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SUMMARY

Keywords: Pool boiling, microchannel, sintered surface, pin fins

Increasing processing capacity within the size of electronic device has made thermal
management a key factor to electronic industries. Commercialized thermal
management such as conventional air cooling system will not suffice the future
requirements due to effects of increasing heat dissipation and miniaturization. In
order to increase performance of electronic devices with high heat flux needs to be
dissipated and electronic devices must operate reliably within safe temperature
ranges. Heat transfer improvement will result in lower size of equipment and
increased efficency. Compared to other conventional methods of heat transfer, pool
boiling offers a much attractive option, as it is able to dissipate large amount of heat
at low wall superheats. Evaporators play a crucial role in the design of vapor
chambers and heat pipes. Reducing the temperature difference during evaporation
and increasing heat flux are two important areas that directly affect the performance
of the heat transfer systems. Therefore, special surfaces have been developed to
further enhance the heat transfer using pool boiling. These special surfaces are
microchannel, sintered and pin-fins.

The present study deals with enhancement of heat transfer using combination of
multiple passive techniques, namely nanostructures and microporous sintered
surfaces over open microchannel surfaces and microchannels with pin-fins. Seven
structures were studied as individual. Experiments were conducted to study the
effects of microchannel, sintered, and pin fins ( micropillar) on the boiling heat
transfer from a copper chip in a pool of degassed water. Boiling performance was
measured in terms of critical heat flux (CHF) and heat transfer coefficient (HTC).
Both HTC and CHF have been greatly improved on all modified surfaces compared
to the plain copper chip baseline.

Xii



UZAY UYGULAMASI iCIN NANOYAPI iLAVELI ISI
TRANSFER ALANI ARTIRILMIS MIKROKANALL|
BUHARLASTIRICI

OZET

Anahtar kelimeler: Havuz kaynama, mikrokanal, sinterlenmis yiizey, pin fin

Elektronik cihazlarin isletim kapasitesinin artmasi ve elektronik ekipmanlarin
boyutunun degisimi ile birlikte elektronik sanayinde 1s1l yonetim onemli bir faktor
haline gelmistir. Elektronik ekipmanlarin gelecekte 1s1 yiikiiniin artmasi ve elektronik
ekipmanlarin boyutlarin kiicilmesi ile birlikte gilinlimiizde kullanilan ticari 1s1l
yonetim sistemlerinden hava ile sogutma sistemleri yeterli olmayacaktir. Yiiksek 1s1
akili elektronik ekipmanlarin performansinin artirilmasi i¢in ve elektronik
ekipmanlarin giivenilir sicaklik araliginda calisabilmesi icin 1sinin transfer edilmesi
gerekmektedir. Is1 tranferinde iyilestirme ekipman boyutlarinin kii¢iilmesine ve
veriminin artmasina sebep olacaktir. Diger 1s1 transfer yontemleri ile
karsilastirildiginda havuz kaynamanin yiiksek 1s1 akisimi diisiik duvar sicakligr ile
transferi nedeni ile en iyi segenek olmustur. Buharlastiricilar buhar odasi ve 1s1 boru
tasarimlarinda O6nemli rol oynamaktadir. Buharlagsma sirasinda sicaklik farkinin
azaltilmast ve 1s1 akisinin artirilmasi 1s1 transfer sistemlerine etki eden iki onemli
alandir. Bu yiizden havuz kaynama kullanilarak 1s1 transferini artirmak igin 6zel
yiizeyler gelistirilmistir. Bu 6zel yiizeyler mikrokanal, sinterlenmis yilizey ve pin
finlerdir.

Bu ¢aligma ile 1s1 transferinin gelistirilmesi i¢in mikrokanallar tizerinde birden fazla
pasif teknik olarak kullanilan nanoyapilar, sinterlenmis yiizeyler ve pin fin ile
saglanmistir. Yedi yap1 bireysel olarak incelenmistir. Deneyler bakir malzeme ve
gazi alinmig su kullanilarak mikrokanal, sinterlenmis yiizey ve pin fin (mikro
siitunlar) yapilarin etkilerini incelemek i¢in yapilmistir. Kaynama performansi kritik
1s1 akis1 ve 1s1 transferi katsayisi cinsinden ol¢iilmiistiir. Kritik 1s1 akist ve 1s1 transfer
katsayisinin biitiin degistirilmis ylizeyler i¢cin diiz bakir yiizeye oranla gelistigi
goriilmiistiir.
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CHAPTER 1. INTRODUCTION

The modern electronics has brought about a stream of equipment dealing with
extremely high heat flux needing more and more cooling efficiency. The recent
advances in the electronic industry and quick development of the integrated circuits
technology significantly reduces the size of the electronic devices and increases the
density of the power dissipation in the equipment. Thermal management system
becomes a key factor to the continued development and progress of electronic
devices for not only terrestial applications but also future space applications. Typical
commercialized thermal management has not been able to dissipate high heat fluxes
due to effects of increasing heat dissipation and miniaturization. Therefore, the
conventional cooling systems for electronic devices are not suitable anymore
considering the the small size of elecronic devices. In order to increase performance
of electronic devices with high heat flux needs to be dissipated and electronic devices
must operate reliably within safe operational temperature ranges. To improve the
desired performance of future electronic devices, heat transfer improvement need to
be developed with using new enhancement techniques such as microchannels,

sintered, pin-fins etc.

Temperature is a key factor in operation of any electronic equipment. For most
integrated circuit, most mainframe memory and logic chips, a cooling system is
needed to maintain a relatively constant component temperature below the junction
temperature approximately 85 °C. Thus, primary issues related to the chip cooling
with pool boiling are the enhancement of nucleate boiling, increasing the critical heat

flux (CHF) and heat transfer coefficient.

The development and the miniaturization of electronic components lead increasing

power densities. The increase of heat dissipation of electronic devices, thermal



management problem becomes more challenging not only terrestrial applications but
also space applications. Electronic systems in future will involve small size,
lighweight and compact components to release high heat waste heat. A key design
issue is a fast charge so as not to overheat the electronic device. The increasing heat
dissipation from electronic devices on board spacecraft makes it necessary to find
new solutions for their cooling. Developments in many applications becomes
dependant on the ability to dissipate large amounts of heat from small surface areas.
In order to achieve the heat dissipation requirements, boiling can be implemented in
a variety of configurations including pool boiling, channel flow boiling, jet and
spray, as well as with enhanced surfaces. Of the different boiling schems,
microchannel boiling has gained unprecedented popularity because of both
outstanding heat transfer performance and system advantages, including compact and

lightweight design and small coolant inventory [1].

Microchannels and minichannels are preffered in diverse energy and process system
including compact heat exchangers, refrigeration and cryogenic systems, power
electronics, automotive and aerospace industries, catalytic reactors, fuel cells, and
space applications etc., Boiling is the primary two modes of two-phase heat
transports, which exhibit promising perspectives for micro/nanoscale thermal
management. Incorporate microporous surfaces in microchannels provide liquid
transport along the heat transfer surfaces while nanostructrues and microporous
surfaces promote evaporation at low wall superheats-critical heat flux is also
increased. Microporous surfaces and pin-fins in microchannels will be studied in

pool boiling. Work will involve experimental work as well as theoretical work.

1.1. Heat Generation Trends in Electronic Industry

Since the first working transistor was invented in 1947 and the integrated circuit in
1958, the main focus was to reduce the size of the transistors. Reducing the size of
the transistors not only improves the performance but also reduces the cost of the
electronic device. On the other hand, decreasing a electronic device’s temperature
increases its performance and reliability. Gordon Moore was the first to identify a

trend in size reduction in 1965 [2]. The trend is known as Moore’s law in the



literature. Moore statement states that the number of transistors on integrated circuits

doubles every years. Figure 1.1. shows microproccesor transistor count against date

of introduction. In Figure 1.1. the blue line shows Moore’s law applied, staring from

the first microprocessor on the graph. The red line shown the least square fit of the

entire set.
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Figure 1.1. Microprocessor transistor count against date of the introduction [3]

shows heat flux at die for some widely used commercieal

microprocessors of the recent past. It is seen from Figure 1.1. that it is actually the

number of transistors per die that determines which cooling method is adequate to

cool the electronic device.
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Figure 1.2. Microprocessor transistor count per die area against date of introduction [3]

While the number of transistor count per diea area as shown in Figure 1.2., it is
important for the total power dissipation of the electronic device which is shown in
Figure 1.3. The heat flux was about 10-15 W/cm? in the year 2000 and had reached
100 W/cm? in 2006 and it continous to increase significantly each year while the size
of die on the procosser has been reduced and heat flux is high.
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Figure 1.3. Heat flux at die for some widely used commercial microprocessors of the recent past [3]
1.2. Thermal Management in Space Applications

The space environment is unforgivingly harsh on spacecraft with surrounding the
Earth and Sun. Spacecrafts are subjected to extremes of hot and cold temperatures in
space. These temperatures can range from the extremely cold (below freezing) to the
extremely hot if the spacecraft is close to the Sun. Although there is no air in space,
energy is carried by radiation. The Sun, planets, or other celestrial bodies causes

heating when it is absorbed by spacecraft.

Spacecraft relies on the efficiency of their heat removal systems in order to keep the
electronic device within safe operational temperature ranges during its mission.
When the outer surface of the spacecraft receives the heat flux from the outer space (
Sun, Albedo, Earth IR, etc), the internal temperature would rise to unacceptably high
values. Therefore, the heat needs to be removed from internal utilities such as

electronic devices, payloads, and so on to outer heat sink.



The main purpose of the thermal management of a spacecraft is to maintain all the
components within the allowable temperature ranges under all operational
conditions. Thermal management is achieved by both active (external power is
required such as heaters, Loop Heat Pipe (LHP), Capillary Pumped Loop (CPL)) and
passive methods (no external power is required such as optical solar reflector (OSR),
Multilayer Insulation (MLI), heat pipe (HP), vapor chamber (VC), paintings, etc.).

Heat removal in a spacecraft is generally pursued via a heat pipe or loop which a
fluid transports the rejected from the internal utilities to the external radiators where
power is radiated to outer space. At present, a spacecrafts generally uses a
mechanically-pumped ones, in which a single-phase fluid is operated, hence their
heat removal capability is based on the so-called sensible heat of the fluid, i.e. in its
capacity of absorbing energy by rising its own temperature. However, as well known,
a fluid exchange energy in a different way as latent heat, i.e. changing its aggregation
state from liquid to vapor and vice versa (boiling and condensation, respectively).
The main advantages of boiling systems are that they are nearly isothermal, require
smaller heat exchange surface, have high power density removal and consequently
require lower pumping power. As a result, boiling is recognized as a very effective
technique to exchange high heat fluxes from heated bodies and is widely applied in
on-earth technology in component heating and cooling. The adaption of boiling
systems may yield substantial savings of weight, space and power aboard spacecraft

in order to work out the crucial problem of heat rejection to space.

Two-phase passive systems have been serving the thermal management industry, in
general, and space missions in particular, for quite some time now because two-
phase heat transfer utilizes latent heat of vaporization of liquid and is capable of
dissipating high heat fluxes while maintaining lower surface temperatures. This
makes it a promising candidate for cooling high heat dissipation systems in earth-

based and microgravity environments alike.

For space applications boiling is the heat-transfer mode of choice because the size of

the components can be significantly reduced for a given power rating. The size and



in turn the weight of the component plays an important role for any spacecraft
mission in the economics mission. Applications of boiling heat transfer in space can
be found in such areas as thermal management, fluid handling and control, and

power systems.

1.3. Boiling

Boiling is considered as one of the most important phase change phenomena and is
widely used as a liquid-vapor phase mechanism in Terrestrial and Space applications.
Boiling phenomena involves nucleation, growth and departure of vapor bubbles.
Boiling heat transfer is of great interest to many researchers as efficent way to
dissipate high heat flux through the use of latent heat. The first boiling curve was
defined by Nukiyama [4] in 1934. He was able to develop the boiling curve by
plotting the heat flux versus wall superheat by using a power controlled nichrome
wire. He also identified the boiling regime as free convection, nucleate, transition

and film region.

Boiling is a phase change process in which vapor bubbles are formed either on a
heated surface and/or in a superheated liquid layer adjacent to the heated surface. It
can be further classified into pool boiling and forced flow boiling. Pool boiling refers
to boiling under natural convection conditions, whereas in forced flow boiling, liquid
flow over the heater surface imposed by external forces such as pumps. The
noticeably high HTC observed in the boiling process is due to the addition of the
latent heat vaporization associated with the phase change from liquid to vapor. The
heat transfer during the boiling process is highly advantageous in systems that

generate large amount of heat over a relatively small area.

1.4. Pool Boiling

Boiling is the process which evaporation occurs at a solid-liquid interface. In order to
boil to be occurred, the surface temperature Ts must be exceed the saturation
temperature of the liquid Tsa at a given pressure. Boiling is characterized by bubble
formation at the surface, these bubbles nuclete, grow and detach from the surface in a



complex manner dependent on many variables such as superheat temperature,
surface tensions, surface geometries, surface materials, etc. Newton’s Law of cooling

describes the process in the form of
Q_ "LhT _T )=
= = h(T, - T, )=hAT (1.1)

where Q is the total heat transfer, A is the surface area over which the heat is
transerred, g" is the heat flux (heat transfer per unit area), h is the heat transfer
coefficeint and AT=Ts-Tsa is defined as the wall superheat temperature which is the
difference between the temparature of the surface and a convenent reference one
taken in the fluid. Both the heat transfer area and the temperature difference should
be kept as small as possible, the former to minimize weight and investment costs,
and to avoid surface overheating, which in turn may lead to equipment failure.
Consequently, the heat transfer coefficient has to be as high as possible to
accommodate large heat fluxes. Boiling heat transfer coefficients are order of
magnitude higher than in single-phase flow. This makes it a very suitable technique
for space applications, in which very efficient, compact and lighweight devices are

required.

It is important to understand a pool boiling curve to understand heat dissipation using
boiling. A classical pool boiling curve is shown in Figure 1.4. The curve shows a plot
of heat flux againt wall superheat. The wall superheat is defined as the difference
between the wall temperature and the saturation temperature of the liquid at the
system pressure. The curve is divided 4 regions whic are natural convection boiling (
region 1), nucleate boiling ( region Il), transition boiling (region Il1), and film boiling

(region 1V).
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Figure 1.4. Pool boiling curve [5]

Natural Convection Boiling (region I) : At very low superheat levels, no bubble
nucleation is observed and heat is transferred from the surface to the liquid by natural

convection.

Nucleate Boiling (region II) : When wall superheat difference rises to a certain value
corresponding to point ‘A’, small vapor bubbles are observed on the heater surface.
This is the onset of nucleate boiling. Once nucleation is initiated, under right
conditions, the bubble grows and nucleates from the heater surface and rises to free
surface of liquid. As the wall superheat rises beyond point ‘B’, additional nucleation
sites become active and the rate of generation of bubbles increases. This increases
the heat dissipation rate till point ‘C’, where heat flux reaches maximum value,
referred to as the critical heat flux (CHF). It is the point where maximum amount of
heat can be dissipated with the liquid still re-wetting the surface. The CHF sets the
upper limit of fully developed nucleate boiling.

Transition Boiling (region 11l) : If the wall superheat increased beyond the critical

heat flux condition, overall heat flux continues to be reduced. This regime is referred
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to as the transition boiling regime. Beyond point ‘D’, the bulk liquid and heating
surface are completely separated by vapor film. The boiling process occurs at vapor-

liquid boundary.

Film Boiling (region 1V) : In film boiling, the surface flux becomes a function of
temperature because of heat transfer from surface to liquid is by means of radiation.
This continues till the surface reaches the maximum allowable temperature, which is
melting temperature of the heated surface, indicated by point ‘E’. From the curve it
can be seen that for a relatively small wall superheat, pool boiling has capacity to

dissipate large amounts of heat.

Cooling methods can be achieved by natural convection and forced convection.
Table 1.1. shows the typical range of heat transfer coefficients for single phase and
two phase cooling regimes for air and water. It can be seen from Table 1.1. that high

heat transfer coefficient is achieved by boiling.

Table 1.1. Standard heat transfer coefficient ranges for convective heat transfer method [6]

Cooling method Heat transfer coefficient (W/m?K)
Natural convection with gas " 2-25
Forced convection with gas 25-250
Natural convection with liquid 50-1000
Forced convection with liquid 100-20,000
Boiling (convection with phase change) 2500-100,000

1.5. Critical Heat Flux

The critical heat flux (CHF) is the maximum value of the heat flux which a boiling
surface can reach safely, once wall heat flux is the controlled variable. After this
point, the wall temperature suddenly rise and cause the physical burnout of the heater
surface. Therefore, it is important limit to the boiling performances of any devices. In
order to understand the mechanisms leading to CHF and find appropriate means for
improving its value constitute fundamental issues for enhancing the effectiveness of

any heat exchange equipment.
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1.6. Bubble Nucleation Criteria

When the temperature of the heated surface is higher than the saturation temperature
of the fluid, bubble nucleation starts to occur. On the surface, their exist cavities with
vapor entrapped in it. For the vapor bubble to grow, the temperature of the fluid
surrounding it should be greater that saturation its temperature. Figure 1.5. shows

bubble nucleation mechanism.

P.=P
Liquid pressure Py
Vapor
/v pressure Py
Heated surface v\

Cavity

Figure 1.5. Bubble nucleation mechanism

The force balance is as shown as follows.
R*(P,—P)-22Rc =0 (1.2)

From equation (1.2), vapor pressure can be presented as,
P,=P +%’ (1.3)

where, Py is vapor pressure inside the bubble, P, is pressure of liquid, o is the surface

tension and R is the radius of the bubble.

1.7. Pool Boiling Enhancement

Boiling is one of the great cooling method which use to remove the high heat

dissipation from the high dissipative electronic device. Taking the advantage of the
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boiling phenomenan, surface enhancement technique has been widely used as
passive method. The main idea of all studies was to dissipate high heat flux at low
wall superheats. Heat transfer coefficient can be reached at considerably low wall
superheat with removing the heat flux from the surface. By delaying CHF and
lowering wall superheat can be achieved which improves the efectiveness of the
surface. Figure 1.6. shows a representation of pool boiling enhancement. The main
goal are to reduce wall super heat and to increase CHF to prove the effectiveness of

the surfaces.
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Figure 1.6. Pool boiling enhancement

1.8. Heat Transfer Performance Enhancement Parameters

The generated high heat flux from electronic devices must be removed from the
system as quick as possible. Heat removel can be done from electronic devices in
various ways. One of them is pool boiling. Pool boiling heat performance are
influenced by many parameters that are the working fluid, surface area, surface
characteristics and surface material. Efficient heat dissipation lies to enhance the heat

transfer coefficient and critical heat flux through the manipulation of these
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parameters. In this work, the surface area modifications are studied as the

enhancement.

1.9. Enhancements of Pool Boiling Heat Transfer

Several technique were used to enhance the performance of pool boiling. Bergles [7]
summarized that enhancement methods could be divided into passive, active and

compound technique in Table 1.2.

Table 1.2. Classification of enhancement techniques [7]

Passive techniques Active techniques
Treated surfaces M echanical aids
Rough surfaces Surface vibration
Extended surfaces Fluid vibration
Displaced enhancement devices Electrostatic fields
Swirl flow devices Suction or injection
Coiled tubes Compound enhancement Jet impingement
Surface tension devices Condensation on a rough, rotating surface, for example

Additives for fluids

The passive techniques do not require any external power, whereas the active

techniques require an external power to bring about the enhancement.

Surface roughness and material modifications, geometrical or area are some of the
enchancement technique used in order to enhance the surface without increasing the
footprint of the surface. Mini channels, microchannels and pin-fins are the area or
geometrical modifications. These structures consists of machined channels with
reentrant cavities, mini and microchannels and pin-fins. This type of modification on

the surface increase surface area without increasing the footprint of the surface.

Nano and porous coating structures modify nucleation site size and density on a
surface have the ability to alter the surface energy, resulting in a change in the
wettability of the surface. The wettability change can be implemented by surface
material changes or fluid type. Nucleation site and density are affected by nano and

porous coating structures.
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Nanoparticles, nanochannels, and nanotubes are employed to create the nano and
porous coating structures. These nano and porous coating structures have a high
thermal conductivity to reduce the thermal resistance. Due to the high thermal
conductivity of carbon based materials such as graphen and carbon nanotubes

(CNTSs), these metarials have considerable interest for boiling applications.

1.10. Channel Classification and Microchannel Surfaces

Channel classification based on hydraulic diameter is intended to serve as a simple
guide for conveying the dimensional range under consideration. One of the several
criteria proposed in the literature is an easy-to-use criterion suggested by Kandlikar
and Grande [8] which the authors suggested for single phase gas, liquid flows and
two-phase flows as well and given as follows. Table 1.3. shows channel

classification scheme.

Table 1.3. Channel classification scheme [9]

Channel classification scheme

Conventional channels >3 mm
Minichannels 3mm > D >200 pm
Microchannels 200 pm > D > 10 um
Transitional Microchannels I0pm > D >1pm
Transitional Nanochannels lpm > D >0.1 pm
Nanochannels 0.1um > D

D: smallest channel dimension

In Table 1.3., D is the channel ( hydraulic) diameter. Equation 1.4 gives the channel

diameter.

4A
D="1% 1.4
= (L4)

where, Ac is the cross sectional area and P is the wetted perimeter.

The critera in Table 1.3. is not based on any physical laws but was supported by

testing it with different studies present in the literature.
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Rapid increases in the density and speed of functional components in
microproccesors have led to a significian rise in the rate of heat generation in
electronic chips, as well as in the heat fluxes that need to be dissipated for
maintaining chip temperatures below allowable maximum levels. Conventional heat
sinks are fast reaching their limits for handling the increased cooling needs for
electronic equipments. Hence, several efforts have been made to find a suitable
alternative technology capable of dissipating high heat flux per unit area. Liquid-
cooled microchannel heat sinks are recognized as being among the most effective
solutions and hence thermal characteristics and fluid flow in microchannels have
been extensively studied. The microchannels provide a combination of small flow
passage, large heat transfer area, and efficient boiling heat transfer. Heat transfer
with liquid-vapor phase change over microchannel offers extremely high heat fluxes.
Therefore, it attracts great attention in thermal management of microelectronics, as
continuous minimization in microelectronic component requires superior heat

dissipation ability in small and confined spaces.

1.11. Nano Structures and Microporous Surfaces

Surface modification by nanostructures for boiling enhancement has attracted great
attentions recently due to some unique properties they possessed. The nanostructure
modified surface has higher wettability, which causes an increased CHF through the
enhanced liquid spreading over the heated area. In addition, the modified surface
contains more microscale activities, which serve as the starting sites for nucleation of

liquid for bubble formation.

As the surface modification at nano-scale has proven to be an effective approach to
improve boiling heat transfer, the enhancement due to combination of microporous
surfaces with nano structures on boiling heat transfer is an area of current interest.
Most of the surface nanostructures were effective in decreasing the wall superheat at
boiling incipience, and enhancing the nucleate boiling heat transfer and critical heat
flux. The factors leading to enhanced boiling surfaces, however is not fully
understood, therefore, it is of great interest to investigate the enhancement

mechanism behind those phenomena.
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The present study deals with enhancement of heat transfer using combination of
multiple passive techniques, namely nanostructures and microporous sintered

surfaces and pin-fins over open microchannel surfaces in space application.

1.12. Contact Angle and Surface Wettability

The theoretical description of the contact angle is the consideration of
thermodynamic equilibrium between the three phase system with a solid surface, a
fluid and a vapor. The behavior of liquids in contact with solid surface varies with
the different type of surfaces. It also depends on the type of fluids. The wettability of
the liquid is quantified by contact angle & which is defined as the vapor interface and
the solid surface. It is measured through the liquid at O where a liquid/vapor
interface meets a solid surface as shown in Figure 1.7. As 6 decreases, liquid spreads
more on the surface and as ¢ tends to form a thin liquid film on the solid surface.

YL

Vs Solid Yar

Figure 1.7. Schematic diagram showing contact angle of a liquid on a surface

As first described by Thomas Young [10] in 1805, the contact angle of a liquid drop
on an ideal solid surface is defined by mechanical equilibrium of the drop under the

action of three interfacial tensions in Figure 1.7:

7L.C080=ys —yq (1.5)

where y, ,y¢,andy represent the liquid-vapor, solid-vapor, and solid-liquid

interfacial tensions, respectively, and & is the contact angle. Equation 1.5. is usually
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referred to as Young’s equation, and € is Young’s contact angle. A surface is called
hydrophilic when the contact angle of water is 6 <90°, and hydrophobic when 6 >90°.
When the contact angle is larger than 150°, it is called superhydrophobic and when
the contact angle is almost 0°, it is called superhydrophilic [11]. Low values of the

contact angle correspond to high surface wettability.

It is difficult to prepare a solid surface with homogeneity and smoothness at
molecular level. Nearly all surfaces are heterogeous and rough to an appreciable
extent [12]. Therefore, a liquid in contact with the solid surface shows more than a
contact angle. Advancing and receding contact angles are of practical significance in
the characerization of the solid surface. The contact angle measured for the liquid
tending to advance is called the advancing contact angle (02) and it is larger than the
contact angle measured for the liquid tending to reced which is known as the
receding contact angle (6r). Advancing and receding contact angles are shown in

Figure 1.8.
The difference between advancing and receding contact angles, 02 and 0, is referred
to as contact angle hysteresis. To calculate contact angle hysteresis: the arithmetic
difference,

AO=0, -0, (1.6)

Vapor

3, Liquid -

Advancing Contact Angle
Sohid

Vapor
/////,—4}—9? Ligquid -

Receding Contact Angle

Solid

Figure 1.8. Advancing and receding contact angles [13]



CHAPTER 2. LITERATURE REVIEW

In order to manage large amounts of heat dissipation and provide adaquate cooling is
not new topic to be discussed and dissipating high heat flux is also gained
importance. Researchers have studied different enhancement techniques to improve
pool boiling performance. Microchannels have been in use since the beginning of the
early 1960’s. The first pioneering work demonstrating the potential of small passages
for heat transfer enhancement was performed by Bergles [14]. The first successful
application in electronics cooling was used by Tuckerman and Pease [15]. They were
able to dissipate a heat flux up to 790 W/cm? with a temperature rise of 71 °C

between inlet and outlet. It was a force convective system and single phase cooling.

Boiling and condensation are being considered for operation of the thermal control
systems (TCSs) in future space applications to increase their high heat transfer
coefficients and reduce weight and volume in TCS [1]. In space applications, the use
of passive thermal components, such as heat pipes (HP), vapor chambers (VC), loop
heat pipes (LHP) and future pulsating heat pipes, and active components such as
miniaturized pumped systems, makes very important the thorough understanding of
the boiling mechanism, in order to simulate precisely the heat transfer conditions in
satellites and in thermal components for extraplanetary exploration [16].

2.1. A Review of Pool Boiling in Microchannels

There are many papers that address the topic of heat transfer enhancement in
conventional passages. Many researchers and companies have focused their efforts

on a new heat management technology called a microchannel heat sink.

The first concept on a pore and tunnel surface had been developed by Nakayama et
al. [17]. They tested water, R-11 and liquid mitrogen as working fluids with a copper

surface. Open microchannels have been shown to be extremely efficient in boiling
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heat transfer. Incorporating microporous surfaces on the microchannel surfaces has
been shown to further increase the performance. Dr. Kandlikar has been involved in
the advanced study involving open microchannels and nanostructures [18-23].
Recently Dr. Kandlikar has been involved on developing microporous surfaces for
enhanced boiling surfaces [24]. The mechanism of heat transfer in through capillary

transport coupled with evaporation at the interfaces.

Microstructures have been studied extensively for pool boiling enhancement [24].
Open microchannels were also investigated by Cooke and Kandlikar [25] for pool
boiling on 10 mm x 10 mm square copper chips with water at atmospheric pressure.
Nucleation at low heat fluxes was observed and it was noted that the nucleation
occured on the top surfaces of the microchannel fins. Figure 2.1 shows schematic of
bubble dynamics as observed by the authors. However, at higher heat fluxes,

nucleation appeared to occur in microchannels as well.

Vapor Generation

Liquid Supply

Figure 2.1. Mechanism of bubble dynamics proposed by Cooke and Kandlikar [25]

Kim et al. [26] reviewed the boiling heat transfer enhancement on
micro/nanostructured surfaces. In the review paper, micro/nanostructured surface,
which have been designed to enhance boiling heat transfer, are introduced and the
charcteristics of these surfaces are explained in view of nucleate boiling heat transfer
(NBHT) and critical heat flux (CHF). Based on the review, a well-established boiling
heat transfer model and comprehensive understanding of the NBHT and CHF
enhancement mechanism are necessary for designing and fabricating an optimized
surface for boiling heat transfer. Moita et al. [27] addresses the qualitative and
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quantitative analysis of the pool boiling heat transfer over micro-structured surfaces.
The results show a significant increase of the heat transfer coefficient of about 10
times for water and 8 times for the dielectric fluid, in comparison to the smooth
surface, when the micro-patterning based on pillars is used. Shojaeian and Kosar [28]
studied reviews recent experimental investigations performed on pool and flow
boiling over nano-and micro engineered structures for enhancements in boiling heat
transfer, namely heat transfer coefficient (HTC) and critical heat flux (CHF). More
enhancements were generally reported for microstructured surfaces compared to the
nanostructured surfaces, and their performance enhancements were comparable to
the existing commercially avaliable enhnaced surfaces. However, further
enhancements are possible with future optimization studies using important
nanostructure parameters and configurations, and there is much room for

improvement in boiling heat transfer with nanostructured surfaces.

2.2. A Review of Pool Boiling in Pin Fins

Pin-Fins have been studied and provided enchanced boiling preformance.
Microstructures such as pin-fins have been studied extensively for pool boiling
enhancement by Patil and Kandlikar [24]. Mudawar and Anderson [29] used a pin fin
design to enhance the heat transfer from high power electronic chips. Surface
enhancement resulted in CHF of 105.4 W/cm? for saturation and 159.3 W/cm? for 35
°C subcooled FC-72. Hubner and Kunstler [30] investigated the heat transfer
enhancement of trapezoid-shaped, T-shaped and Y-shaped. They also increased the
surface roughness of the pins. Surface roughness was found to increase the bubble
formation for trapezoidal fins while T-Y- shaped fins increase the h. Mitrovic and
Hartmann [31] used micropins or fins to enhance the boiling surface and reported
improved heat fluxes. Wei and Honda [32] conducted to study the effects of height
and thickness of square micro-pin-fin on boiling heat transfer from silicon chips
immersed in a pool of degassed or gas-dissolved FC-72. Micropin fins were
fabricated on a 10 x 10 x 0.5 mm?® square silicon chip by using the dry etching
technique. They conducted the experiment under subcooled and atmospheric

conditions. The micro-pin-finned chips showed a considerable heat transfer
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enhancement in the nucleate boiling region and increase in the critical heat flux
compared to the smooth chip. Honda et al. [33] studied the effects of square micro-
pin-fins (50 x 60 pm? in thickness x height and 100 pm in fin pitch) and submicron
scale roughness ( about 30 nm in r.m.s roughness) on boiling FC-72. The micro-pin-
finned chips showed a sharp increase in the heat flux with increasing wall superheat
in the nucleate region and the wall temperature at the CHF point was lower than 85
°C. CHF was 1.8-2.3 times large as that for a smooth surface. Honda et al. [34]
further studied the effect of the thickness of square micro-pin-fin on boiling of FC-
72. The fin dimensions were 10 x 60, 10 x 60 and 50 x 60 pm? (thickness x height)
and the fin pitch was twice the fin thickness. The heighest CHF obtained by these
chips was close to that obtained by the micro-pin-finned chip with submicron-scale
roughness on it [34]. Guglielmini et al. [35] tested twelve extended surfaces with
different geometrical configurations from copper surfaces immersed in a saturated
dielectric fluid (Flurinert FC-72) at three different saturation pressures which are 0.5,
1.0 and 2.0 bar. Fins were 3 and 6 mm long and their width varied 0.4 to 1.0 mm.
Fins were uniformly or non-uniformly spaced on the base surface. If pressure is
increased, the boiling curves of finned surfaces move towards lower wall superheats
and raises maximum heat flux. In the case of extended surfaces composed of
uniformly spaced fins, longer fins appear to work slightly better, particularly in
proximity to the maximum heat flux. When fin width and spacing decrease, the heat
transfer rate increase, but, at high heat fluxes, the overall heat transfer coefficient

diminishes.

2.3. A Review of Pool Boiling in Sintered Coatings

In addition to surface enhancements such as pin fins, or channels, sintered is another
technique to improve heat transfer. Patil and Kandlikar [24] presented a
comprehensive review on the different manufacturing technique to develop porous
heat transfer surfaces for boiling. In the survey, they summarized the porous
enhancement into sintering, electrodeposition and advanced manufacturing
technique. They suggested that sintering coatings is easy and effective technique
from manufacturing perspective. Li and Peterson [36] examined the effects of the

geometric dimensions (i.e., coating thickness, volumetric porosity, and pore size, as



22

well as the surface conditiosn of the porous coatings) on the pool boiling
performance and characteristics using distilled water at atmospheric pressure (101
kPa). They studied on pore sizes, 119.2 pum, 140 um and 232.2 pum. The
experimental results showed that smaller porse size was better for heat transfer
performance. A thicker coating increased the CHF. On the other hand, the low wall
superheats achived with a thin coating. Web [37] studied the effects of particle
diameter, coating thickness and pore size of copper porous coatings. The
performance of seven porous coatings tested with R-11 was compared and the effect
of the geometric variables on the boiling were examined. The test results showed for
coatings with copper (high-conductivity particles), the particle diameter was a
negligible effect on performance, but maximum boiling coefficient occured for a
coating thickness of roughly three to four times particle diameters. For lower thermal
conductivity particles (bronze) the performance was not sensitive to coating
thickness for 2 < 6/dp < 6. Furthermore he suggested that pore size has a significiant
effect than particle size. Bergles and Chyu [14] conducted a study of pool boiling
form a commercial porous metallic matrix surface. They observed that nucleation
takes place within the porous matrix and these reentrant cavities are not subjected to
flooding.

It was seen from the literature reviews that surface enhancement techniques have
significantly improved the pool boiling performance by providing additional surface
area and/or nucleation sites. Enhanced surfaces such as open microchannels,
microporous surfaces (sintering, nanowires, electrodeposition, surfactant,
electrochemistry, carbon nanotubes, etc), pin-fins, micropillars, nanostructures and
nanofluids have significantly improved by increasing the heat transfer area or by

affecting the liquid wettability on the surface.

2.4. Pool Boiling Enhancement Technique

Wick structures are one of the key parameters that needs to be considered during a
design phase of vapor chamber especially evaporator section. In order to apply the
optimized wick structures, recent studies on pool boiling enhancement technique also

summarized. The critical heat flux (CHF) and heat transfer coefficient (HTC) pool
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boiling have been experimentally studied on different type of structures by using de-
ionized water. Pool boiling enhancement is achieved by delaying critical heat flux
and increasing heat transfer coefficient. Most recent research summarized in Figure
2.2. and Figure 2.3.
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Figure 2.2. Pool boiling performance comparison with different structures [38-45] reported

in the literature with water at atmospheric pressure
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Figure 2.3. Heat transfer coefficient comparison with different structure [38-45] reported in the literature with
water at atmospheric pressure

Li et al. [38] studied the modulated porous structure which has a porous base of 0.55
mm thick with four 3 mm diameter porous pillars of 3.6 mm high on the top of the
base. The highest heat flux and the highest heat transfer coefficient on the modulated
porous structures reached 450 W/cm? and a value of 20 W/cm?K, respectively.
Cooke and Kandlikar [39] used different microchanneled surface to enhance heat
transfer performance. They found that the best heat transfer results were reached by
using the wider and deeper channels and thinner finned surfaces. The best
performing chip dissipated a heat flux of 244 W/cm? corresponding to a record heat
transfer coefficient of 269 kW/m?2K. Jaikumar and Kandlikar [40] focused on the
effect of channel width on the heat transfer performance and heat transfer mechanism
on open microchannel surface with sintered-throughout, sintered-fin-tops, and

sintered channels. A record of 420 W/cm? at a wall superheat of 1.7 °C was observed
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for the 300 um channel width test surface. Patil and Kandlikar [41] reported a
maximum CHF of 325 W/cm? at a wall superheat of 7.3 °C with fin width= 200 um,
channel width=500 um and channel depth=400 um with electrodeposition of
microporous surface on fin top. The thickness of deposit is 73.3 um. Kandlikar [42]
used the depth of groove= 200 um and the corner angle= 60 °. He reported a record
of heat transfer coefficient 629 kW/m?°C at a CHF of 300 W/cm? at a wall superheat
of 4.8 °C.

Betz et al. [43] tested a combination of hydrophilic and hydrophobic patterns with
changing the wetting angle. The best enhancement of the CHF and HTC was
achieved with hydrophilic networks featuring hydrophobic islands which had the
best performance, with a maximum CHF of approximately 180 W/cm? and a heat
transfer coefficient 85 kW/m2K. Rahman et al. [44] studied the effect of low-
conductivity materials at the interface between the surface and fluid. Replacing
~18% of the surface with non-conductive epoxy results in a greater than 5 times
increase in heat transfer rate a given superheat temperature. Chu et al. [45] studied
hieararchically structured surfaces by using electrophoretic deposition of silica
nanoparticles on microstructured silicon and electroplated copper microstructures
covered with copper oxide (CuO) nanostructures. The CHF of ~ 250 W/cm? was

reached with a CuO hieararchical surface with a roughness factor of 13.3.

Based on the studies mentioned above, the mechanism of CHF enhancement can be
explained by the capillary suction effect, the extended surface area effect, the liquid

supply caused by the hydrodynamic effect, and the wettabilty of the heated surface.



CHAPTER 3. CRITICAL HEAT FLUX CORRELATIONS IN
POOL BOILING

Heat transfer in nucleate boiling has been predicted by many researchers. The most
widely used correlation for the rate of heat transfer in the nucleate boiling region was
proposed in 1952 by Rohsenow [46]. He developed a model to predict the relation
between heat transfer and the wall superheat. The expression for heat transfer and

wall superheat during pool boiling is given by Rohsenow as follows.

3
: g(p —pv)}“z Cp(M-T,)
=uh 3.1
qnucleate :ul fg |: P Csf hfg Prln ( )

where, 0. 1S NUcleate boiling heat transfer, g, is viscosity of the liquid, h,is
enthalpy of vaporization, g is gravitational of acceleration, p, is density of the

liquid, p,is the density of vapor, ois surface tension, Cp is specifif heat of the

liquid, Tw is surface temperature of the heater, Ts is saturation temperature of the

fluid, and Pr, is Prandtl number of the liquid. He used a surface-fluid coefficient, Cst

for various combinations. Cs is called the experimental constant that depends on
surface-fluid combination. n is the experimental constant that depends on the fluid.
Values of coefficient Css and n are 0.0130 and 1.0 for water-copper (polished)
respectively. Values of coefficient Csr and n are 0.0068 and 1.0 for water-copper

(scored) respectively.

The interpretation of the critical heat flux correlations in pool boiling is still
controversial. Over the years, many researches have attempted to predict CHF with
various models and equations. The critical heat flux represents the maximum heat
dissipation that can endure in the nucleate boiling region. Therefore, it sets an upper

limit for safe operation of the maximum power generation of given boiling systems.
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It is unclear if one mechanism determines the occurence of the critical heat flux
(CHF) in any geometrical and thermodynamics condition. After Drew and Muller
[47] completed Nukiyama’s [4] boiling curve, a number of studies were done to
explain the maximum and minimum heat fluxes. Among these, the most successful
models for the maximum heat flux were those by Kutateladze [48], Zuber [49] and
Kandlikar [50]. Kutateladze and Zuber models were based on the hydrodynamics of
vapor outflow. Kandlikar [50] modified the Zuber hydrodynamic instability model to
include effects of the heater surface. Zuber’s model employed stability of vapor jets
whereas Kutateladze developed dimensionless groups from the equations governing
the flow of vapor and liquid. Kutateladze and Zuber models resulted in a nearly
identical expression for the maximum heat flux on flat plates as. Regardless of
modeling, critical heat flux data on flat plates have been correlated by Kutateladze as

follows.

Q;HF = Kpg'shfg [Og(pl ~ Py )]0'25 3.2)

The value of K ( often referred to as Kutateladze number) was found to be 0.16 in the
experimental, and 0.131 in Zuber’s [49] correlation from the experimental data. The
Lienhard and Dhir [51] modification of Kutateladze-Zuber [48-49-52], the value of
K was found 0.149. The Zuber-Kutateladze do not include the contact angle as a

parameter.

Very few researchers have studied the effects of the liquid surface contact angle on
CHF even though it is considered to be very crucial parameter. Kirishenko and
Cherniakov [53] developed a model based on dynamic receding contact angle.
Dynamic receding contact angle (B) is chosen because as the bubble grows along the
surface the contact angle between the surface and the receding liquid/vapor interface

characterizes the wettability of the surface.

,, 1+.00032482 )"
Ocwr = 0.171hfgpvl/2[ag(pl — Py )]1/4 ( (0.018ﬁ)1/2)1

(3.3)



28

Diesselhorst [54] found that this model overestimates CHF for large contact angles
and found it to overestimate CHF values for water, but the trend on increasing CHF

with decreased contact angle was correct.

Kandlikar [50] developed a model for predicting the critical heat flux for pool boiling
based on the contact angle and the orientation was included in his model. He
developed a model considering a force balance on a bubble and the presence of a thin
liquid micro layer under the bubble. It was proposed that near CHF the momentum
created by the evapoartion on the sides of the bubble exceeded gravity and the
surface tension forces causing the bubble to grow along the heated surface. Critical

heat flux developed by Kandlikar based on the contact angle as follows.

" 1+ cos
Oche =hfg ;/2( 16 'B

j{% + % (1+ cos /) cos 4 [Og (o — Py ]1/4 (3.4)

Equation (3.4) predicts the CHF for saturated pool boiling of pure liquids. In
general, for a heater surface inclined at an angle ¢ to the horizontal ( ¢ = 0 deg for a
horizontal upward facing surface, ¢ = 90 deg for a vertical surface). B is the dynamic
receding contact angle. An experimental work reporting the dynamic receding
contact angles for water droplets impinging on hot surfaces is presented by Kandlikar
and Steinke [55] For water/copper system, B is 45 deg. Zuber-Kutateladze [52] and
Kandlikar [50] correlations are the most well known to calculated the critical heat
flux for saturated pool boiling. The critical heat flux prediction by using Kandlikar

correlation is quite good and consistently better than the Kutatelazde prediction.



CHAPTER 4. OBJECTIVES OF RESEARCH

The main objective of this work was to study the effect of microporous coating on
open microchannels using screen printing and sintering and the effect of pin-fins
over microchannels. This study focuses on pool boiling of varies surface structures
(plain surface, microchannel, sintered surface and pin fins (or micropillar) ) to
enhance heat transfer surface with water as the working fluid at atmospheric
pressure. The present studies, in order to succeed in heat removal from a a heat
surface with high heat flux, various surface enhancements were tested. The literature
showed that surface enhancement has resulted in improvement in the heat transfer
rate. The surface enhancement also enhanced CHF and reduced wall superheats. The
major objectives of this research were listed as follows.

1. Developed a test setup to test the developed surfaces for their heat transfer

performance and obtain their boiling curves.

2. Developed a process to obtain different type of surfaces of a variety of
morphologies on the top a plain chip and study the effects morphologies on
boiling heat transfer.

3. Developed a process to selectively deposit the best performing morphology of
different type of surfaces on top of the test the surfaces for boiling heat

transfer.

4. Obtain high speed camera images to understand the heat transfer mechanism

and bubble dynamics.

5. Analyze high speed camera images and the experimental data results to

understand the heat transfer mechanism.
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Work involved experimental work as well as theoretical work. This was mainly a

two-phase study.



CHAPTER 5. MATERIAL AND EXPERIMENTAL TEST SET UP

The pool boiling test facility used for the present study is shown in Figure 5.1. The
experimental facility with distilled water was working fluid was designed and
constructed to investigate the pool boiling phenomenon and the heat transfer

performance. The experimental set up was also designed and built to allow testing of

different surfaces.
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Figure 5.1a. Experimental set up of the pool boiling
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Figure 5.1b. Experimental set up of the pool boiling view

The test set up consists of five major parts as follows:

Test section
Heating module
Measurement and data acquisition system

A water bath and degas system

a c w0 N

Environmental system (high speed camera, computer, illuminating lamp,
etc.,)

For the material selection, copper was chosen because of compability with water as
the working fluid and copper has also high thermal conductivity value.
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5.1. Test section

All test sections are made of copper. 10 mm x 10 mm area of the copper test section
was machined by using a CNC machine. The copper test section was located inside

a ceramic insulation to minimize heat losses.

5.2. Heating Module

For heat dissipation, the heater was a 1 square cm copper heating block. The copper
heater was made of a copper 101 alloy block with 200 W cartridge heaters (primary)
inserted on each of four sides. Auxiliary cartridge is located into water reservoir to
maintain the water reservoir at saturation temperature and reducing any heat losses to
the environment. All cartridge heaters main function are to serve as the heating
element to apply heat flux to the test section. The primary and the auxiliary cartridge
heaters were powered by DC power sources. A TCR power supply was used to
provide to the joule heating system. The voltage of the current provided was changed

to regulate the power input the heaters. The heater block is shown in Figure 5.2.

Figure 5.2. Heater block

The voltage of the power supply was adjusted to set the heat input to the test section.
Heat flux g" was calculated from voltage Vheater Supplied to the test sample heater,
the evaluated current leircuit from the known reference resistance and loaded voltage

to the resistance, and heating area Aneater:
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q" — (Vheater circuit) (51)

Aheater

*

5.3. Data Acquisition System

Three holes for thermocouples was drilled to measure inlet temperatures for
calculation of input heat flux on the test setup. Three K-type thermocouples (Tx1(top),
To(middiey and Tzpottom)) Were used to measure the temperature gradient through the
block. A National Instruments cDaq-9172 data acquisition system with NI-9211
temperature module was used to record the temperatures during testing. A
LABVIEWVR virtual instrument was created to display and calculate the surface
temperatures and heat fluxes. The test sample voltage load was directly monitored
with a power-measuring line. The test data were collected using a data logger,
interface card, and personel computer. The system recorded voltage data from the
test sample heater and reference resistor, and temperature data for the bulk fluid from
type-K thermocouple. A super Omega K type thermocouple used to measure the
fluid saturation temperature was placed inside the water bath. The temperature of the

water was monitored by a K-type thermocouple (Ta).

5.4. A Water Bath and Degas System

The liquid on top of the copper chip is contained using a quartz glass bath casing
which is 14 mm (width) x 14 mm (lenght) x 38 mm (height). A clear fused Quartz

square tube was placed on the top of the copper test chip to form the fluid bath.

5.5. Environmental System

The top of the copper heat block is in contact with the bottom of the copper chip. A
graphoil ® paper was inserted as a thermal interface material between the heater’s
top pin surface and the chip’s bottom surface to reduce the thermal contact resistance

between them. The copper test chip is located in a ceramic chip holder. The
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schematic of the test copper chip and the ceramic chip holder assembly is seen in
Figure 5.3. The ceramic chip holder dimension is 30.4 mm x 30.4 mm.

Quartz Glass Casing

Test Chip

Thermocouple locations

Ceramic Chip Holder

Figure 5.3. The copper test section with the ceramic chip holder assembly

The aluminum plate located at the top was provided with two circular holes for the
saturation thermocouple probe and a 60-VDC, 200 W auxiliary cartridge heater to
maintain water in the reservoir at saturation (100 °C) by boiling continuously. A
rubber gasket was used to seal the two contacting surfaces and it is covered the area
outside the 100 mm? boiling surface. Additionally, this area was further covered with
a Kapton ® tape to prevent it from participationg in heat transfer. To ensure the
surface does not dry out during experimental, a liquid reservoir is located on the top
of the glass casing. In order to let the bulk liquid at saturation temperature, an

auxiliary heater is added.

The ceramic chip and the copper test section was located on the base aluminum plate,
which was attached to a fine adjustment stage that allowed the plate to be moved up
and down. The middle and bottom garolite plate were connected with a shaft pin to
ensure stability of the test set up. Four compression springs were used to support the

bottom aluminum plate which provides the required degree of movement in order to
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make te contact beween the copper test setup and the heater and these compression

springs also accommadate for any expansion during test duration.

In order to see the bubble dynamic during the pool boiling process, a Keyence high
speed camera was used which is shown in Figure 5.4. The camera was inclined at
the proper angle so that nucleation at the heated surface could be clearly viewed. The
frame rates of 4000 fps was employed at resolution of 256 x 256 in order to keep
resolution. The camera was placed as close as possible without losing the sharp focus
required. An illuminating lap was installed at the opposite side of the test section, so
that the heating surface looked shining bright. Figure 5.4. shows the images which

were taken during the low heat fluxes.
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Figure 5.4. The images of bubbles at low heat fluxes

5.6. Working Fluid

Water was used as the working fluid. Water was chosen to be the working fluid
because of its high latent heat, large surface tension and nontoxicity. Selection of the
working fluid for heat transfer applications also depends on a number of
considerations regarding: (1) operating temperature range, (2) the compability with
the metarials and (3) the fluid thermophysical properties. Distilled water was used in
this research as the working fluid; relevant thermophysical properties of the distilled

water is shown in Table 5.1.

Table 5.1. Distilled water properties

Boiling point °C 100

Liquid density kg/m? 950

vapor density kg/m?3 0.5

Latent heat KJ/kg 2260
Surface tension N/m 5.88 x 10-2
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5.7. Test Chip

A 3-D representation and the dimension of the test chip which were shown in Figure
5.5. and Figure 5.6., respectively. The outer dimensions of the chip was 17 mm x 17
mm x 9.2 mm. The heater section of the copper test chip was a 10 mm x 10 mm x 9.2
mm protrusion with three 0.64 mm holes drilled 3 mm apart to accommodate the
thermocouples as shown in Figure 5.6. After machining the chip surfaces, they were
cleaned with isopropyl alcohol (IPA) and distilled water, and further dried using
pressurized air. The effect of contact resistance in the heat flux calculation was
eliminated by placing thermocouples in holes drilled in the copper test section. Three
K-type thermocouples were inserted into these holes to read the temperature at

different locations on the copper test chip.

Figure 5.5. A 3-D representation of the test chip

In this study, seven different copper chips were used. Table 5.2. describes the seven
copper chips matrix were tested using the pool boiling test setup. This selection of
chip designs has been used to evaluate the effects of sintering, microchannel and pin-

fins during the boiling process.



17 mm

10 mm

Figure 5.6. Test section with the dimensions
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0.70 mm

17 mm



Table 5.2. The copper test chip matrix
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Channel Dimension | Pin-Fin Dimension
Sintered

Sample Name Type of surface Thickness [ width | Depth | Fin | Width | Depth | Fin
(um) (m) | (um) [ (um) [ (um) | (um) | (um)

1 P Plain N/A N/A N/A | NJA| N/A N/A [ N/A
2 P_S Plain with sintering 60-70 N/A N/A | NJA| NA | N/A | N/A
3 MC Microchannel N/A 500 400 | 200 | N/A | N/A | N/A
4 MC_SFT  [Microchannel with sintered top fins 60-70 500 400 [ 200 [ N/A | N/A | N/A
5 PF Pin-Fins N/A N/A N/A [ NVJA'| 500 400 | 200
6 MC_SPF  [Microchannel with Single Pin-Fins N/A 500 250 | 200 [ 100 125 | 100
7 MC_DPF  |Microchannel with Double Pin-Fins N/A 800 200 | 100 [ 200 200 [ 100

A measurement was done by using a laser confocal microscopy for surface

morphology. Using a Keyence ® laser confocal microscope, the copper test chip

dimensions and parameters were quantified. Figure 5.7. shows the test chips.

PS MC MC_SF

PF

Figure 5.7. Test chips

MC_SPF

MC_DPF

5.8. Plain Copper with Sintering and Microchannel with Sintering Process

Sintering is the most common technique to produce a metallic microporous surface.

Plain copper chip and microchannel chip were sintered. The plain copper chip was

shown in Figure 5.5. A copper powder from 3M™ with a particle size of 10-20 pm

was used. Porous coating was prepared as a powder to ink composition of 2:1 and

then screen printing technique was applied the plain surface to deposit on porous

coating. When porous coatings were deposited on the plain chip surface, the test

chips were subject to sintering in an inert atmosphere. Figure 5.8. shows the sintering

process. Temperature is raised to 500 °C and held for 30 minutes to remove the

sintering oil. Temperature is then raised to 850 °C and held for 1 hour. The test chip
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is then allowed to cool gradually to room temperature. The process involved ramp
up, hold and ramp down to ensure that substrate was bonded to the test chip surface.
Figure 5.8 shows the furnace of the sintering. Figure 5.9. shows the sintering details

used in this study. A coating thickness was measured roughly 60-70 um by using a
laser confocal microscope.

Figure 5.8.The furnace of sintering.
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Figure 5.9. Sintering cycle process
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Table 5.3. Sintering details

Parameter Value
Sintering temperature 850 °C
Sintering duration 1 hours
Sintering atmosphere Helium

For microchannel with sintered surface (porous deposit) was fabricated in two-step
process. First, porous deposits are screen printed (mesh size= 230 count) on a plain
copper chip. Second, microchannels are machined. A coating thickness was

measured roughly 60-70 um by using a laser confocal microscope.

5.9. Surface Roughness Measurements

Roughness is commonly accepted as one of the most important parameters in surface
characteristics for enhancing the heat transfer coefficient due to an increase in the
number of the nucleation sites. It is also well known that the surface roughness is
effective in enhancing nucleate boiling. The arithmetic average roughness R is used
as the roughness parameter. Surface roughness of the chips was determined with
Keyence ® laser confocal microscope. Test chips were manufactured with a polished
surface for use in the water experiments. The polishing was achieved using a
polishing machine. The surfaces were first cut by a CNC machine and measured
surface roughness by a Keyence ® laser confocal microscope. If the surface
rougness average value (Ra) is more than 9 um, the finer grits of sandpaper used to
decrease the surface rougness until 9 um. If the surface rougness value is less than 9
um, the polishing machine used to decrease the surface roughness less than 1 um. In
the polishing machine process, the machine parameters can be controlled to produce
surfaces with different roughness. Enough surface material was removed with the
polishing machine so that the final roughness was due to the polishing machine

process rather than the original machining operation.

Several scans were performed in different locations on each surface using a Keyence
®) laser confocal microscope. The roughness average (Ra), RMS roughness (Ry), the

maximum profile peak height (Rp), and five-point average maximum height (R;) were
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evaluated according to ASME B46.1-1995 standards and were reported in Table 5.4.

Ra is the average deviation of the peaks and valleys from the mean elavation. Rq is

the root-mean-square devaition from the mean elavation.

Table 5.4. Surface roughness parameters

Surface roughness parameters

R, Re Ry R,
Surface preparation (um) (um) (pum) (pum)
Plain 2,428 3,49 31,154 75,148
Plain with Sintering 7,807 16,71 377,982 608,261
Microchannel (Top Fin) 4,496 6,067 27,085 84,188
Microchannel (Channel) 4,716 6,298 34,556 86,566
Pin-Fins (Top Fin) 3,669 5,131 32,859 66,161
Pin-Fins (Channel) 2,023 3,224 43,181 94,649
Microchannel with fin top sintering (Microchannel_Top_Fin) 33,692 49,115 129,787 422,113
Microchannel with fin top sintering (Channel) 55 6,72 87,083 182,489
Microchannel with Single Pin-Fins ( Micro Channel_Channel_Top_Fin) 3,892 4,649 14,016 24,357
Microchannel with Single Pin-Fins ( Pin_Fins_Top_Fin) 12,147 22,301 88,174 347,306
Microchannel with Single Pin-Fins (Channel) 4,009 5,274 31,367 60,198
Microchannel with Double Pin-Fins (Micro Channel_Channel_Fin_Top) 3,155 4,466 31,499 61,952
Microchannel with Double Pin-Fins (Pin_Fins_Top_Fin) 2,781 3,706 33,861 73,499
Microchannel with Double Pin-Fins (Channel) 2,254 3,085 20,057 62,728

3D image of test chips, as measured with a Keyence ® laser confocal microscope,

are shown in Figure 5.10.-5.16.

Figure 5.10. A 3D image of the plain test chip
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Figure 5.11. A 3D image of the microchannel test chip
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Figure 5.12. A 3D image of the pin-fins test chip
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Figure 5.13. A 3D image of the microchannel with double pin-fins test chip

Figure 5.14. A 3D image of sintered test chip

44
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Figure 5.15. 3D image of microchannels with sintered top fins
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Figure 5.16. A 3D image of microchannels with single pin-fins

5.10. Data Acquisition System and Instrumentation

4 K-type thermocouples are used to measure the temperatures during the pool

boiling. The thermocouple readings were recorded with a data acquisition system.
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Three thermocouples Titop), T2(middie), and Tawottom) are inserted at the bottom of the
copper chip and are spaced 3 mm apart. The fourth thermocouple is inserted from the
top of the test setup and is used to measure the temperature of the liquid. A data
acquisition unit was connected to a personel computer that automatically converted
the thermocouples’ output voltages into temperatures. All reported values of the
surface temperature represent the average over an interval of at least 1 min, after the
surface temperature reached equilibrium. In order to log data, a LABVIEW virtual
instrument was generated. The temperatures of the thermocouples were recorded as
the key data. 5 samples/sec was the sampling rate. The data was taken during 10
seconds. Figure 5.17. shows a screen shot of the LABVIEW 2012. All data was

recorded at steady state condition.
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Figure 5.17. LabVIEW virtual instrument

In order to evaluate the boiling data, the heat flux was calculated. The heat flux to the

test section computed using the Fourier’s 1-D conduction equation
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dT
=K., — 5.2
q Cu dX ( )

The temperature gradient, dT/dx, was calculated using a three-point backward-

difference Taylor series approximation as given below,

dT 3T, —4T,+T,

— 5.3
dx 2AX (63)

Where Tiop), Tomigdley and Tapottom) Were the temperatures measured by
thermocouples located at distances Ax=3 mm. The surface temperature of a testing
sample, Ts obtained by calculating the heat flux through the copper block. Figure
5.18. shows the locations of the thermocouples on the copper test chip.

The boiling wall temperature was obtained by using Equation (5.4) and is given by,

Twall = Tl - q (kX_l) (54)

Cu

The h was calculated by dividing the g" by the change in the saturation temperature

(ATsat), as seen in Equation (5.5)

he O (5.5)

The contact resistance has been minimized with the use of grafoil ® paper between
the heater and the chip. Since the heat flux is measured through the heater and the
surface temperature is calculated from the thermocouple with the chip, the contact

resistance is not used in calculating the heat transfer coefficients.
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Figure 5.18. Schematic of heater assembly and data acquisition

5.11. An Uncertainity Analysis

An uncertainty analysis is critical to an experimental study in order to have the
recorded data closest to its fullest value. In this work, experimental uncertainties

were determined by using the Journal of Heat Transfer (JHT)-ASME standard.

The major uncertainties originated as follows; 1) thermocouple calibration accuracy
and precision resolution; 2) thermal conductivity of materials being altered under
temperature changes and 3) lenght measurements, spacing between thermocouples,

and thickness of materials.

There is a certain amount of error that occurs in any experiment studies. Two main
errors that arise during experimantation are the bias and precision errors. Bias error
(B) is a systematic error that repeatedly occurs as a result system accuracy and it can
be obtained by calculating the variation of the equipment calibration. Bias errors are
due to errors from calibration. Precision error (P) is the result of the inherent
variability of the measurement equipment and it is calculated using a statical analysis
of the recorded data with 95% confidence (2 standard deviations). Precision errors

are due to sensivity of the testing devices. An uncertainty analysis was conducted
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and cumulatively, the bias and precison errors will be calculated using the following

equation,

u, =./(B2+P?) (5.6)

where the Uy is the uncertainity of parameter y. The uncertainties are shown in Table

5.5. ", h, ATsa values are calculated using the parameters in Table 5.5.

Table 5.5. The uncertainties in various parameters

Parameter Value Units Precision Uncertainty (Up) % Uncertainty
Keu 391 w/m™C 9 2%
v 3,00E-03 m 1,00E-04 3%
DX, 1,70E-03 m 1,00E-04 6%
Tirop) Varies °Cc 0,08 Varies
Tomidcle) Varies °Cc 0,11 Varies
T3@ottom) Varies °Cc 0,08 Varies

Temperature uncertainty was determined through termocouple calibration and 2
times standard deviation of a large sample (100 readings for a given temperature) for
precision uncertainty. JHT is not specific about the number of sample readings and
mention only a large sample readings (>30) to be taken for precision error
measurement. The uncertainties in measurment of temperature and distance between

thermocouples propagate an error in evaluation of heat flux.
Uncertainties for calculated values such as heat flux, surface temperature and heat

transfer coefficient were determined using the error propagation through partial sums

in the equation below:

u, = /g(%uai)z (5.7)

Where Uy is the uncertainty in the calculated paramater, uai is the uncertainty of the

measured parameter ai. The uncertainty in the heat flux is expressed as follows.
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The variation of uncertainty with the heat flux for a plain polished copper chip is

shown in Figure 5.19. by using Equation (5.8).
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Figure 5.19. Variation of uncertainty with heat flux for plain surface

It is seen from Figure 5.19. at at low heat flux an error of %46 is observed, while at
higher heat flux an error of % 6 is observed. At CHF, the main region of interest this
value is %6. This is considered to acceptable because the sample performance is

evaluated mainly at elevated heat fluxes.

5.12. Heat Loss Study

To ensure that the heat generated from the heater which was transferred to the copper
test chip section through 1D conduction, a heat loss study was conducted. According
to Fourier’s law of conduction, the temperature profile across the copper test chip
section is expected to be linear. A heat loss study is shown in Figure 5.20. Figure
5.20. shows a plot of temperature distribution 32 W/cm?, 86 W/cm? and 129 W/cm?.
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It was seen from Figure 5.20. that the profile of the line progression as R? was close
to 1 at all heat fluxes. This indicated that the test section has a minimal heat loss

during the experimental process.

Temperature Distribution

®— 32 W/cm2
—@— 36 W/cm2

Temperature (0C)

129 W/cm2

Distancefrom T3 (bottom) (mm)

Figure 5.20. Heat loss study showing variation of temperature over the distance for a plain chip

5.13. Contact Angle Measurement

The contact angle measurement was carried out by goniometer (VCA Optima) that
takes and analyzes the image of a sessile droplet on a surface. Contact angles have
been measured for sessile droplets of water at room temperatures (22 +/- 2 °C). A
droplet with small volume (2-7 ul) was deposited on the surface to ensure that a
Cassie drop is formed. In order to have a good reproducibility of the measurements a
standard procedure for the experiments has been defined: the volume of the injected
drop is chosen as 2ul droplets of DI water by using syringe and the measurements
are carried out five seconds after the drop injection in order to reduce evaporation
effects. The static contact angle of the fluid of plain copper chip is shown in Figure
5.21. Several measurements are performed for each case and the results are averaged

over a large number of the tests.
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Figure 5.21. Static contact angle of a water droplet on a plain copper surface

The three-phase contact line of the liquid drop was made to advance or retreat by
adding or withdrawing a small volume of liquid. The values of the advancing and
receding contact angles were measured at room temperature (22 +/- 2 °C) using a
horizontal surface. After test chip was located to the plane, a liquid drop was
deposited using a variable syringe. Side-view images of the drops were recorded with
a lens and video camera. The event was replayed. At the instant the drop began to
move, the image recording was stopped. The advancing contact angle was measured
after each volume increment. Receding contact angle measurements were conducted
by removing fixed amount water from the droplet in steps. The apparent contact
angle was measured after each volume reduction. Advancing and receding contact
angles, 0a and Or, were measured from these images which are showin in Figure
5.22. and Figure 5.23.

Figure 5.22. Advancing contact angle on a plain copper surface
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Figure 5.23. Receding contact angle on a plain copper surface

The contact angle measurement list is shown in Table 5.6. Five to eight

measurements were done for each volume.

Table 5.6. Contact angle measurement list for the plain copper surface
Surface type |Static contact angle |Advancing contact angle [Receding contact angle |Contact angle hysteresis
8() 6. () 6.() 40 ()
Plain 87 80 35 45

5.14. Pool Boiling Experimental Procedure

In order to start the pool boiling experiments, the test chip was mounted into the pool
boiling test setup. Distilled water was placed into the water bath and reservoir. When
the test chip was mounted, K type thermocouples were placed in the three holes the
test chip. In order to degass the distilled water, the auxiliary cartridge heater in the
reservoir was turned on and the power supply set up 50V to heat up. When the
distilled water was degased and reached the saturation temperature, the chip cartridge
heaters were turned on. The voltage and the current were recorded. When the
saturation temperature is reached, the auxiliary heater is turned off. The system was
allowed to reach stedy state after 15 minutes, then data was recorded for 10 seconds
at a rate of 5 data points per second. The temperatures were recorded when the
thermocouple fluctutation was not greater than +/- 0.1° C over a duration of 10
minutes. Then the power supply voltage was increased by 5 V and let the system was
reached again steady state condition. The process continued until the system reached

at CHF. When the CHF was occurred, the chip cartridge heaters were cut off. Once
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the surface reached CHF, the temperature of the test section rises by 200-300 °C in a
matter of few seconds which may result in permanent damage to the test setup.

5.15. Thermocouple Calibration

K-type thermocouples were used. The thermocouples were calibrated over range of
operating temperature (25-200 °C at intervals of 25 °C). An Omega CL950 hot
point® Dry Block Calibrator was used to calibrate the thermocouples with an
accuracy of +/- 1.5 °F (0.83 °C) +/- 1LSD of displayed value. The thermocouples
were placed inside the cell at 25 °C and allowed to reach at steady state condition.
The input value and measured temperature were recorded. After the cells temperature
was increased by 25 °C and allowed to reach at steady state condition again. This
process was repeated three times up to 200 °C.



CHAPTER 6. RESULTS AND DISCUSSION

Pool boiling experiments were conducted with distilled water at atmospheric
pressure. As a baseline comparison, distilled water was boiled over a plain surface.
The seven surfaces fabricated and performed the pool boiling performance. The
objective of this study was to observed the effect of porous coating on plain, open

microchannels with sintered surface, and open microchannels with pin-fins.

6.1. Plain Chip Test Result as Baseline

A plain chip was first tested in order to provide the baseline and compared the result
with the enhanced chip surfaces. The boiling performance of the plain chip was
investigated and characterized by a CHF of 128.71 W/cm? at a wall superheat of
19.64 °C, resulting in a heat transfer coefficient (h) 65.53 kW/m?°C.

6.2. Comparison to Literature with the Correlations on Plain Surfaces

Figure 6.1. shows the results comparison between the existing correlations (Zuber,
Kutateladze, Kirishenko and Cherniakov, Lienhard-Dhir and Kandlikar correlations)
and the experimental result. Kutateladze, Zuber and Lienhard-Dhir correlation
predicts a CHF of about 123.69 W/cm?, 101.27 W/cm? and 115.19 W/cm?,
respectively. These predictions overestimates the measured results for the plain test
chip in the present experiment. This discrepancy can be attributed to the fact that
these correlations does not take into account the surface wettability which has
significiant effects on the CHF. Using Kandlikar’s correletion, the CHF was
predicted to be 126.32 W/cm? and agreed extremely well with the experimental
result. For Kandlikar correlation, the dynamic receding contact angle of water/copper
system were taken as 35 deg. It can be seen from Figure 6.1. that the correlations
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results are quite good compare with the experimental result except Kirishenko and
Cherniakov which predict the CHF as 86.00 W/cm?.
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Figure 6.1. Comparison of critical heat flux result with existing correlations on a plain surface.

6.3. Comparison to Literature with the Test Results on Plain Surfaces

Figure 6.2. shows the plain copper chip data which was compared the experimental
results which were taken from the literature [24, 36, 56-59, 61-63].The plain copper
chip has a boiling curve that shows an early onset of nucleation, has a higher heat
transfer than the plain surfaces for most surface temperatures. The plain chip used for
this study has an average of roughness of 2.42 um, which could be the contributing
factor to the higher heat transfer coefficients. A CHF occurred on the plain copper
chip at 128.71 W/cm? at a wall superheat of 19.64 °C. The maxiumum heat transfer
coefficient of 65.51 kW/m?°C occured at CHF. The results obtained were in good
agreement with both theoretical and previous experimental results [24, 36, 56-59, 61-
63].
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Figure 6.2. Plain surface data compared to data from literature [24, 36, 56-59, 61-63]

6.4. Comparison between Plain Surface and Plain with Sintering

Figure 6.3 shows heat flux comparison between plain surface and plain with
sintering. A CHF of 128.71 W/cm? at a wall superheat of 19.64 °C was reached with
the plain test chip. The plain with sintered chip reached a CHF of 179.73 W/cm? at
13.25 °C. Plain with sintering represents an enhancement of %39.63 compared to a

plain copper test chip.
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Figure 6.3. Heat flux comparison between plain surface and plain with sintering
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Figure 6.4 shows heat transfer coefficent vs. heat flux comparison between plain
surface and plain with sintering. The HTC reported in this study was 65.514
kW/m?°C for a plain copper test chip. The HTC reported for plain with sintering was
135.64 kW/m?°C at a heat flux of 179.73 W/cm?. Plain with sintering represents an

enhancement of %107.04 compared to a plain copper test chip.
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Figure 6.4. Heat transfer coefficent vs. heat flux comparison between plain surface and plain with sintering
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6.5. Comparison between Plain Surface and Microchannel

Figure 6.5 shows heat flux comparison between plain surface and plain with
sintering. A CHF of 128.71 W/cm? at a wall superheat of 19.64 °C was reached with
the plain test chip. Microchannel reached a CHF of 203.03 W/cm? at 15.66 °C.
Microchannel represents an enhancement of %57.73 compared to a plain copper test
chip.
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Figure 6.5. Heat flux comparison between plain surface and microchannel

Figure 6.6 shows heat transfer coefficent vs. heat flux comparison between plain
surface and plain with sintering. The HTC reported in this study was 65.514
kW/m?°C for a plain copper test chip. The HTC reported for microchannel was
129.61 kW/m?°C at a heat flux of 203.03 W/cm?. Microchannel represents an

enhancement of %97.84 compared to a plain copper test chip.
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Figure 6.6. Heat transfer coefficent vs. heat flux comparison between plain surface and microchannel

6.6. Comparison Between Plain surface and Pin Fins

Figure 6.7. shows heat flux comparison between plain surface and plain with
sintering. A CHF of 128.71 W/cm? at a wall superheat of 19.64 °C was reached with
the plain test chip. Pin fins reached a CHF of 243.75 W/cm? at 15.46 °C. Pin fins

represents an enhancement of %89.37 compared to a plain copper test chip.
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Figure 6.7. Heat flux comparison between plain surface and pin fins
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Figure 6.8. shows heat transfer coefficent vs. heat flux comparison between plain
surface and plain with sintering. The HTC reported in this study was 65.514
kW/m?°C for a plain copper test chip. The HTC reported for pin fins was 157.67
KW/m?°C at a heat flux of 243.75 W/cm?. Pin fins represents an enhancement of

%140.67 compared to a plain copper test chip.
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Figure 6.8. Heat transfer coefficent vs. heat flux comparison between plain surface and pin fins

6.7. Comparison between Plain Surface and Microchannel with Sintered

Fin Tops

Figure 6.9. shows heat flux comparison between plain surface and plain with
sintering. A CHF of 128.71 W/cm? at a wall superheat of 19.64 °C was reached with
the plain test chip. Microchannel with sintered fin tops reached a CHF of 214.19
W/cm? at 14.30 °C. Microchannel with sintered fin tops represents an enhancement

of % 66.40 compared to a plain copper test chip.
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Figure 6.9. Heat flux comparison between plain surface and microchannel with sintered fin tops

Figure 6.10. shows heat transfer coefficent vs. heat flux comparison between plain
surface and plain with sintering. The HTC reported in this study was 65.514
kW/m?°C for a plain copper test chip. The HTC reported for microchannel with
sintered fin tops was 149.80 kW/m?°C at a heat flux of 214.19 W/cm?. Microchannel
with sintered fin tops represents an enhancement of %128.65 compared to a plain

copper test chip.
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Figure 6.10. Heat transfer coefficent vs. heat flux comparison between plain surface and
microchannel with sintered pin tops

6.8. Comparison between Plain Surface and Microchannel with Single Pin-Fins

Figure 6.11. shows heat flux comparison between plain surface and plain with
sintering. A CHF of 128.71 W/cm? at a wall superheat of 19.64 °C was reached with
the plain test chip. Microchannel with single pin fins reached a CHF of 220.91
W/cm? at 13.78 °C. Microchannel with single pin fins represents an enhancement of

% 71.62 compared to a plain copper test chip.
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Figure 6.11. Heat flux comparison between plain surface and microchannel with single pin fins

Figure 6.12. shows heat transfer coefficent vs. heat flux comparison between plain
surface and plain with sintering. The HTC reported in this study was 65.514
kW/m?°C for a plain copper test chip. The HTC reported for microchannel with
single pin fins was 181.03 kW/m?C at a heat flux of 220.91 W/cm?. Microchannel
with single pin fins represents an enhancement of %176.32 compared to a plain

copper test chip.
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Figure 6.12. Heat transfer coefficent vs. heat flux comparison between plain surface and microchannel with single
pin fins
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6.9. Comparison between Plain Surface and Microchannel with Double Pin Fins

Figure 6.13. shows heat flux comparison between plain surface and plain with
sintering. A CHF of 128.71 W/cm? at a wall superheat of 19.64 °C was reached with
the plain test chip. Microchannel with double pin fins reached a CHF of 204.34

W/cm? at 13.49 °C. Microchannel with double pin fins represents an enhancement of

% 58.75 compared to a plain copper test chip.
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Figure 6.13. Heat flux comparison between plain surface and microchannel with double pin fins
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Figure 6.14. shows heat transfer coefficent vs. heat flux comparison between plain

surface and microchannel with double pin fins. The HTC reported in this study was

65.514 kW/m?C for a plain copper test chip. The HTC reported for microchannel
with double pin fins was 177.83 kW/m?*C at a heat flux of 204.34 W/cm?.

Microchannel with double pin fins represents an enhancement of %171.44 compared

to a plain copper test chip.
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Figure 6.14. Heat transfer coefficent vs. heat flux comparison between plain surface and microchannel with .. .
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6.10. Test Results Comparison

Figure 6.15. shows the pool boiling curves for the test chips. Heat flux was plotted in
units of W/cm? which is commonly used in electronic cooling application. The
maximum heat flux and the wall temperature were two key parameters which
presented. To serve as a baseline for enhancement comparisions, plain copper test
chip was tested for its boiling performance. A CHF of 128.71 W/cm? at a wall
superheat of 19.64 °C was reached with the plain test chip. The plain with sintered
chip reached a CHF of 179.73 W/cm? at 13.25 °C. Microchannel chip reached a CHF
of 203.03 W/cm? at 15.66 °C. The pin fins chip reached a CHF of 243.75 W/cm? at
15.46 °C. Microchannel with sintered fin tops reached a CHF of 214.19 W/cm? at
14.30 °C wall superheat. Microchannel with single pin-fins reached a CHF of 220.91
W/cm? at 13.78 °C. Microchannel with double pin-fins reached a CHF of 204.34
W/cm? at 11.94 °C. At lower heat fluxes all copper test chips shows significant
enhancement over a plain chip. At higher heat flux, the copper test chips with pin-
fins surface performed the best. The highest heat flux reported in this study was
243.75 W/m? for pin-fins surface representing an enhancement of %89.37 compared

to a plain copper test chip.



300

200

150

Heat Flux (W/cm?)

100

m X A ®
my I:lq ° [ ]
n qu e
.. x B *
X 55 A L
X u A ®
x méo,
x ® *
s By *

Wall Superheat (°C)

Figure 6.15. Pool boiling curves for the test samples
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Using the heat transfer coefficient provides a more quantitative way to compare the

heat transfer performance. Figure 6.16. shows the variation of HTC with the heat

flux. The general trend indicated that HTC increased with increasing heat fluxes. The

lowest HTC reported in this study was 65.514 kW/m?C for a plain copper test chip.
The highest HTC reported in this study was 181.03 kW/m?°C at a heat flux of 172.61

W/m? for microchannel with single pin-fins representing an enhancement of %176.32

compared to a plain copper test chip. It can be concluded that pin-fins and sintered

surface over microchannels had a significant role to play in enhancing the boiling

performance by providing additional heat transfer surface area and also acting as

liquid feed conduits to the nucleation sites.
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Figure 6.16. Heat transfer performance of the samples

Table 6.1. shows the enhancement summary compared to a plain test chip. It was
from Table 6.1. that the highest heat flux enhancement was reached with pin-fins. On
the other hand, the highest heat transfer coefficient was reached with microchannels

with single pin-fins because of a low wall superheat.

Table 6.1. The enhancement summary

Enhanced
Heat Heat
Test Wall Heat  Transfer Enhanced Transfer
sample  Name Type of surface Superheat  Flux  Coefficient Heat Flux Coefficient
ATsqt q’ h
°C  (Wiem?) (KW/mP°C) % %
1 P Plain 19.65 128.72 65.51 Baseline  Baseline
2 PS Plain with Sintered 13.25 179.73 135.64 39.63 107.04
3 MC Microchannel 15.66 203.03 129.61 57.73 97.84
4 MC_SFT  Microchannel with Sintered Fin Tops  14.30 214.19 149.80 66.40 128.65
5 PF Pin-Fins 15.46 243.75 157.67 89.37 140.67
6 MC_SPF  Microchannel with Single Pin-Fins 13.78 220.91 181.03 71.62 176.32
7 MC_DPF  Microchannel with Double Pin-Fins 11.49 204.34 177.83 58.75 171.44
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6.11. Comparison Existing Best Test Result to Literature

The data are compared with the results from other surfaces reported in the literature.
Figure 6.17. and Figure 6.18. show the comparison of best performing chip with
other enhancements available in the literature. Patil and Kandlikar [41] reported a
maximum CHF of 325 W/cm? at a wall superheat of 7.3 °C with fin width= 200 um,
channel width=500 um and channel depth=400 um with electrodeposition of
microporous surface on fin top. The thickness of deposit is 73.3 um. Kandlikar [42]
used the depth of groove= 200 um and the corner angle= 60 °. He reported a record
of heat transfer coefficient 629 kW/m?°C at a CHF of 300 W/cm? at a wall superheat
of 4.8 °C. Cooke and Kandlikar [21] studied the effect of geometrical parameters of
microchannel surfaces. The best performing chip dissipated a heat flux of 233 W/cm?
at a heat transfer coefficient 269 kW/m?K at wall superheat of 9 °C with fin width=
230 um, channel width=375 pum and channel depth=400 um. Mori and Okuyama
[59] used a honeycomb stuctured porous plate. The wall thickness &s of the grid, the
vapor escape channel width dy, and the diameter of the honeycomb porous plate are
0.4 mm, 1.3 mm, and 30 mm, respectively. The heat flux was 250 W/cm? at a wall
superheat of approximately 50 °C with a honeycomb porous plate for a height of 1.2
mm. Li and Peterson [36] used a sintered wire mesh. The objectives of their
investigation were to examine effect of thickness, volumetric porosity, and mesh size
of the porous coatings on the boiling performance, characteristics, and the CHF. The
CHF was in the range of 325 W/cm? but very very high wall superheat in excess of
50 °C. Jaikumar [64] reported a CHF value of 396 W/cm? and a record of heat
transfer coefficient 535 kW/m?°C at a wall superheat of 7.4 °C. The channel width of

the test chip was 500 um with 3 cross-linked microchannels.
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CHAPTER 7. CONCLUSION

The fullfillment of the objectives of the experimental investigation manifests itself in
a number of ways. A comprehensive literature search was conducted, a new set of

experimental data was gathered and published.

Seven different surfaces have been investigated to observe the effect of the surface
modifications on boiling heat transfer. These individual surfaces were tested and
their boiling characteristics were observed and recorded. In this study, boiling heat
transfer by using these surfaces was enhanced but was not utilized to its maximum

limits.

Following conclusions are drawn from this study.

1. The pin-fins and microporous surface were investigated with channel
width=500 pm, fin width= 200 um and channel depth= 400 pm. The
surface modifications have significantly increased the critical heat heat
flux and heat transfer coefficient over a plain copper chip surface. The
increased performance for all surfaces can be attributed to area

enhancement and availability of additional nucleation sites.

2. It was determined that best performing were pin-fins. The pin-fins were
effective in enhancing heat transfer in the nucleate boiling region and

increasing CHF.

3. Combining two different enhancement techniques ( microchannel with

sintered, microchannel with pin-fins) by increasing nucleation activity
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through sintered surface coatings and pin-fins in microchannel geometry
improved the pool boiling performance.

. All enhanced surfaces increase the heat transfer compared to a plain
copper test chip. All of the enhanced surfaced showed enhancement and
when the heat flux was normalized by the surface area of the chip, the
pin-fins outperformed the plain chip. This was due to a change in the heat
transfer mechanism through bubble and liquid dynamics on the chips,

with the channels facilitating liquid supply to the nucleation sites.

. Additional nucleation sites and bubble pumping mechanism provided by
sintered top fins and seperate liquid-vapor pathways provided

microchannels to improve the pool boiling performance.

High speed images captured at a rate of 4000 frames per second by a high
speed camera. It was observed from the high speed camera that
nucleation occurred on the top of the microchannels fins. The porous

surface provides nucleation sites and the channels acts as water supply.

It was seen from the high speed camera that the majority of bubble
growth occured fin top of the microchannel but bubbles also nucleated at
the bottom of the channel. For microchannels with single pin-fins chips,
it was also seen from the high speed camera that the bubble growth
occured fin top of pin-fins and nucleate at the bottom of the channel.

. The best performance was achieved a heat flux of 243.75W/cm? at 15.46
°C at pin-fins chip. This was 1.9 times that of the plain chip for the heat

flux.

. The highest HTC reported in this study was 181.03 kW/m?°C at a heat
flux of 172.61 W/m? for microchannel with single pin-fins. This was 2.8
times that of the plain for the heat transfer coefficient.



10.

11.

72

Different enhancements such as nanowires, carbon nanotubes (CNTSs),
etc. could be evaluated for their heat transfer performance over open

microchannels.

It was conducted experiments on some of the established open
microchannel geometries but varied their dimensions to the effect. More
importantly, it was identified fins within microchannels and in an open
field as a possible enhancement structure. These gave very good results.
These can be further embedded with nanoscale features to make them

suitable in satellite heat sinks.



CHAPTER 8. RECOMMENDATIONS FOR FUTURE WORK

The present work was done with saturated water as working fluid at atmospheric
pressure. Future work needs to be directed at identifying the optimized surfaces with
the combination of microchannel, sintered and pin-fins structures. Further
investigation can be recommended not only different surface but also different
working fluids with compatiable materials and at different pressures. A more in-
depth understanding of the underlying microchannel and pin fins are necessary to
explain the achieved enhancement. Bubble behavior of all enhanced surfaces should
be analyzed to better understand the heat transfer mechanism. While this study
explored pool boiling applications, research into the possible enhancements to flow
boiling applications would also be recommended.

Using a dielectric fluid or water at reduced pressures with these test chips could
show enhancement. All enhanced surfaces can be used as an evaporator section of
vapor chamber in order to dissipate the heat flux from the electronic devices which

operate a maximum temperature range of 80-85 °C for space applications.

In order to increase CHF and reduce wall superheat, several studies needs to be
focused on the effects of contact angle, thermal properties, dimensions ( the channel
width, channel depth, fin depth for microchannel; fin height, fin thickness, fin depth
for pin-fins), shape, thickness, orientation in space, roughness (surface finish), and
microstructure (including shapes, and density of pores that are considered to be vapor
bubble generating centers) of the boiling surfaces.
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ANNEX

1. Thermocouple Calibration

K-type thermocouples were calibrated over range of operating temperature (25-200
°C at intervals of 25 °C) using an Omega CL950 hot point® Dry Block Calibrator.
All the thermocouples used in the experiment operated in the set range. The below
figure shows the calibration curve for one thermocouple. Similar calibration curves
were obtained for all thermocouples which used in the experiment. A linear curve fit
was applied to the collected points to determine the equation for the thermocouple.
The calibration is displayed with R? value. This calibration equation values were
inputted in the LabVIEW block diagram for temperature measurement.
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Similar procedure was followed for all thermocouples used. Standard deviation for

each thermcouple was also calculated and used in the uncertainty analysis.



2.Uncertainty Calculations
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The temperature change along the z-axis is calculated using a 3 point backward
Taylor Series approximation as follows.
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The heat flux is calculated as follows.
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The chip’s wall temperature is calculated as follows.
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The wall superheat is calculated as follows.
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