved due to better capillarity provided by more acute
angles and micro-gaps. Experimental results demonstrate that for the silicon wafer with an
array of 31 star-grooved MHPs (340 um in hydraulic diameter) filled with 60% methanol at a
power input of 20 W, reduction in the maximum wafer temperature was 32°C. For the silicon
wafer with an array of 31 rhombus-grooved MHP (55 um in hydraulic diameter) filled with
80% methanol at a power input of 20 W, reduction in the maximum wafer temperature was
18°C. The best thermal conductivities of star and thombus grooves MHPs were found to be
277.9 and 289.4 W/(m K), respectively.

Berre et al. [36] fabricated two sets of MHP arrays in silicon wafers. The first array, asillustrated
in Figure 8a, was made from two silicon wafer with 55 triangular parallel micro-channels (230
pm in width and 170 um in depth); and the second array, as illustrated in Figure 8b, was made
from three silicon wafers having two sets of 25 parallel micro-channels, with the larger ones
placed on the top of the smaller ones. The smaller triangular channels were used as arteries
drain the liquid to the evaporator, so the liquid returns via independently etched channels to
the evaporator rather than common liquid—vapor counter-current flow as occurred in
Figure 8a, and thus significantly reducing the liquid—vapor interactions and enhancing the
heat transport limitation. Ethanol and methanol were used as the working fluids. Filling ratios
ranging from 0 to 66% were tested. The effective thermal conductivity evaluated by a 3D
simulation was found to be 600 W/(m K), which represented an increase of 300% of the silicon
thermal conductivity at high heat flux, demonstrating remarkable heat transfer enhancement.

{a) (b)

Figure 7. Schematic diagram of star grooves MHP (a) and rhombus grooves MHP (b) [37].
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Figure 8. Transverse cross-sections of a MHP array (a) with triangular channels and (b) with triangular channels cou-
pled with arteries [36].

Recently, a novel artery MHP array as illustrated in Figure 9 was proposed by Kang et al. [38]
to enhance the liquid backflow. Two smaller channels serving as arteries are positioned on
both sides of one vein channel which acts as the ordinary MHP, and these channels are
connected together at both ends by two connecting channels. Because of the two ends’ pressure
difference of the V-shape grooves in the MHP array, the working liquid gathered at the
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Figure 9. Schematic diagram of the MHP and artery and working principle [38].
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condenser could be transported to the evaporator both through the MHPs’ grooves and
arteries. Soon afterward, the same group [39] stated that implanted arteries can effectively
enhance the capillarity thus improving the capability to transport the liquid from the cold end
back to the hot end, and limiting the propagation of dry-out region.

In addition to the artery MHPs, micro-grooves with non-parallel cross section were also
utilized to enhance capillary effect and then heat transport capability of MHPs by Luo et al.
[40]. A silicon-glass MHP with non-parallel micro-channel structure was put forward, having
larger dimension of grooves in the evaporator section in comparison with that in the condenser
section. Besides, a vapor chamber was wet etched onto the Pyrex 7740 glass and then bonded
with the channel-etched silicon wafer as illustrated in Figure 10. The depths of the micro-
grooves and vapor chamber in the silicon wafer and Pyrex 7740 were about 160 and 200 pm,
respectively. Experimental results show that the non-parallel micro-channels could enhance
the capillarity of liquid back flow from the condenser to the evaporator of the MHP and then
improve the thermal performance. Also, it reveals that the vapor chamber influenced the
performance of the MHP and a suitable design could reduce the vapor flow resistance and
hence enhancing the liquid back flow. The novel MHPs demonstrate 10.6 times higher in the
maximum equivalent thermal conductivity than that of the pure silicon wafer.
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Figure 10. Schematic diagram of a micro-heat pipe with a vapor chamber [40].

In order to comprehensively understand the thermal performance of MHPs, micro-tempera-
ture sensors including poly-silicon integrated thermistors [36, 41-44] and platinum resistance
temperature detectors (RTDs) [45] were used to obtain temperature profile along the longitu-
dinal axis of a MHP array precisely.

3.2. Theoretical analysis

While some analytical models that predict the heat transfer limitations and operating charac-
teristics of individual MHPs have been developed [46-49], it is unclear how the incorporation
of an array of these MHPs on a silicon wafer might affect the temperature distribution and the
resulting thermal performance. Hence, Mallik et al. [31] developed a three-dimensional
numerical model capable of predicting the thermal performance of an array of parallel MHPs
constructed as an integral part of semiconductor chips. In order to determine the potential
advantages of this concept, several different thermal loading configurations were analyzed.
The reduction in maximum chip temperature, localized heat fluxes, and maximum tempera-
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ture gradient across the chip as a function of the number of MHPs in the array was determined.
Besides, the 3D numerical model was further extended to determine transient response
characteristics of an array of MHPs integrated on silicon wafers. Numerical results show
significant reductions in the transient response time, indicating the effectiveness of an array
of these MHPs in dissipating heat over the entire chip surface and improving the heat removal
capability. The transient thermal response was measured and compared with the calculations
based on the numerical model proposed by the same group [33].

Suman and Kumar [50] and Suman and Hoda [51, 52] developed several one-dimensional
models, which include the substrate effect, to predict the thermal characteristics of MHPs
embedded in a silicon chip. These models are considerable simpler in form and easier to
implement than those developed by other, while less accurate since only the fluid phase were
took into account and neglected the liquid-vapor interface shear effect.

3.3. Novel designs for performance improvement

According to the working principles of a MHP, the liquid back flow is derived from a difference
in the radius of curvature between the hot part and the cold part. Therefore, its heat transfer
capacity is less than that of a conventional heat pipe having wicking structures. Owning to its
advantages of simple design and direct integration on the silicon wafers, suitable for many
applications, several attempts have been made in the past to increase the transport capability
of MHPs.

By applying electric field at the liquid—vapor interface, pressure difference can be increased if
the working fluid is dielectric in nature. This research is based on the assumption that both
augmentation of the heat transport capability and active thermal control of MHPs can be
achieved through the application of a static electric field. Yu et al. [53] conducted experimental
and theoretical analyses to evaluate the potential benefits of electrohydrodynamic (EHD)
forces on the operation of MHPs. In their experiments, the electric fields were used to orient
and guide the flow of the dielectric liquid within the MHP from the condenser to the evapo-
rator, and then a six time increase in the heat transport capability was obtained. The application
of an electric field to MHPs not only can enhance the heat transfer capacity but also permits
active thermal control of sources subject to transient heat loads and thus making the temper-
ature control more precise [54].

Using EHD-assisted MHPs, the substrate temperature can be controlled more precise by
varying the field strength. But the model developed by Yu et al. [53, 54] are semi-empirical in
nature. The effect of electrical field has not been directly incorporated into flow of fluid.
Therefore, a model developed from the first principle and its experimental validation is
required to understand the effect of an electrical field in the performance of MHPs. Such an
attempt has been presented by Suman [55] that developed a model for the fluid flow and heat
transfer in an EHD-assisted MHP considering the coulomb and dielectrophoretic forces. The
analytical expressions for the critical heat input and for the dry-out length have been obtained.
It was found that the critical heat input could be increased by 100 times using EHD.
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To provide enough capillary pressure to collect more working fluid at the evaporator region
passively and enlarge the capillary limitation, surface wettability treatment of inner wall along
the longitudinal direction of a MHP offers a possible solution. Qu et al. [56] proposed a
triangular MHP characterized by a gradient inner surface, with the evaporator, adiabatic
section, and condenser having different surface wettabilities and hence contact angles. The
contact angle decreases from the condenser to the evaporator, thereby enhancing heat transfer
capacity. The results revealed that the surface with a gradient wettability increased the
maximum heat input of the MHP up to 49.7%, compared with that of uniform surface
wettability. The effect of surface-tension gradient on the thermal performance of a MHP has
been numerically investigated by Suman [57]. Results show that the liquid pressure drop
across the MHP can be decreased by about 90%, and the maximum heat throughput can be
increased by about 20% with a favorable surface-tension gradient. A mixture of water and
normal alcohol with carbon chain ranging 4-7 (like water-butanol mixture) was suggested to
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Figure 11. A radial-grooved micro-heat pipe: vapor-phase grooves (top left); interface (top right); liquid phase grooves
(bottom) [58].
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use as a liquid solution whose surface tension increases with the increase of temperature. The
favorable effects will promote the fluid flow from the cold end to the hot end resulting in the
heat transfer enhancement of a MHP.

A radial-grooved MHP as illustrated in Figure 11 was designed and fabricated in silicon wafer
by Kang et al. [58]. This radial-grooved MHP consisted of a three-layer structure, with the
middle layer serving as the interface between liquid and vapor phases flowing in the upper
and bottom layers, respectively. The separation of the liquid and vapor flow was designed to
reduce the viscous shear force. This MHP with a size of 5 cm x 5 cm was fabricated by bulk
micro-machining and eutectic bonding techniques. Both the vapor and liquid phase grooves
were 23 mm in length and trapezoidal in shape, with 70 grooves spreading in a radial manner
from the center outward. For the vapor phase grooves, the widths at the inner and outer ends
of the grooves were 350 and 700 um, respectively. The corresponding widths for the liquid
phase grooves at inner and outer end are 150 and 500 um, respectively. The best heat transfer
performance of 27 W at a filling rate of 70% was obtained for this micro-device. Later, Kang et
al. [59] presented two wick designs of MHPs with three copper foil layers. The first design has
almost the same structures as depicted in Figure 11 and worked based on the same principle
and advantages of liquid—vapor separation, whereas the second one had 100-mesh copper
screens as wicking structure (Figure 12). It was found that the radial grooved MHP, filled with
methanol at a filling ratio of 82%, showed better performance at a heat input of 35 W than that
using mesh screens as wicking structure.

Figure 12. The diagram about the structures of each layer of a copper-screen-styled micro-heat pipe heat spreader: gas
phase (left); partition panel (central); liquid phase (right) [59].

4. Other emerging MEMS-based MHPs

In addition to MEMS-based micro-grooved heat pipes, some other mini- or micro-scale heat
pipes, such as capillary pumped loops (CPLs) [60-64], loop heat pipes (LHPs) [65-69],
oscillating heat pipes (OHPs) [70-75], and vapor chambers (VCs) [76-80] as shown Figure 13,
were also successfully constructed on silicon substrates by means of micro-fabrication
technique recent years and became two-phase passive micro-coolers for electronic cooling.
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Figure 13. Novel MEMS-based micro-heat pipes: (a) micro-CPL [62], (b) micro-LHP [65], (c) micro-OHP [72], and (d)
micro-vapor chamber [77].

Similar to MEMS-based micro-grooved heat pipes, these novel MEMS-based MHPs could be
considered as small versions of corresponding conventional prototypes and work at the related
mechanism. Although some of these micro-devices have more complicated structures in
comparison with micro-grooved heat pipes, especially the micro-CPLs and micro-LHP
consisting of additional wicking structures, the heat cooling capability is much higher and the
maximum allowable heat fluxes could be up to 185.2 W/cm? [63] and 300 W/cm? [68] for micro-
CPLs and micro-LHP, respectively.

In addition to MEMS-based loop-type heat pipes as shown in Figure 13a-c, MEMS-based VCs
are also utilized for spreading high local heat flux and act as silicon heat spreaders. A silicon
VC illustrated in Figure 13d based on a unique three-layer silicon wafer-stacking fabrication
process demonstrated an maximum effective thermal conductivity about 2700 W/(m K) [77],
indicating excellent performance to attain temperature uniformity.

To further increase the heat transport capability of micro-VCs, recently micro-/nano-hierarch-
ical wicking structures are proposed by researches. The materials of carbon nanotube, Ti, and
Cu as shown in Figure 14 are available due to the easy-fabrication feasibility and material
compatibility. As compared to the micro-wicking structures, the micro-/nano-biwick structure
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shows better wettability [82, 83] and can sustain ultra-high localized heat flux over 700
W/em? [81].

(d)

Figure 14. SEM images of micro-/nano-hierarchical wicking structures for micro-vapor chamber: (a) biwick structure
composed of cylindrical CNT pillars [81]; (b) biwick structure composed of straight CNT stripes [81]; (c) Ti pillar array
with oxidized hairlike NST(nanostructured titania) [82]; (d) nanostructured Cu micro-posts [83].

5. Applications of MEMS-based MHPs

The most ongoing and potential application of MEMS-based MHPs is in the thermal manage-
ment of electronics [84, 85]. Adkins et al. [86] discussed the use of a “heat-pipe heat spreader”
embedded in a silicon substrate as an alternative to the conductive cooling of integrated circuits
using diamond films. These MHPs function as highly efficient heat spreaders, collecting heat
from the localized hot spots and dissipating the heat over the entire chip surface. Incorporation
of these MHPs as an integral part of silicon wafers has been shown to significantly reduce the
maximum wafer temperature and reduce the temperature gradients occurring across these
devices [28, 32]. Currently, mobile electronics, such as smart phones and tablet PCs, are widely
used and becoming an alternate solution of traditional PCs or notebooks. These devices
comprise many high-heat-generating components and have been miniaturized and designed
for high-density packaging. The complex thermal behavior due to their usage under various
circumstances affects the reliability and usability. The ultra-compact cooling space demands
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of these mobile electronics make the MEMS-based MHPs a good alternative solution as
compared to other cooling schemes.

The biological field associated with human disease remedy is another potential application of
MEMS-based MHPs. MHPs can provide a controllable heat rate at constant temperature and
may be matched to the thermal conductivity of live tissue and the degree to which a cancerous
tumor is perfused. They may be useful in treating cancerous tumors in body regions that cannot
be treated by other means [87, 88].

In addition to the above applications, the thermal management of localized heat generating
devices such as concentrated solar cells, MEMS-based infrared detectors and micro-fuel cells
as well as thermal energy harvesting devices is also possible fields that MEMS-based MHPs
can be used.

6. Summary

In this chapter, a generalized concept of MEMS-based MHPs is proposed on the basis of the
initial description of MHP by Cotter as an integral part of semiconductor devices. The working
principle, capillary limitation, fabrication process as well as the state-of-the-art of MEMS-based
micro-grooved heat pipes have been introduced firstly and discussed in detail. Some new
MEMS-based MHPs, including micro-CPLs, micro-LHPs, micro-OHPs, and micro-VCs, and
some of their structures and thermal characteristics have been presented. In view of the
continued trend in miniaturization of electronic/optoelectronic devices and circuits and
explosive growth of MEMS products, MEMS-based MHPs exhibit advantages and will find
increasing applications in related engineering and medical fields. More research work is
needed to provide rational tools for optimal designs and fabrications of these micro-devices.
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Abstract

Nanofluids are liquid/solid suspensions with higher thermal conductivity, compared to
commonworkingfluids.Inrecentyears, theapplicationof thesefluidsinelectroniccooling
systems seems prospective. In the present study, the laminar mixed convection heat
transfer of different water—coppernanofluids through aninclined ribbed microchannel—
asacommon electronic cooling system in industry—was investigated numerically, using
a finite volume method. The middle section of microchannel’s right wall was ribbed, and
at a higher temperature compared to entrance fluid. The modeling was carried out for
Reynolds number of 50, Richardson numbers from 0.1 to 10, inclination angles ranging
from 0° to 90°, and nanoparticles’ volume fractions of 0.0-0.04. The influences of
nanoparticle volume concentration, inclination angle, buoyancy and shear forces, and
rib’s shape on the hydraulics and thermal behavior of nanofluid flow were studied. The
results were portrayed in terms of pressure, temperature, coefficient of friction, and
Nusselt number profiles as well as streamlines and isotherm contours. The model
validation was found to be in excellent accords with experimental and numerical results
from other previous studies.

Theresultsindicated thatatlow Reynolds’ flows, thegravity haseffectsontheheattransfer
and fluid phenomena considerably; similarly, with inclination angle and nanoparticle
volume fraction, the heat transfer is enhanced by increasing the Richardson number, but
resulting in aless value of friction coefficient. The results also represented that for specific
Reynolds (Re) and Richardson (Ri) numbers, heat transfer and pressure drop augment-
ed by increasing the inclination angle or volume fraction of nanoparticles. With regard to
the coefficient of friction, its value decreased by adding less nanoparticles to the fluid or
by increasing the inclination angle of the microchannel.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



106

Electronics Cooling

Keywords: mixed convection heat transfer, inclined ribbed microchannel, nanofluid,
finite volume method, friction factor

1. Introduction

Electronics have turned smaller, quicker, and more powerful due to the current development
in computing technology during the past few decades, resulting in a dramatic rise in the rate
of heat generation from electronic appliances. One way to keep the heat generated by different
parts of electronic devices within safety zone is to cool the chips via forced air flow. However,
standard cooling procedures seem insufficient to deal with the parts which are comprised of
billions of transistors functioning at high frequency, considering the fact that the temperature
can rise up to a critical point. Thus, microscale cooling appliances like microchannel heat sinks
have vital roles in heat removal applications in appliances including high-energy mirrors and
laser diode arrays [1]. In 1981, Tuckerman and Pease brought up the concept of a microchannel
heat exchanger first [2]. The major advantage of a microchannel heat sink is the fact that its
heat transfer coefficient is much higher than the traditional heat exchangers [3]. This causes
microchannels to become useful for being employed in semiconductor power devices, very
large-scale integrated (VLSI) circuits, etc. [4]. The first idea was to utilize water as a coolant in
microchannels as cooling systems [5, 6]. Nevertheless, water is subjected to weak thermo-
physical properties. The convective heat transfer rate of these types of working fluids can be
enhanced by improving their thermophysical properties. Nanofluids prepared through
dispersing nanosized particles into the base fluid for the sake of enhancing the thermophysical
properties of the working fluid are considered to support higher heat transfer compared to
conventional fluids, such as water [7], ethylene glycol [8], kerosene [9], etc.

Recently, heat transfer and nanofluid flow in microchannels have drawn enormous interests
by researchers. However, most of the researches are concerned with the forced convection heat
transfer in smooth microchannels. The laminar forced convection heat transfer of y-ALO,/
deionized water nanofluid through a rectangular microchannel heat sink was studied by
Kalteh et al. [10], using a finite volume method. Moreover, they carried out experimental study
to make comparison between the outcomes with numerical results. Their findings demon-
strated that average Nusselt number rises with a growth in Re and vol. % of nanofluid besides
a reduction in the nanoparticle size.

The theoretical study of laminar forced convection heat transfer of Al,05/H,O nanofluid inside
a circular microchannel accompanied by a uniform magnetic field was carried out by Malvandi
and Ganji [11]. Due to the nonadherence of the fluid—solid interface accompanied by nano-
particle migration, considered as a slip condition, and also the microscopic roughness in
circular microchannels, the Navier’s slip boundary condition was applied to the walls. The
results of this research showed that the near-wall velocity gradients rise by applying the
magnetic field, improving the slip velocity, and therefore, the pressure drop and heat transfer
rate rise.
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The heat transfer and fluid flow of MWCNT/water-based nanofluids in a microchannel, with
frequent change of heat flux and slip boundary condition, were studied by Nikkhah et al. [12].
Based on their results, local Nusselt number, along the length of the microchannel, changes
periodically and enhances with the rising of Reynold’s number. Furthermore, it was pointed
out that an increase in the weight percentage of nanoparticles and slip coefficient results in the
rise of Nusselt number, which is higher in upper Reynolds numbers.

The experimental investigation of forced convection of various nanofluids in a 500 pum width,
800 um height, and 40 mm length microchannel was conducted by Nitiapiruk et al. [13]. Pure
water and TiO,-water with 0.5-2 vol.% were studied in this research. According to the
outcomes of this research, the use of nanofluid with a volume fraction of 2 vol.% and minimum
rate of heat flux and Reynold’s number is more beneficial than other conditions.

An analytical approach was taken to study the entropy generation of alumina-water nanofluid
inside circular microchannels and minichannels by Hassan et al. [14]. In their research, the
Reynolds number was maintained constant at 1500, while the nanoparticle volume fraction
and the diameter of channels differed from 0 to 0.14, and 3 mm (minichannel) to 0.05 mm
(microchannel), respectively. They realized that water/ALO;nanofluid is an excellent coolant
in minichannels under laminar flow regime. Nonetheless, employing high-viscous H,O/
AlLO;nanofluid for laminar flow in microchannels is undesirable. Therefore, it is necessary to
develop low-viscous Al,O,/water nanofluids in order to apply in microchannels under laminar
flow condition.

Rimbault et al. [15] investigated convection heat transfer of nanofluids in a rectangular
microchannel heat sink. The nanofluids were comprised of CuO nanoparticles combined with
water as the base fluid in 0.24—4.5 volume fractions. The findings reveal that employment of
copper oxide/water nanofluid for microchannel under the examined conditions does not offer
great heat transfer improvement, compared to water. Such results were inconsistent with the
experimental results reported by Zhang et al. [16] for alumina—water nanofluid flow through
a circular microchannel, who indicated a significant increase in heat transfer rate and Nusselt
number while using 0.25-0.75 vol.% nanofluid. While employing non-Newtonian AlO,
nanofluid of up to 4% in a rectangular microchannel, the findings of Esmaeilnejad et al. [17]
were consistent with those of Zhang et al. [16].

The literature survey reveals that combined use of nanofluids with microchannels gives higher
heat transfer performance compared to the use of common, traditional fluids in conventional
systems [18-20]. However, fulfilling the requirements from other applications of the micro-
channels needs additional advancement. A particular still uncomprehending case is the
natural and mixed convection heat transfer of nanofluids in vertical and inclined ribbed
microchannel heat sinks. In this work, dilute mixture of Cu nanoparticles and water has been
analyzed in an inclined microchannel with four rectangular shaped ribs. Laminar mixed
convection heat transfer was studied by the use of FLUENT software. Properties of nanofluids
have been extracted from the available formulations in literature and introduced in the
software. Model validation has been performed by the comparison of the simulation results
and the existing literature. The focus was on the heat transfer of water-based nanofluids with
variable volume fractions of solid nanoparticles in microchannels with different angles of
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inclination. Results of this study may be applied in the use of coolants in various electronic
devices such as high-power light-emitting diodes (LED), VLSI circuits, and micro-electro
mechanical system (MEMS) [21].

2. Governing equations for laminar nanofluids

Dimensionless governing equations comprised of continuity, momentum, and energy
equations, which are solved for laminar, steady-state flow in Cartesian coordinate system, are
as follows [22, 23]:

v, v

+—=0
0X oY @

U  ,0U _ P Hy 1(62U 82UJ

U—+V—=-— — +—
ox or  oX p,v, Relox® or? @
2 2
Ua_V+Va_V:_a_P+ 'u"/ L 6V2+8_V2v +(G_};9j (3)
oX oy oY p,v, Re(dX" oY Re
a.. 2 2
00,00 _ay 1 (50 20 "
oX  0Y a, RePrloX® oY
In the above equations, the following dimensionless parameters are used [24, 22]:
X=X yYy-2y_-Y p-2
h h u, u,, a,
T-T u, L D gB(T,-T.)L ©)
0= <, Re=—"" P=—— Gr= e
T,-T. vy Ui Py v

To calculate the local Nusselt number along the lower wall, the following relation is used
[22]:

Nu(X) = —%(2—@ ) (6)

The local Nusselt number across the ribs is given as
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Nu(Y)=- IZ“ [Z—Q ) @)

The local Nusselt number along each horizontal and vertical part of the lower wall can be
expressed as follows:

Ly

Nu,, = L I Nu(x)dx (8)
LH 0
L,
l v

Nu,,, = j Nu(y)dy )

Total Nusselt number on the surface of each rib is calculated by

Nu Nu_  +Nu (10)

m, total = m, X m,y

To calculate the local friction factor along the lower wall, the following relation is used:

oy (11)

Substituting dimensionless parameters of Eq. (5) in Eq. (11), relation (12) and (13) are obtained

as follows:

2 (oU

2 (oV
o) @

The average friction factor along each horizontal part of the lower wall can be calculated as

l LII
Cp.. =7 [ €/ (14)

H 0
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The average friction factor across each rib is defined as
L,

[ b
C,., = [C 0y (15)
v 0

Total friction factor:
Crow=Cr TG, (16)

2.1. Nanofluid properties

Table 1 shows the thermophysical properties of copper (as nanoparticles) and water (as base
fluid). The thermophysical properties of the nanofluid can be acquired from the nanoparticles’
characteristics as well as that of the base fluid.

Copper (Cu) Water
» (Kg n 3) 8933 997.1
; (W o K-l) 400 0.613
c ( TKg' K'l) 385 4179
5 (Kl) 0.0000167 0.00021
u(Pas) - 0.000891

Table 1. Thermophysical properties of the base fluid and Cu nanoparticles [26].

Density and heat capacity of nanofluids can be computed through the recommended expres-
sions by Goodarzi et al. [25], Togun et al. [26] and Safaei et al. [27]:

Py =00, +(1=P)p, (17)
(pe,), =1=P)pc,), +d(pe,), (18)

For nanofluid thermal conductivity, Chon et al. [28] suggested a model for Al, O;-water which
includes the influences of Brownian motion, viscous sublayer thickness, and temperature [29]:
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0.369 0.7476
& — 1 + 647 ¢0.746 ﬂ £ Pr0.9955 Rel.2321 (19)
k, d, k,
k,T
where Re= 3pf *— and Pr= Y are the Brownian Reynolds and Prandtl numbers, I, is the mean
ugt lf Pr o f

free path of base fluid (0.17 nm for water), and y is the temperature-dependent viscosity of the
base fluid, represented as

0

u=0x107"7 (20)

where O, ], and Q are constants. For water, they are equal to 247.8, 140, and 2.414x1075,
respectively [29]. However, based on the previous studies by Karimipour et al. [30], the
aforementioned correlation can be used with confidence for copper-water nanofluids.

Dynamic nanofluid viscosity is evaluated based on the recommendations of Brinkman [31]:

__H
(1-¢)*

Hy (1)

The thermal expansion coefficient can be obtained from the suggested formula by Khanafer et
al. [32] and Abouali and Ahmadi [33]:

1 B, 1
LU=, gy, o
dp, (1-9)p,

By=5 (22)

1

3. Boundary conditions

A 2-D microchannel with four same rectangular ribs was selected for the analysis. Investigation
of heat transfer and fluid dynamics, including the study of velocity, thermal field, and friction
effects, was performed in different angles of inclination. The schematic of the investigated
microchannel is illustrated in Figure 1. The microchannel is 1350 pm long and 90 um high.
The length of the lower wall of the microchannel was divided into three parts. The temperature
of 290.5 K was set at the inlet. The temperature of 305.5 K was considered in the middle part
of the microchannel with the length of 450 pm, consisting of four ribs. The channel was
insulated on the total length of the upper wall (L,) as well as on the length of 450 pm of both
left and right sides of the lower wall. Rectangular ribs in all the studied cases were considered
to have a pitch, width, and height of 90, 15, and 30 pm (one-third of the microchannel’s height),
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respectively. In all cases, inclination angle between the microchannel and the horizon line was
changed from 0° (horizontal case) to 90° (vertical case). A Reynolds number equal to 50 was
selected to investigate the laminar flow, and Richardson number was varied between 0.1 and
10. Water as the base fluid was mixed with 0, 2, and 4% volume fractions of Cu nanoparticles
(¢ =0.00, 0.02, and 0.04).

In this investigation, flow is considered to be incompressible, Newtonian, laminar, and single-
phase. Thermophysical properties of nanofluid are assumed to remain unchanged with
temperature.

J Jr.r}_ﬁ.
{ﬁ":i:‘;‘ ¥ o
“*ry
dce

Figure 1. Schematic of the analyzed configuration.

4. Numerical method

The FLUENT commercial code was used to solve the partial differential equations that govern
to the flow. The software applies the finite volume method, which is a particular case of the
residual weighting method. This procedure is based on dividing the computational domain
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into finite control volumes, each node of which surrounds with a control volume. The partial
differential equation is afterward integrated over each finite volume [34].

The QUICK scheme [35] was applied for the discretization of all convective terms, while the
SIMPLEC algorithm [36] was employed for pressure/velocity coupling. At one point, when
the residuals for all equations fell under 107, the calculation reached the convergence [37]. Heat
transfer and fluid dynamics parameters can be assessed, after solving the governing equations.

5. Numerical procedure validation

5.1. Comparison with numerical and experimental study of water

Results of this study were compared with those of Salman et al. [38] for validation purposes.
Validation has been performed with numerical and experimental data, considering fluid flow
of water in a smooth microtube with Reynolds number equal to 90. Figure 2 shows an excellent
agreement between the simulation results of this work with both experimental and numerical
results.

60
S0 4
L Wumerical results [38].
40 l ] Expenimental results [38].
=—em=.==.  Pressent study
2 30 A
=
20 4
I L.
10 ‘1.._. e
“~e o
0 I*.#..ﬁ'_'.""'“ih-t-1

0.00 0.03 0.06 0.09 0.12 015
X(m)

Figure 2. Local Nusselt number variation—comparison with the work of Salman et al. [38].

5.2. Comparison with numerical study of nanofluid

Aminossadati et al. [24] numerically investigated forced convection of water/ALO; in a
horizontal microchannel. Middle part of the microchannel was exposed to a constant magnetic
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field and heated by a constant heat flux. The effect of parameters such as Reynolds number,
volume fraction of solid nanoparticles, and Hartmann number on the flow field and thermal
performance of the microchannel was studied.

Figure 3 demonstrates excellent agreement between the present model’s predictions and the
numerical results of Aminossadati et al. [24] in different Reynolds numbers and volume
fractions, in terms of average Nusselt number. This comparison shows that the present
numerical method is reliable and is useful in predicting forced convection heat transfer inside
a microchannel for nanofluids.

10
e ——
34 {
= = = Present work, Re=10
Aminosadat etal. [24), Re=10
= = = Present work, Re=100
6 Amdnossdar et al [24]. Re=100
— Presemt work, Re=500
Nu [ Amanosndar et ol [24]. Re=500
(1] el
44
2=
{]' Li L Li Li Li
0.00 0.01 0.02 0.03 0.04

.;e,

Figure 3. Averaged Nusselt number from present work versus that of Aminossadati et al. [24] for different values of Re
and ¢.

5.3. Grid independence

A structured, nonuniform grid has been chosen for the discretization of the computational
domain. A more refined grid was applied near the walls, where temperature and velocity
gradients are sensitive. Grid independency of the computational domain was tested by using
various grid distributions. Average Nusselt number and dimensionless pressure drop for each
number of grids are shown in Figure 4(A, B) , from which a grid of 60 x 900 was chosen for all
the simulation cases.
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Figure 4. Grid independence tests for the present study by comparison of average Nusselt number and dimensionless
pressure drop in various mesh concentrations: (A) average Nusselt number and (B) pressure drop.
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6. Results and discussion

Inside an inclined microchannel with four rectangular ribs, mixed convection heat transfer of
water—coppernanofluid is studied, utilizing finite volume method (Figure 1). The distances
between the ribs and their lengths and widths are supposed to be constant. The simulation
results are plotted in the form of contours and diagrams.

The isotherm contours and streamlines for y = 90°, Re = 50, different Richardson numbers, and
volume fraction of 4% are shown in Figure 5 (A, B). After the microchannel’s entry, the flow
attains a fully developed hydrodynamic regime. When the fluid reaches the ribs, its direction
is diverted and will result in an increased vertical component of the velocity. Yet, increased
Richardson number does not lead to any change in the streamlines’ variations. In case of
isotherms’ illustrations along the microchannel, once fluid with temperature of T, arrives in
the rib-roughened areas with T (surface temperature), temperature of fluid decreases, and heat
is transferred between the rib-roughened surfaces and fluid. Along the microchannel, ribs
function as a mixer and reduce the temperature gradient between the surface and the fluid,
and afterwards, the rate of heat transfer increases. These variations in heat transfer improve
as the inclination angle () or Richardson number increases. The first influential factor is the
resultant from the gravity and variations in its components—perpendicular to and in line with
the flow fluid—along the microchannel. Once y increases from 0 to 90°, the terms of diffusion
and advection in natural convection heat transfer strengthen, which leads to isothermal line
variations.
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Figure 5. (A) Streamlines and (B) Isotherm contours for 4% volume fraction and y = 90°.

The dimensionless velocity contours for Ri =10, 2% volume fraction, and 30°, 45°, 60°, and 90°
inclination angles, in line with (A) and perpendicular (B) to the flow are demonstrated in Figure
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6 (A, B). The increasing y exerts a significant effect on fluid flow behavior and heat transfer.
The velocity components (perpendicular to and along with the flow) vary by flowing the fluid
along the microchannel, because of the ribs. Increased inclination angle intensifies these
variations. The outcomes showed that the perpendicular velocity component exhibited more
variation, which causes vortexes and reverse flows in the flow field. Consequently, this velocity
component is deemed more effective, because its intensification can improve flow mixing and
rate of heat transfer.
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Figure 6. Dimensionless velocity contours for 2% volume fraction, different inclination angles, and Ri = 10: (A) along
the flow and (B) perpendicular to the flow.

The average Nusselt number for a ribbed microchannel with various volume fractions,
different Ri, and inclination angles is depicted in Figure 7. The results endorse that the average
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Figure 7. Profiles of average Nusselt number for different Richardson numbers and volume fractions of nanoparticles.

Nusselt number increased by increasing the Richardson number, inclination angle, and
nanofluid volume fraction. Nevertheless, a significant increase in the average Nusselt number
is seen compared to others for Ri=10. Also, in all volume fractions, the average Nusselt number
is higher when Ri = 1 compared with Ri = 0.1. This can be attributed to the fact that as the
Richardson number increases, the effective terms in natural convection heat transfer are
strengthened. Moreover, increased volume fraction of nanoparticles significantly affects
fluids’ thermal conductivity, which enhances the rate of nanofluid heat transfer. Even though
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when Ri = 0.1, the increment of average Nusselt number is nearly independent of y, the heat
transfer is increased with an increase in y in higher Richardson numbers. The reason can be
the velocity component variations, which rise mixing of the fluid layers.

The local Nusselt number for the distillated water and nanofluids on the lower wall of the
microchannel, y =90° and different Richardson numbers is compared in Figure 8. As can be
seen, nanofluid has a greater Nusselt number than the distillated water, because of the
existence of nanoparticles with greater thermal conductivity and also the effect of Brownian
motion on the nanofluid’s thermal conductivity. Other factors that increase the Nusselt number
are the ribs, which lead to abrupt upsurge of the heat transfer rate in the rib-roughened parts.
It is primarily due to improved mixing of the fluid layers between cold fluid and hot area.
Thermal boundary layer is altered and reformed when the fluid hits the ribs, which eventually
increases the rate of heat transfer.
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Figure 8. Local Nusselt number on lower rib-roughened wall for y =90°: (A) Ri=0.1; (B) Ri =10.

The pressure drop values for different Richardson numbers and volume fractions are shown
in Figure 9. It was observed that in all studied cases, pressure drop augments as the volume
fractions of nanoparticles, Richardson number, or inclination angle increase. In the cooling
fluid, solid nanoparticles cause a significant drop in pressure owing to the flow of denser,
high-viscous fluid, compared with the fluid with lower density and viscosity. More vortexes
are created as a result of increased inclination angle of the microchannel and the flow is re-
versed, which necessitate more energy to increase the pressure drop. Likewise, the pressure
drop increases by transition from forced convection domination to free convection one, as a
result of high variations of gravity components in higher Richardson numbers.
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Figure 9. Pressure drop diagram for different Richardson numbers and volume fractions of nanoparticles.

The average friction factor for different Richardson numbers and volume fractions on the
upper wall of the microchannel are shown in Figure 10. The average friction factor drops as
the nanoparticle volume fraction decreases, and Richardson number and inclination angle
increase. The density and dynamic viscosity of the fluid are intensified as the nanoparticle
volume fraction increases, which leads to an increment in the average friction factor. Also,
collision of particles with the microchannel’s surface increases in higher nanoparticle volume
fraction, which raises the friction factor. The friction factor is more or less independent from
y for the case of forced convection domination. Nevertheless, with an increase in inclination
angle or Richardson number, the friction factor on the upper wall drops because of gradient
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reduction in axial velocity in line with the upper wall of the microchannel.
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Figure 10. Average friction factor on microchannel’s top wall. (A) ¢=0%; (B) =2%; (C) p=4%.

The dimensionless temperature profiles in different inclination angles and microchannel cross
sections for ¢ =0.04 and Ri = 1 are demonstrated in Figure 11. It can be seen that approaching
microchannel’s outlet cross section or increasing inclination angle of microchannel decreases
the dimensionless temperature of hot fluid for all cases. This results in better mixing of fluid
layers, and lastly, increase of heat transfer.

Higher inclination angles result in development of intensive vortexes and better fluid mixing,
which significantly decrease the dimensionless temperature, particularly in near-inlet cross
sections. Thus, the dimensionless temperature for the vertical microchannel has the least value
in all cross sections, meaning that this microchannel angle has the maximum rate of heat

transfer.
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At sections near to the entry, the dimensionless temperature profile drops, because the thermal
boundary layer has not been developed yet. The thermal boundary layer becomes fully
developed as the entry length is increased, which increases the dimensionless temperature.
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Figure 11. Profiles of dimensionless temperature in different microchannel cross sections for Ri =1 and ¢ = 0.04. (A)
v=30°; (B) y=45°; (C) y=60°; (D) y=90°.

7. Conclusions
In this work, the fluid flow and heat transfer of laminar Cu-water nanofluid in a 2D rectangular

ribbed microchannel with different inclination angles and Richardson numbers were investi-
gated. Simulation of the problem was performed by the use of finite volume method. Reynolds
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number of 50 and Richardson numbers between 0.1 and 10 were applied to the simulation.
Solid nanoparticles were chosen to have a volume fraction of 0.0-4.0%.

The results of this research revealed that increasing the inclination angle of microchannel or
volume fraction of solid particles enhances the heat transfer rate. Existence of ribs through the
flow path results in velocity gradient and increases the fluid contact with the surfaces of the
microchannel, which in turn enhances heat transfer, while increasing the average friction
factor. Addition of nanoparticles to the base fluid does not majorly affect the hydrodynamic
parameters of the flow such as fluid velocity. Of all the studied cases, maximum heat transfer
can be seen in a vertical microchannel, dominated by natural convection, because of the
significant effect of gravity on the fluid structure and enhanced mixing of the fluid layers; and
the lowest Nusselt number belongs to the horizontal microchannel dominated by forced
convection.
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Nomenclature

Xy Cartesian coordinates (m)

D Diameter (m)

XY Dimensionless coordinates

uv Dimensionless flow velocity in x—y direction
H L Dimensionless microchannel height and length
P Fluid pressure (Pa)

G Friction factor

Gr Grashof number

G Gravity acceleration (m/s?)

G, Heat capacity (J/kg K)

s, Inlet flow velocity (m/s)

h 1 Microchannel height and length (m)

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

T Temperature, K
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K Thermal conductivity, W/m K
u,v velocity components in x, y directions, m/s
Greek symbols

K, Boltzmann constant (J/K)
p  Density (kg/m?)
0  Dimensionless temperature
pu  Dynamic viscosity (Pa s)
v Kinematics viscosity (m?/s)
Nanoparticles volume fraction
I'  The angle between ribs and horizon line (°)
a  Thermal diffusivity (m%/s)

B Thermal expansion coefficient (1/ K)

Superscripts and subscripts

F Base fluid (distillated water)
C Cold

H Hot

H Horizontal

In Inlet

M Mean

Nf Nanofluid

S Solid nanoparticles
total Total

v Vertical
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Abstract

The most significant hindrances to the technological advances in high power electron-
ics (HPE) and digital computational devices (DCD) has always been the issue of effective
thermal management. Energy losses during operation cause heat to build up in these
components, resultingintemperaturerise. Findingeffectivethermalsolutionswillbecome
a major constraint for the reduction of cost and time-to-market, two governing factors
between success and failure in commercial evolution of technology. Even when high
temperatures are not reached, high thermal stresses because of temperature variations
aremajorcausesoffailureinelectroniccomponentsmountedoncircuitboards. Aneffective
electronic cooling technique, which is based on reciprocating heat pipe, is the so-called
reciprocating mechanism-driven heat loop (RMDHL) that has a heat transfer mecha-
nism different from those of traditional heat pipes. Experimental results show that the
heat loop worked very effectively and a heat flux as high as 300 W/cm? in the evapora-
tor section could be handled. In addition to eliminating the cavitation problem associat-
ed with traditional two-phase heat loops, the RMDHL also provides superior cooling
advantage with respect to temperature uniformity. Considering the other advantages of
coolant leakage free and the absence of cavitation problems for aerospace-related
applications, the single phase RMDHL could be an alternative of a conventional liquid
cooling system (LCS) forelectronic cooling applications. This chapter will provide insight
into experimental, numerical and analytical study undertaken for RMDHL in connec-
tion with high heat and high heat flux thermal management applications and electronic
cooling. In addition to clarifying the fundamental physics behind the working mecha-
nism of RMDHLs, a working criterion has also been derived, which could provide a
guidance for the design of a reciprocating mechanism-driven heat loop.

Keywords: power electronic cooling, high heat flux, reciprocating flow, temperature
uniformity, single and two-phase heat transfer
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1. Introduction

Thermal management and related design problems continue to be identified by the Semicon-
ductor Industries Association Roadmap [1] as one of the five key challenges during the next
decade to achieve the projected performance goals of the industry. Finding effective thermal
solutions will become a major constraint for the reduction of cost and time-to-market, two
governing factors between success and failure in commercial evolution of technology [2]. In
addition to the time urgency, the heat generation problem is further compounded by the
increasing trend of miniaturization of these chips. It has been observed over the years, these
chips have gotten smaller and more compact and the smaller they get the higher the heat flux
associated with their operation. Microelectronic chips may dissipate heat fluxes as high as 10 W
through a 5 mm x 5 mm side (400 W/cm?) [3-5] and heat fluxes over 1,000 W/cm? have been
projected [6]. As a result, there is a need to create a capability to effectively remove these high
heat fluxes. An effective thermal management system must also find a solution to non-uni-
form system temperature or heat flux distribution across the surfaces [7]. Even when high
temperatures arenotreached, high thermal stresses because of temperature variations are major
causes of failure in electronic components mounted on circuit boards [8]. Non-uniform heat flux
distribution leads to local hot spots and elevated temperature gradients across the silicon die,
excessive thermal stresses on the device, and ultimately device failure.

For a cooling system, there are several design options to have a larger rate of heat removal.
The first option is the passive two-phase heat transfer systems [9, 10]. Some typical passive
heat transfer systems are heat pipes, gravity-assisted heat pipes, capillary pumped loops, and
vapor chambers (a flat-plate type heat pipe). The passive systems can function without
requiring any mechanical power input. However, heat pipe or capillary pumped loop are
capable of handling the maximum heat flux of 20 W/cm?. In some cases for a higher heat flux,
a special wick structure design may handle it better but the temperature uniformity require-
ment may not be held as the temperature drop across the heat pipe could be on the order of
5-10 °C. The capillary pumped loop has an advantage over the heat pipe as it transports heat
over a longer distance [11], which is also may considered as a special type of heat pipe. But it
may also have the same drawbacks of temperature uniformity and heat flux as heat pipe. The
most significant challenge that the above passive heat transfer devices are facing is the
tolerance of a substantial body force. In passive heat transfer system, the working fluid could
be thrown out of the evaporator because of the inertial force that results in liquid reduction in
the evaporator section.

The second option is the single-phase forced convection cooling, which is an active cooling
system. This cooling system is the most popular method that uses a pumping system to
circulate a liquid coolant for extracting heat from a heat generating device.

The third design option is a two-phase pumped cooling loop to simultaneously satisfy the
temperature uniformity and high heat flux requirements [9]. In this case, the coolant is still
circulated by a pumping device and the boiling/evaporation are allowed to occur over the
heated surface, which could provide an enhanced capability to remove a larger amount of heat
and achieve a higher level of temperature uniformity over the system. However, the pumping
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reliability is always a serious concern. First, the problem of a large the body force (pAv stress
because of phase change of the coolant) may be experienced during the operation, which may
be a significant challenge on the design of a cooling system [12]. Second, the space within the
cold plate must be reserved for boiling and vaporization and the two-phase loop cannot be
filled completely with the liquid, as a result, vapor or liquid-vapor two-phase mixture may
enter the pump, which could cause so-called cavitation problem and render the pump
ineffective [13].

There is another heat transfer mechanism different from those of traditional heat pipes called
reciprocating heat pipe. Cao et al. [14, 15] developed a reciprocating heat pipe, the so-called
reciprocating mechanism—driven heat loop (RMDHL) that worked very effectively. As
experimental results show that it can handle a heat flux as high as 300 W/cm? in the evaporator
section. A RMDHL (Figure 1) is normally composed of a hollow loop having an interior flow
passage, an amount of working fluid filled within the loop, and a reciprocating driver. The
hollow loop has an evaporator section, a condenser section, and a liquid reservoir. The
reciprocating driver is integrated with the liquid reservoir and facilitates a reciprocating flow
of the working fluid within the loop. It supplies liquid from the condenser to the evaporator
under a substantially saturated condition that avoids the cavitation problem associated with
a conventional pump. For electronics cooling and high-temperature applications, the recipro-
cating driver could be a solenoid-operated reciprocating driver (Figure 1a) and a bellows-type
reciprocating driver (Figure 1b), respectively. RMDHL not only eliminates the cavitation
problem associated with traditional two-phase heat loops, but also provides superior cooling
advantage with respect to temperature uniformity.

lal (b

Figure 1. Schematic of a (a) solenoid-driven reciprocating mechanism—driven heat loop and (b) bellows-type recipro-
cating mechanism-driven heat loop [12].
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To facilitate the assembling of the bellows and reciprocating driver, a bellows stand has been
constructed and is schematically shown in Figure 2a. As seen in the figure, two bellows are
placed side by side in a bellows housing. A partition plate between the two bellows holds the
two bellows together. The other sides of the two bellows are fixed to the housing plates,
respectively, on the frontal and rear sides of the bellows housing. The partition plate is
connected to the reciprocating driver through a four-arm rack and four connecting rods that
run through the frontal hosing plate. During the operation, the reciprocating motion of the
driver arm generates a reciprocating motion of the partition plate, which would then create a
reciprocating motion of the working fluid hermetically enclosed within the bellows-type
RMDHL. A photo of assembled heat loop under evacuation is shown in Figure 2b.

{al (bl

Figure 2. (a) Configuration of the designed bellows/driver assembly. (b) A photo of the assembled bellows-type heat
loop being evacuated [9].

Figure 3 illustrates solenoid-operated electromagnetic driver (line A-A in Figure 1a), which is
composed of a piston of magnetic metal disposed movably inside the reservoir. The circuit of
the right-hand solenoid is closed through a switch, whereas the circuit of the left-hand solenoid
is opened through a switch associated with it. As a result, the magnetic field generated by the
solenoid attracts the piston toward the right that provides a counterclockwise flow of the
working fluid within the loop. As the piston approaches the right end of the liquid reservoir,
the left-hand switch is closed while the right-hand switch is opened. As a result, the piston is
no longer attracted by the right-hand solenoid and instead attracted by left-hand solenoid
toward the left which provides a clockwise working fluid flow within the loop. A reciprocating
motion of the piston is induced as the circuits of the two solenoids being opened and closed
alternately opposite to each other, which produces a reciprocating flow of the working fluid
within the heat loop. As the liquid reservoir has a substantially larger inner diameter than that
of the loop tubing (or the volume of the reservoir is large compared with the remainder of the
interior volume of the loop) and that, a sufficient fraction of the interior volume of the loop is
occupied by liquid, with a sufficiently large piston stroke, liquid is effectively supplied to the
evaporator section from the condenser section.
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Figure 4. Schematic axial cross-sectional view of a bellows-type reciprocating driver [12].

Figure 4 shows a bellows-type reciprocating heat loop that employs an external reciprocating
mechanism as the working temperature of the heat loop is high. As shown in the figure, the
bellows is coupled with a reciprocating mechanism through a connecting rod, which could
produce a reciprocating motion with a sufficiently large reciprocating stroke. Figure 1b shows
a detailed description of the aforementioned bellows-type driver in which part or substantially
entire circumferential casing of the liquid reservoir is a bellows. A partition is disposed near
the mid-section of the bellows. The partition is coupled with an external reciprocating
mechanism through a connecting rod. The external reciprocating mechanism can be a solenoid-
operated electromagnetic driver or a mechanical reciprocating mechanism driven by an
electric motor. As the external reciprocating mechanism is in operation, it generates a recip-
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rocating motion of the partition that produces a reciprocating flow of the heat-carrying fluid
enclosed within the loop. The bellows-type reciprocating heat loop can work at a much higher
temperature as it does not contain any contacting surfaces having a relative motion in the high-
temperature region. Additionally, the bellows can be maintained at a sufficiently low temper-
ature for its reliability during the operation as the outer surface of the bellows can be
adequately cooled. Moreover, a non-condensable gas can be filled within the bellows to further
reduce the bellows temperature.

From the application point of view, a bellows-type RMDHL loop has the advantages over the
solenoid-based RMDHL:

1. Thebellows-type RMDHL has successfully overcome the weakness of small displacement
of a solenoid-based RMDHL, and enabled a RMDHL for applications involving large heat
transfer rates and over a large surface area.

2. The tests show that the bellows-type RMDHL has the potential to maintain a heat-
generating surface at an exceedingly uniform temperature. Although in some cases, the
maximum temperature difference over the cold plate has exceeded 1.50C, this tempera-
ture difference may be significantly reduced with a more powerful actuator working at a
higher frequency.

3. The power consumption of the bellows driver was less than 5 W in all cases, resulting in
a ratio of the driver power input to the heat input of the cold plate being less than 1%,
which is a ten-fold improvement over that of the solenoid-based RMDHL.

In general, a unique advantage offered by the RMDHL is “coolant leakage” free and the
absence of cavitation problems for aerospace-related applications. The single-phase RMDHL
could also be an alternative of a conventional liquid cooling system (LCS) for electronic cooling
applications. We wish to find a relation that could describe this critical requirement for the
operation of the heat loop. Parameters to be determined will include the liquid displacement
volume of the piston, effective displacement volume of the heat loop, and terminology to
describe the mean performance parameters of the RMDHL.

2. Fluid flow specifications
For all cases of the RMDHL, the displacement of the piston x,,(f) with time is [16]:

X, (t) =-S5~ "8 cos (at) (1)

where wis the pump frequency in radians per second. Differentiating Equation (2) with respect
to time we have the mean velocity for the oscillating flow:
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u=u,, sin(ar) ()
The stroke frequency 7 (in strokes or cycles per second) then follows from:
n=w/Q2nr) ©)]

The average volume flow rate g,, is equal to the product of stroke volume and pump frequency
[16]:

4o = @/ (27m)S4, 4)
The pressure gradient takes the form:

19 .
_;a_i:aerw (5)

There are several fundamental differences between the reciprocating flow and the continuous
flow. First the velocity profiles are completely different. Although the maximum axial velocity
for the continuous flow at the center of the channel is of the so-called parabolic effect, the
maximum axial velocity for a fast oscillating flow occurring close to the wall is of the so-called
annular effect [17]. Also the transition from laminar to turbulence in reciprocating flow is
different for that of continuous flow. Even though the categorization of reciprocating flow
regime as either laminar or turbulent is based on the Reynolds number, the definition of the
critical Reynolds number for the reciprocating flow in the main pipe is given by:

2
Re, = 2P ©6)

®
v

While the Reynolds number for the reciprocating flow in the rectangular channels for the cold
plate is determined as:

2
wx

(Re,), === @)

v

where x,,,, represents the maximum displacement of the fluid defined by assuming that the
fluid moves as a plug flow. In this case, it is equal to the minimum theoretical length of the

channel. This value of the Reynolds number in the pipe indicates that the flow in the pipe is
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turbulent. As the hydraulic diameter of the cold plate is small than the diameter of the pipe,
it follows that the flow in the rectangular channels in the cold plate is turbulent.

The second basic parameters dictating the effect of the oscillating fluid flow frequency [18] is
the Wimberley (a) number and the depth of penetration of the flow (). At low, the flow is
quasi-steady, i.e., the fluid particles everywhere respond instantaneously to the applied
pressure gradient. When ot is large as in the case of this study case, the motion of the boundary
layer follow the pressure gradient more closely than the laminae of fluid in the tube core, which
shows phase lags to the imposed pressure gradient. Based on the fluid flow in the cold plate,
the two terms are defined as follows:

D |o
-2 ®

o= /Z—V = D—ﬁ =depthof penetration )
® a

For a given reciprocating mechanism-driven heat loop, the volume displacement of the
reciprocating driver must be sufficiently large so that the liquid can be supplied from the
condenser section to the evaporator section. We wish to find a relation that could describe this
critical requirement for the operation of the heat loop. Consider a reciprocating mechanism-
driven heat loop under a two-phase working condition (liquid and vapor coexist) similar to
that shown in Figure 5(a). The heat loop is assumed to have a condenser section on each side
of the reciprocating driver, and the loop is symmetric about the line connecting the midpoints
of the evaporator and reservoir. Because of this geometric symmetry, we would like to
concentrate on the right half of the loop, as shown in Figure 5(b). The length and average
interior cross-sectional area of the evaporator are denoted by L, and A,, respectively, the length
and average interior cross-sectional area of the connection tubing between the evaporator and
the condenser are L, and A, the length and interior cross-sectional area of each condenser
section are L. and A,, the interior volume of the section between the end of the condenser and
the piston right dead center is V4/2, and the piston cross-sectional area and reciprocating stroke
are A, and S, respectively.

2.1. Critical displacement of the reciprocating driver

Consider initially the circuits of both solenoids are open and the piston is stationed in the mid-
section of the liquid reservoir, and the vapor generated in the evaporator section pushes the
liquid toward the condenser section with a liquid—vapor interface as indicated in the figure.
Although there could be thin liquid films at the interior surface of the evaporator, the amount
of liquid associated is neglected in the current analysis. In the derivation of the critical liquid
displacement, the critical working condition is assumed to be reached when the liquid at the
center of condenser, denoted by A, can just reach the mid-section of the evaporator when the
right-hand solenoid is turned on and the piston reaches the right dead center in the reservoir.
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This condition means that the liquid initially at the condenser center would move to or pass
the center of the evaporator as indicated in Figure 5b, if the reciprocating mechanism—driven

heat loop would work properly. A liquid balance between these two states would give the
following relation:

1 1
Ap.E + Y +AL +AL 2 Yy +AL +AL+—AL +—AL +AL (10)
2 2 2 ' 2 2

Canceling out the common terms on both sides of the equation and multiplying the resulting
equation by 2, we have

Ap.S >2AL +2AL +AL, (11)

The above equation can be rewritten as follows:
1 1
4,822 EAL,LL, +AL + EAeLe (12)

The terms in the parentheses on the right-hand side of Equation (12) is the interior volume
from the center of the condenser to the center of the evaporator on each side of the heat loop,
which reflects one of the essential geometric characteristics of the heat loop in connection with
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Figure 5. (a) The initial state of the heat loop for the derivation of the working criterion and (b) final state of the heat
loop for the derivation of the working criterion [12].
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the heat transfer distance and fluid displacement volume. If an effective displacement volume
is defined for the entire heat loop as follows:

1 1
Ve/f :2(5‘4&‘[’0 + ArLt + EALLﬁj (13)

Equation (12) can be written as

4,52V (14)

Equation (5) indicates that the liquid displacement volume of the piston as represented by A,.S
must be equal to or greater than the effective displacement volume of the heat loop if the heat
loop is to work properly. Equation (5), however, is true only for a single-phase heat transfer
mode. For a two-phase heat transfer mode, the criterion as represented by Equation (4) or (5)
is too conservative because of several reasons. Since the cross-sectional area of the reservoir is
usually much greater than that of the rest of the heat loop, the liquid velocity exiting the liquid
reservoir should be relatively high. Even if after the piston has reached the dead center in the
reservoir, the liquid would continue to move toward the evaporator until the kinetic energy
associated with it is exhausted. Additionally, once the liquid enters the evaporator section,
some liquid will be evaporated into vapor. The evaporation will drastically change the volume
of the flow stream and the liquid/vapor two-phase mixture will expand vigorously into the
evaporator section. As a result, the section between the piston right dead center and the center
of the evaporator would be filled with both liquid and vapor and the flow is in a two-phase
flow condition. It is understood that the liquid fraction would change substantially along the
loop. For the derivation of a more concise relation, an effective liquid fraction, &, is used. By
taking into account the two-phase flow condition, the liquid balance as represented by
Equation (1) should be modified as follows:

A,.§+ﬁ+®AL,LC + DAL, 2&+
722 2

| | (15)
@(ACLC +A4L + EAGLL, + EACLC + A,L,-j
Following the same deriving procedure, the following relation is obtained:
1 1
485> 2@(5/@6 + AL+ EAeLeJ (16)

or
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A S>0V 17)

The value of &, by definition, is greater than zero and less than unity. An actual value of &,
however, has to be determined experimentally for most practical applications because of the
complex heat transfer process in the heat loop. Still, Equation (3) or (7) provides a concise
criterion that could be used for the design of a heat loop. It should be pointed out that during
the derivation of above relations, the liquid reservoir is assumed to contain pure liquid and
the back flow through the gap between the outer surface of the piston and the inner surface of
the reservoir casing is neglected. If the reservoir would deal with a two-phase liquid-vapor
mixture and the back flow effect is taken into account, the term A,.S in the above equations

may need to be multiplied by a driver efficiency 1 that is less than unity:

1 1
nd,sS> 2@[5/16@ + AL + EAgLej (18)

2.2. Velocity profile

Considering the oscillating motion of the fluid in a pipe that is driven by the sinusoidal varying
pressure gradient given by Equation (6), the exact solution of the axial velocity profile for a

fully developed laminar reciprocating flow in a circular in a circular pipe is given as [17]:

At .
u(r, t)=— (Acos(wt)-(1-A)sin(wt)) (19)
berAbei(2AR) + beiAber(2AR)
A= v berA (20)
berAbei(2AR) - beiAber(2AR)
B e ber 1)
=y L5 32 . £\
= sint—(e " )sin(t—F
TR M[ roRe, [ ( ) ( )ﬂ (22)

And

rY Re,
E:{I—[Ej} S (23)
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8
O':—3

—la- 2C,) +4C (24)

C - berabei'a — beiaber'a 25)
: ber*a + bei*a

berabei'a + beiaber'a
C, = 26
: ber’a + bei*a (26)

ber( ), bei( ), ber’( ), and bei’( ) are Kelvin functions [19].

2.3. Bulk temperature on the cold plate

An effective tool for comparing the performance of the both of the RMDHL is the value of the
bulk temperature on the cold plate. The classical definition of the bulk fluid temperature is

given as follows:

1 ¢H2
E H/zV(yt) (xayaz)dy
T,= o (27)
7.[ H/2
HI2
,2) dy dt
T, - H/ZJ‘ xy ) Y (28)
V

2.4. Pressure drop friction coefficients

The friction coefficient in Equation (19) needs to be evaluated. For the sake of simplicity, the
study is restricted to fully developed steady flow and assumes that the two-phase gas flow is
incompressible. There are two components to the wall because of the mixture flow and the
interfacial shear stresses, hence the pressure loss friction coefficient.

1 2k, 935
=3.48- 4logw{ } (29)

For “Refer
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We use the single-phase flow relationship to predict the wall friction factor for the gas and
liquid phase. If we accept that the momentum transfer across a rough liquid surface is governed
by the same mechanism as for a rough wall, it is possible to define the pressure loss friction

coefficient as [20]:

L=3.48—4log10 2ky | 935 (30)
Chy D, Re,jcg,

in which kyy is the sand roughness of the wall. If we assume a smooth wall,

1 9.35
—:3.48—4log,{—] (31)

Cop Re,jcy

where is the friction coefficient that is related to the friction factor by f = 4c. The Reynolds

number in Equation (20) is based on the mixture density and viscosity:

VD
Re:_hp (32)
u
I x 1-x
—=—+— (33)
P P P
x l-x
H=—+—- (34)
H, H;

The interfacial pressure drop friction coefficients are determined using the correlation below
[20]:

1

9.35
——=3.48-4log,,| yFr, [ + ——— (35)
Jer Re,\Je,

where Fr is a Froude number defined as:
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2
Fr, = —(“gg ];”1) (36)

hg

If we assume that u, = u,, the equation reduces to

1 9.35
—— =3.48—4log,, {—] (37)

¢ RegJc;

2.5. Heat transfer coefficient

Zhao and Cheng [21] obtained the following correlation for a space cycled averaged Nusselt
number for a reciprocating laminar flow as:

0.85
Nu = .oz(i;) R’ (38)

where x,,,, is the maximum fluid displacement within the pipe, and

S D,
Nu=—7

o7 @)

T, and T,, are the bulk temperatures for the cold plate and coolant, respectively.

3. Performance comparison of RMDHL to CONTINUOUS cooling
system

In this section heat transfer and fluid flow aspects of the reciprocating mechanism—driven heat
loops (RMDHL) have been studied numerically using the available commercial software,
Ansys Fluent [22]. The main objective of the present study is to compare the performance of a
RMDHL with the conventional continuous cooling loops in terms of temperature, uniformity,
and heat removal from the surface of the heat source. For the current study, 3D setup of
CONTINUOUS and RMDHL cooling loops are provided. The 3D setup, which is based on the
previous experimental studies, can be used for future development and optimization of a real
industrial product.
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3.1. Numerical study of continuous cooling loops

Figure 6 shows the geometrical and boundary conditions of the cooling loops. Both loops are
consisting of a single passage with two 90’ elbows. The inner loop is the condenser loop and
the other loop forms the evaporator loop. The condenser and evaporator loops are enclosed
with solid wall.

i: s
.y .|

(2 (b}
Figure 6. (a) 3D geometry of the cooling loops and (b) key dimensions.

The two loops are the main challenge in the present simulation to setup a closed loop in Ansys
fluent. Based on the Navier Stokes equation, the continuity and momentum equations are
coupled and for an incompressible flow, and the SIMPLE algorithm indicates the coupling of
pressure and momentum fields inside the computational domain. Hence introducing a cross
section with a constant velocity in a closed loop would result in a discontinuity in the velocity
field, which makes the solution unstable and leads to inaccurate results. Figure 7 shows the
grid distribution for the present simulation.

A

Figure 7. Mesh distribution for a 3D.
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Hence, the CONTINUOUS loops are simulated using the following setups:

For continues loop:

a. Instead of a closed loop, an open loop is simulated.

b. Constant velocity is applied on the inlet boundary to obtain the same flow rate.

¢. Usinga User Defined Function (UDF), the inlet temperature of the loop is set as the average
outlet.

Temperature of the loop should mimic the temperature and velocity of a closed loop. The solid
walls are copper, and their thermophysical properties are obtained from the fluent database.
The working liquid in the both loops is water.

3.2. Governing equations and boundary condition

In the present study for the CONTINUOUS loop the following assumptions are made:
1. Both fluid flow and heat transfer are in steady-state.

2. Fluid is in single phase and flow and laminar.

3. Properties of both fluid and heat sink materials are temperature independent.

4. All the surfaces of heat sink exposed to the surroundings are assumed to be insulated
except the walls of evaporator where constant heat flux simulating the heat generation
from different components.

Based on above assumptions, the governing equations for fluid and energy transport are:

Fluid flow:
V-V=0 (40)
p(V YV ) ==Vp+ vy (41)
Energy in fluid flow:
pe,(V-VT )=kv'T (42)

Based on the operating conditions described above, the boundary conditions for the governing
equations are given as:

Inlet:
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V = Vin > T;n = (T;mt )ave (43)
Outlet:
oT
P=F,, —=0 (44)
on
Fluid-solid interface:
- oT or
V=0, T=T, —k—=-k— 45
’ * On on (45)
At the top wall:
oT.
q, =—k;— (46)
on

In Equation (44), V;, and T}, are the fluid inlet pressure and temperature, respectively; p, is
the pressure at the outlet, n is the direction normal to the wall or the outlet plane, and g, is the
heat flux applied at the top wall of the heat sink.

3.3. Numerical studies of RMDHL cooling loops

The geometry and grid distribution for RMDHL is as same as CONTINOUS loop. To simulate
a closed RMDHL loop, the following setup is used:

For RMDHL loop:
a. Instead of a closed loop, an open loop is simulated.
b. A UDF is used to generate the sinusoidal inlet velocity for the evaporator loop.

c¢. Using a UDF, the inlet temperature of the loop is set as the average outlet temperature of
the loop and the backflow temperature of the outlet is set to the average temperature of
the inlet boundary to mimic the temperature and velocity in distribution of a closed loop.

4. Performance of CONTINOUS and RMDHL loops

Temperature profiles on the evaporator walls (left and right walls) are also shown in Fig-
ure 8b, d, f, and h. The figures clearly show the non-uniformity of the temperature contours
for the CONTINOUS loop. As seen in these figures, the temperature is minimum at the inlet
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of the evaporator and gradually increases toward the outlet of the outlet. Moreover, these
figure clearly indicate that the temperature increases with increase in heat flux on the walls.

o ()

—rrrreTreeTT T,
&} {hi

Figure 8. Temperature profile on the evaporator surface, T = 30 s for heat fluxes (a), (b) 11594.2 W/m? (c), (d)
13043.48 W/m?, (e),(f) 14492.75 W/m?, and (g),(h) 15971.01 W/m>.

Contrary to the CONTINOUS loop, the temperature contour is in symmetry for a RMDHL
system. The temperature distributions of both the RMDHL and CONTINOUS cold plates are
obtained at a condenser inlet velocity of 1.23 m/s, heat transfer rate range from 11594 W/m?,
and 15971 W/m? and a condenser inlet temperature of 283 K. The results of unsteady simulation
in Figures 8a, ¢, e, and g indicate the following important point:



Reciprocating Mechanism-Driven Heat Loop (RMDHL) Cooling Technology for Power Electronic Systems
http://dx.doi.org/10.5772/62518

1. Frequency of the inlet velocity has a very important effect on the rate of heat removal from
the evaporator. In fact, it can be concluded the optimum loop time should be equal or

more than:
AT =2x AT, (47)
Where
L a
AT,y = (48)

max

Where L, is the half of the evaporator loop length and U,,,,, is the maximum velocity of
the fluid in evaporator loop. The numerical results also show that choosing the duration
time less than the above value results in much higher temperature on the evaporator walls
because the fluid could not transfer the heat from the evaporator to the condenser well.

2. Inthis study a sinusoidal velocity profile is used, but there is no guarantee that this profile
is the best choice to obtain the maximum heat transfer rate. The authors believe that a
velocity profile with longer residence time and shorter circulation time will have a better
performance for the RMDH loops.3. In this study a reciprocating velocity profile has been
applied on the inlet boundary and out let boundary is set to constant pressure boundary.

Figures 8 a-h clearly show that the uniformity of the temperature profiles of the RMDHL
shown in the left column is much better than that of the CONTINOUS. As seen in Figures 8,
there are two temperature gradients: one gradient along the evaporator width and the another
gradient across the evaporator thickness. The gradient along the evaporator width is similar
for both the CONTINOUS and the RMDHL and is because of the pressure drop along the
grooves in the evaporator. The effect of this gradient can be reduced if a different groove
configuration is adopted. However, it is observed that the pressure gradient along the
evaporator is more pronounced for the CONTINOUS loop than the RMDHL loop. For the
temperature gradient along the fluid flow path, Figure 8 shows that the CONTINOUS (the
column of the right) has up to 13 distinct temperature bands where observed for the
15,971.01 W/m? cold plate. It was also observable that temperature band increases with
increasing heat flux, whereas for the RMDHL the number of bands is much fewer and
independent of heat flux. As much as 80% of the cold plate of the RMDHL was maintained at
a within a temperature difference of 0.5 °C.

5. Conclusion

In this chapter the concept of bellows-type and solenoid-based RMDHL cooling mechanism
has been demonstrated. This novel type of cooling system has several advantages over the
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conventional cooling system in power electronic cooling industries. The experimental results
clearly showed that the heat loop worked very effectively and a heat flux in the evaporator
section could be handled. Moreover, it has been proven both numerically and theoretically
that the RMDHL provides superior cooling advantage with respect to temperature uniformity
compared with CONTINOUS cooling loops; hence it could be an alternative of a conventional
liquid cooling system (LCS) for electronic cooling applications. The results also proved that
the bellows-type RMDHL has successfully overcome the weakness of small displacement of a
solenoid-based RMDHL, and enabled a RMDHL for applications involving large heat transfer
rates and over a large surface area. The tests also show that the bellows-type RMDHL has the
potential to maintain a heat-generating surface at an exceedingly uniform temperature.
Although in some cases, the maximum temperature difference over the cold plate has exceed-
ed, this temperature difference may be significantly reduced with a more powerful actuator
working at a higher frequency. The power consumption of the bellows driver was less than
5 W in all cases, resulting in a ratio of the driver power input to the heat input of the cold plate
being less than 1%, which is a ten-fold improvement over that of the solenoid-based RMDHL.
Using numerical analysis, CONTINOUS and RMDHL loops are simulated as well. The
numerical simulations have been conducted using different parameters and boundary
conditions for a 3D setup. The results show that the temperature increases with an increase in
heat flux on the walls or decrease of the flow rate. The results also indicate that the temperature
profiles are more uniform for an RMDHL loop compared with a CONTINOUS loop.

Nomenclature

A Area[m?] or Standard deviation

CW Specific heat [J/kg K] % Surface effectiveness: M
D; Inside tube diameter [m] u  Dynamic viscosity [kg/ms]

D, Tube outside diameter [m] p  Density [kg/m?]

D, Hydraulic diameter [m] @  pump frequency [rad/s]

H Height of rectangular channel [m] v Cycle period [s]

h  Heat-transfer coefficient [W/m?* K] % Constant: ( 8/a 3) (0[ ) C1)2 4 sz
k  Thermal conductivity [W/m?K] Subscript

L Length ave Average value

n  Reciprocating pump stroke frequency[cycles/s] ¢ Condenser

T;i Mass flow rate [kg/s] e  Evaporator

Nu Nusselt number: h/(k/D,, ) in Inlet

p Pressure [Pa] m  Mean value

Q Heat transfer rate [W] min Minimum value
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Nomenclature

g Volume flow rate [m?/s] max Maximum value

Re Reynolds number: (pVD)/u n  Direction normal to the wall
Rey Kinetic Reynolds number: wxrﬁax / 0 [m] out Outlet

r  Tube inside radius [m] p  Pump piston

S Stroke [m] s Surface

T  Temperature [°C] t  Tubing

U Overall heat-transfer coefficient{W/m? K] w  Wall

t  Time[s] Superscript

Greek Letters =- Time-averaged quantity
s  Flow penetration —  Vector
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Abstract

Junction temperature is the highest operating temperature of the actual semiconductor
in an electronic device. In operation, junction temperature is higher than the case
temperature and the temperature of the part’s exterior. The difference is equal to the
amount of heat transferred from the junction to case multiplied by the junction-to-case
thermal resistance. When designing integrated circuits, predicting and calculating the
chip junction temperature is a very important task. This chapter describes how to derive
the junction temperature from the thermal transport model.

Keywords: junction temperature, thermal resistance, thermal conduction, thermal
convection, thermal radiation

1. Introduction

From the small integrated circuits in 1960 to the development of today’s large and ultra-high-
speed integrated circuits, the package density has increased from only several electronic
components to billions of electronic components per chip. Because of this high package density,
the combination directly causes a serious designing problem, and it will also increase the heat
dissipation of the chip per unit volume or area. If the cooling method is not properly de-
signed, this overheated high-density package chip will result in a high junction temperature.
As a result, it will have a negative effect on the functions, the reliabilities, and the life of the
electronic chip. Usually, a high-speed integrated circuit is the most expensive element of the
whole package. If the chip continues to suffer from the effect of high heat, it will cause the speed
to slow down or be damaged; therefore, the solution of the heat-dissipated problem should not
be underestimated. In electronics manufacturing, integrated circuit packaging is the final stage

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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of semiconductor device fabrication, in which the tiny block of semiconducting material is
encased in a supporting case that prevents physical damage and corrosion. The case, known as
a “package,” supports the electrical contacts that connect the device to a circuit board. The
junctions of the chip are used by wire connecting on the package housing. These wires are then
connected to other components through the wire on the printed circuit board (PCB). There-
fore, formany integrated circuit products, packaging technologyisaveryimportantstage. Using
chip as the main product such as random access memory (RAM) or dynamic RAM (DRAM),
packaging technology not only can guarantee the separation of the chip and the outer world but
also can prevent chip circuit from losing its function caused by the corrosion of the impurities
in the air; also, the wellness of the packaging technology directly concerns the designing and
producing of the PCB connected with the chip. This leads to the deeply influential of the chip’s
performance. However, if the thermal impedance of the package is too high, the junction
temperature will also be raised to a high level. According to the report, once the junction
temperature is raised to approximately 10°C, half of the component life will be reduced [1]. if
the average life span is 30,000 to 50,000 hours, it is also implied that 15,000 to 25,000 hours of
usage time will be decreased and result in the chip efficiency’s sharp decline. This chapter is
mainly focused on the theoretically export system manufacturers’ topmost concern, junction
temperature (T ;). Sometime in 1980, PC is still in 386 and 486, and the CPUs’" permitted
temperature could be up to 90°C; until the 21st century, all the semiconductor chip junction
temperature (including LED) has been asked not to surpass 70°C. Some of them are not even
allowed to exceed 50°C. Therefore, the purpose of this chapter is how to simply use a theoreti-
cal calculation to derive the chip junction temperature (T’ ;) without using software package
(Code).

2. Theoretical derivation of the junction temperature

The following are the logical ways to think of the solutions to counter heat-dissipated prob-
lems.

2.1. Questions in Table 1

Step Questions

A What is the thermal model in this problem? Is it thermal conduction in [2]?
Or thermal convection in [3]?

Or thermal radiation in [4]?
B Fluid? Is liquid? Or gas?

C Can the fluid be compressed or not [5]?

We usually supposed it is not compressible fluid.
D Are the fluid properties related to the temperature?

What is the status of the fluid?



Theoretical Derivation of Junction Temperature of Package Chip 153
http://dx.doi.org/10.5772/62570

Step Questions

Is it laminar flow [6] or period cycle flow in [7]?

Or turbulent flow in [8]? Or transient in?

F What is the length of calculating Re’s characteristic?
By tube diameter or by plate length or by obstacle height? Or others
G What is the effect of the viscosity in this problem [9]?
How about the boundary layer [10]? What is mechanical loss? And others?

Table 1. Steps of finding the solutions of heat-dissipated problems.

At this step, readers should have a good physical explanation for solving the questions. From
steps A to G, we can be closer and see clearly the answer to the question.

2.2. Quantization and removal of unimportant parameters

The goal of this step is to think about every item of the question (or concept) to gain a deeper
understanding. For example, Q=hA(T,-T}); in this phase, notice the correct use of the unit
(usually in SI unit). Make sure not to compare apple and orange, making correct assumptions
necessary. Thus, when making any item negligible, we need to provide a scientific proof. We
cannot directly ignore an item because it is small. Take the temperature, for example, when
finding the answer to the question on temperature. We need to ask if we are looking for the
temperature distribution or the end point. What is the accuracy? Is there anything else that can
be simplified?

2.3. Establishment of the governing equation

The definition of the governing equation is using other variables to define an unknown item.
If we only consider the heat transfer mechanics of the single chip on the PWB, take Figures 1
and 2, for example, during the heat transfer mechanism. The chip and the board both have
thermal conductance, thermal convection, and thermal radiation. At this point, we can notice
some of the characteristics of the heat transfer processes: (A) Multiple heat transfer processes,
a high level of thermal coupling (heat source and sink). (B) Large-scale thermal spreading
effect. If we consider all the heat transfer mechanism between each PWB, such as in Figure 3,
then we need to also consider the thermal conductance coupling problem from the PCB.
Among thermal convection, they include (i) material on the board, (ii) thermal convection and
thermal radiation between each adjacent boards, and (iii) thermal coupling between the main
board and the daughter card. Among radiation coupling, they include (a) material on the board
and (b) adjacent boards. What needs to be paid attention of is when there is thermal coupling
between the outer heat source and the chip heat itself. The heat received from the critical chip
is not less than the heat source chip itself. Figure 4 presents a schematic diagram between the
heat source chip and the critical chip of the motherboard and the outer heat source. Thus, to
solve the heat-dissipated problem, we should not only pay attention to the temperature on the
heat source of chip itself but also need to know problems such as the heat accumulation
locations and the other chip influences.
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Figure 1. Heat transfer mechanism process of the chip for the upper part.
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Figure 2. Heat transfer mechanism process of the chip for the lower portion.
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Figure 3. Heat transfer mechanism between each PWB.
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Figure 4. Schematic diagram between the heat source chip and the critical chip of the motherboard and the outer heat
source.

2.4. How to analyze the influences of the thermal coupling

Thermal coupling makes it hard to analyze, if we do not include the thermal coupling in the
calculation, and the results will not be accurate. Because of the thermal coupling natural
properties, we need to consider the environment, chassis, PWB, component (module), chip,
and parts (diodes, transistor) etc., when analyzing conducting a solution that can explain the
thermal effect. Usually, there are three ways to solve either the key component or the heat
source chip’s heat-dissipated problem (see Figure 5). One of them is using the integral method,
that is, a closed-form solution. However, this method can necessarily not be used on every
energy conservation. The second method is using the differential method, the so-called
numerical analysis. Numerical analysis needs a special mathematical skills technique. It needs
someone who has studied numerical analysis to write a program that includes grids definition,
module establish, numerical analysis model, converging problem, boundary condition
definition, etc. This needs to educate talented people, and most of the companies are unwilling
to invest in here. But on the other hand, usually there are also software packages in the market,
such asice pack, fluent, ANSYS, and Flotherm. However, all these software packages cost more
than USD 30,000 or 40,000. Not everyone can afford it, and most companies cannot even buy
it—these are some of the difficulties what companies are facing. The third solution is measure
it by experiment. The experiment is then separated into two kinds. One is the actual measure-
ment that uses the real system with the samples attached to it to measure the data such as
temperature. Although this is a very reliable way, it spends a lot of manpower and time, and
the cost is expensive. Cooler manufacturers commonly do not use this solution. For example,
Intel published the next-generation CPU, but there are supplier problems on these equipment,
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such as power supply, main board, south bridge, north bridge, hard disk, and DRAM. Cooler
manufacturers can only solve the CPU’s heat-dissipated problems, and they really cannot wait
until all these peripheral accessory devices are ready because it will take too much time and
cost too much. Therefore, the actual measurement is only used in system manufacture, such
as in HP, DELL, ASUS, ACER, and Lenovo. The second way of the experiment is the Dummy
experiment, also known as Dummy heater. It is commonly used by the industry. For example,
because we wanted to know what the thermal resistance of the cooler is, we only have to place
the cooler on the heating copper block with which it has the same area and then measure the
difference temperature between the heat copper block and ambient temperature then divide
by the input power to get the thermal resistance of the cooler. The experiment does not have
any complex problems. The only thing that we need to be aware of is the sensors’” correction,
measuring the position and boundary condition.

Mass conservation

Energy conservation (1. law of thermodynamics)
Momentum conservation (Newton's second law)
Gas state equation (ideal gas law)

¥ —

Integral Differential Experiments
{Closed form solution) {Mumerical solution))

Figure 5. Three methods for solving heat-dissipated problems.

2.5. Theoretical derivation of the junction temperature (T';)

2.5.1. Consider a control volume around the outside of the component and lead pin

Take the control volume on the external chip and wire as in Figure 6.

Qcr Qe

= e o e e e el
Qup 1

[ |

e

: R — :

LOfN ! IV s

| +

Figure 6. Heat transfer diagram outside the chip.
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Let us apply the energy balance equation to the body of the component and device power

dissipation is “P,,

B, = QC,R + Q(‘,h + QL,h + Qc,c (1)

= QC,R + QC.h + QL,h + QL,C + QA,C
where Q¢ =radiation heat transfer from component (W), Q. ;=convection heat transfer from
component (W), Q, ;=convection heat transfer from lead (W), Q.=conduction heat transfer
through component (W), Q; ~=conduction heat transfer through lead (W), and Q, -=conduction

heat transfer through air gap under the component (W).

Converting all the Q’s in Eq. (1) in terms of the temperature definitions, we have

2.5.1.1. Using Stefan-Boltzmann’s law to change the thermal radiation of the chip into temperature

Qc,R =0 €&¢ fC,rL_'f'AC,C (TC4 - T::f) = [LJ(TC4 - Trjf)

th,CR

=0 &¢ fC,re)‘AC,C(Tg _Z?):(;](Tg _TaA) (2)

th,CR

where o=Stefan-Boltzmann’s constant=5.669x10® W/m? K* e=material emissivity, f. .~shape
factor for component, A =upper surface area of the chip=bottom surface area of the chip (m?),
T=upper surface temperature of the chip (K), h=heat transfer coefficient of the chip (W/m?
K), and T, ~reference temperature where the component radiates to generally can be assumed

to be T, (K).

Qc,h = hCAC,c (TC - Ta) (3)
1 T.-T
R .= —— a
e hCAC,C Qc,h @)

2.5.1.2. Using Newton'’s cooling law to change the thermal convection of the chip into temperature

QL,h = hLAL,S (TL - Ta)

157



158 Electronics Cooling

1 T, -T
Rt = L a4 5
e hLAL,S QL,h ( )

where h;=heat transfer coefficient of the wire (W/m? K) and A s=surface area of the wire (m?).

2.5.1.3. Using Newton'’s cooling law to change the thermal convection of the lead into temperature

k, A

QL,C = LL'C (TL _Tb)
L
1 T -T
R =— L b
T s O ©)

where A; -=cross-sectional area of the lead (m?), k=lead thermal conductivity (W/m K),
L;=length of the lead outside of the component (m), and T;=lead average temperature (K).

2.5.1.4. Using Fourier’s cooling law to change the thermal conduction of the chip into temperature
through air gap between chip and board

k,A
QA,C = A—QC(TC - Tb)
A
R = —1 = —TC — T;’ 7
th,CA kAAC,C QA,C ( )

where k,=air thermal conductivity (W/m K), t,=thickness of the layer of air underneath the
component (m), T;=board temperature (K), and A.=assumed component top surface is the
cross-sectional area of the air gap (m?).

Substitute the above into Eq. (1):

Proz = QC,R + Qc,h + QL,h + Qc,(r
= Qc,R + QC,h + QL,h + QC,C + QL,C + QA,C

=0 &¢ fc,refAc,c(TcA" _T;:f)+ hCAC,C (Tc _Ta)

(1, T+ SR, 1)+ 2 (7, -1,
' t

L A4
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In Eq. (8), Ty, T\, and T are unknown, but we do not know the junction temperature (1)) yet.

Therefore, we need seek another control volume to get T;.

2.5.2. Consider a control volume around the inside of the component

Assume a chip inside as shown in Figure 7, according to energy conservation

B =0cx + Qe +Qcs + Qe 9

'EQ{ “h 4 Qcr

LY S 1
i 1

Quc v

+|
'
2
e

Figure 7. Case temperature and heat transfer diagram inside the chip.

2.5.2.1. Using Fourier’s cooling law to change the inner thermal conduction of the chip into temperature

kLALC kLALC
Qe = =7y (Te = T,) = (579 (T, = Te) (10)

L L

where Q;=conduction heat transfer within the body of the component (W), A; =effective lead
cross-sectional area inside the component (m?), L, =effective lead length inside the component

(m), ky =effective thermal conductivity of the lead (W/m K).

2.5.2.2. Using Fourier’s cooling law and Newton's cooling law to change the thermal conduction and
thermal convection of the chip and lead into temperature

Compare Eq. (1) with Eq. (9).

B, = QC,R + QC,h + QL,h + QL,C + QA,c 1)

B=0cr+0Qcs+0Qc,+0uc 9
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As shown in Figure 8, the conduction heat transfer within the body of the component Qc; is
the sum of the thermal convection from lead to ambient Q, ,, and lead thermal conductance
to board Q) (:

QC,J = QL,h + QL,C

Plugging all the thermal conduction equation and thermal convection into above equation,
we obtain:

k, A k, A
T (1= Te) = h A5 (T, -1, )+ =5(T, - ) (11)

'L L

(
Plug Eq. (11) into Eq. (8):

Ptar =0 &¢ fC,refAC,C (Té - Tr:f) + hcAc,c (TC - Ta)

+hLAL,s(TL _n)+%(TL _7;;)+/€A;4J(TC _7;)

L A

=0 & -fC‘r('fAC,C (Tc4 - 7:?/ ) +hede (Tc - Ta)

kA k,A 12
+(%)EK(TJ_TC)+ s C’C(Tc_n) 12
'L tA
Solve for T; from Eq. (12):
A \Ti-T!

kA 0 &c fC,ref C,C( c ref)
T, =T+ (=) 51 By — kA 13
’ ‘ L ! +hCAC,C(TC_7:z)+ el (Tc_Tb) (49

Ly

In Eq. (13), the junction temperature is what we need, but there are two unknown temperatures,
such as T, and T¢. Therefore we must seek another two equations to obtain T, and T¢.



Theoretical Derivation of Junction Temperature of Package Chip
http://dx.doi.org/10.5772/62570

Qcn Qc,
4

cifpufam

Qac QLc

Figure 8. Junction temperature and heat transfer diagram inside the chip.

2.5.3. Consider a control volume around the air flow channel without considering adjacent heat source

Consider a control volume around the air flow channel as shown in Figure 9. The conduction
heat transfer from component to board Qcc is the sum of Q;, Qac and Qyc where
Qp =conduction heat transfer through lead, Q,=conduction heat transfer through air gap

under the component, and Qy =adjacent heat input.
Occ=0c+QictOvc

Neglect Q¢ heat conduction from neighbor and consider a control volume shown as in
Figure 9. Chip heat conductance power Q. is then the sum of Qy,, Qupn Qpr, and Qy, , Where
Q, =convection heat transfer from board top surface, Q,,, ;=convection heat transfer from board
bottom surface, Q, z=radiation heat transfer from board top surface, and Q,, z=radiation heat
transfer from board bottom surface.

Qc,c = (Qb,h + be,h) + (Qb,R + be,R) (14)

From Eq.(1), with energy conservation of airflow channel:

...... With energy conservation of air flow channel:
O+ 02+ 0cp+0c,+0,, = muircp,uir (7; - 7:) (15)

Plug Eq. (15) into Eq. (1) and obtain Eq. (16):
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p, = QC,R + (QC,h + QL,h)+ (QL,C + QA,C)
= QC,R + [maircp,air (To - 7:) - Qb,h - Qb,R - QC,R] + (QL,C + QA,C) (16)
= [maircp,air (To - Tz ) - Qb,h - Qb,R + (QL,C + QA,C)

Science O =0yc + Qi =(Qpi + Qs ) +(Qrs + Qune) (14)
Plug Eq.(14) into Eq.(16), and solve for it, i.e.,
B =m,Cp AT + Oy, + Oy (17)
Assuming Q,,, and Q. can be ignored, Eq. (17) turns out to be:
B, =m,C,,.(T,-T) (18)

It is reasonable that all the power generation from the component should be carried away by
the air flow. If not, the board temperature, the case temperature, and the junction temperature
will be increased. However, Eq. (18) cannot help to solve the board temperature; therefore, we
need to seek another control volume to solve T,

RN RN E R

T ,
' Qcr Qca T,

| g Q““I ............. T .................... " Qe
E_Jt L.

Quc - e Q|
L T O Quc |
Quen  OQpbr

Figure 9. Schematic diagram for airflow channel.

2.5.4. Consider a control volume around the board

Consider a control volume around the board as in Figure 10, where T;=board temperature (K),
Qc=conduction heat transfer from component to board (W), Q,,=convection heat transfer
from board top surface (W), Q,,,=convection heat transfer from board bottom surface (W),
Q,r=radiation heat transfer from board top surface (W), Q,,z=radiation heat transfer from
board bottom surface (W), and Qy =conduction heat transfer from neighboring component
(W).
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Qb component i
: ................ [ ST Q&.{.' 4 \
| ; board J’ Ty | | +“— OQng
i i Qbb.r i

Figure 10. Schematic of chip on board.

Energy balance for the steady-state condition:

0,=0,.

OcctOne=0 0+ Oy r+Opr (19)

If neglect the bottom back board thermal convection and radiation effects, then Q;,, = Q,z=0.
Assume Qy =0 and simplify Eq. (19) to be Eq. (20):

Qc,c = QL,C + QA,C = Qb,h + Qb,R (20)

where Q | =conductance heat transfer from lead (W) and Q , =conduction heat transfer
through air gap under the component (W).

FrrrurEsanas

Figure 11. Schematic of heat transfer from lead to board.

In Figure 11, the conduction heat transfer from component to board Qc is the sum of the
conductance heat transfer from lead Q; - and the conduction heat transfer through air gap
under the component Q, . If we neglect the convection heat transfer from board bottom
surface Q,,;, and the radiation heat transfer from board bottom surface, then the power Q¢
should also equal to the sum of convection heat transfer from board top surface Q,, and
radiation heat transfer from board top surface Q, . Therefore,
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Plol,bom'd = Qc,c = QL,C + QA,C = Qb,h + Qb,R

= hb (Ab - AC,C )(Tb - Ta ) + Gobfb,ref (Ab—AC,C)(T;f - Ta4) (21)

where h,=heat transfer coefficient of air flow associated with the board, A,=board upper surface
area, and A =component top surface area=bottom surface area.

After obtaining a first estimate of the board temperature and assuming that the heat is
uniformly distributed over the board, neglect Q,; and thus obtain an initial average board
temperature:

Pmr,board = hb (Ab - AC,C )(7;7 - 7:1) (22)

Solve T, from Eq. (22):

T = })tut,board +T (23)
b a
hb (Ab - Aac)

Hence, we have a first estimate of T,.
where P, =total power generation from chip and P,,..q=total power conduction to the board.

Remember, P, is different from Py p..q- In general, under the forced convection condition,
the heat conductance into the board is around 20-30%, P\ poard=0-2P,q - 0.3P, Whereas, under
the natural convection condition, the heat conductance into the board is only 70-80%,
Protpoara=0-2Pyo; - 0.3Po

2.5.5. Solve for T o, T, and T ;
2.5.5.1. Method 1
2.5.5.1.1. If Ry, ;c can be obtained from the vendor:
thJc = P— (24)

Combining Egs. (13), (23), and (24), T}, T,, and T can be solved.
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O & fC,refAC,C (Tg - Tr:/) +

T, =T, +(kLAL‘C)’1 P, - kA4 (13)
J T off | to
LL v hCAc,c(TC_Ta)+ B (TC_E)
4
P
]—;7 — tot ,board +1—;l 23
hb(Ab_AC,C) ( )

2.5.5.1.2. If Ry, c is unknown

Assume that P, is uniformly spread over the entire upper surface of the component. Therefore,

Pup = hCAC,C (TC - Ta) (25)
th - Rut,bnard = 1)tot - hb (Ah - AC,C)(E - 7:1)
T.= £y +T
‘o hCAC,C ’ (26)

From Egs.(13), (23), and (26), solve for T;, T, and T..

O €c fc,refAc,C (TC4 - Trjf) +

7, =7+ eyt p k,A (13)
J — *cC ¢ tot
LL ! hCAC,C(TC_T;z)-F%(TC_T;v)

A

T _ Eot,/)nard + T (23)
b a
hb (Ab - Ac,c)

In the case of duct flow, from Eq. (26), we need to obtain T,. Let us reconsider the airflow
over the component in a channel. If we neglect the radiation effect, the heat transported by
the air is obtained from

T.=—" 4T (26)
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QupA,C = mcp‘air (T;) - Tz‘) (27)

T, is air exit temperature of the flow channel, whereas T; is the air inlet temperature of the
flow channel. T, can be obtained from Eq. (28):

——+T (28)

In duct flow, the ambient temperature is the average temperature of the air inlet temperature
and air exit temperature:

T, =(T“+T")—l( e +2T.]

‘ 2 2(mC,,,
’ (29)
_ Qup,C + T; — up l
2n./le air 2mcp.alr
Plug Eq. (29) into Eq. (26) and then obtain chip case temperature T:
P
TC:$+]';:PW L+ ‘1 +T; (30)
hcAc,c hCAC,C 2mcp,air

However, in Eq. (30), the heat transfer coefficient /. is still needs to be obtained.

2.5.5.2. Method 2

If h¢ is not readily available, let us use the junction-to-ambient and junction-to-case thermal
resistance for the component as shown in Figure 12, the schematic diagram of thermal re-
sistance in flow channel.
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Rtl‘lﬂl‘l % T“ 4 an
R-Ih,.ln: E T(_-
TJ

Figure 12. Schematic diagram of thermal resistance in flow channel.

The definition of thermal resistance Ry, c is the junction temperature (T;) minus the chip case
temperature T, divided by power input as shown in Eq. (31):

(G2))

The thermal convection resistance from chip surface to ambient Ry, ¢, is shown in Eq. (32):

R 1

th,Ca =
hcAc,c

(32)

Therefore, the total thermal resistance Ry, is the sum of Ry, and Ry, ¢, shown as in Eq. (33):

R, ..+R

th,Ca — Rth,Ja (33)

th,JC

The thermal resistance Ry, ¢, (or Ry, ¢,) can be represented by Eq. (34):

L,
T,
TL- - Ta m Lair
Rth,Ch = Rth,Cu = P = P .
up up
Lo 15
Pup chp,air up (34)

The case temperature T, can be represented by Eq. (35):
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1
I.=P |R, .+ +T,
c up [ th,Ca 2n.’le’air j i (35)
1 T -T
R = R, == PCE— 4
e " hedc e Oc @)

Plug Eq. (4) into Eq. (35) and obtain Eq. (36):

1 1
I.=P, v 4T, 36
g (hCAC,C 2Cp (pairVairAchanneI )j ( )

Egs. (36) and (30) are the same.

1 1
T=P|—+——|+T
‘ ””(hCAC’C 2mC ] ’ (30)

p.air

Basically, we can solve for T}, T\, and T¢ from Egs. (13), (23), and (26).

2.5.6. Consider a control volume around the air flow channel with adjacent heat source

Now, if we want get a more accurate expression for the board temperature T, then we can
reconsider the energy balance for the board, as shown in Figure 13. Because the value for T
is known from Egs. (26) and Eq. (30) from Eq. (17):

Ptat = maiGC,airAT + be,h + be,R (17)

Figure 13. Schematic of chip thermal resistance and thermal resistance from adjacent heat source in the flow channel.
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Total power P, thus can be represented in terms of temperature:

Roz = mcp,a[r (To - T:) + hbbAbb (L‘) - T

amb,bb)

I - (37)
+[R ](Tb _TN,bb)

th,bbR

where T}, =neighboring board temperature where the component top surface sees for radiation
exchange (K),,,=heat transfer coefficient from the backside of the board (W/m K), A,,=back
surface area associated with above convection loss (m?), Ry,, z=radiation heat transfer resist-
ance with respect to the board (K/W), Ry, ., z=radiation heat transfer resistance with respect to
the back of the board (K/W), and Ty, =board temperature of the neighboring board where the
radiation exchange takes place with back of the board where the component of interest resides.

Solve for T, in Eq. (37); theoretically, we need more accuracy equation such as Eq. (38). In fact,
it is not easy to solve for Eq. (38); sometimes, we need numerical analysis. In addition, there
are some variables that could affect its accuracy, such as hy, and Ty,

[ 1 JT hy AT,

th,bbR

1 .
=F, + [R_J T&“b + hbbAbbTumb‘b - me (]:) - 7:) (38)

th,bbR

Because we have T}, T, and T,, T} can be calculated from Eq. (13).

Gocf;‘,re/’Ac,c (Tc4 - T;‘/») +

T,=T, +(kLAL’°‘)*‘ P, - kA (13)
J — 1cC ef/ tot X
LL hcAc,C(TC_Ta)+ At = (Tc_Tb)

A

Figure 14 shows the flow chart solution for T;. (i) Consider a control volume around the outside
of the component and lead pin for the first. Get a chip power P, as a function of (T}, T,, T,
T,). (ii) Consider a control volume around the inside of the component and get junction
temperature (7)) as the function of (T}, T¢, T,). (iii) Consider a control volume around the air
flow channel, and the total power P, is equal to mC,(T,-T)). (iv) Consider a control volume
around the board and assume that the power input to the board Py ;...q is 72 times of the total
power Py, Pyt poara="1Por- The average board temperature T, obtained at this time is the function
0f Pyt boara @d T,. (v) If the vendor can provide Ry, data, then T}, T;,, T, and T, can be calculated.
(vi) Calculate Q; ¢ and Q. Calculate Py poard=QrctQac and (Pigpoara/Pro=t; if (n’-1)/n>5%,
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take new n for n=(n"+n)/2, back to (iv) using iterative method, and recalculate until (n’-1)/n<5%.

. AT Jcal T Leale © TM
Remember, the goal is to solve for T;, Therefore, to ensure 1= Lt _ Tt~ <0.9,
J AT, T g T

Lspec

-q

| Pn=fT,T,T.T) |

I1)Chip inside [ Assume Py poard= NPiot |.4_

Ty=f(Ty,Te,Ts) T = HProtpones , Ta)

)
(V) Vendor provided Ry,
Or Te= (P heAcc)t Ta

——— If (0= n)/n>5%
()2

3

{IV) Consider a control volume
around the board

{111) Consider a control
volume around the air

Piy = mCp (Ty-T;
i Lo il (VI) Calculate Q, ¢ and Q, .

plubulﬂl‘_ QL.C i QJ\.C
compare Py, o/ Po=n’

!

| If (n'- n)/n<5%, answer is correct

Figure 14. Flow chart of junction temperature calculation using the iterative method.

3. Summary

The goal of the thermal designer is to minimize the thermal resistance of the chip. Equations
and analysis procedures are provided in this chapter to assist the designer in understanding
the thermal characteristics of chip devices and the thermal performance of related materials.
The methods are useful for the approximations of the chip junction temperature. In the
meantime, the permissible dissipated powers of chip can be estimated as well.
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